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The structural phase transformations of 0.7PbsMg1/3Nb2/3dO3-0.3PbTiO3 sPMN-30%PTd have been
studied using x-ray diffraction(XRD) and neutron scattering as a function of temperature
and electric field. We observe the phase transformational sequence(i) cubic sCd→ tetragonal
sTd→ rhombohedral(R) in the zero-field-cooled(ZFC) condition; (ii ) C→T→ monoclinic
sMCd→ monoclinic sMAd in the field-cooled(FC) condition; and(iii ) R→MA →MC→T with
increasing field at fixed temperature beginning from the ZFC condition. Upon removal of the field,
the MA phase is stable at room temperature in the FC condition, and also in the ZFC condition with
increasing field. Several subtleties of our findings are discussed based on results from thermal
expansion and dielectric measurements, including(i) the stability of the MA phase,(ii ) a difference
in lattice parameters between inside bulk and outside layer regions, and(iii ) a difference in the phase
transition temperature between XRD and dielectric data. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1766087]

I. INTRODUCTION

Single crystals of PbsMg1/3Nb2/3dO3-PbTiO3 (PMN-PT)
and PbsZn1/3Nb2/3dO3-PbTiO3 (PZN-PT) have attracted
much attention as high performance piezoelectric actuator
and transducer materials.1 An electric field induced
rhombohedral-to-tetragonal phase transition was proposed by
Park and Shrout to explain the origin of the ultrahigh elec-
tromechanical properties. Structural studies of
PbsZr1−xTixdO3 (PZT) were the first that revealed the exis-
tence of a ferroelectric monoclinic phase, which was sand-
wiched between the rhombohedral(R) and tetragonal(T)
phases near a morphotropic phase boundary(MPB).2,3

Two monoclinic phases MA and MC have since been
reported in PZN-x% PT.4–6 The MA and MC notations are
adopted following Vanderbilt and Cohen.7 A phase diagram
has been reported for PZN-x% PT crystals in the zero-field-
cooled(ZFC) condition.8,9 Recent neutron diffraction studies
of the effect of an electric fieldE on PZN-8% PT by Ohwada
et al. have shown that a cubicsCd→T→MC transforma-
tional sequence occurs when field-cooled(FC), and that an
R→MA →MC→T sequence takes place with increasingE at
350 K beginning from the ZFC condition. An electric field
versus temperaturesE-Td diagram was constructed based on
these experiments.

The same MA and MC phases have also been reported in
PMN-x% PT.10–12 Figure 1(a) shows the phase diagram of
PMN-x% PT in the ZFC condition, replotted according to

recent data published by Nohedaet al.12 The MC phase ex-
tends from x=31% to x=37%. For x,31%, the phase dia-
gram shows a rhombohedral phase as well as a new phase,
designated as X, with an average cubic structure
sa=b=cd.12–14Investigations of poled PMN-35% PT crystals
have revealed an MA phase at room temperature.10

Diffraction experiments under anin situ applied electric
field together with basic principles calculations on PZT have
provided a direct link between the MA phase and high elec-
tromechanical deformations.3,15 According to the polariza-
tion rotation theory,16 while the direction of the polarization
vector in a conventional ferroelectric tetragonal(or rhombo-
hedral) phase is fixed to the[001] (or [1111]) direction, the
monoclinic symmetry allows the polarization vector to con-
tinuously rotate in a plane. The polarization rotational path-
ways in the MA and MC phases are illustrated in Fig. 1(b),
where the polarization of the MA phase is confined to the

s11̄0dc plane and the polarization of MC is confined to the
s010dc plane. Diffraction experiments of PZN-8% PT with an
applied in situ electric field have given direct evidence of
these polarization rotational pathways and monoclinic
phases.4,9 However, the transformational sequence has not
yet been experimentally established for PMN-x% PT under
electric field.

