Tuning proximity-induced spin-orbit coupling in graphene/WSe, heterostructures
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Recently, proximity-induced spin-orbit coupling (SOC) has been observed in heterostructures
consisting of monolayer graphene (ML-G) and transition metal dichalcogenides (TMDCs) such
as WSez. Successful tuning of SOC in graphene/WSes heterostructures by applying mechanical
pressure and electric fields was also demonstrated in previous studies. In addition, theoretical cal-
culations predicted a strong dependence of the proximity-induced SOC on the twist angle between
graphene and TMDC. Here, we put these predictions to experimental test in ML-G/ML-WSe2 /hBN-
heterostructures, where the twist angle is determined by aligning fractured edges, and by crystal-
lographic etching of graphene. By performing weak anti-localization measurements, we determine
the strength of the Rasbha-type SOC (Ar) and the valley-Zeeman-type SOC (Avz). Our experi-
ments confirm a strong twist angle dependence of the proximity-induced SOC in agreement with
theoretical predictions. Finally, we demonstrate the tunability of the SOC strength via mechanical
pressure, which is in agreement with earlier findings.

I. INTRODUCTION

Graphene is ideally suited for spintronic applications
due to its low intrinsic spin-orbit coupling (SOC) and
therefore long spin lifetimes [1, 2]. However, pristine
graphene is not well-adapted for generating or manipu-
lating spin currents directly due to its weak intrinsic SOC
[3, 4]. This limitation can be overcome by enhancing SOC
in graphene, enabling the generation and manipulation
of spin currents [4-12]. A particularly promising method
involves coupling graphene to transition metal dichalco-
genides (TMDCs) such as WSey, which has been shown
to induce strong SOC in graphene [7-10]. It has also
been demonstrated that proximity-induced SOC can be
tuned in situ by gate voltages [13-18] or by applying high
pressure [19-21]. To gain more control over proximity-
induced SOC and, most importantly, to achieve bet-
ter reproducibility, it is necessary to consider the an-
gular orientation between monolayer graphene (ML-G)
and monolayer WSey (ML-WSes), which has been pre-
dicted to significantly affect proximity-induced SOC [22—-
25] and shown to modify the spin texture in a precession
experiment [26]. Therefore, we investigated the angu-
lar dependence of proximity-induced SOC in ML-G/ML-
WSes /hBN heterostructures by fabricating samples with
well-defined rotation angles and conducting magneto-
transport measurements. The weak anti-localization
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(WAL) effect, which occurs at small magnetic fields and
is highly sensitive to SOC [7, 27], was used to determine
the amount of proximity-induced SOC [8, 11, 28]. This
allows us not only to show the strong twist angle depen-
dence of the induced SOC, but also to show that samples
with similar SOC strength can be reproducibly fabricated
when using the same twist angle. We also investigated
the pressure dependence of the proximity-induced SOC
and confirm the results from Ref. [19], where a signifi-
cant pressure dependence of the Rashba-type SOC was
shown.

II. TUNING PROXIMITY-INDUCED SOC
USING TWIST ANGLE DEPENDENCE

A total of six samples were investigated and the main
findings are presented here, whereas additional data are
shown in the Supplementary Material [29].

