CHALMERS

UNIVERSITY OF TECHNOLOGY

All-electrical creation and control of spin-galvanic signal in

graphene and molybdenum ditelluride heter ostructures at room
temperature

Downloaded from: https://research.chalmers.se, 2021-08-31 12:22 UTC

Citation for the original published paper (version of record):

Hoque, A., Khokhriakov, D., Zollner, K. et a (2021)

All-electrical creation and control of spin-galvanic signal in graphene and molybdenum
ditelluride heterostructures at room temperature

Communications Physics, 4(1)

http://dx.doi.org/10.1038/s42005-021-00611-6

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



communications
physics

ARTICLE (B crock o pstes

https://doi.org/10.1038/s42005-021-00611-6

All-electrical creation and control of spin-galvanic
signal in graphene and molybdenum ditelluride
heterostructures at room temperature

Anamul Md. Hoque 1 Dmitrii Khokhriakov® !, Klaus Zollner?, Bing Zhao', Bogdan Karpiak1,
Jaroslav Fabian® 2 & Saroj P. Dash® 3%

The ability to engineer new states of matter and control their spintronic properties by electric
fields is at the heart of future information technology. Here, we report a gate-tunable spin-
galvanic effect in van der Waals heterostructures of graphene with a semimetal of molyb-
denum ditelluride at room temperature due to an efficient spin-charge conversion process.
Measurements in different device geometries with control over the spin orientations exhibit
spin-switch and Hanle spin precession behavior, confirming the spin origin of the signal.
The control experiments with the pristine graphene channels do not show any such signals.
We explain the experimental spin-galvanic signals by theoretical calculations considering the
spin-orbit induced spin-splitting in the bands of the graphene in the heterostructure.
The calculations also reveal an unusual spin texture in graphene heterostructure with an
anisotropic out-of-plane and in-plane spin polarization. These findings open opportunities to
utilize graphene-based heterostructures for gate-controlled spintronic devices.
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phenomenon and pivotal for state-of-the-art spintronics and

quantum technologies! 4. Specifically, the SOI is the origin of
fascinating effects like current-induced transverse spin polarization
in non-magnetic materials, known as spin Hall effect (SHE) in bulk,
Rashba-Edelstein effect (REE) at the heterostructure interfaces, and
spin-momentum locking (SML) in topological materials®. Recent
experiments utilizing the charge-to-spin conversion (CSC) and its
inverse effects have been performed on metallic multilayers®,
semiconductors?, oxide heterostructures’-8, two-dimensional (2D)
materials®!, van der Waals (vdW) heterostructures with graphene
(Gr)!1-17) and the topological insulators!®19, Such SOI-induced
charge-spin conversion features are promising for all-electrical spin-
orbit torque-based technology! .

Recently discovered topological Weyl semimetals (WSMs)
were predicted to provide a much larger CSC efficiency, giant
REE?0 and SHE?!, due to their non-trivial band structure in both
bulk and surface states. The type-II WSMs, such as tungsten
ditelluride (WTe,) and molybdenum ditelluride (MoTe,) possess
strong SOI and band structure with a large Berry curvature
and spin-polarized bulk and surface states up to room
temperature?>23, Furthermore, the CSC in WSMs is of great
interest in its own%1>24-28 but their true potential lies in forming
vdW heterostructures with graphene. It has been predicted that
the addition of a graphene layer on topological materials can even
enhance the REE by orders of magnitude2”-32, which can be due
to different proximity-induced interactions in the hetero-
structures, such as Kane-Mele SOI, spin-valley coupling, and
Bychkov-Rashba interaction30-33, Recently, charge-spin conver-
sion effects are also reported in Gr-TMD heterostructure’43°> and
also in low-symmetry semimetal WTe,'>26, with both conven-
tional and unconventional nature Moreover, an interesting
energy-dependent spin texture and giant CSC efficiency are also
expected to be present in semimetal-graphene heterostructures.
The much-needed experimental proof of such gate tunable
charge-spin conversion effect in graphene-semimetal vdW het-
erostructure would considerably boost the chance of its utilization
in emerging spintronic technologies.

