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Topological insulators (Tls) are emerging materials for next-generation low-power nanoelectronic and
spintronic device applications. Tls possess non-trivial spin-momentum locking features in the
topological surface states in addition to the spin-Hall effect (SHE), and Rashba states due to high spin-
orbit coupling (SOC) properties. These phenomena are vital for observing the charge-spin conversion
(CSC) processes for spin-based memory, logic and quantum technologies. Although CSC has been
observedin Tls by potentiometric measurements, reliable nonlocal detection has so far been limited to
cryogenic temperatures up to T =15 K. Here, we report nonlocal detection of CSC and its inverse
effect in the Tl compound Bi; sSbg sTe4 7Seq 3 at room temperature using a van der Waals
heterostructure with a graphene spin-valve device. The lateral nonlocal device design with graphene
allows observation of both spin-switch and Hanle spin precession signals for generation, injection and
detection of spin currents by the TI. Detailed bias- and gate-dependent measurements in different
geometries prove the robustness of the CSC effects in the Tl. These findings demonstrate the
possibility of using topological materials to make all-electrical room-temperature spintronic devices.

Topological insulators (TIs) have attracted significant attention in con-
densed matter physics and information technology because of their
electronic band structure with topologically protected electronic states'™.
Their insulating bulk bands have Rashba spin-split bands, and their
topological surface states (TSS) create gapless metallic Dirac states with
helical spin textures induced by strong spin-orbit coupling (SOC)**. The
TSS are characterized by spin-momentum locking (SML), where the
electron spin orientation is locked perpendicularly to its momentum,
whereas the bulk spin-split bands are spin-polarized owing to the Rashba-
Edelstein effect (REE). Such spin-polarized states have a great potential for
spintronic technologies, as application of a charge current can create a
significant non-equilibrium spin density, providing a large charge-spin
conversion (CSC) efficiency’>. The spin polarization in TIs has pre-
viously been utilized to create energy-efficient magnetization dynamics
and switching of an adjacent ferromagnet (FM) in a heterostructure via
spin-orbit torque (SOT) phenomena'®"™"*. The SOT effect in TIs can have
contributions from the TSS, quantum confinement of the surface and bulk
bands at the Fermi level, and interfacial effects in TI/FM
heterostructures'*™"*.

The CSC effects in TIs have been investigated using ferromagnetic
(FM) tunnel contacts in potentiometric measurements up to room
temperature” ™ and the competition between the bulk and surface con-
tribution has been evaluated””. The spin-switch and Hanle spin precession
signals in a nonlocal (NL) measurement geometry unequivocally confirm
the manifestation of pure spin current without any charge current
contribution® ™. In this regard, graphene-based hybrid spin-valve devices
are useful for NL measurement geometry due to graphene’s excellent spin
transport properties and ability to combine with other layered materials in
van der Waals (vdW) heterostructures® ~. However, reliable NL detection
of CSC phenomena in TTs using a graphene spin-valve device has so far been
limited to cryogenic temperatures, up to T'=15K, limiting its practical
applications™.

Here, we demonstrate room temperature CSC and its inverse effect
(ICSC) in the layered TI material Bi; sSbgsTe; ;Se; 3 (BSTS), using a vdW
heterostructure with a graphene spin-valve device. The generated spin
current in the TT is injected into a chemical vapor deposition (CVD) gra-
phene channel and subsequently detected using a FM contact in a hybrid NL
spin-valve device. We take advantage of the lateral NL spin-valve device

Department of Microtechnology and Nanoscience, Chalmers University of Technology, Gothenburg SE-41296, Sweden. These authors contributed equally: Md.

