
PbZr1−xTixO3 by soft synthesis: Structural aspects

Swapan Kumar Pradhan,1,* Milen Gateshki,1 Markus Niederberger,2,3 Yang Ren,4 and Valeri Petkov1,†

1Department of Physics, Central Michigan University, Mt. Pleasant, Michigan 48859, USA
2Colloid Chemistry, Max Planck Institute of Colloids and Interfaces, Research Campus Golm, 14424 Potsdam, Germany

3Department of Materials, ETH Zurich, Wolfgang-Pauli-Strasse 10, 8093 Zurich, Switzerland
4Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

�Received 4 February 2007; revised manuscript received 19 April 2007; published 25 July 2007�

The structural aspects of a soft synthetic route employed to obtain fine crystallite PbZr1−xTixO3 �x
=0,0.5,1� powders are revealed by total x-ray diffraction and atomic pair distribution function analysis. It is
found that the atomic-scale structure of the intermediate, highly disordered phase the route passes through
resembles but is not exactly of the targeted, perovskite-type structure. It is suggested that future synthesis
efforts are directed toward closing the observed “structure gap” as much as possible.
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I. INTRODUCTION

Thanks to their high ferroelectric Curie temperature and
piezoelectric response mixed crystalline PbZr1−xTixO3 oxides
with the perovskite structure are widely used in applications
such as ultrasonic transducers, actuators, filters, resonators
and detectors.1–6 Usually they are obtained by a solid-state
reaction of the pure metal �Pb, Zr, and Ti� oxides, hydrox-
ides, or carbonates at temperatures between 873 K �Ti rich�
and 1373 K �Zr rich oxides�. Thus obtained crystalline pow-
ders, however, are coarse grains ��microns� and often are
not quite homogeneous due to the volatility of lead oxide at
high temperatures, limiting the usefulness of PZT in impor-
tant industrial applications such as thin piezoelectric films,
for example. This has spurred a search for alternative syn-
thesis routes that are capable of yielding finer and more
phase-pure PbZr1−xTixO3 powders. Good progress has been
made by employing soft synthesis methods based on sol-gel
chemistry,7–10 coprecipitation,11,12 and thermal decomposi-
tion of polymeric-type precursors.13–16 Within this effort a
nonaqueous sol-gel route has been developed recently that
yields very homogeneous and fine ��10–30 nm� powders,7

allowing one to produce thin films with a mean surface
roughness of the order of 0.13 nm only. The route involves
mixing of standard chemicals followed by a solvothermal
treatment at 473 K. First it yields a highly disordered �here-
after called precursor� phase which, when extra treated at
700–900 K, is then transformed into fine crystallite powders
with the perovskite structure. Further lowering the crystalli-
zation temperature of the precursor phase would be advanta-
geous since thin perovskite films are usually deposited on
silicon substrates that tend to get damaged when exposed to
temperature approaching 800 K. Good knowledge of the
disorder- �precursor phase� order �fine perovskite crystallites�
structural transformation would definitely help gain control
over it. However, while the structure type of the synthesis
route final products, crystalline PbZr1−xTixO3 powders, is
relatively easy to identify, that of the intermediate precursor
phase is not. The problem stems from the fact that the atomic
arrangement in highly disordered materials is difficult to
study by traditional techniques for structure determination
such as Bragg x-ray diffraction �XRD�. Here we apply total

XRD coupled to atomic Pair Distribution Function �PDF�
analysis17,18 to determine the atomic-scale structure of pre-
cursor phase. We find that it bares similarities to but yet is
distinctly different from the perovskite-type structure and,
furthermore, evolves substantially with Ti/Zr content. The
results of our structure study suggest that soft synthesis
routes may be made more friendly to technology if the inter-
mediate stage/phase they usually go through is tailored to be
as similar structurally to the perovskite-type phase as pos-
sible, since this would inevitably reduce the extra energy
barrier �i.e., extra thermal treatment� needed for their
completion.

