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Heterovalent and A-atom effects inA„B8B9…O3 perovskite alloys

L. Bellaiche,* J. Padilla, and David Vanderbilt
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855-0849

~Received 3 August 1998!

Using first-principles supercell calculations, we have investigated energetic, structural, and dielectric prop-
erties of three differentA(B8B9)O3 perovskite alloys: Ba~Zn1/3Nb2/3)O3 ~BZN!, Pb~Zn1/3Nb2/3)O3 ~PZN!, and
Pb~Zr1/3Ti2/3)O3 ~PZT!. In the homovalent alloy PZT, the energetics are found to be mainly driven by atomic
relaxations. In the heterovalent alloys BZN and PZN, however, electrostatic interactions amongB8 and B9
atoms are found to be very important. These electrostatic interactions are responsible for the stabilization of the
observed compositional long-range order in BZN. On the other hand, cell relaxations and the formation of
short Pb-O bonds could lead to a destabilization of the same ordered structure in PZN. Finally, comparing the
dielectric properties of homovalent and heterovalent alloys, the most dramatic difference arises in connection
with the effective charges of theB8 atom. We find that the effective charge of Zr in PZT is anomalous, while
in BZN and PZN the effective charge of Zn is close to its nominal ionic value.@S0163-1829~99!02603-X#
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I. INTRODUCTION

Simple perovskite compounds have the chemical form
ABO3. In the cubic phase, the oxygen atoms form a cu
lattice of corner-sharing octahedra with theB cations at their
centers, while theA cations form a second interpenetratin
cubic sublattice located at the 12-fold coordinated sites
tween octahedra. Interestingly, most of the perovskite co
pounds that are of greatest technological interests are
simple systems, but ratherA(B8B9)O3 alloys with two dif-
ferent kinds ofB atoms. Examples include the Pb~ZrTi!O3
alloys that are currently used in piezoelectric transducers
actuators.1–3 Other examples include Ba~MgNb!O3 for high-
frequency applications,4 and Pb~MgNb!O3 and Pb~ZnNb!O3,
which exhibit extraordinarily high values of the piezoelect
constants when alloyed with PbTiO3 .5

From a chemical point of view, two classes
A(B8B9)O3 compounds can be distinguished: homovalent
heterovalent alloys. In homovalent alloys, the twoB atoms
belong to the same column of the Periodic Table. T
A(Bx8B12x9 )O3 alloys can thus have a compositionx continu-
ously ranging from 0 to 1. A typical example of such
homovalent alloy is Pb~ZrxTi12x)O3 . On the other hand
there is a unique stoichiometry in heterovalent alloys, si
the two B atoms do not belong to the same column of t
Periodic Table. Typical examples of heterovalent alloys
Pb~Zn1/3Nb2/3)O3 , Ba~Zn1/3Nb2/3)O3 , Pb~Mg1/3Nb2/3)O3 ,
Ba~Mg1/3Nb2/3)O3 , and Pb~Sc1/2Ta1/2)O3 .

While many first-principles calculations have been p
formed to understand and predict properties of simpleABO3
perovskite systems~see Refs. 6–8 and references there!,
only a few studies have investigated alloy properties via
curateab initio techniques. For example, ferroelectric effec
in Pb~Zr1/3Ti2/3!O3 have been studied in Ref. 9, and energ
ics of long-range order structures of homovalent or hetero
lent alloys have been investigated in Refs. 10–13. Th
recent studies provide a useful understanding of the mi
scopic behavior of perovskite alloys, but they do not give
simple picture of the consequences of heterovalency on
energetics and properties of the alloys. For example,
may wish to compare the driving mechanisms respons
PRB 590163-1829/99/59~3!/1834~6!/$15.00
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for the energetics of homovalent and heterovalent alloys.
also unclear how the chemical difference between homo
lent and heterovalent alloys affects interatomic distances
dielectric properties.

