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ABSTRACT: In situ high-pressure single-crystal X-ray diffraction and
Raman spectroscopy analyses were performed on a natural bismutotantalite
with an α-BiTaO4 structure. The results indicate that α-BiTaO4 transforms
into an orthorhombic phase (HP γ-BiTaO4), likely through an intermediate
orthorhombic phase (HP β-BiTaO4). The transition pressures are 11.0−11.8
GPa for α-BiTaO4 → HP β-BiTaO4 and 13.9−14.4 GPa for HP β-BiTaO4
→ HP γ-BiTaO4 transition. The phase transitions are reversible. Although
the structure of HP β-BiTaO4 was not successfully solved, the possible space
group was determined to be Fmm2, with unit-cell parameters calculated at
12.2 GPa: a = 4.8158(18) Å, b = 33.8880(80) Å, c = 5.2910(5) Å. In
contrast, the structure of HP γ-BiTaO4 was successfully solved and refined at
28.0 GPa, revealing a Pnma space group and unit-cell parameters of a =
9.8999(12) Å, b = 5.0435(16) Å, c = 10.8331(8) Å. The significant volume
collapse of 6.2% through the phase transition and the increase in coordination numbers of Bi and Ta from 6 in α-BiTaO4 to 8/9 in
HP γ-BiTaO4 indicate that the HP γ-BiTaO4 structure is considerably more compacted. Additionally, the equation of state for both
α-BiTaO4 and HP γ-BiTaO4 was also studied.

1. INTRODUCTION
Bismuth orthotantalate (BiTaO4) has drawn the attention of
the material science community due to its microwave dielectric
and photocatalytic properties.1 Understanding its various
polymorphs is essential for its practical applications.2−4 The
natural occurrence of BiTaO4 is in the form of bismutotanta-
lite, a very rare mineral found in granitic pegmatites, which has
an orthorhombic structure with a Pnna space group.5

Substitutions of Sb for Bi and Nb for Ta are common in
natural bismutotantalite.
To date, several polymorphs of BiTaO4 have been

synthesized. Pure synthetic α-BiTaO4 (Pnna) has been
reported by several studies since the work of Roth and
Waring,6 who synthesized this compound from a mixture of
bismuth and tantalum oxides by calcination at 1273 K for 18 h.
Aurivillius7 was the first to synthesize the high-temperature
(HT) β-BiTaO4 from a mixture of Bi2O3 and Ta2O5 at
temperatures ranging from 1373 to 1473 K; this polymorph of
BiTaO4 is triclinic with a space group of P1̅, based on powder
X-ray diffraction (PXRD) results. The HT β-BiTaO4 was
subsequently confirmed by several PXRD studies,2−4,8 The
crystal structure of HT β-BiTaO4 was also validated by single-
crystal X-ray diffraction (SCXRD).9 Additionally, the results
from ref 2 indicated that the phase transition from α-BiTaO4
to HT β-BiTaO4 is irreversible.
Another HT polymorph of BiTaO4 is HT γ-BiTaO4. Sleight

and Jones were the first to reveal the phase transition from HT
β-BiTaO4 to HT γ-BiTaO4 at 998 K using PXRD method.8

Their results suggested that the crystal structure of HT γ-
BiTaO4 is of the LaTaO4 type, characterized by a monoclinic
structure with a P21/c space group.

8 However, recent HT
PXRD experiments2 indicated that HT γ-BiTaO4 is ortho-
rhombic with a Cmcm space group, rather than monoclinic
with a P21/c space group, although the transition temperature
(1030 K) for the HT β-BiTaO4 to HT γ-BiTaO4 transition was
very similar to that reported in ref 8.
A high-pressure (HP) polymorph of BiTaO4 has recently

been reported, synthesized from HT β-BiTaO4 at 4 GPa and
1573 K4. However, analysis of the PXRD results led to the
identification of three possible crystal structures: cubic Fd3̅m,
cubic Fm3̅m and tetragonal P42/nmc. In addition, their TEM
(transmission electron microscope) results also suggested that
the HP BiTaO4 was a mixture of several phases. The HP
BiTaO4 remains stable up to 973 K at room-pressure but
decomposes into a mixture of α-BiTaO4 and HT β-BiTaO4 at
higher temperatures.4

Investigating materials under HP is crucial for enhancing our
understanding of their properties, which in turn aids in the

Received: January 17, 2025
Revised: February 27, 2025
Accepted: March 4, 2025
Published: March 12, 2025

