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ABSTRACT: Recent advances in high-throughput computational workflows
are expanding the realm of materials for a range of applications. Here, we
report the experimental evaluation of two such predicted candidate
ferroelectric perovskite oxides: BiAlO3 and BiInO3. Attempts were made to
synthesize polar BiAlO3 and BiInO3 using pulsed-laser deposition. Despite
exploring a wide range of temperatures, pressures, substrates, laser fluences,
and so on, attempts to grow BiAlO3 with this approach resulted in no
perovskite phase and decomposition to Bi2O3 and Bi24Al2O40. Various
orientations of BiInO3 films were synthesized on multiple substrates, with the
best crystallinity demonstrated for (200)-oriented films on MgO (001).
Density-functional theory predicts two energetically competitive ground-state
structures for BiInO3: Pnma (nonpolar) and Pna21 (polar). BiInO3 films were
studied by using X-ray diffraction and second-harmonic generation (SHG)
and found to exhibit the nonpolar Pnma structure. Temperature-dependent SHG and dielectric measurements revealed no transition
to the polar structure. Optical transmission−absorption studies suggest a direct bandgap of ∼4.5 eV for BiInO3. Our study
underscores the need for additional descriptors for synthesizability in assessing the potential of ferroelectric candidate materials
identified from high-throughput materials databases.

■ INTRODUCTION

For much of history, the material requirements for a given
application were addressable only with a (relatively) small
number of known materials. Recent developments, however,
have ushered in an unprecedented era in the sophisticated
design of materials, thus increasing the number of possible
materials at an exponential rate.1 In pursuit of efficient
approaches to accelerate the discovery, design, and realization
of materials, researchers today are increasingly embracing such
computationally driven design strategies and utilizing density-
functional theory (DFT) calculations and experimental syn-
thesis techniques explicitly designed to increase throughput.2−5

Some of these predicted phases, however, are metastable and,
thus, can be difficult to realize experimentally, despite being
predicted to possess promising functionalities.6−11 A relevant
factor to consider in assessing whether it is possible to realize a
metastable phase is the extent of metastability relative to
competing structures of the same chemistry. One way to do this
is through a calculation of the formation enthalpy of the phase.
The formation enthalpies per atom of all the ground-state phases
for a given set of elements at zero temperature and pressure,
when connected, form a “hull” in energy-composition space.12

The energy above the convex hull (Ehull) for a metastable phase
with a specific composition represents the energy gained by
transforming (decomposing) that phase into the ground-state

compound(s). This makes Ehull a computed descriptor that
quantifies the thermodynamic metastability of a solid.13

While assessing a material’s (meta)stability, the modern
materials designermust also explore its functional properties and
potential for applications. Today, new databases are being
created by using high-throughput workflows based on first-
principles calculations to do just this. Multiple computational
descriptors14−16 have been introduced to screen a wide range of
material classes such as binary alloys,17−19 hydrates of metal
halides,20 and chalcopyrites.21 Another area that has been
extensively screened are the complex oxides22−24 and, in
particular, the perovskites, which can exhibit a large range of
functionalities (e.g., piezoelectricity,25 ferroelectricity,26−28

magnetism,29 photovoltaic effects,30 etc.). For example, for
ferroelectrics, crystal symmetry has a key role in the screening
criteria since the spontaneous polarization in ferroelectrics can
often be expressed as the result of ionic displacements along a
polar axis relative to a nonpolar reference due to a first- or
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second-order phase transition.31 Thus, early searches for novel
ferroelectric candidates combined DFT and group theory to
determine nonpolar reference structures for polar struc-
tures32−34 or used DFT calculations of phonon spectra to
check for the presence of soft, or unstable, phonon modes.35 As
the field has evolved, new automated workflows that can
examine all crystal classes have been developed and
implemented.26 One such workflow using DFT calculations
and group theory in crystal symmetry to complete an automated
and generic search through the Materials Project (www.
materialsproject.org) database13 has identified 255 candidate
ferroelectrics with 126 of those having never been reported to be
ferroelectric before.26 Validation and augmentation of such
high-throughput studies requires experimental evaluation of the
new candidate ferroelectrics and, in turn, will help to accelerate
the process of designing and discovering new functionalities in
existing material classes.
Here, we focus on experimentally testing candidate phases put

forth from such a workflow (Figures 1a,b).26 We have chosen
two relatively new and underexplored ABO3 perovskite oxides,
BiAlO3 (Figure 1c) and BiInO3 (Figure 1d), for further study.
These phases were chosen because they are both isotypic to the
well-studied multiferroic BiFeO3