Anamul Hoque, Lars Sjéstrom.
e-mail: saroj.dash@chalmers.se

npj 2D Materials and Applications| (2024)8:10


http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-024-00447-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-024-00447-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-024-00447-y&domain=pdf
http://orcid.org/0000-0002-2117-7177
http://orcid.org/0000-0002-2117-7177
http://orcid.org/0000-0002-2117-7177
http://orcid.org/0000-0002-2117-7177
http://orcid.org/0000-0002-2117-7177
http://orcid.org/0000-0002-0024-5011
http://orcid.org/0000-0002-0024-5011
http://orcid.org/0000-0002-0024-5011
http://orcid.org/0000-0002-0024-5011
http://orcid.org/0000-0002-0024-5011
http://orcid.org/0000-0002-5515-9081
http://orcid.org/0000-0002-5515-9081
http://orcid.org/0000-0002-5515-9081
http://orcid.org/0000-0002-5515-9081
http://orcid.org/0000-0002-5515-9081
http://orcid.org/0000-0002-5560-6750
http://orcid.org/0000-0002-5560-6750
http://orcid.org/0000-0002-5560-6750
http://orcid.org/0000-0002-5560-6750
http://orcid.org/0000-0002-5560-6750
http://orcid.org/0000-0001-7931-4843
http://orcid.org/0000-0001-7931-4843
http://orcid.org/0000-0001-7931-4843
http://orcid.org/0000-0001-7931-4843
http://orcid.org/0000-0001-7931-4843
mailto:saroj.dash@chalmers.se

https://doi.org/10.1038/s41699-024-00447-y

Article

design with graphene to observe both spin-switch and Hanle spin preces-
sion signals, reliably demonstrating the generation, injection and detection
of pure spin currents by the TI. Detailed measurements in different device
geometries and bias- and gate-dependent studies at room temperature
prove the robustness of the room temperature CSC effects in the T1, opening
routes for future spintronic device applications.

Results and Discussion
The motivation behind using BSTS is its Fermi level in the band gap, giving
rise to a dominant surface contribution’*, reportedly 22 meV below the
conduction band edge”. We utilize BSTS and graphene vdW
heterostructure-based spin-valve devices to detect CSC effect in the TL
Figure la-b present the device schematic on a Si/SiO, substrate and a
scanning electron microscope (SEM) image of a fabricated device, respec-
tively. The graphene/BSTS vdW heterostructure devices consist of an
exfoliated BSTS flake on CVD graphene. We choose CVD graphene as the
spin channel material because it has been shown to exhibit a robust and
long-distance spin transport for multifunctional spin-logic operation at
room temperature’ ™, as well as being more suitable than exfoliated gra-
phene for future large-scale device integration®’"”. We use nonmagnetic
(20 nm Cr/90 nm Au) electrodes as reference contacts and FM (~1 nm
TiO,/90 nm Co) contacts for spin injection and detection in the graphene
channel (see Methods and the Supplementary Information for details).
Here, the TiO, oxide layer underneath the Co electrodes acts as a tunnel
barrier to mitigate the conductivity mismatch between the graphene
channel and the FM contacts**'.

Interestingly, the CSC in T1s at room temperature can arise due to the
bulk spin Hall effect (SHE), the Rashba-Edelstein effect (REE) of the bulk

states or of the trivial surface states, and/or the topological spin-momentum
locking (TSML) of the TSS***’. A simplified band diagram of BSTS is shown
in Fig. 1¢, where the Fermi surface has a winding spin texture for both REE
and TSML, depending on the Fermi level position. The spin texture
winding, in momentum space, will be offset from the equilibrium position
due to an applied electric field ( E ), creating a nonequilibrium spin density
during CSC (or vice versa during the ICSC effect).

We use a recently developed device geometry and measurement
technique to detect CSC in the TI (Fig. 1a)**, where an applied charge
current creates a non-equilibrium spin density due to the CSC process in the
TT, which is then injected into the graphene spin channel. The diffused spins
in the graphene channel are detected as a NL voltage by a remote FM
electrode. First, spin-switch measurements were performed while sweeping
an in-plane magnetic field along the y axis (By), which is the easy axis of the
FM electrodes. The applied B, field switches the magnetization direction of
the detector’s FM from parallel to antiparallel orientation with respect to the
injected spin-polarized electrons from the TI. This results in a change in NL
resistance (ARyy, = AVyr/I = 42 mQ) at room temperature, as shown in Fig.
1d, where AVy is the change in measured voltage and I is the applied charge
current across the graphene/TI structure in Device 1. Here, the graphene
channel length between the TI and the FM contact is L = 1.84 um.

