PHYSICAL REVIEW B 69, 144118 (2004

Oxide chemistry and local structure of PbZr,Ti,_, O3 studied
by density-functional theory supercell calculations

llya Grinberg, Valentino R. Cooper, and Andrew M. Rappe
Department of Chemistry and Laboratory for Research on the Structure of Matter, University of Pennsylvania,
Philadelphia, Pennsylvania 19104-6323, USA
(Received 31 March 2003; revised manuscript received 12 November 2003; published 22 April 2004

The PbzgTi,_,0O5 (PZT) disordered solid solution is widely used in piezoelectric applications due to its
excellent electromechanical properties. The disorder is caused by the random arrangement of B cations. To
understand the relationship between properties of constituent atoms, local structure, and compositional phase
transitions, we examine the response of the individual Pb atoms, B cations, and oxygen cages to the variation
in the Zr/Ti arrangement and composition through first-principles density-functional-tf@Bify) calculations
on a variety of PZT supercells. We use a statistical analysis of the relaxed DFT structures to identify crystal
chemical structural motifs present in the Zr-rich rhombohedral, 50/50 monoclinic, and Ti-rich tetragonal phases
of PZT and to examine the influence of composition variation on the motifs. We find that the distortions of the
structure away from the ideal perovskite structure are governed by an interplay of bonding, electrostatic, and
short-range repulsive interactions that depends on the B-cation arrangement. For Pb-atom displacements, there
is a competition between electrostatic and bonding interactions that favor ordered collinear displacements, and
local repulsive interactions that favor disorder. This competition is strongly affected by the changes in Zr/Ti
composition and leads to compositional phase boundaries in PZT.

DOI: 10.1103/PhysRevB.69.144118 PACS nuniber61.43.Bn

I. INTRODUCTION their perfect perovskite positions. This can be seen from
the broadened peaks in the experimentally determined
The PbzyTi,_,O; (PZT) solid solution is a technologi- PZT neutron-scattering pair distribution functidh§PDP
cally important piezoelectric due to its superior electrome<Fig. 1. It is this local disorder within the framework of
chanical properties, which have only been recently surpassébie orderly perovskite lattice that gives PZT its interesting
by single-crystal piezoelectrics such as PMNYPHZT has  properties.
therefore been a focus of intense investigation experimen- The M phase can be considered a bridge betweenTthe
tally and theoretically*° andR phases, existing in a fairly narrow composition range
PZT is a perovskite alloy of PbZeD(P2) and PbTiQ (from 46% to 52% Tj and showing a rapid change in lattice

(PT). The end members of the PZT phase diagram, PZ anBarameters with composition. The macroscopic polarization
PT, have been characterized experiment&f§ and by rotates from(100 at 52% to(111) at 46% and is approxi-

means of theoretical DFT calculatiofis?2PT is a ferroelec- Mately (211 at the 50/50 technologically most favorable
tric (FE) material with a simple tetragonal structure, while composition. More recentijl phases have been observed in

. a variety of other Pb-based perovskités?’
PZ has a complex antiferroelectiFE) ground state. By In the past decade, neutron-scattering experirfiehté
themselves, neither PZ nor PT are particularly good piezo-
electrics, but mixing these materials in a disordered solid
solution gives rise to excellent piezoelectric response. The B ' ' ' ' ' '

macroscopic phase of PZT depends on the Zr/Ti ratio and | - gg;gg;ﬂe:f;eﬁ;‘lzlﬂ i
temperature. Six phases have been observed: a Zr-rich phas ] 3 -+ 60140 R PZT experimental PDF | |
(AFE), two rhombohedralR) phases at different tempera- 02

tures(FE), a tetragonalT) phase(FE), a paraelectric high-
temperature cubic phase, and the recently discovered lowg 015
temperature monocliniéM) phase(FE) around the 50/50 A
Zr/Ti compositiort:*?* (the morphotropic phase boundary be-
tween theT andR phases

All PZT phases are generated by distortions from the cu-
bic perovskite structure, wita B cation in the center of the
cube, O ions at the face centers of the cube, and Pb ions it
the cube corners. The main difference between the phase s
lies in the lattice parameters and in the orientation of average
polarization. For all phases, there is also variation in the
magnitude and direction of the B-cation distortions within  FIG. 1. Experimental neutron-scattering pair-distribution func-
their Q; octahedra, as well as in the magnitude and directionions (PDF’s) for the T (dashedi M (solid), andR (dotted phases of
of the displacements of both the Pb and O ions away fronPZT from Dmowskiet al. (Ref. 10.
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have determined some structural features of PZT and related The rest of the paper is as follows. In Sec. Il we describe
perovskite compounds. In PbTjQPb off-centers by 0.5 A, our methodology, both the computational techniques used to
making four short 2.5 A Pb-O bonds. Ti off-centers by 0.3 A, obtain the structures of PZT and the crystal-chemistry con-
creating one very short 1.74 A Ti-O bond. In the AFE PZ,cepts that are used to analyze those structures. In Sec. Ill, a
four short Pb-O bonds are created by a combination of Zr-ostatistical analysis Of the local structure of PZT is presented
octahedral rotations and small Pb distortions. The motif ofor O cages, B cations, and Pb distortions. In Sec. IV, we
short Pb-O bonds is also present in PDF’s of PZT at alfhow how the motifs analyzed in Sec. Ill can be used to
compositions and in PDF’s of many other Pb-basedXplain the dIS.'[OI‘tIOI’]S away from the high-symmetry struc-
perovskite<? this seems to be an intrinsic requirement of theture observed in our PZT supercells. In Sec. V, we compare
Pb-O bonding at the perovskite A site. Further OUr supercells to the experimental PDF data forRhé/, gnd
experimentd?2®-31and theoretic4lstudies have shown that 1 Phases of PZT. In Sec. VI, we show how changes in local
octahedral rotations are not limited to the AFE end membeptructure with Zr/Ti composition are related to the composi-
PZ, but also exist in the FR and M phases of PZT. In a ti_onal phase transitions. Section VIl presents our conclu-
low-temperature neutron-scattering PDF stffifpmowski ~ Slons.

et al. have shown that in contrast to PZ and PT, the 6640

50/50M, and 40/60T phases of PZT display strong structural ll. METHODOLOGY

disorder in the atomic positions of the Pb atoms. The disor-
der is maximal at the 50/50 composition. While the assign-
ment of the peaks in the PDF’s puts a strong constraint on The quenched disorder in the B-cation arrangement elimi-
the zr-O, Ti-O, Pb-O, and O-O distances, it does nothates translational symmetry in PZT. This makes a real-
uniquely determine the structure, since the PDF is an enspace, local-structure-based treatment well suited for the
semble average over many local environments. All theanalysis of the structure of this material. The crystal-
phases have extremely similar PDF’s, indicating similar locachemistry approach treats atoms as distinct entities which
structure despite different orientation of overall polarization.possess transferable propertiesy., atomic size In a com-

We note here that the chemistry of the A- and B-site off-plex oxide such as PZT, optimal values for all atomic prop-
centering has been shown to be different. The Pb displacerties often cannot be achieved simultaneously, and the ma-
ment and the formation of short Pb-O and Pb-S bonds i¢erial assumes a compromise structure with tradeoffs among
driven by mixing of Pb 8 and & orbitals and O P states the various atoms. In this paper, we use crystal-chemical
leading to the formation of a lone pdf33 The off-centering  concepts to analyze the relaxed structures of our DFT super-
on the B site is driven by hybridization between the B cationcells, relating the local structure in the supercells to atomic
d states and the O states’ which reduces the overlap Properties. We also analyze the behavior of each ion in terms
repulsion, allowing for the formation of short B-O bonds. ©f local structural motifs, analogous to the treatment of shell

Relating the origin of compositional phase transitions andstructures in fluids.
morphotropic phase boundaries to properties of individual lonic size is one of the simplest crystal-chemistry con-
atoms is crucial for understanding the effect of variation incepts. It is very useful for predicting bond distance and can
atomic composition on material properties. Such microscopi@/so be used to predict ferroelectricity in perovskite materi-
understanding is needed for the design of better materiafls. For example, for each ion, Shannon and Prewitt assigned
and is most naturally obtained from first-principles calcula-a particular ionic siz€ (dependent on the coordination num-
tions where one can, in a controlled way, vary the local strucben; preferred distances between two nearest-neighbor ions
ture of the material. can then be estimated by adding up their ionic radii. In the

However, the study of disordered solid solutions such aperovskite ABQ structure, the A-O and B-O sublattices
PZT from a first-principles perspective is challenging for have their own preferred bond lengths and lattice parameters.
several reasons. PZT exhibits quenched disorder in th# some cases such as PbJiCGhe preferences of the two
B-cation arrangement, creating a “disorder gap” betweensublattices nearly coincide. In other cases, the A-O sublattice
small, density-functional theor§DFT)-accessible supercells would prefer either a shorter (PbZgDor a longer (BaTiQ)
and the real material. The long-range Coulomb interaction#attice constant than the B-O sublattice. In such cases, the
of the charged ions in the system enable long-range stru@ctual lattice parameters assumed by the material are a com-
tural correlations. Furthermore, as can be seen from thpromise between the two preferences. To characterize the
broad peaks in the experimentally obtained PDF’s, a varietp-O/B-O competition in perovskites, the tolerance fadtar
of distortions away from the high-symmetry positions aredefined as

A. Crystal chemical analysis tools

possible.
To bridge the disorder gap, we systematically examine the ~ Rao 1
response of the Pb atoms, B cations, and O cages to varia- B ReoV2 @

tions in the Zr/Ti arrangement and composition through first-

principles DFT calculations on a series of PZT supercells. AvhereR, ¢ is the sum of A and O ionic radii anélg g is the
predictable dependence of motifs on local structure then alsum of B and O ionic radii. Tolerance factisr 1 leads to the
lows construction of a conceptual framework that relates theotation of the B-Q octahedra, accommodating the larger
microscopic changes in local structure with macroscopid-O sublattice by expansion of Bgctahedra and accom-
compositional phase transitions. modating the smaller A-O sublattice by shrinking the volume
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TABLE I. Bond valence parameters for Pb-O, Zr-O, and Ti-O
bonds given by BrowriRef. 36 and as modified by u&Ref. 38.