II. EXPERIMENT

A. Sample preparation

Lead �II� acetylacetonate �CH3COCH=C�O�CH3�2Pb, ti-
tanium isopropoxide Ti�OCH�CH3�2�4, zirconium isopro-
poxide Zr�OCH�CH3�2�4 .HOCH�CH3�2, and 2-butanone, all
obtained from Aldrich, were used. Three members of
PbZr1−xTixO3 family, with x=0, 0.5, and 1, were synthesized.
The sample with x=0.5 is close to the so-called morphotro-
pic composition known to exhibit the best piezoelectric prop-
erties. The end members PbTiO3 �PT� and PbZrO3 �PZ� were
synthesized by mixing 1.23 mmol of titanium isopropoxide
or zirconium isopropoxide isopropanal complex, respec-
tively, with 2-butanone. Pb�Zr0.5Ti0.5�O3 oxide �PZT� was
synthesized when both 0.58 mmol of Ti�OiPr�4 and
0.65 mmol of Zr�OiPr�4 . iPrOH were used. All solutions
were kept sealed at 473 K in Parr autoclaves for 24 h, then
centrifuged. The extracted precipitates were washed with
ethanol and dried in vacuum. The resulted heavily disordered
�precursor� materials were transformed into crystalline PT,
PZT, and PZ perovskites by extra thermal treatment at 673,
723, and 873 K, respectively, carried out for 4–6 h, in air.
As TEM studies showed thus obtained crystalline powders
were very fine, with an average crystallite size of 10–30 nm.
More details of the preparation procedure can be found in
Ref. 7.

B. X-ray diffraction experiments

The three precursor phases �marked with p in all plots�
and the products of their crystallization �marked with c in all
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plots� were subjected to x-ray diffraction �XRD�, at first us-
ing CuK� radiation �x-ray energy �8 keV�. Experimental
XRD patterns are shown in Figs. 1 and 2, respectively. All
samples were also subjected to XRD experiments at the
beamline 11-ID-C �Advanced Photon Source, Argonne Na-
tional Laboratory� using synchrotron radiation of energy
115.227 keV ��=0.1076 Å�. Synchrotron radiation x rays
were employed for two reasons: First, the higher flux of syn-
chrotron radiation x rays allowed us to measure the rather
diffuse XRD pattern of the precursor phases with a greatly
improved statistical accuracy. Second, the higher energy of
synchrotron radiation x-rays allowed to collect data over a
much wider range �1–30 Å−1� of scattering vectors Q. Both
are important18 for the success of the atomic PDF analysis

employed here. Scattered synchrotron radiation was col-
lected with an imaging plate detector �mar345�. Up to ten
images were taken from each of the samples. The corre-
sponding images/scans were combined, subjected to geo-
metrical corrections, integrated, reduced to one-dimensional
XRD patterns, converted into absolute �electron� units and
reduced to the so-called structure functions.18–21 Experimen-
tal structure functions are shown in Fig. 3. All processing of
the synchrotron XRD data was done with the help of the
program RAD.12

III. RESULTS

As can be seen in Fig. 1 the XRD patterns of PT, PZT, and
PZ precursor phases are very diffuse, as usually found with
highly disordered materials. Such XRD patterns are very dif-
ficult, if not impossible, to analyze employing traditional
techniques for structure determination such as Rietveld
analysis.22,23 Understandably all attempts to fit the experi-
mental data, as they are, with models based on the
perovskite-type structure and several other structure types
found in the PbZr1−xTixO3 family, failed. The reason is that
Rietveld analysis relies on sharp diffraction features that are,
as a rule �see Fig. 1�, not exhibited by the XRD patterns of
highly disordered materials. In contrast, the XRD patterns of
crystalline PT, PZT, and PZ powders obtained from the pre-
cursor phases �see Fig. 2� are rich in sharp diffraction fea-
tures �Bragg peaks� and may be analyzed easily in the tradi-
tional �e.g., Rietveld� way. Such analyses were carried out24

and the XRD patterns of PT-c and PZ-c oxides were very
well reproduced by a model based on the perovskite structure
with tetragonal �P4mm� and orthorhombic �Pbam� symme-
try, respectively. The XRD pattern of PZT-c was well repro-
duced by a model based on a major ��80% � perovskite-type
�P4mm� and a minor ��20% � pyrochlore-type �Fd-3m�
phases. Fragments from the technologically important
perovskite-type structure are shown in Fig. 4. Results from