A. Sample Fabrication

We prepared two types of ML-G/ML-WSes /hBN het-
erostructures to explore the rotation angle dependence
of SOC. For type (a) (samples 1-3), ML-WSes was ex-
foliated from commercially available bulk crystals, while
in type (b) (samples 4-6), ML-WSes grown by chemical
vapor deposition (CVD) at Jena University [30, 31] was
used instead. Furthermore, for type (a) samples, only
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FIG. 1. (a) ML-G/ML-WSe3/hBN heterostructure with
Cr/Au edge contacts on a Si/SiO2 substrate. (b) Optical
microscope image of sample 6. The heterostructure is etched
in a Hall-bar geometry and contacted with Cr/Au edge con-
tacts. The white box highlights the Hall bar.
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the fractured crystal edges were used for angular align-
ment, whereas type (b) samples also involved crystallo-
graphic etching to identify the zigzag direction. ML-G
and hBN were exfoliated from bulk crystals of natural
graphite, and hBN, which is provided by NIMS Japan,
respectively. The hBN flake was mainly used to protect
the heterostructure. A schematic of the heterostucture is
shown in Fig. 1 (a). The devices were fabricated with the
hot pickup method using a polydimethylsiloxane stamp
and a polycarbonate film [32]. The heterostructure was
deposited on a pTT-doped Si/SiO5 substrate. The p*+-
doped Si layer later served as a gate electrode. To obtain
clean interfaces between the flakes of the heterostructure,
a cleaning procedure using contact mode atomic force mi-
croscope (AFM) similar to the method in [33, 34] was ap-
plied. Afterwards, electron beam lithography (EBL) and
reactive ion etching with CHF5/02 gas were carried out
to shape the heterostructure into a Hall-bar, as shown in
Fig. 1 (b) [35]. Finally, edge contacts [35] made of 0.5 nm
chromium (Cr) and 100nm gold (Au) were evaporated
using physical vapor deposition (see Fig. 1). The angu-
lar orientation between the respective crystal lattices was
determined by two methods, which we describe below.

1. Tuwist angle determination for sample type (a)

If two superimposed hexagonal crystal lattices are ro-
tated with respect to each other (see Fig. 2 (a)), a moiré
pattern appears, and the resulting heterostructure has a
C3 (120°) symmetry [22]. The range of twist angles yield-
ing unique values for proximity-induced SOC, apart from
a possible sign change of the SOC parameters, is limited
to a = 0°...30° [22]. For the purposes of this study, it
is therefore sufficient to focus on an angular range be-
tween 0° and 30° to determine the angular orientation of
hexagonal 2D materials [22, 24, 25].

According to Ref. [36], hexagonal 2D materials such as
graphene, TMDCs and hBN tend to fracture during exfo-
liation with their edges aligned along the zigzag or arm-
chair direction, where TMDCs in particular preferentially
expose zigzag edges. Since the edge type of graphene can-
not be distinguished from an optical micrograph, aligning
fractured edges of graphene and TMDCs during stacking

does not uniquely determine the twist angle.

Therefore, for a measured angle of «, extracted from
the optical micrographs, the true twist angle could
correspond to either a or o/ = 30° — «, unless o = 15°,
which is unambiguous. To investigate the twist angle de-
pendence of the SOC, the angle between the ML-G and
the ML-WSes was therefore set to approximately 15° for
sample 2 to ensure uniqueness. As for samples 1 and 3,
angles of approximately 0° or 30° were selected, as very
different and therefore very characteristic values of the
SOC parameters were expected for the respective angles
[22, 24, 25]. Despite its relative simplicity, this method
allows us to demonstrate both the angle dependence of
the SOC and the reproducibility of the samples. Figs. 2
(b) and (c) show ML-G and ML-WSe; flakes which were
used for fabricating the heterostructure in Fig. 2 (d). An
angle of & = 0° was set between ML-G and ML-WSes.
Since zigzag and armchair cannot be distinguished, the
angle can also be o/ = 30°.

(a) ML-WSe,

ML-WSe,
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FIG. 2. (a) Schematic representation of a ML-WSe, flake
(blue) placed on a ML-G flake (gray). The lattices of the two
flakes are rotated by the angle . (b) Graphite flake with
a part of ML-G. The two white parallel lines mark specific
edges, which are most likely of zigzag or armchair type. (c)
WSes flake is shown, part of which consists of ML-WSez. The
orange lines here also mark specific edges with an angle of
60° to each other. (d) Finished heterostructure. The ML-G
and ML-WSe, flakes were superimposed in such a way that
the specific edges enclose an angle of 0°. However, since the
structure of the edges (zigzag or armchair) is not known, two
possible rotation angles between the two lattices, a = 0° and
o' = 30°, must be assumed here.