Another aspect that is poorly understood is the effect
the A-atom identity on properties of heterovalent alloys. F
example, many Ba-compounds including Ba~Mg1/3Nb2/3)O3

~BMN!,4 Ba~Zn1/3Nb2/3)O3 ~BZN!,14 Ba~Zn1/3Ta2/3)O3

~BZT!,15,16 Ba~Mg1/3Ta2/3)O3 ~BMT!,17 Ba~Sr1/3Ta2/3)O3

~BST!,17 and Ba~Ni1/3Nb2/3)O3 ~BNN!,18 adopt a structure
with long-range compositional order in which one plane
B8 atoms alternates with two planes ofB9 atoms along the
@111# direction. We shall refer to this as the 1:2[111] struc-
ture. On the other hand, weak x-ray reflectio
have been detected in various Pb compoun
such as Pb~Mg1/3Nb2/3)O3 ~PMN! ~Refs. 19–21! and
Pb~Mg1/3Ta2/3)O3 ~PMT!,22 that are indicative of a rocksalt
like 1:1 ordering ofB8-rich andB9-rich sites on theB sub-
lattice. We will refer to this as the 1:1[111] structure, since it
can be regarded as consisting of a simple alternation
planes ofB8-rich andB9-rich sites along@111#. The nature
and strength of the atomic ordering have been shown to
crucial for the properties of this class of alloys.

Understanding heterovalent andA-atom effects can also
be very useful for building an accurate effective Hamiltoni
that can extend the reach of first-principles calculations
retaining only the physically relevant degrees of freedom11

Effective Hamiltonian approaches have been developed
the past for simple perovskite systems. When construc
from first-principles calculations, they have proven to
very successful both for reproducing phase transit
sequences,23–25and for studying ferroelectric domain walls26

as well as finite-temperature dielectric and electromechan
properties.27–29An effective Hamiltonian for a perovskite al
loy should include both compositional and structural degr
of freedom. A good starting point for treating the former m
be the simple model of Ref. 30. By focusing on electrosta
effects, this model successfully reproduces the compositio
long-range order observed in a large class of complex
erovalent perovskite alloys. However, in order to augm
1834 ©1999 The American Physical Society
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PRB 59 1835HETEROVALENT AND A-ATOM EFFECTS IN . . .
this model with a description of structural relaxations, we
motivated to understand the role of such relaxations in
energetics and the dielectric properties of these material

In the present study, we investigate both heterovalent
A-atom effects in an important class of perovskite alloys
ing first-principles techniques applied to ordered superce
To study heterovalent effects, we compare the compu
properties of Pb(B8B9)O3 alloys for the cases of homovalen
vs heterovalentB-site substitution. With regard toA-atom
effects, we are mainly interested in the differences betw
Pb compounds and other divalent-A compounds. While we
find that the energetics of homovalent alloys are mai
driven by atomic relaxations, we confirm that the elect
static interactions are extremely important to understand
energetic and other properties of heterovalent alloys. For
ample, electrostatic interactions are mainly responsible
the long-range order seen in heterovalent Ba compound
addition, we find that the formation of short Pb-O bonds
heterovalent Pb(B8B9)O3 alloys could help in destabilizing
the structure suggested by electrostatic considerations a
Finally, the present study also emphasizes that the diele
properties of homovalent and heterovalent alloys can di
considerably. For example, the effective charge of theB8
atom is found to be anomalous in homovalent alloys, whil
is close to its nominal value in heterovalent alloys.

Specifically, we have chosen three compounds for stu
These are the homovalent Pb~ZrxTi12x)O3 ~PZT! system, the
heterovalent Pb~Zn1/3Nb2/3)O3 ~PZN!, and Ba~Zn1/3Nb2/3)O3
~BZN! systems. To facilitate direct comparison between
homovalent and heterovalent alloys, we choose the s
compositionx51/3 for PZT as for PZN and BZN. Note tha
in all three alloys the largerB atom~Zn or Zr! is the minority
species, while the smaller one~Nb or Ti! is the majority.

All the supercells studied in the present article retain
version symmetry, thus preventing the occurrence of fe
electricity and piezoelectricity. While the Pb compoun
PZN and PZT do exhibit ferroelectricity at low temperatu
many interesting features~such as short Pb-O bonds31! ap-
pear in the paraelectric phase of these compounds. Moreo
the atomic ordering on theB sublattice, which is a focus o
the present work, is determined at growth temperatures
above the ferroelectric-to-paraelectric transition temperat
For the purpose of understanding the intrinsic differen
between homovalent and heterovalent alloys, and betw
heterovalent alloys with two differentA atoms, we thus de
cided not to relax the inversion-symmetry constraint.

