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Twist angle controlled collinear Edelstein effect in van der Waals heterostructures
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The generation of spatially homogeneous spin polarization by application of electric current is a fundamental
manifestation of symmetry-breaking spin-orbit coupling (SOC) in solid-state systems, which underpins a wide

range of spintronic applications. Here, we show theoretically that twisted van der Waals heterostructures
with proximity-induced SOC are candidates par excellence to realize exotic spin-charge transport phenomena
due to their highly tunable momentum-space spin textures. Specifically, we predict that graphene/group-VI
dichalcogenide bilayers support room temperature spin-current responses that can be manipulated via twist-angle
control. For critical twist angles, the nonequilibrium spin density is pinned parallel to the applied current. This
effect is robust against twist-angle disorder, with graphene/WSe, possessing a critical angle (purely collinear
response) of 6. > 14°. A simple electrical detection scheme to isolate the collinear Edelstein effect is proposed.

DOI: 10.1103/PhysRevB.106.L.081406

Van der Waals (vdW) heterostructures have become
paradigmatic materials over the past two decades due to
the unique optoelectronic properties and extensive exotic
phases and topological behavior they exhibit [1,2]. With the
emergence of twistronics [3,4] the focus has shifted toward
leveraging moiré systems—created by off-setting vdW layers
by some twist angle, 6—to realize highly controllable model
systems where the band structure can be tuned on demand
by means of an interlayer angle rotation. Small-twist-angle
bilayer graphene with large moiré periods has provided access
to unexpected and spectacular phenomena, such as unconven-
tional superconductivity [5,6] and the emergence of flat bands
[7-10] allowing for strongly correlated phases of matter.

Within this rich landscape of tunable materials, a natu-
ral question arises concerning the ramifications of twisting
upon spin-dependent phenomena. Of interest to this Letter
are graphene-based vdW heterostructures, which have been
at the heart of spintronics owing to their gate-tunable trans-
port and exceptional spin fidelities [11,12]. Key advances
include room-temperature spin lifetimes up to 10 ns [13—15],
and enhanced spin-orbit [16-22] and exchange [23-25] in-
teractions, due to the proximity effect between graphene
and heavy-element materials. Going beyond this framework,
the capability to precisely tailor the electronic structure via
a geometric parameter (i.e., the twist angle) offers many
exciting perspectives to access and control exquisite spin
transport phenomena inaccessible in untwisted systems, as
will be shown in this Letter. An ideal model system in
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this endeavor is a bilayer formed of graphene and a transi-
tion metal dichalcogenide (TMD) [26-29], which have taken
center stage in lateral spin-valve experiments on spin dy-
namics and spin-charge conversion [30—-36]. The introduction
of twisting serves as a knob to tune momentum-space spin
SU(2) fields [37] that will ultimately allow the efficient gener-
ation of nonequilibrium spin accumulation. Recent theoretical
work has unveiled twist-enhanced proximity-induced spin-
orbit coupling (SOC) in these systems [38,39], as well as a
strong dependence of Fermi-surface spin textures on the twist
angle, with the implications for transport effects yet to be
explored.

Here we develop a microscopic theory of coupled spin-
charge transport in twisted graphene/TMD bilayers that is
valid for arbitrary twist angle and captures the interplay
of symmetry-breaking SOC effects in the band structure
and impurity scattering. We predict that twisted vdW het-
erostructures support highly anisotropic spin-density-current
responses that allow full control over the in-plane orientation
of nonequilibrium electron spins. At critical twist angles, the
nonequilibrium spin density is parallel to the applied current,
i.e., a collinear Edelstein effect (CEE) is realized. Importantly,
the anisotropic inverse spin galvanic effect unveiled in this
work is robust against twist disorder and can be detected
seamlessly via Hanle-type spin precession measurements as
shown later.

We set the stage by showing that the CEE is sym-
metry allowed in twisted graphene/TMD bilayers. From a
crystallographic perspective, twisting by nontrivial angles,
0 # mm /6 (m € Z), breaks all o, mirror symmetries pos-
sessed by aligned bilayers [see Fig. 1(a)]. This opens up
the possibility for more exotic types of spin-charge conver-
sion phenomena without the need for magnetic impurities
or proximity-induced exchange interactions [40]. To see
this, note that current-induced spin polarization in conven-
tional Rashba-coupled systems (which include untwisted vdW
heterostructures [29]) results from the breaking of mirror
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FIG. 1. (a) Black spheres denote carbon atoms; faded red and yellow spheres represent metal and chalcogen atoms. The x axis belongs to
graphene, while the x” axis is associated with the TMD. Top: Aligned bilayer. Bottom: Twisted bilayer, with twist angle 6. (b)—(d) Spin texture
evolution with twist angle. Below each spin texture is a visualization of the nonequilibrium spin polarization (orange arrow) induced by an
applied electrical current (black arrow) through graphene/TMD (blue box).

reflection symmetry in the Oxy plane containing the 2D
electron gas. Crucially, the presence of perpendicular mirror
planes enforces diagonal components of the spin-current re-
sponse tensor to be vanishing because charge current and spin
polarization, J, and S,, transform differently under x — —x
reflection, i.e., J, > —J, and S, — S, (note that a similar
argument can be made for the y-polarization channel when
the current is applied along the y axis). As a result, the electron
spin polarization is locked perpendicular to the applied current
in linear response theory: this is the essence of the inverse spin
galvanic effect (ISGE; also commonly known as the Edelstein
effect) [41-43]. Now, one can easily see that twisting a vdW
bilayer by nontrivial angles eliminates the x — —x reflection
symmetry, thus liberating the once y-polarized spin response;
i.e., a collinear spin-current response is allowed. Remarkably,
as shown in what follows, vdW heterostructures support a
pure collinear response for critical twist angles: a CEE is
within experimental reach, which could have interesting con-
sequences for spin-orbit torque applications [44].

