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The perovskitelike ferroelectric system PbZr12xTixO3 ~PZT! has a nearly vertical morphotropic phase
boundary~MPB! aroundx50.45–0.50. 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 sample withx50.48 for which the lattice param-
eters are, respectively,at54.044 Å, ct54.138 Å, at 325 K, andam55.721 Å, bm55.708 Å, cm54.138 Å,
b590.496°, at 20 K. In the tetragonal phase the shifts of the atoms along the polar@001# direction are similar
to those in PbTiO3 but the refinement indicates that there are, in addition, local disordered shifts of the Pb
atoms of;0.2 Å perpendicular to the polar axis. The monoclinic structure can be viewed as a condensation
along one of thê 110& directions of the local displacements present in the tetragonal phase. It equally well
corresponds to a freezing-out of the local displacements along one of the^100& directions recently reported by
Corker et al.@J. Phys.: Condens. Matter10, 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.
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I. INTRODUCTION

Perovskitelike oxides have been at the center of rese
on ferroelectric and piezoelectric materials for the past fi
years because of their simple cubic structure at high temp
tures and the variety of high symmetry phases with po
states found at lower temperatures. Among these mate
the ferroelectric PbZr12xTixO3 ~PZT! solid solutions have
attracted special attention since they exhibit an unus
phase boundary which divides regions with rhombohed
and tetragonal structures, called the morphotropic ph
boundary ~MPB! by Jaffe et al.1 Materials in this region
exhibit a very high piezoelectric response, and it has b
conjectured that these two features are intrinsically rela
The simplicity of the perovskite structure is in part respo
sible for the considerable progress made recently in the
termination of the basic structural properties and stability
phases of some important perovskite oxides, based onab
initio calculations~see, e.g., Refs. 2–9!. Recently, such cal-
culations have also been used to investigate solid solut
and, in particular, PZT, where the effective Hamiltonian
cludes both structural and compositional degrees
freedom.10–12

The PZT phase diagram of Jaffeet al.,1 which covers only
temperatures above 300 K, has been accepted as the
PRB 610163-1829/2000/61~13!/8687~9!/$15.00
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characterization of the PZT solid solution. The ferroelect
region of the phase diagram consists mainly of two differ
regions: the Zr-rich rhombohedral region, (FR) that contains
two phases with space groupsR3m andR3c, and the Ti-rich
tetragonal region (FT), with space groupP4mm.13 The two
regions are separated by a boundary that is nearly inde
dent of temperature, the MPB mentioned above, which lie
a composition close tox50.47. Many structural studies hav
been reported around the MPB, since the early 1950’s, w
these solid solutions were first studied,13,14 since the high
piezoelectric figure of merit that makes PZT so extraordin
is closely associated with this line.1,15 The difficulty in ob-
taining good single crystals in this region, and the charac
istics of the boundary itself, make good compositional h
mogeneity essential if single phase ceramic materials ar
be obtained. Because of this, the MPB is frequently repor
as a region of phase coexistence whose width depends o
sample processing conditions.16–19

Recently, another feature of the morphotropic pha
boundary has been revealed by the discovery of a ferroe
tric monoclinic phase (FM) in the Pb(Zr12xTix)O3 ceramic
system.20 From a synchrotron x-ray powder diffraction stud
of a composition withx50.48, a tetragonal-to-monoclini
phase transition was discovered at;300 K. The monoclinic
8687 ©2000 The American Physical Society
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8688 PRB 61B. NOHEDA et al.
unit cell is such thatam and bm lay along the tetragona

@ 1̄1̄0# and@11̄0# directions (am'bm'atA2), andcm devi-
ates slightly from the@001# direction (cm'ct).

21 The space
group isCm, and the temperature dependence of the mo
clinic angleb gives immediately the evolution of the orde
parameter for the tetragonal-monoclinic (FT-FM) transition.
The polar axis of the monoclinic cell can in principle b
directed along any direction within theac mirror plane, mak-
ing necessary a detailed structural study to determine its
rection.

