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We systematically investigated the structure, electronic properties, zone-center phonon modes, and structure
instability of four cubic perovskite BiMO3 compounds, with three of the M ions being IIIB metals �Al, Ga, and
In� and one IIIA transition-metal Sc, using first-principles density-functional calculations. Optimized lattice
parameters, bulk moduli, band structures, densities of states, as well as charge density distributions are calcu-
lated and compared with the available theoretical data. Our results are in good agreement with those previously
reported in the literature. All the BiMO3 oxides considered in the present work are semiconductors with an
indirect band gap between the occupied O 2p and unoccupied Bi 6p states varying between 0.17 and 1.57 eV.
Their electronic properties are determined mainly by Bi–O bonding, which, in turn, depends on the M –O
bonding. Ferroelectric properties of these oxides come from the 6s2 lone pair on the A-site Bi ion and is
similarly affected by the M ions through their influence on the Bi–O bonding, as suggested by our calculations
of density of state, Born effective charge, and soft modes. The existence of soft modes and eight �111� minima
suggests that the phase transition in BiAlO3 has a mixed displacive and order-disorder character. There is
evidence that ferroelectricity is absent in BiGaO3. Our investigation suggests that the BiMO3 oxides or their
modified versions are promising ferroelectric, piezoelectric, multiferroic, and photocatalytic materials.
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I. INTRODUCTION

BiMO3 compounds, with nonmagnetic elements M, have
traditionally been used in the modification of Pb-based
piezoelectric materials. Its solid solutions with PbTiO3, for
example, are extensively used because they can preserve the
high piezoelectric activity up to relatively high temperature
and reduce the amount of lead.1–7 First-principles calcula-
tions of piezoelectric alloys xBiScO3-�1−x�PbTiO3 �Ref. 8�
suggested that the large structural distortions and polariza-
tions, at the morphotropic phase boundary, come from the
hybridization between Bi/Pb 6p and O 2p orbitals, a mecha-
nism that is enhanced upon the substitution of Pb by Bi. It is
reasonable, therefore, to expect that Bi-based compounds
would be excellent lead-free piezoelectric materials because
they are nontoxic and also have 6s2 lone pairs,9,10 which is
the cause of the large ferroelectric polarizations in Pb-based
compounds.

To fulfill the requirement of ferroelectricity, BiMO3 com-
pounds should have a noncentrosymmetric structure �see,
e.g., BiMnO3�.11,12 Recently, Baettig et al. predicted that bis-
muth aluminate �BiAlO3� and bismuth gallate �BiGaO3� ox-
ides with perovskite structure were high-performance ferro-
electrics and piezoelectrics,13 in which the large polarization
and piezoelectric response are results of the stereochemical
activity of the Bi lone pair. It was shown that BiAlO3 shares
the antiferroelectric PbZrO3 structure under space group
R3c, while BiGaO3 has a tetragonal perovskite structure, but
with stronger distortion and improved ferroelectric properties
than that of PbTiO3. Furthermore, the Bi�Al,Ga�O3 systems
were proposed as a replacement for the widely used lead-
based piezoelectric material �Pb�Zr,Ti�O3 �PZT��, that will
avoid the environmental toxicity problems of lead-based
compounds.

Experimentally, four BiMO3 �M =Al, Ga, In, and Sc�
compounds have been synthesized by means of high-
pressure high-temperature techniques.14–16 They exhibit
many interesting properties with distinct structures at room
temperature. BiAlO3 crystallizes in a noncentrosymmetric
R3c structure �consistent with the prediction13�, while
BiGaO3 has a centrosymmetric pyroxene-type structure un-
der orthorhombic space group Pcca rather than the expected
tetragonal phase.14 BiInO3 compound possesses the
GdFeO3-type perovskite structure with a polar space group
Pna21. Its second-harmonic generation signal is about
120–140 times that of quartz.15 BiScO3 is centrosymmetric
and has a BiMnO3-type perovskite structure under space
group C2/c.16 We note that the four BiMO3 compounds are
unstable: both BiAlO3 and BiGaO3 decompose without
phase transition when heated above 820 K as well as BiInO3
above 873 K at ambient pressure.14,15 In addition, BiMO3
compounds, where M is magnetic, i.e., M =Mn, Fe, etc.,
have recently received a lot of attention as multiferroics.17–20