In this investigation, our focus is on establishing the
structural transformation sequence of PMN-30% PT as a
function of temperature and electric field. PMN-30% PT,
similar to PZN-8% PT, has a composition just outside of the
monoclinic phase[see arrow in Figure 1(a)]. Careful experi-
ments have been performed using both x-rays and neutrons,
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starting from an annealed condition and by(i) cooling the
sample from 550 to 300 K under constant electric field and
(ii ) gradually increasing E at constant temperature. The re-
sults unambiguously identify a transformational sequence of
C→T→MC→MA in the FC condition and of R→MA

→MC→T with increasing E at constant temperature in the
ZFC condition.

II. EXPERIMENTAL DETAILS

Neutron and x-ray diffraction measurements were per-
formed on a PMN-30% PT crystal of dimensions 434
33 mm3. Crystals were grown by a top-seeded modified
Bridgman method, and were obtained from HC Materials
(Urbana, IL). All faces of the crystal were polished to a
0.1 mm finish. A gold electrode was then deposited on two
434 mm2 faces by sputtering. The normal to the face on
which the electrode was deposited(used to apply an electric
field) is designated as(001) or the c axis. Before measure-
ments were begun, the crystal was annealed at 550 K. Care-
ful investigations were performed using both x-rays and neu-
trons, by starting from this annealed condition in both cases
and by gradually increasing E during sequential FC measure-
ments. The lattice constant of PMN-30% PT in the cubic
phase at T=500 K and E=0 kV/cm isa=4.024 Å, and thus

one reciprocal lattice unit(or 1 r.l.u. ) corresponds to
a*s=b*d=2p /a=1.561 Å−1. All mesh scans presented in this
paper are plotted in this reciprocal unit.

The x-ray diffraction(XRD) studies were performed us-
ing a Philips MPD high resolution x-ray diffractometer
equipped with a two-bounce hybrid monochromator, an open
three-circle Eulerian cradle, and a domed hot stage. A
Ges220d cut crystal was used as an analyzer, which had au
resolution of,0.0068° (or 0.43 arc sec). The x-ray wave-
length was that of Cusl=1.5406 Åd and the x-ray generator
was operated at 45 kV and 40 mA. The penetration depth in
PMN-30% PT at this x-ray wavelength is on the order of
10 mm. Careful polishing and subsequent annealing were re-
quired in order to achieve sharp diffraction peaks—it is im-
portant to point this out because prior studies have revealed
extremely broad peaks using Cu radiation. The neutron scat-
tering experiments were performed on the BT9 triple-axis
spectrometer located at the NIST Center for Neutron Re-
search. Measurements were made using a fixed incident neu-
tron energy Ei of 14.7 meV, obtained from the(002) reflec-
tion of a pyrolytic graphite monochromator, and horizontal
beam collimations of 108-468-208-408. We exploited the
(004) reflection of a perfect Ge crystal as analyzer to achieve
unusually fine q resolution near the relaxor(220) Bragg
peak, thanks to a nearly perfect matching of the sample and
analyzer d spacings. Close to the(220) Bragg peak, the q
resolution along the wave vector direction is about
0.0012 Å−1sDq/q<2310−4d.14 Both x-ray and neutron mea-
surements were performed as a function of temperature and
dc electrical bias. Extremely sharp q resolution is needed to
detect the subtle broadening and splitting of the Bragg peaks
using either x-ray or neutron probes.

III. IDENTIFICATION OF PHASE TRANSFORMATIONAL
SEQUENCE

Our electric field–temperature measurements are sum-
marized in Fig. 2. This is done for convenience of the readers
— raw data will be presented in the following sections. The
top panel of this figure gives the field-cooled diagram, where
measurements were made under a constant field on cooling
from 500 K, whereas the bottom panel was obtained by in-
creasing E beginning from the ZFC condition at each fixed
temperature. Circles represent the transition temperatures
and fields determined from each increasing field sequence.
Arrows are used to indicate the scanning direction and range
of the corresponding measurement sequence.

