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Recent experimental and theoretical reports on the structure of lead zirconate tjtehé¥eTi, ,)O;
(PZT)] ceramics with compositions in the vicinity of the morphotropic phase boundary are discussed. There
has been ambiguity concerning the low-temperature structure=d§.52 samples, due to the superlattice
reflections which were not explained by the reported monoclinic pB8as¢B. Noheda, D. E. Cox, G. Shirane,
R. Guo, B. Jones, and L. E. Cross, Phys. Re%33014103(2001]. Neutron powder diffractioiNPD) and
Rietveld refinement were used to identify the space group symmetnes @52 andk=0.53 samples at 10 K.
Both samples had two coexisting phas¥c andCm at 10 K. At 10 K, monoclinic angles of both samples
were larger than at 295 K, as was the octahedral tilt angle ofRBe phase of thex=0.53 sample. We
analyzed our previous and current NPD data to study the structural changes in PZT ceramieg<002883,
as a function ofx and temperature. Bond-valence calculations were carried out to test the models used in
Rietveld refinements. Valences of Zr and Ti ions were larger and smaller than their nominal valences, respec-
tively, although the anomaly decreased with increasinthe composition-weighted-average valence of Zr and
Ti ions was close te-4, and the relationship between the positions and valences of Zr and Ti ions explains the
main structural features of PZT ceramics as a functior dhe valence of Pb ions was slightly below2 and
decreased with increasinguntil it started to slightly increase for=0.50. Average oxygen valency was found
to be close to—2. Also spontaneous polarization values were computed and found to be reasonable.
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[. INTRODUCTION Space groups previously reported to correspond to the
various phases of PZT ceramics are discussed in Sec. Ill. We
The structural details of lead zirconate titanatealso discuss the case of space groups, which one should con-
(Pb(ZrTi;_,)O3, PZT) ceramics, especially close to the sider while analyzing the diffraction and Raman scattering
morphotropic phase boundafVPB, corresponding tox  data(which often yield contradictory information in a case of
~0.52), have been keenly studied during the last few year®?ZT).
Particularly the recently reported phase transition between There are numerous symmetries practically indistinguish-
the tetragonaP4mm and monoclinicCm phases has gained able by diffraction methods, wher~0.50. Although one
the attention of experimentali$ts and theoristd®!! Distor- ~ may argue that in a case that several space groups give es-
tions related to this phase transition are small, and one neegéntially the same statistical figures of meetg., residuals
high-quality samples and very careful data analysis proceand the instrumental resolution is not sufficient to rule out
dures to quantify them. The phase transition is further obsmall distortions(resulting in overlapping Bragg reflection
scured by the fact that PZT within these compositions doe®eaks, one should use the highest-symmetry space group,
not have unambiguous space group symmetry. This is sedhere are other factors to be considered. First, the results
from Raman spectra, which clearly show that the local symobtained from other experimental methods, such as spectro-
metry in PZT is lowered from the average symmetry farscopic methods, should be consistent with the space group
before the reported phase transifiérat aroundx~0.50. symmetry. Second, it is often energetically favorable to
At low temperature, PZT samples with 058<0.54 transform via intermediate phasg(by symmetry, the phase
contain two coexisting phases, and our opinion is that singletransitionP4mm-—R3m has to be first order For example,
phase samples within this composition region have not beetie space groucm is a common subgroup of the phases
produced(there are different views, such as the “one phaseR3m and P4mm according to the cascade®4mm
+diffuse scattering model” for the room-temperature —Cmm2—Cm and R3m—Cm. This is analogous to the
data®). This has obviously caused obstacles to model th&ase of (Na_,K,)o sBigsTiO3 ceramics, reported in Ref. 12,
behavior of these materials. For example, it is questionable ivhere an intermediate phagpossibly tetragonalwas as-
PZT is a good system to test the validity of the recentlysumed to work as a bridge between the rhomboheR8al
developed extension of Devonshire thettne of the cru-  and tetragonaP4bm phases, or to the case where the phase
cial questions is whether th@m phase is thermodynamically transition between th&k3c and Pnma phases of relaxor
stable state when composition fluctuation is absent, as is didNay $Big <TiO5 occurs via an intermediate phaSeAlthough
cussed on the basis of the current neutron powder diffractiothe above-mentioned group-subgroup relation suggests a
(NPD) data. possibility that one has themn2 phase as an intermediate
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phase in PZT ceramics, to make a distinction between thgly, various subgroups of the cubic space gréup3m. The
Cmr_rQ an_de symmetrles is practically |m_poss!ble to do space groups described here are rhombohe@Bth and
by diffraction techniques, wheB~90°. In this article, we R3c, tetragonalP4mm, orthorhombicPmn2 andCmne,

give the most plausible space groups for PZT ceramics alng monoclinicPm andCm. They are all subgroups of the
different temperatures and for different compositions. This

analysis is based on careful study of the NPD patterns. ~ SPace groupPm3m. Closely related subgroupg4/mmm

In Sec. IV, we review the recent NPD and synchrotronR3m, andR3c are not expected to correspond to the experi-
x-ray powder diffraction studies of PZT samples, and presenmental data, as the previously reported second-harmonic
new refinements for the=0.52 sample at 10 K and for the generation measurements carried out for the
x=0.53 sample at 10 K and at 295 K, which give an expla-=0.20,0.50,0.54 sampl&sindicate that the only phase hav-
nation for the superlattice reflection observed at low teming inversion symmetry is the high-temperature cubic phase
perature. In this context, one cannot overestimate the impoftemperatures where the inversion symmetry was lost in
tance of whole-pattern-fitting structure refinement, instead ofhese samples were actually slightly higher than the ones
studying just some selected peaks, for the correct spag@ported in Ref. 16
group determination. In Sec. IV C we show that composition
fluctuation gives phase fraction and phase boundary location
estimates consistent with the values extracted from the A. Rhombohedral space groupsR3m and R3c

present NPD data. RS )
Attention is also paid to distortions due to Zr substitution Two rhombohedral phases, space gro (often re

for Ti and/or temperature decrease. Both are crucial once orig"red 1o as-geum) andR3C (Fg.r), are known to oceur
tries to understand the symmetries of PZT ceramics and this Z-fich PZT ceramics, depending onand temperature
underlying reasons. This is the subject of Sec. V. It is showr}S€€ €-9., the phase diagram in Ref. 16, p)188e essen-
in Sec. VI that the given structural models are capable ofidl difference between the space grougdm and its sub-
yielding reasonable values for spontaneous polarization. 9roup R3c is that the primitive cell is doubled in a phase
In Sec. VII we present bond-valence calculatiéB¥C's) transitionR3m— R3c. This primitive cell doubling is due to
for our NPD data. This serves as a way to put local andhe rotation of oxygen octahedra around the threefold axis so
average symmetry viewpoints together and, more importhat the adjacent oxygen octahedra are tilt with respect to
tantly, serves as a way to test the observed structural parareach other along the hexagomedxis. This can also seen by
eters by allowing a comparison between the nominal vaconsidering the fact that the three mirror plamasof the
lences and valences obtained by applying the BVC methochombohedral space grolg8m are replaced by three glide
for the model structures. reflections(with a glide vectorsc) ¢ in a space grouR3c.
Finally, Sec. VIII discusses the relationship between the
structural features and electrical properties.
B. Space groupsP4mm, Pbam, Pmm2, and Cmm2

