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Gate-Tunable Reversible Rashba-Edelstein Effect in a Few-Layer Graphene/2H- TaS:2
Heterostructure at Room Temperature

Lijun Li1, Jin Zhang2, Gyuho Myeongi, Wongil Shini, Hongsik Lim1, Boram Kimi, Seungho

Kimi, Taehyeok Jini, Stuart Cavills, Beom Seo Kim3s, Changyoung Kima, Johannes Lischnerz,
Aires Ferreira3+, Sungjae Choi=

We report the observation of current-induced spin polarization, the Rashba-Edelstein effect
(REE), and its Onsager reciprocal phenomenon, the spin galvanic effect (SGE), in a few-layer
graphene/2H-TaS2 heterostructure at room temperature. Spin-sensitive electrical measurements
unveil full spin-polarization reversal by an applied gate voltage. The observed gate-tunable charge-
to-spin conversion is explained by the ideal work function mismatch between 2H-TaS2 and
graphene, which allows strong interface-induced Bychkov-Rashba interaction with a spin-gap
reaching 70 meV, while keeping the Dirac nature of the spectrum intact across electron and hole
sectors. The reversible electrical generation and control of the nonequilibrium spin polarization
vector, not previously observed in a nonmagnetic material, are elegant manifestations of emergent
2D Dirac fermions with robust spin-helical structure. Our experimental findings, supported by
first-principles relativistic electronic structure and transport calculations, demonstrate a route to

design low-power spin-logic circuits from layered materials.
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The enhancement of spin-orbit effects at interfaces with broken inversion symmetry holds
great promise for the development of spin-logic technologies that can offer high-speed operation
with reduced energy consumptioni-3.

Graphene is considered a promising two-dimensional (2D) material for next-generation
spintronics4, owing to its micrometer spin diffusion lengths,e and electrically tunable electronic
structurez,s. Recently, the family of transition metal dichalcogenides (TMDs)—Ilayered crystals
with large spin-orbit coupling (SOC)9—has enlarged the breadth of accessible SOC phenomena in
graphene-based heterostructures, by enabling all-optical spin injectionie,1 and strong proximity-
induced SOC up to 17 meVi4-16, more than 100 times greater than graphene’s intrinsic spin-orbit
gap17. Microscopically, TMDs induce symmetry-distinct SOCs in graphene. The enhancement of
z — —z mirror-symmetric SOC1s,9 is predicted to induce spin Hall effect (SHE)20-24, whereby an
applied charge current J is converted into a transverse spin current JZ = (h/2e) agy Z X J, where
asy 1s the spin Hall angle and Z is the unit vector normal to the basal plane. Simultaneously, the
interfacial breaking of inversion symmetry in graphene/TMD heterostructures induces Bychkov-
Rashba interaction2s26. The emergence of z - —z asymmetric SOC (hereafter, referred to as
Rashba SOC) is predicted to entangle spin and SU(2)-sublattice-pseudospin degrees of freedom,
endowing the 2D Dirac states with a Fermi-energy-dependent helical spin texture in momentum
space27,28, a graphene counterpart of spin-momentum-locked surface states in topological insulator
thin films.

Interfacial states with spin-helical structure allow efficient charge-spin interconversion via
the Rashba-Edelstein effect (REE)29 and its Onsager reciprocal phenomenon, the spin galvanic
effect (SGE)30. In the REE, an applied charge current magnetizes the 2D conduction electrons,

generating a nonequilibrium spin density



68 = (h/2e) g 2 X ], ey

where fgg is the microscopic figure of merit for charge-to-spin conversionzs. The latter is directly
related to the experimentally accessible charge-to-spin conversion efficiency ygrgg, defined as the
ratio of the spin- and charge-current densities in the linear response regime. Observations of REE
or SGE have been reported for quantum wells31, metallic bilayers32,33, oxide heterostructures34,ss,
and topological insulator/metal heterostructures3s, and also recently in graphene/semiconducting
TMD heterostructures3z,3s.

Theoretical analysis of coupled charge-spin transport in graphene/TMD heterostructures
has shown that spin-helical 2D Dirac fermions enable robust room-temperature REE that can be
controlled by a gate voltage. In contrast to charge-to-spin conversion induced by surface states of
topological insulators3s, the sign of the REE in graphene/TMD heterostructures depends on the
charge carrier polarity2s. The figure of merit in ideal (particle-hole symmetric) conditions satisfies
Pee(n) = — Pge(—n), where n = n( V) is the charge carrier density induced by a gate voltage.
Recent experiments indicate that REE in heterostructures of graphene and semiconducting TMDs
1s accompanied by SHE37.38, in agreement with the general symmetry relations dictating that the
interplay of Rashba SOC and proximity spin-valley coupling generates robust SHE23, while only
mildly affecting the REE efficiency2s. However, the expected gate modulation of the REE signal
has only been detected at low temperatures for electron-type carriers (n > 0)37 indicating that the
spin-helical structure in k-space is not fully established. Moreover, the strength of interfacial SOC
in graphene/semiconducting TMD heterostructures is on the same order of the typical quasiparticle

broadening in clean graphene (1-10 meV)37,38, which limits the accessible REE conversion ratesz2s.



The discovery of a graphene/metallic TMD heterostructure enabling strong interfacial SOC with
effective gate control over both electron and hole-type carriers is thus necessary to realize the full
potential of graphene for the development of energy-efficient spintronic devices.

Here, we used the metallic layered compound 2H-TaS2 (group V dichalcogenide) to induce
Rashba SOC in graphene. The work function of 2H-TaS2 (Wr,s, = 5.6 €V39) is very close to the
predicted critical value4o where repulsive chemical interactions between the metallic TMD and
graphene precisely balance the driving force for charge transfer arising from the work function
difference of the two subsystems. This enables a strong interface-induced SOC, while minimizing
the Fermi level shift with respect to the unperturbed Dirac (K) points, thus providing ideal
conditions to explore the interplay of spin and pseudospin degrees of freedom, which is manifest
in the carrier density dependence of main transport quantities. Figures 1a and b show, respectively,
a schematic illustration and an optical image of the device. A quasi-one-dimensional spin diffusion
channel of an exfoliated five-layer graphene (SLG) flake is used to propagate spin currents between
the SOC-active heterojunction (5LG/2H-TaS2), where charge-spin conversion takes place, and the
ferromagnetic contact FM3, which plays the role of a spin probe (spin injector) in the REE (SGE)
measurement scheme. Due to the additional screening of impurity potentials by the multiple layers,
few-layer graphene typically displays enhanced spin coherence in comparison to monolayer
graphene41. A section (3.6 x 6.5 umz) sof SLG is covered with a 15nm-thick 2H-TaS:2 strip to
create the SLG/2H-TaS2 heterojunction, where the interfacial SOC is induced in the carbon layer.
As shown below, the minimal charge transfer between SLG and 2H-TaS2 enables gate control over
spin transport phenomena across both electron and hole bands. Details on the device fabrication

are given in Supplementary Information (SI).