PHYSICAL REVIEW B 69, 144118 (2004

TABLE IlI. Distances and bond orders of the six shortest Zr-O
bonds in PZ and Ti-O bonds in PT. Zr-O distances are from Teslic
and EgamiRef. 20; Ti-O distances are from Dmowski al. (Ref.

Brown’s Modified 10). All distances in A. Bond orders are computed using the modi-
RO N RO N fied Brown’s rules of valencéRefs. 36 and 38

Pb-O 2.044 5.5 2.021 5.5 710 71-0 Ti-o Ti-0
Ti-O 1.806 5.2 1.846 5.2 distance  valence distance  valence
x short 2.08 0.65 1.78 1.20
of the A site. Such octahedral rotations often generate a low- y short 2.08 0.65 1.98 0.70
temperature AFE phase.g., PbZrQ). If t>1, the B-Q z short 211 0.60 1.98 0.70
octahedra are stretched from their preferred B-O bond xlong 2.10 0.62 2.37 0.29
lengths, promoting B-cation distortions by creating room for y long 2.11 0.60 1.98 0.70
the B cations to off-center. Therefore, simple perovskites  zlong 2.15 0.60 1.98 0.70

with t>1 are usually FE. In the case of perovskites with
mixed ion occupation on the B site, the Br©Octahedra of
the_ larger B cation will be larger than those of the smaller B(BV) parameters were able to correctly reproduce the com-
cation. positional phase transitions and the neutron-scattering PDF’s
Another crucial crystal-chemical concept is valefit®.  for the R, M, and T phase$® and we therefore used the
Each atom in the system is viewed as seeking to possess theodified set to perform the BV analysis.
number of bonds equal to its formal chargeo for Pb and While the concepts of ionic size and valence are general
O, and four for Zr and Ti in PZ and BTSince bond order is  to a very wide class of materials, in this work we also exten-
a function of the bond distance, some cation-anion distancesively analyze the behavior of Pb and B-cation distortions
may be shortened or lengthened to preserve the correct nuniside their respective oxygen cages which is specific to FE
ber of cation-anion bonds. A structure with atoms whose toperovskites. Cationic off-center distortions displace the cen-
tal bond orders are less thannderbondepor greater than ter of positive charge with respect to the center of negative
(overbondeditheir valence is unfavored. The relationship be-charge, giving rise to spontaneous macroscopic polarization.
tween bond order and bond distance and consequent bondirgy the B-Q complexes, off-centering can be either covalent
requirements can be estimated from A-O and B-O distancegr transverse. In a covalently polarized B-G@omplex, the
in AO and BQ, (for B cations with a valence of)4oxides,  B-cation displaces strongly toward one or more oxygen at-
respectively. For example, Pb-O bond lengths in PbO argms, creating short covalent B-O bonds and splitting the
about 2.5-2.7 A; in a variety of FE, AFE, and relaxor per-B.0, distances into groups of short, medium, and long. In
ovskites, Pb-O distances are typically 2.85 A in the high-ransversely polarized B«Jcomplexes, there is no B-cation
symmetry structure. Pb atoms are underbonded in the hightisplacement and the bond order of B-O bonds does not
symmetry structure, so they must make several short Pb-@nhange from the ideal structure. Instead, thec@ges distort,
bonds to satisfy the valence requirement. This results in th@hanging the O-B-O angles and moving the center of the
well-known tendency of Pb atoms to strongly off-center in anegative charge away from the B-cation position. This cre-

variety of perovskite$®
Empirically derived Brown’s rules of valent®can be

ates a local dipole moment transverse to the B-O bonds that
participate in the angle bend. Ti;ctahedra in PT are an

used to quantify bonding requirements for a range of oxidgxample of covalent off-centering, while Z;@ctahedra in

systems. Each atom has a desired valgoceotal bond or-

PZ show transverse off-centering. The six shortest Zr-O and

den V7. The actual valence of each ion can be calculated a$i-0 distances in PZ and PT, respectively, are presented in
a sum of individual cation-anion bond orders which are ex-Taple II. The difference between the bond order of the short-

pressed as a power law in the bond distaRge The devia-
tion from the ideal valenc®? for ion i is

AV;=2> (R /R MNi—VP. )
]

Thej sum runs over all nearest neighbors of ttteatom and
Rioj andN;; relate bond strength to distance.AV;<0, the
atom is underbonded, anklV;>0 signifies overbonding. In
this paper, we use the modified Brown'’s rules of valeRge
and N;; parameter§>® to analyze cation-oxygen bonding.

est and longest Zr-O bonds is 0.12. For Ti-O, the bond order
varies by 0.9, showing much greater covalency. The covalent
distortion along the directionDy is given by

Df=(RP*+R™)/12—-RP, &)

whereR®* andR?? are the coordinates along thelirection

of the two oxygen atoms bonded to the B cation alongithe
direction andR? is thei coordinate of the B cation. The total
off-centering distortiorD! along thei direction is

Table | presents the original Brown’s parameters for Pb-O,
Ti-O, and Zr-O bonds and the parameters used here. The
differences between the two parameter sets are slight. Em-
pirical model calculations using the modified bond-valence

D}:(Z Rin>/6—RiB, @

J
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where thg runs over the six-nearest-neighbor oxygen atoms 08
of the B cation. i |
Another motif specific to FE materials is the preference
for the cationic distortions to align. In a study of prototypical 0.6
ferroelectrics BaTiQ and PbTiQ, Cohen showed that a 05'_ !
delicate balance exists between long-range Coulomb interac _ | il
tions that favor FE distortions and the short-range repulsion%“ 0.4
which favor the undistorted high-symmetry structure. In BT 2
and PT, the short-range repulsions are weakened by B-O an
A-O hybridization, enabling cation distortions and giving o2
rise to ferroelectricity. Simple arguments suggest that the in-

Ideal

==

m

B
!

&

dividual dipole moments created by cation off-centering pre-  *![ )

fer to align. This is supported by the ordered low- 0 OAAUR R

temperature structure of simple FE perovskites. However, in —_—t
some cases the preference for dipole alignment is out- Distance (A )

weighed by local interactions and an ARE.g., P4 or a

ferrielectric (e.g., Na,,Bi;,TiO3) phase is preferretf. The FIG. 2. Comparison of the experimentéRef. 10 neutron-

fact that in such systems the distortions are smaller than ifcattering PDRsolid) with that generated from an ideal perovskite
ferroelectric perovskites is further evidence of the genera$tructure(dashed for 50/50 PZT. Note the much sharper peaks as
preference for dipole alignment. well as the absence of a Ti-O dip at 1.85 A and a Pb-O peak at 2.4
Similar to a fluid, there are many different local configu- Ain the ideal perovskite.
rations which give rise to the macroscopic properties of a. .
disordered PZT solid solution crystal. However, even forlinct 3X2x1 supercells at 67/33 and 33/67 compositions,
completely aperiodic systems, pair distribution functions carf€SPectively(Fig. 3. The energies and polarization directions
provide ensemble average information about the interatomi€f the relaxed structures of our DFT supercells are shown in
distances. This makes analysis of the PDF’s a natural choick2Ple 1ll. The small energy differences between the super-
for study of PZT local structure. Inspection of the PDF’s cells |mply that the arrangements studied here will all be
obtained by Dmowskét al. shows a Ti-O peak at 1.85 A, a Present in the real material. o
Zr-O peak at 2.0 A, a Pb-O peak at 2.5 A, and a mixed Pb-O, The 4x2x1 and 3<2x1 supercells used in this study
0-O peak at 2.88 A(The amplitudes of the experimental hayg a_one—unlt—cell perlod_|0|ty in thedirection. Such peri-
PDF's are modified by the neutron-scattering lengths an@dicity is of course absent in the real PZT. Also, certain local
thermal width factors for the constituent atoms. For Ti, the€nvironments cannot be studied in &2x 1 or a 3x2X1
scattering length is negative; this explains the negative amsupercell, such as a Z1i) cation surrounded by six Tir)
plitude of the Ti-O peak.The splitting of the Pb-O peak is neighbors. To make sure that the local motifs we found are
present in PDF’s of many FE perovsk&and points to the transferable to larger cells, we performed calculations on
presence of large Pb distortions in the material. The PDEhree distinct X 2x2 60-atom supercells at 50/50 composi-
peak widths are indicative of the large degree of disordefion. A comparison of results for displacement magnitudes,
present in the material. A perfect perovskite crystal wouldc@ge volumes, and valences obtained by24<1 calcula-
give sharp peaksésee Fig. 2 at short distances, in contrast tONns and X2x2 calcul_emons is presented in Table IV; it
with the broad peaks present in the experimental PDF'scan be seen that the differences between 40- and 60-atom
Since the experimental PDF’s were obtained at 10 K, thdesults are quite small. Similar results are also obtained for
broad peaks in experimental PDF’s cannot be accounted fégle scatter for the two sets of calculations. An analysis of
by thermal motion and are evidence of structural disorder40-atom structures relaxed at experimental lattice constants
Complete knowledge of the structures of our DFT supercells

