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The local structures of rhombohedral, monoclinic, and tetragonal phases across the morphotropic phase
boundary(MPB) of PbsZr1−xTixdO3 are discussed in terms of the progression from short-range to long-range
and back to short-range structural order. It is shown that, provided one considers the structures on a suitably
small length scale, all three phases can be considered to be monoclinic at the local level and that there need not
be any discrete phase boundaries across the MPB. Electron diffraction experiments showing significant varia-
tions in diffuse streaking, illustrating the progression from short-range to long-range order, are presented in
support of this model. It is suggested that it is the change in the range of structural order that plays the most
important role in the increase in electrical and electromechanical properties around the MPB.
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I. INTRODUCTION

Recently, considerable interest has been generated in the
so-called morphotropic phase boundary(MPB) found in cer-
tain perovskite solid solution systems, especially since the
discovery of monoclinic phases in the MPB region.1 Our
intention in this paper is to develop a structural model for
these materials that provides an explanation for the variation
of the structures with composition in terms of changes in the
range of local order. We begin with a brief review of the
history of the MPB(a fuller review of the recent work has
been given by Noheda2).

Lead titanatesPbTiO3d and lead zirconatesPbZrO3d form
solid solutions PbsZr1−xTixdO3 (PZT) over the whole compo-
sition range. The phase diagram(Fig. 1) was established by a
number of workers.3–7 The phase diagram shows that forx
ø0.48 there is an almost vertical boundary between a tetrag-
onal ferroelectric phaseFT with space groupP4mmand a
rhombohedral ferroelectric phaseFRsHTd of space groupR3m.
This boundary is nearly temperature independent and has
been termed the “morphotropic phase boundary” or MPB.
The work of Shiraneet al.5 established that the MPB lay
betweenx=0.45 and 0.4, while that of Jaffeet al.8 reported
that it was atx=0.48.

This idea of a sharp boundary between rhombohedralsRd
and tetragonalsTd phases immediately raised the question of
how it is possible to pass smoothly from one side to the other
when the symmetry of neither phase is subgroup related to
the other. Moreover, the large size difference between Zr4+

and Ti4+ (of approximately 19% in the ionic radius) makes
the idea of a MPB defined as a line between two phases seem
unlikely. In such situations, one would normally expect to
find a two-phase region separating the two solid solutions
within the phase diagram. This argument is equivalent to that

used for phase transitions in materials such as BaTiO3,
where, for example, increasing temperature converts a rhom-
bohedral phase into an orthorhombic phase: The change has
to be first order and accompanied by large phase coexistence
and thermal hysteresis. The same happens in BaTiO3 be-
tween the orthorhombic and tetragonal phases.

Jaffe, Roth, and Marzullo9 discovered interesting proper-
ties near the MPB and, in particular, that the piezoelectric
coupling factors sharply increased as the MPB was ap-
proached. A more detailed investigation10 found that all the
piezoelectric, elastic and dielectric constants rise to a maxi-
mum aroundx<0.48. In the years that followed, the depen-
dence of these quantities on composition, temperature, bias-

FIG. 1. The phase diagram of PbZr1−xTixO3 after Jaffe, Cooke,
and Jaffe(Ref. 8).
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ing field, etc., was thoroughly investigated.11–14

Heywang15 attempted to explain the occurrence of the
maximum in the piezoelectric constants by the assumption
that a higher degree of domain reorientation is achieved dur-
ing poling. Isupov16 tried to explain the phenomenon by as-
suming the occurrence of an orientational polarization fa-
vored by the applied field. The validity of these assumptions
was, however, questioned by Dantsiger and Fesenko.17

Isupov was able to explain the variation of electrical proper-
ties with composition by postulating the existence of small
islands of differing composition. In particular, the theory
gave an increase in polarization close to the MPB, although
the magnitude of the increase did not completely fit the ex-
perimental measurements. Using a variation of the Devon-
shire phenomenological theory, he further showed that it was
possible for theT and R phases to coexist over a range of
compositions. He also explained the rise of the dielectric
constant around the MPB, where the MPB was not a line but
a band of certain width depending on various parameters.
However, Carl and Härdtl18 doubted the validity of Isupov’s
theory because he utilized the results of a calculation by
Shirobokov and Khodolenko19 that were not consistent with
the results of the Devonshire theory. Instead, they explained
the maximum in the electromechanical activity at the MPB,
but did not predict any coexistence of phases. Benguigui20

applied the Devonshire theory to explain both the maximum
in the dielectric constant and that orthorhombicsOd, T, andR
phases may occur near the MPB.

