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Graphene is an excellent material for long distance spin transport but allows little spin
manipulation. Transition metal dichalcogenides imprint their strong spin-orbit coupling into
graphene via proximity effect, and it has been predicted that efficient spin-to-charge
conversion due to spin Hall and Rashba-Edelstein effects could be achieved. Here, by
combining Hall probes with ferromagnetic electrodes, we unambiguously demonstrate
experimentally spin Hall effect in graphene induced by MoS: proximity and for varying
temperature up to room temperature. The fact that spin transport and spin Hall effect occur in
different parts of the same material gives rise to a hitherto unreported efficiency for the spin-
to-charge voltage output. Remarkably for a single graphene/MoS: heterostructure-based
device, we evidence a superimposed spin-to-charge current conversion that can be
indistinguishably associated with either the proximity-induced Rashba-Edelstein effect in
graphene or the spin Hall effect in MoS2. By comparing our results to theoretical calculations,
the latter scenario is found the most plausible one. Our findings pave the way towards the
combination of spin information transport and spin-to-charge conversion in two-dimensional
materials, opening exciting opportunities in a variety of future spintronic applications.

The efficient transport and the manipulation of spins in the same material are mutually
exclusive as they would require simultaneously weak and strong spin-orbit coupling (SOC)
respectively. Graphene, due to its low intrinsic SOC, is proven to be an outstanding material that can
transport spins over long distance of tens of micrometres!°. For the same reason, the generation and
tuning of spin currents in graphene are out of reach, limiting its capability to active spintronic device
functionalities and related applications. To solve this issue, methods to artificially induce SOC in
graphene have been explored. For instance, the SOC in graphene has been enhanced by chemical
doping'*” or by proximity-induced coupling with materials possessing large SOC'¥%, The latter
method is more convenient since the chemical properties of graphene are not altered, whereas its
high-quality electronic transport properties are preserved.

Transition metal dichalcogenides (TMDs) with chemical formula MX. (M=Mo, W and X=S,
Se) are layered materials of semiconducting nature displaying unique combined electronic, optical,
spintronic and valleytronic properties®®*°, They possess a strong intrinsic SOC of tens of meV, few
orders larger than that of pristine graphene®%". Accordingly, a large intrinsic spin Hall effect (SHE)
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has been theoretically predicted in TMDs®¢. However, its experimental observation remains elusive
because of the technical difficulties to inject and detect spin information into these materials**°,
Only recently, a spin-orbit torque experiment has shown a large spin-to-charge conversion in
monolayer MoS; and WSe; interfaced with a ferromagnet, although it has been attributed to Rashba-
Edelstein effect (REE)®L. Interestingly, TMDs can be hybridized to graphene forming van der Waals
heterostructres'®3 Theoretical calculations show that TMDs imprint their strong SOC into graphene
via proximity effect, with an induced SOC of the order of few meV*"8, The strong induced SOC in
TMD-proximitized graphene has been confirmed by many weak anti-localization measurements?-24,
Another predicted feature of this proximity effect is the induced spin-valley coupling in graphene,
leading to a large spin lifetime anisotropy?® which has also been recently confirmed
experimentally?®?’.

Further interesting theoretical predictions for TMD-proximitized graphene include the
emergence of the SHE?®3 and the Rashba-Edelstein effect (REE)%*3!. The SHE and the REE are
exotic phenomena that convert charge currents into spin currents (in case of SHE)%>°® or spin
densities (in case of REE)*"%. Their reciprocal effects [inverse SHE (ISHE) and inverse REE
(IREE)] convert spin currents or spin densities into charge currents. Since these mechanisms lead to
highly efficient electrical generation and detection of spins, they can play an important role towards
the realization of all-electrically controlled spintronic devices, such as spin-orbit torque memories®*
% or spin-orbit logic circuits®®®’. Whereas the SHE has been mostly studied in heavy metals with
strong SOC®%%®, the REE has been observed in two-dimensional electron gas systems®° as well as
interfaces lacking inversion symmetry®2, In graphene, previous measurements of the SHE using
nonlocal Hall bar geometries have been reported'®>!42°, However, a variety of effects unrelated to
spin can contribute to such nonlocal measurements, questioning the interpretation of the results and
therefore impeding a further optimization and implementation of those spin effects into practical
applications®®"2. A convincing experimental proof of spin-to-charge conversion due to the SHE or
the REE in graphene is thus crucially lacking. In this letter, by carefully designing graphene/TMD-
based lateral spin valves (LSVs), we solve this long-standing experimental challenge, and report an
unprecedented manifestation of spin-to-charge conversion in graphene/MoS; van der Waals
heterostructures that can be unambiguously attributed to the SHE in graphene. Additionally, a second
contribution, which can be induced by either the REE in graphene or the SHE in MoS; is also clearly
observed. Our theoretical calculations indicate that the latter is the most plausible source, thus
providing the first all-electrical measurement of spin Hall effect in MoS,. Realization of spin
transport and spin-to-charge conversion in the same material (in this case graphene) a long awaiting
milestone for the field of spintronics.

Our device design consists of MoS: placed in the middle of cross-shaped graphene as shown
in Figure 1. This design enables studying spin-charge interconversion stemming from three distinct
sources: 1) Proximity-induced SHE in graphene®*® (Figure 1a); 2) Proximity-induced REE in
graphene3%3L62 (Figure 1b); 3) SHE in MoS; *>°%'%"7 (Figure 1c). For the first case, a charge current
applied along the graphene/MoS: stripe results in the generation of spin current with out-of-plane
spin polarization along the graphene channel. In the second and third cases, a charge current applied
along the graphene/MoS: stripe gives rise to a spin current with the same in-plane polarization along
the graphene channel. The signal induced by the SHE in graphene can thus be separated from the
other two effects by verifying the spin polarization directions. The Onsager reciprocal equivalents,
ISHE and IREE, can also be studied and separated in the same manner.



Figure 1. Description of our device configuration and possible spin-charge interconversion scenarios. a)
Sketch of proximity-induced spin Hall effect in graphene. A charge current applied along the graphene/MoS;
stripe (y-axis) results in a spin current with out-of-plane (along z) spin polarization in the graphene channel
along x. b) Sketch of proximity-induced Rashba-Edelstein effect in graphene. A charge current applied along
the graphene/MoS; stripe (y-axis) creates a spin accumulation with in-plane (along x) spin polarization which
then diffuses to the graphene channel along x. c) Sketch of spin Hall effect in MoS,. A charge current applied
along the y-axis of MoS; creates an out-of-plane (along z) spin current with in-plane (along x) spin
polarization. When this MoS; is placed on top of graphene, this spin current diffuses to the graphene channel
along x. d) Optical microscope image of one of our devices (sample A). It contains graphene shaped into two
Hall bars connected each other (blue). The ends of the graphene stripes are connected to Ti/Au contacts
(yellow). The MoS; flake (light blue) lies on one of the graphene Hall bars. Four Co/TiOx electrodes (grey)
are placed on top of the graphene channel.

To study and quantify the different spin-to-charge conversion contributions, we fabricated
devices as the one shown in Figure 1d (sample A). Each device contains exfoliated few-layer
graphene shaped into a narrow channel (W, = 350 nm) with a double Hall bar (Wy = 1.2 um). A
multilayer MoS; flake lies on top of one of the graphene Hall bars. Four ferromagnetic (FM) Co
electrodes (with interface resistances ranging from 10 to 70 kQ due to a TiOx underlayer) are placed
on the graphene channel forming three different LSVs. A detailed description of the device
fabrication process is given in methods. As shown in Figure 1d, the LSV with FM electrodes 1 and 2
and the LSV with electrodes 3 and 4 can both be used as reference LSVs. The LSV with FM
electrodes 2 and 3 contains MoS: placed on top of the graphene Hall bar between the FM electrodes.
The spin-to-charge conversion is measured between the graphene/MoS; vertical stripe and FM
electrode 3.
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Figure 2. Spin transport in LSVs. a) Sketch of the nonlocal resistance measurement at the reference graphene
LSV. b) Nonlocal resistance measurements performed by applying field along the in-plane easy axis (B, ). The
black and green curves correspond to the reference graphene LSV (with FM electrodes 1 and 2) and the LSV
with MoS; in between (with FM electrodes 2 and 3), respectively. Baselines are subtracted in both curves. c)
Nonlocal symmetric Hanle curves measured at the reference graphene LSV by applying a magnetic field
along the in-plane hard axis (B,) for the initial parallel (Rp, black) and antiparallel (R,4p, red) configuration of
the FM electrodes. Baselines are subtracted in both curves. d) Spin signal calculated using Rp — R,p from the
Hanle data in c¢) (black open circles) with the corresponding fit (blue solid line) using the Bloch equations and
the extracted parameters. Data in all panels correspond to sample A at 10 K. An electrical current I =10 pA is
used.

