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Dielectric, piezoelectric resonance frequency, and powder neutron diffraction studies as a function of tem-
perature have been performed on several compositions of (1—x)[Pb(Mg;3Nb,3)O03]-xPbTiO3; (PMN-xPT)
ceramics in and outside the morphotropic phase boundary (MPB) region to investigate the phase transitions
and phase stabilities in this mixed system. Anomalies in the temperature dependence of piezoelectric resonance
frequency and dielectric constant are correlated with structural changes using Rietveld analysis of powder
neutron diffraction data. The frequency dependent dielectric studies reveal relaxor ferroelectric behavior for
x<<0.35 and a normal ferroelectric behavior for x=0.35. The dielectric peak temperature and the Vogel-
Fulcher freezing temperature are found to increase linearly with “x” while their difference, after decreasing
linearly with x, vanishes at x=0.35 suggesting a crossover form relaxor ferroelectric to normal ferroelectric
behavior at this composition. A phase diagram of the PMN-xPT system showing the stability fields of ergodic
relaxor, monoclinic Mp, monoclinic M, tetragonal and cubic phases is presented. Our results suggest the
presence of a succession of three phase transitions, not reported earlier, corresponding to structural changes
from the monoclinic My to the monoclinic M to the tetragonal to the cubic phases for 0.27<x=<0.30 on
heating above room temperature. In addition, our studies confirm the earlier findings on transitions from the
monoclinic M - to the tetragonal to the cubic phases for 0.31 <x=0.34 on heating above room temperature and
tetragonal to monoclinic M phase on cooling below room temperature for x=0.36. All these transitions are
found to be accompanied with anomalies either in the temperature dependence of dielectric constant or the
piezoelectric resonance frequency or both. Rietveld analyses of the powder neutron diffraction data at various
temperatures on a pseudorhombohedral composition with x=0.25 suggest that the short range M type mono-
clinic order present at room temperature grows to long range monoclinic order on lowering the temperature.
The temperature variations of the unit cell parameters and atomic shifts are also presented to throw light on the

nature of the various phase transitions in this mixed system.
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I. INTRODUCTION

Solid solution systems like Pb(Zr,Ti;_,)O5; (PZT), (1
—x)Pb(Mg, 5Nb,,3)-xPbTiO4 (PMN-xPT) and (1
—x)Pb(Zn,;3Nb,/3)-xPbTiO; (PZN-xPT) etc. are technologi-
cally important for piezoelectric transducer and actuator
applications.! The phase diagram of these mixed systems ex-
hibits a morphotropic phase boundary (MPB) which has until
recently been believed to separate the rhombohedral (R) and
tetragonal (T) phase fields.> The MPB is of special signifi-
cance for technological applications since the electrome-
chanical response of these materials is found to be maximum
for the MPB compositions.? Until recently, it has been be-
lieved that the rhombohedral and tetragonal phases with R3m
and P4mm space groups, respectively, coexist in the MPB
region.”® In recent years, several monoclinic phases have
been discovered’ '3 in these MPB ceramics, some of which
have been confirmed to be present in the MPB region
itself.”31011 The discovery of the monoclinic phases in
the MPB systems has catalyzed several exciting
experimental'#~2% and theoretical developments.?'?? Interest-
ing field induced phase transitions were discovered in PZT,!*
PMN-xPT,'>!® and PZN-xPT,!” highlighting the important
role of the intermediate monoclinic phase for the large elec-
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tromechanical response of these materials. Optical studies
have revealed domain patterns characteristic of the mono-
clinic phases in these mixed systems.'320 Theoretical first
principles calculations and phenomenological theory consid-
erations have not only confirmed the existence of monoclinic
phases in the MPB region®'?? but also revealed the dominant
role of rotational instabilities of polarization vector across
the MPB compositions.?! Further, phenomenological theory
considerations have shown that the Devonshire free energy
expansion upto the eighth-order term is needed to stabilize
the monoclinic phases indicating the highly anharmonic na-
ture of these materials.?? All these studies have also led to
significant modifications of the phase diagrams of these solid
solution systems.?2

Among the three strongly piezoelectric MPB systems viz
PZT, PZN-xPT, and PMN-xPT, the PMN-xPT is the most
attractive because it can be easily prepared both in single
crystal as well as ceramic forms whereas it is difficult to
prepare PZT single crystals and PZN-xPT ceramics. In the
PMN-xPT system, Singh and Pandey'® first reported an M
type monoclinic phase (in the notation of Vanderbilt and
Cohen??) with Pm space group in the MPB region at x
=0.34. Soon afterwards, they!' presented evidence for the
presence of another monoclinic phase with space group Cm
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in the MPB region in between the rhombohedral and mono-
clinic Pm phase fields. It was shown'! that the monoclinic
Cm phase of PMN-xPT is of My type in the notation of
Vanderbilt and Cohen®? in contrast to the M, type with iden-
tical space group previously reported in the Pb(Zr,Ti;_,)O;
(PZT) ceramics.”® The components of the polarization vec-
tors, Py, Py, P, along the three pseudocubic axes bear dif-
ferent relationships for the M and My phases, viz. Py=P,
<P, for M, and P,=P,>P, for My.** Temperature and
electric field dependent optical domain structure studies on
PMN-xPT single crystals by Tu et al.?’?® also suggest the
presence of a monoclinic Cm phase. Using Rietveld analysis
of x-ray powder diffraction data, the compositional range of
the stability of the different crystallographic phases of the
PMN-xPT at room temperature has been precisely located by
Singh and Pandey.'! It has been shown!! that the structure of
the PMN-xPT is rhombohedral (R) for x<0.27, monoclinic
with space group Cm (M type) for 0.27<x=<0.30, mono-
clinic with space group Pm (M type) for 0.30<x<0.35
and tetragonal (T) for x=35. The presence of the monoclinic
M . phase in the MPB region of the PMN-xPT has since been
confirmed using synchrotron x-ray diffraction (XRD) studies
also Ref. 24. Further, a high-resolution powder neutron dif-
fraction study by Singh et al.?® has unambiguously con-
firmed the stability of the second monoclinic phase of My
type. Thus, the sequence of structural phases appearing at
room temperature with increasing Ti** content in the
PMN-xPT system is R-M g-M ~-T. Theoretical phase diagram
of Vanderbilt and Cohen* supports the possibility of such a
sequence of phase transition as a function of composition
from the point of view of continuous rotation of the polar-
ization vector between [001] and (111) pseudocubic direc-
tions of the tetragonal and rhombohedral phases. Evidence
for an M phase has also been obtained by Viehland and Li*
in their field induced transition studies on a PMN-0.30PT
crystal. Using experimental data of Singh and Pandey'' and
Noheda et al.,>* Topolov and Ye® have verified the important
role of these intermediate M and M~ monoclinic phases and
the phases coexisting with them across the MPB in relieving
the mechanical stresses and providing the elastic matching of
the strains at the various interphase boundaries.

In addition to the stability of the M phase at room tem-
perature in the composition range 0.31<x<0.34,'%1" this
phase has been reported at low temperatures also as a result
of a phase transition from the room temperature tetragonal
phase for x=0.35, as shown by Kiat et al.'?> for x=0.35 and
Noheda et al. for x=0.35 and 0.37.2* Kiat et al.'? confirmed
the M phase at low temperatures using Rietveld analysis of
powder neutron diffraction data for x=0.35. Noheda et al.?*
did not use Rietveld technique and their conclusion about the
M - phase is based on the profile analysis of the synchrotron
data of a few selected reflections. No attempt was made by
Noheda et al.?* or Kiat et al.'? to study the temperature de-
pendence of the atomic displacements which constitute the
microscopic order parameter. Based on the temperature
variation of the cell parameters, Noheda er al.** have re-
ported a new phase diagram of PMN-xPT which includes the
stability region for the monoclinic M phase, earlier discov-
ered by Singh and Pandey,'” along with those for the rhom-
bohedral and tetragonal phases. However, this tentative
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phase diagram of PMN-xPT (Ref. 24) needs to be modified
in view of the subsequent discovery of the monoclinic My
phase by Singh and Pandey'! and Singh et al.?® Another
limitation of the phase diagram proposed by Noheda et al.?*
is that the phase boundaries were determined on the basis of
the temperature variations of unit cell parameters only which
cannot be reliable on account of the large coexistence re-
gions accompanying these transitions.!!>* The present work
contains the results of a comprehensive study on PMN-xPT
ceramics with the objective of not only settling the phase
diagram aspects but also several other outstanding issues
outlined below.

Singh and Pandey'' observed two peaks in the composi-
tion dependence of room temperature dielectric constant (&)
around x=0.30 and x=0.35 corresponding to the Cm-Pm
(Mg-M¢) and Pm-P4mm (M -T) phase boundaries. Simi-
larly, Guo et al.3! found evidence for two peaks in d5; versus
x plot for single crystals of PMN-xPT at compositions ex-
actly matching with the earlier observation of two peaks by
Singh and Pandey'! for the &' versus x plot. There is no
satisfactory explanation as to why the plot of dielectric con-
stant and ds; coefficient against composition (x) at room
temperature shows two peaks''3! corresponding to the
Cm-Pm and Pm-P4mm phase boundaries at x=0.30 and x
~(.35, respectively, but none corresponding to the R3m
-Cm phase boundary at x=0.27. We attribute this to the
presence of short range My type monoclinic order in the
so-called rthombohedral compositions at room temperature.
These short-range ordered monoclinic regions are found to
grow on lowering the temperature, as revealed by profile
analysis of the diffraction data at various temperatures.

