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First-principles study of piezoelectricity in tetragonal PbTiO5 and PbZr,,Ti;;,03
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The local orbital extension of the linearized augmented plane \WaABW +LO) method within the general
gradient approximation was used to determine structural and ferroelectric properties of tetragongl(PBY;iO
and two chemically ordered PbgiTi,,O5 (PZT 50/50 phases, with B-site cations ordered aldf@1], and
[111] directions. Stable ferroelectric ground states were found in all structures. Bulk spontaneous polarization,
dynamical chargesZ(*), and piezoelectric stress tensor elements were determined from ground-state Berry’s
phase calculations. Ordering along the p¢R01] direction was found to enhance tbg; piezoelectric stress
modulus in PZT 50/50. While theoretical piezoelectric stress moduli of ®F=3.15 C/nf, 3=
—0.93 C/nf, andes3=3.23 C/nf, agree well with single-crystal experimental data, computed proper moduli
of bulk crystalline PZT ga(P4mm)=4.81 C/nf andegy(I4mm)=3.60 C/nt, differ significantly from low-
temperature experimental moduli of polycrystalline samli86163-18209)03319-¢

I. INTRODUCTION effects? Therefore,ab initio determination of piezoelectric
properties can also provide us with an important estimate for
Many of the technologically important ferroelectics are the missing single-crystal data of PZT and related ferroelec-
oxides with simple perovskite, or more complex perovskitetric materials.
related structures. PbTiQPT) is one of the simplest mem- Similar to PT, there is only one high-temperature cubic
bers of this class of materials. It has a clearly establishegaraelectric phase in the experimental phase diagram of
phase transition withT.=766 K from a paraelectric PZT° At low temperatures, however, the phase diagram of
cubic to a ferroelectric tetragonal phase, and its electroni®ZT is far more complex, and it contains regions corre-
structure has been studied extensi\ﬂe‘l‘il. Therefore, sponding to several phase transitions. Compositionsxfor
PT is an obvious starting point for understanding piezo->0.52 in PbZy_,Ti,O3, including pure PT, show only one
electricity in ferroelectrics. PT is also an end memberlow-temperature tetragonal phase, which belongs to the
for PZT, and the newly discovered relaxor-PT materialsP4mm symmetry group. The high Zr content region of the
with very high-electromechanical coupling propertiesdiagram is considerably more complicated. Pure PRZrO
and low-dielectric loss. The latter materials, (P2) at low temperatures occurs in a complex antiferroelec-
represented by PbZaNb,O5-PbTiO; (PZN-PT) and tric orthorhombic structure. Pulsed-neutron scattering experi-
PbMg,sNb,,z05-PbTiO;  (PMN-PT),> may revolutionize ments show that atoms in PZ are significantly displaced lo-
acoustic sensors and transducers, with important applicatiorglly from the average sites determined by crystallographic
in medical ultrasound and acoustic measurements. The othanalysis:* Near the ferroelectric-paraelectric transition tem-
object of this study, lead zirconate titanate, is one of the bequerature of the high Zr-content PZT, the structure of the
known ferroelectric materials, due to its excellent ferroelecmaterial is less established. Transmission-electron spectros-
tric and piezoelectric properties in polycrystalline form. Ce-copy studie¥ revealed an intermediate ferroelect(EE)
ramics based on lead titanate and lead zirconate titanaghase with rhombohedral symmetry. Other investigations
PbZr, _,Ti,Os, either in pure or in doped form, are the ma- showed an AFE tetragonal phase of PhZiTi,O;3 for com-
terials of choice in a wide range of applications including positions withx<0.03!2 This AFE phase disappears with
actuators, ultrasonic transducers, piezoelectric transformericreasing Ti content, at>0.07. Solid solutions of rhombo-
and acoustic scannetdn contrast to the newly discovered hedral Pbzy ,Ti,O; for 0.07<x<0.35 show an R3m to
