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The morphotropic composition of lead zirconate titanatesPZTd, PbZr0.52Ti0.48O3, was studied as a function
of temperatures47–310 Kd and hydrostatic pressuresfrom 0.1 MPa to 7.6 GPad by neutron powder diffraction.

Series of monoclinicsspace groupsCm andCcd and triclinic phasessspace groupsF1 andF1̄d were observed
at various points in theP-T phase diagram of PbZr0.52Ti0.48O3. The high-pressure behavior is characterized by
two mechanisms, a rotation and reduction of the spontaneous polarization and the onset of octahedral tilting
leading to unit cell doubling. The results show that pressure, as in the case of temperature and external electric
fields, can induce polarization rotation.
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I. INTRODUCTION

Lead-based ferroelectric perovskites represent an impor-
tant class of piezoelectric materials. Due to their high piezo-
electric performances, lead-zirconate–lead-titanate solid so-
lutions PbZr1−xTixO3 sPZTd with x values close to 0.48 are of
particular interest. This composition lies on what is termed
the morphotropic phase boundarysMPBd between the ferro-
electric trigonalsspace groupR3md and tetragonal phases
sspace groupP4mmd. The high piezoelectric coupling con-
stants in these materials have long been attributed to the
simultaneous presence of trigonal and tetragonal domains
near the MPB.1 Recently, it has been shown that there is in
fact a monoclinic phasefspace groupCm sRefs. 2–4dg in this
region of the phase diagram. The polar axis of this phase can
lie anywhere between the pseudocubicf001g andf111g direc-
tions, thus providing a polarization rotation mechanism5,6 as
a possible origin for the high piezoelectric response. A sec-
ond monoclinic phasefspace groupCc sRefs. 7–9dg with a
doubled unit cell due to antiferrodistortive tilting of the
sZr,TidO6 octahedra has been observed below 210 K at am-
bient pressure in PbZr0.52Ti0.48O3 based on the appearance of
superlattice reflections in electron and neutron diffraction
data.

The origin of the stability of the monoclinic phase is still
a subject of discussion. From a theoretical point of view,
Devonshire theory has to be expanded to eighth order in
order for the monoclinic phase to be allowed.10 Recent Ra-
man scattering11 and electron diffraction studies12 indicate
that on a local level the structure of PZT is monoclinic over
a very wide compositional range due to off-center lead dis-
placements. Condensation of these displacements leads to
the formation of the observed, long-range monoclinic struc-
ture. Neutron diffraction results13,14show that the monoclinic
phase exhibitshkl-dependent broadening of the diffraction
lines, which has been related to spatial variation of the Zr/Ti
ratio. In the same study,13 it was predicted that in the absence
of spatial inhomogeneity the monoclinic phase would disap-

pear; however, spatial inhomogeneity is probably unavoid-
able in the PZT solid solution. It can also be noted4,13,15,16

that very often a second phasesR3m or P4mmd coexists with
the monoclinic form. The phases observed for a given
sample will be highly dependent on the exact chemical com-
position, spatial inhomogeneity, and method of synthesis.

In addition to the ongoing investigation of the relatively
well-studied, highly complex, composition-temperature
phase diagram of PZT, it is also very important to understand
the effect of hydrostatic pressure on the phase diagram of
this material. This is of particular interest as the dielectric
and piezoelectric properties of PZT ceramics, which depend
on the nature of the phases present and on domain wall mo-
tion, are known to be sensitive to stress induced by external
elastic or electric fields. Previous studies17–23 on
PbZr0.52Ti0.48O3 by x-ray diffraction, Raman spectroscopy,
and dielectric measurements indicate that the stable forms
at high pressure are the monoclinicCc form and a pseudocu-
bic form. The latter is characterized by cubic unit-cell
parameters and a strong Raman spectrum, which is not
consistent with the cubic paraelectric form found at high
temperature and ambient pressure. A different high-pressure
phase transition sequence involving rhombohedral forms
sCm-R3m-R3cd was proposed, based on a subsequent
investigation24 using x-ray diffraction, Raman spectroscopy,
and theoretical methods. The monoclinicCm andCc forms
have also been observed at high pressure by neutron diffrac-
tion in Ti-rich PZT compositions, which are tetragonal under
ambient conditions.25 Up to now, the structures of the high-
pressure forms of PbZr0.52Ti0.48O3 have not been determined.
The high-pressure behavior and crystal structures of
PbZr0.52Ti0.48O3 may be expected to be particularly complex
due to the possible coexistence of rotational and ferroelectric
lattice distortions for compositions close to the MPBsRef.
26d linked respectively toR4

+- andG4
−-type phonons.27 In the

present study, the structure of PbZr0.52Ti0.48O3 is refined at
severalsP,Td points in the pressure-temperature phase dia-
gram of PZT in order to determine the phase transition se-
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quence of this material and to investigate the relative roles of
rotation and reduction of the spontaneous polarization and
octahedral tilting at high pressure.