The temperature dependent dielectric studies on PMN
-xPT by earlier workers>*32-34 have revealed two dielectric
anomalies in poled ceramics and single crystals for PMN
rich compositions near the MPB. One of these anomalies is
strong and corresponds to the main Curie peak whereas the
second one is rather weak. There is considerable controversy
about the origin of the weak anomaly in &'(T) and several
different explanations based on depoling,> Vogel-Fulcher
freezing,®> and rhombohedral to tetragonal phase
transition>3* have been advanced in the literature. We report
here the observation of a weak dielectric anomaly even in
unpoled PMN-xPT ceramics which cannot be attributed to
any one of the three reasons proposed by the earlier workers.
Experimental evidences are presented to demonstrate that
this anomaly is linked with a monoclinic M to tetragonal
phase transition.

To settle the issues outlined above, we present here the
results of temperature dependent dielectric constant and pi-
ezoelectric resonance frequency to study the phase transition
behavior of several PMN-xPT compositions across the MPB.
We then correlate the temperatures corresponding to the
anomalies in the dielectric constant and/or piezoelectric reso-
nance frequency with structural changes using Rietveld
analysis of temperature dependent powder neutron diffrac-
tion data. Powder neutron diffraction data is needed since the
x-ray diffraction data cannot help determine the sense of
relative displacements of titanium and oxygen atoms
uniquely, as was first noted by Shirane et al.?’ in the context
of the structure determination of the tetragonal phase of pure
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PbTiO;. To the best of our knowledge, there is no report
dealing with the temperature dependence of the atomic dis-
placements in various crystallographic phases of PMN-xPT.
In the present work, we have investigated this aspect also
and have studied the microscopic order parameter (i.e., the
displacements of cations and anions with respect to their
symmetric positions) as calculated from the coordinates ob-
tained by Rietveld refinements at various temperatures. We
use our results to modify the existing phase diagram of
PMN-xPT (Ref. 24) by incorporating the phase fields of the
monoclinic Cm and Pm phases.

II. EXPERIMENTAL
A. Sample preparation

Chemically homogeneous and stoichiometric samples
containing only the perovskite phase of PMN-xPT were pre-
pared by a newly developed method® without using any ex-
cess amount of MgO or PbO, in contrast to the generally
followed methods where one uses excess amount of PbO and
MgO to avoid the formation of the unwanted pyrochlore
phase.>?*37 The Columbite precursor MgNb,O, was pre-
pared by calcining a stoichiometric mixture of
MgCO5.3H,0O and Nb,Os5 at 1050 °C for 6 h. Stoichio-
metric amount of TiO, was mixed in the next step with
MgNb,O¢ and calcined at 1050 °C for 6 h to obtain
(1-x)/3MgNb,0¢-xTiO, (MNT) precursors. This MNT pre-
cursor was then mixed with the stoichiometric amount of
PbCO;, and calcined at 750 °C for 6 h, to obtain PMN
-xPT powders. The as-calcined powders were compacted
into the form of circular pellets of 12 mm diameter and
1.5 mm thickness at an optimum load of 65 kN. Sintering
was carried out at 1150 °C for 6 h in PbO atmosphere. The
weight loss due to possible PbO evaporation was less than
0.2% and the sintered densities were close to 99% of the
theoretical density. Sintered pellets were crushed into fine
powders and annealed at 500 °C for 10 h to remove the
strains introduced during crushing. The annealed powders
were used in the neutron diffraction measurements.

B. Dielectric and piezoelectric resonance frequency
measurements

For dielectric measurements top and bottom surfaces of
the sintered pellets were polished gently with 0.25 wm dia-
mond paste, cleaned with isopropyl alcohol and then elec-
troded with fired-on silver paste which was first dried at
150 °C and then cured at 500 °C for 5 min. For piezoelec-
tric measurements, the electroded pellets were poled at a
field of 35 kV/Cm at 50 °C for 1 h and then cooled to room
temperature with field applied. The piezoelectric resonance
(f,) and antiresonance (f,,) frequencies were measured in the
planar mode by finding out the maximum and minimum
value of impedance as a function of frequency using a So-
lartron Impedance Gain Phase Analyzer (Model 1260). The
capacitance and tan & values at various frequencies were
measured using Hioki 3532 LCR-Hitester. The temperature
of the sample in these measurements was controlled within
+1 °C using an Eurotherm (Model 2416) programmable
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temperature controller. Temperature of the sample was varied
at a rate of 1.5 °C/min during the dielectric constant and
piezoelectric resonance frequency measurements.

C. Neutron data collection

High-resolution neutron powder diffraction patterns were
recorded on a HRPT diffractometer at SINQ, Switzerland
with a wavelength of 1.154 A. The diffractometer is
equipped with 1600 detectors, covering a range of 160° scat-
tering angle. For the used set up (collimations «;=12', a,
=24"), the best resolution of Ad/d=0.0013 is achieved for
the scattering angle interval 120°-140°. The patterns below
room temperature were recorded by cooling the sample in
the closed cycle refrigerator. The high temperature patterns
were recorded by heating the sample in the radiation furnace.
The powders were packed into cylindrical shape Al contain-
ers with 8 mm diameter.

D. Rietveld refinement details

Rietveld refinement of the powder neutron diffraction data
in the 26 range 14 to 155° was carried out using DBWS-
9411 and Fullprof programmes.3® Pseudo-Voigt function was
used to model the peak profiles. We have used isotropic peak
shape function because there is a risk of structural features
falsely being modeled in terms of anisotropic peak broaden-
ing while using anisotropic peak shape function. Background
was estimated using linear interpolation method between
fixed values. Except for the occupancy parameters of the
atoms, which were fixed at the nominal composition, all
other parameters, i.e., scale factor, zero correction, profile
parameters, lattice parameters, and positional coordinates
were refined. Anisotropic peak shape function was also con-
sidered for the R3m structure. The isotropic thermal param-
eter values for Pb were invariably found to be high. Use of
anisotropic thermal parameters for Pb led to improvements
in the agreement factors for monoclinic Cm phase. Other
structures were refined using isotropic thermal parameter
values. Use of anisotropic thermal parameters for Pb in the
rhombohedral phase also led to improved R factors, however,
R factors were inferior to those obtained for isotropic Pb-
thermal parameters with local (100) displacements of Pb su-
perimposed on [111] shift. In view of this, local displace-
ments of Pb with isotropic thermal parameter were
considered while refining rhombohedral structure.

In the cubic phase with the Pm3m space group, Pb occu-
pies I(a) sites at (0,0,0), Ti/Mg/Nb occupy 1(b) sites at

(%,%,%) and oxygen occupies 3(c) sites at (1,2,0). In the

tetragonal phase with P4mm space group, tﬁe 2asymmetric
unit consists of four atoms with the Pb atom in 1(a) sites at
(0,0, z), Ti/Nb/Mg and Oy in 1(b) sites at (1/2,1/2,z), and
Oy in 2(c) sites at (1/2,0,z). The asymmetric unit of the
monoclinic phase with space group Pm has got five atoms
with Pb and Oy in I(a) site at (x,0,z), Ti/Nb/Mg, Oy and
Oy in 1(b) sites at (x,1/2,z). In the monoclinic phase with
space group Cm, there are four atoms in the asymmetric unit
with Pb, Ti/Nb/Mg, and Oy in 2(a) sites at (x,0,z) and Oy in
4(b) sites at (x,y,z). For the rhombohedral phase with R3m
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FIG. 1. Variation of the real (¢’) and imaginary (&”) parts of
dielectric constant with temperature for upoled PMN-xPT ceramics
measured at 1 kHz: (a) x=0.36, (b) x=0.32, (¢) x=0.29, and (d) x
=0.25. Insets in (b) and (c) illustrate weak dielectric anomaly cor-
responding to the monoclinic to tetragonal phase transition and in-
set in (d) shows shift in 7,," with increasing measuring frequency.
The arrow at the main peak in this inset points to increasing fre-
quencies of measurement (0.1, 0.5, 1, 5, 10, and 50 kHz). The sec-
ond arrow shows the abrupt disappearance of the frequency disper-
sion at the Vogel-Fulcher freezing temperature (Typ).

space group, we used hexagonal axes with lattice parameters
ay=by=\2 ag and cy=v3 ap where ay corresponds to the
rhombohedral cell parameter. In the asymmetric unit of the
rhombohedral phase Pb and Nb/Ti/Mg atoms occupy 3(a)
sites at (0,0,z) and O at the 9(b) site at (x,2x,1/6). Pb was
fixed at (0,0,0) for the cubic, tetragonal and monoclinic
structures.

