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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 WSe,, 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 (z,) 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
(r5)™! = Q%7,,, where Qp 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 K’ 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 (z;, ) is the characteristic
timescale dominating the spin dynamics. Hence, in the
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weak SOC regime, the in-plane spin relaxation rate is given
by (2! = Q2,1 + (2¢1)7!, where Qy; is the Larmor
frequency around the valley-Zeeman SOFs. Since 7j, is
typically much longer than z, [37], 7;,Qy; becomes
significantly bigger than 7,Qf 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 7y, would become comparable to z;,, where
tyy = 27/Qy, 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)-WSe, 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 (V) and the spin transport time using a
drift current (Ipc), 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-um-wide [the heterostructure width is defined as Wy in
Fig. 2(a)] BLG-WSe, lateral spin valves with spin-
polarized TiO,/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 WSe,, the TMD that

© 2021 American Physical Society
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FIG. 1. Device working principle and BLG-WSe, spin tran-
sistor operation. (a) Sketch of a BLG-WSe, heterostructure. Out-
of-plane valley-Zeeman SOF (black arrows) with opposite sign at
the K and K’ valleys induce in-plane spin precession with a
period 7y7. Spins can scatter between the valleys via intervalley
scattering (z;,). (b) Time dependence of the spin accumulation
for different z;, values (see Ref. [39] for details). undergoes
net precession for z;, > 0.57y. (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 V', 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 Wy 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 ()
induced by applying a current /5 through contact 3
diffuses across the channel and builds a voltage difference
Vs = Paugy/e between contacts 4 and 7. Here, P, is the
detector spin polarization and e the electron charge. The
nonlocal resistance (R, = Vs, /I5) is measured as a
function of a magnetic field applied along y (B,) in the
conventional spin valve experiment. Figure 2(b) shows that,
for Vp, =50 V, R, in the antiparallel magnetization state
(RAP) is higher than in the parallel one (RY)). The spin

signal, which is defined as AR, = (RF, — RAF)/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 uy, is reversed during transport as in
Fig. 1(b), we induce out-of-plane spin precession by
measuring R, as a function of a magnetic field applied
along x (B,) [see Fig. 2(c)]. In the parallel configuration,
RF, has a local maximum at B, = 0, when the spins are not
precessing. Then, R, decreases until it reaches a minimum
shoulder (B, ~ £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 B,, R,
increases until it merges with RHAIP and AR, reaches zero as
the spins dephase and the contact magnetizations are pulled
toward x. In contrast, RA? shows a minimum at B, = 0,
where it is higher than RY. As B, increases, RAY also
increases leading to an enhancement of AR, with B,
[Fig. 2(c), inset]. This result is in stark contrast with
standard spin precession measurements (where AR
decreases at low B, until it reverses sign when the precessed
angle is of 90° [24,25]) and is a direct consequence of
being reversed with respect to the out-of-plane spin
accumulation. Finally, RAP 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 B, > 0.2 T. We observe
that (i) the magnitude of the in-plane spin signal
(B, = 0) is significantly smaller than the out-of-plane
one (B, ~ +0.1 T), 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, y,, must be
reversed during transport. Spin transport experiments
performed at the pristine BLG region show conventional
positive signal for all Vi, 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 Vi,. The data show that the signal
is negative for Vy, >20V and V,, <-40V. For
—40 V <V, <20V, ARy 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
WSe, is the bright flake in the middle. The scale bar is 2 ym. The bottom panel shows a sketch of the device with the WSe,-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 TiO,/Co contacts. (b) Nonlocal spin valve measurement across the WSe,-
covered BLG region as a function of the magnetic field applied along y (B,) for Vi, = 50 V. The horizontal arrows represent the B,
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 (B,) in the parallel (P) and antiparallel (AP) configurations for Vi, = 50 V. Inset: low field detail.
(d) Spin signal (ARy;) and charge diffusivity (D) as a function of V\,. (¢) Spin-polarized band structure of BLG-WSe; at zero electric
field. The red lines represent spin-up (along +z) and the blue ones spin-down (along —z). (f) Spin splitting (21y7) of the valence and

conduction bands obtained from the band structure in panel e.

