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Reversible out-of-plane spin texture in a two-dimensional ferroelectric
material for persistent spin helix
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Although spin-orbit coupling (SOC) in ferroelectrics contributes to the manipulation of the electron spin by
an electric field, it also breaks the spin rotation symmetry resulting in the decay of spin polarization. Here, we
showed that the [110] Dresselhaus model in the two-dimensional ferroelectrics with in-plane ferroelectricity
can host a persistent spin helix and render the spin lifetime infinite. Taking a WO2Cl2 monolayer as an
example, we demonstrated from first principles that SOC leads to a sizable [110] Dresselhaus-type band splitting
near the conduction-band minimum accompanied by an out-of-plane Dresselhaus-type spin texture which is
decisive for a long spin lifetime. More interestingly, such a spin texture can be reversed by switching the
ferroelectric polarization, suggesting the fully electrically controllable persistent spin helix. Our findings uncover
the possibility of an electrically controllable persistent spin helix in ferroelectrics, offering a promising platform
for novel spintronics applications.
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I. INTRODUCTION

In noncentrosymmetric systems, charge carriers mov-
ing under a gradient of the crystal potential experience a
momentum-dependent effective magnetic field [1,2], leading
to the coupling between momentum and spin, known as
Rashba [3] and Dresselhaus [4] spin-orbit couplings (SOCs).
In particular, SOC allows purely electric manipulation of the
electron spin and plays a dominant role in semiconductor-
based spintronics [1,5,6]. Owing to the tunable strength of the
Rashba parameter under an external electric field, the electri-
cal spin manipulation has been experimentally demonstrated
in two-dimensional electron systems (2DESs), such as In-
GaAs/InAlAs heterostructures, which paves the way to realiz-
ing a spin-polarized field effect transistor [1,7]. Additionally,
the intrinsic spin Hall effect predicted in 2DES with substan-
tial Rashba SOC [8] has been observed in a GaAs 2D hole
system [1,9]. Recently, a ferroelectric Rashba semiconductor
(FERSC), a novel concept that combines ferroelectricity with
a Rashba SOC emerged [10,11]. The spin texture in a FERSC
can be switched by an electric field [11,12], leading to the
all-electric and nonvolatile control of spin transport [5,11].
Very recently, the all-electric spin texture manipulation has
been achieved in ferroelectric (FE) GeTe [13–15]. Several
FERSC materials have also been predicted, such as FE halide
perovskites [12,16], HfO2 [17], oxide-based heterostructures
[18], and Te multilayers [19], offering a promising approach
to integrating ferroelectricity, memory, and computing func-
tionalities in a single device [15].

Long spin lifetime is quite crucial for spintronics device
applications [20]. However, the spin rotation symmetry is
generally broken in SOC systems [21]. The spin precession in
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the effective magnetic field, known as the D’yakonov-Perel’-
Kachorovskii (DPK) mechanism of spin relaxation, usually
limits the spin lifetime of conduction electrons [1,22,23].
Two models with SU(2) spin rotation symmetry have been
proposed to suppress the DPK spin relaxation [6,21]. One
has the equal strengths of the Rashba and Dresselhaus SOCs
which may be experimentally accessible through tuning of
the Rashba coupling via an externally applied electric field
[6]. The other one is the so-called [110] Dresselhaus model,
which was proposed to describe the quantum well grown in
the [110] direction. The persistent spin helix (PSH) and the
long spin lifetime of nanoseconds at room temperature were
predicted in these models and have been demonstrated in
recent experiments [22–26]. The key concept of these two
models is to render the total effective magnetic field aligning
along a particular direction for the all-electron’s wave vectors
[1,23], preserving spin conservation. The spin conservation is
expected to be robust against both spin-independent disorders
that arise from impurities, defects, and Coulomb interactions
[1,21]. So far, the proposed FERSCs, such as GeTe, have
momentum-dependent effective magnetic fields and might
face obstacles posed by DPK spin relaxation. Suppressing
the DPK spin relaxation is therefore crucial for achieving
long spin lifetime and the electrically controllable PSH via
a nonvolatile FE polarization. Recently, the PSH has been
predicted in SnTe (001) thin films [27] and BiInO3 [28].