Articlepubs.acs.org/IC

© 2025 American Chemical Society
5688

https://doi.org/10.1021/acs.inorgchem.5c00260
Inorg. Chem. 2025, 64, 5688−5697

D
ow

nl
oa

de
d 

vi
a 

A
R

G
O

N
N

E
 N

A
T

L
 L

A
B

O
R

A
T

O
R

Y
 o

n 
Ju

ne
 1

7,
 2

02
5 

at
 2

0:
57

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luying+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongzhou+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maining+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingui+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dawei+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenge+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.5c00260&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00260?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00260?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00260?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00260?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00260?fig=agr1&ref=pdf
https://pubs.acs.org/toc/inocaj/64/11?ref=pdf
https://pubs.acs.org/toc/inocaj/64/11?ref=pdf
https://pubs.acs.org/toc/inocaj/64/11?ref=pdf
https://pubs.acs.org/toc/inocaj/64/11?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


search for new materials with unique physical properties. HP
conditions can modify the physical properties of materials by
altering their atomic positions or rearranging the atoms into
new structures. For instance, the dielectric constant of HP
BiTaO4 is four times larger than that of HT β-BiTaO44. To the
best of our knowledge, pressure-induced effects on the
structure of BiTaO4 have not yet been well constrained.
Therefore, in the present study, we reveal the novel pressure-
induced phase transitions of BiTaO4 using SCXRD and Raman
spectroscopy.

2. METHODS
2.1. HP SCXRD Experiments. A natural bismutotantalite of

unknown origin was used in this study. A crystal (∼1 mm in
dimension) was fragmented into smaller grains for investigation.
Scanning electron microscopy with an energy-dispersive X-ray
spectrometer (SEM-EDS) was employed to qualitatively analyze the
chemical composition of the carbon-coated crystals (100−200 μm;
Figure 1). The operational conditions included a 15 kV accelerating
voltage, a beam current of 3.2−6.8 nA, and a working distance of 10.4
mm.
SCXRD experiments were conducted using a short symmetric

diamond-anvil cell (DAC) equipped with two Boehler-Almax-type
diamonds (anvil culets with a diameter of 300 μm) and WC seats. A
rhenium gasket was preindented to a thickness of approximately 40
μm, and a laser-drilled hole (approximately 180 μm in diameter) in
the indented area served as the sample chamber. This DAC setup
allowed for a ±32° opening angle. A crystal of the sample and several
ruby spheres were loaded into the sample chamber (Figure 2).
SCXRD data were collected for crystal before the sample chamber
was filled with Ne pressure-transmitting medium (PTM) employing
the GSECARS/COMPRES gas-loading system.10 Ruby was utilized as
the pressure marker at HP.11

SCXRD experiments were conducted at the GSECARS12 13-BM-C
beamline13 at the Advanced Photon Source, Argonne National
Laboratory, using a six-circle diffractometer equipped with a Pilatus3
1M detector.14 The sample-to-detector distance was 198.34 mm. The
wavelength of the monochromatic X-ray beam was 0.434 Å, and LaB6
powder was used as the diffraction standard. A detailed description of
HP SCXRD experiments at 13-BM-C can be found in ref 15. SCXRD
images were collected up to 30.5 GPa at a pressure step of ∼3 GPa,
with pressure increased using an automated pressure-driven
membrane system. SCXRD images were also collected at five pressure
points during decompression to ambient pressure. The SCXRD
images were analyzed using the APEX3 crystallography software suite.
The ShelX software16 and the Olex2 user interface17 were used to
solve and refine the crystal structures of the sample after pressure-
induced phase transitions. The VESTA software package18 was
employed for the visualization of crystal structures.
2.2. HP Raman Spectroscopy. The confocal micro-Raman

system available at GSECARS19 was utilized to examine the
vibrational spectra of the bismutotantalite sample. This Raman
system has a spatial resolution of 3 μm, a spectral resolution of 5

cm−1, and a laser beam size of 3 μm at the focal point. It is equipped
with a spectrometer (Acton SpectraPro SP-2500, Princeton Instru-
ment) featuring gratings with 1800, 1200, and 300 grooves per mm,
along with a holographic diffractive bandpass filter from Semrock and
a Raman notch filter from OptiGate. Operated in a backscattering
configuration, the system employs an apochromatic objective lens and

Figure 1. Backscattered image (left) and energy-dispersive spectrum (right) of natural bismutotantalite used in this study.

