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First-principles calculations of piezoelectricity and polarization rotation in Pb(ZrsTiy5) O3
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First-principles local-density approximation calculations of the piezoelectric response of; Fli2rO;
(PZT 50/50 are presented for tetragonal and monoclinic phases. We use the linearized augmented plane wave
with the local orbital extension method af@01]1:1 ordered PZT 50/50 supercells, constrained W#mm
tetragonal andCm monoclinic symmetry. Calculated internal coordinates of monoclinic PZT 50/50 at the
experimentalc/a value are in good agreement with measurements of BR§HE 49 O;. Bulk spontaneous
polarization, Born effective charges®, and piezoelectric coefficients are computed using the Berry’s phase
approach. Greatly enhanced piezoelectric coefficients are observed due to polarization rotation as a function of
applied strain in the monoclinic phase with fully relaxed internal atomic coordinates. As the polarization rotates
within the (110) mirror plane between th@01] and[ »v1] (pseudocubicdirections, values as large as;
=12.6 C/nt, e;5=10.9 C/nf, e;3=—33 C/n?, ande;;=36 C/nt are observed at=1.27 , wheree;, is
defined as 0.5+ e;,). Such large values are consistent with the measured piezoelectric response in ceramic
PZT. This supports the polarization rotation mechanism as the origin of the enhanced electromechanical
response.
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[. INTRODUCTION polarization direction is parallel to the initial polarization
direction®1° For example, Sghi-Szabcet al. calculatedes;

Complex perovskite alloys of A(B'B")O; and (P4mm)=4.81 C/nf and ez (14mm)=3.60 C/nf for
A(B'B"B")0; have been extensively studied and widely single-crystal tetragonal Pb(ZiTiy <) O; (PZT 50/50.° Em-
used in industry because of their excellent piezoelectric propploying the virtual crystal approximation within the density-
erties. Examples include Pb(Zr,Ti,)O; (PZT),! which is  functional theory , Bellaiche and Vanderbtiobtainedess
currently used in acoustic sensors and transducers, and4.4 C/nf for tetragonal PZT 50/50. However the measured
(1-x)Pb(Zn5Nby5) O5-xPbTiO;  (PZN-PT)  and (1-  value of poled ceramic PZT 50/5@efs. 12 and 1B8is more
X) Pb(MnysNb,9) O3-xPbTiO;  (PMN-PT),> which show  than twice as large as the first-principles results. Calculations
great promise as acoustic sensors and transducers. All thesEnoncollinear piezoelectric coefficients have been based on
materials exhibit extremely large piezoelectric coefficientseffective Hamiltonians, which only depend on a few degrees
and large electromechanical coupling and stfain. of freedom and which are fitted to results of first-principles

Recently, polarization rotation has been proposed as thealculations. Bellaichet al’® reported a large value af;s in
origin of high piezoelectric response. It was first advancedingle-crystal PZT based on their effective Hamiltonian cal-
by Park and Shrout to explain the giant piezoelectric reculations. Using an angular average of their calculated
sponse in single-crystal piezoelectrics PZN-PT andds;;, andds; to simulate a ceramic sample, they obtained
PMN-PT? and theoretically it was emphasized by first- good agreement with the measured valuéegfin tetragonal
principles calculations in BaTiby Fu and Cohef.Fu and  ceramic PZT near the morphotropic phase boundary. They
Cohen found that large strain response is induced by an exiso found that applying an electric field along the pseudocu-
ternal electric field through polarization rotation, while the bic [111] direction introduces the expected phase-transition
strain response for the electric field along the spontaneousequence tetragonal-monoclinic-rhombohedral. Their effec-
polarization direction is smafl Their strain-vs-field curve is tive Hamiltonian method only included polar degrees of free-
qualitatively similar to what is observed in PZN-8%PBut  dom and did not include competing antiferrodistortive insta-
the electric field calculated for BaTids much stronger than bilities, which are energetically close, as emphasized by
the measured one for PZN-8%PT. The discovery by Nohed&ornari and Singh*
et al* of an unexpected monoclinic phase near the morpho- In this paper, we present direct first-principles calculations
tropic phase boundary of PZT suggested that the new phas¥ the piezoelectric response of a Zr/Ti chemically ordered
might serve as a bridge between the tetragonal and orthanodel of PZT 50/50. Our first-principles approach treats all
rhombic phases. Subsequent effective Hamiltonian calculazompeting instabilities on an equal footing, but they are per-
tions by Bellaicheet al® also showed this behavior. Similar formed at zero temperature and neglBesite disorder. To
polarization rotation has been observed in PZN-8%R&f.  our knowledge, these are the fi@h initio calculations to
6) via an orthorhombic intermediate phase. The existence ofield a large piezoelectric response, which is shown to result
such intermediate phases has been established on gendraim the rotation of the polarization in the monoclifdm
principles by Vanderbilt and Cohén. mirror plane!® The size of the piezoelectric coefficients is