Wersing21 assumed a fluctuation of concentration near the
MPB, and gave an estimate for the width of a coexistence
region of about 8 mol % Ti from an analysis of dielectric
measurements of ceramics. Pinczuk22 suggested that theR to
T transition was connected with the softening of anEsTOd
mode, with the mode condensing out atxø0.47. This idea
was put to the test by Bäuerle, Yacoby, and Richter,23 who
found that while this mode does soften, it does not condense
out at the MPB.

Ari-Gur and Benguigui,24 using x-ray diffraction, found
that the MPB extended over the composition range 0.49
øxø0.64. The lattice parameters of each phase were con-
stant over the coexistence region. They were unable to mea-
sure the rhombohedral angle, as this was too close to 90° to
be resolved from the low-angle lines that they were using.

Isupov25 reported an analysis of the characteristic coexist-
ence ofT andR phases, in which he showed that the MPB
need not be strictly parallel nor smooth. However, this theory
did not explain the experimental results quantitatively.
Kakegawaet al.26 found that coexistence of phases was ab-
sent when PZT was prepared by chemical precipitation tech-
niques, but was present in normal sintered ceramics. They
interpreted this effect as being evidence of compositional
fluctuations in the ceramics. Mabud27 carried out sintering
syntheses of PZT under different firing conditions and was
able to minimize the coexistence region to less than 1 mol %
Ti by increasing the grain size. Cao and Cross28 proposed a
model in which the width of coexistence regions around the
MPB is inversely proportional to particle size, suggesting
that if a single crystal were available, the boundary would be
sharp. Singhet al.29 were able to get the width down to about
0.1 mol % Ti using semiwet methods of preparation.

An indication of a way to explain the sequence of phases
across the MPB was given by Corkeret al.30 in 1998, who
carried out neutron powder structure analysis of theR phase.
In this work a model for disordered Pb positions was pro-
posed, which essentially could be interpreted in terms of lo-
cal monoclinic distortions within individual unit cells. How-
ever, the real breakthrough came about with the publications
by Nohedaet al.,31–33 in which it was shown that within a
narrow region, 0.45,x,0.52, around the MPB there was a
monoclinic phase, denoted byMA (after Vanderbilt and
Cohen34 who predicted the existence of the monoclinic
phases through an eighth-order Devonshire expansion), of
space group symmetryCm, which was consistent with the
local symmetry discussed by Corkeret al. The existence of
the MA phase, which was sandwiched between theT andR
phases, provided a satisfactory explanation of how it was
possible to go smoothly from theR to the T phase. Since
space groupCm is a subgroup of bothR3mandP4mm, it is
possible to pass without disruption from one to the other,via
the monoclinic group, simply by lowering their symmetries.
The intermediateMA phase has also subsequently been
shown to permit an explanation of the increase in piezoac-
tivity in this region of composition35 through a polarization
rotation mechanism. In this model, the key point is that the
induced piezoelectric polarization, as represented principally
by the direction of displacement of the Pb atoms, is free to
rotate within the mirror plane of theCm unit cell, instead of
being confined along a particular symmetry axis as inR3m
andP4mm.

Since the important discovery of the monoclinic interme-
diate, many papers have appeared on this subject. Raginiet
al.36 also found a monoclinic phase but suggested, in addi-
tion, that theR phase between 0.47øxø0.38 was actually
monoclinic. They also found evidence for the coexistence of
tetragonal and monoclinic phases forx=0.48. They gave
evidence37 from the presence of superlattice peaks that there
exists a second monoclinic phase, which has a unit cell
doubled with respect to theCm phase at low temperature in
tetragonal PZT. Noheda, Wu, and Zhu,38 using transmission
electron microscopy, showed that there was a minority phase
in which oxygen octahedra were tilted, thus explaining the
superlattice peaks.

It should be noted that similar bridging phases have been
found at the MPB between rhombohedral and tetragonal
regions in two other important lead-based piezoelectric solid
solutions, PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT) and
PbZn1/3Nb2/3O3-PbTiO3 (PZN-PT). In PMN-PT, a mono-
clinic phase with space groupPm, denoted byMC, has been
proposed39 and in PZN-PT, an orthorhombic phase has been
suggested.40 In all of PZT, PMN-PT, and PZN-PT, a clear
boundary between the bridging monoclinic/orthorhombic
phase and theT phase has been seen. However, no clear
boundary between the bridging phase and theR phases has
been reported.