allows us to augment the analysis of the total PDF’s by com- 50/50 Ti-rich
puting partial PDF's for Pb-O, B-O, and Pb-B-cation dis- ] ZTZT 6 ZZTT | IIT , TZT
tances. These provide insights into the local structure un- TZTZ ZTTZ TZz TZT
available from the analysis of the total PDF. o ZTZT 7 TTZT 3 ZTIT
ZTZT VARV TZT
. . 3 7777 8 YHAVS Zr-rich
B. Supercell modeling of quenched disorder TTTT ZTTT 777 717
To model the quenched B-cation disorder in PZT and the 4 ZZTT 9 ZTZT bzt 71z
local structural response to the B-cation arrangement, we use ZZTT ZTTZ TZZ
DFT supercells with a variety of B-cation arrangements. The 5 ZZTT 10 ZZZT 3 z1Z

supercells used in our calculations can be thought of as snap- T1zz ZTTT

shots of small regions of the real disordered solution. For the F|G. 3. B-cation arrangements for 40-atom and 30-atom PZT
50/50 Zr/Ti composition, we study the ten possible distinctsupercells used in this work. Supercells 2 an#iG-aton) are re-
arrangements of the B catioliBig. 3) in a 4X2X1 super- lated by a 90° rotation, but strain along thexis breaks symmetry.
cell. To examine Zr-rich and Ti-rich PZT, we use three dis-Zr is denoted by Z; Ti by T.
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TABLE Ill. Relative energies and directions of overall polariza-  TABLE V. Energies and polarization directions for final struc-
tion for PZT supercells. For ease of comparison, all energesn  tures of three different ionic minimizations for supercells 4, 5, and
for the 30-atom supercejlare given in eV per 40-atom unit cell, 6 at experimental volume and lattice constants. Energies in eV
relative to the lowest-energy supercell at each PZT composition. per 40-atom unit cell, relative to the lowest-energy supersge

Table 1I).
c/la>1 c/a=1.0
AE,  Pdirection AE, P direction A P angle away from100
Supercell 5
50/50 Run 1 0.005 31°
Supercell 1 0.097 (100 0.120 (111 RUN 2 0.007 290
Supercell 2 0.051 (100 0.165 (433 Run 3 0.006 29°
Supercell 3 0.162 (621 0.165 (343 Supercell 6
Supercell 4 0.110 (100 0.180 (111 Run 1 0.075 26°
Supercell 5 0.005 (632 0.000 (111 RuN 2 0.075 250
Supercell 6 0.075 (632 0.066 (111 RuN 3 0.081 230
Supercell 7 0.052 (922 0.071 (111 Supercell 7
Supercell 8 0.118 (100 0.272 (111 RUN 1 0.052 18°
Supercell 9 0.067 (100 0.111 (111 RUN 2 0.052 14°
Supercell 10 0.075 (611 0.127 (111 RUN 3 0.053 350
Ti-rich
Supercell 1 0.000 (100
Supercell 2 0.119 (100 order to focus on local structure. Since DFT calculations
Supercell 3 0.047 (100 using the Iocal-der_lsny appr_OX|mat|d|11DA) ten_d to give
Zr-rich errors of about 1% in the lattice constant and since ferroelec-
Supercell 1 0.105 (433 tricity is sensitivity 'dependent on the volume of the material,
we used the experimental volume for all calculations. For the
Supercell 2 0285 (119 50/50 Zr/Ti calculations, we performed calculations both at
Supercell 3 0.000 (459 the experimental 50/50 lattice constanta=(4.03Ac

=4.14 Az\ as well as at the cubic lattice constants (
. R . . =4.075 A) that would give experimental volume. For calcu-
g!ves.18.5t 14.4° for a F_’b distortion angle off the00 lations at 'zhe experimegntal Iatl'?ice constants, (h@0) direc-
direction; the corresponding value for the 60-atom calcula-tion was chosen to be theaxis. Since the angles between
tions is 22.2:14.5°. The agreement between the 40- anGpe axes are very close to 90° for all PZT phases in this
60-atom results indicates that despite the artificially shory,gy, and since tha andb lattice constants are essentially
periodicity in thez direction, the results found for our 40- jdentical, we use supercells whose lattice vectors are mul-
and 30-atom supercells are representative of the local strugples of tetragonal primitive axes. The calculations for Ti-
ture of PZT and our DFT study identifies distortion patternsyich supercells were done at=4.1758 A anda=3.992 A,
and correlations which are present in the real disordered mand the calculations for the Zr-rich supercells were done at
terial. cubic lattice constara=4.0835 A.
Other authors®®194%haye studied the relationship of  Relatively large and highly bonded systems such as our
strain and composition. We choose fixed lattice constants id0-atom supercells have large numbers of coupled degrees of
freedom. The potential energy surface is complicated and it
TABLE IV. Comparison of local motifs obtained from analysis s reasonable to expect that several distinct low-energy dis-
of 60-atom and 40-atom 50/50 PZT structures. Displacements are igyrtion sets will be present. To explore this issue, we per-
A, volume in A%. Bond valences are computed using the modifiedformed ionic minimization starting from three different sets
Brown’s rules of valenc¢Refs. 36 and 38 of randomized perfect perovskite positions for the low-
symmetry supercells 5, 6, and 7. Somewhat surprisingly, we
find that despite different starting points, all runs finished
Displacement  Percent O Bond with the same energy within 0.006 eV per 40-atom cell. The
covalency volume valence  €nergies and the polarization directions for the three runs for
supercells 5, 6, and 7 are presented in Table V. The structures

Average

60-atom Pb 0.42 196  are subtly different, but have similar overall polarization and
40-atom Pb 0.45 1.98  follow the same pattern. Thus it seems that instead of several
60-atom Zr 0.23 57 70.6 3.94  sharply defined, distinct minimum-energy structures, PZT
40-atom Zr 0.25 51 70.2 4.01  supercells have one somewhat broad global minimum. This
60-atom Ti 0.23 78 64.1 3.96 is in complete agreement with the finding that the ease of
40-atom Ti 0.24 79 64.5 3.96 polarization rotation leads to superior electromechanical
60-atom O 1.97 propertiest! Our results indicate that the overall pattern of
40-atom O 1.99 the local distortion is uniquely determined by the B-cation

arrangement of the supercell.

144118-5



GRINBERG, COOPER, AND RAPPE PHYSICAL REVIEW B89, 144118 (2004

C. Density-functional-theory computational method 05
The DFT calculations were performed with our in-house i . 7r—0
X : Ao Ti-Og 6
plane-wave code, using the local-density approximétith 04l M
for the exchange-correlation functional. To represent the in- /

bution

teractions of the nucleus and core electrons with the valence
electrons, we use optimized norm-conserving & 0.3
pseudopotentiaf$ and a 50 Ry cutoff, modified with the
designed nonlocal approdCho achieve best transferability.
The pseudopotentials are the same as those used in previot
studies of PZT® The electronic minimization was done us-
ing the blocked-Davidson iterative diagonalizaffoff with o1k
Pulay density mixingd® For each B-cation configuration, we ]
used randomized perfect perovskite coordinates as the star . ' . ,’ N .
ing point of the ionic minimization. These were generated by  %5—%; 66 s 0 2
an addition of displacements betwee.5 and 0.5 A to the Volume ( A3)
X, ¥, andz ideal perovskite positions of each atom. The ionic
straints and all degrees of freedom were relaxed using Bedra in PZTT, M, andR phases exhibit the same range of vol-
quasi-Newton algorithrﬁs? umes. The Ti ions always have smaller octahedral cages than the Zr

All calculations on 4x2x1 supercells are done with 1 'O"S:
X 2X4 Monkhorst-Packk-point sampling of the Brillouin . )
zone. At thisk-point sampling, energy differences are con-fangement, with oxygen atoms moving about 0.1 A away
verged within 6 meV per 40-atom supercell. For calculationdom the Zr ions and toward the Tiions. In all cases, approxi-
on the 60-atom %2x2 supercells we used ax2x 2 mately the same octahedral volume WI|| be achieved. The
Monkhorst-Pack grid, and for:82x 1 supercell calculations differences in the observed ZrsGand Ti-Q; volumes are
a 2x 2x 4 k-point sampling was used. consistent with the ionic size difference of the two B cations
(ionic radius of 0.72 A for Zr and 0.60 A for Ti

In addition to expansion and contraction, the oxygen oc-
IIl. RESULTS—STATISTICAL ANALYSIS OF LOCAL tahedra also undergo slight rotations. While theti@ing is

STRUCTURE absent in FE PT, PZ shows 14° tilts of Zg@omplexes??!

