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The spin-orbit interaction (SOI) offers a nonferromagnetic scheme to realize spin polarization through
utilizing an electric field. Electrically tunable SOIs through electrostatic gates have been investigated;
however, the relatively weak and volatile tunability limits their practical applications in spintronics. Here,
we demonstrate the nonvolatile electric field control of the SOI via constructing ferroelectric Rashba archi-
tectures, i.e., two-dimensional Bi2O2Se/Pb(Mg1/3Nb2/3)O3-PbTiO3 ferroelectric field-effect transistors.
The experimentally observed weak antilocalization (WAL) cusp in Bi2O2Se films implies the Rashba-
type SOI that arises from the asymmetric confinement potential. Significantly, taking advantage of the
switchable ferroelectric polarization, the WAL-to-weak-localization-transition trend reveals the compe-
tition between spin relaxation and the dephasing process, and the variation of carrier density leads to a
reversible and nonvolatile modulation of the spin-relaxation time and the spin-splitting energy of Bi2O2Se
films by this ferroelectric gating. Our work provides a scheme to achieve nonvolatile control of the Rashba
SOI with the utilization of ferroelectric remanent polarization.

DOI: 10.1103/PhysRevApplied.18.044073

I. INTRODUCTION

The spin-orbit interaction (SOI) has been intensively
studied for related exotic physical phenomena and poten-
tial applications in spintronic devices and quantum com-
puting fields [1–3]. The SOI may result from either
the lack of lattice inversion symmetry, known as the
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Dresselhaus effect, or be of Rashba type, with broken-
structure symmetry imposed by external fields or an
asymmetric confinement potential [4,5]. Unlike traditional
magnetic-field-induced spin polarization, the SOI offers
a nonferromagnetic scheme to realize the same purpose
through utilizing an electric field. The effective modula-
tion of the SOI by an electrostatic field has been explored
in low-dimensional systems. However, the tunability of the
SOI through these dielectric gates is usually volatile and
relatively weak, which is limited by the strength of the
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electric field and low achievable areal charge densities,
n2D ∼ 1012–1013 cm−2 [6–8].

Alternatively, ferroelectric materials with large sponta-
neous electric polarization can generate a strong local elec-
tric field and modify the carrier densities of adjacent mate-
rials, thus leading to greater tunability [9–11]. Moreover,
a ferroelectric gate can potentially tune the spin degree
of freedom in a nonvolatile manner, as recently demon-
strated in various spintronic devices, such as reversible and
nonvolatile electrical switching of spin polarization and
spin-charge conversion [12–16]. However, the nonvolatile
manipulation of the SOI involves replacing the dielectric
gate with a ferroelectric one; this has rarely been reported
so far. Thus, it is highly desired to realize the nonvolatile
electric field control of the SOI using remanent polariza-
tion of ferroelectrics for the development of future spin
memory and logic devices.

As an emerging two-dimensional (2D) semiconductor
material, the bismuth layered oxyselenide Bi2O2Se is a
good candidate for the modulation of the SOI; it exhibits
superior physical and chemical properties with a mod-
erate band gap (0.8 eV), ultrahigh carrier mobility, and
good air stability [17–20]. Recently, some studies have

reported excellent transport properties of Bi2O2Se, which
stimulate the further exploration of its quantum transport
phenomena [19,21]. Therefore, it is of great significance
to investigate the SOI in the Bi2O2Se system, which has
been less experimentally studied until now. Moreover, the
tetragonal crystal structure (a = b = 3.89 Å, c = 12.21 Å)
of Bi2O2Se enables it to be epitaxially grown on the widely
used ferroelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT,
a ∼ b ∼ c ∼ 4.02 Å) single crystal [Fig. 1(a)]. The areal car-
rier density of Bi2O2Se (n2D ∼ 1013 cm−2) is lower than
that of n2D ∼ 1014 cm−2 resulting from the ferroelectric
remanent polarization (Pr ≈ 25–40 μC cm−2) [10,19,22].
Hence, the 2D Bi2O2Se/PMN-PT heterostructure is a
potential candidate system, in which the SOI of Bi2O2Se
can be reversibly and nonvolatilely manipulated via inter-
facial polarization charges of ferroelectric PMN-PT.