In order to prove the spin origin of the signal, Hanle spin precession
measurements were conducted by sweeping the magnetic field out-of-plane
along the z axis (B,). This causes the in-plane spins to precess and dephase
while diffusing along the graphene channel, and reach the FM detector
electrode with a finite angle with respect to the contact magnetization
direction”. The Hanle spin precession signals in Fig. 1e-f were obtained by
averaging the signals for +y and —y FM detector contact magnetization
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Fig. 1 | Graphene/BSTS heterostructure device for nonlocal detection of charge-
spin conversion at room temperature. a, b Schematic and colored SEM image of a
representative graphene/BSTS heterostructure device (Device 2) with NL mea-
surement geometry, with reference nonmagnetic (Cr/Au) and FM (TiO,/Co) con-
tacts. The scale bar in the SEM image is 5 um. ¢ Schematic of two CSC mechanisms
due to the Rashba-Edelstein effect (REE) and the topological spin-momentum

locking (TSML) property. d Spin-switch signal (Ryy, = Vni/I) for spin injection from
BSTS with B, magnetic field sweep at V=30V and I = — 300 pA. e Hanle spin
precession signal (Ryy,csc) with B, magnetic field sweep, along with the Hanle fitting
(solid line) at V=30V and I = — 200 pA. f Hanle spin precession signal (Rnrcsc)
with B, magnetic field sweep at V; = 50 V and I = — 300 uA, along with Hanle fitting
(solid line). The data in (d-f) was measured in Device 1.
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orientations, Ryr,csc = (Rnr,p — Rar,y)/2. The raw data is shown in Sup-
plementary Figure 1b-c. As seen in Fig. 1e, the Hanle signal Ryy, csc depends
on B,, since it changes the projection of the spin polarization onto the FM
contact magnetization direction. Fitting the Hanle data with a spin diffusion
and precession equation”®"***’ provides a spin lifetime of 7, = 132 ps and a
spin diffusion length of A = 0.74 ym in graphene for spin injection from the
TI (for details, see Supplementary Discussion 1). The spin polarization of the
TI (Pry) in this device was estimated to be 1.5% (see Supplementary Dis-
cussion 5). The symmetric Hanle signal suggests that the injected spin into
the graphene from the BSTS is polarized along the y axis. This can be further
confirmed by in-plane x-Hanle measurements, where the magnetic field is
applied in-plane along the x direction and lets the injected spin precess along
the yz plane’'. The observation of the symmetric x-Hanle signal along with
the corresponding fitting is shown in Fig. 1f. This confirms that the spin that
is injected from the BSTS into the graphene channel is polarized in-plane.
We could reproducibly observe similar CSC signals with in-plane y-spin
polarization in Device 2 using spin-switch and Hanle spin precession sig-
nals, as presented in Supplementary Discussions 3 and 6.

It should be noted that Device 1 shows a symmetric Hanle signal (Fig.
le), whereas Device 2 shows an asymmetric Hanle signal (Supplementary
Fig. 2). The possible mechanism for observing such asymmetric Hanle
signals in Device 2 is the charge current distribution inside the BSTS flake
having nonzero x and y components (see Supplementary Discussion 3 for
details). In Device 1, the observed symmetric spin signal arises due to the
charge current having a dominant x-axis component.

