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The quantum Hall effect is one of the most fundamental quantum phenomena in condensed matter
physics, and via tuning the quantum Hall states (QHSs), the evolution of band topologies and electron
correlations can be investigated and revealed therein. However, for the vast majority of QHS systems, even-
and odd-integer quantized plateaus coexist and cannot be effectively regulated. Here, we demonstrate field-
effect-tunable even-odd transition of QHSs in a fixed two-unit-cell-thick (2-uc-thick) Bi2O2Se film, which
is unlike irreversible thickness-controlled approaches [J. Wang et al., Even-integer quantum Hall effect in
an oxide caused by a hidden Rashba effect, Nat. Nanotechnol. 19, 1452 (2024)]. Only even-integer
quantized plateaus are observed in the 2-uc-thick epitaxial film on SrTiO3 when the quantum oscillations
show degenerated spin splitting under positive gate voltages. In contrast, the simultaneous emergence of
even- and odd-integer QHSs is achieved under negative gate voltages, accompanied with significant spin
splitting. Theoretical calculations reveal that this reversible switching stems from gate-controlled inversion
symmetry breaking that modulates the splitting of Landau levels. This Letter demonstrates the significant
tunability of electrostatic gating in altering inversion symmetry and modulating electron correlations in
Rashba-type 2-uc-thick Bi2O2Se, enabling dynamic control of QHSs parity without structural changes,
thereby extending the potential applications to fractional statistics and spintronics.

DOI: 10.1103/p8ds-qm44

Introduction—The quantum Hall effect (QHE) [1–17] is
a macroscopic quantum phenomenon in a two-dimensional
(2D) electron system, enabling the probe of band topol-
ogies and spin textures. Subjected to a sufficiently high
magnetic field B, the time reversal symmetry is broken to
generate Landau levels (LLs), with Zeeman splitting
energy. With magnetic field varying, the Zeeman energy
changes and LLs cross the Fermi surface, and the transverse
resistances are quantized to plateaus of height h=νe2 (where
h is the Planck constant, e is the electron charge, and ν is
an integer that represents filling factor). Crucially, this

intimate connection between the filling factor and the
underlying electronic band structure implies that modulat-
ing the band structure itself provides a powerful pathway to
control the quantum Hall states (QHSs). One key degree of
freedom for such band structure engineering in 2D systems,
especially those involving heavy atoms, is the Rashba-type
spin-orbit coupling (SOC). On one hand, Rashba
HamiltonianHSO ¼ αRσ · ðE × kÞ (where αR is the Rashba
parameter, σ is the Pauli metrics, E is the electric field
perpendicular to the interface, and k is the electron wave
vector) gives the separated electron pockets at the Fermi
surface. On the other hand, critically for QHE control, the
Zeeman splitting between LLs is strongly dependent on the
Rashba SOC strength [18–21]. Therefore, this dual role of
Rashba SOC is promising to effectively modulate the band
structure and consequently tune the QHSs. Recently,
Rashba SOC and QHE have been explored in various
2D systems, such as InSe (nanoflakes [10,22,23]), black
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arsenic [3,13], and complex oxide interfaces such
as LaTiO3=SrTiO3 (Refs. [24,25]), LaAlO3=SrTiO3

(Refs. [26–29]), and δ-doped SrTiO3 (Ref. [8]).
However, the tunable exotic quantum Hall states induced
by electric field are less reported.
In this Letter, we demonstrate that the parity of QHSs in

high-mobility Bi2O2Se (Refs. [14–16,30–34]) can be effec-
tively tuned to switch via electrostatic gating.When a positive
gate voltage is applied, only even-integer QHSs can be
observed, revealing a hidden Rashba effect (Refs. [15,35])
in two-unit-cell-thick (2-uc-thick)Bi2O2Se, that is, the twoBi
atom layers within a ½Bi2O2�2þ layer compensate with each
other to produce a zero dipole field. In contrast, when a
negative gate voltage is applied, both odd- and even-integer
QHSs can be observed, as an increased internal dipole field
lifts the spin degeneracy, thus leading to changes in the band
topologies and spin textures. Theoretical calculations reveal a
clear connection between the splitting of LLs and the global
Rashba effect, which implies that by electrostatic gating, the
QHSs can be effectively tuned and resolved. Hence, Zeeman
splitting of LLs is modulated at same magnetic field B,
exhibiting the transition of even- and odd-integer QHSs,
which is of vast promise in exploring novel electron states and
spintronic applications [36–41] in the future.
Rashba-like band structure and QHS transitions of 2-uc-