Here, we achieve nonvolatile manipulation of the SOI
through constructing ferroelectric Rashba architectures,
i.e., Bi2O2Se/PMN-PT 2D ferroelectric field-effect tran-
sistors (FEFETs) [Fig. 1(b)]. Different from tuning the
interfacial spin-orbit coupling with ferroelectricity through
the spin Hall angle [23], this work demonstrates SOI
tuning in the Bi2O2Se/PMN-PT heterostructure by a
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FIG. 1. (a) Crystal structure of tetragonal Bi2O2Se and pseudocubic PMN-PT. (b) Schematic diagram of the Bi2O2Se/PMN-PT 2D
FET device. (c) XRD θ–2θ scan and φ-scan patterns (inset) for the Bi2O2Se/PMN-PT heterostructure. Here, F and S represent the
Bi2O2Se film and PMN-PT substrate, respectively. (d) TEM image taken on the interface of 100-nm Bi2O2Se/PMN-PT. (e) Relative
resistance change (�R/R) of the 75-nm Bi2O2Se film as a function of electric field, E, applied to PMN-PT; inset shows ferroelectric
polarization versus electric field (P-E) loop of PMN-PT (001). (f) Room-temperature Hall resistance of the 75-nm Bi2O2Se film versus
magnetic field when PMN-PT is in the positive (P+

r ) and negative (P−
r ) poled states, respectively, and schematic illustration of the

accumulation of negative (bottom-left inset) and positive (top-right inset) polarization charges under P+
r and P−

r states of PMN-PT.
(g) XRD θ–2θ scan pattern of the Bi2O2Se film for the P+

r and P−
r states of PMN-PT.
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magnetotransport method. Upon switching the direction
of ferroelectric polarization, the in situ electric field con-
trol of carrier density, resistance, and magnetoresistance
are realized by the ferroelectric field effect. Further mag-
netotransport measurements demonstrate the presence of
a Rashba-type SOI in Bi2O2Se films arising from the
asymmetric confinement potential. The dependence of the
weak antilocalization (WAL) to weak localization (WL)
transition on polarization state, thickness, and tempera-
ture reveal that the crossover is determined by the relative
scale of the spin-relaxation length and the phase-coherence
length. Moreover, utilizing the ferroelectric gate, the SOI
and the spin-splitting energy can be modulated in a
reversible and nonvolatile manner.

II. EXPERIMENTS

Bi2O2Se films are deposited on (001)-oriented PMN-PT
single-crystal substrates by pulsed laser deposition with a
XeCl excimer laser (λ= 308 nm). Before the deposition
of films, the base pressure of the chamber is evacuated
to a pressure lower than 5.0 × 10−5 Pa. The working
pressure is maintained at 3.0 × 10−3 Pa during the film-
deposition process. Other preparation parameters, like the
target-to-substrate distance, laser energy density, substrate
temperature, and pulse repetition rate, are kept at 6 cm,
2 J cm−2, 400 °C, and 3 Hz, respectively. After the comple-
tion of deposition, the as-grown films are cooled naturally
to room temperature.

Ag electrodes with a thickness of 100 nm are deposited
on the top surface of Bi2O2Se films and the whole back
of the bottom of PMN-PT substrates. The top Ag elec-
trodes with different sizes are used to measure the electrical
resistance and Hall resistance (Fig. S1 within the Sup-
plemental Material [24]), respectively. The bottom Ag
electrode together with one top Ag electrode are used to
apply an electric field to switch the polarization direction
of the PMN-PT substrates.

