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Abstract

The titanium-rich PZT solid solution PbZr0.20Ti0.80O3 was studied under high pressure by X-ray diffraction and Raman spectroscopy. A series
of low-symmetry phases were observed, including monoclinic (space groupsCmandCc) and triclinic forms (space groupsF1 andF 1̄) in
PbZr0.20Ti0.80O3. High pressure Raman spectra obtained are consistent with a monoclinic (Cc)–triclinic (F1) phase transition involving a soft
mode at 9 GPa, in agreement with the change in compressibility detected by X-ray diffraction. The strong Raman spectra observed in the
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araelectric phase can also be explained by the triclinicF 1̄ symmetry.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Due to their exceptional piezoelectric performances,
ompounds based on the lead zirconate titanate per-
vskite solid solution PbZr1−xTixO3 (PZT) represent one
f the most important class of piezoelectric materials, in-
olved in various systems such as piezoceramics (piezo-
lectric transducers and actuators) and thin films (MEMS
ystem or high-frequency components). Main composi-
ions (with x close to 0.48) lie on what is termed the
orphotropic phase boundary (MPB)1 between the Zr-

ich ferroelectric rhombohedral (R3m) and Ti-rich tetrag-
nal (P4mm) phases. Up to now, the high piezoelectric
oupling constants of these materials were attributed to
he simultaneous presence of trigonal and tetragonal do-
ains near the MPB. However, the recent discovery of
monoclinic phase (Cm)2 in this region of the phase

iagram provides a new explanation for the high elec-
romechanical response, based on a polarization rotation
echanism3,4 in which the polar axis is oriented between

he directions corresponding to the tetragonal and rhom-

bohedral forms. Additionally, a second monoclinic ph
(Cc) with a double unit cell has been observed at
temperature5 for PbZr0.52Ti0.48O3.

PZT ceramics and thin films, which exhibit high diel
tric and piezoelectric performance are sensitive to the
of stress induced by both external elastic and electric fi
It is thus very important to understand the effect of hyd
static pressure on the nature and stability of the various s
tures in the phase diagram of this material. Tetragonal Pb3
undergoes a classic second-order transition to a parae
cubic phase at high pressure.6 Ti-rich PZT are of special in
terest as they cover the compositional range between
PbTiO3 and the morphotropic composition PbZr0.52Ti0.48O3.
Our previous studies on PbZr1−xTixO3 (0.50≤ x≤ 0.80) a
moderate pressures (≤2.5 GPa), showed that high press
stabilizes the ferroelectric monoclinic phases responsib
the high piezoelectric properties of the MPB compositio7

High-pressure neutron diffraction data forx= 0.48, showe
that pressure induces polarization rotation and octahedra
ing leading to monoclinic (Cc) and triclinic phases (F1 and
F 1̄).8 This present study extends the structural investiga
of PZT to higher pressures (up to 20 GPa), in Ti-rich c
∗ Corresponding author. Tel.: +33 4 67 14 45 57.
E-mail address:ppapet@lpmc.univ-montp2.fr (Ph. Papet).

positions (x= 0.80 here) using X-ray diffraction and Raman
spectroscopy. The results obtained allow us to (i) determine
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the phase transition sequence in this material and (ii) propose
an extended pressure–composition phase diagram.

2. Experimental

The PbZr1−xTixO3 solid solution (x= 0.80) was prepared
by the conventional solid state reaction from high-purity
(>99.9%) oxides via a two-stage calcination process.9,10

Angle-dispersive X-ray diffraction data at high pressure
were obtained using a diamond anvil cell (DAC).9 Pow-
dered ruby or NaCl were added as pressure calibrants. A
21:4:1 (volume ratio) methanol:ethanol:H2O mixture was
used as a pressure-transmitting medium. X-ray diffraction
patterns were obtained on an imaging plate using molybde-
num radiation from a microfocus tube. Pressures were mea-
sured based on the shifts of the ruby R1 and R2 fluorescence
lines11 or estimated using the Decker equation of state of
NaCl.12 Cell parameters were obtained by full profile re-
finement using the software Fullprof.13 Pressure –volume
data were fitted to Birch–Murnaghan equation of state (with
B′

0 = 4). Raman experiments were performed in modified
back-scattering geometry6,10 using a Jobin Yvon Model U
1000 double monochromator and a liquid-nitrogen cooled
CCD. The 647.1 nm line of a krypton ion laser was used for
excitation. Samples were loaded in a membrane-type DAC
a on as
a

