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In situ x-ray diffraction and Raman scattering experiments using a diamond anvil cell revealed high-pressure
forms of BiMO; (M =Al, Ga, and In) under hydrostatic conditions at room temperature. Various perovskite-
type structures are found in each compound under pressure up to 11 GPa. However, none of the high-pressure
forms was quenched at atmospheric pressure. All of the phase transitions are confirmed to be reversible. During
decompression, symmetry changes, R3m to R3¢, Cmcm to Cm, and Pnma to Pna2; are observed in BiAlO;,
BiGaO;, and BilnO; perovskite, respectively. Structure systematics of the BiM O3 perovskites is given on the

basis of the cationic size of M3*.
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I. INTRODUCTION

Lead zirconate titanate (PZT) is the most widely used
ferroelectric material today. However, there is a growing
need to replace this material with less environmentally dam-
aging lead-free ferroelectrics. In particular, less toxic Bi-
based perovskites are potentially attractive alternatives to
PZT. The stereochemically active 652, lone pairs of the Bi**
lead to large ferroelectric polarizations, as in the multiferroic
BiFeO; perovskite (90 wC/cm?) and BiMnO; perovskite.!™
Bi-based perovskites consisting of nonmagnetic elements,
i.e., BIMO; (M=Al, Ga, In, and Sc), are also possible re-
placements for PZT.5"'3 Recently, perovskite structures of
BiAlO; and BilnO; were recovered after a high P—T treat-
ment of their stoichiometric mixtures in a belt-type high-
pressure apparatus.®® The noncentrosymmetric rhombohe-
dral perovskite structure (R3c¢) of BiAlO;, predicted by ab
initio calculations,” was confirmed by structure analysis.® In
the case of BiGaO;, a pyroxene-like structure (Pcca) rather
than perovskite was recovered after a high P—T treatment.®
The theoretically predicted BiGaO; tetragonal perovskite
with a large ferroelectric polarization exceeding that of
PbTiO; has yet to be found experimentally.” BilnO; perov-
skite exhibits character as a polar crystal (Pna2;). This sort
of structure is very similar to the GdFeO;-type perovskite
structure (Pnma), except for the noncentrosymmetry.’

Crystal structure under pressure is never the same as one
at ambient pressure. Indeed, a variety of pressure-induced
reversible transformations were reported in ferroelectrics
such as PbTiO; perovskite.'*~1® However, the high-pressure
behavior of Bi-based perovskites has not been extensively
investigated. Only a few studies have been done on multifer-
roics [e.g., BiNiOs,!7 BiMnO;,!® and BiFeO5 (Refs. 19-22)],
in which complicated charge and orbital ordering in transi-
tion metals are linked to the structural phase transition. By
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replacing the magnetic elements in multiferroics with non-
magnetic elements, the role of Bi** can be identified without
considering complicated magnetic behavior.

In this study, we elucidated the high-pressure behavior of
BiMO; perovskites (M=Al, Ga, and In). In situ angle dis-
persive x-ray diffraction experiments under hydrostatic pres-
sure enabled us to ascertain the crystal structures prior to
decompression. Raman scattering experiments gave us
complementary information for determining the structures.
To the best of our knowledge, this is the first experimental
study examining the high-pressure behavior of BiAlO;,
BiGaOs;, and BilnO; perovskites.

II. EXPERIMENTAL

BiAlO; and BilnOj perovskites, and BiGaO; pyroxene
samples were prepared with a belt-type high-pressure appa-
ratus from mixtures of Bi,O3, Al,03, Ga,03, and In,05. In
the case of BiAlO5 and BiGaOs;, precursor mixtures of Al,O5
and Bi,5Al054 for BiAlO5 and Bi,Ga, 04 and Bi,sGaOsq for
BiGaO; were synthesized before the high-pressure treatment
by heating them at 1023 K under ambient pressure for § h.
The stoichiometric mixtures were enclosed in Au capsules
and compressed at 6 GPa, and the mixture for BiAlO; was
heated at 1273 K for 40 min, while the one for BiGaO; was
heated at 1473 K for 15 min. The high-pressure synthesis of
the BilnO5 perovskite samples used a mixture of Bi,O3 and
In,O5 that had been dried at 873 K for 8h. The sample in the
Au capsule was heated at 1273 K under 6 GPa for 80 min.
The details of the synthesis and characterization of these
samples are described elsewhere.®’

