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1,3,†

1

2

CIC nanoGUNE BRTA, 20018 Donostia-San Sebastian, Basque Country, Spain
Institute for Theoretical Physics, University of Regensburg, 93040 Regensburg, Germany
3
IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Basque Country, Spain

(Received 13 November 2020; revised 19 February 2021; accepted 11 June 2021; published 21 July 2021)
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.
DOI: 10.1103/PhysRevLett.127.047202

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 implementation in all-electrical devices is currently limited to low
temperatures [10–15].
Alternatively, graphene-based van der Waals heterostructures 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 dichalcogenides (TMDs) [18–36]. Such graphene-TMD heterostructures possess a unique spin texture. In particular, the inplane SOFs are of the Rashba type and point perpendicular to the electronic momentum. In the weak SOC
regime, Rashba SOC caused by the stack inversion asymmetry leads to out-of-plane spin relaxation rates of
−1
ðτ⊥
¼ Ω2R τp , where ΩR is the Larmor frequency around
sÞ
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 K 0 valleys [see Fig. 1(a)] to preserve time reversal
symmetry [18]. These SOFs, commonly called valleyZeeman 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
0031-9007=21=127(4)=047202(7)

weak SOC regime, the in-plane spin relaxation rate is given
k
−1
by ðτs Þ−1 ¼ Ω2VZ τiv þ ð2τ⊥
s Þ , where ΩVZ is the Larmor
frequency around the valley-Zeeman SOFs. Since τiv is
typically much longer than τp [37], τiv ΩVZ becomes
significantly bigger than τp ΩR 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 heterostructures, 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 (V bg ) and the spin transport time using a
drift current (I DC ), we control the spin polarization up to
room temperature, making our device operate as a DattaDas 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 as W TMD in
Fig. 2(a)] BLG-WSe2 lateral spin valves with spinpolarized 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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FIG. 1. Device working principle and BLG-WSe2 spin transistor operation. (a) Sketch of a BLG-WSe2 heterostructure. Outof-plane valley-Zeeman SOF (black arrows) with opposite sign at
the K and K 0 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 fieldeffect transistor operating at the strong SOC regime where the
valley-Zeeman induced spin precession is tuned by V bg to control
the sign reversal.

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 of W TMD 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 I δ1 through contact 3
diffuses across the channel and builds a voltage difference
V δ1 ¼ Pd μsy =e between contacts 4 and 7. Here, Pd is the
detector spin polarization and e the electron charge. The
nonlocal resistance (Rnl ¼ V δ1 =I δ1 ) 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 V bg ¼ 50 V, Rnl in the antiparallel magnetization state
P
(RAP
nl ) is higher than in the parallel one (Rnl ). The spin

signal, which is defined as ΔRnl ¼ ðRPnl − RAP
nl Þ=2, is thus
negative. This observation could be a consequence of the
sought in-plane spin precession induced by the valleyZeeman coupling, although it could also be caused by the
spin injector and detector having opposite spin polarizations [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,
RPnl has a local maximum at Bx ¼ 0, when the spins are not
precessing. Then, RPnl 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, RPnl
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 RPnl . 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 V bg 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 grapheneTMD heterostructures [21–27].
In Fig. 2(d) (black curve), we plot the spin signal
as a function of V bg . The data show that the signal
is negative for V bg > 20 V and V bg < −40 V. For
−40 V < V bg < 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
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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 V bg 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 V bg ¼ 50 V. Inset: low field detail.
(d) Spin signal (ΔRnl ) and charge diffusivity (Dc ) as a function of V bg . (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.

BLG-WSe2 heterostructure. As reported recently [28–30],
the SOC in BLG-TMD heterostructures can have a pronounced electric field dependence. To obtain the V bg
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 of ΔRnl vs
V bg 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 bandstructure 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 V bg 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 V bg [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 V bg dependence. However, the electronhole 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 magneticfield 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 I DC, which is applied between
contacts 4 and 1, and the spin current injected at contact 3
is detected as a nonlocal signal (Rnl ¼ V δ2 =I δ2 ) between
contacts 5 and 7. Since V δ2 is coupled to I δ2 , our
measurement excludes the DC spin current injected by
contact 4 [39]. The applied I DC induces a drift velocity
vd ¼ I DC =ðW BLG neÞ, where n is the carrier density in the
channel and W BLG 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
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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 V bg ¼ −50 V at I DC ¼ −40, 0, and þ40 μA. The curves have been shifted for clarity. (c) I DC
dependence of ΔRnl at V bg ¼ −50 and −30 V. (d) ΔRnl vs V bg at I DC 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
I DC ¼ −40 μA and V bg ¼ −30 V and −50 V, respectively. The lines are obtained by averaging over a window of eleven points.

measurements at V bg ¼ −50 V and I DC ¼ −40, 0, and
40 μA. We observe that, in contrast with the results
obtained from spin drift experiments in the pristine graphene region [39], ΔRnl reverses sign as we sweep I DC
from −40 to 40 μA, and becomes smaller than the noise
level for I DC 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 I DC 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 I DC as extracted from spin
valve measurements performed at V bg ¼ −50 and −30 V
(see Ref. [39] for the complete set of data). Importantly, we
find that ΔRnl reverses sign between the two V bg for all the
I DC values. To explain this sign reversal, we consider λVZ,
τiv , and Ds , that are the relevant parameters that could
change with V bg (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 tightbinding calculations [Figs. 2(e) and 2(f)], the valleyZeeman SOC does not have a significant dependence with
V bg . As mentioned above, τiv may change with V bg [37]
and modify the effective spin precession frequency, as
shown in Fig. 1(b) and [39]. Finally, we consider the
change in Ds 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 V bg , 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 V bg at
fixed I DC 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 plot ΔRnl vs
V bg at I DC ¼ −40 μA. We find that ΔRnl becomes positive
for V bg < −45 V and at V bg 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 V bg ¼ −30 and −50 V, respectively. For
V bg 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
V bg 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 I DC .
To confirm that the measured effect is suitable for
applications, we perform spin valve experiments at
300 K as a function of V bg (see Ref. [39] for the raw
data). The ΔRnl values are plotted in Fig. 4 for
I DC ¼ 40 μA. These results are very similar to those at
50 K, demonstrating that our device is in the strong

047202-4

PHYSICAL REVIEW LETTERS 127, 047202 (2021)

FIG. 4. Room temperature electrical control of spin transport.
V bg dependence of ΔRnl for I DC ¼ 40 μA. The blue area
represents the charge neutrality point of the WSe2 -covered
BLG region. ΔRnl reverses sign upon changing the sign of I DC .

SOC regime up to room temperature and the spin
orientation can be controlled using both I DC and V bg .
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 V bg and
the spin transport time using I DC , 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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[61] Z. G. Yu and M. E. Flatté, Spin diffusion and injection in
semiconductor structures: Electric field effects, Phys. Rev. B
66, 235302 (2002).
[62] C. Józsa, M. Popinciuc, N. Tombros, H. T. Jonkman, and B.
J. van Wees, Electronic Spin Drift in Graphene Field-Effect
Transistors, Phys. Rev. Lett. 100, 236603 (2008).
[63] J. Ingla-Aynés, R. J. Meijerink, and B. J. van Wees, Eightyeight percent directional guiding of spin currents with
90 μm relaxation length in bilayer graphene using carrier
drift, Nano Lett. 16, 4825 (2016).

047202-7