Here, we report the creation of proximity-induced spin-
galvanic effect (SGE) in vdW heterostructures of semimetal
MoTe, and graphene. This article demonstrates a proximity-
driven SOI mechanism, the Rashba-Edelstein effect (REE), in
the vdW heterostructure-based spintronic device to achieve
spin-to-charge conversion (SCC) with high efficiency. The
magnitude and the sign of the spin-galvanic signal can be
controlled by applying gate voltage near the charge neutrality
point, which is understood based on our density functional
theory (DFT) calculations showing SOI-induced spin-split
electronic band structure of the graphene in the hetero-
structure. We also performed measurements in geometries
where the injector ferromagnet is placed perpendicularly to the
Gr-MoTe, heterostructures, showing the REE-induced spin-
switch and Hanle spin precession signals. These results high-
light the unique possibility of achieving efficient gate tunability
of the SGE in vdW heterostructure.

The spin-orbit interaction (SOI) is the fundamental physical

Results

We have chosen semimetal MoTe, as the high SOI material, which
has gained growing interest regarding its topological properties in
the T4 phase. The MoTe, is verified as the first type-II WSM, where
tilted Weyl cones exist in pairs as the contact point between electron
and hole pockets, which are connected by a spin-polarized Fermi
arc surface states?33%37, Our basic measurements of temperature
dependence (Supplementary Fig. S1) together with the Raman
spectrum (Supplementary Fig. S2) of MoTe, show the metallic 1 T’

phase of the material at room temperature38. Because of the ability
to create designer heterostructure of various layered materials3%40,
we prepare the heterostructure of multilayer MoTe, of thickness
43nm (Supplementary Fig. S3) and monolayer chemical vapor
deposited (CVD) graphene?!#2 by dry transfer method inside a
glovebox.

The hybrid spintronic devices were nanofabricated in Hall-bar-
shaped geometry with multiple contacts to detect the SGE.
Measurements were performed in various device geometries such
as magnetization rotation, spin switch, and Hanle spin precession
methods. First, we present results from magnetization rotation
experiments in a device where the ferromagnetic contact is placed
parallel to the graphene-MoTe, heterostructures, as shown in the
schematics and the device picture (Fig. la and b). The device
consists of Hall-bar shaped Gr-MoTe, heterostructure region for
spin-to-charge conversion, graphene channel for spin transport,
Co/TiO, ferromagnetic contacts (FM) on graphene for spin
injection (contact 1 in Fig. 1b), and Ti/Au contacts (contact 3 & 4
in Fig. 1b) on graphene for detection of the voltage signal and also
as reference electrodes (contact 2 in Fig. 1b), and Si/SiO, sub-
strate acts as a global back gate. To be noted, the contacts (3 & 4)
are made explicitly on graphene to detect the proximity-induced
effects. This is in contrast to the devices used in Zhao, B.
et al.121526  where the contacts are made on WTe, flake to
measure spin Hall effects (SHE) in WTe, and no proximity effect
could be detected. The contact resistances of FMs on graphene
are about 5-8 kQ and the channel mobility of Gr-MoTe, het-
erostructure is estimated to be about 2200 cm?V-lIs'! at room
temperature.

The basic spin transport measurements were carried out at
room temperature using FM injector and detector tunnel contacts
in the pristine graphene (Ly, = 5.7 um) and Gr-MoTe, hetero-
structure regions (Lg, = 6.7 pm), as depicted in Supplementary
Fig. S4. The spin transport in pristine graphene shows 200 mQ of
spin-valve signal and corresponding Hanle measurements pro-
vide an estimated spin lifetime of ~ 185 ps; on the other hand, no
spin transport signal could be observed through the Gr-MoTe,
heterostructure region. This disappearance of the spin signal
across the heterostructure can be either due to spin absorption by
MoTe, or the creation of a strong SOI and band structure
hybridization in the Gr-MoTe, heterostructure. Although the
spin absorption effect by MoTe, cannot be ruled out, the mea-
sured gate tunable spin galvanic signal presented below does not
indicate the contribution of charge-spin conversion from only
MoTe,, but to be originating from the proximitized graphene. As
predicted for graphene-transition metal dichalcogenides (TMD)
heterostructure33, graphene in proximity to MoTe, can also
acquire strong SOI and a spin texture with a Rashba spin-split in
conduction and valence bands with the same spin chirality
(Fig. 1c), which can be probed by tuning the Fermi level (Ef) using
a gate voltage.