We now analyze the relaxed structures of our DFT superfF0r monoclinic 50/50 PZT, octahedral rotations have been

cells to examine the effects of variation in composition andPredicted theoreticalfy and found experimentalfy:**~!
local B-cation arrangement on the local structure of PZT. we-igure 5 shows the octahedral tilting for the B-Octahedra
seek to understand if the local structure of PZT is a simpldn our calculations for the three phases of PZT. In the mono-
combination of PZ and PT or if the mixture of the two end Clinic 50/50 phase, the majority of the octahedra tilt by less
members gives rise to new behaviors. We also examine thgan 2°, although some tilts in the 3°-5° range are present.
correlations between local B-cation arrangement and distorl here is no significant difference in the amount of the tilting
tion magnitudes and directions of;@ages, B cations, and

Pb atoms. 5

S

02

Population Di

mn

1
A. Oxygen cages 4,1
|

We find that the overall oxygen lattice framework is pre- -£
served even for disordered supercells. Therefore, to charac.-é sk
terize the distortions of the oxygen atoms away from the 2
perfect perovskite positions, we analyze the size and the tiIt@
angle of the @ cages, examining the extent to which each % 2
octahedron acts as it does in the end-member compoundszg
and the extent to which the octahedra influence each otherg
giving rise to compromise behaviors. 1

For all supercells, we find that the ZryMctahedra ex-
pand from the ideal perovskite positions, with Zg-@ol- . )
umes of 68—72 A% Conversely, because of the smaller size % 1 2
of the Ti ion, the Ti-Q octahedra contract, with Ti-Ovol-
umes of 62.5-66.5 A(Fig. 4. As can be seen from Fig. 4, FiG. 5. Distribution of octahedral tilts away from the Cartesian
there is no overlap in the size of the Zg@nd Ti-Q; octa-  axes forT (dashedf M PZT (solid), and R (dotted PZT. The T
hedra; the smallest Zr{Jcage has a larger volume than the structures exhibit very little octahedral tilting, while Ry PZT tilts
largest Ti-Q cage. The direction of the ZiTi) oxygen cage are evenly distributed up to 5°. The majority bF PZT structures
expansion(contraction depends on the local B-cation ar- have tilts of less than 2°.

3
Tilt (°)
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T N B R TABLE VI. Average magnitude of Pb, Zr, and Ti distortigim
A) away from the center of the oxygen cage for Zr-rich, 50/50, and
Ti-rich PZT.
b
\Pb l: Zr-rich Ti-rich
g 0 | ] 67/33 50/50 33/67
g le=—1717r 30-atom 40-atom 30-atom
E Ti —>= :
S 5l il A Dpyp 0.45+0.04 0.44:0.03 0.45-0.03
h : Dy, 0.23+0.06 0.25:0.04 0.33:0.04
o 1l Dy 0.24+0.06 0.240.03 0.26:0.04
| p
) \ / |}
N oo }1'1 L, B. B cations
! ' 2 2‘5Bond 3alencj 3 + 43 5 To characterize B-cation behavior, we analyze the Zr/Ti-O

o . bonding and B-cation displacements in the relaxed structure
FIG. 6. Distribution of bond valence sums for R$olid, O of our supercells. We compare the B-cation behavior at dif-
(dashegl Ti (solid), and Zr (dashed atoms obtained from the re- ferent compositions of PZT with the B-cation behavior in the
laxed structures of DFT supercells. end members PZ and PT.
An analysis of B-Q complexes shows that Zr and Ti bond

of Ti-Og and Zr-Q complexes in B-cation environments Valences in all three phases are very close to the ideal va-
with local 50/50 compositions. Most Tigdand Zr-Q com- lence of 4. In a perfect perovskite structure, Zr is overbonded
plexes display a compromise tilting behavior, although the#-# for the S50/50 volumeand Ti is underbonde(B.66 for
compromise is in favor of Ti, with small 0°—2° tilt. However the 50/50 volumg This energetically unfavorable situation
B-Og complexes in locally Zr-rich environments behave is relieved by the expansiocontraction of Zr (Ti) Og

more like the Zr-Q complexes in PZ, accounting for the cages. However, for the Ti atoms, the Ti-CGontraction does
o o . ~6 comp ' 9 not fully eliminate underbonding. A Ti atom located in the
3°-5° tilt population in Fig. 5.

. . center of an @ cage with a volume of 16 Awould have a
Unlike th? oc.tahedral volume, the magnitude of_the 0Cta5nd valence of only 3.86. Therefore, an off-center distortion
hedron rotation is strongly affected by PZT composition. Th

Ss necessary to achieve the desired ideal valence of 4.0. Off-

Ti-rich phase displays almost no octahedral tilting, while in gqter displacements for Zr and Ti are also favored by the
the Zr-rich phase, octahedral tilts are evenly distributed irlong-range electrostatic interactions.

the 0°-5° range. Although larger tilts are observed in phases e now examine B-cation distortions. We find that in
with a h|gher CompOSition of Zr, Ti octahedra show the SamQDZT, both Zr and Ti move off-center by 0.2-0.3 A and create
degree of tilting as the Zr octahedra for a given compositionshort Ti-O and Zr-O bonds at all compositiofiEables VI
Calculation of oxygen atom valences provides strong vali-and VIl and Fig. 7, making an important contribution to the
dation of the bond valence approach. In PZT, each oxygeoverall polarization. Similar results have been found by For-
atom bonds with four Pb cations and two B cations. In amari and Sing. The magnitude of Ti distortion is the same
ideal perovskite structure, the valence rule is not satisfiedfor all three compositions, whereas Zr distortions show an
For example, at 50/50 experimental lattice constants, théncrease on going from the 50/50 to the Ti-rich composition.
oxygen atom valences can vary from 1.7 to 2.14, dependinghe angular distributions of Zr and Ti distortion directions
on the local B-cation arrangement. Nevertheless, in the relFigs. 8 and 9are similar to each other for any one compo-
laxed structure, despite the presence of several types of
bonds and a variety of local environments, oxygen atoms at TABLE VII. Typical distances and bond orders of the six short-
all compositions have valences in a narrow range around 2.8st Zr-O and Ti-O bonds in 50/50 PZT at experimental volume and
(Fig. 6). The small width of the oxygen peak in Fig.(6o lattice constantsg= 4.0_3,0:4.14). AII dlstance§ in A. Bond or-
underbonded or overbonded O atonisdicates that the ders are computed using the modified Brown’s rules of valence
. . . . efs. 36 and 38
achievement of the ideal valence is a strong requirement o
the O-atom bonding. = . zr-0 zr-0 Ti-0 Ti-O
Our results show that ionic size is a transferable atomic bond bond bond bond
property which is not affected by local environment. The
B-Og cages achieve the desired volume by an anisotropic

distance valence distance valence

environment-dependent expansion or contraction. Rotational x short 1.984 0.865 1.822 1.071
character is strongly affected by local environment, with the y short 2.028 0.759 1.939 0.775
minority B cation taking on the characteristics of the major-  z short 2.058 0.696 1.999 0.660
ity B cation. Analysis of oxygen atom bonds in the frame- x long 2.214 0.449 2.358 0.279
work of the bond valence theory shows that deviations from  y long 2.118 0.586 2.027 0.614
the ideal valence(underbonding and overbondingare zlong 2.086 0.641 2.067 0.555

strongly disfavored for oxygen atoms in PZT.
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FIG. 7. Ti-O (solid) and Zr-O(dashedl partial PDF’s calculated FIG. 9. D_istr?butio_n of_ B-cation distortion angles away from
from the relaxed structures for the 50/50 experimental lattice con®Vverall polarization direction of the supercell far (dasheg M
stant supercells. (solid), andR (dotted PZT.

sition, but exhibit large variations between the compositions. Another difference between the two ions lies in the char-
For the Ti-rich PZT, all B-cation distortions are in a very acter of off-center distortion. Zr distortions are consistently
narrow range along thel00) direction, while a broad range less covalent than Ti distortions, with Ti covalency of 72—
of distortion directions is seen for the 50/50 and especially82 % and Zr covalency of 48—59 %igs. 10 and 11 The

the Zr-rich PZT. However, even for the Zr-rich composition, 1arger fraction of the covalent off-centering for Ti is a con-
we find that all B-cation distortions lie in a 40° cone aroundsequence of Ti underbonding in the center of its €ge.
the overall(111) polarization direction, with no distortions ;I'his n;,akzs thg fo:cmatior;lof Slzhortzcact;ﬁn'oxygen bonds with
having (100), (010), or (001 components. Such alignment '&'9€ bonad oraer favorable. For ZiUNere IS progression
of the distortions is evidence of an electrostatic dipole-dipolefrom the average distortion cove_tlency of 47% in the 67/33
interaction between the local dipole moments created by thér'rICh pha;e 0 54% covqlency in the 50/.50 phase and 60%
B-cation distortions. covalency in the 33/67 Ti-rich phase. Since in the parent

Examination of the Ti-O and Zr-O bond distances in thecompounds, Ti favors covalent off-centering and Zr favors

B-O, complexes shows that there are differences in the di’ansverse off-centering, in PZT the replacement of Zr-O

rectionality of the Zr-O and Ti-O bonding. In 50/50 PZT, with Ti-Og decreases the number of neighbors that can ac-
most (87%) Ti atoms make a very short 1.80-1.85 A Ti-O commodate bond bending. This makes transverse distortions

bond with one oxygen atom, although sofi€%) Ti atoms I_ess favor_able and increases the covalency_of ZidBtor-
have three short distances in the 1.90 A range. Zr-O bondinfOns: A similar trend can be observed for Ti@ovalency
is less directional, with two or three short 1.97—2.03 A zr-otharacter. R
bonds. The preference of Zr to form two or three strong zr-O  Similarly to the B-Q octahedra, the B-cation distortions

bonds, versus the preference of Ti to make one very stronaiSplay a mix of transferable and environment-dependent
Ti-O bond, is due to the greater polarizability of Zr. properties. While Zr and Ti valences and the magnitude of Ti

distortions in PZT are intrinsic B-cation features, the magni-
0.04 —r — tude of Zr distortions and the covalency character are
environment-dependent. The formation of very short Ti-O
bonds of high bond order can be traced to the underbonding
T of the Ti in the center of its Qcage; the absence of corre-
1 sponding short Zr-O bonds is due to the lack of such under-
: / bonding for the Zr atoms. The amount of B-cation distortion
direction scatter is strongly dependent on composition. How-
ever, strong dipole alignment interactions are evident for all
three PZT compositions.