Model. Using graphene’s frame of reference to define
the axes, see Fig. 1(a), the low-energy Hamiltonian for a
twisted graphene/TMD bilayer may be written as [39,45]
Hy = Hox + Hr + Hyy, with Hox = v(tzkax + O—yky)s Hgy, =
Asv(0)T,8,, and

ozR((i)
oysy)e BT (1)

is. 2R©)
Hp = AR(Q)e”Z 2 (TzUxSy —

where Agr(0), ar(f), and As(0) are the twist-dependent
Rashba magnitude, Rashba phase, and spin-valley coupling,
respectively, v &~ 10°® m/s is the Fermi velocity of massless
Dirac fermions, 1;, 0;, and s; (i € {x,y, z}) are the Pauli ma-
trices acting on the valley, pseudospin, and spin degrees of
freedom, respectively, and /i = 1. The functions Ag(0), ag(6),
and Ay, (@) are given in Ref. [45], wherein material parameters
based on density functional theory (DFT) simulations and
photoemission spectroscopy of WSe, and MoS, are used.
We note that the Rashba interaction, Hg, in Eq. (1) pos-
sesses 6-fold twist symmetry, see Refs. [39,45], while Hy,

possesses the same 3-fold symmetry as the bilayer system.
This oddity in the Rashba part can be understood via a simple
toy model, in which we introduce different transition metal
adatoms above the A and B sublattices of graphene, as done
in Ref. [46]. The results of Ref. [46] show that the Rashba
coupling is unaffected by the exchanging of the metal atom
positions, and hence predicts a twist periodicity of w /3 for
Hg. This is in contrast to the spin-valley coupling, where the
swapping of metal atom positions introduces a minus sign and
thus implies antiperiodicity for Hy, upon a 7 /3 twist.

Before we investigate coupled spin-charge transport phe-
nomena in the presence of impurity scattering, it is instructive
to consider the spin texture of clean eigenstates at different
twist angles. Specifically, we use parameters based on DFT
simulations of graphene/WSe, [45] in conjunction with the
TMD tight-binding model of Ref. [47]. For ease of visual-
ization, we neglect the spin-valley coupling in Fig. 1 as it
mainly acts to tilt the spin texture out-of-plane. For no twist,
0 = 0, the spin polarization of eigenstates is locked in-plane
and perpendicular to the momentum as shown in Fig. 1(b).
Thus, the untwisted system supports a conventional ISGE
(S L J). As the system is twisted, the spin begins to rotate
clockwise, remaining in-plane but no longer perpendicular
to the momentum; see Fig. 1(c). At a critical twist angle of
0 ~ 14°, the system exhibits a hedgehog (Weyl-type) spin
texture, Fig. 1(d). Intuitively, this spin helicity of eigenstates
at the critical twist angle should allow a purely collinear
spin-current response (S || J) with efficiency akin to the ISGE.
Motivated by this, in what follows we investigate the spin-
current response evolution with the twist angle.

Linear response theory. The collinear (j = x) and perpen-
dicular (j = y) spin response functions to an electric field
applied along the x axis (E,) are given by

! T G"j, G 2
P t[s;{G" jx G)], 2

where G¥ is the retarded (+)/advanced (—) Green’s function,
Ji = e o, Hx = evo; is the charge current operator, and Tr

Kj =
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denotes the trace over all degrees of freedom. For the disorder-
averaging procedure, indicated by the angular brackets,
we assume a scalar uncorrelated Gaussian disorder poten-
tial with origin in short-range impurities: (V(r)) =0 and
(Vr)V)) = nu(z)é(r —r’), where V (r) is the disorder land-
scape, n is the impurity concentration, and u, parametrizes
the impurity scattering strength. Equation (2) is evaluated in
the diffusive regime using a diagrammatic technique that is
exact to leading order in the perturbation parameter 1/(e7),
with T o< 1/ (nu(z,) the elastic scattering time (see Ref. [48] for
details).

Evaluating the spin-current response for typical charge
carrier density with both spin-split subbands occupied at

the Fermi level (i.e., || > , /4}‘123 + Ag) yields K, (6) =
f(@)sin(ag) and K, (8) = f(0) cos(ag), with

ri(e? +23)
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where we have suppressed the 6 arguments of Ag, ag, and
Asy for notational convenience. This result contains several
interesting features. First, the Rashba-type SOC acts as the
driving force for current-induced spin polarization as intu-
itively expected. Moreover az(0) = 0, and thus for Ay, <
Agr we recover the spin-charge susceptibility of the minimal
Dirac-Rashba model for 2D vdW heterostructures with intact
C3, symmetry, i.e., K,y =0 and K, oc 1/e [29]. Note that
a nonzero Ay, endows eigenstates with a Z polarization and
therefore it diminishes, but only mildly, the spin-charge con-
version efficiency (this is particularly obvious in the regime
le] > Ag, Agy for which f(0) )\;3/[8()»12? + Agv)]). The main
role of spin-valley coupling is to enable a particularly efficient
skew-scattering mechanism [27] and, as such, the CEE pre-
dicted in this Letter is concurrent with spin Hall effects (see
later). Second and more importantly let us next consider the
twist dependence of the total nonequilibrium spin polarization

