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Tunable spin texture in ferroelectric BigOo
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Momentum-dependent spin polarization exists in ferroelectric materials with strong spin-orbit coupling
(SOC), which can be controlled by ferroelectric switching, promising for nonvolatile applications in spintronics.
In the present work, we investigate the SOC-induced spin texture in orthorhombic BisOy, a recently discovered

ferroelectric material with robust polarization down to the atomic limit. Utilizing first-principles calculations,
we reveal the SOC-induced giant band splitting around the I" point and notable spin texture, which can be well
described by a k-p Hamiltonian with sizable Rashba parameters of Az = 0.65 eV A and Dresselhaus parameters
Ap = —0.23 eV A at the conduction-band minimum. We also find that the SOC parameters can be effectively
modulated by strain, resulting from band splitting and band anticrossing collectively, supported by substrate and
strain-dependent calculations. The highly tunable spin texture indicates the opportunities for using BigOy for the

nonvolatile charge-spin conversion useful in spintronics.
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I. INTRODUCTION

Materials with spontaneous multistable states that can be
switchable by external stimuli are crucial for nonvolatile elec-
tronic devices. A typical example is ferroelectric materials,
where the spontaneous electric polarizations serve as the
state variable for information processing and storage. How-
ever, conventional ferroelectric devices usually utilize only
the charge degree of freedom, leaving the spin degree of
freedom unexploited. Different approaches have been pro-
posed to address this shortage. For example, in multiferroic
systems with strong magnetoelectric coupling, the electric-
field-driven ferroelectric switching is used to control the
magnetic order parameters, promising for the high-speed and
low-power write-in for spintronics. Nevertheless, the applica-
ble room-temperature bulk multiferroics are uncommon. In
multiferroic heterostructures, the interfacial magnetoelectric
coupling can be strong, and hence the interface magnetization
can be controlled by ferroelectric switching [1]. However, this
approach requires precise engineering of interfacial config-
urations [2-5], which may be complicated for the design of
realistic devices.

The recent exploration of spin-textured ferroelectrics with
strong spin-orbit coupling (SOC) opens a new route to tailor
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the ferroelectricity and the spin-dependent transport proper-
ties [6,7]. The SOC-driven spin texture in momentum space
originates from the inversion symmetry breaking of a nonzero
gradient of electrostatic potential intrinsic in ferroelectrics,
which turns on the Rashba [8] and Dresselhaus [9] effects
described with a Hamiltonian,

HSOC = Sl(k)o, (1)

where (k) is an effective field and linear in the wave vector
k, and o is the spin Pauli matrix. Such a Hamiltonian does not
break the time-reversal symmetry and hence does not result in
a spontaneous spin polarization. However, a nonequilibrium
spin polarization can be introduced by an external electric
field via an Edelstein effect [10,11], which can be used to
switch the magnetization in a spin-torque device [12—-15] or to
control spin-dependent transport properties in a spin transistor
[16,17]. In particular, the ferroelectric switching can reverse
the spin textures and hence the nonequilibrium spin polariza-
tion, making the associated functionalities controllable by an
external electric field [18-22]. Recently, various spin-textured
ferroelectrics have been identified, including complex ox-
ides and nitrides [19,23-29], organic perovskites [30-32],
semiconductors [33,34], and two-dimensional (2D) materials
[35,36]. Moreover, various new spin-textured ferroelectrics
have been predicted recently based on the inverse design [37].

Generally, the performance of a ferroelectric material in
a spintronic device utilizing the Edelstein effect is associ-
ated with two aspects. First, the ferroelectric material should
have sufficient SOC to generate a sizable spin splitting in
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band edges, supportive of a strong Edelstein effect. Second,
the ferroelectric material should have a robust ferroelectricity
even with a small thickness, allowing the implementation in a
nanoscale device. In this sense, the recently discovered ferro-
electric material BigOg [38] is a promising candidate for the
above-mentioned functionalities. It hosts the heavy element
Bi, guaranteeing a strong SOC. It is compatible with a couple
of substrates, offering miscellaneous choices for industrial
manufacturing. It is found that a large remanent polarization
is robust even with the size reduced down to 1 nanometer, and
the high endurance of the switching behavior is confirmed in
a ferroelectric tunnel junction [39].