In the present work we present such a detailed struc
determination of the monoclinic phase at 20 K and the
tragonal phase at 325 K in PZT withx50.48. The results
show that the polarization in the monoclinic plane lies alo
a direction between the pseudocubic@001#c and @111#c di-
rections, corresponding to the first example of a species w
Px

25Py
2ÞPz

2 . A tentative phase diagram is presented in F
1, which includes data for thex50.48 composition togethe
with those of the recently studiedx50.50 composition.22

The most striking finding, however, is that the monoclin
cation displacements found here correspond to one of
three locally disordered sites reported by Corkeret al.23 for
rhombohedral compositions in the regionx50.1–0.4, and
thus provide a microscopic model of the rhombohedral-
monoclinic phase transition. This, together with the fact t
the space group of the new phase,Cm, is a subgroup of both
P4mm andR3m, suggests thatFM represents an intermed
ate phase connecting the well-knownFT andFR PZT phases.

II. EXPERIMENTAL

A PZT sample withx50.48 was prepared by conven
tional solid-state reaction techniques using appropr
amounts of reagent-grade powders of lead carbonate, z

FIG. 1. Preliminary modification of the PZT phase diagram. T
data of Jaffeet al. ~Ref. 1! are plotted as open circles. TheFT-FM

and PC-FT transition temperatures forx50.48 andx50.50 are
plotted as solid symbols. TheFT-FM transition forx50.50 is re-
ported in Ref. 22.
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nium oxide, and titanium oxide, with chemical purities bet
than 99.9%. Pellets were pressed and heated to 1250 °C
ramp rate of 10 °C/min, held at this temperature in a cove
crucible for 2 h, and furnace cooled. During sinterin
PbZrO3 was used as a lead source in the crucible to minim
volatilization of lead.

High-resolution synchrotron x-ray powder diffractio
measurements were made at beam line X7A at
Brookhaven National Synchrotron Light Source. In the fi
set of measurements, an incident beam of wavelength 0.6
Å from a Ge~111! double-crystal monochromator was us
in combination with a Ge~220! crystal and scintillation de-
tector in the diffraction path. The resulting instrumental res
lution is about 0.01° on the 2u scale, an order of magnitud
better than that of a laboratory instrument. Data were c
lected from a disk in symmetric flat-plate reflection geome
over selected angular regions in the temperature range
736 K. Coupledu-2u scans were performed over select
angular regions with a 2u step interval of 0.01°. The sampl
was rocked 1–2° during data collection to improve powd
averaging.

Measurements above room temperature were perfor
with the disk mounted on a BN sample pedestal inside
wire-wound BN tube furnace. The furnace temperature w
measured with a thermocouple mounted just below the p
estal and the temperature scale calibrated with a sampl
CaF2. The accuracy of the temperature in the furnace is
timated to be within 10 K, and the temperature stabil
about 2 K. For low-temperature measurements, the pe
was mounted on a Cu sample pedestal and loaded
closed-cycle He cryostat, which has an estimated temp
ture accuracy of 2 K and stability better than 0.1 K. T
diffracted intensities were normalized with respect to the
cident beam monitor.

For the second set of measurements aimed at the det
determination of the structure, a linear position-sensitive
tector was mounted on the 2u arm of the diffractometer in-
stead of the crystal analyzer, and a wavelength of 0.706
was used. This configuration gives greatly enhanced co
ing rates which make it feasible to collect accurate data fr
very narrow-diameter capillary samples in Debye-Sche
geometry, with the advantage that systematic errors du
preferred orientation or texture effects are largely eliminat
A small piece of the sintered disk was carefully crushed a
sealed into a 0.2 mm diameter glass capillary. The latter
loaded into a closed-cycle cryostat, and extended data
were collected at 20 and 325 K while the sample was roc
over a 10° range. With this geometry the instrumental re
lution is about 0.03° on the 2u scale. Because lead is highl
absorbing, the data were corrected for absorption effec24

based on an approximate value ofmr 51.4 determined from
the weight and dimensions of the sample.

III. PHASE TRANSITIONS

The evolution of the lattice parameters with temperat
was briefly summarized in Ref. 20, and a more compl
analysis is presented below. The results of the full struct
analysis are described later.

A transition from the cubic to the tetragonal phase w
observed at;660 K, in agreement with the phase diagra
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PRB 61 8689TETRAGONAL-TO-MONOCLINIC PHASE TRANSITION . . .
shown in Fig. 1. The measurements made on the pellet in
cubic phase at 736 K demonstrate the excellent quality of
sample, which exhibits diffraction peaks with full-widths
half-maximum ~FWHM! ranging from 0.01° to 0.03° a
shown for the~111! reflection plotted as the upper-right ins
in Fig. 2. The FWHM’s (G) for several peaks were dete
mined from least-squares fits to a pseudo-Voigt funct
with the appropriate corrections for asymmetry effects,25 and
corrected for instrumental resolution. The corrected val
are shown in Fig. 2 in the form of a Williamson-Hall plot26

G cosu5l/L12~Dd/d!sinu, ~3.1!

wherel is the wavelength andL is the mean crystallite size
From the slope of a linear fit to the data, the distribution od
spacings,Dd/d, is estimated to be;331024, corresponding
to a compositional inhomogeneityDx of less than60.003.
From the intercept of the line on the ordinate axis the m
crystallite size is estimated to be;1 mm.