Geometry and bias dependence of CSC
In order to further investigate the CSC process in BSTS, experiments were
performed for different measurement geometries with spin detection on

both sides of the BSTS flake (geometries 1 and 2 in Fig. 2a). In the first
geometry, the bias current I, is applied on the + x side of the BSTS flake and
the NL voltage Viyy,; is detected on the — x side of the flake. The second
setup uses an opposite geometry with I, and Vi . As shown in Fig. 2b, there
is a sign change for the spin-switch signal between the two measurement
geometries: setup 1 (I;, Vi,1) gives a high NL voltage when the contact
magnetization of the detector is in the + y direction and a low NL voltage
for — y contact magnetization, while setup 2 (I, Vi,») gives the opposite.
The spin-switch signal amplitudes for the two geometries are
AVnp1 =126 uV and AVyy, =72.5 1V, respectively. It should be noted
that differences in amplitude between the two signals can arise from dif-
ferent detector FM contacts being used, which may have different polar-
izations and/or interface resistances with the graphene™. A similar behavior
with opposite signs of the spin signals for different measurement geometries
is also observed in Device 2 (see Supplementary Discussion 6). The CSC
effect must therefore be odd with the x component of the charge current (1)
because only I, changes sign between the two measurement geometries.
Considering the conventional CSC processes (SHE, REE and TSML), where
charge current (), spin current (I;) and spin polarization (s) need to be
orthogonal to each other, this kind of I,-dependence is expected for in-plane
spin along the y axis (s,) (which we established to be present in our system
above)******, These control experiments, however, rule out any unconven-
tional CSC mechanism in the TI, such as the one recently reported in the
case of WTe, (with lower crystal symmetry)*, where unconventional CSC
was observed to be independent of the x component of the charge current.

The bias current (I) dependence of the CSC was examined with an
experimental setup as shown in Fig. 2c. The measured spin switch signals
(Fig. 2d) show a sign change for the reversal of the charge current direction
with similar spin-signal magnitudes (AVy). We measured

Fig. 2 | Geometry and bias current dependence of a
charge-spin conversion signal in graphene/BSTS
junction. a Schematic of the device and the two
different CSC measurement geometries. b Spin-
switch signals for each of the two measurement
geometries. The measurements were performed at
room temperature at I = — 300 uA and V, = 30 V for
the V; measurement setup and at I = — 330 pA and
Vg =50V for the V, measurement setup. The
channel lengths are L = 1.84 um for Vi, and

L =2.70 um for V5. ¢ Schematic of the device and
measurement geometry with arrows indicating the

direction of positive and negative bias currents. b d
d Spin-switch signals for I = — 100 pA and : : : : : :
I=100 pA, respectively, at V, =40 V. The arrows in
(b, d) indicate the B, field sweep direction. The data <« Vv 20+ - ~
in (b, d) was measured in Device 1 and is shifted NL,1
vertically for clarity.
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AVynp=465+07uV for I=100pA and AVy,=58+06puV for
I=—100 pA. Similar spin signal behavior for opposite I was observed in
Device 2 (see Supplementary Discussion 6). Spin signal amplitudes of both
spin-switch and Hanle spin precession measurements are shown for several
different bias currents in Supplementary Fig. 4f. Considering that reversing
the bias current means changing between injection and extraction of
polarized spin, the observation of a sign change of the spin signal is as
expected”. Additionally, it is also expected that a larger charge current
enables a larger spin polarization through CSC.

Gate dependence of CSC signal

The gate dependence of the CSC effect in the TI/graphene heterostructure
was investigated in Device 2 in the geometry shown in Fig. 3a, where the Si/
SiO, substrate was used to apply a back-gate voltage (V). First, the gate
response (R vs V) of the graphene channel for pristine graphene and in the
graphene/BSTS heterostructure region was measured (Fig. 3b). The Dirac
points at V,=43V (for the heterostructure region) and V,=41V (for
pristine graphene) indicate a negligible contribution to the doping of gra-
phene from the TI and/or band misalignment between the graphene and
BSTS, which could have offset the charge carriers. The difference in resis-
tances comes from the channel across the graphene/BSTS heterostructure
being longer (6.7 pm, compared to 2.5 ym for the pristine graphene chan-
nel). The mobility of the charge carriers was calculated™ to be
pus=1200cm*V's™"  for the heterostructure graphene and
fhpr =1000cm’V's™" for the pristine graphene, as expected for CVD
graphene47,53,55—57.

