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Charge-to-spin conversion in twisted graphene/WSe2 heterostructures
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We investigate the twist-angle dependence of spin-orbit coupling proximity effects and charge-to-spin con-
version (CSC) in graphene/WSe2 heterostructures from first principles. The CSC is shown to strongly depend
on the twist angle, with standard Rashba-Edelstein and disorder-free spin Hall efficiencies optimized near 30◦

twisting. Symmetry breaking due to twisting also gives rise to an unconventional Rashba-Edelstein effect, with
electrically generated nonequilibrium spin densities possessing spins collinear to the applied electric field. Our
work provides a perspective on the electrical generation of spins in van der Waals heterostructures.
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I. INTRODUCTION

Graphene is an attractive channel material for spintron-
ics, owing to its long room-temperature spin diffusion length
[1–4] and high carrier mobility [5,6]. However, its ap-
plicability is also strongly limited by its weak intrinsic
spin-orbit coupling (SOC), which impacts the generation
and manipulation of spin currents [3]. Recent studies have
established that proximity effects can significantly enhance
SOC in graphene overlaid on transition metal dichalcogenides
(TMDCs) [7–11]. Here, the Dirac states in graphene in-
herit distinctive spin textures from the proximity-induced
valley-Zeeman and Rashba SOC, which gives rise to interest-
ing phenomena such as weak antilocalization [12–16], giant
spin lifetime anisotropy [17–19], and SOC-induced spin pre-
cession [20]. Transport measurements have unambiguously
demonstrated efficient charge-to-spin conversion (CSC) in
proximitized graphene, which can be attributed to either spin
Hall or Rashba-Edelstein effects (SHE and REE, respectively)
[21–25].

Spin signals produced by SHE and REE can be differenti-
ated through the direction of their generated spin polarization,
which are enforced by symmetry to be mutually orthogonal
to each other and transverse to the applied electric field di-
rection [24]. Twisted graphene/TMDC heterostructures are
macroscopic chiral objects, mediated by the quantum inter-
layer coupling between the layers. The chirality implies that
all mirror symmetries are broken, thus lifting the constraint on
the allowed electrically generated spin polarization direction.
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Recent theoretical studies have suggested that SOC proximity
effects are sensitive to the twist angle between graphene and
TMDC [26–31]. However, little is known about the impact of
twist angle on the CSC, in conjunction to the allowed new
spin current components in this low-symmetry chiral configu-
ration.

In this paper, we address the twist-angle dependence
of SOC proximity effects and its connection to CSC in
graphene/WSe2 heterostructures by means of first-principles
calculations. We discovered the existence of an unconven-
tional REE (UREE), where the spin density polarization is
collinear with the applied electric field direction. Our results
indicate that CSC is generally sensitive to the twist angle,
with standard REE efficiency being maximized around the
30◦ twist angle. Our paper provides a first principles-based
account for CSC in twisted van der Waals heterostructures.

II. FIRST-PRINCIPLES CALCULATIONS

We performed first-principles calculations based on
the density functional theory (DFT) [32,33] for a total of
eight twisted graphene/WSe2 heterostructures constructed
using the coincidence lattice method [34,35]. Our lattice
alignment convention is shown in Figs. 1(a) and 1(b),
where the θ = 0◦ (θ = 30◦) twisted heterostructure is such
that the zigzag direction of graphene layer is aligned with
the zigzag (armchair) direction of the WSe2 lattice. It is
noteworthy that the unavoidable strain originating from
the artificial commensurate supercell structures can alter
the relative band alignment between the graphene and the
TMDC [36] and the SOC strength imprinted on graphene
[28,34]. Therefore, we carefully chose the size of the
supercell structures to allow only for strain value of less
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FIG. 1. Top views of graphene and WSe2 heterostructure with
(a) 0◦ and (b) 30◦ twist angles. In (a) and (b), the blue dashed lines
indicate their corresponding mirror planes; and A and B highlight the
sublattice sites of graphene. (c) Band structures and (d) in-plane spin
distributions of the heterostructures with 0◦, 19.11◦, and 30◦ twist
angles. In (c), the colored dots indicate energy eigenvalues obtained
by our DFT calculation, which were fitted by the model defined as in
Eq. (1), plotted with black solid lines. The color bar indicates the spin
expectation value of its out-of-plane components. In (d), the purple
and cyan arrows indicate the spins from the (CB1) lowest and (CB2)
second-lowest conduction bands.

than 2% for all structures. For a more detailed description
of the DFT calculations [32,33], see the Supplemental
Material [37]. In all twist angles, the Dirac cones of
graphene lie within the WSe2 band gap, which guarantees
that charge and spin transport in twisted graphene/WSe2

is Dirac-like at low dopings [11,38]. (See also
Fig. S2.)

