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The ultimate goal of spintronics is achieving electrically controlled coherent manipulation of the electron
spin at room temperature to enable devices such as spin field-effect transistors. With conventional
materials, coherent spin precession has been observed in the ballistic regime and at low temperatures only.
However, the strong spin anisotropy and the valley character of the electronic states in 2D materials provide
unique control knobs to manipulate spin precession. Here, by manipulating the anisotropic spin-orbit
coupling in bilayer graphene by the proximity effect to WSe2, we achieve coherent spin precession in the
absence of an external magnetic field, even in the diffusive regime. Remarkably, the sign of the precessing
spin polarization can be tuned by a back gate voltage and by a drift current. Our realization of a spin
field-effect transistor at room temperature is a cornerstone for the implementation of energy efficient
spin-based logic.
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The realization of logic operations using the spin degree
of freedom is a crucial goal for spintronics [1–5]. In this
context, one of the most studied theoretical proposals is that
of Datta and Das [6], which requires spin precession around
the spin-orbit fields (SOFs) and has raised considerable
interest [5–9]. However, the experimental achievement of
the required strong spin-orbit coupling (SOC) regime in
conventional materials can only be realized in ballistic
systems with long momentum scattering time (τp) and
very clean interfaces [7–9]. Consequently, its implementa-
tion in all-electrical devices is currently limited to low
temperatures [10–15].
Alternatively, graphene-based van der Waals heterostruc-

tures are an ideal platform for spin manipulation [16,17]
since, in these systems, graphene’s low SOC can be
enhanced by proximity with transition metal dichalcoge-
nides (TMDs) [18–36]. Such graphene-TMD heterostruc-
tures possess a unique spin texture. In particular, the in-
plane SOFs are of the Rashba type and point perpendi-
cular to the electronic momentum. In the weak SOC
regime, Rashba SOC caused by the stack inversion asym-
metry leads to out-of-plane spin relaxation rates of
ðτ⊥s Þ−1 ¼ Ω2

Rτp, where ΩR is the Larmor frequency around
the Rashba SOFs. In contrast, the out-of-plane SOFs, which
arise due to the broken sublattice symmetry in the TMD
being imprinted on graphene, have opposite sign at the K
and K0 valleys [see Fig. 1(a)] to preserve time reversal
symmetry [18]. These SOFs, commonly called valley-
Zeeman SOFs, give rise to spin-valley locking. In this
case, the intervalley scattering time (τiv) is the characteristic
timescale dominating the spin dynamics. Hence, in the

weak SOC regime, the in-plane spin relaxation rate is given
by ðτksÞ−1 ¼ Ω2

VZτiv þ ð2τ⊥s Þ−1, where ΩVZ is the Larmor
frequency around the valley-Zeeman SOFs. Since τiv is
typically much longer than τp [37], τivΩVZ becomes
significantly bigger than τpΩR and, as a consequence,
the spin transport is highly anisotropic [23–27]. Unlike in
conventional materials, the spin-valley locking present in
graphene-TMD heterostructures might enable the strong
SOC regime if τVZ would become comparable to τiv, where
τVZ ¼ 2π=ΩVZ is the in-plane spin precession period
around the out-of-plane valley-Zeeman SOFs [Fig. 1(b)].
Such a condition may even be achieved in the diffusive
regime and could allow for room temperature operations.
In this Letter, we report the achievement of the strong

SOC regime in bilayer graphene (BLG)-WSe2 heterostruc-
tures, leading to magnetic-field free spin precession
induced by the valley-Zeeman SOC as shown in Figs. 1(a)
and 1(b). Furthermore, by tuning the carrier density using a
back-gate voltage (Vbg) and the spin transport time using a
drift current (IDC), we control the spin polarization up to
room temperature, making our device operate as a Datta-
Das spin field-effect transistor [see Figs. 1(c) and 1(d)].
This hitherto unreported performance paves the way for the
achievement of highly functional logic circuits [5,38].
To measure SOC-induced spin precession, we prepared