Finally, BiMO3 where M is nonmagnetic may be used as
model systems to study the origin of ferroelectricity in Bi-
based multiferroics, there being no additional complication
of magnetic behavior.13

First-principles density-functional theory has been suc-
cessfully applied to investigate ferroelectricity in perovskite
oxides including bulk,21,22 thin films,23 and superlattices.24

Cohen first explored the origin of ferroelectricity25 in bulk
materials BaTiO3 and PbTiO3 using the potential energy sur-
face �PES� of the soft mode. Subsequent detailed
investigations26,27 on cubic titanates ATiO3 �A=Ca, Sr, Ba,
and Pb� reported that the ferroelectricity came from Ti, and
the Ti-O hybridization is essential for it. Recently, Ghita et
al.28 redefined the A-site and B-site and AB-site driven ferro-
electric according to the PESs of the A- and B-site ions in the
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cubic phase, which was usually determined by the tolerance
factor, and produced a better understanding of the piezoelec-
tricity of PZT. The hypothetical cubic structure, therefore, is
a good prototype for the instigation of ferroelectricity in the
ABO3 oxides �see Refs. 21 and 25–28�. Although ferroelec-
tricity had been theoretically predicted in both BiAlO3 and
BiGaO3, it was subsequently found to be absent in the latter.
The tolerance factor t, an extensively used criterion of struc-
tural instability, was found to be unable to describe their
ground-state structure.13 Our previous work also showed a
substantial difference between the electronic structures of
BiAlO3 and BiGaO3.29 However, the nature of ferroelectric-
ity and the driving force of the phase transition in BiMO3
remain unclear.

In this work, we report a systematic study of the structure,
electronic properties, zone-center phonon modes, and struc-
tural instability of three IIIB-group metals, Al, Ga, and In,
and one IIIA transition metal, Sc, in BiMO3 using first-
principles density-functional calculations. The dependence
on M of physical parameters such as lattice structure, bulk
modulus, band structure, density of state, and electron den-
sity distribution is considered. The nature of ferroelectricity
in BiMO3 was investigated and discussed.

II. COMPUTATIONAL METHOD

The considered BiMO3 are assumed to have ideal cubic
perovskite structure �space group Pm3m�, with atomic posi-
tions in the primitive cell defined by �M�: 1a �0,0,0�, �Bi�: 1b
�0.5,0.5,0.5�, and �O�: 3d �0.5,0,0�. The equilibrium struc-
tural parameters and electronic properties were calculated us-
ing the WIEN2K package, which is an implementation of the
hybrid full potential linear augmented plane wave plus local
orbitals �LAPW+lo� method within the density-functional
theory.30 The electronic configurations are taken to be
Ne 3s23p1 for Al, Ar 3d104s24p1 for Ga, Kr 4d105s25p1 for
In, Ar 3d14s2 for Sc, Xe 4f145d106s26p3 for Bi, and
He 2s22p4 for O. Here, the noble gas cores are distinguished
from the subshells of valence electrons. We use local density
approximation31 �LDA� and/or Perdew-Burke-Ernzerhof
generalized gradient approximation32 �GGA� for the ex-
change correlation potentials. Relativistic effects are taken
into account within the scalar-relativistic approximation. The
atomic sphere radii RMT we used are 2.4, 1.6, 1.7, 1.7, 1.8,
and 2.0 for Bi, O, Al, Ga, Sc, and In, respectively. We ex-
pand the basis function up to RMTKmax=10, where Kmax is the
largest reciprocal vector used in the LAPW basis set. The
k-point sampling in the Brillouin zone is conducted with a
10�10�10 mesh. The self-consistent calculations are car-
ried out with a total energy convergence tolerance of less
than 0.1 mRy.

The zone-center phonon modes, dielectric properties, and
PESs were calculated using the QUANTUM-ESPRESSO

package33 within density-functional theory34,35 and density-
functional perturbation theory36 �DFPT� based on a plane-
wave basis set and pseudopotentials. We use the norm-
conserving pseudopotential �NCPP� with the same electronic
configuration. A kinetic energy cutoff of 80 Ry is used and
the augmentation charges are expanded up to 240 Ry. Inte-

grals over the Brillouin zone are performed using a
Monkhorst-Pack with a 6�6�6 k-point mesh. All calcula-
tions are performed using fully optimized structure.

