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Ferroelectric control of charge-to-spin conversion in WTe2

Homayoun Jafari , Arunesh Roy , and Jagoda Sławińska
Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

(Received 10 August 2022; accepted 12 September 2022; published 23 September 2022)

Ferroelectric materials hold great potential for alternative memories and computing, but several challenges
need to be overcome before bringing the ideas to applications. In this context, the recently discovered link
between electric polarization and spin textures in some classes of ferroelectrics expands the perspectives of the
design of devices that could simultaneously benefit from ferroelectric and spintronic properties. Here, we explore
the concept of nonvolatile ferroelectric control of charge-to-spin conversion in semimetallic WTe2, which may
provide a way for nondestructive readout of the polar state. Based on the first-principles simulations, we show
that the Rashba-Edelstein effect (REE) that converts electric currents into spin accumulation switches its sign
upon the reversal of the electric polarization. The numerical values of REE, calculated for the first time for
both bulk and bilayer WTe2, demonstrate that the conversion is sizable, and may remain large even at room
temperature. The ferroelectric control of spin transport in nonmagnetic materials provides functionalities similar
to multiferroics and allows the design of memories or logic-in-memory devices that combine ferroelectric writing
of information at low power with the spin-orbit readout of state.

DOI: 10.1103/PhysRevMaterials.6.L091404

Introduction. Our growing needs to store and process in-
formation require alternative approaches to make electronics
faster and more power-saving [1]. Ferroelectric (FE) materials
are exciting candidates for the design of novel computing
architectures, offering nonvolatile, high-speed writing at low
voltage along with high endurance, but challenges related
to storage density and detection of state limits their use in
memories and logic applications [2,3]. In this context, a re-
cent concept of a magnetoelectric spin-orbit (MESO) device
proposed by Manipatruni et al. may become a game changer
for electronic devices [4]. It employs the ferroelectric state
of a multiferroic material to perform logic operations. At the
same time, the readout can be efficiently accomplished via
the conversion between charge and spin currents based on
the interface with topological insulators. Compared with stan-
dard complementary metal-oxide-semiconductor (CMOS)
technology, the prototype stands out for much lower switch-
ing voltage of only 100 mV, increased logic density, and
nonvolatility that allows for very low standby power. Nev-
ertheless, it contains various quantum materials, including
multiferroics, which makes it difficult to realize and control.

In parallel, progress in spintronics brought novel routes to
harness and control spins via different stimuli. The mecha-
nisms of charge-to-spin conversion (CSC), such as the spin
Hall effect (SHE) [5] and Rashba-Edelstein effect (REE)
[6–8] found in various conventional and topological materi-
als, rely on spin-orbit coupling (SOC) of electronic states to
generate spin accumulation in response to an applied charge
current. Moreover, recent studies revealed that changing the
sign of electric polarization may reverse CSC, which provides
an alternative means of polar state detection. FE writing could
be then combined with the spin-orbit (SO) readout within
one material without additional interfaces. The ferroelectric

control of CSC was observed in the two-dimensional electron
gas (2DEG) at the ferroelectric-like surface of SrTiO3, where
REE originates from the presence of spin-polarized electronic
states [9]. The switching of ferroelectric polarization reverses
the spin texture and thus the sign of generated spin accu-
mulation. Although similar ferroelectric manipulation of spin
currents was successfully realized in the thin film of GeTe
[10], a wider choice of CSC materials that are ferroelectric
at room temperature is still desired.

In this Letter, we explore the possibility of nonvolatile
ferroelectric control of CSC in orthorhombic WTe2, a re-
cently revealed polar semimetal. The ferroelectricity of two-
and three-layer WTe2 was linked to its layered nature and
ultrathin thickness [11–14]; yet the spontaneous polarization
was confirmed also in its bulk phase at room temperature
[15]. At the same time, CSC in WTe2 was separately reported
in experimental studies [16–18]. The relatively strong SOC
may lead to both SHE and REE, whereby the contributing
states are located around the Fermi level, making CSC easily
accessible even without doping. Here, we use the recently im-
plemented approach based on density functional theory (DFT)
to numerically estimate REE in the bilayer and bulk WTe2

at different temperatures and demonstrate that it reverses for
opposite ferroelectric ground states, in addition to large con-
version efficiency, which may persist up to room temperature.
While both bilayer and bulk WTe2 show high potential for
novel electronic devices, including possible logic-in-memory
applications, the spin accumulation in these two systems may
allow different functionalities.