III. RESULTS AND DISCUSSION

A. Dielectric and piezoelectric resonance frequency (f,)
measurements

Phase transition studies on unpoled PMN-xPT ceramics
were carried out above the room temperature using dielectric
measurements for the composition range 0.25<x<0.39 at
Ax=0.01 interval. Fig. 1 depicts the temperature dependence
of the dielectric constant of four PMN-xPT compositions
with x=0.25, 0.29, 0.32, and 0.36, representative of the
rhombohedral, monoclinic Cm, monoclinic Pm and tetrago-
nal structures at room temperature, respectively. These mea-
surements were carried out during heating above the room
temperature. Filled and open circles in this figure correspond
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FIG. 2. Composition dependence of 7,,', T, and their differ-
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ence (AT=T,'-T,") for PMN-xPT ceramics as obtained at 1 kHz.

to the real (¢’) and imaginary (&”) parts of the dielectric
constant. It is evident from this figure that the dielectric
anomaly for x=0.36 is relatively sharp while it is smeared
out for the other three compositions. Furthermore, the tem-
peratures 7,' and 7, corresponding to the peaks in the
¢'(T) and &"(T) plots are coincident (i.e., T7,'=T,") for x
=0.36 whereas for the other compositions 7,," is found to be
less than T,'(T,"<T,'). The fact that T,"<T,’ for x
= (.32 clearly points towards relaxor nature of the transition
giving rise to the broad peak in &'(T).* For relaxor ferro-
electrics, not only 7, is less than T, but both the peak
temperatures also shift to higher side on increasing the mea-
suring frequency due to relaxational freezing of the dipolar
clusters.’*" This was indeed observed for the PMN-xPT
compositions with x<<0.35, and is illustrated in the inset for
x=0.25 for &'(T). The composition dependence of T,,’, T,,"
and their difference (AT=T,'—T,") as obtained at 1 kHz is
shown in Fig. 2. It can be seen from this figure that the
difference AT decreases with increasing PT content in
PMN-xPT indicating a weakening of the relaxor features.
With the addition of PbTiOj it is expected that the relaxor
behavior will eventually give way to regular ferroelectric be-
havior since PMN is an archetypal relaxor ferroelectric
whereas PbTiO; is a regular ferroelectric. It is also evident
from Fig. 2 that AT=T,'—T," vanishes around x=0.35 sug-
gesting a crossover from relaxor ferroelectric to regular
ferroelectric behavior at x=0.35, in agreement with the re-
sults shown in Fig. 1 for x=0.36 where 7, and T, are
coincident.

As said earlier in Sec. I, a weak dielectric anomaly below
the main Curie peak has been reported by several workers in
poled PMN-xPT ceramics and single crystals during
heating.>*3>3* This has been variously attributed to
depoling,® Vogel-Fulcher freezing,’> and rhombohedral to
tetragonal structural phase transition.>*3* We have also ob-
served a weak dielectric anomaly preceding the main Curie
peak in the composition range 0.27<x=<0.34 as depicted in
the insets to Figs. 1(b) and 1(c) for x=0.32 and 0.29. This
anomaly cannot be attributed to depoling process since the
data presented in Fig. 1 correspond to measurements on un-
poled ceramics. In order to decide whether this dielectric
anomaly is due to Vogel-Fulcher freezing of polar clusters,
we analyzed the frequency dispersion of imaginary part of
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FIG. 3. Composition dependence of the Vogel-Fulcher freezing
temperature (7Tyg) and Tm’ for PMN-xPT ceramics as obtained from
the frequency dispersion of T,". Data points for pure PMN and
PMN-0.10PT were adapted from Refs. 41 and 42.

the dielectric constant which gave 426.7 K and 411.2 K as
the Vogel-Fulcher freezing temperatures for x=0.32 and x
=0.29. Both these temperatures are substantially higher than
the temperatures 380 K and 399 K corresponding to the
weak dielectric anomaly for x=0.32 and 0.29, respectively.
Hence the week dielectric anomalies preceding the main Cu-
rie peak in Fig. 1 for x=0.32 and 0.29 cannot be attributed to
Vogel-Fulcher freezing of the polar clusters. This leaves be-
hind a structural phase transition as the only reason for this
weak anomaly preceding the main Curie peak. As will be
shown in the subsequent sections, this anomaly is linked
with the monoclinic (Mg/M ) to tetragonal phase transition
and not with the rhombohedral to tetragonal phase transition
assumed by earlier workers.3*3

Composition dependence of the Vogel-Fulcher freezing
temperature, as obtained from the frequency dispersion of
T,”, is shown in Fig. 3 which also includes the freezing
temperatures for pure PMN and PMN-0.10PT adapted from
Refs. 41 and 42. It is interesting to note that the variation of
Vogel-Fulcher freezing temperature with composition fol-
lows a linear relationship. Further, for x=0.35, not only Tm'
becomes equal to 7,," (see Fig. 2) but also the Ty versus x
line on extrapolation meets the 7,," versus x line suggesting
regular ferroelectric behavior for x=0.35, in agreement with
the results of Fig. 2.

Since all the compositions studied in the present work are
ferroelectric at room temperature, it is expected that any
phase transition occurring below room temperature will be
from one ferroelectric phase to another ferroelectric phase.
The low temperature transitions involving two ferroelectric
phases do not give rise to prominent anomalies in &’(7) and
g"(T). Tt has been shown for PZT ceramics by Ragini et
al.® that such transitions between two ferroelectric phases
exhibit pronounced anomalies in the temperature dependence
of piezoelectric resonance frequency (f,) which is a measure
of the elastic modulus (E) of the material (f,o VE). In view
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FIG. 4. Variation of piezoelectric resonance frequency (f,) with
temperature below 300 K for PMN-xPT ceramics with x=0.25,
0.29, 0.32, and 0.36. The anomaly around 235 K for x=0.36 corre-
sponds to room temperature tetragonal to low temperature mono-
clinic M phase transition.
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of this, we have used “f,” measurements to search for the
transitions occurring below room temperature. Fig. 4 shows
the variation of piezoelectric resonance frequency with tem-
perature below 300 K for the four representative composi-
tions of PMN-xPT with x=0.25, 0.29, 0.32, and 0.36. The
compositions with x=0.25, 0.29, and 0.32 behave like nor-
mal solids which expand on heating and for which, the elas-
tic modulus, and hence f,, is expected to increase on cooling
from higher temperature side. However, for the composition
with x=0.36, f, decreases with decreasing temperature,
shows a minimum around 235 K and then it starts increasing
on further lowering of the temperature. The decreasing value
of f,. with decreasing temperature up to 235 K is anomalous
and is a signature of a lattice instability due to a soft mode
for an impending structural phase transition.** This anoma-
lous behavior disappears below 235 K as f, starts increasing
with decreasing temperature thereafter, as expected for a nor-
mal solid. Thus the soft mode freezes at around 235 K. This
clearly reveals a phase transition from the room temperature
tetragonal phase to another phase for x=0.36 at 235 K. A
similar low temperature phase transition was observed for
other tetragonal compositions also in the vicinity of the MPB
with x=0.35 and 0.37. Unlike these tetragonal compositions,
the temperature dependence of f, for the room temperature
rhombohedral, monoclinic My and monoclinic M~ phases of
PMN-xPT with x=0.25, 0.29, and 0.32, respectively, do not
show any evidence for a low temperature phase transition.

The f, measurement also indicate a phase transition at the
“weak” dielectric anomaly temperature shown in the inset to
Fig. 1(b) for x=0.32. This is illustrated in Fig. 5 which de-
picts the temperature variation of f, for x=0.32 above room
temperature. It is evident that a phase transition does occur at
380+1 K as the sign of the temperature coefficient of f,
changes at this temperature. From the very broad and weak
dielectric anomaly shown in the inset to Fig. 1(b), it was not
possible to determine this phase transition temperature so
precisely (within =1 K).
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o ] we have concentrated on the evolution of the very high angle
E 168 4 cubic peaks such as 400, 440, and 620 so that the splittings
5 1 of the peaks in the lower symmetry phases become discern-
5 166 - ible.
g 164 X 1. Phase transitions in PMN-0.25PT
§ | . 0 The room temperature structure of PMN-xPT is generally
% 1624 ® f X!’ 380K believed to be rhombohedral with space group R3m for com-
% 160 ! positions with x<0.26.!" This phase remains stable at low
2 ] ;\ temperatures also as shown in Sec. III A using dielectric and
2 1584 piezoelectric resonance frequency measurements. The rhom-
s I bohedral PMN-0.25PT ceramics on heating transform into
300 320 340 360 380 400 the paraelectric cubic phase above 395 K.
Temperature (K) The pseudocubic 400, 440, and 620 neutron powder dif-

fraction profiles recorded at 80 K, 300 K, and 500 K are
shown in Fig. 6 along with the Rietveld fits and agreement
factors obtained using the entire neutron powder diffraction

FIG. 5. Variation of piezoelectric resonance frequency (f,) with
temperature above 300 K for PMN-0.32PT ceramics depicting a

M to tetragonal phase transition around 380 K. data in the 26 range 14 to 155°. At 500 K, each one of the
three profiles is a singlet which is consistent with the cubic
B. Powder neutron diffraction studies structure with space group Pm3m and further confirmed by

the good match between the observed and calculated patterns

We shall now correlate the anomalies in &(7) and f.(T)  [see Fig. 6(a)]. At 300 K, the 440 and 620 profiles get broad-
with various structural changes using Rietveld analysis of  ened and the 440 profile show clear asymmetry on the lower
powder neutron diffraction data for X=0.25, 029, 032, and two @ side indicatjng a change of Crystal structure by lower-
0.36, representative of the rhombohedral (R), monoclinic  ing the temperature from 500 K to 300 K. The Rietveld re-
Mp, monoclinic M, and tetragonal (7) structures at room  finement of the structure using rhombohedral R3m space

temperature, respectively. To study the structural changes, group below the transition temperature 395 K, accounts for
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most of the features of the observed neutron diffraction pro-
files but the fit between the observed and calculated profiles
is not satisfactory as can be seen from Fig. 6(b) for the 620
profile. The agreement factors are also unsatisfactory. Simi-
lar intensity mismatch between the observed and calculated
profiles have been reported by Corker et al.** in the case of
the thombohedral phase of PZT and has been attributed to
local monoclinic displacements within the global rhombohe-
dral structure.” We therefore refined the structure at 300 K
considering local (100) displacements of Pb superimposed
on the [111] shift of the rhombohedral structure. The rhom-
bohedral structure with local displacements of Pb atom gave
considerably lower agreement factors with improvement in
the fit between the observed and calculated profiles for re-
flections like 620 as shown in Fig. 6(c) but the fit for the 440
type profiles has deteriorated. For the 80 K pattern, the
rhombohedral structure with local lead shift leads to unsatis-
factory fit [see Fig. 6(d)] for all the three reflections shown in
the figure. In all these refinements, we assumed isotropic
peak broadening function. However, anisotropic peak broad-
ening functions* have been used successfully for refining
the structure of several Pb based perovskites.'? Before pro-
posing any lower symmetry structure, we therefore consid-
ered anisotropic profile shape function also in our refine-
ments to see if it can account for the large broadening of the
620 profile. As shown in Fig. 6(e), the fit for the 620 profile
in fact improves after using anisotropic peak broadening
function but the fits for the other reflections such as 440 and
400 profiles deteriorate. As a result, the overall Bragg R fac-
tor (Rz) does not show any improvement even after consid-
ering anisotropic peak broadening.