II. EXPERIMENT

PbZr0.52Ti0.48O3 was prepared by the conventional solid-
state reaction from high-puritys.99.9%d oxides via a two-
stage calcination process.17,18 The resulting powder samples
were analyzed by inductively coupled plasma and electron
microprobe analysis. The following Pb:Zr:Ti compositional
ranges were found: respectively, 1.00s1d :0.52s1d :0.48s1d
and 1.00s1d :0.53s1d :0.47s1d. Ambient-pressure, time-of-
flight neutron diffraction data at room temperature and at low
temperature were first obtained using an orange cryostat on
the Polaris medium resolution diffractometer at the ISIS
spallation source of the Rutherford Appleton Laboratory. The
21.8-g sample was placed in a 10-mm-diam standard vana-
dium sample can in the cryostat. Data were collected using
detector banks centered at 2u=90° sZnS scintillatorsd and
2u=145° s3He ionization countersd. The acquisition time
was of the order of 4 h. The data were corrected for absorp-
tion.

PbZr0.52Ti0.48O3 was then studied as a function of tem-
perature s128–310 Kd and pressures0.7–7.6 GPad in a
Paris-Edinburgh pressure cell, which was placed in a liquid
nitrogen cryostat, on the high-pressure facilitysHiPrd of the
PEARL beamline at ISIS. The sample was loaded into an
encapsulated null-scattering TiZr gasket with deuterated 4:1
methanol:ethanol as a pressure-transmitting medium. The
pressure was estimated based on the thermoelastic equation
of statesEOSd of lead,28 which had also been introduced into
the sample volume. The pressure variation was obtained
based on a third-order Birch-Murnaghan EOSsRef. 29d with
an ambient temperature bulk modulusB0=41.84 GPa and
first pressure derivativeB08=5.72. The temperature variation
was introduced by modifying the value ofV0 due to thermal
expansion.B0sTd is modeled by a quadratic inT and B08sTd
by a simple linear expression. The temperature was mea-
sured with a type-K thermocouple attached to the rear anvil

of the cell. The temperature stability was better than ±2 K.
Pressure was always increased at close to ambient tempera-
ture, at which the deuterated 4:1 methanol:ethanol remains
liquid in the pressure range studied in order to limit
reflection-broadening problems due to vitrification of the
pressure transmitting fluid, which occurs at low temperature.
Low-temperature pointss128 K,150 Kd were thus always
obtained along isobars. Data were collected at a diffraction
angle 2u=90° using a bank of ZnS scintillator detectors.
Data acquisition times were of the order of 10 h. The data
were normalized with respect to those of a standard vana-
dium sample and corrected for incident beam attenuation due
to the tungsten carbide anvils of the pressure cell.

Structure refinements were performed with the Rietveld
refinement programGSAS sRef. 30d. Four phases were in-
cluded in the refinements of the high-pressure data: PZT,
tungsten carbide and nickelsfrom the anvils of the pressure
celld, and lead. In the refinements, the cell parameters,
atomic positions, atomic displacement parameters, scale fac-
tor, and line shape parameters were varied along with up to
15 background parameters. The data were first refined using
isotropic atomic displacement parameters. Anisotropic
atomic displacement parameters were also refined for the
lead and oxygen atoms of PZT. Symmetry- and
hkl-dependent anisotropic microstrain parameters as imple-
mented inGSAS line shape 4 were also included.30,31 In re-
cent studies,13,14 this line shape function was found to be
particularly well suited to model the microstrain present in
PZT ceramics. All figures in parentheses refer to estimated
standard deviations.

III. RESULTS AND DISCUSSION

A. Variable-temperature study
of PbZr0.52Ti0.48O3

The diffraction data obtained as a function of temperature
at ambient pressure confirmed the presence of the ambient-
temperaturesCmd and low-temperaturesCcd monoclinic
forms in PbZr0.52Ti0.48O3, Tables I and II. The structural data
are similar to those reported in previous studies.9,15 As is

TABLE I. Cell parameters for monoclinic and triclinic PbZr0.52Ti0.48O3 as a function ofP andT.

PsGPad TsKd asÅd bsÅd csÅd asdegd bsdegd gsdegd VsÅ3d

0.0001 47 10.0067s2d 5.7033s1d 5.7149s1d 90 124.335s1d 90 269.321s8d
0.0001 150 10.0138s2d 5.7057s1d 5.7167s1d 90 124.367s1d 90 269.611s8d
0.0001 230 5.7160s1d 5.7094s1d 4.1342s1d 90 90.387s2d 90 134.915s3d
0.0001 280 5.7166s1d 5.7106s1d 4.1342s1d 90 90.347s2d 90 134.958s3d

0.7 150 9.9784s7d 5.7007s3d 5.7200s4d 90 124.59s3d 90 267.86s3d
1.1 280 5.7113s3d 5.7089s3d 4.0944s3d 90 90.356s7d 90 133.50s1d
2.4 281 9.8953s6d 5.6973s3d 5.7067s3d 90 124.995s3d 90 263.56s3d
3.8 288 8.0597s4d 8.0291s3d 8.0546s4d 90.141s13d 90.186s9d 90.051s11d 521.23s4d
4.9 295 8.0400s4d 8.0072s3d 8.0298s4d 90.224s7d 90.122s11d 90.067s10d 516.94s4d
7.2 128 7.9894s3d 7.9544s4d 7.9821s4d 90.265s8d 90.114s10d 90.139s14d 507.27s4d
7.1 306 7.9895s4d 7.9637s4d 7.9850s4d 90.208s10d 90.105s12d 90.110s16d 508.05s5d
7.6 310 7.9779s4d 7.9518s4d 7.9787s4d 90.267s10d 90.093s11d 90.198s12d 506.16s5d
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commonly encountered for samples which lie on the mor-
photropic phase boundary, the line shape of many reflections
is complex. The reflections are broader than those of non-
morphotropic samples. If one takes the pseudocubic 200 and
002 reflections, for example, even though these reflections
are well separated for PbZr0.52Ti0.48O3, the intensity does not
descend to the background level over the interval between
them as has been observed in previous studies. This behavior
has in the past been attributed to either the presence of a
second phasesmost commonly the rhombohedral formd or to
the presence of diffuse scattering due to disorder. In the
present study, the scattering between the 200 and 002 reflec-
tions had no well-defined structure that could be associated
with a reflection arising from a second phase. Two-phase
refinementssCm+R3md thus did not improve the fit to the
data. The best fits were obtained using single-phaseCm or
Cc with microstrain broadening to account for the distorted
line shapes due to true microstrain and also to different rela-
tive contributions under the peaks corresponding to different
classes of reflections due to diffuse scattering. Typical values
of the SHKL parameters used to model the microstrain are
given in Table III.