In this paper, we discussed the [110] Dresselhaus model
in a 2D ferroelectrics with in-plane ferroelectricity and a C2v

group symmetry [6]. Based on first-principles calculations, we
proposed a promising candidate 2D FERSC WO2Cl2 mono-
layer that can be fabricated by exfoliating the layered bulk ma-
terial [29,30] to realize electrically controllable PSH and long
spin lifetime in 2D ferroelectrics. We demonstrated that the
WO2Cl2 monolayer possesses a sizable [110] Dresselhaus-
type band splitting in the region near the conduction-band
minimum (CBM) where the spin orientation is almost out of
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plane and can be reversed by switching the ferroelectric polar-
ization. Our findings uncover the possibility for an electrically
controllable persistent spin helix in ferroelectrics, offering a
promising platform for novel spintronics applications.

II. METHOD AND COMPUTATIONAL DETAILS

Our first-principles calculations were performed within
the density functional theory (DFT) and implemented in the
VASP code, which was based on the plane-wave basis sets
[31–33] with the projector augmented-wave method [34].
The electron-electron interaction was treated by using a
generalized gradient approximation with the Perdew-Burke-
Ernzerhof (PBE) parametrization [35]. The supercells were
repeated periodically along the x and y directions, whereas a
vacuum region of about 20 Å was applied along the z direction
to avoid the interaction between adjacent images. The energy
cutoff for the plane-wave basis set was set to be 550 eV.
Meanwhile, the Brillouin-zone integration was sampled with
a k-grid density of 5 × 9 × 1 using the Monkhorst-Pack k-
point scheme [36]. A 1 × 2 × 1 supercell was adopted to
search for the minimum energy structure of the monolayer.
The convergence of this strategy has been verified. All the
atomic positions and the lattice constants were fully optimized
until the maximal forces were less than 0.005 eV/Å and the
convergence criteria for energy was set to be 10−6 eV. The
van der Waals (vdW) correction was included by using the
D2 method [37]. The phonon spectra were calculated using
the finite displacement method implemented in PHONOPY

[38]. The minimum energy pathways of FE transitions were
determined through the climbing image nudged elastic band
(CINEB) method [39] based on the interatomic forces and
total energies acquired from the DFT calculations. The FE
spontaneous polarization was calculated using the Berry phase
approach [40,41] in which both electronic and ionic con-
tributions were considered. The hybrid functional of Heyd-
Scuseria-Ernzerhof (HSE06) [10,42] was also employed in
the electronic band-structure calculations. The constant en-
ergy contour plots of the spin texture were calculated using
the PYPROCAR code [43]. The ab initio molecular dynam-
ics (AIMD) simulations were performed using the canonical
(NVT) ensemble at a temperature of 300 K with a time step
of 1.0 fs [44,45].

III. RESULTS AND DISCUSSION

A. The [110] Dresselhauss model in 2D ferroelectrics

We started from the 2D ferroelectrics with in-plane ferro-
electricity and a C2v group symmetry. As shown in Fig. 1, the
C2v point group contains four symmetry operations [6,17]:
the identity operation (E ); a principal twofold rotation (C2

axis along the x direction), and two reflection planes My and
Mz (perpendicular to the y and z axes, respectively). For a
2D material with in-plane ferroelectricity, the spontaneous
polarization is parallel to the C2 axis. For simplicity, we
assume that the valence-band maximum (VBM) or the CBM
is at the �(0, 0, 0) point, and high-order terms with respect
to wave-vector k are neglected. The corresponding transfor-
mations [17] for k and Pauli spin matrices σ at the � point

FIG. 1. The schematic of the [110] Dresselhaus model in 2D
ferroelectrics with in-plane ferroelectricity and C2v symmetry. Three
symmetry elements of the C2v point group: Reflection planes My and
Mz and the principal twofold rotation axis C2.

are given in Table I. It can be found that only the Szky term
remains invariant under the C2v point-group symmetry and
time-reversal symmetry [6]. The effective k · p Hamiltonian
can be written in a form, such as the case of [110]-grown III–V
quantum wells [6,46],