o
<o
]

0.02 -

M R

/ / ] C. Pb atoms

S RS . To examine Pb-atom behavior, we first analyze the Pb
. , N AN T T distortions and Pb-O bonding in PZT and compare them to
°0 102 fngle‘;%vay X (?80) (ZO) 8% 10 those in PZ and PT. In all three phases of PZT studied here,
we find strong Pb off-centering distortions of 0.45(fable
FIG. 8. Distribution of B-cation distortion angles away from the V1), which creates short Pb-O bonds in the P@-G@mplex.
(100 direction forT (dashed, M (solid), andR (dotted PZT. The creation of short Pb-O bonds is necessary to satisfy the

Population distribution

(=4

(=3

—
I
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FIG. 10. Covalency character of Zr polarization foXdashedg, FIG. 12. Pb-O partial PDF’s for thE (dasheg M (solid), andR

M (solid), andR (dashedl PZT. TheT phase, which displays less
tilting, has a more covalent nature to its polarization, while the
more tilted R phase shows less covalency. Structures with more
freedom to rotate exhibit a smaller degree of covalent polarization@long the(100) direction. This is similar to th€100) distor-
tions of Pb atoms in PT. The broad peaks of the Zr-rich Pb-O
Pb valence of 2, since in the ideal perovskite structwi¢h ~ partial PDF are due to a continuous range of Pb-O distances
12 Pb-O bonds of 2.88 Athe Pb valence is only 1.8. The in the Pb-Q, complex. Such a range of Pb-O distances can-
large distortions found in our PZT calculations are muchnot be created by100) distortions, but must be due to dis-
more similar to the large 0.5 A Pb distortion found in PT tortions along a variety of low-symmetry directions close to
than to the small Pb distortions of approximately 0.2 A found(110), similar to the(110) distortions found in PZ(A (111)
in PZ. distortion would create well-defined sets of three short, six
Despite strong similarities in Pb distortion magnitude andmedium, and three long Pb-O distangelhe 50/50 compo-
creation of short Pb-O bonds for all compositions, there areition displays a Pb-O PDF between the Zr-rich and the Ti-
significant differences in the directions of Pb distortions andich compositions, indicating Pb distortion directions be-
the distribution of Pb-O bond distances in the P-€om-  tween those of Zr-rich and Ti-rich compositions.
plex. There is a progression from order to disorder in these Direct examination of the angular distribution of the Pb
degrees of freedom from the Ti-rich to the 50/50 to the Zr-distortion directiongFigs. 13 and 1¥confirms our analysis
rich composition, as can be seen from the Pb-O partial PDF's
presented in Fig. 12.

(dotted PZT calculated from relaxed supercell structures.

0.02 J I 1 I I I
The sharp peaks of the Ti-rich Pb-O PDF are due to a

clear division of the Pb-O distances into groups of nearly
identical short, medium, and long bonds created by distortion _ , ;5L E

g0

S T

0.2 _5 _A‘/
2 1
M B |
§ ¢ £ 001—1‘,‘
3 k] \
B 0.15} =
g : T § \\ M R
a0 TN s
= 1 =
9 v‘\ . .t
g o1 ' i A VT AN SR A
2 i \ NN A e
53 i oL V1 ) ST O o N B LR N R
~ H 0 10 20 30 40 50 60 70 8 90 100
g | ! Angle away from (100) (°)
-2 005 1
< . . . . - -
= || FIG. 13. Distribution of B-cation distortion angles away from
R the (100 direction forT (dashegl M (solid), andR (dotted PZT. Pb
ob— .1, . AL distortions at 33/67 composition do not deviate more than 15° away
0 10 20 30 40 50 60 70 8 90 100

FIG. 11. Covalency character of Ti polarization fbrdashed,

% Covalent Polarization

from the (100 direction, therefore giving rise to @ phase. Pb

distortions at the 67/33 composition show significant deviation

(40°-609 away from the(100) direction, indicating the presence of

M (solid), and R (dotted PZT. TheT phase, which displays less anR phase. Pb distortions at the 50/50 composition display devia-
tilting, has a more covalent nature to its polarization, while thetions mostly in the 0°-45° range, with some deviations of up to
more tilted R phase shows less covalency. Structures with more50°, indicating an overal211) direction of polarization and akl

freedom to rotate exhibit a smaller degree of covalent polarizationphase.
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FIG. 14. Distribution of Pb distortion angles away from overall 15 15 pp.Ti (solid) and Pb-Zr(dashed partial PDF's ob-
polarization direction of the supercell fgr(dashed M (solid), and tained from the relaxed structures of the 50/50 PZT supercells at

R (dotted PZT. experimental lattice constants.

of the Pb-O partial PDF’s. The Ti-rich composition PZT has
no Pb distortions with more than a 15° deviation away fromthe Zr-rich composition. Pb distortions along ttid1) direc-
the [100] ferroelectric direction. On the other hand, in the tion bring a Pb atom directly towdra B cation and are not
Zr-rich composition, the Pb displacement angles are broadlparticularly favorablgin fact there is a dip at 54° in Fig. 13
distributed between 30° and 80° away from fi€0] direc- and 0° in Fig. 14, corresponding to tkELD direction, even
tion. The 50/50 composition is the bridge between the Zrthough the overall polarization direction ($11).
rich and Ti-rich compositions, with some population of Pb  While analysis of Pb-O PDF's and Pb distortion angular
distortion angles between 0° and 1&imilar to the Pb dis- distribution elucidates the overall trends in Pb-atom behavior
tortion angles found in Ti-rich PZT some population be- with composition, an examination of partial Pb-Zr and Pb-Ti
tween 35° and 65¢similar to the Pb distortion angles found PDF’s (Fig. 15 calculated from 50/50 supercells at the ex-
in the Zr-rich PZT), and some population in the intermediate perimental lattice constants can shed light on differences in
15°-30° range found only in the 50/50 composition. the Pb-Zr and Pb-Ti repulsive interactions and the conse-
Pb atom distortions display greater sensitivity to the varia-quent response of the Pb distortions to the variation in the
tion in the local environment than the B-cation distortions. Alocal B-cation arrangement. The Pb-Ti PDF displays a sharp
comparison of the angular distribution of the Pb distortionpeak at 3.32 A; the Pb-Zr PDF exhibits a more diffuse peak
directions and the B-cation distortion directioffégs. 8 and at 3.5 A. The differences in the position of the two peaks
9) shows that for the Zr-rich and the 50/50 compositionsindicate that Pb atoms either displace away from neighboring
there are only very minor differences in the angular distribu-Zr atoms toward neighboring Ti atoms or make smaller dis-
tions of the Pb distortions and the B-cation distortions. How-tortions to avoid the creation of unfavorable short Pb-Zr dis-
ever, for the Ti-rich phase, the B-cation distortions are lo-tances. The small variation in the Pb distortion magnitudes
cated within a very narrow range of less than 5°, indicatingmplies that the tilting of Pb distortions away from Zr and
essentially no deviation from the 00 overall polarization toward Ti is the more common Pb response to the presence
of the material. The range of Pb distortion angles is threef Zr atoms.
times larger, with a significant population in the 10°-15° The differences in the location and the width of the Pb-Zr
range, indicating a tilting of the Pb distortions away from theand Pb-Ti peaks are consistent with crystal-chemical ideas of
(100 direction in response to the local environment. ionic size and hardness. Zr has a larger ionic radius than Ti
The greater sensitivity of the Pb atoms is due to the fact0.72 versus 0.60 Rand this leads to a greater repulsion
that the anisotropy created by the disordered Zr/Ti arrangesetween the positive Pb and Zr ions than between the Pb and
ment is stronger for the Pb local environment than for theli ions. This leads to larger average distance for Pb-Zr than
B-cation environment. In the ideal perovskite structure, botHor Pb-Ti. The 3 valence electrons of Ti make it a hard ion
Pb and B cations have a symmetrical nearest-neighbor oxyand create a hard-wall-like repulsive interaction between Pb
gen shell. For Pb, symmetry is broken in the second-nearesénd Ti atoms. Zr is more polarizable than the Ti, and there-
neighbor shell formed by the Zr and Ti cations in a disor-fore the repulsion turns on more slow(glbeit at larger dis-
dered arrangement. For Zr and Ti, the second-nearestances than that of Pb-Tiresulting in a more diffuse first
neighbor shell is formed by identical Pb atoms and Zr/TiPb-Zr peak.
disorder breaks symmetry in the third-nearest-neighbor shell. Our examination of the Pb atom behavior shows that the
We now examine the nature of the Pb-B interactions. Inneed to create short Pb-O bonds to satisfy the Pb valence
PZT, Pb, Zr, and Ti atoms are all positively charged and thigequirement leads to large Pb distortions of essentially the
gives rise to a Pb-B-cation repulsion. Evidence of such resame magnitude at all three PZT compositions. However, the
pulsion can be seen from the broad angular distributions oénalysis of bond distances in the Ph,@omplexes shows a
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FIG. 18. Projection of the structure of supercell 5 at experimen-
tal lattice constants on they plane. Arrows(with a scale factor of
4) show the displacements from perfect perovskite positions.