First, we study the reference LSV with FM electrodes 1 and 2 to extract the spin transport
properties of pristine graphene. The measurements are done in the standard nonlocal
configuration®™. A charge current (Ic) is injected from a Co electrode into the graphene channel,
creating a spin accumulation at the Co/graphene interface. This spin accumulation diffuses toward
both sides of the graphene channel, creating a pure spin current out of the current path, which is
detected by another Co electrode as a nonlocal voltage (Vyy.), see Figure 2a. The nonlocal resistance
Ry1 = Vni/Ic is high (RE,, parallel) or low (R&F, antiparallel) depending on the relative orientation
of the magnetization of the two electrodes, which can be set by applying an in-plane magnetic field
in the y—direction (B, ) due to the different shape anisotropies of the electrodes (Figure 2b). The spin
signal, which is defined as ARy, = R, — RAT, is ~60 mQ at 10 K. Moreover, a Hanle precession
measurement has been performed to characterize the spin transport properties of the graphene
channel (Figure 2c). Since the injected spins are oriented along the y—direction, a perpendicular in-
plane magnetic field B, is applied. The precession and decoherence of the spins cause the oscillation
and decay of the signal. In addition, the rotation of the Co magnetizations with B, tends to align the
polarization of the injected spin current with the applied field, restoring the Ry, signal to its zero-



field value when the Co electrodes reach parallel magnetizations along the x—direction at high
enough B,. By the proper combination of Hanle measurements for initial parallel and antiparallel
states of the Co electrodes, the contribution from spin precession and decoherence (Figure 2d) and
the rotation angle g of the Co magnetization (Note S1 in the Supporting Information) can be
obtained. The Hanle curve for the spin precession and decoherence is then fitted to the solution of the
Bloch equations™ as shown in Figure 2d (for details, see Note S1 in the Supporting Information).
From this fitting, the spin lifetime of the pristine graphene tJ"=300+20 ps, the spin polarization of
the Co/graphene interface P;=2.9+0.2% and the spin diffusion constant of the pristine graphene
DI"=(5.7+0.5)x 103 m?/s are extracted. Next, we show the nonlocal resistance in the LSV with the
middle MoS: flake (between FM electrodes 2 and 3). ARy, in this case is expected to be lower than
that of the reference LSV (ARL) due to the well-known spin absorption effect®*** and the
proximity-induced spin relaxation in the graphene channel?®2"32, Depending on the quality of the
graphene/MoS; interface, the reduction of the spin signal can vary. In our case, the measured spin
signal for graphene/MoS; LSV at 10 K is smaller than the noise level (~5 mQ), as shown in Figure
2b.

Once we confirmed that the spin signal diminishes at the graphene/MoS> region, we inspect
the possibility of spin-to-charge conversion in the same region. For this, we initially align the
magnetization of the Co electrodes along the easy axis by applying a magnetic field (+B,)).
Subsequently, while sweeping the field along the in-plane hard axis (+B,), Vyi, IS measured across
the graphene/MoS: bar (Figure 3d and 3f) while injecting a constant current =10 pA from the Co
electrode 3 to the graphene channel. As mentioned above, a voltage across the graphene/MoS;
branch placed along the y—direction can be obtained either due to the spin-to-charge conversion of i)
out-of-plane spins with spin polarization along z or ii) in-plane spins with spin polarization along x.
For the first case, as the initial spin polarization (y) and the applied field (x) are orthogonal, the spins
precess in the y — z plane around the field. This process results in an antisymmetric Hanle signal
exhibiting either a maximum or minimum at certain values of +B,, when the spins reaching the
graphene/MoS; region point out of plane (z). The antisymmetric Hanle curve is also reversed when
the initial magnetization direction is switched, since the injected spins are opposite (Figure 3d)30:46.77,
For the second case, as the required spin polarization and the applied field are along the same
direction (x), Ry, increases or decreases while the electrode magnetization rotates towards +x and
saturates at values of +B, that correspond to the saturation magnetization of the Co electrode (Figure
3f). This results in an S-shaped signal that is odd with B, and independent of the initial
magnetization direction of the Co electrode’®’”. As shown in Figure 3a, we clearly observe
antisymmetric Hanle curves which reverse by switching the initial magnetization direction. This
confirms that, at the graphene/MoS: region, the out-of-plane spins are converted into a charge
current, which in open circuit condition gives rise to Vyy.. As explained in Figure 1, the only possible
source of out-of-plane spin-to-charge conversion in our experimental design is the ISHE in graphene
due to the SOC induced by MoS, (Figure 1a). Therefore, we unambiguously conclude the
observation of proximity-induced ISHE in graphene in sample A. For further confirmation, we repeat
the same experiment in a different sample (sample B) obtaining similar results. In sample B, we also
performed measurements where the spin current direction is reversed by injecting current with the
Co electrode on the right and the left side of the graphene/MoS: region, respectively (Note S3 in the
Supporting Information). We find that the spin-to-charge conversion signal changes sign with
reversing the spin current direction, which further confirms the proximity-induced ISHE in graphene
as the source of the signal, since the ones generated by the other possible sources (REE in graphene
and SHE in MoS>) do not depend on the spin current direction in the graphene channel.
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Figure 3. Spin-to-charge conversion measurement and analysis. a) Nonlocal spin-to-charge conversion curves
obtained by applying a charge current between Co electrode 3 and the right Ti/Au electrode and measuring the
voltage across the graphene/MoS; stripe. The magnetic field is applied along the in-plane hard axis direction
(B,) for initial positive (black) and negative (red) magnetization directions of the Co electrodes. b) Same
measurements obtained by applying a charge current between Co electrode 2 and the right Ti/Au electrode
and measuring the voltage across the pristine graphene stripe in the reference LSV. ¢) Net antisymmetric
Hanle signal (open circles) obtained by subtracting the two Hanle curves (ARsy; = Ry, — R};;) in a), which is
fitted with the solution of the Bloch equation (blue curve) and the extracted parameters. d) Sketch of the
measurement configuration that results in the antisymmetric Hanle curve shown in c). When B, is low
enough, the Co magnetization is in its easy axis and the injected (red) spins are polarized along y, leading to a
spin precession along the y—z plane. e) Background signal (open circles) extracted by averaging the two
Hanle curves [Rscc = (RN, + Ry /2] in a). The magnitude of this spin-to-charge conversion signal (ARsc)
is quantified by calculating the zero-field extrapolation using linear fittings to the signal at high positive and
negative fields. f) Sketch of the measurement configuration that results in the S-shaped curve shown in e).
When B, saturates the Co magnetization in its hard axis, the injected (red) spins are polarized along x and do
not precess. Data in all panels correspond to sample A at 10 K.



To quantify the overall spin-to-charge conversion due to the ISHE in proximitized graphene,
the two antisymmetric Hanle curves for the initial positive and the negative magnetizations direction
of the Co electrodes were subtracted (ARsy = Ry, — Ry;) and the resulting curve is shown in Figure
3c. Fitting this resulting curve to the solution of the Bloch equation (Note S2 in the Supporting

Information), we extract a spin Hall angle H_Z,_’,V’D/QT: —4.5+£0.6%, an effective spin lifetime

t¥/7=7247 ps, and an effective spin diffusion constant DZ/=(1.2+0.1)x 10~3 m%s at 10 K.
Comparing the variation of Vy, with respect to the Co magnetization direction and the direction of
B, the spin Hall angle is found to be negative. The robustness of this value is confirmed in sample

B, where 6] /7/9"= _4,8+0.9%, t¢/=70+9 ps, and D&/ =(1.5+0.1)x 10~3 m?s are obtained at 10 K.

These values are an order of magnitude larger than 6, /97~0.1% predicted theoretically for
MoS: (Ref. 29). We understand such difference by noting that those calculations have been limited
to a phenomenological description of disorder using intrinsic broadening of the electronic states.
Here by performing spin Hall conductivity calculations for monolayer graphene/MoS;
heterostructures, we traced back the origin of the SHE to the combination of the valley-Zeeman
interaction, the intrinsic SOC, and the staggered potential. Using this model, and taking into account

the broadening effects and temperature, we predict a BST;,"D/QT ranging from 1 to 10%, depending on

the position of the Fermi Level. 9;’,"1) /97 s larger close to the charge neutrality point and changes
from negative to positive when going from the valence to the conduction band. This last result would
then imply that, in the current experiment, graphene is p-doped. Details are explained in Note S8.1 in
the Supporting Information.