2. Tuwist angle determination for sample type (b)

For the type (b) samples, we developed a new method
to determine the twist angle between ML-G and ML-
WSey unambiguously. A CVD grown ML-WSes was
used, which forms zigzag edges during growth [37, 38],
and we identified the zigzag orientation of graphene



by crystallographic etching [39, 40]. For this purpose,
several holes were first poked into the graphene flake
using an AFM with a diamond-like carbon coated tip.
The flake was then anisotropically etched in a CVD
furnace with Ar/Os gas [39, 40], producing hexagonal
holes bounded by zigzag edges, which allowed us to
uniquely identify the crystallographic axes. For practical
reasons, only part of the graphene flake (blue frame
in Fig. 3) was subjected to high-temperature etching,
while the remaining portion was mechanically separated
during the tear-and-stack procedure [41] and then used
to assemble the heterostructure. By comparing the
AFM images (shown in Fig. 3 (d)) with the optical
micrographs, we can retrospectively determine the
crystal orientation of the ML-G flake, and consequently
the twist angle in the heterostructure. For this study,
we prepared three samples with twist angles a = 11°
(sample 4), a = 22° (sample 5) and o = 15° (sample 6).

FIG. 3. Different stages of a ML-G flake before and after
anisotropic etching. (a) ML-G/graphite flakes in their origi-
nal shape after exfoliation. (b) remaining parts of the flakes
after the other part has been removed to form the heterostruc-

ture. (c) AFM z-topography of the anisotropically etched
flakes (approximate position: blue frame in panels (a) and
(b)). (d) Enlarged view of the area outlined in white showing
anisotropically etched holes. The crystal orientation at sharp
edges of the holes (black lines) becomes apparent.

B. Characterization

Sample e L (pm)|W (pum)| pn Lhe
1 0° or 30° 4 4 ~ 7800|~ 9300
2 15° 4 4 ~ 6500 |~ 9300
3 |0°o0r30°| 4 4 ~ 2800 |~ 4000
4 11° 4 1.5 |~ 6600|~ 5600
5 22° 4 1.5 ~ 3600 |~ 2800
6 15° 4 1.5 |~ 6300|~ 7100

TABLE I. Twist angle «, Hall bar length (L) and width (W),
and charge carrier mobilities up, (hole regime) and . (electron
regime) in cm?/(Vs) for each sample.

All measurements were carried out under cryogenic
conditions at temperatures between 1.5 and 1.7K. An
AC voltage Upies = 0.3V at a frequency f = 13 Hz
was applied to the Hall-bar in series with a bias resistor
R, = 10MQ, delivering an AC current I ~ 30nA.
Four-point lock-in measurements were carried out to
obtain the four-point resistance R, as a function of the
gate voltage U, applied to the Si gate electrode of the
Si/SiO9 chip (see Figs. 4 (a) and S1 (Supplementary
Material) [29] for both R,, and o,,). Taking the sample
dimensions into account, we determined the conductivity
0z as a function of the gate voltage. From the slope
of the o4, vs. Uy curve we determined the charge
carrier mobility u (see table I). Using the mean free
path U, = hy/mnp/e we subsequently calculated the
diffusion coefficient D = vply,pp/2 and the momentum
relaxation time 7, = L, f,/vF as a function of the charge
carrier density n (see Figs. 4 (b) and S2 (Supplementary
Material) [29]).
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FIG. 4. (a) Four-point resistance Ry, and conductivity oz
near the Dirac point for sample 1 as a function of gate voltage
U,y. (b) Diffusion coefficient D for samples 1-3 as a function
of the charge carrier density n.