36,37 and have predicted Ehull
values that are appreciable and yet consistent with other
metastable materials that have been synthesized.38 Both feature
corner-sharing BO6 octahedra and a relative distortion of the

central B cation away from the oxygen anions giving rise to the
predicted polarization along the c axis. Additionally, theWyckoff
positions for the two polar phases have been summarized
(Supporting Information, Table S1). Attempts were made to
synthesize polar BiAlO3 (R3c) and BiInO3 (Pna21) (predicted to
have spontaneous polarizations of 80.3 and 64.7 μC/cm2,
respectively26) by using pulsed-laser deposition. Despite testing
a wide range of temperatures, pressures, substrates, laser
fluences, and so on, the desired BiAlO3 phase could not be
synthesized with this approach; instead, films were found to
decompose to the thermodynamically stable phases Bi2O3 and
Bi24Al2O40. On the other hand, (200)-, (200)-, (201)-, (002)-,
and (311)-oriented BiInO3 films have been successfully
synthesized on SrTiO3 (001), MgO (001), GdScO3 (110),
GdScO3 (001), and MgO (110) substrates, respectively. Of the
BiInO3 phases present in the Materials Project database,12 the
nonpolar Pnma and polar Pna21 structures are similar in energy,
with the total computed energy per atom of the former being
only 11 meV higher than the polar Pna21 structure. All BiInO3
films were found to exhibit the Pnma structure by X-ray
diffraction. Attempts to produce the Pna21 structure by varying
temperatures, applying electric fields, and so on were
unsuccessful. Second-harmonic-generation (SHG) (down to
20 K) and dielectric (77−375 K) studies confirmed the presence
of the Pnma structure at all temperatures and the presence of
low-loss, nearly linear dielectric response (with a room-

Figure 1. (a) A comprehensive color-map of potential ABO3 oxides with their energy above convex hull/atom (Ehull) and predicted values of
spontaneous polarization for their bulk crystal structures upon interpolating the atomic polarization from the transition from the nonpolar to the polar
structure. (b) Automated first-principles-based workflow for ferroelectrics. Crystal structure and lattice parameters of bulk (c) BiAlO3 and (d) BiInO3.
(e) Proposed refined workflow for searching new ferroelectric candidates.
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temperature dielectric permittivity of∼45). Despite the inability
to produce the polar phase, there are limited experimental
reports on BiInO3 in any structure thus transmittance/
reflectance measurements were used to establish a direct
bandgap for BiInO3 (Pnma) of ∼4.5 eV. Beyond providing
routes for synthesizing nonpolar Pnma BiInO3, these results
highlight the need for future studies to identify (additional)
synthesizability criteria to aid in prioritizing theoretically
predicted ferroelectric materials for experimental realization
(Figure 1e).

■ EXPERIMENTAL SECTION
Thin-Film Growth and Stoichiometry Determination. At-

tempts to produce both BiAlO3 and BiInO3 were completed by using
pulsed-laser deposition in an on-axis geometry with a target-to-
substrate distance of 80 mm using a KrF excimer laser (248 nm, LPX
300, Coherent). For BiAlO3, films were grown from a ceramic target
with composition Bi1.1Al1O3, wherein the 10% excess bismuth was
included to account for the potential loss of bismuth during growth at
high temperatures.39−41 Depositions were attempted on multiple
substrates [i.e., LaAlO3 (001), (LaAlO3)0.3(Sr2TaAlO6)0.7 (001),
SrTiO3 (001), DyScO3 (110), and MgO (001)], at a range of heater
temperatures (500−750 °C), across various dynamic oxygen partial
pressures (1−100 mTorr), and laser fluences (0.5−1.5 J/cm2) at a laser
repetition rate of 10 Hz.
For BiInO3, films were grown from ceramic targets with composition

Bi1.1In1O3, Bi1In1.1O3, and Bi1In1.2O3. Various targets were tested since
both bismuth and indium are highly volatile. In the end, stoichiometric
films can likely be produced from different targets by varying the laser-
energy density, but we focus on results from the target of composition
Bi1.1In1O3. Depositions were attempted on multiple substrates [i.e.,
SrTiO3 (001), MgO (001), GdScO3 (110), MgO (110), and GdScO3
(001)], at a range of heater temperatures (450−650 °C), across various
dynamic oxygen-partial pressures (100−200 mTorr), and laser fluences
(0.7−1.5 J/cm2) at a laser repetition rate of 10 Hz. Two different
growth rates (1 and 0.08 nm/s) were explored and controlled by
varying the laser spot size (3.2 and 1.05 mm2) while maintaining the
same overall laser fluence (∼1 J/cm2). In all growths for both BiAlO3
and BiInO3, films were cooled from the growth pressure to room
temperature at 10 °C/min in a static oxygen pressure of ∼700 Torr.
Following growth, the stoichiometry of the films was analyzed via