II. METHODS

We limit ourselves to the two ordered superlattice str
tures shown in Fig. 1. These 15-atom supercells consis
oneB8 plane alternating with twoB9 planes along either the
@001# direction @Fig. 1~a!# or the @111# direction @Fig. 1~b!#.
The structure shown in Fig. 1~a! will be denoted as 1:2[001] .
As previously indicated, 1:2[111] denotes the structure show
in Fig. 1~b!. The lattice vectors of the 1:2[001] structure are
a[001]5a0@1,0,0#, b[001]5a0@0,1,0#, and c[001]
5ja0@0,0,3#, wherea0 is the lattice parameter andj is the
ordered-related axial ratio. The ideal 1:2[001] structure exhib-
its the tetragonal 4/mmmpoint group. On the other hand, th
point group of the ideal 1:2[111] structure is 3̄m, and its
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lattice vectors area[111]5a0@1,0,21#, b[111]5a0@21,1,0#,
andc[111]5ja0@1,1,1#, wherea0 is the lattice parameter an
j is the ordered-related axial ratio. We will retain the ide
group symmetry in both structures. The twoB9 atoms are
then equivalent by symmetry in both structures. Of the th
A atoms in the cell, the twoA atoms located between aB8
and aB9 plane are equivalent to each other and are free
move along the compositional~@001# or @111#! direction.
These atoms will be denotedA1 below. The thirdA atom,
which we denoteA2 , lies on the mirror plane between th
two B9 planes and is forced by symmetry to remain und
placed.

We perform local-density approximation~LDA ! calcula-
tions on the above supercells using the Vanderbilt ultras
pseudopotential scheme.32 As detailed in Ref. 33, a
conjugate-gradient technique is used to minimize the Ko
Sham energy functional. The ultrasoft-pseudopotential
proach has two major advantages. First, it allows for
generation of exceptionally transferable pseudopotentials
cause of its use of multiple reference energies during
construction procedure. Second, a modest plane-wave c
can be used, thus also allowing us to include the semic
shells in the valence for all the metals considered. Tech
cally, we chose the plane-wave cutoff to be 25 Ry, wh
leads to converged results of physical properties of intere33

using roughly 2 700 plane waves per 15-atom supercell.
Pb 5d, Pb 6s, Pb 6p, Zr 4s, Zr 4p, Zr 4d, Zr 5s, Ti 3s, Ti
3p, Ti 3d, Ti 4s, Zn 3d, Zn 4s, Nb 4s, Nb 4p, Nb 4d, Nb
5s, O 2s, and O 2p electrons are treated as valence electro
in the present study. Consequently, our calculations incl
122, 134, and 132 electrons per cell in BZN, PZN and PZ
respectively. We use the Ceperley-Alder exchange
correlation34 as parametrized by Perdew and Zunger.35 A
~6,6,2! Monkhorst-Pack mesh36 was used for the 1:2[001]
structure, corresponding to sixk points in the irreducible
wedge of the Brillouin zone, and providing a desirable ex
mapping onto the~6,6,6! mesh of the primitive 5-atom
simple perovskite cell.33 A ~3,3,3! Monkhorst-Pack mesh36

was used for the 1:2[111] structure, corresponding to 10k
points in the irreducible zone of the 1:2[111] structure. We

FIG. 1. ~a! The 1:2[001] A3(B8B29)O9 supercell. The successio
of planes from bottom to top~i.e., progressing along@001#! is
~B8,O!, ~Pb,O!, (B9,O!, ~Pb,O!, (B9,O!, ~Pb,O!, . . . . ~b! B-site
atomic ordering in the 1:2[111] structure, illustrated within a large
box aligned with the cartesian axes. The succession of planes
gressing along the@111# direction is (B8), ~Pb,O!, (B9), ~Pb,O!,
~B9), ~Pb,O! . . . ; only B8 andB9 atoms~small open and large filled
circles, respectively! are shown here.
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1836 PRB 59L. BELLAICHE, J. PADILLA, AND DAVID VANDERBILT
checked that this mesh leads to converged results by noti
that the total energy of PZT 1:2[111] structure computed with
the ~4,4,3! and the~3,3,3! meshes differed by less than 0.00
eV.

The lattice parametera0 , the ‘‘ordered-related’’ axial ra-
tio j, and those atomic displacements consistent with
symmetries of the ideal structures were fully optimized
minimizing the total energy and the Hellmann-Feynm
forces, the latter being smaller than 0.04 eV/Å at conv
gence.

