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Graphene-WS2 heterostructures for tunable spin injection and spin transport
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We report the first measurements of spin injection in to graphene through a 20 nm thick tungsten
disulphide (WS2) layer, along with a modified spin relaxation time (τs) in graphene in the WS2

environment, via spin-valve and Hanle spin-precession measurements, respectively. First, during
the spin-injection into graphene through a WS2-graphene interface, we can tune the interface re-
sistance at different current bias and modify the spin injection efficiency, in a correlation with the
conductivity-mismatch theory. Temperature assisted tunneling is identified as a dominant mech-
anism for the charge transport across the interface. Second, we measure the spin transport in
graphene, underneath the WS2 crystal and observe a significant reduction in the τs down to 17 ps in
graphene in the WS2 covered region, compared to that in its pristine state. The reduced τs indicates
the WS2-proximity induced additional dephasing of the spins in graphene.

PACS numbers: 85.75.-d, 73.22.Pr, 75.76.j
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interface, thermally assisted tunneling

Graphene, an ideal material for spin transport due to
low spin-orbit coupling and small hyperfine interactions
[1, 2], has shown a significant improvement in its spin
transport properties over the years [3, 4]. However, tun-
ing of the spin injection and transport properties remains
illusive for graphene, inhibiting the demonstration of
graphene as a spin-transistor [5]. There is also a rapidly
growing interest in other layered two-dimensional materi-
als such as transition metal dichalcogenides (TMDs) due
to their novel properties such as presence of band-gap
accompanied by a significant spin orbit coupling up to
few hundreds of meV, which is lacking in graphene [6–
10]. In the absence of an inversion center in the lattice,
these materials with an odd number of layers also pro-
vide access to the novel physical phenomena related to
the valley coupled spin degree of freedom of the charge
carriers [11–13], which adds extra functionality to these
materials. A combination of graphene with these 2-D
materials appears to be a plausible option to overcome
the aforementioned shortcomings.

In recent years, there have been a lot of studies on
graphene-2-D material heterostructures demonstrating
novel charge transport properties across the interface [14–
17]. The 2-D materials such as hexagonal boron nitride
(h-BN) can be used in spintronic devices as tunnel bar-
riers for spin injection in graphene, replacing the con-
ventional oxide tunnel barriers [18–20]. In contrast to
an insulating tunnel barrier, the use of band-gap 2-D
semiconductors such as TMDs (i.e. MoS2, WS2) dur-
ing spin-injection, can lead to attractive features such
as tuning of the interface resistance along with the in-
duced spin orbit coupling at the graphene-TMD in-
terface [21–27], which in turn can modulate the spin-
injection efficiency as well as the spin transport prop-
erties in graphene. Recently reported weak localiza-
tion [28], Shubnikov-de Haas magnetoresistance measure-

ments [25] and spin-Hall experiments [29] on graphene-
WS2 (Gr-WS2) heterostructures reveal that the spin-
lifetime (τs) in graphene is greatly reduced from nanosec-
onds to picoseconds due to significantly induced spin-
orbit coupling (∼ 5-15 meV) in graphene. A recent report
on spin-transport in Graphene-MoS2 structures demon-
strated via spin-valve measurements that the MoS2 flake
in the spin transport channel acts as a controllable spin-
sink [30].

We report the first measurements of spin injection in to
graphene through a 20 nm thick WS2 layer, along with a
reduced spin relaxation time in graphene in the WS2 en-
vironment, via Hanle spin-precession measurements. By
applying a voltage bias between graphene and the semi-
conducting TMD layer, we tune the interface resistance
and modify the spin injection efficiency. We measure a
higher spin signal for a higher interface resistance at the
injector. In this way spins cannot flow back and get re-
laxed at the interface or in the bulk WS2, suppressing
the contact induced spin relaxation. We also perform
temperature dependent measurements for a Gr-WS2 het-
erostructure and find that the ideality factor, which is
a measure of thermionic emission of the charge carriers
across a potential energy barrier, is much greater than
one. It indicates that there are other transport mech-
anisms such as temperature or field assisted tunneling
across the interface, contributing to the spin injection
process in graphene. We also measure the spin trans-
port in graphene underneath the WS2 crystal, where we
inject and detect the spin accumulation in graphene us-
ing the ferromagnetic tunneling contacts. We observe a
significant reduction in τs, when the spins travel across
the WS2 encapsulated region, compared to τs obtained
for the non-encapsulated region. The reduced τs suggests
towards an induced spin-orbit coupling/ spin absorption
at the Gr-WS2 interface [25, 27, 28].
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FIG. 1. (a)A schematic of graphene-WS2 heterostructure
with ferromagnetic contacts with Al2O3 tunnel barriers be-
tween cobalt and graphene(WS2). The regions labeled as I,
II and III are 2.0 µm, 2.5 µm and 6.5 µm long, respectively.
The WS2 covered region is ∼ 3.0 µm. (b) A scanning electron
microscope (SEM) image of the stack with the ferromagnetic
contacts. The pink electrode is used as a spin injector into
graphene through WS2.