relaxor-PT materials, which are relatively insensitive to com-R3c¢ phase transition. The rhombohedral region can be fur-
position, near morphotropic boundary compositions are necther partitioned based on the type and ordering of the oxygen
essary in PZT-related materials to achieve high-piezoelectrioctahedra rotation¥.
coefficients. The growth of good quality single crystals has The phase diagram of the PZT solid solution shows a
not been successful for a significant part of the PZT phaseearly temperature-independent morphotropic phase transi-
diagram’ while experimental single-crystal structural and pi- tion for compositions near PbZi:Tio 5{05. The most widely
ezoelectric data is readily available for PT. Due to the lack ofapplied piezoelectric ceramic is PZT with compositions near
single-crystal data for PZT, determination of bulk dielectric, this morphotropic boundary. At this concentration, the piezo-
piezoelectric, and elastic properties of this material usuallyelectric moduli, the remnant polarization, and the material’s
involves indirect method$,and low-temperature measure- dielectric susceptibility have their maxima. Chemically or-
ments to freeze out external domain wall and thermadered PbZy,Ti;;,O5 phases investigated in this study are the
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computationally simplest systems with stoichiometry closeferroelectric phase transitions and properties related to ferro-
to that of the morphotropic-phase boundary. electric instabilities. Unfortunately, strain and volume can be
The 1:1 ordering pattern chosen in this study can be founa relatively strong function of applied computational meth-
experimentally in ferroelectrics, and is very common alongods, requiring an even more careful analysis of the final the-
the[111] direction in Pb containing perovskites with the for- oretical results. First-principle density-functional theory
mula of Pb(BB")O;. Nevertheless, chemical ordering has (DFT) methods have been used effectively to contribute to
not been considered as a possibly important feature of PZThe microscopic understanding of the basic principles under-
mainly because long-range chemical ordering has not bedifing ferroelectricity. Since the local-density approximation
observed experimentally in pure PZTIgnoring covalency, (LDA) usually gives volumes that are too small by several
the degree of order is determined by the size and charg@ercent, in some cases the ferroelectric instability was found
differences between the two B-site ions; the larger the diff0 be suppressed at LDA optimized volumes. Results of
ference the more favored the ordered state is. The enerdyPA calculations were found to be in best agreement with
difference between ordered and disordered PZT phases @&perimental observables when properties are obtained at ex-
expected to be small, since the charges of the B site catiorfé@rimental lattice parameters. Calculations within the general
are equal, neither is there a large difference between theffradient approximatioiGGA) (Ref. 22 yield ferroelectric
sizes. The available experimental ddtaray and TEM  Parameters very similar to those of the LDA calculations, buF
show no long-range order in microcrystalline PZT, and theythe GGA parameters were found to be closer to the experi-
predict a shorter than 2-nm coherence length. We have chépental results, and thus the well depths are more accurate at
sen to study ordered materials because of their relative confPtimized theoretical volumes. Former theoretical papers
putational simplicity. When drawing conclusions, however,have demonstrated that sufficiently high-quality DFT results
one has to keep in mind that chemical order can have §&n account for the overall nature of the potential surface in
subtle effect on many properties of A(B’")Os type ferro- @ ferroelectric material, including depth, and shape of soft-
electric perovskited® Long-range B-site cation order with mode displacement wells together with hybridization effects.