The presence of a single phase is in contrast with previous
neutron powder diffraction results on PbZr0.52Ti0.48O3 sRef.
15d and PbZr0.53Ti0.47O3 sRef. 16d, for which the tetragonal

and rhombohedral forms were found to be present, respec-
tively. This distinct behavior in the present study would ap-
pear to be due to slight differences in composition. It has
been shown that thec/a ratio for the elementary perovskite
unit cell depends closely on the composition in the
PbZr1−xTixO3 solid solution.4,16 The value obtained for the
present samples1.023d is intermediate with respect to those
studied in Ref. 15s1.026d and Ref. 16s1.019d, indicating that
the composition of the present sample is also intermediate.
This would be in agreement with the chemical analysis re-
sultsssee Experiment sectiond. In the present circumstances,
it appears that the composition studied lies intermediate be-
tween those, which were found to exhibit tetragonal and
rhombohedral secondary phases, respectively, in addition to
the principle monoclinic phase, which may thus explain the
absence of a secondary phase in the present study. It can be
noted that the spatial homogeneity of the samples investi-
gated in the present work can be expected to be very similar
to those described in previous work4,13 as the linewidths of
the principal reflectionss,0.015 Åd are essentially identical.

Superlattice reflections are present in the diffraction data
obtained at 47 and 150 K, indicating a doubling of the mono-
clinic unit cell as found previously at 10 K.8,9 These all-odd
hkl reflections with respect to a doubled elementary perov-
skite unit cell indicate the presence of an antiphase tilt
system.32 This phase transition from monoclinicCm to
monoclinic Cc involves antiferrodistortive tilting of the
sZr,TidO6 octahedra, leading to cell doubling. The superlat-
tice reflections are essentially due to these oxygen displace-
ments and can be expected to be of extremely low intensity
in x-ray diffraction. In theCc phase, which corresponds to a
a−a−c− tilt sytem,33 the rotation angles about axes parallel to
the pseudocubica sor bd andc directions can be calculated,
Table IV. It is found that the formerva is much smaller that
the lattervc, which reaches a value of 2.3° at 47 K.

If electronic polarization and domain contributions are ne-
glected, the structural data can be used to calculate the spon-
taneous polarization along with the polarization rotation
anglesud with respect to the pseudotetragonalz axis in the

TABLE II. Fractional atomic coordinates, isotropicsisod, or
equivalentseqd atomic displacement parameterssÅ2d and agreement
factorss%d for monoclinic PbZr0.52Ti0.48O3 as a function ofT. Cm:
site occupancies Pb, Zr/Ti, Os1d 2asx,0 ,zd, Os2d 4bsx,y,zd. Ori-
gin at Pb position.Cc: site occupancies 4asx,y,zd. Origin based on
Pb x andz coordinatess0,y,0d.

Cc Cc Cm Cm

TsKd 47 150 230 280

y-Pb 0.7420s2d 0.7428s3d 0 0

Ueq-Pb 0.012s1d 0.0148s2d 0.0178s2d 0.0195s2d
x-Zr, Ti 0.2192s2d 0.2193s2d 0.4783s5d 0.4815s6d
y-Zr,Ti 0.2596s7d 0.2598s7d 0 0

z-Zr,Ti 0.1921s4d 0.1951s4d 0.5623s3d 0.5619s4d
Uiso-Zr 0.0050s1d 0.0052s1d 0.0047s1d 0.0043s1d
Uiso-Ti 0.0196s5d 0.0170s5d 0.0084s3d 0.0076s3d
x-Os1d −0.0433s1d −0.0431s1d 0.4675s3d 0.4698s3d
y-Os1d 0.2439s6d 0.2455s8d 0 0

z-Os1d −0.0840s2d −0.0806s2d 0.0871s2d 0.0861s3d
Ueq-Os1d 0.0089s4d 0.0104s7d 0.0107s3d 0.0115s3d
x-Os2d 0.1955s3d 0.1954s1d 0.2209s2d 0.2231s3d
y-Os2d 0.4861s1d 0.4888s3d 0.2450s2d 0.2451s3d
z-Os2d −0.1016s3d −0.0959s3d 0.6102s2d 0.6089s2d

Ueq-Os2d 0.0066s3d 0.0075s3d 0.0105s3d 0.0110s2d
x-Os3d 0.1921s1d 0.1944s1d
y-Os3d 0.0033s3d 0.0013s4d
z-Os3d 0.4170s3d 0.4205s3d

Ueq-Os3d 0.0094s2d 0.0113s3d
Rwp 3.8 4.2 4.0 4.0

Rp 4.2 4.0 4.0 4.2

TABLE III. Microstrain SHKL and Gaussian-Lorentzian mixing
coefficient h from the Rietveld refinement of monoclinicCm
PbZr0.52Ti0.48O3. The d-dependent Gaussian contribution to the
linewidth, s1=32 at 280 K.

