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The experimental evidence of the ultrahigh electron mobility and strong spin-orbit coupling in the two-
dimensional (2D) layered bismuth-based oxyselenide, Bi2O2Se, makes it a potential material for spintronic
devices. However, its spin-related properties have not been extensively studied due to the centrosymmetric
nature of its crystal structure. By using first-principles density-functional theory calculation, this study reports the
emergence of Rashba-spin-valley states in Bi2O2Se monolayer (ML). Breaking the crystal inversion symmetry of
Bi2O2Se ML using an external electric field enables the Rashba-spin-valley formation, causing the appearance
of the Rashba-type splitting around the � valley and spin-valley coupling at the D valleys located near the
middle of � − M line. In addition to the typical Rashba-type spin textures around the � valley, the study also
observed in-plane unidirectional spin textures around the D valleys, which is a rare phenomenon in 2D materials.
The observed Rashba-spin-valley states are driven by the lowering point group symmetry of the crystal from
D4h to C4v enforced by the electric field, as clarified through �k · �p model derived from symmetry analysis.
More importantly, tuning the Rashba and spin-valley states by using biaxial strain offers a promising route
to regulate the spin textures and spin splitting preventing the electron from back-scattering in spin transport.
Finally, we proposed a more realistic system, namely, Bi2O2Se ML/SrTiO3 (001) heterointerface that supports
the strong Rashba-spin-valley states and highlighting the potential of the Bi2O2Se ML for future spintronics and
valleytronics-based devices.
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I. INTRODUCTION

The correlation between the electron spin and orbital de-
grees of freedom is a fundamental concept in a range of
emerging areas, such as spintronics and valleytronics [1–3].
The examination of the symmetry of crystalline solids is crit-
ical in comprehending the physical properties of these new
fields. For an instant, in a system that possesses both inversion
and time-reversal symmetry, the doubly degenerate electronic
bands are preserved throughout the first Brillouin zone (FBZ)
even in the presence of the spin-orbit coupling (SOC), known
as Kramer’s spin degeneracy. When the inversion symmetry
is broken, the SOC induces the momentum-dependent spin–
orbit field (SOF) and lifts the band degeneracy through the
so-called Rashba [4] and Dresselhaus [5] effects. During the
past decade, the Rashba-Dresselhaus effect has been the sub-
ject of intense research due to its potential applications in the
emergent field of spintronics [6,7]. In particular, the Rashba
effect can manipulate the polarized spins by the external elec-
tric field [8] and thus holds promise for realizing spin field
effect transistors in experiments [9].

In addition, an intriguing phenomenon arises when the
time-reversal symmetry of crystalline solids is broken. In
such cases, the absence of inversion symmetry, combined
with the SOC, gives rise to the spin-valley contrasting effect
[2,10]. Typically, the term valley refers to the energy extrema
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points in momentum space that represents a binary index
for low-energy carriers, which is robust to the scattering by
smooth deformations and long-wavelength phonons [10,11].
The valley degree of freedom is potentially utilized to store
and carry information, leading to conceptual electronic appli-
cations known as valleytronics [12,13]. Moreover, utilization
of the spin-valley contrasting effect gives rise to topological
valley transport properties such as photoinduced charge Hall
effect, valley Hall effect, and spin Hall effect under zero
magnetic field [10,14,15]. Several promising systems for host-
ing the spin-valley contrasting effect have been reported in
two-dimensional (2D) systems, including the family of tran-
sition metal dichalcogenides (TMDCs) MX2 (M = W, Mo;
X = S, Se, Te) monolayer (ML) [10,14,15] and a class of
septuple-atomic-layer MXenes MA2Z4 (M = W, Mo; A = Si,
Ge; Z = N, P, As Te) ML [16–18]. Here, D3h symmetry of the
TMDCs monolayer (ML) enforces the occurrence of the large
spin splitting located at the K valley in the FBZ, exhibiting
valley-contrasting spin polarization perpendicular to the 2D
plane. This effect has been evidenced by its unique optical and
transport characteristics, including valley-dependent circular
dichroic photoluminescence [19,20] and nonreciprocal charge
transport [21].

In some systems with multiple well-separated valleys, the
Rashba and spin-valley effects can both be observed. In such
cases, coupling between the Rashba and spin-valley states
can occur, resulting in Rashba-flavored spin-valley states.
These states enable nondissipative transport of both spin and
valley degrees of freedom by utilizing the position of the
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Rashba and spin-valley states near the Fermi level. Typi-
cally, Rashba states produce a pair of spin-polarized bands
in k space with opposite chiral in-plane spin textures, which
allows electrons to backscatter and greatly reduces the effi-
ciency of spin transport [22,23]. In contrast, backscattering is
suppressed in spin-valley states due to their unidirectional out-
of-plane spin textures [24,25]. The Rashba-spin-valley states
have been observed in various 2D ML structures with in-
plane mirror symmetry breaking, such as Janus TMDCs MXY
(M = W, Mo; X,Y = S, Se, Te) ML [26–28], Janus MXenes
MAA′Z2Z ′

2 (M = W, Mo; A, A′ = Si, Ge; Z, Z ′ = N, P, As Te)
ML [29,30], Janus titanium dihalide TiXY (X,Y = Cl, Br, I)
ML [31] and buckled hexagonal h-MN (M = V, Nb, and Ta)
ML [32]. However, the close energy proximity between the
Rashba and spin-valley states in these systems may induce
interference between in-plane and out-of-plane spin textures,
resulting in low efficiency of spin transport. Recently, it has
been reported that 2D layered centrosymmetric black arsenic
also hosts Rashba-spin valley states that can be controlled by
electrostatic gating [33]. However, the light atomic weight of
arsenic leads to a small spin splitting of the Rashba-spin valley
states.