Proximity-induced spin-galvanic effect. The charge-spin con-
version due to the proximity-induced SOI in Gr-MoTe, hetero-
structure can be measured by employing a direct REE or its
inverse phenomenon (IREE) based methods®. The charge
current-induced REE can be detected by a FM contact due to
charge-to-spin conversion. In contrast, for the IREE measure-
ments, a spin current is injected from a FM into a heterostructure
region and, consequently, a voltage signal is measured due to a
spin-to-charge conversion. Figure 1a shows the schematics of the
NL measurement geometry used for the detection of SGE in the
IREE measurement geometry. In this hybrid spintronic device,
the spin current is injected from a FM contact into the graphene
channel and diffused into the Gr-MoTe, heterostructure, and
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Fig. 1 Proximity-induced spin-galvanic effect in graphene-MoTe, van der Waals heterostructure at room temperature. a, b The spintronic device
schematics with the measurement scheme and colored scanning electron microscopic (SEM) image consisting of graphene (gray)/MoTe; (blue)
heterostructure on Si/SiO, substrate, ferromagnetic (FM) and non-magnetic (Ti/Au) contacts on graphene. The scale bar in the SEM image is 6 um. ¢ A
schematic band diagram of modified graphene in a heterostructure with MoTe,, showing Rashba spin-split conduction and valence bands in accordance
with the energy in momentum space (E,), where Fermi energy (E;) is in the conduction band. Application of an electric field with such spin texture is
expected to create a spin accumulation due to the Rashba-Edelstein effect (REE), and inversely, a spin accumulation can be converted to a charge voltage
via inverse Rashba-Edelstein effect (IREE). d Measured spin-galvanic effect as a non-local voltage (Vsge) signal due to IREE by injecting a spin current (I5)
from a FM into the graphene-MoTe, heterostructure region. A change in Vsge is measured by sweeping a magnetic field along the x-axis (B,) with an
application of | = 80 pA, the gate voltage V; = —10V in Dev 1 at room temperature. The green and blue arrows denote the FM magnetization and direction
of the diffused spin into the graphene-MoTe, heterostructure, respectively. e, f Measured bias dependence of Vsge signal and its magnitude AVsge as a
function of bias current in Dev 1. A linear background is subtracted from the data and shifted in the y-axis for clarity. The line is the linear fit to the data in f.
The error bars are calculated from the noise level of the manifested signals and not clearly visible because error bars are smaller than the data points.

finally detected as a voltage signal (Vsgg) across the Hall-bar
structure with non-magnetic Ti/Au contacts on graphene. Due to
the IREE in the Gr-MoTe, heterostructure region with a possi-
bility of spin-split bands (Fig. 1c), the diffused spin-polarized
carriers create a non-equilibrium spin density across the hetero-
structure with a net momentum along the +y-axis depending on
the spin direction (+s). This is detected as a voltage signal, Vsgg
(I.) « z x ng (I); here, I, z and n; are the induced charge current,
out-of-plane direction non-equilibrium spin density accumulated
via spin current I, respectively. The direction of the injected spin
(in #x-direction) and hence the Vg is controlled by sweeping a
magnetic field in the x-direction (+B,), which induces spin pre-
cession together with rotation and saturates the magnetization of
the injector FM (Fig. 1d). The spin precession due to the applied
x-field (+By) will be in the y-z plane, and the projection of spin
polarization along the x-axis will be the same during the spin
precession. Nevertheless, the accumulated non-equilibrium spin
density (n,) depends on the spin direction towards the x-axis (+x)
in our measurement system of IREE. Due to the unchanged spin
projection along the x-axis during the spin precession, together
with changing magnetization of the injector FM contact, the
resulting IREE signal increases with By until the saturation of FM
magnetization (0.4 T) without any contribution of spin preces-
sion. Accordingly, the measured Vsgg increases in the low field

range and saturates at magnetic fields above B=+04T (see
Supplementary Fig. S5, where a x-Hanle measurement shows the
saturation field of the FM contact). A giant spin-galvanic signal
has been obtained at room temperature with an amplitude up to
ARsge = AVsgg/I ~ 4.96 Q (with I=—80 pA at V;=40V) and
lower bound of the efficiency (agg) of IREE is estimated to be
7.6% by using the Eq. (1)17:3%,

g = ARSGE WMoTez
L+WafoTe
e pig (e o) »