In this work, we predict the SOC-driven giant spin splitting
and tunable spin texture in BigOg. Based on first-principles
density functional theory (DFT) calculations, we derive the
notable Rashba and Dresselhaus parameters in BigOg. No-
tably, we find that these SOC parameters can be effectively
modulated by strain, resulting collectively from the band split-
ting and band anticrossing between the Rashba split bands.
Our results suggest that BigOg is a promising spin-textured
ferroelectric with great potential for spintronic applications.

II. METHODS

We employ DFT calculations using the projector-
augmented-wave (PAW [40,41]) method as implemented in
the Vienna Ab Initio Simulation Package (vasp [42]), applying
the generalized gradient approximation (GGA [43]) and the
Perdew-Burke-Ernzerhof for solids (PBEsol [44]) exchange-
correlation functional. Both the lattice and parameters of the
freestanding ferroelectric BigOg are relaxed without SOC un-
til the Hellmann-Feynman forces are less than 10™* eV /A on
each atom. Epitaxial strain is introduced to simulate the prop-
erties of BigOy films by varying the in-plane lattice parameters
from a compressive to tensile regime or constraining them
to match the epitaxial growth on substrates such as SrTiO3
(STO) and LaAlO; (LAO), and in this regard, only the z-axis
parameters are optimized. The optimized lattice parameters
are listed in Table S4 of the Supplemental Material [45]. An
energy cutoff of 550 eV and a 27 x 12 x 11 k-point mesh
are set for self-consistent computations. Postprocessing of
electronic structures, e.g., density of states (DOS) and band
structures are treated using vaspkit [46]. To calculate the spin
textures, k points are evenly distributed in the Brillouin zone
around the I" point on the valence-band maximum (VBM) and
conduction-band minimum (CBM) in the k, = 0 plane.

III. RESULTS AND DISCUSSIONS

The orthorhombic ferroelectric BigOy of space group
Pmm?2 is presented in Figs. 1(a)-1(c). It hosts two mirror
planes M, and M, perpendicular to the x and y axes, respec-
tively, and a twofold rotation C,, around the z axis, enforcing
a spontaneous polarization pointing along the [001] direction.
The stability of ferroelectric properties of BigOg is evalu-
ated by calculating the total energies of a serial of structures
denoted by a normalized dimensionless order parameter u,
whose atomic displacements are interpolated between the
two equivalent oppositely spontaneously polarized states, cor-
responding to p = %1, respectively. The resulting energy
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FIG. 1. (a) Crystal structure of bulk BigOy in the ferroelectric
phase. The polarization P is indicated by the orange arrow, which
is along the [001] direction. (b),(c) Mapping the crystalline arrange-
ment onto the (b) (100) plane and (c) (001) plane. The blue dashed
lines indicate the symmetry of bulk BigOy in the Pmm?2 space group,
emphasizing the mirror reflection about the xz (m,) and yz (m,)
planes in the ferroelectric BigOy. (d) The total energy of BigOy vary-
ing with the ferroelectric order p of BigOy. Insets: From left to right,
the polarization of the crystal structure is along the [001] direction,
there is no polarization (palaelectric phase), and the polarization is
along the [001] direction.

profile displays the conventional double-well characteristic,
featuring a sizable energy barrier of 11.21 meV per atom,
indicating the stability of the ferroelectric phase.

The band structure of the ferroelectric BigOy is first calcu-
lated in the absence of SOC, as shown in Fig. 2(a), exhibiting
a direct band gap of 0.819 eV with CBM and VBM both
located at the I point. When the SOC is taken into account,
a notable splitting, up to 28.5 meV around the CBM at the
I' point, arises in conduction and valence bands [Fig. 2(b)].
Meanwhile, the splitting lowers the band gap to 0.75 eV. Over-
all, the spin splitting of CBM is stronger than that of VBM.
This is because the CBM is majorly contributed by the Bi-p,
orbital and slightly contributed by the O-p, orbital, while
the VBM is majorly contributed by the O-p,/p. and slightly
contributed by the Bi-s orbitals. The stronger SOC of Bi thus
leads to a stronger spin splitting of CBM. A special instance
is noted that the degeneracy still holds along I'-Z, reflecting
the symmetry-preserved polar direction and zero k, (k). The
side panels in Fig. 2 display the orbital-resolved DOS without
and with SOC, accordingly. In either case, the conduction
band is dominated by Bi-6p orbitals and the valence band by
O-2p, which reveals the role of the heavy atom Bi in SOC and
explains the more prominent splitting at CBM. The DOS with
a wider range and more details is included in Fig. S1 in the
Supplemental Material [45].

