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The perovskitelike ferroelectric system PhZTi,O; (PZT) has a nearly vertical morphotropic phase
boundary(MPB) aroundx=0.45—-0.50. Recent synchrotron x-ray powder diffraction measurements by Noheda
et al.[Appl. Phys. Lett.74, 2059(1999] have revealed a monoclinic phase between the previously established
tetragonal and rhombohedral regions. In the present work we describe a Rietveld analysis of the detailed
structure of the tetragonal and monoclinic PZT phases on a samplexwi#8 for which the lattice param-
eters are, respectively,=4.044 A c,=4.138 A, at 325 K, andh,,=5.721 A, b,,=5.708 A, c,,=4.138 A,
B£=90.496°, at 20 K. In the tetragonal phase the shifts of the atoms along thd @@ladirection are similar
to those in PbTiQ but the refinement indicates that there are, in addition, local disordered shifts of the Pb
atoms of~0.2 A perpendicular to the polar axis. The monoclinic structure can be viewed as a condensation
along one of thg 110y directions of the local displacements present in the tetragonal phase. It equally well
corresponds to a freezing-out of the local displacements along one @f@Redirections recently reported by
Corker et al[J. Phys.: Condens. Mattdi0, 6251 (1998 ] for rhombohedral PZT. The monoclinic structure
therefore provides a microscopic picture of the MPB region in which one of the “locally” monoclinic phases
in the “average” rhombohedral or tetragonal structures freezes out, and thus represents a bridge between these
two phases.

[. INTRODUCTION characterization of the PZT solid solution. The ferroelectric

Perovskitelike oxides have been at the center of researalegion of the phase diagram consists mainly of two different
on ferroelectric and piezoelectric materials for the past fiftyregions: the Zr-rich rhombohedral regioif;{) that contains
years because of their simple cubic structure at high temperawo phases with space grouB8m andR3c, and the Ti-rich
tures and the variety of high symmetry phases with polatetragonal regionf+), with space groufP4mm*® The two
states found at lower temperatures. Among these materiatggions are separated by a boundary that is nearly indepen-
the ferroelectric Pbzr ,Ti,O5 (PZT) solid solutions have dent of temperature, the MPB mentioned above, which lies at
attracted special attention since they exhibit an unusuak composition close te=0.47. Many structural studies have
phase boundary which divides regions with rhombohedrabeen reported around the MPB, since the early 1950’s, when
and tetragonal structures, called the morphotropic phasthese solid solutions were first studi€td since the high
boundary (MPB) by Jaffe et all Materials in this region piezoelectric figure of merit that makes PZT so extraordinary
exhibit a very high piezoelectric response, and it has beeis closely associated with this lif€> The difficulty in ob-
conjectured that these two features are intrinsically relatedaining good single crystals in this region, and the character-
The simplicity of the perovskite structure is in part respon-istics of the boundary itself, make good compositional ho-
sible for the considerable progress made recently in the denogeneity essential if single phase ceramic materials are to
termination of the basic structural properties and stability ofoe obtained. Because of this, the MPB is frequently reported
phases of some important perovskite oxides, basedton as a region of phase coexistence whose width depends on the
initio calculations(see, e.g., Refs. 239Recently, such cal- sample processing conditioHs:*®
culations have also been used to investigate solid solutions Recently, another feature of the morphotropic phase
and, in particular, PZT, where the effective Hamiltonian in-boundary has been revealed by the discovery of a ferroelec-
cludes both structural and compositional degrees ofric monoclinic phaseRy) in the Pb(Z§_,Ti,)O5; ceramic
freedom®-12 systen?® From a synchrotron x-ray powder diffraction study

The PZT phase diagram of Ja#eal.! which covers only  of a composition withx=0.48, a tetragonal-to-monoclinic
temperatures above 300 K, has been accepted as the bapitase transition was discovered-aB00 K. The monoclinic
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PbZr, Ti O, nium oxide, and titanium oxide, with chemical purities better
800 —m™———————————————— than 99.9%. Pellets were pressed and heated to 1250°C at a
ramp rate of 10 °C/min, held at this temperature in a covered
crucible for 2 h, and furnace cooled. During sintering,
PbZrO; was used as a lead source in the crucible to minimize
volatilization of lead.

High-resolution synchrotron x-ray powder diffraction
measurements were made at beam line X7A at the
Brookhaven National Synchrotron Light Source. In the first
set of measurements, an incident beam of wavelength 0.6896
A from a Gd111) double-crystal monochromator was used
in combination with a G@20) crystal and scintillation de-
tector in the diffraction path. The resulting instrumental reso-
lution is about 0.01° on the@scale, an order of magnitude
better than that of a laboratory instrument. Data were col-
lected from a disk in symmetric flat-plate reflection geometry
over selected angular regions in the temperature range 20—
o 736 K. Coupledd-26 scans were performed over selected

3% 40 4 50 55 60 angular regions with a2 step interval of 0.01°. The sample

X(%Ti) was rocked 1-2° during data collection to improve powder
averaging.