H = h̄2

2m∗
(
k2

x + k2
y

) + αDσzky, (1)

where x, y, and z are cubic axes, Sz is the z component
of spin operator S, αD is the Dresselhaus parameter [10],
and m∗ is the effective electron mass [6,21]. Notably, Sz

commutes with the Hamiltonian and is a conserved quantity
due to the SU(2) spin rotation symmetry of the system [21,46].
Consequently, the expectation value of S only has the out-of-
plane component: 〈S±〉 = ±(0, 0, h̄/2) at any wave-vector k
except ky = 0. Furthermore, the effective magnetic-field SO
field �k = αD(0, 0, ky) is perpendicular to the z = 0 plane,
indicating that this system can host PSH when spin is injected
[46] and long spin lifetime is expectable [6,21].

Another interesting scenario in this system is the relation
between the spin orientation and the ferroelectric switching
[10,12]. Supposing that the Bloch wave functions of two
states with opposite ferroelectric polarizations are |+P, k〉 and
|−P, k′〉, respectively, where P denotes ferroelectric polar-
ization, the directions of both P and k are reversed under
the spatial inversion operation I, i.e., I|+P, k〉 = |−P,−k〉.
The time-reversal operation T , however, reverses only the
k direction, whereas the ferroelectric polarization remains

TABLE I. Transformation rules for wave-vector k and Pauli
matrices σ under the time-reversal symmetry operation T and C2v

point-group symmetry operations for the �(0, 0, 0) point in the
Brillouin zone.

Symmetry operation (kx, ky ) (σx, σy, σz )

T (−kx, −ky ) (−σx, −σy, −σz )
C2 = iσx (kx, −ky ) (σx, −σy,−σz )
My = iσy (kx, −ky ) (−σx, σy,−σz )
Mz = iσz (kx, ky ) (−σx,−σy, σz )
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unchanged. Thus, we have T I|+P, k〉 = |−P, k〉. The expec-
tation value of spin operator S can be written as [12]

〈S〉[−P, k] = 〈−P, k|S|−P, k〉 = 〈+P, k|I−1T −1ST I|+P, k〉
= 〈+P, k| − S|+P, k〉 = 〈−S〉[+P, k].

Clearly, the spin orientation can be reversed by switching
the ferroelectric polarization, independent of the form of
the effective Hamiltonian [12]. As for the [110] Dresselhaus
model in 2D ferroelectrics with in-plane ferroelectricity, the
spin has only the out-of-plane component at a wave-vector k.
When the ferroelectric polarization is switched, e.g., via an
external electric field, the spin k becomes −Sz. This feature is
quite crucial for achieving the long-desired fully electrically
controllable PSH with long spin lifetime in 2D ferroelectrics.

B. Stability and exfoliation of the WO2Cl2 monolayer

Having demonstrated the [110] Dresselhaus model in 2D
ferroelectrics, we turned to find a realistic material to realize
above mechanisms. We choose the WO2Cl2 monolayer which
is accessible from the layered bulk counterpart, owing to the
weak vdW interaction between adjacent layers [29,30]. The
optimized lattice constants of bulk WO2Cl2 are as follows:
a = 7.65, b = 3.86, and c = 13.93 Å, in good agreement with
the experimental results [29,30]. Considering the possible
surface reconstruction of the WO2Cl2 monolayer as it is exfo-
liated from the bulk counterpart, we constructed four configu-
rations of the WO2Cl2 monolayer, namely, weak ferroelectric
(WFE), antiferroelectric (AFE), strong ferroelectric (SFE) and
paraelectric (PE) structures and the structural optimization
results are summarized in the Supplemental Material [47]. Our
calculations show that the WFE structure is energetically most
favorable followed by AFE and SFE structures which are less
stable by about 2.2 and 8.3 meV per unit cell, respectively.
We therefore take the WFE structure as the ground state of
the WO2Cl2 monolayer. The energy barrier between WFE
and AFE (or SFE) states was also evaluated by using the
transition-state calculations using the CINEB method [39].
These energy barriers are found to be 42.3 meV (WFE-AFE)
and 71.7 meV (WFE-SFE) per formula unit as shown in the
Supplemental Material [47], both of which are higher than
the thermal motion energy at room temperature. Although
the AFE, SFE, and WFE states have very close energies,
such sizeable energy barriers can ensure the stability and
accessibility of the WFE state at room temperature [16,48].
We thus focus on the WFE structure in the following parts.