FIG. 1. Conventional �CuK� radiation� XRD patterns for the
highly disordered precursors phases.

FIG. 2. �Color online� Conventional �CuK� radiation; symbols�
XRD patterns for PT, PZT, and PZ fine crystallite powders. Results
from Rietveld analyses �full line� are presented as well. Difference
�experimental minus computed data� curves and the positions of the
Bragg peaks of the respective phases �see the text� are shown at the
bottom of each plot. Arrows mark the weak diffraction features of
the minority pyrochlore-type phase in PZT.

FIG. 3. Reduced structure functions �based on synchrotron ra-
diation x-ray data� of the precursor phases �p� and the products of
their crystallization �c�.
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the Rietveld analyses are summarized in Tables I and II.
Inspection of the tables confirm that the soft synthesis route
of Garnweitner et al.7 is capable of yielding perovskite-type
PbZr1−xTixO3 �x=0,0.5,1� fine crystallite powders at tem-
peratures that are considerably lower than those employed in
the traditional solid-state synthesis. The structural inhomoge-
neity observed with PZT-c is not a surprise. PbZr1−xTixO3
materials with a composition close to the morphotropic
boundary �x�0.5� are often reported to be either a two-
phase mixture25–28 and/or to exhibit local monoclinic-type
distortions,29–33 with the relative abundance of the two
phases and/or the degree of monoclinic distortions are found
to vary with the preparation conditions. However, the struc-
tural aspects of the route, in particular those of the transfor-

mation of the intermediate precursor phase into fine perov-
skite crystallites, are yet to be revealed. To achieve it we had
to consider the total synchrotron XRD patterns in terms of
the corresponding atomic PDFs, an approach that has proven
recently to be very successful in structure studies of heavily
disordered materials, including oxides.34–37 A comparison
between the data of Figs. 1–3 exemplifies the different way
the same diffraction features appear, and hence, are ac-
counted for in structure studies relying on conventional
�CuK�� XRD patterns and on total �high-energy synchrotron
x rays� XRD data converted to structure factors/PDFs. Con-
ventional XRD patterns are dominated by strong and sharp,
if any, diffraction features at lower Bragg angles �wave vec-
tors; see Figs. 1 and 2 and are thus mostly sensitive to
longer-range, periodic atomic ordering in materials. All dif-
fraction features, including sharp peaks as well as diffuselike
oscillations, appear almost equally strong in structure factors
Q�S�Q�-1� extracted from total XRD patterns �see Fig. 3�
and are thus accounted for in PDF studies. This enhances the
sensitivity of the latter to local �shorter-range� atomic order-
ing rendering the PDF approach very well suited to study
materials with substantial structural disorder. Furthermore,
thanks to the properties of Fourier transformation18,38 the
slow oscillating �diffuselike scattering� components of the
total XRD data appear as sharp and, hence, easily identified
PDF features in real space. Last but not the least, atomic
PDFs reflect total XRD data corrected for all experimental
artifacts and, thus, directly give relative positions of atoms
enabling convenient testing and refinement of structural
models, as demonstrated below. Experimental atomic PDFs
G�r�=4�r���r�−�0�, where ��r� and �0 are the local and

FIG. 4. �Color online� Fragments from the perovskite-type
structure occurring in crystalline PbZr1−xTixO3 at room tempera-
ture. The structure may be viewed as a 3D network of �Ti/Zr�O6

octahedra with Pb atoms �circles� filling up the network cavities.
The network is of tetragonal �x=0 to �0.45, left�, rhombohedral
�0.45�x�0.99, middle�, and orthorhombic �x�1, right�
symmetry.

