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Proximity coupling of bilayer graphene (BLG) to transition metal dichalcogenides (TMDs) offers a
promising route to engineer gate-tunable spin-orbit coupling (SOC) while preserving BLG’s exceptional
electronic properties. This tunability arises from the layer-asymmetric electronic structure of gapped BLG,
where SOC acts predominantly on the layer in contact with the TMD. Here, we present a high-quality
BLG/WSe2 device with a proximity-induced SOC gap and excellent electrostatic control. Operating in
a quasiballistic regime, our double-gated heterostructure allows a gate-defined p-n-p cavity to be formed
and clear weak antilocalization (WAL) features to be shown consistent with Rashba-type SOC. At lower
hole densities, a transition to a pronounced weak-localization (WL) feature is observed, signaling transport
through a single spin-split valence band. These findings–in agreement with calculations–provide direct
spectroscopic evidence of a proximity-induced spin-split band in BLG and underscore the potential of
BLG/TMD heterostructures for spintronics and spin-based quantum technologies.

DOI: 10.1103/783y-y4bs

Combining graphene with transition metal dichalco-
genides (TMDs) allows one to enhance the weak intrin-
sic spin-orbit coupling (SOC) strength of graphene while
maintaining its high carrier mobility [1–12]. This enhanced
SOC enables potential applications such as spin valves
[13–15], spin polarizers [16,17], or spin logic gates [18,
19]. However, the limited tunability of the proximity-
induced SOC in graphene-TMD heterobilayers makes
it hard to tune such spin-based devices and remains
a key challenge for the realization of graphene-based
spin transistors [13,20]. In contrast, double-gated Bernal-
stacked bilayer graphene (BLG) proximitized to a TMD is
expected to exhibit gate-tunable SOC over a wide range
[13,20].
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The SOC tuning in BLG-TMD heterostructures relies
on the tunable band gap of BLG under an applied out-
of-plane displacement field [21,22]. As in gapped BLG
at low charge-carrier density, electrons and holes are
hosted on distinct graphene layers [13,20,23–27], and
since proximity-induced SOC acts only on the layer in
direct contact with the TMD [i.e., the proximal layer L1
in Fig. 1(a)], either the conduction or the valence band is
spin-split depending on the direction of the applied electric
displacement field [13,20], see the example in Fig. 1(b).
A double-gated device geometry, incorporating both top
and bottom gates [as schematically shown in Fig. 1(a)],
enables independent control of the Fermi level μF and the
band gap Eg, thereby allowing charge carriers to be shifted
between layers with strong and weak SOC. This tunability
forms the fundamental operating principle of a spin-orbit
valve, which has been studied both theoretically [13,20]
and experimentally [25,28].

Proximity-induced SOC in BLG also affects the Berry
phase accumulated when encircling one of the K points in
the Brillouin zone. In pristine BLG with negligible SOC,
the Berry phase is ±2π , which leads to the observation of
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FIG. 1. (a) Schematics of the dual-gated BLG/TMD device.
(b) Calculated band structure of BLG proximity coupled to
WSe2 for a negative displacement field D/ε0. In this case, the
valance band is spin split by �SOC. (c) Schematic cross section
of the device highlighting the proximal layer (L1) and the sec-
ond graphene layer of the BLG (L2). The top gate allows the
tuning of the Fermi level independently of the applied D field.
For Vbg < 0, there will be hole (p) doping of the BLG regions
that are not covered by the top gate. Positive top gate voltages
(Vtg > 0) can create an n-doped region underneath the top gate,
leading to the formation of lateral p-n junctions at the bound-
aries of the top gate (depicted in the lower panel). (d) False color
image of the sample highlighting the different layered materials
and electrical contacts of the device including the measurement
scheme.

weak localization (WL) in diffusive, phase-coherent quan-
tum transport [29–31]. In contrast, when Rashba-type SOC
is induced–for example, via proximity to a TMD such
as WSe2–the Berry phase is reduced to ±π [32], result-
ing in weak antilocalization (WAL) [3–8,28,33–35]. The
appearance of WAL is, in fact, commonly regarded as a
hallmark of proximity-induced SOC in BLG-based het-
erostructures. The situation becomes more complex when
a band gap is opened, as the accumulated Berry phase then
depends on the k values that define the closed orbit. How-
ever, for orbits near the band edge, i.e., the K points, the
accumulated Berry phase approaches zero, with its detailed
dependence determined by the specifics of the proximity-
induced SOC and the spin-split band structure. This gives
rise to pronounced WL near the band edge, making it a
sensitive probe for band-structure properties.