A tetragonal-to-monoclinic phase transition in PZT wi
x50.48 was recently reported by Nohedaet al.20 Additional
data have been obtained near the phase transition around
K which have allowed a better determination of the pha
transition to be made, as shown by the evolution of the
tice parameters as a function of temperature in Fig. 3.
tetragonal strainct /at increases as the temperature decrea
from the Curie point (T'660 K!, to a value of 1.0247 at 300
K, below which peak splittings characteristic of a monoclin
phase witham'bm'atA2,bÞ90°, are observed~Fig. 3!. As
the temperature continues to decrease down to 20 K,am

~which is defined to lie along the@ 1̄1̄0# tetragonal direction!
increases very slightly, andbm ~which lies along the@11̄0#
tetragonal direction! decreases. Thecm lattice parameter

FIG. 2. The Williamson-Hall plot for PZT (x50.48) derived
from the measured diffraction peak widths in the cubic phaseT
5736 K!. Particle size and microstrain are estimated from a lin
fit ~solid line!. The plot for the~111! reflection in the cubic phase
demonstrates the excellent quality of the ceramic sample~peak
width ;0.02°). The plot ofDd/d vs temperature is also shown a
an inset.
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reaches a broad maximum value of 4.144 Å between 24
210 K and then reaches a shallow minimum value of 4.13
at 60 K. Over the same temperature region there is a strik
variation ofDd/d determined from Williamson-Hall plots a
various temperatures, as shown in the upper-left inset in
2. Dd/d increases rapidly as the temperature approaches
FT-FM transition at 300 K, in a similar fashion to the tetra
onal strain, and then decreases rapidly below this temp
ture in the monoclinic region. Thus the microstrain respo
sible for the large increase inDd/d is an important feature o
the phase transition, which may be associated with the
velopment of local monoclinic order, and is very likely re
sponsible for the large electromechanical response of P
close to the MPB.1

The deviation of the monoclinic angleb from 90° is an
order parameter of theFT-FM transition, and its evolution
with temperature is also depicted in Fig. 3. This phase tr
sition presents a special problem due to the steepness o
phase boundary~the MPB in Fig. 1!. As shown in the previ-
ous section, the compositional fluctuations are quite sma
these ceramic samples (Dx'60.003) but, even in this case
the nature of the MPB implies an associated tempera
uncertainty ofDT'100 K. There is, therefore, a rather wid
range of transition temperatures instead of a single w
defined transition, so that the order parameter is smeared
as a function of temperature around the phase cha
thereby concealing the nature of the transition.

Scans over the (220)c region for several different tem
peratures are plotted in Fig. 4, which shows the evolution
phases from the cubic phase at 687 K~upper-left plot! to the
monoclinic phase at 20 K~lower-right plot!, passing through
the tetragonal phase at intermediate temperatures. With
creasing temperature, the tetragonal phase appears at;660
K and the development of the tetragonal distortion can
observed on the left side of the figure from the splitting

r

FIG. 3. Lattice parameters versus temperature for PZTx
50.48) over the whole range of temperatures from 20 to 750
showing the evolution from the monoclinic phase to the cubic ph
via the tetragonal phase.
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8690 PRB 61B. NOHEDA et al.
the (202)t and (220)t reflections. On the right side of th
figure, the evolution of the monoclinic phase, which appe
below ;300 K, is shown by the splitting into the
(222̄)m , (222)m , (400)m , and (040)m monoclinic reflec-
tions. It is quite evident from Fig. 4 that the (202)t peak is
much broader than the neighboring (220)t peak, for example,
and this ‘‘anisotropic’’ peak broadening is a general feat
of the diffraction data for both phases. Another feature of
patterns is the presence of additional diffuse scattering
tween neighboring peaks, which is particularly evident b
tween tetragonal (00l ) and (h00) pairs, and the correspond
ing monoclinic (00l ) and (hh0) pairs.