A symmetrical diamond anvil cell (DAC) with a culet
diameter of 0.4 mm was used in the in sifu x-ray and Raman
scattering experiments. Prior to the x-ray experiments, the
samples were pulverized by using a mortar or a vibratory
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ball mill. The powder sample was placed in the chamber
(0.15 mm diam) of a rhenium gasket (0.1 mm thick) seated
on the diamond anvil. A few small grains of ruby (less than 5
microns) were also put in the sample chamber to measure the
pressure by ruby fluorescence.”> The sample chamber was
filled with a pressure medium (methanol: ethanol: water
=16:3:1) that would give a hydrostatic condition. The high-
pressure x-ray powder diffraction experiments were per-
formed on the BLO4B2 and BL10XU beam lines at SPring-8§.
Monochromatic x-rays (38 or 30 keV) were focused and col-
limated to less than 50 micrometers in diameter on the
sample in the DAC. Diffracted x-rays were detected by using
a 300-mm-square (100 micrometers/pixel) imaging plate (IP)
placed at a distance of 487.723 mm from the sample. If nec-
essary, to resolve overlapping Debye rings, the separation
between the IP and the sample was lengthened to 687.723
mm and the high-resolution readout mode of the IP (50
micrometers/pixel) was utilized. We collected diffraction pat-
terns at room temperature at intervals of 1-3 GPa in com-
pression up to 10.5 GPa and in decompression to examine
the hysteresis of the phase transition. The high-intensity
x-rays from the synchrotron radiation enabled one diffraction
pattern to be taken within 10 minutes. A computer program
(FIT2D) (Ref. 24) was used to convert the Debye rings into
one-dimensional x-ray profiles (26 vs intensity). The x-ray
profiles were analyzed with the Rietveld and LeBail methods
of the GSAS (Ref. 25) and RIETAN-2000 programs.”® The de-
tails of the high-pressure x-ray experiments, including the
data treatments, are described elsewhere (e.g., Ref. 27)

Unpolarized Raman spectra of the powdered samples at
high pressure were collected at room temperature with a Ra-
man spectrometer (NR-1800, Jasco) equipped with a single
monochromator (1800 grooves/mm) and a liquid-nitrogen-
cooled charge coupled device (CCD) detector. The Raman
spectrum was induced by an Ar" laser (514.5 nm) beam fo-
cused to about 3 micrometers in diameter on the sample in
the DAC. We took great care not to apply too much laser
power. A Raman-inactive argon pressure medium was used.
The pressure in the Raman scattering experiments was deter-
mined with the ruby fluorescence method.??

III. RESULTS AND DISCUSSION
A. High-pressure phase transitions in BiAlO; perovskite

Fig. 1 shows typical x-ray profiles at different pressures.
The splitting peaks exhibit a deviation from what would be
expected for an ideal cubic perovskite structure. There are
several peak splitting schemes for a perovskite structure.?® In
particular, the first and fourth peaks (corresponding to 100,,,
and 200, reflections in pseudocubic perovskite, hereafter, pc
denotes a pseudocubic setting) should not be split in the
diffraction profile of rhombohedral perovskites. On the other
hand, the 111,. peak should not be split in the profile of
tetragonal perovskites. The profiles up to about 3 GPa clearly
exhibit rhombohedral-type (R3c¢) peak splitting. The splitting
gradually coalesces into a single peak with increasing pres-
sure to about 7 GPa; thus, at first, we expected a rhombohe-

dral (R3c¢) to the ideal cubic (Pm3m) phase transition for
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FIG. 1. Representative x-ray diffraction profiles from BiAlO;
samples (a) at ambient pressure, (b) at 2.3, (¢) 6.9, and (d) 10.5 GPa
under hydrostatic conditions. Monochromatic x-ray radiation of 38
keV was used.