We prepare graphene-WS2 heterostructures via a pick
up transfer method, described in ref. [31] (see supple-
mentary for details) using a single layer graphene and a
thick WS2 flake, obtained via scotch tape exfoliation pro-
cedure. This dry transfer method enables the formation
of a clean and chemical free Gr-WS2 interface, which has
been reported to have less impurities and superior charge
transport properties [32] compared to the stacks prepared
via CVD grown 2-D materials [14]. Moreover, we trans-
fer a thick WS2 flake on to graphene, in order to reduce
the bubble formation during the transfer process [33].
The ferromagnetic (FM) contacts are patterned both on
graphene and on WS2 via electron beam lithography on
the PMMA (poly (methyl methacrylate)) coated Gr-WS2

stack. Then, 0.6 nm of aluminum (Al) is deposited in two
steps, each step of 0.3 nm of Al deposition followed by
in-situ oxidation by pure O2 to form an oxide tunnel bar-
rier to overcome the conductivity mismatch problem [34].
On top of the oxide barrier we deposit 55 nm of cobalt
for the spin polarized contacts. To prevent the oxidation
of the ferromagnetic electrodes, the contacts are covered

with 3 nm thick aluminum layer.

We characterize the charge and spin transport in
graphene at three different regimes, labeled as I, II and III
in Fig. 1(a): i) non-encapsulated region (I) as a reference;
ii) through the WS2 crystal (II), where the charge/spin
current is injected from a ferromagnet C3 on top of the
TMD crystal in to graphene and is detected in graphene
(Fig. 1(b)) [35], iii) across the encapsulated region (∼
3 µm) (III), where a charge/spin current is injected in
graphene on one side of the TMD via contact C2 and is
detected on the other side via contact C4.

All the measurements are performed using a cryostat
in vacuum (∼ 1 × 10−7 mbar) at different temperatures
between 4K and 297K. The graphene resistivity was char-
acterized via lock-in detection (f=27.7 Hz) using a four
probe method by applying a current between contacts
C2-C2´and measuring a voltage drop between C1-C1´,
in order to eliminate the effect of the contacts. The
graphene sheet resistance (Rsq) for the non-encapsulated
region (region I) is ∼ 400 Ω (charge carrier density ∼
1013cm-2 [36] where ) i.e. three times lower than for
region III (∼ 1.2 kΩ), indicating that graphene is less
doped underneath the WS2 crystal. The contact re-
sistances for the FM electrodes were characterized us-
ing a three probe connection scheme, where an ac cur-
rent is applied between contacts C1-C2 and a voltage
drop is measured between C1-C2´. For the FM contacts
on graphene, we measure a very low contact resistance
(RFM

C ∼ 200 Ω), putting our contacts in the so called con-
ductivity mismatched regime where the contacts influ-
ence the spin transport properties of graphene [34]. Since
we also fabricate the contacts on the WS2 flake out side
the WS2-graphene interface (i.e. contacts C6-C7 on WS2

in Fig. 1(a)), the channel resistance (RWS2
sq ∼ 70 kΩ) and

the contact resistance of the FM electrodes on the WS2

flake (∼ 2-3 kΩ) can be characterized independently. The
I-V behavior of the FM contacts, both on graphene and
on WS2 is characterized independently using a Keithley
2410 dc source meter. The measured I-V behavior has
a linear dependence at low bias, which becomes slightly
non-linear at higher bias values (Rc ≤4kΩ) (see supple-
mentary). Next, we measure a non-linear I-V behav-
ior across the graphene-TMD interface via FM contacts
(Fig. 4(a)) which is clearly is different from the I-V be-
havior at the WS2-AlO2-Co interface, and is dominated
by the Gr-WS2 interface. The observed non-linearity can
be easily attributed to the presence of a potential energy
barrier present only at the Gr-WS2 interface [26, 32, 37].

