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ABSTRACT: Ferroelectric Rashba semiconductors (FRS) are highly
demanded for their potential capability for nonvolatile electric control
of electron spins. An ideal FRS is characterized by a combination of
room temperature ferroelectricity and a strong Rashba effect, which has,
however, been rarely reported. Herein, we designed a room-temper-
ature FRS by vertically stacking a Sb monolayer on a room-temperature
ferroelectric In2Se3 monolayer. Our first-principles calculations reveal
that the Sb/In2Se3 heterostructure exhibits a clean Rashba splitting
band near the Fermi level and a strong Rashba effect coupled to the
ferroelectric order. Switching the electric polarization direction
enhances the Rashba effect, and the flipping is feasible with a low
energy barrier of 22 meV. This Rashba−ferroelectricity coupling effect
is robust against changes of the heterostructure interfacial distance and external electric fields. Such a nonvolatile electrically tunable
Rashba effect at room temperature enables potential applications in next-generation data storage and logic devices operated under
small electrical currents.
KEYWORDS: ferroelectric Rashba semiconductor, heterostructure, two-dimensional materials, ferroelectricity, Rashba effect

1. INTRODUCTION
Spintronics has attracted considerable attention for its
potential in high-performance data storage and information
transfer by manipulating the spin degree of freedom.1−3

However, the utilization of ferromagnetic materials and the
application of external magnetic fields for writing and reading
spin states invariably result in an increase in both the device
size and energy consumption, imposing constraints on their
practical applications and hindering their further develop-
ment.4,5 Rashba spin−orbit coupling (SOC) offers a promising
solution to these challenges, as it can facilitate the generation
of spin-polarized electron states without a magnetic moment
and enables control through a low-energy external electric field.
In particular, ferroelectric Rashba semiconductors (FRS)
combine the Rashba effect and ferroelectricity, allowing
nonvolatile electrical control of spin current6,7 via ferroelectric
switching. Thus, it has superior scalability, lower power
consumption, and the possibility for local manipulation of
spin states.
Two-dimensional (2D) FRS have become particularly

important as the miniaturization of spintronic devices.8

Currently, a few 2D FRS have been reported, including
AgBiP2X6 (X = S, Se, and Te),

9 A2P2X6 (A = Al, Sc, Os, Ru, Sb,
and Bi; X = S, Se, and Te), AB (A = Ge, Sn, Pb, Ga, In, Al, and
Hg; B = O, S, Se, and Te)8, distorted 1T-phase MX2
monolayer10, and 2H-phase MX2 bilayers (M = Mo, W; X =
S, Se, Te).11 However, these FRS suffer from certain

limitations, including small Rashba spin splitting, low operating
temperature for ferroelectricity, and a lack of clean Rashba
splitting bands, but with multiple band edges near the Fermi
level. These constraints render them unsuitable for practical
room-temperature applications. Recently, GeTe films have
shown potential for room-temperature ferroelectricity, but
their ferroelectric polarization switching efficiency is impacted
by the Ge vacancy-induced conductivity in the material.12

Therefore, discovering a novel FRS material with optimal
properties remains paramount for advancing practical spin-
tronics application.
The successful synthesis of 2D van der Waals (vdW)

heterostructures13,14 opens up an exciting avenue for the
development of innovative hybrid materials/systems that
integrate diverse functionalities. This prompts the exploration
of whether a comparable strategy can be employed to achieve
coupling between the ferroelectricity and the SOC effect. Of
particular interest is the potential of this heterostructure to
break inversion symmetry, induce the Rashba effect, and
establish coupling between ferroelectricity and the Rashba
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effect. This paves the way for controllable modulation of the
Rashba effect via switching the ferroelectric polarization
direction.
In this work, we design an optimal ferroelectric Rashba

semiconducting system by constructing a vertically stacked
bilayer heterostructure between the easily exfoliable β-phase Sb
semiconductor monolayer,15 known for its strong SOC, with
room-temperature ferroelectric α-phase In2Se3 monolayer.16,17
Our density functional theory (DFT) calculations reveal that
the heterostructure of Sb/In2Se3 induces Rashba splitting
states, which can be tuned by the ferroelectric switching of the
In2Se3 layer. Such strong coupling between Rashba and the
ferroelectric state in the vdW heterostructure introduces a
novel avenue for electronically controllable Rashba effects. It is
noteworthy that several 2D magnet/In2Se3

18−20 and Sb/
WTe2

21 vdW heterostructures have been experimentally
synthesized, underscoring the feasibility of the experimental
realization of our proposed Sb/In2Se3 system.