IV. STRUCTURE DETERMINATION

A detailed analysis of the 325 K tetragonal and 20
monoclinic structures of PbZr0.52Ti0.48O3 was carried out by
Rietveld refinement using theGSAS program package.27 The
pseudo-Voigt peak shape function option was chosen25 and
background was estimated by linear interpolation betw
fixed values. An important feature of the refinements was
need to allow for the anisotropic peak broadening mentio
above. This was accomplished by the use of the rece
incorporated generalized model for anisotropic peak bro
ening proposed by Stephens,28 which is based on a distribu
tion of lattice parameters. It was also necessary to take
account some additional diffuse scattering by modeling w
a second, cubic, phase with broad, predominately Gaus

FIG. 4. Temperature evolution of the pseudocubic~220! peak
from the cubic~top left! to the monoclinic~bottom right! phase.
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peaks. A similar strategy has been adopted by Mulleret al.29

in a recent study of PbHf0.4Ti0.6O3. Although in principle this
could represent a fraction of untransformed cubic phase,
suspect that the diffuse scattering is associated with loc
disordered regions in the vicinity of domain walls. The r
finements were carried out with the atoms assigned fully i
ized scattering factors.

A. Tetragonal structure at 325 K

At 325 K the data show tetragonal symmetry similar
that of PbTiO3. This tetragonal structure has the space gro
P4mm with Pb in 1(a) sites at~0,0,z); Zr/Ti and O~1! in
1(b) sites at~1/2,1/2,z) and O~2! in 2~c! sites at~1/2, 0,z).
For the refinement we adopt the same convention as
used in Refs. 30 and 31 for PbTiO3, with Pb fixed at~0,0,0!.
However, instead of thinking in terms of shifts of the oth
atoms with respect to this origin, it is more physically intu
tive to consider displacements of Pb and Zr/Ti from the c
ter of the distorted oxygen cuboctahedra and octahedra
spectively. We shall take this approach in the subsequ
discussion.

The refinement was first carried out with individual is
tropic (U iso) temperature factors assigned. Although a re
sonably satisfactory fit was obtained (RF258.9%), U iso for
O~1! was slightly negative andU iso for Pb was very large,
0.026 Å2, much larger thanU iso for the other atoms. Simi-
larly high values for Pb(U iso) in Pb-based perovskites ar
well known in the literature, and are usually ascribed to lo
disordered displacements, which may be either static or
namic. Refinement with anisotropic temperature factor32

(U11 and U33) assigned to Pb~Table I, model I! gave an
improved fit (RF256.1%) with U11(5U22) considerably
larger thanU33 ~0.032 and 0.013 Å2, respectively! corre-
sponding to large displacements perpendicular to the p
@001# axis. A further refinement based on local displac
ments of the Pb from the 1(a) site to the 4(d) sites at
(x,x,0), with isotropic temperature factors assigned to all
atoms, gave a small improvement in the fit (RF256.0%)
with x.0.033, corresponding to local shifts along the^110&
axes, and a much more reasonable temperature factor~Table
I, model II!. In order to check that high correlations betwe
the temperature factor and local displacements were no
asing the result of this refinement, we have applied a co
monly used procedure consisting of a series of refineme
based on model II in which Pb displacements along^110&
were fixed but all the other parameters were varied.34,35 Fig-
ure 5 shows unambiguously that there is well-defined m
mum in theR factor for a displacement of about 0.19 Å
consistent with the result in Table I. A similar minimum wa
obtained for shifts alonĝ 100& directions with a slightly
higherR factor. Thus, in addition to a shift of 0.48 Å for P
along the polar@001# axis towards four of its O~2! neighbors,
similar to that in PbTiO3,30,31,36there is a strong indication o
substantial local shifts of;0.2 Å perpendicular to this axis
The Zr/Ti displacement is 0.27 Å along the polar axis, on
again similar to the Ti shift in PbTiO3. Attempts to model
local displacements alonĝ110& directions for the Zr/Ti at-
oms were unsuccessful due to the large correlations betw
these shifts and the temperature factor. Further attempt
refine thez parameters of the Zr and Ti atoms independen
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TABLE I. Structure refinement results for tetragonal PbZr0.52Ti0.48O3 at 325 K, space groupP4mm,
lattice parametersat54.0460(1) Å,ct54.1394(1) Å. Fractional occupanciesN for all atoms taken as unity
except for Pb in model II, whereN50.25. Agreement factors,Rwp , RF2, andx2 are defined in Ref. 33.