Measurements above room temperature were performed
and P¢-F transition temperatures fox=0.48 andx=0.50 are W!th the disk mounted on a BN sample pedestal inside a
plotted as solid symbols. The-F, transition forx=0.50 is re- wire-wound BN tube furnace. The furnacg temperature was
ported in Ref. 22. measured with a thermocouple mounted just below the ped-
estal and the temperature scale calibrated with a sample of
. . CaF,. The accuracy of the temperature in the furnace is es-
unit cell is SECh t_ha'af" and by, lay along the tetrago.nal timated to be within 10 K, and the temperature stability
[110] and[110] directions @m”_bmgat\/z)v andc, devi-  gpout 2 K. For low-temperature measurements, the pellet
ates slightly from thg001] direction (m~cy).* The space \as mounted on a Cu sample pedestal and loaded in a
group isCm, and the temperature dependence of the monog|psed-cycle He cryostat, which has an estimated tempera-
clinic angle 8 gives immediately the evolution of the order tyre accuracy of 2 K and stability better than 0.1 K. The

parameter for the tetragonal-monoclinig-{F ) transition.  jffracted intensities were normalized with respect to the in-
The polar axis of the monoclinic cell can in principle be cident beam monitor.

2001

FIG. 1. Preliminary modification of the PZT phase diagram. The
data of Jaffeet al. (Ref. 1) are plotted as open circles. Thg-F

directed along any direction within tkeec mirror plane, mak-  For the second set of measurements aimed at the detailed
ing necessary a detailed structural study to determine its dietermination of the structure, a linear position-sensitive de-
rection. tector was mounted on theg2arm of the diffractometer in-

In the present work we present such a detailed structurgead of the crystal analyzer, and a wavelength of 0.7062 A
determination of the monoclinic phase at 20 K and the teyas used. This configuration gives greatly enhanced count-
tragonal phase at 325 K in PZT witk=0.48. The results jng rates which make it feasible to collect accurate data from
show that the polarization in the monoclinic plane lies along\,ery narrow-diameter capillary samples in Debye-Scherrer
a direction between the pseudocub@0l1]. and[111]; di-  geometry, with the advantage that systematic errors due to
rections, corresponding to the first example of a species witRreferred orientation or texture effects are largely eliminated.
PZ=PJ+PZ. Atentative phase diagram is presented in Fig.A small piece of the sintered disk was carefully crushed and
1, which includes data for the=0.48 composition together sealed into a 0.2 mm diameter glass capillary. The latter was
with those of the recently studied=0.50 compositiof?  loaded into a closed-cycle cryostat, and extended data sets
The most striking finding, however, is that the monoclinic were collected at 20 and 325 K while the sample was rocked
cation displacements found here correspond to one of thever a 10° range. With this geometry the instrumental reso-
three locally disordered sites reported by Cor&eal® for  |ution is about 0.03° on the@scale. Because lead is highly
rhombohedral compositions in the regior+=0.1-0.4, and  absorbing, the data were corrected for absorption effects
thus provide a microscopic model of the rhombohedral-tohased on an approximate value@f = 1.4 determined from
monoclinic phase transition. This, together with the fact thathe weight and dimensions of the sample.
the space group of the new pha&am, is a subgroup of both
P4mm andR3m, suggests thdt,, represents an intermedi-

ate phase connecting the well-known andFg PZT phases. il. PHASE TRANSITIONS

The evolution of the lattice parameters with temperature
was briefly summarized in Ref. 20, and a more complete
analysis is presented below. The results of the full structure

A PZT sample withx=0.48 was prepared by conven- analysis are described later.
tional solid-state reaction techniques using appropriate A transition from the cubic to the tetragonal phase was
amounts of reagent-grade powders of lead carbonate, zircobserved at-660 K, in agreement with the phase diagram

