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Development of ferroelectric order in relaxor „1Àx…Pb„Mg1Õ3Nb2Õ3…O3– xPbTiO3 „0ÏxÏ0.15…
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The microstructure and phase transition in relaxor ferroelectric Pb(Mg1/3Nb2/3)O3 ~PMN! and its solid
solution with PbTiO3 ~PT!, PMN-xPT, remain to be some of the most puzzling issues of solid-state science. In
the present work we have investigated the evolution of the phase symmetry in PMN-xPT ceramics as a
function of temperature (20,T,500 K) and composition (0<x<0.15) by means of high-resolution synchro-
tron x-ray diffraction. Structural analysis based on the experimental data reveals that the substitution of Ti41

for the complex B-site (Mg1/3Nb2/3)
41 ions results in the development of a clean rhombohedral phase at a PT

concentration as low as 5%. The results provide insight into the development of ferroelectric order in PMN-PT,
which has been discussed in light of the kinetics of polar nanoregions and the physical models of the relaxor
ferroelectrics to illustrate the structural evolution from a relaxor to a ferroelectric state.
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I. INTRODUCTION

Research on relaxor ferroelectrics and related mate
has undergone an accelerated growth both in fundame
understanding of the structural and physical properties an
practical applications. The complex perovsk
Pb(Mg1/3Nb2/3)O3 ~PMN! exhibits typical relaxor ferroelec
tric properties,1 characterized by the frustration of local p
larization due to composition and field inhomogeneiti
which prevents long-range ferroelectric order from devel
ing completely. The mechanism of the relaxor ferroelec
behavior continues to be a fascinating puzzle. Experime
data from neutron scattering,2 nuclear magnetic resonanc
~NMR!,3 and measurements of nonlinear dielect
susceptibility3,4 pointed to the existence of a nonergod
structural glassy state in relaxors below a certain temp
ture. It is usually believed3,5,6 that reorientational polar spe
cies responsible for the glassy behavior are composed o
clusters of the low-symmetry structure having a size of a f
nanometers, observed in relaxors. Recently, by means o
electric spectroscopy, Bokov and Ye7–9 have discovered a
universal relaxor dispersion in PMN and related mater
with different degrees of ferroelectric ordering, and show
that it is an important common property of relaxor ferroele
trics. The universal relaxor polarization is described by
microscopic model consisting of ‘‘soft’’ polar nanoregion
~PNR’s! with unit cells that can freely choose several diffe
ent directions, while the direction of the total moment of t
nanoregion remains the same.9 Such an approach makes
possible to apply a standard spherical model to relaxor
roelectrics, which predicts the experimentally observed q
dratic divergence of susceptibility above the critical tempe
ture. This model is complementary to the so-called spher
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random bond-random-field model proposed to explain
NMR data and the nonlinearity of the total dielectric susce
tibility in relaxors.3,6

From the structural point of view, the average symme
of PMN, when probed by conventional x-ray or neutro
diffraction techniques, appears to be cubic (Pm3̄m) down to
very low temperature with no evidence of macroscopic str
tural phase transition taking place through or below the te
perature of maximum permittivity (Tmax5265 K, at 1 kHz!.
However, diffuse scattering on the diffraction patterns we
observed below the so-called Burns temperatureTd (or TB)
'600 K, indicating the presence of locally polar regions
rhombohedralR3m symmetry, the volume ratio of which
~over the cubic matrix! increases upon cooling to reach abo
25% at 5 K.10–13 Such an evolution of local structure is i
agreement with the deviations from linearity of the refracti
index,14 the lattice parameters, and the thermal expans
and strain,10,15which result from the presence of PNR’s. Th
dielectric permittivity shows a deviation from the Curie
Weiss law belowTd . A macroscopic ferroelectric phase ca
be induced by application of an electric field along@111#cub,
associated with cubic to rhombohedral symmetry breaki
as revealed by optical domain, dielectric, polarization, a
structural studies.16,17 Recent neutron-scattering studies ha
identified a ferroelectric soft mode in PMN at 1100 K th
becomes overdamped near 620 K, suggesting a direct
nection between the soft mode and the PNR’s.18 More inter-
estingly, at lower temperature the soft mode in PMN rea
pears close toTC5213 K,19 temperature at which the
electric-field-induced polarization vanishes spontaneou
upon zero-field heating,16 and a sharp peak in the temper
ture dependence of the hypersonic damping appears.20 To
interpret the measured intensities of the diffuse scatterin
©2003 The American Physical Society04-1
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PMN in accordance with the concept of a ferroelectric s
mode, Hirotaet al.21 have proposed, and demonstrated
validity of, a phase-shifted condensed soft-mode mode
the PNR’s, i.e., the displacement of PNR’s along their po
directions relative to the surrounding cubic matrix~H shift!.
Therefore, the phonon dynamics clearly indicates the fe
electric nature of the relaxor PMN belowTC , although the
average structure of the system remains cubic.