As the next step, we considered the model of Ragini et
al.,} which has subsequently been corroborated by Glazer et
al*® also. According to this model, the anomalous peak
broadening in the so-called rhombohedral compositions of
PZT are indeed due to a monoclinic structure with Cm space
group. In the PMN-xPT system, an My phase with Cm space
group has already been confirmed for the composition range
0.27<x=<0.30,"! which were also considered to be rhombo-
hedral. In view of this we considered the Mp phase in our
refinements for x<<0.27 as well. Since there are two other
possible monoclinic phases (M and M, type), we consid-
ered them also in our refinements for the sake of complete-
ness of the analysis. Out of the three monoclinic M, M,
and My phases, the My phase gives the lowest R factors and
good fit between the observed and calculated profiles [see
Figs. 6(f)-6(h)]. It is evident from Fig. 6(f) that the mono-
clinic M - phase gives very bad fit between the observed and
calculated profiles even though it has a larger number of
refinable parameters in comparison with the monoclinic M,
and My phases. The resulting R (5.17) for the monoclinic
M . phase is much higher than even that for the pseudorhom-
bohedral model (Rz=4.51) shown in Fig. 6(d). Thus the
monoclinic M phase can be easily ruled out. A comparison
of Fig. 6(g) with Fig. 6(h) suggests that the fits for the mono-
clinic M, phase are inferior to those for the My phase with
significantly higher R factor, even though the number of re-
finable parameters are identical for both the models. This
clearly favors the monoclinic My phase over the M, phase.
Since there is no structural phase transition between the
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room temperature and 80 K for PMN-0.25PT [see Sec.
IIT A], we believe that the monoclinic My structure is the
correct structure at room temperature also. Consideration of
the Mp phase in the refinements indeed gives better fit be-
tween the observed and calculated profiles [see Fig. 6(i)], as
compared to the rhombohedral structure model considered in
Fig. 6(b). We thus conclude that the monoclinic My phase,
reported earlier to be stable in the composition range 0.27
=<x=0.30 only, exists in the entire composition range x
=<0.30.

The question may now arise as to why the Mp phase in
the composition range 0.27<x=<0.30 exhibits peak split-
tings in the high angle 440 and 620 reflections?® but not for
x<<0.27. This has to be attributed to smaller ferroelectric
domain sizes for x<(.27 leading to larger Scherrer broaden-
ing masking the peak splitting. This explanation is consistent
with the experimental observation of decreasing domain size
with decreasing Ti-concentration in the PMN-xPT system.!?
What is most striking in the 80 K pattern for x=0.25 is the
large broadening of the 620 profile as compared to the in-
strumental broadening revealed by the width of the same
reflection at 500 K in the cubic phase. For a rhombohedral
phase, the 620 peak should have been a doublet but if one
tries to fit two peaks, each of width equal to that of the cubic
peak at 500 K, there is a clear misfit. One can in principle
explain the overall width of the 620 peak using two peaks,
each of much larger widths as compared to that of the 620
peak at 500 K. This would imply that the rhombohedral do-
main size is decreasing with decreasing temperature since the
width of the 620 profile increases considerably on lowering
the temperature from 300 K to 80 K. But such a decreasing
domain size with temperature is physically unrealistic as the
ferroelectric ordered regions are known to grow with de-
creasing temperature. The unusual broadening of the diffrac-
tion profiles at low temperatures may also arise due to the
coexistence of phases around a first order phase transition
temperature. However, there is no phase transition taking
place in PMN-0.25PT between 300 K and 80 K [see Sec.
IIT A] and hence the question of the appearance of a second
phase below room temperature does not arise. The other
standard explanation for the anomalously large broadening at
80 K can be in terms of anisotropic peak broadening due to
fluctuations in lattice parameters as per the model of
Stephens.*> Such fluctuations in lattice parameters are usu-
ally caused by frozen-in compositional fluctuations but the
broadening caused by compositional fluctuations cannot be
temperature dependent. Any temperature dependent aniso-
tropic peak broadening has therefore to be attributed to pres-
ence of a lower symmetry phase, such as Mp phase in the
present case whose monoclinic distortion grows with de-
creasing temperature as can be seen from Fig. 7.

The dielectric results presented in Sec. III A suggest re-
laxor ferroelectric behavior for PMN-0.25PT. The observa-
tion of a structural change associated with the relaxor type
dielectric anomaly may appear somewhat intriguing, as mac-
roscopic symmetry breaking is not observed in the ergodic
and nonergodic relaxor ferroelectric phases of pure PMN.*0
However macroscopic symmetry breaking has been reported
for the nonergodic relaxor ferroelectric phases of PMN-
0.10PT (Ref. 42) below the Vogel-Fulcher freezing tempera-
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FIG. 7. (a) Evolution of the lattice parameters of the pseudor-
hombohedral My phase with temperature for PMN-0.25PT obtained
after Rietveld analysis of neutron powder diffraction data at various
temperatures. For easy comparison with the cubic cell parameters,
the equivalent perovskite cell parameters a,, and b, calculated from
the monoclinic cell parameters A,, and B,, are plotted (a,,=A,,/\2
and b,,=B,,/\2). (b) Temperature dependence of the unit cell vol-
ume. The error bar for each data point is smaller than the size of the
symbols.

ture (Typ) of 285 K. In the present case (i.e., for x=0.25), the
Vogel-Fulcher freezing (381 K) temperature is found to be
well above the room temperature and hence the observation
of macroscopic symmetry breaking at room temperature,
similar to that reported in PMN-0.10PT below Ty, is not
unexpected. The fact that a bulk diffraction probe such as
neutron diffraction reveals symmetry breaking suggests that
the size of the polar regions of PMN has increased substan-
tially as a result of PbTiO5 substitution. Similar to PMN-
0.25PT and PMN-0.10PT, pure PMN also exhibits noner-
godic relaxor ferroelectric phase below Tyg but the size of
the polar regions is not big enough to show characteristic
splitting of powder diffraction peaks. The observation of a
hard mode below Ty in PMN by Wakimoto et al.*’ suggests
that the nonergodic relaxor ferroelectric phase is similar to
the normal ferroelectric phase in lattice dynamical sense.

The evolution of the lattice parameters with temperature
for PMIN-0.25PT obtained after Rietveld analysis of neutron
powder diffraction data at various temperatures is depicted in
Fig. 7. For easy comparison with the cell parameter of the
cubic (ac) phase, the equivalent perovskite cell parameters
a,, and b,,, which are related to the monoclinic A,, and B,),
cell parameters as A,,/v2 and B,,/ \2, are shown in this fig-
ure. It is evident from this figure that the monoclinic angle 8
decreases linearly with increasing temperature. The values of
b,, and Cm cell parameters are very close and increase lin-
early with temperature upto the Curie point whereas a,, de-
creases continuously with increasing temperature. At the Cu-
rie point there is a discontinuous change in b,,, Cm and  but
not in a,,.

In normal ferroelectric oxides, the unit cell volume de-
creases linearly on cooling up to the Curie point and then
increases in the ferroelectric transition region due to the dis-
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FIG. 8. Variation of the atomic shifts with temperature for
PMN-0.25PT as obtained by Rietveld analysis of powder neutron
diffraction data. The error bar for each data point is smaller than the
size of the symbols.

placement of ions. It, however, again decreases with tem-
perature on further cooling because of the dominance of the
thermal contraction effects. In relaxors, in contrast, the pres-
ence of polar nanoregions generates dilatational electrostric-
tive strain*’ which offsets the thermal contraction behavior to
such an extent that the cell volume becomes nearly tempera-
ture independent in the Curie range.*® In PMN-0.25PT, we
find that the unit cell volume is nearly constant in the tem-
perature range 400 K to 300 K [see Fig. 7(b)] which mimics
relaxor like features.

Figure 8 shows the variation of atomic shifts () with
temperature for PMN-0.25PT for the My phase. The yq,, 202,
and zq; displacements are rather small in magnitude and are
almost constant over the entire temperature range below 7,,".
The largest displacement is observed for xq;, followed by
X1is 211> a0d X@o. The xg; shift decreases at the fastest rate and
becomes zero discontinuously at the R3m to Pm3m phase
transition temperature. Based on the observation of thermal
hysteresis in the optical birefringence, Zekria and Glazer*
have proposed a first order transition between the ferroelec-
tric and paraelectric cubic phases for compositions with x
<0.30. The discontinuous change of several microscopic or-
der parameters (xj,Z1i,X02,X0;) at the transition temperature
seems to favor a first order structural phase transition even
though the unit cell volume discontinuity is smoothened out
due to the electrostrictive strains caused by polar regions.
The refined structural parameters for PMN-0.25PT at various
temperatures are listed in Table 1.