To confirm that the spin-to-charge conversion occurs strictly in the graphene regions in
proximity with MoS;, and not in the pristine graphene itself, we perform a control experiment in the
reference LSV by injecting current with Co electrode 2 and measuring Vy;, across the vertical pristine
graphene stripe placed next to it (Figure 1d). Figure 3b shows no evidence of Hanle spin precession
effect. Instead, the fact that Ry, varies linearly with the magnetic field confirms that the spin-to-
charge conversion measurement in graphene/MoS; is not due to any experimental spurious effect.
Ideally, we expect the linear background in the reference LSV to be also present in the background
of the antisymmetric Hanle curve (Figure 3a) measured in graphene/MoS.. To check this, we extract
the background signal of the spin-to-charge conversion measurements in graphene/MoS. by
excluding the antisymmetric component [Rscc = (Ry, + Rx;)/2] as shown in Figure 3e (see Note
S4.1 in the Supporting Information). Surprisingly, we found an S-shaped background signal of
amplitude 11.5 mQ with changing slopes at magnetic field B, ~ +240 mT, the same field that
saturates the magnetization of the Co electrodes. This indicates that an in-plane spin-to-charge
conversion signal in graphene/MoS; is also measured.

As explained above, there are two possible sources for in-plane spin-to-charge conversion in
our device configuration: the proximity-induced IREE in graphene (Figure 1b) and the ISHE in
MoS, (Figure 1c). In our experiment, both are indistinguishable, jeopardizing a separate
quantification of the efficiencies of the two effects. However, we can separately calculate the limits
of the efficiencies of each phenomenon by assuming that the signal is entirely obtained from a single
effect. For the proximity-induced IREE in graphene, we quantify the spin-to-charge conversion
efficiency to be azz~ +0.85% (a detailed derivation is given in Note S4.2 in the Supporting
Information). One of the major differences between the REE and the SHE is that the former produces
a non-equilibrium spin density instead of a spin current (as is the case of the latter), which
complicates the definition of a figure of merit. An equivalent of a spin Hall angle azz can be



nevertheless proposed by assuming that the spin accumulation transforms entirely into a spin current
by diffusion, and divide it by the injected charge current density. To obtain such information,
numerical simulations based on Kubo methods are performed?®® together with the analytical theory

of Offidani et al.>*. Using the same spin-orbit parameters used to compute 6, /97 \ve estimate that
the REE dimensionless efficiency azz would be at maximum 0.1% (see Note S8.2 in the Supporting
Information for details), which is one order of magnitude smaller than the value extracted from the
experiment. More remarkably, the theoretical analysis predicts that the sign of the proximity-induced

REE is the same as for the proximity-induced SHE. Since H_ZFIIVID/gris negative, agy should also be
negative. Therefore, the positive sign of the in-plane spin-to-charge conversion rules out the
proximity-induced REE as its origin.

On the other hand, if the in-plane spin-to-charge conversion occurs due to ISHE in MoSy, it
requires spin absorption from graphene into MoS», which depends on the resistivities and spin
diffusion lengths of both materials and their interface resistance ****. As graphene and MoS; are
stamped together in our device, it is not possible to separately quantify the resistivity of MoS»
(Pmos,)- Therefore, we examine the possible strength of ISHE in MoS; by varying py,s, (see Note
S4.3 in the Supporting Information). Here, the spin-to-charge conversion voltage measured across
the graphene/MoS; channel depends on two competing contributions that vary in opposite way with
Pumos,- 1) an increase in py,s, decreases the spin absorption and, thus, the spin-to-charge conversion
voltage; 2) the effective resistance of the graphene/MoS: region increases with py,s, and, thus,
increases the spin-to-charge conversion voltage until it saturates due to the shunting effect of the
graphene channel. In the optimal resistivity value (PMosz~7><10'4 Qm), a minimum spin Hall angle of

MoS: 67> ~3.3% is required to obtain the spin-to-charge conversion signal of 11.5 mQ. In this

scenario, we can estimate a spin Hall conductivity 0;\141052 ~0.47 Q'em, which is reasonable for a

bulk n-doped MoS: flake, as theoretically calculated in Ref. 38. It thus seems more plausible that the
observed in-plane spin-to-charge conversion arises from the ISHE in MoS.

We finally performed additional spin-to-charge conversion measurements at 100 K, 200 K
and 300 K (see Notes S5 and S6 in the Supporting Information). As shown in Figure 4a for sample
A, the out-of-plane component of the spin-to-charge conversion signal clearly decreases with
increasing temperature, while the in-plane component persists up to room temperature, indicating
that the former is strongly influenced by the temperature in contrast to the latter. Unfortunately, we
could not measure for both magnetization directions of the Co injector, which prevents us from a full
quantification of the ISHE in the proximitized graphene as done at 10 K. For sample B, we could
properly extract the spin Hall angle, which strongly decays with temperature from —4.8+0.9% at 10
K down to —0.33+0.04% at 300 K (Figure 4b). For this estimation, we also need to take into account
the temperature dependence of the graphene/MoS: sheet resistance (inset in Figure 4b), which we
observe to decrease with increasing temperature, a feature reported in graphene when the Fermi level
is near the Dirac point’’. Theoretically, the spin Hall conductivity of proximitized graphene is also
expected to decrease with temperature close to the neutrality point due to the change of sign when
crossing from the valence to the conduction band. In Note S8.1 in the supporting information, we
show that the spin Hall conductivity is inversely proportional to the temperature, which combined
with the decrease of the sheet resistance with temperature leads to a fast decay of the spin Hall angle.

Concerning the in-plane spin-to-charge conversion, it can be quantified up to room
temperature in sample A because in this case one curve at a single magnetization direction of the Co
injector already gives reliable information. This component slightly decreases from 11.5 mQ at 10 K
to 7.4 mQ at 300 K. On the one hand, if we assume the origin of the signal is IREE in proximitized
graphene, the conversion efficiency agy increases from 0.85+0.03% at 10 K to 3.0+0.2% at 300 K.



This is in sharp contrast with our theoretical calculations, which predict that agy strongly decays
with temperature due to the antisymmetric behavior between the valence and conduction bands
which will be mixed in the presence of temperature (see Note S8.2 in the Supporting Information for

details). On the other hand, if we assume the origin of the signal is ISHE in MoS,, we need a

minimum 6.;*> ~2.2% to explain the signal at 300 K, a value close to the ~3.3% at 10 K. Such a

weak temperature variation in the spin Hall angle is expected for a bulk material, which is the case of
our MoS; flake. Although we cannot fully rule out any scenario, the temperature dependence of the
in-plane spin-to-charge conversion suggests again that spin absorption and subsequent ISHE in the
MoS: flake is a more plausible option. It is worth mentioning that no clear in-plane spin-to-charge
conversion is observed in sample B (see Notes S4.1 and S5 in the Supporting Information). The lack
of signal in sample B can be again better understood if one assumes that its origin is the ISHE in
MoS,, rather than the IREE in proximitized graphene: whereas the spin absorption into MoS;
depends on details of the graphene and the MoS: flake that are independent of the presence of the
ISHE in the proximitized graphene, IREE in proximitized graphene should be present whenever the
proximity-induced ISHE occurs.
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Figure 4. Temperature dependence of the spin-to-charge conversion. a) Nonlocal spin-to-charge conversion
curves for initial positive magnetization direction of Co electrode 3 at different temperatures in sample A. b)
Spin Hall angle of the proximitized graphene at different temperatures for sample A (blue solid circle) and
sample B (red solid squares). Inset: Square resistance as a function of temperature from two-point
measurements along the graphene/MoS; stripe in samples A and B.



Finally, it is also worth noting that, although the spin Hall angle in proximitized graphene is
smaller than that of the best SHE materials such as heavy metals or topological insulators, the overall
spin-to-charge conversion efficiency can be very high. A proper way to quantify this efficiency is the
ratio R,y between the output voltage (AVsy) and the injected spin current reaching the spin Hall

region (Is), which has units of resistance (see Note S7 in the Supporting Information). In the device

geometry used in this work, RGT%CD/W = 20,/ RIVPII (T, /1), where I is the average spin

current at the spin Hall region. Since all parameters are known, we can estimate RZ%P/QT: 13.4 Q.

Previous reports of the largest spin-to-charge conversion output were performed in graphene/Pt
LSVs’®'" in which graphene was used to transport spins into Pt where the spin-to-charge conversion

occurs. In this case, the efficiency is defined as Rﬁ}f = (29§13pptxpt/gr/wpt)(KS/IS), where 654, ppe,

Wy, are the spin Hall angle, resistivity and width of Pt, and xp, 4, a correction factor that considers
the current in Pt shunted through the graphene channel. Taking the parameters from Ref. 76, we

obtain RZ/97=0.27 Q. In other words, the unique feature of spin transport and spin-to-charge

eff
conversion in graphene itself (with HSTD/W: — 4.5%) results in an efficiency 50 times larger than

when spin-to-charge conversion occurs in a different material after spin absorption, even if Pt (with
65t = 23%) is used.