TABLE I. Parameters of the lattices of three highly disordered precursor �marked with p� and crystalline
�marked with c� PbZr1−xTixO3, with x=1 �PT�, x=0.5 �PZT�, and x=0 �PZ� phases, as obtained through
Rietveld and PDF analyses. The crystallographic symmetry of the lattices is tetragonal �for the PT-c / p and
the major PZT-c / p phases�, orthorhombic �for the PZ-p phase�, and cubic �for the minor PZT-p and the PZ-
p phases�. The small differences between the lattice parameters resulted from the Rietveld and PDF analyses
are due to the fact that the XRD pattern and atomic PDF are not the same experimental quantity with the
latter is much more sensitive to the local atomic ordering than the former. Literature data are also reported for
comparison.

Phase

Lattice parameters �Å�

Rietveld PDF
Literature data/
Reference

PT-c a=3.9035
c=4.1447

a=3.9068�3�
c=4.1415�7�

a=3.902
c=4.156 �Ref. 44�

PT-p a=4.060�3�
c=5.010�7�

a=3.9665
c=4.9831 �Ref. 47�.

PZT-c a=4.0432 a=4.0490�7� a=4.0303

major c=4.1013 c=4.1054�4� c=4.1449 �Ref. 56�

minor a=10.5510 a=10.4312 a=10.4109 �Ref. 57�
PZT-p a=3.997�4�

c=4.886�8�
a=3.9665
c=4.9831 �Ref. 47�

PZ-c a=5.8794
b=11.7795
c=8.2486

a=5.8811�12�
b=11.7970�11�
c=8.2629�19�

a=5.8741
b=11.7759
c=8.1969 �Ref. 58�

PZ-p a=10.551�8� a=10.6349 �Ref. 57�.
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average atomic number densities, respectively, and r is the
radial distance are shown in Figs. 5 and 6. As can be seen in
the figures, the experimental PDFs exhibit a series of well-
defined peaks, each corresponding to a frequently occurring
interatomic distance �i.e., a well-defined coordination sphere�
in the respective material. Peaks in the PDFs for the precur-
sor phases extend to distances of approximately 1.5 nm only,
showing that those materials are heavily disordered but, lo-
cally, still exhibit a well-defined atomic structure. Peaks in
the PDFs for the crystalline oxides persist to much longer
interatomic distances reflecting the presence of an extended
sequence of distinct coordination spheres in these long-range
ordered materials.

As can be seen in Fig. 6 all important details in the ex-
perimental PDFs for the crystalline oxides can be very well
reproduced by the structure models already attempted by tra-
ditional Rietveld analyses. The calculation of the model
PDFs was done with the help of the program PDFFIT40 using
literature data for the corresponding structures. Structure pa-

rameters resulted by the PDF analyses are summarized in
Tables I and II. Data presented in the tables show that Ri-
etveld �relying only on the Bragg component of the XRD
patterns� and PDF �relaying on the total XRD patterns�
analyses yield very similar estimates for the structural pa-
rameters of materials with good crystallinity. Also, both Ri-
etveld �see Fig. 2� and PDF analyses �compare the data in
Figs. 6 and 7� clearly reveal the presence of a second �minor�
phase in crystalline PZT. Traditional studies, however, can-
not handle properly the very diffuse XRD patterns of the
highly disordered precursor phases. On the other hand, the
PDFs of the precursor phases show several structure-relevant
features and lend themselves to structure search and refine-
ment. For example, the PDFs of the precursor phases show a
first, low-amplitude peak centered at about 1.9–2.5 Å and a
second, higher amplitude one at approximately 4 Å. Indeed
those are the typical metal-oxygen and metal-metal dis-
tances, respectively, found in PbZr1−xTixO3 oxides �metal
=Ti/Zr/Pb�. This indicated that the first metal-oxygen and

TABLE II. Positions of atoms within the unit cells of the lattices reported in Table I. Literature data are also reported for comparison.
Again, the differences between the structure parameters resulted from the Rietveld and PDF analyses may be explained with the fact that the
XRD pattern and atomic PDF are not the same experimental quantity with the latter is much more sensitive to the local atomic ordering than
the former.