The phase purity, out-of-plane and in-plane orienta-
tions, and crystallinity of the grown films are analyzed by
using an x-ray diffractometer (PANalytical X’Pert PRO)
equipped with Cu Kα1 radiation (λ= 1.5406 Å). The
crystal structure and interface epitaxy of the prepared
heterostructures are also characterized using a transmis-
sion electron microscope (Tecnai G2 F20 S-Twin). The
surface morphology of Bi2O2Se films and the piezoelec-
tric properties of PMN-PT substrates are characterized
by atomic force microscopy (AFM) and piezoresponse
force microcopy (PFM) using an atomic force micro-
scope (MFP-3D, Asylum Research Inc.) The polarization-
electric field (P-E) hysteresis loops of PMN-PT substrates
are recorded by means of a TF3000 ferroelectric ana-
lyzer (aiXACCT, Germany) at room temperature. The
electronic transport properties of Bi2O2Se films, includ-
ing the resistance, magnetoresistance, and carrier density,

are measured via the standard four-probe technique and
the van der Pauw method, respectively, using a physical
property measurement system (Quantum Design).

III. RESULTS AND DISCUSSION

The x-ray diffraction (XRD) θ–2θ scan pattern in
Fig. 1(c) shows that (00l)-oriented (l = 4, 6, 8, 10) diffrac-
tion peaks are detected for the Bi2O2Se film, implying
that the film is single phase and c-axis oriented. The XRD
rocking curve taken on the Bi2O2Se (004) diffraction peak
yields a full width at half maximum of 0.93° (Fig. S2
within the Supplemental Material [24]), indicating that the
Bi2O2Se film has a relatively high degree of crystallinity.
The homogeneous distribution of Bi, O, and Se elements
(Fig. S3 within the Supplemental Material [24]) and a rel-
atively smooth surface with a root-mean-square roughness
of 4.5 nm shown by the AFM image [Fig. S4(a) within
the Supplemental Material [24]] further suggest the good
quality of the Bi2O2Se film. As depicted by the azimuthal
φ scans in the inset of Fig. 1(c), the film and substrate both
show fourfold symmetry, which reveals that the Bi2O2Se
film grows epitaxially on the PMN-PT substrate. In addi-
tion, the epitaxial relationship is further confirmed by the
HRTEM image. As shown in Fig. 1(d), a Bi2O2Se buffer
layer about 4 nm thick is formed near the interface, and
then the film grows layer by layer along the c axis. The for-
mation of the buffer layer is probably caused by the smaller
lattice constant of Bi2O2Se (a ∼ b ∼ 0.39 nm) than that of
PMN-PT (a ∼ b ∼ c ∼ 0.40 nm), to release the tensile strain
accumulated at the beginning of film deposition. After-
wards, the lattice spacings of 0.39 and 1.22 nm correspond
to the lattice parameters a (b) and c of the Bi2O2Se unit
cell, which manifests the well-defined atomic arrangement
and epitaxial growth of the Bi2O2Se film.

The superior ferroelectric properties of the PMN-PT
(001) substrate are illustrated by the complete PFM images
[Figs. S4(b)–S4(d) within the Supplemental Material [24]].
The shape of the �R/R versus E curve in Fig. 1(e) is simi-
lar to that of the P-E loop of PMN-PT [inset of Fig. 1(e)],
implying that the ferroelectric field effect determines the
resistance-switching behavior. Here, �R/R is defined as
�R/R = [R(E)-R(0)]/R(0), where R(E) and R(0) are the
resistance of the film with and without the application of
external electric fields, respectively. After removing the
electric field, a maximum value of about 30% �R/R is
achieved for a 75-nm Bi2O2Se film as the polarization
state changes from P−

r to P+
r at room temperature, where

P−
r and P+

r states represent the negative [top-right inset
in Fig. 1(f)] and positive [bottom-left inset in Fig. 1(f)]
polarization states of the PMN-PT substrate, respectively.
Notably, the resistance-relaxation behavior manifested by
the nonsquare �R/R versus E curve [Fig. 1(e)] can be
caused by the trapping effects of defect states in the 4-nm
disordered interfacial layer [25].
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The negative Hall coefficients in Fig. 1(f) show that
the 75-nm Bi2O2Se film is an n-type semiconductor,
the majority charge carriers of which are electrons. The
correspondingly calculated room-temperature carrier den-
sities, n, are 1.06 × 1019 cm−3 for the P+

