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A new solid solution of (1-x)Ba(Mg1/3Nb2/3)O3-xPbTiO3 [(1-x)BMN-xPT] has been synthesized in
the form of ceramics by solid-state reactions and characterized by means of X-ray diffraction, dielectric
spectroscopy, and ferroelectric measurements. A partial solid-state phase diagram of the binary system
is established. It exhibits a morphotropic phase boundary region in the composition range betweenx )
0.71 andx ) 0.74. The dielectric permittivity of BMN has been greatly enhanced by the substitution of
PT. The ceramics of 0.4BMN-0.6PT show typical relaxor ferroelectric behavior with the diffuse maximum
of high permittivity shifting to higher temperature with increasing frequency. With further increase of
the PT content, the permittivity peaks become sharper and frequency-independent, indicating a ferroelectric
phase transition, the temperature of which (TC) increases withx. Thus, the transformation from a simple
dielectric, to relaxor, and to ferroelectric phase has been demonstrated in this solid solution system.

1. Introduction

Lead-based perovskite ferroelectric solid solution materi-
als, especially the classes containing PbTiO3 as one of the
end components, are of great interest for electromechanical
transduction applications due to their superior piezoelectric
properties. Single crystals of the relaxor-based Pb(Mg1/3-
Nb2/3)O3-PbTiO3 (PMN-PT) and Pb(Zn1/3Nb2/3)O3-PbTiO3

(PZN-PT) solid solutions have been investigated extensively
in the past few years because of their ultrahigh piezoelectric
effects.1-6 Despite the excellent properties, the PMN-PT
and PZN-PT single crystals exhibit a relatively low ferro-
electric Curie temperature (TC ) 140-170°C) and an even
lower morphotropic phase boundary temperature (TMPB )
80-110 °C),1,6 making the materials to be depoled easily.
This inherent drawback decreases the thermal stability of
piezoelectric properties and reduces the acoustic power and
the operation temperature range of the devices, thus limiting
the use of PMN-PT and PZN-PT in many applications. In
addition, these materials may cause significant environmental
issues because of their high lead content. Therefore, a great
deal of effort has been put recently in searching for lead-
free or lead-reduced materials with high Curie temperature
and good piezoelectric performance.7-10

Examination of the composition dependence of the piezo-
electric response of the PMN-PT single crystals11,12indicates
that the highest piezoelectricity occurs in the compositions
around the morphotropic phase boundary (MPB), especially
close to the boundaries between the rhombohedral and
monoclinic phases and the monoclinic and tetragonal phases.
This is because the materials of the MPB compositions
possess multiple polarization states (dipole orientations)
which can be switched more susceptibly to an electric field
drive, making the materials more electrically active, thereby
enhancing the piezoelectric response. In addition, the energy
coupling effect between two MPB phases with close energy
states makes it possible to yield an ultrahigh coupling
coefficient. In piezoelectric materials, high coupling coef-
ficients means high piezoelectricity. Therefore, to find new
materials which exhibit high dielectric, piezoelectric, and
ferroelectric performance and a highTC, it is necessary to
search for novel solid solution systems with formation of
morphotropic phase boundary. Eitel et al.13 found that, for a
large number of PbTiO3 (PT)-based solid solutions, theTC

of the MPB compositions decreases linearly as the tolerance
factor of the other end members increases (see Figure 7),
suggesting that a solid solution whose other end member
has a relatively low tolerance factor tends to exhibit a higher
MPB Curie temperature. This empirical relation provides
guidance in search for new highTC solid solution systems.
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Ba(Mg1/3Nb2/3)O3 (BMN), a lead-free member of the
complex perovskite A(B′B′′)O3 family,14,15 has been given
much attention as a candidate for microwave dielectric
materials due to its high dielectric constant and very low
dielectric loss tangent at room temperature.16-18 We believe
that BMN can present some features of the relaxors (PMN
or PZN) so as to form a solid solution with ferroelectric
PbTiO3 (PT), in which a morphotropic phase boundary is
expected to exist, and thereby the dielectric and ferroelectric
properties of the materials may be enhanced. In addition,
the lead content will be reduced compared with the PMN-
PT and PZN-PT solid solutions. This paper reports the
synthesis, phase analysis, and dielectric and ferroelectric
characterizations of the ceramics of the new (1-x)Ba(Mg1/3-
Nb2/3)O3-xPbTiO3 solid solution, and the establishment of
the solid-state phase diagram of the system, which reveals
the existence of a morphotropic phase boundary region.

