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First-principles study of „BiScO3…1Àx-„PbTiO3…x piezoelectric alloys
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We report a first-principles study of a class of (BiScO3)12x-(PbTiO3)x ~BS-PT! alloys recently proposed by
Eitel et al.as promising materials for piezoelectric actuator applications. We show that~i! BS-PT displays very
large structural distortions and polarizations at the morphotropic phase boundary~MPB! ~we obtain ac/a of
;1.05–1.08 andPtet'0.9 C/m2); ~ii ! the ferroelectric and piezoelectric properties of BS-PT are dominated by
the onset of hybridization between Bi/Pb-6p and O-2p orbitals, a mechanism that is enhanced upon substitu-
tion of Pb by Bi; and~iii ! the piezoelectric responses of BS-PT and Pb(Zr12xTix)O3 ~PZT! at the MPB are
comparable, at least as far as the computed values of the piezoelectric coefficientd15 are concerned. While our
results are generally consistent with experiment, they also suggest that certain intrinsic properties of BS-PT
may be even better than has been indicated by experiments to date. We also discuss results for PZT that
demonstrate the prominent role played by Pb displacements in its piezoelectric properties.

DOI: 10.1103/PhysRevB.67.224107 PACS number~s!: 77.65.Bn, 77.84.Dy, 61.66.Fn
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I. INTRODUCTION

Perovskite alloys based on PbTiO3 ~PT! are of consider-
able interest for applications as piezoelectric actua
materials.1,2 The phase diagrams of the most technologica
important alloys are characterized by a morphotropic ph
boundary~MPB! separating the PT-rich tetragonal phase,
which the polarization lies along â001& direction, from the
PT-poor rhombohedral phase, in which the polarization
along a ^111& direction.3 Because the structural transitio
between these two phases brings about a large electro
chanical response, materials with a composition lying cl
to the MPB are the preferred ones for applications. Examp
of such materials are Pb(Zr12xTix)O3 ~PZT! or PZN-PT, in
which PT is alloyed with PbZrO3 ~PZ! or Pb(Zn1/3Nb2/3)O3

~PZN!, respectively.
Recently, attention has been drawn to a new class of

terials in which PT is alloyed with Bi-based perovskites, t
best-studied example being (BiScO3)12x-(PbTiO3)x

~BS-PT!.4 The appeal of BS-PT is twofold:~i! it appears to
have piezoelectric properties comparable to those of PZT
PZN-PT in quality, and~ii ! its dielectric and piezoelectric
properties should be more robust, over a wider tempera
range, than those of PZT and PZN-PT. The physical rea
behind ~ii ! is that the Curie temperature within the MP
composition range (TC

MPB) is higher in BS-PT (; 450 °C)
than in PZT (; 400 °C) or PZN-PT (; 200 °C), suggest-
ing that BS-PT at room temperature will age more slowly,
properties will be more temperature independent, etc.2,4 A
possible drawback is that BS-PT is evidently not thermo
namically stable in the perovskite crystal structure over
entire range of composition. However, for application p
poses it is only important that the perovskite structure can
obtained for compositions near the MPB, and this is inde
the case.

The authors of Ref. 4 synthesized BS-PT guided by
empirical crystal-chemistry rule suggesting that since Bi31 is
too small an ion to form a cubic perovskite with Sc31, it will
0163-1829/2003/67~22!/224107~6!/$20.00 67 2241
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have a strong tendency to move off-center from its hig
symmetry position, yielding a high structural transition tem
perature. While perhaps overly simplistic, this reasoning
undoubtedly partially correct and is likely to be useful f
materials engineering. However, it is unclear how to expl
the large piezoelectric responses found in BS-PT based
ion-size considerations alone. The ferroelectric properties
materials such as PZT are known to be related to the pa
covalency of some bonds,5,6 and the situation in BS-PT
should be similar. On the other hand, most of the relev
piezoelectric alloys have only Pb on theA site of their per-
ovskite structure, and the chemistry of Pb is known to
very important to their properties.7 The substitution of Pb by
Bi in BS-PT is thus of particular interest in view of the goo
piezoelectric properties of this material.