Here, ARsGe, P Wiore, (2.3 pm), A; (2.65 pm), p; (1.6 kQ)), and
L (3.37 um) are the signal amplitude, the spin polarization of Co/
TiO, contact (considering 10%, see Supplementary Fig. S6), the
width of the MoTe, flake, spin diffusion length, channel
resistivity, and channel length, respectively. Here, we consider
the spin diffusion length of the pristine graphene region since no
spin precession signal is observed in the Gr-MoTe, hetero-
structure region. However, we would like to mention that the
estimated ay; is the lower limit as the spin diffusion length in Gr-
MoTe, heterostructure is smaller due to the enhanced SOI. This
magnitude of the observed Rggg and agy is found to be larger
than the previous results on 2D materials heterostructures!®17,
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We can also electrically tune the magnitude and sign of the
SGE signal with the spin injection bias current I. In our
measurement configuration, changing the bias current on the
FM spin injector contact changes the direction of accumulated
spin polarization in the graphene channel. Hence, with a change
in the non-equilibrium spin density, the direction of the
measured Vsgg that is induced by IREE also changes (Fig. le).
To be noted, the bias current +I corresponds to spin injection
from the FM into the graphene channel, and —I correspond to
the spin extraction condition. The bias dependence of measured
Vsae signal amplitude in the range of I = —80 pA to 80 pA has
been depicted in Fig. 1f, along with a linear fit to the data points.
We also observed inverse SGE (ISGE), following the reciprocity
relation, where charge current is applied with Ti/Au contacts
across Gr-MoTe, heterostructure Hall-cross and non-local
voltage (V) is measured in graphene channel with FM detector
contact (Supplementary Fig. S7).

Angle dependence of the spin-galvanic signal. Next, the angular
dependence of the measured NL voltage signal was performed at
room temperature. The measurements were manifested by vary-
ing the angle (0) of the applied in-plane (x-y plane) magnetic
field (B) direction with respect to the x-axis, illustrated by the
schematics and measurement geometry in Fig. 2a. The measured
Vsce changes with the effective component of B in the x-direction
as depicted in Fig. 2b in Dev 2 (L., = 5 pm) with an injection bias
current of I = 60 pA. No spin-galvanic signal is detected when the

B is aligned with the y-axis (8 = 90°) because at this stage, the
injected spins remain parallel to the B field and no spin preces-
sion is taking place in the measurement geometry. The sign of the
Vsae reverses gradually in between 6 = 0° to 180° (m) due to
changing the FM magnetization direction along (+x-axis) and
associated reversal of the injected spin orientation.

In contrast to the Gr-MoTe, heterostructure, no such features
have been observed in control samples of only graphene Hall-
cross, with measurement geometry shown in the inset of Fig. 2c.
Figure 2c shows the null non-local signal (V,;) measured in
pristine graphene Hall-cross at room temperature with =100 pA,
Vg = =50V for different measurement angles. The magnitude of
the measured SGE signals (AVsgg) in the Gr-MoTe, hetero-
structure and non-local signal in the only graphene (AV})) as a
function of the measurement angle 0 are shown in Fig. 2d,
following the expected behavior, where the induced voltage Vsgg
(I.)  z x ng (I,)1>43. The angle dependence data of the AVsgg is
found to follow the cos(8) function, which establishes the relation
between the direction of the injected spin-current and the
induced SGE in the Gr-MoTe, heterostructure. On the other
hand, the AV, in only graphene Hall-cross renders the null signal
with the applied magnetic field direction, which rules out the
effect of the stray field from the FM electrodes to be the origin of
the manifested SGE signal in the Gr-MoTe, heterostructure.

Gate-controlled switching of spin-galvanic signal. In order to
demonstrate the electric field-controlled switching of the SGE, we
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Fig. 2 Angle dependence of spin-galvanic signal in the graphene-MoTe, heterostructure. a A schematic illustration of the spin-galvanic signal
measurement geometry with directions of an applied magnetic field (B), the injector ferromagnet magnetization (M), the spin current (I5), and external
magnetic field angle (0) in x-y plane. b The manifested spin-galvanic signal (Vsgg) as a function of the magnetic field (B) sweep for various
measurement angle (0) orientations in the x-y plane, with an application of | = 60 pA in Dev 2 at room temperature. A linear background is subtracted
from the data and shifted in the y-axis for clarity (see Supplementary Fig. S8). ¢ As a control experiment, the non-local signal as a function of magnetic
field sweep (B) for various in-plane (x-y plane) measurement angle (8) orientations in only graphene Hall cross at room temperature with [=100 pA
and Vy = —50V along with the measurement geometry in the inset. The signals are shifted in the y-axis for clarity. d The magnitude of spin-galvanic
signals (AVsge) in graphene-MoTe, heterostructure and non-local signal (V,,) in the only graphene as a function of the applied magnetic field angle
(0). The solid line is the cos(8) function. The error bars are calculated from the noise level of the manifested signals and not clearly visible because

error bars are smaller than the data points.
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Fig. 3 Gate-controlled switching of spin-galvanic signal in graphene-MoTe, heterostructure at room temperature. a Measured spin-galvanic signal