Figure 1| Characterization of the SLG/2H-TaS:2 heterostructure device.
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(a) Schematic illustration of the van der Waals REE device. The device contains nonmagnetic ohmic
electrodes (Cr/Pd, 3/45 nm, labeled NM1 and NM2) and ferromagnetic contacts (Co/Pd, 50/5 nm, labeled
FM1-FM4). The electrodes FM1-2 (located at distances L; = 5 um and L, = 1 um from the heterojunction)
are used for spin transport characterization of the 5LG flake not covered by 2H-TaS2. (b) False colored
optical image of the device. (c) 2D resistivity ps;.; of 5LG at selected temperatures. The temperature
dependence shows the expected charge transport transition from a localized (dp/dT < 0) regime near the
CNP to a metallic regime (dp/dT > 0) at high V;. (d) 2D resistivity ps;,tas, Of the heterojunction at selected
temperatures. The 5LG/TaS2 temperature dependence shows metallic behavior over the entire gate
voltage range. (e) Nonlocal spin-valve resistance Rgy measured in magnetic field B = B, y at Vg = 0. The
green (black) data correspond to a positive (negative) field sweep. Vertical arrows in (e) and (f) indicate
parallel/antiparallel configurations of the ferromagnetic electrodes’ magnetization. (f) Nonlocal Hanle spin
precession measurement with magnetic field B = B, Z at Vg = 0. Points are experimental data. The diffusion
constant D and the in-plane spin lifetime t, of the 5LG are extracted from a fit to the theoretical Hanle spin

precession curve (solid lines).



First, we perform control measurements to characterize the individual device components
of our device (5LG spin diffusion channel, 5SLG/2H-TaS2 and 2H-TaS2). Figure 1¢ shows the zero-
field square resistance of SLG, psyg, as a function of gate voltage. pspg attains a maximum at the
charge neutrality point (CNP) V; = 7 V, and decreases monotonically with increasing charge
density for both carrier polarities. The temperature dependence shows a from an insulating regime
near the CNP to a metallic regime at high V;, consistent with the semi-metallic nature of Bernal-

stacked multilayer graphene.42,43 The 2D resistivity of the SLG/2H-TaS2 heterojunction, psyg/tas,

exhibits fine gate tunability akin to psy,q (Fig. 1d). This is in contrast to the two-probe resistance
of 2H-TaS,, which remains constant over the entire V; range as expected for a metallic TMD (SI).
The CNP shifts from 1, = 7V in SLG to V; & —3 V at the heterojunction (see Figs. 1c-d). This
shows that at V; = 0, the Fermi level in SLG/2H-TaS:2 remains close to the conical Dirac (K) point
of graphene. This feature is attributed to the ideal work function mismatch between 2H-TaS2 and
SLG, consistent with the general charge transfer model for graphene by Giovannetti et al.40, and
confirmed for SLG/2H-TaS2 by means of dedicated density functional theory calculations (see
below). Crucially, psi,g/ras, Shows metallic behavior from 50 K up to room temperature, while
allowing effective gate tunability up to room temperature. These results indicate that the interfacial
states of SLG, albeit strongly perturbed by 2H-TaS2, dominate the charge carrier transport in the
heterojunction region.

To characterize the spin transport in SLG, lateral spin-valve measurements were carried
out. Figure le shows the measured nonlocal spin-valve resistance Rgy as function of the magnetic
field By, applied along common easy axis of the ferromagnetic probes T =22 K and V; = 0 V. The
abrupt changes in Rgy correspond to the magnetization switching of the ferromagnetic electrodes

from antiparallel to parallel configurations. To assess the spin transport fidelity of the SLG channel



Figure 2| Measurement schemes for REE and SGE and Onsager reciprocity
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a. REE measurement protocol: a current I is injected along 2H-TaS2 and the nonlocal voltage generated
between the ferromagnetic contact and 5LG (AVy, = V,—V_) is measured while sweeping the magnetic field
B = —Bx. b. SGE measurement protocol: a current is injected at FM3, and the voltage drop across the 2H-
TaS2/5LG strip is recorded. ¢. Schematic illustration of spin-helical Rashba sub-band and associated REE
mechanism. Dashed and solid circles represent, respectively, the Fermi surface of the Rashba sub-band
before and after application of a charge current (electric field) along +y direction. The arrows winding around
the circle represent the sub-band equilibrium spin polarization vector s,. Spin-momentum locking (sy - k =
0) generates net nonequilibrium spin polarization §S, due to applied current. d. Magnetic field dependence
of REE and SGE nonlocal resistances at T =293 K and V; = 35 V. The measured REE and SGE signals
are opposite to each other and antisymmetric in the magnetic field, in accordance with the general Onsager
reciprocal relations. The signals are sensitive to the current-induced spin-polarization generated by all spin-

split sub-bands in the vicinity of the Fermi level.



, the in-plane field was removed, and Hanle-type spin precession measurements were performed
with a perpendicular field (B,). Figure 1f shows that the injected nonequilibrium spin polarization
undergoes in-plane precession about B,, which results in a modulation of the nonlocal resistance.
By fitting Hanle curves at different I; to a 1D Bloch model, we have extracted a spin diffusion
length Ag in the range 2-3 pm and polarization P = 4.8% at room temperature (see SI).

Next, we carry out spin-sensitive electrical measurements to detect spin-charge conversion
effects. We first discuss the REE setup. The nonlocal detection scheme employed to investigate
charge-to-spin conversiond4as is depicted in Fig. 2a. An applied charge current / in the 2H-TaS2
strip generates a nonlocal voltage Vy;, between the Co contact (FM3) and the normal Pd contact
on 5SLG (NM2). To enable detection of nonlocal signals that originate from REE, a magnetic field
B = —BX is applied to tilt the FM3 detector magnetization towards its hard axis direction. The
presence of a driving electric field (E,,, along the + ¥ direction) shifts the spin-split Fermi surface
of interfacial states, thereby producing an excess spin polarization density §S, with spin-moment
pointing along the X axis (see Fig. 2b). This nonequilibrium spin polarization diffuses away from
the heterojunction and is detected by FM3. The local change of spin-dependent electrochemical
potential is proportional to the projection of the nonequilibrium spin polarization density onto the
magnetization direction of FM3. In the standard 1D channel approximation, the spin accumulation

Us =ty — 4y (T,1= £X) detected at the FM3 contact (x = L = 1.5 um) reads as

L
Apg(Vy, B) = Augg (V) sin(@) e %), (2)

where Auggg is the current-induced spin accumulation at the heterojunction (x = 0) and 6 is the

FM3 magnetization angle with respect to the easy axis (see SI).



Figure 2¢ shows the nonlocal REE resistance
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measured at room temperature in the high carrier density regime with V; = +35 V. The applied
field B is swept between —0.4 T and 0.4 T. We observe an antisymmetric response Rygg(—B) =
—RRgg(B) characterized by a linear behavior at small magnetic fields, followed by saturation on
the scale of Bg, = 0.2 T (SI). The nonlocal signal accurately follows the relation Rrgg & sin @,
which is a key signature of charge-to-spin conversion via REE (Eq. 2). It is important to note that
stray fields localized near the edge of ferromagnetic contacts can generate an ordinary Hall effect
(OHE)46, with the symmetry Royg(B) = —Royg(—B), thus mimicking a REE signal. To quantify
the spurious contribution to our measured signal, we performed micromagnetic simulations to

evaluate the stray field profile and the induced OHE voltage between FM3 and NM2. Our

calculations, under very conservative assumptions, give Rogg < 2.1 mQ < Rggg = 30 mQ for an

applied field of 0.4 T at V; = +35. The calculated upper bound (which disregards screening
effects further reducing Royg) is far too weak to explain the data. Furthermore, the observed
monotonic increase of Rggg with I is opposite to the typical behavior of OHE, which instead
would result in a pronounced decrease of the nonlocal signal with V; in the high-density regime.
Another important evidence is the saturation field scale Rggg = 0.2 T observed in the REE
measurement and control spin-valve measurements, much lower than the OHE saturation field

scale (estimated as B, = 0.5 T); see SI for further details.