3

d
u tter-

ing. Four phase transitions were successively observed based
on the changes in the Raman spectra with increasing pressure,
in the spectral regions noted 1, 2, 3, 4 and 5 (Fig. 1a). Upon
initial compression, the Raman spectra of PbZr0.20Ti0.80O3
(Fig. 1b) show a behavior similar to that observed for tetrag-
onal PbTiO3, which undergoes a second-order transition to a
paraelectric,6 cubic phase at high pressure, involving a soft
mode. In particular, the softening of several modes (mode 3),
including the low-frequency soft mode 2, is clearly observed
as in PbTiO3. An abrupt change in behavior occurs at close
to 2.5 GPa with no further softening of these modes in the
new phase, and the appearance of the mode 1. This mode
1 originates, in the case of a tetragonal–monoclinic (Cm)
phase transition, from the loss of degeneracy of the E phonon
(in C4v

1 symmetry), leading to splitting intoA′ +A′′ modes.
In addition, region 5 which is dominated by vibrations of
O2− anions14 (stretching and bending of BO6 octahedra, with
B = (Zr, Ti)) becomes more symmetric, which corresponds
to a partial displacement of the B cations towards the cen-
ter of the octahedra. A second transition was found to occur
at close to 4 GPa from changes in the pressure-dependence
of the various bands and from the appearance of mode 4
characteristic of the low-temperature monoclinic form (Cc)
with a doubled unit cell.10 These transitions were also de-
tected by X-ray diffraction by a decrease in compressibility
at 2.7 GPa in the case of theF (Cm)–F (Cc) phase transition
a
p as
t tation
o

opic
c
c

F (Cc), t f
p FTr(F1
long with a ruby crystal as a pressure calibrant and arg
pressure-transmitting medium.

. Results and discussion

The tetragonal PbZr0.20Ti0.80O3 composition, was studie
nder high pressure by X-ray diffraction and Raman sca

ig. 1. (a) Raman spectra for the tetragonalFT, monoclinicFM (Cm), FM

ressure. (b) Pressure dependence of the Raman modes and (c)FM (Cc) →
T M
nd a 0.4% volume change at 4 GPa for theFM(Cm)–FM(Cc)
hase transition. TheFM(Cc) phase is more compressible

he compression mechanism is characterized by the ro
f octahedra.

TheCc–F1 phase transition observed for the morphotr
omposition PbZr0.52Ti0.48O3 by neutron diffraction8 is also
learly seen for this Ti-rich sample (Fig. 1b and c) with the

riclinic FTr (F1) andPTr(F 1̄) phases of PbZr0.20Ti0.80O3 as a function o
) phase transition with 1→ 1′.
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Fig. 2. Volume-change vs. pressure of PbZr0.20Ti0.80O3 at 298 K. TheB0

values are calculated with the Birch–Murnaghan state equation (B′
0 = 4).

Fig. 3. Pressure–composition phase diagram of Ti-rich PZT.

softening of the mode 1, which is replaced by 1′ at the trans-
formation around 9 GPa. The transition to the paraelectric
triclinic phase (F 1̄) is found to occur at about 11.5 GPa, with
the disappearance of the mode 2. This paraelectric form is
still characterized by a strong Raman spectrum allowed by
group theory (in contradiction with the cubic form found
in PbTiO3). Both transitions were also detected by X-ray
diffraction by a decrease in compressibility; at the same pres-
sures (Fig. 2).

4. Concluding remarks

A series of low symmetry phases, including monoclinic
(space groupsCmandCc) and triclinic forms (space groups
F1 andF 1̄) were observed in the present study of the titanium-

rich PZT PbZr0.20Ti0.80O3 under high pressure by X-ray
diffraction and Raman spectroscopy.

A pressure composition phase diagram can now be pro-
posed (Fig. 3) by combining the results of this study with
those obtained by neutron diffraction and dielectric measure-
ments on various compositions in the Ti-rich region7,8. This
phase diagram is complex with four ferroelectric and one
paraelectric one. This complexity could have been previously
predicted due to the presence of preexistent rotational and
ferroelectric lattice distortions (R4+ and�4

−) in the PbZrO3
and PbTiO3 perovskite end-member. By stabilizing mono-
clinic phases, hydrostatic pressure can tune the MPB to in-
clude compositions that do not normally lie in the MPB. The
high-pressure behavior of this system is characterized by two
mechanisms: (1) a rotation and reduction of the spontaneous
polarization and (2) octahedral tilting. Pressure, as in the case
of temperature and electric fields, is found to induce polar-
ization rotation.
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