We present here a first-principles study of BS-PT. We fi
that Bi plays a crucial role, and in particular that hybridiz
tion between Bi-6p and O-2p orbitals is the driving force for
the ferroelectric instabilities of BS-PT, allowing for ver
large polarizations and responses. Our results are gene
consistent with experiment, but they also suggest that
intrinsic ferroelectric and piezoelectric properties of BS-P
alloys might be even better than those measured experim
tally to date.

We present our results in the form of a systematic co
parison of the properties of BS-PT with those of PZT. Se
tion II describes the first-principles methods employed.
Sec. III, we study the ferroelectric instabilities of pure B
PT, and PZ, introducing some corresponding calculations
BiYO3 ~BY! as an aid to the discussion. In Sec. IV, w
discuss the ferroelectric instabilities of the alloys and ma
contact with the experimental results, while Sec. V is d
voted to the piezoelectric properties of the alloys near
MPB. We summarize and conclude in Sec. VI.

II. METHODS

The calculations were performed within a plane-wa
implementation of the local-density approximation~LDA ! to
©2003 The American Physical Society07-1
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TABLE I. Relaxed structure and polarization for BiScO3 ~BS!, PbTiO3 ~PT!, PbZrO3 ~PZ!, BiYO3 ~BY!,
a VCA BS-PT alloy atx50.5 @BS-PT~VCA!#, a 10-atom BS-PT supercell@BS-PT~SC!#, a VCA PZT alloy
at x50.5 @PZT ~VCA!#, and a 10-atom PZT supercell@PZT ~SC!#. ~See text for details.! Reported are the
tolerance factort; the energy differenceDE ~in eV! per 5-atom cell relative to the cubic phase, and
polarizationP ~in C/m2), for tetragonal and rhombohedral phases; and thec/a ratio and the rhombohedra
anglea ~in degrees! for the tetragonal and rhombohedral phases, respectively. BS-PT~SC! has two inequiva-
lent rhombohedral phases; the reported results correspond to the lower-energy phase.

Tetragonal phase Rhombohedral phase

System t DE c/a P DE a P

BS 0.907 21.124 1.285 0.93 21.353 88.6 0.47
PT 1.027 20.060 1.049 0.82 20.047 89.6 0.72
PZ 0.970 20.214 1.035 0.73 20.274 89.5 0.78
BY 0.845 22.260 1.376 0.95 22.896 88.7 0.49
BS-PT~VCA! 20.376 1.114 0.92 20.412 89.1 0.60
BS-PT~SC! 20.472 1.079 1.06 20.565 89.4 1.05
PZT ~VCA! 20.060 1.026 0.69 20.061 89.6 0.67
PZT ~SC! 20.096 1.032 0.73 20.104 89.5 0.72
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density-functional theory, using ultrasoft pseudopotentia8

to represent the ionic cores. The following electronic sta
were included in the calculation: the 2s and 2p states of O,
the 3s, 3p, 3d, and 4s states of Sc and Ti, the 4s, 4p, 4d,
and 5s states of Y and Zr, and the 5d, 6s, and 6p states of
Pb and Bi. For the 5-atom unit-cell calculations, we use
35-Ry plane-wave cutoff and a 63636 k-point grid for
Brillouin-zone integrations. We checked that these choi
yield converged results. We also made some calculat
with a rocksalt-ordered~fcc! 10-atom unit cell, for which we
used a 30-Ry cutoff and a 43434 k-point grid. Atomic
relaxations were considered to be converged when the
sidual forces were smaller than 531025 a.u. Polarizations
were computed using the Berry-phase expression of K
Smith and Vanderbilt9 and always using a dense-enou
k-point mesh along the direction of the strings. The chara
of the electron energy bands was estimated by computing
partial density associated with the pseudopotential projec
of specific atoms@see Eq.~19! of Ref. 8 for guidance#.