BiAlO; perovskite. However, as shown in Fig. 2, distinct
Raman modes existed even above 10 GPa. Therefore, the

above transition sequence is excluded because Pm3m perov-
skite never exhibits the first-order Raman active mode. We
can see the characteristic feature in the lower wavenumbers
[Fig. 2(a)], where the peak at the lowest wavenumber gradu-
ally separates with increasing pressure, and the higher peak
moves toward the next peak and eventually coalesces into
the peak at about 4 GPa. Moreover, the so-called “soft”
mode around 121 c¢cm™' shifts toward lower wavenumber
with increasing pressure [Fig. 2(b)]. We examined the spec-
tral similarity between BiAlO; and other aluminate perovs-
kites to identify the soft mode. In LaAlO5 perovskite, which
is one of the most studied aluminate perovskites, the high-

pressure phase transition from rhombohedral (R3c) to cubic

perovskite (Pm3m) is induced by the rotation of the AlO
octahedra around the hexagonal [001] direction.?*3 Accord-
ingly, the corresponding A, mode around 123 cm™! shifts to
lower wavenumbers with increasing pressure until the cubic
phase appears.' In the present BiAlO; perovskite as well,

the soft mode (A, for R3¢ should be reassigned to A, for
R3c¢) occurred at 121 cm™'. Therefore, the transition occur-
ring at 4 GPa would likely be correlated with the AlOg oc-
tahedral rotation. Considering the constraints imposed by the
peak splitting of the x-ray profiles together with the above-
mentioned changes in the Raman spectra, we expected that
the transition phase would keep rhombohedral symmetry. We
checked the number of Raman active modes, which enumer-

ate the possible rhombohedral perovskites, such as R3c, R§c,
R3m, and R3m. According to factor group analysis,®> R3c,

R3¢, R3m, and R3m perovskites, respectively, have 13
(4A|+9E) modes, 5 (A ,+4E,) modes, 7 (3A;,+4E,)
modes, and 9 (4A,+5E) modes for Raman active. As shown
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FIG. 2. (a) Variation in unpolarized Raman spectra from BiAlO3 samples with pressure under quasihydrostatic compression. (b) Pressure
dependence of the observed Raman modes in BiAlO;. (c) Representative Raman spectra for each phase in BiAlO;. The marks indicate the

position of the Raman modes.

in Fig. 2(c), we observed nine modes at 5.4 GPa. Therefore,
we concluded that the most probable symmetry would be
R3m. The rotation scheme of AlQg in the transition from R3¢
to R3m is schematically shown in Fig. 3. When we measured
Raman spectra, we could not see any hysteresis with pressure
in this transition. Moreover, considering the continuous vol-
ume change in the transition pressure (Fig. 4), the second-
order transition would be expected. The bulk modulus (B)
was determined to be 121+ 11 GPa by fitting the P—V data
in the rhombohedral phase (R3c) to the Birch-Murnaghan
equation of state (B-M EoS) with Bj=4. Theoretical studies

on the hypothetical ideal cubic perovskite structure in
BiAlO; give the bulk moduli and their pressure derivatives
of 188-219 GPa and 4.27-5.15, respectively.!!"!? The large
discrepancy in bulk moduli suggests that the theoretical cal-
culation does not account for the AlOq rotations.