2-μm-wide [the heterostructure width is defined asWTMD in
Fig. 2(a)] BLG-WSe2 lateral spin valves with spin-
polarized TiOx=Co contacts and Ti/Au reference electrodes
[Fig. 2(a)]. BLG was chosen to take advantage of its gate
tunable diffusivity. To ensure an efficient SOC and achieve
the strong SOC regime, we chose WSe2, the TMD that
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imprints the largest valley-Zeeman SOC on graphene [18],
and annealed the van der Waals heterostructures at 430 °C.
See Ref. [39] for the fabrication details, reproducibility, the
role of the annealing temperature, and the role ofWTMD on
the measured signals.
The diffusive spin transport experiments are performed

in the nonlocal geometry [circuit in Fig. 2(a), see Ref. [39]
for measurement details]. The y-spin accumulation (μsy)
induced by applying a current Iδ1 through contact 3
diffuses across the channel and builds a voltage difference
Vδ1 ¼ Pdμsy=e between contacts 4 and 7. Here, Pd is the
detector spin polarization and e the electron charge. The
nonlocal resistance (Rnl ¼ Vδ1=Iδ1) is measured as a
function of a magnetic field applied along y (By) in the
conventional spin valve experiment. Figure 2(b) shows that,
for Vbg ¼ 50 V, Rnl in the antiparallel magnetization state
(RAP

nl ) is higher than in the parallel one (RP
nl). The spin

signal, which is defined as ΔRnl ¼ ðRP
nl − RAP

nl Þ=2, is thus
negative. This observation could be a consequence of the
sought in-plane spin precession induced by the valley-
Zeeman coupling, although it could also be caused by the
spin injector and detector having opposite spin polariza-
tions [56,57].
To confirm that μsy is reversed during transport as in

Fig. 1(b), we induce out-of-plane spin precession by
measuring Rnl as a function of a magnetic field applied
along x (Bx) [see Fig. 2(c)]. In the parallel configuration,
RP
nl has a local maximum at Bx ¼ 0, when the spins are not

precessing. Then, RP
nl decreases until it reaches a minimum

shoulder (Bx ≈�0.1 T) when the average precession angle
at the detector is of 180°. In this case, the spins injected
along y cross the TMD-covered region pointing along z,
and reach the detector pointing along −y. At higher Bx, RP

nl
increases until it merges with RAP

nl and ΔRnl reaches zero as
the spins dephase and the contact magnetizations are pulled
toward x. In contrast, RAP

nl shows a minimum at Bx ¼ 0,
where it is higher than RP

nl. As Bx increases, RAP
nl also

increases leading to an enhancement of ΔRnl with Bx
[Fig. 2(c), inset]. This result is in stark contrast with
standard spin precession measurements (where ΔRnl
decreases at low B, until it reverses sign when the precessed
angle is of 90° [24,25]) and is a direct consequence of μsy
being reversed with respect to the out-of-plane spin
accumulation. Finally, RAP

nl reaches a maximum when
the precessed angle at the detector is of 180°, before the
contact magnetization pulling and spin dephasing decrease
the spin signal until it vanishes for Bx > 0.2 T. We observe
that (i) the magnitude of the in-plane spin signal
(Bx ¼ 0) is significantly smaller than the out-of-plane
one ðBx ≈�0.1 TÞ, in agreement with previous works in
graphene-TMD heterostructures [23–27]; (ii) in contrast to
the in-plane signal, the out-of-plane one is not reversed.
This observation, together with the fact that out-of-plane
spins are in the weak SOC regime [39], indicates that the
sign reversal is not caused by the opposite sign of the
injector and detector spin polarizations. Hence, μsy must be
reversed during transport. Spin transport experiments
performed at the pristine BLG region show conventional
positive signal for all Vbg values [39], evidencing that the
sign reversal occurs across the TMD-covered region. Since
the in-plane spin signal is negative without an applied
magnetic field, we conclude that our experiments are
probing the strong SOC regime. Note that our result
provides the most direct experimental evidence that spin
precession occurs between scattering events in graphene-
TMD heterostructures [21–27].
In Fig. 2(d) (black curve), we plot the spin signal

as a function of Vbg. The data show that the signal
is negative for Vbg > 20 V and Vbg < −40 V. For
−40 V < Vbg < 20 V, ΔRnl is below the noise level (see
Ref. [39] for the raw data). To understand the gate
dependence, one must take into account the SOC in the

(c) (d)

(a)

(b)

