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Transition to a cubic phase with symmetry-breaking disorder in PbZr0.52Ti 0.48O3
at high pressure
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The tetragonal perovskite lead zirconate titanate PbZr0.52Ti0.48O3 ~PZT!, which is an important piezoelectric
ceramic material, was found to undergo a phase transition to a cubic phase at close to 5 GPa by x-ray
diffraction and Raman spectroscopy. Whereas the x-ray diffraction data indicated no deviation from cubic
symmetry above this pressure, a strong Raman signal was present in this phase. The Raman spectrum obtained
indicates the presence of symmetry-breaking disorder and is similar to those observed for ferroelectric relaxors.
This result is in sharp contrast with the forbidden first-order Raman spectrum, which would be expected for a
cubic paraelectric phase such as that observed at high temperature in this material.

DOI: 10.1103/PhysRevB.65.214102 PACS number~s!: 77.84.Dy, 62.50.1p, 78.30.2j, 61.50.Ks
an

th

-
ni

n

o-
di
bi

cs
re
c
nt
ha
Z

de
v
c
R
o

d-

n of
ic

d

d

t

as-
n a
h-
in-

on-

a

re

ess
ure
fts of
I. INTRODUCTION

The perovskite solid solution between lead zirconate
lead titanate PbZr(12x)TixO3 ~PZT! is of great interest due to
its very high piezoelectric response near what is termed
‘‘morphotropic phase boundary’’1 between ferroelectric
rhombohedral~space groupR3m! and tetragonal~space
group P4mm! phases withx values of close to 0.48. Re
cently, it has been shown that there is in fact a monocli
phase~space groupCm! ~Refs. 2–5! at this region in the
phase diagram and that the polar axis in this phase ca
anywhere between the pseudocubic@111# and @001# direc-
tions, thus providing a possible origin for this high piez
electric response. At temperatures close to 650 K depen
on the exact composition a transformation to the cu
paraelectric phase~space groupPm3̄m! is observed.1 The
dielectric and piezoelectric properties of PZT cerami
which are mainly governed by domain wall motion, a
known to be sensitive to stress induced by external elasti
electric fields,6–11and in this respect it is also very importa
to understand the effect of hydrostatic pressure on the p
diagram of this material. Our experiments conducted on P
powder show that the ferroelectric tetragonal phase un
goes a transition to a cubic phase at high pressure; howe
the Raman intensity does not disappear as would be expe
for a transition to the paraelectric phase and the strong
man spectrum present for this cubic phase is similar to th
observed for ferroelectric relaxors.
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II. EXPERIMENT

PbZr0.52Ti0.48O3 was prepared by a conventional soli
state reaction from high-purity~.99.9%! oxides via a two-
stage calcination process. To ensure a better distributio
the B-site cations and limit the formation of parasit
pyrochlore-type phases, ZrO2 and TiO2 were first ball milled
for 4 h in ade-ionized water medium. The slurry was drie
and calcined at 1673 K for 4 h to form the corresponding
Zr0.52Ti0.48O2 mixed oxide. Stoichiometric amounts of lea
oxide were added. The fine-grained~,3 mm! mixtures ob-
tained by attrition milling for 4 h were then calcined in air a
1003 K for 4 h in covered Al2O3 crucibles to produce
perovskite-type materials. To complete the synthesis,
obtained powders were pressed to form pellets, fired i
PbO-rich environment at 1523 K and ground leading to hig
purity, fine-grained powders. The net weight loss during s
tering was limited to 1.3%, which can be correlated12 to a
lead vacancy content of approximately 0.3%. The cell c
stants of the tetragonal form prepared in this way area
54.0395(5) Å andc54.1355(7) Å based on data from
u-2u diffractometer using CuKa1 radiation.

Angle-dispersive x-ray diffraction data at high pressu
were obtained using a diamond anvil cell~DAC!. The PZT
powder was placed in the 150-mm-diam hole which had been
drilled in a stainless-steel gasket preindented to a thickn
of 100 mm. Powdered ruby or NaCl were added as press
calibrants. Pressures were measured based on the shi
the rubyR1 and R2 fluorescence lines13 or estimated using
the Decker equation of state of NaCl~Ref. 14! with the fol-
©2002 The American Physical Society02-1
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lowing bulk modulus and pressure derivativesB0