2. Experimental Section

The ceramics of the (1-x)Ba(Mg1/3Nb2/3)O3-xPbTiO3 solid
solution were prepared by solid solution reactions with the
compositions ofx ) 0, 0.3, 0.4, 0.5, 0.6, 0.65, 0.7, 0.71, 0.72, 0.73,
0.74, 0.75, 0.8, 0.9, and 1. A two-step synthetic process was used.
First, pure BMN and PT were synthesized separately at 1300 and
1000°C, respectively, for 4 h, from the starting materials of BaCO3,
MgO, Nb2O5, PbO, and TiO2 (99.9%). Second, the solid solutions
of the desired compositions were prepared by mixing and thor-
oughly grinding the appropriate amounts of BMN and PT and
calcining at the temperatures of 1000-1100°C for 6 h. The calcined
powders were then reground and pressed into pellets and sintered
at 1000-1250°C for 4 h (ramp rate) 5 °C/min) in a sealed Al2O3

crucible to form the ceramics.
A Rigaku R-axis diffractometer was employed to determine the

formation of the (1-x)BMN-xPT solid solution. A Radiant RT-
66A standard ferroelectric test system was used to measure the
polarization-electrical field (P-E) hysteresis loop. The dielectric
constant and dielectric loss were measured at various frequencies
using a Solartron 1290 impedance analyzer in conjunction with a
1296 dielectric interface, with an ac voltage of 0.5 Vrms. The
measurements were carried out as a function of temperature upon
heating from-100 to 300°C by means of a Delta Chamber (Model
9023).

3. Results and Discussion

3.1. X-ray Diffraction. Figure 1 shows the X-ray diffrac-
tion pattern of the (1-x)BMN-xPT ceramics with selected
compositions ofx ) 0-1. The following can be seen: (1)
all samples with different compositions crystallize in a pure
perovskite phase, free of impurities; (2) the compositions
with x ) 0.70 and smaller exhibit a rhombohedral (pseudo-
cubic) symmetry, reflecting the disordered structure of BMN;
(3) the compositions withx ) 0.75 and higher show the
splitting of the pseudo-cubic (100), (110), (200), and other

peaks, and this splitting becomes more significant for the
compositions withx ) 0.80, 0.90, and 1.0, indicating a
tetragonal symmetry for the solid solution with a high PT
content; (4) forx ) 0.71-0.75, the (100) and (200) peaks
first become broadened and asymmetrical and then split at
x ) 0.75, suggesting that the symmetry of the phase gradually
changes from rhombohedral to tetragonal upon increasing
PT content fromx ) 0.70 to x ) 0.75. Therefore, a
morphotropic phase boundary (MPB) region is indeed present
within this composition range (see section 3.3).

Figure 2 shows, as an example, the experimental XRD
data (open circles) of the pseudo-cubic (200) reflection for
the compositions ofx ) 0.70, 0.73, and 0.75. The peak
profile is deconvoluted with the tetragonal and/or rhombo-
hedral phase components. It can be seen that, forx ) 0.70,
the (200) reflection is composed of a single peak, corre-
sponding to the rhombohedral phase. Forx ) 0.73, the (200)
reflection is composed of three peaks, with the dominant
peaks 1 and 2 corresponding to the tetragonal phase and the
broad and weak peak 3 arising from the residual rhombo-
hedral phase. Forx ) 0.75, the tetragonal symmetry can be
clearly identified by the two distinct peaks, while the
rhombohedral peak has completely disappeared. This phase
analysis result confirms that the tetragonal and rhombohedral
phases coexist within the MPB region (0.70< x < 0.75)
and the tetragonal phase component gradually increases at
the expense of the rhombohedral phase as the PT content
increases.

Table 1 gives the densities of the (1-x)BMN-xPT
ceramics with compositions ofx ) 0.3, 0.4, 0.5, 0.6, 0.7,
and 0.75 (the experimental densities were measured using
density bottle method and the theoretical densities were
calculated using lattice parameters from X-ray diffraction
data). It can be seen that the relative density of all the samples
consistently reached 92-94%, making the comparative
studies of the dielectric properties of the solid solution system
meaningful.