Figure 2. Representative SCXRD images of BiTaO4 at HP. (a) α-
BiTaO4 at 9.6 GPa; (b) HP β-BiTaO4 at 12.2 GPa; (c) HP γ-BiTaO4
at 14.7 GPa. In each subplot, the left is a whole SCXRD image, and
the right shows a zoomed-in region in the left indicated by the red
box. The Miller indices are shown for the sample peaks (indicated by
colored box), and the diamond and Re peaks are also indicated. The
unit-cell parameters are also shown on the right side for each. The
inserted figure on the upper left in (a) is a sample photo, showing
where are the sample, ruby and Ne.
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a 50 μm confocal pinhole to selectively gather spatially filtered
backscattered Raman radiation from the specified region of interest.
An excitation wavelength of 532 nm was used, generated by a
coherent laser (Verdi V2), set at a power level below 20 mW.
The sample was powdered and inserted into a piston−cylinder type

DAC equipped with low fluorescence diamond anvils (anvil culets
with a diameter of 300 μm) and standard WC seats for HP Raman
spectroscopy experiments. The sample chamber (a drilled hole in a
rhenium gasket), PTM (Ne) and pressure marker (ruby) were
prepared in the same manner as in the SCXRD experiments. The
Raman spectra were collected over a frequency range of 100−800
cm−1, following a previous Raman spectroscopic study on
BiTa1−xNbxO420. We collected 16 Raman spectra from room pressure
to 27.2 GPa during compression, while 7 spectra were collected
during decompression to ambient pressure.

3. RESULTS AND DISCUSSION
3.1. Pressure-Induced Phase Transitions Revealed by

SCXRD. The results of the SEM-EDS analysis (Figure 1)
indicated that Ta and Bi are the main cations in the sample,
while the sample also contains a certain amount of Nb and Sb
([Bi0.88±0.02Sb0.12±0.02][Ta0.66±0.02Nb0.34±0.02]O4, see below).
According to the crystal structural studies of natural
bismutotantalite by Galliski et al.5 Sb and Nb partially
substitute Bi and Ta in the structure, respectively. Additionally,
they found that structural refinement yields consistent cationic
site occupancies with those suggested by electron microprobe
analysis. Therefore, we utilized the SCXRD data collected at
ambient pressure to refine the crystal structure of our natural
bismutotantalite. During the refinement, cations occupying the
same polyhedral site (Bi and Sb; Ta and Nb) were set to share
the same atomic displacement parameters and fractional
coordinates. This resulted in an orthorhombic crystal structure
with a Pnna space group (Tables 1 and 2), which is consistent

with that of natural bismutotantalite as described by Galliski et
al.5 This phase has been designated as α-BiTaO4 in previous
studies on the phase relations in the BiTaO4 system since the
work of Roth and Waring.6 Furthermore, the refinement of
cationic site occupancies resulted in the following values:
0.88(2) for Bi, 0.12(2) for Sb, 0.66(2) for Ta, and 0.34(2) for
Nb, leading to a formula of [Bi0.88±0.02Sb0.12±0.02]-
[Ta0.66±0.02Nb0.34±0.02]O4 (Tables 1 and 2). For crystal

structure refinements at high pressures, the cationic site
occupancies were not varied; instead, they were fixed at the
values determined from ambient-pressure structural refine-
ment.
Representative SCXRD images collected at different

pressures are shown in Figure 2. Two phase transitions were
observed in α-BiTaO4 up to 30.5 GPa. The analyses indicated
that images collected from ambient pressure to 9.6 GPa can be
unequivocally assigned to the α-BiTaO4 structure (Figure 2a).
The first phase transition occurs at 12.2 GPa, as indicated by a
dramatic change in the diffraction pattern. As shown in Figure
2b, the diffraction pattern exhibits noticeable peak tailing.
Analysis of the images and peak indexing suggested a change in
the Bravais lattice, moving from the initial primitive lattice of
α-BiTaO4 to a face-centered unit cell. Moreover, the new phase
is orthorhombic with a possible space group of Fmm2 and unit-
cell parameters of a = 4.8158(18) Å, b = 33.8880(80) Å, and c
= 5.2910(5) Å. We designated this high-pressure phase as HP
β-BiTaO4. However, we were unable to solve the structure of
HP β-BiTaO4 using the SCXRD data due to limited diffraction
peaks and significant peak tailing. The HP β-BiTaO4 is stable
within a very limited pressure range (12.2−14.7 GPa). At 14.7
GPa, the second phase transition occurs, as indicated by a
dramatic change in the SCXRD image (Figure 2c). In Figure
2c, the diffraction peaks are sharper compared to those in
Figure 2b. We designated this phase as HP γ-BiTaO4. The HP
γ-BiTaO4 is also orthorhombic, with unit-cell parameters of a =
9.8999(12), b = 5.0435(16), and c = 10.8331(8) Å at 14.7
GPa. The HP γ-BiTaO4 is stable over a much broader pressure
range (14.7−30.5 GPa) compared to HP β-BiTaO4. The
structure was solved and refined using the SCXRD data
collected at 28.0 GPa, with a space group of Pnma (Table 1).
Upon decompression, the HP γ-BiTaO4 phase stabilized at
12.4 GPa, then reverted to α-BiTaO4 at 1.7 GPa (Table 3). We
did not collect data at pressures between 12.4 and 1.7 GPa;
thus, we cannot rule out the possibility that HP β-BiTaO4
exists during compression.
3.2. Crystal Structure of HP γ-BiTaO4. The crystal