Zooming in on the band splitting around the I' point, we
then project the spin components, s, and s,, onto the band
structure, as demonstrated in Fig. 3(a). It is a pure s, (s,)
contribution to the energy bands along the path connecting

195202-2



TUNABLE SPIN TEXTURE IN FERROELECTRIC ...

PHYSICAL REVIEW B 112, 195202 (2025)

——Bi6s
—Bi6p
—O02p

(@) 2 Y, \
1+

< Without SOC
2,
0 m
w
W
w
-1
-2
r Xs Yrz UR T

s

Q9

i

Ly
-1 N
-2

r XS YTrz UR T20 7 14
DOS (states/eV)

Z0 7 14
DOS (states/eV)

—Bi6s
—Bi6ép
—O02p

FIG. 2. (a) The band structure of ferroelectric BigOy without
considering the SOC along the path of I"(0, 0, 0)-X(0.5, 0, 0)-S(0.5,
0.5, 0)-¥(0, 0.5, 0)-I'(0, 0, 0)-Z(0, 0, 0.5)-U(0.5, 0, 0.5)-R(0.5, 0.5,
0.5)-7(0, 0.5, 0.5)-Z(0, 0, 0.5) which are all high-symmetry points in
the first Brillouin zone, and projection of the density of states (DOS)
onto the Bi-6s, Bi-6p, and O-2p orbitals. (b) The band structure of
ferroelectric BigOg considering the SOC along the same path, and
projection of the DOS onto the Bi-6s, Bi-6p, and O-2p orbitals. The
Fermi levels were both positioned at the maximum of the valence
band.

selected high-symmetry points I'-Y(X), regardless of energy
levels. This is due to the symmetry transformations,

Mx(kx» kya kza Sx, Sy, Sz) = (_kx’ ky’ kZa Sx, —Sy, _SZ)a
My(kxv ky’ kz, Sxs Sy, sz) = (kxs _ky, 7y —Sxs Sy, _Sz)’ (2)

forbidding s, and s, (s, and s;) when k, = 0 (k, = 0). More-
over, for the I'-Z direction where k, = k, = 0, all the spin
components are forbidden by combining M, and M,, leading
to the spin-degenerate band structure in this direction.

Here we denote the outer (inner) conduction/valance bands
surrounding the I" point as CBM1(2)/VBM1(2) and illustrate
the spin textures on them in the k, = 0 plane [Figs. 3(b)
and 3(c)], individually. We find that the spin textures show
a clockwise or anticlockwise chirality, indicating that the
Rashba-type SOC is dominant for all considered bands. The
out-of-plane component s, is vanishing for these spin textures
due to symmetry transformations combining the time-reversal
symmetry T and Cy;:

T (k,, kya kz» Sx, Sy, Sz) = (—k, _kya _kza —Sx,
CZZ(kx’ kys kz, Sy, Sy, Sz) = (_kx, _kyv kzs

_Syv _SZ)v

—Sx, =8y, 57). (3)
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FIG. 3. (a) Spin-projected band structures of ferroelectric BigOqg
along the X(%, 0, 0)—T(0, 0, 0)—Y(O, %, 0) path, which were
projected onto the s, and s, when polarization is along the [001]
direction. (b) Spin textures of the band CBM1 and CBM2. (c) Spin
textures of the band VBM1 and VBM2. Both are around the I" point

and in the k£, = O plane.

We also find that the chirality can be reversed by the
switching of ferroelectric polarization in the crystal [21].