Rutherford backscattering spectrometry (RBS) using a National
Electrostatics Corp. Model 5SDH pelletron tandem accelerator,
where a beam of monoenergetic (3.040MV) and collimated α particles
(4He nuclei) was incident on the film surface at an incident angle α =
22.5°, an exit angle β = 25.35°, and a scattering angle θ = 168°. The
spectrum was fitted by using the software SIMNRA to obtain the molar
ratio of the bismuth and indium for BiInO3.
Crystal Structure via X-ray Diffraction. Diffraction studies were

performed by using a high-resolution X-ray diffractometer (Panalytical,
X’Pert3 MRD) with fixed-slit, 1/2° incident optics, copper Kα radiation
(1.54 Å), and a receiving slit of 0.49 mm for a PIXcel3D-Medipix3
detector. θ−2θ line scans were performed to probe the structure in the
direction perpendicular to the plane of the substrate, and X-ray rocking
curves were completed about the BiInO3 200-, 201-, 310-, and 002-
diffraction conditions for the different substrates to assess crystalline
quality. Symmetric azimuthal scans were performed about the BiInO3
121-diffraction condition by varying the angleϕ (azimuthal rotation) at
a fixed χ (tilt) = 71.36°. X-ray pole figure measurements were
conducted by simultaneous variation in ϕ and χ about the BiInO3 121-
diffraction condition.
Electrical and Dielectric Characterization. When appropriate,

the in-plane electrical properties for the heterostructures were
investigated by using room-temperature-deposited (200 nm thick)
platinum interdigitated electrodes (IDEs) patterned on the film surface
with 6 μm finger spacing and 500 μm arm length. Polarization as a
function of electric field (−180 to 180 kV/cm) for these IDE structures
was measured by using a Precision Multiferroic Tester (Radiant

Technologies, Inc.) as a function of temperature (323−498 K).
Dielectric and loss tangent measurements were done by using an
E4990A impedance analyzer (Keysight Technologies) as a function of
temperature (77−375 K) and frequency (1−1000 kHz) at a field of
1.67 kV/cm.

Second-Harmonic Generation (SHG). To analyze the potential
for polar order and the point-group symmetry, SHG polarimetry
analyses were performed at 20 K in an optical far-field transmission
geometry at an incident angle θ = 45° as a function of the azimuthal
angle (ϕ = 0−360°) of the incident linear polarized beam by using an
800 nm fundamental laser beam obtained from a Ti:sapphire
femtosecond laser system (100 fs, 1 kHz).

Optical Studies of Bandgap. The optical properties (trans-
mittance and reflectance) were measured using a PerkinElmer Lambda
950 spectrometer. To account for any contribution from the substrate,
the transmittance and reflectance of the substrate were measured on a
substrate without a film and used as a reference to obtain the spectrum
purely from the films. The absorption was obtained from transmission
and reflection measurements in the spectral range of 200−1500 nm.
The absorption coefficients (α) were calculated from the Beer−
Lambert law α = −( )( )ln

t
%R

%T
1 100 where t is the film thickness, %R is

the reflectance, and %T is the transmittance.
First-Principles Calculations. DFT calculations were performed

similar to those in the referenced high-throughput workflow26 using the
generalized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE) and the projector augmented wave formalism (PAW) as
implemented in VASP.42,43 For all calculations, Brillouin zone
integrations were performed on a 4 × 3 × 4 Γ-centered k-grid with
the tetrahedron method and a plane-wave cutoff of 520 eV. The
spontaneous polarization was computed from first principles by using
the Berry phase approach.44−48 In evaluating the polarization, we used a
continuous structural pathway interpolation between the nonpolar and
polar structural phases of BiInO3 and BiAlO3, as available in the
Materials Project database. Polarizations were computed for eight
interpolated structures along the pathway between the polar and
nonpolar phases; the polarization values were adjusted to the same
branch, and the energy per atom was computed for each structure along
the distortion pathway. The DFT computed energy difference,
polarization, and amplitude of the maximum atomic displacement
have all been represented and elaborated in later sections. The DFT-
PBE+U bandgap, an underestimate of the true gap as is well-known, has
also been computed for the polar structure. Spin−orbit coupling effects
were included and treated self-consistently for all calculations due to the
presence of cations with high atomic number (i.e., bismuth and
indium).

■ RESULTS AND DISCUSSION

BiAlO3. Similar to BiFeO3, BiAlO3 was predicted to have a
relatively large spontaneous polarization of 80.3 μC/cm2;26 this
similarity can be rationalized as resulting from a large
contribution from the stereochemical activity of the lone-pair
electrons on the bismuth site, similar tolerance factors, and
similar magnitudes of displacement of the B3+ cations (B = Al,
Fe) and O2− anion from their corresponding ideal positions in
the centrosymmetric structures (R3̅c).49 The Ehull for R3c
BiAlO3 is reported to be 53 meV/atom.12 Polar BiAlO3 (R3c)
ceramics, however, have been reportedly synthesized by using
high-pressure and high-temperature routes,36,50 although there
are limited studies of thin films.51 Experimental work on bulk-
ceramic versions of BiAlO3 validates themetastable nature of the
material since the perovskite phase was found to decompose at
∼547 °C into Al2O3 and Bi25AlO39.