We now analyze the proximity-induced spin texture by
performing fully spin-orbit coupled calculations. Figure 1(c)
shows the electronic structures of 0◦, 19.11◦, and 30◦ twisted
graphene/WSe2 heterostructures. We observe well-defined
out-of-plane spin-polarized subbands and clearly inverted
band structures for all θ �= 30◦ twistings [37]. The in-plane
spin textures for the three heterostructures are shown in
Fig. 1(d). It exhibits a chiral Rashba-like spin-momentum
locking superposed with an additional out-of-plane spin tex-
ture for all θ �= 30◦, implying the existence of valley-Zeeman
SOC [37]. Here, the spin states gradually tilt toward the
in-plane direction with increasing θ , where 〈sz〉 becomes com-
pletely quenched at 30◦ for all subbands. The removal of
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FIG. 2. The twist-angle evolution of (a) parameters of model
Hamiltonian as described in Eq. (1) and (b) corresponding Rashba
angle. In (a), purple, cyan, and sky-blue lines indicate valley-Zeeman
(λVZ), Rashba SOC (λR), and staggered potentials (�), respectively.

mirror plane symmetries at most twist angles also imbued
the spin texture with additional features. Unlike ordinary
Rashba spin-splitted two-dimensional electron gas, herein, the
in-plane spins are not perfectly orthogonal to the electron’s
momentum [26,27].

III. TWIST-ANGLE DEPENDENCE OF SPIN-ORBIT
PROXIMITY

To obtain the twist angle evolution of the proximity-
induced SOC parameters, the band structure and spin texture
were fitted to the continuum Hamiltonian [39]

H (κK + k) = h̄vF (κσxkx + σyky) + �σz

+ λRe−iszφ/2(κσxsy − σysx )eiszφ/2

+ (λVZσ0 + λKMσz )κsz, (1)

where vF is the Fermi velocity in graphene, � is the sublat-
tice asymmetry, and κ = ±1 is the valley index (for valley
±K). The remaining parameters λR, λVZ, and λKM collectively
account for the proximity-induced SOC and describe, re-
spectively, the Rashba, valley-Zeeman, and Kane-Mele SOC
terms. The last two terms also can be understood as anti-
symmetric and symmetric parts of intrinsic SOC (λI ) of two
sublattices (A and B) of graphene, or λVZ = (λA

I − λB
I )/2 and

λKM = (λA
I + λB

I )/2, respectively. Finally, the σi (si) matrices,
with i = 0, x, y, z, operate on the orbital (spin) space and φ is
the Rashba angle parameter accounting for the nonorthogonal
spin-momentum locking [26–29]. Note that, as reported in
earlier works [26–28], we also found λKM to be negligibly
small and it does not affect the CSC.

Figure 1(c) shows the excellent agreement between the
first principles (symbols) and continuum model (solid) bands.
The twist angle evolution of valley-Zeeman λVZ, λR, and �

are summarized in Fig. 2(a). We observe that λVZ is larger
than λR at small twist angles, and both λVZ and � vanish
at the 30◦ twist angle, as required by symmetries. This be-
havior is related to the existence of mirror planes in certain
twisted graphene/WSe2 systems and to the sublattice symme-
try of graphene: Due to the C6 and C3 rotation symmetries
of graphene and WSe2, respectively, the 0◦ (30◦)-twisted
graphene/WSe2 heterostructures possess a Mx (My) mirror,
as shown in Figs. 1(a) and 1(b), where we also highlight
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sublattice sites of graphene as A and B. At θ = 0◦ (θ = 30◦)
twisting, sublattices A and B are left (are not left) invariant
under a Mx (My) mirror operation. Hence, both λVZ and �

vanish at θ = 30◦. In contrast, λR exhibits only a slight twist
angle modulation, with a magnitude that is approximately the
same for both 0◦ and 30◦. The twist-angle evolution of the
Rashba angle, φ, is summarized in Fig. 2(b). The existence
of Mx (My) mirror planes constraints φ to be zero at 0◦
(30◦) twisting [26,27]. Symmetry breaking at all other twist
angles enables the existence of finite φ. In addition, we find
that the magnitude and sign of φ vary rapidly with the twist
angle, resulting in the angle-dependent UREE, which will be
discussed below.