Model I Model II
anisotropic lead temperature factors local^110& lead shifts

x y z U(Å 2) x y z Uiso (Å 2)

Pb 0 0 0 U1150.0319(4) 0.0328~5! 0.0328~5! 0 0.0127~4!

U3350.0127(4)
Zr/Ti 0.5 0.5 0.4517~7! Uiso50.0052(6) 0.5 0.5 0.4509~7! 0.0041~6!

O~1! 0.5 0.5 20.1027(28) Uiso50.0061(34) 0.5 0.5 20.1027(28) 0.0072~35!

O~2! 0.5 0 0.3785~24! Uiso50.0198(30) 0.5 0 0.3786~24! 0.0197~30!

Rwp 4.00% 3.99%
RF2 6.11% 6.04%
x2 11.4 11.3
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as Corkeret al. were able to do,23 were likewise unsuccess
ful, presumably because the scattering contrast for x ray
much less than for neutrons.

From the values of the atomic coordinates listed in Ta
I, it can be inferred that the oxygen octahedra are somew
more distorted than in PbTiO3, the O~1! atoms being dis-
placed 0.08 Å towards the O~2! plane above. The cation
displacements are slightly larger than those recently repo
by Wilkinson et al.37 for samples close to the MPB contain
ing a mixture of rhombohedral and tetragonal phases, an
excellent agreement with the theoretical values obtained
Bellaiche and Vanderbilt38 for PZT with x50.50 from first
principles calculations. As far as we are aware no ot
structural analysis of PZT compositions in the tetragonal
gion has been reported in the literature.

Selected bond distances for the two models are show
Table II. For model I, Zr/Ti has short and long bonds w
O~1! of 1.85 and 2.29 Å, respectively, and four intermedia
length O~2! bonds of 2.05 Å. There are four intermediat
length Pb-O~1! bonds of 2.89 Å , four short Pb-O~2! bonds

FIG. 5. Agreement factorRwp as a function of Pb displacemen
for refinements with fixed values ofx along tetragonal̂110& and
^100& directions as described in text. The well-defined minimum
x;0.19 Å confirms the result listed in Table I for model II.
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e
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ed
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of 2.56 Å and four much larger Pb-O~2! distances of 3.27 Å.
For model II, the Zr/Ti-O distances are the same, but
Pb-O distances change significantly. A Pb atom in one of
four equivalent (x,x,0) sites in Table I now has a highl
distorted coordination, consisting of two short and two int
mediate Pb-O~2! bonds of 2.46 and 2.67 Å, and one slight
longer Pb-O~1! bond of 2.71 Å~Table II!. The tendency of
Pb12, which has a lonesp electron pair, to form short cova
lent bonds with a few neighboring oxygens is well doc
mented in the literature.23,39–41

The observed and calculated diffraction profiles and
difference plot are shown in Fig. 6 for a selected 2u range
between 7° and 34°~upper figure!. The short vertical mark-
ers represent the calculated peak positions. The upper
lower sets of markers correspond to the cubic and tetrag
phases, respectively. We note that although agreement
tween the observed and the calculated profiles is consi
ably better when the diffuse scattering is modeled with
cubic phase, the refined values of the atomic coordinates
not significantly affected by the inclusion of this phase. T
anisotropic peak broadening was found to be satisfacto

t

TABLE II. Selected Zr/Ti-O and Pb-O bond lengths in the t
tragonal and monoclinic structures. Models I and II refer to t
refinements with anisotropic temperature factors and local^110&
displacements for Pb, respectively~see Table I!. The standard errors
in the bond lengths are;0.01 Å .

Bond lengths~Å!

tetragonal monoclinic
model I model II

Zr/Ti-O~1! 1.8531 1.8531 1.8731
2.2931 2.2931 2.2831

Zr/Ti-O~2! 2.0534 2.0534 2.1332
1.9632

Pb-O~1! 2.8934 2.9032 2.9032
2.7131 2.6031

Pb-O~2! 2.5634 2.6732 2.6432
2.4632 2.4632
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8692 PRB 61B. NOHEDA et al.
described by two of the four parameters in the generali
model for tetragonal asymmetry.28

B. Monoclinic structure at 20 K

As discussed above, the diffraction data at 20 K can
indexed unambiguously on the basis of a monoclinic c
with the space groupCm. In this case Pb, Zr/Ti, and O~1! are
in 2(a) sites at (x,0,z), and O~2! in 4(b) sites at (x,y,z).
Individual isotropic temperature factors were assigned,
Pb was fixed at~0,0,0!. For monoclinic symmetry, the gen
eralized expression for anisotropic peak broadening cont
nine parameters, but when all of these were allowed to v
the refinement was slightly unstable and did not comple
converge. After several tests in which some of the less
nificant values were fixed at zero, satisfactory converge
was obtained with three parameters (Rwp50.036,x2511.5).
During these tests, there was essentially no change in
refined values of the atomic coordinates. A small impro
ment in the fit was obtained when anisotropic temperat
factors were assigned to Pb (Rwp50.033,x259.2). The final
results are listed in Table III, and the profile fit and diffe
ence plot are shown in the lower part of Fig. 6.