PbZr0.52Ti0.48O3

TsKd 280

h 0.516s5d
S400 0.700s11d
S040 0.285s7d
S004 5.36s5d
S220 0.467s8d
S202 −0.513s18d
S022 −0.236s14d
S301 −0.587s13d
S103 1.99s3d
S121 −0.580s17d
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monoclinic phase using the following relationship:16

Ps = s1/Vdoiqir i , s1d

whereqi andr i are, respectively, the point charges and their
positions in the unit cell of volumeV. It can be seen from
Table V that the effect of temperaturesat Patm=0.0001 GPad
from 47 to 280 K is to decrease both the rotation angleu and
Ps. Over this temperature range, only minor variations are
observed. At higher temperatures bothu andPs tend to zero
su→0 at the monoclinic-tetragonal phase transition3 near
300 K and Ps→0 at the transition34–36 to the paraelectric
cubic phase at 667 Kd.

B. Variable-pressure, variable-temperature study of
PbZr0.52Ti0.48O3

The structure of PbZr0.52Ti0.48O3 could be successfully re-
fined using a monoclinicCm structural model, Tables I and
VI, using the neutron diffraction data obtained at 1.1 GPa
and 280 KsFig. 1d, as was the case at ambient pressure. The
results indicate a slight reduction in the spontaneous polar-
ization, Table V.

The data obtained both atP=0.7 GPa,T=150 K sFig. 2d
and P=2.4 GPa,T=281 K indicate a transition to a high-
pressure form and confirm that the structure is monoclinic,
space groupCc, as found at low temperature and ambient
pressure. The same all-oddhkl superlattice reflections are
present, indicating a doubling of the monoclinic unit cell.
The superlattice reflections increase in intensity as a function
of pressure due to the increased tilting of thesZr,TidO6 oc-
tahedra, Table IV. In fact, at 2.4 GPa and higher pressures,
all the possible all-oddhkl superlattice reflections in the
d-spacing range between 1.3 and 3 Ås311, 331, 333, 511,
533 and their permutationsd are clearly visible in the diffrac-
tion patterns. The observation of these superlattice reflections
confirms the presence of the monoclinicCc form and indi-
cate that cell doubling occurs at a much lower pressure that
the 6–7 GPa proposed based on x-ray diffraction and Raman
spectroscopy.24 Recent dielectric measurements23 indicate a

broad hysteresis loop in the pressure range up to 1.8 GPa,
which may be linked to theCm-Cc phase transition. This is
consistent with the first-order nature of the equivalent tran-
sition in PbZr0.40Ti0.60O3 occurring at close to 3 GPa with a
0.7% volume change.23,25 It can also be noted that, based on
a close inspection of published Raman spectra,18,24 the stron-
gest peak related to octahedral tilting in the doubled unit
cell18 actually begins to appear as a weak shoulder in the
360-cm−1 region at close to 2 GPa.

A transition from monoclinicCm to rhombohedralR3m
symmetry was proposed to occur in the 2–3 GPa pressure
range based on x-ray diffraction data.24 The present evidence
for unit-cell doubling due to octahedral tilting in this pres-
sure range eliminates these two space groups, which are not
compatible with such tilting. If there is a tendency towards
rhombohedral symmetry above 3 GPa, the space groupR3c
stilt systema−a−a−d, which is a supergroup ofCc, should be
considered instead. Various structural models were used for
the refinement of the structure using the data obtained at
3.8 GPa and 288 K, including monoclinicCc, rhombohedral
R3c, and triclinicF1. The latter group is a direct subgroup of
Cc and corresponds to thea−b−c− tilt system.32,33This struc-
ture was found in a recent neutron diffraction study37 of 7%
lanthanum-doped PbZr0.65Ti0.35O3 sPLZTd and it was pro-
posed that this structure may exist in certain regions of the
phase diagrams of both the PLZT and PZT systems instead
of theR3c structure. Triclinic forms have also been identified
in theoretical calculations.10,38,39 Of the three candidate
structures, the poorest fit was obtained with theR3c model
sRwp=3.0% ,Rp=3.1%d. This was particularly noticeable
for the strong pseudocubic 111 and 200 reflections. InR3c
symmetry only the former is split. In the calculated profiles
using this model the width of the 111 reflection is systemati-
cally overestimated, whereas that of the 200 reflection is un-
derestimated even when a line shape function with micros-
train contributions is used. TheR3c model thus does not
accurately reproduce the experimental data. The present re-
sult is in agreement with previous x-ray diffraction
studies,17,24 which indicate that the cell parameters have not
yet merged to a single pseudocubica parameter at 3.8 GPa.

TABLE V. Spontaneous polarizationPs and rotation anglesu
andw as a function ofP andT for PbZr0.52Ti0.48O3.