Il. EXPERIMENT . . . .
Titanium-rich PZT &<0.50) ceramics are traditionally

Preparation of ceramic Pb(Zi,_,)O; samples with considered to be tetragondlwith space grougpP4mm
0.10=x=<0.80 via a solid-state reactid(sintering at a Pb- The space group of antiferroelectric Pbzri®@ Pbam?!’1#
rich atmosphereis described in our previous articles’Ina  and there are eight formula units per primitive cell, and is the
first step, pellets were pressed, after which surface layergnly reported orthorhombic phase for bulk PEZT having
were removed and pellets were ground into powder formy close to unity is considered to have this space group sym-
For NPD measurements PZT powders were put into a vanametry), to our knowledge. There are older repofsge the
dium can. early report by Jonat al%), which assign a different space
Constant-wavelength NPD data were measured at thgroup for this orthorhombic phase, but the space group
Studsvik Neutron Research Laboratory using a Huber twoppamseems now to be the generally accepted symmetry for
circle diffractometer with an array of 33He detectors. Data these compositions.
were collected at room temperatuf295 K) and at 10 K. In order to obtain thePmn2 symmetry from its super-
After passing the neutron flux through the double monochrogroup P4mm, ions have to be shifted so that crystal azes
mator, which consisted of two copper crystals in 8200  #p=c+a but there is no rotation of axes. Similarly, the
mode, the wavelength was 1.4IDA. The 20 range mea- space grouf mn2 is obtained if ions are shifted from their
sured was from 4.00° to 139.92° with a step size of 0.08%etragonal positions so that the crystal axis b+c+a and
and the scanning time was 12 h. We also refer to the PO3 andb axes are rotated by 45°.
LARIS time-of-flight neutron powder diffraction instrument
at ISIS at the Rutherford Appleton Laboratory. For more de-
tails, see Ref. 6. Rietveld refinements were carried out using C. Monoclinic space groupsPm and Cm

the general structure analysis systé€BBAS).* If, in addition to the changes which led to the space group
Pmn2, thec axis is tilted so thatv=y=90°# 8, we end up
with the space grou@®m. Now, the fourfold and twofold
rotation axes and three mirror planes are lost, so that the only

In this section, we discuss the space groups experimeriemaining symmetry plane is,, determined by the mono-
tally verified to correspond to PZT ceramics and, addition-clinic a andc axes.

Ill. SPACE GROUP SYMMETRIES RELATED TO PZT
CERAMICS
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7 orthorhombic phase, as Raman results sugtje$here are
also two orthorhombic phases one should take into account,
01 0 00875x A+63.05A° / Pmn2 (B, strain andCmn®2 (B, strain; see also Ref. 20.

Further, it is also interesting to consider why the monoclinic
phase ha€m symmetry, instead oP m symmetry, which is
shortly discussed at the end of the Sec. VII.
Experimentally, the distinction between the reported
monoclinic symmetryCm with 8 close to 90°(correspond-
ing to PZT ceramics having~0.50 at low temperaturgs
and theCmn®2 symmetry or eveiPmn®2 symmetry is very
difficult, particularly in the case of disordered solid solu-
tions. Also in a case ok<<0.50 samples it is not clear
whether an orthorhombic distortion exists or not. Our NPD
datd indicated that within standard errors the room-
temperature symmetry of PZT powders wi#<0.50 is

Volume £2 per formula unit (A3)
=N
~J

64 P4mm. However, previously reported Raman restftgive
support to the orthorhombic phase with one formula unit per
63 w w w . primitive cell, as it corresponds to 12 Raman-active modes
0 20 40 60 80 (already in the case of the=0.10 sample at 20 K As the

x (%) intensities of the peaks due to the splitting of the
E-symmetry modes were roughly equal, one may think that
instead of the symmetri?4mm one should use orthorhom-
bic symmetry(such asCmn®, according to the phase trans-
Correspondingly, the space gro@m is obtained from formation sequenc®4mm-—CmnR2—Cm). The origin of
the space groutmn? by tilting the ¢ axis so thate=+  this peak split is not clear, which obscures the decision
=90°+ 8. The remaining mirror plane is4. In the case of Wwhether there is an orthorhombic distortion or not. On the
both monoclinic phases, symmetry requires that spontaneowsher hand, previous refinemehiadicated that Pb ions are
polarization be in a mirror plane. shifted to the(110 direction already whex=0.20, which
favorsCmn®2 symmetry.

Noheda et al® studied the phase transitio®m3m
— P4mm and, further, to th&€m phase for various samples
Recently, Nohedat al*~3 used synchrotron radiation to and temperatures. They reported a large coexistence region
study the symmetry of PZT disks as a function of Zr contentof the PAmm and Cm phases as a function of temperature
and temperature. The synchrotron radiation they used hadand, to a lesser extent, as a functiorxoAlthough this type
resolution comparable to the high-resolution neutron powde®f phase coexistence is typically indicative of a first-order
diffractometer(HRPD) facility at ISIS (Rutherford Appleton ~ phase transition, the behavior of the monoclinic angk&up-
laboratory. However, it has some drawbacks, when com-ports a continuous phase transiticsee Ref. 3 However,
pared to the NPD facilities. First, it is more sensitive to tex-this is not easy to justify from the diffraction data, as it is not
ture effects, particularly, if the samples are didk& avoid ~ possible to identify the phases and phase symmetries unam-
this problem, Nohedaet al. also used Debye-Scherrer biguously(see Figs. 4 and 5 in Ref. 3, and the discussion in
geometry? with a slightly lower resolution. Second, the dif- Ref. 6. Obviously, extremely homogeneous samples could
ferent signs of the neutron scattering lengthegative for Ti ~ settle the disputes related to the phase diagram.
and positive for Zr offer the possibility to determine the
positions of these ions more reliably. As a third advantage,
thermal displacement parameters can be refined more pre- B. Samples withx=0.52 andx=0.53
Cisely USing neutrons instead of x rays. Fina”y, as discussed Previous|y, we modeled=0.52 Samp|e using Coexisting
below in the context of ObserVing and |dent|fy|ng rhombohe-Cm andP4mm phaseS, which gave an acceptab|e fit at room
dral phases, NPD is better suited for the determination ofemperaturé! However, there were several weak but observ-
oxygen positions, which is essential for the study of oxygemaple reflections at 10 K, and a0 K a better modeling was
octahedral tilt. F|g.ure.1 shows the .Volume per formula Un|t,achieved by USing?SC as a Symmetry for the Secondary
(, for PZT ceramics in a composition range 000<0.80.  phase, together with thém phase. This was supported by
Data were obtained from our samples. NPD data, wheffow-temperature transmission electron microscopy and elec-
available, were used to compute Otherwise, x-ray diffrac-  tron diffraction studies by Nohed&:they observed superlat-
tion data were used. tice reflections which they first assigned to fR8c symme-
try and more recently to th€c symmetry?> R3c symmetry
was confirmed by our HRPD datAThis is understandable
The noticable point necessitating further studies isby extrapolating the phase boundary limiting fR8c phase
whether the phase transitioR4mm—Cm occurs via an down to lower temperaturdsee phase diagram in Ref.)16

FIG. 1. The volume per formula unkBO;, Q, in PZT ceram-
ics, as a function ok.

