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Ching-Che Lin, Ella Banyas, Alex Smith, Francesco Ricci, Menglin Zhu, Bridget R. Denzer,
Tanguy Terlier, Shu Wang, Tae Yeon Kim, Lucas Caretta, Douglas Natelson,

James M. LeBeau, Jeffrey B. Neaton, Ramamoorthy Ramesh, James M. Rondinelli,

and Lane W. Martin>

The Rashba effect enables control over the spin degree of freedom, particularly
in polar materials where the polar symmetry couples to Rashba-type spin
splitting. The exploration of this effect, however, has been hindered by the
scarcity of polar materials exhibiting the bulk-Rashba effect and rapid
spin-relaxation effects dictated by the D’yakonov—Perel mechanism. Here, a
polar LiNbO;-type R3c phase of Bi;_,In;,,O; with x 0.15-0.24 is stabilized
via epitaxial growth, which exhibits a bulk-Rashba effect with suppressed spin
relaxation as a result of its unidirectional spin texture. As compared to the

1. Introduction

The interplay between the orbital and spin
degrees of freedom, known as spin-orbit
coupling (SOC), has been sought for use
in low-power spintronics.'*! In particu-
lar, the Rashba effect, which arises from
the SOC induced by broken inversion sym-
metry, has garnered attention as a way
to generate, manipulate, and detect spin

previously observed non-polar Pnma phase, this polar phase exhibits higher
conductivity, reduced bandgap, and enhanced dielectric and piezoelectric
responses. Combining first-principles calculations and multimodal
magnetotransport measurements, which reveal weak (anti)localization,
anisotropic magnetoresistance, planar-Hall effect, and nonreciprocal charge
transport, a bulk-Rashba effect without rapid spin relaxation is demonstrated.
These findings offer insights into spin-orbit coupling physics within polar

oxides and suggest potential spintronic applications.

transport.26-121 Although the Rashba ef-
fect has primarily been studied in 2D sys-
tems (e.g., GaAs-based quantum-wells!!3-1]
or LaAlO,/SrTiO; heterointerfaces>16-191),
these systems typically exhibit relatively
weak Rashba strengths as characterized by
the Rashba coefficient a; ~ 1-10 meV A.
Additionally, spin-flip processes governed
by the D’yakonov-Perel (DP) mechanism
can lead to spin-relaxation,?”! compromis-
ing coherent control of the spin. Since
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the DP mechanism dictates that the spin-relaxation time
(rs) is inversely proportional to the Rashba strength; there is a
trade-off in obtaining high Rashba strength and long 7.120-22]
It has been demonstrated, however, that the manifestation of
persistent-spin texture (PST) with a persistent-spin helix (PSH)
spin-wave mode can suppress DP-spin relaxation by balancing
the Rashba- and Dresselhaus-type SOC.[2>-%%] This approach
necessitates fine control of film thickness and gate voltage; a
low @, ~ 1-10 meV-A and long PSH wavelength (~1-10 um)
in 2D Rashba systems further limits their potential for use in
spintronics.!?>27:28]

The bulk-Rashba effect, on the other hand, manifests itself as a
momentum-dependent spin splitting arising from the polar sym-
metry in three-dimensional crystals such as GeTel®12*33] and
BiTel,[®3+3%] which exhibit a higher a;, (~ 1-5 eV A) than typi-
cal 2D Rashba systems. Furthermore, theoretical works suggest
that PST can also be realized by inducing unidirectional spin tex-
ture enforced by crystal symmetry,[3¢37) where the PST can ex-
hibit long 74 ~ 1-10 ns even with higher values of ay ~ 0.1-
1 eV A. There are a limited number of polar materials, however,
that have been found to exhibit the bulk-Rashba effect, and exper-
imental evidence for the bulk-Rashba effect with unidirectional
spin texture remains elusive.l3:!

Here, a previously unreported polar phase of Bi, In,, O;, ex-
hibiting a LiNbO,-type R3¢ phase (henceforth R-Bi,  In,  O;), is
stabilized, which exhibits a bulk-Rashba effect with suppressed
spin relaxation. While previous theoretical studies reported the
potential for PST in a polar-Pna2, version of BilnO,,3%! prior
efforts had produced a non-polar-Pnma version (henceforth O-
Bi, In;, 0;) in thin films.3%4% Exploring a broader growth
space using pulsed-laser deposition and epitaxial control, this
work reveals a metastable, nonstoichiometric polar phase, R-
Bi, .In,, O, (stabilized under a wide compositional range from
x = 0.15 — 0.34). R-Bi,_,In,, O, exhibits multiple twinned struc-
tural domains when films are grown on DyScO; (110), sub-
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strates (henceforth (001)-oriented R-Bi, In;, O;) and with a
monodomain structure when grown on SrTiO; (111) substrates
(henceforth (111)-oriented R-Bi, ,In,, O;). As compared to O-
Bi, .In,, O, films, R-Bi, In;, O, films showed higher elec-
trical conductivity due to a slightly reduced optical band gap
and enhanced dielectric and piezoelectric responses correspond-
ing to their polar nature. First-principles density-functional the-
ory (DFT) calculations explore the structural stability of R-
Bi, .In,, O, and reveal Rashba-type spin splitting with unidirec-
tional spin texture when the Fermi level (E;) exceeds no more
than 3 meV above the conduction band minimum energy (Eqpy)-
R-Bi; ,In,, O, films were systematically annealed in slightly
oxygen-deficient environments to create oxygen vacancies such
that the carrier concentration was tuned to access the potential
unidirectional spin texture (i.e., Eg-Ecpy < 3 meV) and so that the
films were adequately conductive for transport measurements.
While weak antilocalization (WAL) with spin relaxation was ob-
served in annealed multidomain (001)-oriented R-Bi,  In, O,
films, weak localization (WL) with a long 75 > 3.36 ns was ob-
served in annealed, monodomain (111)-oriented R-Bi, ,In,, O,
films. Additional transport measurements, including planar-Hall
effect, anisotropic magnetoresistance, and nonreciprocal charge
transport studies, were completed on the annealed (111)-oriented
R-Bi, ,In,, O, films and confirm the bulk-Rashba effect with a
~ 760 meV A.

2. Results and Discussion

2.1. stabilizing Polar R-Bi, ,In,, O,
2.1.1. Film Growth and Structural Characterization

To explore the possible structural phases of Bi; ,In,,,O;, 100 nm-
thick Bi, In,, O, films were grown on multiple substrates
(i-e., MgO (001), DyScO, (110),, and SrTiO; (111)) via pulsed-
laser deposition (Experimental Section) using a 10% bismuth-
excess target (Bi;;In0O;). In this work, O denotes orthorhom-
bic indices and pc denotes pseudocubic indices. X-ray-diffraction
studies (Experimental Section) reveal that singe-phase (200),-
oriented O-Bi; In, O, films are grown on MgO (001) sub-
strates in the growth temperature (T,) window 550-650 °C (top,
Figure 1a) (Note S1 and Figure S1, Supporting Information); con-
sistent with previous studies.*>*") When the films are grown on
DyScO; (110),, substrates, however, Bi,O, is the primary phase
at T, = 550 °C (Experimental Section). At T, = 650 °C, a new
diffraction peak (at ~45.6°) was observed, which does not corre-
spond to any of the diffraction conditions for O-BilnO; or com-
monly expected secondary phases (e.g., Bi,O; and In,0,) (mid-
dle, Figure 1a). Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements (Experimental Section) reveal that all
films grown at T, = 650 °C exhibit bismuth-loss (x ~ 0.24-0.34)
(Figure S2, Supporting Information) due to the relatively high
volatility of bismuth. To compensate for bismuth-deficiency in
the films grown at T, = 650 °C, a 30% bismuth-excess target
(Bi; 3In0O;) was also used to grow films and it was found that,
even in this case, while it was possible to partially mitigate bis-
muth loss, the films were still mildly bismuth-deficient (x = 0.15)
(Nots S1 and Figure S3, Supporting Information). These obser-
vations suggest that this new structural phase exhibits a wide
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Figure 1. Structural analysis of the R-Biy_,Iny,, O3 (x &~ 0.24-0.34) films. a) X-ray-diffraction measurements (6-20 line scans) of BilnO; films grown on
(top-to-bottom) MgO (002), DyScO; (110)0, and SrTiO; (111) substrates. X-ray reciprocal space maps of the (001)-oriented R-Bi;_,In;,, O3 films about
the b) 103,.- and c) 013, -diffraction conditions. d) Schematic illustration of second harmonic generation (SHG) in transmission of (001)-oriented
R-Biy,Inq,,O; films. e) Yellow and green data points correspond to the SHG signal as a function of ¢ with s-out and p-out analyzer configurations,
respectively. The solid lines are fitting curves. f) Calculated energy above hull (E,,) and schematic crystal structure of different structural phases
of BilnO; including a non-polar-Pnma, polar-Pna2,, and polar-R3¢ phase. Each marker corresponds to a different exchange-correlation functional:
diamonds are PBEsol, triangles are LDA, circles are PBE, pluses are r2SCAN, and Xs are SCAN. g) X-ray reciprocal space maps of (111)-oriented R-
Bi1xIn14,O3 films grown on SrTiO; (111) substrates about the 330,,.-diffraction condition.
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compositional range for stability (at least x ~ 0.15—-0.34; Note
S1, Supporting Information) and potentially suggests that a small
loss of bismuth could be required to assure phase stability. Here-
after, x ~ 0.24-0.34 will refer to Bi, ,In,, O, films grown at
T, =650 °Cusinga Bi; ;InO, target. The Bi, ,In,, ,O; films could
be reproducibly grown on DyScO; (110), substrates under the
same growth conditions (i.e., T, = 650 °C, Bi, ; InO, target; Figure
S4, Supporting Information).