From an inspection of the results in Tables I and III, it c
be seen that the displacements of the Pb and Zr/Ti at
along @001# are very similar to those in the tetragonal pha
at 325 K, about 0.53 and 0.24 Å, respectively. However
the monoclinic phase at 20 K, there are also significant sh

FIG. 6. Observed and calculated diffraction profiles from t
Rietveld refinement of the tetragonal~top! and monoclinic~bottom!
phases of PZT (x50.48) at 325 and 20 K, respectively. The diffe
ence plots are shown below, and the short vertical markers re
sent the peak positions~the upper set correspond to the cubic pha
as discussed in text!. The insets in each figure highlight the diffe
ences between the tetragonal and the monoclinic phase for
pseudocubic~110! reflection, and illustrate the high resolutio
needed in order to characterize the monoclinic phase.
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of these atoms along the monoclinic@ 1̄00#, i.e., pseudocubic
@110#, towards their O~2! neighbors in adjacent pseudocub
~110! planes, of about 0.24 and 0.11 Å, respectively, wh
corresponds to a rotation of the polar axis from@001# to-
wards pseudocubic@111#. The Pb shifts are also qualitativel
consistent with the local shifts of Pb along the tetrago
^110& axes inferred from the results of model II in Table
i.e., about 0.2 Å. Thus it seems very plausible that the mo
clinic phase results from the condensation of the local
displacements in the tetragonal phase along one of the^110&
directions.

Some selected bond distances are listed in Table II.
Zr/Ti-O~1! distances are much the same as in the tetrago
structure, but the two sets of Zr/Ti-O~2! distances are signifi-
cantly different, 1.96 and 2.13 Å, compared to the single
at 2.04 Å in the tetragonal structure. Except for a shorten
in the Pb-O~1! distance from 2.71 to 2.60 Å, the Pb enviro
ment is quite similar to that in the tetragonal phase, with t
close O~2! neighbors at 2.46 Å, and two at 2.64 Å.

V. DISCUSSION

In the previous section, we have shown that the lo
temperature monoclinic structure of PbZr0.52Ti0.48O3 is de-
rived from the tetragonal structure by shifts of the Pb a
Zr/Ti atoms along the tetragonal@110# axis. We attribute this
phase transition to the condensation of local^110& shifts of
Pb which are present in the tetragonal phase along one o
four ^110& directions. In the context of this monoclinic struc
ture it is instructive to consider the structural model f
rhombohedral PZT compositions withx50.08–0.38 recently
reported by Corkerel al.23 on the basis of neutron powde
diffraction data collected at room temperature. In this stu
and also an earlier study42 of a sample withx50.1, it was
found that satisfactory refinements could only be achie
with anisotropic temperature factors, and that the therm
ellipsoid for Pb had the form of a disk perpendicular to t
pseudocubic@111# axis. This highly unrealistic situation led
them to propose a physically much more plausible mo
involving local displacements for the Pb atoms of about 0
Å perpendicular to the@111# axis and a much smaller an
more isotropic thermal ellipsoid was obtained. Evidence
local shifts of Pb atoms in PZT ceramics has also been d
onstrated by pair-distribution function analysis by Teslic a
co-workers.39

e-
e

he

TABLE III. Structure refinement results for monoclini
PbZr0.52Ti0.48O3 at 20 K, space group Cm, lattice parametersam

55.72204(15) Å, bm55.70957(14) Å, cm54.13651(14) Å, b
590.498(1)°. Agreement factorsRwp53.26%,RF254.36%,x2

59.3.

xm ym zm U iso(Å
2)

Pb 0 0 0 0.0139a

Zr/Ti 0.5230~6! 0 0.4492~4! 0.0011~5!

O~1! 0.5515~23! 0 20.0994(24) 0.0035~28!