short coherence length can result in relaxor-type behavior,
whereas both local-atomic disorder and long-coherence
lengths can lead to normal ferroelectric or antiferroelectric Il. METHOD
properties:’ We consider a ferroelectric material a normal
ferroelectric, if it can be characterized by a sharp first- or
second-order change in permittivity about their Curie tem- We reported recently optimized structural properties, pi-
perature, weak frequency dependence of permittivity, an@zoelectric response, and dynamical charge-tensor elements
strong anisotropy of light scattering, while relaxor ferroelec-of PTZ In this paper, we present additional internal struc-
trics have broad, strong frequency-dependent maxima witkural details of this material, as well as the structural and
weak remnant polarization. Relaxors also show very wealpiezoelectric properties of a closely related, technologically
anisotropy to light scattering and no x-ray line splitting dueone of the most important ferroelectric materials, PZT 50/50.
to their pseudocubic structure. All properties presented formerly and in this paper were
Highly oriented PZT films can be prepared by usingcomputed within the general gradient approximation using
layer-by-layer deposition techniqu¥s?’ These low- the full-potentialab initio LAPW method with local-orbital
temperature methods can create films oriented along variousO) extensior?* The LAPW+LO method includes local
axes depending on the substrate used in the deposition pretbitals in addition to the normal LAPW basis to allow treat-
cess. The structure of these films could provide a uniquénent of all the valence bands in a single-energy window and
example to compare with theoretical results of ordered infigreater variational freedom. Local orbitals used to include
nite crystals. So far, however, not even these layered matéhe semicore Zr 4, 4p and Ti 3s, 3p states with the va-
rials showed experimental evidence for long-range chemicdence bands as well as to help the relaxation of the lineariza-
order. tion of the Pb 8, Zr 4d, Ti 3d, and O &, 2p states. There
Since the ferroelectric instability results from a delicateis no pseudopotential approximation, core states of atoms
balance between short-range repulsions favoring the occuvere calculated self-consistently in the crystal potential and
pance of high-symmetry sites, and long-range dipolar forcewere treated fully relativistically, while valence states were
favoring symmetry lowering ferroelectric distortion; usually treated semirelativistically. The Perdew-Burke-Ernzerhof
highly sophisticated first-principles computational methodsl996 (PBE96 (Ref. 22 exchange-correlation parametriza-
are required to adequately describe the properties of ferrdion was used in the calculations. The value of RKwas
electric materialé! Simpler, ionic models can fail to repro- set to 8.3, LAPW sphere radii of 2.0, 1.7, 1.7, and 1.6 a.u.
duce ferroelectric properties, since they are less capable afere used for Pb, Zr, Ti, and O, respectively. Pb
describing covalent bonding between oxygens and the cabd, 6s, 6p, Zr 4s, 4p, 4d, 5s, Ti 3s, 3p, 3d, 4s,
ions, considered by many as the major driving force behindind O % and 2 orbitals were treated as valence orbitals.
ferroelectricity. Covalent bonding decreases short-range reFhe special-points methétiwas applied for Brillouin-zone
pulsive forces, and very frequently lowers the symmetry ofsamplings with a &k 4X4 k-point mesh in PT, and a>66
local environments, therefore is crucial in creating the ferro-x4 and 4x<4x 4 k-point mesh for thd001] and the[111]
electric distortion. Bonding promotes the displacement ofordered PZT structures, respectively. Tkespace integra-
potential surface minima from high symmetry, sites. tions in the Berry’s phase calculations were made on a uni-
Both experimentally, and theoretically, spontaneous straifiorm 4xX4x 20 k-point mesh in PT, and on a>4x15
and volume effects were found to play an important role ink-point mesh in PZT. Results were checked for convergence