BLG-WSe, heterostructure. As reported recently [28-30],
the SOC in BLG-TMD heterostructures can have a pro-
nounced electric field dependence. To obtain the Vi,
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 AR vs
Ve 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 WSe, 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 (2Ayz = 7Qyy, where 7 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 Vi, 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 7;,
changes with Vy, [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 7;,. In contrast, the
charge diffusivity (D,.) 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 D, (which we obtain assuming D; = D,
[58]), can have a crucial influence on the spin signal in the
strong SOC regime, making D, the most likely responsible
for the measured V), dependence. However, the electron-
hole asymmetry in AR indicates that other factors such as
spin absorption by the WSe, [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 AR, 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 Ipc, which is applied between
contacts 4 and 1, and the spin current injected at contact 3
is detected as a nonlocal signal (R, = Vs, /I5) between
contacts 5 and 7. Since Vg is coupled to [Is, our
measurement excludes the DC spin current injected by
contact 4 [39]. The applied Ipc induces a drift velocity
vy = Ipc/ (W gne), where n is the carrier density in the
channel and Wy g is the BLG flake width. The induced
v, changes the spin transport time across the BLG-WSe,
[61-63], leading to a tuning of the spatial oscillation
frequency of u,, [39]. In Fig. 3(b), we present spin valve
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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 Vy,, = =50 V at Ipc = —40, 0, and +40 pA. The curves have been shifted for clarity. (¢) Ipc
dependence of ARy at Vi, = —50 and =30 V. (d) AR, vs Vg at Ipc = —40 pA. The vertical light blue line is the charge neutrality
point of the WSe,-covered BLG region. (e),(f) Nonlocal spin precession measurements with B, in the P and AP configurations for
Ipc = —40 pA and Vi, = =30 V and —50 V, respectively. The lines are obtained by averaging over a window of eleven points.

measurements at Vyp, = —=50 V and Ipc = —40, 0, and
40 uA. We observe that, in contrast with the results
obtained from spin drift experiments in the pristine gra-
phene region [39], AR, reverses sign as we sweep Ipc
from —40 to 40 uA, and becomes smaller than the noise
level for Ipc = 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 Iy = 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 AR, vs Ipc as extracted from spin
valve measurements performed at V,, = —50 and —30 V
(see Ref. [39] for the complete set of data). Importantly, we
find that ARy, reverses sign between the two Vi, for all the
Ipc values. To explain this sign reversal, we consider Ay,
7;y, and Dy, that are the relevant parameters that could
change with Vi, (note that 7 and n, that changes vy,
cannot explain the observed sign reversal, see Ref. [39] for
details). We dismiss Ay, because, according to our tight-
binding calculations [Figs. 2(e) and 2(f)], the valley-
Zeeman SOC does not have a significant dependence with
Vie- As mentioned above, 7;, may change with Vi, [37]
and modify the effective spin precession frequency, as
shown in Fig. 1(b) and [39]. Finally, we consider the
change in D, from 0.01 to 0.03 m?/s and observe that it has
a strong influence on the p, spatial frequency [39]. Even
though both z;, and D, could be responsible for the sign

reversal of AR, with Vi, the extracted change in Dy is
large enough to explain a sign reversal keeping 7;, constant.

Our observation of a sign reversal in AR, with V,,, at
fixed Ipc 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 AR vs
Vi at Ipc = —40 uA. We find that AR, becomes positive
for Vy, < —45V and at V,,, = -8 V.

Finally, we measure spin precession around B, 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 Vi, =—30 and —50V, respectively. For
Ve = =30V, the spin precession data look similar to that
in Fig. 2(c) with the difference that the in-plane B, = 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 R vs B, data at
Vie = =50 V show a conventional spin precession shape
where the in-plane spin signal is positive and larger than
AR, at the shoulders, more similar to isotropic systems
[24,25]. See Ref. [39] for the evolution of the spin
precession data with Ipc.

To confirm that the measured effect is suitable for
applications, we perform spin valve experiments at
300 K as a function of V,, (see Ref. [39] for the raw
data). The AR, values are plotted in Fig. 4 for
Ipc = 40 pA. These results are very similar to those at
50 K, demonstrating that our device is in the strong
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FIG. 4. Room temperature electrical control of spin transport.
Vye dependence of AR, for Ipc = +40 uA. The blue area
represents the charge neutrality point of the WSe,-covered
BLG region. AR, reverses sign upon changing the sign of Ipc.

SOC regime up to room temperature and the spin
orientation can be controlled using both Ipc and Vi,.
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-WSe, van der Waals heterostructure at the strong
SOC regime. By tuning the carrier density using Vy, and
the spin transport time using Ipc, 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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