From the above, it is evident that the MPB has been the
focus of considerable attention, especially since the discov-
ery of the monoclinic bridging phase. However, it is true to
say that in all of the discussions so far published, virtually no
attention has been paid to the disorder, or rather the occur-
rence of any short-range order, in these materials. Further-
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more, it must be realized that in an inherently disordered
system such as PZT, the spatial scale with which one de-
scribes the structures of the phases is an important parameter
that should be taken into account. It is this aspect that we
wish to explore here in some detail. We shall show, by the
use of stereographic projections to illustrate atomic displace-
ments and structural distortions, that it is possible to account
for the sequence of phasesR3m, Cm, andP4mm, so that in
fact no distinct phase boundary need be crossed, provided
that we use a local structural description. This leads to the
conclusion that from a local structural point of view,there is
no morphotropic phase boundary because both the rhombo-
hedral and tetragonal phases (with the exception of pure
PbTiO3) are really monoclinic, but exhibit different degrees
of structural disorder. It is worth noting that our proposal
bears a relationship to the models described by Jinet al.41

and Viehland42 who, by treating the problem in terms of
martensite theory, suggested a way to form an adaptive ferro-
electric phase consisting of a coherent mixture of micro-
domains that average out to be monoclinic. This model was
applied to PMN-PT and to PZN-PT. In further support of our
model, we also report here transmission electron diffraction
studies of a range of PZT compositions spanning the rhom-
bohedral, tetragonal, and the MPB phases. Fuller details of
the TEM experiments will be given in a future publication.

II. DESCRIPTION OF AVERAGE STRUCTURES

The basic structure type, namely, perovskite ABO3, con-
sists of oxygen octahedra corner-linked along all three
pseudocubic directions. Between the octahedra lie theA cat-
ions, Pb in this case, and inside the octahedra lie theB cat-
ions (either Zr or Ti). This structure is capable of a great
many variations, in which cations can be moved off-center
and octahedra can be tilted in different ways(Mitchell43

gives a good review). In the following discussion we shall
confine ourselves primarily to the PZT phase diagram for
x.0.1. We shall refer all structural descriptions to the
pseudocubic perovskite unit cell of side,4 Å throughout,
except where explicitly stated otherwise.

A. Rhombohedral R3c and R3m phases

The crystal structure of PbZr0.9Ti0.1O3 was studied by
Michel et al.44 with modest precision. In theFRsLTd phase
with space groupR3c, the Pb and Zr/Ti atoms are displaced
parallel to each other alongf111g to give a polar ferroelectric
phase. At the same time, the oxygen octahedra are tilted
about f111g with tilt system a−a−a−, in the notation of
Glazer,45 giving rise to a doubling of the unit-cell axes. The
FRsHTd phase of space group symmetryR3m is very similar,
except that the tilts are lost. For the purposes of our discus-
sion, theR3mphase is simply the same as theR3cphase, but
with the octahedral tilts set to zero.

The structure of ceramic PbZr0.9Ti0.1O3 was also studied
by Glazer, Mabud, and Clarke46 using the Rietveld technique
applied to neutron diffraction data. The results of this work
were in good agreement with that of Michelet al., but re-
vealed an unusual feature in the anisotropic displacement

parameters ADP(in old terminology, the anisotropic thermal
parameters) for the Pb atom. It was consistently found that
this was a flattened disk shape oriented with its plane per-
pendicular to thef111g polar axis. This basic shape was
largely independent of temperature, showing that it repre-
sented static disorder of the Pb atoms rather than the effect of
anisotropic thermal vibrations. Sawaguchi6 had earlier sug-
gested a similar ADP for Pb from x-ray powder diffraction
measurements.

The Rietveld analysis by Corkeret al.30 revealed a num-
ber of important unusual features of the rhombohedral PZT
structures. Using the notation of Megaw and Darlington,47

the structural parameters refined were the Pb displacements
s, the Zr/Ti displacementst, the tilt angle of the octahedrav,
and the distortion of the octahedral facesd. In addition, from
measurements of 90°-a, wherea is the rhombohedral angle,
the so-called deformation parameterj was calculated; note
that this is not obtained from refinement of the atomic posi-
tions but directly from the unit cell geometry.

Corkeret al. found that with increasing Ti concentration
x, the parametersv andd decrease continuously. In the case
of v, the decrease of the tilt angle to zero signifies the tran-
sition from the tiltedR3cstructure to the untiltedR3mstruc-
ture. Since the end-member PbTiO3 is itself an untilted struc-
ture, a tendency for the tilts to disappear with increasingx is
expected. The decrease of parameterd is consistent with the
structure, as expressed by its internal atomic coordinates, be-
coming less rhombohedral as a function ofx. However, in
contrast with the behavior ofd, the deformationj increases
continuouslyover the range of compositions fromx=0.08 to
0.38, indicating that the unit cell is becoming increasingly
metrically rhombohedral. This conflict between the geo-
metrical nature of the unit cell, expressed throughj, and the
internal structural coordinates, expressed throughd, is pecu-
liar to PZT: Such behavior has not been seen in any other
perovskite. This anomalous behavior suggests an underlying
feature of the changes in the average crystal structure of the
PZT solid solution that, as yet, is unexplained.