2. Phase transitions in PMN-0.29PT

Figure 9 shows the evolution of 400, 440, and 620
pseudocubic profiles as a function of temperature for PMN-
0.29PT. At 500 K all the three profiles are singlet as expected
for the cubic phase [Fig. 9(a)]. The cubic structure at 500 K
is consistent with the results of the high temperature dielec-
tric measurements also which give 7, =419 K at 1 kHz. In
the data for 415 K [Fig. 9(b)], which is just below the Curie
point, the 620 profile has split whereas the 440 profile shows
an asymmetric tail on the higher 26 side and 400 profile
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TABLE 1. Refined structural parameters for PMN-0.25PT at different temperatures.

Structure
(S.G.) Monoclinic (Cn) Cubic (Pm3m)

Temp. (K) 80 300 350 375 400 450 500
a (A) 5.7022(3) 5.6987(5) 5.6969(6) 5.6952(9) 4.0242(1) 4.0244(1) 4.02545(1)
b (A) 5.6815(4) 5.687(6) 5.6889(5)  5.6903(8) — — —
¢ (A) 40167(3)  4.0211(4)  4.0215(1)  4.0220(1) — — —
B(°) 90.248(5)  90.135(8)  90.109(1)  90.083(1) — — —

B,,(Pb) 0.007(1)  0.014(1)  0.0192)  0.024(4)
Ba>(Pb) 0.027(1) 0.032(2) 0.032(3) 0.031(4) 3.994(4) 3.98(4) 3.92(4)
B33(Pb) 0.038(2) 0.036(4) 0.037(5) 0.035(4)
B13(Pb) 0.009(1) 0.011(1) 0.011(2) 0.010(3)
XriNoe 0532(1)  0522(1)  05192)  0515(2) — — —
Zrinbivg 0.474(2)  04654)  0.464(4)  0.460(4) — — —
B(Ti/Nb/Mg) 0.37(3) 0.41(4) 0.43(4) 0.39(6) 0.38(2) 0.49(2) 0.62(2)
Xo1 0.5714(9) 0.552(1) 0.546(2) 0.537(2) — — —
Zo1 -0.037(2) -0.030(4) -0.029(4) -0.029(5) — — —
B(0O1) 0.73(4) 1.16(9) 1.4(1) 1.4(2) 1.67(1) 1.63(1) 1.64(1)
Xon 0.272(1) 0.265(2) 0.266(3) 0.264(5) — — —
Yoo 0.2530(6)  0.252(1)  0252(1)  0.252(2) — — —
Zon 0.495(2)  0.492(4)  0.490(4)  0.490(5) — — —
B(02) 0.85(2) 1.28(5) 1.40(7) 1.5(1) — — —
pr 7.46 6.93 7.09 7.73 9.32 9.05 7.64
Rexp 3.02 3.13 3.20 321 3.23 3.19 3.08
)(2 6.10 4.90 4.90 4.79 8.32 8.04 6.15

shows asymmetry on the lower 26 side. All these features are
consistent with the tetragonal structure with P4mm space
group. Due to small tetragonal distortion at higher tempera-
tures, splitting of the 400 and 440 cubic peaks into a pair of
peaks with indices 004/400 and 404/440, respectively, is not
clearly seen except through the presence of the asymmetries
in the tails. However, the high angle 620 peak does show
clear splitting consistent with the tetragonal structure.
Rietveld analysis of the entire diffraction pattern in the 26

Intensity (arb. unit)

0
T

440

range 14 to 155° confirms a tetragonal structure of PMN-
0.29PT at 415 K with space group P4mm as can be seen
from the satisfactory fit between the observed and calculated
profiles shown in Fig. 9(b). The tetragonal phase of PMN-
0.29PT undergoes a further phase transition as can be seen
from a comparison of the profile shapes at 300 K [Fig. 9(c)]
and 80 K [Fig. 9(d)] with those at 415 K. The asymmetric
tail of the 440 profile, present on the higher 26 side in the
415 K pattern shown in Fig. 9(b), appears now on the lower
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FIG. 9. Evolution of the 400, 440, and 620
cubic powder neutron diffraction profiles as a
function of temperature for PMN-0.29PT. The
solid dots show the observed diffraction profiles,
while the continuous line the calculated patterns
obtained by the Rietveld analysis of the neutron
powder diffraction data for different structures.
The vertical tick marks show the positions of
various Bragg reflections.
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FIG. 10. Evolution of the lattice parameters with temperature
for PMN-0.29PT obtained after Rietveld analysis of the neutron
powder diffraction data at various temperatures. For easy compari-
son, the equivalent perovskite cell parameters a,, and b,, calculated
from the monoclinic cell parameters A, and B,,, are plotted in the
monoclinic region (a,,=A,,/\2, b,,=B,,/\2). The error bar for each
data point is smaller than the size of the symbols.

26 side in Figs. 9(c) and 9(d). This may at first instance
suggest a rhombohedral structure at 300 K and 80 K. How-
ever, if it were a rhombohedral phase, the 400 peak should
have been a singlet. The large broadening of the 400 profile
at 300 K, as compared to the width of the same profile in the
cubic phase, i.e., at 500 K, clearly indicates the presence of
more than one peak. In addition, the 620 profile should have
consisted of two sharp components for the rhombohedral

PHYSICAL REVIEW B 74, 024101 (2006)

structure. But the overall FWHM of this profile is much
more than the sum of two resolution limited peaks. All these
features rule out the rhombohedral structure for PMN-
0.29PT at 300 K and 80 K. As already shown elsewhere®®
using detailed analysis of powder neutron diffraction data,
the structure of PMN-0.29PT is monoclinic with Cm space
group of My type at room temperature (300 K). This is fur-
ther corroborated by the good fit between the observed and
calculated profiles for 300 K and 80 K obtained by Rietveld
analysis using Cm space group (see Fig. 9). It also confirms
the absence of any low temperature phase occurring below
300 K in PMN-0.29PT in agreement with the dielectric and
piezoelectric resonance frequency measurements reported in
Sec. III A.

The evolution of the lattice parameters with temperature
for PMN-0.29PT is depicted in Fig. 10. For easy comparison
with the cell parameters of the tetragonal (ar,cy) and cubic
(ac) phases, the equivalent perovskite cell parameters a,, and
b,,, which are related to the true_ monoclinic A, and B,, cell
parameters as A,,/v2 and B,,/\2, are plotted in the mono-
clinic region. The orientation relationship between mono-
clinic and tetragonal cells is such that [110],/[100],

[1107,,I[010]; and [001],,1[100];. It is evident from this fig-
ure that the Cm cell parameter becomes equal to a; param-
eter of the tetragonal phase continuously whereas the b,, pa-
rameter approaches a; discontinuously at the monoclinic to
tetragonal phase transition temperature. The a,, parameter
decreases with increasing temperature but shows a discon-
tinuous jump to become cy at the monoclinic to tetragonal

TABLE II. Refined structural parameters for PMN-0.29PT at different temperatures.

Structure Tetragonal
(S.G)) Monoclinic (Cm) (P4mm) Cubic (Pm3m)

Temp. (K) 80 300 415 450 500 550
a (A) 5.7025(3) 5.6968(3) 4.0166(1) 4.0206(1) 4.0211(1) 4.0215(1)
b (A) 5.6778(3) 5.6820(4)
¢ (A) 4.0087(2) 4.0132(3) 4.0287(2)

B(°) 90.240(6) 90.125(8)
B1,(Pb) 0.0089(9) 0.0070(8) 3.75(5) 3.86(4) 3.89(4) 3.86(4)
B2>(Pb) 0.027(1) 0.030(2)
B33(Pb) 0.034(2) 0.051(3)
XrimnNoMg 0.5351(9) 0.530(1)
Zri/NvMg 0.484(2) 0.500(6) 0.521(1)
B(Ti/Nb/Mg) 0.35(3) 0.63(6) 0.45(3) 0.46(2) 0.61(2) 0.65(2)
Xo1 0.5727(8) 0.536(1)
Zoy —-0.030(2) —-0.009(5) 0.038(1)
B(O1) 0.55(4) 1.0(1) 1.8(1) 1.65(1) 1.64(1) 1.67(1)
Xoo 0.270(1) 0.295(1)
Yoo 0.2524(6) 0.258(1)
Zoo 0.498(2) 0.481(4) 0.5495(9)
B(02) 0.87(3) 1.42(7) 1.25(3)
Ryp 8.25 8.01 6.78 9.04 7.75 7.50
Reyp 3.07 3.37 322 3.38 3.27 3.23
X 7.22 5.64 4.43 7.15 5.61 5.39
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FIG. 11. Evolution of the 400, 440, and 620
cubic powder neutron diffraction profiles for
PMN-0.32PT as a function of temperature. The
solid dots show the observed diffraction profiles,

Intensity (Arb. unit)

while the continuous line the calculated patterns
obtained by the Rietveld analysis of the neutron
powder diffraction data for various structures.
The vertical tick marks show the positions of

various Bragg reflections.
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phase transition temperature. It is worth mentioning that No-
heda et al** have analyzed a neighboring composition,
PMN-0.30PT using rhombohedral structure at room tempera-
ture and below. Our results presented in Figs. 9 and 10 do not
favor the rhombohedral structure for the composition range
x=0.30 and suggest the existence of a monoclinic Cm phase
of My type. The refined structural parameters for PMN-
0.29PT at different temperatures are given in Table II.