(Vsge) by sweeping a magnetic field along the x-axis (B,) at room temperature in graphene-MoTe; heterostructure (Dev 1) with | = 80 pA and applied gate
voltages of Vz = 20V and —10V to position the Fermi level (E) in the electron and hole doping regimes, respectively. A linear background is subtracted
from the data (see Supplementary Fig. S9). b Measured non-local signals (V,,) in pristine graphene Hall cross by sweeping a magnetic field in the x-

direction (B,) for electron- and hole-doped regions with | = 100 pA, Vy = 70V and —50 V, respectively. ¢ The low energy band structure of graphene in
proximitized to MoTe, from density functional theory calculations. The color is the expected value of the spins polarized along with the z-direction (s,).
d, e Density functional theory calculations for similar clockwise spin texture in the outermost conduction (61CB) and valence band (6\2/8) in graphene-MoTe;

heterostructure.

measured SGE for the electron (n) and hole (p) doped regimes of
the Gr-MoTe, heterostructure. The applied gate voltage mod-
ulates the Fermi level (Ef) position in the Gr-MoTe, hybrid bands
for probing the spin-split REE-induced non-equilibrium spin
accumulation (n,) with different charge carrier types. Figure 3a
shows the opposite signs of Vg signals for two different doping
regimes, electrons (violet) at V; = 20V and holes (magenta) at
Vg = —10V at room temperature. Control experiments with gate
dependence of standard Hanle spin precession signals (Supple-
mentary Fig. S6) confirm that the sign change in SGE is not due
to a change in the sign of spin polarization of the injector FM
contacts. The proximity-induced REE effect in graphene is pre-
dicted to be dependent on the conduction charge carrier type, i.e.,
electrons and holes, since spin polarity in Rashba contour
remains unchanged in valence and conduction bands, unlike the
spin-momentum locking in topological insulators33#4. The
observed IREE produces a charge current (I. « z x n,) perpen-
dicular to the injected spin densities (ns), which changes its

direction because of a unidirectional accumulation of electron
and holes (—q for electrons and +q for holes) in the hetero-
structure with specific spin orientations. So, it can be concluded
that the measured SGE signal and the sign change of the Vygp is
inherently due to induced IREE in Gr-MoTe, heterostructure.
Similar gate-dependent sign change behavior of SGE is also
observed in Dev 2 (see Supplementary Fig. S10). To compere the
induced SGE in Gr-MoTe, with pristine graphene, NL signals
(Vy1) are measured for electron- and hole-doped regions, depicted
in Fig. 3b, with I = 100 pA at V, = 70 V and —50V, respectively.
The resultant signals can be considered as null noise-signals
because of the absence of REE in pristine graphene.

To understand our experimental findings of SGE, we have
performed a DFT calculation of the electronic band structure of
Gr-MoTe, heterostructure to identify the Rashba spin texture and
to verify the enhanced SOI strength in the heterostructure
(Supplementary Note 1 for details)4>46. A side and top view of
the geometry used for band structure calculations are shown in
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Supplementary Fig. S13. The low energy band structure of the
graphene and 1 T’-MoTe, heterostructure is presented in Fig. 3¢

and we found four states (eY/BZ/ %) of Rashba spin-splitting with

SOI strength of around 2.5meV (see Supplementary Fig. S15).
We also noticed that the bands display a clear signature of Rashba
SOI, as the spin in the outermost conduction (61CB) and valence
band (e)®) is aligned clockwise (Fig. 3d, e), while the
corresponding spin-orbit split partner bands (for example, 5*
and €$®) show a counter-clockwise sense of spin-alignment
(Supplementary Fig. S16). The calculations have also revealed an
unusual proximity-induced spin texture in graphene: the out-of-
plane spin polarization is highly anisotropic around K, and the
in-plane spin polarization (Rashba) vortex is shifted from K.
Such a spin texture in the graphene valence and conduction band
in the heterostructure can explain our measured SGE signal,
where the sign of the SGE signal is efficiently controlled by the
application of a gate voltage.