P sGPad T sKd Ps smC/cm2d u sdegd w sdegd

0.0001 47 40.3 23.4 0

0.0001 150 39 22.3 0

0.0001 230 38.2 19.3 0

0.0001 280 37.6 19.5 0

0.7 150 38.6 39 0

1.1 280 32.4 18.3 0

2.4 281 27.4 23.5 0

3.8 288 17 30 4

4.9 295 21 71 12

7.2 128 19 67 28

7.1 306 0 - -

7.6 310 0 - -

TABLE IV. Octahedral tilt anglessva,vb,vcd as a function ofP
andT for PbZr0.52Ti0.48O3.

P sGPad T sKd va sdegd vb sdegd vc sdegd

0.0001 47 0.15 0.15 2.3

0.0001 150 0.2 0.2 1.7

0.0001 230 0 0 0

0.0001 280 0 0 0

0.7 150 0.5 0.5 2.3

1.1 280 0 0 0

2.4 281 1.1 1.1 2.9

3.8 288 1.6 0.5 3.4

4.9 295 1.5 1.8 2.7

7.2 128 2.5 2.2 5.7

7.1 306 2.5 2 6

7.6 310 2.5 2 6
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TABLE VI. Fractional atomic coordinates, isotropicsisod, or equivalentseqd atomic displacement param-
eterssÅ2d and agreement factorss%d for monoclinic and triclinic PbZr0.52Ti0.48O3 as a function ofP. Data for
WC, Ni, and Pb included in the multiphase refinements are also given.Cm: site occupancies Pb, Zr/Ti, Os1d
2a sx,0 ,zd, Os2d 4bsx,y,zd. Origin at Pb position.Cc: site occupancies 4asx,y,zd. Origin based on Pbx and
z coordinatess0,y,0d. F1: site occupancies 4asx,y,zd. Origin at s0,yPb-0.25,0d to permit comparison with

the coordinates in theF1̄structure. F1̄: Site occupancies Zrs1d /Tis1d 4f s0.75,0,0.25d, Zrs2d /Tis2d
4cs0.25,0,0.25d, Pb, Os1d, Os2d Os3d 8isx,y,zd. Origin at inversion center. Additional phases:

WC-6̄m2 Ws0,0,0d C s2/3,1/3,1/2d, Ni-Fm3̄m Ni s0,0,0d, Pb-Fm3̄m Pbs0,0,0d. The values obtained for
the pressure cell components WC and Ni are not representative of these materials as they are in a highly
strained state and in addition are not centered on the diffractometer.

Cm Cc F1 F1̄

T sKd 280 150 288 310

P sGPad 1.1 0.7 3.8 7.6

y-Pbs1d 0 0.7417s11d 0.25 0.2501s27d
Ueq-Pbs1d ,Pbs2d 0.021s1d 0.020s1d 0.020s3d 0.019s3d

x-Pbs2d 0.01933s9d
y-Pbs2d 0.7483s20d
z-Pbs2d −0.0139s10d

x-Zrs1d ,Tis1d 0.4694s22d 0.2197s8d 0.2425s36d 0.25

y-Zrs1d ,Tis1d 0 0.2656s21d 0.0146s29d 0

z-Zrs1d ,Tis1d 0.5477s17d 0.2065s12d 0.2722s21d 0.25

Uiso-Zrs1d ,Zrs2d 0.011s1d 0.0058s7d 0.0040s7d 0.0024s5d
Uiso-Tis1d ,Tis2d 0.034s3d 0.035s3d 0.041s3d 0.0094s15d
x-Zrs2d ,Tis2d 0.7465s35d 0.75

y-Zrs2d ,Tis2d 0.0076s40d 0

z-Zrs2d ,Tis2d 0.2646s23d 0.25

x-Os1d 0.4657s14d −0.0377s4d 0.7329s13d 0.7191s5d
y-Os1d 0 0.2474s35d 0.7591s20d 0.7518s28d
z-Os1d 0.0707s13d −0.0842s7d 0.2257s13d 0.2592s14d

Ueq-Os1d 0.015s2d 0.008s2d 0.017s3d 0.013s2d
x-Os2d 0.2176s12d 0.1969s5d 0.7316s13d 0.7579s22d
y-Os2d 0.2448s11d 0.4841s7d −0.0033s32d −0.0121s22d
z-Os2d 0.5905s7d −0.0977s10d 0.0236s9d −0.0027s36d

Ueq-Os2d 0.014s2d 0.004s1d 0.0065s2d 0.053s4d
x-Os3d 0.2029s5d 0.0077s26d 0.0026s25d
y-Os3d 0.0051s10d −0.0177s11d −0.0207s4d
z-Os3d 0.4276s15d 0.2342s18d 0.2590s13d

Ueq-Os3d 0.014s1d 0.017s3d 0.011s2d
x-Os4d 0.2272s12d
y-Os4d −0.0033s32d
z-Os4d 0.0163s9d