The substitution of Ti41 for the complex (Mg1/3Nb2/3)
41

ions in the solid solution system between relaxor PMN a
ferroelectric PbTiO3 (PT), (12x)PMN-xPT (PMN-xPT),
results in a macroscopic ferroelectric phase with a morp
tropic phase boundary ~MPB! initially located at
x'0.33,22–24 separating the rhombohedral~relaxor side of
the solid solution! and tetragonal~ferroelectric side! phases.
Single crystals of PMN-PT with a composition near the MP
are technologically promising materials for electromecha
cal transducers thanks to their excellent piezoelec
performance.25 Intensive investigation has recently been u
dertaken on the structure of the MPB phases and the rel
properties.26 A new MPB phase diagram of the PMN-PT sy
tem has recently been established by Nohedaet al. based on
high-resolution synchrotron x-ray-diffraction data, which r
veals the presence of an intermediate monoclinic phase
isting in between the rhombohedral and the tetrago
phases.27 Therefore, a spectrum of structures and a variety
macroscopic properties can be tuned by Ti41 substitution,
ranging from a disordered relaxor state, to ferroelec
rhombohedralR3m, monoclinic Pm (MC), and tetragonal
P4mm phases.

The PMN-xPT solid solutions with low concentrations o
PT (x<0.15) are also important materials for a wide ran
of applications, such as multilayered capacitors, electro
chanical transducers, etc., especially in the form
ceramics.28 However, different results have hitherto been
ported by different groups on the structural nature of th
compositions. Janget al.29 found that PMN-xPT with x
<0.13 exhibits typical relaxor ferroelectric behavior asso
ated with a PMN-like pseudocubic structure. X-ray structu
studies onx50.05 and 0.10 single crystals by Buninaet al.
seemed to confirm that result.30 Based on neutron powder
diffraction data, Fujishiroet al. reported that no long-rang
order can develop in PMN or PMN-0.1PT at low temperatu
unless an electric field is applied that induces a macrop
phase.13 Recently, Dkhilet al.31 observed that in PMN the
intensity of the diffuse scattering on the x-ray- and neutr
diffraction patterns appearing at about 350 K increases u
cooling and plateaus belowTf'200 K, at which an abrup
change occurs in the slope of the variation of the latt
constant. Such an anomaly provides supplementary evid
for the ferroelectric ordering in unpoled PMN, consiste
with the phonon energy recovery19 and the hypersonic damp
ing anomaly atTC5213 K ~Ref. 20! ~note that the tempera
tureTf identified in Ref. 31 actually corresponds to theTC of
PMN discussed above!. In PMN-0.10PT, the diffuse intensity
was found to increase upon cooling and shows an unu
critical divergence atTC5285 K ~although theq value was
not specified!, associated with a structural transition into
long-range rhombohedral phase.31 On the other hand, Koo
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et al. showed that, in PMN-0.20PT, the diffuse intensity o
neutron scattering atQ5(1.04, 0, 0.96) peaks nearTC