Interestingly, the gate electric field is changing simultaneously
the spin properties (SOI and Rashba effect) and carrier
concentration and type in the Gr-MoTe, heterostructure. To
estimate the overall effect of SOI, we have theoretically calculated
the splitting of low energy band due to SOI (AE,,) in Gr-MoTe,
heterostructure at various electric fields (see Supplementary Fig.
S18 in the Supplementary Note 2 for details). We found that the
splitting of the low energy bands in the Gr-MoTe, interface and
the doping can be tuned by the electric field. Theoretically, we
found that for the negative field (—2 V/nm), where graphene is
electron-doped, the splitting (i.e., Rashba SOI) is larger than for
the positive field (2 V/nm), where graphene is hole-doped. Our
measurements also show that the signal amplitude (AVsgg) is
higher for electrons compared to holes, which is in agreement
with the theoretical analysis. However, experimentally we only
applied about +0.50 V/nm and a very negligible modulation of
Rashba SOI is expected within this applied electric field range. In
addition to a small change of Rashba SOI with the electric field,
the gate voltage also changes the Fermi level in Gr-MoTe,
heterostructure significantly (hence, the charge of carrier type),
which gives rise to the sign change of the SGE signal.

Systematic gate dependence of Vygg is measured at different
gate voltages (V) in the range from —40 to +40V for two
different spin injection bias currents I = +80pA at room
temperature (Fig. 4a). It can be observed that the SGE signal
changes sign with gate voltage and spin injection bias currents. To
correlate the sign change behavior of the SGE signal with the
carrier type of the Gr-MoTe, heterostructure, the gate depen-
dence of graphene channel resistance (Rg,) is plotted together
with AVggg and ARggg. To be noted, the R, is measured for the
channel length of 6.7 um (Fig. 4b inset), which includes part of
the graphene region that is not contributing to the SGE signal.
Therefore, the charge neutrality point (CNP) for the only Gr-
MoTe, heterostructure region can be between 10-20 V. Interest-
ingly, the gate dependence of SGE signal AVsgr and ARsgg
change sign around the charge neutrality point, which is between
10-20 V. Opposite signs of the SGE signals are consistently
observed for carriers in the electron- and hole-doped regimes of
the heterostructure, i.e. for the conduction and valence bands of
the hybrid structure. The signal amplitudes AVsgg, ARsgg, and
corresponding agy (Supplementary Fig. S11) are also found to be
asymmetric, higher for an electron-doped regime compared to
the hole-doped regime. Such behavior can be due to the different
doping regimes and spin-charge conversion efficiency.

Spin-galvanic signal detection via spin switch and spin pre-
cession. To substantiate the proximity-induced SGE in Gr-MoTe,
heterostructure via spin-switch and Hanle spin precession

measurements!], a different device is fabricated (Supplementary
Fig. S12a) where an injector FM is placed perpendicular (x-axis)
to the heterostructure. At first, the spin transport properties in
graphene across the Gr-MoTe, heterostructure have been ver-
ified. Figure 5a depicts the schematic of the device and mea-
surement geometry to measure the non-local spin signal with a
FM detector in graphene across the Gr-MoTe, heterostructure.
The non-local spin valve (V) in graphene is depicted in Fig. 5b
with I = —300pA at V, = —50V, where the magnetic field is
applied along the easy axis of the injector’s magnetization (x-
axis). The Hanle spin precession signal in graphene is presented
in Fig. 5c with I = —50 pA at V; = —50V. The characteristic
switching in spin-valve and antisymmetric Hanle are due to the
perpendicular magnetization of the injector (x-axis) and detector
(y-axis) FM contacts. Next, the non-local SGE signal in the Gr-
MoTe, has been investigated. Figure 5d shows the schematic of
the device and measurement geometry to measure non-local SGE
signal (Vsgg) with Ti/Au contacts along the Hall-cross of Gr-
MoTe, heterostructure. In this measurement geometry, it is
expected that applying a changing magnetic field along the easy
axis (x-axis) of the FM injector should have manifested a spin
switch signal across the Hall-cross due to proximity-induced SGE.
The SGE signal with varying in-plane magnetic field (By) at room
temperature is presented in Fig. 5e with I = —100 pA at V, =
—50 V. As the graphene channel was highly doped in this device,
a complete gate-dependent measurement could not be performed,
as the signal became noisy at positive gate voltages. The full bias
dependence of SGE signals is presented in Supplementary Fig.
S12. As a confirmation of the spin-related origin of the observed
SGE, Hanle spin precession with out-of-plane field B, is measured
and shown in Fig. 5f along with fitting for I = —100 pA at V; =
—50 V. The spin lifetime and spin diffusion length in Gr-MoTe,
heterostructure are extracted to be around 7, = 20 ps = 1 ps and
A; = 155nm + 5nm.