Previous first-principles studies have largely calculateccommensurate with measured value®isite disordered ce-
only collinear piezoelectric constants, in which the change irramic PZT.
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Il. THEORETICAL METHOD strained sample®” can be expressed @8'=PS+e¢,,

The calculations are performed within the framework of Where P? is the spontaneous polarization of the unstrained
the local-density approximation, and we used the firstS&mPple,e, is the strain tensor element, aaq,?gefmes the
principles  all-electron linearized augmented plane-wave?i€Z0€lectric tensor elements in Voigt notationThe ele-

(LAPW) plus local-orbital method® The local-orbital exten- mentf ?féhi?]tmiscoscoﬁt'? DIEZ?E:T?CtréCitennsorr ﬁanm be fgrther
sion yields the most accurate treatment of atoms with ex>cparated into wo parts. a clamped-ion or ho og?é_eous
tended semicore orbitals, allowing them to be treated varia§tra|n c_ontrlbutlon e valuated at vanishing mter_nal strain,
tionallv alona with th v,alence bands in a single ener and an internal strain term that is due to the relative displace-

onally along ! the ands in 9 "W ments of differently charged sublattices:
window. Local orbitals were associated with the Z; 4ip;
Ti 3s, 3p; and O X states. Core states were calculated fully €,=€i,cT€,i, (1)
relativistically in an atomiclike approximation using the self-

: . V\C/Ihere

consistent crystal potential. The valence states were treate

scalar relativistically, and the Wigner exchange-correlation apiT

parametrization was used. Muffin-tin radii were set to 1.85, €= 2
1.65, 1.65, and 1.55 a.u. for Pb, Zr, Ti, and O, respectively. Y lu

Because these calculations are so demanding, for computand

tional simplicity a ten-atoni001]1:1 B-site ordered supercell

was chosen. The volume was kept fixed at the experimental ﬁPiT Uy eg _, dUg

value of low-temperature microcrystalline monoclinic PZT ei,,,i=§k: g Ef?_EVZEk: ﬁzkviia_ev’ )

50/50'" The LAPW convergence paramet®K,,,=6.5 _ _ _ .
yielded about 1200 LAPW'’s, which gave adequately con-where{} is the volumea; is the lattice parametek is an
verged results. The speciitpoints metho# was used to atomic index, andz* is the transversgBorn) effective
sample the Brillouin zone with a4 x 4 mesh. To relax the charge:

internal atomic coordinates, atomic forces following the for-

mulation of Yuet al® were calculated. A Secant and Polak- x _ Zcorey % el_
Ribiere style conjugate gradient method was implemented, kdv Tk v

and atomic positions were relaxed until all atomic forcesI f lectri ial onlv ch f
were smaller than 1 mRy/bol@5.7 meV/A. n a ferroelectric material, only changes of th@per mac-

The refined experimental structé®f Pb(Zr, 55Tig 49 O3 rosgopTic polarizastion ce;n be mea;ured experimentaffy:
(PZT 52/48 (discussed belowcorresponds to a five-atom i = Pi —2j(€;Pj—¢;Py). The difference between the
primitive cell with an averaged Zr/TB-site atom. It is de- Proper and total polarizations is due only to the homoge-

scribed using a conventional ten-at@®m monoclinic unit ~ N€OUS part. _ _
cell with a pseudocubic (_1(1) mirror plane. The doubled TetragonalP4mm PZT has three independent piezoelec-