In this work, we report on a high-quality BLG/WSe2
device that exhibits both high charge-carrier mobility and
excellent band-gap tunability–indicative of minimal inter-
facial disorder. The device operates in a quasiballistic
transport regime at a base temperature of 60 mK. We
demonstrate that the electrostatic control enables the for-
mation of gate-defined lateral p-n-p cavities, which give
rise to phase-coherent transport features, including weak
antilocalization, in the magnetoconductance. Furthermore,
we observe pronounced weak localization that can be
unambiguously attributed to the proximity-induced spin-
split valence band of the graphene layer in contact with
WSe2. This provides direct evidence of the proximity-
induced spin splitting probed by transport spectroscopy.

The device consists of a heterostructure of BLG/WSe2
encapsulated between two crystals of hexagonal boron
nitride (h-BN) equipped with a bottom gate made of
graphite (Gr) and a narrow top gate made of gold [see
schematic in Fig. 1(a), Raman spectra of the layered stack
in Sec. I within the Supplemental Material [36] and Refs.
[37–40] therein]. The graphite gate screens the disorder
potential from the underlying SiO2 substrate, allowing
the opening of a clean band gap in BLG [41]. Flakes
are selected by an automated flake search tool, where
the thickness of the WSe2 flakes is determined via their
optical contrast [42,43]. Since the lateral size of the top
gate is smaller than the bottom gate, only part of the
BLG/WSe2 heterostructure is double gated, while the
remaining parts–which in the following will be called
“leads”–are only tuned by the bottom gate, see Figs. 1(c)
and 1(d). This allows the realization of electrostatically
induced p-n junctions at the boundaries of the top-gated
region in transport direction. For instance, the voltage
configuration indicated in the schematics of Fig. 1(c) cor-
responds to a situation where the leads are p-doped while
the double-gated region is n doped and has a band gap Eg
induced by the electric displacement field.

The low-temperature, two-terminal resistance of such a
device as a function of the voltages applied to the top and
bottom gate, Vtg and Vbg, is shown in Fig. 2(a). The diag-
onal feature of elevated resistance indicates the shift of
the midgap energy of the BLG in the double-gated region
as a function of Vtg and Vbg, while the vertical feature
at Vbg = −0.12 V originates from the charge neutrality
point of the BLG regions that are only tuned by the back
gate. The broadening of the diagonal high-resistance fea-
ture with increasing Vtg and Vbg indicates the opening of a
band gap in the double-gated BLG region [41]. It is conve-
nient to introduce the electric displacement field D in the
double gated region, D/ε0 = e αbg[(Vbg − V 0

bg) − β(Vtg −
V 0

tg)]/2, and the effective gate voltage Vg = [(Vbg − V0
bg) +

β(Vtg − V0
tg)]/(1 + β), where β = αtg/αbg is the relative

lever arm of the top and bottom gate, αtg the top-gate lever
arm, V0

tg and V0
bg account for the residual extrinsic doping
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of the BLG, and e and ε0 are the elementary charge and
the vacuum permittivity, respectively [41]. For the device
shown in Fig. 1(d), the relative lever-arm is β = 1.34,
which corresponds to the (negative) slope of the diago-
nal line of high resistance in Fig. 2(a), while αtg = 5.9 ×
1011 V−1 cm−2 is extracted from quantum Hall measure-
ments (see Sec. II within the Supplemental Material [36]
and Refs. [44–47] therein). By plotting the resistance in
terms of D and Vg [see Fig. 2(b)], it becomes apparent that
the width of the high-resistance region increases linearly
with |D|, as expected from the opening of a band gap in
BLG [see black dashed lines in Fig. 2(b)] [41].