Starting from the DFT calculated spin-polarized band
structures and taking the symmetry transformations of the Cs,
point group listed in Table S3 in the Supplemental Material
[45] into account, we can describe the spin textures around
the I' point utilizing the Hamiltonian that was derived based
on symmetry, which contains the free-electron and SOC terms
given by Eq. (1),
S

2my, + 2my

When k, = 0, the effective SOC field can be simplified
as (k) = (Bky, aky, 0), where the parameters o = Ap +
Mg and B = Ap—Ag, and Ag and Ap are Rashba and Dres-
selhaus parameters, respectively. This brings the deduced
Hamiltonian [20],
P2 Rk
2m, + 2m,

H =

+ (k) - o. “)

H =

+ ak.oy + Bkyoy, )

which leads to band energies,

2k Ik
E = —> 4+ —L + [a2k2 + B2k2. (6)
2m, 2m, Y
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TABLE 1. Az and Ap on the CBM and VBM of bulk ferro-
electric BigOy and BigOg epitaxially grown on SrTiOz and LaAlO;
substrates.

CBM VBM
2 €VA) Ap(eVA) Ar(eVA) Ap(eVA)
BigOy 0.65 —0.23 0.22 —0.08
BigOy_SrTiOs 0.56 —0.13 0.34 —0.21
BigOo_LaAlO; 0.36 0 0 0

Fitting the polynomials in Eq. (4) with the calculated bands
along I'-X and I'-Y in Fig. 3(a), we extract Ag and Ap at the
CBM and VBM, as listed in the first row of Table I. The
magnitude of Ag is, overall, triple the value of Ap, reaching
~0.65eV A at the CBM, confirming the dominance of the
Rashba SOC reflected by the chiral spin textures shown in
Figs. 3(b) and 3(c). Furthermore, we find that the spin textures
can be fully switched upon polarization reversal, as shown in
Fig. S4 in the Supplemental Material [45]. This indicates the
nonvolatile switching of the spin texture in the ferroelectric
BigOy by an external field above ., which is estimated to

3
be about 0.26 MeV/cm according to &, = (%)7 % [47], where
E; is the energy of the fully polarized states with respect to
the paraelectric state, and P, is the spontaneous polarization
(~ 38.96 uC/cm?) calculated using the Berry phase method
in vasp. The sizable SOC parameters indicate the strong Edel-
stein effect that is promising for spintronics.

When implementing a material in a nanoscale device, an
epitaxial growth of its film on a substrate is required. We thus
investigate the electronic properties of BigOg9 with epitaxial
strains from the usual substrates such as STO and LAO by
relaxing the structure with the in-plane crystal parameters
of STO and LAO. As seen from Figs. 4(a) and 4(b), the
anisotropy of bands along high-symmetry lines I'-Y and I'-X
is reduced for BigO9 when the epitaxial strains are included,
due to diminishment of inequality in in-plane lattice parame-
ters. This suppresses the band splitting in CBM, leading to the
smaller SOC parameters (Table I). However, we find the Ag
of CBM is still sizable, indicating the spintronic functionali-
ties will be sustained in realistic epitaxial devices. Moreover,
we find the band splitting at the VBM is negligible when
the epitaxial strain from LAO substrate is included. This is
because the in-plane strains can effectively modulate the hy-
bridizations associated with O-p,, O-p,, and Bi-s orbitals,
and thus strongly influence the dispersion of bands near the
VBM. This modulation is revealed straightforwardly by the
differential charge density calculations (Fig. S6 in the Supple-
mental Material [45]). We expect that a tensive (compressive)
in-plane strain is associated with the decrease (increase) of
the out-of-plane lattice constant, which enhances (reduces) the
hybridization of O-p, and Bi-s orbitals at VBM, and makes
the associated bands more (less) dispersive. Therefore, the
epitaxial growth of BigOg on the LAO substrate introduces
the remarkable compressive strain, reducing the hybridiza-
tion between the Bi and O atoms, as shown in Fig. S6 in
the Supplemental Material [45], making the SOC parameters
for VBM negligible. On the other hand, we find it is no-
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FIG. 4. (a) Band structure of ferroelectric BicO9 grown on an
SrTiO; substrate along the X(%, 0, 0)—T0, 0, 0)—Y(O, %, 0)
path. (b) Band structure of ferroelectric BigOg grown on an LaAlO;
substrate along the X (3, 0, 0) — I'(0, 0, 0) — ¥ (0, 1, 0) path. (c)
Orbital-projected band structures of bulk BisOy when no strain ex-
ists, where (a) increases by 0.04, (b) increases by 0.04, and (a) and
(b) increase by 0.04 simultaneously, contributed by the p,, p, orbital.
(d) A of the CBM varying with the strain —0.04, —0.02, 0, 0.02, 0.04
applied on (a) (§,), (b) (§,), and both (a) and (b) (§,5) of BigOy.