Phase

Atomic coordinates/Rietv. Atomic coordinates/PDF Literature data/references Good-
ness of
fita � Rwp

aatom x y z atom x y z atom x y z

PT-c Ti 0.510 Ti 0.510 Ti 0.537 1.76 16.7%

O1 0.255 O1 0.133 O1 0.11

O2 0.646 O2 0.631 O2 0.617 �Ref. 44�
PT-p Pb 0.238 Pb 0.239

Ti 0.158 Ti 0.126

O 0.598 O 0.483 �Ref. 47�
PZT-c Pb 0.052 Pb 0.032 Pb 0.024 1.56 14.6%

major Zr 0.529 Zr 0.565 Zr 0.564

Ti 0.529 Ti 0.565 Ti 0.564

O1 0.272 O1 0.091 O1 0.092

O2 0.628 O2 0.621 O2 0.611 �Ref. 56�

minor O 0.433 O 0.305 O 0.433

PZT-p Pb 0.238 Pb 0.239

Ti 0.086 Ti 0.126

O 0.580 O 0.483 �Ref. 47�
Pz-c Pb1 0.699 0.131 Pb1 0.700 0.126 Pb1 0.700 0.123 1.68 16.0%

Pb2 0.725 0.122 Pb 2 0.709 0.129 Pb2 0.706 0.130

Zr 0.249 0.123 0.246 Zr 0.236 0.124 0.248 Zr 0.242 0.125 0.249

O1 0.283 0.133 O1 0.229 0.127 O1 0.275 0.155

O2 0.276 0.160 O2 0.376 −0.020 O2 0.300 0.096

O3 0.186 0.159 0.253 O3 0.055 0.268 0.280 O3 0.032 0.262 0.279

O4 0.241 O4 0.227 O4 0.203

O5 0.196 O5 0.228 O5 0.229 �Ref. 58�
PZ-p O O 0.383 O 0.433 �Ref. 57�
aRietveld analyses agreement factors are shown in the table only. the PDF analyses agreement factors are reported in Figs. 5–9.
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metal-metal coordination spheres/units in the precursor
phases are relatively well defined, and prompted us to nar-
row the structure search to models exhibiting such coordina-
tion spheres/units. Note, conventional XRD patters alone
�see Fig. 1� do not reveal this important structural feature of
the precursor phases in such a straightforward way.

IV. DISCUSSION

Previous traditional XRD studies have concluded that the
local atomic ordering in all precursor phases exhibits

pyrochlore-type structural features.7,41 However, as our stud-
ies showed, the rather diffuse �i.e., featureless� XRD patterns
of the precursor phases may also be reproduced by models
based on other structure types, i.e., conventional XRD data
do not provide a firm basis for an exact structure solution. To
reveal the atomic-scale structure of the precursor phases un-
ambiguously we tested a number of models, all with the
Pb-Zr/Ti-O chemistry, and all based on structure types ex-
hibiting first coordination spheres/units found in perovskites.
The tests were conducted by computing model PDFs, using
literature data �unit cell constants, atomic positions and rms
atomic vibrations at room temperature� for the respective
structures, and comparing the model data to the experimental
PDFs of the precursor phases. The PT, PZT, and PZ stoichi-
ometry was achieved by filling/emptying appropriate atomic
positions in the model structures while strictly observing
their symmetry/type. The very limited length of structural
coherence in the precursor phases was modeled by multiply-
ing the model PDF data with a decaying exponent as sug-
gested in Ref. 42 and implemented in Ref. 43. The effect of
the correction is to depress the PDF uniformly without
changing its shape. These calculations were also done with
the help of the program PDFFIT.40 The PT precursor phase
was approached first with a model based on the structure of
the corresponding crystal tetragonal perovskite PbTiO3 �t�.44