3.2. Dielectric Properties and Phase Transitions.The
circular surfaces of the (1-x)BMN-xPT ceramic samples
were polished and sputtered with gold layers on both sides
as electrodes for electrical measurements. The temperature
and frequency dependencies of the dielectric permittivity
were measured on ceramics. The complex dielectric permit-
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Figure 1. X-ray diffraction patterns of the (1-x)BMN-xPT ceramics (a:
x ) 0, b: x ) 0.3, c: x ) 0.6, d: x ) 0.7 e: x ) 0.71, f: x ) 0.74, g: x
) 0.75, h: x ) 0.8, i: x ) 0.9, j: x ) 1).
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tivity of the unpoled (as-sintered) ceramics with the com-
positions ofx ) 0.2-0.9 were measured as a function of
temperature at the frequencies off ) 1, 10, and 100 kHz.
Figure 3shows the variations of the real permittivity (dielec-
tric constant) and loss tangent forx ) 0.4, 0.6, 0.7, and 0.74.
It can be seen that the spectral features depend closely on
the composition. Forx e 0.5 (Figure 3a), the dielectric
constant remains low (<1000) and no anomaly appears in
the temperature range from-120 to 300°C. For x ) 0.6
(Figure 3b), interestingly, the dielectric constant shows a
broad maximum with frequency dispersion, the temperature
of which (Tmax) shifts to higher temperatures with increasing
frequency, indicating a typical relaxor behavior.19-21 More-
over, the value of the dielectric constant is increased
dramatically and reaches about 4000 atTmax which is close
to room temperature. Forx ) 0.7 and higher (Figures 3c

and 3d), the relaxor behavior transforms into normal ferro-
electric character with a frequency-independent sharp di-
electric peak and almost nondispersive permittivity values,
indicating the phase transition from the tetragonal or rhom-
bohedral ferroelectric phase to the cubic paraelectric phase
upon heating. As the PT content increases, the ferroelectric
TC moves to higher temperatures toward theTC of pure PT.

The variations of the dielectric constant and loss tangent
for the BMN-PT ceramics with compositionsx ) 0.3, 0.4,
0.5, 0.6, 0.65, 0.70, 0.71, 0.72, 0.73, 0.74, 0.75, and 1 at
room temperature are given in Figure 4. It can be seen that
the dielectric loss decreases slightly with the PT content
increasing up tox ) 0.3. It then increases with further
increase ofx, more significantly atx > 0.7, resulting from
the effect of PT. On the other hand, the dielectric constant
increases to a maximum value of about 4000 atx ) 0.60,
which arises from the relaxor behavior induced by the PT
substitution, with the diffuse maximal dielectric constant
appearing near room temperature.

Figure 5 presents the real permittivity as a function of
temperature at the frequency of 100 kHz for the selected
compositions ofx ) 70, 72, 73, 74, and 75 mol % PbTiO3.
A broad peak of the real permittivity appears at the
ferroelectric Curie temperature,TC (or Tmax) ) 235, 245, 255,
and 265 °C, respectively, indicating thatTC (or Tmax)
increases almost linearly as a function of the PT content for
the MPB compositions. These temperatures also define the
upper limit of the MPB region (see below). Interestingly,
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Figure 2. Pseudo-cubic (200) reflection (open circles) of (1-x)BMN-xPT with compositions ofx ) 0.7 (a), 0.73 (b), and 0.75 (c), at room temperature.
The peak profile is deconvoluted with the rhombohedral (a) or tetragonal (c) phase, or a mixture of the two phases (b).

Table 1. Density of the (1-x)BMN-xPT Ceramics of Different
Compositions

x

theoretical
density
(g/cm3)

measured
density
(g/cm3)

relative
density

0.3 6.68 6.23 0.93
0.4 6.85 6.27 0.92
0.5 7.04 6.51 0.922
0.6 7.25 6.74 0.93
0.7 7.5 6.98 0.93
0.75 7.49 7.02 0.94
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the compounds of the MPB compositions display aTC >
200°C, which is higher than that of the PMN-PT and PZN-
PT solid solutions.

3.3. Morphotropic Phase Diagram of the (1-x)BMN-
xPT Solid Solution System.Based on the above XRD and
dielectric results, the solid-state temperature (T) vs composi-
tion (x) phase diagram of the (1-x)BMN-xPT binary system
in the composition range of 0.6e x e 1.0 has been
established, as shown in Figure 6. It delimits the stability
regions for the cubic paraelectric phase, the rhombohedral
relaxor phase, and the tetragonal ferroelectric phase. The
most important feature of this phase diagram is that a
morphotropic phase boundary region exists in the composi-
tion range of 0.71e x e 0.74, where the rhombohedral phase
and the tetragonal phase coexist. Therefore, as the amount
of PT increases, the (1-x)BMN-xPT solid solution under-
goes (at room temperature) the sequence of structural
transformation from the rhombohedral phase (x < 0.71), to
a mixture of the rhombohedral and tetragonal phases (0.71

e x e 0.74) and then to the tetragonal phase (x > 0.74).
Note that MPB was originally defined as a compositional
dividing line between two adjacent phases of different
symmetry in the temperature vs composition phase diagram
of such solid solution systems as PbZr1-xTixO3