2. METHODS
Density functional theory (DFT) calculations are performed using the
projector augmented-wave22,23 method, as implemented in the Vienna
ab initio package.24,25 The Perdew−Burke−Ernzerhof (PBE)26 type
generalized gradient approximation (GGA)27 is used to treat the
electron exchange-correlation interaction. The van der Waals (vdW)
correction is applied using the optB86b-vdW method.28−30 The
energy cutoff for the plane wave basis is set to 500 eV. The Brillouin
zone is sampled with Γ-centered 9 × 9 × 1 k mesh for structural
relaxation and 13 × 13 × 1 for electronic structure analyses. Atomic
positions and lattice constants are relaxed until the forces and energies
are converged to 0.01 eV/Å for each atom and 10−6 eV/system,
respectively. Spin−orbit coupling (SOC)31 is incorporated in self-
consistent energy and band structure calculations. Spin textures of
Rashba states are obtained using the PyProcar open-source code.32

Ferroelectric switching energy barrier is calculated by climbing image
nudged elastic band (CI-NEB) method33 with four intermediate
images and a force convergence cutoff of 0.02 eV/Å. The initial and
final states are the ferroelectric polarizations in upward and downward
configurations, respectively.
The Sb/In2Se3 heterostructure is modeled using a 1 × 1

monolayers of Sb (Figure 1a) and α-In2Se3 (Figure 1b) with a
good lattice mismatch of less than 0.24%. The calculated lattice
parameters of 1 × 1 Sb and 1 × 1 α-In2Se3 monolayers are a = b =
4.075 Å and a = b = 4.074 Å, respectively, consistent with previous
theoretical values,16,34 indicating the validity of the calculation
method and the adopted parameters. A vacuum space of about 20
Å is added along the c direction to avoid the interaction between
adjacent layers for both the monolayer and Sb/In2Se3 heterostructure

bilayer. The interface distance between Sb and In2Se3 layers is fully
relaxed for all interface configurations. A dipole correction
perpendicular to the heterostructure (along the c direction) is applied
to eliminate spurious dipole−dipole interaction between periodic
images and calculate the dipole moment.

3. RESULTS AND DISCUSSION
3.1. Structural Properties of Sb/In2Se3 Heterostruc-

ture. The Sb/In2Se3 heterostructure in a hexagonal lattice has
two polarization configurations: (1) a P-up configuration, in
which the middle-layer Se atoms are vertically aligned with the
upper-layer In atoms (left panel of Figure 1c), resulting in an
electric dipole pointing upward; (2) a P-down configuration, in
which the middle-layer Se atoms are vertically aligned with the
lower-layer In atoms (right panel of Figure 1c), resulting in an
electric dipole pointing downward.
Three possible vertical stacking configurations including

hollow, top, and bridge stackings are considered for the Sb/
In2Se3 heterostructure as shown in Figure S1 of the Supporting
Information. Among them, the hollow stacking (see Figure 1c),
in which interfacial Sb atoms sit at the hollow sites of
interfacial Se hexagons, is found to be energetically lower than
the top (bridge) one by 113.627 (28.942) meV/unit cell and
140.864 (0.129) meV/unit cell for the P-up and P-down
configuration, respectively. It is noted that the bridge stacking
with downward polarization is unstable and relax to the hollow
stacking after structure optimization. To examine the thermal
stability of Sb/In2Se3 heterostructure, ab initio molecular
dynamics (AIMD) simulations35 are carried out in a canonical
ensemble (NVT) using the algorithm of Nośe. The simulation
is performed for a 3 × 3 × 1 supercell with a temperature of
500 K and a time step of 1.0 fs. The results (Figure S2) show
that the variation of the free energy of Sb/In2Se3
heterostructure in both P-up and P-down are within ∼3 eV
as well as the absence of bond breakage and large structure
distortion in the final state, indicating their thermal stability at
a high temperature. The phonon spectra are calculated by the
PHONOPY code based on the density of functional
perturbation theory using 3 × 3 × 1 supercells of the Sb/
In2Se3 in both P-up and P-down configurations, respectively.
As shown in Figure S3, there are only negligible imaginary
modes around the Γ point,36 confirming the dynamical stability
of the Sb/In2Se3 heterostructure. Thus, Sb/In2Se3 refers to the
hollow stacking configuration in the following, unless
otherwise stated. The interface distance of the optimized Sb/
In2Se3 heterostructure in the P-up configuration (3.029 Å) is