thick Bi2O2Se—Bulk Bi2O2Se belongs to the I4=mmm
space group, consisting of layer-by-layer stacked tetragonal
½Bi2O2�2þ and ½Se�2− layers. As shown in Figs. 1(a) and 1(e),
the ½Bi2O2�2þ layers in 2-uc-thick Bi2O2Se=SrTiO3

heterostructure can be divided into two types by symmetry
contribution, interfacial andbulk layers. In thebulk ½Bi2O2�2þ
layers marked by the red dashed box in Figs. 1(a) and 1(b),
which preserve inversion symmetry, the upper and bottomBi
atom layers within each ½Bi2O2�2þ layer have opposite dipole
field pointing to the adjacent ½Se�2− layer, and their intralayer
compensation results in a zero total dipole field P ¼ 0. And
the Rashba layers of the upper and bottom Bi atoms
compensate as well to produce the degenerated Rashba
bilayer structure, i.e., the hidden Rashba effect. In contrast,
the interfacial ½Bi2O2�2þ layermarked by the blue dashed box
in Figs. 1(a) and 1(c) breaks inversion symmetry due to the
absence of a ½Se�2− layer at the interface and the resultant
internal dipole field P ≠ 0, which produce the Rashba effect
and lift the electron spin degeneracy.
In a previous study, a thickness-dependent relationship

was established between the Rashba effect and the QHSs in
Bi2O2Se films of varying thickness [15]. The even-integer
QHSs with hidden Rashba effect exist in Bi2O2Se films
thicker than 2.5 uc, while odd- and even-integer QHSs
coexist in 1-uc-thick Bi2O2Se film with Rashba splitting.
However, such irreversible structural control precludes real-
time manipulation of electron correlations. Crucially, the 2-
uc thickness, which is unexplored for electrical modulation,
exhibits a critical interfacial dipole field [Figs. 1(a)–1(c)]
that is tunable by field effect. Under a positive gate voltage,
the inversion symmetry from the bulk ½Bi2O2�2þ layers is
restored and dominates the band structure to be a Rashba
bilayer, and the suppressed Zeeman splitting causes only
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FIG. 1. Rashba-like band structure of 2-uc-thick Bi2O2Se film on SrTiO3. (a) Lattice structure of epitaxial 2-uc-thick Bi2O2Se=SrTiO3

heterostructure. (b) Under a positive gate voltage, inversion symmetry from bulk ½Bi2O2�2þ layers is enhanced, produces zero dipole
field, and dominates the hidden Rashba band feature and even-integer QHSs. In the right panel, ν denotes the integer filling factor, n
denotes the LL indices. (c) Under a negative gate voltage, inversion asymmetry from interfacial ½Bi2O2�2þ layer is enhanced, produces
net dipole field, and dominates the Rashba band splitting with even- and odd-integer QHSs (n1 and n2 denotes the LL indices of inner
and outer Fermi pocket, respectively). (d) Schematic of nonencapsulated Hall bar device fabricated by 2-uc-thick Bi2O2Se film; back
gate is applied via a SrTiO3 dielectric with silver paint. (e) Cross-sectional HAADF-STEM image of 2-uc-thick Bi2O2Se film. The
interfacial ½TiO2�0 and ½Bi2O2�2þ layers are completely lighted.
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even-integer QHSs. In contrast, under a negative gate
voltage, the inversion asymmetry from the interfacial
½Bi2O2�2þ layer is enhanced and dominates the Rashba
band splitting, and odd-integer QHSs emerge due to the
enhanced Ez.
Firstly, in order to verify the relation of Rashba-like band