structure of HP γ-BiTaO4 was compared with that of α-BiTaO4
in Figure 3. In the α-BiTaO4 structure, both Ta and Bi occupy
only one symmetrically unique site, while there are two unique
sites for O (Figure 3a). Both Ta and Bi are 6-coordinated, with

Table 1. Crystallographic Data of the Natural
Bismutotantalite, Including α-BiTaO4 HP β-BiTaO4 and HP
γ-BiTaO4 Phasesa

Pressure (GPa) 0.0001 12.2 28.0
Phases α-BiTaO4 HP β-BiTaO4 HP γ-BiTaO4
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pnna Fmm2 Pnma
a (Å) 5.6390(3) 4.8158(18) 9.7250(20)
b (Å) 11.7604(3) 33.8880(80) 4.9540(30)
c (Å) 4.9617(3) 5.2910(5) 10.5951(13)
V (Å3) 329.05(2) 863.50(39) 510.50(20)
Bi site occupancy 0.88(2) Bi + 0.12(2) Sb
Ta site occupancy 0.66(2) Ta + 0.34(2) Nb
Dcal (g/cm3) 8.343 - 10.748
Rint (%) 3.63 - 3.35
R1 (%) 2.21 - 17.65
wR2 (%) 6.01 - 39.8
GOOF 1.171 - 1.196

a− Means not available.

Table 2. Fractional Coordinates and Displacement
Parameters of Atoms in α-BiTaO4 at 0.0001 GPa and HP γ-
BiTaO4 at 28.0 GPa

atoms x y z Uiso
α-BiTaO4 at 0.0001 GPa
Bi1 0.25 0.50 0.72086(10) 0.0073(2)
Ta1 0.35763(6) 0.75 1.25 0.0039(2)
O1 0.4142(6) 0.9025(2) 1.0867(6) 0.0076(9)
O2 0.1399(5) 0.6954(2) 0.9960(8) 0.0089(10)
HP γ-BiTaO4 at 28.0 GPa
Bi1 0.6227(6) 1.25 0.7671(3) 0.010(1)
Bi2 0.3749(4) 0.75 0.7600(3) 0.003(1)
Ta1 0.6056(8) 0.75 0.5101(4) 0.011(1)
Ta2 0.8550(6) 0.25 0.5073(3) 0.003(1)
O1 0.482(7) 1.00(3) 0.613(4) 0.006(10)
O2 0.229(6) 0.02(2) 0.382(3) 0.002(8)
O3 0.277(7) 0.02(3) 0.616(4) 0.010(10)
O4 0.010(9) 0.25 0.519(5) 0.003(12)
O5 0.565(11) 0.75 0.824(6) 0.010(15)
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Ta−O and Bi−O interatomic distances ranging from 1.873 to
2.106 Å and from 2.121 to 2.744 Å, respectively. By contrast,
HP γ-BiTaO4 has an increased number of symmetrically
unique sites, including 2 Bi, 2 Ta, and 5 O (Figure 3b). Both
Ta1 and Ta2 are 8-coordinated, forming distorted eight-vertex
polyhedra. The interatomic distances in Ta1O8 and Ta2O8 are
1.99 to 2.27 Å and 1.50 to 2.83 Å, respectively. Bi1 and Bi2 are
coordinated with 9 and 8 oxygen atoms, respectively, with
interatomic distances of 2.25 to 2.52 Å in the Bi1O9
polyhedron and 2.00 to 2.97 Å in the Bi2O8 polyhedron.
The increased coordination of Ta and Bi indicates that the
structure of HP γ-BiTaO4 is much more compact than that of
α-BiTaO4.
The crystal structures of α-BiTaO4 and the HP γ-BiTaO4

were also compared layer by layer in Figure 4. In the α-BiTaO4
structure, the TaO6 polyhedra are interconnected by sharing
one oxygen atom, forming the Ta−O block layers that are
parallel to the ac-plane (Figure 4(a, top)). The BiO6 polyhedra
form chains parallel to the a-axis by sharing two oxygens
(Figure 4(a, middle)). These chains are not interconnected but
are connected to the TaO6 polyhedra by sharing one oxygen,
which segregates the Ta−O layers and forms the TaO6−BiO6
layers parallel to the bc-plane (Figure 4(a, bottom)).
In the HP γ-BiTaO4 structure, the basic layout is similar to