Calculations using the virtual-crystal approximatio
~VCA! were implemented as in Ref. 10. In the VCA, on
works with virtual atoms defined by a pseudopotential tha
a weighted average of those of real atoms. Such a proce
may lead to meaningful estimates of the average prope
of an alloy provided that the valence orbitals of the re
atoms forming the virtual atom are similar in character. T
can be expected to be true for the pairs Bi-Pb and Sc-T
BS-PT. Also, both groups BiSc and PbTi have a total no
nal ionic charge of16, allowing them to be mixed in arbi
trary proportions. These requirements are also satisfied
PZT, which has previously been studied within the VCA.10,11

It is important to note that the VCA is not expected to rend
an accurate description of the electronic structure of a tr
disordered alloy, but rather to provide us with qualitati
energetic and structural trends. Also, the VCA is expected
work better for isovalent pairs of atoms~e.g., Zr-Ti! than for
heterovalent pairs~e.g., Bi-Pb or Sc-Ti!, which makes BS-PT
a particularly challenging system. For this reason, we as
22410
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the reliability of our VCA results by comparing them wit
some supercell calculations and available experimental in
mation.

III. PURE COMPOUNDS

As a preliminary step towards understanding BS-PT,
first consider pure BS~in the perovskite structure12! and
compare with corresponding calculations for pure PT a
PZ. The first three lines of Table I show the structural a
polarization results obtained by relaxing these syste
within ferroelectric phases of tetragonal (P4mm) or rhom-
bohedral (R3m) symmetry, always maintaining a 5-atom
unit cell. The atomic relaxations corresponding to the tetr
onal phases of BS and PT are given in Table II.

For BS, we find the rhombohedral phase to be lower
energy than the tetragonal phase, which agrees with the
perimental fact that BS-rich BS-PT is rhombohedral, and
find that the relaxations are very large. This is reflected b
in the structural data~we obtainc/a51.29 for the tetragona
phase of BS, compared with 1.05 for PT; see also the ato
displacements in Table II! and in the energetics (DEtet and
DErho of BS are one order of magnitude larger than for P
and PZ!. These results suggest that the cubic-perovs

TABLE II. Lattice constantc and atomic coordinates~relative to
A site, in units ofc) in the tetragonal phase of several syste
~following the notation of Table I!. Note that the ideal cubic-
perovskite coordinates arez(B)50.5, z(Ox , Oy)50.5, andz(Oz)
50.0.

~VCA! ~VCA!

BS PT BY BS-PT PZT

c ~a.u.! 9.14 7.65 10.00 8.07 7.65
z(B) 0.573 0.535 0.575 0.571 0.547
z(Ox ,Oy) 0.729 0.606 0.761 0.682 0.610
z(Oz) 0.177 0.094 0.180 0.145 0.085
7-2
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structure is not a very natural one for BS, a conclusion wh
is reinforced by experimental indications that pure BS at z
pressure is not even thermodynamically stable.4

The polarization associated with the tetragonal phase
BS is large,13 while that of the rhombohedral phase is re
tively small. In both cases, the largest contribution toP
comes from the displacement of Bi relative to its neighbor
O ions (Ox and Oy in Table II!. More specifically, in the
cubic phase of BS all effective charges are normal, i.e., w
values close to the nominal ionic charges, except for thos
Bi ~6.4! and Ox and Oy (23.2 along the polarization direc
tion!. Moreover, these are the ions with the largest relat
displacements associated with the ferroelectric instab
~see Table II!. The difference inP between the two phase
reflects a significantly smaller charge transfer when the
ion approaches three O ions~rhombohedral phase! instead of
four ~tetragonal phase!.