The gate-dependent spin-switch measurements of the CSC effect are
presented in Fig. 3¢ for p- (Vy= — 70 V) and n-doped (V,; = 70 V) regimes
of the graphene channel. It is found that the sign of the signal remains the
same both for the electron- and the hole-doped regimes. As the TTis not very

sensitive to gate voltage in our experiments (because of shielding by the
graphene and the thickness of the TI flake itself, see Supplementary Dis-
cussion 7), the modulation of the Fermi level in graphene is expected to
cause a negligible Fermi level tuning of BSTS. The absence of a sign change
between the CSC signals for p- and n-doped graphene regions further
confirms the spin origin of the signal and rules out any artifact arising from
the stray magnetic field from the FM detector contact on the graphene™.

Detailed gate-dependence of the spin signals and spin transport
parameters are shown in Fig. 3d. The top panel in Fig. 3d presents the
channel resistance of the graphene in the heterostructure region. The
amplitude of the Hanle signals (A Vi) shows a minimum around the Dirac
point of graphene. The gate dependence of the spin lifetime (7;) and the spin
diffusion length () of the graphene after the spin is injected from the TI are
depicted in the two bottom panels of Fig. 3d. A weak linear dependency of 7
and A, with V; can be seen farther away from the Dirac point of the gra-
phene. The disappearance of the spin signal around the graphene Dirac
point is likely due to a conductivity mismatch between the graphene channel
and the TT and/or the FM contact. The resistance of the graphene is at a
maximum at the Dirac point, which increases the likelihood of injected spins
diffusing back or being reabsorbed by the TI instead of propagating along
the graphene channel, leading to a decreased spin injection and detection
efficiency and, subsequently, to a low spin signal®>*>*. A further discussion
about the gate response of the CSC effect in TI/graphene heterostructure
and of the spin transport in graphene, along with Hanle measurements, is
provided in Supplementary Discussions 8-9.

Inverse CSC effects

Inverse CSC (ICSC) experiments were performed in the TI to verify the
Onsager reciprocity in the system and to detect spin polarization from the
graphene channel with the TIL The spin current is injected from the FM
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Fig. 3 | Gate voltage dependence of charge-spin conversion signal in graphene/
BSTS heterostructure. a Device geometry for gate-dependent CSC measurements
in BSTS with a graphene spin-valve device, where a back-gate (V) is applied on the
Si/SiO, substrate. b The gate response of channel resistance (R) in the hetero-
structure and pristine graphene regions. ¢ Spin-switch signals for electron- and hole-
doped graphene regimes measured at V; =+ 70 V and I = 150 pA at room tem-
perature. The data are shifted vertically for clarity. d Top panel: The Dirac curve of

graphene in the heterostructure region, showing a modulation in resistance R as a
function of gate voltage V. Three bottom panels: The amplitude of the Hanle signals
(AVyy) for the CSC measurements, as well as spin lifetimes 7, and spin diffusion
lengths A of the graphene, as functions of V. The data is shown as mean + standard
error from fits of the Hanle signals. The measurements were performed at room
temperature with I = 150 pA, and the parameters were extracted from fits of the
Hanle signals. The data in (b-d) was measured in Device 2.
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Fig. 4 | The inverse charge-spin conversion signal a
in graphene/BSTS heterostructure. a Schematic of
the device and electrical connections for measuring
ICSC in the TI, where spin is injected from a FM
contact into graphene and later detected by the TTin
a NL geometry. Inset: Schematic of nonequilibrium
Fermi contours for ICSC through the inverse
Rashba-Edelstein effect (IREE) and TSML. b NL
spin-switch signal for ICSC measurement with
I=—150 pA and Vg =— 70 V. c Hanle spin pre-
cession signal along with Hanle fitting for ICSC
measurement at I = — 200 pA and V,=—75V. A
spin lifetime 7, = 75 ps and a spin diffusion length
As = 1.3 pm were extracted from the fitting. d NL
spin-switch signals for ICSC setup at V, =80 V and
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contact into the graphene, and is then absorbed by the TI and producesa NL
voltage due to the ICSC effect, as illustrated in Fig. 4a. The spin polarization
causes the Fermi surface spin textures of the TI to shift to a non-equilibrium
position in the way shown in the inset of Fig. 4a, which is expected to give rise
to a charge current. Spin-switch measurements indeed showed ICSC effects
(Fig. 4b) at room temperature. It can clearly be seen that the CSC (bottom
signal of Supplementary Fig. 4d) and the ICSC (Fig. 4b) obey reciprocity by
generating spin signals of opposite sign for similar bias current and the same
geometry, due to the spin current having opposite directions in the BSTS
flake for the two cases. Hanle spin precession measurements for the ICSC
measurement geometry (see Fig. 4¢) are used to verify the spin origin of the
observed ICSC signal. In the ICSC measurements, the extracted spin lifetime
and spin diffusion length in graphene are 7,~75ps and A = 1.3 um,
respectively. These values are very close to the parameters obtained from the
direct CSC measurements.