Spin transport is measured in a four probe non-local
detection scheme i.e. in region I, by applying a current
between contacts C1 and C2´and measuring the voltage
associated with the spin-accumulation between contacts
C2-C5. This method decouples the paths of the spin and
charge transport and thus minimizes the contribution of
the charge signal to the measured spin signal [38]. For
the spin valve measurements, we first apply an in-plane
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FIG. 2. (a) Spin-valve and (c) Hanle precession measure-
ments for non-encapsulated part (region I), with the FM con-
tacts used for spin transport. (b) spin-valve and (d) Hanle
measurements for region II, where WS2, inserted between FM
contacts and graphene is used as spin-injector and the FM
contact on graphene is used for measuring the spin accumu-
lation.

high magnetic field (B‖) along the easy axes of the fer-
romagnets to align their relative magnetization. Then,
the magnetic field is swept in the opposite direction to
reverse the magnetization of the ferromagnets selectively
based on their coercivity. We measure a sharp transition
in the non-local signal (RNL = VNL/Iac) when the in-
dividual electrodes switch their magnetization direction
(Fig. 2(a)). For the Hanle precession measurements, an
out of plane magnetic field (B⊥) is applied to precess the
injected spins around the applied field for a fixed mag-
netization configuration of the ferromagnetic electrodes.
While diffusing the spins precess around the applied mag-
netic field and dephase, showing a decrease in the mag-
nitude of measured spin accumulation for higher fields.

Hanle precession measurements for region I, II and
III are shown in Fig. 2 and Fig. 3, respectively. With
these measurements, we fit the Hanle signal 4RNL =
(RP − RAP)/2, where RP(AP) is the Hanle signal mea-
sured for the parallel (anti-parallel) magnetization of the
the injector-detector pair. We extract the spin diffusion
coefficient Ds and spin relaxation time τs, following the
procedure described in ref. [38] and use them to calcu-
late the contact polarization (P ). For region I, we obtain
Ds ∼0.09 m2/s, τs ∼ 40 ps and P ∼ 2.3%, for region II,
Ds ∼ 0.09 m2/s, τs ∼ 17 ps and P ∼ 2.7% and for region
III, we observe a Ds ∼ 0.1-0.5 m2/s, τs ∼ 18 ps and P ∼
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FIG. 3. (a) Spin valve and (b) Hanle measurement for the en-
capsulated part (region III), where a spin current is injected
via a FM contact C2 (Fig. 1(a)) on one side of the WS2 crys-
tal and is measured via contact C4 on the other side after
traveling underneath the WS2 environment.

0.3%. For region III, the Ds value obtained via Hanle fit-
ting, is sensitive to the selection of the spin-independent
background, which cannot be uniquely determined here.
However, we consistently obtain a reduced τs for region
III ∼ 17 ps-20 ps. In conclusion, a reduced τs ≤ 20 ps
is obtained via Hanle measurements for both region II
and III where the spin-transport occurs underneath the
WS2 flake. Here, we would like to emphasize that a low
τs observed in region I is probably due to the contact
induced spin relaxation. For a lower contact resistance
the spins can easily flow back to the contact and get re-
laxed, and one would obtain a lower τs. The actual value
for τs can be estimated by following the procedure as de-
scribed by Maassen et al. [34]. In this method, the effect
of the contact induced spin relaxation can be quantified
via `R´parameter (R = Rcλs/Rs), which is a ratio of the
contact resistance Rc to the spin resistance (Rs) of the
transport channel i.e. Rs = Rsqλs/W . Here λs is the
spin relaxation length in graphene, and W is the width
of the graphene flake. Based on this method, the actual
τs will be three times higher than the fitted τs for the
non-encapsulated region. For region II and III, the cor-
rection factor is ∼ 1, implying that the τs obtained via
Hanle fitting procedure represents the true spin relax-
ation time, confirming that the spin transport is affected
significantly underneath the high spin-orbit coupled ma-
terial i.e. WS2 in our case.