Figure 1. Top views of monolayer (a) Sb and (b) In2Se3. Side views of Sb/In2Se3 heterostructures with the In2Se3 ferroelectric dipole moment
pointing (c) upward (left side) and downward (right side). Black rhombuses in (a) and (b) refer to the unit cells of monolayer Sb and In2Se3. The
numerical values in (c) represent the interface distance between Sb and In2Se3. The inset in (c) is the 2D Brillouin zone. The black arrows in (c)
represent the dipole moment direction in the In2Se3 layer.
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about 0.200 Å larger than that of the P-down configuration
(2.831 Å). The interface binding energies are calculated using
the equation

= +E E E E A( )/b Sb In Se H2 3

where Eb, ESb, EInd2Sed3
, EH, and A refer to the total energy of the

Sb layer, In2Se3 layer, heterostructure, and interface area,
respectively. According to this equation, the positive interface
binding energy represents an exothermic process for the
formation of the Sb/In2Se3 heterostructure. The calculated
interface binding energies of Sb/In2Se3 heterostructures are
0.493 and 0.601 J/m2 (or 30.786 and 37.511 meV/Å2) for P-
up and P-down configurations, respectively. These results
suggest a stronger interfacial interaction between Sb and In2Se3
for the P-down state. Besides, the interface binding energies of
these vdW heterostructures are smaller than that of the
traditional material interfaces and grain boundaries. For
example, the interface binding energies for MgO/Co2 and
MgO/FeAl interfaces are 117 and 82 meV/Å2, respectively,37

while those for the ZrO2 and HfO2 grain boundaries are 1.18
and 1.36 J/m2, respectively.38

3.2. Rashba−Ferroelectricity Coupling Effect of Sb/
In2Se3 Heterostructure. The band structures of Sb/In2Se3
heterostructures in P-up and P-down configurations exhibit
remarkable differences (see Figures S4a,b,d,e). In the P-up
configuration, the band structure features a direct band gap of
0.731 eV at the Γ point without SOC, which reduces to 0.468
eV under SOC. Two types of Rashba-like spin splittings,
labeled as states I and II, are observed in the conduction bands
(Figure 2a), but no such splitting is present in the valence
band. The typical characteristic of the Rashba effect is the
appearance of momentum-dependent spin splitting in the
absence of any external magnetic field or magnetic moment
(see Figure 2c). The Rashba effect strength is decided by αR =

2ER/kR, where αR is Rashba coupling parameter, ER is the
Rashba spin splitting gap, and kR is momentum shift. The
Rashba spin splitting gaps of states I and II are 6.640 and 1.080
meV, respectively. The small splitting gap of state II located at
the high energy level makes it less practically useful for devices.
Here, we mainly focus on state I. The energy contours with Sx
spin component of state I at 0.70 eV above the Fermi level is
displayed in Figure 2d. The spin textures between the outer
and inner bands of the circular energy contours show opposite
signs. Furthermore, the Rashba spin splitting primarily occurs
in the in-plane (Sx, Sy) spin component rather than the out-of-
plane component Sz (see Figure S4c), indicating the
dominance of the Rashba spin−orbit interaction. The
magnitude of the Rashba effect is 2.352 eV·Å for state I (see
Figure 2e).
In contrast, when the ferroelectric polarization of In2Se3

points downward, the Sb/In2Se3 heterostructure changes from
semiconducting in the P-up configuration to a gapless state
without SOC (see Figures S4a,d). However, including SOC
opens a small direct band gap of about 34 meV around the
Fermi level and induces three Rashba-like states denoted as
states I′, II′, and III′ (see Figure 2b). State II′ at the valence
band maximum (VBM) displays a huge Rashba spin splitting
gap of 60.860 meV, exhibiting a strong Rashba effect of 3.320
eV·Å, which is comparable to that of previously reported
Rashba materials, such as BiAg alloy (3.7 eV·Å).39 State I′ in
the lower valence band and state III′ in the higher conduction
band also exhibit prominent Rashba splitting gaps of 31.190
and 6.200 meV, respectively, with Rashba coupling parameters
of 2.765 and 2.198 eV·Å, respectively (see Figure 2e). The
energy contour of these states displays opposite signs between
the outer and inner bands in spin texture (see Figure 2d),
confirming the Rashba spin−orbital coupling effect. In other
words, switching the ferroelectric polarization direction of