- . . tric tensor componentse;=e3,, €33, ande;s, wheree
monoclinic cell has lattice parametexg andb,,, which are mp sl =32y =33 15 st
and eg; describe the polarization induced along thexis

directed along the pseudoculit10] and[110] directions,  \yhen the crystal is uniformly strained in the basgl plane
respectively, ancc,, which is directed very close to the o giong thez axis, respectively, ane,s measures the change
[001] direction. The tilt angle of, away from the[001]  of pojarization perpendicular to theaxis induced by shear
direction is very smal(less than 0.5°), and the difference of strain. MonoclinicCm PZT has ten independent piezoelec-
magnitudes betweea,, andby, is also small (-0.2%). Due  tric tensor componenf$, seven of which were calculated:
to the small value of these deviations, all our calculations Seé33, €31, €32, €13, €11, €1, ande;s. Here we adopt the

the tilt angle to zero ané,=by,. Cmis a subgroup of both - conyention that the first subscript%1, 2, and 3 denotes
tetragonalP4mm and rhombohedraR3m structures. With  the directions of the conventional monoclinic unit-cell lattice
P4mm symmetry, our ten-atom primitive unit cell of yectorsa;, A, andAs, respectively. Thuse,s ande;s de-

=a[1,0,0], R;=a[0,1,0], and R3=c[0,0,2]. This corre- gjrection by a strain along the axis and a shear strain,
sponds to a conventional 20-atom monoclinic cell, whosgegpectively.

Q oP]
e_ai ﬁuk],, e.

4

lattice vectors areA;=a[1,1,0], Azza[l,T,O], and A, There are both direct and indirect methods to determine
=¢[0,0,2. The P4mm da ratio corresponds to piezoelectric tensor elemeritsn the direct approach the po-
2\2¢/(am+byy) with respect to the monoclinic axes. larization difference is computed as a function of strain, with

The piezoelectric tensor is most conveniently calculatedhe internal coordinates optimized at each strain. The slope
from finite differences of the bulk polarization due to appliedof AP vs strain is the piezoelectric constant. In the indirect
strain in zero electric field. The change in total macroscopi@pproach, one can evaluate the clamped-ion term from polar-
polarization, containing both electronic and rigid-ionic coreization differences as a function of strain, with the internal
contributions, is a well-defined bulk property, which can, inparameters kept fixed, and the internal strain term can be
principle, be measured in shorted boundary conditions. Thealculated from the Born charge tensor and the change of
electronic part of the polarization was determined using thénternal coordinates;as a function of strain. Both the direct
Berry’'s phase approa&f!?? The total polarization of a and indirect methods were used and there is no significant
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difference, as expected for small applied straftypically TABLE I. Internal coordinates of monoclini€m PZT 50/50
less than+1%). For thek-space integrations in the Berry’s (c/a=1.035). The upper part of the table gives the relaxed theoret-

phase calculations, a uniformx#4x 12 k-point mesh was ical internal coordinates of the ten-atom cell of monoclinic PZT
found to be adequate. 50/50 at the experimental volume anfia=1.035 (Ref. 20. The

coordinates () are given in terms of the lattice constants of the
tetragonal ten-atom unit cell, and for comparison, we also present
the relaxed internat coordinates oP4mmtetragonal PZT 50/50 at
The morphotropic phase boundary in PgH;s _, lies near c/a=1.045 in parentheses. The bottom panel gives the calculated
x=1/2. According to a recent structural refinement by No_a\_/e_raged_ internal coordinates_in terms of the conv_ention_al mono-
hedaet al2° PbZi 55Tig 45 at 20 K is in theCm monoclinic clinic _ba5|s vector$see_ tex)‘,_whlch facilitates comparison with the
phase. Section Il A compares the calculated atomic positiongXPerimental values given in parentheses.
with the measured values. We next examine trends in the