In the piezoelectric resonance frequency measurements,
we have found clear signature of one more transition be-
tween the room temperature monoclinic and the high tem-
perature tetragonal phase for compositions with 0.27<x
=0.30. Rietveld analysis of the powder neutron diffraction
data at T=380 K confirms that the room temperature mono-
clinic Cm phase transforms into the tetragonal phase via the
monoclinic Pm phase. The intermediate Pm phase is ob-
served due to the tilted nature of the Cm-Pm phase boundary
similar to Pm-P4mm phase boundary. The three anomalies
recently observed in the dielectric measurements on single
crystals of PMN-xPT (x=0.295 and 0.30) could also be due
to such a sequence of phase transition from the monoclinic
Cm to monoclinic Pm and then to the tetragonal structure
which finally transforms to the cubic phase.’%3!

Lu et al.’ have also reported a succession of three tran-
sitions above room temperature using dielectric measure-
ments on a PMN-0.33PT crystal. They have attributed these
transitions to changes from rhombohedral to orthorhombic to
tetragonal to cubic structures. We do not find any evidence
for these transitions in PMN-0.33PT samples. However, the
room temperature structure of PMN-xPT for x=0.33 is

known to be monoclinic M type'!?* and not rhombohedral
considered by Lu et al.>> The Curie point (433 K) for PMN-
0.33PT is also found to be quite different from that (418 K)
reported by Lu et al>> The composition dependence of the
Curie point shown in Fig. 2 suggests that a Curie point of
418 K corresponds to the composition x=0.29. We therefore
believe that the correct composition of the crystals used by
Lu et al.>®> may be different from the nominal composition
and may be close to x=0.29 for which we also observe pseu-
dorhombohedral nature of diffraction profiles at room tem-
perature and a succession of three transitions similar to that
reported by Lu et al.’? Based on the structural studies pre-
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FIG. 12. Evolution of the lattice parameters with temperature
for PMN-0.32PT obtained after Rietveld refinement of neutron
powder diffraction data at various temperatures. The error bar for
each data point is smaller than the size of the symbols.
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TABLE III. (Top) Refined structural parameters for monoclinic PMN-0.32PT at different temperatures.
(Bottom) Refined structural parameters for tetragonal and cubic PMN-0.32PT at different temperatures.

Structure
(S.G)) Monoclinic phase (Pm)
Temp. (K) 80 200 300 340
a (A) 4.0220(4) 4.0204(4) 4.0200(3) 4.0190(2)
b (A) 3.9946(2) 3.9997(2) 4.0046(2) 4.0078(2)
c (A) 4.0314(4) 4.0289(4) 4.0281(3) 4.0276(2)
B(°) 90.314(5) 90.241(4) 90.178(5) 90.128(6)
B,,(Pb) 2.52(6) 2.51(6) 2.91(1) 3.01(6)
Xri/No/Mg 0.474(3) 0.465(3) 0.472(3) 0.460(3)
Zri 0.550(2) 0.545(2) 0.533(2) 0.525(2)
B(Ti/Nb/Mg) 0.18(5) 0.19(5) 0.40(5) 0.24(6)
Xo1 0.503(2) 0.497(2) 0.496(2) 0.493(2)
Zo1 0.530(2) 0.524(2) 0.519(2) 0.517(2)
B(0O1) 0.68(6) 0.60(5) 0.84(5) 1.0(7)
Xoo 0.510(3) 0.507(4) 0.504(4) 0.491(3)
Zoo 0.019(3) 0.009(4) 0.007(4) 0.003(3)
B(02) 1.02(8) 1.27(8) 1.39(9) 1.4(1)
Xo3 -0.047(2) -0.046(2) —-0.036(2) —-0.034(2)
Z03 0.584(2) 0.579(2) 0.572(2) 0.566(2)
B(03) 0.53(6) 0.71(6) 1.01(8) 1.2(1)
Ry, 8.08 8.09 6.77 6.82
Rexp 3.03 3.03 3.06 3.25
X 7.11 7.12 4.89 4.40
Structure
(S.G)) Tetragonal (P4mm) Cubic (Pm3m)
Temp. (K) 390 400 430 455 480
a (A) 4.0121(1) 4.0134(1) 4.0159(1) 4.0189(1) 4.0191(1)
¢ (A) 4.0322(2) 4.0301(2) 4.0249(2)
Biso(Pb) 3.35(5) 3.53(5) 3.74(6) 3.83(4) 3.8(4)
ZTiNoMe 0.529(1) 0.525(1) 0.517(1)
B(Ti/Nb/Mg) 0.33(3) 0.33(3) 0.54(3) 0.45(2) 0.6(2)
Zo1 0.049(1) 0.044(1) 0.031(2)
B(O1) 1.72(8) 1.84(9) 1.7(1) 1.64(1) 1.67(1)
Zon 0.5597(8) 0.5541(8) 0.543(1)
B(02) 1.22(3) 1.23(3) 1.37(5)
pr 7.72 7.51 7.26 8.66 7.56
Rexp 3.25 3.23 3.22 3.17 3.13
X 5.64 5.40 5.08 7.46 5.83

sented in this work, the most likely sequence of structural
changes associated with the three transitions reported by Lu
et al.>? is monoclinic My to monoclinic M, monoclinic M .
to tetragonal and tetragonal to cubic. The so-called thombo-
hedral phase of Lu et al>®> may in fact be the My phase
whereas the intermediate orthorhombic phase reported by
these workers may correspond to M phase in the limit of 8
becoming 90°.

The results presented in the previous and the present sec-
tions suggest that the space group of PMN-xPT at room tem-

perature for the composition ranges x<<0.27 as well as
0.27=x=0.30 is Cm. However, there are important differ-
ences between these two composition ranges. For the com-
positions with x<<0.27, the local displacements of the Pb ion
along (110) pseudocubic direction is so small that the aver-
age structure mimics pseudorhombohhedral features at room
temperature. On lowering the temperature, the local displace-
ments progressively increase enabling a choice to be made
between the R3m and Cm space groups at low temperatures
(see, e.g., the fits at 80 K in Fig. 6). For the composition
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range 0.27=<x=<0.30, the monoclinic distortion is large
enough to be distinguished easily from the rhombohedral
distortion even at room temperature. This implies that the
effect of lowering the temperature in bringing out the char-
acteristic features of Cm space group for x<<0.27 is equiva-
lent to the effect of increasing x beyond 0.27 at room tem-
perature. The difference in the monoclinic distortion at room
temperature in the two composition ranges may be due to the
difference in the structure of the high temperature phase
from which the Cm phase has originated. The pseudorhom-
bohedral phase of PMN-xPT with x <0.27 originates directly
from the paraelectric cubic phase whereas the monoclinic
Cm phase for 0.27=<x=<0.30 originates from the tetragonal/
monoclinic Pm phases. The absence of a peak at x=0.27 in
the variation of the dielectric constant'! and dj; (Ref. 31)
with composition, corresponding to the rhombohedral-M g
phase boundary reported in Ref. 11, may also be rationalized
in terms of the presence of My type local order in the pseu-
dorhombohedral compositions with x<<0.27. Since there is
no change of symmetry at x=0.27, one does not expect a
peak in the composition dependence of dielectric constant
and d33 at room temperature in agreement with the experi-
mental observations.'!3! In case of the rhombohedral struc-
ture for x<<0.27, one would expect a peak in dielectric con-
stant and d3; at x=0.27 similar to the peaks reported in
literature'!'3! at x=0.30 and 0.35 corresponding to the
Mpg-M - and the M ~-tetragonal phase boundaries.

3. Phase transitions in PM-0.32PT

The paraelectric to ferroelectric transition in PMN-0.32PT
occurs around 433 K [see Fig. 1(b)]. The structure of the
paraelectric phase is cubic above this temperature as can bee
seen from the singlet nature of the 400, 440, and 620 profiles
at 480 K [see Fig. 11(a)]. On cooling below 433 K, the struc-
ture becomes tetragonal as evidenced by the splittting of the
400, 440 and 620 cubic peaks in the pattern recorded at
400 K and 390 K [see Figs. 11(b) and 11(c)]. The 400 profile
has become a doublet at 400 K and 390 K with the weaker
reflection occurring on the lower 26 side. The 440 profile is
also a doublet but with the weaker reflection occurring on the
higher 26 side. Further, the 620 profile is a well split doublet.
Such profile splittings are expected for the tetragonal phase.
Strictly speaking, the 620 profile for the tetragonal structure
consists of three reflections, viz. 026, 620, and 602. How-
ever, the 620 and 602 nearly overlap with each other while
026 occurs towards lower 26 side which give it a doubletlike
appearance. Rietveld analysis of the entire diffraction pattern
in the 26 range 14 to 155° confirms a pure tetragonal struc-
ture at 390 and 400 K as indicated by the good fits between
the observed and calculated profiles shown in Figs. 11(b) and
11(c). The dielectric data presented in Fig. 1(b) indicates
another phase transition around 380 K which was confirmed
in our diffraction studies. Thus, for example, the shape of the
profiles at 300 K shown in Fig. 11(d) is markedly different
from that at 390 K. At 300 K, the weaker reflection appears
on the higher 26 side of the 400 pseudocubic profile in con-
trast to that observed at 390 K, where it occurs on the lower
20 side. The higher angle shoulder in the 440 pseudocubic
profile of the tetragonal phase at 390 K has also disappeared
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FIG. 13. Variation of the atomic shifts with temperature in the
monoclinic and tetragonal phase regions for PMN-0.32PT obtained

after Rietveld analysis of powder neutron diffraction data. The error
bar for each data point is smaller than the size of the symbols.

in the 300 K pattern whereas the 620 pseudocubic profile has
undergone a drastic change in terms of the relative intensities
of the two clearly resolvable peaks. All these features clearly
indicate a nontetragonal structure at 300 K. On further cool-
ing below the room temperature, the diffraction profiles do
not show any additional change, except for the increase in
the separation of the two peaks of the 400 profile and a slight
lowering of the intensity of the lower angle side peak in the
620 profile. Rietveld analysis of the entire diffraction pattern
in the 26 range 14 to 155° at 300 K=< T7T<=80 K shows that a
monoclinic phase with Pm space group can explain all the
observed features of the diffraction pattern. The good
Rietveld fits shown in Figs. 11(d)-11(f) for T<300 K cor-
roborate this. Consideration of a small amount of coexisting
tetragonal phase improves the fits between the observed and
calculated profiles further and this coexistence is found to
persist down to 80 K. The peak positions corresponding to
the minority tetragonal phase are not shown in Fig. 11 be-
cause its fraction is very small (less than 10%). Noheda et
al.** have also reported a similar coexistence of a minority
tetragonal phase in case of PMN-0.33PT that remains un-
transformed down to the lowest temperatures.