Figure 3| Gate-voltage characteristics and charge-to-spin conversion efficiency
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a. Nonlocal resistance Rygg at room temperature as function of applied magnetic field B = —BX at selected
values of gate voltage V. The signal vanishes near the CNP (1, ~ -3 V) for all values of the applied field B.
The Rrgg-sign is determined by the charge carrier polarity according to sign Rggg = p sign B, where p = 1
for electrons (1, > 0) and p = —1 for holes (I, < 0), as expected for REE originating from spin-helical 2D
Dirac states. The B -field modulation of the nonlocal signal Rggg(B) follows accurately the relation
Rreg  sin @ for all V;, demonstrating that it results from diffusive X-spin polarized currents generated at the
heterojunction. b. Schematic illustration of the REE-induced spin polarization imbalance under an external
electric field. The blue and red sub-bands represent schematic spin-split 2D Dirac states of a graphene-
based heterostructure, having opposite spin helicity. Interfacial broken inversion symmetry endows spin-
split states with counter-rotating spin textures. The Fermi level lies in the conduction band (CB-left) [valence

band (VB-right)]. The applied electric field E, modifies the occupation probability of spin-helical electrons in
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k space, which results simultaneously in a charge current (/,,) and a nonequilibrium spin polarization density
with spin moments along the X direction (4S,) (cf. Fig. 2b). The blue and red filling of the 2D Dirac cones
represent the occupied states in applied electric field for majority (counterclockwise spins) and minority

(clockwise spins) sub-bands. ¢. Rrgg as a function of gate voltage at selected temperatures. d. Lower-

bound to charge-to-spin conversion efficiency yreg as a function of gate voltage at room temperature.

The Onsager reciprocal experiment (the SGE detection) is shown in Fig. 2b. Here, a charge current
is injected from FM3 to NM2 to generate a finite spin-dependent electro-chemical potential at the
FM3/5LG interface in the presence of an external field B = —BX. The resulting x-polarized spin
current J¥ = o,V, (uy — u,) diffuses through the graphene channel and is converted to a transverse
charge current at the heterojunction, J,, = oV, (uy + u,), where gy is spin-conductivity of SLG
(charge conductivity of SLG/2H-TaS,). This near-equilibrium spin-charge conversion process is
detected as an open-circuit voltage across the 2H-TaS, strip. Figure 2d shows the B, dependence
of the room-temperature nonlocal resistance Rggg measured at V; = +35 V. The direct (REE) and
inverse (SGE) data are seen to satisfy the Onsager reciprocal relation, Rggg(B) = Rrgg(—B),
within experimental accuracy. Onsager reciprocity in SOC transport phenomena has been reported
previously for SHE/inverse SHE (ISHE) measurement in metals47 and, recently, for REE/SGE in
metallic bilayersa4s.

From a symmetry standpoint, the Onsager-reciprocal nonlocal transport in our device could
originate from (i) interfacial REE/SGE in SLG/2H-TaS,, and (ii) bulk SHE/ ISHE within bulk 2H-
TaS,. To determine which mechanism is responsible for the charge-spin interconversion of x-spin-
polarized carriers, we tune the carrier density in SLG by the application of a gate voltage. The spin
texture of the interfacial states and the associated REE mechanism for generation of x-spin-

polarized electrons when Fermi level lies in the conduction/valence band is illustrated in Fig. 3b.
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A strong gate-tunability, with a clear antisymmetric behavior Rggg o sin 6 for all I; is observed
(see Figs. 3a,3¢). The most prominent feature is the sign change in Rggg as V; is tuned across the

CNP of the heterostructure, which rules out a bulk effect within the 2H-TaS, thin film, such as
SHE. It is interesting to note that Rgrgg increases with temperature at a given gate voltage. This is
because that the REE efficiency (see Eq. (4) below) is related to the SLG resistivity and the current
flows in the SLG at the junction and these parameters are temperature dependent. The observed
ambipolar character of Rggg(V;), which vanishes near the CNP, and the monotonic increase of
Rgggwith |V | are unambiguous signatures of REE.

It is instructive to contrast our findings to recent reports of spin-charge conversion in
graphene on group VI dichalcogenides3z,3849. In these works, the TMD is either a semiconductor
TMD37,38 or a semimetal WTe249; measurements are performed in the absence of a gate control or
with limited gate effect where gate reversal of the nonlocal resistance sign (the key signature of
REE mediated by 2D Dirac fermions) is absent. In Ref.38 the nonlocal resistance displays a steep
decrease towards zero as B, approaches Bg,;, indicating that z-polarized spins are converted to a
charge signal via ISHE. In addition, a component linear with B, is present, and is attributed to bulk
ISHE within the semiconducting TMD. However, the lack of gate tunability in Ref. 38 precludes
the full discrimination between interfacial and bulk SOC effects. In Ref.37 the gate tunability of
in-plane (SGE) and out-of-plane (ISHE) spins is limited to low temperatures (and for electron-type
carriers), indicating a fragile Rashba SOC2s. Finally, the results in Ref.49 clearly show that SHE
within WTez2 is the active SOC transport mechanism; the nonlocal resistance is positive at all Vg,

showing a maximum around the CNP due to increased spin absorption.
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The lower bound to the REE efficiency yrgg is found as

YREE =

VNL WTas,
I PAg e L/’ (4
PsLG IsLG G €

where I5LG is the current flowing through SLG (5LG is in the range of 18-60 A depending on the
applied gate voltage and temperature) and Wr,g, i8 the effective flake within which charge-spin
conversion takes place. At room temperature, Ygrgg ranges from —1.4% at I; = =55 V to +4.3%
atV; = +55 V (Fig. 3d). The sign change of yrgg originates from the sign reversal of Rggg with
V;. This fine degree of electrical control over the nonlocal signal cannot be attributed to the spin
transport characteristics of 5LG (i.e. the factor 1, e 1/46) given the weak V, dependence of the
spin relaxation length of graphene (see SI). Rather, it indicates that Rggg is dominated by current-
induced spin accumulation at the heterojunction (see the Augrgg (I@) term in Eq. (2). The observed
all-electrical spin-switching effect, i.e. sign-reversal of Rggg with a gate voltage, is a manifestation
of emergent spin-helical 2D Dirac fermionszs. These experimental results agree qualitatively well
with the model calculations as described in what follows.