523.635 GPa,B0854.918, andB09520.0025. The 21:4:1
methanol:ethanol: H2O ~MEW! mixture used as a pressur
transmitting medium was hydrostatic up to 10 GPa and
mained quasihydrostatic up to 15 GPa. X-ray diffraction p
terns were obtained with Zr-filtered Mo radiation from a
800-W microfocus tube. X-ray capillary optics were use
giving a 100-mm-diam beam. Detection was performed wi
an imaging plate placed at 143.61 mm from the sample.
posure times were typically between 48 and 60 h. The
served intensities on the imaging plates were integrated
function of 2u in order to give conventional, one
dimensional diffraction profiles. Rietveld refinements we
performed using the programFULLPROF.15 As the x-ray dif-
fraction from PZT is strongly dominated by scattering fro
the lead ions, which lie on special positions with no refin
able fractional atomic coordinates, these refinements w
uniquely used to obtain accurate unit-cell constants. All fi
ures in parentheses refer to estimated standard deviatio

High-pressure Raman experiments were performed u
a membrane-type DAC. Samples were loaded along wit
ruby crystal using argon or the above MEW mixture as pr
sure transmitting media in the 150-mm-diam holes of a
stainless-steel gaskets, which had been preindented
thickness of about 50mm. Raman experiments were pe
formed in a modified backscattering geometry using a Jo
Yvon model U 1000 double monochromator and a liqu
nitrogen-cooled charge-coupled-device~CCD! camera. The
647.1-nm line of an krypton ion laser was used for excitat
and the incident laser beam was brought in at an angle
about 15° with respect to the axis of the DAC.

III. RESULTS AND DISCUSSION

The unit-cell constants obtained for the tetragonal ph
at ambient pressure are in good agreement with prev
work2,3,16,17 for x50.48. Compression principally occur
along c, Fig. 1. Thea cell constant increases initially with
pressure and then decreases. This compression behav
very similar to what has been previously observed18 for the

FIG. 1. Cell constants of PbZr0.52Ti0.48O3 as a function of pres-
sure.
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tetragonal phase of PbTiO3 . Above 5 GPa, a transition to th
cubic phase occurs as indicated by Rietveld refinements,
2. Lines which were split in the tetragonal phase have
same linewidth as those that do not split. No deviation fro
cubic symmetry was observed up to the highest press
reached. The observed transition pressure is significa
lower than that for the pure end member PbTiO3 , for which
the transition occurs at 12.1 GPa~Ref. 19!. The present resul
for PbZr0.52Ti0.48O3 is also lower than the 8 GPa obtained b
linear extrapolation of thedT/dP slope of the tetragonal
cubic phase boundary determined from combined hi
pressure, high-temperature dielectric measurements20,21up to
0.8 GPa. However, this linear extrapolation represent
maximum value as close inspection of the dielectric res
indicates a tendency towards an increase in the rate of
crease of the critical temperaturedTc /dP with increasing
pressure.

The Raman spectrum of PbZr0.52Ti0.48O3 , Fig. 3, contains
a series of broad overlapping bands and is typical of sam
of the tetragonal phase in this composition range. Each b
is known to be composed of a series of subpeaks.22,23Strong
mode softening is not observed in contrast to the behavi19

prior to the high-pressure, ferroelectric-paraelectric transit
in PbTiO3 . The broadbands instead have a tendency
harden with increasing pressure with the exception of
mode at just below 210 cm21, which softens slightly. An
increase in intensity at close to 240 cm21 is observed as a