The Raman spectra show that the second transition begins
around 7 GPa. An additional peak emerges at the shoulder of
the 100, peak, and the 111, peak gradually splits with in-
creasing pressure. At least 13 Raman modes were observed
after this transition. Judging from the number of Raman ac-
tive modes, rhombohedral structures are not applicable to the
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'@
FIG. 3. (Color online) Crystal structures of (a) R3¢ and (b) R3m
perovskites along the ¢ axis in BiAlO;. Small spheres and large

spheres are oxygen and bismuth, respectively. Polyhedra indicate
AlOg¢ octahedra.

third phase. To examine the structural properties of the third
phase, the splitting of the x-ray peaks was studied again by
using a high-resolution configuration for the IP. We found
that the 200, peak clearly splits in the diffraction profiles
(Fig. 5). Therefore, we eliminated the tetragonal phase from
the possible structures. Next, we checked the number of Ra-
man active modes for common orthorhombic perovskites be-
longing to the Pnma, Cmcm, and Amm?2 space groups. Al-
though the 24 Raman modes predicted for Pnma (7A,
+5B1g+7Bzg+5B3g) and Cmcm (7Ag+7Blg+4B2g+6B3g)
perovskites would seem to include the 13 observed modes.
However, considering a slight change in Raman spectra fea-
ture, a sudden increase in number of Raman modes could not
be plausible. Consequently, we assumed that the Amm?2 per-
ovskite possessing 15 (6A,+A,+4B,+5B,) modes is the
most probable structure among orthorhombic perovskites.
Moreover, this phase transition sequence from R3m to Amm?2
where the B site cations move off the center of the octahedral
is known to occur in BaTiO; perovskites at low
temperature.’* We did not detect a significant change in vol-
ume at this transition (Fig. 4). This is also consistent with the
small volume change (less than 1%) observed in BaTiOs.
Although the ambient structure of BiAlO5 exhibits isotypic
structure with the multiferroic BiFeOs, at least up to 10 GPa,
different structural evolutions are confirmed.??
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FIG. 4. Compression curve and pressure-volume data of
BiAlO;. Solid circles and crosses represent data from the first and
second experiment, respectively. All volume data are normalized
per formula unit. The compression curve was obtained by fitting the
volume data until 5 GPa to the Birch-Murnaghan equation of state.
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FIG. 5. X-ray profile deconvolution of perovskite phases in
BiAlO; by using LeBail method of the RIETAN2000 program (Ref.
26). The difference (dotted line) between the observed (crosses) and
fitted pattern (thin line) is shown on the same scale. Vertical bars
represent the calculated positions of diffraction peaks of the perov-
skite phases. Monochromatic x-ray radiation of 38 keV was used.

B. High-pressure phase transitions in BiGaO;

The x-ray diffraction profiles changed significantly twice
during compression, at 3.2 and 6.3 GPa [Fig. 6(a)]. At 3.2
GPa, there was a mixture of the ambient phase (Pcca) and a
high-pressure phase (Fig. 7). During decompression [Fig.
6(b)], the phase transition exhibits a large hysteresis, in
which the high-pressure phase remains even near ambient
pressure. If we look carefully at the profile after decompres-
sion, a trace of the high-pressure phase can be still recog-
nized. The transition properties can also be seen in Raman
spectra (Fig. 8). The high-pressure phase is identical to the
previously reported monoclinic perovskite (Cm) stabilizing
in the solid solution of BiGaOs-BiAlO; join at ambient
pressure.® The volume change in the phase transition from
Pcca pyroxene to Cm perovskite was calculated to be 6.5%
from the x-ray profile showing the two coexisting phases at
3.2 GPa (Fig. 7). The compression curves determined from
the bulk modulus by fitting the P—V data to B-M EoS are
shown in Fig. 9. Due to metastability, the ambient pressure
volume of Cm perovskite (V,=64.86 A?) is slightly differ-
ent from the value extrapolated from the compression curve
(Vo=64.41 A%). The bulk moduli of Pcca pyroxene and Cm
perovskite were calculated to be 79%x2 GPa and
84+3 GPa with Bj=4. In contrast to the expected large
bulk modulus (179-218 GPa) given by ab initio
calculations'"!? for cubic BiGaO; perovskite, the present re-
sult exhibits a significantly small value.