A. Electronic structure method
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with respect to the number &fpoints and RK,,, Analytical Pl = PiT—Ej(eij P;—€;;P?). The difference between proper

forces were calculated using the formulation of ¥ual® and total polarizations is due only to the homogeneous part,
and it should be noted that the homogeneous part appears as
B. First-principles determination of macroscopic polarization a pure electronic term only in the expression for greper

The total closed-circuitzero-field macroscopic polariza- piezoelectric modulus. It s also evident, that the proper and
. . - T os total piezoelectric constants differ only in materials with
t'O”T of a strained sampl®’ can be expressed & =P 5,610 polarization in the unstrained crystad., pyroelec-
+e,€,, where Py is the spontaneous polarization of the trics). For some constants, suchags, proper and improper
unstrained sampleg,, is the strain-tensor element, anfl, e terms are identical,

defines the piezoelectric resporf$eit low temperatures PT Homogeneous strain contributions to the piezoelectric
and PZT 50/50 are tetragonal and belong to crystal clasgodulus can be evaluated from polarization differences as a
4mm. The three independent piezoelectric tensor compGunction of strain, with the internal parameters kept fixed at
nents of this class are;;=es3; andess, which describe the their values corresponding to zero strain. Terms that arise
zero-field polarization induced along tleaxis when the  from internal microscopic relaxatiott;>? can be calculated
crystal is uniformly strained in the basey plane and along  after determining the elements of the dynamical transverse-
the z axis, respectively, ané;s=e,,, which measures the charge tensors and variations of internal coordinates as a
change of polarization perpendicular to thaxis induced by  function of strain. Transverse charges in general are the
shear strain. This latter component is related to the induceghixed second derivatives of a suitable thermodynamic po-
polarization byAP;=ejces and AP,=e[c€,. The total in- tential with respect to atomic displacements and electric
duced polarization along the crystallograpki@xis can be field. They measure the change in polarization induced by
expressed asAP;=el,e;+el (e, +e,), where e;=(a unit displacement of a given atom at zero electric field to
—ag)/ay, e;=(b—by)/by and e;=(c—cy)/c, are strains linear order. In a polar insulator transverse charges indicate
along thea, b, andc axis, respectively, and,, by, andc, the extent of polarization change induced by relative sublat-
are lattice parameters of an unstrained reference structurtice displacements. While many ionic oxides have Born ef-
The change in total macroscopic polarization, containingective charges close to their static vald@gerroelectric per-
both electronic and rigid ionic-core contributions, is a well- ovskites display anomalously large dynamical chafés?®
defined bulk property at zero electric field. Therefore, the

total piezoelectric constant can be calculated from finite dif- Il. RESULTS

ferences of polarizations between crystals of different shapes
and volumes.

The electronic part of the polarization was determined The smallest-ordered PZT unit cells, with B site cations
using the Berry’s phase approa¢hThe details of this ap- ordered along the001] or [111] directions, contain two for-
proach as applied to the LAPWLO method are described mula units. LAPW total energies of tH€01] ordered PZT
in one of our former paperS.In summary, one can calculate structure were determined withP4mm symmetry, and the
the polarization difference between two states of the samfl11] ordered tetragonal structure within thémm symme-
solid, under the necessary condition that the crystal remaingy, both at the experimental lattice parameters of the micro-
an insulator along the path that transforms two states interystalline PZT 50/50 phase. We did not consider other than
each other through an adiabatic variation of a crystal Hamiltetragonal ordered structures in this study. Table | contains
tonian parameterN). Expressing electronic polarization in optimized theoretical internal parameters of the ten atom unit
terms of a dynamic currefitinstead of static-charge separa- cells. These optimized internal configurations served as ref-
tion provides well-defined bulk quantities at the adiabaticerence states in polarization calculations. Conditions under
limit. The magnitude of the electronic polarization of a sys-which internal structural parameters and polarization related
tem in state X) is defined only moduleR/(), whereR is  properties of PbTi@ were determined have been described
the shortest real-space lattice vector &hds the volume of in details in our former papér.
the cell. In practice theR/Q) factor can be eliminated by Generally, the B@octahedron is regarded as the building
careful inspection, if the changes in polarization are such thablock of the perovskite structure. Besides the two most im-
|AP|<|eR/Q|. The electronic polarization difference be- portant internal elements of PT and PZT, namely the ZrO
tween two crystal states can be then expressedPds and TiQ; octahedra, we also investigate the distribution of
=P®(\,)—P®(A,). Common origins to determine elec- Pb-O and O-O bond distances, and compare them to experi-
tronic and core parts can be arbitrarily assigned along thenental data and bond lengths calculated from effective ionic
crystallographic axes. The individual terms in the polariza-radii® Based on the latter values, the sum of Zr-O ionic
tion sum do depend on the choice; however, the final resultsadii is 2.12 A in an ideal ZrQ octahedron, whereas in
are independent of origin. TiOg the sum of Ti-O ionic radii equals to 2.00 A. The ideal