As can be seen in Fig. 8 the model reproduces the first neigh-
bor metal-oxygen �PDF peak at �1.9–2.3 Å� and metal-
metal coordination �PDF peak �4 Å� well but fails at longer
interatomic distances �i.e., at higher coordination spheres�,
clearly showing that the atomic arrangement in the fine crys-
tallite PbTiO3 perovskite and its precursor is not quite the
same. Other models, including one based on a hypothetical,
highly disordered pyrochlore-type structure, performed bet-

FIG. 5. �Color online� Experimental �symbols� and calculated
�solid line� atomic PDFs for the precursor phases. The calculated
data are based on the following model structures �see the text�: PT-
p on tetragonal Pb1−x�TiO�xO, with x=0.5; PZT-p on tetragonal
�Pb1−x�Tiy ,Zry�O�xO with x=0.5 and y=0.5; and PZ-p on disor-
dered cubic �Pb2Zr2O6� pyrochlore. The agreement �model vs ex-
periment� factors Rwp �Ref. 39�, are reported as well.

FIG. 6. �Color online� Experimental �symbols� and calculated
�solid line� atomic PDFs for PT, PZT, and PZ fine crystallite pow-
ders. The calculated data are based on the following model struc-
tures: PT-c on tetragonal and PZ-c on orthorhombic perovskite �see
Fig. 4�, and PZT-c on a mixture of tetragonal perovskite and disor-
dered cubic pyrochlore. The agreement �model vs experiment� fac-
tors Rwp are reported as well.

FIG. 7. �Color online� Experimental �symbols� and calculated
�solid line� PDFs for crystalline PZT. The calculated data are based
on models featuring single phases of different symmetry �indicated
in the plot� all observed in Pb-Ti/Zr-O perovskites. The agreement
�model vs experimental data� factors Rwp are reported as well. None
of the single phase models can reproduce well the PDF peaks at
approximately 4 and 10 Å while a two-phase model �see Fig. 6�
can.
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ter �see Fig. 8�. A model based on the �-PbO-type
structure,45 namely, Pb1−x�TiO�xO with x=0.5, however, out-
performed all �see Fig. 5�. Its parameters are listed in Tables
I and II. The same set of structure models was also tested
against the experimental PDF for the PZT precursor phase.
Again, the best results were obtained with a model based on
the �-PbO-type structure, namely, �Pb1−x�Tiy ,Zry�O�xO with
x=0.5 and y=0.5 �see Fig. 5�. The parameters of the model
structure are listed in Tables I and II. It may be noted that
PbO-Ti/ZrO2 solid solutions with the tetragonal structure of
�-PbO-type have been observed in other studies as well.45–49

The structure of the PZ precursor phase was explored with a
slightly different set of models to account for the different
chemistry of Ti and Zr. Results from the tests are presented
in Fig. 9. Here, again, the structure of the precursor phase
was not possible to be approximated by that of the corre-
sponding perovskite crystal, orthorhombic PbZrO3. A highly
disordered cubic, pyrochlore-type �Pb2Zr2O6� structure,50

with parameters listed in Tables I and II, performed best �see
Fig. 5�. This finding did not come as a surprise either since
several other studies51–55 have reported the formation of a
pyrochlore-type phase in low temperature processed, Zr-rich
PZT powders. Fragments from the tetragonal
�Pb1−x�Tiy ,Zry�O�xO and cubic-pyrochlore Pb2Zr2O6 struc-
tures are shown in Fig. 10.