The previous report® indicated that the solid solution of
A" into BiGaOj stabilizes Cm perovskite at ambient pres-
sure. According to the present study, pressure makes the Cm
perovskite stabilize even in BiGaOs. This suggests that both
pressure and compositional changes yield the same effects
upon crystallizing the Cm perovskites. We plotted the zero
pressure volume of BiAl,,5Ga,,505 perovskite on Fig. 9 to
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FIG. 6. X-ray profiles from BiGaO; sample. (a) Compression. (b) Decompression. Monochromatic x-ray radiation of 30 keV was

used.

compare with the high-pressure volume of BiGaO; perov-
skite. The plot shows that the replacement of Ga®* by Al** in
the crystal structure makes the volume close to the com-
pressed state.

As described in Ref. 8, the Cm perovskite is structurally
similar to tetragonal PbVO; perovskite (space group
P4mm), 3¢ which is isotypic structure with PbTiOs. Ab ini-
tio calculations predicted that a possible P4mm BiGaO; per-
ovskite exhibits a larger spontaneous polarization than
PbTiO;.” However, the P4mm perovskite did not appear in
BiGaOgj; instead, the Cm perovskite appeared at high pres-
sure.

The second high-pressure phase that emerges at 6.3 GPa
on the x-ray profile (Fig. 6) is apparently similar to cubic
perovskite. However, since the Raman peaks appeared at ev-
ery pressure (Fig. 8), the structure could not be the ideal

cubic perovskite phase (Pm3m). If we look carefully at the
full width at half maximum (FWHM) of the x-ray peaks, we
can see broadening due to splitting at all peaks except the
111, peak. Therefore, the structure seems to be tetragonal or
orthorhombic rather than rhombohedral. The large changes
with pressure and large hysteresis in the Raman spectra im-
ply a first-order transition. At least 13 Raman modes are
associated with this phase (Fig. 8). Let us examine the num-
ber of Raman active modes of possible phases derived from
the factor analysis. The common tetragonal perovskite
phases, P4mm, P4/mbm, and I4/mcm, exhibiting 10 (44,
+Bl+5E), 4 (Alg+Blg+BZg+Eg)’ and 7 (A1g+Blg+2’Bzg
+3E) modes, respectively, could not account for the ob-
served number of modes. On the other hand, 24 modes in the
orthorhombic Pnma (7A,+5B,+7B,,+5B3,) and Cmcm
(TA;+7B,+4B,,+6B5,) perovskites can account for the
number of observed modes. Moreover, the 111,. peak of
Cmcm perovskite does not split, which is consistent with the
observed diffraction pattern (Fig. 10). Therefore, we believe
that Cmcm perovskite is the most probable choice to explain

the properties of the high-pressure phase. The noncentrosym-
metric (Cm) to centrosymmetric (Cmcm) structural evolution
accompanying the shift in the Bi cation and the tilt of the
GaOg octahedron could be responsible for the volume
change (AV=5.0%) at this transition.

Another phase transition occurred during compression at
9.8 GPa in the x-ray diffraction pattern and at 9.7 GPa in the
Raman spectrum. The 111, peak in the x-ray profile clearly
splits, as do the other peaks. Judging from the feature of
main peaks, at first, GdFeO;-type (Pnma) phase was

T T T T T
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b=5.1148(DA
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FIG. 7. Multiple phase analysis using GSAS for the mixture
phase of Pcca pyroxene and Cm perovskite in BiGaOj; at 3.2 GPa.
The difference (dotted line) between the observed (crosses) and
fitted pattern (thin line) is also shown on the same scale. Vertical
bars represent the calculated positions of diffraction peaks; top, py-
roxene; bottom, Cm perovskite. Monochromatic x-ray radiation of
30 keV was used.
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FIG. 8. Variation in unpolarized Raman spectra from BiGaOz samples with pressure under quasihydrostatic compression. (a) Compres-
sion. (b) Decompression. (c) Representative Raman spectra for orhthorhombic perovskite phases in BiGaO5. The marks indicate the positions

of Raman modes.

