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We predict the occurrence of large ferroelectric polarization and piezoelectricity in the hypothetical
perovskite-structure oxides, bismuth aluminate (BiAlO3) and bismuth gallate (BiGaO3), using density
functional theory within the local density approximation. We show that BiGaO3 will have a similar structure
to PbTiO3, although with much stronger tetragonal distortion and therefore improved ferroelectric
properties. Likewise, BiAlO3 shares structural characteristics with antiferrodistortive PbZrO3, but it is
also a ferroelectric with large polarization. Therefore, we propose the Bi(Al,Ga)O3 system as a replacement
for the widely used piezoelectric material, Pb(Zr,Ti)O3 (PZT), that will avoid the environmental toxicity
problems of lead-based compounds. Finally, we show that, in both BiAlO3 and BiGaO3, the large distortions
from the prototypical cubic structure are driven by the stereochemical activity of the Bi lone pair.

1. Introduction

The most widely used piezoelectric material today is the
substitutional ceramic PbZr1-xTixO3 (PZT); applications
include medical ultrasound devices, smart structures in
automobiles, and naval sonar and micromachines, to name
a few. The market for such devices is huge, estimated to be
tens of billions of dollars worldwide for sensors alone.1 The
large piezoelectric response of PZT (∼2700µC/cm2 for poled
ceramics2) results from two factors. First, the stereochemical
activity of the 6s2 lone pair on the lead ion causes large
structural distortions from the prototypical cubic perovskite
phase, and in turn strong coupling between the electronic
and structural degrees of freedom.3 And second, high
sensitivity is caused by the competition between the different
structures of the end point compounds PbTiO3 and PbZrO3

at the so-called morphotropic phase boundary in the solid
solution.4 However, PZT poses significant environmental
problems because of its high lead content.

Our goal in this work is to identify new, lead-free
ferroelectric materials with large polarizations and piezo-
electric responses. In particular, we seek materials whose
properties match (or surpass) those of PbTiO3 and PbZrO3

so as to identify nontoxic alternatives for PZT without any
loss in performance. There has been some progress in this
direction. Recent experimental5,6 and theoretical7 studies have

suggested BiScO3 as a possible replacement for PbZrO3 in
PZT. Likewise, solid solutions of (Bi,La)(Ga0.05Fe0.95)O3

8,9

and Bi(Ga,Sc)O310,11with PbTiO3 show promising properties.
While substitution of PbZrO3 by a Bi-based compound would
clearly halve the amount of lead, an entirely lead-free system
would be preferable. In this context, some solid solutions
based on BaTiO3 are being explored12 and solid solutions of
AgNbO3 with BaTiO3 or BaZrO3 have recently been
proposed.13 A very recent report of large piezoelectric
constants in solid solutions of (K0.5Na0.5)NbO3 with LiTiO3

is particularly promising.14

The avenue that we pursue is the use of bismuth-based
materials, which, for a number of reasons, are good alterna-
tives to Pb-based systems. First, Bi-based compounds have
similar or larger levels of ion off-centering than Pb-based
compounds, driven by the stereochemically active 6s2 lone
pairs on the Bi3+ ion.15,16 This leads to large ferroelectric
polarizations; a value of∼90 µC/cm2 was recently reported
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for BiFeO3 thin films17 and confirmed by first-principles
computations.18 In addition, they have considerably higher
transition temperatures to the paraelectric phase, resulting
in reduced temperature dependence of the properties under
room-temperature operating conditions. Finally, Bi is non-
toxic in its oxide forms; indeed, the active ingredient of a
popular antacid is bismuth salicylate.

Our first step is to identify candidate Bi-based materials
which have similar structures to the PZT end members,
PbTiO3 and PbZrO3. The structures of ferroelectric PbTiO3

and antiferrodistortive PbZrO3 can both be viewed as low-
symmetry distortions of the cubic perovskite ABO3 structure,
which they adopt above their Curie temperatures. Single
crystals of PbTiO3 have a tetragonal ground state with a
ferroelectric polarization19 of 75 µC/cm2, a corresponding
Curie temperature of 500°C, and a high piezoelectric
response (e33 ) 335 µC/cm2 and e13 ) -98 µC/cm2).20,21

The ferroelectric polarization and tetragonal symmetry result
from the relative displacements of the anion and cation cages
along one of the Cartesian axes of the cubic unit cell. PbZrO3

is not ferroelectric, but rotations of the oxygen octahedra
around thex and y axis combine with antiferroelectric
displacements of the Pb ions to reduce the symmetry to
orthorhombic, with a transition to the cubic phase at about
250 °C.22