To understand the crystal structure of this new structural
phase of the Bi, In, O, films grown on DyScO; (110), sub-
strates, reciprocal space mapping (RSM) studies (Experimen-
tal Section) were conducted about the 220-diffraction peak of
DyScO;, and reveal that the films exhibit two structural vari-
ants with a crystallographic tilt of +£1.25° (0.57°) along the [100],,
([010],,) (Figure S5, Supporting Information). Further asymmet-
ric RSM studies reveal that the two structural variants exhibit a
shear distortion with structural distortion angle § ~ 3.98° along
the [110],, and [110],,, respectively, as evidenced by the two verti-
cally separated diffraction peaks near the 332,-diffraction con-
dition of DyScO; (110) (Figure 1b) and one diffraction peak
near the 420, -diffraction condition of DyScO; (110),, (Figure 1c)
(Note S2, Supporting Information). Such RSM studies resem-
ble those for BiFeO; films,*!l suggesting that the films exhibit
a thombohedral-like structure. The value of f ~ 3.98° is, how-
ever, unusually large for a perovskite structure (typically g =~
0.1-0.8°),1*?] and suggests that the Bi, ,In,, O, films likely form
a non-perovskite rhombohedral, corundum-derivative structure
(i.e., ilmenite-type R3¢ phase if non-polar and LiNbO,-type R3c
phase if polar)!*~! with lattice parameters a;; = 5.483 A and
¢;; = 14.44 A (where H refers to a hexagonal symmetry), which
are equivalent to a,. = 3.976 A with g = 3.98°. To differentiate
between the non-polar and polar structures, second-harmonic-
generation (SHG) studies (Experimental Section) were com-
pleted and reveal that the Bi,  In,, O, films are polar and, there-
fore, likely adopt the LiNbO;-type R3c structure with polariza-
tion along the <111>, (Figure 1d,e). Furthermore, the symme-
try of the polar plot aligns with the twinned domain structure
which follows the point group symmetry m with the mirror plane
(%,0,2),. (Figure le) (Note S3, Supporting Information). Overall,
the Bi;_.In, O, films grown on DyScO; (110), substrates exhibit
a twinned-domain structure wherein the two domain variants are
a polar LiNbO;-type phase with polarization along the <111>,.
Henceforth, such films will be referred to as (001)-oriented R-
Bi, ,In,, O, films.

DFT calculations (Experimental Section) were performed to
explore the stability of the R-Bi,_,In,, O, phase with x = 0-
1. R-BiInO; (i.e., x = 0) is found to be energetically competi-
tive with the orthorhombic (non-polar-Pnma and polar-Pna2,)
BilnO; phases (Eyypyms & 32 meV - atom™, Ey,yp,, ~ 26
meV - atom™, and E,  p;. & 27 meV - atom™!), when computed
using the PBEsol exchange-correlation functional (Figure 1f).
Furthermore, the computed formation energies of these phases
lie within 5 meV - atom™ of each other for the majority of
other exchange-correlation functionals tested (Figure S6, Sup-
porting Information). Furthermore, the energy above the hull
exhibits a small increase of only ~20 meV - atom™ as x is
increased from 0 to 0.5, indicating that the bismuth-deficient
phases are also energetically similar to the pristine phase (Note
S4 and Figure S7, Supporting Information). Thus, it is posited
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that the R-Bi,__In,, O, phase is a viable polymorph to be found
and that the bismuth loss in R-Bi,_,In;, O; contributes to
breaking this (effective) energetic stalemate—effectively lower-
ing the tolerance factor and, therefore, stabilizing the LiNbO,-
type phase; effects commonly observed in other LiNbO,-type
phases.[**#1 Additionally, polar R-BilnO; exhibits a formation
energy that is 108.8 meV - atom™! lower than a corresponding
centrosymmetric-R3c phase, and is predicted to have a sponta-
neous polarization of ~#101.9 uC cm™ along the [111],, suggest-
ing the potential for a robustly polar phase.

To further understand how epitaxial growth impacts the phase
stabilization, Bi,  In,, O, films were deposited on multiple sub-
strates, revealing that R-Bi, ,In;, O, can be stabilized over O-
Bi, .In,,,O; by selecting the appropriate substrate with a rela-
tive low lattice mismatch (|6| < 1.78%) (Note S5 and Figure S8,
Supporting Information) and adjusting the growth speed (Figure
S9, Supporting Information). Of particular interest is growth on
SrTiO; (111) substrates, which results in single-crystalline R-
Bi, .In,, O, films with significantly improved crystalline quality
(Note S6 and Figure S10, Supporting Information)—Ilikely the re-
sult of eliminating crystallographic tilt and the twinned-domain
structure (Figure 1a, bottom and g). Henceforth, Bi, In,, O,
films grown on SrTiO; (111) substrates will be referred to as
(111)-oriented R-Bi, In,, O, films. All told, a novel polar R-
Bi, .In,,,O; (x = 0.15 — 0.34) phase has been stabilized via epi-
taxial control, where single-crystalline films with high crystalline-
quality can be obtained.

2.1.2. Electrical, Optical, Dielectric, and Piezoelectric Properties

Stabilization of the R-Bi, ,In,, O, phase motivates the investi-
gation of the electrical, optical, dielectric, and piezoelectric prop-
erties of both the (001)- and (111)-oriented R-Bi, In,, O, films
in comparison to O-Bi, In,, O, films. First, leakage current
density-electric field (J-E) curves (Experimental Section) mea-
sured along the in-plane direction reveal that both the (001)-
and (111)-oriented R-Bi, In,, O, films exhibit, in the as-grown
state, a conductivity 10>~10%-times higher than that of the O-
Bi, .In,,,O; films (Figure 2a). This enhanced conductivity is
found irrespective of the substrate upon which the R-Bi,  In,, O,
films are grown (Note S7 and Figure S11, Supporting Infor-
mation). Transmission geometry ultraviolet-visible-light spec-
troscopy (Experimental Section) helps explain this observation in
that it reveals a reduced direct optical bandgap for R-Bi, ,In,, O,
(3.7 eV) as compared to O-Bi;_,In,, O, (4.7 eV) (Figure 2b). More-
over, differences in the grown-in defect concentration (e.g., bis-
muth vacancies, oxygen vacancies, etc.) may also play a role in
accounting for the enhanced conductivity in the R-Bi, ,In, O,
films (Note S7 and Figure S12, Supporting Information).