FIG. 1. Device working principle and BLG-WSe2 spin tran-
sistor operation. (a) Sketch of a BLG-WSe2 heterostructure. Out-
of-plane valley-Zeeman SOF (black arrows) with opposite sign at
the K and K0 valleys induce in-plane spin precession with a
period τVZ. Spins can scatter between the valleys via intervalley
scattering (τiv). (b) Time dependence of the spin accumulation μsy
for different τiv values (see Ref. [39] for details). μsy undergoes
net precession for τiv ≥ 0.5τVZ. (c) and (d) Sketch of a spin field-
effect transistor operating at the strong SOC regime where the
valley-Zeeman induced spin precession is tuned by Vbg to control
the sign reversal.
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BLG-WSe2 heterostructure. As reported recently [28–30],
the SOC in BLG-TMD heterostructures can have a pro-
nounced electric field dependence. To obtain the Vbg
dependence of the SOC in our system, we have used the
tight-binding Hamiltonian shown in Ref. [30] (see also
Ref. [39]). To explain the symmetric dependence ofΔRnl vs
Vbg with respect to the charge neutrality point, we have
assumed that both layers have the same potential, which
means that the externally applied field compensates for the
internal 0.267 V=nm induced by the WSe2 on the BLG at
the charge neutrality point [28]. The results from this band-
structure calculation are displayed in Figs. 2(e) and 2(f) and
show perfect agreement with Ref. [28]. As expected, the
conduction and valence bands cross at the K point because
of the layer-symmetric configuration. Looking at the spin
splitting (2λVZ ¼ ℏΩVZ, where ℏ is the reduced Plank
constant) in Fig. 2(f), we observe that it depends very
weakly with the energy, indicating that the proximity SOC
remains almost constant through the calculated energy
range. This observation implies that the Vbg dependence
of the SOC is unlikely to be the reason for the observed gate
dependence. As shown in Fig. 1(b) and Ref. [39], if τiv
changes with Vbg [37], it can tune the spin precession
frequency but, since proximitized graphene shows weak
antilocalization [19–22], we could not measure weak
localization in our device to extract τiv. In contrast, the
charge diffusivity (Dc) of the BLG decreases significantly

near the charge neutrality point [see red curve in Fig. 2(d)
and Ref. [39] ]. As shown by our spin transport calculations
[39], changes in Ds (which we obtain assuming Ds ¼ Dc
[58]), can have a crucial influence on the spin signal in the
strong SOC regime, making Ds the most likely responsible
for the measured Vbg dependence. However, the electron-
hole asymmetry in ΔRnl indicates that other factors such as
spin absorption by the WSe2 [59,60] may also play
a role. Note that we cannot discard a sign change
of the signal below the noise level near the charge neutrality
point.
By tuning the spin dynamics in the strong SOC regime, it

should be possible to control the ΔRnl sign in a magnetic-
field free device geometry. To confirm our hypothesis, we
perform spin transport experiments under the effect of
carrier drift in the geometry shown in Fig. 3(a). The
carrier drift is induced by IDC, which is applied between
contacts 4 and 1, and the spin current injected at contact 3
is detected as a nonlocal signal (Rnl ¼ Vδ2=Iδ2) between
contacts 5 and 7. Since Vδ2 is coupled to Iδ2, our
measurement excludes the DC spin current injected by
contact 4 [39]. The applied IDC induces a drift velocity
vd ¼ IDC=ðWBLGneÞ, where n is the carrier density in the
channel and WBLG is the BLG flake width. The induced
vd changes the spin transport time across the BLG-WSe2
[61–63], leading to a tuning of the spatial oscillation
frequency of μsy [39]. In Fig. 3(b), we present spin valve

(a) (c) (e)

(b) (d) (f)