density, S = /K2 + K2 E,. Due to the nontrivial evolution
of proximity-induced SOC with 6 [35,39,45], the magnitude
of current-induced spin polarization features strong tunabil-
ity, with the largest spin accumulations occurring for 6 €
[—5°, +5°] with a WSe, TMD partner and 0 € [20°, 40°]
with an MoS, TMD partner [48]. Note that the exact region
of maximal polarization is extremely sensitive to material
parameters. However, the most striking feature of spin-current
response in twisted vdW heterostructures is the possibility to
realize a CEE with nonequilibrium spins pinned parallel (or
antiparallel) to the applied current at critical twist angles, 6.,
where ag(6.) = 7 /2 (modulo ). This is shown in Fig. 2 for
a graphene/WSe, bilayer, where a pure collinear response is
achieved for |6.| >~ 14° (modulo 7 /3). This corresponds to the
appearance of the Weyl-type spin texture shown in Fig. 1(d),
as anticipated.

The twist-angle controlled spin-current response borne
out by Fig. 2 exhibits pronounced anisotropy and giant
spin-to-charge conversion efficiency despite the modest mag-
nitude of proximity-induced SOC. Using the simple figure of
merit to quantify the efficiency, 0 = —2ve(S,/Jx)o=g,, of the
novel CEE, we predict 0.4% < o < 1% at room temper-
ature depending on the charge carrier density [25 meV <
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FIG. 2. Collinear spin-charge response of graphene/WSe, for
various degrees of twist-angle disorder, represented by different stan-
dard deviations at O K. Inset (a): Conventional (ISGE) spin-current
response for ¢ = 0.1eV. Inset (b): Temperature dependence of K,,
for critical twist angle and o = 0 at selected chemical potentials
(25 meV, 50 meV, 75 meV, and 0.1 eV from top to bottom). DFT-
parametrized SOCs vary in the range |Ay,| < 1 meV and 0.3 meV <
g < 0.7meV [45]. Other parameters: n =5 x 10! m~2 and up =
3 x 107" eV m?, giving T = 1.26 ps as the momentum relaxation
time.

uw < 100 meV; cf. inset (b) of Fig. 2], with efficiencies as
large as 20% at the lowest temperatures and charge carrier
densities. In a similar vein to Ref. [34], we may define
the collinear Edelstein length as hcge = o1, For a typical
graphene-TMD heterostructure, the in-plane spin diffusion
length I ~ 0.5 um [34,36] and hence we expect a giant
collinear Edelstein length Acgg ~ 5 nm, which is one order of
magnitude larger than the conventional Edelstein length, Agg,
seen in heavy metals [49] and Bi/Ag interfaces [50,51]. These
room temperature efficiencies therefore lead to Acgg that are
comparable to those measured for the convention Edelstein
effect in untwisted heterostructures [30-36]; hence the CEE
is robust against thermal fluctuations insofar as € >> kg7 and
should therefore be detectable in room temperature experi-
ments. The effect of thermal charge carrier activation is shown
in inset (b) of Fig. 2, where it is seen that K, remains sizable
up to room temperature with strong 7' dependencies observed
at low carrier densities.

Finally, we would like to emphasise the sensitivity of the
response function’s twist dependence on the TMD partner. It
is not guaranteed that all TMD partners will allow the Rashba
phase to pass through £ /2, and hence some TMD partners
may be unable to exhibit a purely collinear Edelstein effect.
It is clear that the Rashba phase is extremely sensitive to the
material parameters; see Fig. 1(b) of Ref. [45] for example.
Furthermore, the exact shape of K, and K, will also depend
significantly on the twist dependence of A(6), which can vary
significantly between different TMDs; see the Supplemental
Material of Ref. [45].

Twist-angle disorder. Next, we qualitatively assess the
CEE’s robustness against twist-angle disorder, a type of
spatial inhomogeneity that is ubiquitous in realistic het-
erostructures [52]. By assuming that the typical size of similar
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twist-angle regions, &, is much larger than the spin diffusion
length, /;, we carry out a Gaussian convolution of the response
functions according to (K;x(0))s = qub Jo (@ — 0)K; (),
with f,(¢) a zero-mean truncated normal distribution with
standard deviation o. The results are summarized in Fig. 2.
For small twist disorder, where the standard deviation o < 1°,
the linear response of the system is virtually indistinguishable
from its well-aligned counterpart. Continuing to increase the
twist disorder into the strong limit, up to o = 10°, we see that
the CEE remains significant at twists away from 6 = mmr /6
(m € Z), and hence proves to be extremely robust against
twist disorder. We note that the mean value of twist angle 6, at
which the pure CEE is realized depends on the twist disorder
present within the system, as can be seen by the moving zeros
of Ky, in inset (a) of Fig. 2. At 0 = mm /6, x — —x symmetry
is restored and hence K,, must vanish at these points. Thus,
the results shown in Fig. 2 are consistent with the symmetries
of a twisted graphene/TMD bilayer. A detailed study of how
the spin-charge response changes in systems with twist-angle
puddle size approaching the characteristic diffusive length
scale of the problem (i.e., £ ~ [;) would be an interesting
direction for future work.