IIl. RESULTS AND DISCUSSION

piezoelectric coefficients, first presenting results for the high/ o™ X y ‘
symmetry tetragon@4mmstructure in Sec. Ill B. Using the 0 0 0(0)
P4mm structure as a reference state, the polarization as g, 0.003 0.003 0.5290.53F)
function ofc/a strain is then calculated in Sec. Ill C to pro- 0.534 0.534 0.24%0.242)
vide an overview of the polarization rotation and piezoelec, 0.520 0.520 0.7410.73%)
tric response as the structure switches fledmm symme- 0.557 0.040 0.1990.186)
try to Cm symmetry with decreasing/a. For comparison, uol 0.561 0.561 0.4870.477)
similar results are presented for PbEiCSection IlID pre- 3
sents calculated Pigzoelectric coeffigients in G mo%o— o, 82:2 8'222 8;;28;22
clinic phase. Section Ill E presents calculations for a related % ' ' ’ '
P2mm orthorhombic structure, whose polarization is rotatedAtOIm « y ,
by 90° compared to th4mm structure. m m m
. o Upp 0 0 0
A. Internal coordlna_tes of m(_)nocllnlc PZT compared Ugerr 0.526(0.523) 0 0.457(0.449)
with experiment Uo, 0.299(0.28%) 0.255(0.24%)  0.389(0.37%)
The structural refinement &@m ceramic PbZgsTigsgatl  uo, 0.557(0.552) 0 —0.084 (- 0.099)

20 K by Nohedaet al?° is compared to fully relaxed calcu-
lations in Table I. The upper part of Table | contains the’Calculated coordinates for tetragon&4mm phase atc/a
relaxed theoretical internal coordinates of the ten-atom cell=1.045.

of monoclinic PZT 50/50 at the experimental volume and Experimental structural refinement from Ref. 20 for monoclinic
c/a=1.0352° For comparison, we also present the relaxed Cm ceramic PbZss;Ti 4g at 20 K, 2y2¢,/(am+ by) = 1.023.
internal coordinates oP4mm tetragonal PZT 50/50 at/a

generalized gradient approximati6@GA) for the exchange-

=1.045 (the minimum-energyP4mm structure, shown in . - ) e
the upper right of Table | in parentheses. To facilitate com-CO"e'atlon potentid| The _magmtude of the poIar|zat|or_1 of
PP g P the fully relaxed monoclinic structure ata=1.035(coordi-

parison with experiment, the bottom panel shows the calcu . . !
lated averaged internal coordinates of every atom in terms dates given in Table) lis 0.80 C/nf. . - :

the conventional monoclinic basis vectors. The coordinates 2™ effective charges were optalned from finite 'd|ffer-
are expressed with respect to the Pb atoms in each of the twg' €S of macroscopic pqlarlzatlon induced by sma_lll displace-
five-atom perovskite units and their average is given in théﬂe,ntS of atomic gublattlces. Ofr resullts §hoyvn in Table Il
bottom panel and compared to the experimental valueSalisty the acoustic sum rulg,Zi ; =0, indicating that the

Given the neglect oB-site disorder in the calculation and the calculations are well converged with respect to computa-
slightly different chemical composition, our results are in tional conditions. While many ionic oxides have Born effec-

reasonable agreement with the measured values. tive charges close to their static valfé<erroelectric per-
ovskites display anomalously large dynamical ch&tgé%2®
similar to those shown in Table Il. The Born effective
charges have values similar to those in related materials such
ImposingP4mm symmetry on the ten-atom unit cell and as PbTiQ (Ref. 8 and PMN-PT
fully relaxing the internal coordinates, the total energy was The calculated piezoelectric tensor elements are listed in
calculated as a function afla with the volume fixed at the Table Ill. The calculated values ef;=4.18 C/nt are about
experimental value. The energy is minimized ata half that of values measured in ceramic PZT This is
=1.045, which is in reasonable agreement with the experieonsistent with previous calculations of the collinear piezo-
mental value of c/a=1.029 for PZT 50/50 at room electric effect:e;3=4.81 C/nt by Saghi-Szaboet al® and
temperaturé’/ The relaxedc/a=1.045 configuration was es3=3.4 CInf by Bellaiche and Vanderbift Indeed, ez, in
chosen as the reference state for further polarization calcul#®ZT is not much larger than the 3.61-C/ralue in PbTiQ.8
tions. The calculated spontaneous polarization in this state ishe calculated magnitude afy; is the smallest of those
0.81 C/nf, which is consistent with 0.74 Chrobtained by  shown in Table III, which is consistent with the experimen-
Saghi-Szabeet al® at the experimental value ofa [using a tally measured values. However, the calculated value is of