36,50,52,53 In addition,
obtaining pure perovskite BiAlO3 ceramics using solid-state
reactions was shown to be difficult since, even with simultaneous
application of high temperature (950 °C) and pressure (4 GPa),
a majority Bi25AlO36−δ phase with the γ-Bi2O3 structure was
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reported with only ∼20% of the material possessing the desired
perovskite structure.52 Such samples exhibited linear dielectric
behavior. Some have attempted to measure ferroelectric
hysteresis loops for BiAlO3 ceramics;50 however, the presence
of secondary phases (e.g., Bi2O2CO3 and other unidentified
impurities) together with exotic (and unexplained) temperature
dependence of polarization (i.e., increasing remnant and
saturation polarization with increasing temperature) neces-
sitates further investigation. Polycrystalline thin films, reportedly
synthesized on Pt/Ti/SiO2/Si (001) via sol−gel methods
followed by annealing at 450−550 °C, demonstrated dielectric
behavior with no evidence of ferroelectric order.54 Another
study has claimed to have synthesized and characterized polar
BiAlO3 (R3c) on LaAlO3 (001) substrates;51 however, this
report lacks sufficient supporting information about the material
structure, chemistry, and ferroelectric properties.
Building from this muddled picture, we explored a range of

growth conditions to attempt to produce single-phase films. As
noted in the Experimental Section, we explored growth on
mul t ip le subs t ra te s [ i . e . , LaAlO3 (001) , (LaA-
lO3)0.3(Sr2TaAlO6)0.7 (001), SrTiO3 (001), DyScO3 (110),
and MgO (001), with (pseudo)cubic lattice parameters (apc)
ranging from 3.79 to 4.21 Å] at a range of heater temperatures
(500−750 °C), dynamic oxygen partial pressures (1−100
mTorr), and laser fluences (0.5−1.5 J/cm2). In all cases, we
could not achieve a single-phase BiAlO3 film. For brevity, we
show the results of trials on LaAlO3 (following the lead of ref 51;
Figure 2) and (LaAlO3)0.3(Sr2TaAlO6)0.7 (001) (Figure S1)
substrates. Variations in substrate temperature (Figure 2a),
growth pressure (Figure 2b), and laser fluence (Figure 2c) all
resulted in multiphase films and the films were composed of
Bi2O3 and/or Bi24Al2O40 for all trials. Similar results were found
on other substrates [i.e., SrTiO3 (001), DyScO3 (110), and
MgO (001)], with Bi2O3 and Bi2Al4O9 as the primary phases
obtained (Figure S2). Despite RBS revealing nearly stoichio-
metric Bi:Al ratios in all cases, no aluminum-rich phases were

observed from X-ray diffraction until growth at temperatures of
at least 750 °C where high-intensity diffraction peaks for the γ-
Al2O3 phase were obtained (Figure S3). It should be noted,
however, that this also corresponded to films showing lower
relative bismuth contentconsistent with loss of volatile
bismuth at high growth temperatures. This suggests that at
lower growth temperatures, while the aluminum is present in a
stoichiometric ratio in the films, there is a relatively lower
crystallinity to the aluminum-rich phase(s). The perovskite
BiAlO3 phase was not observed from X-ray diffraction studies
within the range of experimental conditions explored; this
confirms that the metastable BiAlO3 (R3c) phase is challenging
to synthesize.
These observations call into question reports of polar BiAlO3

(R3c) in the literature. Furthermore, we note the thermody-
namic metastability of the BiAlO3 phase is not insignificant, as
prior DFT studies predict Ehull = 53 meV/atom.12 Many high-
throughput studies have reported different values for Ehull (<50−
100 meV/atom) as the limit for metastable solids suitable for
synthesis, but such Ehull limit values can be highly dependent on
material chemistry and have a dearth of experimental
validation.3,16,20,25,29,30 This not only suggests the Ehull value
for BiAlO3 is indeed within the range of synthesizability but also
suggests that the magnitude of Ehull is not, perhaps by itself, a
sufficient criterion for synthesis, and additional criteria must
exist but are yet to be identified.38 The accuracy of the Ehull
values could be improved further by including spin−orbit
coupling in the calculation of formation energy values for the
bismuth-based compounds. Ultimately, our study points toward
the need for developing and including additional material-
synthesizability criteria (beyond Ehull) in future automated
workflows and screening exercises. Besides, it suggests that
robust chemical and structural data are equally essential in the
experimental trials to ensure the realization of such novel
materials.