Il. EXPERIMENTAL
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FIG. 2. The Williamson-Hall plot for PZT X=0.48) derived
from the measured diffraction peak widths in the cubic phage (  FIG. 3. Lattice parameters versus temperature for PZT (
=736 K). Particle size and microstrain are estimated from a linear=0.48) over the whole range of temperatures from 20 to 750 K
fit (solid line). The plot for the(111) reflection in the cubic phase showing the evolution from the monoclinic phase to the cubic phase
demonstrates the excellent quality of the ceramic sanjpémk  Via the tetragonal phase.
width ~0.02°). The plot ofAd/d vs temperature is also shown as
an inset. reaches a broad maximum value of 4.144 A between 240—
210 K and then reaches a shallow minimum value of 4.137 A
shown in Fig. 1. The measurements made on the pellet in that 60 K. Over the same temperature region there is a striking
cubic phase at 736 K demonstrate the excellent quality of theariation of Ad/d determined from Williamson-Hall plots at
sample, which exhibits diffraction peaks with full-widths at various temperatures, as shown in the upper-left inset in Fig.
half-maximum (FWHM) ranging from 0.01° to 0.03° as 2. Ad/d increases rapidly as the temperature approaches the
shown for the(111) reflection plotted as the upper-right inset F-F,, transition at 300 K, in a similar fashion to the tetrag-
in Fig. 2. The FWHM's (") for several peaks were deter- onal strain, and then decreases rapidly below this tempera-
mined from least-squares fits to a pseudo-Voigt functionture in the monoclinic region. Thus the microstrain respon-
with the appropriate corrections for asymmetry efféétand  sible for the large increase ihd/d is an important feature of
corrected for instrumental resolution. The corrected valueshe phase transition, which may be associated with the de-
are shown in Fig. 2 in the form of a Williamson-Hall pidt velopment of local monoclinic order, and is very likely re-

sponsible for the large electromechanical response of PZT
I' cos#=N\/L+2(Ad/d)sing, (3.2 close to the MPE.

where\ is the wavelength and is the mean crystallite size. or d-g;e g‘:;::gg: g]; tt?% m'g nOfrlg]r:git?gr?ﬁaggrﬂsggvcllsut&ilgn
From the slope of a linear fit to the data, the distributiomof . P ; oM e ;

: - . - . with temperature is also depicted in Fig. 3. This phase tran-
spacingsAd/d, is estimated to be-3x 10°7, corresponding sition presents a special problem due to the steepness of the
to a compositional inhomogeneityx of less than+ 0.003. P P P P

. : . . hase boundarfthe MPB in Fig. 1. As shown in the previ-
From the m_terqept O.f the line on the ordinate axis the meargus section, the compositional fluctuations are quite small in
crystallite size is estimated to bel um.

O e ... these ceramic sampledx~ = 0.003) but, even in this case,
A tetragonal-to-monoclinic phase transition in PZT with "¢ 1o of the MPB implies an associated temperature
x=0.48 was recently reported by Noheelzal >° Additional P P

data have been obtained near the phase transition around 3UBcerta|nty OfAT~100 K. There is, therefore, a rather wide

K which have allowed a better determination of the phaserange of transition temperatures instead of a single well-

transition to be made, as shown by the evolution of the Iat_deflned transition, so that the order parameter is smeared out

. . - as a function of temperature around the phase change,
tice parameters as a function of temperature in Fig. 3. Th?hereby concealing the nature of the transition

tetragonal straire,/a; increases as the temperature decreases Scans over the (22Q)region for several different tem-
from the Curie point T~660 K), to a value of 1.0247 at 300 I . :

: o o . —._peratures are plotted in Fig. 4, which shows the evolution of
K, below which peak splittings characteristic of a monoclinic phases from the cubic phase at 68Tupper-left plof to the
phase witha,,~b,,~a,\/2,8+# 90°, are observe(Fig. 3. As s ; ;
the tempergturemcontintjes o d’ecrease down 10 2@,K monoclinic phase at 20 Kower-right ploy, passing through

e _ _ = - the tetragonal phase at intermediate temperatures. With de-
(which is defined to lie along thiel 10] tetragonal direction  creasing temperature, the tetragonal phase appear$6

increases very slightly, anlol,, (which lies along thg 110] K and the development of the tetragonal distortion can be
tetragonal direction decreases. The,, lattice parameter observed on the left side of the figure from the splitting of
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PbZr, Ti O peaks. A similar strategy has been adopted by Mteal 2°

— pre 2w 2 in a recent study of PbiTio (Os. Although in principle this

: :
(220) . 270K could represent a fraction of untransformed cubic phase, we
i LA . : suspect that the diffuse scattering is associated with locally

disordered regions in the vicinity of domain walls. The re-
finements were carried out with the atoms assigned fully ion-