The dynamical effective charge of an atom was de
mined by calculating the difference in polarization betwe
the ground-state structure and a structure in which the g
atom was displaced slightly along the compositional dir
tion, the first-order variation of the polarization with atom
displacement being the dynamical effective chargeZ* . We
follow the procedure introduced in Ref. 37, which consists
directly calculating the spontaneous polarization as a Be
phase of the Bloch states. Technically, we use roughly 2
Bloch states to assure a good convergence of the effec
charges.

III. RESULTS

A. Energetics

Figure 2 illustrates the computed energetics for the BZ
PZN, and PZT cases, showing the energy differences w
and without relaxations, and for 1:2[001] versus 1:2[111] su-
percells. Theunrelaxedstructure has an ideal axial ratioj
51 and ideal perovskite atomic positions, but a lattice c
stant that minimizes the supercell total energy. On the o
hand, the lattice constant, the axial ratio, and the inter
coordinates are all optimized in therelaxedcalculations. One
can clearly see that heterovalent and homovalent alloys
fer. In both of the heterovalent compounds BZN and PZ
the unrelaxed 1:2[111] supercell is lower in energy by mor

FIG. 2. Illustration of total-energy differences for~a! BZN, ~b!
PZN, and~c! PZT. The zero of total energy is arbitrarily chosen
be that of the unrelaxed 1:2[001] structure.
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than 2.5 eV than the unrelaxed 1:2[001] supercell. In ho-
movalent PZT, on the other hand, neglecting the relaxati
leads to a nearly identical total energy in the 1:2[001] and
1:2[111] supercells. This energetic difference between h
erovalent and homovalent alloys can be understood in te
of a model recently developed to explain atomic ordering
perovskite alloys.30 In this model, the total energy of a pe
ovskite with B-site compositional freedom is approximate
by an electrostatic energy given by

E5
e2

2ea (
lÞ l 8

DqlDql8

u l2 l8u
, ~1!

wherea is the cubic lattice constant andl runs over theideal
positions of theB atoms~e.g., over Zn and Nb atoms in BZN
and PZN, or Zr and Ti atoms in PZT!. e is a electronic
dielectric constant providing some screening effects andDql
is the relative charge, with respect to the averageB charge,
of theB atom in celll . For example, since Zr and Ti belon
to the same column~IV ! of the Periodic Table,Dql is exactly
zero for any cell in PZT. Applying Eq.~1! to PZT then leads
to an energy that is independent of the atomic ordering
tween Zr and Ti atoms. As shown in Fig. 2~c!, this expecta-
tion is nearly exactly demonstrated in our calculations on
unrelaxed 1:2[001] and 1:2[111] structures. On the other hand
in both PZN and BZN,Dq is equal to11 and22 for Nb and
Zn atoms, respectively. Thus, the electrostatic energyE
strongly depends on the atomic ordering of theB atoms, as
demonstrated in Figs. 2~a! and 2~b! for the unrelaxed het-
erovalent supercells.

One can also evaluate the difference in energy betw
the unrelaxed1:2[001] supercell and theunrelaxed1:2[111]
supercell for the heterovalent case~BZN or PZN! using the
model of Eq.~1!. The result is that the unrelaxed 1:2[001]
structure is higher in energy than the unrelaxed 1:2[111]
structure by~5.274 a.u.!/ea. Fitting this formula to the first-
principles energetic difference between the 1:2[111] and the
1:2[001] unrelaxed structures leads to reasonable value
the dielectric constante ~6.3 in BZN and 7.5 in PZN!. Thus,
analyzing the first-principles results in the framework of th
electrostatic model suggests that the screening is larger i
heterovalent than in Ba-heterovalent compounds. This
plains why the energy separation between unrelaxed 1:2[111]
and 1:2[001] supercells is larger in BZN than in PZN.