The fundamental role of Bi in the ferroelectric instabilitie
of BS is best appreciated in the electronic band-structure
shown in Fig. 1. As in PT@panel~c!#, the top valence state
of the cubic phase of BS@panel~a!# are O-2p in character.
However, the lowest unoccupied states of BS are Bi-6p-like,
at variance with the Ti-3d bands we find in PT. This fact
together with the relatively small gap of cubic BS, results
ferroelectric instabilities mainly characterized by a hybr
ization between Bi-6p and O-2p orbitals, not the one involv-
ing d bands of theB cation that is typical of most othe
ferroelectric perovskites.6,14,15 In the tetragonal phase of B
@panel~b!#, the gap opens considerably and the top vale
bands increase their Bi-6p character. The strong
Bi-6p–O-2p hybridization is also reflected in the fact th
the effective charge of Bi in the tetragonal phase recove
normal value~2.9 along the polarization direction!.

As indicated earlier, Eitel and co-workers chose to stu
BS-PT because of the large size mismatch between Bi
Sc.4 Such a mismatch is conveniently quantified in terms
the tolerance factor

t5
RA1RO

A2~RB1RO!
, ~1!

FIG. 1. Near-gap electronic band structure along theG-X direc-
tion for ~a! cubic BS,~b! tetragonal BS, and~c! cubic PT. Zero of
energy is at the valence-band maximum.
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whereRO, RA , andRB are the ionic radii of oxygen and o
the A and B cations, respectively.16 That is, t is the ratio
between the ideal cubic lattice parameters based onA-O vs
B-O bonding alone, witht51 corresponding to high perov
skite stability. As can be seen from Table I, the relatively lo
value of t50.907 for BS implies that the Bi ion should b
very unstable in the high-symmetry position of the cub
perovskite structure, consistent with our findings. We a
studied BY, for whicht50.845, and found even stronge
ferroelectric instabilities that are very similar in character
those of BS~see Tables I and II!. However,Ptet andPrho of
BY are almost identical to those of BS, not larger. Also, t
distance between Bi and its bonded O neighbors is roug
the same in the ferroelectric phases of BS and BY~4.33 and
4.35 a.u., respectively, in the tetragonal phase!. These two
facts seem to indicate that the onset of the Bi-6p–O-2p hy-
bridization~which also dominates the development of pola
ization in BY! is not very t dependent, suggesting that th
large polarizations of BS and BY cannot be attributed mai
to a size-mismatch effect. Instead, they are strongly linked
the particular chemistry of Bi, i.e., its strong tendency
bond covalently with the surrounding oxygen anions.

IV. ALLOYS: FERROELECTRIC INSTABILITIES

We now turn to a study of the BS-PT alloy within th
VCA.10,11We also carry out parallel VCA calculations on th
PZT alloy as a relevant reference.

Figure 2 shows the energies of the tetragonal and rh
bohedral ferroelectric phases of BS-PT and PZT.~The cubic
phase, which is material and composition dependent, is c
sen as the zero of energy.! Structural and polarization result
corresponding to those obtained for the pure compounds
shown in Tables I and II.

Associating the MPB composition with the crossing of t
energy curves for the two ferroelectric phases in Fig. 2,
estimate xMPB'0.65 for BS-PT, while the experimenta
value is 0.64.4 Similarly, for PZT we getxMPB'0.55, to be
compared with experimental values from about 0.45 to ab

FIG. 2. Calculated VCA energies of the tetragonal and rhom
hedral phases, relative to the cubic phase, as a function of PT
tent for BS-PT@panel~a!# and PZT@panel~b!#. Note the two dif-
ferent energy scales.
7-3
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0.52 ~the range of stability of the intermediate monoclin
phase3 of PZT!. Taking into account all the approximation
involved in our estimation, we must regard the agreemen
the case of BS-PT as partly fortuitous. Nevertheless, th
results suggest that our approach is adequate.