The X protocol. We now propose a detection scheme that
employs Hanle-type spin precession measurements in oblique
fields [53,54] to isolate and quantify spin-to-charge conver-
sion via the Onsager reciprocal of the CEE, i.e., the collinear
spin galvanic effect (CSGE). The setup is shown in Fig. 3(a).
Application of electric current at the ferromagnetic (FM) con-
tact, /, generates spin accumulation, s(x = 0), which is free to
diffuse (and precess) through the graphene channel under an
applied magnetic field. The spin density at the graphene/TMD
heterojunction, s(x = L), generates a nonlocal voltage, Vy;,
along the line AB with contributions from spin galvanic effect
(SGE), CSGE, and inverse spin Hall effect (ISHE). Electron
spins forming the nonlocal signal due to ISHE will have a
nonzero Z (out-of-plane) component, while the CSGE (SGE)
signal results from % (¥) polarized spins.

The ability to unambiguously distinguish between the SGE
and ISHE has already been outlined in earlier work [55],
which we generalize here to include the CSGE. The technique
hinges on the different behaviors of the %, y, and Z polarization
channels (and hence the SGE, CSGE, and ISHE nonlocal
signals) under pseudo-time-reversal operations that invert cer-
tain components of an applied oblique field B = (B,, 0, B;,)
in the Oxz plane, as we shall see briefly. First we note that
in realistic devices the nonlocal voltage will include spurious
contributions unrelated to spin transport (e.g., due to the ordi-
nary Hall effect induced by stray fields [33,35,56]). To filter
out non-spin-related effects, we consider the output nonlocal
resistance difference between opposite initial configurations
of the spin injector: ARy = (Vain,>0 — Valn,<0)/21, where
i = A(B) is the spin-injector magnetization unit vector. By
working in the narrow channel and weak SOC limits, this
nonlocal resistance may be written as [48]

0 0
ARy = ,3<915HE 0:5; + %Ex + giy), 4

where § = (Sp,~0 — Sp,<0)/2 is evaluated at x = L in Eq. (4),
L is the channel length, / is the spin relaxation length (note

@ | (®)
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FIG. 3. Detection of spin-to-charge conversion and ISHE via
the X protocol. (a) Lateral spin-valve setup. (b) The set of mag-
netic fields, B (red), B* (orange), —B (green), and —B* (blue) used
to filter out the individual CSGE, SGE, and ISHE contributions
to ARy. (c¢) Simulation of nonlocal resistance line shapes for a
typical device with L = 2/;. The oblique field is parametrized as
B = B(cos ¢, 0, sin ¢). Other parameters: 7, = 0.1 ns, ¢ = 45°, and
Oisue = Osce = Ocgee = 0.01.

that [, = /D,t1,, where Dy is the spin diffusion constant and
T, is the spin lifetime), B is composed of geometric and ma-
terial constants (see Ref. [48]), and 0;..., are the microscopic
spin-charge conversion efficiencies of the various effects at
play, defined as ratios of the charge current and spin current;
individual definitions can be found in Ref. [48]. To find the
spin density profile, S(x), we solve the 1D Bloch equation sub-
ject to the boundary condition §(x = 0) must be parallel to
the y axis for any magnetic field, B, oriented purely in the
Oxz plane (this assumes a typical easy-axis FM contact).
The full expressions are reported in Ref. [48]. To isolate the
different contributions we exploit the aforementioned pseudo-
time-reversal symmetry. By letting B — B* = (B,, 0, —B,),
we find (5y, Sy, 5;) — (=54, 5y, 5;), while under B — —B, we
see (5y, 5y, ;) = (—5Sy, 5y, —5;). From this, we may therefore
write the CSGE contribution to the nonlocal resistance as

Resce = 3[ARu(B) + ARy (—B)]. )

The SGE and ISHE nonlocal resistances can be found by mak-
ing use of all four possible fields, shown in Fig. 3(b), allowed
by the transformations discussed above. Typical nonlocal re-
sistance line shapes are shown in Fig. 3(c), where we see the
distinct dependence of ISHE, SGE, and CSGE in applied mag-
netic field. The low-field nonlocal signal is clearly dominated
by the CSGE response because spins at the detection region
are mostly aligned with the FM easy axis. For larger fields,
the Hanle-type precession of the electron’s spin gives rise to
significant ¥ and Z polarizations, allowing for the SGE and
ISHE to manifest. Equation (5), together with the expressions
for Rsge and Rispyg in Ref. [48], constitute the X protocol.
As a particular case of Eq. (5), we note that direct detection
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of CSGE can be carried out with standard in-plane (B, = 0)
or perpendicular (B, = 0) Hanle precession measurements,
which has significant practical advantages, but only allows for
the observation of CSGE and one other process; see Ref. [48]
for additional discussions.

Final remarks. The proposed setup differs from previous
efforts in that tuning of competing spin-orbit interactions is
not required. Unlike anisotropic current-induced spin polar-
ization in 2D electron gases with both Rashba and Dresselhaus
SOC [57], where the SOC strengths are controlled using
asymmetric doping and quantum well widths [58], we need
only to include Rashba-type SOC which can be easily tuned
by simple twisting. Furthermore, the presence of the collinear
Edelstein effect can be measured using purely electrical meth-
ods via its Onsager reciprocal (CSGE), while also being
isolated from the other spin-to-charge conversion processes
(ISHE and SGE) due to pseudo-time-reversal symmetry and
the application of magnetic fields in the X protocol. We note
that the isolation of parallel and perpendicular spin polariza-
tion contributions to electrical transport has not been attained
in experiments on 2D electron gases, but rather the extraction
of the Rashba and Dresselhaus parameters via optical methods
has been the primary focus [58,59].