To conclude, an unprecedented and unambiguous experimental demonstration of the
proximity-induced ISHE has been found in graphene together with a manifestation of another spin-
to-charge conversion phenomenon either due a proximity-induced IREE in graphene or an ISHE in
MoS,, being the latter more likely. We obtained the largest spin-to-charge conversion efficiency as
compared to previous reports in LSVs. The device concept proposed here, a LSV with a cross-
shaped graphene channel, can easily integrate a gate voltage which is expected to tune the spin-to-
charge conversion in graphene?®*°, enabling an extra functionality with a lot of potential which is not
possible in prototypical spin Hall metals. The device concept can also be extended to study spin-to-
charge conversion in a variety of material combinations of graphene with heavy metals, oxides,
different TMDs, and topological insulators, which have been also suggested to be suitable
companions for generating giant REE’®. Most importantly, our proof of concept in which spins can
be generated, transported and detected in the same material (graphene) is a propitious feature for
developing future spintronics devices.

Methods. Device fabrication. The graphene/MoS; van der Waals heterostructures are fabricated
by mechanical exfoliation followed by dry viscoelastic stamping. We first exfoliate graphene from
bulk graphitic crystals (supplied by NGS Naturgraphit GmbH) using a Nitto tape (Nitto SPV 224P)
onto Si substrates with 300 nm SiO». Few-layer graphene flakes are identified by optical contrast
under an optical microscope. Then a MoS: crystal (supplied by SPI supplies) is exfoliated using the
Nitto tape and transferred on to a piece of poly-dimethyl siloxane (Gelpak PF GEL film WF 4, 17
mil.). After identifying a short and narrow MoS; flake using an optical microscope, it is stamped on
top of graphene using visco-elastic stamping tool where a three-axes micrometer stage is used to
accurately position the two flakes. The flake is then structured into graphene double cross-shape
using electron-beam lithography followed by reactive ion etching. After etching, the sample is
annealed for 1 h at 400 °C in ultrahigh vacuum (107° torr) to possibly remove the contamination. The
graphene is then connected with Ti(3nm)/Au(40nm) contacts fabricated using electron-beam
lithography followed by electron beam deposition in ultrahigh vacuum and lift-off. Using the same
procedure, the 35 nm thick Co electrodes are fabricated on top of the graphene channel. Before this
deposition, a TiOx tunnel barrier is fabricated by depositing 3A of Ti and subsequent natural
oxidation in air. The widths of the Co electrodes vary between 250 nm to 400 nm leading to different
coercive fields for each electrode. The exact dimensions of the devices are extracted from scanning



electron and atomic force microscopy after they have been measured (Note S9 in the Supporting
Information).

Electrical measurements. Charge and spin transport measurements are performed in a Physical
Property Measurement System by Quantum Design, using a ‘DC reversal’ technique with a Keithley
2182 nanovoltmeter and a 6221 current source at temperatures ranging from 10 to 300 K. We apply
in-plane and out-of-plane magnetic fields with a superconducting solenoid magnet and a rotatable
sample stage.
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SUPPORTING INFORMATION

S1. Analysis of the conventional (symmetric) Hanle precession measurements

S1.1. Standard model

To extract the spin transport parameters of the pristine graphene channel and determine the spin
injection efficiency of the ferromagnetic (FM) electrodes, we have performed conventional
symmetric Hanle precession experiments in the pristine graphene region. These are performed by
measuring the nonlocal resistance of the reference graphene lateral spin valve (LSV) while having a
parallel (Rp) or antiparallel (R,p) orientation of the FM electrode magnetizations and applying a
magnetic field in the x direction (B,) (i.e., perpendicular to the easy axis of the FM), as shown in
Figure Sla for the case of Sample A at 10 K. Finally, the spin transport parameters have been
obtained from fitting to the following equation [S1]:

L . Tgr
roar -—g7 1-i(w-wQ)Tyg
Pém cosz(ﬁ)ngq 2 e *s

Re + R, (S1)

Wgr ,1—i(a)—w0)rfr

Here, P, = P;P4 is the product of the injector and detector spin polarization respectively, j3 is the
angle between the contact magnetization and the easy axis [see Figure S1b], qur is the square

ARy, =Rp —Ryp =

resistance of the graphene channel, 7" = /Dfrrfr is the spin relaxation length, D" is the spin

diffusion coefficient, 77" is the spin lifetime, W, is the channel width, w = gugB, /h is the Larmor
frequency, g = 2 is the Landé factor, up is the Bohr magneton, and h is the reduced Plank constant.
Finally, w, = gugB,/h accounts for a small remanescense from the magnet and R, is the
background signal. Equation S1 assumes that spin transport is 1D and the contact resistances are
much higher than the channel spin resistance (Ry’ = Ry, A7 /W,,) [S2].
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Figure S1. (a) Conventional Hanle precession data in the parallel and antiparallel contact magnetization configurations
for sample A at 10 K. (b) Angle between the contact magnetization and the easy axis extracted from the Hanle data in a)
as described in the text below. (c) Spin signal calculated using Rp — R,p from the Hanle data in (a) with the
corresponding fit using Eq. S1 and extracted parameters. P.,,.. is the spin polarization obtained using the model with an
extra arm described in Section S2 and the fit parameters as inputs.

Since B, is applied perpendicular to the easy axis of a FM, it pulls its magnetization by an angle £ in
the field direction [S3]. To determine £, we use the fact that the measured nonlocal resistance
[Figure Sla] does not include only the precessing component described above, but also includes a
signal which is generated by the spins which are injected parallel to the B, direction as the contact



magnetizations are pulled. This term is proportional to sin?(f) and appears in both R, and R,p with
the same sign. Because the precessing component has opposite sign for R and Ryp, Rp + Ryp iS
proportional to sin?(f). To obtain the data plotted in Figure S1b, we have normalized 0 < Rp +
R,p < 1, and taken the arcsine of its square root to obtain # as a function of the magnetic field.
Finally, to guarantee that the extracted £ at B, = 0 is zero and that it reaches r/2 at high B, we have
renormalized the result of this operation. At B = 0.4 T, we see a jump in 3, which we attribute to a
switch of one of the magnetizations. To prevent this step from affecting our analysis, we have used
only the negative B result for the fits, such as the one shown in Figure S1c where the spin signal
Rp — Ryp is fit to Eq. S1. The obtained fit parameters are shown in the blue rows of Table S1
(sample A) and Table S2 (sample B).

In the case of sample A, the reference graphene LSV has two extra arms (the Hall bar) connected to
the main channel, which implies that spins are also diffusing towards these arms. To account for the
effect of the arms on the spin polarization we have assumed that spin propagation is 1D and the arms
are much longer than the spin relaxation length. As a consequence, the shape of the Hanle curve
(determined by DE™ and &™) is not affected within our model by the presence of the extra arms and
only the spin injection and detection efficiencies have to be adjusted. The spin transport parameters
extracted from the fit are used as inputs to the three-arm model described in Section S1.2 to
determine a better estimate of the contact spin polarization, which we call P.,,.,..

For Sample B, the symmetric Hanle curves were taken in a reference LSV without any cross between
spin injector and detector, hence, P; is extracted directly from the fit of ARy, = Rp — R4p t0 EQ. S1.

S1.2. Three-arm model
The original geometry we want to model for the reference graphene LSV used in Sample A is shown
in Figure S2a.

- + + - - + + -
a) ' b) 1
| ) 1 I
y
X1
z x L

Figure S2. (a) 1D approximation of the reference device geometry for Sample A. (b) Simulated device geometry. The
width of the top arm is two times the width of the arms in the device and in (a) and the white numbers correspond to the
different modelling regions (see discussion below).

However, because we are interested in the spins that diffuse towards the middle arm and the spin
transport is fully diffusive, the two arms can be simplified down to one with twice the width [see
Figure S2b]. The most important assumptions here are 1D spin transport and non-invasive contacts.
The left contact is the injector and the right one the detector.

To calculate the spin signal, one needs to define the spin accumulation, which is a solution of the
Bloch equations considering a magnetic field applied in the z direction [S4]:

2
gr @7l Py
S dxz T;gr

wiy, =0



Note that here we have considered that the magnetic field is applied in the z direction for analogy
with the conventional Hanle precession, but we are applying a magnetic field along x. We have done
this because the solution for p,, is the same in both cases for an isotropic system such as pristine
graphene. The general solution for w,, for each region can be written as:
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From the Bloch equations we obtain an expression for p,:
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which results, at the different regions,
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To determine the spin accumulation in the system we need to determine the coefficients A — H. This

is done by applying the following boundary conditions. First, we impose the continuity of yu* and u¥

at x = 0 (intersection point between regions I and Il) and x = x; (intersection point between regions

I, 11, and 1V). From these conditions, we obtain 6 equations. Second, we define the spin current as
. i

Ii=— :Z{’qi% where i refers to the spin polarization direction of the spin accumulation (x or y).
sq

Next, we impose the continuity of I and I} at x = x; and the continuity of I¥ and discontinuity of

17 of P;1., where P; is the injector polarization and I, the applied current, at x = 0. This gives the 4

equations that we are missing.