that of α-BiTaO4, with alternating Ta−O and Bi−O layers
parallel to the ab-plane; however, the connected polyhedra
share more oxygens. As shown in Figure 4(b, top), the Ta1O8
polyhedra are interconnected by sharing two oxygens, while
the Ta2O8 polyhedra are connected to their adjacent Ta1O8
polyhedra by also sharing two oxygens. Additionally, the
Ta2O8 polyhedra are interconnected by sharing one oxygen.
The increased coordination number of Bi in the HP γ-BiTaO4
structure leads to the interconnection of isolated BiO6−BiO6
chains in α-BiTaO4. As shown in Figure 4(b, middle), the
Bi1O9 polyhedra are connected to the adjacent Bi2O8
polyhedra by sharing two oxygens, while the Bi1O9 polyhedra
are interconnected by sharing one oxygen. In comparison to

those in α-BiTaO4, the TaO8 and BiO8/9 polyhedra also share
more oxygens. As shown in Figure 4(b, bottom), the Ta1O8
and Bi1O9 polyhedra, similar to the Ta2O8 and Bi2O8, are
connected by sharing two oxygens, while the Ta2O8 and BiO9
share three oxygens. The decreased bond angles of Ta−O−Ta,
Bi−O−Bi, and Ta−O−Bi indicate that HP γ-BiTaO4 has a
more kinked structure than the α-BiTaO4.
3.3. Compressibility and Equation of State. The unit-

cell parameters and volumes for α-BiTaO4, HP β-BiTaO4 and
HP γ-BiTaO4 at different pressures are summarized in Table 3
and shown in Figure 5. The decrease in the unit-cell
parameters under compression for both α-BiTaO4 and HP γ-
BiTaO4 is anisotropic. For α-BiTaO4, the compressibility of
the crystal axes decreases in the sequence a > b > c (Figures
5a−c and S1), with their lengths shrinking by 3.7%, 2.9% and
2.7%, respectively, from ambient pressure to 9.6 GPa.
However, in the HP γ-BiTaO4 structure, the a-axis is slightly
less compressible than the b-axis, and both the a- and b-axis are
less compressible than the c-axis (Figures 5a−c and S1). From
14.7 to 30.5 GPa, the lengths of a, b, and c change by 1.9%,
2.1% and 2.4%, respectively.
Birch−Murnaghan (BM) equation of state (EOS) with the

following form21 was used to determine the axial moduli of a,
b, and c using the EoSFit7 software.22

Table 3. Unit-Cell Parameters and Volumes of
Bismutotantalite at Different Pressuresa

Pressure
(GPa) a (Å) b (Å) c (Å) V (Å3)

0.0001 5.6390(3) 11.7604(3) 4.9617(3) 329.05(2)
0.4(1) 5.6376(3) 11.7410(3) 4.9567(3) 328.09(2)
1.6(1) 5.6143(3) 11.6917(3) 4.9366(3) 324.04(2)
4.3(1) 5.5421(4) 11.5724(4) 4.8996(4) 314.24(2)
7.3(1) 5.4762(4) 11.4736(3) 4.8577(2) 305.22(2)
9.6(1) 5.4280(30) 11.4191(16) 4.8295(11) 299.34(11)
12.2(1) 4.8158(18) 33.8880(80) 5.2910(5) 863.50(39)
14.7(1) 9.8999(12) 5.0435(16) 10.8331(8) 540.90(13)
16.9(1) 9.8619(11) 5.0275(15) 10.7812(7) 534.53(12)
19.4(1) 9.8266(13) 5.0092(17) 10.7354(8) 528.43(14)
22.1(1) 9.7901(16) 4.9920(20) 10.6889(10) 522.33(18)
24.7(1) 9.7572(19) 4.9760(30) 10.6462(11) 516.90(20)
28.0(1) 9.7250(20) 4.9540(30) 10.5951(13) 510.50(20)
30.5(1) 9.7100(30) 4.9390(50) 10.5600(18) 506.50(40)
28.8(1)* 9.7270(20) 4.9570(30) 10.5685(13) 509.60(20)
23.5(1)* 9.7430(60) 5.0260(70) 10.6950(40) 523.70(70)
12.4(1)* 9.9040(20) 5.0290(40) 10.8698(15) 541.40(30)
1.7(1)* 5.6060(90) 11.7450(70) 4.9000(50) 322.60(40)
0.3(1)* 5.6360(70) 11.7630(60) 4.9550(40) 328.50(30)

a* Indicates decompression data.