III. RESULTS AND DISCUSSION

A. Structure

The lattice constants and bulk moduli are calculated by
fitting energy volume data to Murnaghan’s equation of
state.37 The results are summarized in Table I. It is seen that
for BiAlO3 and BiGaO3, the calculated GGA lattice con-
stants are larger than the LDA values. Our LDA results agree
well with previous reports for BiAlO3 and BiGaO3.13 Here,
we note that experimental data for the lattice constants of the
four cubic BiMO3 compounds are not available. BiInO3
crystallizes in an orthorhombically distorted GdFeO3-type
structure with a��2ap, b�2ap, and c��2ap, where ap is
the parameter of the cubic perovskite subcell. The equilib-
rium lattice constant ap we obtained is 4.193 Å �GGA�. It
follows that the lattice constants in GdFeO3-type structure
are a=c��2ap=5.929 Å and b�2ap=8.386 Å, which
agree well with the experimental values15 of 5.955 and
8.836 Å, respectively. In general, GGA gives better geo-
metrical parameters but usually overestimates the lattice con-
stants and underestimates the bulk moduli.38 Going from
BiAlO3 to BiInO3, the lattice constants increase while bulk
moduli decrease, with those of BiAlO3 and BiGaO3 higher
than those of BiInO3 and BiScO3. This trend correlates with
changes in the lattice constants. We note that two approxi-
mations �LDA and GGA� do not affect the trend. The bulk
modulus and lattice constant of BiScO3 are between those of
BiGaO3 and BiInO3. In addition, the results from full

TABLE I. Calculated lattice parameters �Å� and bulk moduli B0

and its pressure derivative B0� �GPa� of four cubic BiMO3.

Lattice constant B0 B0�

BiAlO3 3.723a 218.5 5.15

3.802b 188.5 4.27

3.715c 218.9 4.36

3.750d

BiGaO3 3.818a 206.6 4.67

3.905b 178.6 3.91

3.821c 208.8 4.57

3.830d

BiInO3 4.193b 134.3 5.31

4.111c 158.4 4.15

BiScO3 4.084b 134.7 3.63

3.974c 178.5 4.42

aLAPW-LDA, Murnaghan equation of state �this work�.
bLAPW-GGA, Murnaghan equation of state �this work�.
cNCPP-LDA, second order Birch-Murnaghan equation of state �this
work�.
dNCPP-LDA, Ref. 13.
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potential linear augmented plane wave agree well with those
from norm-conserving pseudopotential within LDA.

B. Electronic properties

1. Band structure

The band structures of the four BiMO3 compounds along
the high-symmetry directions in the Brillouin zone are
shown in Fig. 1, where similarities in the energy bands are
evident. In the following, the results are discussed using
BiAlO3 as an example. The lower bands, which are not
shown in Fig. 1, contain Bi 6s and O 2s states located at −9.8
and −16.5 eV below the Fermi level, respectively. The upper
valence band �VB� with a width of about 7.5 eV is mainly
derived from the O 2p orbitals, with some admixture of the
Bi and Al sp states. The top of the valence band of BiAlO3 is
composed of O 2p orbitals and is located at the M point,
while the VB maximum at the R point is about 0.08 eV
lower than M. The bottom of the conduction band is located
at the X point and is entirely made up of Bi 6p states. Thus,
the indirect gap between M and X is 1.57 eV, and the direct
gap at X is 2.07 eV.

For BiAlO3, the nine occupied bands at the � point con-
sist of three triply degenerate levels ��15, �25, and �15� with
energies of −5.57, −1.33, and −1.17 eV below the Fermi
level, respectively. The splitting of the levels ��15−�25� is
due to crystal field effects and electrostatic interaction be-
tween the O 2p orbitals. In the conduction band, the triply
��25� , +6.55 eV� degenerate levels are from the Bi 6p orbitals.
These features of the band structure are summarized in Table
II. Note that there are no experimental data available for
comparison.