'380 K, but stays up belowTC without divergence.32

Therefore, such fundamental questions as the natur
ferroelectric ordering in PMN and the development of PNR
into a mesoscopic or macroscopic ferroelectric state u
substitution of PT in the PMN-xPT solid solution still re-
main unclear. The objective of the present work is to inv
tigate the variation of the phase symmetry in PMN-xPT ce-
ramics (x<0.15) as a function of temperature an
composition. The structural analysis based on the experim
tal data from high-resolution synchrotron x-ray diffractio
allows us to reveal the establishment of a rhombohedral
lar phase in PMN-xPT with x>0.05. The results are dis
cussed in light of the kinetics of polar nanoregions and
physical models of the relaxor ferroelectrics to illustrate t
structural evolution from a relaxor to a ferroelectric state

II. EXPERIMENT

The complex perovskite samples o
(12x)Pb(Mg1/3Nb2/3)O32xPbTiO3 (PMN-xPT or
PMN-100xPT), with nominal compositionsx50, 0.05, 0.10,
and 0.15, were prepared in the form of ceramics using
improved two-step columbite precursor method.33 In the first
step, the starting oxides of MgO and Nb2O5 ~.99.9%! were
thoroughly ground in ethanol, cold pressed into a pellet, a
calcined at 1100 °C for 12 h to form the pure columb
phase of MgNb2O6 ~the stoichiometry was achieved by car
ful weight compensation of MgO based on our therm
gravimetric analysis, since commercial MgO is well know
to adsorb a significant amount of moisture and C2
from the atmosphere!. In the second step, the columbi
precursor powder was reacted with PbO or PbO a
TiO2 , according to PbO1xTiO21@(12x)/3#MgNb2O6
→Pb@(Mg1/3Nb2/3)(12x)Tix#O3, with 2 wt % excess of PbO
added to compensate for the evaporation of PbO during
subsequent calcining and sintering processes. Each com
tion was thoroughly ground and calcined at 900 °C for 4
The calcined powder was then reground with the addition
a few drops of binding agent@polyvinyl alcohol ~PVA!# and
cold pressed into a pellet of about 3-mm thick and 15-mm
diameter, which was first heated up to 650 °C in a Pt cruci
for 1 h in open air to drive off the PVA, and then sintered
1230 °C for 4 h in asealed aluminum crucible with a PbO
enriched atmosphere to form high-density ceramics. T
light yellow ceramic pellets were polished with fine diamo
paste and ultrasonically cleaned. X-ray patterns obtained
a conventional diffractometer with CuKa confirmed the for-
mation of a pure perovskite phase with no evidence of a
impurities.

Synchrotron x-ray powder-diffraction experiments we
performed on unpoled samples at beamlines X7A~for PMN-
5PT and PMN-10PT! and X3B1~for PMN and PMN-15PT!
at the Brookhaven National Synchrotron Light Source.
double-crystal channel-cut Si~111! monochromator was use
in combination with a Ge~220! analyzer and a scintillating
detector. The wavelength was set tol'0.7 Å and calibrated
4-2
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DEVELOPMENT OF FERROELECTRIC ORDER IN . . . PHYSICAL REVIEW B67, 104104 ~2003!
with a Si reference standard. The resulting instrumental re
lution @full width at half maximum~FWHM!# is about 0.005°
on the 2u scale, an order-of-magnitude better than that o
conventional laboratory instrument. At X7A, the data we
collected directly from the ceramic pellets loaded on a sy
metric ‘‘flat-plate’’ reflection ~Bragg-Brentano! geometry
with step scans at 0.005° intervals over selected angula
gions while the sample was rocking over 1°–2° to obt
better powder averaging results. The measurements
function of temperature were performed between 20 and
K. For low-temperature measurements, the samples w
loaded in a closed-cycle He cryostat, which has an accu
of about62 K. The measurements above room temperat
were carried out with the samples loaded inside a w
wound BN tube furnace with an accuracy of63 K. At X3B1,
the data were collected with rotating capillaries and Si po
der was used as a standard at each temperature so th
accuracy in the calculated lattice parameters was wi
0.0003 Å. In most of the cases, the scans were carried
over narrow angular regions centered about the
pseudocubic reflections~100!, ~110!, ~111!, ~200!, ~220!, and
~222!, in order to determine the crystal symmetry and rela
lattice parameters. For data analysis, the individual reflec
profiles were fitted by least squares to a pseudo-Voigt fu
tion appropriately corrected for asymmetry,34 with intensity,
peak position, and peak width~FWHM! as variables, to de
termine the lattice parameters.