The different behaviors of the two compounds can be
explained, at least in part, by the different relative sizes of
the ions. In PbZrO3, the large radius of the B cation, and
correspondingly large oxygen cage, means that the A site
holes are too big for the Pb ions. This drives the rotation of
the octahedra. Conversely, the small B cation in PbTiO3

results in smaller A sites and so there is no room for rotations
to occur. These relationships are often quantified using the
tolerance factor, t, defined as

where rA, rB, and rO are the ionic radii of the A, B, and
oxygen ions, respectively.23 A tolerance factor less than unity
suggests rotational instabilities (in PbZrO3 the value is 0.97)
and t > 1 points instead to ferroelectric distortions (the
tolerance factor of PbTiO3 is 1.03).

Here, we focus on bismuth gallate (BiGaO3) and bismuth
aluminate (BiAlO3) as possible replacements for PbZrO3 and
PbTiO3, respectively. Our choice is motivated by similarities
between the tolerances factors of BiGaO3 (t ) 0.97) and
BiAlO3 (t ) 1.01) and those of PbZrO3 and PbTiO3. This

leads us to anticipate similar structural distortions in the end-
point compounds and similar behavior in the solid solution.
There is almost no experimental information about either
material in its pure phase. A 1947 report in the Hungarian
journalMüegyentemi Ko¨zlemények24 states that BiAlO3 exists
in a tetragonal perovskite structure with a doubled unit cell
and lattice parameters 7.61 and 7.94 Å, but there is no
reference to a synthetic route, nor mention of material
properties. There are, to our knowledge, no experimental
reports of perovskite BiGaO3, nor any previous theoretical
studies of BiAlO3 or BiGaO3.

Additional motivation for our study is provided by the
desire to understand ferroelectricity in materials in which
theonly chemical driving force for off-centering is the lone
pair on the A-site Bi ion. In most common ferroelectrics the
B-site cations contribute strongly to the ferroelectricity, by
off-centering to increase the chemical bonding between their
valence d orbitals and the surrounding oxygen 2p orbitals
(the so-called second-order Jahn Teller (SOJT) effect.25,26,27)
Here, the empty Al 3d and Ga 4d orbitals are so high-lying
in energy that they are unlikely to have a strong chemical
interaction with the surrounding oxygens, and so will not
be SOJT-active. Similar behavior is expected in the emerging
class of “multiferroic” perovskites which have simultaneous
ferroelectric and magnetic ordering.28 In the most well-
studied multiferroics, for example, BiMnO315,29and BiFeO3,17

the magnetic B-site cation is not SOJT-active, and therefore
the ferroelectricity is driven entirely by the A-site cation.
By replacing the Mn3+ or Fe3+ in the Bi-based multiferroics
with Al3+ or Ga3+, we are able to isolate the role of bismuth
in ferroelectricity without the additional complication of
magnetic behavior.

The remainder of this paper is organized as follows: In
section 2 we describe the computational methods used in
this work. In section 3 we present our calculated phonon
spectra for hypothetical cubic BiAlO3 and BiGaO3, and
compare with those of PbTiO3 and PbZrO3. In section 4 we
present our calculated ground-state crystal structures of
BiAlO3 and BiGaO3, as well as their electrical properties,
and show that simple considerations of tolerance factors do
not correctly predict the behavior of the ground state. The
implications are discussed in section 5.

2. Computational Details

The calculations described in this work were performed using
the ABINIT,30,31PWSCF,32 and VASP33 implementations of density
functional theory and density functional linear response. Our
ABINIT and PWSCF calculations were carried out using optimized
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pseudopotentials, with semicore d states included in the valence
for Bi and Ga. We used an energy cutoff of 120 Ry, and a 6× 6
× 6 Monkhorst-Pack grid34 in calculations for single (five atom)
perovskite unit cells, with the appropriate reduction for supercells.
Structures were optimized using the Broyden, Fletcher, Goldfarb,
Shanno (BFGS)-based method35 and their local stability was
confirmed through calculation of phonons at high-symmetry points
(Γ and R) using DFT linear response. The exchange-correlation
was described using the Perdew-Zunger parametrization36 of the
Ceperley-Alder local density approximation (LDA) exchange-
correlation potential.37 Our VASP33 calculations used the PAW
implementation38 with the supplied potentials Bid, Gad, Al, and O.
We used a cutoff energy of 550 eV for geometry optimization and
of 450 eV for total energy and Berry-phase calculations. In all cases
we chose a 6× 6 × 6 k-point grid containing theΓ point, which
was checked against calculations with a Monkhorst-Pack34 grid.
Berry phase calculations39-41 for determining the spontaneous
electric polarization were carried out using VASP, employing a 6
× 6 × 10 k-point mesh.