20K

ized scattering factors.
520 K . 250K A. Tetragonal structure at 325 K
| I : Y ] At 325 K the data show tetragonal symmetry similar to
that of PbTiQ. This tetragonal structure has the space group
. P4mm with Pb in 1@) sites at(0,0z); Zr/Ti and Q1) in
1(b) sites at(1/2,1/2z) and Q2) in 2(c) sites at(1/2, 0,z).
' ' ; i — ' ] For the refinement we adopt the same convention as that
| 390K L used in Refs. 30 and 31 for PbTjOwith Pb fixed at0,0,0.
. I However, instead of thinking in terms of shifts of the other
[ atoms with respect to this origin, it is more physically intui-
i tive to consider displacements of Pb and Zr/Ti from the cen-
[ ter of the distorted oxygen cuboctahedra and octahedra, re-
- . . spectively. We shall take this approach in the subsequent
300 K discussion.
I - The refinement was first carried out with individual iso-
i tropic (U;sx) temperature factors assigned. Although a rea-
I I sonably satisfactory fit was obtaineB{>=8.9%), U, for
[ A 0O(1) was slightly negative antl;s, for Pb was very large,
‘ 0.026 A2, much larger thatl , for the other atoms. Simi-
276 28.0 7.6 28.0 larly high values for PH{;s,) in Pb-based perovskites are
20 (deg) well known in the literature, and are usually ascribed to local
disordered displacements, which may be either static or dy-
FIG. 4. Temperature evolution of the pseudocu@20) peak  namic. Refinement with anisotropic temperature factors
from the cubic(top leff) to the monoclinic(bottom righj phase. (U,; and Uy assigned to Pl§Table I, model ) gave an
improved fit (Rg2=6.1%) with U;4(=U,,) considerably
the (202) and (220) reflections. On the right side of the larger thanUz; (0.032 and 0.013 A&, respectively corre-
figure, the evolution of the monoclinic phase, which appeargponding to large displacements perpendicular to the polar
below ~300 K, is shown by the splitting into the [001] axis. A further refinement based on local displace-
(222),,, (222),, (400),, and (040), monoclinic reflec- ments of the Pb from the &f site to the 4¢) sites at
tions. It is quite evident from Fig. 4 that the (2Q2)eak is  (X,x,0), with isotropic temperature factors assigned to all the
much broader than the neighboring (22p¢ak, for example, atoms, gave a small improvement in the fRRe=6.0%)
and this “anisotropic” peak broadening is a general featurewith x=0.033, corresponding to local shifts along (€0
of the diffraction data for both phases. Another feature of theaxes, and a much more reasonable temperature félabie
patterns is the presence of additional diffuse scattering bds model Il). In order to check that high correlations between
tween neighboring peaks, which is particularly evident bethe temperature factor and local displacements were not bi-
tween tetragonal (0D and (100) pairs, and the correspond- asing the result of this refinement, we have applied a com-
ing monoclinic (00) and (hO) pairs. monly used procedure consisting of a series of refinements
based on model Il in which Pb displacements algad0)
V. STRUCTURE DETERMINATION were fixed but all thg other parameters were var _ Fig- .
ure 5 shows unambiguously that there is well-defined mini-
A detailed analysis of the 325 K tetragonal and 20 Kmum in theR factor for a displacement of about 0.19 A,
monoclinic structures of Pbgk,Tip 4403 Was carried out by  consistent with the result in Table I. A similar minimum was
Rietveld refinement using thesas program packag®. The  obtained for shifts along100) directions with a slightly
pseudo-Voigt peak shape function option was chsand  higherR factor. Thus, in addition to a shift of 0.48 A for Pb
background was estimated by linear interpolation betweemlong the polaf001] axis towards four of its @) neighbors,
fixed values. An important feature of the refinements was thsimilar to that in PbTiQ,%*1*¢there is a strong indication of
need to allow for the anisotropic peak broadening mentionedubstantial local shifts of 0.2 A perpendicular to this axis.
above. This was accomplished by the use of the recentlfhe Zr/Ti displacement is 0.27 A along the polar axis, once
incorporated generalized model for anisotropic peak broadagain similar to the Ti shift in PbTi© Attempts to model
ening proposed by Stepheffswhich is based on a distribu- local displacements alondl10) directions for the Zr/Ti at-
tion of lattice parameters. It was also necessary to take intoms were unsuccessful due to the large correlations between
account some additional diffuse scattering by modeling withthese shifts and the temperature factor. Further attempts to
a second, cubic, phase with broad, predominately Gaussiargfine thez parameters of the Zr and Ti atoms independently,
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TABLE I. Structure refinement results for tetragonal RpgFig .05 at 325 K, space group4mm,
lattice parametera,=4.0460(1) A,c,=4.1394(1) A. Fractional occupancibfor all atoms taken as unity
except for Pb in model Il, wherli=0.25. Agreement factor®,,,, Rez2, andx? are defined in Ref. 33.