To elucidate the nature of interfacial spin-orbit interactions in the van der Waals device,
we carried out relativistic electronic structure calculations for a representative SLG/bilayer-2H-
TaS2 supercell. Figures 4a and b show the crystal structure and band structure near the Dirac point

(K) of 5SLG/2H-TaS2, respectively. The spin-splitting of SLG Dirac-like states is clearly observed,
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Figure 4 | Relativistic electronic structure and tight-binding transport calculations.
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a. Supercell of the heterostructure built from Bernal stacked 5LG and bilayer 2H-TaS2. b. Energy bands
near the vicinity of the K point (the wavevector path shown in the inset). a = 0.14 nm is the lattice scaling
of graphene. Spin-split states prominently localized on carbon atoms in 5LG are indicated by red and blue
dots. The maximum spin splitting near the Fermi level is on the order of 30 meV (electron sector) and 70
meV (hole sector, indicated by the double arrow). 2H-TaS2bands are shown in background. ¢. Top panel
shows the spin-split Fermi surface and spin polarization texture of electronic states at selected energies
(E = 0.05,0.1,0.15,and 0.20 eV) obtained from a minimal tight-binding model of pristine 5LG with proximity-
induced SOC (see Sl). To aid visualization, only 2 pairs of spin-split states are shown. Spin-split states
mapped out in the left/right panel correspond to the electron states lying closest/second closest to the Dirac
point as shown in (b). The lower panel shows the dimensionless microscopic figure of merit v;Bgg of the
interfacial carbon layer as function of chemical potential at selected temperatures obtained from the minimal

tight-binding model (v = 10° m/s is the Fermi velocity of massless 2D Dirac fermions).
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with spin-gap reaching values as large as 70 meV for holes. The Fermi level shift, with respect to
the unperturbed Dirac point, is only about +20 meV, despite the strong interaction between 5LG
and 2H-TaS2 (particularly visible in the hole bands). To estimate the efficiency of charge-to-spin
conversion by spin-split states in SLG, we carry out tight-binding transport simulations informed
by the ab initio electronic structure (SI). The Fermi surface of a pristine SLG with proximity-
induced SOC is mapped out in Fig. 4c. Owing to spin-lattice-pseudospin entanglement2z,28,50, the
magnitude |Sy| is sensitive to the Fermi wavevector. This is in contrast to conventional Rashba-
split 2D electron gases30,31, where the polarization is maximal near the Fermi level (|sy| = h/2).
In 5LG, the Kk-resolved spin texture displays a rich evolution from the CNP, where SOC trigonal
warping effects dominate, to the highest accessible energies in the experiment (|Ex| = 0.10 - 0.15

eV), where well-established counter-rotating spin textures emerge.

The microscopic figure of merit fgg (units s/m) obtained from the tight-binding model is shown
in the Fig. 4¢ (bottom panel). Sgg increases monotonically from zero at the CNP to its maximum
allowed value (|Sgg| = 0.1/vp) when the chemical potential |u| is on the order of the average spin
gap A= (Ay) (see SI for further details). The ambipolar effect—with the Bgg-sign determined by
the charge carrier polarity—is a direct manifestation of spin-pseudospin coupling in an inversion-
asymmetric 2D materialzs. The spin polarization of majority Rashba sub-bands (highlighted in blue
in Fig. 4c¢) rotates anticlockwise, which explains the observed positive (negative) REE sign for
electrons (holes) (see Fig. 3c). This ambipolar effect is in contrast to charge-to-spin conversion by
surface states of topological insulators3s, where nonequilibrium spins are oriented along the same
direction for both n- and p-type carriers. The slow decay of Bgg in the high-density regime (|u| =

A) signals the onset of minority- (clockwise) and majority-spin (anticlockwise) Rashba sub-bands
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with large polarization, |sx| = h/2. This behavior is little sensitive to the relaxation time 73, (e.g.

due to static disorderzs), and thus provides a useful transport fingerprint of spin helical states.

The microscopic figure of merit Sgg is linked to the charge-to-spin conversion efficiency
Ygg accessible in the experiment through the relation ygg = 9 X Pgg, Where Jg X 05/ is the
spin channel efficiency (SI). The tendency for signal saturation at high gate voltage in Fig. 3¢ (c.f.
Fig. 3a) is thus reasonably explained by the combined effect of a slow decay in Bgg in the high-
density regime (Fig. 4c) and a moderate variation of the SLG spin channel efficiency within the
same Vg range, which is more pronounced in the hole sector. Thermal carrier activation plays an
important role in the device operation,2s especially at low chemical potential |u| < A, where the
energy- and wavevector-dependence of the spin texture are the most prominent (Fig. 4c). As such,
for low V;, thermally excited carriers experience less in-plane spin polarization due to a swift
variation of |sy | with Fermi wavevector (Fig. 4¢), resulting in a decrease of REE efficiency with
increasing temperature. This feature can also be inferred from the low-temperature behavior of
PrE, which shows a swift variation around the CNP (long-dashed curve in Fig. 4¢, bottom panel).
On the contrary, at high chemical potential, the spin texture in the vicinity of the Fermi level is
well-established, i.e. |sk|| = h/2 for |u| = A. Thus, in the high-density regime the REE efficiency
is expected to display a moderate or even weak temperature dependence, consistent with the

solution of Boltzmann transport equations (see Fig. 4c and SI).

In summary, we observed room-temperature current-induced spin polarization (REE) and its
Onsager reciprocal phenomenon (SGE) in a 5LG/2H-TaS2 heterostructure. The device nonlocal
resistance can be controlled effectively by a gate voltage, with sign reversal as the Fermi level

crosses the charge neutrality point. At room temperature, the lower bound of the charge-to-spin
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conversion efficiency ranges from -1.4 % for hole carriers, the ON state with excess spin “J” to
+4.3% for electron carriers, the "ON" state with excess spin “? The OFF state with zero net spin
polarization is achieved at charge neutrality. The sign reversal observed in this work originates
from the formation of spin-helical 2D Dirac-like fermions residing at the interface of SLG/2H-
TaS2. The all-electrical spin-switching effect, i.e. the reversal of nonequilibrium spin polarization
vector by the application of a gate voltage, demonstrated in this work opens doors to energy-

efficient generation and manipulation of spin currents using nonmagnetic van der Waals materials.

Note: After completion of the current work, two experimental works were announced reporting
the observation of gate-tunable room-temperature SGE in graphene/TMD heterostructures.s1,52
Ref. 52 reports the observation of interfacial SGE and ISHE in monolayer-graphene/WS2, in accord
with theoretical predictions for van der Waals bilayers where spin-valley coupling and Rashba
SOC are concurrent.23,28 Ref. 51 reports interfacial SGE in a heterostructure of CVD graphene and
1T’-MoTe2, a metallic (group-VI) TMD. Similar to our work, the researchsi,s2 demonstrates the
spin-switching effect with SGE resistance changing sign across the CNP2s. However, unlike this

work, REE measurements are not reported.

Methods

The heterostructure was fabricated by vertical assembly of exfoliated 2H-TaS2 and few-layer
graphene on heavily doped Si wafer topped with a layer of 285 nm thickness of SiO2. The heavily
doped Si was used as the gate. The bulk 2H-TaS2 was grown by chemical vapor transport method
using iodine as the transport agent. We use commercial Kish graphite for the source material of

graphene. The thickness of 2H-TaS2 was measured via atomic force microscopy. The number of
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layers and stacking sequence of the graphene flake were determined by Raman spectroscopy.
Electrodes were patterned by e-beam lithography and e-beam evaporation of metals in a vacuum
chamber of base pressure 10" Torr. Electrical measurements were performed using a standard
low-frequency lock-in technique in a home-built cryostat with rotatable sample stage and a room-
temperature magnet of maximum field 0.8 T.

Density functional theory calculations of electronic structure of graphene multilayers on TaS2 are
carried out with employment of Plane-wave/pseudopotential, Perdew-Burke-Ernzerhof (PBE),
exchange-correlation energy functional, projector-augmented wave pseudopotentials.s3,34 The unit
cells are chosen to consist of a 3 X 3 TaS2 supercell and a 4 X 4 graphene supercell resulting in a
small interlayer mismatch of less than 2 percent. The first Brillouin zone of the heterostructure
was sampled using a 331 k-point grid. Van der Waals interactions were included using the opt88
functionalss. All structures were fully relaxed until the force on each atom was less than 0.01 eV /
A. To visualize the Fermi surfaces, we interpolated the PBE band structure using maximally
localized Wannier functionsse,s7.