C. Weak Anti-Localization and Fit

Localization effects arising from the interference of
time-reversed paths are an important quantum mechani-
cal correction to magnetotransport in the diffusive regime
at low temperatures and low out-of-plane magnetic fields
B.. The phase coherence time 74 of the system must
be sufficiently long for the effect to be measurable. In
particular, SOC leads to a weak antilocalization (SOC-



WAL) signature around B = 0. It provides an impor-
tant means of determining the strength of the proximity-
induced SOC [7, 8, 11, 27]. In addition to SOC-WAL,
localization effects can also manifest as weak localiza-
tion (WL), or weak anti-localization arising from the
Berry phase (7) in ML-G (Berry-WAL), depending on
the strength of various scattering times [8, 27]. In ad-
dition, interference of electron paths leads to universal
conductance fluctuations (UCF) [42], obscuring the lo-
calization signals. UCFs can largely be removed from
the data by gate averaging [43], while the localization ef-
fects (SOC-WAL, WL and Berry-WAL) survive averag-
ing and give rise to a quantum mechanical correction to
the magnetoconductivity (Ao, (B) = 042(B) — 042(0))

A full expression including all relevant scattering times
was given in Refs. [8, 27]:
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with 75" = 4eDB,/h and F(z) = In(z) + (0.5 + 271),
where v is the digamma function and D is the diffusion
coefficient. Important scattering times here are the
phase coherence time 74, the symmetric and asymmetric
spin-orbit scattering times 7.y, and 74y, Which corre-
spond to contributions to SOC that are symmetric or
asymmetric under reversal of the z-coordinate [27]. Elec-
tron scattering within or between valleys is described by
the intra- and intervalley scattering times Tnirq and 7,
respectively. Tinirq is contained in 77! = 7t + 70

8, 27].

For short 7;,, the full expression in Eq. 1 reduces to a
simpler formula given explicitly by McCann and Fal’ko

[27]:
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Aoy (B,) =

This expression was used by several experimental groups
[7, 9, 10] but it is not applicable here, as 7;, is not van-
ishingly small in our experiments.

Fitting Eq. 1 only results in a range of interdepen-
dent parameters. Therefore, in order to understand the
significance and manifestation of each scattering time in
the magnetotransport curves, we inspected Eq. 1 numer-
ically, starting from the results of a first fit and varying
parameters systematically. We note the following obser-
vations: If the phase coherence time 74 is reduced, e.g., if
the temperature is increased, SOC-WAL disappears first,
then WL and finally Berry-WAL, as expected according

o [7, 44, 45]. The intervalley scattering time 7, and
the intravalley scattering time 7,4, have a significant
effect on WL and Berry-WAL [44, 45], but only limited
influence on SOC-WAL. While Berry-WAL is mainly ex-
pected in very pure samples with weak elastic scatter-
ing (Tiv, Tintra 2 To) [44, 45], WL dominates for rela-
tively strong elastic scattering (7, Tintre < Tg) [44, 45].
Finally, the scattering times 745, and 7y, give rise to
SOC-WAL [27]. However, these two scattering parame-
ters affect WL or Berry-WAL, prevalent at larger mag-
netic fields, less strongly. These observations allow us to
disentangle the contributions of those scattering times in
our data.

In the samples of this work, Berry-WAL was generally
dominant over WL in the individual measurements, pre-
sumably due to the relatively wide sample geometry. The
resulting weak intervalley scattering precludes Eq. 2 and
necessitates Eq. 1 for fitting. Fortunately, the problem of
fitting a five parameter expression can be simplified con-
siderably. In contrast to the other parameters, the phase
coherence time 74 mainly affects the height and width of
the SOC-WAL peak near B, = 0T, so that 7, can be ap-
proximated well in the fit. Alternatively, 7, can still be
determined from UCF using the autocorrelation function
[42], which generally allows 74 to be determined quite ac-
curately, leaving only four unknown fitting parameters.
When examining the fit curve, we notice that 7,,, and
Tsym Mainly affect the low field behavior, while 7;,, and
Tintra Predominantly act on the high field part, assisting
us in selecting an acceptable parameter span. The pos-
sible fitting range can be narrowed down even further by
assuming that the scattering rate 755, = asy + Toym
depends on the momentum relaxation time 7, in a lin-
ear fashion [11]. Finally, the Rashba-SOC and valley-
Zeeman-SOC calculated with [11]

A= 3)

VA Tasy " Tp

h
Az = —F——— (4)
AV 4- Tsym * Tiv

have to be independent on the charge carrier density n
[27], which leads to further constraints on the fitting pa-
rameters and can be verified in the fitting results (cf.
Figs. 7 and 12)
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FIG. 5. Measurements of the quantum mechanical correction
of the conductivity Ao, for different charge carrier densities
n as a function of the out-of-plane magnetic field B,. Curves
are offset for clarity. SOC-WAL is mainly responsible for
the small significant peak near B, = 0T, while Berry-WAL,
results in the decreasing conductivity towards larger magnetic
fields. WL is not detected here due to the dominant Berry-
WAL. Red lines: Fits to Eq. 1 with fitting parameters given
in Fig. 6.