structures and QHSs, we performed a pulsed high magnetic
field Hall measurement with the 2-uc-thick Bi2O2Se film
with the SrTiO3 dielectric [shown in Fig. 1(d)] at 4.2 K
in a pulsed high magnetic field up to 46 T. As shown in
Figs. 2(a)–2(c), with a positive gate voltage VG ¼ 1.2 V,
only even-integer quantum Hall plateaus (filling factors of
ν ¼ 8, 10, 12, 14 …) were observed in the transverse
resistance (Rxy), with the longitudinal resistance (Rxx)
exhibiting clear quantum oscillations due to the high carrier
mobility in the 2-uc-thick epitaxial film. To determine the
origin of the even-integer QHE when a positive gate voltage
is applied, a fast Fourier transform (FFT) analysis of the
quantum oscillations was performed, from which the band
structure as well as the spin degeneracy were obtained
[Fig. 2(b)]. The FFT main peak frequency BF ¼ 169 T was
extracted to confirm the electron spin degeneracy because it
corresponds to the carrier densities near the Fermi face
(n2D ¼ s × BF × e=h, where s is the spin degeneracy of
the carrier and h is the Planck constant), and the carrier
density was obtained as s × 4.2 × 1012 cm−2. Therefore, by

comparing the carrier density to that derived from the Hall
curve of approximately 9.3 × 1012 cm−2, the spin degen-
eracy was s ¼ 2. To confirm the origin of the even-integer
QHSs, an inverse FFT analysis was performed and filling
factors were figured out to be v ¼ 2n, where n is the LL
index, which is consistent with the discussion above
(Supplemental Material [42] Sec. 5.1). And the band
structure of the 2-uc-thick film under a positive gate voltage
was further derived, as shown in Fig. 1(c), the global Rashba
parameter αR ¼ 0, indicating the hidden Rashba effect.
Since the dipole field from the interfacial ½Bi2O2�2þ layer

can be enhanced further under a negative gate voltage (as
discussed before), we performed an analogical electrical
measurements and analyses with negative gate voltage
VG ¼ −1.0 V. As shown in Fig. 2(d), both odd- and
even-integer quantum Hall plateaus (filling factors of
v ¼ 3, 4, 6, 8, 10 …) were observed in Rxy. The valleys
of quantum oscillations were exactly matched to the
quantized plateaus in Rxy, and additionally suggest the
possible existence of v ¼ 5. Similarly, an FFT analysis of
the quantum oscillations was performed, and two splitting
peaks with frequencies of 56 (denoted f−) and 80 (fþ) T
were obtained in the spectrum [Fig. 2(e)]. The carrier
densities extracted from the FFT peak frequencies were
s × 1.4 × 1012 cm−2 and s × 1.9 × 1012 cm−2. Thus, by
comparing the carrier density to that derived from the Hall
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FIG. 2. Quantum Hall states and band structure in 2-uc-thick Bi2O2Se film with electrostatic gating. (a)–(c) The results at VG ¼ 1.2 V.
(a) Even-integer QHS and quantum oscillations of the device in high magnetic field. The carrier density extracted from the slope of Hall
curve is 9.3 × 1012 cm−2. (b) FFT analysis of Shubnikov–de Haas (SdH) oscillations in (a). (c) Schematic of hidden Rashba band
structure of 2-uc-thick Bi2O2Se at VG ¼ 1.2 V. (d)–(f) The results at VG ¼ −1.0 V. (d) Multiple QHSs in Hall resistance. The carrier
density extracted from the slope of Hall curve is 3.9 × 1012 cm−2. (e) FFT analysis of SdH oscillations in (d). (f) Schematic of Rashba
splitting band structure of 2-uc-thick Bi2O2Se at VG ¼ −1.0 V. The different colors of band and arrows in (c) and (f) represent different
spin textures. The sample was immersed in liquid helium at 4.2 K when applying the pulsed magnetic field up to 46 T.
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curve of approximately 3.9 × 1012 cm−2, the spin
degeneracies of the two splitting peaks were s ¼ 1,
demonstrating Rashba splitting. The inverse FFT analyses
were performed as well to confirm that the v ¼ 3 plateau in
Rxy originated from the sum of inner and outer LL indices
(Supplemental Material [42] Sec. 5.2). To understand
the Rashba band further, the Rashba parameter αR ¼
ð1=m�Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðℏ3e=2Þ

p
ð ffiffiffiffiffiffi

fþ
p − ffiffiffiffiffiffi

f−
p Þ ¼ 161 meV · Å was ob-

tained, where ℏ is the reduced Planck constant, m� is the
effective mass (m� ¼ 0.19m0 from Ref. [15] and more
details in Supplemental Material [42] Secs. 7 and 8).
Secondly, to study the process of band structure evolu-