Elements of the macroscopic piezoelectric tensor can b®-O distances therefore in the undistorted octahedra would
further separated into two parts: a clamped-ion or homogebe 3.00 A for ZrQ and 2.83 A for TiQ.
neous strain contribution evaluated at vanishing internal We find a slightly distorted @ octahedron around the
strain® and a term that is due to an internal microscopiccentral Ti atom in the optimized PbTiGtructure, with edge
strain, i.e., the relative displacements of differently chargedengths of 2.75, 2.84, and 2.87 A. These distances are very
sublattices.Proper macroscopic polarization change@ipo similar to Glazer and Mabud$ low-temperature data, re-
that do not include terms from the rotation or dilation of thefined by the Rietveld neutron profile method. The Ti atom is
spontaneous polarizatiofPf) of a ferroelectric are given by strongly displaced from the center of the octahedron by

A. Internal structures
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TABLE |. Structural parameters ands; values of tetragonal PZT 50/50. Internal coordinatgsare
given in terms of the lattice constants of tRdmm unit cell.

PZT PAmm PZTI4mm
Atom X y z z X y z z
Upp 0 0 0 3.46 0 0 0 3.23
Upy, 0 0 0.5300 2.83
Uz, 0.5000 0.5000 0.2435 6.06 0.5000 0.5000 0.2268 5.96
Uri 0.5000 0.5000 0.7410 5.35 0.5000 0.5000 0.2255 5.69
Uo 0.5000 0.5000 0.9555 —4.44 0.5000 0.5000 0.9452 —4.55
Uo 0.5000 0.5000 0.4813 —4.79 0.5000 0.5000 0.4613 —4.95
Uo 0.5000 0 0.1938 —2.33 0.5000 0.0142 0.1922 —-2.16
Uo 0.5000 0 0.7152 -1.91

0.31 A, resulting in 1.78, 1.97, and 2.39 A Ti-O interatomic PZT can deviate significantly from crystallographic long-
distances, in good agreement with Glazer and Mabud’$ange structural parametéﬁstn addition, the pulsed neutron
nearly temperature-independent values of 1.75, 1.98, and@tomic pair-distribution function studies indicate that local
242 A. atomic structures are very similar along a wide range of com-
A highly strained oxygen octahedron was found aroundPosition in PZT. In particular, the environment of Pb was
the Zr atom in tetragonal PZT witR4mm symmetry. Cal- found nearly independent of composition, with a strongly
culated oxygen-oxygen distances are 2.82, 2.85, and 3.13 Aff-centered Pb atom in the PhOunit. Our studies also
all of which are very far from the ideal 3.00 A. The Zr atom support a model in which the local Pb-O environment is
is displaced from the center of the octahedron, and the carelatively independent of chemical and long-range structural
culated Zr-O distances range from 1.97 to 2.39 A. Similarly,parameters. The local environment of Zr and Pb are rela-
to the Zr atom, the environment around the Ti atom is highlytively well known from studies of PZ and high Zr content
unsymmetric, with Ti-O interatomic distances varying from PZT. The first crystallographic model of PZ based on x-ray
1.78 to 2.16 A. However, oxygen-oxygen distances aroun@nd neutron-diffraction studies was proposed by Jeirel *°
the Ti atom are very close to the values determined fronfUjishita and Hoshirfty found very similar cation positions
ionic effective radii and are in the range of 2.80—2.85 A. Inin their study. However, they assigned the centrosymmetric
tetragonal PZT witH 4mm symmetry, similarly to that com- Pbamspacegroup to PZ, due to the lack of unbalanced oxy-
puted for theP4mm structure, we found strongly displaced 9€n shifts. This also resulted in a smalle_r deformation of the
central B-site cations. Optimized Zr-O distances are in thé octahedra around the Zr atoms than in Jona’s study. Our