r state and
0.81 × 1019 cm−3 for the P−

r state. In addition, the in situ
XRD θ–2θ scan in Fig. 1(g) proves that the polariza-
tion reversal of PMN-PT does not affect the strain state
of the film, since the diffraction peaks of the Bi2O2Se
film remain unchanged. All this evidence confirms that the
resistance change of the Bi2O2Se film is dominated by the
ferroelectric field effect. As schematically illustrated by
the bottom-left inset in Fig. 1(f), with the PMN-PT posi-
tively poled, the negative polarization charges will appear
at the top surface of the PMN-PT substrate. These neg-
ative polarization charges will attract hole carriers in the
film to the interface region. This results in an increase in
the electron carrier density of the film, and thus, a decrease
in the resistance of the film. The situation for the P−

r state

is opposite by applying a negative electric field to PMN-PT
[top-right inset in Fig. 1(f)]. Consequently, the nonvolatile
and reversible modulation of resistance and carrier density
are realized in Bi2O2Se/PMN-PT 2D FEFETs.

The low-temperature electronic transport properties of
Bi2O2Se films with several representative thicknesses are
studied. With decreasing film thickness, the measured vol-
ume carrier density decreases monotonously, as shown
in Fig. 2(a), and the discrepancy in the carrier density
between the P+

r and P−
r states becomes more pronounced.

This suggests the more-prominent modulation ability of
the ferroelectric field effect as the films become thinner,
which is consistent with the largest �R/R realized for
the 75-nm film (Fig. S5 within the Supplemental Mate-
rial [24]). On the other hand, the values of the Ioffe-
Regel parameter. kFl = (3π2n)2/3�μ/e, where � is the
reduced Planck constant and µ is the electron mobility
(Fig. S6 within the Supplemental Material [24]), for dif-
ferent film thicknesses are obviously larger than that at

(a) (b)

(c) (d)

FIG. 2. (a) Temperature dependence of the carrier density of Bi2O2Se films with different thicknesses. (b) Temperature dependence
of the Ioffe-Regel parameter (kF l) of Bi2O2Se films with different thicknesses. (c) Magnetic-field-dependent MR of Bi2O2Se films with
different thicknesses at 3 K. (d) Magnetic-field-dependent MR of the 75-nm Bi2O2Se film at various fixed temperatures.
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low temperature of about 200 K [Fig. 2(b)], implying that
Bi2O2Se films are in the weakly disordered regime at this
temperature range [26,27].

The magnetoresistance (MR) of the Bi2O2Se films
in Fig. 2(c) exhibits a polarization-induced difference
and shows a similarly reduced magnitude of regulation
with increasing film thickness. Here, MR is defined as
MR = [R(H ) − R(0)]/R(0), where R(H ) and R(0) refer to
the resistance in the presence and absence of a mag-
netic field, H, respectively. As the film thickness increases,
in the range of H> 1 T, the shape of the MR varies
from a parabola pointing downwards to a double-dip W-
shaped curve, finally to a parabola pointing upwards, along
with the sign changing from negative to positive. This
transition behavior of MR, including the sign and mag-
nitude, is strongly influenced by different carrier densities
[28,29]. On the other hand, the MR of the 75-nm Bi2O2Se
film with increasing temperature in Fig. 2(d) and Figs.
S7–S9 within the Supplemental Material [24] resembles
the curve-shaped transitions mentioned above. Particu-
larly, a sharp cusp near zero magnetic field in the MR curve
is observed at low temperatures. This is a characteristic sig-
nature of the WAL effect, which implies the presence of the
SOI in the Bi2O2Se films.