Curve fitting was now possible with the remaining per-
mitted values of the fit parameters. In Fig. 5 the mea-
sured quantum mechanical corrections after gate averag-
ing [43] and corresponding fit curves are shown for sample
1 (for samples 2-6, see Supplementary Material [29] Fig.
S3). The fit curves shown do not represent the only so-
lutions. Instead, the parameters of the curves lie within
a permitted value range of the respective fitting parame-
ters, which are shown in Fig. 6 for samples 1-3 and Fig.
S4 (Supplementary Material [29]) for samples 4-6.

In Fig. 6 (a), the linear dependence of 75/, on the mo-
mentum relaxation time 7, [11] is also shown. The slope
of the straight line seems to remain constant even for elec-
tron and hole conduction. The phase coherence times 74
as a function of the charge carrier density n are depicted
in Fig. 6 (b). Similar to the findings in [44, 45], T4 in-
creases with increasing n.

In Fig. 6 (¢)-(d), we show the two spin-orbit scattering
times 7oy and Tgym as a function of the charge carrier
density n. It can clearly be seen here that 7,5, decreases
with increasing density n, while 7, is independent on
the density. Since 74y, remains virtually constant here,
the slope of Tgolc in Fig. 6 (a) is strongly related to
the slope of 7,4,. In Fig. 6 (e)-(f), the intervalley scat-
tering time 7, and the intravalley scattering time 7;,yq
are shown as a function of the charge carrier density n.
While 7, shows no significant dependence on the density
N, Tintra drops sharply with increasing density n, similar
to the observations in [44]. The error bars represent the
permitted range to yield acceptable fits in the procedure
outlined above.

D. Twist angle dependence of SOC
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FIG. 6. (a) 755 calculated from the average values of Tusy
and Tsym as a function of the momentum relaxation time 7,
of samples 1-3 in the electron and hole regimes. The linear
progression of the curves and the similar slope of the curves for
both regimes are particularly striking. (b) Phase coherence
time 74 as a function of the charge carrier density n. 74 always
increases with increasing n. (c)-(d) Tasy and Teym of samples
1-3 for different n. 745y shows a dependence on n, whereas
Tsym does not. First signs of an angular dependence can also
be seen for both parameters. (e)-(f) Intervalley scattering
time 7;, and the intravalley scattering time Tintrq of samples
1-3 are shown as a function of n. 7, shows no dependence on
N. Tintra, ON the other hand, decreases with increasing n. A
systematic angle dependence is not apparent.

By applying equations (3) and (4) and inserting the
corresponding scattering times, we determined the two
SOC parameters Ag and Ayz. The results for type (a)
samples 1-3 are shown in Fig. 7 (a) and (b). Here it
can be seen that the two SOC parameters for sample 2
with a defined angle of @ = 15° are much larger than
the SOC parameters for the other two samples, which
have angles of & = 0° or @ = 30°. This already indi-
cates an angle dependence for both the Rashba-SOC and
the valley-Zeeman-SOC. Comparing samples 1 and 3, we
also notice that they have nearly identical values for both
Ar and Ayyz. This suggests that both samples may have
nearly the same twist angle and that the results are re-
producible. Considering the results for Ag and Ayz of
type (b) samples 4-6, shown in Fig. 7 (c)-(d), we note
that different values of the SOC parameters are associ-
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FIG. 7. (a)-(b) Ar and Avz for samples 1-3 (type (a)) as a
function of the charge carrier density n. (c)-(d) Ar and Avz
for samples 4-6 (type (b)) as a function of the charge carrier
density n.