B. Piezoelectric coefficients of tetragonaP4mm PZT
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TABLE Il. Born effective charges foP4mm symmetry PZT 1 80
50/50. Q or O, is on the xz face of the unit cell, marks the —e P[110]
direction perpendicular to the Ti-O bond in tixg plane, and, 60 o
. . . . - 0 8 g
indicates atomic displacement along the Ti-O bond. - 40 ©
o 2
=
Atom z, z:, zz, S, 06 20 §
Pb 3.77(3.74) 3.77 3.46(3.48) 1 0o 8
Pb 3.87 3.87 2.682.89) 5 o
= 04 J 2
zr 5.56 5.56 5.956.08) s 20
Ti 5.99 (6.20) 5.99 5.27(5.35) a _?_ w:
0, —255 (—2.6P) -4.42(-518) -233(-233F) 0.2 --o €y, S
0, —2.34 (-2.15) —2.34 —4.65 (—4.79) ‘1 -60&
0, —-2.85 —4.97 —1.86 (—1.91%) Y
Os —2.06 —2.06 —4.28 (—4.44) %08 1.06 1.04 102 1 7%

- c/a
aReference 8, GGA results for PbTjO

PReference 9, GGA results at experimental volume and structural FIG. 1. Piezoelectric response of monoclifien PbTiO,. Solid
parameters. lines denote polarization, and long dashed lines piezoelectric coef-
ficients. Open symbols refer to tfie01] direction, and solid sym-

opposite sign to the measured value. Measured values @bls to the[110] direction. T, M, and R represent tetragonal, mono-
piezoelectric coefficients often vary consideralflye are clinic, and rhombohedral phases, respectively.
aware of only the measured value in Ref.).1Even for
PbTiO;, measured values fags; range from—0.98 to 2.1. As discussed below, there are lower-symmetry PZT
By contrast, the calculated PZT value @f;=10.9 C/nf is  phases that are energetically very clos@mm symmetry,
more than three times as large a&ss=3.15 C/nt in unlike the case in PbTi© This explains the much larger
PbTiO;.2 The clamped-ion contributions are similar in PZT value ofe;s in PZT than in PbTiQ. This is consistent with
and PbTiQ (e1PSp= 1.65C/nt for PZT and ef5p the existence in PZT of the observed stable monoclinic phase
=1.99 C/nt for PbTiO;), whereas the internal strain contri- close to the morphotropic phase boundary, which is where
butions are significantly differente(s;=9.28 C/nf for PZT  the largest piezoelectric response is obtained.
ande;5;=1.16 C/nt for PbTiO;). The large value o&s is
actually a manifestation of polarization rotation, since¢ge  C. Polarization rotation in Cm monoclinic PbTiO; and PZT
shedr Sl nduces & ozt componerl PN 1he ra suin dependence of the polarzaton am

"~ . monoclinic PZT is next studied and compared to that in

In PZT the piezoelectric effect due to polarization rotations is bTi . d h larizati

much larger than the collinear response, while in PRTit@ P T'.O"" Cm symmetry was imposed so the po arization can
olarization rotation pam;s is similar in si’ze to the collinear continuously rotate between ti801] and [111] directions

P Pak1s within the Cm mirror. For PbTiQ, the room-temperature

,?(;”d' Tzzl(lirlg?ega:)cuE‘éﬁgigﬁgZ:gi}gﬂgéjﬁ;;ﬁmFt’séagfl_e experimental volum® was used whilec/a was allowed to
15 y 9 vary. The Brillouin zone was sampled with a<4tx 4 spe-

fective Hamiltonian method. We can estimate our corre—Cial k-point mesh. and the-space intearations in the Berrv's
sponding value ofl;5 using the fact that foP4mm symme- P ’ P 9 Y

trv die=e.s.. wheres is the elastic compliance. Usin phase calculations were made on a unifornx 4x 20

B}érlir#f:ourlti’;st,alue ofe, 32 8¢ 10" 12 mZ/I\FI) yieldé q 9 k-point mesh. Fully relaxing the internal coordinates at
44— O&- 15 ;

—358 pC/N. This is similar to the large value dfs=550 eachc/a, PbTiO; was found to adopt tetragonal symmetry

. for c/a>1.03, as shown in Fig. 1. The lowest-energy
PCIN calculated by Bellaiche and Vandertit. PbTiO; structure has®?4mm symmetry andc/a=1.07 (c/a