range of 1.95 to 2.34 A, while the calculated Ti-O distancegnodel, which is based on an ideal, infinite-periodic solid,
are 1.83, 1.97, and 2.19 A. All interatomic distance distri-Produces structures that are very similar to those determined

butions are very similar in the two ordered PZT structuresPY crystallographic models. Atomic-distance distributions

and in PT, with one exception; the oxygen octahedrorf'® in good agreement with Glazer and Mabud's, and
around the Zr is significantly more distorted in tRémm Fujishita and Hoshino® results. Our studies, however, do

structure. Apart from this, O-O distances in PEmm, PZT not support the model with very short O-O distances found

P4mm, and PT were found to be very close to those deter?y Jonaet al.
mined from crystallographic experiments and effective ionic
radii.

In the ideal, cubic perovskite structure the Pb atoms are
surrounded by twelve oxygen atoms at equal distances. For Born effective charges were obtained from changes of
twelve coordinated Pb the Pb-O radius sum is 2.89 A, and isnacroscopic polarization induced by small displacements of
very close to the O-O distances. Tetragonal strain, distortiorgtomic sublatticegTable ). Comparing PZT and formerly
and relative displacement of oxygen octahedra can lower thigublished PT result§ we found that ordering and chemical
symmetry. In PT, the Pb atom is displaced in the same dienvironment have little effect on the magnitude of Born ef-
rection as the Ti atom by 0.43 A. Because of the Pb atom’dective charges in these structures. Similar to other
displacement relative to the O octahedron, the Pb environperovskite-type ferroelectric oxides, these charges were
ment loses its high symmetry, with Pb-O computed bondound significantly larger than their nominal ionic values.
lengths ranging from 2.53, and 2.78 to 3.20 A. Glazer andOur results satisfy the acoustic sum rdlgZf ;=0 showing
Mabud's”’ PT data based on the rigid octahedron modelthat the computations are sufficiently converged with respect
gives very similar 2.51, 2.83, and 3.24 A values. Pb-Oto computational conditions.
atomic distances range from 2.53 to 3.44 A in the optimized A theoretical spontaneous polarization value of
P4mm PZT structure, and one also finds similar 2.57, 2.860.70 C/nt was computed in th¢l11]-ordered PZT struc-
and 3.25 A Pb-O bond lengths in thémm tetragonal PZT ture, compared to a value of 0.74 Crrim the [001] struc-
structure. ture. These values are in good agreement with low-

Pulsed neutron-scattering studies of local structures in PEmperature experimental dét> and are somewhat
and PZT concluded that local atomic structures in PZ angmaller than the value of 0.88 Cfncomputed for single-

B. Polarization and piezoelectricity
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TABLE |l. eg; piezoelectric stress tensor elements (&)/wf tetragonal PbTi@ and ordered PZT 50/50.

PbTiO; PZT 50/50 P4mm) PZT 50/50 (4 mm)
Homogeneous —0.88 —0.65 —0.65
Proper Homogeneous —0.88 —0.65 —0.65
Internal Strain 4.11 5.46 4.25
Total 3.23 481 3.60
Experiment 3.3% 27.0¢

6.50° 11.9°
5.0/4.1°

%Reference 45.

bReference 46.

‘Reference 47, two sets of velocity RMS deviations.
dReference 43, RT data.