This study utilizes first-principles density-functional the-
ory (DFT) calculations to show that the Rashba-spin-valley
states emerge in 2D bismuth oxyselenide, Bi2O2Se. Recently,
2D ultrathin layered Bi2O2Se has been successfully syn-
thesized, exhibiting the strong SOC interaction [34,35] and
superior transport properties such as ultrahigh Hall electron
mobility [36–39], making the achievement of Rashba-spin-
valley states in this material significant for the development
of spintronics and valleytronics applications. We find that
breaking the crystal inversion symmetry of 2D Bi2O2Se ML
using an external electric field leads to the Rashba-spin-valley
formation exhibiting the Rashba-types splitting around the
� valley and spin-valley coupling at D valleys located near
the middle of the � − M line. Unlike previous studies, uni-
directional in-plane spin textures around the D valleys are
observed, in addition to conventional Rashba-type spin tex-
tures around the � valley. These spin textures are driven
by the electric field-induced lowering of crystal symme-
try from D4h to C4v point group, as demonstrated through
the �k · �p model derived from symmetry analysis. More in-
terestingly, manipulating the Rashba and spin-valley states
through biaxial strain offers an efficient means of manag-
ing the spin textures and spin splitting, thereby hindering
electron backscattering in spin transport. We further pro-
pose a more realistic system, namely, Bi2O2Se ML/SrTiO3

(001) heterointerface, where the strong Rashba-spin-valley
states are achieved. Since molecular beam epitaxy (MBE)
of atomically thin Bi2O2Se film down to the ML structure
grown on the SrTiO3 (001) substrate has been experimen-
tally reported [40], observation of the Rashba effect on the
Bi2O2Se ML/SrTiO3 (001) is expected to be realized in the
near future. Therefore, the application of Bi2O2Se ML for
spintronics and valleytronics devices is plausible.

II. MODEL AND COMPUTATIONAL DETAILS

To evaluate the structural, electronic, and spin-splitting-
related properties of Bi2O2Se ML, we performed fully

relativistic DFT calculations, where the SOC was taken
into account self-consistently by using total momentum
( j)-dependent pseudopotentials [41]. We used normconserv-
ing pseudopotentials and optimized pseudoatomic localized
basis functions in our DFT calculations implemented in the
OpenMX code [42–44]. We apply the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (GGA-PBE)
[45,46] as an exchange-correlation functional. The linear
combinations of multiple pseudoatomic orbitals (PAOs) gen-
erated using a confinement scheme were used as the basis
functions [42–44]. A set of the PAOs basis functions was spec-
ified as Bi8.0-s3p2d2 f 1, Sr7.0-s3p2d2 f 1, Ti7.0-s3p2d2,
Se7.0-s3p2d2, O6.0-s2p2d2, and H6.0-s2p2, where 8.0, 7.0,
7.0, 7.0, 6.0, and 6.0 are the cutoff radii (in bohrs) of Bi, Sr,
Ti, Se, O, and H atoms, respectively. Here, the integers after
s, p, d , and f indicate the radial multiplicity of each angular
momentum component. The accuracy of the basis functions,
as well as pseudo-potentials we used, were carefully bench-
marked by the delta gauge method [47]. We make a periodic
slab model with a sufficiently large vacuum layer (25 Å)
to avoid interaction between adjacent layers. We used an
8 × 8 × 1 k point and real space grids corresponding to energy
cutoffs larger than 350 Ry to obtain the converged results of
the self-consistent field (SCF) loops. The energy convergence
criterion of 10−9 eV was used. Phonon dispersion band is
used to evaluate the dynamical stability of the Bi2O2Se ML
obtained by using ALAMODE code [48] based on the force
constants obtained from the OpenMX code calculations.

To provide a more realistic system, we built a het-
erostructure where a SrTiO3 [001] substrate is applied on
Bi2O2Se ML. Here, SrTiO3 [001] surface was modeled
using an eight layer slab. Two stable formations of the
Bi2O2Se ML/SrTiO3 [001] interface are considered, i.e., (i)
Se-SrO and (ii) Se-TiO2 interface termination. The stability
of the Bi2O2Se ML/SrTiO3 [001] interface was evaluated by
calculating the cohesive energy (Ecoh) through the following
relation:

Ecoh = EBi2O2Se + ESrTiO3 − ETot

A
, (1)

where ETot, EBi2O2Se, and ESrTiO3 are the total energy of
Bi2O2Se ML/SrTiO3 [001], Bi2O2Se ML surface, and isolate
SrTiO3 [001] surface, respectively, while A represents the
surface area.