3. Structural Instabilities

A well-established method for predicting low-symmetry
distortions in cubic perovskites is to first obtain the equi-
librium lattice constant for the ideal cubic phase, and then
to evaluate the spectrum of vibrational modes (phonons) at
that lattice constant.42 Phonons with imaginary frequencies
correspond to structural instabilities of the cubic phase and
indicate a lower symmetry ground state. A so-called
“Γ-point” instability, in which the atoms in each unit cell
move in the same manner, is indicative of ferroelectricity.
Other modes lead to different low-symmetry structures. The
calculated phonon band structure of BiAlO3, at our calculated
LDA lattice constant of 3.75 Å, and that of BiGaO3, at our
calculated LDA lattice constant of 3.83 Å, are shown in
Figure 1. Imaginary frequency phonons are plotted on the

negativey-axis. The symmetry labels for the most unstable
high-symmetry modes are marked on the plot. Note that both
compounds have instabilities throughout the entire Brillouin
zone, with those in BiGaO3 being considerably stronger than
those in BiAlO3. Compared with earlier calculations for
BaTiO3, PbTiO3, and PbZrO3, both phonon spectra are rather
similar to that of antiferrodistortive PbZrO3.42 The unstable
ferroelectricΓ15 mode corresponds to motion of the bismuth
ion opposite to motion of all the other ions in the unit cell.
The unstable modes at M and R are both antiferroelectric
rotations of the oxygen octahedra, whereas that at X shows
opposing motion of the bismuth and equatorial oxygen atoms.

4. Ground State Crystal Structure and Properties

Next, we calculate the crystallographic ground states of
BiAlO3 and BiGaO3. To ensure that we sample all likely
structures, and to avoid problems with local structural minima
and excessive computer time, we adopt the approach of
freezing in pairs of unstable phonon modes and then
optimizing the structure within the resulting symmetry using
the standard method of minimizing the Hellmann-Feynman
forces on the ions. We repeat many of our structural
optimizations with the ABINIT, PWSCF, and VASP codes
so as to cross check our results. We use the following
combinations of modes for our starting structures (the
subscripts indicate the direction of the distortion): X5′ alone
(Pmmasymmetry); M3 alone (P4/mbm symmetry); Γ[100]

(P4mm symmetry); Γ[110] (Cm symmetry); Γ[111] (R3m
symmetry); Γ[100] + M3 (P4bm symmetry); Γ[100] + X5′
(Pmm2 symmetry);Γ[100] + R25 (P1 symmetry); R25 alone
(R3hc symmetry);Γ[111] + R25 (R3c symmetry);Γ[111] + R25

(R3 symmetry).
4.1. BiAlO3 Structure. Our calculated ground-state struc-

ture for BiAlO3 hasR3c symmetry and is reached from the
cubic structure by freezing in two distortions: the anti-
ferrodistortive rotations of adjacent oxygen octahedra in
opposite directions along the [111] direction (the R25 mode),
plus the off-center displacements of the anion cage relative
to the cations along [111] (theΓ mode along [111]) as shown
in Figure 2. In this respect itcombinesthe antiferrodistortive

(34) Monkhorst, H. J.; Pack, J. D.Phys. ReV. B 1976, 13, 5188.
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Figure 1. Phonon dispersions for (a) cubic BiAlO3 and (b) cubic BiGaO3
along the high-symmetry lines of the Brillouin zone. Symmetry labels are
provided for all high-symmetry modes that correspond to lattice instabilities.

Figure 2. Predicted structure of BiAlO3. The Bi ions are in black, the Al
ions in light gray, and the O ions in dark gray.
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behavior of PbZrO3 with the ferroelectric behavior of PbTiO3,
although the ferrroelectric polarization lies along the diagonal
rather than the edge of the primitive unit cell. TheR3c
structure is 250 meV per formula unit lower in energy than
the cubic structure, whereas the energy gains obtained by
optimization from theΓ [111] mode alone (R3m symmetry)
or the R25 mode alone (R3hc symmetry) are only 200 and
180 meV, respectively. The structure is close to ideal
rhombohedral (the rhombohedral angle is 59.78°, compared
to the ideal value of 60°), and the calculated lattice constant
is 3.84 Å, slightly larger than that of the cubic phase. We
obtain an approximate Curie temperature,Tc, of 800 K, by
equating the energy difference between the ground state and
the centrosymmetricR3hc state tokTc.