In turn, the dielectric constant and loss (Experimental Sec-
tion) were studied along the out-of-plane [001], for 100 nm-
thick O-Bi,_In,, O;and (001)-and (111)-oriented R-Bi, ,In,, O,
films grown epitaxially with La, g, Sr,;;MnO; layers as the bot-
tom and top electrodes (Figure 2c) (Experimental Section). The
O-Bi, In,, O, films exhibit a dielectric constant of ~45, close
to the O-BilnO; films reported previously.**] The (111)-oriented
R-Bi, . In,, O, films exhibit a slightly smaller dielectric constant
of ~40, a value consistent with other LiNbO;-type materials,!#67]
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Figure 2. (Die)electric, optical, and electromechanical properties of Biy_,Iny,, O3 (x & 0.24-0.34) films. a) Current density-electric field (J-E) curves of
(001)- and (111)-oriented R-Biy_,In;,,O3 and O-Biy_,In,,,O; films. b) Tauc plot showing the optical bandgap of the (001)-oriented R-Biy_,In;, O3 and O-
Biy4Iny,,O3 films. c) Frequency-dependent dielectric constant and dielectric loss of O-Biy_,In;,,O3 and (001)- and (111)-oriented R-Biy_,Inq,,O; films.
d) Electromechanical strain of the same devices wherein the R-Biy_,In,,,O; films exhibit a converse piezoelectric effect. Polarization versus electric field
of the same devices as measured at e) 290 and f) 80 K, showing lossy and essentially linear dielectric behavior in the R-Biy_,Inq,,O; films.

while the (001)-oriented R-Bi,  In;, O, films exhibit a higher di-
electric constant of ~90 (at 10 kHz), possibly due to additional
contribution from the domain walls*®! and polarization rotation
(since the polarization could rotate from along the [111],, to-
ward the applied electric-field direction [001],.). All films stud-
ied in this work reveal low dielectric loss (tan § < 0.1), but the
R-Bi; In,, O, films exhibited relatively higher dielectric loss
than the O-Bi, ,In,,, O, films, consistent with the higher leak-
age currents. Furthermore, a small piezoelectric response was
observed in the R-Bi; ,In;, O, films (Figure 2d) via electrome-
chanical measurements conducted on all the films using laser
Doppler vibrometry!*! (Experimental Section). Although the O-
Bi, ,In,,, O, films exhibited a negligible electromechanical re-
sponse, showing an electromechanical strain (¢) of ~0.001%
at electric field E = +200 kV cm™! (likely arising only from
electrostriction), the R-Bi; ,In, O, films showed an antisym-
metric converse piezoelectric response with ¢ ~ 0.02-0.03%
at E = +200 kV cm™!. Similar to the dielectric response, a
slightly increased piezoelectric response in the (001)-oriented R-
Bi, .In,,, O, films can be attributed to the polarization alignment
therein such that the (001)-oriented R-Bi, ,In,, O, films benefit
from an additional contribution from the rotation of the polariza-
tion from along the [111],, toward the [001],,..

The results thus far then beg the question as to if the R-
Bi, .In,,, O, films possess switchable spontaneous polarization
(i-e., are ferroelectric) and thus attempts were made to switch
the polarization with applied electric fields. Polarization-electric
field loops (Experimental Section) reveal linear and slightly
lossy dielectric behavior at room temperature without evidence
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of ferroelectric polarization switching for all Bi; ,In,, O; het-
erostructures (Figure 2e); again, with (001)- and (111)-oriented
R-Bi; In,, O, films showing slightly more lossy behavior, con-
sistent with the higher leakage currents. To further mitigate the
effects of leakage, polarization-electric field hysteresis loops were
also measured at 80 K, and again, there was no signature of ferro-
electric switching for both out-of-plane (Figure 2f) and in-plane
[100],. measurements (Note S8 and Figure S13, Supporting In-
formation). The lack of switching is likely due to a combination
of high leakage currents, defects, and/or a high energy barrier
for polarization switching. While polarization switching might
be possible with improved film quality and reduced leakage, con-
sidering that the R-Bi,  In,, O, films remained non-switchable
under 1.2 MV cm™! at 80 K — well above the typical coercive field
of most oxide ferroelectrics — suggests that the switching would
be unlikely. All told, the electromechanical studies suggest that
the R-Bi, In,, O; films are piezoelectric, and while SHG stud-
ies also show that the R-Bi,_,In,, O, films are polar, the absence
of polarization switching prohibits referring to this phase as fer-
roelectric at this time.

2.2. Probing the Bulk-Rashba Effect in R-Bi, ,In, O,
2.2.1. DFT Calculations and Transport Studies
Since R-Bi, In,, O, exhibits polar symmetry, a sufficient con-

dition for the manifestation of a bulk-Rashba effect, DFT calcu-
lations (Experimental Section) were conducted on R-Bi, In,, O,
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Figure 3. First-principles calculations and transport studies of R-Biy,Inq,,O3 (x & 0.24-0.34) films. a) Brillouin zone of the rhombohedral cell with
reciprocal lattice vectors (a*, b*, ¢*). b) Relativistic electronic band structure of R-BilnO3, where the energy is given for the valence band maximum
(VBM). The red arrow indicates the region where the spin texture is calculated. c) Spin textures about the lowest conduction band along the Q—F path

projected on the k,—k, plane. Cartesian axes are defined as [117] for x, [110]
enclosed by the solid red line indicates the region where the spin deviation

for y, and [111] for z with directions specified in the trigonal cell. The area
is below (5°, 5°). The black star is the conduction band minimum (CBM).

d) Resistivity of the (001)- and (111)-oriented R-Biy_In;,,O; films as a function of the oxygen pressure during annealing. The dashed line indicates
the resistivity of the as-grown samples before annealing. The circled samples are further used for the later transport measurements. e) Resistivity (p,,),
f) carrier density (), and (g) mobility (u) of the (001)- and (111)-oriented R-Biy_,In;,,O; films as a function of temperature.

(¢ =0and 0.25) to probe the electronic structure and the spin tex-
tures. The primitive structure, in reciprocal space, is presented
(Figure 3a) along with the unit cell of the crystal structure in real
space (Figure S14, Supporting Information). The calculated band
structure of R-BilnO, reveals a spin splitting due to the Rashba
effect with the conduction band minimum (CBM) around the Q-
F path (Figure 3Db). Furthermore, a unidirectional spin texture,
where the deviation angles (0,, 0,) away from the spin direction
at the CBM are less than (5°, 5°), was observed around the CBM
when E; < 3 meV (equivalently when the electron-carrier den-
sity n < 1.2 x 10" cm™), revealing the potential for PST in R-
BiInO, (Figure 3c). To further calculate the 7 based on the PST,
a k-p model was developed (Experimental Section) for the Q-F
path along k,, where there is no symmetry, and perpendicular to
k, where a mirror symmetry is present (Figure S14, Supporting
Information). Notably, the k - p model can be built around any k,
point with a specified point-group symmetry. As the CBM is in
the Q-F path, where any k point has C, symmetry, the k - p model
can then be formulated according to the C, symmetry. Typically,
the k - p model should be derived around k, with a small Ak away
from k. Since I is far away from the CBM, k, in the Q-F path
was chosen for building the k - p model. As noted, mirror sym-
metries are critical to forming a PST. In ferroelectric compounds,
which often exhibit C,, point group symmetry, PSTs are typically
stabilized by mirror symmetries along specific momentum-space
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directions. These symmetry-enforced configurations are referred
to as Type-I PSTs, or symmetry-protected PSTs. In contrast, the
strength of SOC parameters can produce an accidental or Type-II
PST that is not enforced by symmetry but rather assisted by it'*! .
In polar crystals, for instance, an accidental PST can emerge even
in the absence of mirror symmetry. Its stability is governed by
the relative strength of SOC along two orthogonal momentum
directions within the plane of the PST—typically, one direction
exhibits C; symmetry, while the other lacks any symmetry. The
resulting spin texture is thus a consequence of anisotropic SOC
interactions rather than symmetry protection.