TABLE IIl. Piezoelectric stress tensor elements (&ymof te-  =1.065 is measuré), and its spontaneous polarization is
tragonalP4mm PZT 50/50 ¢/a=1.045, collinear effect oéss). 0.89 C/nf. The total energy increases@s is reduced from
1.07 to 1.0, i.e., the total energy increases through the se-
€33 €31 €15 quence ofT, M, andR phases. As shown in Fig. 1, the po-
larization can rotate fr 1] to [111] directions in th
Proper homogeneous  —0.68 (—0.65) 1.04 1.65 a_ato . can rotate onﬁQO Jto] . ] directio S_ _e
Internal strain 4.8 5.46) 0.92 9.28 (110) mirror plane. The piezoelectric constants in Fig. 1,
Proper total 418 4.8F) 1.96 10.9 333(9 agd el?{lﬁ, ?rﬁ the fl.xed volume constangg; ande;s,
Experimerft 113 —267 765 elined as the following:
Experimerit 11.9 €33,=€33—0.5(€31+€3),  €13,=e€13—0.5e;tep).
aReference 9, GGA results at experimental volume and structural
parameters. They were calculated from numerical derivatives of the po-
bReference 12, at room temperature. larization with respect to applied strains. These coefficients
‘Reference 13, at low temperature. become very large in the range 102/a<1.0, where a
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1 . . : 40 TABLE V. Piezoelectric stress tensor elements (&/nof
e—e P[110] monoclinic Cm PZT 50/50 ¢/a=1.045, polarization rotation ef-
e—o P[001] i o fect of e35).
0.8 /ﬂ\ 20 g 3
\ —_— ———pe e ——C——— ~
E ;——?—%—?/ &-e—e~% D e ) 0 o €33 e €13 en
- ——4& c
= \ —— —_
S 06 I S S . 1 3 Proper homogeneous ~ —0.68 1.04 0 0
5 Vo 208  Internal strain 133 -891 -33 36
g8 Voo o Proper total 12.6 -7.87 -33 36
S 04 ! H 3]
L \\ J M 208 Experimen‘i 11.3 -2.67
e VA < Experiment 11.9
It1] (<]
0.2 i >
~—T ‘i' ——e 8, 1-60% %Reference 12, at room temperature.
&0 €4, PReference 13, at low temperature.
0 : : : -80
1.06 1.04 1(':‘/); 1 0.98 observed in experiment. Normal values of piezoelectric

constants were found in the tetragonal phase d¢oa
FIG. 2. Piezoelectric response of monoclifien PZT 50/50. =1.045, and in the monoclinic phase fofa<1.035. The
Solid lines denote polarization, and long dashed lines piezoelectrivalue of e;3, for the monoclinic phase is nearly twice as

coefficients. Open symbols refer to th@01] direction, and solid large as that for the tetragonal phase.
symbols refer to th¢110] direction. T and M represent tetragonal

and monoclinic phases, respectively. D. Piezoelectric coefficients of monoclini€m PZT