FIG. 16. Projection of the structure of supercell 1 at experimen-

tal lattice constants on they plane. Arrows(with a scale factor of
4) show the displacements from perfect perovskite positions.

progression from the PT-like to PZ-like PbsOcomplexes ©€nerdy DFT supercellFigs. 20 and 2] Since there is no
and distortion directions with increasing Zr concentration,aniation in the B-cation arrangement along #haxis, Figs.

and a corresponding progression from structural order to dist6—21 show projections of the relaxed structures ondhe

order as exhibited by the partial Pb-O PDF’s and Pb distorP!ane-

tion angle distributions. Pb distortions also exhibit a sensi- 1 he structure of supercell 1 nicely illustrates bond valence
tivity to local structure variation, leading to a preference ofSONservation, ionic size difference effects, and Zr/Ti distor-

Pb atoms to displace toward Ti cations and away from ztion character differences found by statistical analysis in the

cations. This is easily understood as a consequence of tr&gevious section. Desired valences are achieved for Pb atoms
difference in the ionic sizes of the two B cations. by large Pb distortions, and for the B cations by a combina-

tion of expansior(contraction of the Zr (Ti) Og complexes

and B-cation distortions. For the oxygen atoms marked U,

the Pb distortions away from the Zr ions create a depletion of

A. Distortion analysis Pb-O bond order. The Pb-O underbonding is compensated by

We now show how the distortions found in our relaxedSt"ong distortions of the neighboring Ti atoms, creating 1.84

DFT supercells satisfy the preferences of Pb and O atoms 'I_'i-O_ bonds with a bond orde_r of 1.0. The e_ffects Of the
and B cations examined in Sec. lll. In some cases, the prefpn'c size difference of Zr and Ti are apparent in the zigzag

erences of Pb and O atoms and B catitagh as the need to pattern of Pb distortions. The zigzag is not large, since the

achieve the desired valence and ionic size, minimize Pb-gl0c@! Pb preference to move away from Zr is balanced by the

cation repulsion, and align dipole directiorsan be simulta- electrostatic interactions and the preference for dipole align-

neously satisfied. In other cases, they conflict, and the locd'ent. The insensitivity of the B cations to their local envi-

structure of the material is a compromise between the intefoNMeNt means that the dipole alignment preference is domi-

actions. Whether there is a conflict or cooperation among thgar_;_thandt aIItB cat:(ons mov:al |3n. the san;e d|rect||on. f how th
various motifs is sensitively dependent on the B-cation ar-, . € structure of Supercell 51S a good exampie of how the
rangement of the supercell. delicate balance between the various interactions can influ-

We use supercells 1, 3, 5, and 6 at experimeffs ence orientation of the overall polarization. At first glance,

16-19 lattice constants as examples for 50/50 PZT. Super9ne might expect a pattern of Pb-atom displacements with

cells 1 and 3 are high-symmetr§110 and (100, stackings small tilts away from Zr atoms and toward Ti atoms and
in the Zr/Ti arranglgmer):t respl%ctiz/ely E’:\nd)can bé ?epregloO) B-cation distortions due to a balance between the local

; Ision and dipole alignment, leading to overall polariza-
sented by 10-atom supercells. The high symmetry of €PU e ’ )
B-cation arrangement in these supercells simplifies théIon along the(lOQ) direction. However, the Pb-Zr repulsion
analysis of the structural distortions. For the Ti-rich and zr.'S stronger for this supercell than for supercell 1 due to the

rich compositions, we examine the structures of the lowest-

e

IV. LOCAL MOTIFS AND SUPERCELL STRUCTURES

v

@
.

—Q - é - b . \opb

5 6 74 8 5

FIG. 17. Projection of the structure of supercell 3 at experimen- FIG. 19. Projection of the structure of supercell 6 at experimen-
tal lattice constants on they plane. Arrows(with a scale factor of  tal lattice constants on they plane. Arrows(with a scale factor of
4) show the displacements from perfect perovskite positions. 4) show the displacements from perfect perovskite positions.
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—Q

4 5 6

FIG. 20. Projection of the structure of the lowest-energy Ti-rich
supercell on thex-y plane. Arrows(with a scale factor of show FIG. 21. Projection of the structure of the lowest-energy Zr-rich
the displacements from perfect perovskite positions. supercell on the-y plane. Arrows(with a scale factor of #show
the displacements from perfect perovskite positions.

presence of an all-Zr plane, leading to stronger conflict be'since that would lead to unfavorable dipole scatter and the

tv.veen'dipole alignment and_ IOC‘T’" preferences. A set O_f F)%reation of underbonded and overbonded oxygen atoms, as
distortions along the(100 direction with tilts toward Ti e case of supercell 3. The competition between the in-

would also lead to a decfease in Pb-O bond order for thrf’eractions leads to compromise displacements mostly along
oxygen atoms marked U in supercell 3. In supercell 1, th he x axis for Pb atoms 2 and 3

Pb-O bond depletion for oxygen atoms marked U was com- . . L=
pensated by the formation of a Ti-O bond with high bond The arrange(rjnent_ Offl the Zr ang T';k():zzt!opst_ln tz.@@lt.
order; here the oxygen atoms in the top row have Zr neigh!3¢€ 'ia seco4n ary in ueg%(? 0? the IStor |onh 'rgg lons.
bors, for which the low covalency character of distortions" 0" PP atom 4, an upward displacement moves the atom

disfavors the formation of a single very short Zr-O bond, aWay from both Zr atoms below; for Pb atom 1, an upward

To avoid underbonding and to minimize dipole scatter, theliSPlacement moves the Pb atom away from the Zr atom in

supercell adopts a structure with overéR1) polarization. the (100 face but toward the Zr atom in the Q@) face.

Once again, we see that the B cations display smaller scattdherefore, the Pb atom 4 distortion has a largeomponent

in the distortion direction than the Pb atoms. The Pb atoms if0-325 A than the Pb atom 1 distortid0.247 A. Similarly,

the bottom row distort away from Zr and toward Ti atoms due to the presence of a Ti atom in theDQ) face, a positive

and satisfy both the dipole alignment and local repulsiony distortion component is more favorable and is larger for Pb

preferences. For the Pb atoms in the top row, the dipolatom 3(0.111 A than for Pb atom 20.040 A).

alignment preference is satisfied but the preference to avoid Supercell 6 is a good example of how the Pb atoms in

Zr atoms is not, as shof8.35 A) Pb-Zr distances are created 50/50 PZT respond to the presence of locally Zr-rich

by the Pb distortions. The strong conflicts between the variB-cation environments. Here, a structure witld0) polariza-

ous interactions in this structure make supercell 3 the highesion and little dipole scatter would create high Pb-Zr repul-

energy supercell. sion. A structure in which all Pb atoms satisfy their prefer-
The lower symmetry B-cation arrangement of supercell 5ence to avoid Zr atoms would have to exhibit a very large

is more typical of real PZT and leads to a more disorderegjipole scatter with (00) distortion components for Pb atoms
structure, with distortion directions that are sensitive to they and 6. Instead, supercell 6 assumes a compromise mono-
local B-cation arrangement. Similarly to supercell 3, a strucjinic structure. A combination of small Pb displacements
ture with strong Pb tilts away from Zr and toward Ti and an g larger than usual ZrQilt creates short Pb-O bonds for
overall (100 polarization is not favorable in supercell 5, due pp atom 2 and a largé010) distortion component reduces
to the creation of underbonded and overbonded oxygen ajhe pp-zr repulsion for Pb atom 6.
oms and large dipole scatter. Instead, the supercell assumes agqy Ti-rich PZT supercells, the lack of conflict between
monoclinic structure. . - local Pb-B repulsion preference and bond valence conserva-
The directions of Pb distortions display a striking corre-tjon and dipole alignment interactions leads to more ordered
lation with the local B-cation environment. All Pb atoms gtryctures. The supercell shown in Fig. 20 exhibits a highly
have significant distortion components along xhaxis; this  ordered structure with average 5.5° Pb distortion deviation
brings Pb atoms closer to the Zr and Ti _cations located to th@om the overall(100) polarization direction and all B-cation
left (in a (100 face and increases the distances between thejistortions exactly along100). It is interesting to compare
Pb atoms and the Zr and Ti cations located to the righe  thjs structure to the structures of 50/50 supercells 1 and 5.
(100) face. Therefore, the arrangement of Zr and Ti cationsThe tilts away from the Zr atoms are clearly much smaller
in the (100 face plays a primary role in determining the than those in 50/50 supercell 5, which also has a B-cation
directions of Pb-atom distortions. In the top row of Pb atomsarrangement with two Zr atoms in a row, and the zigzag
Pb atoms 1 and 4 displace away from the Zr atoms in theipattern of the Ti-rich composition is actually more similar to
(100 faces, creating a strong positiyedistortion compo- the distortions in 50/50 supercell 1. In the Ti-rich supercell,
nent. Pb atoms 2 and 3 cannot avoid th@if0 face Zr the absence of Zr neighbors in tfE00) face for Pb atoms 1
atoms by distortions with a strong negatiyecomponent, and 4, and longer Pb-Zr distances created by large Zr distor-
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TABLE VIII. Pb displacementsgin A) in the lowest-energy Zr- For example, as mentioned above, for the 50/50 PZT su-
rich supercell. percells, the high energy of supercell 3 is due to large frus-
tration present in that supercell. For the Ti-rich composition,
X y z Total the presence of an all-Zr face along tf0) direction in
Pb 1 021 0.30 0.24 0.44 supercell 2 leads to a conflict between the preference of Pb
Pb 2 0.09 0.36 0.39 0.47 atoms to distort along thel00) directions and a high Pb-Zr
Pb 3 0.43 0.08 0.22 0.49 repulsion that is incurred by such distortions. Therefore, su-
Pb 4 0.22 0.27 0.27 0.44 percell 2 is the highest-energy Ti-rich supercell. For the Zr-
Pb 5 0.28 0.08 0.31 0.42 rich supercells, dispersion of Ti atoms makes it easier to
Pb 6 0.12 0.39 0.26 0.48 simultaneously satisfy local repulsions and distortion align-

ment preferences, and therefore supercell 3 is preferred. In
supercell 2, two Pb atoms are surrounded by Zr neighbors