FIG. 2. Experimental~d! and calculated~solid line! diffraction
profiles for the tetragonalP4mm @P50.2 GPa,a54.0416(3) Å,c
54.1221(5) Å# and cubicPm3̄m @P55.8 GPa,a54.0116(1) Å#
phases of PbZr0.52Ti0.48O3 . Vertical bars indicate the calculated po
sitions~Ka1 andKa2! of the lines from PZT~upper! and iron~Fe!
from the stainless-steel gasket~lower!. The strongestKb lines are
indicated. The principal diffraction lines are indexed and the diff
ence profile is plotted on the same scale. Agreement factors
Rp58.8%, Rwp55.6%, andRBragg54.6% for the tetragonal phas
and Rp511.7%, Rwp58.4%, and RBragg54.7% for the cubic
phase. Note the splitting of the cubic 310 reflection into the 1
301, and 310 reflections in the tetragonal phase.
2-2
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function of pressure. This corresponds to a strong band in
rhombohedral and the recently discovered monoclinic pha
indicating that domains polarized along the pseudocu
@111# direction may be present. This could also be indicat
of a slight monoclinic distortion of the cell or local pola
configurations similar to those existing in the monoclinic
rhombohedral phases. A relative decrease in the intensitie
the modes in the 450–650 cm21 region is also observed. Th
most striking intensity changes are, however, those which
observed for the modes in the region between 125 and
cm21. These modes rapidly decrease in intensity as a fu
tion of pressure and disappear at the phase transition p
sure. The same behavior has also been observed as a fun
of temperature.22 In contrast to the high-temperature beha
ior of PZT, the higher-frequency modes do not decrease
intensity by an order of magnitude at the transition to
cubic phase, but instead retain essentially the same inte
as they had immediately prior to the phase transition. Gr
theory indicates that the cubic paraelectric phase has no
order Raman spectrum and, in the case of PbTiO3 , the first-
order Raman spectrum disappears at the tetragonal to c
transition both at high temperature24,25 and high pressure.19

Weak Raman spectra have been observed for the c
phases of several perovskites26–28 including BaTiO3 and
have been attributed to cation disorder, which induces a
of the inversion center in the structure and the observatio
weak features in the Raman spectrum corresponding to
infrared-activeT1u modes and silentT2u mode. The high-
pressure cubic phase of PZT, however, exhibits a strong
man spectrum, which is very similar to those observed
ferroelectric relaxors,29–33 such as lanthanum-doped PZ

FIG. 3. Raman spectra obtained on decompression from 18
for PbZr0.52Ti0.48O3 . Decompression data are presented as they
respond to data obtained for the same quantity of sample as the
no variation in sample thickness in contrast to compression d
The spectra obtained on compression are equivalent; however,
was a decrease in overall intensity with increasing pressure.
ambient data~not to scale! correspond to a fresh powder sample
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~PLZT!. These spectra are intense due to the existenc
randomly oriented polar nanoregions, which arise from sy
metry breaking defects.34–36 In addition, two new peaks are
observed at close to 80 and 360 cm21. Similar peaks are
present in the spectra of the relaxor phases of PbSc1/2Ta1/2O3

~PST! and PbMg1/3Nb2/3O3 ~PMN! and were attributed to the
Eg andT2g modes from a proposedFm3̄m supercell37 with
Z58. The observed spectrum for the cubic phase of P
weakens with further increases in pressure due to the gra
reduction in polar domains.

High-pressure, ferroelectric-to-relaxor transitions ha
been observed in more complex systems,38–41but there have
been no reports of such behavior in PZT. In the case
PLZT,38,39 there is a transition from the relaxor phase to
normal ferroelectric phase with decreasing temperatu
which crosses over to the relaxor phase at high pressure.
process involves a change from long-range order in the fe
electric phase to short-range order in the relaxor phase
was found in dielectric studies38,39 of PLZT systems up to 2
GPa that high pressure acted in a similar way as increa
La concentration.

The similarity between the spectra obtained for the cu
phase of PZT and those of ferroelectric relaxors raises
question as to the nature of this high-pressure phase. At
present time, it is not yet clear whether the symmet
breaking disorder is due to off-center shifts of the lead io
as is found in the low-pressure, rhombohedral, monoclin
and tetragonal ferroelectric phases17,42 or to differences in
the local environments around theB cations (ABO3: A
5Pb, B5Ti,Zr) or a combination of both effects. It can b
noted that neutron diffraction results indicate that for t
ferroelectric phases, thez coordinates of Ti41 and Zr41,
which are not the same size, are generally different.17,42 It is
well known that, in particular, Ti41 is more polarizable than
Zr41 and often adopts rather distorted off-center octahed
coordination.43,44 Disorder induced by the small amount o
vacancies on the Pb21 sites may also play a role. These a
all sources of local polarization in the cubic phase, and
length scale of these phenomena remains to be determin

IV. CONCUSIONS

The present x-ray diffraction and Raman scattering res
on PbZr0.52Ti0.48O3 at high pressure provide evidence for
novel phase transition in this system. The tetragonal-to-cu
phase transition occurs at 5 GPa; however, a strong Ra
spectrum is also observed in the cubic phase. This spec
indicates the presence of symmetry-breaking disorder an
similar to those observed in relaxor systems. This phas
distinct from the high-temperature paraelectric phase, wh
has only a weak Raman spectrum.
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