Ueq-Os4d 0.0065s2d
x-Os5d 0.7570s18d
y-Os5d 0.2644s14d
z-Os5d 0.2547s19d

Ueq-Os5d 0.016s4d
x-Os6d 0.5099s24d
y-Os6d 0.0166s12d
z-Os6d 0.2312s16d

Ueq-Os6d 0.016s4d
aWC sÅd 2.8997s5d 2.9012s4d 2.8931s5d 2.8900s5d
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In contrast to the above, the best fit was obtained with the
triclinic F1 model sRwp=2.5% ,Rp=2.4%d, Fig. 3. In this
structure, the tilt anglesva andvb are no longer required to
be equal as in the monoclinicCc phase and the spontaneous
polarization can now adopt any given orientation. This ori-
entation can be described using a second rotation anglew
scalculated from the spontaneous polarization components
Pssxd andPssydd in addition tou. The anglew is defined as the
rotation angle in thexy plane with respect to thex axis in the
monoclinicCmphasesi.e.,w=0°d, which is equivalent to the
f110g direction in both the primitive cubic perovskite struc-
ture and in the triclinicF1 structure. Such a triclinic structure
is particularly interesting with respect to its piezoelectric re-
sponse as the polarization vector can adopt any orientation in
space. It can therefore align itself with an electric field via a
polarization rotation mechanism without the requirement for
electric-field-induced phase transitions with their corre-
sponding energy barriers. It may also be noted that theF1 sor
P1d space group is the only group in which there are no
nonpolar directions.

A significant reduction in line broadening was observed
with increasing pressure. The data obtained at 3.8 GPa were
essentially limited by the instrumental resolution. This reduc-
tion in linewidth can be linked to decreased microstrain
broadening due to a lower susceptibility to spatial inhomo-
geneity of Zr/Ti sRefs. 13 and 14d for the crystal structures

present at high pressure and to less diffuse scattering linked
to disordersprimarily due to off-center lead displacementsd
with respect to that existing in the monoclinicCm phase in
the present sample at lower pressures. The recent results on
the tetragonal composition PbZr0.40Ti0.60O3 at high pressure
support the presence of these two phenomena in theCm form
as, in contrast to the present work on PbZr0.52Ti0.48O3, the
neutron diffraction linewidths were found toincreasewith
pressure25 as a consequence of theP4mm-Cm phase transi-
tion. The presence of significant disorder in theCm phase of
PbZr0.52Ti0.48O3 is also supported by theoretical
calculations,40 which indicate the presence of contributions
from phonons at points lying outside the center of the Bril-
louin zone. The data obtained at 4.9 GPa and 295 K and at
low temperatures7.2 GPa,128 Kd were also fitted with the
best agreement factors using anF1 structural model.

Previous x-ray diffraction studies17,24 indicated that at
close to 5 GPa at room temperature, the unit cell of
PbZr0.52Ti0.48O3 is strongly pseudocubic. At this pressure,
several Raman modes in 125–145 cm−1 region were found
to disappear17,18as was the case for the transition to the cubic
paraelectric phase at ambient pressure and high
temperature.41 It can be noted that for the ferroelectric
phases, the Raman spectra are similar, and in contrast to
what occurs at the transition at 5 GPa, new modes appear at
the various transitions.18,25 The disappearance of modes at

FIG. 1. Experimental and calculated profiles from the Rietveld
refinement of the monoclinicCm phase of PbZr0.52Ti0.48O3 at
1.1 GPa and 280 K. The difference profile is on the same scale.
Vertical ticks indicate, from the top down, the calculated positions
of theCm phase, tungsten carbide and nickel from the anvils of the
pressure cell and lead.

FIG. 2. Experimental and calculated profiles from the Rietveld
refinement of the monoclinicCc phase of PbZr0.52Ti0.48O3 at
0.7 GPa and 150 K. The difference profile is on the same scale.
Vertical ticks indicate, from the top down, the calculated positions
of the Cc phase, tungsten carbide and nickel from the anvils of the
pressure cell and lead. Arrows indicate the most prominent super-
lattice reflections.

TABLE VI. sContinued.d

Cm Cc F1 F1̄

cWC sÅd 2.8344s8d 2.8294s6d 2.8346s8d 2.8233s8d
Uiso-W −0.0075s9d −0.0069s7d −0.0060s9d −0.008s1d
Uiso-C −0.0016s8d −0.0022s6d −0.0052s6d −0.0039s8d
aNi sÅd 3.5250s8d 3.5320s6d 3.5289s8d 3.5169s8d
Uiso-Ni 0.001s1d −0.0027s6d 0.0006s9d 0.002s1d
aPb sÅd 4.908s2d 4.908s1d 4.830s1d 4.745s2d
Uiso-Pb 0.011s3d 0.014s3d 0.006s2d 0.006s2d

Rwp 3.0 2.6 2.5 2.4

Rp 3.0 2.6 2.4 2.2
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5 GPa and the similarity with respect to the high-temperature
behavior41 give supporting evidence for a transition from a
polar, noncentrosymmetric group to a nonpolar, centrosym-
metric group. Cubic symmetry is, however, incompatible
with the antiphase tilting, which gives rise to the superlattice

reflections found in the present study. A centrosymmetricF1̄
model structure was thus also tested for the points obtained
above this pressure in the 306–310 K temperature range.
The agreement factors obtained with this structural model
sRwp=2.4% ,Rp=2.2%d, Fig. 4, at the highest pressure
s7.6 GPa,310 Kd are equivalent to those obtained using the
polar F1 space group. In this structure, Fig. 5, the Zr,Ti
cations are located on inversion centers and the constituent
octahedra are tilted about directions parallel toa, b, andc.