We consider next the relaxation energies~including relax-
ation of both atomic and lattice degrees of freedom!. It is
interesting to note that relaxations provide a comparable
crease in energy~0.6–0.9 eV! in all three 1:2[111] supercells,
independently of both theB-atom valence and theA-atom
kind. On the other hand, the relaxation energy in the 1:2[001]
supercell is strongly dependent on chemical effects. For
stance, relaxing atomic and lattice degrees of freedom in
Pb-heterovalent alloy PZN leads to a gain in energy as la
as 3.2 eV. This gain is eight times larger than the cor
sponding relaxational decrease in the Pb-homovalent a
PZT. As shown in Fig. 2, the different energetic behav
between Pb-homovalent and Pb-heterovalent 1:2[001] cells
has two direct consequences.

~i! The relaxed PZT 1:2[111] is much more stable~by 0.4
eV! than the relaxed PZT 1:2[001] . A similar energetic de-
crease of 0.3 eV has also been calculated in Ref. 10 fo
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TABLE I. Lattice parametersa0 and j ~see text!, atomic distancesd, and effective chargesZ* of
Ba~Zn1/3Nb2/3)O3 ~BZN!, Pb~Zn1/3Nb2/3)O3 ~PZN!, and Pb~Zr1/3Ti2/3)O3 ~PZT! supercells.A1 is anA atom
that relaxes along the compositional direction, whileA2 is prevented from relaxing from its ideal position b
symmetry.B8 is the largerB atom~Zr in PZT, Zn in BZN and PZN!; B9 is the smaller one~Ti in PZT, Nb
in BZN and PZN.! For each kind of bond, the number of them occurring per supercell is indicate
brackets. Our calculations agree with the results of Ref. 11 within 0.04 Å for all the bond lengths of the
1:2[111] structure.

BZN PZN PZT
1:2[001] 1:2[111] 1:2[001] 1:2[111] 1:2[001] 1:2[111]

a0 ~Å! 4.02 4.02 3.97 4.02 3.97 3.97
j 1.05 1.00 1.02 0.98 1.00 1.00
d(A1-O! ~Å! 2.66@4# 2.85@3# 2.54@4# 2.80@3# 2.74@4# 2.60@3#

2.91@4# 2.85@3# 2.87@4# 2.82@3# 2.81@4# 2.81@6#

3.28@4# 2.86@6# 3.28@4# 2.85@6# 2.91@4# 3.07@3#

d(A2-O) ~Å! 2.81@8# 2.83@6# 2.74@8# 2.80@6# 2.76@8# 2.76@6#

2.84@4# 2.84@6# 2.81@4# 2.85@6# 2.81@4# 2.81@6#

d(B8-O! ~Å! 2.01@4# 2.07@6# 1.98@4# 2.04@6# 1.98@4# 2.06@6#

2.38@2# 2.19@2# 2.11@2#

d(B9–O! ~Å! 1.82@1# 1.91@3# 1.84@1# 1.91@3# 1.89@1# 1.98@3#

2.01@4# 2.06@3# 1.99@4# 2.05@3# 1.93@1# 2.00@3#

2.10@1# 2.06@1# 1.98@4#

Z* (A1) 3.10 3.08 3.48 4.44 4.04 3.78
Z* (A2) 2.49 2.20 3.43 3.34 3.53 3.41
Z* (B8) 2.24 3.16 2.59 2.95 6.69 7.76
Z* (B9) 6.88 6.54 7.82 6.45 6.65 5.81
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PZT alloy with 50% of Zr and 50% of Ti, when going from
1:1[001] to 1:1[111] B-site cation ordering.~Consistent with
our previous notation, the 1:1[001] structure exhibits a suc
cession of two differentB planes along the@001# direction.!

~ii ! The relaxation occurring in PZN leads to a destab
zation of the 1:2[111] supercell with respect to the 1:2[001]

one. The gain in energy by atomic and cell optimization
the PZN 1:2[001] structure thus overcomes both the elect
static energy difference of 2.5 eV between unrelaxed 1:2[001]

and 1:2[111] PZN structures, and the relaxation energy of 0
eV in the PZN 1:2[111] structure.38 This may be consisten
with the fact that, unlike many chemically similar heterov
lent alloys, the ground states of Pb-heterovalent alloys s
as PMN and PMT do not experimentally adopt a 1:2 ord
ing along a @111# direction. The destabilization of th
1:2[111] supercell has also been found in PZN in Ref. 1
relaxed calculations performed on five different order str
tures predicted that the 1:2[111] supercell was only the third
lowest in energy of those studied.