Tight-binding transport calculations are carried out to determine the spin-charge conversion
characteristics of 5LG/2H-TaS2. The graphene multilayer with ABABA stacking was described
by the standard Slonczewski-Weiss-McClure modelss supplemented with interface-induced
Rashba interaction on the two carbon layers closest to 2H-TaS2. The tight-binding parameters are
adjusted until the spectrum qualitatively reproduces the ab initio spectrum of states predominantly
localized on 5LG. Boltzmann transport equations incorporating electron-impurity scattering

processes within the standard relaxation time approximation are used for the calculation of Sgg.
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Supplemental Information

1. Characterization of thin film 2H-TaS2

The quality of 2H-TaS2 crystal is characterized by measuring the temperature-dependent electrical
resistivity of an exfoliated TaS2 thin layer of similar thickness used for REE. The resistivity is
shown in Fig. S1. As indicated by the black arrow, one can identify the charge-density-wave-
induced kink,s1 which not only confirms the 2H phase of TaS2 but also testifies to the high quality
of the crystals used in the experiment. Resistivity of the layer changes from 22x10-s to 380x10-s
Qm as temperature changes from 22 K to 293K. The layer thickness is 12 nm, and the 2D resistivity
is 18 Q at 22 K and 314 Q at room temperature. At 50 K the 2D resistivity is 79 Q.

2. Device Fabrication

A five-layer graphene (5LG) and a thin layer of 2H-TaS2 were mechanically exfoliated from Kish
graphite and bulk crystal of 2H-TaS2 respectively. Using a scotch tape, the layers were cleaved
and deposited on 285 nm Si02/Si substrate. Highly doped Si was used as a back gate. By using a
PC-film-covered PDMS stamp, the TaS2 flake was picked up from the substrate at 60°C and
released on the SLG at an elevated temperature. The PC film was washed out by chloroform
followed by rinsing with acetone and IPA. The SLG flake has a length of 35 um and a width of

3.6 um. The width of the TaS2 flake at the heterostructure region is approximately 6.5 pm.

Electrodes were patterned by e-beam lithography and deposited by e-beam evaporation. Cr/Pd
(3/45 nm) electrodes were used as normal Ohmic contacts for 2H-TaS2 and SLG. Before deposition
of the ferromagnetic electrodes Co/Pd (50/5 nm), 0.6 nm-thick Ti was deposited and oxidized
naturally to form TiOx tunnel barriers for enhanced spin injection and detection. 5 nm-thick Pd
was used as a capping layer to avoid oxidation of the Co surface. From left to right of the 5LG (see
Fig. 1b), we have made four Co electrode contacts with varying widths of 250, 300, 400, and 300
nm, respectively. Before wire bonding to the chip carrier, the sample surface was coated with
PMMA to prevent the device from being contaminated by air exposure. At V; = 0, the contact
resistance R¢ at T=300 K between Co electrode and 5LG is about 3 kQ. The quality of the contact

for spin injection can be assessed by the ratio of the contact resistance Rc to the spin resistance Ri
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= pAc/Wa, here /G is the spin diffusion length of SL.G and W is the SLG channel width. In this

device Rc/ Ri = 10, indicating fairly good quality of the ferromagnetic contacts.s2-s4

3. Atomic force microscopy (AFM) measurement of 2H-TaS: layer thickness
Tapping mode AFM measurement was performed to determine the thickness of 2H-TaS2 layer in

our device. AFM measurement shows that the thickness of TaS2 layer is about 15 nm (Fig. S2).

4. Raman study: determination of number of layers and stacking sequence of graphene

The number of graphene layers and stacking sequence were determined by Raman spectroscopy
using photon energy 2.33 eV (532 nm). A monolayer graphene was used as reference. We
evaluated the ratio of peak intensities /(Si)/1(Siy) with and without a graphene layer. Figure S3
shows the Raman G and 2D peak of the reference flake and few-layer graphene in our device. The
1(Si)/I(Siy) for monolayer was 0.900 while it was 0.654 for the few-layer graphene (Fig. S3 inset
a). The number of layers was determined using the Si peak analysis method.ss Furthermore, from
the shape of Raman 2D peak (Fig. S3 inset b), we identified the stacking sequence of the five-layer
graphene (SLG) flake as ABABA (Bernal type).ss

5. TaS: thin film resistance as a function of gate voltage and temperature

Figures S4a and S4b show the gate voltage and temperature dependence of two-probe resistance
of the 15 nm-thick TaS2 in our device. The two-probe resistance of 2H-TaS2, Rtas2, remains
constant under applied back-gate voltage. In the temperature range 50 K-300 K, where we
investigated the charge-to-spin interconversion due to REE and its Onsager reciprocal, the
temperature-dependent Rtas2 shows metallic behavior. Below 27 K, the resistance of TaS2 shows
a sharp increase with decreasing temperature, signaling the formation of charge density wave.s1

The spin transport properties in this regime is beyond the scope of our study.

6. Characterization of spin diffusion in SLG

Figures le and 1f in main text show lateral spin valve and Hanle spin precession measurements
with an applied out-of-plane magnetic field to characterize the diffusive spin transport in the SLG
area not covered by TaS2. To extract the spin diffusion constant D and spin relaxation time s, we

used equation 3 in Ref.s7:
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Ry = ———exp (——) (1 + w?t?) 2
Ag

X exp <—i{\/§( T+ wftd+1) - 1})

tanlwprg . L |1
XCOS{TL-Fz\/E(Jl-F(UfTSZ—l)}. (Eq. S1)

Here, wr = g us B is the Larmor frequency, g = 2 is the g factor and uB is the Bohr magneton. The
spin diffusion length is obtained from A = \/ Dt5. At 293 K, 4G has weak gate-dependence ranging
from 2 to 3 um (Fig. S5a). The ferromagnetic contact polarization is P = (Gy — G})/G = 4.8%,

where G1,) is the spin dependent tunneling conductance between graphene and Co.

Figures S5b and S5c¢ show spin precession curves with magnetic field applied in-plane (along the
quasi-1D spin channel, x axis) at 7 = 293 K and T = 22 K, respectively. By fitting the in-plane
Hanle curve at 7=293 K, we obtained A = 2.19 um, which compares well with the value obtained
by fitting the out-of-plane Hanle data. When a B field of increasing magnitude is applied along the
+x direction, the magnetization of Co, initially aligned to the easy axis (y-axis), rotates and
eventually becomes parallel to the B field (—x direction). The field dependence M = M(B) was
obtained from lineshapes for parallel and antiparallel configurations. Figure S5d shows that due to
applied field along the x axis, the Co magnetization tilts away from the easy axis towards x axis

and eventually saturates around B = 0.2 T.