O~2! 0.2880~18! 0.2434~20! 0.3729~17! 0.0123~22!

aFor Pb,U iso is the equivalent isotropic value calculated from t
refined anisotropic values@U1150.0253(7) Å2,U2250.0106(6)
Å 2,U3350.0059(3) Å2,U1350.0052(4) Å2).
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TABLE IV. Comparison of refined values of atomic coordinates in the monoclinic phase with the c
sponding values in the tetragonal and rhombohedral phases for both the ‘‘ideal’’ structures and tho
local shifts, as discussed in text.

tetragonal monoclinic rhombohedral~Ref. 43!
x50.48, 325 K x50.48, 20 K x50.40, 295 K

ideal local shiftsa as refined local shiftsb ideal

xZr/Ti 0.500 0.530 0.523 0.520 0.540
zZr/Ti 0.451 0.451 0.449 0.420 0.460
xO(1) 0.500 0.530 0.551 0.547 0.567
zO(1) 20.103 20.103 20.099 0.093 20.053
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

am(Å ) 5.722 5.722 5.787
bm(Å ) 5.722 5.710 5.755
cm~Å! 4.139 4.137 4.081
b(°) 90.0 90.50 90.45

aTetragonal local shifts of~0.03,0.03,0!.
bHexagonal local shifts of~20.02,0.02,0!.
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We now consider the refined values of the Pb atom p
tions with local displacements for rhombohedral PZT list
in Table IV of Ref. 23. With the use of the appropriate tran
formation matrices, it is straightforward to show that the
shifts correspond to displacements of 0.2–0.25 Å along
direction of the monoclinic@100# axis, similar to what is
actually observed forx50.48. It thus seems equally plau
sible that the monoclinic phase can also result from the c
densation of local displacements perpendicular to the@111#
axis.

The monoclinic structure can thus be pictured as prov
ing a ‘‘bridge’’ between the rhombohedral and tetragon
structures in the region of the MPB. This is illustrated
Table IV, which compares the results for PZT withx50.48
obtained in the present study with earlier results43 for rhom-
bohedral PZT withx50.40 expressed in terms of the mon
clinic cell.44 For x50.48, the atomic coordinates for Zr/T
O~1! and O~2! are listed for the ‘‘ideal’’ tetragonal structur
~model I! and for a similar structure with local shifts o
~0.03,0.03,0! in the first two columns, and for the monoclin
structure in the third column. The last two columns descr
the rhombohedral structure forx50.40 assuming local shifts
of (20.02,0.02,0! along the hexagonal axes and the a
refined ‘‘ideal’’ structure, respectively. It is clear that th
condensation of these local shifts gives a very plausible
scription of the monoclinic structure in both cases. It is a
interesting to note the behavior of the corresponding lat
parameters; metrically the monoclinic cell is very similar
the tetragonal cell except for the monoclinic angle, which
close to that of the rhombohedral cell.

Evidence for a tetragonal-to-monoclinic transition in t
ferroelectric material PbFe0.5Nb0.5O3 has also been reporte
by Bonnyet al.45 from single crystal and synchrotron x-ra
powder diffraction measurements. The latter data show
cubic-tetragonal transition at;376 K, and a second trans
tion at;355 K. Although the resolution was not sufficient
reveal any systematic splitting of the peaks, it was conclu
that the data were consistent with a very weak monocl
i-

-
e
e

n-

-
l

e

-

e-
o
e

s

a

d
c

distortion of the pseudorhombohedral unit cell. In a rec
neutron and x-ray powder study, Lampiset al.46 have shown
that Rietveld refinement gives better agreement for
monoclinic structure at 80 and 250 K than for the rhomb
hedral one. The resulting monoclinic distortion is very wea
and the large thermal factor obtained for Pb is indicative o
high degree of disorder.

The relationships between the PZT rhombohedral, tetr
onal and monoclinic structures are also shown schematic
in Fig. 7, in which the displacements of the Pb atom a
shown projected on the pseudocubic~110! mirror plane. The
four locally disordered̂110& shifts postulated in the presen
paper for the tetragonal phase are shown superimpose
the @001# shift at the left @Fig. 7~a!# and the three locally
disordered̂ 100& shifts proposed by Corkeret al.23 for the
rhombohedral phase are shown superimposed on the@111#