A. XRD Investigations

1. Phase stability in zero-field -cooled condition

The temperature dependence of the lattice parameter was
investigated under zero electric fieldsE=0 kV/cmd. The
specimen was first heated up to 700 K, and it was confirmed
that the structure was cubic. Measurements were then made
on cooling. A cubic to tetragonal phase transition was ob-
served near 405 K associated with 90° domain formation,
which was confirmed by observing a peak splitting of the
(200) reflection. By fitting the(200) reflection with a double
Gaussian function, we obtained the temperature dependence

FIG. 1. (a) Phase diagram of the PMN-PT solid solution system. The data
points come from published results by Nohedaet al. (Ref. 12). The open
arrow indicates the concentration studied.(b) Polarization rotation path in
the perovskite MA and MC unit cells. C,R,T,O, and M refer to cubic,
rhombohedral, tetragonal, orthorhombic, and monoclinic regions,
respectively.
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of the lattice constantscT andaT, as shown in the top panel
of Fig. 3. On further cooling, a subsequent tetragonal to
rhombohedral transformation was found near 385 K. This
was manifested by the development of a splitting of the
(220) reflection and a simultaneous disappearance of the
(200) peak splitting. The rhombohedral lattice parameters
and tilt anglesad were calculated by fitting the(220) reflec-

tion to (220) and s22̄0d peaks. The temperature dependence
of a is shown in the bottom panel of Fig. 3. Our x-ray results
under zero field are in close agreement with the x-ray powder
diffraction results on PMN-30% PT of Nohedaet al.12

2. Phase stability in field-cooled condition

The temperature dependence of the lattice parameter was
investigated under electric fields of 1 and 2 kV/cm. The
specimen was first heated up to 550 K, where it was con-
firmed that the structure was cubic. An electric field was then
applied and measurements were made on cooling. For E
=1 kV/cm, a cubic to tetragonal phase transition was ob-
served on cooling near 430 K, as determined by the starting
temperature at which 2u began decreasing(i.e., the c param-
eter increasing) in the (002) profile on cooling. A tetragonal
to monoclinic MC transformation was found near 365 K, and
on further cooling a subsequent monoclinic MC to mono-
clinic MA transition occurred. After increasing E to 2kV/cm,
the T→MC and MC→MA transition temperatures decreased,
and the phase stability ranges of both T and MC phases in-
creased.

A sketch of the unit cells and domain configurations in
the reciprocalsh01d plane for the MA and MC phases is
shown in Figs. 4(a) and 4(b), respectively. For the MA phase,

am andbm lie along the pseudocubicf1̄1̄0g and f11̄0g direc-
tions, and the unit cell is doubled in volume with respect to
the pseudocubic unit cell. For the MC phase,am and bm lie
along the[100] and [010] directions, and the unit cell is

FIG. 2. E-T diagram. Top panel is obtained from FC structural measure-
ments. Bottom panel shows data from the increasing electric-field process
after ZFC. Arrows indicate the scanning directions and ranges of the corre-
sponding measurement sequences. Circles represent the transition tempera-
tures and fields determined from each sequence.

FIG. 3. The dependence of the lattice parameters(top panel) anda (bottom
panel) on temperature under zero electric field.

FIG. 4. Sketch of the unit cell and domain configuration in the reciprocal
(h01) plane for monoclinic phases.(a) Top, unit cell of MA phase; bottom,
domain configuration in reciprocal space, illustrating the twoa domains of
MA. (b) Top, unit cell of MC phase; bottom, domain configuration in recip-
rocal space, illustrating the twoa domains(unshaded) and oneb domain
(shaded) of MC phase.

1622 J. Appl. Phys., Vol. 96, No. 3, 1 August 2004 Bai et al.
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primitive. In both cases, the angle betweenam and cm is
defined asb. Usually, monoclinic symmetry leads to a very
complicated domain configuration. However, once the field
is applied, thec axis is fixed along the field direction. The
monoclinic domain configuration then consists of twob do-
mains related by a 90° rotation around thec axis, and each of
the b domains contains twoa domains in whicham forms
angles of eitherb or 180°−b. In the sH0Ldcubic zone, only
two a domains can be observed for the MA phase, as shown
in Fig. 4(a); whereas oneb domain and twoa domains can
be observed for the MC phase, as shown in Figure 4(b).