To study the Rashba-spin valley effect, we applied a uni-
form external electric field on Bi2O2Se ML along the z
direction modeled by a sawtooth waveform during the SCF
calculation and geometry optimization. We calculated the spin
textures in the momentum k space by deducing the spin vec-
tor components (Sx, Sy, Sz) in the reciprocal lattice vector �k
from the spin density matrix. By using the spinor Bloch wave
function, �σ

μ (�r, �k), obtained from the DFT calculations after
the SCF is achieved, we calculate the spin density matrix,
Pσσ ′ (�k, μ), by using the following equation [49,50]:

Pσσ ′ (�k, μ) =
∫

�σ
μ (�r, �k)�σ ′

μ (�r, �k)d�r

=
∑

n

∑
i, j

[c∗
σμicσ ′μ jSi, j]e

i �Rn·�k, (2)
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FIG. 1. Atomic structures of Bi2O2Se for (a) bulk and (b) monolayer (ML) structures. For the case of the Bi2O2Se ML, hydrogen H-
passivated configuration is applied for the upper and bottom surface Bi2O2Se ML to balance nonstoichiometry. The grey, yellow, red, and
white colors represent the Bi, Se, O, and H atoms, respectively. The symmetry operations of the Bi2O2Se ML, including E , i, C2z, C2d,d ′ ,
C2m,m′ , C4z±, S4z±, Mxy, Mxz,yz, and Md,d ′ are indicated. (c) 2D FBZ for both the Bi2O2Se ML characterized by time-reversal-symmetry points,
such as M, �, and X points, and non-time-reversal-symmetry points, including D and L points, are highlighted. (d) electronic band structure of
Bi2O2Se ML calculated without (black color) and with (magenta color) spin-orbit coupling (SOC). (e) Orbital-resolved projected bands for Bi,
Se, and O atoms calculated with SOC are shown. The radii of the circles reflect the magnitudes of the spectral weight of the particular orbitals
to the bands.

where Si j is the overlap integral of the ith and jth localized
orbitals, cσμi( j) is the expansion coefficient, σ (σ ′) is the
spin index (↑ or ↓), μ is the band index, and �Rn is the nth
lattice vector. This method has been successfully applied in
our recent studies on various 2D materials [51–56].

III. RESULTS AND DISCUSSION

First, we examine the structural properties of Bi2O2Se ML.
The geometry of the bulk and 2D ML structures are shown in
Figs. 1(a)–1(b), while the corresponding 2D FBZ is illustrated
in Fig. 1(c). The layered Bi2O2Se crystallizes in a tetragonal
structure with I4/mmm space group [Fig. 1(a)], consisted of
alternating stacking of positively charged [Bi2O2]2n+

n layers
and negatively charged [Se2]2n−

n layers with weak electrostatic
interactions [36]. The 2D ML structure of Bi2O2Se can be
constructed by separating the crystal in the c direction (z di-
rection) through the ionic bonds between [Bi2O2]2+ and Se2−

layers [Fig. 1(b)]. Here, the Se2− layers terminate both the top
and bottom surface MLs, thus preserving the inversion sym-
metry. Similar to its bulk counterpart, Bi2O2Se ML belongs
to the D4h point group symmetry [36,57], generated by the

following symmetry operations: E , i, C2z, C2d,d ′ , C2m,m′ , C4z±,
S4z±, Mxy, Mxz,yz, and Md,d ′ . Here, E is the identity operator, i
is the inversion symmetry, C2z and C4z± represent the twofold
and fourfold rotations around the z axis, respectively, C2d,d ′

and C2m,m′ are the twofold rotations around the dihedral and
vertical mirror axis, respectively, S4z± is the fourfold rotations
around the z axis followed by reflection through the xy plane,
Mxy is the glide mirror symmetry through the xy mirror plane
followed by translation, Mxz,yz is the vertical mirror symmetry
through the xz and yz mirror plane, respectively, and Md,d ′ are
the dihedral mirror symmetry containing the z axis and cross-
ing the angle between kx and ±ky [Fig. 1(b)]. In our model,
we applied hydrogen H-passivated configuration on Bi2O2Se
ML for balancing the nonstoichiometry as used in the previous
studies [58–61]. We find that this structural configuration is
dynamically stable as confirmed by phonon dispersion bands
shown in Fig. S1 in the Supplemental Material (SM) [62].
Nevertheless, the optimized in-plane lattice parameter of the
ML (3.98 Å) is a bit larger than that of the bulk (3.91 Å),
which agrees with prior findings [58–61].

Figure 1(d) depicts the electronic band structure of
Bi2O2Se ML calculated with and without SOC. It demon-
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FIG. 2. Evolution of the electronic band structure of Bi2O2Se ML calculated with the SOC under the out-of-plane electric field Ez: (a) 0
V/Å, (b) 0.1 V/Å, and (c) 0.2 V/Å. Here, the spin-spin splittings at D, �, and L valleys are highlighted. Spin-splitting energy of Bi2O2Se ML
under Ez of 0.1 V/Å mapped on the first Brillouin zone calculated for (d) CBM and (e) VBM. The spin-splitting energy, �E (k), is calculated
by using two bands at the CBM and VBM through the relation, �E (k) = ‖E (k,↑) − E (k,↓)‖, where E (k,↑) and E (k,↓) are the upper and
lower bands of the spin-split states, respectively. (f) Orbital-resolved projected bands near the Fermi level for Bi and Se atoms are shown. The
radii of the circles reflect the magnitudes of the spectral weight of the particular orbitals to the bands.