Finally, the solution for the spin signal is:

2P W (L) 2P - [1riord” - [1miwrd”
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In the final solution, both I and J are proportional to P; and, hence, the spin signal is proportional to
PPy = Py

Here, we use the above equation together with the spin transport parameters in the pristine graphene
region obtained from the fit to Eq. S1 and the magnitude of the measured spin signal to obtain P,,,,
that is the average spin polarization of the ferromagnetic contacts.

S2. Analysis of the (antisymmetric) Hanle precession measurements with spin Hall
detection

VA

Figure S3. Sketch of the measured geometry with the positive magnetic field and the “up” direction of the magnetization
indicated with arrows. The green area is covered by a TMD and is where the spin-to-charge conversion takes place.

When a spin current density I;/W,, enters a region with high spin-orbit coupling, it generates a

transverse charge current density I7 /W, = HgyD/grls/%r via the inverse spin Hall effect, here 65y
is the spin Hall angle and W, the length of the high spin-orbit coupling region (see Figure S3). This
generates a transverse voltage Vs

TMD
Vo _ 1 _ O™l O Ry Wl
WerRgr ™ Wer Wy o Wyr

where R, = Ria'"/9"W,, /W, is the resistance for the transverse current that determines the
conversion from an induced current to a voltage. Note that RST;/’D /97 s the square resistance of the

TMD-covered graphene region. Therefore,

Gr pTMD/gr
o = BSHqu M{grvvcrls _ GTRTMD/QTI
- — YSH"'s s
WerWor I

To obtain the spin currents propagating in our device, we assume that it is homogeneous and
isotropic, and the propagation is 1D. Because the transport properties of the TMD-covered region are

not the same as those of the pristine graphene region, we will extract effective parameters (rff !

DT and 27 from the homogeneous fit. These parameters are an average for both the pristine and
the TMD-covered graphene regions.



The out-of-plane (z direction) spin accumulation (u,) at a distance L from the spin injector, which
induced by spin precession around a magnetic field applied in the x direction is written as [S4, S5]:

~fr 1—la)‘r§ff
Pel. R |e A
e =t =y — 1
g 1—iwt®”

\

Here, P; the spin injection efficiency of the injector, I, the bias current. The + corresponds to the up
and down direction of the injector magnetization defined as in Figure S3.

The spin current is defined as:

L eff
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sT A Ry dx = 2
Then the signal induced by this spin current is:
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However, in our geometry, we have a cross with a width W, (Figure S3) that is comparable to the
spin relaxation length. Therefore, I; needs to be replaced by the average spin current I, =

— [ 1 dx. The result from this operation is:
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To remove any signal which does not come from the y-component of the injector magnetization in
our measurement we subtract both injector configurations to

Rey =

L itw— eff
TMD/gr 5 eff . 27 1-i(w-wo)Ts 6_%/1_1'(@—@0)15]7

Wer ,1—i(w—w0)‘rseff ,l—i(w—wo)‘rgff

where Rl, and Ry, correspond to the spin Hall component of the nonlocal resistance of the
graphene/TMD lateral device (Figure S3) while orienting the FM injector along the +y and —y
direction, respectively, and applying B in the x direction, which leads to antisymmetric Hanle
precession curves. The measured signal with these injector configurations is called R, and R;,;. Note
that we have also added the term cos(f) to account for the effect of the magnetic field on the
magnetization direction of the FM injector. Equation S2 has been used to fit to the antisymmetric
Hanle precession curves such as the ones shown in Figure S4. From the fit we obtain the effective

PZ

Rg
_ p?t l _ fanti
ARSH - RSH - RSH -




rﬁff, Dseff and P, of the channel, which are averaged over the pristine graphene and TMD-

covered regions. Note that Pg,,;; = /PiHSTHMD /97 depends on both the injector spin polarization P; and

the spin Hall angle 6."°/9". To determine 652>/ we assume that P; = P.,, for Sample A and
P, = P, for sample B obtained from the symmetric Hanle curve (Section S1). The fitted
parameters are shown in the orange rows of Table S1 (Sample A) and Table S2 (Sample B).
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Figure S4. (a) Antisymmetric Hanle precession measurements for the two different orientations of the FM injector for
Sample A at 10 K. Note that we have called R}, and Ry, the signals measured with the magnetization of the spin injector
aligned in the +y and —y direction respectively. (b) ARgy and its fit to Eq. S2 with the extracted parameters.

S3. Measurement of spin Hall signals obtained with the spin injector placed at the right
and left side of the Hall cross

Since the spin signal is induced by the spin current, which points in the graphene plane, it should
change sign when the spin injector is changed from the right to the left side of the Hall cross. Note
that, if the spin signal would be induced by spin absorption in the TMD, it would not change sign.
This control experiment has been performed in sample B, where the two measurements shown in
Figure S5 confirm that the signal is induced by the spin current propagating in the graphene plane.

a) 5 T T T T Tm:72f6 ps b) 20 T T T T TN=70i9 ps
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Figure S5. Antisymmetric Hanle curves obtained by subtracting the measurements obtained for both magnetic
configurations of the FM injector at 10 K in sample B, for the (a) left and (b) right spin injectors.

We see that, as expected, the spin transport parameters (z;; and Dy;.) extracted from both Hanle

curves are very similar. However, because the magnitude of the spin signals is different, the spin
polarizations extracted from both curves show a discrepancy of almost a factor of two. This is caused
by the fact that, in both cases we are using different spin injectors which have different efficiencies.

In Table S2, this has consequences on the determination of 65y'>/9". To avoid this discrepancy, we



rely on the measurements performed using the right injector, in which the spin injector is the same as
for the reference Hanle curves.

S4. Analysis of the u,-induced spin-to-charge conversion signal

S4.1. Extraction of the signal

As explained above, when a magnetic field B, is applied perpendicular to the easy axis of a FM
electrode, its magnetization rotates an angle £ in the direction of the field. In our geometry, this
results in the injection of spins in the direction of the magnetic field independently of the initial
magnetization direction and, therefore, this component can be extracted calculating Rscc = (RN, +
Ri,;)/2. The result from this operation is shown in Figure S6 for the case of Sample A at 10 K.
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Figure S6. u,-induced spin-to-charge conversion signal Rg-. obtained by averaging the antisymmetric Hanle precession
curves measured for both magnetic configurations of the FM injector at 10 K for Sample A [Figure S4a]. The magnitude
of the spin-to-charge conversion signal (ARs.c) is quantified by calculating the zero-field extrapolation using linear
fittings to the spin signal at high positive and negative fields.

The S-shaped signal saturates at around +£240 mT, which is the saturation field for the magnetization
of the FM injector [see Figure S1b]. This result indicates that the source of this signal depends on the
x component of the spin accumulation (u,). Because there is a background which has different slope
for positive and negative magnetic fields, we extrapolate the high B data to B, = 0 to extract the
magnitude of this component. As discussed in the main manuscript, this means that it can be caused
either by the Rashba-Edelstein effect in the graphene layer or the spin Hall effect in the MoS»
semiconducting channel after spin absorption.
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Figure S7. Rgc signal at 10 K for Sample B measured with spins injected by a FM electrode placed on (a) the right and
(b) the left side of the TMD-covered region.




We have performed the same operation on the measurements obtained from Sample B and the results
at 10 K are plotted in Figure S7. In contrast with the left injector, the right one does not show any u,.-
induced spin-to-charge conversion feature.

S4.2. Quantification of the Rashba-Edelstein effect
For the Rashba-Edelstein case, a spin accumulation in the x direction (u,) induces a charge current
density in the y direction jT = IT /W, with an efficiency y that is the conversion efficiency: u,y =

1 _ Vgg e 1 (LAW
—— = ——— As a consequence, Vgg = Iy Rsq Wy, Where i, = e [

= x)dx is the average
Wer WerRgr L .ux( ) g

ePREMPIOT 1T —
spin accumulation at the cross, which is defined as u, = iS;’Tse As"" where + and —
ar

correspond to the positive and negative magnetization directions of the spin injector corresponding to
positive and negative magnetic field respectively.
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We also want to quantify the Rashba-Edelstein effect using a dimensionless parameter. For this
purpose, we assume that the spin currents are the source of the transverse charge currents and not the
spin accumulations. For this, we use the formula derived in [S6].