Compared to BiAlO3, the band structure of BiGaO3
shows a slightly larger dispersion. For example, the VB
bandwidth in BiGaO3 is about 0.71 eV larger. This means
that Ga–O bond is more covalent than that between alumi-
num and oxygen. Another difference is that the band gap,
which remains indirect in BiGaO3, is about 0.23 eV smaller
than that of BiAlO3. In the case of BiGaO3, the splittings of
the bands ��15−�25� and ��25−�15� are about 4.26 and
0.11 eV, respectively.

The band structures for BiInO3 and BiScO3 perovskite
oxides are also presented in Fig. 1. Their band-structure pa-
rameters are listed in Table II. The VBs of BiInO3 and
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FIG. 1. �Color online� Band
structures of four cubic BiMO3.
The Fermi level corresponds to
0.0 eV. All the BiMO3 are semi-
conductors with a band gap from
0.17 to 1.57 eV, which is deter-
mined by the occupied O 2p and
unoccupied Bi 6p states.
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BiScO3 mainly consist of the occupied oxygen 2p bands and
partially occupied M�In,Sc� s , p ,d states. The band structure
of BiScO3 obtained agrees well with that previously
reported,8 which is only available along �-X. The electronic
states near the Fermi level originate mainly from O 2p states
for both oxides. For BiInO3 and BiScO3, the Bi 6p states are
also dominant in the conduction bands. In the case of
BiInO3, the splittings of the bands ��15−�25� and ��25

−�15� are about 2.96 and 0.23 eV. For BiScO3, these values
are about 2.33 and 0.70 eV, i.e., smaller than for BiAlO3 and
BiGaO3, respectively. We note that all the cubic BiMO3
compounds considered here are semiconductors with an in-
direct band gap in the range between 0.17 and 1.57 eV,
which is determined by the occupied O 2p and unoccupied
A-site Bi 6p states.

2. Densities of states

The density of states �DOS� was obtained using a modi-
fied tetrahedron method.39 The calculated total density of
states �TDOS� and partial densities of states �PDOS� for
BiMO3 are shown in Fig. 2. It can be seen that the TDOS
profiles have many peaks that are mostly from the 6p states
of Bi ion in the conduction bands and 2p states of O in the
valence bands. For example, in BiAlO3, the valence band
originates predominantly from O 2p states, which is consis-
tent with BiAlO3, which is a formal sp system with alumi-
num in the 3+ oxidation state. There is also strong hybrid-
ization between Al-O due to the same 2s2p electronic
configurations. Both bismuth and aluminum ions also have a
small contribution to the valence band. More details can be
found in our previous report.29 A very flat O 2p-like band
�along �-X-M-�, see Fig. 1� is responsible for the highest of
them placed at about −1.0 eV. Therefore, the DOS peak at
this energy may be attributed to quasiflat bands originating
primarily from O 2p states.

An equal valence band �or conduction band� width and/or
peak value indicate obvious hybridizations between M-O as
well as Bi-O. This suggests the presence of covalent bond-
ing, which is important for ferroelectricity. In the region of
the valence band, the width of the PDOS of Bi is clearly

narrower than that of M and O �except in BiScO3�. The
number of peaks is also less than those for M. This indicates
that the hybridization of M –O is stronger than that for Bi-O.
Comparing BiScO3 with other BiMO3 compounds, we note
that the large nonlocal character of the s and p electrons of M
�Al, Ga, and In� can effectively widen the valence band. In
the case of the conduction band, the peaks are mainly formed
from the Bi 6p and O 2p states. We note that there is little
contribution from Al to the conduction band of BiAlO3 in the
range of 0–8 eV, in contrast to the contributions from the M
ions in other BiMO3 compounds. The lower part of the con-
duction band of BiGaO3 and BiInO3 �BiScO3� is occupied by
the 6p state of Bi, while the upper part is mainly occupied by
the s , p�d� states of M. These s , p electrons of Ga and In as
well as the d electrons of Sc force the Bi 6p state to move
toward the Fermi level �shown in BiGaO3, BiInO3, and
BiScO3�. This fact leads to the reduction of the band gap
�especially in BiInO3� that is determined by Bi 6p and O 2p
states. In contrast, the band gap of PbTiO3 �PbZrO3�, con-
taining another lone pair ion Pb3+, in which the electronic
properties and ferroelectric instabilities are mainly character-
ized by Ti-O and Pb-O hybridizations,8 is determined by the
occupied O 2p and unoccupied B-site Ti 3d �Zr 4d� states
rather than those associated with Pb-O.