strates that the ML is a semiconductor having multiple valleys
in its electronic band structures. Three valleys are observed
at the conduction band, with the � valley having the lowest
energy, the D valley located at the middle of the � − M line,
and the L valley near the middle of the X − M line [Fig. 1(d)].
On the contrary, the valence band is characterized by the D,
�, and X valleys, with the highest energy level located at the
X valleys. The � valley in the conduction band mainly comes
from the px orbitals of the Bi and Se atoms, while the D and
L valleys mostly originate from the mixing between px,y and
pz orbitals of the Bi and Se atoms [Fig. 1(e)]. On the contrary,
pz orbital of the O atoms contributes dominantly to the X ,
�, and D valley at the valence band. Since the conduction
band minimum (CBM) and valence band maximum (VBM) is
located at the � and X valleys, respectively, an indirect band
gap is observed. The calculated value of the indirect band gap
is 1.2 eV, which is in good agreement with previous theoretical
reports [58,60]. We noted here that the indirect band gap
of the 2D ultrathin Bi2O2Se has been previously reported
experimentally by using optical measurement [36]. Although
this indirect band gap is well consistent with our calculations,
the magnitude of the experimental band gap (1.95 eV) [36]
is larger than that of our result (1.2 eV), which is due to the
use of the GGA-PBE in our DFT calculations. However, the

topological band curvature including the position of the CBM
and VBM obtained in our calculations is consistent-well with
the angle-resolved photoemission spectroscopy experiment
[36,38]. When the SOC is taken into account, the indirect band
gap of Bi2O2Se ML decreases to 1.1 eV. Since the inversion
symmetry is preserved in Bi2O2Se ML, all the bands are
spin degenerated [see red line in Fig. 1(d)]. Thus, there is no
spin-splitting observed on Bi2O2Se ML.

In order to observe spin splitting in a Bi2O2Se ML, an
external electric field (Ez) perpendicular to the ML surface is
employed to break the crystal inversion symmetry. We utilized
electric fields Ez reaching a magnitude of 0.2 V/Å, demon-
strating thermodynamic stability as confirmed by the absence
of imaginary frequency in the phonon dispersion; see Figs. S1
in the SM [62]. Figures 2(a) and 2(c) illustrate evolution of
the band structures of Bi2O2Se ML with different magnitudes
of Ez, revealing that when Ez is smaller than 0.18 V/Å, the
indirect band gap remains, but at larger Ez of 0.18 V/Å, it
becomes metallic. This change from an indirect semiconduc-
tor to a metallic state, which is similar to that previously
reported on InSe ML [63] and bilayer phosphorene [64], is
due to the strong coupling between the p-p orbitals of Bi, Se,
and O atoms in both the CBM and VBM [refer to Fig. 1(e)].
Additionally, the breaking of inversion symmetry together

035109-4



EMERGENCE OF RASHBA SPIN VALLEY STATE IN … PHYSICAL REVIEW B 108, 035109 (2023)

TABLE I. The spin-splitting parameters of the Rashba-spin-valley states calculated for the CBM [�Ec
D,L (eV), αc

R (eVÅ)] and VBM [�E v
D

(eV), αv
R (eVÅ)] of the Bi2O2Se ML under the influence of the Ez of 0.1 V/Å compared to those reported on the several 2D systems.

ML systems �Ec,v
valley=D,L,K (eV) αc,v

R (eVÅ) Reference

Bi2O2Se 0.32 (D valley, CBM) 1.33 (CBM) This work
0.68 (L valley, CBM)
0.11 (D valley, VBM) 0.52 (VBM)

2D Janus TMDCs MXY
MoSSe 0.17 (K valley) 0.07 Ref. [26]
WSTe 0.49 (K valley) 0.48 Ref. [27]
WSeTe 0.45 (K valley) 0.92 Ref. [28]
2D Janus MXenes MAA′Z2Z ′

2

Mo(W)Si2PxAsy (x + y = 4) 0.14–0.51 (K valley) 0.0–0.61 Ref. [29]
Mo(W)Ge2P2As2 0.14–0.47 (K valley) 0.5–0.52 Ref. [30]
2D Janus TiXY (X,Y = Cl, Br, I) 0.04–0.06 (K valley) 0.07 Ref. [31]
Other 2D materials
BAs ML 0.004 (D valley) Ref. [33]
h-MN (M: V, Nb, Ta) 0.01–0.11 (K valley) 0.55–4.23 Ref. [32]

with SOC generates spin-splitting bands throughout the FBZ,
except for high symmetry points at �, X , and M valleys, which
remain time-reversible [see Figs. 2(b) and 2(c)]. Since the spin
splitting is more prominent in the bands near the Fermi level
[Figs. 2(b) and 2(c)], hence this paper primarily focuses on the
spin-split bands at both the CBM and VBM.

Figures 2(d) and 2(e) depict the spin-splitting energy of
a Bi2O2Se ML at an Ez of 0.1 V/Å mapped throughout the
FBZ and computed at the CBM and VBM, respectively. Our
findings reveal that the spin splitting shows a highly isotropic
character around the center of the FBZ (� valley), whereas it
becomes strongly anisotropic near the edge of the FBZ (X
and M valleys). More interestingly, it is evident that large
spin splittings occur in both the CBM and VBM, which is
particularly visible at the D valley (�Ec