assumed, because the phase sequence from Cmcm to Pnma
occurs during high-temperature phase transitions in ABOj
perovskites such as NaTa0O;,” and SrHfO;.’® However, a
typical reflection 111, which commonly appears in Pnma
perovskite, was not observed in the present profile. Further-
more, we take particular note of additional weak peaks
emerging around 4.8°, 5.3°, and 5.75°. A superstructure was
considered to index all peaks including these additional
peaks. The fitting analysis suggests that the phase is probably
PbZrO5-type (Pbam) perovskite (Fig. 10).>° Although the
transition does not involve changing the number of formula

unit in the unit cell, the _axes’ relations change as fgllows,
(anamN (1/ Vyz)aCmcm ~ \“‘szaPm3m; beam -~ \“sszmcm
~2V2Gpu3ms CPbam ™ CCmem ™ 20pmam)- After the transition,
the number of Raman active modes significantly increased to
60 (16A,+16B,,+14By,+14B5,). In fact, in addition to the
appearance of new peaks around 110 cm™' at 10.2 GPa, we
can see that the broadening of a band located around
320 cm™! clearly exhibits the splitting of modes [Fig. 8(c)].
Therefore, we believe that the large changes in the Raman
spectra reflect not only changes in the tilting and distortion
schemes of GaOy octahedra but also the shifts in Bi** atoms.
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FIG. 9. Compression curves and pressure-volume data of
BiGaOs;. Open triangles, solid triangles, diamonds, and squares rep-
resent Pcca pyroxene, Cm, Cmcm, and Pbam perovskites, respec-
tively. Right and left pointing triangles mean compression and de-
compression, respectively. An open square represents the ambient
volume of Cm perovskite in BiAlj75Gag,505 (Ref. 8). All volume
data are normalized per formula unit. The compression curves of
pyroxene and Cm perovskite were obtained by fitting the volume
data to the Birch-Murnaghan equation of state. The Cmcm and
Pbam perovskite data are fitted by linear functions.

C. High-pressure phase transitions in BilnO;

As previously reported,’ the starting BilnO; perovskite is
slightly distorted from the Pnma structure of most

_A_VJ k a=53922(1)A P'bam
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3
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FIG. 10. X-ray profile deconvolution of orthorhombic perov-
skite phases in BiGaO; by using LeBail method of the RIETAN2000
program (Ref. 26). The difference (dotted line) between the ob-
served (crosses) and fitted pattern (thin line) is also shown on the
same scale. Vertical bars represent the calculated positions of dif-
fraction peaks of the perovskite phases. Monochromatic x-ray ra-
diation of 30 keV was used.
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FIG. 11. X-ray profiles from BilnO3 sample. History of pressure
is indicated by the right axis. Monochromatic x-ray radiation of 38
keV was used.

GdFeO;-type perovskites. The x-ray diffraction patterns in-
dicated that the transition occurs before 2.8 GPa (Fig. 11).
No further structural change occurred upon further compres-
sion to 9.8 GPa. The high-pressure phase reverts to the start-
ing phase at 0.3 GPa during decompression. The recompres-
sion experiment reproduced the high-pressure phase at 2.1
GPa.