Figure 2. X-ray diffraction measurements for films grown from a Bi1.1AlO3 target as a function of (a) temperature (bottom to top: 500, 600, and 700
°C), (b) oxygen partial pressure during growth (bottom to top: 1, 10, and 100 mTorr), and (c) laser fluence (bottom to top: 0.5, 1.0, and 1.4 J/cm2).
The indexed phases are matched to those in ICSD PDF 00-025-1048 and ICSD PDF 00-063-0417.
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BiInO3. There are a number of reasons the polar BiInO3
(Pna21) phase was selected for study. First, like BiAlO3,
experience in materials like BiFeO3 means that the community
has extensive expertise in producing bismuth-based compounds.
Furthermore, apart from being a new candidate ferroelectric,
other detailed first-principles calculations have predicted this
phase to exhibit so-called persistent spin texturethe ability to
maintain a uniform spin configuration in momentum space near
its conduction-band minimumwhich could give rise to
extraordinarily long spin lifetimes for carriers.55 In the bulk,
researchers reported the synthesis of the polar Pna21 structure
using a high-temperature and high-pressure approach; however,
this study does not include the measurement of ferroelectric
polarization or any of the properties for the synthesized
material.37 This together with the minute differences between
the structures and computed energies of the nonpolar (Pnma)
and polar (Pna21) phases suggests additional studies are
necessary.
Building from this work, as noted in the Experimental Section,

we deposited films on a range of substrates with a range of
growth conditions. Overall, single-phase BiInO3 films were
obtained on all substrates studied [i.e., SrTiO3 (001), MgO
(001), GdScO3 (110), MgO (110), and GdScO3 (001)] in the
temperature window 450−650 °C, oxygen growth pressures of
100−200 mTorr, and laser fluences 0.7−1.5 J/cm2. Upon
changing the substrate, different orientations of BiInO3 films
have been produced including (201), (200), (311), and (002)
orientations on GdScO3 (110), SrTiO3 (001), MgO (110), and
GdScO3 (001), respectively (Figure 3a). The BiInO3 hetero-
structures on these substrates, however, were found to have

generally poor crystalline quality as indicated by the
corresponding X-ray rocking curves (Figure S4). For brevity,
we focus here on the highest quality films produced on MgO
(001) substrates. Single-phase, 80 nm thick (200)-oriented
BiInO3/MgO (001) heterostructures were grown at multiple
temperatures (450−650 °C) (Figure 3b). The resulting (200)-
oriented BiInO3 films grown on MgO (001) at 550 °C were
found to have the highest crystalline quality as indicated by
rocking curve studies (Figure 3c) and the desired stoichiometry
(Bi:In ratio is 1.08:1 from RBS; Figure S5). X-ray diffraction
studies revealed that the 200- and 400-diffraction peaks for
BiInO3 shift to higher θ−2θ values as the growth temperature
increases as a result of changes in lattice parameters due to
changing Bi:In ratios in the films as confirmed with RBS. The
crystallinity of the BiInO3 films can be further improved by
decreasing the growth rate from 1 to 0.08 nm/s, which results in
a reduction of the full width at half-maximum (FWHM) of the
rocking curves about the 200-diffraction condition from 2.08° to
0.08°, respectively (Figure 3c). This is likely due to the lower
growth rate providing less material per laser pulse and thus more
time for the adatoms to rearrange on the substrate in the
idealized locations. Armed with the ability to produce a range of
BiInO3 films, our attention shifted to carefully identifying the
crystal symmetry of the crystalline (200)-oriented BiInO3
heterostructures and to understanding if we had produced the
polar or nonpolar version.
The high-throughput workflow26 has identified two separate

polar/nonpolar structure pairs for BiInO3, both of which obey
the symmetry criteria for a second-order phase transition. We
focus on the pair with Pna21 (Ehull = 29 meV/atom) as the polar