FIG. 1. Selected~222! or ~111! diffraction patterns of PMN-xPT
(x50, 5%, and 15%! ceramics at low and high~aboveTC) tem-
peratures.
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III. RESULTS

The selected~222! or ~111! diffraction patterns of PMN,
PMN-5PT, and PMN-15PT at various temperatures are gi
in Fig. 1. Since the Curie temperatureTC increases as the
compositionxPT increases in PMN-xPT, the data at 300 for
x50, at 500 forx55, and at 400 K forx515 were presented
in Fig. 1 to make a clear comparison of the behavior
selected diffraction peaks for the high-~aboveTC) and low-
~below TC) temperature phases. It can be seen that at h
temperatures, all the three samples exhibit a single~222! or
~111! reflection peak, in agreement with the perovskite cu
symmetry of the PMN-PT system. At 50 K, pure PMN ba
cally shows a single~222! peak except for a weak diffus
kink that occurs at 2u534.84°. The ~111! reflection of
PMN-5PT no longer remains singlet at 15 K, but splits w
a shoulder that peaks at a lower angle. The~111! reflection of
PMN-10PT exhibits a clear split at low temperatures with
narrow linewidth ~not shown!. The lower row in Fig. 1
shows the~222! reflection of PMN-15PT that clearly split
into two peaks located at 2u534.87° and 35.02° with an
intensity ratio of about 1:2, as expected for a pure rhom
hedral phase. The splitting of the~111! or ~222! reflection in
PMN-xPT (0.05<x<0.15) indicates the formation of a
rhombohedral phase at low temperatures. The rhombohe
lattice parameters were calculated from~222!, ~200!, and
~220! peaks. The whole diffraction patterns were consist
with the rhombohedral symmetry, even though in most of
cases only those three peaks were followed as a functio
temperature. Note that the data for PMN-5PT and PM
10PT were measured on the ceramic pellets, and, in p
ciple, are not free from the effects of preferred orientati
and texture that affect the intensity profiles~but do not alter

FIG. 2. Variations of~a! the cubic or rhombohedral lattice con
stantsa and a and ~b! the coherence length (L), as a function of
temperature for PMN-5PT.
4-3
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the lattice parameters so determined!. That is why the inten-
sity ratio of the~111! peaks for PMN-5PT look more like
1:3, rather than 1:2, as observed for PMN-15PT in the sa
figure. As can be seen from Fig. 2~see below!, the effect of
the composition~x! on the lattice constants outperforms th
of temperature. Therefore, the shift in the peak posit
arises mainly from the composition effects.

Figure 2~a! presents the variation of the cubic or rhomb
hedral lattice parameters,a anda, as a function of tempera
ture for PMN-5PT. Upon cooling, the unit-cell dimensiona
first decreases linearly until about 430 K, then considera
curves up with a nearly zero slope between 350 and 245
Then, it undergoes an abrupt increase between 245 and
K, which is accompanied by a slight deviation from 90°
the anglea (Da'0.05°), indicating the onset of the rhom
bohedral phase. Upon further cooling,a decreases almos
linearly below 125 K whilea increases slightly. In Fig. 2~b!,
the variation of the coherence length~L! is shown as a func-
tion of temperature.L has been extracted from th
Williamson-Hall plots:35 G cosu5l/L12(Dd/d)sinu, where
G is of the FWHM. TheG cosu vs sinu relation was plotted
for each temperature from the~100!, ~110!, ~111!, ~200!, and
~220! peaks, forming a set of lines. The intercept of each l
in the ordinate axis was used to calculate the value ofL @see
Ref. 27 ~Nohedaet al.! for more details of the calculation#.
The coherence length decreases upon cooling, more sh
closer to the cubic to rhombohedral phase transition, t
suddenly becomes temperature independent atTC'230 K,