To best illustrate the observed transformational se-
quence, XRD mesh scans around(200) and(220) reflections
are shown in Fig. 5 taken at temperatures of 375, 350, and
300 K. These scans were all obtained under an applied dc
electrical bias of E=1 kV/cm. For T=375 K, the lattice con-
stantcT is elongated, whereasaT is contracted. This indicates
a phase with tetragonal symmetry. For T=350 K, the(200)
reflection was found to split into three peaks, consisting of
two (200) peaks and a single(020) peak; whereas the(220)
reflection was found to be splitted into two peaks. These
results indicate a phase with monoclinic MC symmetry. On
further cooling, significant changes in the mesh scans were
found. For T=300 K, the(200) reflection was found to split
only into two peaks, which can be attributed to the presence
of two domains, whereas the(220) reflection was found to
split into three peaks. This indicates a phase with monoclinic
MA symmetry. The room temperature mesh scans are consis-
tent with those previously reported by Yeet al. for PMN-
35% PT crystals,10 demonstrating that the MA phase is stable
in the FC condition. Moreover, our results also give conclu-
sive and direct evidence of an MC→MA transition on cool-

ing in the FC condition for PMN-30% PT. This is different
from the results for PZN-8% PT single crystals, where an
MC→MA transition was not observed in the FC condition.9

Figure 6 shows the temperature dependence of the struc-
tural data in the FC condition for E=1 kV/cm. The top panel
of this figure shows the lattice parameters, and the mono-
clinic tilt angle sb−90°d is shown in the bottom panel. The
lattice constantcTsaTd gradually increases(decreases) with
decreasing temperature. Near T=365 K, where the T→MC

transition occurs, the value of the lattice constants abruptly
changes and a monoclinic tilt angle ofbMc−90°<0.08°
forms between the(001) and(100). In the MC phase region,
the lattice parametersaMc, bMc, cMc and bMc are relatively
temperature independent over the range of temperatures in-
vestigated. The value ofbMc can be viewed as a natural ex-
tension of theaT lattice parameter; the value ofaMc is close
to the value of the cubic lattice parameter, whereas the value
of cMc is notably different than from eithercT, aT, or ac. Near
T=330 K, the lattice constants and the tilt angle abruptly
change, where the MC→MA transition occurs. Again, in the
MA phase region, it was found that lattice parameters are
only weakly temperature dependent over the range of tem-
peratures investigated.

3. Phase stability at fixed temperatures with
increasing E

The field dependence of the lattice structure was inves-
tigated at various temperatures. The specimen was first
heated up to 550 K and then cooled under zero field. This
was done at the beginning of measurements at each tempera-

FIG. 5. Mesh scans around the(200) and(220) reciprocal lattice positions at
different temperatures in field-cooled process.

FIG. 6. Temperature dependence of the lattice parameters(top panel) and
90°−b (bottom panel) observed in field-cooled process. For the MA phase,
the lattice parametersaMa/ Î2, bMa/ Î2, andcMa are plotted; whereas, for the
MC phase the lattice parametersaMc, bMc, andcMc are plotted. Solid lines
drawn through the data points are guides to the eyes.

J. Appl. Phys., Vol. 96, No. 3, 1 August 2004 Bai et al. 1623

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Thu, 07 May 2015 18:40:59



ture, thus ensuring that the specimen was always properly
zero-field cooled. XRD mesh scans were then performed at
various dc electric biases for 0øEø4 kV/cm. Both R
→MA and MA →MC transitions were observed with increas-
ing E.