7. Micro-magnetic simulation of the FM3 stray field

We simulate the Co electrode as a rectangular planar structure of dimensions 400 nm x 5000 nm
x 50 nm (x, y, z) with a rectangular cell size of 5 nm X 5 nm X 5 nm using the micro-magnetic
package OOMMEF, which implements the Landau—Lifshitz—Gilbert equation of motion for
magnetic macrospinssg and includes the exchange interaction between the macrospins and the long
ranged demagnetization fields. The parameters used as inputs into OOMMEF are based on typical
values for the saturation magnetization (Ms) and exchange coefficient (A) found in the literature
for polycrystalline Co thin films: Ms = 1.4 MAm-1 and A = 3X10-11 Jm-1s9. The system was relaxed

via the conjugate gradient minimizer method as the applied field in the x-direction was swept from

27



1000 mT to O mT in steps of 100 mT. The 3D magnetization vector map and the 3D
demagnetization (stray) field vector map were generated for each magnetic field step in order to
obtain the z component of the stray field (B:) as a function of distance along the x direction from

the Co electrode (labelled FM3 in Fig. 1a, main text).

Figure S6a shows the stray field profile B:(x,y) at z=0 nm i.e. at interface between the Co electrode
and 5LG for an applied field of 1000 mT in the negative x direction. B: is largest at the edges of
the structure which are perpendicular to the magnetization vector. The profile B:(x), averaged
along the central 2000 nm of the structure in the y-direction, is shown in Fig. S6b for two values
of the applied field. As expected from the classical theory of fields generated by a magnetic
dipolesio. B: falls away from the edge of the structure as = x-3 - shown in more detail in Fig. S7.
The inset to Fig. S7 shows the peak magnitude of Bz(x,y) as a function of the applied field Bx. The
stray field profile, Bz(x,y) is used to calculate the size of the Ordinary Hall voltage Vyyg generated
between FM3 and NM?2 (see Fig. S8).

8. Local ordinary Hall effect

In order to find Voyg, we compute the electrostatic field ¢ (x, y) in SLG. We model the 2D flake
as an infinite strip of width W with dc-conductivity o, (in zero field); see Fig. S8. ¢(x,y) is
computed from the solution of the Laplace equation with the boundary condition defined by the
applied current j, (x,y = £W/2) = [§(x) in the REE experiment (8 is the Dirac-delta function).

The solution reads assit

1 © I ikx
o,y) =—— dk —kWSIH(kY) ) (Eq.S2)

Oxx /-0 cosh (T)

where we have neglected a parametrically small correction due to the nonzero off-diagonal term
(0yx(x,y)) near the contact (FM3). This approximation is valid in the field range of interest, for

which |0}, | < 0y
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The Hall field (E,) between contacts FM3 and NM2 is determined by the requirement j, (x,y) =
0. We find E,(x,y) = pyy(x,¥)jy(x,y), where j, = —0,, 0,0 and py,(x,y) is the 2D Hall

resistivity induced by the z-component of the stray field in the SLG basal plane (z = 0):

Oxy(Bz(x,¥))

Py (6 Y = ety B G (Eq.53)
Explicit calculation gives
o\ B,(x,
E (x,y) = —MF(WZW; y/2w), (Eq.54)

O-.X'.X' (0)2

with F(a, b) = {cot[n(ia+ b + 1/4)] + 2 sech[n(a+ i b)] + tan[n(ia + b + 1/4)]}/4W.
The induced OHE voltage between the FM3 and NM2 contacts reads as

AV(y) = f ik E(ny), (Eq.55)

—XFM3

where xym, and xgy3 are the positions of FM3 and NM2 contacts along the x-axis w.r.t. the
current injection point, respectively. For the Hall conductivity of SLG, we use a standard Drude
model for degenerate electrons ( gy, = 0p/(1 + w 21%) and o,y = —0pw,T/(1 + w1%)),s12
where g, is the zero-field Ohmic conductivity, w, is the cyclotron frequency and 7 is the transport
time. In the experimentally relevant limit 1 > w_.*7, where Aw, " is the typical cyclotron energy

near the FM3 contact, we find (for electrons, Er > 0):

AV Eqx
Ro = —— = Ry X (%) X W(y, W). (Eq.S6)

In the above, Ry = 1/0, = 220 () at room temperature in the high-density regime (Figure Ic,

main text), E, = he/m" is the typical cyclotron energy (per Tesla) and W is given by
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Yy, W) = foMzdx B,(x,y)F(x/2W,y/2W) . (Eq.S7)

—XFM3

The minus sign in the definition of Royg (see Eq. S6) results from the convention Vi, = Viyz —
Vnmz- The integral in Eq. S7 is performed numerically with the simulated stray field profile (Fig.
S6). A reliable estimate for E. can be obtained from known effective masses for graphitesis and
far-infrared magneto-optical measurements in few-layer graphene.sissis Here, we assume a
“worst-case scenario” of a monolayer-like magneto-transport response with a long relaxation time,
E.t/h = 0.43,s12 obtained using Er = 0.1 eV and A/t = 15 meV.si5.s16 The result is shown in
Fig. S9. The average value of the OHE resistance across the strip width (W = 3.6 um) is Royg =
2.1 m(Q, which is much smaller than the detected nonlocal signal in the REE experimento. It is
worth noting that the non-local resistance REE, following the form of M, (B, ) rather than M, (B,.)
(which shows saturation on qualitatively different field scales; Fig. S8), provides further evidence
that the measured signal is not dominated by stray field induced OHE. Last but not least, the carrier
density dependence of the OHE contribution (Eq. S6) has the typical scaling of a 2D electron gas
(i.e., Roygo1/n), whereas the observed REE resistance increases with the electronic density for

both electron and hole sectors.

9. Derivation of lower-bound Rashba-Edelstein effect (REE) efficiency
Due to REE induced in the SL.G, a current / flowing in TaS2 induces a spin accumulation at the
heterostructure region g (0). This spin accumulation causes a 2D spin current J;(x) flowing into

the 5L.G spin channel. At a distance x from the heterostructure,

2 In order to allow a simple algebraic treatment, our model assumes uniform conductivity (o,,) in the strip.
On the other hand, the SLG channel in the experiment is partly covered by 2H-TaS2. The heterojunction is
thus characterized by an Ohmic conductivity, o,p # 0y, . From the measurements taken at room
temperature in the high-density regime, we extract an upper bound of oy, /o,p < 0.5 (Figs.lc-d; main text).
The electrostatic field lines reaching the FM3 contact are thus much weaker than those of the simplified
model (Eq. S2). Moreover, the FM3 contact itself provides extra screening. As such, our estimate Royg

must be understood as a conservative upper bound for the OHE contribution in the experiment.
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us(x) = ps(0) exp(—x/4;), (Eq. S8)
Jo(x) = =262 — 96tO) oy (_x/26), (Eq. $9)

e Jx elg

where we assume that the spin conductivity equals the charge conductivity o;. Then,
J5(0) = 22, (Eq. S10)

The total charge current flows in TaS2, the interface, and SLG. The interface current is the one that
induces the spin accumulation by REE. However, it is difficult to quantify this current precisely.
Instead, we use the known current flowing in SLG, I5; ., to compute a lower bound to the charge-

to-spin conversion efficiency, yrgg. This was done by treating the TaS2 and SLG as two resistors

IsLG

in parallel and calculating the ratio s of the current flowing in I to total current /, s = ;

Using J5(0) = ygrgg J¢ = VRrEE [S/Wras,, Where wr,g, is the width of TaS2 at the junction, we find

pg(0) = EAGYREELS (Eq. S11)

oG WTaSZ

At the Co electrode the measured non-local voltage is therefore

Pus Pus(0)
Vi = 22 = 2@ exp(— 1/2). (Eq. S12)
To define a lower bound to the REE efficiency, we use the width of the metallic pads on 2H-TaS2
Wras,eff = 2 um, where the flow of charge current is the strongest. Combining these results, we

find

RREE WTaS,;eff
VREE = = s exp(—L/Ag) (Eq. S13)

In calculating s, we used the measured bulk resistivity of 2H-TaS2 and gate-dependent SLG

resistivity pg . Ratio s changes with gate voltage and temperature, at charge neutrality it has the
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smallest value. In our measurement, s ranges from 0.12 (50 K, V; = 0 V) to 0.60 (293 K, V= 55

V). With temperature increases, s increases. For a gate voltage of +35 V, we find s =0.21,0.32,

0.40, 0.51 for temperatures of 50 K, 100 K, 150 K and 293K.