FIG. 3. Variation of the cubic and rhombohedral lattice const
a and the deviation of angle (902a) as a function of temperatur
for (12x)PMN-xPT ~with x50, 5%, 10%, and 15%!. One of the
two sets of data on pure PMN (x50) was taken from Ref. 31 for
comparison.
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and remains almost constant belowTC .
Figure 3 gives the variation of the cubic or rhombohed

lattice constanta and the deviation of angle (902a) as a
function of temperature for PMN and PMN-xPT. As in the
case of PMN-5PT, the variation of the lattice constanta of
PMN-10PT and PMN-15PT shows an anomaly atTC'275
and 320 K, respectively, where the rhombohedral distort
appears with the anglea deviating from 90°. In Fig. 3, we
also plotted the cubic lattice parameter of PMN taken fro
Ref. 31 for comparison. Our data basically shows the sa
value and temperature dependence as reported in Ref
except for a slight discrepancy arising in the hig
temperature range (T.400 K), where the temperature varia
tion of the lattice constant determined in this work exhibits
smaller slope. Figure 4 gives the variation of the Curie te
peratureTC and the rhombohedral anglea ~at 50 K! as a
function of the composition of PMN-xPT. From Figs. 3 and
4, it can be seen that with increasing PT content, the follo
ing phenomena occur:~i! The lattice parametera decreases;
~ii ! the cubic/rhombohedral phase transition occurs at hig
temperatures, fromTC'230 K for PMN-5PT toTC'320 K
for PMN-15PT;~iii ! the rhombohedral distortion at low tem
peratures enhances, witha'89.95° for PMN-5PT, toa
'89.875° for PMN-15PT, at 50 K; and~iv! the changes of
lattice parameters and unit-cell volume at the cub
rhombohedral transition become less sharp.

IV. DISCUSSION AND CONCLUSIONS

A. Ferroelectric ordering in PMN- xPT

The structural analysis based on high-resolution synch
tron x-ray diffraction has allowed us to reveal some imp

t

FIG. 4. Variation of the Curie temperatureTC and the rhombo-
hedral anglea ~at 50 K! as a function of composition for
PMN-xPT. Data on PMN (TC), PMN-10PT~a! PMN-20PT (TC),
and PMN-30PT (TC anda! were taken from Refs. 16, 31, 32, an
27 ~Nohedaet al.!, respectively, to better illustrate the trends.
4-4
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DEVELOPMENT OF FERROELECTRIC ORDER IN . . . PHYSICAL REVIEW B67, 104104 ~2003!
tant aspects of the structural transformation in the solid
lution system of PMN-xPT. Pure PMN exhibits an averag
cubic symmetry without a significant split of the~hhh! peaks
down to very low temperatures. The weak diffuse scatter
observed at 50 K as a tail at the basis of the~222! reflection
~Fig. 1! suggests, however, that local rhombohedral dis
tions indeed occur in PMN at low temperatures, proba
with short-range order. This observation is consistent w
the previous work by de Mathanet al.11 in which a two-
phase model, one of long-range average cubic symmetry
other of rhombohedral polar symmetry due to atomic sh
giving rise to the local polar nanoregions, was introduced
better fit the static diffuse scattering observed in so
~mainly high-angle! peaks of the x-ray- and neutron
diffraction patterns. Dkhilet al.31 also confirmed that the po
lar order in PMN remains short ranged.