IV. NEUTRON AND SYNCHROTRON X-RAY POWDER
DIFFRACTION RESULTS

A. Ti-rich PZT powders
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TABLE |. Refinement results for the=0.52 andx=0.53 samples. Data were collected using the NPD
facility at Studsvik. Lattice parameters and fractional coordinates oR®® phase refer to the hexagonal
setting. During the refinements, either the Pb {space groufCm) or Zr/Ti ions (space grougR3c) were
fixed to the origin. Numerical criteria for th&=0.52 sample werey?=2.280, Rywp=5.77%, Rypp
=5.45%, R,=4.43%, R,,=4.24% and for thex=0.53 sample they werg?=1.895, Ryp=5.89%, Rypp
=5.49%, R,=4.56%, R,,=4.48% (295 K) and x?=2.013, Ryp=6.20%, Ry,,=5.75%, R,=4.72%,
Rpp=4.49% (10 K).

X 0.52 0.52 0.53 0.53 0.53 0.53
T (K) 10 10 295 295 10 10
Space group Cm R3c Cm R3c Cm R3c
a (A 5.70977) 5.743717) 5.724418) 5.75048) 5.725310) 5.740Q7)
b () 5.69847) 5.716517) 5.70758)
c A) 4.136 6626) 14.2128) 4.12794) 14.19%4) 4.12085) 14.198%32)
B (deg 90.4498) 90.28921) 90.53113)
Uiso(Pb) (A2) 0.009Q12) 0.0046) 0.018522) 0.0306) 0.008719) 0.0114)
Uiso(Ti,Zr) (A?) 0.000620) 0.000620) 0.0006427) 0.000627) 0.000620) 0.000620)
Uiso(O1) (A?) 0.010916) 0.014228) 0.009625) 0.01099)
Uiso(O029 (A?) 0.013112) 0.0075) 0.015X20) 0.0244) 0.012218)
z(Pb) 0.2825) 0.271124) 0.272224)
X(Zr[Ti) 0.460726) 0.4584) 0.4594)
z(ZrITi) 0.559326) 0.5524) 0.5574)
x(0y) 0.460214) 0.472130) 0.453821)
z(0y) 0.092415) 0.084823) 0.085@23)
X(0y,9) 0.216713) 0.147828) 0.224727) 0.166735 0.211120) 0.148817)
y(052) 0.246710) 0.354332) 0.248620) 0.347421) 0.247614) 0.348220)
2(0,9 0.611912) 0.0816) 0.604820) 0.0754) 0.606919) 0.071930)
Weight fraction(%) 87 13 68 32 71 29

The presence of thR3c phase was most convincingly seen occupanciesthe difference was typically less than 0)01
from the Bragg reflections not explainable by then or the  However, the occupancies of the secondary phaRdsn(m
P4mm phase. and R3c, respectively, forx=0.52 andx=0.53 samplesat
This phase symmetry determination is discussed below i295 K differed significantly from the occupancies at 10 K.
detall in the case of the=0.53 sample. The structural data This is not physically meaningful, as it would mean signifi-
for these samples are shown in Table |. The room-cant and reversible diffusion of Zr and Ti at tlilecation
temperature structure of the=0.52 sample was previously sites. Further, as is discussed in Sec. VII, use of nominal
studied?! and details of th€€m phase are given in Table VI, composition values fox led to average valence values con-
below. Figures 2 and 3 show the observed and calculatesistent with the nominal valences and also the condition set
NPD profiles of the Pb(Zrs3Tip 47 O3 sample, collected at by the charge neutrality was well obeyed.
295 K and at 10 K, respectively. We modeled both the room- The low-temperature data were particularly interesting, as
and low-temperature structures using two coexisting phasgfey showed that this sample contains alsd@e phase, in
R3c and Cm, resulting in the weight fractions indicated in addition to theCm phase(see Fig. 3. Further, by studying
Table I. the reflectiond,;3~2.44 A (corresponding to 8~34.9°,
One noticable point is that thermal displacement paramwhen the wavelength is 1.4700) &nd the four reflections
eters are small. This is a well-known problem and is due tal;s3=d55, d355, dozg, andd,z;4 (indexed using the hex-
the fact that Zr and Ti ions do not have the same fractionahgonal settingat d~1.06 A (corresponding to 8~87.8°)
coordinategsee, e.g., Refs. 2, 6, and 26 and Sec. VIlIPor it was possible not only to show the presence of the rhom-
simplicity, for these two-phase structures we used the conbohedral phase, but that these reflections correspond to the
straint that Zr and Ti ions have the same coordinates in eacR3c phase. In the case of the space groGps, P4mm, and
phase. This simplification did not affect the space group deR3m (the other serious candidates to be considered; see also
termination. Although it is common to refine occupancies,Ref. 27 concerning the recently reported andCc symme-
after several attempts we decided to use nominal occupanciéses) there are no reflections in this regime. In addition, this
and compute BVC an@; to test the validity of the models. model explains also the intensity between the monoclinic
Refinement of occupancies did not essentially “correct” the(220) and (002 reflections(at 26~42° in Figs. 2 and B
thermal displacement parameters. Our trials for  which has been modeled using the cubic phased was
=0.20,0.30,0.40,0.50 samples at 295 K ane0.53 sample assumed to be due to the tetragonal twin bounddrigg.
at 10 K indicated values well consistent with the nominalputting the parameteg zero, using the notation defined by
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Megaw and Darlingtof? (see also Ref. 26 and Table),ll seems to occur in a continuous manner and as we currently
which tabulates the fractional coordinates using these paranftave only data collected at 295 K and at 10 K, it is not
eters(this notation allows an easy comparison with the pre{possible to say at which temperature the symmetry increases
viously published dajaand transforming the hexagonal axesto R3m.

a’, b’, andc’ of the R3c phase using the relations’ Finally, to understand the at first sight contradictory re-
=—a, b’=—b, andc’'=2c, one obtains the(R3m phase. sults concerning the one-phase versus two-phase models and
This corresponds to the prohibition of the octahedral tilt andspace group assignments for the low-temperature phase
disappearance of the reflections @t2.44 A and atd given in the literature we simulated diffraction patterns. The
=1.06 A. Thus, these reflections are particularly informa-possibility that the second phase has monoclhéecsymme-

tive and offer valuable information for the space group de-ry was also studied. Space gro@Qg is a subgroup of the
termination(and for the study of the octahedral tilt as a func- space grougR3c, and is capable of explaining the same re-
tion of x and temperatujeWe did not force the space group flections as the phadg@3c. However, it predicts additional
symmetry to beR3m but used the space grol8c also in  peak split and reflections at~4.68 A, which were not ob-

the case of the 295 K data and studied if the octahedrabtilt served in our constant-wavelength data. This was confirmed
is really decreased as temperature is increased from 10 K oy studying the Pb(Zrs54Tig 49 O3 Sample using the HRPD
295 K. This was observed to be the case; see Table Ill. Thigistrument* Figure 4a) shows the simulated NPD patterns
significant decrease in tilt angle was also accompanied by thior the space groupB3m andR3c and Fig. 4b) shows the
disappearance of the superlattice reflectiondat2.44 A  corresponding simulated x-ray powder diffraction patterns.
(see the inset in Fig.)2which indicates that the symmetry Both figures were generated by the progm@wDERCELL?®

has nearly increased tB3m. However, as this transition assuming a wavelength of 1.4700 A. Figuré)4demon-
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strates that it is practically impossible to distinguish R&m C. Quantitative estimation of composition fluctuation

and R3c phases by x rays, as the diffraction patterns are 1o make a quantitative estimation of the composition
essentially identical. The reflections which are characteristig,ctuation and phase boundary location we assume that the
only for theR3c phase have a vanishing intensity in the casecomposition distributioncd(x) is temperature independent
of x rays. At compositions around thxe=0.50 value even the and is further describable by the Gaussian distribution
observation of the presence of a rhombohedral phase b(yd(x)z(\/ﬁg)*lexq_(x_ﬂy/(zg)], whereo character-
x-ray techniques is difficult, as the phase fraction of thisizes the composition fluctuation and is the average com-
phase is small for these compositiofsge thex=0.52 data  position(for simplicity, taken here to be the nominal compo-
in Table ). This further points out that the nature of the sition). If <1, the phase fractions can be quickly estimated,
phase transition is peculiar, obscured by the inhomogeneities

always present in the samples. These inhomogeneities, most TABLE |l. Fractional coordinates for the hexagonal setting of
notably composition fluctuations, are able to create the “two-the space grouR3c, as specified using the parametsrs d, ande,
phase coexistences” PZT ceramics are so notorious for. |Adapted from Refs. 25 and 26.