In BiInO3, the Bi 6s peak is −10.3 eV below the Fermi
level and is shifted by about 0.5 eV relative to that of
BiAlO3 �not observable in Fig. 2�. In BiMO3 where M are sp
metals, the strong hybridization occurs between O 2p and Al
�Ga,In� p. When M is a transition metal with d electrons, it
occurs between the O 2p and Sc d. The transition metal Sc
substantially narrows the bandwidths of VBs. While the
Bi 6s electrons have notable contributions to the top of the
valence band in BiAlO3 and BiGaO3, little similar contribu-
tions exist in the cases of BiInO3 and BiScO3. In addition,
the d electrons of Ga, In, and Sc are the major components at
the top of the valence band relative to the other sp electrons
of M ions. The difference in the DOS of the four BiMO3
comes from the difference in the M ions, which determines
the profiles of the DOS of O ions. Considering the crystal
structure of four BiMO3 compounds at room temperature, it
may seem reasonable to expect that the M ions play a key
role in the structural instability.

3. Charge density

The main contribution to the TDOS at the Fermi level
Ntot�EF� in all four oxides originates from the O 2p states. To
illustrate the bonding picture in these systems, we plot the
charge density maps of �110� plane for BiMO3 in Fig. 3. The
Ntot�EF� changes are attributed to the s , p�d� states of M as
discussed in the foregoing. It can be seen that the hybridiza-
tion between M and O is stronger than that between Bi and
O. Although Al3+ ions only have 2s2p electrons, hybridiza-
tion with O 2p states is also observed. Due to the presence of
3d electrons, Sc3+ ions with 3s3p electrons exhibit a stronger
hybridization with O ions than other M –O systems, resulting
in a narrow valence band in BiScO3 �Fig. 2�. We note that
the 4s4p4d electrons in BiInO3 play a smaller role in the
hybridization with O 2p states than the 3s3p3d ones in
BiScO3. The order of hybridization of M –O, listed in in-

TABLE II. Calculated values for the bandwidths, valence band
splitting at �, and band gap �in eV� of BiMO3.

Parameters BiAlO3 BiGaO3 BiInO3 BiScO3

Valence band 7.50 8.21 7.12 4.85

�15 −5.57 −5.33 −4.66 −3.33

�25 −1.33 −1.07 −1.70 −1.00

�15 −1.17 −1.18 −1.47 −0.30

��15-�25� 4.24 4.26 2.96 2.33

��25-�15� 0.16 0.11 0.23 0.70

Conduction band 6.52 �6.71 �7.83 3.57

Band gap

Direct �X� 2.07 2.00 1.50 1.16

Indirect �M-X� 1.57 1.34 0.17 0.83
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creasing order, is Al-O, Ga-O, In-O, and Sc-O.
Based on the foregoing results, it is clear that the Bi-O

hybridization controls electronic properties listed in Table II,
such as band gap. On the other hand, the M –O bonding
governs the details of Bi-O hybridization shown in Fig. 2.
We note that the choice of LDA or GGA does not influence
our results. The electronic properties of BiMO3 in the non-
cubic structure, such as rhombohedral BiAlO3 �our calcula-
tion� and tetragonal BiInO3 �Ref. 8, Fig. 1�, are also deter-
mined by Bi-O states. Thus, it is interesting that through a
proper choice of the M ions, Bi�M1, M2, . . . �O3 oxides may
be designed to possess desirable electronic properties.

C. Zone-center phonon modes and dielectric properties

1. Born effective charges and dielectric properties

It is well known that anomalously large Born effective
charges �BEC� Z* of atoms are a general feature of perov-
skite compounds such as titanate, zirconate, and niobate,40

which are associated with their excellent ferroelectric and
piezoelectric properties. Table III shows the calculated Born
effective charges and dielectric constants of the four cubic
BiMO3 compounds. For BiAlO3 and BiGaO3, our results
agree well with those calculated using different methods
and/or lattice constants.13 It can be seen that both Bi and O2

(b)

(a) (c)

(d)

FIG. 2. �Color online� Total and partial DOSs of four cubic BiMO3.
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ions have much larger effective charges, while the values for
the M ions are not much different from their nominal ionic
charges. The electron transfer is seen to take place in differ-
ent ways, because Al and In partially capture charges while
Ga and Sc lose electrons. Thus, the charge transfer in BiAlO3
and BiInO3 is from Bi to M �Al, In� and O ions, while that in
BiGaO3 and BiScO3 is from Bi and M �Ga, Sc� to O ions.
This different behavior of the M ions may be the cause of the
structure difference.