tion, FFTanalyses were performed for quantum oscillations
[Fig. 3(a)] with gate voltages ranging from 1.2 to−1.2 V in
a pulsed magnetic field. As shown in Fig. 3(b), the beating
nodes, as well as Rashba splitting, decreased with a
decreasing gate voltage. Finally, there existed only a single
peak at VG ¼ 1.2 V, revealing no spin splitting or a net
dipole field. Moreover, the ac electrical measurements and
FFT analyses of the same back gate Hall device with a low
magnetic field of up to 9 T at 1.7 K (see Supplemental
Material [42] Sec. 6) were consistent with the high field
data. As shown in Fig. 3(c), a linear evolution of Rashba
parameter from 0 to 172 meV · Å was observed, high-
lighting the significant tunability of Rashba effect using
electric gating in the 2-uc-thick Bi2O2Se film.
Thirdly, to visualize the transition process of even-odd-

integer QHSs, Rxx and Rxy versus the gate voltage
were measured by continuously tuning VG, under fixed

T ¼ 1.7 K and B ¼ 9 T. By plotting Rxx and Rxy together,
Fig. 3(d) shows the transition of the QHSs, with each
quantized plateau well matched with the quantum oscil-
lation minima. When VG was up to 1.0 V, only even-integer
QHSs (v ¼ 18; 20; 22…) existed. The absence of odd-
integer quantized states was due to the small Rashba
parameter induced suppressed Zeeman splitting, where
the electron spin was almost degenerated. While decreasing
VG, odd-integer QHS plateaus (such as ν ¼ 7; 11; 13…)
emerged and coexisted with even-integer QHSs (v ¼ 6;
8; 10…). Under these conditions, the Rashba parameter αR
increased and finally reached 172 meV · Å, and the spin
degeneracy of the electron was lifted (on state). To
demonstrate the stability of the transition process, VG
was swept for a cycle as well, with Rxx and Rxy behaving
similarly (Supplemental Material [42] Sec. 6).
Theoretical model for the QHS transitions in 2-uc-thick

Bi2O2Se—The emergent multiple types of QHS plateaus
indicated the fermiology in 2-uc-thick Bi2O2Se as a
competition between the hidden and global Rashba effects.
In previous work [15,49], a Rashba bilayer model was built
to describe the hidden Rashba effect, where we attribute
opposite Rashba parameters (�α) to neighboring layers.
For an n-uc-thick film, we use a model including n Rashba
bilayers to construct an effective Hamiltonian,

H ¼ p2

2m† δl;l0 þ ð−1Þl α
ℏ
ðσxpy − σypxÞ

− tδl;l�1δσ;σ0 þ lΔδl;l0 ; ð1Þ
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FIG. 3. Transition process of Rashba splitting and QHSs. (a) SdH oscillations of Rxx in 2-uc-thick Bi2O2Se. The curves are shifted by
200% vertically. (b) FFT analyses for each SdH oscillation in (a), showing that with gate voltage decreasing, Rashba splitting emerged
and was further enhanced. The main peaks contributed to conducting electron are marked with green stars. (c) Rashba parameter
extracted from the Rashba splitting in (b) and Fig. S6(b) [42], exhibiting an on-off phenomena for spin splitting. The dashed line denotes
the linear fitting for the electric-field-tunable Rashba parameter. (d) Continuous QHS transition process by electrostatic gating; the
QHSs could be divided into two regions: even-integer region, odd together with even-integer region. Measurements were done at 1.7 K
at static magnetic fields up to 9 T.
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where p is the in-plane momentum with p2 ¼ p2
x þ p2

y, m†

is the effective mass (different fromm� in the Fermi surface
fitting), and the Pauli matrices σ denote spin, and l ¼ 1, 2,
3, 4 is the Rashba layer index for the 2-uc film. Here, α
originates from the hidden Rashba within each ½Bi2O2�2þ
layer, distinct from the global Rashba parameter αR, and
ð−1Þlα represents alternating Rashba effect. lΔ accounts
for the potential difference between four layers, induced by
the interface and external gating, resulting in inversion
breaking and the global Rashba splitting in the lowest
bands. If Δ vanishes, the global Rashba effect disappears.
α; t; m† are fitted from the ab initio band structure. Δ and
chemical potential are determined from experimentally
measured Fermi surface (Fig. 2 and Supplemental [42]
Sec. 8). In addition, we adopt this noninteracting model to
compute LLs and neglect possible electron interactions
because of the large permittivity [50] and high carrier
density in the sample.
Next, a perpendicular magnetic field B ¼ Bẑ and a