On the other hand, the softening of the transverse-o
lattice mode at the zone center in the paraelectric phase
the recovery of the overdamped soft mode below 220
recently observed by neutron scattering,18,19 together with
the anomaly in the hypersonic damping,20 clearly indicate
the onset of ferroelectric order in PMN. The correlati
length of this ferroelectric order, i.e., the dimensions of
PNR’s in which the resulting structural distortion occurs
PMN, seem to be just near the detectable limit of the x-r
or neutron-diffraction techniques, so that only weak diffu
scattering reflecting the local polar symmetry can be
served. The substitution of Ti41 for the complex B-site
(Mg1/3Nb2/3)

41 ion is found to result in the decrease of la
tice constanta @obviously due to the smaller ionic radius o
RTi4150.745 as compared withRNb5150.78 and RMg21

50.86 Å ~Ref. 36!# and the development of a clean rhomb
hedral phase at a PT concentration as low as 5%. In PM
10PT and PMN-15PT, we have also observed a very sh
and clean rhombohedral split, indicating the full establis
ment of the polar phase. The phase transition into the rh
bohedral phase is clearly seen as the abrupt change of la
constanta and the appearance of rhombohedral anglea
~Figs. 2 and 3!.

The jumps ina, a, and unit-cell volume at the transitio
become less pronounced with increasingx. This result sug-
gests that the ferroelectric phase transition in PMN-PT wit
low PT content is a first-order one, and it tends to be sec
order with increasing amounts of Ti. This behavior is cons
tent with the first-order nature of the phase transition fr
the field-induced ferroelectric state to the cubic phase
served in PMN atTC5213 K ~Ref. 16! and the dielectric
anomaly characteristic of second-order transition found
PMN-25PT.37 Note that in the former case, the field-induc
phase transition also tends to become second order with
creasing field strength~E! and a tricritical point exists in the
T-E phase diagram@Ref. 1 ~Ye!#.

These observations provide insight into the developm
of the ferroelectric phase in PMN-PT with regards to t
previously reported results that the average structure
PMN-PT remains to be pseudocubic at low PT content
the rhombohedral phase is established only at a PT con
higher than 13%,29,30 even though a spontaneous rhomboh
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dral to cubic phase transition was reported in PMN-10
around 285 °C, based on the temperature dependences o
dielectric constant38 and the diffuse intensity and lattic
parameter.31

In the paraelectric phase of the perovskite materialsa(T)
dependences are usually linear, but in the high-tempera
phase of PMN-PT one can observe~Fig. 3! a strong devia-
tion from linearity. The character of this deviation is qualit
tively the same for all the compositions studied. This impl
that the PNR’s still exist in the high-temperature phase
PMN-PT at a significant concentration. As mentioned abo
the PNR’s can be considered as local regions of the rhom
hedral phase, which has a larger lattice dimensiona. Thus,
the increase in the number and size of the PNR’s with
creasing temperature starting fromTd should lead to the pro-
gressive deviation of the average lattice constant from
linear trend expected in the pure paraelectric phase. In
same way, the decrease of the coherence length with dec
ing temperature in the high-temperature phase@Fig. 2~b!# can
be interpreted. The emergence of PNR’s gives rise to
breaking of the coherency of the paraelectric phase due to
presence of the regions of a different~short-range rhombo-
hedral! symmetry, as well as due to the internal strains int
duced by these regions. AtT,TC , the coherence length
which is already that of the rhombohedral, but not the cub
structure, does not change with temperature, indicating
the domain structure remains unchanged, the same as us
observed for a normal ferroelectric phase.

Thus, we have shown that the ferroelectric phase tra
tion ~i.e., abrupt change of structure and ferroelectric pro
erties at certain temperature! is suppressed in PMN, but ca
be restored by the addition of a small~<5%! amount of
PbTiO3 . On the other hand, the relaxor-type behavior rela
to the formation and evolution of PNR’s remains almost u
changed atT.TC even with the addition of 15% PbTiO3 .

B. Compositional disorder and polar nanoregions

The above results on the structural and dynamic prop
ties raise, first of all, the following question: why does t
ferroelectric-type mode softening in PMN lead to the loca
polar structural distortion, but not to the development o
long-range ferroelectric order? The general answer to
question is that the quenched compositional disorder in
Mg21 and Nb51 ionic arrangement prevents the develo
ment of the long-range ferroelectric order. Two approac
have been proposed that are compatible with the idea
displacive-type ferroelectric phase transition disturbed
compositional disorder:~i! quenched spatial fluctuations o
the local Curie temperature leading to the formation
PNR’s;39 ~ii ! the breaking of the ferroelectric long-range o
der into PNR’s by quenched random fields.40 But the specific
mechanisms of the influence of the compositional disor
on the ferroelectric phase transition is still a topic of inte
sive discussion.