After the submission of this work, we discovered the recent
study of Lee et. al. [60], which provides a numerical study
of the twisted graphene-TMD systems handled here. In Ref.
[60] they observed similar behaviour in the spin polarization’s
twist angle dependence. However, we would like to note that
the evaluation of the response functions in Ref. [60] neglects
vertex corrections though, which have been demonstrated to
play a critical role in determining the correct play-off between
the SHE and ISGE [29].

In Ref. [60] a similar twist angle dependence can be seen in
the current-induced spin polarization, wherein they studied a
discrete set of twist angles corresponding to a commensurate
heterostructure. Their work aligns well with the predictions
we have made here, however, they did not obtain a purely
collinear spin polarization. Finally, we note that the evaluation
of the response functions in Ref. [60] did not consider vertex
corrections that have been demonstrated to play a role in
determining the correct balance between the SHE and ISGE
[27,29].

A.V.,, D.T.S.P, and A.F. acknowledge support from the
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RF/ERE/210281, and No. RGF/EA/180276.

[1] A. K. Geim and I. V. Grigorieva, Van der Waals heterostruc-
tures, Nature (London) 499, 419 (2013).

[2] K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. Castro
Neto, 2D materials and van der Waals heterostructures, Science
353, aac9439 (2016).

[3] S. Carr, D. Massatt, S. Fang, P. Cazeaux, M. Luskin, and E.
Kaxiras, Twistronics: Manipulating the electronic properties of
two-dimensional layered structures through their twist angle,
Phys. Rev. B 95, 075420 (2017).

[4] R. Ribeiro-Palau, C. Zhang, K. Watanabe, T. Taniguchi, J.
Hone, and C. R. Dean, Twistable electronics with dynamically
rotatable heterostructures, Science 361, 690 (2018).

[5] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.
Kaxiras, and P. Jarillo-Herrero, Unconventional superconduc-
tivity in magic-angle graphene superlattices, Nature (London)
556, 43 (2018).

[6] H. Isobe, N. F. Q. Yuan, and L. Fu, Unconventional Super-
conductivity and Density Waves in Twisted Bilayer Graphene,
Phys. Rev. X 8, 041041 (2018).

[7]1 S. Shallcross, S. Sharma, E. Kandelaki, and O. A. Pankratov,
Electronic structure of turbostratic graphene, Phys. Rev. B 81,
165105 (2010).

[8] R. Bistritzer and A. H. MacDonald, Moiré bands in twisted
double-layer graphene, Proc. Natl. Acad. Sci. USA 108, 12233
(2011).

[9] G. Trambly de Laissardiere, D. Mayou, and L. Magaud, Numer-
ical studies of confined states in rotated bilayers of graphene,
Phys. Rev. B 86, 125413 (2012).

[10] P. Moon and M. Koshino, Energy spectrum and quantum Hall
effect in twisted bilayer graphene, Phys. Rev. B 85, 195458
(2012).

[11] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, Graphene
spintronics, Nat. Nanotechnol. 9, 794 (2014).

[12] A. Avsar, H. Ochoa, FE. Guinea, B. Ozyilmaz, B. J. van Wees,
and I. J. Vera-Marun, Colloquium: Spintronics in graphene and
other two-dimensional materials, Rev. Mod. Phys. 92, 021003
(2020).

[13] M. Drogeler, F. Volmer, M. Wolter, B. Terrés, K. Watanabe,
T. Taniguchi, G. Giintherodt, C. Stampfer, and B. Beschoten,
Nanosecond spin lifetimes in single- and few-layer graphene-
hBN heterostructures at room temperature, Nano Lett. 14, 6050
(2014).

[14] M. H. D. Guimardes, P. J. Zomer, J. Ingla-Aynés, J. C. Brant,
N. Tombros, and B. J. van Wees, Controlling Spin Relaxation
in Hexagonal BN-Encapsulated Graphene with a Transverse
Electric Field, Phys. Rev. Lett. 113, 086602 (2014).

[15] K. Zollner, M. Gmitra, and J. Fabian, Heterostructures of
graphene and hBN: Electronic, spin-orbit, and spin relaxation
properties from first principles, Phys. Rev. B 99, 125151
(2019).

[16] A. Avsar, J. Y. Tan, T. Taychatanapat, J. Balakrishnan, G. K. W.
Koon, Y. Yeo, J. Lahiri, A. Carvalho, A. S. Rodin, E. C. T.
O’Farrell, G. Eda, A. H. Castro Neto, and B. Ozyilmaz, Spin-
orbit proximity effect in graphene, Nat. Commun. 5, 4875
(2014).

[17] Z. Wang, D. Ki, H. Chen, H. Berger, A. H. MacDonald, and
A. F. Morpurgo, Strong interface-induced spin-orbit interaction
in graphene on WS;, Nat. Commun. 6, 8339 (2015).

[18] Z. Wang, D.-K. Ki, J. Y. Khoo, D. Mauro, H. Berger, L. S.
Levitov, and A. F. Morpurgo, Origin and Magnitude of ‘De-
signer’ Spin-Orbit Interaction in Graphene on Semiconducting
Transition Metal Dichalcogenides, Phys. Rev. X 6, 041020
(2016).