Zeeman coupling term ðg0μBB=2Þσz (bare Landé g factor
g0 ≈ 2) were introduced. By selecting the Landau gauge
p → pþ eA with A ¼ ð0; Bx; 0Þ, the matrix elements
between the nth and mth LL reads are derived,

Hll0
nm ¼

�
ℏωc

�
nþ 1

2

�
þ g0μBB

2
σz þ lΔ

�
δnmδll0

þ ð−1Þlδll0
ffiffiffi
2

p
α

lB
ð ffiffiffiffi

m
p

δn;m−1σþ þ ffiffiffiffiffiffiffiffiffiffiffiffi
mþ 1

p
δn;mþ1σ

−Þ

− tδl;l0�1δnm; ð2Þ

where σþ ¼ ðσx � iσyÞ=2, ωc ¼ eB=m� and lB ¼ ffiffiffiffiffiffiffiffiffiffiffi
ℏ=eB

p
are the cyclotron frequency and magnetic length, respec-
tively. Through the ladder operators (the second term),
the hidden Rashba interaction couples different LLs. The
solution relies on the intricate interplay among the Zeeman
splitting, alternating Rashba SOC [represented by ð−1Þlα],
and global asymmetry (introduced by Δ).
The observation of odd- and even-integer Hall plateaus

relies on the splitting of LLs, since the thermal broadening
can smear out the contribution from odd-integer
LLs (critical value η ¼ πkBTD þ 2kBT ≈ 5.34 meV,
Supplemental Material [42] Sec. 7). In the scenario with
a negligible inversion breaking [Δ ¼ 0 in Fig. 4(a) when
VG ¼ 1.2 V], the LL spin splitting is strongly suppressed
by the hidden Rashba effect, so only even-integer plateaus
are visible. Here, 8 LLs are filled near 44 T, 10 LLs near
35 T, and 12 LLs near 30 T, in excellent agreement with
QHS plateaus in Fig. 2(a). In contrast, when inversion is
strongly broken [Δ ¼ 115 meV in Fig. 4(b) when
VG ¼ −1 V], the spin splitting increases substantially
and depends on the LL index. As indicated by the green
dashed line, the energy gaps between ν ¼ 3 and 4
(∼6.9 meV), and between ν ¼ 4 and 5 (∼10.4 meV),
exceed η, allowing these QHSs to be individually resolved.

At low magnetic field, crossings between LLs reduce the
effective splitting at the Fermi energy, explaining the
absence of odd integers in Fig. 2(d) in the low field.
Our calculations verify that the interfacial inversion sym-
metry is the key ingredient to control the even-odd
transition of QHSs in the 2-uc-thick Bi2O2Se film.
Conclusion—In summary, this Letter experimentally

demonstrates the electric-field-tunable SOC and even-
odd transition of QHSs in the 2-uc-thick epitaxial
Bi2O2Se film, from even-integers to the coexistence of
both odd- and even-integers. The interfacial inversion
asymmetry in the 2-uc-thick Bi2O2Se makes it an appro-
priate system for significantly regulating Rashba-like band
structure via gate voltage induced electric fields. When
applying a positive gate voltage, the inversion symmetry
produces a hidden Rashba effect, where the degeneracy of
the electron spin is two. In contrast, a negative gate voltage
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even and odd QHSs can be individually identified. And the red
and blue color denote the opposite spin components.
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enhances the inversion asymmetry and lifts the spin degen-
eracy with a large Rashba splitting. When the gate voltage is
decreased, the changing Rashba-like band structure results in
the emergence of odd-integer QHSs, which coexist with
even-integer QHSs due to the Zeeman splitting activated by
large Rashba splitting. Therefore, 2-uc-thick Bi2O2Se with a
tunable Rashba splitting and high-mobility nature could
open a new avenue for manipulating spin splitting, and
potentially host substantial phenomena, such as quantum
spin Hall and spin-galvanic effects. Remarkably, the con-
tinuously field-effect-tunable even-odd transition of QHSs
shows significant promise in the fractional quantum Hall
regime to regulate the electron correlations.
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