The ‘‘quenched random-field’’ model40 has been applied
to relaxors based on an early idea of Imry and Ma41 who
4-5
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showed that in a ferromagnetic-type system with a conti
ous symmetry of the order parameter, the second-order p
transition should be destroyed by an arbitrary weak st
random field conjugate to the order parameter, i.e., below
Curie temperature the system becomes broken into sm
size domains~analogy of PNR’s! instead of forming a long-
range-ordered state as normally expected in the absenc
the random field. The dimensions of the domains are de
mined by the interplay of the domain-wall energy and t
statistics of the random field. The same arguments are
lieved to be approximately applicable to PMN, in spite of t
facts that the phase transition here is of first order16 and the
symmetry of the order parameter~polarization! is not con-
tinuous. The disordered distribution of the heterovalent Nb51

and Mg21 ions on the same kind of lattice sites should p
vide the source of quenched random electric field.

To explain our results in the frame of this model, one m
notice that the substitution of Ti41 for (Mg21/Nb51) ions
decreases the random fields, but it can hardly be consid
as the main factor affecting the phase-transition beha
since the long-range ferroelectric order can be destroyed
an arbitrary weakrandom field. Another factor that can re
ally cancel the effects of the random field is the transform
tion of the second-order phase transition into a first-order
~e.g., due to the change of composition!. Such a kind of
transformation should manifest itself in the appearance of
jump of the order parameter atTC and thus in the increase o
the domain-wall energy just belowTC . The equilibrium
number of domain walls in the crystal should becom
smaller in this case, or in other words, the dimensions
domains should become larger. But we have found the op
site behavior in PMN-PT, i.e., a growth of domains wi
increasingx was observed along with the tendency for t
phase transition to change from first to second order. Th
fore, we prefer to describe our results in terms of the
proach implying the formation of PNR’s as a result of t
disorder-related fluctuations of the local Curie temperatu
rather than as a result of the random-field effects. Never
less, we do not necessarily deny the possible role of
quenched random field. In particular, a strong random fi
can probably force the dipole moment of PNR to point p
allel to the field, preventing reorientation of this moment d
to the thermal motions or the interactions with other PNR

C. Kinetics of phase transitions in relaxors

The next issue to be addressed is why the addition o
small amount of PbTiO3 into the PMN relaxor results in a
normal ferroelectric phase that appears under a relati
sharp phase transition. The relaxor to normal ferroelec
phase transition is often explained by the interactions
tween the PNR’s, which are strong enough to provo
ferroelectric-type ordering of the PNR’s below the pha
transition temperature. This approach implies that the rela
to normal ferroelectric phase transition be considered as
order-disorder process, which is fundamentally differe
from the usual displacive-type ferroelectric phase transit
related to the soft lattice mode. But such an ordering proc
10410
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alone does not result in an abrupt change of the aver
lattice constanta, as indeed observed atTC ~Figs. 2 and 3!.