®Reference 9, low T data.

crystal PT2 Polarization values were carefully checked with Qur theoretical values of 3.60 Chl4mm) and
respect to the mesh density usedkispace integrations of 4.81 C/nf (P4mm) (Table 1) differ significantly from
the Berry's phase method-point meshes less dense thanthese values. However, room-temperature measurements do
4x 4x15 were found to be insufficient. However, polariza- include external contributions to the piezoelectric modulus,
tion differences obtained on denser meshes differ by lessuch as domain-wall and thermal-defect motions. At very
than one percent from values computed on the4415  |ow temperatures these contributions can be eliminated from
mesh. the measurements af;; piezoelectric strain coefficients.
Piezoelectric constants were determined by using both ditsing the low-temperature data of standard piezoelectric
rect and indirect methods. In the direct approach, absoluteesonance measurements obtained for poled, pure, ceramic
macroscopic polarization values were computed at a refelPzT 50/50, the measured value ef;=11.9 C/nf is still
ence structur®®" and at several strained structuR®S with  more than twice as big as the theoretical value.
equilibrium internal parameters determined at each strain Further investigation of various contributions to thg e
value. Applied strain values were typically in the1%  modulus of PZT 50/50 reveals several important details
range. The slope of theP€—P™") vs strain curve in the about the nature of piezoelectric response in PZT 50/50. Ho-
linear regime yielded directly the piezoelectric constantsmogeneous contributions-(0.65 C/nf) are independent of
Clamped-ion contributions to the piezoelectric moduli wereordering and are slightly smaller in magnitude than the con-
determined from slopes of polarization vs strain curves. Durtribution found in tetragonal PbTiD—0.88 C/n%).%* How-
ing this set of calculations, internal parameters were kepgver, ordering along the polarizd®01] direction slightly
fixed at their values optimized in the unstrained referencenhances the internal strain part of thgmodulus, resulting
structure. When combined with the effective charges and oufy somewnhat larger piezoelectric response for Bemm
displacement-strain derivatives we find no significant differ-strycture.
ence(less than 0.5%between moduli calculated by direct
and indirect methods, indicating that the linear approxima-
tion used to describe the piezoelectric response of PT and
PZT 50/50 is valid for the applied magnitude of strains. Us- e have investigated the structural and electronic proper-
ing this method, we formerly reported piezoelectric stresgjes of tetragonal PT and two chemically ordered tetragonal
moduli of PT, e;s=3.15 c/nf, e5;=—-0.93 c/nf, e53  PZT 50/50 phases. Internal atomic-distance distributions in
=3.23 c/nf, which agreed well with single-crystal experi- these materials were found very similar to those obtained by
mental data. experimental neutron-diffraction studies. Computed local-
Berlincourtet al** measured the room-temperature valuesatomic structures are also very similar in PT and in the two
of elastic compliancesﬁ and piezoelectric strain constants ordered tetragonal PZT phases. Despite the periodic method
d;; for a number of poled-ceramic PZT compositions usingused in this study, the model produced highly polarized, dis-
standard-resonance methods. In tetragonal PZT, the piezterted PbQ, units in these materials, almost identical to local
electric stress constaay; is related to the piezoelectric strain clusters found by Teslic and co-workers in PZ and P24

IV. CONCLUSIONS

constants by We have used the Berry’s phase approach within the all-
electron LAPW+LO formalism to compute polarization-

€33= 203,C 3+ d3C53, (1)  related properties of PT and chemically ordered PZT 50/50

single-crystal materials. Chemical B-site ordering along the
CE,= —sE/s,CE,= (s + s5))/s,5= sE(sE, + s5,) — 2(s5,) 2. [001] direction couples better wiffd01] strain, which results

) in larger @3 piezoelectric stress modulus in tRmm PZT
structure than in th@l11]-ordered material. Theoretical in-
Their measurements give the value gf€27.0 C/nfinthe trinsic piezoelectric moduli in ordered PZT 50/50 were
ceramic material. found to be somewhat larger, but relatively close to the e
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modulus of single-crystal PbTiQ This indicates, similarly B-site cation disorder significantly enhances piezoelectric
to local structures, that at the atomic level, no significantProperties in this material.

difference was found between PZT 50/50 and PT. Spontane-
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