. L . only. For these Pb atoms, the achievement of an ideal va-
tlpns, P"m'r?'Sh Pb-Zr repulsion strength. Therefore, large I:)tfence and distortion alignment preferences are in sharp con-
distortion tilts away from Zr atoms are not necessary t

. X . . %lict with the preference to avoid the short Pb-Zr distances
avoid short Pb-Zr distances and high Pb-Zr repulsion and thSnd high Pb-Zr repulsion. This leads to the high energy of

local repulsion ar_1d.dipole alignment preferences can be siy_i-h supercell 2.

multaneously satisfied. _ _ The magnitudes of DFT energy differences for the three
For Zr-rich PZT supercells, we find that the conflict be- -, mnsitions studied are consistent with the transition from

tween the various preferences is exacerbated by the domjiqereq structures with weak conflict on the Ti-rich side to

nance of Zr-rich local environments, leading to highly disor- gisordered compromise structures with strong conflict on the

dered structures. For example, the structure of the lowest o, side. The data in Table IIl show that the spread in

energy 67/33 Zr-rich supercelFig. 21 has large angle g hercell energy differences is 0.119 eV for the Ti-rich com-

scatter in the cation distortipns. The polarization is rhombo'position, 0.162 eV for the 50/50 composition, and 0.285 eV
hedral(111), but as the data in Table VIIl show, only some of o the 7r.rich composition. As Zr content is increased, the

the Pb atoms actually off-center along 141 direction, 8 jegree of conflict between the preferences becomes more
that would incur a high Pb-Zr repulsion energy cé3he Pb  gonsitive to the exact details of the B-cation arrangement and

atoms that do off-center alorig11) are permitted to do SO by i |eads to a larger energy variation for the Zr-rich super-
a strong B-cation distortion.Instead, Pb atoms move in a g|is.

variety of directions toward the available Ti atoms. While the £, 5 mination of the energy difference between the experi-

scarcity of Ti atoms favors large variations in Pb distortionmenta| and cubic lattice constants reveals that the energy
directions, all distortions are limited to th@11) octant by ot of polarization rotation to thd11) direction depends on
the need to satisfy dipole alignment and bond valence préig,e yojarization orientation at experimental lattice constants.

erences. For the 50/50 supercells polarized along a low-symmetry
_ Our examination of PZT supercells shows that the Catyjrection, the energy cost to transform to cubic lattice con-
ionic distortion directions are determined by a complex in-giznts and 4111 orientation of polarization is on average
t_erplay of_ bonding,_ electrostatic, and Io_cal repulsion interac-omy 12 meV. The corresponding cost of the 50/50 supercells
tions. Dipole alignment and avoidance of OXygenjarized along thé100) direction is much higher, 81 meV.
underbonding or overbonding favor an ordered Structuregqr the |ower symmetry supercells, many cation distortions
while the local Pb-B repulsion-based preferences favor MOrGre in between100) and (111). Upon rotation to overall
scatter in the distortion direction. For 50/50 PZT, B-cation(lm polarization, the distortion directions change some-
arrangement has a strong effect on the balance of varioygnat byt the satisfaction of local preferences is not signifi-
mterac_tlons;_ this gives rise to structur_es of different polarlza-cam|y disturbed. For thél00) polarized supercells, moving
tion orientation and degree of order in the 50/50 supercellzo a(111) overall polarization strongly disrupts the satisfac-
For Ti-rich supercells, local Pb-B repulsions are weaker, anion of |ocal preferences, raising the cost of the polarization
this leads to an ordered 00 phase for all supercells. In the | jiation.
Zr-rich supercells, increased strength of Pb-B repulsion leads \y/hile the exact energy values for interactions such as
to a disordered compromise phase with an average polarizgjngje alignment, bond valence satisfaction and Pb-B-cation
tion along(111). repulsion cannot be determined from the energy differences
presented here, correlations are present between the B-cation
arrangement and the resultant tradeoffs between the satisfac-
tion of various preferences and the energy of the supercells.
The assignment of energy differences between the supea larger degree of conflict between the motifs in a supercell
cells to particular local matifs is difficult due to the compli- leads to a higher energy for that supercell. This is particularly
cated interplay of interactions and the small magnitude of thggronounced for the Zr-rich composition, as the conflict be-
energy differences. Nevertheless, for some cases, the variaveen dipole alignment and bond valence preference on one
tion in the degree of conflict and cooperation among theéhand and the local Pb-B repulsion preference on the other
local structure motifs can be directly related to the DFT en-hand is especially strong due to the scarcity of the Pb-
ergy differences. friendly Ti cations.

B. Energy differences
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tragonal PZT. Interestingly, for the Zr-rich 67/33 supercells
(Fig. 24, the peak widths as well as the peak positions agree

025 very well with the experimental 60/40 PD(Besides the ar-
02 tifact at 4 A for the 30-atom PDFThe fact that such a small
snapshot accurately captures the disorder in the material is
= 015 striking evidence of the short-range disorder and compro-
e mise nature of th& phasé 1038
A0l The absence of splitting in the Zr-O peak in experimental
and theoretical PDF'§Figs. 22—24 seems to indicate that
005 ferroelectric Zr distortions in PZT are small. The well-known
0 tolerance factor argumerdgee Sec. )lalso predicts a lack of
| Zr ferroelectricity as the tolerance factor between Pb-O and
005 Zr-O bonds is less than 1. This is in disagreement with large

Zr distortions actually found in our DFT calculatiofiEable
V1) as well as in the DFT calculations of Fornari and Sifigh.
FIG. 22. Neutron-scattering PDF’s obtained by experinieef. The discrepancy between the small tolerance factor of PZ
10) (solid) and calculated from the relaxed DFT 40-at¢gasheyd ~ and lack of Zr-O splitting in the PDF’s on one hand, and
and 60-atomdotted supercell structures for 50/50 monoclinic PZT. ferroelectric distortions by Zr atoms found by DFT calcula-
tions on the other hand, can be resolved as follows. The
V. COMPARISON WITH EXPERIMENTAL PDF tolerance factor argument is valid for PZ, where each Zr ion
. . is in an isotropic environment surrounded by other Zr ions,
To make cc,)ntact with experimental results, we COMPar&nq the octahedral cage is therefore the same in all three
average PDF's generated_ from our ca_lculated MINIMUMEartesian directions. However, in PZT, the presence of Ti
energ;go D'_:T structures with the experimentally obtainedy,g ¢reates anisotropy in the Zr-ion environment and in the
PDF's: . I_:|gure 22 shows the PDF calculated fqr the 50/Sodimensions of the Zr-poctahedra, as the Zrgbctahedra
monoclinic phase of PZT. Although the pea!<s in the DF-r'expand in the direction of neighboring Ti atoms. Some of the
based PDF are too narrpWL_Je to the small size of thg SU” 0.7r-O octahedral axes are longer than in PZ, creating room
percel), they are otherwise in excellent agreement with thef r Zr ion distortion. The strong off-centering of the Pb and
experimental PDF. The sharp peaks at approximately 4 ang; j,ng aiso favors formation of short Zr-O bonds and a
8 A are artifacts created by the short periodicity of ourg rong Zr distortion. These two effects counter the Pb-O and
4x2x1 supercells. The agreement between experiment ang_q ‘s hattice mismatcksmall tolerance factprand make
the 60-atom DFT PDF's is better, reflecting the better repregq  qeiectric zr distortions possible in PZT. This is particu-
sentation of the disordered B-cation arrangement in the GQhrly pronounced in Ti-rich PZT, where an abundance of Ti
atom calculations as well as the presence of B-cation enViﬁeighbors and a large/a ratio give rise to especially large
ronments impossjble to represent in .tha 2x 1 supercells (0.33 A) zr off-centering.
(suc_h as a Ti cation surround?d by six Zr cations The absence of a splitting in the Zr-O PDF is due to the
Figure 23 shows the PDF's calculated for thephase.  qmajier differences in bond length between the short and
Here the peaks are even sharper than for 50/50 PDF, refleGfie iym zr.0 bonds and a distribution of short and medium
ing the high order of the structures obtained by DFT forZr-O bond lengths in the 1.97-2.05 A range. This range is
30-atom supercells and the ordered nature of the Ti-rich €3¢ to variation in the local Zr octahedral sizes created by a

disordered Zr/Ti arrangement. Disorder also leads to signifi-
cant variation in the length of the long Zr-O bonds, giving
rise to a long tail in the Zr-O partial PDF.