The accidental PST first proposed in the R3¢ phase of
LiNbO,*%! was adopted to construct the Rashba spin-orbit cou-
pling Hamiltonian terms (Hy) up to first order in k, which can
be expressed as Hy = a k.0, + k (2,06, + @;0,) when the elec-
trons are constrained in the k. -k, plane. Here, o, (i = x, y, 2) are
the Pauli-spin matrices, and the a; (i =1, 2, 3) are the spin-orbital
coupling coefficients with a;, = 384 meV - A, @, = 120 meV -
A, and a; = 847 meV - A, where the effective a; = \/a,2 + ;2
represents the spin-splitting strength along the Q-F path about
the CBM. The average «, in the PST region was calculated to
be 856 meV - A, higher than typical 2D Rashba systems with a,
~ 1 — 10meV - A, 2527281 and corresponding to a Rashba en-
ergy of 0.276 eV. Furthermore, a long 7;'' ~ 8.9 ns is obtained
when the electrons are constrained in the (111),, as is the case

(6 of 14) © 2025 Wiley-VCH GmbH

a ‘0 “S60¥1TST

:sdyy woly popeoy;

9SUAOIT suowwo)) dAnear) sjqeorjdde ay) £q pauIdA0S o€ SO[ONIR Y() oSN JO SO[NI 10§ ATRIQIT dUIUQ AJ[IA\ UO (SUONIPUOD-PUB-SULIA)/ WO A[IM’ATRIqI[ouT[u0//:sdNY) suonipuo)) pue suud I, 9y} 39S [$70Z/L0/ST] U0 Areiqr auruQ A9[IA\ ¢ ANSIOATUN 291y - UNIRIA oueT Aq $89+0STOT PWPE/ZO0T O /10P/ WO KIIM "


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

for (111)-oriented R-BilnO; films, while a shorter 72" & 555 ps
was calculated when the electrons move along <100>,, as for
(001)-oriented R-BilnO, films. The overall parameters for off-
stoichiometric R-Bi, ;5In, ,sO; were similar, with a ~ 883 meV -
A, 72" ~ 380 ps, and r!'" ~ 27 ns (Note S9 and Figure S15, Sup-
porting Information), which suggests that bismuth deficiency (or
indium excess and antisite defects) in R-Bi, ,In,,, O, do not sig-
nificantly impact the Rashba coefficients or spin-relaxation time.

The primary obstacle in probing the PST, however, is the lim-
itations of experimental techniques (e.g., transient spin—grating
spectroscopy!?’] and time-resolved magneto-optic Kerr effect!??]),
which lack the spatial resolution for sub-micron measurements.
Given that the R-Bi, ,In,, O, films are expected to possess a
short spin-orbit scattering length I ~ 0.4 nm, owing to the high
calculated a; = 856—883 meV - A, alternative approaches to
probe this spin texture are necessary. Here, various magneto-
transport measurements were conducted, including quantum
transport! 1424252851 and nonreciprocal-charge transport,!”:31:52]
to explore the Rashba effect and the potential for PST. One chal-
lenge to the application of these techniques was the high lon-
gitudinal resistivity (p,,) of ~500Q - cm of the as-grown R-
Bi, .In,,, O, films (Figure 3d). To enhance the conductivity while
preserving the spin texture, electron-carriers were introduced
into both (001)- and (111)-oriented R-Bi, In,, O, films by pro-
ducing oxygen vacancies through annealing under varied oxygen-
partial pressures (Figure 3d) (Note S10, Supporting Information
and Experimental Section). Formation of oxygen vacancies can
make R-Bi, In,, O, films n type with increased conductivity as
governed by the defect equation O, — V, + %Oz (g) + 2¢. Addi-
tionally, X-ray-diffraction studies confirmed that the crystal struc-
ture and film thickness remained unchanged after these anneals
(Figure S16, Supporting Information). For both (001)- and (111)-
oriented R-Bi; ,In,, O, films annealed at oxygen-partial pres-
sures of 10 mTorr, the p,. versus temperature exhibited semi-
conducting behavior, with p,, increasing at lower temperatures
(Figure 3e). This can be attributed to the decreased n at lower
temperatures (Figure 3f) while the mobility (u) remained nearly
constant from 2 to 300 K (Figure 3g). The values of n and y were
extracted from the negative slope of the linear transverse resistiv-
ity (p,,) versus out-of-plane magnetic field (Bq,) curve (Figure
S17, Supporting Information). Notably, both (001)- and (111)-
oriented R-Bi, ,In,, O, films exhibited n < 1.2 x 10'® cm~ at
T < 50 K - one of the conditions for R-Bi, In,, O, to exhibit the
bulk-Rashba effect with spin deviation < (5°, 5°). Thus, (001)- and
(111)-oriented R-Bi, In,, O, films annealed at oxygen-partial
pressures of 10 mTorr, henceforth denoted as annealed (001)- and
(111)-oriented R-Bi, ,In, O, films, will be used for all the follow-
ing transport measurements.

2.2.2. Quantum Transport

To elucidate the Rashba effect and potential PST, magneto-
transport studies (Experimental Section) were conducted on an-
nealed (001)- and (111)-oriented R-Bi; In,, O, films. Although
Rashba-type spin splitting can generally lead to WAL via spin
relaxation,!'*>3-°] WL can be restored if the spin-relaxation time
exceeds the phase decoherence time due to PST, as observed
in GaAs quantum wells.[2#2528] First, annealed (001)-oriented R-
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Bi, .In,, O, films exhibited WAL within the temperature range
of 2-10 K (Figure 4a), where spin relaxation occurs along the
phase-coherent electron path, with a 70! &~ 66 ps which is shorter

than the phase-decoherence time (r 201) (Figure 4c). The values

of £9% and "' were extracted by fitting the magnetoresistance

curves to the three-dimensional Fukuyama-Hoshino modell'!:%¢]
(Note S11 and Figure S18, Supporting Information). 72! de-
creases with increasing temperature following a ~#T-%%¢ trend,
such that at 20 K, z2°" becomes longer than !, and crossover
from WAL to WL is observed (Figure 4a). Above 50 K, the electron
transport devolves into a classical transport regime without phase
coherence (Figure 4a). WAL/WL behavior in annealed (001)-
oriented R-Bi,_ In, O, films could be reproduced for other films
with a slightly different chemistry (e.g., x & 0.15) as long as n was
maintained below 1.2 X 10'® cm~ (Note S12 and Figure S19, Sup-
porting Information). While WAL in the annealed (001)-oriented
R-Bi, In,, O, films corroborates the presence of a Rashba ef-
fect in R-Bi, In,, O,, it exhibits rapid spin relaxation (r)"' ~
66 ps), faster than what is expected from the DFT calculations
(z3°" ~ 380—555 ps). This could possibly be due to the presence
of multiple twinned structural domains since, while unidirec-
tional spin texture is essential for electrons to suppress spin re-
laxation, backscattered electrons traversing multidomain struc-
tures could experience spin textures with varying spin orienta-
tions. Moreover, the mosaicity of each domain (Figure S10, Sup-
porting Information) could further deteriorate the unidirectional
spin texture. Annealed (111)-oriented R-Bi, In,, O, films, on
the other hand, exhibit monodomain structures with high crys-
tallinity and, in turn, demonstrate WL from 2-50 K (Figure 4b),
indicating that the spin-orbit timescale is longer than the phase
coherence timescale throughout the whole temperature range.
It is found that z;'' > 3.36 ns using the condition for WL (z,, <

7g'l) is reasonably consistent with the DFT calculations with 7
~ 8.9-27 ns.

Nonetheless, the WL might simply result from the sup-
pression of the Rashba effect, necessitating additional mea-
surements to confirm whether the annealed (111)-oriented R-
Bi, .In,, O, films retain Rashba-type spin splitting. To investi-
gate this, anisotropic-magnetoresistance and planar-Hall-effect
studies (Experimental Section), both of which can arise from
spin-momentum locking in topological insulators or Rashba
systems,>”*8] were conducted on the annealed (111)-oriented R-
Bi, In,, O, films. Both longitudinal (R,,) and transverse resis-
tance (R,,) were measured under an in-plane magnetic field (B,;)
of 8 T with a direct current IP¢ = 60 pA at 2 K, while varying the
angle (@) between B, and I°¢ (inset, Figure 4d). To eliminate a

spurious signal from the Hall effect, antisymmetric terms were
Riyfay) (IP€=60 yA)+Rm ) (I°€=—60 uA)

xx(ay)

removed by using R (Figure
S20, Supporting Information). The processed RY" and R ex
hibit a sinusoidal signal with the same amphtude and 45°-phase

difference, described by R}," = m”;& + (R” B8 cos(2¢) and R}

= (R”Tsm(Z(p), where Ry, is the longltudmal resistance when
IPC is parallel (perpendicular) to B, (Figure 4d,e) (Note S13, Sup-
porting Information). Such results, in particular the sinusoidal
signals in R)" and R)" from anisotropic-magnetoresistance
and planar-Hall-effect studies, respectively, corroborate the pres-
ence of a Rashba effect in the (111)-oriented R-Bi, In,, O,

films where Rashba-induced spin-momentum locking can lead
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Figure 4. Quantum transport in annealed (001)- and (111)-oriented R-Biy_,Iny,,O3 (x & 0.24-0.34) films. Magnetoresistance curves in a) annealed
(001)-oriented and b) annealed (111)-oriented R-Biy.,Iny,,O; films in the temperature range from 2 to 50 K. c) Phase decoherence time (z,) and

spin-relaxation time (rso) of the annealed (001)- and (111)-oriented R-Biy,In;,,O; films. d) Longitudinal (R},") and e) transverse resistance (Rzm)

versus @ in annealed (117)-oriented R-BilnO; films showing anisotropic magnetoresistance (AMR) and planar—Hall effect (PHE), respectively. The inset

shows a schematic illustration of the Hall-bar device used to measure AMR and PHE. f) AMR amplitude (R}, °) measured to the magnetic field (B) at
sym sym