FIG. 2. Diffusive spin transport at 50 K. (a) Optical image of the measured device. The BLG flake is the dark horizontal stripe and
WSe2 is the bright flake in the middle. The scale bar is 2 μm. The bottom panel shows a sketch of the device with the WSe2-covered
BLG region shown in green. The circuit corresponds to the standard nonlocal spin diffusion measurement configuration. Contacts 1 and
7 are not magnetic (Ti/Au) and 2 to 6 are spin-polarized TiOx/Co contacts. (b) Nonlocal spin valve measurement across the WSe2-
covered BLG region as a function of the magnetic field applied along y (By) for Vbg ¼ 50 V. The horizontal arrows represent the By-
sweep direction and the vertical ones the magnetization of contacts 3 and 4. (c) Nonlocal spin precession measurements with the
magnetic field applied along x (Bx) in the parallel (P) and antiparallel (AP) configurations for Vbg ¼ 50 V. Inset: low field detail.
(d) Spin signal (ΔRnl) and charge diffusivity (Dc) as a function of Vbg. (e) Spin-polarized band structure of BLG-WSe2 at zero electric
field. The red lines represent spin-up (along þz) and the blue ones spin-down (along −z). (f) Spin splitting (2λVZ) of the valence and
conduction bands obtained from the band structure in panel e.
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measurements at Vbg ¼ −50 V and IDC ¼ −40, 0, and
40 μA. We observe that, in contrast with the results
obtained from spin drift experiments in the pristine gra-
phene region [39], ΔRnl reverses sign as we sweep IDC
from −40 to 40 μA, and becomes smaller than the noise
level for IDC ¼ 0. This result is the first demonstration of
carrier drift control of spin reversal in an all-electrical
device. Such unprecedented observation is consistent with
the spin transport model shown in Figs. 1(a) and 1(b) if the
in-plane spin precession angle at IDC ¼ 0 is an odd multiple
of 90° (see Ref. [39] for more detailed calculations). A
comprehensive illustration of this behavior is shown in
Fig. 3(c), where we plot ΔRnl vs IDC as extracted from spin
valve measurements performed at Vbg ¼ −50 and −30 V
(see Ref. [39] for the complete set of data). Importantly, we
find that ΔRnl reverses sign between the two Vbg for all the
IDC values. To explain this sign reversal, we consider λVZ,
τiv, and Ds, that are the relevant parameters that could
change with Vbg (note that τ⊥s and n, that changes vd,
cannot explain the observed sign reversal, see Ref. [39] for
details). We dismiss λVZ because, according to our tight-
binding calculations [Figs. 2(e) and 2(f)], the valley-
Zeeman SOC does not have a significant dependence with
Vbg. As mentioned above, τiv may change with Vbg [37]
and modify the effective spin precession frequency, as
shown in Fig. 1(b) and [39]. Finally, we consider the
change inDs from 0.01 to 0.03 m2=s and observe that it has
a strong influence on the μsy spatial frequency [39]. Even
though both τiv and Ds could be responsible for the sign

reversal of ΔRnl with Vbg, the extracted change in Ds is
large enough to explain a sign reversal keeping τiv constant.
Our observation of a sign reversal in ΔRnl with Vbg at

fixed IDC is very promising for Datta-Das spin field-effect
transistor operations which work in the diffusive regime, as
sketched in Figs. 1(c) and 1(d). In Fig. 3(d), we plotΔRnl vs
Vbg at IDC ¼ −40 μA. We find that ΔRnl becomes positive
for Vbg < −45 V and at Vbg ¼ −8 V.
Finally, we measure spin precession around Bx to

confirm that the out-of-plane spin signal has not changed
sign and the previous results are indeed caused by in-plane
spin precession. The results are shown in Figs. 3(e)
and 3(f) for Vbg ¼ −30 and −50 V, respectively. For
Vbg ¼ −30 V, the spin precession data look similar to that
in Fig. 2(c) with the difference that the in-plane Bx ¼ 0
signal in Fig. 3(e) is comparable to the maximum signal at
the shoulders. As a consequence, the shoulders are less
clear than in Fig. 2(c). In contrast, the Rnl vs Bx data at
Vbg ¼ −50 V show a conventional spin precession shape
where the in-plane spin signal is positive and larger than
ΔRnl at the shoulders, more similar to isotropic systems
[24,25]. See Ref. [39] for the evolution of the spin
precession data with IDC.
To confirm that the measured effect is suitable for

applications, we perform spin valve experiments at
300 K as a function of Vbg (see Ref. [39] for the raw
data). The ΔRnl values are plotted in Fig. 4 for
IDC ¼ �40 μA. These results are very similar to those at
50 K, demonstrating that our device is in the strong

(a) (c) (e)

(b) (d) (f)