Figure 2. Calculated local band structures of Sb/In2Se3 heterostructures with SOC for (a) P-up and (b) P-down states. (c) Schematic of a band
structure with Rashba-type spin splitting, where the spin is perpendicular to momentum k, ER is the Rashba energy, kR is the momentum shift, and
αR is the Rashba coupling parameter. The Fermi level is aligned to zero. (d) Spin textures with the Sx component of the Rashba state in P-up (state
I) and in P-down (states I′, II′, and III′) configurations. The red and blue colors in color bar of (c) and (d) indicate the spin-up and spin-down
components. (e) Calculated Rashba splitting gap and Rashba coupling parameter.
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In2Se3 from up to down induces a stronger Rashba effect at the
VBM for the Sb/In2Se3 heterostructure. This suggests a unique
coupling between the Rashba effect and ferroelectric order in
the Sb/In2Se3 heterostructures, which is not observed in pure
monolayers Sb and In2Se3.

3.3. Mechanism of Ferroelectric Driven Rashba Effect.
To explore the origin of these Rashba states in the Sb/In2Se3
heterostructure for both the P-up and P-down configurations,
we analyze their orbital projected band structures (Figures
3a,b) and partial charge density (PCD) (Figure 3c). The

results show that state I is mainly contributed by the
hybridization between the interfacial In-s and Se-s,pz orbitals
with a minor contribution from Sb-s of In2Se3 (Figures 3a,c).
States I′ and II′ are mainly induced by the Sb-px and -py
orbitals, with a minor contribution from the Sb-s and interfacial
Se-s orbitals (Figures 3b,c). State III′ arises mostly from the In-
s, Se-s,pz, and Sb-s orbitals with small contributions from small
Se-px,py orbitals of the In2Se3 layer (Figures 3b,c). Overall,
states I, I′, and II′ demonstrate strong interfacial hybridization,
while the interfacial hybridization for state III′ is not obvious

Figure 3. Orbital projected band structure with SOC of Sb/In2Se3 for (a) P-up and (b) P-down configurations. (c) Partial charge density (PCD) of
the Rashba-like states I, I′, II′, and III′ at the Γ k-point of Sb/In2Se3 heterostructure. The isosurface value of PCD is 8 × 10−4 e/bohr3.

Figure 4. (a) Average electrostatic potential (EP) of monolayer Sb and monolayer In2Se3. Upper right is the enlarged electrostatic potential of
monolayer Sb and In2Se3. Lower right is the schematic of work function difference between monolayer Sb and monolayer In2Se3 in P-up (ΔWup)
and P-down (ΔWdn) Sb/In2Se3 heterostructure, respectively. (b, c) Differential charge density (DCD) in 3D view graph and line profile along the
z-axis of Sb/In2Se3 heterostructure for P-up and P-down, respectively. The isosurface value of DCD is 2.5 × 10−4 e/bohr3. The light yellow and
light cyan isosurfaces in parts (b) and (c) refer to charge accumulation and reduction, respectively.
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(see Figure 3c). And the mechanism behind Rashba states for
the Sb/In2Se3 heterostructure changes from the interfacial s−pz
orbital hybridization in the P-up configuration to the joint
contribution of interfacial s−px−py−pz orbital hybridization in
the P-down configuration. This is also confirmed by the orbital
projected density of states for both the P-up and P-down
heterostructures with SOC (Figure S5). The orbital projected
band structures with SOC of monolayer Sb, monolayer In2Se3,
and Sb/In2Se3 heterostructure are also given in Figure S6 for a
direct comparison, which clearly shows that the Rashba states
are driven by the interface interaction.
The significant difference in band structures of the Sb/

In2Se3 heterostructure caused by reversing ferroelectric polar-
ization of In2Se3 could be explained by two factors: the
difference in work function between the Sb and In2Se3 layers
(see Figure 4a) and the differential charge density (DCD)
within the Sb/In2Se3 heterostructure (see Figures 4b,c). The
Sb monolayer is symmetric with an identical electrostatic
potential on both sides (blue line in Figure 4a). Conversely,
the In2Se3 monolayer exhibits broken mirror symmetry,
resulting in a difference in electrostatic potential along its
two sides (denoted as up and down side, indicated by the red
line in Figure 4a). The calculated work function for the Sb
monolayer is 4.701 eV, while for the In2Se3 monolayer it is
5.673 eV for the up side and 6.486 eV for the down side. When
the Sb monolayer contacts the opposite-polarized In2Se3
monolayer, the work function difference between Sb and
In2Se3 in the P-up state (ΔWup) is 0.972 eV, which is lower
than that of the P-down state (ΔWdn = 1.785 eV). The
difference of the ΔWup and ΔWdn corresponds to the effective
potential offset between up and down side of the monolayer
In2Se3, reflecting the band gap offset observed in Figure S4. As
a result, fewer electrons are transferred from Sb to In2Se3 for P-
up Sb/In2Se3 (see Figure 4b), maintaining a larger Sb−Se
interface distance. In contrast, there is noticeable electron
transfer between Sb and In2Se3 in the P-down Sb/In2Se3
heterostructure due to their significant work function differ-
ence (Figure 4c), leading to a smaller Sb−Se interface distance
compared to that of P-up Sb/In2Se3. It is interesting to note
that similar mechanisms have been proposed for the
adsorption of metal porphyrazine molecules or gas molecules
on the surface of the In2Se3 monolayer.