Figure 3. (a) X-ray diffraction scans for various orientations of BiInO3 films grown on (from top to bottom) GdScO3 (110), SrTiO3 (001), MgO
(220), and GdScO3 (001) substrates. In all cases, a singly oriented BiInO3 film is obtained. The indexed phases are matched to those in ICSD PDF 04-
013-5373. (b) X-ray diffraction scans for (200)-oriented BiInO3 films grown on MgO (001) substrates at different growth temperatures (top to
bottom): 450, 550, and 650 °C. (c) Rocking curves about the BiInO3 200-diffraction condition for 1 and 0.08 nm/s growth rates as compared to that
about the MgO 002-diffraction condition.
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structure with one of the possible nonpolar reference structures
as Pnma (Ehull = 39 meV/atom).12,26 Both the Pnma
(experimental lattice parameters a = 5.95462 Å, b = 8.38640
Å, and c = 5.60185 Å) and Pna21 (experimental lattice
parameters a = 5.95463 Å, b = 8.38631 Å, and c = 5.60182 Å)
structures have similar Ehull values and nearly identical lattice
parameters. The latter, making it nearly impossible to differ-
entiate between the two structures using X-ray θ−2θ line scans
alone. Assessing the symmetry of the films therefore requires the
use of off-axis azimuthal scans about the 121-diffraction
condition. About this condition (i.e., at χ = 71.36°), the polar
Pna21 phase is expected to exhibit two diffraction peaks (i.e., 121
and 12̅1) with an angle of 128° in ϕ between them, while the
nonpolar Pnma phase has only 121 as an allowed diffraction
condition. Because both the 121- and 12̅1-diffraction conditions
have 2-fold rotational symmetry, for single-variant films the
number of peaks expected in the azimuthal scans should be
limited to 4 and 2 for the Pna21 and Pnma structures,
respectively. Upon completing such azimuthal scans about the
202-diffraction condition of theMgO substrates (Figure 4a) and
the 121-diffraction condition (which corresponds to the 202-
diffraction condition in pseudocubic indices) of the BiInO3 films
(Figure 4b), while the expected number of peaks (4) for the
cubic MgO are observed to be separated by 90°, a much more
complicated azimuthal scan was observed for BiInO3 with 12
diffraction peaks (with the FWHM of those peaks ≈4°)
separated by 30° which are shifted with respect to the MgO
peaks by 15° in both directions.
The observation of 12 peaks indicates that multiple structural

variants must be present; 3 variants if it is the Pna21 structure
(Figure 4c) or 6 variants if it is the Pnma structure (Figure 4d). If
the BiInO3 is in the Pna21 structure, which can exhibit both 121-
and 12̅1-diffraction conditions separated by 128° in ϕ, there is

no way (with any number of structural variants) to explain the
obtained azimuthal scan with 12 equally spaced peaks. For
example, if there are 3 structural variants (Figure 4c), one would
expect 12 total peaks, but those peaks should be clustered into 6
pairs (with the pairs separated by 60° and the peaks within the
pair separated by just 8°) made up of the 121- and 12̅1-
diffraction conditions from two structural variants rotated by
240° (in a clockwise sense) from one another. If BiInO3,
however, is in the Pnma structure (Figure 4d), which exhibits
only the 121-diffraction condition, one can understand the 12
observed diffraction peaks assuming there are 6 structural
variants rotated by 30° with respect to each other. To further
confirm this observation, pole-figure scans (Figure 4e) were
obtained for the BiInO3 film and likewise reveal 12 evenly spaced
peaks, thus reaffirming the Pnma structure with 6 in-plane
rotational structural variants. Similar studies on the films grown
at 1 nm/s growth rate reveal the same Pnma structure and similar
pole figure data (albeit with wider FWHM of the peaks; Figure
S6). Armed with this information that the BiInO3 is taking on
the Pnma structure, we can proceed to extract the lattice
parameters from the diffraction studies already noted and
additional reciprocal space mapping (RSM) studies (Figure S7
and Table S2) and find that a = 6.082 Å, b = 8.488 Å, and c =
5.506 Å. This reveals a slight volume expansion (1.63%) with
respect to that reported for the bulk ceramic37 which is likely
accounted for by the slight bismuth excess in the as-grown films.
Thus, we can now produce a picture of the epitaxy created in this
system. The film grows entirely with the [200] of the BiInO3
parallel to the out-of-plane [001] of the MgO substrate. In the
plane of the film, however, things are more complicated as there
are 6 rotational structural variants of the orthorhombic Pnma
phase (each with roughly the same fraction). There are two
types of in-plane orientations. First, two structural variants are

Figure 4. Azimuthal ϕ scans about the (a) MgO 202-diffraction condition and the (b) BiInO3 121-diffraction condition. Schematic representation of
the expected diffraction peak positions at χ = 71.36° for the 121-diffraction conditions for (c) Pna21 symmetry with 3 structural variants and (d) Pnma
symmetry with 6 structural variants. (e) Experimentally measured pole figure for the (200)-oriented BiInO3 film about the 121-diffraction condition (χ
= 71.36°). (f) Schematic showing the epitaxy of the (200)-oriented BiInO3 films (yellow rectangles) grown on MgO (001) (blue squares).
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found to lie with the BiInO3 [010] parallel to the MgO [110],
henceforth called type I structural variants (Figure 4f). The
remaining four of the rotational variants have an angle of 15°
between the BiInO3 [001] and the edges of the MgO substrate
(i.e., [100] and [010]), henceforth called type II structural
variants (Figure 4f).
Such an atypical epitaxial relationship, with multiple crystallo-