The resistance data furthermore present a distinct asym-
metry with respect to Vg [see also line traces in Fig. 2(d)],
which can be attributed to the formation of lateral p-n junc-
tions at the position of the edges of the top gate, depending
on the value of Vg and D. For instance, for the case of Fig.
2(d) (D < 0), the region of low resistance for Vg < 0 cor-
responds to the situation in which the Fermi level, μF, is in
the valence band of both the leads and of the double-gated
central region; increasing Vg, μF enters the band gap of
the double-gated region, which leads to a sharp increase of
resistance of almost 4 orders of magnitude. For even larger
values of Vg, μF enters the conduction band of the double-
gated region, resulting in the formation of a p-n-p cavity.
The resistance drops but remains significantly higher than
for negative voltages due to the enhanced dwell times of
the charge carriers in the cavity itself. The same behav-
ior is observed for D > 0 and Vg < 0, with the formation
of a n-p-n junction (see Sec. III within the Supplemental
Material [36]).

The asymmetry with respect to Vg is also observed in the
finite-bias spectroscopy measurements presented in Fig.
2(c). In this type of measurement, the appearance of a
diamond-shaped region of suppressed conductance is the
hallmark of the opening of a clean band gap in BLG
[41,48]. The edges of the region of suppressed conductance
correspond to the situation in which the electrochemical
potential in the leads is aligned with the band edges in
the double-gated region [41,48]. For perfectly clean band
gaps, the edges of the diamond region are expected to
have a slope of two. For the device of Fig. 1(d), the dia-
mond shape is most pronounced at large displacement
fields, where the slope of the outer edges reaches values
of �Vsd/�Vg = 1.9 for the valence-band edge. This small
deviation might be attributed to the presence of defects
and trap states in the WSe2 layer. The presence of defect
or subgap states in the WSe2 would also account for the
observation that the maximum resistance measured in this
type of device is about 2 orders of magnitude smaller than
that observed in BLG/h-BN devices with graphite gates
but without the WSe2 layer, where resistance values as
high as 100 G� have been reported [41]. Hopping trans-
port through the trap states in WSe2 would, indeed, rep-
resent a parallel conduction channel and lower the overall

maximum resistance of the BLG/WSe2 device compared
to BLG/h-BN devices.

The finite-bias spectroscopy measurements in Fig. 2(c)
serve as a direct probe of the magnitude of the electro-
statically induced band gap in BLG, Eg, which is directly
proportional to the maximal extension of the diamond
along the Vsd axis. In Fig. 2(e), we show the respective
value of Eg for both positive (full symbols) and negative
(empty symbols) displacement fields. While the measured
values of Eg are offset by about approximately 12 meV
from what is theoretically predicted for BLG (dashed gray
line), the data indicate a good band gap tunability in the
BLG/WSe2 heterostructure. The offset can be attributed to
residual disorder [41], but may also originate partially from
SOC-induced spin-split bands [13].

The good tunability of the band gap, Eg, is a strong indi-
cation of low disorder in the heterostructure [41], which is
also reflected by the high charge-carrier mobility. For the
device of Fig. 1(d) we extract μe ≈ 260 000 cm2 V−1 s−1

for electron transport at T = 60 mK (see Sec. IV within
the Supplemental Material [36]). This results in a mean
free path lm ≈ 1.0 − 2.0 µm, which is comparable with
the length (i.e., the lateral extent in the transport direc-
tion) of the top gate, l = 2 µm, implying the device is in a
quasiballistic transport regime.