L LW
arePiRsqAs <e AT Aerr )

Wer

ARgg = RI?E - R(R_E =

(S4)

Finally, to obtain an estimation for y and ayz, we assume that the entire observed signal arises from
Rashba-Edelstein effect, i.e., ARs.c = ARpg. The extracted parameters from these operations are
shown in the green rows of Table S1 for Sample A. For Sample B we did only see a clear signal for
one of the configurations at 10 K.

S4.3. Quantification of the spin Hall effect in MoS:

Because of the reduced spin lifetime of the MoS-covered graphene region it is not straightforward to
determine the spin current which is absorbed by the semiconductor. However, we can estimate an
upper limit of the signal expected if the spin current diffusing from the graphene channel into the
MoS: is converted to a charge current due to the spin Hall effect in the MoS: channel.



Figure S8. Sketch of the modeled geometry. The spin injector is grey, the Ti/Au contact is yellow, the graphene channel
is blue, and the MoS: is green. The thickness of the graphene is assumed to be zero.

To evaluate the effect of spin absorption in a 1D approach which we can solve analytically, we
assume that the width of the MoS; flake is significantly smaller than the spin relaxation length in the
graphene channel (W, « 27"). We also ignore the role of the cross and assume that the graphene
channel is 1D through all its length. With these assumptions, the modeled geometry is shown in
Figure S8.

To model for this geometry, we break the device into different regions: 1. The right side of the spin
injector. Il. From x = 0 to x = —L, Ill. MoSz, from z = 0 to z = ty,s,, and IV. Graphene for x <
—L. We write the spin accumulation in the different parts of the sample as follows:

X

g
py = Ae s
X _x
gr gr
Uy = Bets +Ce *s
_Z_ __Z
MoS> MoS,
MIH=D€)LS +Ee AS
x
Py
puy = Fe’s

where A’S""SZ is the spin relaxation length at the MoS> and we have imposed that us(x — t+o) = 0.

To obtain the spin accumulation in the system we need to determine the coefficients A — F. For this
purpose, we need 6 equations. We obtain three of them from imposing the continuity of u;, at x =0
and x = —L.

To obtain the other 3 equations, we need to define the spin currents in the graphene and MoS»
channels respectively:

jor __ Wor dus”
s eRJ dx
MoS
[Mosz _ _ Wy Wer dyg 072
° ePmos, 4z

Here, pu,s, is the resistivity of the MoS: channel, and W, is the width of the MoS; flake in Figure
S8. By imposing the discontinuity of 19" at x = 0, which is of P;I, as discussed in section S2, the
continuity of 1" and 1}°% at x = L, and I}°%*(z = ty,s,) = 0, that guarantees that there is no spin

current leaving the MoS: flake, we obtain the remaining 3 equations.

From the derivation above, we obtain the spin currents and accumulations in the MoS; channel.
However, we still need to convert them into voltages to determine the measured signal. A spin



MoS,

Ig
current density in the MoS; channel (/M"S2 = ———) induces a transverse charge current density
¥ MoS 1052 MoS i
JI = —— = O > ——— where 6, " is the spin Hall angle of the MoSa.
WcrtMoSZ WQTWCT

Because we are measuring the voltage in an open circuit configuration, we use: VM"SZ = I Resy,
where R, is the effective resistance of the MoS; and graphene. Because the resistance of the MoS;
is considerably higher than that of the graphene channel, we need to take the effect of shunting by
the graphene into account to determine R,rr. We assume that the system behaves like if the MoS;
channel would be connected in parallel with the graphene:

M/cr tMoSZ + VVcr

Vl(grpMoSZ qu %r

Reff RMOSZ + Rgr1 -

Finally,
MoS
VMOSZ ITR _ HMOSZ I 2tMoSzREff
SH - eff — YsH W
ar

Because the spin current is not constant along the MoS: thickness we replace IM"S2

above by:

in the equation

_ 1 tMos; w..W. MoS MoS
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Using the two equations above, we determine the voltage induced by the spin Hall effect in MoS>,
which we divide by the current applied to the spin injector to obtain the nonlocal resistance:

MoS, MoS;
RMOS2 _ Veu _ pMosS, I tMoSzReff
SH — — Ysn
IC Ic%r

As explained above, the sign of RM"S2 changes with the magnetization direction. Because our
definition of the spin-to-charge conversion signal is ARscc = Rgpc — Rsec, We define ARM"52 =
2Ry7%2. The inputs of our model are 13°%, py,s,, and B4 and are unknown to us, while the
output is AR and we know its value. To give an estimate for 6,5, %, we assume that A} °** = 20

nm, as estimated in Ref. [S7], we leave py,s, as a free parameter and extract the 951',4;’52 that gives a

signal ARM"S2 ARgcc. The results from this model are shown in Figure S9 for sample A at 10 K.
Because of the effect of shunting and the reduction of the spin currents which get absorbed by the
MOS2 as py,s, increases, Ruy > presents a maximum value of 11.5 mQ at py,s, = 7.1 X 107 Qm.
This helps us to give an estimate of the best-case scenario for spin absorption that requires the lowest
021952 to achieve the measured signal. We have adjusted 62°° so that the maximum Rl
corresponds to the measured signal. From this process we conclude that the minimal spin Hall angle
required to achieve ARgq at 10 K in sample A is 3.3%. To estimate the temperature dependence of

6;',4,"52 for sample A, we have performed the same analysis described above assuming that the spin



relaxation length in MoS> does not depend on the temperature, which is the case if the Dyakonov-
Perel mechanism is the dominant source of spin relaxation [S8]. The results are shown in Table S1.
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Figure S9. (a) Estimation of the spin signal induced by the spin Hall effect in the MoS; channel as a function of the
MoS; resistivity using the parameters of Sample A at 10 K and by assuming 6;‘1,"52 = 3.3 %. (b) Ratio between the spin

current diffusing into the MoS, (I;V"’SZ) and spin current entering the graphene-MoS; junction in the model (1£°¢#"). The
ratio decreases as py,s, increases. (c) Effective resistance of the MoS; and graphene channel. As py,s, increases, R.s¢
increases before saturating when the MoS; resistance becomes significantly higher than that of the graphene channel.

SS. Analysis of the measurements at different temperatures

S5.1. Sample A

Unlike the case of 10 K (Fig. 3a of the main text), we only have one magnetic injector configuration
for the antisymmetric Hanle precession curves (R}, ) measured at 100 K, 200 K, and 300 K (Figure
4a of the main text). Hence, we cannot quantify the spin Hall angle in graphene for Sample A at
these temperatures. In contrast, the u,-induced spin-to-charge conversion signals can be obtained
from direct extrapolation of R}, from high fields, as explained in section S3.1. The extracted signal
ARgcc i1s shown in Table S1.

S5.2. Sample B

For sample B, we have both magnetic configurations of the antisymmetric Hanle curves (R}, and
Rj;) at 100, 200 and 300 K and, consequently, ARgy; = R}, — Ry can be fit to Eq. S2. The extracted
parameters are shown in Table S2. However, no clear u,-induced spin-to-charge conversion signal is
observed at these temperatures. As an example, the measurements at 300 K are shown in Figure S10.
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Figure S10. (a) Antisymmetric Hanle precession measurements for the two different orientations of the FM injector for
sample B at 300 K. (b) ARy obtained as defined above by subtracting the components shown in (a) and its fit to Eq. S2
with the extracted parameters. () Rgcc- In this case ARg.. is hard to extract because it is highly sensitive to the B field
range selected for the extraction. However, it can be estimated to be between 3 and 5 mQ.



S6. Extracted parameters for sample A and B

Table S1. Extracted parameters for sample A. D", 797, and Py, are extracted from fits to the symmetric Hanle

precession data, D_ff !, rs"’f T and P,,,; are extracted from fits to the antisymmetric Hanle precession data, and ARgc is
extracted from fits to the S-shaped background of the antisymmetric Hanle precession data. y and agg are obtained using
AR and Eqgs. S3-S4 with the spin transport parameters extracted from the antisymmetric Hanle precession data. The
uncertainty ranges here are obtained considering only the uncertainty in ARg..