T =2 K. The dashed line is the fitting curve B? fitted at the B ranging from 0 to 3 T. The inset shows the measured AR,)" = Ry (@) — AR, (@ = 0°)
versus @ by varying B from 0 to 8 T. g) PHE amplitude (Riymp) measured with respect to the temperature (T) at B =8 T. The inset shows the measured

ARY™ versus ¢ by varying T from 2 to 300 K.

to anisotropic resistance with R # R,. The amplitudes of the
S 00°)— RY™ (9—0°
anisotropic magnetoresistance (R}, & = w

R (0=90°)—R)" (0=0° .
planar-Hall effect (R3)F = W—XV(M) show a quadratic

dependence with magnetic field B < 3 T,'! while at B > 3 T, the
signals tend to deviate and saturate (Figure 4f) (Figure S21, Sup-
porting Information). Furthermore, the temperature dependence
of the anisotropic magnetoresistance reveals that at higher tem-
peratures (>150 K), thermal energy excites the electrons over the
Rashba-induced spin splitting, quenching the anisotropic mag-
netoresistance (Figure 4g). While coexistence of WL, anisotropic
magnetoresistance, and planar-Hall effect qualitatively supports
the presence of a bulk-Rashba effect and long spin-relaxation
time, further measurements are required to quantify the Rashba
strength and compare it with the DFT calculations.

and

2.2.3. Nonreciprocal-Charge Transport

Nonreciprocal-charge transport, also known as magnetochiral
anisotropy, is a non-ohmic nonlinear response to the electric field
that can arise from the Rashba effect!’31°2%] where the resis-
tance can be expressed as R (B, I) = Ry(1 + yB - I), where B is
the external magnetic field, I is the current, and y is the nonre-
ciprocal coefficient. Using an alternating current I = I sin(wt)
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under a rotating magnetic field B, = Bjcos(¢), the nonrecip-
rocal signal appears as a second-harmonic resistance ARX =
%AyRO B, I cos(p)sin(2wt —  /2), where the amplitude linearly de-
pends on B, and I, (Experimental Section). Using the same
Hall-bar devices used above for the annealed (111)-oriented R-
Bi, In,, O, films (inset, Figure 4e), it was found that AR ex-
hibited sinusoidal response (ARZ ~ RZ” sin(¢)) (Figure 5a) with
fixed B, = 8 T and varied current I, = 10-60 pA. Ri;‘r’lp linearly
scaled with I, as expected from Rifr’lp /Ry, = %YBoIm from which
y can be extracted as ~0.33 A~'T-! (Figure 5b). Next, B, was
varied from -8 to 8 T and a fixed I, = 60 pA, again R* ex-
hibits a sinusoidal response (Figure 5c). The sign of Ri‘r‘n’p was re-
versed upon reversing the sign of B, and similarly, confirmed the
y value as ~0.33 A-'T~! (Figure 5d). Although a thermoelectric
effect due to a thermal gradient VT can also give a spurious sig-
nal with the same angular dependence as nonreciprocal charge
transport,[®! its contribution was negligible, as revealed by small
AR’ compared to AR’ (Note S14 and Figure S22, Supporting
Information).

Furthermore, as nonreciprocal charge transport is directly cou-
pled to the Rashba effect, a; can be determined from the non-
reciprocal coefficient y. Using a semiclassical Boltzmann theory
in a three-dimensional Rashba system!”! (Note S15, Supporting
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Figure 5. Nonreciprocal charge transport in annealed (111)-oriented R-Biy_Iny,,O; (x~ 0.24-0.34) films. a) Second-harmonic resistance (ARZ?) versus

@ as a function of the AC (/) varying from 10 to 60 pA. b) Extracted ARg;’p

with respect to 1. ¢) ARZ? versus ¢ as a function of the magnetic field (B)

from 8 to —8 T. d) Extracted ARgzp with respect to B. Dashed lines in (a) and (c) are the fitting curves ARz‘r;’Psin((p). Solid lines in (b) and (d) are the

fitting lines ARgﬁp/R‘” ~ %yBI where y ~ 0.33 A71T7.

Information), ay = ( i ~ 760 meV -V, which is com-

3r )
A(m)? 2y
parable to a, ~ 856 meV - A obtained from our DFT cal-
culations. Although «, can also be extracted from WAL
in the annealed (001)-oriented R-Bi, In,, O, films as ap =
\en’ B, /m* ~ 147 meV -V, a, is underestimated from this
method. The discrepancy arises from the assumption in the WAL
model that every momentum-dependent-scattering event leads
to spin relaxation, with the degree of relaxation governed by the
Rashba strength. Spin relaxation in (001)-oriented R-Bi,  In, O,

Adv. Mater. 2025, 2504684
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films, however, likely occurs across domain walls, while the
momentum-dependent scattering within a domain should not
lead to spin relaxation. If all momentum-dependent scatterings
lead to spin relaxation in the R-Bi, In,, O, films with a, ~
760 meV - A, then Ig ~ 0.55 nm and 74 ~ 2.5 ps should be ob-
tained; values which are at least two orders of magnitude lower
than I{" (> 20 nm) and z"' (> 3.36 ns). These results all indi-
cate that annealed (111)-oriented R-Bi; ,In,, O, films exhibit
long 75 > 3.36 ns even with a high a ~ 760 meV - A, whereas
typical Rashba systems suffer from spin relaxation induced by

© 2025 Wiley-VCH GmbH
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Table 1. R1. Rashba parameter and spin relaxation time in multiple Rashba systems.
R-Biy,In,,,0; GaAs Quantum GaSel™] InSe [1461] LaAlO, /SrTiO,
(This Work) Welll9:12] [15,16]
ag [meV - A] ~760 ~5 ~100 ~2 ~2-50
75 [ps] ~3.36 ~10-300 ~0.01-0.1 ~1-7 ~0.1

the Rashba effect (Table 1). All told, the observed weak local-
ization, anisotropic magnetoresistance, planar Hall effect, and
nonreciprocal-charge transport are all consistent with the exis-
tence of unidirectional spin texture; however, further study will
be required to directly map this spin texture.

3. Conclusion

In summary, a new polar LiNbO,-type Bi,  In, O, phase with
x =~ 0.15-0.34 was stabilized, which exhibits a bulk-Rashba effect
with along 7. Through epitaxial thin-film growth, the metastable
polar R-Bi, In,, O; phase was stabilized and found to exhibit
higher electrical conductivity, reduced optical bandgap, and en-
hanced dielectric and piezoelectric responses as compared to pre-
viously discovered non-polar O-Bi; ,In,,,O;. Combining first-
principles calculations and multimodal transport measurements,
compelling evidence was provided to show that R-Bi, In,, O,
exhibits a bulk-Rashba effect with suppressed spin relaxation en-
abled by a unidirectional spin texture. Specifically, (111)-oriented
R-Bi, ,In,, O, films with monodomain structure exhibited weak
localization — a signature of the enhanced 75 > 3.36 ns. Ad-
ditional transport studies on the (111)-oriented R-Bi, In,, O,
films, including anisotropic magnetoresistance, planar-Hall ef-
fect, and nonreciprocal charge transport, further corroborated
the presence of the bulk-Rashba effect with a, ~ 760 meV - A.
The realization of the bulk-Rashba effect alongside long 75 in po-
lar R-Bi;, .In,, O; offers new opportunities to understand and
harness spin-orbit coupling phenomena for robust spintronic
applications.