the case of x rays, this ardaorresponding to 2~93.2°,

when the CIK , radiation is usedhas very weakpractically X y z
nonobservableBragg reflections, and, contrary to the NPD  pp 0 0 s+ 1/4
data, this regime is not suitable for phase identification by X iz, 0 0 t
rays. In the case of x-ray diffraction, this type of two-phase 1/6— 2e—2d 1/3—4d 1/12

coexistence is seen in “anomalous” line shapes.
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TABLE Ill. Parameters, t, d, e, andw, computed from the data (a)
given in Table |, are given, together with the parametessd Al
(definitions forl and Al are adapted from Ref. 29Tilt angle w is
computed using the equation tan-4./3e. Also the value oK is
computed using the equati@ 2K| cosw; see Ref. 29.

b
X 0.52 0.53 0.53
T 10 295 10
S 0.0345) 0.029424) 0.033624)
t 0.0023 0.0083 0.0114
d —0.00528) —0.003%5) —0.00375)
e 0.014722) 0.003523) 0.012714)
w (deg 5.81(86) 1.3991) 5.0355)
I (A) 2.886743) 2.876141) 2.881326)
Al (RA) 0.179743) 0.121341) 0.127526)
K 1.000 1.000 1.000 (b)
ol _——=__.
gtpey ] :
-, .. @ : s @ _I
— e L _I
(a Simulated neutron powcder dilTroction pottem A = 14700 4 z=035 ® f
Rt & 3 spoce groug i-": E '—-—vlln :I
Blies 8 % spce group - v+ 1/4-1 ,- ‘ ey i}
Ef I == 1/12- e L L)

| . "—‘—-—-..-’.' : I

(0,00} a

"” l'uJU-..utJ i lJ h lJ L"

e e R | FIG. 5. (Color Structural parameters of the low-temperature
ey e rmEmmEn ™™ rhombohedralspace groufR3c) PZT. (a) The plane perpendicular
to the hexagonat axis. Oxygen octahedral tilt angke and two
equilateral oxygen triangle edge lengths Al (blue lines and |
+Al (red lineg, as defined by Thomas and BeitolldRief. 29 are
shown.(b) Six equidistant oxygen layers in a hexagonal unit cell.
Sinmuled Xeray powder diffraction pettem 4 = LAM0DA Also the three lattice points and parameteadt, defined in Table
Il, are shown. In both figures, oxygen ions are presented by red
spheres and Pb ar8l cations by blue and yellow spheres, respec-
tively. Oxygen octahedra surrounding tBecations and the octahe-
[ dra formed by four Pb ions and twB cations surrounding the

15 5 55 s 115 135

2 cdeprees)

]3]

et & e sguace g

Bz R 30 spuace g

oxygen ion are shown.

Intensaty

ﬂ I J‘ for example, by using tables for the standard normal distri-
| ﬂ k bution function(see, e.g., Ref. 43Labeling the location of
'_Jub' -_! - ' UYWL U- “._.I | L4 the phase boundary by(T) the phase fraction of the rhom-
R i i k. i _"“_T* mEWW  bohedral phase is approximatd§jcd(x)dx. By substitut-
5 15 a5 -2 & 1s 13 ing z=(x—u)/o we can take benefit from tables for the
areas under the standard normal distribution from Qz.to
Taking the numerical values for phase fractions from the
FIG. 4. (Color) Simulated powder diffraction patterns of the Table I and assuming thatis the same for both samples we
space group®3m andR3c (a) in the case of neutrons art) in have the equations 1.#x(10K)—0.52)/c and 0.56
the case of x rays. In both cases the wavelength was 1.4700 A, ard [ X(10 K)—0.53]/¢ which yield o=1.7% andx(10 K)
the hexagonal lattice parameters weee=5.7400 A and ¢ =0.540. In a similar manner we can estimate the phase
=7.0992 A (space groupR3m) and a=5.7400 A and ¢ boundary location at room temperatyrecalling thato and
=14.1985 A(space groufR3c). The crosses shown, from top to ,, were assumed to be temperature independenbe atx

bottom, correspond to the Bragg reflections fromR8z andR3m =0.538. The inclination of the phase boundary is in an op-
phases, respectively.

| l|\|

l_,-'L“ l_

26 degros)
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posite direction to the one extrapolated from the phase dia- TABLE IV. Volume per formula unit,{2, computed for three
gram shown in Ref. 16, but this inclination is very small andcompositions at two temperatures. Lattice parameterscfo.50
thus it is not possible to judge if it is true phenomenon or justsample are from Ref. 15. Also the cuboctahedral volufieand
due to the various errors, e.g., in phase fraction estimationoctahedral volum&/g are given.

This type of estimation allows one to determine the loca-
tion of the phase boundary as a function of temperature byX ~ SPace groupT(K) @ (A% Vi Vg  ValVe
collecting NPD data at different temperatures from twogsqy  pamm 205 67.3284) 56.104 11.221 5

samples prepared through the same procedure but havings, cm 295 67.3246) 56.104 11.221 5
slightly different but known average compositions. As t'h.e 50 PAmMM 10 67.1765 55980 11.196 5
;alues _obtalned for the phase boundary and compositiop - cm 10 67.1887) 55.986 11.197 5
uctuation are reasonablue, the_y offer”a neat exp_lanatlo_n _f06,52 cm 205 67.473) 56221 11.244 5
the observed two-phase “coexistence” observed in the V|C|n-0 55 p4mm 205 67.6033) 56.336 11267 5
ity of the phase boundary. It also takes the temperature de- ' ) '
pendence into account. 052  Cm 10 67.29412) 56.078 11.216 5
0.52 R3c 10 67.685) 56.283 11.397 4.9382
0.53 Cm 295 67.543) 56.282 11.256 5
V- PA?\ILJ'?)ECDT%LE\D’%LL’M”ELT'TQQOS 053 R3c 295 67.762) 56.452 11.298 4.9965
0.53 Cm 10 67.3217) 55.100 11.220 5
As Thomas and Beitollafil and Woodwart** have pre-  0.53 R3c 10 67.522) 55.182 11.340 4.9542