D = 0.32 eV; �E v
D =

0.11 eV) and L valley (�Ec
L = 0.68 eV), and there is also

an apparent significant Rashba-type spin splitting around the
� valley [refer to Figs. 2(b), 2(d) and 2(e)]. Due to time
reversibility at the � valley, the spin splittings are shown to
have opposite signs at the +D (+L) and −D (−L) valleys,
giving rise to an effective coupling between spin and valley
pseudospin. In addition, due to the close energy between the
� and D valleys, the Rashba-spin-valley states are achieved.
Our calculations confirmed that the strong coupling between
the px,y and pz orbitals of Bi and Se atoms is responsible for
inducing the substantial spin splitting at the D and L valleys,
as evidenced by the orbital-resolved projected spin-split bands
shown in Fig. 2(f). On the other hand, the Rashba spin splitting
around the � valley can be quantified by using the Rashba
parameter obtained from the linear Rashba model through
the relation, αR = 2ER/kR, where ER and kR are the Rashba
energy and momentum offset, respectively [see the insert of
Fig. 2(b)]. Then, we summarize the calculated results of the
spin-splitting parameters (�Ec,v

D , �Ec
L , αc,v

R ) in Table I, and
compare these results with a few selected 2D materials sup-
ported Rashba-spin-valley states. Notably, the spin splittings
at the D (�Ec,v

D ) and L (�Ec
L) valleys are comparable with

that observed in various 2D Janus TMDCs MXY ML [26–28]
and Janus MXenes MAA′Z2Z ′

2 ML [29,30], while the Rashba

parameter αc,v
R around the � valley is much larger than those

2D Janus systems. Additionally, all of the splitting parameters
(�Ec,v

D , �Ec
L , and αc,v

R ) of the Rashba-spin-valley states are
significantly larger than those observed on 2D Janus TiXY
(X,Y = Cl, Br, I) ML [31], 2D buckled h-MN (M: V, Nb,
Ta) ML [32], and 2D BAs ML [33].

To gain a better understanding of the observed spin split-
ting of the Rashba-spin-valley states, we show in Figs. 3(a)–
3(c) expectation value of spin components (Sx, Sy, Sz) pro-
jected onto the spin-split bands near the Fermi level. Our
findings show that the in-plane spin components (Sx, Sy) are
the dominant contributors to the spin-split bands, while the
out-of-plane spin components (Sz) make only a negligible
contribution. By calculating the energy-dependent spin tex-
tures projected onto the FBZ, we observed a typical Rashba
spin rotation for the spin textures around the � valleys,
whereas the spin textures become unidirectional pointing
along the direction which is parallel to the kx − ky plane
around the D valleys [Figs. 3(d) and 3(e)]. In particular,
the observed unidirectional in-plane spin textures persistently
around the D valley are strongly different from the spin
textures of the spin-valley states observed on various 2D
valleytronics materials where the fully-out-of plane spin tex-
tures are observed around the K valley [10,14–18,26–32].
The observed unidirectional in-plane spin textures in the
present system lead to the formation of the persistent spin
textures [53–56,65–67], which can prevent the electron from
the backscattering in spin transport and induces long-lived
helical spin-wave mode through suppressing the Dyakonov
spin-relaxation mechanism [22,68,69], which is promising for
efficient spintronics.

To clarify the origin of the observed spin splitting of
Rashba-spin-valley states, we develop a two �k · �p band dis-
persion model derived from the symmetry analysis. This band
dispersion can be determined by identifying all terms allowed
by symmetry so that H (�k) = O†H (�k)O, where O represents
symmetry operations associated with the wave vector group
(G) corresponding to the high-symmetry point and time-
reversal symmetry. The invariant Hamiltonian should satisfy
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FIG. 3. k-space spin component vector and spin texture of Bi2O2Se ML under the electric field Ez of 0.1 V/Å. The expectation value of
(a) Sx , (b) Sy, and (c) Sz spin components projected to the spin-split bands near the VBM is shown. (d) and (e) Energy-dependent of spin
textures for the upper bands calculated near the CBM and VBM, respectively, are shown.

the condition given below [70]:

HG(�k) = D(O)H (O−1�k)D−1(O), ∀O ∈ G, T, (3)

where D(O) is the matrix representation of operation O be-
longing to point group of the wave vector G.

As mentioned previously that Bi2O2Se ML belongs to D4h

PGS. When the electric field Ez is applied, the symmetry of
the crystal reduces to C4v point group, where the following
symmetry operations, E , C2z, C4z±, Mxz,yz, and Md,d ′ , remain.
By using the transformation rules for the wave vector �k and
spin vector �σ given in Table II, the symmetry-allowed SOC
Hamiltonian up to third order term is given by

H� (k) = H0(k) + α(kxσy − kyσx ) + α′kxky(kyσy − kxσx )

+ α′′(k3
x σy − k3

y σx
)
, (4)

where H0(k) is the Hamiltonian of the free electrons with
eigenvalues E0(k) = (h̄2k2

x /2m∗
x ) + (h̄2k2

y /2m∗
y ), m∗

x (m∗
y ) is

effective mass of electron evaluated from the band dispersion
along the kx (ky) directions, ki (i = x, y) are the components
of the wave vector k given regarding the � point taken as the
origin, and σi are the Pauli matrices. Here, α is the Rashba
parameter which depends linearly on the electric field, α ≈

|Ez|. Moreover, the two last terms in Eq. (4) which depend
on α′ and α′′ are the third-order terms in k, and are consis-
tent with the derivation made by Vajna et al. [71] and Arras
et al. [72]. The term α(kxσy − kyσx ) in Eq. (4) has the usual
form of the linear Rashba effect, which explains the isotropic
in-plane Rashba spin rotation of the spin texture shown in
Figs. 3(d) and 3(e). Moreover, near the D valley, we find
that kx ≈ ky = k̃, and we obtain that HD = αk̃(σy − σx ). This

TABLE II. Transformation rules for the wave vector �k and spin
vector �σ under the C4v point-group symmetry.