4. Experimental Section

Thin-Film Growth:  Biy_Inq,,Oj3 thin films (100 nm-thick) were grown
using pulsed-laser deposition with a KrF laser (LPX 305; Coherent) with
a wavelength of 248 nm. First, to explore the possible structural phases
of Biy,Iny,, O3, an excess-bismuth ceramic target with the composi-
tion Bi;1InO; was used to grow Biy,In;,,O; films on MgO (007),
DyScO; (110)p, and SrTiO; (111) substrates at growth temperatures
Ty = 550-650 °C. To investigate whether bismuth loss at higher T,
can be compensated for, an additional ceramic target with further bis-
muth excess and composition Bi; 3I1nO; was used to grow Biy_,Inq,,O3
films on DyScO; (110)¢ substrates at T, = 650, 675, 700, and 725 °C.
Additionally, Biy_,In;,,O3 films were also grown on other substrates,
namely, NdScO; (110)p, GdScO; (110)p, SrTiO3 (007), SrTiO; (110),
(LaAIO3)g 5 (Sr,TaAIOg) o ; (LSAT) (001), and LaAlO; (001) at T, = 650 °C
to examine substrate effects on phase stabilization. For all the Bi;_,Iny,,O;
growths, a dynamic oxygen partial pressure of 100 mTorr, laser fluence
of 1.0 ) cm™2, laser repetition frequency of 20 Hz, and an on-axis target-
to-substrate distance of 57 mm were employed. For out-of-plane dielec-
tric and piezoelectric measurements, 30 nm Lag g7Srg33MnO3 / 100 nm
Bi1In1,4O3 / 30 nm Lag ¢;Srg33MnO3 heterostructures were grown on
SrTiO3 (110), SrTiO; (117), and DyScO; (110), substrates. Before and
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after the deposition of the Biy_,In;,,O5 layer, the Lagg7Srg33MnO; lay-
ers were grown at T, = 650 °C in a dynamic oxygen partial pressure of
100 mTorr, laser fluence of 1.0 ] cm~2, laser repetition frequency of 2 Hz,
and an on-axis target-to-substrate distance of 57 mm. For all the growths,
the films were cooled down from the growth temperature to room tem-
perature at a rate of 10 °C min~' in a static oxygen partial pressure of
~700 Torr.

Structural Characterization using X-Ray Diffraction: The crystal struc-
ture of each film was studied using symmetric 6-26 linescans, recipro-
cal space mapping (RSM), and X-ray reflection (XRR). A high-resolution
X-ray diffractometer (X'Pert 3 MRD; Panalytical,) with copper Ka radia-
tion (1.540598 A), and a detector (PIXcel3D-Medipix3) were utilized. Fixed
divergence slit of 1/2°, 1/16°, and 1/32° were used for linescans, RSM,
and XRR, respectively. Bragg—Brentano §-260 geometry was used to char-
acterize the crystal structure perpendicular to the substrate plane, and
X-ray rocking curves about the R-Biy,Iny,,O3 111,.- and 002, - diffrac-
tion conditions were measured to assess the crystalline quality of the
films. RSMs were studied about 002,,- and 103,,.- diffraction conditions for
(007)-oriented R-Biy_Iny,, O3 films grown on DyScO; (110) and 111,
and 330,,- diffraction conditions for (111)-oriented R-Bi_,In;,,O; films
grown on SrTiO3 (111). XRR was used to determine the thickness of R-
BiyIn1,,O3 films in their as-grown state and after annealing.

Time-of-Flight Secondary lon Mass Spectroscopy: High mass resolution
depth profiles were performed using a time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) NCS instrument, which combines a TOF.SIMS
5 instrument (ION-TOF GmbH, Miinster, Germany) and an in situ scan-
ning probe microscope (NanoScan, Switzerland) within the Shared Equip-
ment Authority at Rice University. The analysis field of view was 150 x 150
um? (Bis* at 30 keV, 0.3 pA) with a raster of 128 x 128 along the depth
profile. Charge compensation with an electron flood gun has been ap-
plied during the analysis. An adjustment of the charge effects has been
performed using a surface potential. The cycle time was fixed to 100 us
(corresponding to m/z = 0-911 a.m.u mass range). The sputtering raster
was 500 x 500 um? (Cs* at 2 keV, 105 nA). The beams were oper-
ated in non-interlaced mode, alternating one analysis cycle and one per
frame of sputtering, followed by a pause of three seconds for the charge
compensation.

The MCs,* (n =1, 2) depth profiling was also used to improve the un-
derstanding of the data. This is a useful method, mainly applied to quan-
tify alloys but also to identify any ionic compounds. The cesium primary
beam is used for sputtering during the depth profile and permits to detect
MCs* or MCs,* cluster ions, where M is the element of interest combined
with one or two cesium atoms. The advantages of following MCs* and
MCs, " ions during ToF-SIMS analysis include the reduction of matrix ef-
fects and the possibility of detecting compounds from both electronega-
tive and electropositive elements and compounds.

All depth profiles were point-to-point normalized by the total-ion inten-
sity, and the data were plotted using a 10-point adjacent averaging. Both
normalization and smoothing permitted a better comparison of the data
from the different samples. The depth calibrations were established using
the interface tool in SurfaceLab version 7.3 software from ION-TOF GmbH
to identify the different interfaces and based on the measured crater thick-
nesses using in situ SPM in linescan mode. The sensitivity of each element
was calibrated using the Bi; 11nO; target as a reference sample.

UV-Vis Spectroscopy: Transmission geometry ultraviolet—visible-light
(UV-vis) spectroscopy was employed (U-3000 UV/Vis spectrophotome-
ter; Hitachi). To account for the contribution from the substrates, trans-
mission studies of O- and R-Biy_,In;,, O3 films were measured simultane-
ously with bare substrates of the same type, and relative transmission from
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the film with respect to the bare substrate (T) was obtained. To minimize
the absorption from the substrate, measurements were taken from (001)-
oriented R-Biy_,In;,,O3 films grown on GdScO; (110), substrates and
O-Biy,Inq,,0;3 films grown on MgO (001) substrates. Substrates used
as a reference, MgO (001) and GdScO; (110), were annealed under the
same conditions as the Biy_,In;,, O3 growth condition: heater temperature
of 650 °C in a dynamic oxygen partial pressure of 100 mTorr. The absorp-
tion coefficient (@) was calculated from T using @ = — 2.303 - log(T)/t,
where £ = 100 nm is the film thickness. The direct optical bandgap (£,)

was obtained using the relation (ahv)? = B(ho — E,), where h is Planck’s
constant, B is a linear constant, and v is the photon energy.

Electrical, Dielectric, and Piezoelectric Characterization: For in-plane
measurements, platinum interdigitated electrodes (IDEs) were sputtered
on top of (001)-oriented R-Biy,In,,O; films grown on DyScO; (110)0,
(111)-oriented R-Biy,Iny,, O3 films grown on SrTiO; (111), and (100)-
oriented O-Biy_,Inq,,0; films grown on MgO (001) with 2 um finger spac-
ings and 100 um arm lengths. The IDE structures were patterned by pho-
tolithography via a maskless aligner (MLA 150; Heidelberg) using AZ MiR
701 Photoresist. After patterning, 50 nm of platinum was deposited us-
ing DC sputtering. After reaching the base pressure of ~1-10~7 Torr, the
chamber was purged with argon, and platinum was deposited at room
temperature in a dynamic argon partial pressure of 7 mTorr and target
power of 15 W with a growth rate of 8 nm min~'. For out-of-plane dielectric
and piezoelectric measurements, out-of-plane geometry circular capaci-
tors were fabricated on the following Biy_,Inq,,O; heterostructures: 30 nm
Lage7Srg33MnO;3 / 100 nm R-Biy,Iny,,03 / 30 nm Lag;Srg33MnO; /
DyScO; (110)p, 30 nm Lag 7Srg33MnO3 / 100 nm R-Biy_,Inq,,03 /30 nm
Lagg7Srg33Mn0O; / SrTiO3 (111), and 30 nm Lag g;Srg33MnO3 / 30 nm
thick O-Biq_,Iny,,O3 / 30 nm Lagg;Srg33MnO3 / SrTiO3 (110). Circu-
lar capacitors 25 pum in diameter were fabricated using Lag ¢;Sry 33MnO3
as the top electrode via photolithography followed by argon-ion milling
(Nanoquest; Intlvac). After reaching the base pressure below 5-1076 Torr,
the chamber was filled with argon with a dynamic argon partial pressure of
2.25-10* Torr. The stage temperature was then set to 15 °C, and a ~40 nm
layer was ion milled with the etch rate of 25 nm min~" using a beam volt-
age of 500 V, a beam current of 38 mA, and accelerator voltage of 100 V
while the stage was rotating with the speed of 10 rpm.