The high-pressure phase has a diffraction pattern that is
similar to that of the ambient Pna2, perovskite phase. There-
fore, we used the Rietveld method to analyze the diffraction
profile, while assuming the same extinction rules as in the
Pna2, perovskite.** As indicated in the refinement result
(Fig. 12), the Pnma structure is appropriate for the high-
pressure phase. A volume jump (AV=1.9%) at the transition
pressure clearly shows that the structural change from Pna?2,
to Pnma is a first-order transition [Fig. 13(a)]. The Pna2,
phase has a polar structure stemming from a large displace-
ment of Bi** from the mirror plane of Pnma, as reported in
the previous paper, where Bi** is away from the centroids of
their oxygen coordination because of the strongly distorted
oxygen environment caused by the lone electron pair of Bi**.
Namely, at the transition pressure, Bi** promptly moves par-
allel to the ¢ axis in the Pna2; structure and settles on the
mirror plane in Pnma (Fig. 14). In lattice parameters with
pressure [Fig. 13(b)], we observed a jump between ¢ axis in
Pna2, and b axis in Pnma, which is responsible for the
displacement of Bi** at the transition. By fitting the P—V
data of the Pnma structure to B-M EoS, the bulk modulus
(By) was calculated to be 152*+2 GPa with Bj=4. This
value is in good agreement with the theoretical one (B,
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FIG. 12. Powder x-ray diffraction profiles of (a) Pnma and (b)
Pna2, perovskites in BilnOj;, as obtained by the Rietveld method
(GSAS). The observed profiles (crosses) are the same as those in
Fig. 11. The difference (dotted line) between the observed and fitted
pattern (thin line) is shown on the same scale. For the Pnma per-
ovskite, atomic coordinates are Bi(4c) [0.0472(5), 0.25,
0.9851(10)], In(4a) (0.5,0,0), O1(4c) [0.476(10), 0.25, 0.232(8)],
and 02(8d) [0.313(5), 0.018(6), 0.618(5)]. For the Pna2; perov-
skite, the same atomic coordinates at atmospheric pressure in Ref. 9
are assumed. Background has been subtracted. (a) Ry,,=8.6%, (b)
Ryp=6.4%.

=158 GPa with B)=4.15) obtained from ab initio calcula-
tions for cubic BilnO5 perovskite.'? The Pnma perovskite of
BilnO; stabilizes at about 2 GPa. The pressure is comparable
to the transition pressures from C2/c to Pnma phase in
BiCrO;, BiScO;, and BiMnO5.!® On the other hand, in the
BiFeO; perovskites, the Pnma phase appears above 10
GPa.?!

GdFeO;-type modifications to the perovskite structure are
directly related to the octahedral rotation that is responsible

290 v v v v v T v v v v v v
(a) oo (b)’ Pra,
L 80 ¢ e eee o o o0 . A 2 o
o ¢
<75
280 2 Pnma |
L © 70 LIy
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FIG. 13. X-ray profiles from BilnO5 sample. History of pressure
is indicated by the right axis. Monochromatic x-ray radiation of 38
keV was used.
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FIG. 14. (Color online) Schematic view of (a) Pna2, perovskite
structure along the b axis and (b) Pnma perovskite structure along
the ¢ axis in BilnO;. Large spheres and small spheres are bismuth
and indium, respectively. Oxygen is not shown. Polyhedra indicate
InOg¢ octahedra.

for reducing the A site in the perovskite structure. According
to the geometrical relationship,?® the octahedral rotation ()
can be calculated from cell dimensions as follows:

® = (\2c2)/ab. (1)

Namely, increasing @ in BilnO; with pressure implies that
the Bi site gradually shrinks to keep the structure (Fig. 15).
The Raman spectra show the difference between Pna2,
and Pnma phases more clearly (Fig. 16). According to the
factor group analysis,>® 57 (14A,+15A,+14B,+14B,,)
modes are expected for the Raman active modes of Pna2;.
We experimentally observed 22 modes for the Pna2, phase.’
While the analysis for the Pnma phase predicts 24 (74,
+5B,+7B,,+5B;,) modes, we only observed 13 modes
(Fig. 16). However, in the case of unpolarized measurements
using a powdered sample, the number of the observed Ra-
man modes in the Pnma perovskite is usually about twice
smaller than the predicted number of 24, for example, 12 in
LaYbO; (Ref. 41) and in LaMnO;.** The same situation
would be expected for Pna2, perovskite. Therefore, a reduc-
tion by half of the expected modes would be still reasonable
for this high-pressure transition. Although we could not as-
sign all of the Raman modes, two soft modes can be recog-
nized at 148 and 360 cm~!. The former mode completely
vanishes after the transition. On the other hand, the latter
mode remains but shifts toward higher wavenumber after the
transition. Further investigations using ab initio calculations
will be needed to make assignments for the Raman modes.