In summary, the results of our structure study show that
�i� metal and oxygen atoms in the precursor phases form
relatively well-defined coordination spheres/units, �ii� that
are correlated locally ��1.5 nm� only, �iii� yet, in contrast to
completely disordered �amorphous� materials, form a distinct
arrangement that may be described in terms of a few,
crystallographic-type parameters �i.e., structure type, basic
structural motif, repetitive/unit cell and local symmetry�. �iv�
In all three precursors that arrangement is of a network-type
�v� and resembles, but does not correspond exactly to, the
perovskite-type network found in the corresponding crystals.
�vi� In particular, the Ti-rich precursor phase may be viewed

as a network of both edge and corner-sharing octahedral
�Ti-O� units/sites with Pb atoms sitting in between them �see
Fig. 9�. Note, the corresponding perovskite crystal may be
viewed as a network comprising only corner-sharing Ti-O6
units �see Fig. 4�. The Zr-rich the precursor phase may be
viewed as a network of corner-sharing octahedral �Zr-O�
units with Pb atoms sitting in between them. Note, this net-
work does not stretch out in planes/columns as the one in the
corresponding perovskite crystal �see Figs. 4 and 10�. �vii�
As such, the precursor phases would still need to overcome a
substantial energy barrier to transform into crystalline per-
ovskites �vii� but this transformation process �crystallization�
may occur at temperature lower �700–900 K, as observed in
practice� than that �900–1400 K� needed to complete a con-
ventional solid-state syntheses. The reason is that key ingre-
dients of the perovskite structure, octahedral-like �Ti/Zr-O�
units/sites surrounding Pb atoms, are already present in the
precursor phases. �ix� Also, since the coordination sequence/
network coupling in Ti and Zr-rich precursors is significantly
different �see Fig. 10�, Ti and Zr may not mix well together

FIG. 8. �Color online� Experimental �symbols� and model �solid
line� atomic PDFs for PT-p. The agreement factors �model vs ex-
perimental data� Rwp are reported as well. The fine structure of the
first peak in the experimental PDF is due to data noise.

FIG. 9. �Color online� Experimental �symbols� and model �solid
line� atomic PDFs for PZ-p. The agreement factors �model vs ex-
perimental data� Rwp are reported as well.

FIG. 10. �Color online� Fragments from the tetragonal
�Pb1−x�Tiy ,Zry�O�xO ��-PbO-type� and cubic Pb2Zr2O6 �pyroclore-
type; O2 positions not shown� structures. Both structures comprise
�Ti/Zr�-oxygen octahedral-like units assembled in a very �left� and
not so �right� regular 3D network. Pb atoms �circles� occupy �par-
tially� the network cavities.

PRADHAN et al. PHYSICAL REVIEW B 76, 014114 �2007�

014114-6



at x�0.5, resulting in a phase separation upon crystalliza-
tion, as often observed in practice, �x� moreover, Ti- and
Zr-rich precursors may need to overcome a significantly dif-
ferent energy barriers �PT needs extra heating at 723 K while
PZ at 923 K, as observed in practice� to crystallize into per-
ovskites.

An important outcome of our structure study is that it
tips-off an approach to streamline further soft chemistry of
very fine PZT powders. If the highly disordered precursor
phase through which most soft synthesis routes go through is
tailored to have the structure of perovskite, within the full
length of structural coherence ��1.5 to 2 nm� it usually
shows, the post-treatment/crystallization �i.e., the second
step of the synthesis route� may then require lower, than
currently needed, processing temperature to complete. This
will definitely make soft synthesis methods even more attrac-
tive to PZT thin film industry.

V. CONCLUSION

Total x-ray diffraction and PDF data analysis can be very
useful in elucidating the structural aspects of soft synthesis
methods passing through heavily disordered intermediate
phases such as those employed to obtain very fine PZT pow-
ders. The structural knowledge this non-traditional approach
yields helps understand, explain, and predict the synthesis
outcome and, hence, may help fabricate improved materials
by intelligent design.
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