[19] B. Yang, M. Lohmann, D. Barroso, I. Liao, Z. Lin, Y.
Liu, L. Bartels, K. Watanabe, T. Taniguchi, and J. Shi,
Strong electron-hole symmetric Rashba spin-orbit coupling

L081406-5


https://doi.org/10.1038/nature12385
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1103/PhysRevB.95.075420
https://doi.org/10.1126/science.aat6981
https://doi.org/10.1038/nature26160
https://doi.org/10.1103/PhysRevX.8.041041
https://doi.org/10.1103/PhysRevB.81.165105
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1103/PhysRevB.86.125413
https://doi.org/10.1103/PhysRevB.85.195458
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1103/RevModPhys.92.021003
https://doi.org/10.1021/nl501278c
https://doi.org/10.1103/PhysRevLett.113.086602
https://doi.org/10.1103/PhysRevB.99.125151
https://doi.org/10.1038/ncomms5875
https://doi.org/10.1038/ncomms9339
https://doi.org/10.1103/PhysRevX.6.041020

ALESSANDRO VENERI et al.

PHYSICAL REVIEW B 106, L081406 (2022)

in graphene/monolayer transition metal dichalcogenide het-
erostructures, Phys. Rev. B 96, 041409(R) (2017).

[20] T. Volkl, T. Rockinger, M. Drienovsky, K. Watanabe, T.
Taniguchi, D. Weiss, and J. Eroms, Magnetotransport in het-
erostructures of transition metal dichalcogenides and graphene,
Phys. Rev. B 96, 125405 (2017).

[21] T. Wakamura, F. Reale, P. Palczynski, S. Guéron, C. Mattevi,
and H. Bouchiat, Strong Anisotropic Spin-Orbit Interaction In-
duced in Graphene by Monolayer WS,, Phys. Rev. Lett. 120,
106802 (2018).

[22] B. Fiilop, A. Mérfty, S. Zihlmann, M. Gmitra, E. Tévdri, B.
Szentpéteri, M. Kedves, K. Watanabe, T. Taniguchi, J. Fabian,
C. Schonenberger, P. Makk, and S. Csonka, Boosting proxim-
ity spin-orbit coupling in graphene/WSe, heterostructures via
hydrostatic pressure, npj 2D Mater. Appl. 5, 82 (2021).

[23] Z. Wang, C. Tang, R. Sachs, Y. Barlas, and J. Shi, Proximity-
Induced Ferromagnetism in Graphene Revealed by the Anoma-
lous Hall Effect, Phys. Rev. Lett. 114, 016603 (2015).

[24] P. Wei, S. Lee, E Lemaitre, L. Pinel, D. Cutaia, W. Cha, F.
Katmis, Y. Zhu, D. Heiman, J. Hone, J. S. Moodera, and C.-T.
Chen, Strong interfacial exchange field in the graphene/EuS
heterostructure, Nat. Mater. 15, 711 (2016).

[25] T. S. Ghiasi, A. A. Kaverzin, A. H. Dismukes, D. K. de Wal, X.
Roy, and B. J. van Wees, Electrical and thermal generation of
spin currents by magnetic bilayer graphene, Nat. Nanotechnol.
16, 788 (2021).

[26] M. Gmitra, D. Kochan, P. Hogl, and J. Fabian, Trivial and
inverted Dirac bands and the emergence of quantum spin Hall
states in graphene on transition-metal dichalcogenides, Phys.
Rev. B 93, 155104 (2016).

[27] M. Milletari, M. Offidani, A. Ferreira, and R. Raimondi,
Covariant Conservation Laws and the Spin Hall Effect in Dirac-
Rashba Systems, Phys. Rev. Lett. 119, 246801 (2017).

[28] J. H. Garcia, A. W. Cummings, and S. Roche, Spin Hall
effect and weak antilocalization in graphene/transition metal
dichalcogenide heterostructures, Nano Lett. 17, 5078 (2017).

[29] M. Offidani, M. Milletari, R. Raimondi, and A. Ferreira,
Optimal Charge-to-Spin Conversion in Graphene on Transition-
Metal Dichalcogenides, Phys. Rev. Lett. 119, 196801 (2017).

[30] T.S. Ghiasi, J. Ingla-Aynés, A. A. Kaverzin, and B. J. van Wees,
Large proximity-induced spin lifetime anisotropy in transition-
metal dichalcogenide/graphene heterostructures, Nano Lett. 17,
7528 (2017).

[31] L. A. Benitez, J. F. Sierra, W. Savero Torres, A. Arrighi,
F. Bonell, M. V. Costache, and S. O. Valenzuela, Strongly
anisotropic spin relaxation in graphene—transition metal
dichalcogenide heterostructures at room temperature, Nat.
Phys. 14, 303 (2018).

[32] C. K. Safeer, J. Ingla-Aynés, F. Herling, J. Garcia, M. Vila, N.
Ontoso, M. R. Calvo, S. Roche, L. E. Hueso, and F. Casanova,
Room-temperature spin Hall effect in graphene/MoS, van der
Waals heterostructures, Nano Lett. 19, 1074 (2019).

[33] T. S. Ghiasi, A. A. Kaverzin, P. J. Blah, and B. J. van Wees,
Charge-to-spin conversion by the Rashba-Edelstein effect in
two-dimensional van der Waals heterostructures up to room
temperature, Nano Lett. 19, 5959 (2019).

[34] L. A. Benitez, W. S. Torres, J. F. Sierra, M. Timmermans,
J. H. Garcia, S. Roche, M. V. Costache, and S. O. Valenzuela,
Tunable room-temperature spin galvanic and spin Hall effects
in van der Waals heterostructures, Nat. Mater. 19, 170 (2020).