Computational method. Our first-principles density func-
tional theory (DFT) calculations were carried out using the
QUANTUM ESPRESSO package [19,20]. We used the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [21],
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FIG. 1. Structure of bulk WTe2 with the polarization upwards
(P↑). (a) Perspective view. (b) Side view. (c) Top view. The dis-
placements δ1 = 0.23 and δ2 = 0.30 Å describe the ferroelectric
distortion of the state with P↑. The configuration P↓ (not shown)
can be obtained by sliding the layer so that δ1 → −δ2 and δ2 → −δ1

[14]. Dashed lines denote the symmetries, the mirror reflection Mx ,
the glide reflection My, and the two-fold screw rotation C2z.

along with the fully relativistic projector-augmented wave
(PAW) potentials and PBE-D3 method to account for the van
der Waals interactions [22]. The kinetic energy cutoff for
the plane-wave basis was set to 110 Ry. The unit cells were
constructed using the experimental lattice constants equal to
a = 3.47 Å, b = 6.24 Å, c = 14.02 Å, and a = 3.48 Å, b =
6.27 Å for the bulk [23] and bilayer [24], respectively. In the
case of the bilayer, we employed the slab geometry with the
vacuum layer of 17 Å to avoid interaction between spurious
replicas. The internal atomic positions were relaxed until the
energies were converged within 10−8 eV and the maximum
forces on atoms were below 10−3 eV · Å−1. The Brillouin
zones (BZ) were sampled on the Monkhorst-Pack k-point
grids of 16 × 10 × 4 and 16 × 10 × 1. The postprocessing
calculations of REE were performed in the framework of
semi-classical Boltzmann transport theory using the PAOFLOW

code [25,26], following the details given elsewhere [27].
The ultra-dense k-grids of 216 × 144 × 6 and 176 × 96 × 1
were employed to interpolate the Hamiltonian for the accu-
rate convergence of REE. For T = 0 the derivative of the
Fermi distribution is equal to δ(Ek − E ) and we approx-
imated it with a Gaussian function, while for T > 0 we
directly calculated the derivative. The influence of the tem-
perature on the electronic structure itself was not taken into
account.

Structure and ferroelectricity. The bulk WTe2 crystalizes
in the Td phase described by the space group (SG) No. 31
(Pmn21) and the point group C2v . The orthorhombic unit cell
shown in Fig. 1(a) contains 12 atoms arranged in two layers
weakly interacting via van der Waals forces, while each layer

consists of W atoms strongly bonded to Te atoms above and
below, and forming a zigzag chain along the y direction. The
crystal is invariant with respect to four symmetry operations:
(1) the identity I; (2) the mirror reflection Mx; (3) the glide
reflection My consisting of a mirror reflection with respect
to y followed by a fractional translation by a vector τ =
(0.5a, 0, 0.5c); and (4) the two-fold screw rotation C2z com-
bining two-fold rotation around the z-axis with the translation
by τ . The bilayer WTe2 has essentially the same structure, but
the periodicity is broken along the z axis. The space group is
thus reduced to No. 6 (Pm) and the only symmetries are the
identity I and the mirror reflection Mx.

While the origin of the ferroelectricity in WTe2 is still
debated [11], the electric polarization ( �P) is usually assigned
to the tiny distortion of Te atoms denoted in Fig. 1(b) as δ1

and δ2. These in-plane displacements cause charge transfer
in the region between the layers, which, in turn, induces the
electric dipole along the z axis. Thus, the out-of-plane polar-
ization is related to the in-plane displacement [28] and the
transition between the P↑ and P↓ states can be achieved by
sliding the layers with respect to each other by the distance
δ1 + δ2. The calculated distortions for bulk, δ1 = 0.23 and
δ2 = 0.30 Å are very similar to the values that we obtained
for the bilayer δ1 = 0.22 and δ2 = 0.28 Å; we note that these
results perfectly agree with the previously reported values
[14]. Surprisingly, the electric polarization for the bulk and
bilayer differ by an order of magnitude. The ionic contribu-
tion that we estimated following the approach from Ref. [15]
equals to �Pion=1.0 μC/cm2. In the case of the bilayer, the
calculated equivalent of the volume polarization is �Pion =
0.037 μC/cm2 which agrees with the experimentally reported
magnitude (0.06 μC/cm2) [12]. We note that these values
are relatively small compared with conventional ferroelectrics
(e.g., 20 μC/cm2 for BaTiO3).