Figure 2 also shows that the energy reductions associ
with the ferroelectric instabilities of BS-PT are considerab
larger than those of PZT. In particular, at the MPB we ha
DEMPB520.234 eV for BS-PT and20.056 eV for PZT.
These results are reminiscent of the highly unstable cu
phase of BS previously discussed.

It is tempting to try to connect these numbers with t
Curie temperatures of BS-PT and PZT at the MPB. We kn
that, in principle, the thermal energy required for the syst
to remain in the high-symmetry paraelectric phase is of
order of uDEMPBu, which suggests thatTC

MPB of BS-PT is
about five times larger than that of PZT, i.e., higher th
1000 °C. However, we also know that in systems in wh
there is competition between different structural instabiliti
such an argument can grossly overestimate the trans
temperature. In PZT, for example, it is known that there i
competition between the ferroelectric rhombohedral~FE-rho!
phase and an antiferrodistortive~AFD! phase involving rota-
tions of the oxygen octahedra.17 Such a competition also
exists in BS-PT, since we find that this material present
strong AFD instability. Taking PZT as a reference, one co
try to estimate the effect of this competition in BS-PT in t
following way. The AFD phase supposes a strain of the hi
symmetry structure that is opposite to that of the FE-
phase. Atx50.5, for BS-PT, the volume per 5-atom cell o
the FE-rho phase is 415 a.u., while it is 396 a.u. for the A
phase, resulting in a volume ratio of 1.05. This ratio is 1
in PZT, which suggests that the FE-rho–AFD competiti
will be stronger in BS-PT than in PZT. Energetically, thoug
we find the opposite trend. The FE-rho phase is more fa
able by 0.15 eV in the case of BS-PT, while in PZT FE-r
is preferred to AFD by only 0.02 eV. Hence, we are unable
determine in which of the two systems the reduction ofTC

MPB

caused by the FE-rho–AFD competition should be larger.
the other hand, there is another mechanism missed by
VCA and which could significantly lower the transition tem
peratures of BS-PT. Because BS-PT is a disorderedheterova-
lent alloy, internal electric fields will be present in it. Suc
fields will cause local frustrations and enhance competit
between different polarization directions, resulting in a d
crease ofTC .18,19 In isovalentPZT, the internal fields and
their effects are bound to be much smaller. Quantifying th
effects would require a full statistical-mechanics study of
disordered alloys, but that is beyond the scope of this wo
In conclusion, all we can say about the issue of the transi
temperatures is that our results indicate thatTC

MPB of BS-PT
could well be significantly larger than that of PZT.

Let us now discuss the structural and polarization da
The ionic and strain relaxations of BS-PT are much lar
than those of PZT~see Tables I and II!. Importantly, at the
MPB composition we find c/a51.079 and Ptet
50.875 C/m2 for BS-PT, to be compared, respectively, wi
1.027 and 0.687 C/m2 obtained for PZT. The very large va
ues calculated for BS-PT in the MPB region suggest tha
22410
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piezoelectric response could be very large too, assuming
usual picture in which this arises from easy polarization
tation associated with the near degeneracy between tetr
nal and rhombohedral phases.20,21 In fact, according to our
results, it would not be surprising to find that BS-PT h
even better piezoelectric properties than PZT.

Here we have to note that, while our results for PZT are
reasonable agreement with experiment~at the MPB,c/a and
P of PZT are measured to be about 1.025 and 0.75 C/2,
respectively22,23!, our results for BS-PT significantly deviat
from experimental values. Reference 4 reportsc/a'1.023
and Ptet'0.32 C/m2 at the MPB of BS-PT, values that ar
much smaller than those that result from our VCA calcu
tions. In view of this discrepancy, we decided to asses
reliability of the VCA by studying a 10-atom supercell o
BS-PT at 50/50 composition. We have chosen a fcc super
in which there is rocksalt ordering both on theA sublattice
~Bi/Pb! and on theB sublattice~Sc/Ti!. The resulting super-
cell hasTd symmetry, so that all tetragonal ferroelectric d
main orientations remain degenerate, while the rhombo
dral domains split in two groups of four degenera
orientations.~Here we report results for the lower-energ
rhombohedral domains only.! The results, summarized in
Table I, display a significant reduction in thec/a of the te-
tragonal phase, but not large enough to reconcile theory w
experiment. The VCA error is presumably maximum atx
50.5, so atxMPB we would expect thatc/a should be at leas
1.045, still significantly larger than the experimental valu
Regarding the polarization, the 10-atom supercell values
actually larger than the VCA results.