To explain the relatively abrupt variation of the measur
a ~or the average unit-cell volume! at TC , we assume a shar
isothermal increase of the size of existing PNR’s leading
the change of the concentration of the rhombohedral ph
which has a largera, in the heterophase mixture. Such a
increase in the PNR size can be naturally derived from
model proposed by Bokov.42 This model does not conside
the interactions between PNR’s as the main factor leadin
ferroelectric order, even though it does not exclude the p
sible role of such interactions. Instead, it relates the beha
of phase transitions in disordered crystals to the transi
kinetics. The approach used is analogous to the aforem
tioned treatment of random-field instability41 in that the bal-
ance of the bulk and the surface energy of domains~or
PNR’s! is believed to determine their dimensions, but it
also different from the latter in that a first-order phase tra
sition is considered and the random field is not regarded
the main reason for the creation of PNR’s. It was shown t
in the course of cooling belowTd , the formation of the
PNR’s takes place in two stages. At the first stage~when the
temperature is high!, the clusters of the short-range ferroele
tric order ~i.e., PNR’s! begin to appear in the regions with
higher local Curie point. Each of these clusters has an e
librium size, which can grow with decreasing temperatu
The number of PNR’s also increases with decreasing t
perature as more nanoregions transform into the polar s
When the temperature is close to the mean Curie tempera
TC ~denoted asT0m in Ref. 42!, the second stage begin
namely, the thermally activated formation of critical ferr
electric nuclei from some PNR’s and their~isothermal!
growth. This process is analogous to the formation of a n
phase at a normal first-order phase transition. The growt
a nucleus is restricted by the collisions with its neighbori
growing nuclei~like in the case of a normal phase transitio!
or with the PNR’s that cannot be reoriented and merged
the growing nucleus for some reasons~such as ‘‘freezing’’ of
PNR’s due to low temperature orstronglocal random fields!.

The resulting phase behavior depends on the value
parameterrc (}TC), which determines the number of PNR
formed at the first stage. Ifrc is large, there are few pola
clusters. As a result, at the second isothermal stage, the
clei of the ferroelectric phase can grow almost unrestricte
leading to macro- or mesoscopic ferroelectric domains
lattice distortions that can be detected by x-ray or neut
diffraction. This seems to be the case for PMN-PT with
significant concentration of PT, whererc is comparatively
larger due to a higherTC resulting from the presence of th
ferroelectrically active Ti41 ion on the disordered B site
@with increasing amounts of PT, the ferroelectric phase
further enhanced withTC rising from 213 in PMN to 320 K
in PMN-15PT~Fig. 4!#. Moreover, with a higherTC , many
of the existing PNR’s can more easily be reoriented a
merged into the growing nuclei after their collision, additio
ally increasing the size of final domains. The jump in t
a(T) dependencies~Figs. 2 and 3! should result from such a
process, leading to the development of the rhombohe
symmetry in PMN-PT.

In PMN, however,rc is smaller~sinceTC is lower! and
numerous PNR’s already exist when the critical ferroelec
4-6
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nuclei begin to grow. Besides, every PNR is the obstacle
the growth of nuclei because it is thermally ‘‘frozen.’’ As
result, the second step of the process~i.e., the isothermal
growth of nuclei! is suppressed and the anomaly in thea(T)
dependence is absent. The final size of the ‘‘domains’’ at l
temperatures remains compatible with the size of the PN
initially formed at high temperatures, thus too small to
detected by x-ray or neutron diffraction but large enough
give rise to the recovery of a phonon soft mode and
anomaly in hypersonic damping.

Therefore, it is sensible to state that the difference
tween the nanopolar state in PMN and the rhombohe
phase in PMN-PT lies in the number and the size scale of
polar regions and their kinetics. The locally polar state in
relaxor PMN is therefore of a ferroelectric nature and
rhombohedral phase detected in PMN-xPT (x>0.05) pre-
sents the natural development of the ferroelectric orde
triggered by Ti substitution.

As another key element of our conclusions, we note t
ferroelectric order is established in PMN-xPT belowTC be-
cause of the divergence of the critical scattering and the
va
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served rhombohedral distortion. This picture seems to c
flict with the neutron-scattering observation that the stro
diffuse scattering subsists belowTC in all relaxors so far
examined, including PMN-20PT.32 We are trying to resolve
this issue experimentally very shortly. We also intend to
vestigate more extensively the (12x)PMN-xPT system by a
combination of structural, dielectric, and optical studies
order to provide deeper insight into such fascinating issue
~i! the microscopic mechanism underlying the developm
of ferroelectric ordering through enhanced polar interactio
and ~ii ! the relationship between the ferroelectric orderin
structural transition~at TC), the relaxor behavior, and th
dynamics of the polarization regimes.
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