Relaxation in the 1:2[001] heterovalent BZN supercell als
lowers the energy by a considerable amount~2.6 eV!. How-
ever, in contrast with PZN, this large decrease is not abl
overcome the very large electrostatic difference between
unrelaxed 1:2[001] and unrelaxed 1:2[111] BZN supercells.
This could be explained by our above estimates indicatin
smaller dielectric constant in BZN than in PZN. Our relax
LDA calculations thus indicate that in BZN the 1:2[111] su-
percell is significantly lower in energy than the 1:2[001] ,
which is consistent with the fact that the ground-state str
ture observed in BZN~and in many similar Ba-heterovalen
alloys! is the 1:2[111] one.4,14–18
-
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-
ch
-

:
-
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e
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B. Structural and dielectric effects

1. A-atom effects in heterovalent alloys: BZN vs PZN

One may now wonder what are the structural signatu
and the dielectric consequences of the different relaxati
that we find in the three materials under study. These
summarized in Table I.

First, Table I shows that the heterovalent alloys exhi
similar trends in lattice parameters. For example, in b
BZN and PZN, the axial ratio is larger for the 1:2[001] struc-
ture than for the 1:2[111] one. In particular, the axial ratio o
the 1:2[001] structure is significantly larger than the ide
value of unity ~by 5% and 2% in BZN and PZN, respec
tively!. This points to the importance of lattice relaxation
heterovalent alloys. As usual in LDA calculations, the calc
lated lattice constants agree within 1–2 % with the expe
mental lattice constants of 4.096 Å for BZN~Refs. 39 and
40! and 4.04 Å for PZN,41 the experimental values havin
been measured at room temperature in the cubic paraele
phase.

Furthermore, we find that all the atomic bonds in t
1:2[111] structure are very similar in the BZN and PZ
cases:~i! the A-O bonds range between 2.80 and 2.86
independently of theA atom ~i.e., Pb vs Ba!; ~ii ! the Zn-O
bond is lengthened~around 2.05 Å!; and~iii ! the Nb-O bonds
are equally divided into a group with intermediate lengt
~1.91 Å! and a group of longer bonds with lengths close
that of the long Zn-O bond. The atomic bonds in the 1:2[001]
structure are also qualitatively similar between PZN a
BZN. For example, one may notice four different featur
characterizing relaxed heterovalent 1:2[001] structures with
respect to relaxed heterovalent 1:2[111] structures:~i! four
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1838 PRB 59L. BELLAICHE, J. PADILLA, AND DAVID VANDERBILT
short A1-O bonds,;2.5–2.7 Å, that are much shorter tha
those expected from the sum of ionic radii42 ~2.70 and 2.82
Å for Pb-O and Ba-O bonds, respectively!; ~ii ! four short
Zn-O bonds,;2.0 Å; ~iii ! two very long Zn-O bonds,
;2.2–2.4 Å, that are much longer than the 1.95 Å expec
from ionic radii considerations;42 and ~iv! one short Nb-O
bond of 1.8 Å.

The differences in atomic bonds between BZN and P
arise mainly in the 1:2[001] structure. For example, som
Zn-O bonds are much longer in BZN 1:2[001] than in PZN
1:2[001] ; in particular, the Zn-O bond in BZN 1:2[001] is
;0.4 Å longer than the value of 1.95 Å expected in a pur
ionic perovskite compound.42 Similarly, some Pb-O bonds in
PZN 1:2[001] are shorter by more than 0.1 Å than the short
Ba-O bonds in BZN 1:2[001] . The formation of very short
Pb-O covalent bonds in PZN, and the existence of~unstable!
anomalous long Zn-O bonds in BZN, are probably the m
quantitative reasons for the larger relaxation energy foun
PZN 1:2[001] compared to BZN 1:2[001] .