To probe the proximity-induced SOC in BLG, we next
discuss magnetoconductance measurements as a function
of Vg for different values of the applied displacement field.
In diffusive samples, it has been shown that the proximity-
induced SOC results in the appearance of a weak antilo-
calization peak at low magnetic field [4,33,34]. Since our
sample is quasiballistic, we expect to observe WAL more
pronounced in gate configurations that correspond to the
formation of a p-n-p cavity (i.e., for D < 0 and Vg > 0), or
of a n-p-n cavity (i.e., for D > 0 and Vg < 0), where quan-
tum interference effects can arise due to internal reflections
at the p-n junctions, which results in extended dwell times.

Magnetotransport measurements at different values of
the applied displacement field are presented in Fig. 3 for
D < 0. Around Vg ≈ 0 V, the conductance is strongly sup-
pressed and does not depend on B, indicating that the
Fermi level (μF) is in the band gap of the double-gated
region. Outside this gap region, we observe a compli-
cated pattern of universal conductance fluctuations (see
Sec. V within the Supplemental Material [36] and Refs.
[7,51,53] therein) as well as the emergence of a WAL
peak at positive Vg, when μF is in the conduction band
of the double-gated region forming a p-n-p cavity. This
feature is best visualized by averaging different conduc-
tance traces measured over a range of gate voltages Vg,
see Fig. 3(d). The respective gate voltage ranges are indi-
cated by white boxes for the different displacement fields
in Figs. 3(a)–3(c). Interestingly, WAL appears to be most
clearly developed at large displacement fields |D| (see Sec.
VI within the Supplemental Material [36]), which may
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FIG. 2. (a) Two-terminal resistance of BLG/WSe2 device as a function of top gate and bottom gate voltages (Vtg,bg). (b) Resistance
as a function of the effective gate voltage Vg and of the electric displacement field D/ε0 in the double-gated region. The measurements
were from two different cooldowns and were performed at T = 60 mK, applying a small source-drain voltage of Vsd = 1 mV. (c)
Finite bias spectroscopy measurements of the BLG/WSe2 device showing the differential conductance as a function of Vsd and Vg
for D/ε0 = −0.2, −0.3, and −0.4 V/nm. The outline of the diamonds is highlighted by black dashed lines (assuming a threshold
value of dI/dVth = 10−3e2/h). The white dashed lines indicate the maximal extension of the diamond along the Vsd axis. (d) Line
cuts through finite bias spectroscopy measurements at Vsd = 1.5 mV for displacement fields D/ε0 = −0.2 V/nm (dashed purple) and
D/ε0 = −0.4 V/nm (solid purple) of the BLG/WSe2 device. (e) Band-gap energies Eg of BLG extracted from finite bias spectroscopy
for positive (filled circles) and negative (open circles) displacement fields [indicated with white dashed lines in (a)]. The orange line
shows a theoretical prediction of Eg according to Ref. [21]. For the purple line, an offset of 12 meV was subtracted.

suggest that the p-n-p cavity plays a key role. From the
width of the WAL peaks, we can estimate the phase coher-
ence length [49,52], obtaining lφ ≈ √

h/(2e�BFWHM) ≈
3 µm, which fulfills lφ � lm, the condition for observing
quantum interference effects [53].

The most remarkable feature of the data of Fig. 3 is,
however, the existence of a narrow and sharply defined
range of Vg at the top of the valence band, where the
conductance exhibits a pronounced weak localization dip
[see orange and red arrows in Figs. 3(b) and 3(c)]. The
amplitude and the width of the WL signal exceeds those
of the WAL signals by up to an order of magnitude [Fig.
3(e)]. We attribute this WL signal to transport through
a single spin-polarized band in the double-gated region,
which in turn results from the splitting of the valence
band in BLG due to proximity-induced SOC. It has been
shown, both in experiment [25] and theory [13,20], that
proximity-induced SOC leads to a spin-split valence band
for D < 0, as sketched in Fig. 1(b). In our device, the
spin splitting leads near the band edge to a conductance

mismatch between the central double-gated region and
the adjacent BLG regions, enhancing the dwell time in
the double-gated region and giving rise to a more pro-
nounced WL signal. Therefore, the range of Vg in which
WL can be observed is directly related to the band splitting
induced by SOC, �SOC. By converting the Vg range where
we observe WL into a corresponding energy shift, we
roughly estimate �SOC ≈ 2 meV for D/ε0 = −0.3 V/nm
and �SOC ≈ 3 meV for D/ε0 = −0.4 V/nm (Sec. VII
within the Supplemental Material [36]). These values
are consistent with theoretical predictions [13,20,54,55]
and experimental data of proximity-induced band splitting
[24,25].

