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A monoclinic ferroelectric phase in the Pb „Zr12xTix…O3 solid solution
B. Noheda,a) D. E. Cox, and G. Shirane
Physics Department, Brookhaven National Laboratory, Upton, New York 11973-5000

J. A. Gonzalo
Dept. Fisica de Materiales, U.A.M., Cantoblanco, 28049-Madrid, Spain

L. E. Cross and S-E. Park
Materials Research Laboratory, The Pennsylvania State University, Pennsylvania 16802-4800

~Received 14 December 1998; accepted for publication 8 February 1999!

A previously unreported ferroelectric phase has been discovered in a highly homogeneous sample
of PbZr0.52Ti0.48O3 by high-resolution synchrotron x-ray powder diffraction measurements. At
ambient temperature the sample has tetragonal symmetry (at54.037 Å, ct54.138 Å), and
transforms below;250 K into a phase which, unexpectedly, has monoclinic symmetry (am

55.717 Å, bm55.703 Å, cm54.143 Å, b590.53°, at 20 K!. The intensity data strongly indicate
that the polar axis lies in the monoclinicac plane close to the pseudocubic@111# direction, which
would be an example of the speciesm3m(12)A2Fm predicted on symmetry grounds by Shuvalov.
© 1999 American Institute of Physics.@S0003-6951~99!00714-7#
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The solid solution system Pb(Zr12xTix)O3 ~PZT! has a
complex phase diagram containing a number of mater
which exhibit useful ferroelectric and piezoelectric prop
ties. In particular, compositions near the morphotropic ph
boundary~MPB! aroundx'0.45– 0.5 have attracted consi
erable interest for many years due to their high piezoelec
response. The PZT phase diagram as now accepted, wa
termined by Jaffeet al.1 ~Fig. 1!, and nearly four decades o
study on the physical and structural properties of PZT h
made possible the development of a phenomenolog
theory to explain the stability of the phases and the prop
ties of PZT over the entire range of the phase diagra2

Nevertheless, many questions still remain. It is generally
cepted that for ferroelectric compositions with rhombohed
and tetragonal symmetry on the two sides of the MPB
polar axis are@111# and @001#, respectively. However, very
recently, based on neutron powder diffraction data for s
eral ferroelectric rhombohedral compositions in the range
x'0.12– 0.40, Corkeret al.3 have proposed a model i
which random^100& Pb displacements are superimposed
those along the@111# polar axis, which allows a much bette
structure refinement than achieved with a normal long-ra
order model incorporating anisotropic temperature factor

The MPB which separates rhombohedral Zr-rich fro
tetragonal Ti-rich PZT is nearly vertical along the tempe
ture scale, and many x-ray diffraction studies have been
ported over this region.4–9 This boundary is not well defined
since it appears to be associated with a phase coexist
region whose width depends on the compositional homo
neity and on the sample processing conditions.7–10 Cao and
Cross11 have modeled the width of this region based on
free energy differences between the tetragonal and rhom
hedral phases, obtaining an inverse dependence with pa
size in a polycrystalline sample.

a!Permanent address: Dept. Fisica de Materiales, U.A.M., Cantobla
28049-Madrid, Spain. Electronic mail: beatriz.noheda@uam.es
2050003-6951/99/74(14)/2059/3/$15.00
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In the present work we have utilized high-resolution sy
chrotron x-ray powder techniques to study the structure o
composition close to the MPB (x50.48) as a function of
temperature, and we report the observation of a low temp
ture monoclinic phase in the PZT system.

A PZT composition withx50.48 was prepared by con
ventional solid-state reaction techniques using appropr
amounts of reagent-grade powders of lead carbonate, z
nium oxide, and titanium oxide, with chemical purities bet
than 99%. Pellets were pressed and heated to 1250 °C
ramp rate of 10 °C/min, and held at this temperature for 2
During sintering, PbZrO3 was used as a lead source in t
crucible to minimize volatilization of lead. The product wa
found to be a single phase within a detection limit of,2%
by conventional x-ray techniques.