In Table I we also included results corresponding to
analogous 10-atom supercell calculations for PZT.
expected,10 the VCA is more accurate for PZT~isovalent
alloy! than for BS-PT~heterovalent!. This is further con-
firmed by the atomic relaxation data~not shown here!.

Hence, for BS-PT a relatively large discrepancy betwe
theory and experiment remains. Its origins are most proba
related to the differences between the idealized crystal
samples we consider and the ceramic samples actually gr
~the internal fields present in real disordered samples
likely to play a particularly relevant role!. In any case, we
hope that the very largec/a and polarizations we obtain a
the MPB will stimulate further the experimental study of th
promising system.24

V. ALLOYS: PIEZOELECTRIC RESPONSE
NEAR THE MPB

Finally, we compute the piezoelectric response of BS-
and compare with that of PZT. First we investigate the co
ficients ei j 5dPi /dh j that describe the so-calledinverse
piezoelectric effect (h j is the j th component of the strain
tensor in Voigt notation!.26 We report here our results fore15
of the tetragonal phase, the coefficient known to be resp
sible for the large piezoelectric response of PZT.21,27 We fo-
cus on VCA alloys close to the MPB on the tetragonal si
specifically, we consider BS-PT atx50.7 (BS-PTx50.7) and
PZT atx50.6 (PZTx50.6).
7-4
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Following Ref. 28, we split the piezoelectric coefficie
into two parts,

e155e15,i1e15,c, ~2!

wheree15,c is computed at fixed internal atomic coordinat
~‘‘clamped-ion’’ term! and

e15,i5(
s

ea

v
Z11* ~s!

du1~s!

dh5
, ~3!

~‘‘internal-strain’’ term!. Here s runs over the atoms in th
unit cell, e is the magnitude of the electron charge,Z11* is the
effective charge associated with displacementsu1 along thex
direction,a is the lattice constant in thex direction, andv is
the unit-cell volume.

For BS-PTx50.7 we obtain e15,c520.93 C/m2 and e15,i
58.18 C/m2, which add up to e1557.25 C/m2. For
PZTx50.6 we obtain e15,c520.66 C/m2, e15,i58.24 C/m2,
and e1557.58 C/m2. Hence, both systems have a simil
e15, and in both the internal-strain contribution strong
dominates the response. To understand this, we note th
large value ofe15,i can arise in Eq.~3! either from a ‘‘dielec-
tric effect’’ ~largeZ* ) or an ‘‘elastic effect’’~large response
of the internal coordinates to strain, i.e., largedu1 /dh5).
Table III shows the calculated values ofZ11* anddu1 /dh5 for
all atoms in the unit cell of VCA BS-PTx50.7 and PZTx50.6.
In both systems, the response is mainly associated with
enhanced covalent bonding between theA ion and oxygens
Oy and Oz , as pictorially shown in Fig. 3. Our results furthe
suggest that the substitution of Pb by Bi enhances suc
mechanism, consistent with the fact that Bi is more el
tronegative than Pb. TheB ion contributes by shifting close
to Ox , but for theB-Ox pair the elastic effect is substantial
smaller than it is in the case ofA-Oy andA-Oz . We also note
that when these results are compared with the analog
ones for the smallere33 coefficient ~not shown here—see
Refs. 10 and 28 for related PZT results!, one finds that it is
the elastic effect that makese15 particularly large.