To interpret our experimental findings, it is crucial to
consider the nature of carrier transport near the band edge
of proximity-coupled gapped BLG. In this regime, the
mean free path is significantly reduced due to two main
factors: (i) enhanced scattering from impurity states and
disorder introduced by the adjacent WSe2 layer, and (ii)
the relatively low Fermi velocity vF (or, in other terms, the
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(a) (b) (c) (d)

(e)

FIG. 3. Conductance as a function of Vg and B for different values of the displacement field: (a) D/ε0 = −0.2 V/nm, (b) D/ε0 =
−0.3 V/nm, and (c) D/ε0 = −0.4 V/nm. For better visualization, we plot the conductance �σ = σ(B, Vg = const.) − 〈σ(B, Vg =
const.)〉 for each value of Vg, where we subtract the average over B of the measured conductance. (d) WAL peak for different values
of D/ε0. Here we plot δσ = �σ − �σ(B = 0), averaged over the range of Vg indicated by the white boxes in (a), (b), and (c). (e) WL
measured at D/ε0 = −0.4 V/nm and Vg = −97 mV. The WL signal is clearly visible at the top of the BLG valence band in (b) and
(c) even without averaging over different gate voltages (see orange and red arrows).

high effective mass) near the band edge of gapped BLG.
Both effects drive the system into a more diffusive trans-
port regime. In addition, we note that the band mismatch
between the double-gated BLG region (with one valence
band) and the lead regions (with two valence bands) may
also create an effective cavity, which increases the dwell
time and thereby enhances the WL signal.

Of note, the observed WL signatures near the valence-
band edge–where only one valence band is relevant–are
consistent with expectations based on Berry-phase consid-
erations. In Figs. 4(a) and 4(b) we show calculations of
the band structure of the proximity-coupled WSe2/BLG
system for different SOC strength and the correspond-
ing accumulated Berry phase for circles around the K
point (for details see Secs. VIII and IX within the Sup-
plemental Material [36] and Refs. [2,16,56] therein). To
adjust the band gap and valence-band spin splitting, we
choose a layer potential difference of 15 meV and a valley-
Zeeman spin-orbit coupling (SOC) strength of λVZ =
2 meV, which is in line with the results of earlier exper-
iments [7,28] and theoretical expectations [2,13,57]. The
different panels of Figs. 4(a) and 4(b) correspond to differ-
ent strengths of Rashba SOC, namely λR = λVZ/5, λR =
λVZ, and λR = 5λVZ from left to right. In Fig. 4(a), we
see that independent of the Rashba SOC strength, the
valence band is always strongly spin polarized along the
z axis (out-of-plane direction) near the band edge. In Fig.
4(b), we plot [corresponding to the panels in Fig. 4(a)]
the accumulated Berry phase as a function of the inte-
gration radius k (for more information on the calculations
see Sec. IX within the Supplemental Material [36] and
Refs. [50,58] therein). Crucially, the resulting Berry phase

is always close to 0 near the band edge (i.e., K point),
giving rise to a pronounced WL instead of a WAL signal
when only the upper valence band is occupied [50]. This
finding is independent of the relative Rashba and valley-
Zeeman strength and is consistent with our measurements.
The same argumentation holds for the K ′ point without a
loss of generality except for a sign change of the Berry
phase for increasing k.