viously discussed, the study of octahedral and cuboctahedrat
volumes gives essential information for the study of the sta-
bility of the crystal structure under consideration. It is par-than in the case of th€m phase, at 10 K and at 295 K. In
ticularly useful in the case of solid solutions, as it offers aprinciple, these observations can be understood from the
way to predict or at least understand symmetry changes dysoint of view of the maximum volume principleln PZT
to the atom substitutions, such as Zr for Ti. For a spaceeramics, bonding is dominated by interionic electrostatic
groups corresponding to the tilt syste?a®a® (using Glazer  forces, and the repulsion of next-nearest-neighbor ions of the
notatior??) the volume ratio between the cuboctahedral vol-same charge favors a volume expansion, as was discussed in
umeV, and octahedral volum¥g is 5 (see, e.g., Ref. 29  Refs. 34 and 35. Thus, the symmetry with largrvalue
This is the case of space grouagngm, P4mm, Pmn?, might correspond to the stable phase, but this is difficult to
Cmm2, Pm, Cm, and R3m. However, in the case of the judge. Although the equation given in Fig. 1 is rather crude
space groufR3c the octahedral tilt systema(a~a~) al-  for the study of the delicate balance between the competing
lows this ratio to be below 5. The relationship between thephases at the vicinity of MPBas it fits nearly the whole
tilt angle » defined by Megaw and Darlingtéhand the ratio  composition region, which is rather rough approximation
VA/Vg is given by the equationV,/Vg=6K2coSw—1, once one considers the fact that there might be abrupt
whereK~1 (see the more detailed discussion in Ref).29 changes in volume once the symmetry is changed, for ex-
This value, together with the short and long oxygen distance@mple, fromP4mm to R3c), it gives some idea about the
| — Al andl+ Al, respectively, is tabulated in Table l$ee change of() against composition fluctuations. Namely, once
also Ref. 33 The V,/V; ratio of the R3c phase decreases X changes by an amount of 0.02,changes by an amount of
with decreasing temperature: crystal is contracting with de-0.0875 &, which is the same order of magnitude as the
creasing temperature and thus the B cations (which fit oxytypical standard errors di; see Table IV.
gen octahedra tightly) have to take larger relative volume
from the total volume (from the cuboctahedra, which has
“excess” of space for Pb) by tilting oxygen octahedFag-
ures %a) and b) illustrate the rhombohedral unit cell and It is clear from the various studitg"¢*>?'that theCm
these two parameter sets. phase exists in a composition range G56<0.54 at and

It is also interesting to note the behavior of the volumebelow room temperaturdin Refs. 2 and 3 the nearly
per formula unit,Q), as a function of composition and tem- temperature-independent phase boundary betweerCthe
perature, shown in Table IV. Two things can be observedaind rhombohedral phases was assigned to be~dl.54,
immediately: forx=0.50 the phase which gave better statis-consistently with the value determined in Sec. IV @ is,
tical figures of merit at 10 Kspace groufCm, in contrastto  however, important to note that it typically coexists with an-
the PAmmsymmetry also had a largef) value. At 295 Kit  other phase, either with B4mm (Ti-rich composition$ or
was difficult to judge from the diffraction data whether the rhombohedraleitherR3m or R3c) phase(Zr-rich composi-
space group should be assignedP®mmor Cm (or even to  tions), due to the composition fluctuation. Note that this is
an orthorhombic phageas is also reflected by the fact that also the case for thlbbw-temperaturestructure reported by
the volumes corresponding to these two symmetries are edohedaet al.® as they do mention that at 20 K their NPD
sentially identical. As a second point, at 10 K fR8c phase pattern from a Pb(Z4rs5Tig 49 O3 sample did show a weak
(x=0.52 andx=0.53 sampleshad large) values than the superlattice reflection not explainable by t@en symmetry.
Cm phase. For example, in the case of #0.53 sample, The simplest explanation is that they do have &3 phase
the volume per formula unit of th&3c phase was larger as a secondary phase. However, the phase fraction of this

Is the monoclinic phase stable?
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phase is rather low for this compositi¢at 10 K, 13 wt % in B. Monoclinic PZT ceramics
our case; see Table and, as discussed above, is not easily We assume that Pb ions are located at the orBjications

seen by x rays they typically use in their studies. Furthery; 1o positiong1/2— 8,(B),0,1/2+ 5,(B)), oxygen ions Q

even NPD data reveal thR3c phase most clearly at low .i ihe nositions(1/2+ 8.(0:).0.5.(0 and oxvaen ions
temperatures, where the octahedral tilt differs sufﬁciently023 atp the T)(ositionxs( (1134 + 52((012)2) 1/4+ 8 (%12 )12
, X o y o

from zero. The phase structure of tlxe=0.52 sample at +5,(0,9) and (Ud+ 8,(0y2) . — 14— 8,(0y 2,112
room temperature is not clear, as the intensity between the 51(02'3)) Now. P. is constrained by symmeytry N
z , . 1 S

(h00) and (00) reflections (using cubic indexingis not plane, and thus it has two components
solely explainable by th€m phase. Fox=0.52 sample at

295 K we used?4mm symmetry to model this contribution, Ps=Psx+Ps.2, (39

as there were two phases also at 10 K. However, we could

not unambiguously assign a space group symmetry for this Ps x=2{4[XO4(Zr) + (1 —X) x(Ti) ] = 464(O,,3)

phase or even exclude the contribution of diffuse scattering .

to this intensity. —25,(0Op)}x/(acsinp), (3b)
Cm symmetry allows a relieving of stress, which would .

otherwise be genesi)%ated due to the interacting rhombohedral  Psz=2&{4[X5,(Zr) +(1—X) 5,(Ti)]=45,(Oz )

and P4mm phases. Also this explanation is based on as- A .

sumption that there is composition fluctuation, as it is prob- —26,0y)}z/(absing), (30

ably the underlying reason for the two-phase coexistence. =~ —— ) ~ —

The line broadening of the m phase was dependent on tem- = arcco$Ps ;sins/ V(Psx+ P ,€08B)+ (P sin )],

perature and reflection indicésk!, which is probably due to 3d)

the microstrain effect& Further, it is interesting to note that where 6 is the angle between the pseudocubiaxis (more

the volume per primitive cell(), of the R3c phase is larger precisely, the direction perpendicular to the monoclaand

than that of theCm phase forx=0.52 andx=0.53 samples; b axes andP;.

see Table IV. This hints that at and below room temperature

near the MPB theR3c (above-room-temperatur@3m) C. Rhombohedral PZT ceramics

phase might be the true stable phase xer0.53 and the

P4mm phase might be the stable one for lowewralues.

However, conclusions based on volume estimations ar

strictly valid only if there is no composition fluctuation. A axis,

more reliable idea about the phase stabilities against compo-

In PZT ceramics witlR3c symmetry, ions are at the po-
8itions given in Table II. NowpPs is along the hexagona

sition and temperature is obtained via weight fractions, see Pszﬁ(ZI_i_s)%, (4)
Table I. J3a2
wheres andt are defined in Table II, andis the elementary

VI. SPONTANEOUS POLARIZATION charge.

We estimated spontaneous polarizatiBp for P4mm,
Cm, and R3c phases by the dipole moment equatiBg D. Polarization behavior as a function ofx and temperature

~(1N)Ziqri, where the sum is over the point chargpst Equations(2), (3), and (4) are approximations based on
positionsr; in a primitive cell volumeV. This is an approxi-  the assumption of point chargé®ns with their nominal
mation with its limitations, as is discussed below. charges Further, they do not take into account the domain
contribution or the electronic polarizability, which both have
A. Tetragonal PZT ceramics an influence on the experimentally determined valueFpr