tably enhanced by the epitaxial strain from the STO substrate
(Fig. S6 in the Supplemental Material [45]). This indicates a
more complicated mechanism beyond the intuitively mono-
tonic relation between the energy band splitting and the SOC
parameters, and it requires extensive examination of the strain
dependence of Az and Ap since it points out possible substrate
effects when there is no charge transfer or any other interfacial
interactions, as for our calculations.

Hence, we calculate the electronic structures and SOC
parameters for a series of structures with uniaxial strains &,
along the a axis and &, along the b axis or a biaxial strain &,
simultaneously, influencing the lattice constants of the a and
b axes, as shown in Figs. 4(c) and 4(d), and Figs. S2 and S3 in
the Supplemental Material [45]. We find that the anticrossing
behavior occurs between the second and third bands below
the VBM with a tensile strain &, or £, in contrast with those
for bulk BigOy or with the strain &, as displayed in Fig. 4(c).
This “anticrossing” behavior between the Rashba split bands
has been proposed as a design principle for classifying com-
pounds with the large Rashba coefficients, along with the
requirements of noncentrosymmetric space group and the
emergence of SOC [48]. The importance of this behavior
can be understood by considering the ratio 2Eg/kg between
band splitting Ex and momentum offset kg [49,50], which
qualitatively determines the magnitude of Az. The emergence
of the band anticrossing can dramatically suppress kg, and
consequently drastically promote Ag, leading to the nonmono-
tonic dependence of Ag on splitting Eg. Thus, the distinct
trend in the &, dependence of Ag at the VBM in Fig. 4(d)
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is comprehendible, compared with the other two curves of
which the band structures manifest anticrossing. Similarly, in
the case for the STO substrate, the band anticrossing also
occurs at the VBM (Fig. S3 in the Supplemental Material
[45]), resulting in the enhancement of the SOC parameters at
the VBM compared to that for pristine BigO9 where the band
anticrossing is absent.

We note that the semiconducting behavior of BigOg is
robust against strain [45]. On the other hand, the band gap
varies with the strains, indicating tunable electrostatic poten-
tials within BigOg and possible changes in transport properties
that are commonly expected in ferroelectric materials. In the
BigOy films with substantial thickness, distortions at inter-
faces are not expected to generate a non-negligible influence
on the bulk properties of BigOy. However, the interfacial
distortion may significantly influence the performance of an
ultrathin BigOy film, which is worthy of investigation in the
future.

IV. CONCLUSION

To conclude, we explore the electronic structures and spin
textures of the orthorhombic ferroelectric BigOy, revealing
a direct band gap at the I' point and Rashba-type SOC
around both the CBM and the VBM, whose chirality is as-
sociated with the ferroelectric polarization. We predict the
SOC parameters using a derived Hamiltonian and achieve
large Rashba and Dresselhaus parameters (Agx and Ap) as
high as 0.65 eV A. How the substrate would affect the SOC

parameters is also evaluated, presenting generally increased
magnitude of Az and Ap when band splitting is larger, along
with an interestingly opposite tendency at the VBM on STO,
which can be perfectly explained by the anticrossing found
in the band structure near the I' point. Strain dependence
of SOC parameters further confirms the collaborative ef-
fects of band splitting and band anticrossing on Az and Ap.
These results suggest the great potential of the spin-textured
ferroelectric BigOg to be a promising element in nanoscale
spintronic devices for high-performance and low-power
applications.
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