In order to determine the nature of charge and spin
transport through the Gr-WS2 interface, we character-
ize the interface resistance as a function of applied bias
and temperature (Fig. 4(a)). There is an increase in the
zero bias interface resistance from 80 kΩ -500 kΩ from
RT to 4K. A non-linear current-voltage characteristics of
the Gr-WS2 heterostructure indicates a potential energy
barrier formation at the interface. We analyze the inter-
face I-V characteristics with the standard Schottky-Mott
model at higher bias (VDS > 3kBT/e), which is described
by the following equation:
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FIG. 4. (a) 2-probe I-V measurements for the graphene-
WS2 interface at different temperatures. Here WS2 is the
positive electrode. On the right y-axis, the interface resis-
tance (dVDS/dIDS) is plotted as a function of VDS for room
temperature shows a non-linear behavior. (b) A plot of non-
local spin signal (4RSV

NL = RP−RAP) as a function of dc bias
current, injected through WS2. The measurement scheme
is shown in the cartoon. The current is applied between
contacts C3-C5 of Fig. 1(a) and a voltage is measured be-
tween contacts C2-C2´. The spin signal is significantly re-
duced for a lower interface resistance. A zoomed in version
for the negative Ibias-spin signal dependence is shown in the
inset. (c) Zoomed in IDS − VDS plot around zero bias shows
more symmetric behavior, suggesting the dominance of tun-
nel transport over thermionic emission. (d) ln (IDS) versus
1000/T plot shows a cross-over temperature (Tcross) around
250K from negative to positive slope, which is a signature of
cross over from thermionic emission to thermal assisted tun-
neling in a broad temperature range. In the inset, the slope
of logarithmic conductance changes around the same Tcross,
implying the same cross-over of conduction mechanisms.

IDS = AA∗T 2 exp
eVDS

nkBT
exp
−eφB
kBT

(1)

where IDS is the current flowing through Gr-WS2 in-
terface, A is the area of the interface, VDS is the voltage
drop across the interface, n is the ideality factor (n=1,
for ideal Schottky diode), A∗ is the Richardson constant,
φB is the effective Schottky barrier height at the Gr-WS2

interface, e is the electronic charge, kB is the Boltzmann
constant and T is the temperature of the device. We
extract the ideality factor n and the saturation current
I0 = AA∗T 2 exp −eφB

kBT
for different temperatures from the

slope and the intercept of ln(IDS)-VDS curve of Eq. 1. The

ideality factor n is highly temperature dependent (≥ 3),
exhibiting a strong deviation from thermionic emission
theory at lower temperatures. In Fig. 4(d), ln (I0/T

2)
versus 1000/T plot shows a positive slope for the major
temperature range and the slope is only negative for very
high temperatures, indicating that the electron transport
mechanism in our sample is dominated by thermally as-
sisted tunneling or field assisted tunneling, not by the
thermionic emission. We also try to fit the zero-bias
conductance-temperature dependence (inset Fig. 4 (d))
with the tunnel transport model, described in ref.[37].
A plot of temperature-zero-bias conductivity shows the
crossover of the two mechanisms around 200 K around
the same temperature as reported in the ref. [15]. How-
ever, a reasonable agreement between the data and the fit
is not obtained, possibly because of the moderate temper-
ature dependence of the conductivity at the lower tem-
perature. All the presented analyses support tempera-
ture assisted tunneling as a dominant charge transport
mechanism across the Gr-WS2 interface.

Novelty of the Gr-WS2 interface is its bias dependent
resistance, which in combination with the FM contact
can be used to modify the conductivity mismatch con-
dition for the spin injection. Since the charge transport
across the interface is dominated by temperature assisted
tunneling, it is possible to inject spins in to graphene
through TMD due to small Schottky barrier and low de-
pletion width at the interface, in contrast to the case of Si
spin-valves, where no spin transport is measured due to a
higher Schottky barrier at the ferromagnet-silicon inter-
face of the injector and the detector electrodes [39, 40]. In
order to bias the interface, we use a dc current source at
different currents with a fixed small ac current (0.5 µA)
superimposed on it. The spin accumulation is measured
non-locally via the lock-in detection (see supplementary
for bias dependent spin-valve measurements). On chang-
ing the bias current, the interface resistance is modulated
from 15 kΩ -100 kΩ for the positive current bias and to 4
kΩ for the negative bias. The change in the resistance is
much sharper for the negative bias regime. The spin sig-
nal decreases slowly from 50 mΩ-to 5 mΩ for the positive
current range of 50 µA. For the negative bias, we observe
similar change in within 5 µA current range, suggesting
a strong correlation between the interface resistance and
spin injection efficiency. However, for the oxide tunnel
barriers with 4 kΩ interface resistance, one can get a
reasonable spin injection, as this situation is not a poor
conductivity mismatch. Even for smaller interface resis-
tance in region I, we were able to achieve spin injection.
A negligible spin injection for a reasonable interface re-
sistance, suggests towards either low spin polarization of
the interface as it is not a pure tunneling or additional
spin-relaxation underneath the WS2 encapsulated region.
Also, we were unable to detect any spin accumulation on
the other side of WS2 (contact C4), probably due to the
combined effect of poor spin injection through the TMD,
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accompanied by relatively long distance experienced by
spins underneath WS2, before getting detected. How-
ever, from the present measurements, we cannot com-
ment on the the source of enhanced spin relaxation pro-
cess.