Figure 3. Schematic crystal structures of (a) α-BiTaO4 and (b) HP γ-
BiTaO4. The left shows the distribution of atoms in a unit-cell; the
right shows details of individual Ta−O and Bi−O coordination
conditions. The Ta−O and Bi−O interatomic distances are also given.
The chemical symbols are shown on the atoms.
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where P, VT0, V, KT0, and K′T0 are pressure, unit-cell volume at
zero-pressure, unit-cell volume at high pressure, isothermal
bulk modulus at zero-pressure, and its pressure derivative,
respectively. The volume in eq 1 was replaced with the cube of
the unit-cell parameter for EOS fitting. Additionally, the

second-order form (i.e., K′T0 = 4) of eq 1 was used. The
resulting linear moduli for a, b, and c were 210(11) GPa,
252(4) GPa, and 303(4) GPa for α-BiTaO4, and 511(26) GPa,
506(20) GPa, and 371(9) GPa for HP γ-BiTaO4, respectively.
Equation 1 was also used to analyze the pressure

dependence of the volume of α-BiTaO4, also using the
EoSFit7 software. The determined zero-pressure bulk modulus
(KT0) and its pressure derivative (K′T0) are KT0 = 91(7) GPa
and K′T0 = 1.2(16). We also fitted the pressure−volume data
to the second-order BM EOS and obtained KT0 = 82(2) GPa.
The obtained bulk modulus of α-BiTaO4 is much smaller than
that of the α-BiNbO4 (201 GPa), as determined by DFT

Figure 4. Schematic crystal structures of α-BiTaO4 (a; left) and HP γ-BiTaO4 (b; right), separated by the central vertical dashed line, highlighting
the layered structures. (a) The TaO6 (top) and BiO6 (middle) layers on the ac-plane, and the TaO6−BiO6 (bottom) layer on the bc-plane. (b) The
TaO8 (top) and BiO8/9 (middle) layers on the ab-plane, and the TaO8−BiO8/9 (bottom) layers on the bc-plane. The values of bond angles for Ta−
O−Ta, Bi−O−Bi, and Ta−O−Bi are also shown. The Bi and Ta atoms are indicated by their chemical symbols, while the chemical symbols of the
oxygens (red ball) are not shown.
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calculations reported in ref 23. This indicates that the
substitution of Nb for Ta would lower the compressibility of
α-BiTaO4. The Murnaghan EOS22 was used to fit the
pressure−volume data of the HP γ-BiTaO4, as fitting with
the third-order BM EOS failed to yield reliable values for KT0
and K′T0. The results were KT0 = 73(12) GPa and K′T0 =
7.6(6), indicating that HP γ-BiTaO4 is less compressible
compared to α-BiTaO4. The volume collapse is significant
(6.2%) during the phase transition (Figure 5d), indicating a
much more compact structure for HP γ-BiTaO4 (Figures
3−5).
3.4. Pressure-Induced Phase Transitions Revealed by

Raman Spectroscopy. The Raman spectrum collected at
ambient pressure matches well with those of natural
bismutotantalite (RRUFF ID: R130778) and synthetic α-
BiTaO4.

20 Twelve Raman peaks (ν1−ν2 and ν4−ν13)
distributed between 100 and 800 cm−1 are identified at
ambient pressure (Figure 6). Based on previous vibrational
spectroscopic studies of BiTaO420 and its analogues (e.g.,
BiNbO4,

24−26 SbNbO4,
24,25 the Raman peaks observed for α-

BiTaO4 in this study can be assigned to specific vibrational
modes as follows. The peaks (ν1−ν2) below 200 cm−1

correspond to lattice modes. Among the remaining peaks,
the strongest (ν12, ∼ 620 cm−1) represents the symmetric Ta−
O stretching vibration of the TaO6 octahedra, while the peak at
a slightly lower frequency (ν11, ∼ 550 cm−1) corresponds to
another Ta−O stretching mode (likely asymmetric stretching
mode) relevant to the TaO6 octahedra. The relatively weak
peaks at frequencies higher than ν12 originate from Bi−O
stretching vibrations. The peaks (ν4−ν6) between 200 and 300
cm−1 represent bending vibrations relevant to the BiO6 and
TaO6 octahedra, and those (ν7−ν10) between 300 and 500
cm−1 arise from combined stretching and bending vibrations
relevant to the BiO6 and TaO6octahedra.
As the pressure is increased to 0.4 GPa, all the peaks can be

identified at their appropriate positions, but three peaks
(ν8−ν10) between 370 and 450 cm−1 are weakened (Figure
6a). When the pressure is increased to 6.5 GPa, ν8 and ν11
disappear (Figure 7a,b), ν4, ν5 and ν7 weaken, whereas the
intensity of ν9 remarkably increases, and a clear shoulder (ν3)