FIG. 3. Controlling spin transport with drift at 50 K. (a) Sketch of the device with the spin drift measurement configuration.
(b) Nonlocal spin valve measurements for Vbg ¼ −50 V at IDC ¼ −40, 0, andþ40 μA. The curves have been shifted for clarity. (c) IDC
dependence of ΔRnl at Vbg ¼ −50 and −30 V. (d) ΔRnl vs Vbg at IDC ¼ −40 μA. The vertical light blue line is the charge neutrality
point of the WSe2-covered BLG region. (e),(f) Nonlocal spin precession measurements with Bx in the P and AP configurations for
IDC ¼ −40 μA and Vbg ¼ −30 V and −50 V, respectively. The lines are obtained by averaging over a window of eleven points.
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SOC regime up to room temperature and the spin
orientation can be controlled using both IDC and Vbg.
Similar results obtained in a second sample are shown
in Ref. [39].
To conclude, we demonstrate the valley-Zeeman SOC

induced magnetic-field free control of spin precession in a
BLG-WSe2 van der Waals heterostructure at the strong
SOC regime. By tuning the carrier density using Vbg and
the spin transport time using IDC, we control the spin
polarization up to room temperature, making our device
operate as a spin field-effect transistor. This achievement
has prospects for future spin-based logic applications such
as nonvolatile and reconfigurable logic [38] and as a
complement to the existing spin-logic proposals [1–4].
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Mattevi, and H. Bouchiat, Strong Anisotropic Spin-Orbit
Interaction Induced in Graphene by Monolayer WS2, Phys.
Rev. Lett. 120, 106802 (2018).

[23] A.W. Cummings, J. H. Garcia, J. Fabian, and S.
Roche, Giant Spin Lifetime Anisotropy in Graphene In-
duced by Proximity Effects, Phys. Rev. Lett. 119, 206601
(2017).

[24] T. S. Ghiasi, J. Ingla-Aynés, A. A. Kaverzin, and B. J. van
Wees, Large proximity-induced spin lifetime anisotropy in
transition-metal dichalcogenide/graphene heterostructures,
Nano Lett. 17, 7528 (2017).

[25] L. A. Benítez, J. F. Sierra, W. Savero Torres, A. Arrighi, F.
Bonell, M. V. Costache, and S. O. Valenzuela, Strongly
anisotropic spin relaxation in graphene–transition metal
dichalcogenide heterostructures at room temperature, Nat.
Phys. 14, 303 (2018).

[26] S. Omar, B. N. Madhushankar, and B. J. van Wees, Large
spin-relaxation anisotropy in bilayer-graphene=WS2 heter-
ostructures, Phys. Rev. B 100, 155415 (2019).

[27] M. Offidani and A. Ferreira, Microscopic theory of spin
relaxation anisotropy in graphene with proximity-induced
spin-orbit coupling, Phys. Rev. B 98, 245408 (2018).

[28] M. Gmitra and J. Fabian, Proximity Effects in Bilayer
Graphene on Monolayer WSe2: Field-Effect Spin Valley
Locking, Spin-Orbit Valve, and Spin Transistor, Phys. Rev.
Lett. 119, 146401 (2017).

[29] J. Y. Khoo, A. F. Morpurgo, and L. Levitov, On-demand
spin–orbit interaction from which-layer tunability in bilayer
graphene, Nano Lett. 17, 7003 (2017).

[30] K. Zollner, M. Gmitra, and J. Fabian, Swapping Exchange
and Spin-Orbit Coupling in 2D van der Waals Heterostruc-
tures, Phys. Rev. Lett. 125, 196402 (2020).

[31] Y. K. Luo, J. Xu, T. Zhu, G. Wu, E. J. McCormick, W. Zhan,
M. R. Neupane, and R. K. Kawakami, Opto-valleytronic
spin injection in monolayer MoS2=few-layer graphene
hybrid spin valves, Nano Lett. 17, 3877 (2017).

[32] A. Avsar, D. Unuchek, J. Liu, O. L. Sanchez, K. Watanabe,
T. Taniguchi, B. Ozyilmaz, and A. Kis, Optospintronics in
graphene via proximity coupling, ACS Nano 11, 11678
(2017).