The Corkeret al. refinements also yielded ADP’s for the
Pb atom in the shape of a thin disk perpendicular to thef111g
Pb displacement direction for all compositions. They ex-
plained this by Pb atoms being disordered over three sites
slightly off the f111g direction and towards thek100l direc-
tions. This means thatat a local unit cell levelthe structure is
not actually rhombohedral but is monoclinic with the same
space group symmetry as theCmmonoclinic phase proposed
by Nohedaet al. However, the structure is rhombohedralon
averageover all unit cells.

B. Tetragonal P4mm phase

The end member of the PZT series, PbTiO3, has a well-
determined and simple perovskite type structure.48,49 In
this structure, the Pb and Ti atoms are displaced parallel to
one another alongf001g with respect to the center of the
oxygen octahedron. The doped tetragonal phase, however,
has hardly been studied until recently. X-ray synchrotron
measurements50 have shown that for the tetragonal phase
with x=0.52 the ADP’s for Pb are disk shaped, but this time
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flattened perpendicular tof001g. It was suggested, by anal-
ogy with the rhombohedral phase, that this could be ex-
plained by occupation by Pb of four sites, displaced slightly
along k110l directions, to give an overall disorder about
f001g. A similar result for the ADP’s has also been seen using
neutron diffraction.51

III. STRUCTURAL CHANGES ACROSS THE
MORPHOTROPIC PHASE BOUNDARY

To date, most of the explanations given for the structural
changes with composition have been based on considerations
of the average crystal structure. The disorder that must be
present in all of these structures, apart from in PbTiO3, itself,
has been largely ignored so far. Below, we describe how the
rhombohedral to monoclinic to tetragonal phase changes can
be explained by taking this into account.

For this purpose we shall concentrate only on the dis-
placements of the Pb atoms. It is convenient to use stereo-
graphic projections to represent the direction of the Pb dis-
placement. Figure 2 shows a cubic(or to be more precise,
pseudocubic) stereographic projection with the pointsO, R,
andT marked on it to indicate possible directions for the Pb
displacement vectors alongf101g, f111g, and f001g, respec-
tively. If we think of the Pb atom as being displaced along
the direction denotedR, then the structure would be purely
rhombohedral, alongO it would be orthorhombic and along
T it would be tetragonal.

Figure 3 shows a sequence of models for the Pb displace-
ments. Figure 3(a) denotes the Pb displaced alongf111g,
markedR, with the gray circle indicating the flat disk-shaped
ADP. The model in Fig. 3(b) replaces the single Pb by three
Pb atoms slightly off thef111g direction and displaced to-

wards thef001g, f010g, [100] directions, with equal 1/3 oc-
cupancies of the three sites. In Fig. 3(c), only one of the three
sites is occupied, in which case the structure of the resulting
crystal is monoclinic with space groupCm, i.e., the phase
usually denoted byMA. In this model, the Pb displacement is
free to move anywhere along theR-T zone, thus providing a
mechanism for the high piezoactivity in this region through
polarization rotation. Figure 3(d) has the Pb displacement
still consistent with monoclinic symmetry but positioned
closer to thef001g direction. Figure 3(e) shows the Pb dis-
ordered over four sites aroundf001g, each with ¼ occupancy,

FIG. 2. Stereographic projection of pseudocubic perovskite. The
special points markedO, R, andT represent the directions of aver-
age Pb displacements for orthorhombic, rhombohedral, and tetrag-
onal phases. A Pb displacement in the directionMA corresponds to
the monoclinic Cm structure.