IV. TWIST-ANGLE DEPENDENCE OF CHARGE-TO-SPIN
CONVERSION

Next we study how the twist-angle modulation of the
proximity-induced SOC impacts CSC. As previously dis-
cussed, CSC in twisted graphene/WSe2 is solely due to
the proximitized Dirac cones at low doping levels. Hence,
we write a fully periodic tight-binding Hamiltonian to inves-
tigate the twist-angle evolution of CSC [37]. The electronic
response to external electric fields is treated within the linear
response theory. Here, we utilize the Kubo formula fashioned
after Smrcka-Streda [40–43],

δOγ

αβ =
∫

dk
(2π )2

[
δOγ ,I

αβ (k) + δOγ ,II
αβ (k)

]
, (2)

with integrands

δOγ ,I
αβ (k) = −eh̄

π
2

×
∑
nm

Re[〈nk|Ôγ
α |mk〉〈mk|v̂β |nk〉]

[(εF − εnk )2 + 2][(εF − εmk )2 + 2]
,

(3a)

δOγ ,II
αβ (k) = −2eh̄

∑
n,m �=n

( fnk − fmk )

× Im[〈nk|Ôγ
α |mk〉〈mk|v̂β |nk〉]

(εnk − εmk )2 − 2
, (3b)

where v̂β is the β = x, y, z component of the velocity opera-
tor, Ôγ

α is the perturbed physical observable with spin index
γ = x, y, z and |nk〉 is the eigenstate associated with the band
εnk of the unperturbed system. The Smrcka-Streda formula
provides a good description in the weak disorder limit, which
is assumed to only cause a constant band broadening quanti-
fied by , and naturally includes both Fermi surface and Fermi
sea contributions in Eqs. (3a) and (3b), respectively [40]. We
note that disorder strongly impacts the SHE efficiency and
leads to its cancellation in the Dirac-Rashba limit by virtue
of covariant conservation laws [44]. While vertex corrections
are fundamentally necessary to provide a realistic account of
the CSC through the SHE in graphene/TMDC heterostruc-
tures, the disorder-free SHE calculations presented here can
be used as a reference in evaluating the potential of the twist
angle in modulating the SHE efficiency in the presence of
disorder [13].

The charge, spin Hall, and spin density responses are
obtained through Ôγ

α → −ev̂α , Ôγ
α → (2/h̄)Q̂γ

α , where the
spin current operator is defined as Q̂γ

α = (1/2){ŝγ , v̂α}
with spin operator ŝγ , and Ôγ

α → ŝγ , respectively. In the
following, we assume a constant electric field applied along
the x̂ direction and define the SHE, REE, and UREE effi-
ciencies as θSHE = (2e/h̄)σ z

yx/σxx, αREE = (2evF /h̄)δsy/σxx,
and αUREE = (2evF /h̄)δsx/σxx, where σ z

yx and σxx are the spin
Hall and charge conductivities, δsy and δsx are the electrically
induced spin densities, and vF = 1 × 106 m/s is the Fermi
velocity in graphene [38].

Figure 3(a) shows the spin-resolved bands of 19.11◦
twisted graphene/WSe2 at the vicinity of the K point. The
associated energy-resolved SHE and REE efficiencies, shown
in Figs. 3(b) and 3(c) considering  = 0.1 meV, reveal that
efficient CSC takes place within a small energy window
between the valence 〈sz〉 = +1 and conduction 〈sz〉 = −1
subbands [shaded yellow region in Figs. 3(a)–3(c)]. The
presence of additional subbands at higher energies acts to
suppress the CSC due to their opposite contributions to
the total spin-Berry curvature and opposite spin-momentum
locking helicity. Figure 3(c) also shows a sizable UREE
whose efficiency is comparable to the SHE. The observa-
tion of such spin currents, whose spin quantization axis and
electric field direction are collinear, has been recently re-
ported in graphene/MoTe2 [45], graphene/WTe2 [46], and
graphene/NbSe2 [47] heterostructures.