phase transition between monoclinic and rnombohedral sym- In the previous section, an overview of polarization rota-
metry occurs. Peak values in Fig. 1 @f;, ande;3, are as tion in the Cm phase was presented, and curves of two
large as 65 C/fh and —74 C/n?, respectively. However, constant-volume piezoelectric coefficients were obtained by
rhombohedral PbTiQis 35 meV(per five-atom unjthigher  numerical differentiation of the polarization e$a curve. In
in energy than the tetragonal structure. This would require athis section, we focus otya=1.045, where the piezoelectric
unrealistically large electric field along tfi#11] direction to  response is large in Fig. 2, and @ha=1.025, the linear
drive PbTiG, from the tetragonal phase to the rhombohedralregion in Fig. 2 where the piezoelectric response is small. At
phase, so these large piezoelectric responses are never s¢ieeise twoc/a values small finite strains are applied, and
in pure PbTiQ. several piezoelectric coefficients are obtained from finite dif-
For PZT, c/a was varied from 0.98 to 1.06 while the ferences of the polarization in the usual wag., the volume
volume was fixed at the experimental value. These calculais not kept constaht Table IV presents the results ata
tions are very demanding, because the low-symmeéy  =1.045. The coefficients;, andej, in Table IV are defined
space group has only two point-group operations. As a resulgs
many more independektpoints are required during the self-
consistent calculations than fBdmm symmetry. Moreover, e5,=0.5e3+e3)); e},=0.5e;+eyy). (6)
the low symmetry leads to 16 independent internal coordi-
nates compared to seven for tetragoRdimm PZT. Since €3 can be compared tes; in Table Ill, sincees;=e3, and
the total number of conjugate gradient steps needed to opté;;= €, in the PAmmtetragonal structure. The piezoelectric
mize the internal structure is approximately equal to themeasurements in Table IV were performed prior to the dis-
number of independent internal coordinates, this also adds t@overy of the monoclinic phase boundary. Moreover, accord-
the computational burden. The polarization changed$ng to the new structural refinement measurements in Ref.
smoothly for PbTiO3 in Fig. 1, but in Fig. 2, there is an 20, low-temperature PZT 48/52 is monoclinic, and at room
abrupt onset of nonzer®[110] polarization. Our results temperature it is tetragonal. Thus the same measured piezo-
show that PZT remains tetragonal fofa=1.045, and be- electric constants are listed in both Table lll and Table IV,
comes monoclinic foc/a<1.035. As shown in Fig. 2, the since the experimental crystal was nominally tetragonal.
polarization rotates from pseudocup@01] to [ 1], where ~ Compared with Table lllez; and e, in Table IV are en-
»=1.27 (corresponding ta@/a=0.98), in the (1D) mirror  hanced due to polarization rotation, and very large values of
plane. The polarization changes linearly in the regions ofis=—33 C/nf ande},;=36 C/nf are obtained.
c/a=1.045 anct/a<1.035, while it changes dramatically in ~ Saghi-Szaboet al® derived an experimental value feg; _
the range of 1.045c/a<1.035, where the values @3, of ceramic PZT 50/50 from measured room-temperature pi-
ande;3, can be as high as 21 C#rand — 70 C/n?, respec- e;oelectric} strain constantg and elastic compliances?Ej 12
tively, as shown in Fig. 2. These large values of piezoelectriéaghi-Szaboet al. erroneously obtained the value ef;
constants are consistent with the effective Hamiltonian=27.0 C/n?, because they used a positive value o
results®! In the effective Hamiltonian calculatioiSa maxi- =70 pC/N. Using instead the correct negative vatlig=
mum in some piezoelectric coefficients is observed as the T+ 70 pC/N, e;3=11.3 C/nt is obtained.(We note thatess
composition decreases in passing from the tetragonal to thderived from measurements at room temperature is a little
rhombohedral phase, via the monoclinic phase. This was alssmaller than the 11.9 C/Anderived from measurements at
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TABLE V. Piezoelectric stress tensor elements (€)/f mono-
clinic Cm PZT 50/50 ¢/a=1.025).

€33 ey €13 en €15 ~

c

Proper homogeneous —0.55 0.78 0.63 —-0.16 1.57 £
Internal strain 6.70 —2.11 -343 356 0.08 F
Proper total 6.15 —133 —280 340 1.65 E
wi

low temperaturé? but this may be due to different sample
preparation and experimental conditionkl Table IV our Lo L
predicted values for monoclinic PZT aeg,=12.6 C/nf and
es,= —7.87 C/nf. Du et al. demonstrated that for tetragonal
PZT, the large experimental value df; in ceramics is re- FIG. 3. Total energyper ten-atom unit cellof PZT 50/50 as a
lated to their large calculated value of single-crystg) us-  function ofc/a for some structures. The solid circles, open circles,
ing semiempirical simulatior& Using the measuresﬁ and and solid triangles denote the tetragoR&lmm, monoclinicCm,
our values in Table IV, we determing;;=306 pC/N, in  and “quasitetragonalP2mm, respectively.

good agreement with their value af;;=314 pC/N for

single-crystal tetragonal PZT 50/50. By contrast, wedigt  jzation is 0.84 C/rf, and the calculated piezoelectric con-
=49 pC/N using the values in Table III. _  stant ez=3.50 C/nf is very close to Bellaiche and
We also studied the piezoelectric response in the lineayanderbilt's e33=3.4 C/nt.° The total energy of relaxed
region of the monoclinic phase in Fig. 2. Using théa  p2mmPZT vsc/a is drawn in Fig. 3, together with that of
=1.025 structure as the reference state, we obtained the cahe other two structures previously discussed. This figure

culated piezoelectric constants listed in Table V. Comparednows that the relaxeB2mm PZT structure has a total en-
with the tetragonal values in Table IlI, the homogeneous congrgy very close to that of them PZT.