FIG. 3. Part of the stereographic projection showing possible Pb
displacements as the Ti concentration increases through the MPB
composition.(a) AverageR phase with a single Pb displacement
along f111g showing a large flat ADP ellipsoid perpendicular to
f111g. (b) Resolution of Pb displacements in theR phase into three
separate components disordered aroundf111g. The space group is
still seen in diffraction experiments to be R3m.(c) Regions with
one component of Pb displacement have now grown to a size ex-
ceeding the coherence length of the radiation used in a diffraction
experiment. The structure is now seen to be monoclinicMA. (d) The
Pb displacement now is directed closer to thef001g direction. The
crystal structure is still seen to be monoclinicMA. (e) Fourfold
disordered arrangement of Pb displacements aroundf001g. The av-
erage structure is now seen to be tetragonal P4mm.(f) A single
average Pb displacement alongf001g but with a large flat ADP
perpendicular tof001g. The structure is now seen to be tetragonal
P4mm.
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making the crystal structure now average to tetragonal
P4mmsymmetry. In Fig. 3(f), the four disordered sites are
collapsed to a single Pb site, which is displaced alongf001g
and has its ADP in the form of a flat disk perpendicular to
f001g, consistent with the findings of Nohedaet al.50

It should be emphasized that in any scattering or spectro-
scopic experiment, for example, x-ray or neutron diffraction,
Raman scattering or NMR, the details of the structural ob-
servations depend upon the spatial scale of the probe com-
pared with the spatial scale of the structural features them-
selves. In x-ray and neutron diffraction, the coherence
length,L, of the probing radiation is larges,0.1–1mmd, so
that structural information obtained from the Bragg peaks is
an average over the whole crystal. NMR, however, is a local
probe on the scale of the chemical bond and Raman scatter-
ing is sensitive to nanoscale structure. Each technique, there-
fore, provides a different view of the true structure of the
material and in disordered structures, the nature of these dif-
ferences is particularly important.

In general, x-ray, neutron, or electron diffraction may give
rise to a pattern consisting of sharp Bragg peaks, indicative
of the average crystal structure, superimposed on a weak
diffuse background, signifying the presence of short-range
order. The presence of diffuse scattering means that there are
ordered regions distributed throughout the crystal whose size
is less than the coherence lengthL.

In Fig. 3(b) there is disorder of the Pb atoms over three
sites, meaning that there are small(perhaps just a few unit
cells across) monoclinic regions in which there are correlated
Pb displacements in a particular direction away fromf111g
but towardf001g. In anyoneof these regions the Pb atom is
displaced along justone of the three possible directions.
When these regions are smaller thanL, they produce a sig-
nificant diffuse component to the diffraction. Structure deter-
mination using the Bragg intensities alone results in a struc-
ture with the Pb atom displaced alongf111g with an ADP in
the form of a flat disk perpendicular tof111g or, equivalently,
with a three-site disorder of Pb atoms of 1/3rd weight just
off the f111g direction. This picture coincides with the ob-
servation of theR3candR3mphases by Corkeret al.

Suppose now that forx,0.48 as the Ti concentrationx
increases, the small ordered regions increase in size until
they become larger thanL. In this case, the diffuse scattering
due to the Pb atoms will tend to weaken as the range of order
increases. The crystal then consists of a mixture of three
types of regions of size greater thanL, in which Pb displace-
ments are ordered along any one of[100], [010], andf001g.
The diffraction pattern thus obtained will be that from a crys-
tal with threefold twinning of the structure. It can be seen
from this argument that this sort of twinning is no more than
short-range order that has grown to become long-range order,
and that it is only the coherence length of the diffracting
radiation that determines which one is observed. Structure
refinement of this set of diffraction data would conclude that
the structure was twinned monoclinic with space groupCm
[Fig. 3(c)] i.e., a separate monoclinic phase, that is distinct
from the rhombohedral phase.

Suppose now that whenx.0.48 the Pb displacements
approach closer to thef001g direction[Fig. 3(d)] and, at the

same time, the range of order decreases. The description of
the structure remains as monoclinicMA. However, once the
average size of the ordered regions falls belowL, the dif-
fraction pattern from this crystal will indicate a tetragonal
structure with Pb atoms disordered over four sites about
f001g [Fig. 3(e)] and the diffuse component to the diffraction
pattern will therefore reappear. Note that in the small indi-
vidual regions of size,L, the structure is still monoclinic,
but it averages out to be tetragonal overall. If the structure is
now refined with a single Pb atom displaced alongf001g, the
ADP’s will form a flat disk perpendicular tof001g, as seen
by Nohedaet al.50 Finally, asx increases still further, one
could imagine that this flat disk shrinks until it forms a point
at T in the stereographic projection, whence we obtain the
observed tetragonal PbTiO3 structure.

It can be seen from the above argument that by consider-
ing the growth and subsequent reduction of regions of short-
range order for the Pb displacements, it is possible to pass
smoothly across the phase diagram from theR phase to theT
phase. The monoclinic phaseMA is then seen simply as the
interval where the monoclinic regions, which are originally
at the local unit cell level in theR andT phases, have grown
to a size sufficient that diffraction techniques see a distinct
phase of monoclinic symmetry.