We comment on the exponential decay factor in EquationS8 that encodes the spin relaxation in the
spin diffusion channel (SLG). In the actual device (see Fig. 1a, main text), the spins transverse two
different regions before hitting the Co detector (FM3). The length of these regions is y dependent.
The heterojunction region, here approximated as a 1D strip, has a length of L; = 4.6 um, while
the SLG channel has a length of L, = 1.5 um. L =L; + L, = 6.1 um is the total path length
(largely y-independent). Because the spin diffusion length at the heterojunction is shorter than in
the SLG channel (1; < A1, = A;), the 1D decay in Eq. S8 (and Eq. S12) using A, underestimates

the charge-to-spin conversion efficiency.

11. Relativistic first-principles calculations: additional results

We report additional results on the relativistic band structure of 2H-TaS2-graphene. Figure S10
shows the DFT band structure of monolayer 2H-TaS2. Monolayer 2H-TaS2 is metallic as one band
crosses the Fermi level. When spin-orbit coupling (SOC) is included in the calculation (panel b),
new splittings occur in the band structure. For example, the metallic band that crosses the Fermi

level splits by 0.29 eV at the K-point, while the splitting at the I" point is negligible.

Figure S11 shows the DFT band structure of the 2H-TaS2-graphene heterostructure (the supercell
is shown in Fig. 4a, main text). Here, red dots denote bands that are predominantly located on
carbon atoms and blue dots denote bands that are located on 2H-TaS:2 layers (dot size is
proportional to magnitude of the projection). We observe that interfacial effects strongly modify
the multilayer graphene band structure. Most noticeably, graphene bands located near the Fermi
level exhibit a giant Rashba effect, with spin gaps reaching values as large as 20 meV (electrons)
and 70 meV (holes). Despite the metallic character of 2H-TaS2 (and associated strong proximity
effect), the Fermi level shift with respect to the conical point of graphene is small (AE = —10
meV) due to the substantial electrostatic potential energy change generated at the 2H-TaS2-

graphene interface, which precisely compensates the work function difference between the two
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systems (Refs.39.40 in main text). The Fermi level shift obtained in our DFT calculation is consistent

with the prediction of the general model for graphene-metal surfaces developed in Ref. 40 .

Figure S12 shows the spin texture of the two graphene bands near the Fermi level in a monolayer
TaS2-monolayer graphene heterostructure. In agreement with the previous calculation for the 2H-
TaS2-5LG heterostructure, we find that the expectation value of the in-plane spin circularly winds
around the K-point of the supercell Brillouin zone and that the spins of the two bands point in
opposite directions. Similar results were obtained for a bilayer TaS2-bilayer graphene

heterostructure.

12. Tight-binding model and Edelstein efficiency: additional details and analysis
The graphene multilayer with ABABA stacking was described by the Slonczewski-Weiss-
McClure model of bulk graphite (Ref.ss in main text) supplemented with interface-induced Rashba

interaction

Hsi 6 = 21—1 ) Z ¢ty [—Yo + T(dij X S)] c,j+ Z cTuiViicri ¢+ Vinter V1, 3, Ya)
Tt A <> i

(Eq.S18)

where ch'i = (ch’i,T,ch'i’l) adds electrons on site i in layer [ = 1,...,5, y, is the intralayer
nearest-neighbor hopping, and A; is the Rashba SOC strength. Here, Ei ; 1s the unit vector along

the line segment connecting sites ij, and s is the vector of Pauli matrices. Interlayer terms are
incorporated in Vi, and consist of a vertical interlayer hopping (y;) between dimer orbitals and
skewed interlayer hoppings (¥3, ¥4)- A layer-dependent on-site electrostatic potential (term V; ;) is
included to model the proximity-induced electric field build up across SLG. Starting from standard
values for graphite, the parameters are varied until the spectrum reproduces the DFT energy bands
of states predominantly localized on carbon atoms. The parameters of the minimal model are listed
in Table S1. The reference values for bulk graphite are obtained from Ref.s8 in main text. To
improve the agreement with the relativistic DFT band structure, the on-site energy of dimer orbitals

is shifted by A". Except for the skewed hopping y, (describing interlayer coupling between dimer
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and non-dimer sites), the hopping terms are in the same range for multilayers and bulk graphite,
which confirms that the electronic structure of SLG (and in particular the Dirac character of low-

energy states) is overall preserved.

Table S1 (energies in eV)

Bulk graphite SLG-TaS2

Yo 3.2 2.6

Y1 0.39 0.37

Y3 0.315 0.252

Y4 0.064 0.264

A 0.051 0.018
Vi2345 - {0.137,-0.01,-0.02,—-0.06,—0.09}
A12345 - {-0.02,-0.01,0.00,0.00,0.00}

The low-energy spectrum of pristine SLG consists approximately of two bilayer-like quadratic
bands and one monolayer-like linear band in both electron and hole sectors. In the 5LG-2H-TaS2
heterostructure, the proximity-induced field across the graphene layers pushes away linear bands
(and quadratic Dirac bands with smaller effective mass) from the Dirac point, generating large
electron-hole asymmetry. Moreover, the spin degeneracy is effectively removed due to the sizeable
Rashba effect, leading to spin-split states endowed with helical spin texture. Figure S13 compares
the tight-binding (TB) spectrum (blue and red solid lines) against DFT energy bands shown in
background (grey dots indicate states predominantly localized on carbon atoms). The green area
highlights the gapping out of lighter quadratic Dirac bands due to proximity-induced electric field
(note that the linear bands are gapped out more strongly, Ex =~ 0.14 eV for electrons and Ey =
—0.10 eV for holes). Notably, holes (E < 0) are dramatically affected by the hybridization to TaS2
orbitals. As such, the simple TB model fails to describe quantitatively the spectrum in the interval
[—0.01,—0.1] eV, including the appearance of giant spin splitting (with AE; up to 70 meV). On
the other hand, the TB model is accurate for £ > —0.01 eV (and also below —0.2 eV). Trigonal

warping effects and even the wavevector dependence of spin splittings are fairly well described.
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The TB model can be further optimized to match the DFT spectrum of electron states up to energies

E = 0.9 eV within numerical precision.