C. Polarization rotation and octahedral tilting at high
pressure

The phase transition behavior of PbZr0.52Ti0.48O3 as a
function of pressure and temperature is dominated by the
rotation and reduction of the spontaneous polarization and by
octahedral tilting, Tables IV and V. Polarization rotation is

active at low temperature and ambient pressure. High pres-
sure is also shown to drive this process. It should be noted
that, whereas polarization rotation decreases as a function of
temperature and increases as a function of pressure, the mag-
nitude ofPs decreases as a function ofP andT. Particularly
high values ofu are obtained at high pressure in theF1
phase. Furthermore, an additional degree of freedom is al-
lowed: rotation in thexy plane described by the anglew. The
u values obtained at the two highest pressures for theF1
phase, Table V, are very close to that corresponding to the
pseudocubicf112g direction su=70.5°d. This indicates that
the rotation of the in-plane componentsi.e., u angled of the
spontaneous polarization occurs principally between the
f001g and f112g directions and is not limited to the pathway
between thef001g and thef111g direction su=54.7°d, corre-
sponding to rhombohedral symmetry, as proposed
previously.5 In the recent study37 of the F1 structure in
PLZT, the polarization direction was also found to lie close
to f112g, and it was proposed that the observed domain
morphology42,43 may be explained by the complex domain
structure due to the change in polarization direction between
equivalentk112l directions. In addition, such a domain struc-
ture indicates that the triclinic phase may extend to compo-
sitions with lower La content. This prediction is verified by
the present study as this phase is shown to occur for pure,
undoped PZT at high pressure.

The spontaneous polarization decreases as a function of
increasing temperature and/or pressure indicating a tendency
towards a paraelectric state. A centrosymmetric structure is
obtained at the highest pressures at room temperature corre-

sponding to theF1̄ phase. It can be noted, however, that
broad features are still present in the Raman spectrum of this
phase17,18,24 in addition to the sharp bands characteristic of
an ordered form. This may be evidence for the persistence of
F1-like “polar nanoregions”sPNRd sRefs. 44–46d in the
“paraelectric” phase. Whereas the sharp bands persist, these
broad features slowly decrease in intensity with further in-
creases in pressure corresponding to the reduction in size and
gradual disappearance of these PNR’s.

Octahedral tilting is already present at ambient pressure at
temperatures below 210 K in the monoclinicCc phase7–9

sa−a−c− tilt sytemd in PbZr0.52Ti0.48O3. Polyhedral tilting in
general can be an efficient compression mechanism in the

FIG. 3. Experimental and calculated profiles from the Rietveld
refinement of the triclinicF1 phase of PbZr0.52Ti0.48O3 at 3.8 GPa
and 288 K. The difference profile is on the same scale. Vertical
ticks indicate, from the top down, the calculated positions of theF1
phase, tungsten carbide and nickel from the anvils of the pressure
cell and lead. Arrows indicate the most prominent superlattice
reflections.

FIG. 4. Experimental and calculated profiles from the Rietveld

refinement of the triclinicF1̄ phase of PbZr0.52Ti0.48O3 at 7.6 GPa
and 310 K. The difference profile is on the same scale. Vertical

ticks indicate, from the top down, the calculated positions of theF1̄
phase, tungsten carbide and nickel from the anvils of the pressure
cell and lead. Arrows indicate the most prominent superlattice
reflections.

FIG. 5. Crystal structure of the triclinicF1̄ phase of
PbZr0.52Ti0.48O3.
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ABO3 perovskite structures provided that there is a differ-
ence in compressibility between theAO12 and BO6
polyhedra.47 If the AO12 polyhedra are more compressible,
octahedral tilting is predicted to increase, whereas in the case
of less compressibleAO12 polyhedra, octahedral tilting de-
creases with pressure. This will also depend on the value of
the tolerance factor48 t=dA-O/ s21/2ddB-O. In the case of an
undistorted perovskitet=1, whereas octahedral tilting is ex-
pected to be present fort,1 as theA cation is too small for
A-cation site in the perovskite structure. The compressibility
of the average Pb-O distance in the PbO12 polyhedron is
50% greater than that of the averagesZr,Tid-O distance in
the sZr,TidO6 octahedron for PbZr0.52Ti0.48O3, Table VII. It
can be noted that for PbZr0.52Ti0.48O3 at ambient temperature
and pressure,t is very close to the limiting value of 1sob-
served valuet=1.004d. At the highest pressure reached, this
value decreased to 0.994. It can thus be expected that octa-
hedral tilting will act as an important compression mecha-
nism. This is true at low temperaturessT,210 Kd over the
entire pressure range investigated and at higher temperatures
beginning at theCm-Cc transition pressure above 1.1 GPa.

In the triclinic F1 andF1̄ phases, although the tilt system is
a−b−c−, the actual tilt configuration withvc@va,vb is very
similar to that present in theCc phase. Thus, even at the
highest pressure the structure does not approach rhombohe-
dral R3c symmetry, in which all three tilt angles are required
to be identical.

The present results permit an updatedP-T phase
diagram of PbZr0.52Ti0.48O3 to be proposed, Fig. 6. Two
phase boundaries have been measured experimentally. The

P4mm-Pm3̄m phase boundary was shown to be negative by
dielectric measurements49,50 up to 0.8 GPa. The boundary

separating the paraelectric high-pressureF1̄ phase from the
lower-pressure ferroelectric phases was obtained from x-ray
diffraction17 and Raman scattering results.17,18 The present

TABLE VII. Polyhedral interatomic distancessÅd for monoclinic and triclinic PbZr0.52Ti0.48O3 as a
function of P.