As well as offering a way of explaining the phase diagram
of PZT, there is further experimental evidence in favor of our
model. For instance, the work of Raginiet al.36 found little
evidence for a monoclinic-rhombohedral boundary and in-
deed they have already questioned the existence of a distinct
rhombohedral phase. Furthermore, the observation of an ap-
parentR-T coexistence region in the phase diagram that var-
ies with the method of sample preparation is consistent with
the notion of growing regions of short-range order since this
would depend critically on the way that the crystallites of
PZT are formed. In addition, if one were to use techniques
that measure only the local environment of Pb, we would
expect to find that it would look monoclinic and that there
would be little change across the phase diagram.

In order to understand the driving force for the appear-
ance of short-range order, its subsequent change toward
long-range order, and then back to short-range order, we
have computed the bond valence between Pb and neighbor-
ing oxygens in the crystal structure as a function of compo-
sition. The bond valence sum BVS57 for a cation coordinated
by anions is given by

BVS =o
X

esR0−RA−Xd/b,

whereRA−X are the bond lengths between anion and cation.
R0 andb are values that have been obtained empirically from
the study of a large number of ionic compounds.58

Figure 4 uses the values for the Pb and O positions taken
from Corker et al.30 and shows that for Ti concentrations
betweenx=0.1 andx=0.4 the Pb is strongly underbonded,
with the underbonding becoming even worse toward the
MPB region. This indicates that the structure, as far as the
Pb-O bonds are concerned, becomes unstable on approach-
ing the MPB. The final point atx=0.46 is taken from Frantti
et al.,52 who pointed out that at the MPB one normally ob-
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tains a mixture of monoclinic and rhombohedral phases. The
interesting result here is that bond valence calculation now
gives a value much closer to the ideal value of 2 for Pb,
despite all the structural parameters(s, t, d, v, andj) being
close to those found in theR phase for thex,0.3 composi-
tion of Corkeret al.The principal difference in the Franttiet
al. structure is that the unit cell volume is approximately
2.5% smaller, thus bringing three apical oxygens into closer
contact with Pb, and satisfying the bond valence criterion.
The lateral shifts in theR phase are an attempt by Pb to
improve its bond valency(for instance forx=0.35, the bond
valence sum changes from 1.72 to 1.83), although within this
phase ideal bond valence is never achieved. In the rhombo-
hedral structure found by Franttiet al., however, there is no
evidence of the lateral shifts of Pb, but instead the Pb is
displaced only alongf111g in order to approach three oxygen
atoms, thus creating a more stable bonding situation, with the
structure now fully ordered. Thus in the MPB region we find
monoclinic and rhombohedral phases, both with long-range
ordered structures, in contrast to the short-range order in the
rhombohedralR phase with lower Ti content. It is tempting
therefore to consider the rhombohedral phase observed in the
MPB region as being distinct from that in theR region of the
phase diagram.

In the tetragonal region, we again find an improvement in
the bond valence for Pb when comparing the average, disor-
dered structure(1.93), with one in which local monoclinic
displacements are considered(1.97). In the monoclinic phase
we find an improvement in bond valence as temperature is
decreased(from 1.90 to 1.98).

IV. PRELIMINARY ELECTRON DIFFRACTION
EXPERIMENTS

In order to investigate the nature of diffuse scattering in
PbsZr1−xTixdO3 across the phase diagram, ceramic samples
were synthesized, corresponding to the phase diagram pub-
lished by Jaffeet al.8 These were prepared by a mixed-oxide
route. The precursors, PbO(Acros, 99.9%), ZrO2 (Acros,
98.5%), and TiO2 (BDH, 98%), were weighed in stoichio-
metric ratios and mixed by ball milling in ethanol with zir-

conia media for four hours. The mixed powder was calcined
at 850°C for two hours and then milled for a further two
hours. A binder, 5 wt. % polyvinyl alcohol(PVA), was added
to the powder. After cold pressing the resultant pellet was
submerged in calcined powder of the same composition in an
alumina crucible and sintered at 1200°C for two hours. The
compositions synthesized werex=0.30, 0.46, 0.47, 0.48, and
0.70 (denoted 70/30, 54/46, 53/47, 52/48, and 30/70, re-
spectively). Electron diffraction was carried out using a
JEOL 2010 transmission electron microscope, operating at
200 kV. The specimens were mechanically ground and pol-
ished to a thickness of about 40mm, dimpled and subse-
quently ion milled. Careful examination showed that single-
phase PZT was obtained at each composition, with no
evidence of other phases, such as pyrochlore. This agrees
with Frantti et al.,52 who pointed out that it appears that
solid-state preparation of PZT can produce single-phase ma-
terial whereas, surprisingly, sol-gel methods do not.