The above results one15 have revealed much about th
chemical origin of the piezoelectric response of these s
tems. However, the energetics of the piezoelectric respo
as well as the actual technological interest of a materia

TABLE III. Effective chargesZ11* and derivativesdu1 /dh5 as-
sociated with thee15,i piezoelectric coefficients of VCA BS-PTx50.7

and PZTx50.6. Derivatives given in units ofa, the lattice paramete
along the x direction; a57.27 a.u. for BS-PTx50.7 and a
57.42 a.u. for PZTx50.6. We use the convention tha
(sdu1(s)/dh550.

Z11* du1 /dh5

BS-PTx50.7 PZTx50.6 BS-PTx50.7 PZTx50.6

A 4.26 3.82 1.00 0.92
B 5.27 6.64 0.07 0.16
Ox 24.47 25.23 0.09 0.07
Oy 22.77 22.90 20.41 20.51
Oz 22.29 22.33 20.76 20.64
22410
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best characterized by thedirect piezoelectric coefficients
di j 5dPi /ds j reflecting the polarization that develops in d
rectioni by application of astresswith Voigt componentj ~or
equivalently, the strainj induced by an electric field alongi ).
In particular,d15 measures the ease of polarization rotati
associated with the large responses at the MPB. Techn
difficulties have traditionally hampered the direct calculati
of di j coefficients from first principles.29 In the present case
however, it is not hard to show thatd15 is just given by
e15/C̃5, where C̃5 is the shear elastic constant associa
with h5 when the atomic positions are allowed to relax
response to the strain~i.e., thedressedelastic constant! at
fixed electric field. We calculatedd155168 pC/N ~with C̃5

50.62 a.u.) for BS-PTx50.7 and d155196 pC/N ~with C̃5
50.56 a.u.) for PZTx50.6. These results agree in magnitud
with the piezoelectric coefficients of ceramic samples
BS-PT and PZT measured at room temperature and at
MPB, as well as with the semiempirical calculation of W
and Krakauer for an ordered PZT supercell.27

Thus, our calculations clearly provide evidence th
BS-PT can be expected to be a piezoelectric of compar
quality to PZT. This conclusion, as well as the leading role
Bi and/or Pb in the response, is further supported by ca
lations ofe33 in the tetragonal phase of the above-mention
10-atom supercells~i.e., by calculations in which the VCA
was not used!.

VI. SUMMARY AND CONCLUSIONS

Our first-principles study of BS-PT indicates that this m
terial displays very large structural distortions and polari
tions at the MPB. In particular, we obtainc/a between 1.05
and 1.08 andPtet'0.9 C/m2. We also find that the piezo
electric response of BS-PT near the MPB is comparable
that of PZT.

Our calculations show that the large polarization a
piezoelectric responses in BS-PT are mainly related to
onset of Bi/Pb-6p–O-2p hybridization, a mechanism that i
enhanced upon substitution of Pb by Bi, since Bi is a m
covalent atom. Our results also provide evidence of
dominant role of Pb in the piezoelectric response of PZT

FIG. 3. Sketch of the unit cell of the tetragonal phase of VC
BS-PT or PZT. The arrows represent the displacements assoc
with e155dP1 /dh5. Atoms in the pairsA-Oy , A-Oz , and B-Ox

approach each other.
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agreement with recent experimental studies.7 In both BS-PT
and PZT, this predominance of theA-site ions is related to a
large elastic effect, i.e., a large displacement of the ions
response to strain.

Our results are in reasonably good agreement with exp
ment. The quantitative discrepancies between theory and
periment~in particular, for the values ofc/a and the polar-
izations at the MPB! suggest that the intrinsic piezoelectr
properties of BS-PT alloys may be even better than th
measured experimentally to date. We thus hope that ou
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