[33] J. O. Island, X. Cui, C. Lewandowski, J. Y. Khoo, E. M.
Spanton, H. Zhou, D. Rhodes, J. C. Hone, T. Taniguchi, K.
Watanabe et al., Spin–orbit-driven band inversion in bilayer
graphene by the van der Waals proximity effect, Nature
(London) 571, 85 (2019).

[34] C. K. Safeer, J. Ingla-Aynés, F. Herling, J. H. Garcia, M.
Vila, N. Ontoso, M. R. Calvo, S. Roche, L. E. Hueso, and F.

Casanova, Room-temperature spin Hall effect in graphene/
MoS2 van der Waals heterostructures, Nano Lett. 19, 1074
(2019).

[35] T. S. Ghiasi, A. A. Kaverzin, P. J. Blah, and B. J. van Wees,
Charge-to-spin conversion by the Rashba–Edelstein effect
in two-dimensional van der Waals heterostructures up to
room temperature, Nano Lett. 19, 5959 (2019).

[36] L. A. Benítez, W. Savero Torres, J. F. Sierra, M.
Timmermans, J. H. Garcia, S. Roche, M. V. Costache,
and S. O. Valenzuela, Tunable room-temperature spin gal-
vanic and spin Hall effects in van der Waals heterostructures,
Nat. Mater. 19, 170 (2020).

[37] R. V. Gorbachev, F. V. Tikhonenko, A. S. Mayorov, D. W.
Horsell, and A. K. Savchenko, Weak Localization in Bilayer
Graphene, Phys. Rev. Lett. 98, 176805 (2007).

[38] S. Sugahara and J. Nitta, Spin-transistor electronics: An
overview and outlook, Proc. IEEE 98, 2124 (2010).

[39] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.127.047202 for sample
fabrication, measurement details, additional measurements,
and modeling details, which includes Refs. [40–55].

[40] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
Electric field effect in atomically thin carbon films, Science
306, 666 (2004).

[41] E. McCann and M. Koshino, The electronic properties of
bilayer graphene, Rep. Prog. Phys. 76, 056503 (2013).

[42] A. Castellanos-Gomez, M. Buscema, R. Molenaar, V.
Singh, L. Janssen, H. S. J. Van Der Zant, and G. A. Steele,
Deterministic transfer of two-dimensional materials by all-
dry viscoelastic stamping, 2D Mater. 1, 011002 (2014).

[43] Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M. C. Martin, A.
Zettl, M. F. Crommie, Y. R. Shen, and F. Wang, Direct
observation of a widely tunable bandgap in bilayer
graphene, Nature (London) 459, 820 (2009).

[44] D. A. Bandurin, I. Torre, R. Krishna Kumar, M. Ben
Shalom, A. Tomadin, A. Principi, G. H. Auton, E.
Khestanova, K. S. Novoselov, I. V. Grigorieva et al., Neg-
ative local resistance caused by viscous electron backflow in
graphene, Science 351, 1055 (2016).

[45] Y. Li and M. Koshino, Twist-angle dependence of the
proximity spin-orbit coupling in graphene on transition-
metal dichalcogenides, Phys. Rev. B 99, 075438 (2019).

[46] A. David, P. Rakyta, A. Kormányos, and G. Burkard,
Induced spin-orbit coupling in twisted graphene–transition
metal dichalcogenide heterobilayers: Twistronics meets
spintronics, Phys. Rev. B 100, 085412 (2019).

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

[48] H. Idzuchi, A. Fert, and Y. Otani, Revisiting the measure-
ment of the spin relaxation time in graphene-based devices,
Phys. Rev. B 91, 241407(R) (2015).

[49] D. G. Purdie, N. M. Pugno, T. Taniguchi, K. Watanabe, A.
C. Ferrari, and A. Lombardo, Cleaning interfaces in
layered materials heterostructures, Nat. Commun. 9, 5387
(2018).