The pronounced electron-hole (e/h) asymmetry is a consequence of imperfect screening by
graphene layers, which allows the penetration of the proximity-induced electric field (the same

effect responsible for gap opening in bilayer/trilayer graphene adsorbed on metal surfaces.si7,s18

To determine the response of the heterostructure to a DC electric field, we solve the Boltzmann
transport equations incorporating electron-impurity scattering within the standard relaxation time

approximation. The DC charge conductivity and charge current-spin density susceptibility read as

20
d*k (df(e,u,T) . .
Oac(W, T) = _32; f f oo ( Z:f >s . (k) (9,), (9,), . (Eq. $19)

20
_eh d’k (df(e,u,T) y (o
T 1) = _7112:1]]- (2m)? ( de >£n(k) (k) Gl <UJ’)kn » (Eq.S20)

respectively, where f (¢, u, T) is the Fermi-Dirac distribution function, D), = (i/h)[Hsy, V] is the
velocity operator along the direction of the electric field (taken along the y axis), §, is the x-spin
polarization operator and 7, (k) is the transport relaxation time. The sum is over all states (i.e.
5(layers) X 2(sublattices) X 2(spins) = 20) of the 5LG tight-binding Hamiltonian. &, (k) and the
expectation values are computed via exact numerical diagonalization on a fine k-space grid with
cutoff momentum |k|., = 0.186 nm™!. The REE charge-to-spin conversion efficiency is

controlled by the Edelstein ratio

Bee = Oyy/Xxy - (Eq.S21)
The latter quantity was found to be independent on the functional form of 7,,(k) to a very good
approximation in monolayer graphene (Ref.28, main text). We set a constant relaxation time in our

calculations 7,,(k) = T and checked that alternative functional forms led to qualitatively identical

results.
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Figure S14 shows the interfacial (‘top’) graphene layer contribution to the microscopic figure of
merit calculated for the full DFT-parameterized TB model and a heuristic TB model with
V12345 = 0 to minimize electron-hole asymmetry and thus enforce a better agreement with
experiment (see discussion above). The top layer contribution was extracted by projecting the spin
operator onto the subspace of the first graphene layer. The DFT and heuristic models share the
same overall behavior, i.e. a positive/negative Edelstein response for electrons/holes shows a
tendency for saturation at high electronic density with moderate temperature dependence — all
essential features reported in the main text. The heuristic model furthermore reproduces the
observed monotonic increase of the Rashba-Edelstein efficiency at low electronic density as well
as its saturation at increasing electronic density. The behavior of the calculated Edelstein efficiency
is therefore consistent with the charge-spin conversion characteristics in the experiment, providing
yet further evidence in favor of spin-helical 2D Dirac fermions. Importantly, these findings are
robust against reasonable variations in the TB parameters, e.g. the microscopic figure of merit
remains virtually unchanged by modifying the distribution of Rashba SOC within the first two
layersto 4; = 0.03 eV andto A, = 0.00 eV. Itis important to note that Sgg at saturation is = 20%,
higher for electrons than for holes, whilst the measured efficiency (at room temperature) shows
much larger difference (|yrgg| = 1.4% for holes versus |yrgg| = 4.3% for electrons). The
microscopic figure of merit Sgg and the charge-to-spin conversion efficiency of the device (Yrgg)
are connected by Yregg = Y,p X Pgg, Where g = DgVvg/AgV,p is the spin-channel efficiency.
vg(v,p) and Dy are, respectively, the 2D density of states and spin diffusion constants of SLG
(SLG/2H-TaS2). Figure S15 shows the experimental data for Dg /A at selected temperatures. The

gate-voltage dependence is relatively weak, with 9, attaining the largest values for electrons.
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Supplementary Figures
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Figure S1. Characterization of exfoliated 12 nm thick thin film 2H-TaS2. Temperature dependent
resistivity of 2H-TaS2, decreases with temperature. At 35 K the resistivity changes abruptly (black

arrow), indicating the formation of a charge density wave.
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Figure S2. Atomic force microscopy (AFM) measurement of TaS2 thickness. (a) Thickness of the
2H-TaS2 layer measured by AFM. (b) AFM image taken from the area indicated by the box in (c).
The line shows the line cut direction for the height (thickness) measurement shown in (a). (c)

False-colored optical image of the device. Scale bar: 5 um.
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Figure S3. Raman spectra of 5LG in our device. Inset (a): Si Raman peak intensity ratio for SLG
used in device and a monolayer graphene. Inset (b): Zoom in of the 2D peak of SLG. The relative
intensity of the Raman peak shows that the number of graphene layer is five while the shape of the

2D peak indicates that the layer sequence is ABABA.
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Figure S4. Resistance of the TaS2 thin film including the heterostructure region as a function of
gate voltage and temperature. (a) TaS2 two probe resistance Rr,s, measured by applying a bias
voltage and register the current upon sweeping the gate voltage. (b) From 50 K to 300 K, Rras2
shows metallic behavior. Below 27 K, Ry, increases sharply, indicating the formation of charge

density wave. Measurements were performed by two-probe method shown in the inset.
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Figure SS5. Spin transport in SLG and magnetization of Co electrode. (a) Gate voltage dependence
of spin diffusion length obtained from out of plane Hanle measurement at 293 K. (b) In-plane
Hanle measurement at 7" = 293 K. The spin diffusion length extracted from the in-plane Hanle
curve is comparable to that from the out-of-plane Hanle curve (main Figure 1f). (c) In-plane Hanle
curve measured at 22 K. The inset shows the symmetrized curves. (d) Co magnetization rotation

obtained from the results in (c). The red curve is a fit to tanh(B/Bsat), Bsat = 0.2 T.
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Figure S6. Stray field map of Co (FM3) electrode. (a) Demagnetization (stray) field map (B:) in
the x-y plane at z = 0 nm for an applied field Bx = -1000 mT. (b) Profile of B:(x) for two values of

the applied field as shown.
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Figure S7. z-component of stray field. Demagnetizing (stray) field profile B: at the right-hand
edge of the structure for several values of the applied field. The grey area indicates the extent in x
of the magnetic structure with B: decaying away from it. Inset: Peak in Bz(x) and Mx(x) as a function

of the applied field.
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Figure S8. OHE induced by stray field. Schematic of Ohmic field lines emanating from current

injector and associated Hall voltage drop between FM3 and NM2.
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Figure S9. Ordinary Hall effect due to stray field. Ordinary Hall resistance (= Vu/ I) between

contacts FM3 and NM2 as a function of y coordinate.
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Figure S10. DFT band structure of 2H-TaS2 monolayer without (a) and with spin-orbit couplings

(b). The Fermi levels are set to zero.
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Figure S11. Projected DFT band structure of a multilayer graphene-TaS:2 heterostructure including
spin-orbit interactions. Red (blue) dots denote bands with wavefunctions that are predominantly
localized on graphene (TaS2) layers. For this, the wavefunctions of the multilayer were projected
onto atomic orbitals. The size of the red (blue) dots is proportional to the sum of the absolute
magnitudes of the projections onto carbon (Ta and S) atomic orbitals. Representative spin gaps are

indicated with double arrows. The Fermi level is set to zero.
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Figure S12. DFT spin texture of a monolayer TaS2-monlayer graphene heterostructure. (a) The
Brillouin zone of the TaS2-graphene heterostructure. (b), (c) Spin textures of the low-energy

graphene bands. The Brillouin zone areas shown in (b) and (c) correspond to the blue area in (a).
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Figure S13. Tight-binding and DFT band structures of SLG-TaS2. Red and blue solid lines are
tight-binding bands and light blue solid lines represent the full relativistic DFT results (grey dots
mark states predominantly localized on graphene). The green area highlights the gapping out of

lighter quadratic Dirac bands.
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Figure S14. Edelstein efficiency of interfacial ‘top’ graphene layer: ideal model versus full model.
Fermi energy dependence for selected temperatures computed from full (dashed) and ‘ideal’

(solid) tight-binding models. The regime of experiment is highlighted by the green area.
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Figure S15. Spin-channel efficiency. Gate-voltage dependence of D /A at selected temperatures.

53