40,41 The modulated
charge distribution around the interface contributes to the

variation in the electronic band structure of Sb/In2Se3 between
the P-up and P-down states.

3.4. Ferroelectric Properties of Sb/In2Se3 Hetero-
structure. As discussed above, the different band alignments
of Sb and In2Se3 between the P-up and P-down configurations
lead to different overall ferroelectric polarization strength. The
total dipole moments for the P-up and P-down configuration
are 0.102 and 0.047 e·Å, respectively. Compared to the pure
In2Se3 monolayer (0.091 e·Å), the dipole moment is enhanced
in the P-up configuration and is reduced in the P-down
configuration. To explain this, we calculated the average
electrostatic potentials (EP) of the Sb/In2Se3 heterostructure
for both polarization states, which reveals the existence of two
dipole moments: an intrinsic dipole moment in In2Se3 (DInd2Sed3

)
and a Sb−Se interfacial dipole moment (Dinter) (see Figures
S7a,b). DInd2Sed3

remains dominant with a value of ∼0.091 e·Å
between different polarization states, while Dinter is ∼0.011 and
0.044 e·Å for the P-up and P-down configuration, respectively.
These differences in the interfacial dipole moment among
different polarized heterostructure also impact the band
structure and interface distance.
Switching the electric polarization direction in ferroelectric

materials is crucial for practical applications. We employ the
climbing image nudged elastic band method to investigate the
feasibility of ferroelectric switching. In Figure 5a, the P-down
Sb/In2Se3 has a lower energy than the P-up state by 59 meV/
f.u. The energy barrier for the ferroelectric switching from up
to down and the opposite is 22 and 81 meV, respectively.
These values are smaller than those in experimentally realized
ferroelectric materials such as CuCrP2S6 (100 meV/f.u.). The
calculated ferroelectric energy barrier for monolayer In2Se3 is
23 meV (Figure S8), consistent with another calculation,16

indicating that the electric polarization direction in the Sb/
In2Se3 heterostructure can be easily switched from up to down,
similar to that of monolayer In2Se3. However, switching from
down to up requires a relatively higher external electric field.
To assess the feasibility of reversing the polarization

direction of the Sb/In2Se3 heterostructure using an external
electric field, we study the impact of field strengths ranging
from −0.2 to 0.2 V/Å along the z direction on the energy
barrier for ferroelectric switching (Figure 5b). We focus on the
effect of external electric field on the energy barrier from
downward to upward since it has a higher energy barrier than
the reverse process. The energy barrier for switching from

Figure 5. (a) Energy barrier of ferroelectric switching for Sb/In2Se3 heterostructure. Insets in (a) refer to the initial and final states structures of Sb/
In2Se3. (b) Effect of an external electric field on the switching energy barrier from downward to upward and energy difference between P-up and P-
down for Sb/In2Se3. Inset in (b) is a schematic for the ferroelectric polarization switch.
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downward to upward increases to 115 meV at 0.2 V/Å and
decreases to 55 meV at −0.20 V/Å. This is because that the
interface dipole moment Dinter (point upward) is antiparallel to
the intrinsic DInd2Sed3

(point downward) (see Figure S7b). Thus,
applying a negative external electric field to Sb/In2Se3 initially
offsets the interface electric field Dinter, making it closer to the
value in pure monolayer In2Se3, resulting in a lower switch
energy barrier. The evolution of dipole moments of P-down
Sb/In2Se3 with an out-of-plane external electric field also
confirms this conclusion (see Figure S9). It is noted that the
largest external electric field applied in this study exceeds the
typical values used for practical devices. For instance, the
coercive field for ferroelectric materials like HfO2 is around
0.02 eV/Å.42 The larger value used here is to facilitate a more
pronounced energy barrier or energy difference between the up
and down configurations under the external electric field.
We also investigate the stability of the Sb/In2Se3

heterostructure with opposite polarization under an external
electric field. As shown in Figure 5b, the P-down state is always
more stable than the P-up state regardless of whether a positive
or negative electric field is applied. Moreover, with the increase
of the negative electric field, the energy difference between the
two states decreases gradually, demonstrating that a negative
electric field could promote to form a ferroelectric bistable
state. Therefore, the application of an external electric field can
significantly facilitate the ferroelectric polarization switch.