Cm Cm Cc F1 F1̄

T sKd 280 280 150 288 310

P sGPad 0.0001 1.1 0.7 3.8 7.6

Pb-O1 2.495s1d 2.517s5d 2.383s5d 2.610s10d; 2.614s24d 2.599s8d
Pb-O2 2.495s1d 2.517s5d 2.591s7d 2.726s20d; 2.665s25d 2.655s17d
Pb-O3 2.707s2d 2.674s8d 2.611s5d 2.741s20d; 2.717s17d 2.706s9d
Pb-O4 2.685s1d 2.739s6d 2.703s8d 2.835s11d; 2.719s13d 2.709s23d
Pb-O5 2.685s1d 2.739s6d 2.753s7d 2.843s15d; 2.741s17d 2.750s16d
Pb-O6 2.883s2d 2.876s8d 2.848s21d 2.844s13d; 2.817s17d 2.790s23d
Pb-O7 2.883s2d 2.876s8d 2.912s21d 2.861s12d; 2.888s17d 2.837s24d
Pb-O8 3.144s1d 3.051s5d 3.074s6d 2.864s12d; 2.943s18d 2.879s18d
Pb-O9 3.144s1d 3.051s5d 3.089s7d 2.870s15d; 2.981s17d 2.933s23d
Pb-O10 3.054s2d 3.067s8d 3.144s5d 2.964s19d; 3.015s13d 2.950s8d
Pb-O11 3.318s1d 3.258s5d 3.210s6d 2.975s19d; 3.076s22d 2.992s17d
Pb-O12 3.318s1d 3.258s5d 3.397s5d 3.081s10d; 3.112s22d 3.052s8d
Pb-Om 2.901s1d 2.885s6d 2.893s9d 2.854s17d 2.814s16d

Ti,Zr-O1 1.968s2d 1.953s9d 1.906s12d 1.933s28d; 1.927s34d 1.990s22d; 1.977s29d
Ti,Zr-O2 2.016s3d 2.014s11d 2.002s8d 2.001s28d; 1.946s20d 1.990s22d; 1.977s29d
Ti,Zr-O3 2.016s3d 2.014s11d 2.018s13d 2.017s26d; 2.020s40d 2.019s29d; 1.981s20d
Ti,Zr-O4 2.045s3d 2.040s11d 2.045s11d 2.033s18d; 2.036s20d 2.019s29d; 1.981s20d
Ti,Zr-O5 2.045s3d 2.040s11d 2.127s7d 2.069s18d; 2.065s34d 2.024s20d; 2.019s22d
Ti,Zr-O6 2.169s2d 2.142s9d 2.157s13d 2.181s34d; 2.130s35d 2.024s20d; 2.019s22d
Ti,Zr-Om 2.043s3d 2.034s10d 2.043s11d 2.030s29d 2.002s24d

Two distance values are given in triclinic symmetry, in which there are two inequivalentAO12 fPbs1d ,Pbs2dg
and/orBO6 fZrs1d ,Tis1d ;Zrs2d ,Tis2dg polyhedra.

FIG. 6. Pressure-temperature phase diagram of PbZr0.52Ti0.48O3.
The solid lines represent phase boundaries obtained from x-ray dif-
fraction, Raman spectroscopy, and dielectric measurements. Dashed
lines correspond to proposedP-T boundaries. Neutron diffraction
data are represented bys+d along with the in-plane contributionsw
not shownd to the calculated spontaneous polarization vector.
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neutron diffraction results establish certain points inP-T
space, where these ferroelectric phases were found to be
present. Possible phase boundaries are thus proposed based
on these data. The low-temperature section of the boundary
between theCc and F1 phases is supported by changes,
which are found at low pressure in the published Raman
spectra obtained at 44 and 154 K.18 A hypothetical F1

-Pm3̄m phase boundary is proposed with a positive slope as,

due to the increase in tilt angle in theF1̄ phase as a function
of pressure, more thermal energy will be required to return to
an undistorted cubic perovskite structure. The polarization
rotation mechanism and the associated reduction in polariza-
tion as a function ofT andP are also clearly evident from the
polarization vectors given for each point corresponding to a
structure refined by neutron diffraction.

IV. CONCLUSIONS

The crystal structure of PbZr0.52Ti0.48O3 was refined at 12
points in theP-T phase diagram of this material. A series of

low-symmetry monoclinicsCm,Ccd and triclinic sF1,F1̄d
structures are identified for PbZr0.52Ti0.48O3 as a function of
pressure. However, no transitions to rhombohedral or cubic
forms were observed. The high-pressure structure present
above 6 GPa is centrosymmetric and triclinic. The principle
compression mechanisms active at high pressure are the ro-
tation and reduction of the spontaneous polarization and tilt-
ing of the sZr,TidO6 octahedra. Low temperature and high
pressure have similar but contrasting effects on
PbZr0.52Ti0.48O3. In both cases, polarization rotation and oc-
tahedral tilting increase; however, the magnitude of the spon-
taneous polarization increases with decreasing temperature,
but decreases at high pressure. The combined effect of these
mechanisms leads to the observed complex phase diagram of
this material involving a number of low-symmetry struc-
tures.
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