Figure 12 shows the evolution of the lattice parameters
with temperature for PMN-0.32PT obtained after Rietveld
refinement of neutron powder diffraction data at various tem-
peratures. The b,, cell parameter changes continuously to a;
while a,, changes to a; discontinuously. The Cm cell param-
eter also changes discontinuously to c¢z. Further, the a; and
cr parameters change discontinuously to a.. The discontinu-
ous change of lattice parameters observed at the Pm to
P4mm and P4mm to Pm3m transition temperatures indicate
first order nature of these transitions. The similarity of the
temperature dependence of the cell parameters for x=0.32
with that reported by Noheda et al.>* for x=0.33 using syn-
chrotron data is worth noting. The refined cell parameters
and positional coordinates of PMN-0.32PT at different tem-
peratures are given in Table III.

We have determined the atomic shifts for various cations
and anions in the asymmetric unit of the monoclinic and
tetragonal phases at various temperatures. The temperature
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variations of these shifts are shown in Fig. 13. The zg5 shift
of the Pm phase varies continuously across the Pm to P4mm
transition temperature but all other parameters exhibit dis-
continuous changes at this temperature. The P4mm to Pm3m
transition is also accompanied with discontinuous change of
Ti and O positions. All these observations point towards
first-order nature of the two transitions. Optical studies on
PMN-xPT single crystal by Zekria and Glazer*® also indicate
first order character of Pm-P4mm transition, consistent with
our findings. However, this is not consistent with the theo-
retically predicted phase diagram of Vanderbilt and Cohen*
which suggests second-order nature of the Pm-P4mm phase
boundary on the basis of the eighth-order expansion Landau
free energy functional.?> Consideration of free energy terms
up to twelfth order in the phenomenological Landau theory
can explain the first-order character of the Pm to P4mm
phase transition.>

4. Phase transitions in PMN-0.36PT

Figure 14 shows the evolution of the cubic 400, 440, and
620 powder neutron diffraction profiles with temperature. It
is evident from this figure that at 530 K [Fig. 14(a)], the
structure is cubic since all the 400, 440, and 620 profiles are
singlet. This is in agreement with the dielectric measure-
ments also which gives a ferroelectric transition temperature
of 449 K for PMN-0.36PT [see Fig. 1(a)]. Below this tran-
sition temperature the 400 profile splits into two peaks one of
which is weaker and occurs on the lower 26 side [see Fig.
14(b)]. The 440 profile also becomes a doublet with the
weaker reflection occurring on the higher 26 side. In addi-
tion, the 620 profile also shows a doublet appearance. As
discussed in the previous section, all these features are con-
sistent with the tetragonal structure. Rietveld analysis of the
entire diffraction pattern further confirmed the pure tetrago-
nal structure of PMN-0.36PT at 430 K since the fit between

T
132 134

calculated and observed intensities is very good [see Fig.
14(b)]. At 300 K [Fig. 14(c)], the nature of the neutron dif-
fraction profiles is found to be similar to that at 430 K indi-
cating continuation of the tetragonal structure at room tem-
perature also. The splitting of the profiles has increased due
to increased tetragonal distortion on lowering the tempera-
ture. However, the width of the various reflections has also
increased in the 300 K patterns which may be attributed to
the presence of a minority coexisting phase. Rietveld refine-
ment of the structure at 300 K confirms the coexistence of
minority monoclinic Pm phase (~30%) at room tempera-
ture. As a result of this phase coexistence, the intensity of the
404 and 400 peaks has become comparable at 300 K
whereas for the pure tetragonal phase they bear approxi-
mately 2:1 ratio.

Rietveld analysis of the diffraction data at 200 K reveals
that the molar fraction of the monoclinic phase with Pm
space group has increased to ~53%, i.e., the monoclinic
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FIG. 15. Evolution of the lattice parameters with temperature
for PMN-0.36PT obtained after Rietveld refinement of neutron
powder diffraction data at various temperatures. The error bar for
each data point is smaller than the size of the symbols.
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TABLE IV. (Top) Refined structural parameters for monoclinic PMN-0.36PT at different temperatures. (Bottom) Refined structural
parameters for tetragonal and cubic phases of PMN-0.36PT at different temperatures.

Structure
(S.G)) Monoclinic phase (Pm)
Temp. (K) 80 150 200 225
a (A) 4.0022(2)  4.0050(2)  4.0054(6)  4.0055(9)
b (A) 3.9838(2)  3.9851(2)  3.9896(5)  3.9897(8)
c (A) 4.0503(2) 4.0475(2) 4.0452(6) 4.0426(8)
B () 90.252(4)  90.241(4)  90.23(1)  90.19(2)
B,,(Pb) 2.75(8) 2.92(9) 3.4(1) 37(2)
Xrimnoe 04622)  0469(3)  0461(3)  0.471(7)
Zrinome 05372)  0.532(3)  0.525(4)  0.531(6)
B(Ti/Nb/Mg) 0.13(8) 0.27(9) 0.0(1) 0.2(2)
Xo1 0.492(2) 0.499(2) 0.497(2) 0.505(5)
Zo1 0.516(2) 0.519(3) 0.506(3) 0.509(5)
B(0O1) 0.86(7) 0.90(9) 0.6(1) 0.7(2)
Xoo 0.482(2) 0.496(3) 0.515(3) 0.515(6)
Zoo 0.001(3) 0.003(4) —-0.004(6) 0.001(3)
B(02) 0.89(7) 1.4(1) 1.2(1) 1.7(2)
Xo03 -0.043(1) -0.039(2) -0.042(2) -0.029(5)
Zoj 0.581(2) 0.578(2) 0.571(3) 0.569(5)
B(03) 0.43(7) 0.20(6) 0.4(1) 0.5(2)
Ryp 10.03 9.54 8.30 7.88
Rexp 423 423 430 438
X2 5.62 5.08 3.75 3.23
Structure Cubic
(S.G.) Tetragonal phase (P4mm) (Pm3m)
Temp. (K) 245 275 300 350 375 430 445 480 530
a (A) 3.9938(1) 3.9948(1) 3.9960(1) 4.0010(1) 4.0024(1)  4.0083(2) 4.0108(1)  4.0152(1)  4.0157(1)
c (A) 4.0532(1) 4.0513(2) 4.0492(2) 4.0411(2) 4.0393(1)  4.0290(2)  4.0237(2)
Biso(Pb) 2.14(6) 2.19(8) 2.3(1) 2.90(5) 2.96(5) 3.46(6) 3.67(7) 3.71(4) 3.74(4)
Zrinbvg 0546(1)  0.545(1)  0542(1)  05373(9)  0.536(1)  0.526(1)  0.515(1)
Bl 0.35(6) 0.42(9) 0.48(9) 0.22(3) 0303)  0.50(3)  044(4)  0442)  0.5303)
Zoy 0.072(1) 0.069(1) 0.063(1) 0.059(1) 0.057(1) 0.043(1) 0.036(1)
B(O1) 1.11(5) 0.99(7) 1.10(7) 1.23(5) 1.27(5) 1.45(8) 1.6(1) 1.64(1) 1.64(1)
Zon 0.5867(1)  0.584(1) 0.578 0.5711(7)  0.5679(7)  0.5533(8)  0.543(1)
B(02) 1.02(3) 1.05(5) 1.16(5) 1.19(3) 1.26(3) 1.37(4) 1.32(4)
pr 8.68 7.93 8.77 8.47 8.32 791 8.57 7.36 7.27
Rexp 3.05 3.10 3.10 3.44 3.42 3.40 3.40 3.18 3.18

phase has now become the majority phase [Fig. 14(d)]. This
suggests that a P4mm to Pm transition has occurred between
300 K and 200 K as expected on the basis of the piezoelec-
tric resonance frequency measurements which indicate a
phase transition at 235 K (see Fig. 4). On lowering the tem-
perature from 300 K to 80 K the relative intensity of the two
broad profiles with the 440 pseudocubic indices changes
again. This is due to further reduction of the tetragonal phase
fraction on lowering the temperature. Rietveld analysis of the
entire diffraction data at 80 K shows that the molar fraction
of the monoclinic phase has increased from 53% at 200 K to

63% at 80 K while the minority coexisting tetragonal phase
fraction has decreased. Thus the high temperature paraelec-
tric cubic phase first transforms into the tetragonal phase
which further transforms into monoclinic phase with Pm
space group below the room temperature.