Assuming that Pb ions are located at the origjimich is [see also an interesting first-principles study of piezoelectric-
a simplification, B cations at the positiong1/2,1/2,1/2 1ty In Pb(Zfo50Tio 50 O In Ref. 37, as it discusses the impor-
+ 5(B)) [allowing thez coordinates of Zr and Ti ions to be t@nt role of the electronic part of the polarization ignored in
different: i.e.,5(B) is eithers(zr) or 8(Ti)], oxygenions @ OUr gualitative discussidnOnce taking into account that in
at the positiong1/2,1/25(0,)) and oxygen ions ©; at the practice the electron distribution of thgcations is concen-
positions(1/2,0,1/2+ 5(0,9) and(0,1/2,1/2+ 5(0, ). The  trated near the adjacent oxygen pldsach as the ©; plane

direction of P coincides with the-axis direction and can be Perpendicular to the axis of theP4mm phase, this value
estimated by the equations can be considered as an upper limit of fhe Table V tabu-

lates the estimations fd?s, as computed from Eq$2), (3),
Po=e{4[Xx8(Zr) + (1—X) 8(Ti)]—48(0, 5 — 25(0;)} 2/ a2 and(4) and experimental ion positions given in Tables | and
’ (1) VI. Itis seen that the polarization decreases with increasing
and temperature. It is also interesting to note that the direc-
~e{4[x8(Zr)+(1—x)8(Ti)]—65(0)}z/a?, (2)  tion of Ps in Cm phase approaches the pseudoculit1)
R direction asx increases and temperature decreases, in accor-
wherea andc are the lattice parametersjs the unit vector dance with the phase transition to the rhombohedral phase;
along thec-axis direction, anc is the elementary charge.  see Table V.
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TABLE V. Spontaneous polarization for various PZT compositions. In PZT ceramics witP4nem
symmetry, the polarization direction is along tbexis, in the case of th€m symmetry it is in a plane
determined by the monoclinie,, andc,, axes, and in the case of tlR8c phase it is along the hexagoral
axis. In the case o€ m symmetry, we also give the direction angld see Eq.3d)] and compare it to the
“rhombohedral direction anglePg~arccosty, /\ag+cq).

X 0.20 0.30 0.40 0.50 052 052 053 053 053 0.53
T (K) 295 295 295 295 10 10 295 295 10 10
Space group P4mm Pimm Pmm Pmm Cm Bc Cm RBc Cm R3¢
P, (uCcm?) 48.9 47.0 41.7 36.4 397 262 373 310 379 381
Psx (uCcm?) 7.5 -15 11.4
Ps, (uCcm ?) 39.0 37.3 36.2
0 (deg 10.5 2.6 17.0
6 (deg 54.1 54.2 54.3
VIl. BOND-VALENCE CALCULATIONS lowing this procedure we determined the corresponding pa-
10K 10K 10K H
Bond-valence calculations were carried out to estlmatésmeters at 1(_) K’_RPb-O’ Rlzgg' and RT'O’lzby 1%?<mg
the reliability of the structural models. Particularly, the ob-th€ appro>ﬂ)n2at|ons R%bo TOPE ot 12% K1[d(F’b-O)i
servations related to the different positions of Zr and Ti ions— d{pb. 0)] Ry S~Roo+ 3P 4 [di3 0)| —d&rdyl. and
can be estimated via these computations. In the BVC mode®1’5~RRo+ 5% [diPf) - (2%50K)|] , for eachR{®"

(see Ref. 38 and Refs. 34 and 39; note that these two mofge averaged over all the bonds around a given ca(t]dh
recent references give a more general set of parametiees  bonds for Pb and 6 for both Zr and)TFurther, corrections
electrostatic bond strength is given by the empirical relationwere separately carried out for tlR8c and Cm phases. At
ship s;; =expB(R;—d;), wheres;; is the bond valence be- 10 K, we used the same correction for tke0.52 andx
tween atoms andj, R;; is a constant specific to that pair of =0.53 samples in the case of tR&c phase(obtained from
atoms,B is a constant equal to 1/0.37, adg is the bond the x=0.53 data Correction for temperaturén this tem-
length, in angstroms. Room-temperature valueRRgf(la-  perature rangechanged the valence values approximately by
beled asR}\') for atom pairs Pb-O, Zr-O, and Ti-O are 1%.
2 09788, 1.951 46, and 1.814 38, respectn?éR? However, Tables | and VI give the experimentally observed struc-
Ri; parameters are dependent on temperature. The method tofral parameters used in this BVC stutfyom. Refs. 6 and
correction for temperature is given in Refs. 40 and 41. Fol-21); see also Ref. 42. Table VIl lists the valences of Pb, Zr,

TABLE VI. Structural parameters for the PZT ceramics used in this study, in addition to those listed in
Table I. NPD data for tetragonal structures were adapted from Ref. 6 and for monoclinic structures from Ref.
21. In the case of monoclinic structurng/Zr,Ti) =y(0O,) =0. Data were refined using Rietveld refinement.

X 0.20 0.30 0.40 0.50 0.52
Space group P4mm PAmm PAmm PAmm Cm
T (K) 295 295 295 295 295
a (A 3.95251%25  3.978 02%23) 4.004 29825  4.030 34134 5.708220)
b (A) 5.707818)
c (R 4.148 4@6) 4.148 775) 4.149 645) 4.144 9Q7) 4.141 4433)
B (deg 90.19916)
x(Pb) 0.008512) 0.01487) 0.023@5) 0.024@5) 0
=y(Pb)
z(Pb) 0.000019) 0.000@26) 0.0006) 0.000Q7) 0
x(Zr) 0.5009)
z(Zr) 0.563221) 0.56049) 0.564119 0.5649 0.57%4)
x(Ti) 0.517119)
z(Ti) 0.5452 0.5468 0.5580 0.5649 0.523)
x(0y) 0.475122)
z(0y) 0.103519) 0.101126) 0.09976) 0.09217) 0.087216)
X(05.2 0.232824)
y(052) 0.246612)
2(0,9) 0.616219) 0.616526) 0.6156) 0.611Q7) 0.607113)
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TABLE VII. Cation valences estimated by applying bond-valence method to NPD(fdata Refs. 6, 15, and 21, and Table)VFor Pb
ions in tetragonal structure, two values are given. The left-hand one indicates the valence when Pb ion was fixed to origin, and the right-hand
one takes into consideration that Pb ions were shifted intq1té) direction(Ref. 6. Also an average valence for tiBecations is given,
v(Bay) =xv(Zr)+(1—x)v(Ti). Oxygen valencies were also computed. The length of the line between oxygen and (Zation Ti)
indicates the bond lengths, which are different with the exception oPth@m symmetry and @ ion.

X 0.20 0.30 0.40 0.50 0.52 052 052 0.53 0.53 0.53 0.53
Space group P4mm PAmm PAmm PAmm Cm Cm Rc Cm R3c Cm R3c
T (K) 295 295 295 295 295 10 10 295 295 10 10
v(Pb) 1.96,1.97 1.90,1.92 1.83,1.86 1.76,1.79  1.85 208 202 186 1.77 194 1.95
v(Zr) 5.20 5.07 4.93 4.80 4.77 478 481 482 4.68 474 470
v (Ti) 3.64 3.54 3.42 3.31 3.36 330 332 333 3.23 3.27 3.25
v(Bay) 3.95 4.00 4.02 4.05 4.09 4.07 411 410 4.00 4.03 4.02