Model | Model Il
anisotropic lead temperature factors lo¢a10) lead shifts
X oy z UA?) X y z Uso (A )
Pb 0 o 0 U,=0.0319(4) 0.032&%) 0.03285) 0 0.01274)
ZfTi 05 05  0.4517) Uiso=0.0052(6) 0.5 0.5 0.4509) 0.00416)
O(1) 05 05 —0.1027(28) UL,=0.0061(34) 0.5 0.5 —0.1027(28) 0.00735)
02 05 o0 0.378%24)  U;s,=0.0198(30) 0.5 0 0.37884)  0.019730)
Rwp 4.00% 3.99%
Re2 6.11% 6.04%
G 11.4 11.3

as Corkeret al. were able to d33 were likewise unsuccess- of 2.56 A and four much larger Pb¢@) distances of 3.27 A.
ful, presumably because the scattering contrast for x rays ifor model Il, the Zr/Ti-O distances are the same, but the
much less than for neutrons. Pb-O distances change significantly. A Pb atom in one of the
From the values of the atomic coordinates listed in Table&our equivalent k,x,0) sites in Table | now has a highly
l, it can be inferred that the oxygen octahedra are somewhafistorted coordination, consisting of two short and two inter-
more distorted than in PbTiQthe Q1) atoms being dis- mediate Pb-(®) bonds of 2.46 and 2.67 A, and one slightly
placed 0.08 A towards the () plane above. The cation |onger Pb-@1) bond of 2.71 A(Table II). The tendency of
displacements are slightly larger than those recently reportegy;2 \yhich has a lonep electron pair, to form short cova-

by Wilkinson et al®’ for samples close to the MPB contain- lent bonds with a few neighboring oxygens is well docu-
ing a mixture of rhombohedral and tetragonal phases, and iPnented in the literaturd39-41

excellent agreement with the theoretical values obtained by
Bellaiche and Vanderbilt for PZT with x=0.50 from first

principles calculations. As far as we are aware no othe . . . i
structural analysis of PZT compositions in the tetragonal re[:)etween 7° and 34upper figurg. The short vertical mark

gion has been reported in the literature ers represent the calculated peak positions. The upper and

Selected bond distances for the two models are shown ilPWer sets of markers correspond to the cubic and tetragonal
Table II. For model I, Zr/Ti has short and long bonds with Phases, respectively. We note that although agreement be-
O(1) of 1.85 and 2.29 A, respectively, and four intermediate-Ween the observed and the calculated profiles is consider-
length G2) bonds of 2.05 A. There are four intermediate- @bly better when the diffuse scattering is modeled with a

length Pb-@1) bonds of 2.8 A , four short Pb-@2) bonds  cubic phase, the refined values of the atomic coordinates are
not significantly affected by the inclusion of this phase. The

. . . anisotropic peak broadening was found to be satisfactorily

The observed and calculated diffraction profiles and the
difference plot are shown in Fig. 6 for a selected ange

—o— <110> local shifts E
—o0— <100> local shifts

4.4 4

TABLE II. Selected Zr/Ti-O and Pb-O bond lengths in the te-
tragonal and monoclinic structures. Models | and Il refer to the
b refinements with anisotropic temperature factors and l¢taD)
displacements for Pb, respectivébee Table)l The standard errors
in the bond lengths are-0.01 A .

4.3

& 4.2 .
3
~ Bond lengthgA)
a1 i tetragonal monoclinic
' model | model I
=3 K ZrTi-0(1) 1.85¢1 1.85¢1 1.871
4.0 tetragonal phase i
2.29x1 2291 2.28<1
00 011 012 013 Zr/Ti-O(2) 2.05x4 2.05x4 2.13x2
Lead shifts (A) 1.96<2
Pb-Q1) 2.89x4 2.90x2 2.90x2
FIG. 5. Agreement factdr,,, as a function of Pb displacements 2.71X1 2.60x1
for refinements with fixed values of along tetragona{110) and  Pb-Q2) 2.56x4 2.67x2 2.64x2
(100 directions as described in text. The well-defined minimum at 2.46x2 2.46x2

x~0.19 A confirms the result listed in Table | for model 1.




8692 B. NOHEDA et al. PRB 61

10 T T T y T TABLE |IIl. Structure refinement results for monoclinic
1 \ 1 PbZr, 5,Tig 405 at 20 K, space group Cm, lattice parametefs
81 . T =5.72204(15) A,b,,=5.70957(14) A, c,=4.13651(14) A, B
= | 3. 1 =90.4981)°. Agreement factorsRWp:3.26%R,:z:4.36%;(2
= 67 ] =9.3.
E 41 136 140 144 T 2
§ 1 0es) 1 Xm Ym Zm Uiso(A )
Pb 0 0 0 0.0139
Zr[Ti 0.52306) 0 0.44924) 0.00115)
3 o(1) 0.551523) 0 —0.0994(24) 0.00328)
' ' ! - T 0(2) 0.288318) 0.243420) 0.372917) 0.012322)
6 g A % or Pb,U;, is the equivalent isotropic value calculated from the
] ! ] refined anisotropic valuegU,;=0.0253(7) A?U,,=0.0106(6)
g 4- . L - A 2,U5,=0.0059(3) A2,U5=0.0052(4) A2).
% ] S of these atoms along the monoclifitt00], i.e., pseudocubic