The leakage current density as a function of DC electric field up to
+167 kV cm™" with a soak time of 100 ms was measured using a ferro-
electric tester (Precision Multiferroic Tester; Radiant Technologies, Inc.)
at room temperature. The polarization response was measured as a func-
tion of electric field with the field strength up to 1.2 MV cm~" and fixed
frequency of 10 kHz using the same tester. For polarization measurements
at low temperature (~80 K), a cryogenic probe station (TTPX; Lake Shore
Cryotronics) was used. Dielectric constant and loss tangent as a function
of AC electric field frequency were measured using an impedance ana-
lyzer (E4990A; Keysight Technologies) with a fixed AC field strength of
1 kV cm~" and frequency ranging from 1 kHz to 1 MHz. Dielectric con-
stant ¢, = tC,/Aey was calculated, where t = 100 nm is the film thick-
ness, C, is the parallel capacitance measured using an impedance ana-
lyzer, A is the capacitor area of 4.91-107% cm?, and ¢ is the permittivity of
vacuum (8.854-107'* F cm™"). The electromechanical response was mea-
sured using laser Doppler vibrometry (Polytec GmbH).[4?] The vertical sur-
face displacement was measured using 2 um-diameter HeNe laser beam
(A =633 nm) incident on top of the circular capacitor while the electrical
field was simultaneously stimulated by a ferroelectric tester with a fixed
frequency of 1kHz and electric field strength up to +£200 kV cm~".

Ep Calculations:  Density-functional theory (DFT) calculations were
performed with the Vienna ab initio Simulation Package (VASP).[62-65] The
projector augmented wave (PAW) pseudopotentials explicitly included 15
valence electrons (652, 5410, 6p3) for bismuth, 13 valence electrons (552,
4d'°, 5p1) for indium, and six valence electrons (252, 2p*) for oxygen. Spin-
orbit coupling was included for all calculations. All crystal structures were
fully relaxed until ionic forces were less than 1072 eV A=, The electronic
convergence threshold was set to 1076 eV, and the plane-wave energy cut-
off (650 eV) and k-point sampling densities (ranging from 180 points per
A=3 for pristine BilnO5 to 1400 points per A= for metallic bismuth) were
selected such that total energies were converged to within 1 meV per atom.
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For insulating systems, k-point integration was performed with the tetra-
hedron method. Methfessel-Paxton smearing was used for metals, where
the smearing width of 25 meV was chosen such that the entropic contribu-
tion was less than 107* eV per atom. To assess sensitivity to the choice of
exchange-correlation functional, most calculations were repeated for mul-
tiple functionals, including LDA,[66-58] PBE,[6°] PBEsol,[701 r2SCAN,I71.72]
and SCAN.I7374] Results referenced in the text were computed with
PBEsol unless otherwise stated. Computed energies above the hull for all
five functional choices are shown (Figure 1f and Figure S6, Supporting
Information).

The convex hull of the Bi-In-O system was computed from Mate-
rials Project data;!”! the relevant stable phases of Bi, In, O,, Bi,0O3,
and In,O; were recalculated using the parameters described above. Off-
stoichiometric structures in the Biy_,In;,, O3 system were obtained by con-
structing supercells and selecting bismuth sites for indium substitution.
In the conventional supercell, two different substitutional defect config-
urations are presented within the 33%-67% substitution range: one in
which substitutional sites are clustered nearby within the cell, and one
in which they are dispersed throughout the cell. In the larger 2 X 2 X 2 su-
percell, five randomly-selected configurations are presented for each sub-
stitution fraction. The polarization of the R3¢ phase was computed using
the Berry-phase approach with the interpolation scheme implemented in
pymatgen,[76l using the previously described calculation parameters and
the PBEsol exchange-correlation functional. The nonpolar R-3¢ reference
phase was generated using the PSEUDO tooll’”] of the Bilbao Crystallo-
graphic Server, as described in Ricci et al.l78l

Electronic-Band-Structure Calculations: Total energy calculations were
based on DFT within the generalized gradient approximation (GGA) uti-
lizing the revised Perdew-Becke-Erzenhof functional for solids (PBEsol)[7°]
implemented in the VASP.I63-65] A 500 eV plane wave cutoff energy was
used for all calculations and the PAW method!”®! with 15 valence elec-
trons (652, 5d'°, 6p?) for bismuth, 13 valence electrons (552, 4d', 5p’) for
indium, and six valence electrons (252, 2p*) for oxygen. Gaussian smearing
(0.70 eV width) was utilized for the Brillouin-zone integrations. The k-point
sampling is tested to be sufficient for different cell sizes. The convergence
thresholds for the electronic relaxation and atomic-structure relaxation are
1076 eV and 0.01 eV A~7, respectively. Spin-orbit coupling (SOC) effects
were not considered in the structure relaxation, but were included in the
band-structure calculations for the spin textures.

k - p Model: Following established methods,[*°] the k - p model was
constructed using the following theory and protocol. When including the
spin (|S| = 1/2) in the wavefunction, there is a spin-orbital coupling (SOC)
term «s - [where s and | are spin and orbital angular momenta, respectively,

. k 2
in H. H (Ak) becomes: H (Ak) = H + 22K . (p+ L5 x V) + I (ak)2

as described in References[®981] . 7{(Ak) can be solved using a group-
theory analysis with the following steps. Here, H (Ak), as an example is
solved, and set ko = 0:

3
1) Choosing a basis set of wavefunctions, for example, D2 can be used
in a four-band k - p model.

3
2) Decomposing D2 into a sum of irreducible representations (irreps)
(e.g., R) using the character table of a double group at k.

After accomplishing (1) and (2), the irreducible symmetric matrix is

obtained by considering

ij i
comprises the matrix of the k - p model, and k is a small wavevector

0 W) = T, 08 1) = B, eI @, where 1457

3 _
away from ko, w* and w! are D7 wavefunctions, Hly is the Taylor

expansion of k, where 7 and | indicate the conjugate irreps of the
summations over the irreps obtained by decomposing R X R and

the dimension of 17, respectively. (7’['7—;7.) are the Clebsch-Gordon

(C-G) coefficients and ||Hf (k) || is the irreducible symmetric tensors
of k that can be obtained by using the projection operator technique.
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2) Last, the final Hamiltonian is obtained as H = Zy,le“H/? (k) [], where

Xf = (71|7;§i) is the irreducible symmetric matrix.

In this study, k, lies in a x—z mirror plane, and k, is perpendicular to
the x—z mirror plane. Thus, k, has A; symmetry of the C; double point
group (Ais anirreducible representation), and k, has A, symmetry. A basis
set of wavefunctions having a symmetry of D'/? was adopted, which are
two-dimensional, and the two components have E? and E' symmetries,
respectively. With this information, a Hamiltonian with C; symmetry was
built, where the SOC terms were constrained in the k, — k, plane were
considered up to the first order in k, and can be expressed as:

H= y1kxo-y + ky (yZGX + 7361) (1
or alternatively in matrix form as:

H. H!
H=Ho+ | % 7 @
12 11

where, 1}, = r1k,, H}, = —r,k,i + r3k,, H(; is the conjugate part of 1/,

and y is a real constant. The basis set of the wavefunctions for the two-
band model was chosen as D'/?, which represents the wavefunctions com-
prised of p orbitals of spin 1/2 of bismuth. ¢, along the z direction in the
spin coordinate was adopted, and Cartesian coordinates in the trigonal
cell were specified as [110] for y and [111] as for z were used. The resulting
energy is then:

2

Eo— \/(71kx)2 + (YZkv)z + (r3k) 3)
2

EO + \/(}/'Ikx)z + (}’zky)z + (73ky)

E=

where at k, = 0 the Rashba coefficient can be defined as 1/y,2 + y;2 along
the k, of O-F path. Although the R-Bi_,In;,,O; phase is relaxed in the
films, the epitaxial strain may still affect the SOC coefficients, effective
electron mass, and the spin-relaxation time. The band structure of the
R3c structure under 0% epitaxial strain (i.e., a = b) was further calculated,
where @y =370 meV - A, a, = 81 meV - A and a; = 840 meV - A were
obtained. The Rashba coefficient is 844 meV - A, and the spin-relaxation
time is 9.9 ns.