ated with different angles. Such a variation would also be
expected if the sample preparation and evaluation were
not reproducible. However, if we compare Ag and Avy
for samples 2 and 6, both with & = 15° (which is unam-
biguously defined in both fabrication methods), we note
that the parameter values are well reproduced. We thus
conclude that identically defined twist angles also lead to
similar SOC parameters, but different twist angles lead
to a significant change in the SOC parameters. In this
context, we not only observe a clear dependence of the
proximity-induced SOC on the rotation angle but can
also explain the poor reproducibility of SOC parameters
when the twist angle is not controlled.

E. Discussion

At this point, a comparison of the experimental find-
ings with the predictions from theory [22, 24, 25] can be
carried out (see Fig. 8). Ref. [23] was not taken into ac-
count, as no specific calculations on ML-WSe, were pro-
vided there. First of all, a comparison of Refs. [22, 24, 25]
shows that, while the qualitative trend is similar across
different theoretical methods, there are some quantitative
discrepancies. Now we turn to the experimental data.
First, to resolve the possible ambiguity of the twist angle
in samples 1 and 3, we note that Ayz ~ 0.05 — 0.06 meV
would clearly not match any theoretical prediction for
a = 0°. We therefore conclude that the true twist an-
gle for both samples is @ = 30°, where A\yz = 0 was
predicted by all theories and experiment confirms that
valley-Zeeman-SOC can actually be switched off.

For the Rashba-SOC parameter Agr, we find good

agreement in both trend and quantitative results with
theoretical predictions, where experimental results better
match the predictions of Ref. [22] for samples 2, 5, and
6 and the other samples fall in line with the calculations
in Refs. [24, 25]. The valley-Zeeman parameter Ayz does
not quantitatively match theoretical predictions, with the
possible exception of the o = 15° samples, which come
close to the calculations in Ref. [25]. We note that in
the Supplemental Material to Ref. [46], Péterfalvi et al.
provide calculations for the MLG/WSey case, where Ayy
remains close to zero over a range of twist angles. In
(a) __(b)

[Fa—sample 1, ax30°

Sample 2, a=15"

2 4= Sample 3, ax30° —m— Sample 4, ax11" 4 2.4
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FIG. 8. (a) Values of Ar of samples 1-6 are shown graphically
with corresponding rotation angles. In addition, the predicted
values for Ag from Li et al. [22], Naimer et al. [24] and
Zollner et al. [25] are shown. (b) Similar representation for
Avz. In (a) and (b) the green curve shows an error bar at 0°.
Similarities and discrepancies between theory and experiment
are discussed in the text.

summary, the experimental results show a clear depen-
dence of the proximity-induced SOC on the twist angle.
It has also been demonstrated that the samples exhibit
a reproducible SOC when the rotation angle is set to the
same value. In addition, it was confirmed that the valley-
Zeeman-SOC can be eliminated by selecting an angle of
a = 30°. However, there are still discrepancies between
theory and experiment.

The reason for this may possibly lie in the existing lattice
strain. Each rotation angle is accompanied by a certain
lattice strain, which results in a corresponding strength of
the proximity-induced SOC [22, 24, 25]. In practice, how-
ever, the lattice strain can also arise from other sources
(e.g. defects, impurities...) unrelated to the rotation an-
gle. This can result in deviations in the strength of the
proximity-induced SOC when comparing theory and ex-
periment.

Recently, a new theory of weak localization in graphene
including SOC was presented [47, 48], which predicts
deviations from the theory by McCann and Fal’ko [27]
whenever 744, is of the same order as 74. While this the-
ory can possibly account for the quantitative mismatch
of some data points, establishing a detailed fitting proce-
dure and extracting meaningful values from experimental
data goes beyond the scope of this work.