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

E (kx, ky, kz ) (σx, σy, σz )
C2z (−kx, −ky, kz ) (−σx, −σy, σz )
C4z+ (−ky, kx, kz ) (−σy, σx, σz )
C4z− (ky, −kx, kz ) (σy, −σx, σz )
Md (−ky, −kx, kz ) (σy, σx, −σz )
Md ′ (ky, kx, kz ) (−σy, −σx, −σz )
Mxz (kx, −ky, kz ) (−σx, σy, −σz )
Myz (−kx, ky, kz ) (σx,−σy, −σz )
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shows that the spin texture is unidirectionally oriented in the
in-plane direction parallel to the kx-ky plane, which is also well
consistent with the observed spin textures around the D valley
presented in Figs. 3(d) and 3(e).

Solving the eigenvalue problem involving the Hamilto-
nian of Eq. (4), we obtain the spin-dependent eigenvalues
[E+(k,↑), E−(k,↓)]. Accordingly, the splitting energy of the
spin-split bands, �E (k) = ‖E (k,↑) − E (k,↓)‖, can be eval-
uated along the � − X and � − M lines as follows:

�E�−X (k) = 2
(
αkx + α′′k3

x

)
(5)

and

�E�−M (k) = 2(αk‖ + α̃k3
‖ ), (6)

with k‖ =
√

k2
x + k2

y and α̃ = α′ + α′′. The parameters α and

α̃ can be obtained by numerically fitting Eqs. (5) and (6) to
the spin splitting energy along the � − X and � − M lines
obtained from our DFT calculations, respectively. We find
that the calculated α and α̃ are 1.34 eVÅ(1.33 eVÅ) and
0.003 eVÅ3 (0.01 eVÅ3) for the spin-split bands at the CBM
along the � − X (� − M) line, respectively, while they are
0.524 eVÅ(0.517 eVÅ) and 0.01 eVÅ3 (0.004 eVÅ3) for the
spin-split bands at the VBM along the � − X (� − M) line,
respectively. It is obvious that the obtained value of the cubic
term parameters α̃ in both the � − X and � − M lines is
too small compared with that of the linear-term parameter α,
indicating that the contribution of the higher-order correction
is not essential. On the other hand, the calculated values of
α which give an almost isotropic linear-Rashba parameter
(α�−X ≈ α�−M) obtained from the higher-order correction is
fairly agreement with that obtained from the linear Rashba
model; see Table I.

Thus far, we have found that the Rashba-spin-valley state
is observed in the Bi2O2Se ML, which is expected that this
ML is suitable for spintronics. However, considering the
different features of the spin textures around the � and D
valleys [Figs. 3(d) and 3(e)], interference of the spin-polarized
states may occur, which is not beneficial for spin transport.
Although the appearance of the persistent spin textures
observed around the D valleys may hold nondissipative spin
transport [22,68,69], it may be disturbed by the Rashba spin
texture around the � valley owing to the backscattering of
electrons [22,23]. Therefore, suppressing the position of the
Rashba states at the � valley to be higher in energy than that
of the spin-valley state at D valley enables to prevent of the
interference of the spin-polarized states. Since the multiple
valleys observed near the band edges (CBM and VBM) are
mostly characterized by the p-p coupling orbitals [Fig. 1(e)],
the valley positions in the electronic band structures can be
effectively modified by the application of the biaxial strain.
In fact, the valley-dependent strain has been previously
reported on 2D black phosphorene-type structures such as
group IV monochalcogenide [73,74]. Therefore, manipulating
the Rashba-spin-valley states through biaxial strain offers
an efficient route of managing the spin textures and spin
splitting, thereby hindering electron back-scattering in spin
transport.

We then introduce a wide range of biaxial strain (up to
±10%), which is applied to the in-plane lattice constant of

the Bi2O2Se ML. We define the degree of in-plane biaxial
strain as εxx = εyy = (a − a0)/a0 × 100%, where a0 is the un-
strained in-plane lattice constant. Two different biaxial strains
are studied, including the tensile strain, which increases the
in-plane lattice constant a, and the compressive strain, which
decreases a. Our calculated results of the optimized structures
revealed that these biaxial strains sustain the crystal symme-
try and maintain the dynamical stability of the Bi2O2ML as
evidenced by the phonon dispersion bands depicted in Fig. S1
of the SM [62]. The strain-dependent of electronic band struc-
tures of the Bi2O2Se ML under different strain conditions is
shown in Fig. 4. Consistent with previous reports [58,60,61],
it is revealed that the strained ML remains a semiconductor
at large strain up to εxx = ±10%. Under the tensile strain, an
indirect band gap from � valley (CBM) to X valley (VBM) is
similar to that of the equilibrium case. Conversely, the CBM
starts to shift from the � to D valleys under the compressive
strain larger than 4.8%. For the case of εxx = −6%, the D
valley is located much lower in energy than that of the � valley
at the CBM with a different energy of 0.42 eV. However, at
the VBM, it is observed that the energy shift of the D valley
exceeds that of the � valley by up to 0.23 eV. The decreasing
(increasing) energy level of the D valley with respect to the
� valley in the CBM (VBM) is expected to be useful for
the spintronics since the spin texture of the spin-valley state
around the D valley could induce the spin-polarized states
with minimal interference from the Rashba state around the
� valley.

