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Dielectric permittivity, differential scanning calorimetry nonisothermal measurements, and
hysteresis loops were performed for oriented �1−x�Pb�Mg1/3Nb2/3�O3–xPbTiO3 unpoled crystals.
Two distinguished branches were obtained where spontaneous ferroelectric to relaxor or
ferroelectric phase transition was observed within the peculiar relaxor to normal ferroelectric region.
The percolating polar region induced by the addition of PbTiO3 tends to gradually develop
comparable ferroelectric order changing slightly with temperature from the nonpolar matrix,
associated with a weak first or first order phase transition. Small frequency dispersion due to relaxor
polarization at or below transition temperature TFE-R or FE indicated the changes of ferroelectric
multidomain and polar nanoregion in this disordered system. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2710077�

Both single crystals and ceramics of the lead-based solid
solution such as �1−x�Pb�Mg1/3Nb2/3�O3–xPbTiO3, i.e.,
PMN-PT, x: molecular content, have been recognized to en-
dorse outstanding physical properties with potential and ef-
fective technological applications in various fields as trans-
ducers, sensors, actuators, etc.1,2 Since the pioneering work
of Smolenskii and Agranouskaya,4,5 all structural studies
have concluded that PMN and related systems adopt the per-
ovskite structure. Many investigations have evidenced struc-
tural deformations changing with composition x and giving
rise to different types of lattice such as rhombohedral, mono-
clinic, orthorhombic, and tetragonal with a general agree-
ment that the high temperature prototype is always of a cubic
symmetry.3,6–8 The previous reports tend to confirm the ten-
dency to reduce the relaxor behavior of pure PMN with in-
creasing x as the system progresses from PMN to normal
ferroelectric PT. It is worth to mention that despite almost
five decades of intensive and continuous investigations since
the discovery of the relaxor character of the PMN-PT sys-
tem, the nature of phase equilibria and phase transitions is
still a hot subject.9 The purpose of the present work is to give
our contribution to the understanding of the phase diagram of
the title system. Indeed, investigating phase transitions in
single crystals is very important which might not give the
same phenomena as their ceramic counterparts.10 Numerous
discussions have evidenced that mixed oxide PMN-PT crys-
tals exhibit more complex phase evolutions and have differ-
ent symmetries when applying electric field along different

crystallographic directions.3,8 No more conspicuous dielec-
tric anomaly can be found near the ferroelectric-relaxor
�FE-R� transition in unpoled PMN-PT system �x�0.30� ex-
cept for x=0.10.11,12 This letter will focus on PMN-PT un-
poled single crystals which show systematically dielectric
and thermal anomalies evidenced by low frequency dielectric
measurements coupled with differential scanning calorimeter
�DSC� analysis.