Figure 5. Unit-cell parameters a (a), b (b), and c (c) and molar volume (d) of BiTaO4 as a function of pressure. The blue, violet, and red circles
represent the α-BiTaO4, HP β-BiTaO4, and HP γ-BiTaO4, respectively. The filled and unfilled symbols represent data collected during compression
and decompression, respectively. The solid lines in (a−c) represent a second-order BM EOS fitting of the data; while in (d) the blue solid line
represents a third-order BM EOS fitting, the dash-dot line represents a second-order BM EOS fitting, and the red line represents a Murnaghan EOS
fitting. The bulk modulus (KT0) and its pressure derivative (K′T0) are shown for the α-BiTaO4 and HP γ-BiTaO4 in (d).
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appears on ν2. At pressures between 6.5 and 11.0 GPa, the
Raman peaks exhibit no remarkable changes except for the
disappearance of ν6 at 8.9 GPa and of ν13 at 11.0 GPa (Figures
6a and 7a,b). Upon further increasing the pressure, observable
changes occur at pressures between 11.8 and 14.4 GPa (Figure
6b). Four new peaks (ν14−ν17) appear at 11.8 GPa (Figure
7a,b), and two peaks (ν4−ν5) disappear at 12.9 GPa (Figure
7c). Additionally, ν9 and ν12 weaken at pressures higher than
11.8 GPa compared to those at pressures below 12.9 GPa, and
ν12 disappears at 14.4 GPa. Between 14.4 and the maximum
pressure of 27.2 GPa, no remarkable changes occur except for
the disappearance of ν9 at 20.4 GPa (Figures 6c and 7a). Upon
decompression to ambient pressure, the Raman spectrum
returns to its original appearance under ambient conditions
(Figure 6d).
3.5. Pressure-Induced Phase Transitions in Bismuto-

tantalite and Their Comparison with Synthetic BiNbO4.
Our HP SCXRD data indicate that the first transition (α-
BiTaO4 → HP β-BiTaO4) occurs at a pressure between 9.6
and 12.2 GPa, while the second transition (HP β-BiTaO4 →
HP γ-BiTaO4) takes place between 12.2 and 14.7 GPa. The
observable changes in the Raman spectrum with increasing
pressure below 8.9 GPa (Figures 6a and 7), including the
weakening of peaks ν4, ν5, ν7 and ν8; the appearance of peak ν3;
the disappearance of peaks ν6, ν8 and ν11; as well as inflections
in pressure-Raman shift dependence for peaks ν1, ν2, ν5, ν9 and
ν10 at 6.5 GPa may suggest local structural distortions not
detected by XRD. Additionally, new Raman peaks (ν14−ν17;
Figure 6b) appearing at 11.8 GPa along with inflections in
pressure-Raman shift dependence for peaks ν3 and ν4 (Figure
7c) likely correspond to the α-BiTaO4 → HP β-BiTaO4
transition revealed by SCXRD. The complete disappearance
of peak ν12�a strong peak for α-BiTaO4 at ambient
pressure�and inflections in pressure-Raman shift dependence
for peaks ν3 and ν7 at 14.4 GPa (Figure 7b,c) indicate the
structure transition from HP β-BiTaO4 to HP γ-BiTaO4. Both
the Raman (11.0−14.4 GPa) and SCXRD (9.6−14.7 GPa)
data suggest that the HP β-BiTaO4 phase is stable only within
a very narrow pressure region.