Notice that our calculated rhombohedral structure is
inconsistent with our expectations based on analysis of the
tolerance factor, which predicted the absence of rotational
distortions. To confirm that our results are not an artifact of
the local density approximation, which is known to system-
atically underestimate lattice constants in comparison with
experiment, we repeated our total energy calculations for the
lowest energyR3c and R3m structures over a range of
enlarged cell sizes up to a 2% increase over the LDA lattice
constant. In all cases theR3c remained lowest in energy.
Our calculated structure is also inconsistent with the early
experimental report (ref 43) of a tetragonal perovskite
structure, with unit cell doubling in each direction. The
reported lattice parameters were 7.61 and 7.94 Å, which
corresponds to ac/a ratio of 1.04. These parameters are
consistent with a structure obtained by freezing in both the
R-point instability and thetetragonalΓ point instability, a
combination which we find to be higher in energy than the
ground state by∼85 meV. We hope that our calculations
will stimulate more experimental work in this area.

4.2. BiGaO3 Structure. Next, we determine the ground-
state structure of BiGaO3 by calculating the energies of
structures optimized in the same symmetries as those listed
above. In this case we obtain a tetragonal ground state,
reached by freezing in theΓ point instability along the [100]
direction. The tetragonality is unusually large; thea lattice
constant is 3.64 Å, and thec/a ratio is 1.3. Indeed, the
distortions are so strong that BiGaO3 is effectively a layered
material, with alternating (100) planes of Bi-O and Ga-O.
Both the Bi and the Ga are strongly off-centered, with
alternating Ga-O distances of 1.81 and 2.86 Å along the
[100] direction, and Bi-O distances of 2.30 and 3.74 Å.
Again, the computed structure is not predicted by consid-
eration of the tolerance factor, which suggests antiferrodis-
tortive rotations for the ground state. See Figure 3.

4.3. Calculated Electronic Properties.We find that the
ferroelectric properties of both ground-state structures are
very favorable. For BiAlO3, we calculate a change in
ferroelectric polarization from the centrosymmetric structure
of 75.6µC/cm2 along the [111] direction, and a piezoelectric
stress constant44 in the same direction,∂P[111]/∂strain[111], of
320 ( 10 µC/cm2. (The clamped ion contribution is-57.0
( 0.5µC/cm2.) The corresponding numbers for BiGaO3 are

151.9µC/cm2 along [100] for the polarization and-165.4
( 1.2 µC/cm2 for the e33 piezoelectric constant (change in
polarization along [100] when the strain is applied along
[100]); the clamped ion value is 56.5( 0.1 µC/cm2. The
polarization value of 151.9µC/cm2 is, to our knowledge,
the largest value ever predicted for a perovskite ferroelectric
and reflects the large displacements of the Bi and Ga ions
from their centrosymmetric positions. In particular, it is larger
than the calculated value for PbTiO3.21

5. Discussion

Our calculations suggest that BiAlO3 and BiGaO3 will
likely be excellent ferroelectric materials, with among the
largest polarizations known, high Curie temperatures and
significant piezoelectric responses. In addition, since the
structures of the two end-point compounds are distinctly
different, we anticipate that a Bi(Ga,Al)O3 solid solution
could show even higher response properties in the region of
the phase boundary between the two ground-state structures.
From a technical standpoint, our results indicate that ferro-
electrics in which the B-site cation is chemically inert, and
the displacements are driven entirely by the activity on the
A-site, can indeed have excellent ferroelectric and piezo-
electric properties. This augurs well for the ferroelectric
response of multiferroic materials, in which the magnetic
B-site cation is prohibited from undergoing an off-centering
second-order Jahn-Teller distortion.

The large polarization and piezoelectric response are a
result of the stereochemical activity of the Bi lone pairs,
which causes large displacements of the Bi ions from their
positions in the centrosymmetric phase. This is illustrated
in Figure 4, where we show our calculated electron localiza-

(43) Naray-Szabo, I.Müegyentemi Ko¨zlemények1947, 32.

(44) Note that the piezoelectric stress coefficients,eij, give the polarization
arising from a small strain at zero electric field,Pinduced,i ) eijηj, or
the stress induced by an applied field at zero strain,σj ) eijEi. They
are related to the piezoelectric strain coefficients,dij, by the elastic
constants.