Sample A 10 K 100 K 200 K 300 K
Ry (Q) 543 454 347 295
RTMP/I™ (@) 497 430 335 288

D (10-3m?s) 1.2+ 0.1

</ (ps) 7247

P i (%) 3.6+ 0.2

6TMDI6T o) 45+0.6

a&T(QY) (9+1)x 1075

ARgco(mQ) 115+ 04 12405 6.7 0.2 74 %05

Y(A/(Im)) (29 +0.1) x 102 | (1.63 +0.07) x 102X | (3.02 £ 0.09) x 10?1 | (3.3 + 0.2) x 10%!

g (%) 0.85 + 0.03 27+0.1 332+0.1 3.0+0.2
6710%2 (g 33+ 0.1 41402 2.98 +0.09 22401

Table S2. Extracted parameters for sample B. The “Left” and “Right” labels refer to the data obtained with the spin
injector placed at the left and right sides of the TMD-covered region, respectively.
Sample B 10 K 100 K 200K 300K

Rsq ()

RSTMD/QT(Q) 282 266 231 215

Right D (10~*m¥/s) 1.5+ 0.1 1.6 +0.1 14+0.1 28+04
Right t¥ (ps) 7049 49+3 44 +3 72 £ 16
Right Poy.:(%) 34403 3.8+0.3 31403 1.5+ 0.1
Right 6712797 ) 48409 2.0+ 05 1.2+0.2 0.33 + 0.04
Rightogy (QY) (17+3)x1075 | (75+2)x 1075 (52+0.9)x1075 | (1.540.2) x 107°
Left D7 (10~3m?s) 2.1+0.1 1.5+ 0.1

Left /7 (ps) 73+6 53+2

Left Poyei (%) 1.9+ 0.1 3.0+0.2

Left 01MP/97 o) 1.5+ 0.2 1.3+0.2

Left a&T (QY) (53+7)x10"° | (49+0.8)x 1075




S7. Comparison between spin Hall effect in Pt and in TMD/graphene devices

S7.1. TMD/graphene normalized conversion efficiency
As shown in Section S2, the signal induced by the spin Hall effect in the case of TMD/graphene
heterostructures is determined as:

AV,
ARy = 25 _ ggruosor gt or

Nlh"\q

[}

Cc

We want to determine an efficiency factor which is a trans-resistance defined as follows: RZ]’CV}D far —

AVgy /1, where I is the spin current entering the TMD/graphene heterostructure and AVsy =
(R,T\,L - R}VL)IC is the transverse voltage output measured as shown in Figure S3. Since the measured

signal depends on I, the average spin current at the region where the conversion takes place, we
rewrite the equation above in the following way:

2HTMD/grRTMD/ng
AVSH — ( sq s Is — RTMD/ng

I eff s

The efficiency factor is defined as follows:

TMD/gr ,TMD/gr 5
RTMD/gr _ 2HSH qu 15

eff I

To obtain ReT%cD/grwe need to determine the correction factor I,/I;, which can be done by
considering that the spin current entering the TMD-covered graphene region is: I;(x) =

eff . . .
(P;1.e=*/*s") /2 and the average spin current at the region of interest reads:

L+Wer
j I, (x)dx =

Now we can obtain the I, /I, factor:
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which for sample A at 10 K is 0.3. Now we finally write the efficiency factor for the TMD/graphene
case:

TMD/gr ,TMD/gr qeff
TMD/gr __ 295H qu As -w /Aeff
Ry = 1— e Werlss
Wer

This expression gives a numerical value of R} /;”/%" ~ 13.4 Q for sample A at 10 K. Note that,

because we have measured with magnetic fields applied in the x direction, there is still a correction
factor required to account for the diffusive broadening of the spin precession, which we have
estimated to be of about 0.62 using Eq. S2.



S7.2. Pt/graphene normalized conversion efficiency
We would like to compare the expression obtained above for R,¢.’ /97 \ith a properly normalized
efficiency for Pt/graphene devices in which the spin Hall signal is determined by [S9]:

_ 29515 PptXpt/gr
WPt

S

Therefore, the efficiency factor can be obtained from this relation:

VPt — Zeglgthth/ng__s I _RPt/ng
SH — Wpt IS - eff S

where, I, is the spin current entering the Pt layer, 8%} the spin Hall angle, pp, the resistivity, and Wp,
the width of the Pt wire. xp. 4. is @ parameter that accounts for the parallel conduction channel

provided by the graphene that can reduce the measured voltage. In the case of graphene, however,
because its sheet resistance is higher than Pt, xp. /4, =~ 1. The I, /I factor is [S9, S10]:

I, Ap 1 — e tre/Ape
]_ - al + e—tpi/dpt

where tp; is the thickness of the Pt wire and Ap, its spin diffusion length. Now we can write the
efficiency for Pt as:

Pt/gr _ Zeglsthth/gr @ 1 — e~ trt/Ape
o WPt tpt 1+ e_tPt//lPt

We estimate R:;]/cgr ~ 0.27 Q using the following parameters from Ref. [S9]: 8F% = 0.23, pp, =

134 ,LLQCITI, Apt =2 nm, WPt = 200 nm, tPt =21 nm.

The conversion efficiencies can now be directly compared by looking at the RPt/gr and RTMD/gr

values. Since R.y;/%" is ~50 x R.{/%", we conclude that the TMD-covered graphene is 50 times

more efficient than highly resistive Pt for spin detection despite the fact that the spin Hall angle in Pt
is an order of magnitude higher than in TMD-covered graphene. Note that, accounting for the spin

precession used in our measurement leads to, RTMD/gr/RPt/gr = 31, still a large difference.

S8. Theoretical calculation of spin-to-charge conversion in TMD/graphene
heterostructures

To obtain a theoretical estimate to the magnitude of SHE and REE signals in our devices, we use a
simplified model that captures the physics of a monolayer graphene/TMD heterostructure by using
the following Hamiltonian [S11, S12]:

H == HO + HI + HR
where
H, = hvf(axkx + TZO'yky) + Ao,



Hy = ()LIO-Z + /‘{VZ)TZSZ
Hp = Ag(Sy0xky — T,5,0y)

with o, 7, and s, the Pauli matrices on the a direction acting on the pseudospin, valley and spin
degrees of freedom, respectively. H, represents the orbital part, which is described by the Dirac’s
Hamiltonian with Fermi velocity vy and a staggered potential with strength A, the latter appearing
because of the broken sub-lattice symmetry of the TMD. H,; represents the intrinsic spin-orbit
coupling of the heterostructure, modelled with a Kane-Mele term with strength A, and a valley-
Zeeman coupling characterized by the parameter Ay, both appearing because of the honeycomb
structure and the broken sub-lattice symmetry. This term is responsible for the SHE, as we will show
ahead. Finally, Hr represents the Rashba spin-orbit coupling arising from the interface between
graphene and the TMD, with strength Az. This last term is the source of the REE. In this model we
are excluding the so-called pseudospin inversion asymmetry terms [S12], because they do not
contribute to any of the effects of interest at low energy, and we use the tight-binding parameters
from Ref. [S12].

S8.1. The spin Hall effect

Despite the presence of the Rashba spin-orbit coupling, the origin of the spin Hall effect was traced
back to the intrinsic spin-orbit coupling [S11], described in these heterostructures by a valley-
Zeeman and Kane-Mele spin-orbit coupling, which interacts with the staggered potential for
producing a net berry phase and, therefore, a finite SHE. For simplicity, we can neglect the Rashba
spin-orbit coupling, and consider the spin-up and spin-down bands as independent. Moreover, if we
also neglect intervalley scattering, the Dirac's cone can also be considered as independent, leading
then to 8 almost identical bands described by the dispersion relation

e(k,7,8) = sAy; + \/h(vpk)z + A%,

where Ag; = A — tsA;. Each of these bands will contribute to the total spin Hall conductivity, and
the calculation can be done following Refs. [S13, S14], leading to the following result:

e? 0(|As<|-ler—Tsal)
OsyH (EF) = _th,‘L:il T As,‘c ==
2 ,AS‘TZ+(€F—TSA)2

where 0 is the Heaviside function. The comparison between this model and the curve simulated by
solving numerically the Kubo formula for graphene/MoS: heterostructure is presented in Figure S11,
where the small difference arises from the difference between the broadening functions used in the
model (Lorentzian) and in the simulation (Lorentzian-like) [S11]. Figure S12a shows the spin Hall
conductivity over a range of Fermi energies for three different temperatures. At T = 0 one can see
that the maximum of the spin Hall conductivity is achieved at two points at around +1 eV, changing
sign when crossing the charge neutrality point (CNP). Therefore, a negative spin Hall angle (as
found in the main text) would be an indication of the Fermi level being at the valence band of
graphene but close to the CNP. In addition, the spin Hall conductivity maximum is highly
susceptible to temperature effects, where we see a linear variation with g = 1/T at low and high
temperature (Figure S12b). In this sense, the maximum spin Hall conductivity achieved in this
system at low temperature is 0.2e2/h. This value is also suppressed by intervalley scattering [S15],
so it is difficult to establish an exact value, but assuming weak intervalley scattering and using the

+ G(lgl«‘ - TS/” - As,‘t) (85)



square resistance (R, /") extracted from sample A, one obtains a conversion efficiency in the

range of ef,yl’/gr =1 — 10%, which is consistent with the experimental observation.
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Figure S11. Comparison between the simulation of the spin Hall effect for graphene/MoS; heterostructure and the model
based on individual spin bands. We have introduced a gaussian broadening of 20 meV to match the intrinsic broadening
of the Kernel Polynomial Method (KPM) simulations performed at Ref. [S11]. The small difference is due to the
broadening which is not energy independent in the KPM method.
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Figure S12. (a) Spin Hall conductivity as a function of Fermi energy for three different temperatures and (b) the

evolution of the maximum of the spin Hall conductivity computed as a function of temperature, both computed using Eq.
S5. Both results are obtained at zero gaussian broadening.