High-resolution synchrotron x-ray powder diffractio
measurements were made at beam lineX7A at the
Brookhaven National Synchrotron Light Source. An incide
beam of wavelength 0.6896 Å from a Ge~111! double-crystal
monochromator was used in combination with a Ge~220!

o,
FIG. 1. PZT phase diagram after Jaffeet al. ~Ref. 1!.
9 © 1999 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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crystal and scintillation detector in the diffraction path. T
resulting instrumental resolution is about 0.01° on theu
scale, an order-of-magnitude better than that of a labora
instrument. For measurements above room temperature
pellet was mounted on a BN sample pedestal inside a w
wound BN tube furnace. The furnace temperature scale
calibrated with a sample of CaF2. The accuracy of the tem
perature was estimated to be within 10 K, and the temp
ture stability was;2 K. For measurements below room tem
perature, the pellet was mounted on a Cu sample holder
loaded in a closed-cycle He cryostat, with an estimated t
perature accuracy of 1 K and stability of 0.1 K. Coupled
u–2u scans were performed over selected angular reg
with a 2u step interval of 0.005° or 0.01° depending on t
peak widths. The sample was rocked 1°–2° during data
lection to improve powder averaging. The diffracted inten
ties were normalized with respect to the incident beam mo
tor.

The evolution of the~111! and~220! reflections is shown
as a function of temperature in Fig. 2. At the highest te
perature reached~736 K!, the material is cubic and the shar
ness of the peaks@full-width at half-maximum ~FWHM!
;0.02°# demonstrates the excellent quality of the sam
@Fig. 2~a!#. From a Williamson–Hall plot,12 we estimate a
particle size of;0.7 mm and aDd/d of about 331024,
corresponding to a compositional inhomogeneity,Dx, better
than60.5%.

On cooling, the symmetry changes to tetragonal at;660
K and remains tetragonal down to 300 K. There is no sign
any rhombohedral component as shown by the absence
Bragg peak at the rhombohedral~200! position. However,
some of the tetragonal peaks broaden as the temperatu
lowered, especially the~111! and ~202! reflections @Fig.
2~b!#. Below room temperature these reflections become
tinctly asymmetric, and at 210 K the latter is clearly split in

FIG. 2. Evolution of the pseudocubic reflections~111! and ~220! for x
50.48 fromT5736 ~a! to 20 K ~e!.
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two roughly equal peaks, while the~111! peak has a low
angle shoulder@Fig. 2~c!#. As the temperature is lowere
further the splitting increases@Fig. 2~d!# until at 20 K the
~202! is well resolved into two peaks, and the~111! is seen to
consist of a central stronger peak with weaker shoulders
both low-and-high-angle sides@Fig. 2~e!#. The positions and
intensity ratios of the peaks are very well described by
monoclinic cell in whicham andbm lie along the tetragona

@ 1̄1̄0# and @11̄0# directions (am'bm'atA2), and cm is
close to the@001# axis (cm'ct), as illustrated in Fig. 3. The
monoclinic cell hasbm as the unique axis, and the ang
betweenam andcm is ;90.5° at 20 K.

The lattice parameters are plotted in Fig. 4 over the
tire temperature range. At the low-temperature phase tra
tion, am is slightly elongated with respect to tetragonalatA2,
whereasbm'atA2 continues to decrease as the temperat
is lowered, andcm'ct appears to reach a broad maximu
around the transition.

A direct phase transition from a tetragonal to monoclin
phase is rather uncommon, and the existence of the latt
likely to be a direct consequence of the proximity of t
MPB. Consequently, one might expect the monoclinic ph
to exist over a relatively narrow composition region. How
ever, because of the asymmetrical peak broadening, w

FIG. 3. Tetragonal and monoclinic unit cell representations.

FIG. 4. Lattice parameters of PZT with a compositionx50.48 as a function
of temperature.
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occurs between 300 and 210 K, we cannot altogether rule
the possibility of an orthorrombic phase in this region,
though we feel this is unlikely.

In the tetragonal region of PZT the space group
P4mm, with the polar axis along@001#, while in the rhom-
bohedral region, with space groupR3m, the polar axis is
along the pseudocubic@111#. The most plausible space grou
for the new monoclinic phase isCm, which is a subgroup of
P4mm andR3m and allows the polar axis to lie anywhe
between the@001# and the@111# axes. A preliminary check
of the peak intensities indicates that the cation displacem
lie close to the monoclinic@2̄01# direction, i.e., close to the
rhombohedral@111# axis. If this is the case, monoclinic PZ
would be the first example of the ferroelectric species w
Px

25Py
2ÞPz

2,Px
2,Py

2,Pz
2Þ0, m3m(12)A2Fm predicted from

symmetry by Shuvalov.13 A more detailed investigation o
the structure is currently in progress, and the extent of
monoclinic region will be investigated with additiona
samples containing slightly different amounts of Ti.
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