Figures 2(a) and 2(b) give the optimized crystal structure
of the WFE structure. The lattice constants a = 7.75 and b =
3.92 Å are slightly larger than those of the bulk counterpart.
The inversion symmetry is absent in the unit cell of the WFE
WO2Cl2 monolayer with a space group of Pmc21, illustrated
by the dashed black line. As shown in Fig. 2(b), each W
atom connects four O atoms and two Cl atoms and moves
out of the octahedral center, leading to two long (2.15 and
2.11 Å) and two short (1.77 and 1.79 Å) W-O bonds, alike
the case in a bulk WO2Cl2 crystal [29]. From the phonon
spectrum shown in Fig. 2(c), no imaginary-frequency modes
are found, indicating that the WFE WO2Cl2 monolayer is
dynamically stable. The phonon spectra of the SPE, AFE,
and PE structures of the WO2Cl2 monolayer are available

FIG. 2. The top view along (a) the vertical direction and (b)
side view of the WFE WO2Cl2 monolayer. The dashed rectangle
indicates the primitive cell. The two basis vectors of the monolayer
are represented by a and b. (c) The phonon spectra of the WFE
WO2Cl2 monolayer. (d) The AIMD simulations of the WFE WO2Cl2

monolayer at a temperature of 300 K for 10 ps. The insets show the
structures of the WFE WO2Cl2 monolayer at the end of the simula-
tions. (e) The cleavage energy Ecl as a function of separation distance
(d − d0) in the process of exfoliating the WO2Cl2 monolayer from its
bulk.

in the Supplemental Material, and no imaginary-frequency
mode is found except in the PE structure which is dynamically
unstable [47]. To examine the thermal stability of a WFE
WO2Cl2 monolayer, we performed AIMD simulations at a
temperature of 300 K for 10 ps. It was found that the structure
of the WFE state is preserved in this timescale as shown
in Fig. 2(d), indicating the thermodynamic stability of the
WFE state at room temperature. Thus, the WFE monolayer
can stably exist and is unlikely to be converted into other
phases at or below room temperature once obtained from
the layered bulk counterpart. As illustrated in Fig. 2(e), the
cleavage energy (0.19 J/m2) is lower than that of graphite
(0.37 J/m2) [49], confirming the plausibility of producing a
WO2Cl2 monolayer via mechanical exfoliation from the bulk
crystal.

C. Ferroelectricity of the WO2Cl2 monolayer

Having established the ground state of the WFE WO2Cl2

monolayer, we turn to the intrinsic ferroelectricity. As men-
tioned above, a sizable spontaneous polarization mostly likely
occurs as a result of the inversion symmetry breaking in the
WO2Cl2 monolayer due to the off-centering displacement of
a W ion in the octahedron. We choose a structure deformation
path between two WFE states with the opposite spontaneous
polarization and through a centrosymmetric reference struc-
ture to evaluate the spontaneous polarization as shown in
Fig. 3(a). Indeed, our calculations reveal a spontaneous in-
plane polarization along the x direction, and the calculated
magnitude of polarization is 189.8 pC/m. This value is com-
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FIG. 3. (a) The calculated total polarization of the WFE WO2Cl2

monolayer as a function of normalized displacement along the adi-
abatic path. The centrosymmetric structure (0% displacement) is at
the center, and two WFE ground states with opposite ferroelectric
polarizations are at the two ends (−100% and 100% displacements).
(b) Nudged elastic band calculation for the polarization switching
process in the WFE WO2Cl2 monolayer. The transformation pro-
ceeds through a centrosymmetric structure in which the polarization
is zero.

parable to those predicted in other 2D ferroelectrics, e.g.,
monolayer group-IV monochalcogenides (151–506 pC/m)
[50]. Furthermore, to reveal the robustness of the ferroelec-
tricity at finite temperatures and the feasibility of polarization
switching, the activation barrier in the polarization switching
process of the WFE WO2Cl2 monolayer was calculated by
using the CINEB method [39]. As depicted in Fig. 3(b), the
calculated energy barrier is 0.167 eV per unit cell, comparable
to those of the 2D ferroelectrics reported in previous works
[50,51]. This implies that the WFE WO2Cl2 monolayer is a
promising ferroelectric material with the switchable polariza-
tions and the high Curie temperatures.