Consistent with our SCXRD data, our Raman data also
indicate two pressure-induced phase transitions. At ambient
pressure, apart from the Raman peaks corresponding to lattice
modes, the strongest Raman peak is ν12, originating from the
symmetric Ta−O stretching mode of the TaO6 octahedra.
Based on the crystal structure, TaO6 octahedra in α-BiTaO4
are not greatly distorted from an ideal octahedron, whereas
BiO6 octahedra are highly distorted, as indicated by the
distortion indices: 0.039 for TaO6 and 0.098 for BiO6.
Consequently, we can detect a strong Raman peak for Ta−O
symmetric stretching mode (Figure 6). As the pressure
increases, one of the notable changes in the Raman spectrum
is the weakening of the ν12 mode, especially at pressures
exceeding 11.8 GPa. This suggests that the symmetry of the
initially slightly distorted TaO6 octahedra decreases with
increasing pressure, consistent with our SCXRD data. The
coordination number of Ta is 6 for α-BiTaO4 and 8 for HP γ-
BiTaO4 (Figure 3), indicating that the initial TaO6, which is
relatively close to an ideal octahedron, is absent in the
structure of HP γ-BiTaO4. We also note that despite its rapid
weakening, ν12 mode remains identifiable at pressures between
11.8 and 14.4 GPa, possibly indicating that the coordination
number of Ta increases gradually within the HP β-BiTaO4
region. Furthermore, ν12 disappears completely only when the
pressure is increased to 14.4 GPa, indicating the complete
phase transition to HP γ-BiTaO4. Given the Raman spectral
similarity between HP β-BiTaO4 and HP γ-BiTaO4 (Figure 6),
it is plausible that the HP β-BiTaO4 phase is an intermediate
phase through which α-BiTaO4 transforms into HP γ-BiTaO4.
The occurrence of an intermediate phase during pressure-
induced phase transitions is not uncommon. For instance, at
5−6 GPa, U3O8 undergoes a phase transition to a fluorite
phase through an intermediate tetragonal phase.27 Similarly,
theoretical calculations have reported that SiC transitions from
a zinc blende to a rocksalt structure through an orthorhombic
intermediate phase at high pressure.28

Recently, Dong et al.29 reported pressure-induced phase
transitions in α-BiNbO4 (isostructural with bismutotantalite),
as revealed by in situ PXRD and Raman spectroscopy up to
39.7 GPa. They found that α-BiNbO4 transforms into a

Figure 6. Raman spectra of bismutotantalite collected during compression (a−c; 0.0001−11.0 GPa, 11.0−14.4 GPa, and 14.4−27.2 GPa) and
decompression (d; 22.6−0.0001 GPa). The arrows are shown to outline the evolution of each Raman peak (ν1−ν17).
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monoclinic C2/c phase at 10.3 GPa, which differs from the
structures of HP β-BiTaO4 and HP γ-BiTaO4 observed in this
study. As they did not provide detailed crystal structural
information for the C2/c phase, a direct structural comparison
is not possible. The compositional difference between their
sample and ours may account for the discrepancies between
their HP phase and those observed herein. Although our
sample was Nb-bearing, it was BiTaO4-dominant, whereas
their sample was pure BiNbO4. Indeed, prior studies,

4,30,31

have suggested that the HP phase transition behavior of
BiNbO4 differs from that of BiTaO4. For instance, while β-
BiNbO4 transforms into a single HP phase (HP BiNbO4; cubic
Sm2Sn2O7-type structure

31 at pressures of 3−5 GPa and
temperatures of 1073−1673 K30, β-BiTbO4 does not transform
into a single phase under similar high-pressure and high-
temperature conditions; rather the resulting product is a
mixture of several phases.4 Therefore, we attribute the different
HP phases observed in our Nb-bearing BiTaO4 compared to
the BiNbO4 reported by Dong et al.

29 primarily to this
compositional difference. Furthermore, Dong et al.29 employed

Ar as their PTM, whereas Ne was used in this study. Ar and Ne
behave very differently in maintaining hydrostatic pressure
conditions at pressures higher than 10 GPa,32 where the phase
transitions of bismutotantalite and α-BiNbO4 occur. This may
also contribute to the differences in the HP phases of
bismutotantalite.

4. CONCLUSIONS
This study presents the pressure-induced phase transitions of a
natural bismutotantalite (α-BiTaO4 structure) revealed by in
situ HP SCXRD and Raman spectroscopic experiments. We
observed the following phase transitions with increasing
pressure: α-BiTaO4 (Pnna) → HP β-BiTaO4 (Fmm2, 12.2
GPa) → HP γ-BiTaO4 (Pnma, 14.4 GPa). The HP β-BiTaO4
phase is stable within a very narrow pressure region, and it may
be an intermediate phase, while the HP γ-BiTaO4 is stable up
to the maximum pressure of 30.5 GPa. These phase transitions
are reversible; however, we did not observe HP β-BiTaO4
during decompression. Although we were unable to solve the
structure of the HP β-BiTaO4 phase due to poor data quality,

Figure 7. Raman shifts of α-BiTaO4 (gray), HP β-BiTaO4 (blue), and HP γ-BiTaO4 (red) as a function of pressure. Error bars may be smaller than
the symbol size.
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we successfully solved and refined the structure of the HP γ-
BiTaO4 phase using SCXRD data collected at 28.0 GPa. The
results indicate that the HP γ-BiTaO4 phase is much more
compact than α-BiTaO4, due to the increase in the
coordination numbers of Bi and Ta from 6 in the latter to
8/9 in the former.
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