Zr—0—Zrv(0y), v(0y2) 2.14,251 2.12,2.43 2.06,2.35 2.00,2.28 2.05,2.29 2.25,2.31 2.28 2.18,2.25 215 224,222 222
Zr—0—Tiv(0y), v(0y29 1.96,2.22 1.90,2.15 1.78,2.09 1.70,2.02 1.90,1.99 2.08,2.05 2.08 2.02,2.05 1.90 2.07,1.98 1.95
Ti—-O—Zrv(0y), v(0,29 194,222 1.93,2.15 1.89,2.09 1.83,2.02 1.72,2.12 1.652.06 1.98 185,195 1.92 1.93,1.96 2.00
Ti—O—Ti v(0y), v(0y2 176,192 1.71,1.86 1.61,1.82 1.53,1.77 157,183 1.78,1.80 1.78 1.69,1.75 1.67 1.76,1.72 1.73

v(Ora) 1.84 1.83 1.79 1.77 1.82 1.95 1.95 2.02
(053, 2.04 2.03 2.03 2.02 2.07 2.07 2.01 1.98
v(0y)=30(0)+20(0,9  1.97 1.97 1.95 1.94 1.99 203 204 199 193 199 1.99
Sv; 000 -001 000 -001 -0.03 006 001 —0.07 -002 0.00 0.00

and Ti ions and the average valences of Zr anflalieled as the motion of Zr. The shift of Ti ions closer to the oxygen
v(Pb), v(Zr), v(Ti), andv(B,,), respectively, for several 0O,, O; plane perpendicular to the axis partially compen-
PZT compositions. It is seen thafZr) is anomalously large sates the valence loss due to the lengthened ,Ti-O;
andu (Ti) is rather low. This is plausible, as the average unitbonds. For tetragonal compositions, the valence of Pb ions
cell size is “too small” for Zr ions, which makes the bonds was lower than the nominal valenee2 and decreased with
abnormally short. The contrary is true for Ti ions. Similar increasingx, until it slightly increased at=0.52, corre-
values were found in Ref. 29 for rhombohedral PZT ceramsponding to the change t€m symmetry. Thus, in the
ics. However, as the volume per formula unit increases wittP4mm phase, the rather strong decrease (b) with in-
increasingx, v(Zr) decreasesmainly due to the increased creasingx was mainly compensated for by the increasing
Zr-O,, O; bond lengths To have a more affirmative base, v(B,,) and, to a lesser extent, by decreasin@,,). The
oxygen valencies were also computed. This was slightlyegion at arounc=0.52 is of particular interest, as it is the
trickier than the computation of cation valencies. In the casevell-known area of two-phase coexistence. By considering
of PAmm and Cm symmetries, there are two nonequivalentthe valence behavior of the competing phases one gains in-
oxygens Q and G, and in a case dR3c symmetry there is  sight into the reasons of phase transitions. This region also
only one oxygen in an asymmetric unit. In each case, eachhows that (Pb) increases and thcation valences remain
oxygen is surrounded by “cation octahedra” formed from nearly constant with decreasing temperature. This is well
four Pb and twoB cations, as is indicated in Fig. 5 in the demonstrated by the behavior of the 0.53 sample in Table
case ofR3c symmetry. As there is no evidence fBrcation VIl and is easily understood by considering the fact that due
ordering, we assumed that Zr and Ti ions are randomly disto the increased octahedral tilt, the volume of cuboctahedra
tributed over theB cation sites. Thus, the probability that the is decreasedwhich decreases Pb-O bond lengths and thus
B site is occupied by Zr i, and correspondingly the prob- increases (Pb)] and the volume of octahedra is increased,
ability that it is occupied by Ti is  x. In general, we have so that it is indeed larger at 10 K than at 295 de to the
to consider four kind of possibilities: namely, that the verti- increased Zr/Ti-O bond lengths(Ti) andv(Zr) decreasg
ces of cation octahedra are both occupied by Zr or by Ti or
that one vertice is occupied by Ti and the other by Zr. These
last two cases lead to different oxygen valencies in all cases
but the PAmm symmetry and @ ion. Table VIl indicates We also determined “optimal positions” for Zr and Ti
these cases for each oxygen and also gives average valu@ss for tetragonal PZT ceramics at room temperatiiee,
These average values were computed assuming that the cate fitted the fractionak coordinate of Zr and Ti ions to the
ion octahedra vertice occupation probabilities for differentexperimentally observed lattice and oxygen parameters at
cases are as follows: case Zr,Xf, case Ti,Ti: (:-x)?, case  room temperatudeand list them in Table VIII. It is seen that
Zr,Ti: x(1—x), and case Ti,Zr: (£ x)x. there is no position in a tetragonal unit cell, wher€Zr)

The position of Zr ions is approximately constant as awould be +4, although two such kind of positions can be
function of Zr content fox=<0.52. The shift along the axis  found for Ti, as is indicated in the second column of Table
would lead to an increase (Zr) andv(B,,), preventing  VIII. Neither of the two minima for Ti ion are physically

A. Fractional coordinates of Zr and Ti ions
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TABLE VIIl. Fractional z coordinates of Zr and Ti ions corresponding to the minimum valence
of Zr ion, z(Zr,v(Zr) min), positions of Ti wherev (Ti) = +4, z(Ti,v(Ti) =+4), and positions of Ti, when
v(Bgay)=+4 andv(Zr)=v(Zr)min, labeled az(Ti,v(B,,)=+4). The values in bold are most consistent
with the experimental results.

X 2(Zr,v(Z0) min), z(Ti,v(Ti) =+4), Z(Ti,v(By,)=+4), z(Ti)=2z(Zr),
v(Z) min v(By, ,v(Ti)=+4) v(Ti) v(By,)=+4
0.20 0.592 5.16 0.495, 0.699, 4.23 0.531 0.657, 3.71 0.539, 0.648
0.30 0.588 5.03 0.485, 0.703, 4.31 0.541, 0.638, 3.56 0.551, 0.627
0.40 0.587 4.90 0.479, 0.709, 4.36 0.57Q 0.606, 3.40 0.575, 0.601
0.50 0.578 4.79 0.466, 0.705, 4.40 0.578 —, 3.30? 0.578, -2

#The minimumuv (B,,) value was 4.04.