The as-grown PMN-PT crystals �0�x�0.45� using a
modified Bridgman technique13 was oriented along �111� di-
rection �considered as a pseudocubic phase� by x-ray diffrac-
tometer, and then the wafer �about 8�8�0.7 mm3� was
diced and covered by calcined silver. The local compositions
�about 10 �m� at different positions of the polished transpar-
ent specimens free from visible structural defects14 were de-
termined by energy dispersive spectrometer �INCA Energy,
Oxford� together with electron-probe x-ray microanalysis
�EPMA-8705QH2, Shimadzu, Japan�. Small compositional
fluctuations within ±0.9 atomic mol % on small scales for
the same sample would be resolved. The complex dielectric
permittivity was investigated from 70 to 470 K at the heat-
ing rate of 1 K/min, using a liquid nitrogen bath cryostat
�Oxford on DN1704, ITC601 temperature controller� and an
HP4192A impedance analyzer at 0.01–10 kHz. The hyster-
esis �P-E� loops were recorded using a Sawyer-Tower circuit
at 1 Hz and different temperatures. Heat flux DSC noniso-
thermal measurements �DSC-TA instrument Q10� allowed to
record phase transitions under N2 atmosphere from
170 to 670 K at different heating rates. Crystalline samples
around 10 mg were sealed in an aluminum cell while
the calibration was initially achieved with a sharp peak
�T=433 K� of pure indium.
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Typical examples of thermal plots of the dielectric con-
stant �� and dielectric loss tan � of �111�-oriented PMN-PT
�0�x�0.03� unpoled single crystals are shown in Fig. 1. In
each curve the temperature Tm at the maximum �m� of relative
permittivity is in good agreement with previous results of the
phase diagram associated with the ergodic relaxor phase or
ferroelectric-paraelectric �PE� phase transition.3,5 For PMN
both plots of ���T� and tan ��T� in Fig. 1�a� evidence char-
acteristics of canonical relaxors �where the anomalies of the
structure and properties are diffused or lacking�.3–6 More-
over, the most remarkable result is the evidence of a second
dielectric anomaly at temperature T�Tm in both curves of
���T� and tan ��T� for compositions x�0. The jumps of di-
electric response at T�Tm could be induced by a spontane-
ous FE-R transition in the heating process.12 As expected for
a relaxor behavior, the magnitude of �m� decreases with in-
creasing frequency and tends to stabilize at frequencies
higher than 10 kHz. This is probably due to the damply di-
electric response to the rotation of the polar nanoregions
�PNRs� as in normal relaxors which have a long relaxation
time. In Figs. 1�b� and 1�c�, the peaks of dissipation factor
tend to be sharper and the magnitudes increase with rising
frequencies. However, the spontaneous FE-R transition tem-
perature TFE-R appears totally independent of frequency un-
like Tm, as clearly shown for x=0.13 �Fig. 1�c��. A former
work on unpoled single crystals �x=0.1� has shown that
TFE-R peaks slightly change with the crystallographic
directions12 which do not exist anymore for x�0.13.9 It is
clear that the spontaneous FE-R can be well induced upon
the addition of PT up to 0.13. In Figs. 1�d� and 1�e�, ���T�
characteristics for the FE-R transition were almost smeared
and weak inflections appear a little diffused; however, there
is no significant dispersion in the magnitude of �� with fre-
quency unlike PMN. The diffuseness is attributed to a distri-
bution of transformations, where TFE-R and Tm tend to merge
together. Note the breadth of dielectric loss peak in this case.
Frequency independent TFE-R in the dielectric loss still re-

mains and the magnitude dispersion of dielectric loss with
two close inflections was symmetric around the loss peak. As
x approaches the morphotropic phase boundary �MPB�, such
as x=0.29 �Fig. 1�f��, TFE-R and Tm with sharp peaks tend to
be normal ferroelectric transformations, where the tempera-
tures for the peaks of ���T� and tan ��T� were frequency
independent and the magnitude of tan � at and above TFE-R
or Tm decreased with increasing frequency similar to
normal ferroelectrics for x�0.38 �Fig. 2�. Therefore,
the following phase transition sequences appear:

FE →
375 K

FE →
408 K

PE. As the PMN-PT system changes from
PMN to MPB, the dielectric characteristics at the lower tem-
perature side of Tm exhibit the change from continuous to
discontinuous.

It is very satisfying to notice that phase transitions evi-
denced from the dielectric plots are at the same temperature
regions determined by the DSC analysis �see insets of Fig.
1�. Phase transition temperatures allow to display a deduced
phase diagram �Fig. 3�, where the general feature is close to
the literature for the PMN-PT system �0�x�0.45� �Refs. 3
and 15–20� within the temperature range 100 K�T
�600 K. The previous phase diagrams7,18,19 show only one
branch for x�0.35 whereas Fig. 3 exhibits two distinguished
temperature branches �T1=Tm and T2=TFE-R or FE� running
almost parallel up to x=0.33. Disclosure of such effects is
probably due to the fact that it was carried out on single
crystals which allowed change of the orientation of the polar
microdomains and PNRs.11

The composition within x=0.33–0.35 described2,7 to be
MPB seems to play a particular role in the PMN-PT solid
solution. Indeed, in Fig. 3 this region is related to the disap-

FIG. 1. �Color online� Thermal plots of the dielectric constant and dielectric
loss for �111�-oriented PMN-PT unpoled crystals: �a� x=0, �b� x=0.09, �c�
x=0.13, �d� x=0.21, �e� x=0.26, and �f� x=0.29, with a heating rate of
1 K/min at different frequencies of 0.01, 0.6, 1.0, and 10 kHz, respectively
�arrow: increasing frequency�. Insert: DSC curves and the onset temperature
obtained for each sample upon heating at the rate of 5 K/min �Exo. up�.

FIG. 2. Variation of dielectric constant �r��T , f�, 1 /�r��T , f�, and dielectric
loss �inset� of PMN-PT unpoled crystals �x=0.40� at different frequencies.