Mesh scans around(200) are shown in Fig. 7 taken at 0,
0.5, 3 and 4 kV/cm. These scans were all obtained at T
=350 K. The corresponding lattice parameters were listed in
Table I. For E=0 kV/cm, a rhombohedral phase was found.
Under E=0.5 kV/cm, the(200) reflection was found to be
splitted into two peaks. This indicates an R→MA transition
with increasing E. Under E=3 kV/cm, the(200) was found
to be splitted into three peaks, revealing a monoclinic MC

phase, and under E=4 kV/cm, the(200) was found to be-
come one peak, revealing a tetragonal T phase.

These changes in the mesh scans provide conclusive evi-
dence of an R→MA →MC→T phase transition sequence
with increasing E starting from the ZFC condition. The field
at which the R→MA, MA →MC, and MC→T transitions oc-
cur varies with temperature, and is summarized in theE-T
diagram of Fig. 2(b). Upon removal of the field, the R phase
does not recover, but instead a monoclinic phase appears. For
T,350 K the MA phase is recovered, whereas for
T.350 K, the MC phase is recovered. Thus, the MA phase
dominates theE-T diagram. This is different from the previ-
ous results for PZN-8% PT, where the MC phase recovers
after removal of the field, instead of the MA phase.9

B. Neutron investigations

Neutron scattering investigations were also performed in
the zero-field-cooled state. The crystal was first heated up to

600 K, where again it was confirmed that the structure was
cubic. Measurements of both(220) and (002) reflections
were then made on cooling between 600 and 50 K. A cubic
to tetragonal phase transition is observed near 410 K and
confirmed by the peak splitting of the(002) reflection, simi-
lar to that found by XRD. A tetragonal to rhombohedral
phase transition is observed near 385 K, as evidenced by the
disappearance of the(002) splitting and the development of a
(220) splitting. The rhombohedral phase persists down to
50 K.

Figure 8 shows(220) scans taken at 500 and 100 K. The
single peak at 500 K confirms that the structure is cubic,
while the splitting of the(220) is clearly evident in the low
temperature rhombohedral phase. In addition, a dramatic
change in the linewidth was found on cooling. The line width
was nearly an order of magnitude broader in the rhombohe-
dral phase, relative to that in the cubic phase.

By fitting the (002) reflection with a double Gaussian
function, we obtained the tetragonal lattice constantscT and
aT. The lattice parameter and tilt anglesad of the rhombohe-
dral phase were calculated by fitting the(220) reflection to

(220) ands22̄0d peaks. A summary of the temperature depen-
dence of the lattice parameters is presented in Table II. The
neutron results clearly show that the rhombohedral phase is
stable at room temperature, in agreement with our XRD
studies and previous investigations by Nohedaet al.12

Mesh scans of a poled PMN-30% PT single crystal were
also obtained by neutron scattering. A(200) peak splitting
along the transverse direction was found, as can be seen in
the inset of Fig. 8. The(200) splitting can be attributed to
two a domains. This neutron mesh scan is nearly identical to
the XRD mesh scan shown in Fig. 6. The neutron mesh scan
shows that the MA phase is stable in the bulk of the crystal.

FIG. 7. (200) mesh scan at 350 K with increasing field, which clearly shows
a sequential phase transition from R→MA →MC→T.

TABLE I. Lattice parameter for the PMN-30% PT at 350 K with increasing
electric filed, measured by XRD. Errors= ±0.002 Å.

asÅd bsÅd as=gdsdegd bsdegd Phase

ZFC from 550 K, E=0 4.020 R
E=0.5 kV/cm 4.023 90 90.08 MA
E=2 kV/cm 4.019 4.014 90 90.09 MC
E=4 kV/cm 4.015 4.015 90 90 T

FIG. 8. Neutron(220) profiles for PMN-30% PT. The sample was cooled
under E=0. The solid lines are fits described in the text. The inset shows a
neutron intensity contour around the pseudocubic(200) reflection in the
H0L zone at 300 K, which confirms the existence of the MA phase in the FC
condition. These data were all taken using a perfect crystal Ges004d analyzer
(see Ref. 17).