meaningful, as they correspond tg,+r, values between Of x and tetragonal symmetrya phase transition to them
1.60 and 1.63 A, far too small to be reliable;=0.61 A  andR3c symmetries occurs, allowing the valueswfB,,)
andro=1.40 A, see, e.g., Ref. 43Also the second minima, andv(Pb) to be+4 and+2, respectively. This is consistent
given in the third column, are rather high, especially at lowwith the observation that, namely, the symme@n is ex-
Zr values, and are questionaliiso corresponding to small perimentally observed, instead of the symmemy. It might
rr+ro values. Thus, we concentrate on the values indicatedwell be that also geometrically plausibighl)-type dis-
by bold font in Table VIII. Interesting features of these re- placements of the Zr ions force the displacements of the Pb
sults are that the position of Zr was always closer to thgons to occur in thg110 directions(and not in the(100)
center of the oxygen £ O, plane perpendicular to theaxis  directiong. Thus, among the different symmetries the one
than Ti ions, i.e., that(Zr,v(Zr) min)>2z(Ti,v(By,)=+4)  fulfilling the constraints set by the nominal average valences
and thatz(Ti,v(B,,) = +4) is increasing with increasing.  is the one experimentally observed. Further, the oxygen oc-
This increase was 0.047, and the corresponding decrease t@hedra tilt ®3c symmetry is understandable from this
2(Zr,v(Zr) min) Was 0.014, wherx increased from 0.20 to point of view. If there were no tilt, the oxygen octahedra
0.50. This is well consistent with the experimental resultsvolume would be()/6 (corresponding to th&®3m phasg,
(compare the values typed by bold font in Tables VI andand this would again lead to too high valuesudB,,) at
VIIl). Thus, for tetragonal compositions the structure carhigh Zr concentrations and/or at low-temperatures.
maintain the averagB cation valence of+4 by shifting the
Zr ion into a position where (Zr) has the minimum value v|||. CONNECTION BETWEEN THE STRUCTURAL AND
v(Zr)min @and adjusting the position of Ti so thatB,,) ELECTRICAL PROPERTIES
=+4. It means that the oxygen octahedral network and par-
tially the valence-deficient Pb maintain the equali{B,,)
=+4 (and, due to the charge neutrality, the overall valence To understand the factors behind the high susceptibility
of cations and anions should be zerAs the amount of Zr and piezoelectric coefficients of PZT ceramics, it is useful to
ions is increasingthe limit being at arounc=0.50), there  borrow ideas from order-disorder ferroelectrics. Namely, we
is no such positions for Zr and Ti ions thafB,,) would be  can roughly think that the structure of PZT ceramics consists
+4. However, when the Zr ions are shifted intbhl) or  of a rigid oxygen octahedral network, with Pb ions at the
(112) directions Cm andR3c symmetries, respectivelyit ~ cuboctahedral sites. As increases, the space for Pb ions
becomes possible to decreasgZr) andv(B,,). It is pos- increases, and as the NPD results indicate, Pb ions are moved
sible to constrain Ti and Zr ions to have the same coordinatesignificantly away from the cuboctahedral site center. This is
andv(B,,) to be +4 [except for thex=0.50 sample, where common feature for the Pb containing perovskites; see, e.g.,
the minimum value ot (B,,) was 4.04 and which, interest- Ref. 44. As the cuboctahedral and octahedral volumes in-
ingly, corresponded to the absolute minimunv¢B,,);i.e.,  crease with increasingand when this is combined with the
it was not possible to find a lower value fo(B,,) by al-  fact that PB* ions have a lone electron pair, larger shifts are
lowing the Ti and Zr ions to have differemtcoordinateg It ~ possible. Now, we can think that the cuboctahedra include
is also interesting to note that foar=0.50, the three values, several potential energy minima for Pb ions. As tke
Z2(Zr,v(Zr) min), 2(Ti,v(Bgy,)=+4), andz(Ti) =z(Zr) coin- ~0.50 composition is approached, the motion of Pb ions
cide, exactly as was experimentally observed. However, fobetween different potential minima becomes significant. This
lower values of x this constraint was predicting two is observed by Raman spectroscopy in the case of the
z-coordinate valueglast column in Table VII, the second A;(1TO) mode; see, e.g., Refs. 5 and 15. However, the Ra-
one being rather questionable. Further, Rietveld refinement®an results discussed above demonstrate that the multiwell
using this type of constraint were leading to meaninglesstructure is not limited to the pseudoculji@0l] direction,
zcoordinate and negative thermal parameters. but there are also minima in a pseudocufi¢0) directions,

We conclude that (B,,) and v(Pb) were close to the analogously as Comest al*® previously proposed their
values+4 and+2, respectively, wher<0.50. As it was not  order-disorder model, in which there are eight sites along
anymore possible to fulfill these constraints for higher valueg111) directions for low-energy distortions. Now, the minima

A. Role of Pb
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for Pb ions are shallow as one approachesx#s®.50 com-  from x=0.52 andx=0.53 samples at 10 K showed that they
position, and correspondingly Pb ions can easily respond toonsisted of coexistindcm and R3c phases. The room-
the external electric field or pressure, which is crucial for thetemperature structure of the=0.52 sample was previously

high susceptibility and piezoelectric coefficient. modeled by theCm and P4mm phases. The room-
temperature structure of the= 0.53 sample was modeled by
B. Role of the B cations and oxygen octahedra theCm andR3c phases. The octahedral tilt angle of R&c

The contribution of theBOg unit in a response to the phase was close to zero at room temperattie zero filt

external field is twofold. In what follows, we shortly discuss an?3|5n%ciUaeféaocre]dfaﬁ&ﬁ?%:sp:vﬁg used to estimate the pre-
the case where cation shifts are in a polarization direction. P

First, oxygen octahedra can move with respect to the I:,l\:)/lously reported neutron powder diffraction data and to have

cage. Second, thB cations may move with respect to octa- a quantitative picture about the cation shifts with respect to

hedra(which, in the case of larger shifts and tetragonal struc-the oXygen network. Agreement between the experimental

) > results and these calculations was very good. We studied the
ture, necessitates that tiBcations go through the oxygen L :
. ; ) : .~ cases where Zr and Ti ions were allowed to have different

O, 3 plane perpendicular to the axis, which obviously is di : v found to b |
more difficult the shorter tha axis is and the larger thB coordinates, as was experimentally found to be true. [t was
cation i9. Similarly, as increasing the Zr concentratioin- found that the valence of Pb was slightly belav2 and that

: Y asing . the valences of Zr and Ti were above and belo#, respec-
creases the volume for Pb iohslume of cuboctahedyait

increases the volume for thg cations. As is plausible from tively. _T_he oxygen vak_ance was nearly-2. The
: . : . cpmposition-averagedd cation valence was found to be
geometrical considerations, the response of Zr in a tetragona

o S . Close to+4. For tetragonal compositions, the aver&yeat-
structure to an external field is to move rigidly with the oxy- . X . o ;
. ; . ion valence was increasing with increasignd was accom-
gen octahedrdand via the electronic part of the polariza-

tion). This is seen as a lower susceptibility. In contrast panied by decreasing Pb cation valence. It was pointed out

smaller Ti ion cores are allowed to move easier between thtehat the Zr and Ti ions adjust their positions so that the av-

. o - erage valence is kept at a fixed value .. This was no
potential energy minima. In tetragonal compositions, namel

. . . Yinore possible wher was at around 0.50, and the structure
Ti ion cores, in contrast to Zr ion cores, can respond to the

o ) : o . thanged into the one wheg cations were shifted into the
external electric fielddielectric susceptibility, stresqpiezo- (hhly or (111 directions, i.e., corresponding to the mono-
electricity), and temperaturépyroelectricity. Further, asx inic and rhombohedral ,str.ué,tures reps ectisel These com-
increases, the susceptibility increases. This is due to the fag{ . . » 'eSP Y. -
that Zr ions stretch the axis and create space for Ti ions so putations gave an explanation for the observed positions of

that they can easily respond to the external fields. This mod (iart]gélrs dg;ldgutgﬁe?x%geene?(ctlgihneec([jﬁ uaar;i(tjal—i?/;n?h%uggcéri-
is valid as long as we consider quasistatic phenomena, i.e., Mentall oBserved éhanyes Fi)n Iatticeq aramete)r/s and a?vera e
the cases where ions can follow the field. y 9 P 9

The ituaton s changed once we approach he WP, THEITITEIY. e Delevt [t hese fesuls gue gt e
octahedral volume is already sufficiently large to allow Zr to . ' prop k gnp
tlnc coefficients near the MPB.

move with respect to the oxygen octahedra. On the othe Based on neutron powder diffraction data and geometrical
hand, if we consider the case of rhombohedral PZT and elec- P 9

tric field applied along the hexagor(l01) direction, we can considerations, Pb_ and Ti ion cores are c_JlrectIy re_spon5|ble
. . ... for the observed high susceptibility and piezoelectric values
see that botfB cations should be able to move with ease with . ; : S
S f PZT ceramics. The influence of the Zr ion core is indirect
respect to the oxygen octahedra. This is due to the fact tha ; -
i . . , in a sense that it creates space for Pb and Ti ions so that they
now the B cations are moving against the oxygen triangles ; .
) . > 7 can easily follow the external fields.
(see Fig. 5, i.e., it is not necessary for th@ cation to go
through the oxygen plane in order to change the dipole mo-

ment direction created by oxygen octahedra andthation. ACKNOWLEDGMENTS
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