Spin-resolved electronic structure. The electronic prop-
erties of bulk WTe2 (P↑) calculated from first-principles
are summarized in Fig. 2. The band structure along high-
symmetry k-lines in the BZ shown in Fig. 2(a) agrees perfectly
with the previous DFT calculations [15,30,31]. WTe2 is a
Weyl semimetal with a large spin-orbit coupling (SOC),
which, combined with the lack of inversion symmetry (IS),
causes a noticeable splitting of the bands throughout almost
entire BZ. The Fermi surface (FS) visualized in Fig. 2(b)
consists of two pairs of hole (1-2) and electron pockets (3-4)
along the �-X direction. Although it is again in a qualitative
agreement with the quantum oscillations (QO) and angle-
resolved photoemission spectroscopy (ARPES) [32–34], the
exact size and shape of the features slightly differ between
calculations and experiments, being sensitive to the computa-
tional details, such as the choice of the exchange-correlation
functional, as well as strain and doping of samples. While
the topology of the pockets is responsible for the anomalous
transport properties reported in WTe2 [31], the symme-
try and magnitude of REE will depend also on the spin
texture.

Figure 2(c) shows the spin texture of the Fermi surface cal-
culated along the energy isocontours E = 0 within the kx–ky

plane for kz = 0. Even though, at first glance, it resembles a
Rashba-like pattern, additional radial components manifest as
spin winding around each contour. The character of the spin
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FIG. 2. Electronic properties of bulk WTe2 with polarization upwards (P↑). (a) Band structure calculated between the high-symmetry points
defined in (b). (b) Fermi surface consisting of four bands (1–4) shown in separate panels. The color scheme reflects the local band velocity
[29]. (c) Constant energy contours (E = EF ) plotted at the kx–ky plane for kz = 0. The arrows correspond to (Sx , Sy) components of the spin
texture along the Fermi contours, indicating the spin direction. The Sz component of the spin texture is negligible and it is not shown. The
numbers correspond to Fermi sheets displayed in (b).

texture can be understood based on the symmetry analysis
of the point group C2v that describes the � point. The mir-
ror symmetry Mx : (x, y, z) → (−x, y, z) transforms the spin
operator (Sx, Sy, Sz) → (Sx, −Sy, −Sz), which is reflected
in the left-right symmetry of the spin pattern. Similarly, the
mirror symmetry My : (x, y, z) → (x,−y, z) yields (Sx, Sy, Sz)
→ (−Sx, Sy, −Sz) and manifests as the up-down symmetry.
The contours thus do not show standard clockwise or coun-
terclockwise circulation known from the standard Rashba
spin-momentum locking. In fact, WTe2 possesses a Rashba-
Dresselhaus spin texture, in agreement with the classification
presented in Ref. [35]. Further properties can be also easily
inferred from Fig. 2(c); the pairs of bands 1,2 and 3,4 have
opposite circulation as they correspond to spin-orbit splitting
of the same band. Moreover, we note that P↑ and P↓ are con-
nected by the inversion symmetry, thus the signs of the spin
texture are opposite (not shown). Overall, the spin-resolved
electronic structure of WTe2 is again in a good agreement with
the recent experimental study [34].

Figure 3 illustrates the electronic structure and spin texture
of the bilayer WTe2. The bands along the high-symmetry lines
shown in Fig. 3(a) are very similar to the previous work [14].
The Fermi contours consisting of four bands are illustrated in
Fig. 3(b), while a more detailed view in Fig. 3(c) includes
also the spin texture along the contours. The spin pattern
resembles Rashba spin-momentum locking and, again, it can
be explained in terms of symmetries. The � point in this case
is described by the point group Cs which implies a mirror
symmetry Mx that leaves the Sx component unchanged and

reverses the Sy component. This is reflected in the left-right
symmetry of the plot. From comparison of Figs. 2(c) and 3(c),
we can see that the effective two-dimensional (2D) Rashba
spin-orbit field (SOF) �R = (−αxky, αykx ) dominates in the
case of the bilayer, whereas in the bulk the Dresselhaus SOF
�D = (βxkx,−βyky) competes with the Rashba. This is not
surprising because Dresselhaus spin-orbit coupling is known
to be a bulk property [36].