FIG. 7. Schematic illustration of the tetragonal~a!, monoclinic
~b!, and rhombohedral~c! distortions of the perovskite unit cel
projected on the pseudocubic~110! plane. The solid circles repre
sent the observed shifts with respect to the ideal cubic struct
The light grey circles represent the four locally disordered^100&
shifts in the tetragonal structure~a! and the three locally disordere
shifts in the rhombohedral structure~c! described by Corkeret al.
~Ref. 23!. The heavy dashed arrows represent the freezing-ou
one of these shifts to give the monoclinic observed structure. N
that the resultant shifts in the rhombohedral structure can be vie
as a combination of a@111# shift with local ^100& shifts, as indi-
cated by the light grey arrows.
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shift at the right@Fig. 7~c!#. It can be seen that both th
condensation of the@110# shift in the tetragonal phase an
the condensation of the@001# shift in the rhombohedra
phase leads to the observed monoclinic shift shown at
center@Fig. 7~b!#. We note that although Corkeret al. dis-
cuss their results in terms of^100& shifts and a@111# shift
smaller than that predicted in the usual refinement proced
they can be equally well described by a combination of sh
perpendicular to the@111# axis and the@111# shift actually
obtained in the refinement, as is evident from Fig. 7~c!.

We conclude, therefore, that theFM phase establishes
connection between the PZT phases at both sides of the M
through the common symmetry element, the mirror pla
and suggest that there is not really a morphotropic ph
boundary, but rather a ‘‘morphotropic phase,’’ connecti
the FT and FR phases of PZT. In the monoclinic phase t
difference vector between the positive and negative cen
of charge defines the polar axis, whose orientation, in c
trast to the case of theFT and FR phases, cannot be dete
mined on symmetry grounds alone. According to this, fro
the results shown in Table III, the polar axis in the mon
clinic phase is found to be tilted about 24° from the@001#
axis towards the@111# axis. This structure represents the fir
example of a ferroelectric material withPx

25Py
2ÞPz

2 ,
(Px ,Py ,Pz) being the Cartesian components of the polari
tion vector. This class corresponds to the so-cal
m3m(12)A2Fm type predicted by Shuvalov.47 It is possible
that this new phase is one of the rare examples of a t
dimensional ferroelectric48 in which the unit cell dipole mo-
ment switches within a plane containing the polar axis, up
application of an electric field.

This FM phase has important implications; for example
might explain the well-known shifts of the anomalies
many physical properties with respect to the MPB and t
help in understanding the physical properties in this regi
of great interest from the applications point of view.1 It has
been found that the maximum values ofd33 for rhombohe-
dral PZT withx50.40 are not obtained for samples polariz
along the@111# direction but along a direction close to th
perovskite@001# direction.49 This points out the intrinsic im-
portance of the@001# direction in perovskites, whatever th
distortion present, and is consistent with Corkeret al.’s
model for the rhombohedral phase,23 and the idea of the
rhombohedral-tetragonal transition through a monocli
phase.
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It is also to be expected that other systems with morp
tropic phase boundaries between two nonsymmetry-rela
phases~e.g., other perovskites or tungsten-bronze mixed s
tems! may show similar intermediate phases. In fact, an
dication of symmetry lowering at the MPB of the PZN-P
system has been recently reported by Fujishiroet al.50 From
a different point of view, a monoclinic ferroelectric perov
skite also represents a new challenge for first-principles th
rists, until now used to dealing only with tetragonal, rhom
bohedral and orthorhombic perovskites.

A structural analysis of several other PZT compositio
with x50.42–0.51 is currently in progress in order to det
mine the new PZT phase diagram more precisely. In
preliminary version shown in Fig. 1 we have included da
for a sample withx50.50 made under slightly differen
conditions22 at the Institute of Ceramic and Glass~ICG! in
Madrid, together with the data described in the present w
for a sample withx50.48 synthesized in the Materials Re
search Laboratory at the Pennsylvania State Univer
~PSU!. As can be seen the results for these two compositi
show consistent behavior, and demonstrate that theFM-FT
phase boundary lies along the MPB of Jaffeet al. Prelimi-
nary results for a sample from PSU withx50.47 show un-
equivocally that the monoclinic features are present at
K. However, measurements on an ICG sample with the sa
nominal composition do not show monoclinicity unambig
ously, but instead a rather complex poorly defined reg
from 300–400 K between the rhombohedral and tetrago
phases.22 The extension of the monoclinic region and th
location of theFR-FM phase boundary are still somewh
undefined, although it is clear that the monoclinic region h
a narrower composition range as the temperature increa
The existence of a quadruple point in the PZT phase diag
is an interesting possibility.
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