As an effective method to identify the SOI, the low-field
magnetoconductance behavior due to WL and WAL are
extensively employed to investigate spin-relaxation pro-
cesses in various systems [30]. For a 2D disordered system,
the low-field WAL effect with different mechanisms can
be described by the Iordanskii-Lyanda-Geller-Pikus (ILP)
theory [see Eq. (S1) within the Supplemental Material [24]
] or the Hikami-Larkin-Nagaoka (HLN) theory [31,32]. As
the assumption is satisfied from the Ioffe-Regel parame-
ter, kFl> 1, the fittings of low-field magnetoconductance,
�G = G(H ) − G(0) = R−1(H ) − R−1(0), with both theo-
ries are shown in Fig. 3. It is clear that the HLN fitting
provides better agreement with the experimental data (see
Table S1 within the Supplemental Material [24]), proving
that the HLN theory is more effective for describing WAL
in the Bi2O2Se film, which is consistent with the earlier
literature [33]. Specially, the magnetoconductance of the
WAL effect using HLN theory is given as

�G(B) = − e2

πh

[
1
2
ψ

(
Bφ
B

+ 1
2

)
− 1

2
ln

(
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B

)
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FIG. 3. Experimental WAL data of the 75-nm Bi2O2Se film
for the P+

r and P−
r states of PMN-PT, as measured at T = 3 K.

Solid lines are fitted with different theories (red and blue lines for
the HLN theory, purple and green lines for the ILP theory).

Here, 	 is the digamma function. The three subscripts, ϕ,
so, and el, denote the inelastic dephasing process, spin-
orbit scattering, and elastic scattering, respectively. The
characteristic magnetic fields, Bϕ , Bso, and Bel, can be
extracted from the fitting to experimental data. The mean
free path, Lel= (-h/4eBel)1/2 (Fig. S12 within the Supple-
mental Material [24]), is much smaller than the distance
between the two top electrodes, and thus, carrier transport
in the Bi2O2Se films is in the diffusive regime [33].

To determine the strength of the SOI, the low-field �G
values of the 75-nm Bi2O2Se film for the P+

r and P−
r states

are fitted and plotted in Fig. 4(a) for the most notable WAL
feature, and other �G data of films with different thick-
nesses are shown in Figs. S10 and S11 within the Supple-
mental Material [24]. At T = 3 K, the observed sharp WAL
peak of�G near zero field is caused by the positive correc-
tion to the conductance with the presence of the SOI. With
heating to 30 K, the sharp peak is gradually suppressed
and eventually develops into a broad dip, which is a sig-
nature of the WL effect. Hence, the temperature-dependent
WAL-WL transition is observed here, as reported in previ-
ous trilayer graphene, SrTiO3 FETs, and the InAs/GaSb
double quantum well [34–36]. Intriguingly, upon ferro-
electric polarization switching from the P+

r state to the
P−

r state of the PMN-PT substrate, the WAL effect is
suppressed, as reflected by the decrease in the magni-
tude of �G and a broadening of the WAL peak of the
Bi2O2Se film, exhibiting a polarization-induced tendency
from WAL to WL.

To investigate the spin-relaxation and phase-coherence
processes, the temperature-dependent spin-relaxation length,
Lso, and the dephasing length, Lϕ , calculated from
Lso,ϕ= (-h/4eBso,ϕ)1/2 are plotted in Figs. 4(b) and 4(d),
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(a) (b) (c)

(d) (e)

FIG. 4. (a) Low-field magnetoconductance,�G(e2/h), of the 75-nm Bi2O2Se film for the P+
r and P−

r states at different fixed temper-
atures. Solid lines represent the fitting results obtained with the HLN equation. (b) Dephasing length (Lϕ) and (d) spin-relaxation length
(Lso) as a function of temperature, extracted from �G(e2/h) data for the P+

r and P−
r states. Characteristic Lso and Lϕ involved in WAL

and WL as a function of temperature for (c) P+
r and (e) P−

r states, and, especially, solid lines for Lϕ in (c),(e) are fits to experimental
data by the power function.