Rashba-Edelstein effect. The principle of the ferroelectric
control of the charge-to-spin conversion based on REE is
schematically illustrated in Fig. 4(a). The two ground states
with opposite ferroelectricity can be switched under an out-
of-plane electrical bias, which additionally leads to the sign
reversal of spin texture, similarly as in ferroelectric Rashba
semiconductors [37–39]. Because the Rashba-Edelstein effect
directly depends on the spin operator [27], one can expect
that the sign of spin accumulation could be externally ma-
nipulated via the changes in electric polarization. Such a
mechanism is pictorially explained in Fig. 4(b) with the help
of a simple Rashba model; different signs of spin texture
generate opposite spin accumulation for the same direction
of the applied electric current. Even though the spin-resolved
electronic structure of WTe2 differs from a standard Rashba
system in terms of number and shape of Fermi sheets as well
as the winding of the spin texture (see Figs. 2 and 3), we can
show, based on the symmetry analysis and DFT calculations,
that the conventional REE will be present both in the bulk
and bilayer systems and it would reverse the sign upon the
ferroelectric switching.

L091404-3
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FIG. 3. Electronic properties of bilayer WTe2 with polarization upwards (P↑). (a) Band structure calculated along the high-symmetry lines
in the BZ; the high-symmetry points are displayed in (b). (b) Fermi surface (E = 0) consisting of four bands; the full BZ is displayed for
convenience. (c) Spin texture along the contours shown in (b). The arrows represent (Sx , Sy) components of the spin texture. The Sz component
is negligible and it is not included.

The Rashba-Edelstein effect will be quantitatively ex-
pressed as the spin accumulation calculated in the framework
of the semiclassical Boltzmann transport theory. From the
linear response, the spin accumulation δS induced by charge
current j can be written as

δS j = χ ji ji. (1)

The Edelstein tensor χ can be calculated within the con-
stant relaxation time approximation following the derivation
given in Ref. [27]. The convenient expression implemented in
PAOFLOW is the following:

χ ji = −
∑

k
〈S〉 j

kv
i
k

∂ fk
∂Ek

e
∑

k

(
vi

k

)2 ∂ fk
∂Ek

, (2)

where S stands for the spin operator, vk is the group veloc-
ity, and ∂ fk/∂Ek denotes the derivative of the Fermi-Dirac
function. Similarly to the spin Hall conductivity tensor [40],
different components will yield distinct configurations of
electric current and spin accumulation. Based on symmetry
arguments, we concluded that the space group of bulk WTe2

(No. 31) allows only two independent nonzero components
of REE, χxy and χyx. Even though the reduced symmetry of
the bilayer (No. 6) additionally permits for χzy and χyz ele-
ments, they will be zero because the Sz spin texture is hardly
present and the electric current jz cannot flow across a 2D
system.

Figure 4(c) shows the magnitude of χxy as a function of
the chemical potential in bulk WTe2 for both ferroelectric
configurations P↑ and P↓. These states manifest an exactly
opposite response, which demonstrates that CSC could be
manipulated by changes of the electric polarization. While
the entire energy window shown in the plot could be reached
via gating, the maximum value of the spin accumulation lies
close to the Fermi level. The magnitude at EF , χxy(EF ) = 0.55
×1010 h̄

e
1

eVcm means that a charge current of 100 A/cm2, will
generate the spin accumulation of 0.55 × 1012/cm3. Although
the values of REE reported for different materials are very

scarce, we can still compare the result with the previously
calculated spin accumulation for Te (∼1013/cm3) and the
Weyl semimetal TaSi2 (0.4 × 1012/cm3) [27]. It is evident that
CSC in WTe2 more closely resembles the second of these,
which can be attributed to the presence of states with opposite
spin polarization around the Fermi level that generate the
opposite contribution to the spin accumulation.