D. Interplay between SOC and ferroelectricity
in the WO2Cl2 monolayer

The electronic band structure of the WFE WO2Cl2 mono-
layer obtained at the PBE level in the absence of SOC
was calculated as provided in the Supplemental Material
[47]. Each band is twofold spin degenerate, and the CBM
and VBM locate at the high-symmetry points �(0, 0, 0) and
Y+(0, 0.5, 0), respectively. When the SOC is involved, the sit-
uation changes drastically. A significant band splitting occurs

FIG. 4. (a) Electronic band structures of the WFE WO2Cl2

monolayer in the PBE and HSE06 approximations with SOC. The
energy at the Fermi level is set to 0 eV. The white rectangle indi-
cates the Brillouin zone, and �(0, 0, 0), X (1/2,0,0), S(1/2,1/2,0), and
Y+(0, 1/2, 0) are the highly symmetric points in reciprocal space.
(b) DFT energy profiles for the CBM outer (top) and inner (bottom)
branches of the [110] Dresselhaus-type spin split bands. (c) A scaled-
up view of the Dresselhaus splitting at the CBM of the WFE WO2Cl2

monolayer based on the HSE06 procedure.

in the conduction band around the � point due to the large
SOC in the W atom and the inversion symmetry breaking
as shown in Fig. 4(a). Notably, the spin degeneration of the
valence band near the Y+ point is preserved. As a result,
the CBM is shifted away from � and resides in the Г−Y+
symmetry line, whereas the VBM remains at Y+. The WFE
WO2Cl2 monolayer has sizable indirect band gaps of 2.08 eV
(PBE) and 3.04 eV (HSE06).

The band splitting can be understood in terms of an effec-
tive k · p Hamiltonian. The wave vectors of the Pmc21 space
group at the � point has a C2v symmetry group [17]. Around
the � point, the wave-vector k and Pauli matrices σ obey the
transformation rules in Table I under the time-reversal sym-
metry operation T and C2v point-group symmetry operations,
giving rise to an effective k · p Hamiltonian shown in Eq. (1).
According to Eq. (1), the Dresselhaus effect splits the bands
into “inner” and “outer” branches: E±(k) = h̄2k2

2m∗ ± αDky. The
energy profiles of the conduction bands calculated from the
above equation are in good consistence with those of the DFT
results as shown in Fig. 4(b). The strength of the Dresselhaus
effect can be estimated by using the formula αD = 2ED

kD
, where

ED is the energy shift, the difference between the CBM and the
energy values at the � point, and kD is the k-space shift [6,10]
as illustrated in Fig. 4(c). Based on the DFT calculations
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FIG. 5. (a) Out-of-plane and in-plane spin component distributions on the constant energy contours corresponding to a cut at 0.2 eV above
the CBM. The colors indicate the modulus of the spin polarization. (b) The corresponding spin distributions after reversing the ferroelectric
polarization.

at the HSE06 level, we obtained ED ≈ 31.8 meV and
kD ≈ 0.072 Å

−1
, resulting in αD ≈ 0.9 eV Å in the conduction

band. This value is comparable to those of ((NH2)2CH)SnI3

[16] and HfO2 [17]. In addition, a Kramer’s pair is found
at the � point. This is consistent with the fact that the �

point preserves time-reversal symmetry and spatial inversion
symmetry [16].