It has been suggested that there is a strong correlation
between Z*�A� and Z*�O2�, as well as Z*�B� and Z*�O1� in
titanate with a formula of ABO3.40 A similar correlation is
also observed in the four BiMO3 compounds. The values of

Z*�Bi� and Z*�O2� increase according to the order Al-Ga-Sc-
In, while those of Z*�M� and Z*�O1� increase according to
the orders In-Al-Ga-Sc and Al-In-Sc-Ga, respectively. Also,
as shown in Ref. 40, the values of �= �Z*�O1�−Z*�O2�� are
about 3.5, 2.5, and 5.3 for titanate, zirconate, and niobate,
respectively, whereas for BiMO3, � has a value as small as
1.2�e� for M =In or even 0.08�e� for M =Sc. This suggests a
strong interaction between M –O1 and Bi–O2 bonds and a
predominant role played by the M ions in the structural in-
stability of the BiMO3 compounds. This is consistent with
our analysis of electronic properties in Sec. III B, i.e., the
M –O bonding dictates the details of Bi-O hybridization.
Thus, the bonding character of BiMO3 should be different
from those of the titanates including PbTiO3. This suggests
that the four BiMO3 actually belong to a new type of mate-
rials and the BEC is a useful property to describe the local
bonding. It is well known that the large BEC of ions is re-
lated to the large displacement associated with the ferroelec-
tric instability.8 Consequently, the displacements of the Bi
and O2 ions are probably what induce the ferroelectric phase
transition. The origin of ferroelectricity will be re-examined
in detailed in a later section.

We note that the optical dielectric constants �� of the four
BiMO3 are substantially larger than those of cubic titanates
such as BaTiO3, PbTiO3, and PbZrO3. The corresponding
theoretical values are 6.75, 8.24, and 6.97, respectively. It is
reasonable to expect that BiMO3 may be promising dielectric
materials. Due to the strong covalent bonding and the
anomalously large BECs, BiMO3 should also be promising
ferroelectric and piezoelectric candidates for lead-free appli-
cations.

2. Zone-center phonon modes

According to the soft-mode theory, ferroelectric phases
may be related to the high-temperature high-symmetric

BiO

Al

(a)

Bi

O

In

Bi O

Ga

(c)

Bi

O

Sc

(b) (d)

FIG. 3. �Color online� Charge
density maps for cubic BiMO3 in
�110� plane.

TABLE III. Born effective charges and dielectric constant �� of
four cubic BiMO3 compounds.

BiAlO3 BiGaO3 BiInO3 BiScO3

Bi 6.41 6.47 6.83 6.58

6.22a 6.29a

M 2.80 3.05 2.72 3.75

2.84a 3.11a

O1b −2.32 −2.54 −2.38 −3.41

−2.34a −2.58a

O2 −3.47 −3.52 −3.58 −3.53

−3.38a −3.40a

�O1-O2� 1.15 0.98 1.20 0.08

� 8.41 9.01 10.88 10.87

aFrom Ref. 13.
bO1 denotes the oxygen atom in the direction of B-O bond, while
O2 means the one in the perpendicular direction.
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structure by the freezing in of unstable zone-center phonons.
Indeed, zone-center phonon modes are useful properties to
study to gain some insight into the physics of ferroelectric
instability. The zone-center phonon modes are computed for
the cubic BiMO3 using DFPT and are summarized in Table
IV, only giving the soft modes and their eigenvectors.
BiAlO3 and BiGaO3 compounds have one soft mode, while
BiInO3 and BiScO3 have 2. The first soft mode, a transverse
optical �TO� phonon, corresponds to the motion of Bi ion
opposite to the other ions. The value of eigenvector of O2 is
largest. The M ions basically have no effect on the displace-
ments of Bi and O ions. From the point of view of lattice
dynamics theory, the structural instability �ferroelectricity� of
BiMO3 comes from the Bi and O ions. Both BiInO3 and
BiScO3 have two soft modes; this is consistent with the fact
that the two compounds have low-symmetry ground struc-
tures. Up to this point, nevertheless, we have no definitive
evidence for the absence of ferroelectricity in BiGaO3, al-
though the M ion �Ga� is only one of the key factors.