$8.2. The Rashba-Edelstein effect and its reciprocal
The REE is a phenomenon where the combined effect of a momentum dependent spin texture, and
an external electric field E, produces a nonequilibrium spin density S It is usually described by

the electrical spin susceptibility yzz, which under the linear response limit allow for writing the
following constitute relation

§Med) = y. (E, x k)§Med),

The polarization of the spin density is perpendicular to both the external electric field and the out-of-
plane direction and is defined in units of a charge density. The REE is a dissipative effect and, as



shown by Offidani et al. [S16], for pure Rashba-like systems this implies that the spin susceptibility
is proportional to the DC conductivity (opc)

XRe __ 1

H
opc VRE

where vgp IS a parameter with units of velocity characterizing the spin-to-charge conversion
efficiency. There are different estimations for this parameter. We have, for instance the result of
Dyrdal [S13]:

VF 12+4x

ZE =22 92 —x) +

VRE 21+x

x
x2-1

O(x — 2), with x = &5 /AR,

the result of Offidani et al. [S16]:

2VF _ 02 —x) + 2xg(D,)0(x — 2), with x = €/,

VRE

where g(D,) is a dimensionless parameter that depends of the disorder, and the result of Garcia et al.
[S11], which takes into account all the spin-orbit parameters leading to a higher spin density for high
energies but to a small 1/vgz due to the broadening effects present in the system, which will
increase op close to the CNP.

Energy (¢V)

Figure S14. Figure of merit 2v, /vy, Of the Rashba Edelstein effect for graphene/MoS; heterostructure considering a
broadening of 5 meV.

Using 2vp/vgg as a figure of merit, it is possible to extract a conversion efficiency azz by
computing the transformation from spin density to spin current using Fick's law [S1]:

_ Vi Dy
Agrg = ]_
X

AsVrE

where Dg and A are the spin diffusion constant and the spin relaxation length of graphene. One
should keep in mind that in this process there is no electric field affecting the spin current; therefore,
the charge current density is obtained solely from the spin density. Using D, and A, obtained from
sample A, one obtains a conversion efficiency azz ~0.1% in the best-case scenario, decreasing down
to ~0.01% at higher temperatures. One should also keep in mind that there is an additional



suppression term which appears due to the averaging over the channel width, which will further
suppress this value.

The REE conversion efficiency agg changes sign following the same trend as the spin Hall angle

BST;,"D/QT, because both effects originate from the proximity-induced spin-orbit coupling of graphene.

Therefore, both ay; and Hfé”D/gr have the same sign. This is not observed in our experiment, ruling
out the REE as the origin of the in-plane spin-to-charge conversion signal.

S9. Scanning electron and atomic force microscopy imaging of sample A

After the electrical characterization we imaged our device with scanning electron microscopy
(SEM), see Figure S15. We extracted the length and width of the graphene channels as well as the
width of the ferromagnetic electrodes and their distances from these measurements. As the samples
were in contact with air after the electrical characterization in vacuum, the Co electrodes are oxidized
in the images.

Figure S15. False-colored scanning electron microscopy image of Sample A. The width of the horizontal graphene (in
blue) channel is 350 nm. The width of the MoS; flake (in green) and the two vertical graphene channels are 0.9 pum and
1.2 um respectively.

After the electrical characterization and SEM imaging we measured the topography of device with an
atomic force microscope (Agilent 5500) in tapping mode (Figure S16). The main result of this
measurement is the height profile of the graphene/MoS; stack, as we extracted all lateral distances
from the SEM image. The thickness of the graphene flake was determined to be roughly 5 nm. The
MoS: flake shows a ramp-like shape on top and is between 35 and 75 nm thick.
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Figure S16. Atomic force microscopy characterization of Sample A. (a) Area scan showing the topography of the device.
The scale bar is 2 um long. (b) Line profile taken along the marked line in (a) across the graphene flake, where the
thickness of the graphene flake is extracted to be roughly 5 nm, equivalent to around ten layers [S18]. (c) Line profile
taken along the marked line in (2) across the MoS; flake, where the thickness of the MoS; flake is between 35 and 75 nm.

References

[S1] Fabian, J. Matos-Abiague, A., Ertler, C., Stano, P. & Zutic, I. Semiconductor spintronics. Acta
Physica Slovaca 57, 565 (2007).

[S2] Maassen, T., Vera-Marun, I. J., Guimarédes, M. H. D. & van Wees, B. J. Contact-induced spin
relaxation in Hanle spin precession measurements. Phys. Rev. B 86, 235408 (2012).

[S3] Stoner, E. C. & Wohlfarth, E. P. A mechanism of magnetic hysteresis in heterogeneous alloys.
Phil. Trans. of the Royal Soc. A 240, 826 (1948).

[S4] Huertas Hernando, D., Nazarov, Y. V., Brataas, A., & Bauer, G. E. W. Conductance modulation
by spin precession in noncollinear ferromagnet normal-metal ferromagnet systems. Phys. Rev. B 62,
5700 (2000).

[S5] Crooker, S. A., Furis, M. Lou, X., Adelmann, C., Smith, D. L., Palmstrem, C. J., & Crowell, P.
A. Imaging spin transport in lateral ferromagnet/semiconductor structures. Science 309, 2191 (2005).
[S6] Zhang, S. Probing spin currents in semiconductors. J. Appl. Phys. 89, 7564 (2001).

[S7] Yan, W., Txoperena, O. Llopis, R. Dery, H. Hueso, L. E. & Casanova, F. A two-dimensional
spin field-effect switch. Nat. Commun. 7, 13372 (2016).

[S8] Schmidt, H., Yudhistira, 1., Chu, L., Castro Neto, A. H., Ozyilmaz, B., Adam, S. & Eda, G.
Quantum Transport and Observation of Dyakonov-Perel Spin-Orbit Scattering in Monolayer MoS..
Phys. Rev. Lett. 116, 046803 (2016).

[S9] Yan, W., Sagasta, E., Ribeiro, M., Niimi, Y., Hueso, L. E. & Casanova, F. Large room
temperature spin-to-charge conversion signals in a few-layer graphene/Pt lateral heterostructure. Nat.
Commun. 8, 661 (2017).

[S10] Savero Torres, W., Sierra, J. F., Benitez, L. A., Bonell, F., Costache, M.V. & Valenzuela, S. O.
2D Mater. 4, 041008 (2017).

[S11] Garcia, J. H., Vila, M., Cummings, A. W., & Roche, S. Spin transport in graphene/transition
metal dichalcogenide heterostructures. Chemical Society Reviews 47, 3359 (2018).

[S12] Gmitra, M., Kochan, D., Hogl, P., & Fabian, J. Trivial and inverted Dirac bands and the
emergence of quantum spin Hall states in graphene on transition-metal dichalcogenides. Phys. Rev.
B 93, 155104 (2016).

[S13] Dyrdat, A., Dugaev, V. K., & Barnas$, J. Spin Hall effect in a system of Dirac fermions in the
honeycomb lattice with intrinsic and Rashba spin-orbit interaction. Phys. Rev. B 80, 155444 (2009).
[S14] Sinitsyn, N. A., Hill, J. E., Min, H., Sinova, J., & MacDonald, A. H. Charge and spin Hall
conductivity in metallic graphene. Phys. Rev. Lett. 97, 106804 (2006).



[S15] Garcia, J. H., Cummings, A. W., & Roche, S. Spin Hall effect and weak antilocalization in
graphene/transition metal dichalcogenide heterostructures. Nano Lett. 17, 5078 (2017).

[S16] Offidani, M., Milletari, M., Raimondi, R., & Ferreira, A. Optimal Charge-to-Spin Conversion
in Graphene on Transition-Metal Dichalcogenides. Phys. Rev. Lett. 119, 196801 (2017).

[S17] Shen, K., Vignale, G., & Raimondi, R. Microscopic theory of the inverse Edelstein effect.
Phys. Rev. Lett. 112, 096601 (2014).

[S18] Koh, Y. K., Bae, M.-H., Cahill, D. G. & Pop, E. Reliably Counting Atomic Planes of Few-
Layer Graphene (n > 4). ACS Nano 5, 269 (2011).