[35] L. Li, J. Zhang, G. Myeong, W. Shin, H. Lim, B. Kim, S. Kim,
T. Jin, S. Cavill, B. S. Kim, C. Kim, J. Lischner, A. Ferreira,
and S. Cho, Gate-tunable reversible Rashba-Edelstein effect in
a few-layer graphene/2H — TaS, heterostructure at room tem-
perature, ACS Nano 14, 5251 (2020).

[36] A. M. Hoque, D. Khokhriakov, K. Zollner, B. Zhao, B. Karpiak,
J. Fabian, and S. P. Dash, All-electrical creation and control of
spin-galvanic signal in graphene and molybdenum ditelluride
heterostructures at room temperature, Commun. Phys. 4, 124
(2021).

[37] A. Ferreira, Theory of spin-charge-coupled transport in proxim-
itized graphene: An SO(5) algebraic approach, J. Phys. Mater.
4, 045006 (2021).

[38] Y. Li and M. Koshino, Twist-angle dependence of the proximity
spin-orbit coupling in graphene on transition-metal dichalco-
genides, Phys. Rev. B 99, 075438 (2019).

[39] A. David, P. Rakyta, A. Kormanyos, and G. Burkard, In-
duced spin-orbit coupling in twisted graphene—transition metal
dichalcogenide heterobilayers: Twistronics meets spintronics,
Phys. Rev. B 100, 085412 (2019).

[40] . Sousa, G. Tatara, and A. Ferreira, Skew-scattering-
induced giant antidamping spin-orbit torques: Collinear and
out-of-plane Edelstein effects at two-dimensional mate-
rial/ferromagnet interfaces, Phys. Rev. Research 2, 043401
(2020).

[41] A. G. Aronov and Yu. B. Lyanda-Geller, Nuclear electric reso-
nance and orientation of carrier spins by an electric field, Pis’ma
Zh Eksp. Teor. Fiz. 50, 398 (1989) [JETP Lett. 50, 431 (1989)].

[42] V. M. Edelstein, Spin polarization of conduction electrons
induced by electric current in two-dimensional asymmetric
electron systems, Solid State Commun. 73, 233 (1990).

[43] A. G. Aronov, Yu. B. Lyanda-Geller, and G. E. Pikus, Spin
polarization of electrons by an electric current, Zh. Eksp. Teor.
Fiz. 100, 973 (1991) [Sov. Phys. JETP 73, 537 (1991)].

[44] A. Manchon, J. Zelezny, I. M. Miron, T. Jungwirth, J. Sinova,
A. Thiaville, K. Garello, and P. Gambardella, Current-induced
spin-orbit torques in ferromagnetic and antiferromagnetic sys-
tems, Rev. Mod. Phys. 91, 035004 (2019).

[45] C. G. Péterfalvi, A. David, P. Rakyta, G. Burkard, and A.
Korményos, Quantum interference tuning of spin-orbit cou-
pling in twisted van der Waals trilayers, Phys. Rev. Res. 4,
L022049 (2022).

[46] A. Pachoud, A. Ferreira, B. Ozyilmaz, and A. H. Castro Neto,
Scattering theory of spin-orbit active adatoms on graphene,
Phys. Rev. B 90, 035444 (2014).

[47] S. Fang, R. Kuate Defo, S. N. Shirodkar, S. Lieu, G. A.
Tritsaris, and E. Kaxiras, Ab initio tight-binding Hamiltonian
for transition metal dichalcogenides, Phys. Rev. B 92, 205108
(2015).

[48] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.L.081406, which includes
Refs. [61-64], for information regarding the
diagrammatic technique used to calculate the collinear
Edelstein effect, the exact expression leading to the nonlocal
resistance associated with the CSGE in Eq. 5 as well as to the
ISHE and SGE, and a note on our handling of the SOC data
from Péterfalvi et. al.’s work [45].

[49] E. Lesne, Y. Fu, S. Oyarzun, J. C. Rojas-Sanchez, D. C. Vaz,
H. Naganuma, G. Sicoli, J.-P. Attané, M. Jamet, E. Jacquet, J.-
M. George, A. Barthélémy, H. Jaffres, A. Fert, M. Bibes, and

more

L081406-6


https://doi.org/10.1103/PhysRevB.96.041409
https://doi.org/10.1103/PhysRevB.96.125405
https://doi.org/10.1103/PhysRevLett.120.106802
https://doi.org/10.1038/s41699-021-00262-9
https://doi.org/10.1103/PhysRevLett.114.016603
https://doi.org/10.1038/nmat4603
https://doi.org/10.1038/s41565-021-00887-3
https://doi.org/10.1103/PhysRevB.93.155104
https://doi.org/10.1103/PhysRevLett.119.246801
https://doi.org/10.1021/acs.nanolett.7b02364
https://doi.org/10.1103/PhysRevLett.119.196801
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1038/s41567-017-0019-2
https://doi.org/10.1021/acs.nanolett.8b04368
https://doi.org/10.1021/acs.nanolett.9b01611
https://doi.org/10.1038/s41563-019-0575-1
https://doi.org/10.1021/acsnano.0c01037
https://doi.org/10.1038/s42005-021-00611-6
https://doi.org/10.1088/2515-7639/ac31b5
https://doi.org/10.1103/PhysRevB.99.075438
https://doi.org/10.1103/PhysRevB.100.085412
https://doi.org/10.1103/PhysRevResearch.2.043401
https://doi.org/10.1016/0038-1098(90)90963-C
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1103/PhysRevResearch.4.L022049
https://doi.org/10.1103/PhysRevB.90.035444
https://doi.org/10.1103/PhysRevB.92.205108
http://link.aps.org/supplemental/10.1103/PhysRevB.106.L081406

TWIST ANGLE CONTROLLED COLLINEAR EDELSTEIN ...