The evolution of the lattice parameters with temperature
for PMN-0.36PT obtained after Rietveld refinement of neu-
tron powder diffraction data at several temperatures is given
in Fig. 15. It is evident from this figure that the monoclinic
cell parameter b,, merges with the a; parameter of the tetrag-
onal phase continuously. The a,, and the Cm parameters of

024101-15



SINGH, PANDEY, AND ZAHARKO

04 ; :
z Pm : P4mm : Pm3m
03 R Y :

03 - '\\,::

N
PN

o

Displacement (A)
= =
—_ o
1 1

0.0 1 X_ﬁj:.:.:.%zoz
1 a1 :
0.1 %oz
1 x 1‘0—/(.'
0.2 2 L

— T T T LI S —
0 100 200 300 400 500
Temperature (K)
FIG. 16. Variation of the atomic shifts with temperature in the
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The error bar for each data point is smaller than the size of the
symbols.

the monoclinic Pm phase, on the other hand, change discon-
tinuously at the Pm to P4mm phase transition temperature.
The variation of the cell parameters shown in Fig. 15 are
similar to that reported by Noheda et al.?* for the tetragonal
compositions with x=0.37. At the P4mm-Pm3m phase
boundary, a discontinuous change of cell parameters is ob-
served which indicates that this phase boundary is of first-
order. It is interesting to note that the variation of cell param-
eters with temperature are similar to that observed for PMN-
0.32PT (see Fig. 12) except for the wider stability region of
the tetragonal phase. The refined cell parameters and the po-
sitional coordinates of PMN-0.36PT at different temperatures
are given in Table IV.

Figure 16 shows the variation of the atomic displacements
with temperature in the monoclinic and tetragonal phase re-
gions. It is evident from this figure that in the monoclinic
region, x; and zp, are close to zero within their estimated
standard deviations. The zq;, xXg;, and xg, displacements are
very small and do not change significantly with temperature.
Largest contribution to polarization in the monoclinic (Pm)
phase comes from zg3, z7;, and xg3 displacements. In the
monoclinic region, the x displacements are smaller for
PMN-0.36PT than in PMN-0.32PT. All the atomic shifts
change discontinuously across the Pm-P4mm phase bound-
ary indicating first-order character of the phase transition.
Coexistence of monoclinic and tetragonal phases over a
wider range of temperatures also favors this conclusion. In
the tetragonal region, the atomic displacements continuously
decrease with increasing temperature, and discontinuously
drop to zero at the P4mm-Pm3m phase boundary suggesting
first order nature of this transition also.

IV. ANEW PHASE DIAGRAM OF PMN-xPT

Several workers have discussed the structure of
PMN-xPT using single crystal specimens®?7:28:31:50-52.54.55
and have proposed phase diagrams also.*3! However, the
results of the single crystal studies should be treated with
great caution since single crystals may possess large compo-
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sitional gradients and segregation which are avoidable in ce-
ramics. As a result, the local composition may differ very
much from the nominal composition within the same single
crystal.*>>* As pointed out by Ye et al.,’* a compositional
fluctuation of +5% is not uncommon in single crystals. As a
result, phase diagrams of PMN-xPT, plotted on the basis of
single crystal data, may not be reliable. For example, Shrout
et al.* have reported thombohedral symmetry in PMN-xPT
single crystals for x=0.30, 0.35, and 0.40 (see Table I of Ref.
4) whereas the correct symmetry as determined using chemi-
cally homogeneous ceramic samples are found to be mono-
clinic My for x=0.30 and tetragonal for x=0.35 with a co-
existing M phase.!" Similarly, the rhombohedral structure
reported by Ye et al.>* for PMN-0.35PT single crystals in
unpoled state is incorrect. Further, the Curie point (T.) of
about 420 K reported by Tu et al.?’ for PMN-0.33PT rhom-
bohedral crystal corresponds to the Curie point of
PMN-0.29PT ceramics in the present work [see Fig. 1(c)].
The correct average composition of PMN-xPT crystals stud-
ied by Tu et al.?’ should therefore be x=0.29 and not x
=0.33. Thus, while dealing with single crystals one may not
be always sure about the actual composition, unless careful
compositional analysis has been carried out, and any expla-
nation of phase transition sequences based on nominal com-
positions may lead to erroneous conclusions. Therefore, for
constructing the phase diagram, it is better to use chemically
homogeneous ceramic samples, where the compositions are
more reliable.

The temperature dependent dielectric constant, piezoelec-
tric resonance frequency (Figs. 2 and 4) and structural stud-
ies using powder neutron diffraction data presented in the
preceding sections have enabled us to construct a phase dia-
gram of PMN-xPT system. Fig. 17 shows the new and up-
dated phase diagram of PMN-xPT. The Curie points for the
transition between the ferroelectric and the paraelectric
phases were determined by dielectric measurements at 1 kHz
on unpoled samples during heating whereas the second tran-
sition involving two ferroelectric phases (i.e., tetragonal and
monoclinic phases) was determined using dielectric constant
and/or piezoelectric resonance frequency measurements. The
Curie points shown in Fig. 17 are slightly higher than those
reported by Noblanc et al.3? but are in agreement with those
reported by Guo et al.'* The values of Curie points shown in
Fig. 17 are more reliable since they are consistent with the
linear variation of 7, as a function of composition from the
PbTiO; end to the PMN end. It should be noted here that
Noblanc et al.3> have used 0.35 mol. % manganese oxide
while synthesizing the samples to increase the breakdown
strength. This might be the reason for lower transition tem-
peratures in their samples. Our samples correspond to sto-
ichiometric compositions free from any additives like man-
ganese oxide and also the unwanted pyrochlore phase.

We now proceed to discuss the salient features of the
modified phase diagram. The cubic paraelectric phase of
PMN-xPT first transform into a relaxor state (Rp) for x
<C0.35. This relaxor phase undergoes Vogel-Fulcher freezing
below the main Curie point. The continuous line passing
through the open circles represents the variation of the
Vogel-Fulcher freezing temperature with composition. Below
this line, ferroelectric phases with different crystallographic
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unpoled samples under heating whereas the sec-
ond transition from tetragonal to monoclinic
phase was determined using dielectric constant
and/or  piezoelectric  resonance frequency
measurements.
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symmetries appear. For x<<(0.27, the ferroelectric phase
shows pseudorhombohedral features but, as discussed in ear-
lier sections, its symmetry is monoclinic of My type with Cm
space group. For 0.27<x=<0.35, the symmetry of the ferro-
electric phase below the Vogel-Fulcher freezing temperature
is tetragonal with P4mm space group. For x>0.35, there is
no intermediate relaxor ferroelectric state, and the structure
is tetragonal below the main Curie point. In the composition
range 0.27<x=0.30, the tetragonal phase transforms suc-
cessively into the monoclinic M (space group Pm) and My
phases on lowering the temperature. For 0.30 <x=<0.40, the
tetragonal phase transforms into the monoclinic M phase
which remains stable down to the lowest temperature. Thus
the ground state of PMN-xPT corresponds to the My phase
for x=<0.30, M, for 0.31<x=<0.40 and tetragonal for x
>(0.40. It would be interesting to verify these ground states
using first principles calculations.

The dotted vertical line shows an invariant point at T
~392 K corresponding to x=0.27 where three stability
fields corresponding to M, M, and tetragonal phases meet,
if we ignore the metastable relaxor phase above Ty line. The
phase boundary between the monoclinic M and the tetrag-
onal phases has been shown as a vertical line by Noheda et
al.** at low temperatures. However, as can be seen from Fig.
17, this phase boundary is slanted even at low temperatures.
The Mp-M - phase boundary, on the other hand, is found to
be extremely steep and sharp. The highest dj; value of
PMN-xPT single crystals (~2500) at room temperature is
found to correspond to the steep Mpz-M - phase boundary at
x=~0.30.! It appears that the Mz-M phase boundary is the
real MPB in the sense in which it was first introduced in the
PZT ceramics.” The slanted M -tetragonal phase boundary
leads to the second peak in the ds; versus x plot but with
considerably lower value of ds; (~1500) at room
temperature.’!
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V. CONCLUSIONS

Temperature dependent dielectric constant, piezoelectric
resonance frequency and powder neutron diffraction studies
on PMN-xPT compositions across MPB reveal several inter-
esting phase transition sequences. These studies have en-
abled the construction of a new phase diagram for this sys-
tem showing stability fields of ergodic relaxor, monoclinic
Mg, monoclinic M, tetragonal and cubic phases. The My
type monoclinic phase (space group Cm) for 027<x
= (.30 transforms successively to the monoclinic M, tetrag-
onal and cubic phases on heating above room temperature.
The M, type monoclinic phase (space group Pm) for 0.31
<x=0.34 transforms successively to the tetragonal and cu-
bic phases on heating above room temperature. The tetrago-
nal phase with compositions close to the MPB transforms to
the M type monoclinic phase on cooling below room tem-
perature. Rietveld analyses of the powder neutron diffraction
data below room temperature on a pseudorhombohedral
composition with x=0.25 suggest that the short range My
type monoclinic order present at room temperature can grow
to long range monoclinic order on lowering the temperature.
The compositions x=0.35 with tetragonal structure at room
temperature exhibit normal ferroelectric transition, whereas
the nontetragonal compositions (x<<0.35) exhibit relaxor
ferroelectric type transition. All the structural transitions are
found to be accompanied with anomalies either in the tem-
perature dependence of dielectric constant or the piezoelec-
tric resonance frequency or both.
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