In conclusion, we demonstrate that spin transport
across the WS2 encapsulated region and the spin trans-
port is reduced in the proximity of the TMD crystal. At
present, we cannot comment on the source of additional
spin-relaxation whether it is caused by proximity induced
spin orbit coupling or due to spin absorption via the
TMD. We also demonstrate the use of WS2 as a bias de-
pendent spin injector due to the non-linear charge trans-
port properties of Gr-WS2 interface. Via a temperature-
dependent charge transport analysis, we find out that
the dominating charge transport mechanism across the
interface is thermally assisted tunneling, which helps the
spins to tunnel through the Schottky barrier [41].
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B. J. van Wees, Phys. Rev. B 86, 235408 (2012).

[35] A SEM image was recorded after the measurements. The
graphene and WS2 flake were damaged after the mea-
surements during storage.

[36] Since we do not have a working back gate for the re-

mailto:s.omar@rug.nl
http://dx.doi.org/ 10.1103/PhysRevB.80.041405
http://dx.doi.org/ 10.1103/PhysRevB.80.041405
http://dx.doi.org/10.1103/PhysRevLett.103.146801
http://dx.doi.org/10.1103/PhysRevLett.103.146801
http://dx.doi.org/10.1103/PhysRevB.86.161416
http://dx.doi.org/10.1103/PhysRevB.92.201410
http://dx.doi.org/10.1103/PhysRevB.92.201410
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/ 10.1021/acsnano.5b05556
http://dx.doi.org/ 10.1021/acsnano.5b05556
http://dx.doi.org/10.1021/jp300079d
http://dx.doi.org/ 10.1038/nphys2942
http://dx.doi.org/ 10.1038/nphys2942
http://dx.doi.org/10.1103/PhysRevB.84.153402
http://dx.doi.org/10.1103/PhysRevB.84.153402
http://dx.doi.org/10.1103/PhysRevB.91.235202
http://dx.doi.org/ 10.1038/ncomms11711
http://dx.doi.org/ 10.1038/ncomms11711
http://dx.doi.org/ 10.1103/PhysRevB.77.235406
http://dx.doi.org/ 10.1103/PhysRevB.77.235406
http://dx.doi.org/10.1038/nnano.2012.193
http://dx.doi.org/10.1038/nmat3518
http://dx.doi.org/ 10.1038/nnano.2012.224
http://dx.doi.org/ 10.1038/nnano.2012.224
http://dx.doi.org/ 10.1021/nn402919d
http://dx.doi.org/ 10.1021/nn402919d
http://dx.doi.org/10.1039/C3NR03677D
http://dx.doi.org/ 10.1103/PhysRevB.93.115441
http://dx.doi.org/ 10.1103/PhysRevB.93.115441
http://dx.doi.org/ 10.1038/srep06146
http://dx.doi.org/ 10.1021/acsami.6b00883
http://arxiv.org/abs/1606.02413
http://dx.doi.org/10.1038/ncomms5875
http://dx.doi.org/ 10.1038/nmat4603
http://dx.doi.org/10.1021/acs.nanolett.5b04066
http://dx.doi.org/ 10.1103/PhysRevX.6.041020
http://arxiv.org/abs/1607.02651
http://dx.doi.org/10.1103/PhysRevB.93.155104
http://dx.doi.org/10.1103/PhysRevB.93.155104
http://dx.doi.org/10.1038/ncomms9339
http://dx.doi.org/10.1021/acs.nanolett.5b01128
http://dx.doi.org/ 10.1038/ncomms13372
http://dx.doi.org/10.1063/1.4886096
http://dx.doi.org/10.1063/1.4886096
http://dx.doi.org/10.1063/1.4894256
http://dx.doi.org/10.1063/1.4894256
http://dx.doi.org/ 10.1088/2053-1583/3/3/031012
http://dx.doi.org/ 10.1088/2053-1583/3/3/031012
http://dx.doi.org/10.1103/PhysRevB.86.235408


ported sample, we estimate the carrier density n from
the relation n = 1/Rsqeµ, where e is the electron charge
and µ is the field effect mobility. Here, we take µ ∼
5000 cm2V -1s-1 which is usually obtained for good qual-
ity graphene samples on SiO2 substrate.