D. Structural instability and its driving force

To explain the absence of ferroelectricity in BiGaO3, we
now examine the structural instability and its driving force
using the PES method. The PESs are obtained by displacing
each ion keeping the rest of the ions frozen. The details of
the calculations can be found elsewhere.25–28 Figure 4 shows
the PES of ions along the tetragonal �001� and rhombohedral
�111� directions in BiAlO3 and BiGaO3 at their predicted
equilibrium lattice constant and 1% volume expansion. We
performed the calculations assuming 1% volume expansion
to examine the volume dependence of the structural instabil-
ity, which is very important for titanate. In both compounds,
energy reduction can only be accomplished with the off-
center displacement of the Bi ion, indicating that the driving
force of structural instability only comes from Bi ion. Due to
the symmetry of cubic structure, all the PESs of Bi ions
along the �100	 crystallographic direction families are
equivalent with multiplicity of 6, i.e., there are six �100�
minima. Similarly, there are 12 �110� and 8 �111� minima
which are equivalent. From Fig. 4, it is observable that the
eight �111� minima are the smallest among all minima ��110�
minima are not given�. It is interesting to note that the eight

�111� minima obtained by the PES method are consistent
with eight-site model,41 based on which the order-disorder
character of the phase transition in BaTiO3 has been success-
fully explained.42 The same reasoning can be used to confirm
the order-disorder character of the phase transition for the
materials considered here. Like Ti ions in BaTiO3, Bi ions in
BiMO3 have eight minima and occupied one of the eight
off-center positions in the cubic unit cell along the �111	
directions. Following the model of Blinc and co-workers for
BaTiO3,42,43 the phase transition of BiAlO3, consequently,
can also be readily understood. The cubic phase consists of
random distortions along eight cube diagonals �111�, and the
tetragonal phase consists of displacements along four cube
diagonals giving an average structure with a polarization
along �001�, while the rhombohedral phase is ordered along
�111�. In addition, the PES of the O2 ions is very close to
that of Bi, suggesting a coupling between anion O2 and Bi
ions, indicating a contribution to the instability. Following
Ref. 28, both BiAlO3 and BiGaO3 are A-site driven ferro-
electrics like PbZrO3, and its instability comes from the Bi3+

ion, suggesting that the PES is a valuable tool for exploring
the driving force of structural instability. Similarly, the struc-

TABLE IV. Zone-center phonon modes �cm−1� and eigenvectors
of four cubic BiMO3 compounds. For BiInO3, O1BI

= �0.0,0.6108,0.1153�, O2BI= �−0.3538,0.0,−0.1153�, and O3BI

= �0.3538,−0.6108,0.0�. For BiScO3, O1BS= �0.0,0.6108,0.1153�,
O2BS= �−0.3538,0.0,−0.1153�, and O3BS= �0.3538,−0.6108,0.0�.

Mode Soft mode Eigenvector �Bi, M, O1, O2�

BiAlO3 TO −166 �−0.1506, 0.2470, 0.3656, 0.5922�
BiGaO3 TO −158 �−0.1875, 0.1999, 0.3528, 0.6125�
BiInO3 TO −262 �−0.1204, 0.0272, 0.1208, 0.6286�

−229 �0.0, 0.0, O1BI, O2BI, O3BI�

BiScO3 TO −233 �−0.1415, 0.0945, 0.2327, 0.6752�
−195 �0.0, 0.0, O1BS, O2BS, O3BS� (a)

(b)

FIG. 4. �Color online� Profiles of PES for the displacement of
ions along the tetragonal �001� �lines� and rhombohedral �111� �dot
lines� in cubic BiAlO3 �up� and BiGaO3 �down� at predicted equi-
librium lattice constant and 1% volume expansion indicated by
solid and vacuity symbols, respectively.
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tural instability in titanate such as BaTiO3 comes from B-site
cation Ti.28