To clarify this, we further apply an external electric field
Ez of 0.2 V/Å on the Bi2O2Se ML with εxx = −6% to ob-
serve the properties of the spin-polarized states. Concerning
the large splitting bands at the CBM [Fig. 5(a)], we con-
firmed the presence of Rashba spin textures around the �

valley [Fig. 5(b)] and in-plane persistent spin textures around
the D valleys [Fig. 5(c)]. By comparing spin textures cal-
culated at different constant energy cuts of the Fermi line
(EF) presented in Figs. 5(d)–5(f), we clarified the possible
interference of the spin-polarized states around the � and D
valleys. At EF = 0.5 eV, all spin textures had a unidirectional
in-plane orientation parallel to the kx − ky plane, indicat-
ing that the spin-polarized states were achieved without any
backscattering. However, at larger EF [Figs. 5(e) and 5(f)], the
mixing of spin textures around the � and D valleys resulted in
the interference of spin-polarized states. Remarkably, nondis-
sipative spin transport can be achieved by tuning the position
of the EF in the strained Bi2O2Se ML, which is important for
operating spintronics devices.

Now, we discuss the strain-electric field-dependent of the
�-D valley positions as well as their spin-splitting energy.
Figures 6(a) and 6(b) show the energy difference of the � and
D valleys with respect to the Fermi level (δc,v

E�−ED
) under the

different strain and electric field [see the insets of Figs. 6(a)
and 6(b) for the schematic view of δc,v

E�−ED
]. It is revealed

that δc,v
E�−ED

exhibit similar trends in both the CBM and VBM
under different strain-electric field conditions. At the CBM,
the positive value of δc

E�−ED
is achieved under the compressive

biaxial strain started from εxx = −4% and increases in
magnitude under the increasing of the compressive biaxial
strain and electric fields [Fig. 6(a)]. Here, the CBM is
mostly occupied by the D valley states. Accordingly, the
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FIG. 4. Strain-dependent of the electronic band structure calculated with the SOC is shown. The shift of the valley position in the CBM is
highlighted.

spin-polarized states are driven by the in-plane persistent
spin texture suppressing the backscattering of electrons and
resulting in a highly efficient spin transport. On the other
hand, the value of δc

E�−ED
becomes negative when the tensile

strain is applied, making the position of the CBM occupied
by the � valley state. Therefore, the spin-polarized states
experience backscattering due to the presence of the Rashba
spin textures around the � valley, and hence significantly

reduces the efficiency of the spin transport. Since the similar
trend of δc

E�−ED
also holds for δv

E�−ED
in the VBM [Fig. 6(b)],

the similar character of the spin-polarized states is also
expected. Considering the fact that the spin-splitting energy
at the D valley in both the CBM and VBM is tunable by the
strain and electric field [Figs. 6(c) and 6(d)], thus the present
systems can be used as a promising platform for spintronic
devices.

FIG. 5. (a) The spin-split bands of the Bi2O2Se ML with εxx = −6% under the electric field Ez of 0.2 V/Å is shown. (b) and (c) Energy-
dependent of the spin textures for the lower bands calculated around the � and D valleys near the CBM, respectively, is shown. (d) The spin
textures calculated at different constant energy cuts of the Fermi line (EF) for: (d) EF = 0.5 eV, (e) EF = 0.7 eV, and (f) EF = 0.9 eV, are
presented.
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FIG. 6. (a), (b) Energy difference of the � and D valleys (δc,v
E�−ED

= E� − ED) as a function of biaxial strain for different strength of the
external electric field Ez calculated for the CBM and VBM, respectively. The insert shows the schematic view of the energy level of the � and
D valleys with respect to the Fermi level to define δc,v

E�−ED
. (c), (d) Strain-electric field-dependent of the spin-splitting energy at the D valley

calculated for the CBM and VBM is shown, respectively.

Finally, we explore the emergence of Rashba-spin-valley
states in Bi2O2Se ML by considering a more realistic sys-
tem. In this study, we propose an interfacial configuration
consisting of a Bi2O2Se ML grown on a SrTiO3 [001] sub-
strate. We investigate two different interface terminations,
namely Se-SrO and Se-TiO2 terminations, as depicted in
Fig. 7(a). Both interface systems exhibit positive cohesive en-
ergies (ESe-SrO

coh = 0.06 eV/Å2 and ESe-TiO2
coh = 0.08 eV/Å2),

indicating a thermodynamically stable binding between the
Bi2O2Se ML and SrTiO3. Additional details, including the
optimized interfacial lattice constant, interfacial distance, and
interfacial charge transfer properties based on the average
electrostatic potential, can be found in Table S1 and Fig. S2 in
the SM [62]. Overall, our calculations confirm that the interfa-
cial strength and stability of both interface systems are closely
related to the bonding characteristics at the heterointerface.

Figures 7(b) and 7(c) show the electronic band structure of
Bi2O2Se ML/SrTiO3 interface with Se-SrO and Se-TiO2 in-
terface terminations calculated without (black) and with (red)
including the SOC, respectively. Due to the defect contributor
of the Bi2O2Se ML in the Bi2O2Se ML/SrTiO3 interface,
several occupied states near the Fermi level are observed,
resulting in semimetallic features of the electronic states.