A comparison of the six shortest Zr-O distances in the
relaxed structures of supercell 1 and supercell 2 at experi-
mental lattice constani§able 1X) provides a good example
of the effect of Zr environmental anisotropy on Zr distor-
tions. The B-cation arrangements of the two supercells are
related by a 90° rotation; however, the presence of a strain
along thex axis breaks the symmetry. In both supercells, the
largest polarization component is along thexis. In super-
cell 1, the Zr-Q expansion creates an O-Zr-O distance of 4.3
A along thex axis. This allows a very long 2.33 A Zr-O
distance, giving rise to a 0.352 A difference between the
short and long Zr-O bonds along thexis with a difference
of 0.55 in Zr-O bond order. In supercell 2, the Zg-Gctahe-

FIG. 23. Neutron-scattering PDF’s obtained by experiniief.  dra do not expand along the axis (since their neighbors
10) (solid) and calculated from the relaxed DFT 30-atom supercellalongx are other Zr atomysand O-Zr-O distance is therefore
(dashedl and 60-aton{dotted structures foiT PZT. only 4.15 A. The absence of favorable coupling between

Distance ( A )

PDF(r)

Distance ( A )
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e TABLE IX. Distances and bond orders for the typical six short-
1 est Zr-O bonds in supercell 2 and supercell 3. All distances in A.
025 7 Bond orders are computed using the modified Brown's rules of
02'_ _ valence parameteffRefs. 36 and 38
= 015 | Zr-O in supercell 1 Zr-O in supercell 2
E Bond Bond Bond Bond
A0 distance valence distance valence
0.05 x short 1.976 0.886 1.972 0.898
y short 2.049 0.714 2.054 0.703
0 z short 2.050 0.711 2.026 0.764
_0.05’ T T x long 2.328 0.333 2.181 0.490
2 3 4 5 6 7 8 9 10 y long 2.058 0.696 2.147 0.536
Distance (A) zlong  2.059 0.694 2.062 0.688

FIG. 24. Neutron-scattering PDF’s obtained by experiniBet.
10) (solid) and calculated from the relaxed DFT 30-atom supercell
(dashedl and 60-aton{dotted structures folR PZT. covalent Pb-O bonds with three nearest-neighbor oxygen at-

oms. While a Pb move alond@11) satisfies the Pb-O bond-
strain and Zr/Ti arrangement diminishes ferroelectric activing requirement, the short Pb-B distance causes a strong
ity, leading to a smaller Zr off-centering. Pb-B repulsion. As discussed in Sec. lll, the Pb atoms prefer

Our DFT calculations reproduce experimental PDF's, esto off-center toward the face that is closest to the overall
pecially for the larger 60-atom cells. However, the ability of polarization direction, avoiding the large Zr cations and
DFT calculations to obtain detailed microscopic informationmoving toward the smaller Ti cations as much as possible.
on specific local environments reveals surprising informab atoms make strong distortions toward Ti-ri€hor 1 Zn
tion, such as the ferroelectric activity of the Zr cation, im- faces, sometimes with a small tilt away from the Zr or to-
possible to obtain from the ensemble-averaged experimentatard the overall polarization direction. Pb atoms also dis-
PDF data. place toward neutral facg® Zr and 2 T), but with signifi-
cant tilts away from Zr atoms. Zr-rict8 or 4 Zr faces cause
the Pb to either move toward a different face or to reduce Pb
distortion magnitude significantly. In all-Zr local environ-

From the structural motifs presented above, a commoments, a significan{greater than 5° octahedral rotation
theme emerges in the behavior of the oxygen octahedra aratings some of the oxygen atoms closer to the high-
the cation distortions. We can separate the local motifs inteymmetry Pb position; this reduces the magnitude of Pb dis-
the intrinsic crystal-chemistry requirements which are inde+ortion necessary for the creation of the required short Pb-O
pendent of the environment, and the nontransferable ways toonds.
achieve these intrinsic requirements. For example, the Zr We now examine how the interplay of the electrostatic
oxygen cages and the Ti oxygen cages prefer a certain vottipole interactions and local A-B cation repulsion gives rise
ume (around 70 A for Zr-Q and around 64 A for Ti-Q) in  to compositional phase transitions. The relative amounts of
all environments. However, the actual octahedral distortiorzr-rich, neutral, and Ti-rich faces are strongly dependent on
that achieves the desired volume depends on the localr/Ti composition, as shown in Fig. 25. At very low Ti con-
B-cation arrangement, and the disorder in the B-cation artent, most of the Pb atoms are located in all-Zr local envi-
rangement gives rise to a variety of anisotropic B-@ta- ronments. In such environments, due to a scarcity of small Ti
hedra. Both Zr and Ti ions polarize significantly in all envi- ions, a large ferroelectric Pb distortion would incur a large
ronments, but the role of covalent versus transverséocal repulsion energy cost. Instead, large octahedral rota-
polarization depends on the Zr/Ti composition, with the ma-tions bring O atoms close to Pb, requiring only a sni@ll—
jority B cation inducing the minority B cation to acquire 0.2 A) Pb distortion to form short Pb-O boné%?!A rotation
more of its behavior. All Pb atoms distort by 0.4—0.5this  of one octahedron leads to rotation of the neighboring octa-
is also seen in other Pb-based perovskitésiowever the hedron in the opposite direction; this doubles the unit cell
direction in which Pb atoms distort depends on the details oéind results in antiferroelectricity. The need to avoid the
the local B-cation arrangement and the overall polarizatiodarge local repulsion wins over the preference for dipole
of the material. alignment, resulting in an antiferroelectric phase.

The Pb off-centering behavior is governed by several in- As Ti content is increased, the percentage of the all-Zr
teractions. An analysis of experimental PDSg. 1) and  environments declines rapidly, decreasing the local repulsion
our calculationgFig. 12 shows that in all PZT phases, Pb energy of a disordered ferroelectric rhombohedral phase. The
atoms make short Pb-O bonds. Pb atoms prefer distortiordecrease in local repulsion energy and the replacement of the
toward a(100), (010, or (001 face, forming the required Zr-Og octahedra with more ferroelectric TigOoctahedra
short, covalent Pb-O bonds with four nearest-neighbor oxymakes dipole alignment favorable, and PZT undergoes an
gen atoms, to distortions alori§11) directions, forming the AFE-FE compositional phase transition. However, the domi-

VI. LOCAL STRUCTURE AND PHASE TRANSITIONS
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100 poerrr T - T g T ' T —> ferroelectric such as PMN with PT, exhibit the same se-
o Al Pid 1 quence of phase transitions with increasing Ti content: from
ol - gié‘?;glfgfess )i | parent antiferroelectric or relaxor ferroelectric, to a rhombo-
\ .. |-+ Zrrich faces e hedral FE, to monoclinic FE, to a tetragonal FE phdse:>!
[ ’ T If the rhombohedral phase were just as ordered as the tetrag-
= 1
S o - ’ - onal one, it is not obvious why111) would be preferred at
= . V4 ) ! N A
= Y R // T | lower Ti concentrations. However, this general pattern can be
§: Y ’ easily understood in light of the fact that the rhombohedral
N 2L 1 phase is a disordered compromise structure between the di-
* e 1 pole alignment and the local repulsion interactions. In an
oF A \\ e N antiferroelectric or relaxor material, an ordered ferroelectric
N L7 M distortion pattern incurs too great a cost in local repulsion
_ el due to the large size of the B cations. As the smaller and
e ™ L hind, TYSEp | . L. . . . . .
0 % - =% ) T0o more ferroelectric Ti cation is added, the local energy cost of
% Titanium ordered ferroelectricity is diminished and the material under-

Jgoes a series of phase transitions: first to the disordered
rhombohedral FE phase, to a monoclinic phase, and then to
2n ordered tetragonal FE phase.

FIG. 25. Populations of various Pb environments in PZT as
function of Ti compositionA, R, M, andT denote the locations of
the antiferroelectric, rhombohedral, monoclinic, and tetragonal PZ
phases at low temperature.

VII. CONCLUSION

nance of the Zr-rich environments drives ferroelectric Pb dis-

tortions in any direction that would give a longer Pb-zr dis- We used DFT calculations to study the local structure of
tance, Creating an Overa(llll) po]arization’ with a |arge PZT in the Zr-rich rhombOhedral, 50/50 mOﬂOC”niC, and Ti-

scatter in the directions of cationic displacements. In thdich tetragonal phases. The effects of overall composition,
rhombohedral phase, a compromise is reached between thcal B-cation arrangement, and strain on local structure
dipole-dipole interactions and the local Pb-B repulsion interWere examined. We find that well-known crystal-chemical

action. concepts provide a good framework for understanding the

In the monoclinic phase at around the 50/50 Compositioni,nteractions in PZT. The interplay between the preference to
some of the environments unfavorable to tetragonal distorminimize dipole scatter and the A-B local repulsive interac-
tion are replaced with neutral or Ti-rich ones, due to larger Titions gives rise to the progression of phase transitions from
content. This allows some of the Pb distortions to rotate toAFE to T with increasing Ti content. We believe that this
ward the(100) direction, lowering the energy due to smaller €ffect is not specific to PZT but is rather the underlying cause
scatter away from the overall polarization direction. How- for phase transitions in other ferroelectric perovskite alloys.
ever, since around 30% of Pb atoms are located in environ-
ments unfavorable to tetragonal distortion, polarization rota-
tion leads to a monoclinic phase and not a tetragonal one.

On the Ti-rich side of the phase diagram, th€0) distor- The authors would like to thank T. Egami, W. Dmowski,
tion satisfies the local energy preferences of most Pb atomand P. K. Davies for many useful discussions and for sharing
and those with an unfavorable environment are forced td®°DF data. This work was supported by the Office of Naval
have a considerable component of distortion in 060 Research under Grant No. N-000014-00-1-0372, the Center
direction, because of the substantial energy lowering due téor Piezoelectric Design, and the NSF MRSEC Program un-
the alignment with the strong overdll00) polarization. In  der Grant No. DMR00-79909. Computational support was
the tetragonal phase, especially at very high Ti content, botprovided by the High-Performance Computing Moderniza-
the dipole alignment and the local repulsion preferences argon Office of the Department of Defense, Defense Univer-
satisfied. sity Research Instrumentation Program, and the Center for

Phase diagrams of perovskite solid solutions made byiezoelectric Design. A.M.R. would also like to thank the
mixing an antiferroelectric such as PZ with PT, or a rela%or Camille and Henry Dreyfus Foundation for support.
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