FIG. 3. Phase diagram of �1−x�PMN−xPT system deduced from the dielec-
tric and DSC data, respectively. T2 points for x�0.35 come from poled
PMN-PT crystals under 1 kV/mm �Ref. 15�, others for unpoled PMN-PT
crystals from this letter. The data from literatures �Refs. 16–20� are also
shown for comparison.
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pearance of T2 in unpoled PMN-PT crystals. Furthermore, it
is worth to underline that for x�0.35, Tm does not change
anymore with frequency as evidenced from Fig. 4. Particu-
larly, as shown in Fig. 2 the curves of 1 /���T� exhibit fre-
quency independent Tm and imply a typically first order
phase transition. Therefore, Tm become a true Curie tempera-
ture TC, i.e., Tm=TC for x�0.35, and the title system be-
haves as a normal ferroelectric phase.

The plot of sequence hysteresis loops at T�TC is a sig-
nal that the PMN-PT crystals behave characteristic of the
ferroelectric state. For 0.35�x�1 square P-E loops can be
observed below TC �Fig. 3�,21 which correspond to the exis-
tence of classical ferroelectrics. This transition with a typi-
cally first order nature has no diffuse character or double P-E
loop above TC like in PT. However, with the composition
decreasing to x=0, one observed the evolution of normal
square to double and then a slimly nonlinear hysteresis loop
�Fig. 3� between TFE-R or FE and Tm, which allow the appear-
ance of the sequence of normal ferroelectric state, the coex-
istence of ferroelectric and relaxor behavior with diffuse
phase transition �DPT� and frequency dispersion at Tm, and
the typical relaxor ferroelectric state in the peculiar crossover
region. It does occur that the typical combination of FE-R
characteristics is located at around x=0.21 in the course of
relaxor to normal FE state. Dielectric loss decreases and then
increases with rising frequencies at the regions of TFE-R and
Tm, while small frequency dispersion at Tm still remains �Fig.
1�d��. In fact, �r��T , f� characteristic related to DPT at T
�Tm can be described according to the variable power law
�m� /���f ,T�=1+ �T−Tm�f��r /2�r

2 �1�r�2�.5,22 The values
of �r and r are regarded as a measure of degree of the dif-
fuseness and dielectric relaxation in relaxor ferroelectrics,
respectively. �r��T , f� obey the derivative equation well
within the same temperature region �Tm�T�Tm+70 K�
where there is a weak frequency dependence for �r but no
more correlation with frequency for r. Compared with PMN
�r=2�, the crystals with higher x have lower values of r and
�r �r�1.63 for x=0.29, see Fig. 4� which implies weak de-
gree of diffuseness and relaxor behavior. The PMN-PT sys-
tem behaves similar to ferroelectrics with DPT for x�0.13
rather than to typical relaxors due to the still strong DPT and
weak frequency dispersion.

It was argued that the critical behavior at TC thermal
hysteresis will not certainly imply a first order phase transi-
tion in highly disordered PMN-PT ceramics �x=0.25� with-
out discontinuous jump at TC in �r��T� curves.23 It almost
happens in the same manner here especially for 0.20�x
�0.28, but spontaneous FE-R phase transition was still ob-

served at T�Tm upon heating in the plots of tan ��T�. For
the PMN-rich side the Curie-Weiss law of linear 1 /�r��T�
relation at different frequencies is also satisfied at T�Tm
�Ref. 9� as in normal ferroelectrics usually considered as a
the second order phase transition. However, first order phase
transition allows the coexistence of two phases at a tempera-
ture a little above TC which is not permitted for the second
order one. Furthermore, the continuous decrease of remnant
polarization Pr versus temperature T and the absence of the
electric field induced phase transition �where electric dis-
placement is expressed as a monotonic function of electric
field at T�TC� indicate a second order phase transition.
Therefore, the sharp drop of Pr�T� at about TFE-R and the
appearance of double hysteresis above TFE-R, for instance,
x=0.21 �see EPAPS �Ref. 24��, could be evidences of a first
or weak first order phase transition in PMN-rich unpoled
crystals at TFE-R=TC. A disturbed ferroelectric nature may
occur although single P-E loops �Fig. 3� appear below TFE-R,
where competence of local polar and long order of relaxor to
normal FE region and the crystal structure imperfections do
exist. Thus, small dielectric frequency dispersion may appear
in the polar phase due to the relaxation of domain walls in
this disordered system at T�TFE-R.
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FIG. 4. Plot of 	Tm between frequencies of 0.01 and 1 kHz as a function of
composition �left� and diffuse parameter �r deduced from the power law
�right�.
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