[37] T. Yamaguchi, R. Moriya, Y. Inoue, S. Morikawa, S. Ma-
subuchi, K. Watanabe, T. Taniguchi, and T. Machida,
Appl. Phys. Lett. 105, 223109 (2014).
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Supplementary Information

(a) (b)

FIG. S1. A graphene-WS2 stack (a) before annealing and af-
ter (b) annealing. For the thin WS2 flakes (tWS2 ∼ 5nm), the
graphene flake underneath the WS2 flake can be seen through.
Here, the annealing step does not seem to improve the inter-
face quality significantly.

Due to the layered structure of graphene and WS2,
these materials can be exfoliated via a scotch-tape
method. The graphene flake is exfoliated from a bulk
HOPG (highly oriented pyrolytic graphite) ZYA grade
crystal (supplier: SPI) on to a pre-cleaned Si-SiO2 sub-
strate (tSiO2=300 nm). A single layer is identified via an
optical microscope. A WS2 flake (spplier: HQ Graphene)
is exfoliated on a vsicoelastic PDMS (polydimethylsilox-
ane) substrate. The freshly cleaved WS2 flake on the
PDMS is brought in contact with the graphene flake in a
transfer stage. Since the adhesion of WS2 on the PDMS
stamp is relatively weak compared to the GrW van der
Waals interaction and the SiO2-WS2 adhesion, the flake
is easily stacked on to the desired graphene flake. As
a result a smooth interface is formed, which is identified
with an atomic force microscope (AFM). For a thick WS2

flake the bubble formation during the transfer procedure
is less likely and in the AFM we do not observe any bub-
bles at the graphene-WS2 interface. The prepared stacks
are annealed at 250◦C for 5 hours in an Ar-H2 environ-
ment for removing the residue polymers. However, for
most of the stacks, we only observe that the uncovered
graphene and WS2 flake looks more clean after the an-
nealing steps, leaving the graphene-WS2 interface more
or less similar to that before the annealing (Fig. S1).

For the stack with a thick WS2 ∼ 20 nm flake, trans-
ferred on to a graphene flake, we do not see a bubble
formation at the graphene-WS2 interface (Fig. S2). Still
the furnace annealing is performed to clean the polymer
residues from the uncovered surfaces.

CONTACT I-V FOR ALOx/CO CONTACTS

We characterize the contact resistance via three probe
connection scheme where a voltage drop across the con-
tact is measured while a current flowing through it. Since
we also deposit an insulating oxide layer between the
transport channel (graphene or WS2) and the ferromag-
net, the contact resistance can deviate from its ohmic

FIG. S2. A graphene-WS2 stack formed with thick WS2

flakes (tWS2 ∼ 20nm)
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FIG. S3. I-V characteristics of a Co/AlOx contact on the
WS2 flake.

behavior depending on the current/voltage bias applied
on it. For this purpose, a dc source meter (KTH 2410)
is used. For the FM contacts on WS2, we see a linear I-
V behavior for WS2 in a low bias regime which becomes
slightly non-linear at high bias values (Fig. S3). Still, the
observed non-linearity is not as strong as measured for
Gr-WS2 interface.
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FIG. S4. Spin valve measurements as a function of dc current
bias. Spin vale measurements for different positivie (negative)
dc bias values are plotted on the right (left) half of the plot
(B|| > 0T (< 0T)).

BIAS DEPENDENT SPIN VALVE
MEASUREMENTS

We perform bias dependent spin-valve measurements
by applying a finite dc current (-10 µA- 50µA) along with
a fixed ac current (= 0.5 µA) and measure the spin ac-
cumulation non-locally via lock-in detection method. By
applying different dc bias, we modify the interface re-
sistance and the spin-injection efficiency of the injector
electrode. At a high interface resistance of the injec-
tor, we measure a higher spin accumulation due to im-
proved spin-injection efficiency. On reducing the inter-
face resistance as a function of positive(negative) bias,
the spin signal is reduced due to a lower spin-injection
efficiency(Fig. S4).
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