The spin polarization of BSTS in the ICSC measurement was deter-
mined to about 0.2% in Device 2, slightly higher than for the CSC coun-
terpart (0.1%). The reason for this slight difference could be due to different
spin injection and detection efficiencies of the graphene/BSTS and the
graphene/FM contacts with and without bias voltages. Interestingly, the
Hanle spin precession signals from Device 2 are asymmetric in the CSC
measurements (Supplementary Fig. 2), whereas the signals have a dom-
inating symmetric component in the ICSC measurement geometry (Sup-
plementary Figs. 7e-f). This discrepancy can be understood by considering
the electric field that is applied across the graphene/BSTS interface in the
CSC measurements, which gives rise to the current distribution in the BSTS
flake with nonzero x, y and z components, and is different from the ICSC
measurements.

ICSC measurements in two geometries with opposite x components of
the spin current showed a change in the NL voltage sign when the direction
of the injected spin current was reversed (see Supplementary Discussion 10).
This means that the ICSC has a dependence on the x component of the spin
current (I, ), similar to the I;-dependence of the direct CSC. Next, ICSC
signals for both n- and p-doped graphene regimes are shown in Fig. 4d and
the sign of the spin-switch signals remains the same, similar to the direct
CSC measurements (Fig. 3c).

The spin Hall angle in the TT is estimated*”*"* to be Os;;>2.8% and the
spin  Hall length scale is subsequently calculated”” as

Agup = OgpAP°™ > 0.55 nm , where %™ is the spin diffusion length of the
BSTS. Similarly, the REE efficiency parameter is estimated” to be
agee = 2.8% and the Rashba-Edelstein length scale is then calculated™ as
ArpeSarpeAs = 17 nm, where the spin diffusion length of graphene, Ay, is
chosen as an upper bound of the heterostructure spin diffusion length.
However, these values are only to be regarded as rough estimates for order-
of-magnitude-level comparisons, because the adapted models are not
accurate with the used measurement geometries (see discussion in Sup-
plementary Discussion 12).

Possible origins of the (I)\CSC effects
Here, we discuss the possible origins of the (I)CSC effects in the TTI. First and
foremost, the spin-switch and Hanle spin precession measurements
unequivocally prove the spin origin of the observed (I)CSC signals. Next, the
observation of a sign change of the spin signals with reversing the bias
current rules out thermal effects as the origin of the observed spin signals®.
Consequently, the observed spin signal can originate either from CSC in the
TI or from proximity-induced CSC of the graphene in the TI/graphene
heterostructure. In our measurements, we can rule out the proximity—
induced SHE in graphene, as it should generate an out-of-plane spin
polarization with an anti-symmetric x-Hanle signal***. Furthermore, for
proximity-induced CSC (both SHE and REE), the spin signals should have
opposite signs for electron- and hole-doped regimes, which is not observed
in our measurements’*>**”". This indicates that the CSC does not originate
from proximitized graphene but only from CSC in the TT itself in our device.
The origin of the CSC signal can be either of the SHE, the REE and the
TSML of the TI at room temperature, or from a combination of the three
effects. It is, however, difficult to make a definitive distinction between these
three effects in our system. As has previously been shown”, the contribution
from the TSML of the TSS in BSTS is only dominant below 100 K (although it
may still have a nonzero contribution at room temperature). Furthermore,
the SHE, the REE and the TSML have similar geometric dependencies, as
mentioned above, where the charge current, spin current and spin polar-
ization have to be orthogonal to each other. The SHE and the REE can, in
principle, give a sign change response for applied gate voltages, but this is not
expected in our system, since this would necessitate the Fermi level to be
tuned across the TI band gap and would therefore require a very large applied
gate voltage in a heavily doped TT such as BSTS™””. The TSML should not give