[50] F. Herling, C. K. Safeer, J. Ingla-Aynés, N. Ontoso,
L. E. Hueso, and F. Casanova, Gate tunability of highly

PHYSICAL REVIEW LETTERS 127, 047202 (2021)

047202-6

https://doi.org/10.1103/PhysRevX.6.041020
https://doi.org/10.1103/PhysRevX.6.041020
https://doi.org/10.1088/2053-1583/3/3/031012
https://doi.org/10.1088/2053-1583/3/3/031012
https://doi.org/10.1103/PhysRevB.97.075434
https://doi.org/10.1103/PhysRevLett.120.106802
https://doi.org/10.1103/PhysRevLett.120.106802
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1038/s41567-017-0019-2
https://doi.org/10.1038/s41567-017-0019-2
https://doi.org/10.1103/PhysRevB.100.155415
https://doi.org/10.1103/PhysRevB.98.245408
https://doi.org/10.1103/PhysRevLett.119.146401
https://doi.org/10.1103/PhysRevLett.119.146401
https://doi.org/10.1021/acs.nanolett.7b03604
https://doi.org/10.1103/PhysRevLett.125.196402
https://doi.org/10.1021/acs.nanolett.7b01393
https://doi.org/10.1021/acsnano.7b06800
https://doi.org/10.1021/acsnano.7b06800
https://doi.org/10.1038/s41586-019-1304-2
https://doi.org/10.1038/s41586-019-1304-2
https://doi.org/10.1021/acs.nanolett.8b04368
https://doi.org/10.1021/acs.nanolett.8b04368
https://doi.org/10.1021/acs.nanolett.9b01611
https://doi.org/10.1038/s41563-019-0575-1
https://doi.org/10.1103/PhysRevLett.98.176805
https://doi.org/10.1109/JPROC.2010.2064272
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.047202
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1088/0034-4885/76/5/056503
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1038/nature08105
https://doi.org/10.1126/science.aad0201
https://doi.org/10.1103/PhysRevB.99.075438
https://doi.org/10.1103/PhysRevB.100.085412
https://doi.org/10.1103/PhysRevB.86.235408
https://doi.org/10.1103/PhysRevB.86.235408
https://doi.org/10.1103/PhysRevB.91.241407
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41467-018-07558-3


efficient spin-to-charge conversion by spin Hall effect in
graphene proximitized with WSe2, APL Mater. 8, 071103
(2020).

[51] J. C. Leutenantsmeyer, J. Ingla-Aynés, J. Fabian, and B. J.
van Wees, Observation of Spin-Valley-Coupling-Induced
Large Spin-Lifetime Anisotropy in Bilayer Graphene, Phys.
Rev. Lett. 121, 127702 (2018).

[52] J. Xu, T. Zhu, Y. K. Luo, Y.-M. Lu, and R. K. Kawakami,
Strong and Tunable Spin-Lifetime Anisotropy in Dual-Gated
Bilayer Graphene, Phys. Rev. Lett. 121, 127703 (2018).

[53] Z. Yue, K. Tian, A. Tiwari, and M. E. Raikh, Spin transport
in n-type single-layer transition-metal dichalcogenides,
Phys. Rev. B 93, 195301 (2016).

[54] W. Han, J.-R. Chen, D. Wang, K. M. McCreary, H. Wen, A.
G. Swartz, J. Shi, and R. K. Kawakami, Spin relaxation in
single-layer graphene with tunable mobility, Nano Lett. 12,
3443 (2012).

[55] S. Konschuh, M. Gmitra, D. Kochan, and J. Fabian, Theory
of spin-orbit coupling in bilayer graphene, Phys. Rev. B 85,
115423 (2012).

[56] M. Venkata Kamalakar, A. Dankert, P. J. Kelly, and S. P.
Dash, Inversion of spin signal and spin filtering in ferro-
magnet|hexagonal boron nitride-graphene van der Waals
heterostructures, Sci. Rep. 6, 21168 (2016).

[57] J. Xu, S. Singh, J. Katoch, G. Wu, T. Zhu, I. Žutić, and R. K.
Kawakami, Spin inversion in graphene spin valves by gate-
tunable magnetic proximity effect at one-dimensional con-
tacts, Nat. Commun. 9, 2869 (2018).

[58] T. Maassen, F. K. Dejene, M. H. D. Guimarães, C. Józsa,
and B. J. van Wees, Comparison between charge and spin
transport in few-layer graphene, Phys. Rev. B 83, 115410
(2011).

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

[60] A. Dankert and S. P. Dash, Electrical gate control of spin
current in van der Waals heterostructures at room temper-
ature, Nat. Commun. 8, 16093 (2017).
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