Discussion
The observed SGE in Gr-MoTe, heterostructure can have inter-
esting microscopic origins. Although topologically non-trivial
Weyl states in MoTe, are found to exist at low temperature?”, the
trivial spin-polarized surface and bulk states are also shown to
exist in these materials even at room temperature??. Additionally,
the existence of polar instability near the surface is also observed
even when the MoTe, bulk is in a centrosymmetric phase?33°.
Therefore, the surface states of MoTe, can have a strong influence
on the band hybridization and proximity-induced spin-charge
conversion properties of Gr-MoTe, heterostructure. Additionally,
our calculations show the presence of a very strong SOI with band
splitting of a few meV in graphene in proximity with MoTe,,
similar to the predictions on graphene-semiconducting TMD
heterostructure3047, Interestingly, the induced Rashba spin-split
bands in graphene should have opposite spin polarization with a
helical spin texture due to the lack of inversion symmetry at the
interface, which is protected by time-reversal symmetry®33.
Moreover, this proximity-induced band splitting in graphene is
predicted to emanate along the energy axis with an in-plane spin
polarization, which is the cardinal aspect for a novel spin-to-
charge conversion effects?’. The in-plane spin accumulation in
our measured Gr-MoTe, heterostructures renders this SGE signal
to be due to proximity-induced IREE in graphene. It can be
affirmed that the polarization of the accumulated spins is in-
plane; otherwise, a signal would have been observed when the
applied magnetic field direction is aligned with the y-axis (8 =
90°) in our angle dependence measurements!®17.

In our measurements, we do not observe the contribution of
SHE and REE from only MoTe, to the manifested gate-tunable
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Fig. 4 Gate dependence of spin-galvanic signal in graphene-MoTe, heterostructure at room temperature. a Evolution of measured spin-galvanic signal
(Vsge) by sweeping magnetic field along the x-axis (B,) at different gate voltages in the range of +40 to —40V, with | = 80 pA in Dev 1 at room
temperature. The sign of the spin-galvanic signal changes with gate voltage V; and spin injection bias current I. b Gate dependence of graphene channel
resistance (Rg,) and spin-galvanic signals (AVsge and ARsge = AVsge/1) at | = £80 pA at room temperature. The sign change of the spin-galvanic signal is
observed close to the charge neutrality point of graphene and the signals are of opposite sign for n and p-type regimes of the graphene-MoTe,
heterostructure. The error bars are calculated from the noise level of the manifested signals and not clearly visible because error bars are smaller than the

data points.

SGE signals, as the charge carriers in metallic MoTe, are not
tunable by a gate voltage. We can also rule out proximity-induced
SHE in graphene in a heterostructure with MoTe, since that
would have polarized the spins in the z-direction, which would
have resulted in a spin precession Hanle peaks near B =0T field,
which are not observed!®. We can exclude the thermal-related
spin effects as the origin of the observed SGE signal for the reason
that the sign of the SGE signal changes with the DC bias current
direction, as depicted in Fig. le, as the temperature gradient in the
heterostructure should not change with the bias direction.
Moreover, we manifested the linear bias dependence of the SGE
signal (Fig. 1f), while the thermal-related effect should be pro-
portional to I2. In addition, we observe a gate dependence tuning
of the SGE signal magnitude with a sign change for the electron-
and hole-doped regimes of the Gr-MoTe, heterostructure. The
effect of stray Hall effect in our SGE signal can be disregarded
because of the larger channel length between the injector and
detector, and higher magnitude of the obtained SGE signal, which
is in the range of few Ohms where the magnitude of the stray Hall
effect is estimated to be in the range of few milli-Ohms in a
similar kind of device structurel®48, The controlled experiments
with only graphene channels show a null signal, further sup-
porting the measurements. Moreover, spin-switch and Hanle spin
precession measurements have been observed while injecting spin
current by a FM injector perpendicular (x-axis) to the Gr-MoTe,
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heterostructure. So, the observed SGE is inevitably due to IREE in
proximitized graphene because of proximity-induced SOI from
MOTez.