3.5. Effects of Different Interface Distances and
External Electric Field on the Rashba Effect. The
discussion in Section 3.3 highlights the tunable Rashba effect
of Sb/In2Se3 by the polarization state of In2Se3, which also
alters the interfacial distance between the Sb and In2Se3 layer.

Herein, we examine the impact of varying the vertical interface
distance (denoted as d) between Sb and In2Se3 on the Rashba
effect in both P-up and P-down configurations. The interlayer
distance is changed by rigidly shifting the Sb layer, while
keeping the In2Se3 layer fixed. As shown in Figure 6a, the
reduction of the interfacial distance from the initial value d0 =
3.029 Å to d = 2.665 Å (shrink by 12%) slightly increases the
Rashba spin splitting gap of state I at the conduction band
minimum (CBM) in the P-up configuration. Conversely, the
increase in the distance to 3.392 Å reduces the Rashba spin
splitting gap by 2 meV. This behavior can be attributed to the
hybridization of interfacial Sb and In2Se3 layers, which
contributes to state I and is dependent on the interface
vertical distance. In the P-down configuration (Figure 6b),
state I′ in the lower valence band and state III′ in the higher
conduction band exhibit negligible sensitivity to changes in
interface distance. The splitting gap of state II′ in VBM
decreases by about 13.86 meV as the distance decreases from
2.831 to 2.491 Å (shrink by 12%) and slightly increases with
the interface distance increases. Thus, the Rashba splitting at
VBM of P-down configuration is relatively sensitive to changes
in the interface distance due to its stronger interface
hybridization interaction compared to the P-up configuration.
The Rashba coupling parameter exhibits a small variation of
less than 1 eV·Å for a range of interface distance changes
within ±12%, as depicted in Figure S10a. In general, the
interface distance has little effect on the Rashba effect of the
Sb/In2Se3 heterostructure.
The effect of an external out-of-plane electric field, ranging

from −0.1 to −0.1 V/Å along the z direction, on the Rashba
effect for both of P-up and P-down Sb/In2Se3 heterostructure

Figure 6. Evolution of Rashba splitting gap of Sb/In2Se3 with (a, c) P-up and (b, d) P-down of In2Se3 under various Sb−Se vertical interface
distances and external electric fields. The vertical dashed lines in (a) and (b) refer to the equilibrium interfacial spacing position d0.
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is also studied. As shown in Figure 6c, the external electric field
has minimal effect on P-up’s Rashba spin splitting, changing by
only about 1 meV under ±0.1 V/Å. The influences for the
Rashba spin splitting of states I′ and II′ in the P-down
configuration are also not significant (Figure 6d). State III′,
similar to state I, remains robust against the external electric
field. The external electric field within the scale of ±0.1 V/Å
also has a slight effect on the Rashba coupling parameters of
Sb/In2Se3 for both P-up and P-down, as shown in Figure S10b.
These results suggest that spin precession can be effectively
tuned with a gate voltage.43

4. CONCLUSIONS
In this work, we systematically investigate geometric and
electronic properties of the Sb/In2Se3 heterostructures in
opposite polarization directions using first-principles calcu-
lations. Our results show that the P-down configuration
exhibits stronger interface binding strength than the P-up one.
Both P-up and P-down Sb/In2Se3 heterostructures show a
strong Rashba effect driven by the SOC effect and the broken
inversion symmetry. Switching the ferroelectric polarization
from up to down results in a change of the Rashba states from
the CBM to the VBM, enhancing the Rashba effect. A small
external electric field could effectively flip the ferroelectric
polarization direction from up to down due to its lower energy
barrier. The Rashba−ferroelectric coupling effect remains
robust against changes in interface distance and external
electric field. This work opens up a new pathway to obtain 2D
FRS through regulating interlayer coupling and fine-tuning
electronic band structure by forming a 2D van der Waals
heterostructure.
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