tributions ofes; andej, are slightly smaller, while the inter-
nal strain parts are larger. We calculated a negagfjjefor _ _
monoclinic PZT. Fore;s, the homogeneous part of the F. Discussion

monoclinic phase is slightly smaller than that of the tetrago- Experimentally, Gucet al. showed that the piezoelectric
nal phase, while the difference in internal strain contributionselongation in tetragonal PZT is along the direction associated
is large. The small value a;5;=0.08 C/nf may be due to  with a monoclinic distortiori suggesting the mechanism of
the fact that the shear straég is along a direction close to polarization rotation via the monoclinic phase in PZT. This
that of spontaneous polarization, resulting in a collinear conmechanism is supported by our calculations. In PRTiBy
tribution to e;5. Fu and Cohen calculated a very small pi- contrast, although we have shown that polarization rotation
ezoelectric response of the rhombohedral phase of BT due {@oes occur under applied strain, the energy difference be-
an applied(111) electric field® Guo et al reported that the tween the tetragonal and rhombohedral structures is large,
piezoelectric elongation of the rhombohedral PZT is notimplying the need for unrealistically large applied stress or
along [111], but along a[001] direction® Our results are electric field. The polarization rotation we predict in PZT can
consistent with their calculations and experimental findingsoccur, however, since the energy differents=e Fig. 3 are
much smaller. The existence of energetically close structures
in PZT 50/50 indicates that it is relatively easy to rotate the
polarization from thg100] to the[111] direction in ceramic

We also studied another tetragonal PZT structure, irPZT. Fu*® found similar energetically close states for a PZT
which the spontaneous polarization is perpendicular to thenodel with Zr/Ti chemical ordering along tHd11] direc-
ZrITi chemical ordering direction, so that the spontaneousion. He found that thé4mm tetragonal andR3m rhombo-
polarization direction is rotated by 90° with respect to thehedral structures have nearly the same total energy. Referring
P4mm structure. Bellaiche and Vanderbfithave previously to Figs. 2 and 3, the ground state of our artificial chemically
calculatedez; in this structure, whose space groufPBmm.  ordered PZT 50/5(0001]1:1 crystal is not near the critical
If the chemical ordering is chosen to lie along thHE0] region aroundc/a=1.045, where the largest piezoelectric
direction, the spontaneous polarization lies along[0@l]  coefficients are found. Our PZT 50/50 model would have to
direction. The lattice vectors areR;=a[2,0,0], R, be subject to external strain to be in this critical region.
=a[0,1,0], andR3=c[0,0,1]. At the experimental volume, Given the relatively small energy differences between the
our calculations indicate that relaxdé®2mm PZT hasc/a  calculated structures, it is not unlikely that real disordered
=1.06, larger than Bellaiche and Vanderbilt&a=1.0345, PZT is indeed in a condition of frustrated internal strains.
using an ultrasoft pseudopotential meth8d:he optimized  Our calculations then suggest that large piezoelectric coeffi-
volume in Ref. 10 is about 2.6% less than that of experimentgients similar to those measured arise from the relatively
which might explain the discrepancy with octa value ob-  easy rotation of the polarization between {081] and[111]
tained at the experimental volume. The spontaneous poladirections via locally monoclinic symmetry structures.

PN PR RPR B
096 098 1.00 1.02 104 1.06 1.08

ca

E. Quasitetragonal (orthorhombic P2mm) PZT
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IV. CONCLUSIONS boundary. Thus the presence of energetically close phases

near the morphotropic phase boundary facilitates continuous

We have reported calculations of the piezoelectric tenso , ; L )
coefficients in PZT 50/50, which is near the composition tha,[<[;\tom|c rearrangements leading to polarization rotation at the

defines the morphotropic phase boundary. Thaseinitio atomistic scale. The giant piezoelectric response found in
. 10rp PIC P . Y- : .PMN-PT and PZN-PT near the morphotropic phase bound-

calculations yield a large piezoelectric response in PZT. This o o

) o Lary may have a similar origin.

was shown to result from the rotation of the polarization in

the monoclinicCm mirror plane, and the size of the piezo-

felectrl_c co_efflments is commensurate with meas_ured values ACKNOWLEDGMENTS
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