The �110� in-plane instability is larger in BiGaO3 than in
BiAlO3. In BiGaO3, the large instability due to in-plane ro-
tation makes it an orthorhombic structure, while in BiAlO3,
the much smaller instability due to in-plane rotation results
in a rhombohedral structure. It is observable that volume
expansion enhances both tetragonal and rhombohedral insta-
bilities as well as the in-plane instability �Fig. 4�, similar to
that of BaTiO3.44 The potential energy surfaces indicate that
the driving force of the structural instability �ferroelectricity�
in BiMO3 comes from the 6s2 lone pair of Bi ion, while the
density of states, Born effective charges, and soft-mode
eigenvectors suggest that the structural instability is associ-
ated with the Bi and O ions, i.e., Bi-O hybridization is es-
sential for ferroelectricity in the BiMO3 compounds. As
mentioned in the foregoing, BECs also suggest that there is a
strong interaction between M-O1 and Bi-O2 bonds, and the
M ions may have a dominant role in the structural instability
of BiMO3. We conjecture that the partial charges gained by
the Al ions will enhance the Bi-O coupling, while the partial
charges lost by the Ga ion increases the interaction between
Ga-O1 and Bi-O2. At the same time, the interaction of
Ga-O1 will reduce the coupling of Bi-O2. In this context, it
is not surprising that the BiGaO3 is not ferroelectric and
BiMO3 compounds �M =Al, Ga, In, and Sc� possess different
structures at room temperature.

IV. CONCLUSIONS

In summary, we have performed first-principles density-
functional calculations to systematically investigate the
structural and electronic properties of compounds of the type
BiMO3, where M stands for a metallic ion. In this paper, we
consider three IIIB-group metals �M =Al, Ga, and In� and
one IIIA transition metal �M =Sc�. Optimized lattice param-
eters, bulk moduli, band structures, densities of states, and
charge density distributions are obtained. Our results are in
good agreement with other calculations in the literature. We
found that their electronic properties vary with M through
their effects on the Bi-O bonding. This points to the possi-
bility that the properties of BiMO3 may be tuned according
to design by appropriately choosing the M ion and/or com-

bination of different M ions. For example, the band gap be-
tween the occupied O 2p and unoccupied Bi 6p sates can be
changed between the wide range from 0.17 to 1.57 eV by
varying the M ion.

Similar to the titanates, BiMO3 have anomalously large
Born effective charges, despite the B-site M ions that are
very close to their formal ionic values. The BECs also show
strong interrelations between the M-O1 and Bi-O2 bonds,
which are not strong in titanate, zirconate, and niobate, indi-
cating that the M ions have a dominant role in the structural
instability of the BiMO3. The driving force of structural in-
stability �ferroelectricity� is found to be from the 6s2 lone
pair on the A-site Bi ion, while the calculated Born effective
charges and soft-mode eigenvectors suggest that the struc-
tural instability is related to both the Bi and O ions. Conse-
quently, the structural transition in BiMO3 may occur in the
following sequence: First, the Bi ion is displaced off center
to one of the eight �111� minima, coupling with the anion O.
This induces a cooperative movement of ions in the crystal
and results in the phase transforming of the cubic crystal
system to a lower-symmetry structure. As a result, the M ions
play a determining role in the transformation. Thus, for ex-
ample, the nonferroelectric nature of the transformation of
BiGaO3 is due to the dominant in-plane structural instability
caused by Ga. Considering the soft modes and eight �111�
minima, we suggest that the phase transition in BiMO3
should have a mixed displacive and order-disorder character.
In terms of PES of ions, BiMO3 compounds are A-site driven
ferroelectrics, the properties of which can be tuned by the
introducing a proper M ion. This may be the key to the
understanding of the variability of properties of BiMO3 with
distinct structures and to the physics of tunable ferroelec-
trics. In addition, BiMO3 are found to have relatively larger
optical dielectric constants than other perovskite and should
therefore be promising dielectric materials. BiMO3 or its de-
rivatives are thus interesting as ferroelectric, piezoelectric,
multiferroic, and photocatalytic materials.
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