1624 J. Appl. Phys., Vol. 96, No. 3, 1 August 2004 Bai et al.
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IV. DISCUSSION

Our results for PMN-30% PT in the ZFC condition dem-
onstrate a phase transformational sequence of C→T→R
with decreasing temperaturesTc<405 Kd. The results are in
agreement with the phase diagram given in Fig. 1(a), which
provides a confirmation for the composition of the crystal.
This is important to know for sure, as if x had been slightly
higher, MC could have been the stable ground state, rather
than R.

A. The stability of the MA phase

With decreasing temperature under a constant applied
field (i.e., in the FC condition), we find that PMN-30% PT
undergoes the phase transformational sequence C→T
→MC→MA. This sequence is similar to that observed in
PZN-8% PT,9 except that our x-ray and neutron investiga-
tions reveal an MC→MA transition with decreasing tempera-
ture, which was not found for PZN-8% PT. Moreover, with
increasing field at fixed temperature starting from the ZFC
condition, we find that PMN-30% PT exhibits the phase
transformational sequence R→MA →MC→T. The R→MA

transition is irreversible upon removal of the field, whereas
the MA →MC transition is reversible. Similar studies of
PMN-25% PT and PMN-35% PT(data not shown) also in-
dicate that the MA phase is stable at room temperature in the
after-poled condition. Clearly, compared with the MPB com-
positions of PZN-x% PT, the MA phase dominates theE-T
diagram of PMN-x% PT, and not the MC phase. Ohwadaet
al. explained the MC phase in PZN-8% PT by a hidden
orthorhombic symmetry, located on the T-MC-O polarization
rotational pathway[see Fig. 1(b)].9 However, more thought
is required to explain the reversibility of the MC→MA tran-
sition in PMN-x% PT after removal of the field, since the
MC phase is currently believed to be the ground state at the
MPB.

Recent investigations by Singh and Pandey on polycrys-
talline PMN-x% PT for 0.27øxø0.30 have reported a
monoclinic MB phase at room temperature.18 In the MB

phase, the polarization would be constrained to thes100dc

plane, and there would be twoa domains in the reciprocal
shk0d plane where the lattice parameters fulfillaMb.cMb.
Our investigations have failed to find an MB phase, either in
the ZFC condition(where we found the R phase) or in the
FC condition (where we found two a domains with

aMb,cMb, i.e., the MA phase). However, recent investiga-
tions by Viehiand and Li have indicated that the MB phase
can be inducedonly by an electric field applied alongs011dc,
where the MA phase is recovered on removal of E.19

B. Difference between inside layer and outside layer

In the ZFC condition, the lattice structure of PMN-30%
PT, measured using both x-ray and neutron probes, is similar.
Temperature dependent x-ray and neutron measurements re-
vealed the same C→T→R transformation sequence. How-
ever, the lattice parameters were found to be different in the
x-ray and neutron data. This is illustrated in Fig. 9. Those
measured using x-rays were larger than those by neutrons.
The effect was most pronounced in the tetragonal and cubic
phases. On cooling in the rhombohedral phase, the lattice
constants for both measurement methods became nearly
equivalent. The evolution of the lattice strain at high tem-
peratures was also measured using thermal expansion, as
also shown in Fig. 9. The lattice parameters were estimated
from the thermal expansion as 4.019s1+«d, where« is the
thermal expansion strain and 4.019 Å is the value of the
rhombohedral lattice constantaR at room temperature as de-
termined by neutrons. For T,425 K, the lattice parameter
estimated from the thermal expansion is nearly equivalent to
that determined by neutrons. However, at higher tempera-
tures, the values determined by thermal expansion approach
those for x-rays, both being notably larger than those for

TABLE II. Lattice parameters of PMN-30% PT under zero-field, measured by neutron scattering. Errors
= ±0.001 Å.