D. Systematic interpretation of BiMO3; (M=Al,Ga,In)
perovskites

The present study revealed various unquenchable perov-
skite structures crystallizing under high pressure. Here, we
give systematic interpretations for the perovskites in these
compounds. The tolerance factor, ¢, indicating the geometri-
cal allowance for cations to form perovskite structures in
ABO; compounds is as follows:

t=(ry + ro)\N2(rg + o), )

where r denotes the ionic radii of each element.
According to Shannon (1976),* the B site cationic radii
(rg) for sixfold AI**, Ga’*, and In** are 0.535 A, 0.62 A,
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FIG. 15. Variation in rotational angle (®) of InO4 octahedra
with pressure.

and 0.80 A, respectively, and the radius of 0> (rg) is
1.40 A. However, there are no 12-fold cationic radii of Bi**
in the table of this reference. We tried to estimate the cationic
radii of Bi** from the ionic radii of Pb3*, whose 6s2 elec-
tronic configuration is similar to that of Bi**. We increased
the ionic radii of Bi** by 15% to 0.9 A, as in Pb** from
eightfold to 12-fold coordination. Using these ionic radii, ¢
for BiAlO;, BiGaOs, and BilnO; perovskites are calculated
to be 1.00, 0.96, and 0.88. In the case of perovskites with ¢
being unity, the structure is close to ideal cubic perovskite.
This ¢ corresponds to that of BiAlOs, rhombohedral perovs-
kites with dodecahedral sites similar to cubic perovskite. If ¢
is less than unity, the octahedral rotation settles the smaller
cations into the A site. Thus, the small ¢ of BilnO; is consis-
tent with the appearance of GdFeO;-type modifications. On
the other hand, the smallest AI** prevents BiAlO; from
transforming into a GdFeOs-type modification up to 11 GPa.
The tolerance factor does not reflect the displacement of the
central atom in the octahedron. Therefore, the Cm phase
would not be expected to crystallize in BiGaO;. The stabili-
zation of the pyroxene structure in BiGaO; could not be
anticipated. The reason is that Ga®* prefers fourfold oxygen
coordination at lower pressure, as occurs in Ga,05.4

Other than the present perovskites, the GdFeOs structure
appears in Bi compounds under high pressure, such as
BiFe0;,2! BiScO;, BiMnO;, and BiCrO;.'® This suggests
that high-pressure synthesis plays an important role in pro-
ducing solid-solution perovskites of these compounds. Even
if different perovskite structures stabilize at ambient pres-
sure, such as Pra2; in BilnO; and R3c in BiFeOs;, it might
be possible to synthesize Bi(In,Fe)O5 solid-solutions under
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FIG. 16. (Color online) Variation in unpolarized Raman spectra
from BilnO5 samples with pressure under quasihydrostatic com-
pression. Soft modes are shown by dotted lines.

pressure, where Pnma perovskites stabilize in each com-
pound. Furthermore, if the structural relaxation to the non-
centrosymmetric phase occurs during pressure release, the
solid solutions would be a polar crystal at ambient pressure.

IV. SUMMARY

We have revealed the high-pressure phase transitions of
BiAlOj;, BiGaOj;, and BilnO; by analyzing in situ x-ray dif-
fraction and Raman scattering measurements. We confirmed
that (1) AlO4 octahedral rotation in the rhombohedral phase
is responsible for the symmetry change from R3¢ to R3m in
BiAlOs;, (2) the BiGaO; pyroxene phase transformed into a
ferroelectric phase, as predicted by ab initio calculations, and
(3) the noncentrosymmetric (Pna2;) to centrosymmetric
(Pnma) transition that occurs within GdFeOs-type perov-
skite in BilnOs.
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