We find that the occupied states mainly originated from the
Se-p mixing with Bi-6p states of the Bi2O2Se, while the
unoccupied states are contributed mainly by the Ti-d states
with a small admixture of O-2p and Sr-d states of SrTiO3,
see Fig. S3 in the SM [62]. Importantly, we identify large
spin splitting, which occurs around the D and L valleys as
highlighted in Fig. 7(c). The calculated spin-splitting param-
eters (�Eocc

D , �Eunocc
D , �Eunocc

L , αocc
R,� , αunocc

R,� ) are listed in
Table III for different interface terminations. Although these
parameters are smaller than that of the Bi2O2Se ML, they are
still comparable with that reported on various 2D materials
listed in Table I. Moreover, these splittings exhibit highly
persistent in-plane spin textures around the D valley and the
Rashba spin textures around the � valley [see Figs. 7(d) and
7(e)], indicating that the Rashba-spin-valley states is achieved
similar to that observed on the Bi2O2Se ML. Due to a sig-
nificant energy difference of approximately 0.22 eV between
the D valley and the � valley in the highest occupied state,
the dominance of in-plane persistent spin textures is expected
to govern the spin-polarized states. This dominance serves
as a protective mechanism against decoherence, facilitating
nondissipative spin transport. Given the experimental report
by Liang et al. [40] on the successful MBE growth of an
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FIG. 7. (a) Atomic structures of Bi2O2Se ML/SrTiO3 [001] heterointerface with Se-SrO (left) and Se-TiO2 (right) interface terminations
are shown. The grey, yellow, red, blue, and green colors represent the Bi, Se, O, Sr, and Ti atoms, respectively. The electronic band structures
calculated with and without the SOC for Bi2O2Se ML/SrTiO3 [001] heterointerface with (b) Se-TiO2 and (c) Se-SrO interface terminations,
are given. The inset in (c) highlights the spin-splitting bands at the highest occupied states around the D valley and the lowest unoccupied states
around the D and L valleys. The calculated results of the energy-dependent of the spin textures projected to the FBZ for Bi2O2Se ML/SrTiO3

[001] heterointerface with Se-SrO interface terminations calculated for (d) the lowest unoccupied and (e) highest occupied states are shown.

atomically thin Bi2O2Se film with an ML structure on the
SrTiO3 (001) substrate, it is expected that the observation

of the Rashba-spin-valley states in the Bi2O2Se ML/SrTiO3

(001) system will soon be achievable.

TABLE III. The spin-splitting energy at D and L valleys calculated at the highest occupied and lowest unoccupied states for
Bi2O2Se ML/SrTiO3 interface with different interface terminations is given. �E occ

D (eV), �E unocc
D (eV), and �E unocc

L (eV) represent the spin
splitting at D valley for the highest occupied states, the lowest unoccupied states, and the spin splitting at L valley for the lowest unoccupied
state, respectively, while αocc

R,� (eVÅ) and αunocc
R,� (eVÅ) show the Rashba parameters around the � point calculated for the highest occupied and

lowest unoccupied states, respectively.

Termination systems �E occ
D (eV) �E unocc

D (eV) �E unocc
L (eV) αocc

R,� (eVÅ) αunocc
R,� (eVÅ)

Se-SrO 0.11 0.09 0.24 0.025 0.042
Se-TiO2 0.0.08 0.04 0.11 0.028 0.032
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IV. CONCLUSION

In summary, based on first-principles DFT calculations
supported by symmetry analysis, we have systematically in-
vestigated the SOC-related properties of the strained Bi2O2Se
ML. Breaking the crystal inversion symmetry of 2D Bi2O2Se
ML with an external electric field causes the formation of
Rashba-spin-valley states, characterized by Rashba-type spin
splitting around the � valley and spin-valley coupling at D
valleys along the � − M line. In contrast to the Rashba-
spin-valley states widely studied on previously reported 2D
materials [10,14–18,26–32], we observed persistent spin tex-
ture with in-plane orientation around the D valleys, as well
as conventional Rashba-type spin textures around the � val-
ley. The electric field-induced reduction of crystal symmetry
from D4h to C4v point group is responsible for these spin
textures, which is confirmed by a �k · �p model derived from
symmetry analysis. Importantly, manipulating the Rashba and
spin-valley states through biaxial strain provides an effective
route to control the spin textures and spin splitting, which
prevents electron backscattering, and hence significantly en-
hances the efficiency of the spin transport.

Since the Rashba-spin-valley states observed in the present
study are solely enforced by the C4v point group symme-
try, it is expected that these states can also be achieved on

other 2D materials having a similar point group symmetry.
Recently, another layered bismuth oxychalcogenide has been
experimentally reported, including Bi2O2Te [75] and Bi2O2S
[76], which possess a similar crystal symmetry. Therefore,
similar features of the Rashba-spin-valley states could be
observed.

Finally, the potential of utilizing the Bi2O2Se ML
in spintronics and valleytronics-based devices is empha-
sized by considering a practical system, specifically the
Bi2O2Se ML/SrTiO3 (001) heterointerface. This system sup-
ports robust Rashba-spin-valley states, highlighting its rele-
vance in realistic applications. Therefore, this prediction is
expected to trigger further theoretical and experimental stud-
ies to clarify the emergence of the Rashba-spin-valley states
in 2D-based bismuth oxychalcogenide systems, which would
be useful for future spintronic and valleytronic applications.
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