TsKd Phase asÅd bsÅd csÅd as=gdsdegd bsdegd

600 C 4.022 4.022 4.022 90 90
550 C 4.020 4.020 4.020 90 90
450 C 4.019 4.019 4.019 90 90
400 T 4.017 4.017 4.023 90 90
350 R 4.019 4.019 4.019 89.96 89.96
300 R 4.019 4.019 4.019 89.91 89.91
200 R 4.018 4.018 4.018 89.87 89.97
100 R 4.017 4.017 4.017 89.84 89.84

FIG. 9. Lattice parameters of PMN-30% PT crystal as a function of tem-
perature measured by XRD, thermal expansion, and neutron scattering.
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neutrons. Linearity in the lattice strain was evident in both
the x-ray and thermal expansion data at quite high tempera-
tures, i.e., for TùTburnswhere Tburnsis the temperature of the
onset of local polarization.20

For PZN-x% PT, previous investigations have surpris-
ingly revealed different structures for the “outside layer” and
“inside bulk” regions.5,21,22This structural variability was at-
tributed to differences in the volume of the specimen probed.
Neutrons have a large spot size and penetrate the entire
specimen, thus their signal is representative of the volume;
whereas x-rays have a small spot size and a shallower pen-
etration depth, thus their signal is representative of the region
close to the crystal surface.

The difference between the lattice parameters of inside
bulk and outside layer regions in Fig. 9 can be explained by
a difference in stress state. In the outside layer region, inter-
nal stresses can be relaxed. This will result in an expansion
of the lattice parameter of the outside layer regions, relative
to that of the inside bulk.

C. Difference in TC, as determined by comparisons
of XRD and dielectric data

The E-T diagrams in Fig. 2 show that the temperature
stability range of the MA, MC, and T phases is significantly
increased by the application of an electric field. This can be
further noted by comparisons of the lattice parameter data for
the ZFC state in Fig. 3 with that for the FC statesE
=1 kV/cmd in Fig. 6.

We performed dielectric constant measurements under
the same temperature and field conditions as that for the ZFC
and FC lattice parameter data. Figure 10 shows the dielectric
constant as a function of temperature for(a) E=0 kV/cm on
cooling and(b) E=1 kV/cm on cooling. The dielectric re-
sponse in both cases is a single, broad featureless peak,
which is typical of a diffuse phase transition. The tempera-
ture of the dielectric constant maximumsTmaxd did not
change between the ZFC and FC measurements — Tmax is
,405 K in both cases. In this regard, the dielectric constant
data reveal a notable difference with respect to the corre-
sponding lattice parameters. Previous studies of PZN-8% PT
by Ohwadaet al. have shown a similar large change of the
C→T boundary with increasing E in theE-T diagrams; in
addition,9 recent dielectric investigations of PMN-30% PT
have shown a field independence of Tmax,

23 similar to that
shown in Fig. 10.

One would expect that the changes in the lattice param-
eters would occur at temperatures below Tmax. This is re-
quired either for a first- or second- order transition. However,
in the FC state, our data show that a tetragonal splitting
develops at T.Tmax. In diffuse transitions, local polar re-
gions are believed to have transition temperatures notably
greater than that of the dielectric maximum.24 According to
the theory of diffuse transitions, the prototypic cubic and low
temperature ferroelectric phases coexist over a broad tem-
perature range, where the relative volume fractions of the
coexisting phases change with temperature. However, our
structural investigations demonstrate a single phase tetrago-
nal region over the temperature range of 365,T,430 K,

even though the observed Tmax from the dielectric constant
was,405 K. This unusual difference between XRD and di-
electric data requires further study.

In conclusion, we have established that the phase trans-
formational sequence of PMN-30% PT is(i) C→T→MC

→MA on cooling in the FC condition and(ii ) R→MA

→MC→T with increasing E at constant temperature starting
from a ZFC condition. The R→MA transition is irreversible,
but the MA →MC transition is reversible upon removal of the
electric field. As a consequence MA is the dominant phase
for T,Tc in theE-T diagram. It is also shown that the value
of Tc is different for XRD and dielectric data.
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