We then move to the spin texture of the WFE WO2Cl2

monolayer. As we mentioned above, the SU(2) spin rotation
symmetry of the system leads to the out-of-plane 〈S〉 at
any wave-vector k except ky �= 0. The Dresselhaus-like spin
texture calculated from DFT results at the CBM + 0.2 eV
is depicted in Fig. 5(a). Obviously, the most dominant con-
tribution of spin polarization comes from the out-of-plane
component Sz, whereas the in-plane components Sx and Sy are
nearly zero, which agrees well with the expectation values of
σ calculated from the effective k · p Hamiltonian. Such a spin
texture differs remarkably from the FERSCs proposed in re-
cent works, such as bulk GeTe [10] and β-methylammonium
lead tri-iodide perovskite3 [12] where the orientation of spin is
not unidirectional in k space. Consequently, the corresponding
effective magnetic field around the CBM of the WO2Cl2

monolayer is almost unidirectional (out of plane), indicating
that the PSH and long spin lifetime are expectable in the WFE
WO2Cl2 monolayer.

Additionally, according to the D’yakonov-Perel’ mech-
anism of spin relaxation, in a system with momentum-
dependent spin-orbit field �(k), impurities and defects will
scatter electrons and randomize the spin direction in a dif-
fusive transport regime [1,21,28]. As a result, the spin life-
time is limited. However, in the [110] Dresselhaus model,
the unidirectional spin-orbit field is protected by the SU(2)

spin rotation symmetry [21], making the PSH state in the
WFE WO2Cl2 monolayer robust against all types of spin-
independent scattering that arise from nonmagnetic impurities
and defects [21,28]. More interestingly, when the direction
of the ferroelectric polarization is reversed, e.g., by applying
an external electric field, the out-of-plane spin polarization
of the inner and outer branches is reversed simultaneously
as illustrated in Fig. 5. Such an interesting property of the
WFE WO2Cl2 monolayer offers a promising platform to
realize the fully electrically controllable PSH via an external
electric field which has been long desired in spintronics
devices.

Finally, we discussed the WO2Cl2 monolayer with the
SPE structure whose energy is slightly higher than that of
the ground state. This structure might be obtained by apply-
ing an electric field along the [110] direction [16,48]. The
stability and electrical properties of the SFE structure are
summarized in the Supplemental Material [47]. Like the WFE
structure, the SPE structure is semiconducting with an electric
polarization of about 286 pC/m along the [110] direction
and a sizable activation barrier in the polarization switching
process (0.23 eV/unit cell). The [110] Dresselhaus model
Hamiltonian also works in the SFE WO2Cl2 monolayer.
Due to the larger polarization of the SFE structure, the spin
splitting is enhanced compared with the WFE structure. The
energy shift (ED) is about 112 meV, and the corresponding
Dresselhaus parameter (αD) is 1.8 eV Å, both of which are
larger than those of the WFE structure. The AFE WO2Cl2

monolayer, however, has neither C2v group symmetry nor
ferroelectricity and, thus, is excluded from the present model.
This is also consistent with the electronic band structure of the
AFE WO2Cl2 monolayer where no spin splitting is found as
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shown in the Supplemental Material [47]. Therefore, the AFE
structure should be avoided to achieve the PSH in the WO2Cl2

monolayer, probably by converting the AFE structure to the
WFE structure by applying an electric field along the [100]
direction [16,48].

IV. CONCLUSION

To summarize, we demonstrated the [110] Dresselhaus
model in two-dimensional ferroelectric materials with in-
plane ferroelectricity and a C2v group symmetry and proposed
a candidate ferroelectric Rashba semiconductor, the WO2Cl2

monolayer, to achieve an electrically controllable persistent
spin helix and long spin lifetime. The experimental accessibil-
ity and stability of the WO2Cl2 monolayer were evidenced by
first-principles calculations. The inversion symmetry breaking
and the strong SOC in the WO2Cl2 monolayer result in a
Dresselhaus-type band splitting in the conduction band near
the � point. Due to the C2v group symmetry of the lattice,

unidirectional effective magnetic field, and out-of-plane spin
textures near the CBM are obtained, which is essential for
the long spin lifetime and PSH. More interestingly, switching
the ferroelectric polarization direction, e.g., by applying an
electric field, leads to the reversion of the spin textures near
the CBM, offering a promising approach for achieving a fully
electrically controllable persistent spin helix. Our theoretical
findings not only broaden the family of ferroelectric Rashba
semiconductors, but also reveal a novel class of multifunc-
tional materials for the novel semiconductor spintronic de-
vices.
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