npj 2D Materials and Applications | (2024)8:10



https://doi.org/10.1038/s41699-024-00447-y

Article

a sign change either, even when the Fermi level is tuned across the TI Dirac
point, due to the opposite chirality of the TSML above and below the Dirac
point, which counteracts the effect of the changed charge carrier types”.

Because of the similarities between the SHE, the REE and the TSML of
TI, it is not possible to further discern the exact contributions of the CSC in
BSTS at room temperature from our measurements. Due to the Onsager
reciprocity, the above arguments hold also for the ICSC, and the same three
effects are identified as its possible origins. Future temperature- and TI
thickness-dependent measurements should provide indication of bulk (SHE
and bulk-state REE) and surface (REE of trivial surface states and TSML) (I)
CSC contributions of TIs.

The (I)CSC effects as well as spin injection and detection in the gra-
phene channel are sensitive to I, Ve the graphene/TI interface condition,
and the spin transport properties in the graphene channel. When changing
V, or measurement geometry, the spin transport parameters are also likely
to change. In addition to this, the quality of contact interfaces are likely to
change somewhat over time, as a result of the applied bias currents. Because
of this, it is often necessary to optimize the applied I and V; accordingly in
order to observe clear spin signals to get the best transport parameters.

In summary, we have demonstrated room-temperature CSC and its
inverse effect (ICSC) in the TI BSTS, using a hybrid device with a graphene
spin-valve. The lateral NL spin-switch and Hanle spin precession mea-
surements, supported by the detailed dependence on bias current, gate
voltage, different geometries and magnetization orientations, prove the CSC
effects in BSTS. We could conclude that both the CSC and the ICSC ori-
ginate from the SHE or REE, from the TSML of the TI surface states, or from
a combination of these effects at room temperature. Our results prove CSC
effects in TTs at room temperature, which is considered a potential candidate
for SOT-based memory, logic and neuromorphic computing
technologies™”. With the recent progress in graphene spintronics’ ™, the
attainment of TIs as spin injectors/detectors can also provide substantial
advances in all-electrical spin-based devices and integrated circuits in 2D
architectures.

Methods

Fabrication

Patterned graphene stripes were processed from 7 mm chips cut from a 4’
wafer with CVD graphene (from Grolltex Inc.) through electron beam
lithography and oxygen plasma etching. The Bi; 5SbysTe; ;Se; 5 (BSTS)
flakes were exfoliated mechanically on top of the graphene stripes inside a
glovebox in N, atmosphere. Nonmagnetic reference contacts (20 nm Cr/
90 nm Au) on BSTS and graphene were made using electron beam litho-
graphy, thin film deposition by electron beam evaporation and lift-off in
acetone at 65 °C. Ferromagnetic tunnel contacts ( ~ 1 nm TiO,/90 nm Co)
were subsequently made similarly using electron beam lithography, thin
film deposition and lift-off processes. The TiO, tunnel barriers were pre-
pared by electron beam evaporation of Ti in two steps, each followed by in-
situ oxidation in a pure oxygen atmosphere.

Measurements

The bias current and gate voltage were applied using a Keithley 6221 current
source and a Keithley 2400 source meter, respectively, and the nonlocal
voltage was detected by a Keithley 2182A nanovoltmeter.

Data availability
The data supporting the findings of this study are available from the cor-
responding author upon reasonable request.
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