Figure 3. Predicted structure of BiGaO3. The Bi ions are in black, the Ga
ions in light gray, and the O ions in dark gray.
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tion function45 (ELF) for BiAlO3 at a value of 0.65, obtained
using the STUTTGART TB-LMTO-ASA-code.46 The polar
[111] axis is oriented vertically (the Bi-Al-Bi-Al-Bi
ordering can be seen clearly along the front right edge of
the cell); a slice through the ELF is shown on the back panel.
The localized lone pairs on the Bi ions can be clearly seen
as the yellow lobe-shaped regions of high electron localiza-
tion.

The activity of the Bi ion in driving the structural
distortions is confirmed by our calculations of Born effective
charges (Z*’s), which are anomalously large on the Bi ions.
Z* is defined as the derivative of the polarization with respect
to the atomic position at zero macroscopic electric field, or
equivalently as the linear-order coefficient between the
electric field and the force that the field exerts on an ion at
zero displacement. A largeZ* indicates that even a small
electric field arising from atomic displacements yields a large
force, thus favoring the tendency toward a polarized ground
state. Previous work on ferroelectric perovskites47-50 has
clearly shown that the Born effective charges on the ions
that displace during the phase transition are “anomalous”,
in that they are far larger than (often almost double) the
nominal ionic charges.

Table 1 shows our calculatedZ* values for BiAlO3 and
BiGaO3, together with literature values for PbTiO3 and
BaTiO3. For BaTiO3, anomalous charges exist on the Ti ion
(almost double the 4+ formal charge) and on the oxygen in
the direction of the Ti-O bond, O|| (nearly three times the
2- formal charge). TheZ*s on the Ba2+ ion and on the O2-

ions in the direction perpendicular to the Ti-O bond (O⊥)
are very close to the formal charge values. This is consistent
with the ferroelectric stabilization resulting from charge
transfer between the Ti and O| ions, whereas the Ba2+ ions,
which do not have any states available for hybridization with

the oxygens, do not change their charge state during the phase
transition. In BiAlO3 and BiGaO3 the situation is exactly
opposite that of BaTiO3. The Bi ion shows a strongly
anomalousZ*, more than double its formal 3+ charge, which
is consistent with the activity of the Bi 6s2 lone pair in
stabilizing the ferroelectric distortion. The O⊥, which mixes
with the Bi during the ferroelectric phase transition, is also
markedly anomalous. The Al3+ and Ga3+ ions and the O|,
however, haveZ*s very close to their formal values,
indicating that they do not rehybridize through the ferro-
electric phase transition. Interestingly, PbTiO3 combines the
B-site and O| anomalies of BaTiO3 with (to a lesser extent)
the A-site and O⊥ anomalies of BiAlO3 and BiGaO3.

Finally, we point out that the behavior of BiAlO3 is quite
distinct from that of PbTiO3, and BiGaO3 is distinct from
PbZrO3. Therefore, our initial consideration of similarity in
tolerance factors and cation electronic structure was clearly
too simplistic to correctly predict the ground-state crystal
structures; these are also strongly influenced by the chemistry
of the perovskite. Woodward has pointed out52 that the
rhombohedral tiltings of the oxygen octahedra that lead to
R3c or R3hc structures are more favorable in perovskites with
higher valent A-site cations because these rotations optimize
Coulomb interactions with the oxygens, which are enhanced
for more highly charged cations. This is consistent with our
prediction of anR3c ground state for BiAlO3. However, we
do not yet have a simple chemical explanation for the
strongly ferroelectric, tetragonal structure of BiGaO3.
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Figure 4. Calculated electron localization function for the ground-state
R3c structure of BiAlO3. The Bi ions are in black, the Al ions in blue, and
the O ions red.

Table 1. Born Effective Charges for the ABO3 Compounds: BiAlO3

(This Work), BiGaO 3 (This Work), BaTiO 3,47 and PbTiO3
51 a

ZA* ZB* ZO|* ZO⊥*

BiAlO3 6.22 2.84 -2.34 -3.38
BiGaO3 6.29 3.11 -2.58 -3.40
BaTiO3 2.75 7.16 -5.69 -2.11
PbTiO3 3.87 7.07 -5.71 -2.51

a ZO|* is the born effective charge on the oxygen atom in the direction
of the B-O bond, andZO⊥* is the effective charge in the perpendicular
direction.
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