Table I also shows the Born effective chargesZ* for BZN
and PZN supercells, calculated along the compositional
rection ~i.e., along either@001# or @111#!. One finds similar
trends as in simple perovskite compounds,43 namely, values
close to13.0 and14.0 for Ba and Pb atoms, respectivel
On the other hand, we find that the effective charges of
Nb atoms are much smaller~by 1–2 units! in the heterova-
lent alloy than in the paraelectric states of simple compou
such as KNbO3 and NaNbO3.43 Posternak et al. have
shown44 that the lengths of Nb-O bonds can have a dra
effect on the effective charges: they found that theZ* of Nb
decreases by more than 2.5 units when going from the c
paraelectric phase to the tetragonal ferroelectric phas
KNbO3. Thus, the fact that Nb atoms have a much sma
effective charge in BZN and PZN than in simple paraelec
compounds may be attributable to the Nb-O bond len
distribution found in the alloys. Furthermore, as seen
Table I, the existence of very short Pb-O bonds, which h
been experimentally detected in Pb-heterovalent alloys,31,45

also has a dielectric consequence: the effective charge o
Pb atom involved in those Pb-O bonds decreases when g
from PZN 1:2[111] to PZN 1:2[001] . A similar decrease of
the Pb effective charge has already been seen when g
from a system with ‘‘normal’’ Pb-O bonds to a system wi
short Pb-O bonds.9 Similarly, heterovalent 1:2[001] structures
exhibit both longer Zn-O bonds and a decrease of the ef
tive charge of the Zn atom.

2. Heterovalent effects: PZN vs PZT

As shown in Table I and at variance with heterovale
alloys, the homovalent PZT alloy adopts a near-ideal va
of the axial ratio in both the 1:2[001] and 1:2[111] structures.
The relaxation energy occurring in PZT 1:2[001] is mainly
attributable to the existence of longer Zr-O bonds and sho
Ti-O bonds, since the Pb-O bonds are very close to th
unrelaxed value of 2.80 Å . Unlike the 1:2[001] PZT and the
1:2[111] BZN and PZN structures, the 1:2[111] PZT structure
exhibits short Pb-O bonds; again, these are presumably
sponsible for the stabilization of the relaxed 1:2[111] PZT
supercell over its 1:2[001] counterpart. From a dielectri
point of view, these short Pb-O bonds lead to an effect
charge in PZT 1:2[111] that is smaller than in PZT 1:2[001] .
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The main difference in the effective charges of heteroval
vs homovalent alloys concerns theB8 atom~i.e., Zn in PZN
and BZN vs Zr in PZT!. One can see from Table I that Zr ha
an anomalously large effective charge;6.5! with respect to
its purely ionic value of14. A similar large effective charge
of Zr has been found in simple compounds and results fr
the weak hybridization of nominally unoccupied Zr 4d orbit-
als with the oxygen 2p orbitals.43 On the other hand, since
the 3d shell in Zn is below the Fermi level, hybridization
between the O 2p and Zn 3d orbitals does not contribute to
the effective charge.~Incidentally, we find that this hybrid-
ization is strong, as reported also in Ref. 11.! Hybridization
between the O 2p and Zn 4d states could in principle con
tribute toZ* , but the Zn 4d states are much higher in energ
and therefore unlikely to contribute strongly. This explai
the small values of the Zn effective charges displayed
Table I.

IV. CONCLUSIONS

We have performed accurate first-principles supercell c
culations to investigate energetic, structural, and dielec
effects in heterovalent and homovalent perovskite alloys

Our main findings are that the energetics of the homo
lent PZT alloy is mainly driven by atomic relaxation an
covalent effects. A PZT structure can thus be stabilized
the formation of short Pb-O bonds. The formation of the
short Pb-O bonds, which have been experimentally see31

leads to a decrease of the effective charge of the Pb ato
On the other hand, we find that the energetics of the h

erovalent BZN alloys is mainly driven by electrostatic inte
actions among the Zn and Nb atoms. As shown in Ref
these electrostatic interactions lead to the stabilization of
1:2 long-range-ordered structure along the@111# direction.
This 1:2 structure does not exhibit any shortA-O bonds,
which is consistent with the fact that very short Ba-O bon
have not been detected~to our knowledge! in heterovalent
perovskite alloys.

The situation in PZN is in between those of BZN an
PZN, in the sense that the optimization of the cell parame
and the formation of short Pb-O bonds in PZN could ov
come the large electrostatic interaction among the Zn and
atoms. The destabilization of the 1:2 structure along
@111# crystallographic direction can thus happen in PZN.
in PZT, the formation of these short Pb-O bonds leads t
decrease of the effective charge of the Pb atoms in PZN

Finally, one drastic difference in dielectric properties b
tween heterovalent and homovalent alloys concerns the
fective charge of the largerB-site atomB8. While Zr exhibits
anomalous large effective charge, the Born effective cha
of the Zn atom is very close to its nominal value.
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