respectively. Lϕ shows almost no dependence on the polar-
ization state [Figs. 4(b)] and basically follows a power law
of Lϕ ∼ T−0.5 [Figs. 4(c) and 4(e)]. This indicates that the
dephasing process is primarily due to Nyquist scattering,
i.e., electron-electron scattering with small energy trans-
fers [37,38]. In contrast, Lso presents a clear polarization-
induced difference [Fig. 4(d)], which is attributed to the
modulation of the carrier density by the ferroelectric field
effect. The values of Lso ∼ 84 nm for the P+

r state and
about 102 nm for the P−

r state at 3 K—shorter than about
290 nm in AlxGa1−xN/GaN 2DEG and about 250 nm
in InSb nanowires—prove the presence of a strong SOI
in the Bi2O2Se film [39,40]. Here, because of the inher-
ent inversion symmetry present in Bi2O2Se, and given
the electric-field-induced polarization charges, therefore,
the Rashba-type SOI is the most likely dominant mech-
anism in the 2D Bi2O2Se film, consistent with previ-
ous reports [41,42]. Remarkably, the polarization-induced
controllability of Lso is much stronger than the con-
ventional dielectric gating effect in Bi2O2Se nanoplates
[33]. These results significantly demonstrate ferroelec-
tric gating control of the SOI in the Bi2O2Se/PMN-PT
system.

Furthermore, Lso and Lϕ for the P+
r and P−

r states are,
respectively, plotted in Figs. 4(c) and 4(e) and show a
crossover with increasing temperature. This nicely illus-
trates the key aspect that, when the Lso is shorter than Lϕ
for T< 15 K, the WAL is observed because spin preces-
sion destroys the phase coherence of the electron-wave

function on the time-reversed closed path; otherwise, the
WL is dominant due to a thermally enhanced dephas-
ing process [43]. As the carrier density for the P+

r state
is higher than that for the P−

r state for the 75-nm film
[Fig. 2(a)], this results in shorter Lso and larger Lϕ/Lso for
the P+

r state, which gives rise to the stronger WAL, as man-
ifested by the sharper negative �G in Fig. 4(a). All these
analyses fully prove that the WAL effect and Rashba-type
SOI in the Bi2O2Se film can be nonvolatilely manipulated
by switching the ferroelectric polarization.

The thickness-dependent magnetoconductance, �G, of
the Bi2O2Se films with thicknesses ranging from 75 to
150 nm at 3 K is shown in Fig. 5(a). All theoretical fit-
tings with HLN theory to experimental data are in good
agreement. As the films become thicker, the character-
istic WAL peak around zero magnetic field is gradually
weakened, presenting a thickness-dependent WAL-WL
crossover. Moreover, the derived spin-relaxation length,
Lso; dephasing length, Lϕ; and mean free path, Lel, basi-
cally decrease with increasing film thickness (Fig. S12
within the Supplemental Material [24]). As a result, Lϕ
gradually approaches Lso in thicker films, leading to a
neglectable WAL effect in the 150-nm film [Fig. 5(a)].
This is also reflected by the intersection point between
Lso and Lϕ shifting to lower temperature with increasing
film thickness [Figs. 4(c) and 4(e) and Figs. S10 and S11
within the Supplemental Material [24]]. Thus, the stronger
WAL effect and more-effective manipulation of the SOI
through the ferroelectric field effect is expected in the
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(a) (b) (c)

(d) (e)

FIG. 5. (a) Magnetoconductance of Bi2O2Se films with different thicknesses for the P+
r and P−

r states of PMN-PT. Solid lines show
fittings of experimental data with the HLN equation. (b) Temperature dependence of phase-relaxation time, τϕ , of Bi2O2Se films with
different thicknesses; dotted line signifies τϕ ∼ T−1 for Nyquist dephasing. (c) Spin-relaxation time, τ so, as a function of carrier density;
line is a guide to the eye. (d) Variation of spin-orbit splitting energy,�so, with volume carrier density, n. (e) Carrier-density-dependent
Rashba coefficient, β. Solid lines in (d),(e) are linear fits to data.

thinner Bi2O2Se film, the carrier density of which
can be more effectively modulated by ferroelectric
polarization.