Spin-Relaxation Time Calculations: Based on previous work,*°] a spin-
relaxation time can be obtained by solving a spin-charge density dynamic
equation expressed as:

- )

atg+vR~{%§,§}+i[W~&é] +

where V = 0H /ok and B(k) = (r1ky v 2ker3ky), V and B indicates the av-
erage quantities; 7 is the momentum scattering time; g and j are thermal
average distribution function and density matrix, respectively, which can
be written as:

P = pcoo + POy + pyoy, + p,0, )
g =8:00 t 80 + gyay +8,0, (6)
With the model derived above, here is the spin-diffusion coefficient:

-1

1—iwt +iq - vt iy,q, T 19,7 iv3q,T

D=/ ﬁ iyzqyr 11— iw_r+iq VT 2y3kyf _2y1kif
27| iyyq,7 —2]/3_ky‘r 1 —Eur +iq - vt 27,k T

ir3q,7 2r1ks =2y.k,7 1 it +iq - vt
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where k is the thermal average momentum, and there is a constant of 7
in k for the simplicity of writing the equation. Then, the enhanced spin-
relaxation time frequency iw is numerically computed when the determi-
nant of D — [ is zero where [ is the unit matrix.

Electrical-Transport Measurements: ~ R-Biy_,Inq, O3 films were annealed
in a reducing environment with low oxygen partial pressure to control the
oxygen-vacancy concentration and the electron-carrier density. To com-
plete the anneals, the films were mounted in a pulsed-laser deposition
chamber and annealed at the heater temperature of 300 °C, and dy-
namic oxygen-partial pressure from 1-1000 mTorr. First, the chamber was
pumped to a pressure <1-107° Torr, followed by purging with oxygen un-
til the pressure was ~1 Torr, before then pumping again to a pressure
<1-107° Torr. Once the chamber reaches the base pressure (<1-107 Torr),
oxygen-partial pressure was set at the targeted annealing pressure and the
substrate was heated at the rate of 20 °C min~" followed by the annealing
time of 30 min at the heater temperature of 300 °C, and then cooled down
to room temperature at the rate of 10 °C min~!. Once the heater temper-
ature is below 80 °C, the chamber was then vented to the atmosphere and
removed.

For electrical transport measurements, Hall-bar devices were fabricated
on the annealed (007)- and (111)-oriented R-Biy_,In;,,O3 films via a two-
step-photolithography process. First, the films were spin—coated with pho-
toresist (MiR 701), and the six-point contact Hall-bar geometry was pat-
terned by photolithography using a maskless aligner (MLA 150; Heidel-
berg instruments) with the channel length [~ 10 um and channel width w ~
10 um. The films were argon-ion milled (Nanoquest; Intlvac) to a depth of
~120 nm to fully remove the unwanted film layer (100 nm in thickness). Af-
ter reaching the base pressure (<5 x 10—° Torr), the chamber pressure was
adjusted to a dynamic argon partial pressure of 2.25 x 107# Torr. The stage
temperature was then set to 15 °C and the film was ion milled with the
etch rate of 25 nm min~" using a beam voltage of 500 V, beam current of
38 mA, and accelerator voltage of 100 V while the stage was rotating a the
speed of 10 rpm. After ion milling, the remaining photoresist was washed
away using acetone. The second photolithography process was conducted
to define the contact electrodes with dimensions 100 x 100 um. Platinum
was then deposited to a thickness of 150 nm as a contact electrode us-
ing DC sputtering. After reaching the base pressure of ~1 x 1077 Torr,
the chamber was purged with argon, and platinum was deposited at room
temperature in a dynamic argon partial pressure of 7 mTorr and target
power of 15 W with a growth rate of 8 nm min~".

Magneto-transport measurements were conducted on the Hall-bar de-
vices fabricated on the annealed (001)- and (111)-oriented R-Biy,Inq,,0;
films using the physical properties measurement system (Cryogenic Lim-
ited). For resistivity (p,,) measurements, a DC source (Keithley 2400) was
used with a fixed direct currrent (I°¢) of 1 uA and the longitudinal voltage
(V,) was measured using a nanovoltmeter (Keithley 2182A). While mea-
suring V,,, the stage temperature was cooled down from 300 to 10 K at the
rate of 2 K min~! and from 10 to 2 K at the rate of 0.2 K min~".

For Hall-measurements, a fixed /¢ = 1 pA was sourced using a DC
source (Keithley 2400) and the transverse voltage (V,,) was measured us-
ing a nanovoltmeter (Keithley 2182A) at fixed temperatures of 2, 5, 10,
20, 50, 100, 200, and 300 K. After reaching each target temperature, the
stage was left idle for an hour to allow for the stage temperature to stabi-
lize. The static out-of-plane magnetic field (Bopp) was swept from —8 to
8 T (forward-sweep) and then back to —8 T (backward-sweep) at a ramp-
ing rate of 0.2 T min~". The R,, values from the forward-sweep and the
backward-sweep were averaged to eliminate the drift in the signal.

Magnetotransport measurements probing weak (anti)loczlization were
conducted using a DC source (Keithley 2400) with a fixed direct current of
IP€ = 1 pA and the V,, was measured using a nanovoltmeter (Keithley
2182A) at fixed temperatures of 2, 5, 10, 20, and 50 K. After reaching each
target temperature, the stage was left idle for an hour to allow for the stage
temperature to stabilize. Similar to Hall-measurements, Bogp was swept
from —8 to 8 T (forward-sweep) and then back to —8 T (backward-sweep)
at a ramping rate of 0.2 T min~'. The R,, values from the forward-sweep
and the backward-sweep were averaged to eliminate the drift in the signal.

Anisotropic magnetoresistance (AMR) and planar-Hall-effect (PHE)
measurements were conducted by measuring V,, (for AMR) and

© 2025 Wiley-VCH GmbH

a ‘0 “S60¥1TST

:sdyy woly popeoy;

) pue swd [, 3y 238 “[§20T/L0/ST] U0 A1eiqrT autuQ AA[1A © ANSIOAIUL) 201y - UIIRIN OURT £q H89FOSTOT PWIPE/Z00 101 /10p/wi00" Ko

tsdpy)

KopmA.

QSUDOI'T SUOWO)) AANELAI) d[qedr[dde oy) Aq pauIdA0S 21 SI[ONIR Y() 9SN JO SN 10} AIBIQIT SUIUQ) AS[IA UO (


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Viy (for PHE) under a static in-plane magnetic field (Bjp). A fixed direct
current of I°¢ = 60 pA was sourced using a DC source (Keithley 2400),
while V,, and V,, were measured using a nanovoltmeter (Keithley 2182A)
at fixed temperatures of 2, 5, 10, 20, 50, 100, 200, and 300 K. After reaching
each target temperature, the stage was left idle for an hour to allow for the
stage temperature to stabilize. B;p was setto 0, +0.5, 1, +2, +3, +4, &5,
+6, +7, and +8 T and the sample was rotated from 0° to 360° at a rotating
speed of 20° min~".

For nonreciprocal charge transport, the second harmonic signal (R2®
= V2 [|®) was measured under a rotating B at a fixed stage temperature
of 2 K. Sinusoidal alternating current (1) with an amplitude of 10-60 pA
and a frequency of 1.7 Hz was sourced using an AC source (Keithley 6221),
and the longitudinal second harmonic voltage (V2*) was measured using
a lock-in amplifier (Stanford Research Systems SR830). The quadrature
component Y, with a 90° phase shift from the signal, was sampled as V2*
with a sensitivity of 10 mV, time constant of 10 s with 18 db oct™" rolloff.
An external reference signal was generated from Keithley 6621. B, was
fixed at 0, +2, +4, +6, +8 T where the sample rotated with 10° step size.
V2@ was measured after a stabilization period of 180 s for each step.
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