III. TUNING PROXIMITY-INDUCED SOC
USING MECHANICAL PRESSURE



To further explore the tunability of the proximity-
induced SOC, we also performed experiments on sample
1 under hydrostatic pressure, which affects the interlayer
distance in heterostructures [3], and hence results in
an enhancement of the proximity induced SOC [19-21].
To apply hydrostatic pressure we used a pressure cell,
described in detail in Ref. [49], which is filled with
non-polar kerosene.  Kerosene serves as a pressure
transferring medium, and the cell is pressurized at room
temperature, then cooled down to T' = 1.5 K. For a
consistency check with the data described in section II,
we first performed experiments without kerosene and
at p = 0GPa, then, after warming up, filled the cell
with kerosene, pressurized to p = 1.9 GPa and cooled
down again for the second set of experiments. The curve
fitting and subsequent evaluation were carried out in
the same way as the procedure described in the previous
section.

A. Characterization

An AC voltage Upjes = 100V with a frequency
f = 1137Hz was applied to the sample, causing a
current I ~ 10 — 50nA to flow. Then the electric field
effect measurements were conducted both with and
without applied pressure (see Fig. 9).
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FIG. 9. Measurements of the gate electric field effect on

resistance Ry, and conductivity oz5. (a) without pressure
(p = 0GPa) and without kerosene and (b) p = 1.9 GPa and
with kerosene. The resistance peak for (b) is slightly wider
than for (a) and also the Dirac point has shifted into the pos-
itive range by applying pressure.

The curves of R,, and o,, as a function of the gate
voltage U, show the usual shape, allowing us to extract
background doping and mobility. Both differ slightly
between the sets of experiments, however, it is not clear
if this is due to different pressure or the absence or
presence of kerosene in the cell. Using the charge carrier
mobility u (p = 0GPa: pe ~ pn ~ 8000cm?V—ts™1
p=1.9GPa: p. ~ pp, ~ 6000cm?V~1s71), the momen-
tum relaxation time 7, and the diffusion coefficient D
were then determined (see Fig. 10 (a)-(b)).

There is a certain deviation in p after kerosene and
pressure were added, which is also accompanied by a
corresponding change in 7, and D.
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FIG. 10. (a) Momentum relaxation time 7, and (b) diffusion
coefficient D for p = 0 GPa and p = 1.9 GPa as a function of
the charge carrier density n.

B. Weak Anti-Localization and Fit

We performed magnetoconductance measurements
under hydrostatic pressure (data shown in the Supple-
mentary Material [29], Fig. S5), and the same analysis
is made as described above. The results of the fitting
procedure of Eq. 1 on the SOC-WAL signal is shown in
Fig. 11.
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FIG. 11. (a) 75060 as a function of 7, for the two cases p =
0GPa and p = 1.9GPa. For the calculation of 7'5_010 the
average values of 745y and Tsym were used. (b)-(f) Progression
of T, Tasy, Tsym, Tiv and Tintre as a function of the charge
carrier density n for the two cases p = 0 GPa and p = 1.9 GPa.

In Fig. 11 (a) the scattering rate 755, as a function
of 7, again shows a linear dependence. Its slope is



also almost identical for electrons and holes at both
pressures. The phase coherence time 74 (see Fig. 11
(b)) is found to be slightly reduced at high pressure,
similar to earlier results [19], which suggest an increased
number of scattering events when the heterostructure
is compressed. The asymmetric spin lifetime 7,4, (see
Fig. 11 (c)) becomes smaller with increasing pressure p
and increasing charge carrier density n, unlike 7gy, (see
Fig. 11 (d)), which, within the error of the extraction
method, shows no dependence on the charge carrier
density n and no significant dependence on the pressure
p. Both results are consistent with earlier observations
[19]. Finally, we observe no clear p dependence of 7,
and Tinerq (see Fig. 11 (ef)). A dependence on the
charge carrier density n can only be seen here for 7;pnsq-

C. Pressure dependence of SOC

From the extracted scattering times, the SOC param-
eters A\g and \yz were determined as a function of n
using Egs. 3 and 4 (see Fig. 12). The Rashba-type SOC
strength (panel a) is independent of n as expected. How-
ever, a clear p dependence is visible: at p = 1.9 GPa,
AR increased by 40%, which is consistent with previous
findings [19, 21]. The valley-Zeeman-type SOC strength
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FIG. 12. SOC parameters Ar (a) and Avz (b) as a function
of the charge carrier density n at p = 0 GPa and p = 1.9 GPa.