PHYSICAL REVIEW B 106, L081406 (2022)

L. Vila, Highly efficient and tunable spin-to-charge conversion
through Rashba coupling at oxide interfaces, Nat. Mater. 15,
1261 (2016).

[50] J. C. Rojas Sanchez, L. Vila, G. Desfonds, S. Gambarelli, J. P.
Attané, J. M. De Teresa, C. Magén, and A. Fert, Spin-to-charge
conversion using Rashba coupling at the interface between non-
magnetic materials, Nat. Commun. 4, 2944 (2013).

[51] A. Nomura, T. Tashiro, H. Nakayama, and K. Ando, Tempera-
ture dependence of inverse Rashba-Edelstein effect at metallic
interface, Appl. Phys. Lett. 106, 212403 (2015).

[52] A. Uri, S. Grover, Y. Cao, J. A. Crosse, K. Bagani, D.
Rodan-Legrain, Y. Myasoedov, K. Watanabe, T. Taniguchi, P.
Moon, M. Koshino, P. Jarillo-Herrero, and E. Zeldov, Map-
ping the twist-angle disorder and Landau levels in magic-angle
graphene, Nature (London) 581, 47 (2020).

[53] B. Raes, J. E. Scheerder, M. V. Costache, F. Bonell, J. F. Sierra,
J. Cuppens, J. Van de Vondel, and S. O. Valenzuela, Determi-
nation of the spin-lifetime anisotropy in graphene using oblique
spin precession, Nat. Commun. 7, 11444 (2016).

[54] S. Ringer, S. Hartl, M. Rosenauer, T. Volkl, M. Kadur, F.
Hopperdietzel, D. Weiss, and J. Eroms, Measuring anisotropic
spin relaxation in graphene, Phys. Rev. B 97, 205439
(2018).

[55] S. A. Cavill, C. Huang, M. Offidani, Y.-H. Lin, M. A. Cazalilla,
and A. Ferreira, Proposal for Unambiguous Electrical Detection
of Spin-Charge Conversion in Lateral Spin Valves, Phys. Rev.
Lett. 124, 236803 (2020).

[56] C. K. Safeer, F. Herling, W. Y. Choi, N. Ontoso, J. Ingla-Aynés,

L. E. Hueso, and F. Casanova, Reliability of spin-to-charge
conversion measurements in graphene-based lateral spin valves,
2D Mater. 9, 015024 (2022).

[57] M. Trushin and J. Schliemann, Anisotropic current-induced
spin accumulation in the two-dimensional electron gas with
spin-orbit coupling, Phys. Rev. B 75, 155323 (2007).

[58] S. D. Ganichev and L. E. Golub, Interplay of
Rashba/Dresselhaus spin splittings probed by photogalvanic
spectroscopy—a review, Phys. Status Solidi B 251, 1801
(2014).

[59] J. Schliemann, Colloquium: Persistent spin textures in semicon-
ductor nanostructures, Rev. Mod. Phys. 89, 011001 (2017).

[60] S. Lee, D. J. P. de Sousa, Y.-K. Kwon, F. de Juan, Z. Chi, F.
Casanova, and T. Low, Charge-to-spin conversion in twisted
graphene/WSe?2 heterostructures, arXiv:2206.09478 (2022).

[61] M. Offidani, R. Raimondi, and A. Ferreira, Microscopic linear
response theory of spin relaxation and relativistic transport phe-
nomena in graphene, Condens. Matter 3, 18 (2018).

[62] Y.-H. Lin, C. Huang, M. Offidani, A. Ferreira, and M. A.
Cazalilla, Theory of spin injection in two-dimensional metals
with proximity-induced spin-orbit coupling, Phys. Rev. B 100,
245424 (2019).

[63] B. Raes, A. W. Cummings, F. Bonell, M. V. Costache, J. F.
Sierra, S. Roche, and S. O. Valenzuela, Spin precession in
anisotropic media, Phys. Rev. B 95, 085403 (2017).

[64] M. Gurram, S. Omar, and B. J. van Wees, Electrical spin in-
jection, transport, and detection in graphene-hexagonal boron
nitride van der Waals heterostructures: Progress and perspec-
tives, 2D Mater. 5, 032004 (2018).

L081406-7


https://doi.org/10.1038/nmat4726
https://doi.org/10.1038/ncomms3944
https://doi.org/10.1063/1.4921765
https://doi.org/10.1038/s41586-020-2255-3
https://doi.org/10.1038/ncomms11444
https://doi.org/10.1103/PhysRevB.97.205439
https://doi.org/10.1103/PhysRevLett.124.236803
https://doi.org/10.1088/2053-1583/ac3c9b
https://doi.org/10.1103/PhysRevB.75.155323
https://doi.org/10.1002/pssb.201350261
https://doi.org/10.1103/RevModPhys.89.011001
http://arxiv.org/abs/arXiv:2206.09478
https://doi.org/10.3390/condmat3020018
https://doi.org/10.1103/PhysRevB.100.245424
https://doi.org/10.1103/PhysRevB.95.085403
https://doi.org/10.1088/2053-1583/aac34d