Figure 5 shows a series of transmission electron diffrac-
tion patterns from the various ceramic samples of
PbsZrx,Ti1−xdO3 across the phase diagram. In indexing the
diffraction patterns, we have assumed pseudocubic perov-
skite axes throughout, for convenience of comparison. The
Kikuchi map included in this figure is to enable the locations
where the diffraction patterns originate to be identified.

Starting with the pattern with thef731g zone axis for the
70/30 compound, markedC in the Kikuchi map, the most
notable feature is the presence of significant polarized diffuse
streaking that lies almost continuously in two different direc-
tions, joining certain Bragg peaks together. The presence of
continuous polarized streaks in two directions is indicative of
cross sections of diffuse reflections in two different planes.
The diffuse streaks originate from short-range order in two
dimensions, i.e., small planar regions of order oriented nor-
mal to the directions of the streaks.

Inspection of thef731g diffraction patterns for 54/46 and
53/47 compositions, also recorded along zone axisC, close
to the MPB, reveals a reduction in the intensity of the
streaks. Similarly, the diffraction pattern recorded for the
MPB composition 52/48(monoclinic structure) shows a sig-
nificant reduction in diffuse scattering, illustrating the loss of
the planar polarized short-range order observed in the rhom-
bohedral state.

On passing through the MPB and its vicinity into the te-
tragonal state, diffuse streaking returns, illustrating a greater
level of short-range order compared with the MPB composi-
tions. However, here the diffuse intensity is unpolarized and
less localized than in the diffraction pattern from the rhom-
bohedral state. This is indicative of a more generalized short-
range order rather than the highly oriented planar ordering
seen in the rhombohedral state.

The above studies were repeated on a different zone axis
f210g markedB in the Kikuchi map. In theR phase there is
polarized diffuse streaking, but its intensity is weaker com-
pared with the diffuse streaking alongf731g, zone axisC. It
is also less localized. For the monoclinic compositions the
diffuse scattering is almost absent, assuming that we ignore
the circular diffuse scattering originating from fine sputtered
particles on the sample. The diffraction pattern recorded

FIG. 4. Bond valence calculations for Pb-O bonds as a function
of Ti content, computed from the room-temperature data for the
average crystal structure of Corkeret al. (Ref. 30) (x between 0.13
and 0.40) and from Franttiet al. (Ref. 52) sx=0.46d.
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from the composition 30/70 exhibits some small degree of
increased unpolarized diffuse streaking. Compared with the
level of diffuse scattering observed alongf731g, composition
70/30, that alongf210g is small for the same composition.

The electron diffraction patterns recorded from one rhom-
bohedral, three MPB(or close to MPB), and one tetragonal
composition, along the zone axes markedC and B in the
Kikuchi map, show consistent results. In the rhombohedral
composition, diffuse streaking is narrow and sharp and pos-
sesses a two-dimensional configuration, illustrating a ten-
dency for planar ordering. In the compositions that fall either
on the MPB or in its vicinity, significant reduction in the
intensity of the diffuse scattering occurs, consistent with a
state of increased long-range order. In the tetragonal state,

some degree of generalized diffuse scattering together with
some streaking return, suggesting a reversion to a more
short-range ordered state away from the MPB.

An important point to note is that the streaks and other
diffuse scattering are always observed to be strongest along
high-order zone axes. Diffraction patterns recorded along
low-order axes consistently fail to show any diffuse scatter-
ing or streaking. Earlier extensive studies of PbsZr1−x,TixdO3

carried out by transmission electron microscopy also showed
a lack of diffuse scattering along low-order zone axes.53 To
show that this is also the case in our experiments, diffraction
patterns recorded along thef100g zone axis, markedA in the
Kikuchi map, and thef111g direction for the 70/30 sample in
the R phase, are shown in Fig. 5. There is no observable
diffuse streaking in these patterns, but only the diffuse ring
resulting from fine sputtered surface particles. This loss of
diffuse scattering toward the center of reciprocal space indi-
cates that the short-range order originates from ordered cat-
ion displacements rather than from regions of chemical sub-
stitution, such as that caused, for example, by segregation
between Zr- and Ti-containing regions.