Significantly, the influences of the ferroelectric field
effect on the phase and spin-relaxation times are further
elaborated. The phase-relaxation time can be obtained
by τϕ = -h/(4eDBϕ), where the diffusion coefficient, D =
v2

Fτtr/2, is calculated from the Fermi velocity, vF =
kF�/m∗, and transport relaxation time τtr = μm∗/e with
a Fermi wave vector of kF = (3πn)1/3 and an effective
electron mass of m* = 0.184me. As shown in Fig. 5(b),
the temperature dependence of τϕ scales as τϕ ∼ T−1,
which can provide evidence again that Nyquist dephasing
with the electron-electron interaction is the main phase-
relaxation mechanism [37]. However, for thicker Bi2O2Se
films, the variation trend of τϕ versus T diverges from
the dotted line about T−1, which may originate from the
deviation from the 2D nature. On the other hand, the spin-
relaxation time, τ so, is given by τ so = -h/(4eDBso). Taking
the 75-nm film as an example, this yields a spin-relaxation
time of τ so ∼ 9 ps for the P−

r state, which is much larger
than that of τ so ∼ 4 ps for the P+

r state (Table I), due to
the stronger SOI in the higher-carrier-density state [33,37].

Again, this result demonstrates the polarization-induced
tunability of the SOI upon switching the polarization state
from P−

r to P+
r .

Given that the Rashba SOI contributes to band-spin
splitting, the corresponding spin-splitting energy is cal-
culated using �so = -h/(2τ tr τ so)1/2. The carrier-density-
dependent�so plotted in Fig. 5(d) shows that�so increases
linearly with the carrier density for Bi2O2Se films with
different thicknesses. This also supports that the domi-
nant SOI mechanism is the Rashba type [36]. Therefore,
the Rashba coefficient, β, for the SOI can be further
obtained from 4β2kF

6 = �2
so = (2e�D/τtr)Bso. The cal-

culated value of β presents a systematic variation trend
in relation to the carrier density [Fig. 5(e)], similar to
some systems, like 2DEG in SrTiO3 FETs or the 2D hole
gas in gated diamond devices [35,38]. Notably, the val-
ues of �so derived here, e.g., 1.3–1.9 meV for the 75-nm
Bi2O2Se film (Table I), exceed many other 2D systems
in terms of magnitude [44,45]. More impressively, the
nonvolatile modulation of �so realized here through fer-
roelectric polarization is intrinsically different from the
volatile one after removing the electric field from dielectric
gates.

TABLE I. The values of transport parameters and SOI-related parameters for 75-nm film at 3 K.

n (cm−3) µ (cm2 V−1 s−1) D (m2 s−1) Lso (nm) Lϕ (nm) τ so (ps) �so (meV) β (eV Å3)

P+
r 1.56 × 1019 133.33 0.0017 84.0 186.4 4.29 1.91 2.07

P−
r 1.07 × 1019 115.95 0.0011 102.2 195.4 9.35 1.38 2.18
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IV. CONCLUSIONS

In the present work, 2D Bi2O2Se films are epitaxi-
ally grown on ferroelectric PMN-PT (001) substrates to
form Bi2O2Se/PMN-PT 2D FEFETs. The in situ elec-
tric field control of the carrier density, resistance, and
magnetoresistance are realized by the ferroelectric field
effect. Furthermore, the polarization state, film thickness,
and temperature-dependent WAL effect are systematically
measured and analyzed. The low-field magnetoconduc-
tance of the WAL with HLN fittings demonstrates the
presence of a strong spin-orbit interaction in 2D Bi2O2Se
films due to the asymmetric confinement potential. The
crossover of the WAL to the WL is primarily determined
by the relative scale of the spin-relaxation length and the
dephasing length, and the main phase-relaxation mecha-
nism is Nyquist scattering. Remarkably, the modulation of
the spin-orbit interaction realized by ferroelectric gating is
reversible and nonvolatile. Our work manifests that het-
erostructured systems utilizing films with the Rashba SOI
and ferroelectric polarization can achieve reversible and
nonvolatile manipulation of the SOI, which may inspire
schemes for spintronics and related quantum applications.
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