In Fig. 4(d), we report the REE calculated for the ferro-
electric bilayer. The magnitudes are larger than in the case
of bulk, for example χxy(EF ) = 1.4 ×1010 h̄

e
1

eVcm , suggesting
that the CSC could be two times stronger in a thin film.
The difference can be understood by comparing spin patterns
along the constant energy contours for the bulk and bilayer
shown in Figs 2(c) and 3(c), respectively. In the bulk WTe2,
the contribution from the Rashba (∝ αx) and Dresselhaus
SOF (∝ βx) compete, which results in a lower value of the
component χxy. In contrast, in the bilayer the relative strength
of Rashba SOF (∝ αx) is larger, inducing a greater response
for the same tensor element. We also note that the small SOC
splitting in the bulk results in nearly degenerate FS pockets [3
and 4, see Fig. 2(c)] and their contributions will nearly cancel
each other, yielding lower REE, while the splitting of the FS
in the bilayer WTe2 is stronger. The values of χyx are overall
slightly lower than χxy and are summarized for completeness
in the Supplementary Material (SM) [41].

Last, we will discuss the perspectives of applications of
WTe2 in spintronics devices. One of the essential aspects is
the possibility of operating at room temperature. We note that
the spin-orbit splitting of the bands close to the Fermi level
is large (well above 25 meV), which suggests that the spin
texture would be robust against thermal effects. Moreover, we
roughly estimated REE for finite temperatures. The results for
T = 300 K are shown in Figs. 4(c) and 4(d) (dashed lines),
while the additional data for T = 150 K are reported in the
SM. Even though the magnitudes drop at room temperature,
the REE would decrease by only a factor of 2 and it could
still be detected. The second aspect relevant for ferroelectric
spintronics is the robustness and switching of the electric
polarization. To the best of our knowledge, WTe2 is the only
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FIG. 4. Ferroelectric control of REE in WTe2. (a) Schematic illustration of REE in bulk/bilayer WTe2 with electric polarization P↑ and
P↓ shown in upper and bottom panels, respectively. In both cases, the charge current flows along the y direction and the spin accumulation is
parallel or antiparallel to x. (b) Illustration of REE in the reciprocal space for a simple Rashba model; the upper and bottom panels represent
opposite chirality of spin. When the current flows along y, it induces the imbalance of spins along x (χxy), as marked around the shaded regions
which represent the variation of electron distribution. (c) The Edelstein tensor χxy vs chemical potential calculated for the bulk according to the
geometry shown in (a). The curves corresponding to opposite ferroelectric ground states P↑ and P↓ are represented as red and blue, respectively.
The solid and dashed lines correspond to temperatures T = 0 and T = 300 K, respectively. (d) The same as (c) for bilayer WTe2. The volume
equivalent was calculated using the effective thickness of WTe2 equal to 15 Å.

confirmed ferroelectric metal at room temperature, providing
a unique opportunity of ferroelectric control of (spin) trans-
port phenomena. However, the small values of polarization
might be an obstacle for devices, especially those based on the
bilayer WTe2 whose polarization is significantly lower than in
conventional ferroelectrics; thus the usefulness for electronics
must be ultimately verified by experiments.

Conclusion. In summary, we predicted for the first time
the magnitudes of the Rashba-Edelstein effect in ferroelectric
WTe2 at different temperatures. We confirmed that (i) the
current-induced spin accumulation switches the sign upon the
reversal of the electric polarization, (ii) the CSC can be real-
ized at room temperature, (iii) REE is present also in the bulk
despite the fact that the spin texture does not have the con-
ventional Rashba spin-momentum locking. While the role of
rather small electric polarization needs to be further examined,
WTe2 has potential for a variety of applications in electronic
devices. In particular, the unusual bulk REE could be utilized

for spin-transfer torques, while the bilayer seems promising
for ferroelectric spin-orbit (FESO) devices, i.e., the analogs of
MESO in which the magnetoelectric material is replaced by a
ferroelectric with strong CSC. We believe that these results
will stimulate experimental studies of ferroelectric control of
spin transport in WTe2 that can be highly efficient due to the
coexistence of ferroelectricity and semimetallicity.

The data that support the findings of this study are openly
available at Ref. [42].
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