22 and PMN-
PT.23 Our results show that the morphotropic phase behavior
with coexistence of two phases occurs within a composition
range in the BMN-PT system, which is similar to the revised
morphotropic phase diagrams for the PMN-PT24 and PZN-
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Figure 3. Dielectric constant of the (1-x)BMN-xPT ceramics as a function of temperature for the compositionsx ) 0.40 (a), 0.60 (b), 0.70 (c), and 0.74
(d), measured at the frequencies off ) 1, 10, and 100 kHz.

Figure 4. Dielectric constant and loss tangent for the (1-x)BMN-xPT
ceramics at room temperature as a function of the composition.

Figure 5. Real permittivity as a function of temperature for the (1-x)-
BMN-xPT solid solution withx ) 0.70, 0.72, 0.73, 0.74, and 0.75,
measured at the frequencyf ) 100 kHz.
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PT25 systems (for historical reasons, we keep the term
“morphotropic phase boundary” and extend it to “MPB
region”).

The tolerance factor of BMN was calculated to be 1.03
using Shannon’s ionic radii. According to Eitel’s relation-
ship,13 the MPB Curie temperature of the present BMN-
PT system should be lower than 50°C. However, interest-
ingly, the actualTC is found to be higher than 200°C, as
reported in this work. We believe that such a discrepancy
arises most likely because the Eitel’s relationship deals with
the solid solutions of (A-site) Bi3+- and Pb2+-based end
members (with PT), whereas the BMN-PT system involves
a Ba2+-based end member. The differences in the ionicity,
ionic radius, and bonding nature between the Ba2+ ion and
the Pb2+ and Bi3+ ions of peculiar features (with lone pair
electrons) suggest that the BMN-PT system does not
necessarily follow the linear relationship depicted for the
Bi3+- and Pb2+-based systems. Instead, a new relationship
needs to be established for the Ba2+-based solution solutions
with PT. And the result of the present work provides a
starting point for such a relationship.

To illustrate this interesting observation, the relation
between the MPBTC and the end member tolerance factor
of the BMN-PT system is indicated in Figure 7 together
with the Bi3+- and Pb2+-based systems after ref 13. It can
be seen that the BMN point is situated above the linear trend.
This suggests that by reduction of the tolerance factor, the
Ba2+-based solutions with PT might exhibit higherTC than
the Bi3+- and Pb2+-based systems.

3.4. Ferroelectricity. The measurements of the polariza-
tion as a function of alternating electric field reveal well-
developed hysteresis loops, indicating that the BMN-PT
solid solution samples with compositions near the MPB are
ferroelectric at room temperature. Figure 8 shows the
hysteresis loops displayed for the 0.30/0.70 BMN/PT ceram-
ics at different bipolar electric fields applied. It can be seen
that the hysteresis loops become more saturated with
increasing field strength. The remnant polarization reaches
Pr ≈ 10 µC/cm2 under a drive ofE ≈ (40 kV/cm, with a
coercive field ofEC ≈ 18 kV/cm.

4. Conclusions

A new solid solution of (1-x)BMN-xPT has been
synthesized by solid-state reaction and characterized by
dielectric and ferroelectric measurements. The partial solid-
stateT- x phase diagram of the binary system has been
established based on the structural and dielectric character-
izations. A morphotropic phase boundary region is found to
exist within the composition range of 0.71e x e 0.74. Upon
increasing PT content, the solid solution displays a spectrum
of properties from simple dielectric, to relaxor, and to
ferroelectric. The compounds of the MPB compositions
exhibit a TC > 200 °C, which is higher than that of the
PMN-PT and PZN-PT solid solutions, making the BMN-
PT system promising high Curie temperature and lead-
reduced materials for potential piezo- and ferroelectric
applications.
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Figure 6. Partial phase diagram for the (1-x)BMN-xPT solid solution
system, showing the presence of a MPB region for 0.71< x < 0.74.

Figure 7. Relationship scheme of theTC of PT-based MPBs versus the
tolerance factor of (the other) end member [after ref 13]. Open circle shows
the point for the BMN-PT system from this work.

Figure 8. Dielectric hysteresis loops displayed on a 0.30/0.70 BMN/PT
solid solution ceramic at various bipolar electric fields applied.
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