(panel b) is also independent of n, and a similar increase
with p can be observed. However, due to the larger error
bars, this trend is less pronounced.

IV. DISCUSSION AND CONCLUSION

In the first part we showed that the twist angle between
ML-G and ML-WSesy indeed determines the values for
the SOC parameters Ag and Ayyz, and obtained a good,
albeit not perfect, match with numerical predictions. We
also demonstrated that proximity-induced SOC becomes

more reproducible when the twist angle is controlled dur-
ing fabrication of van-der-Waals heterostructures.

In the second part of this work, we performed mag-
netoconductance studies under hydrostatic pressure. By
analyzing the WAL signals, we demonstrated a visible
increase of the SOC parameters after applying pressure.
Our results confirm previous results [19-21].

To summarize, we have shown that SOC can be tuned
both with the twist angle between crystal axes and
the distance between the layers of graphene and WSes.
Given that proximity-induced SOC in graphene is a
necessary ingredient for advanced graphene-based spin-
tronics [14], spin quantum devices in bilayer graphene
[18, 50, 51], or the appearance of correlated states [52],
an in-depth understanding is essential for their controlled
realization.
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In this document, we show additional data of the samples under study. Transport characterization of samples 2 to
6 at B = 0 is reported in Fig. S1, and momentum relaxation times and diffusion constants for all samples are given
in Fig. S2. Magnetoconductance curves showing WAL are plotted in Fig. S3 for samples 2 to 6, together with fitting
curves. The corresponding fitting parameters for samples 4 to 6 can be found in Fig. S4 (while the data for samples
1 to 3 are given in the main text). Finally, in Fig. S5 we show the magnetoconductance curves for the high-pressure
experiments, while the extracted parameters are again shown in the main text.
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FIG. S 1. (a)-(e) four-point resistance R, and conductivity o, near the Dirac points for samples 2-6 as a function of the gate
voltage Uy.
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FIG. S 2. (a) Momentum relaxation time 7, for samples 1-3 as a function of the charge carrier density n. (b)-(c) Momentum
relaxation time 7, and diffusion coefficient D for samples 4-6 as a function of the charge carrier density n.
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FIG. S 3. (a)-(e) Measurements of the quantum mechanical correction of the conductivity Ao, as a function of an external
magnetic field B, for five samples. Some curves show how the Berry-WAL changes into the SOC-WAL. Other curves show
a transition from weak localization to SOC-WAL. The red curves represent possible fit curves. Some curves are also missing
for certain charge carrier densities n, as in these cases no suitable fit could be created or no transport parameters could be
determined.
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FIG. S 4. (a) 7500 as a function of the momentum relaxation time 7, for samples 4-6 in the electron and hole regimes. The
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linear progression of the curves and the similar slope of the curves for both regimes are particularly striking. For the calculation

of 755 the average values of Tusy and Teym were used. (b) the progression of the phase coherence time 7, as a function of the

charge carrier density n. 74 always increases with increasing n. (c) and (d) the progression of 745y and 7sym for samples 4-6
for different n. 7,5y shows a dependence on n, whereas 7Tsym does not. First signs of an angular dependence can also be seen
for both parameters. (e)-(f) intervalley scattering time 7;, and intravalley scattering time Tintra for samples 4-6 as a function
of n. Here 7;, shows no dependence on n. Tintre on the other hand decreases with increasing n. An angle dependence is not
recognizable here.
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FIG. S 5. (a)-(b) measurements of the quantum mechanical correction of the conductivity Ao, as a function of the external
magnetic field B, for the two cases (p = 0GPa and p = 2GPa). The red curves are the corresponding fits. In b), the curves
for the charge carrier densities n = +0.5 x 10'® m~2 are missing, as no transport parameters were available for them.
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