Careful examination of the diffuse streaks in theR phase
shows that they are slices through periodic thin planes of
scattering oriented perpendicular tok111l directions. This
implies that in real space along any particularf111g direc-
tion, there exist chains of long-range correlations of Pb dis-
placements, but with little correlation between neighboring
chains. Figure 6 illustrates this relationship schematically.
We should emphasize here, that although we have described
the correlations between displacements as if they were static,
it is possible that they are dynamic in origin with the dis-
placements fluctuating between each of the three possible
sites. Diffraction experiments such as those used here cannot
distinguish between static and dynamic fluctuations. Interest-
ingly our model is analogous to that proposed for BaTiO3 in
the classic paper by Comèset al.,54 except that there the
correlated chains were found to be along thek100l direc-

FIG. 5. Electron diffraction patterns recorded along the zone
axesA, B, and C shown on the Kikuchi map(top center) corre-
sponding to the rhombohedralsRd, monoclinicsMAd, and tetragonal
sTd states, respectively of PbZr1−xTixO3. The compositions are
shown on the top left corner of each image and the corresponding
zone axis is indexed on the bottom right corner of each image. All
the images were recorded on photographic films and care was taken
to ensure that the background intensities in the negatives remained
similar. The intensity differences depicted on the images are there-
fore reliable. The diffraction images are shown as negatives in order
to make the diffuse scattering clearer to the eye.

FIG. 6. Schematic diagram illustrating the relationship between
the existence of diffuse planes of scattering and correlations be-
tween Pb displacements. In diffraction space, thin planes of diffuse
scattering perpendicular tok111l directions are observed passing
through the Bragg points. In real space, this suggests Pb displace-
ments that have little or no correlation between adjacent chains: In
any one chain, Pb may be displaced in one of three possible direc-
tions perpendicular to the chain axis.
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tions. Our model thus suggests that, on approaching the
MPB, the correlations grow and extend between neighboring
chains until they have formed three-dimensionally correlated
monoclinic regions large enough to scatter separately.

The discussion up until this point has concentrated exclu-
sively on the role of Pb in the short-range order of PZT. It
must also be considered that the extent and spatial range of
any Zr/Ti ordering that is present also plays a role. For ex-
ample, do the Zr and Ti ions form clusters that are either
Zr-rich or Ti-rich, or are the Zr and Ti ions distributed ran-
domly through all the unit cells in a grain of PZT? This
question has been almost entirely ignored in recent literature.
NMR studies55 however, suggest that the substitution of Ti
by Zr in PbTiO3 is not completely random but is such that
Ti-O-Ti chains, on the scale of a couple of unit cells at least,
tend to be preserved in thes001d plane. The NMR results
also indicate that the essential nature of the Ti environment
in its oxygen octahedron is preserved for concentrations of
Zr up to and including the MPB, meaning that the mixing of
PbZrO3 unit cells with PbTiO3 unit cells (in the T and M
phase compositions) does not reduce the ferroelectric dis-
placement of Ti. This is consistent with the refinements of
Corkeret al. for the R phase, in which the Ti positions ex-
hibited polar displacements whereas the Zr’s did not. The
refinements of theR phase are not conclusive concerning
Ti/Zr ordering but no disorder of either ion was required to
fit the neutron diffraction data. From a unit cell size-
matching point of view, since Zr is considerably larger than
Ti, a truly random distribution of both species in the struc-
ture seems improbable. However, in unit cells containing Ti,
the evidence is that the Ti atom is displaced alongf111g
toward one of the oxygen atoms. This causes the unit cell to
be slightly distorted and with an increased volume over one
in which the displacement were absent. The volume of such
a polar Ti-containing unit cell would then be closer to one
containing the larger but undisplaced Zr atom, thus facilitat-
ing size-matching between chemically different unit cells.

V. SUMMARY

In this paper we have concentrated on the roles of short-
and long-range structural order in the lead displacements in
explaining the sequence of PZT phases from rhombohedral
to tetragonal through the MPB. Our picture, which involves a
gradual change in the range of order as a means to develop
individual phases, fits observed behavior more closely than
one in which there are distinct long-range structures sepa-
rated by sharp phase boundaries.

For instance, as pointed out by Kisiet al.,56 the transition
from the R to MA phases should be discontinuous, whereas
the experimental evidence based on structural refinement
suggests that there is no sharp boundary between the two
phases. Similarly, it is known that the dielectric constant
rises from about 200 in the rhombohedral region to 1300 and
then drops again through the MPB. This too is consistent
with a smooth increase in structural order followed by a sub-
sequent decrease in order with change of composition.

We point out that our model better fits the observed elec-
tromechanical behavior of PZT through the MPB. The peaks
in piezoelectric constants and coupling factors are observed
to span a wide composition range much larger than MPB
region. If piezoactivity were associated with polarization ro-
tation in the monoclinic phase alone it should be sharper. We
suggest that it is the growth and then disappearance of long-
range order with composition that is more important in de-
termining such properties.
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