graphically equivalent variants, can be understood within the
concept of dissymmetrization in bicrystallography56 at the
interface between the lattice of the film and substrate using two
related yet different approaches. The first is eutaxy of the close-
packed anionic planes for the film and substrate, something that
is commonly observed in metal-oxide heterostructures,57 which
can explain the type I variants. The closest-packed oxygen planes
for BiInO3 and MgO are the {202} and {111}, respectively, and
to align the intersection of these planes at the interface requires
that the BiInO3 grows rotated by 45° with respect to the MgO
lattice (Figure S8); in essence, the BiInO3 [010] is parallel to the
MgO [110]. The second approach acts more locally at the
interface using the planar point-group symmetry mismatch of
the substrate and epilayer resulting in the type II rotational
variants. Considering that the substrate [MgO (001)] and the
epilayer [(200)-oriented BiInO3] have planar symmetry groups
GS (4mm) and GE (2mm), respectively, among the 10 possible
surface-point groups (1, m, 2, 2mm, 3, 3m, 4, 4mm, 6, or
6mm58,59) based on the symmetry elements prevalent about the
in-plane axes at the interface. The interfacial plane-group-
symmetry mismatch has been found to dictate the number of
rotational variants (NRD) formed in the epilayer.60,61 As
determined by the expression in terms of group order (n)62,63

for the case where the mirror-symmetry elements in the
substrate and the epilayer lattice do not align with one another
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where (Gs ∩ GE) represents the intersection of the symmetry
groups of the substrate−epilayer composite. Determination of
the number of rotational variants, further, calls for determining
their relative orientation on the substrate lattice with respect to
one another. Based on anionic eutaxy, the orientation for type I
variants is known (i.e., BiInO3 [010] || MgO [110]).
Considering the rotational variants are equivalent enantio-
morphs of one another, it is intuitive then that they would have
identical interfacial relationship with respect to one another.
The only possible way for the 4 other type II variants to be
positioned on the substrate template while maintaining an
equiangular (30°) orientation with respect to each other and the
type I variants is by manifestating a misorientation of 15° with
respect to MgO [100] and MgO [010] (Figure 4d,f). We note
that attempts to obtain the BiInO3 Pna21 phase were also made
by growing films on SrTiO3 (001) and SrTiO3 (110) substrates
with epitaxial 30 nm thick SrRuO3 as the bottom electrode so as
to provide a metallic boundary condition to perhaps favor the
formation of a polar phase during cooldown from growth. In
both cases, however, (200)-oriented BiInO3 films with the same
nonpolar Pnma structure were obtained.
Having determined the structure, the dielectric and optical

properties of the (200)-oriented BiInO3 Pnma heterostructures
were measured. Transmission/reflectance studies revealed a
direct bandgap of∼4.5 eV by using linear fitting of the Tauc plot
(Figure 5a and Figure S9). We now turn to a discussion of the
energy landscape between the polar and nonpolar structures of
BiInO3 (Figure 5b) which were used to compute the
polarization. The energy per atom was calculated for the
intermediate structures, simply constructed by linearly inter-
polating between the atomic positions of the polar and nonpolar

Figure 5. (a) Tauc plot showing the extraction of optical bandgap of the (200)-oriented BiInO3films grown onMgO (001) substrates. The inset shows
the transmittance of the film and substrate as a function of photon energy. (b) DFT-based energy barrier between the nonpolar and polar BiInO3
phases. The DFT approach linearly interpolates in a step-by-step manner from one structure to the other and measure the energy cost to do so. (c)
Temperature-dependent dielectric permittivity (left axis) and loss tangent (right axis) measurement upon cooling from 377 to 77 K at 1, 10, 100, and
1000 kHz. (d) Polarization vs electric field upon heating from 323 to 498 Kno hysteresis is observed in this temperature range. SHGmeasurements
for the (200)-oriented BiInO3 films on MgO (001) substrates for different analyzer orientations, including analyzer (e) X and (f) Y at 20 K.
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structures in eight steps,26 revealing an energy barrier of ∼160
meV/atom along the distortion pathway (Figure 5b). This is
expected to be caused by the reorientation of the In−O
octahedra along the distortion pathway causing the In−O bonds
to reach a minimum length which is ∼5% less than their
equilibrium values in both the Pnma and Pna21 structures.
Additionally, to gauge the effect of lattice strain (which can be
imposed on the film through the substrate) on the height of the
energy barrier, DFT calculations along the distortion pathway
were completed with the theoretical lattice parameters of BiInO3
(Pnma and Pna21) expanded by 2% in all directions. It was found
that lattice expansion only changes the barrier height by 12
meV/atom (i.e., from 160 to 148 meV/atom). Ideally, for the
transition from the nonpolar to the polar phase the energy would
be a monotonically decreasing function of distortion. In this
case, the energy profile suggests BiInO3 is a possible antiferro-
electric since the nonpolar and polar structures are related by
symmetry, but separated by a barrier, and, therefore potentially
governed by a first-order phase transition.64 Typical computed
energy barriers between polar and nonpolar phases in known
antiferroelectrics, however, are somewhat smaller than observed
here for BiInO3; for instance, the barrier computed for ZrO2 is
35 meV per formula unit65 and <150 meV per formula unit for a
range of ABC semiconductor, antiferroelectric compounds.66