[110], towards their @) neighbors in adjacent pseudocubic
od™ 4 e N Ottt in s (110 planes, of about 0.24 and 0.11 A, respectively, which
v i - . corresponds to a rotation of the polar axis fr¢@01] to-

r : r : r wards pseudocubid 11]. The Pb shifts are also qualitatively
20 de3gO) consistent with the local shifts of Pb along the tetragonal
’ (110 axes inferred from the results of model Il in Table I,
FIG. 6. Observed and calculated diffraction profiles from thel-€., about 0.2 A. Thus it seems very plausible that the mono-
Rietveld refinement of the tetragor(@p) and monoclinigbottom  clinic phase results from the condensation of the local Pb
phases of PZTX=0.48) at 325 and 20 K, respectively. The differ- displacements in the tetragonal phase along one oflthe)
ence plots are shown below, and the short vertical markers reprairections.
sent the peak positior{the upper set correspond to the cubic phase Some selected bond distances are listed in Table Il. The
as discussed in textThe insets in each figure highlight the differ- Zr/Ti-O(1) distances are much the same as in the tetragonal
ences between the tetragonal and the monoclinic phase for thstructure, but the two sets of Zr/Ti{@) distances are signifi-
pseudocubic(110) reflection, and illustrate the high resolution cantly different, 1.96 and 2.13 A, compared to the single set
needed in order to characterize the monoclinic phase. at 2.04 A in the tetragonal structure. Except for a shortening
in the Pb-@1) distance from 2.71 to 2.60 A, the Pb environ-
described by two of the four parameters in the generalizednent is quite similar to that in the tetragonal phase, with two
model for tetragonal asymmetf$. close @2) neighbors at 2.46 A, and two at 2.64 A.

V. DISCUSSION
B. Monoclinic structure at 20 K

As discussed above, the diffraction data at 20 K can be In the previous section, we have shown that the low-
indexed unambiguously on the basis of a monoclinic celtemperature monoclinic structure of PRZTiy 4405 is de-
with the space grou@m. In this case Pb, Zr/Ti, and(@) are  rived from the tetragonal structure by shifts of the Pb and
in 2(a) sites at &,0z), and @2) in 4(b) sites at K,y,z). Zr/Ti atoms along the tetragonil10] axis. We attribute this
Individual isotropic temperature factors were assigned, anghase transition to the condensation of log¢hl0 shifts of
Pb was fixed at0,0,0. For monoclinic symmetry, the gen- Pb which are present in the tetragonal phase along one of the
eralized expression for anisotropic peak broadening containigur (110) directions. In the context of this monoclinic struc-
nine parameters, but when all of these were allowed to varyure it is instructive to consider the structural model for
the refinement was slightly unstable and did not completelyhombohedral PZT compositions wik=0.08—0.38 recently
converge. After several tests in which some of the less sigreported by Corkeel al.?® on the basis of neutron powder
nificant values were fixed at zero, satisfactory convergencdiffraction data collected at room temperature. In this study
was obtained with three parameterN(,=0.036X2=11.5). and also an earlier stutfof a sample withx=0.1, it was
During these tests, there was essentially no change in thleund that satisfactory refinements could only be achieved
refined values of the atomic coordinates. A small improvewith anisotropic temperature factors, and that the thermal
ment in the fit was obtained when anisotropic temperaturellipsoid for Pb had the form of a disk perpendicular to the
factors were assigned to PR,= 0.033x°=9.2). The final  pseudocubi¢111] axis. This highly unrealistic situation led
results are listed in Table I, and the profile fit and differ- them to propose a physically much more plausible model
ence plot are shown in the lower part of Fig. 6. involving local displacements for the Pb atoms of about 0.25

From an inspection of the results in Tables I and Ill, it canA perpendicular to th¢111] axis and a much smaller and
be seen that the displacements of the Pb and Zr/Ti atomsiore isotropic thermal ellipsoid was obtained. Evidence for
along[001] are very similar to those in the tetragonal phaselocal shifts of Pb atoms in PZT ceramics has also been dem-
at 325 K, about 0.53 and 0.24 A, respectively. However, inonstrated by pair-distribution function analysis by Teslic and
the monoclinic phase at 20 K, there are also significant shiftgo-workers>®
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TABLE IV. Comparison of refined values of atomic coordinates in the monoclinic phase with the corre-
sponding values in the tetragonal and rhombohedral phases for both the “ideal” structures and those with
local shifts, as discussed in text.