We explore the twist-angle evolution of the CSC
efficiencies at two distinct doping levels in Figs. 3(d)–3(f).
Here, the maximum SHE efficiency for the higher doping
case, EF = 2 meV, occurs between 23◦ and 27◦ twisting.
The situation differs substantially at lower doping levels
or EF = 1 meV, where our results indicate a larger SHE
efficiency at 30◦ twisting. Similar to the spin Hall case, the
REE efficiency is also more sensitive to the twist angle at
lower doping levels, as shown in Fig. 3(e). A similar behavior
is observed for the UREE in Fig. 3(f). Remarkably, both
REE and UREE become more efficient in the lowest doping
case, exhibiting a maximum at θ ≈ 23◦ twisting. We also
found that while the conventional REE efficiency remains
sizable and finite at θ ≈ 30◦, the UREE abruptly vanishes
due to symmetry constraints on the Rashba angle φ with
the restoration of a mirror plane. The absence of λVZ at 30◦
twisting suggests that the valley-Zeeman SOC is detrimental
to the disorder-free SHE-based CSC efficiency in the clean
limit. This is due to the fact that the charge conductivity σxx

increases faster than σ z
yx with λVZ [37].

Although SHE and REE CSC mechanisms are simul-
taneously present in graphene/WSe2, their relative ability
to produce spins might vary with doping, twist angle,
and disorder. For example, in recent experiments, REE is
dominant over SHE in WS2/graphene/hBN/SiO2/Si Hall
bar devices [21], but the opposite is true in MoS2 or
WSe2/graphene/SiO2/Si devices [22,23], which is consistent
with the physical picture that REE dominates in the clean
limit, as shown in Fig. 3. Here, we expect a disorder-induced
crossover between CSC dominated by SHE and (U)REE,
originating from the contrasting Fermi sea and Fermi surface
nature of SHE and REEs, respectively. This is illustrated in
Ref. [37], which sheds light on the disparate dominant CSC
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FIG. 3. (a) Spin-resolved band structure of a graphene/WSe2 heterostructure with θ = 19.11◦. Colors refer to the 〈sz〉 magnitude. The
associated spin Hall, Rashba-Edelstein, and unconventional Rashba-Edelstein efficiencies, θSHE, αREE, and αUREE, respectively, are shown in
panels (b) and (c). The horizontal yellow stripes highlight the gap between conduction 〈sz〉 = −1 and valence 〈sz〉 = +1 subbands. The twist
angle evolution of CSC efficiencies are displayed in panels (d)–(f) at two distinct doping levels

mechanism reported across different proximitized graphene
Hall bar devices.

V. CONCLUSION

In summary, we have studied proximity effects and its re-
lation to the CSC in twisted graphene/WSe2 heterostructures
from first principles. We have analyzed in detail how the
REE and disorder-free contribution to the SHE efficiencies
are affected by the twist angle and found that optimal CSC
occurs for structures with around 30◦ twisting. In addition,
our results revealed that lack of mirror symmetry for 0◦ <

θ < 30◦ twisted structures leads to nonorthogonal Rashba
spin texture, resulting in spin accumulation longitudinal to the
applied electric field. Our work highlights the new physics of
CSC in graphene/TMDC heterostructures brought about by
twistronics.
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Doǧan, A. Čejchan, J. Sinova, T. Jungwirth et al., Phys. Rev. B
91, 134402 (2015).

[42] V. Bonbien and A. Manchon, Phys. Rev. B 102, 085113 (2020).
[43] F. Freimuth, S. Blügel, and Y. Mokrousov, Phys. Rev. B 90,

174423 (2014).
[44] M. Milletarí, M. Offidani, A. Ferreira, and R. Raimondi, Phys.

Rev. Lett. 119, 246801 (2017).
[45] C. K. Safeer, N. Ontoso, J. Ingla-Aynés, F. Herling, V. T.

Pham, A. Kurzmann, K. Ensslin, A. Chuvilin, I. Robredo, M. G.
Vergniory et al., Nano Lett. 19, 8758 (2019), .
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