Moreover, as discussed below, double-hysteresis loops are not
observed in our samples, and future studies are necessary to
establish whether BiInO3 is truly antiferroelectric, following one
or more of the definitions that have been recently introduced in
the literature.64,67 In turn, temperature- and field-dependent
studies were used to explore the potential for a transition to the
polar Pna21 structure. Again, focusing on 80 nm (200)-oriented
BiInO3/MgO (001) heterostructures synthesized at 550 °C, the
dielectric permittivity and loss tangent were measured as a
function of temperature from 77 to 375 K (Figure 5c). The
dielectric permittivity (∼45 at room temperature) was found to
vary minimally with temperature and frequency with the loss
tangent being uniformly low (∼0.002−0.003) across the same
range.While there is some precedence for observing the Pnma to
Pna21 phase transition in other materials below room temper-
ature (e.g., CdTiO3

68 at 77 K), no evidence for such a phase
transition was found in BiInO3 down to 20 K. Furthermore, in-
plane studies of polarization versus electric field hysteresis loops
were completed on (200)-oriented BiInO3 heterostructures
using platinum IDEs where the electric field was varied from
−180 to 180 kV/cm as a function of temperature (323 to 498 K,
Figure 5d); again, no sign of nonlinearity or hysteresis was
observed. Apart from electrical characterization, optical
measurements using SHG studies (Figure S10) were completed
to examine whether the (200)-oriented BiInO3 films can exhibit
a macroscopic polar point group symmetry at low temperatures
(20 K). Upon comparison of the obtained SHG response with
the polar plots and the corresponding theoretical fits prevalent in
the literature for polar symmetry groups like Pna21,

69,70 Rc,71

R3c,72 P4mm,73 and so on, it is found that, consistent with the
other data, the as-grown phase possesses a center of inversion
symmetry, even at low temperature (Figure 5e,f). The height of
the energy barrier between the Pnma and Pna21 structures thus
appears to be too large to stabilize the polar phase. Such a value,
in turn, could also serve as a useful screening parameter or
computational descriptor from the DFT calculations for future
automated workflows which could significantly improve the
screening process for identifying new ferroelectric candidates. In
addition, assessing the experimental parameters to control to

preferentially synthesize the desired low-symmetry polar
structure instead of a high-symmetry nonpolar structure on
perovskite substrates needs further investigation both exper-
imentally and theoretically.

■ CONCLUSION

The polar R3c phase of BiAlO3 could not be synthesized despite
extensive trials including varying substrate templates, laser-
energy density, growth temperature, and oxygen-partial
pressures during growth; instead, we repeatedly produced the
thermodynamically stable Bi2O3 and Bi24Al2O40 phases. It could
be that the predicted Ehull value of 53 meV/atom is an indicator
that producing this phase will be challenging, although further
work is required for a conclusive determination of what is most
significant in obtaining the desired phase using the approaches
reported here. On the other hand, the nonpolar Pnma phase of
BiInO3 was successfully grown on a range of substrates and with
good crystallinity on MgO (001) substrates by controlling the
growth rate. Temperature- and electric-field-dependent studies
revealed no evidence for a transition from the nonpolar Pnma
phase to the polar Pna21 phase, consistent with the large
antiferroelectric-like energy barrier computed between these
two phases (∼160 meV/atom). This observation provides
another possible screening parameter or metric to be considered
in such workflows to identify potentially promising new polar
materials. For systems with an antiferroelectric-like energy
barrier between polar and nonpolar phases, careful scrutiny
needs to be paid to the energy profile along the distortion
pathway from the nonpolar to the polar structure where large
energy barriers are prohibitive to practical structural phase
transitions. One could even consider additional cutoff limits
(e.g., change in B−O/A−O bond lengths) to be used for more
efficient selection for polar/nonpolar structures in future
workflows. Ultimately, our work highlights the importance of
identifying more and better descriptors from the DFT studies
beyond Ehull and robust cutoff values for the height of the energy
barrier between polar and nonpolar phasesfor these
automated workflows to better focus experimental efforts and
thus significantly boost the efficiency of the high-throughput
screening process in identifying new candidates for ferroelectric
applications.
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