In conclusion, we demonstrated the electrical detection and
control of proximity-induced Rashba spin-orbit interaction in
vdW heterostructures at room temperature. The observed SGE in
the heterostructure of semi-metallic MoTe, and large-area CVD
graphene can offer unique advantages for faster and low-power
spin-charge conversion-based spintronic devices. Specifically,
vdW heterostructure provides entirely new mechanisms for
tuning emergent spin functionalities by an electric field, resulting
from interfacial proximity interactions between the stacked
layered materials. Due to the proximity effect, graphene acquires
strong SOI and a spin texture with spin-split conduction and
valence bands, which is ideal for tuning by a gate voltage. Con-
trolling the magnitude and sign of the spin voltage by an external
electric field at room temperature can be efficiently used for gate
tunable spin-orbit torque (SOT) based magnetic random-access
memory (MRAM)? and logic technologies®. The strong Rashba
SOI in vdW heterostructures can further enable new energy-
dependent spin textures by tuning their proximity-induced
interactions and expected to provide a new playground for the
creation of unique topological states of matter, for example,
in heterostructures with layered ferromagnetic*® and super-
conducting materials’+4,
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Fig. 5 Spin-galvanic signal with an injector ferromagnet (FM) perpendicular to the graphene-MoTe, heterostructure. a A schematic of the device and
measurement geometry to measure the non-local spin signal with a ferromagnetic detector in graphene across the graphene-MoTe, heterostructure.

b, ¢ Spin valve and Hanle spin precession measurements, respectively. d A schematic of the device and measurement geometry to measure the non-local
spin-galvanic signal (Vsge) with non-ferromagnetic detectors (Ti/Au) along the Hall-cross of graphene-MoTe, heterostructure. e The spin-galvanic signal,
Vsge, is measured with varying in-plane magnetic field (B,) at room temperature. f The spin-galvanic signal was detected via Hanle spin precession with

varying out-of-plane magnetic field (B,) along with Hanle fitting.

Methods

Device fabrication and measurements. The vdW heterostructures of Gr-MoTe,
were fabricated by dry transfer of 1 T' MoTe, (from HQ Graphene) flakes on CVD
graphene (from Groltex), onto SiO, (285 nm)/n-doped Si substrate using scotch tape
method inside a glovebox in an inert atmosphere. The graphene and the Gr-MoTe,
channels were patterned into Hall-bar-shaped structures by electron beam lithography
and oxygen plasma etching. Both non-magnetic and ferromagnetic contacts to gra-
phene were defined by two-step electron beam lithography and lift-off process. The
non-magnetic contacts were prepared by deposition of 10 nm Ti and 60 nm Au by
electron beam evaporation and lift-off process. For the preparation of ferromagnetic
contacts to graphene, we used a two-step electron beam evaporation of 0.6 nm of Ti and
in-situ oxidation, followed by a 90 nm of Cobalt (Co) deposition. The lift-off was
performed in warm acetone and IPA. The spin-galvanic measurements were performed
in a vacuum system with a magnetic field up to 0.8 Tesla and a sample rotation stage.
All the electrical measurements were performed at room temperature using a current
source Keithley 6221, a nano voltmeter Keithley 2182 A and Keithley 2612B source
meter for application of gate voltages.

Density functional theory calculations. The electronic structure calculations and
structural relaxation of our heterostructures are performed by means of density func-
tional theory*® within Quantum ESPRESSO®. Self-consistent calculations are per-
formed with the k-point sampling of 18 x 18 x 1. We use an energy cutoff for charge
density of 550 Ry, and the kinetic energy cutoff for wavefunctions is 65 R, for the fully
relativistic pseudopotential with the projector augmented wave meth0d50ywith the
Perdew-Burke-Ernzerhof exchange-correlation functional®!. For the relaxation of the
heterostructures, we add van der Waals corrections®>>3 and use a quasi-newton algo-
rithm based on the trust radius procedure. In order to simulate quasi-2D systems, a
vacuum of at least 18 A is used to avoid interactions between periodic images in our
slab geometry. We choose a 5 x 5 supercell for graphene, a 2 x 3 supercell of 1 T
'-MoTe,, and we end up with 86 atoms in the hexagonal heterostructure unit cell.
Structural relaxations are performed until all components of all forces were reduced
below 103 [Ry/aq], where ay is the Bohr radius.

Data availability
The data that support the findings of this study are available from the corresponding
authors on reasonable request.
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