tetragonal monoclinic rhombohedr@ef. 43
x=0.48, 325 K x=0.48, 20 K x=0.40, 295 K
ideal local shifts as refined local shift8 ideal

Xze/Ti 0.500 0.530 0.523 0.520 0.540
Zoi 0.451 0.451 0.449 0.420 0.460
Xo(1) 0.500 0.530 0.551 0.547 0.567
Zo() —0.103 —0.103 —0.099 0.093 —0.053
Xo(2) 0.250 0.280 0.288 0.290 0.310
Yo(2) 0.250 0.250 0.243 0.257 0.257
Zo(2) 0.379 0.379 0.373 0.393 0.433
an(A) 5.722 5.722 5.787

bm(A) 5.722 5.710 5.755

cm(R) 4.139 4.137 4.081

B(°) 90.0 90.50 90.45

aTetragonal local shifts 0f0.03,0.03,0.
®Hexagonal local shifts of—0.02,0.02,0

We now consider the refined values of the Pb atom posidistortion of the pseudorhombohedral unit cell. In a recent
tions with local displacements for rhombohedral PZT listedneutron and x-ray powder study, Lamgisal *® have shown
in Table IV of Ref. 23. With the use of the appropriate trans-that Rietveld refinement gives better agreement for the
formation matrices, it is straightforward to show that thesemonoclinic structure at 80 and 250 K than for the rhombo-
shifts correspond to displacements of 0.2—-0.25 A along théedral one. The resulting monoclinic distortion is very weak,
direction of the monoclinid100] axis, similar to what is and the large thermal factor obtained for Pb is indicative of a
actually observed fox=0.48. It thus seems equally plau- high degree of disorder.
sible that the monoclinic phase can also result from the con- The relationships between the PZT rhombohedral, tetrag-
densation of local displacements perpendicular to[flfel]  onal and monoclinic structures are also shown schematically
axis. in Fig. 7, in which the displacements of the Pb atom are

The monoclinic structure can thus be pictured as providshown projected on the pseudocutiid 0) mirror plane. The
ing a “bridge” between the rhombohedral and tetragonalfour locally disordered110) shifts postulated in the present
structures in the region of the MPB. This is illustrated in paper for the tetragonal phase are shown superimposed on
Table 1V, which compares the results for PZT with-0.48  the [001] shift at the left[Fig. 7(@)] and the three locally
obtained in the present study with earlier restilfer rhom-  disordered(100) shifts proposed by Corkeet al?® for the
bohedral PZT withx=0.40 expressed in terms of the mono- rhombohedral phase are shown superimposed orjlthg
clinic cell.** For x=0.48, the atomic coordinates for Zr/Ti,
0O(1) and Q2) are listed for the “ideal” tetragonal structure
(model ) and for a similar structure with local shifts of
(0.03,0.03,0in the first two columns, and for the monoclinic
structure in the third column. The last two columns describe®
the rhombohedral structure fair=0.40 assuming local shifts ; 3 _ar
of (—0.02,0.02,0 along the hexagonal axes and the as- o (1018 o
refined “ideal” structure, respectively. It is clear that the Tetragonal Monoclinic Rhombohedral
condensation of these local shifts gives a very plausible de:
scription of the monoclinic structure in both cases. It is also (@) (b) ©
Interesting t.o notg the behavior Of. the Correspondl'ng. lattice FIG. 7. Schematic illustration of the tetragoral, monoclinic
parameters; metrically the monoclinic cell is very similar to

the tet | cell t for th lini | hich i (b), and rhombohedralc) distortions of the perovskite unit cell
€ tetragonal cell except for the monaoclinic angle, whic ISprojected on the pseudocuhit10) plane. The solid circles repre-
close to that of the rhombohedral cell.

. . . sent the observed shifts with respect to the ideal cubic structure.
Evidence for a tetragonal-to-monoclinic transition in the tpq light grey circles represent the four locally disorde(@ao)

ferroelectric m4aste”a| PbigNby 505 has also been reported spifts in the tetragonal structute) and the three locally disordered
by Bonny et al™ from single crystal and synchrotron x-ray sifts in the rhombohedral structufe) described by Corkeet al.
pOWder diffraction measurements. The latter data show @Ref. 23. The heavy dashed arrows represent the freezing-out of
cubic-tetragonal transition at 376 K, and a second transi- one of these shifts to give the monoclinic observed structure. Note
tion at~ 355 K. Although the resolution was not sufficient to that the resultant shifts in the rhombohedral structure can be viewed
reveal any systematic splitting of the peaks, it was concludeds a combination of 111] shift with local (100 shifts, as indi-
that the data were consistent with a very weak monoclinicated by the light grey arrows.