Having established that the WL signal is consistent with
band-structure calculations, we now examine how the WL
signal evolves with the hole density. As shown in Fig.
4(c), the amplitude of the WL signal rises sharply at low
hole densities near the top of the valence band, peaks
at n = −0.35 × 1011 cm−2, and then decreases again at
higher hole densities. We model this behavior by consid-
ering a general expression for WL and WAL in BLG [28]
(for more details on the model, see Sec. X within the Sup-
plemental Material [36] and Refs. [28,59] therein). The
scattering parameters are estimated based on the cavity
dimensions, the diffusion constant, and the Fermi veloc-
ity vF(n), which we extract from band-structure calcula-
tions. Figure 4(d) shows calculated WL curves for carrier
densities in the range of −0.14 to −0.49 × 1011 cm−2

based on the scattering model. At lower carrier densities,
the increasing WL amplitude with hole density matches
well the experimental trend in Fig. 4(c). Since our model
includes only the upper valence band, the calculated WL
amplitude increases with hole density across the entire
range. In contrast, the measured WL amplitude drops
sharply when the second valence band is populated [see
dashed curves in Fig. 4(c)]. We attribute this to spin pre-
cession and spin-mixing effects that can appear when two
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(a) (c)

(b) (d)

FIG. 4. (a) Calculated low-energy bands of a BLG/WSe2 heterostructure for different ratios between the Rashba SOC strength λR
and the Valley-Zeeman SOC strength λVZ at the K point (τ = 1). The color scale denotes the out-of-plane spin orientation. (b) The
corresponding Berry phase of the highest spin-split valence band, calculated around a closed contour in reciprocal space at a fixed
momentum magnitude k with the center being the K point. Close to the band edge, the Berry phase is zero for the upper valence band,
suggesting that WAL is completely suppressed when only one band is occupied [4,33,49,50]. Further into the band, the Berry phase
approaches 2π if λR < λVZ, or if λR = λVZ, and approaches π if λR > λVZ. This behavior is seen at the K ′ point except for a sign
switch in the Berry phase. (c) Normalized magnetoconductance δσ extracted from a �Vg regime close to the valence-band edge [see
orange outline in Fig. 3(b)]. (d) Calculated WL signal within the spin-split bands, assuming that scattering and spin relaxation only
occur at the edges of the top-gate-defined cavity and the BLG. The results show that for increasing hole density |n| the width of the
WL decreases, which is consistent with our measurements for n ∈ [−0.14, −0.35] × 1011 cm−2. For higher |n|, we get contributions
from the other spin-split band, resulting in a suppression of the WL signal.

bands are occupied, opening up additional spin-relaxation
channels that will reduce the spin lifetime and the mag-
nitude of the WL curves. This trend of reduced WL with
reduced spin lifetime is shown in Sec. X within the Supple-
mental Material [36]. Note that at low hole densities, both
experiment and simulation show a clear broadening of the
WL curves. Our model attributes this to a reduced diffu-
sion coefficient, which scales with v2

F/2 and thus decreases
with lowering hole density.

In summary, we have presented a double-gated
BLG/WSe2 heterostructure that combines high mobil-
ity, excellent electrostatic control, and clear signatures of
proximity-induced spin-orbit coupling in phase-coherent
transport. The use of graphite gates enables clean and
tunable band gaps, almost comparable to those in pris-
tine BLG, and allows full access to both conduction
and valence bands. Notably, no screening effects from
the WSe2 layer are observed, indicating a well-behaved
interface.

Magnetotransport measurements reveal a transition
from weak antilocalization to weak localization as the

Fermi level is tuned into the upper valence band. This
behavior is consistent with theoretical expectations: near
the band edge, the Berry phase drops towards zero, inde-
pendent of the relative strength of Rashba and valley-
Zeeman spin-orbit coupling. The observed trends in the
WL amplitude as a function of hole density are captured
by a scattering model, using input parameters derived from
band-structure calculations. Taken together, these findings
provide spectroscopic evidence for proximity-induced spin
split bands in BLG, probed by phase-coherent transport.
The combination of low disorder, sharp band edges, and
precise gate control establishes a robust platform for spin-
sensitive mesoscopic devices. Therefore, such systems
open the door to exploring gate-defined quantum point
contacts, spin filters, and quantum dots in bilayer graphene
with tunable spin-orbit coupling, as also demonstrated
recently [60,61].
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