[001] o0 Ar
0011 T ACm
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shift at the right[Fig. 7(c)]. It can be seen that both the Itis also to be expected that other systems with morpho-
condensation of thgl10] shift in the tetragonal phase and tropic phase boundaries between two nonsymmetry-related
the condensation of th€001] shift in the rhombohedral phasege.g., other perovskites or tungsten-bronze mixed sys-
phase leads to the observed monoclinic shift shown at theem9 may show similar intermediate phases. In fact, an in-
center[Fig. 7(b)]. We note that although Corket al. dis-  dication of symmetry lowering at the MPB of the PZN-PT
cuss their results in terms ¢f.00) shifts and g111] shift  system has been recently reported by Fujiskiral>® From
smaller than that predicted in the usual refinement procedure, different point of view, a monoclinic ferroelectric perov-
they can be equally well described by a combination of shiftsskite also represents a new challenge for first-principles theo-
perpendicular to th¢111] axis and thg111] shift actually  rists, until now used to dealing only with tetragonal, rhom-
obtained in the refinement, as is evident from Figg).7 bohedral and orthorhombic perovskites.

We conclude, therefore, that thg, phase establishes a A structural analysis of several other PZT compositions
connection between the PZT phases at both sides of the MPBIith x=0.42—0.51 is currently in progress in order to deter-
through the common symmetry element, the mirror planemine the new PZT phase diagram more precisely. In the
and suggest that there is not really a morphotropic phaspreliminary version shown in Fig. 1 we have included data
boundary, but rather a “morphotropic phase,” connectingfor a sample withx=0.50 made under slightly different
the F; and F phases of PZT. In the monoclinic phase theconditiong? at the Institute of Ceramic and Gla8€G) in
difference vector between the positive and negative centergladrid, together with the data described in the present work
of charge defines the polar axis, whose orientation, in confor a sample withx=0.48 synthesized in the Materials Re-
trast to the case of thE; and Fg phases, cannot be deter- search Laboratory at the Pennsylvania State University
mined on symmetry grounds alone. According to this, from(PSU). As can be seen the results for these two compositions
the results shown in Table Ill, the polar axis in the mono-show consistent behavior, and demonstrate thatFthe~+
clinic phase is found to be tilted about 24° from fGO1] phase boundary lies along the MPB of Jaéfieal. Prelimi-
axis towards th¢111] axis. This structure represents the first nary results for a sample from PSU wikh=0.47 show un-
example of a ferroelectric material witrP)z(: P§¢ P§, equivocally that the monoclinic features are present at 300
(Px.Py,P,) being the Cartesian components of the polarizaK. However, measurements on an ICG sample with the same
tion vector. This class corresponds to the so-callechominal composition do not show monoclinicity unambigu-
m3m(12)A2Fm type predicted by Shuvald¥.It is possible ~ ously, but instead a rather complex poorly defined region
that this new phase is one of the rare examples of a twofrom 300—-400 K between the rhombohedral and tetragonal
dimensional ferroelectrf€ in which the unit cell dipole mo- phases? The extension of the monoclinic region and the
ment switches within a plane containing the polar axis, uportocation of theFg-F\, phase boundary are still somewhat
application of an electric field. undefined, although it is clear that the monoclinic region has

This F, phase has important implications; for example, ita narrower composition range as the temperature increases.
might explain the well-known shifts of the anomalies of The existence of a quadruple point in the PZT phase diagram
many physical properties with respect to the MPB and thuds an interesting possibility.
help in understanding the physical properties in this region,
of great interest from the applications point of viéwt. has
been found that the maximum values ayj; for rhombohe-
dral PZT withx=0.40 are not obtained for samples polarized We wish to gratefully acknowledge B. Jones for the ex-
along the[111] direction but along a direction close to the cellent quality of thex=0.48 sample used in this work, and
perovskite[001] direction®® This points out the intrinsic im- we thank L. Bellaiche, A. M. Glazer, E. Moshopoulou, C.
portance of thd001] direction in perovskites, whatever the Moure, and E. Sawaguchi for their helpful comments. Sup-
distortion present, and is consistent with Corlatral’s port by NATO (Grant No. R.C.G. 970037 the Spanish
model for the rhombohedral phaseand the idea of the CICyT (Project No. PB96-0037and the U.S. Department of
rhombohedral-tetragonal transition through a monoclinicEnergy, Division of Materials Sciencéd€ontract No. DE-
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