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Abstract

In order to develop multiferroics with large magnetization and polarization, we have prepared a series of (1 —x)[0.9BiFeOs—
0.1DyFeO;}-xPbTiO3; [BDF-xPT] solid solution ceramics by solid state reaction. X-ray diffraction reveals that, with the increase of
PbTiO3 concentration, the solid solution transforms from a rhombohedral to a tetragonal phase with the presence of a morphotropic
phase boundary (MPB) region located at 0.28 <x <0.40 at room temperature, in which the rhombohedral, tetragonal and
orthorhombic phases coexist. The temperature dependence of the dielectric permittivity indicates that the Curie temperature decreases
with the increasing amount of PbTiO3. Based upon the structural analysis and dielectric characterization, a preliminary phase diagram
for the BDF —xPT pseudo-binary system has been proposed. It is found that the ceramics of compositions around the MPB exhibits
much better dielectric properties with dielectric constant of the BDF-0.37PT ceramics reaching 459 at 1 kHz, confirming the beneficial
effects of the MPB on the dielectric performance.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Sintering; X-ray methods; Dielectric properties; Perovskites

1. Introduction

In the past few years, a great deal of attention has been paid
on multiferroics materials which possess simultaneously
ferroelectricity and (anti)ferromagnetism (and also ferroelasti-
city). As a promising multiferroic material for practical appli-
cations, BiFeO; (BF) shows a high Cure temperature
(~850 °C) and a large spontanecous polarization (90-100 nC/
cm?) [1-5], as well as improved magnetization by doping with
Ba, Pb and Ga [6]. However, there are severe obstacles to
overcome before BF can be used in device applications, such
as the difficulties in preparing the pure perovskite phase and
the large leakage current due to the charge transfer between
the mixed valance ions of Fe’* and Fe? [3-5]. Moreover, the
weak ferromagnetism arising from the Dzyaloshinskii-Moriya
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(D-M) interaction between the Fe** jons limits the strength
of magnetoelectric coupling in BiFeO; [2].

Chemical modifications by doping, substitution or
forming solid-solution with other ferroelectric materials
have proved to be important and effective methods to
stabilize the perovskite structure of BF, reduce the leakage
current and improve the physical properties [7—12]. Among
those approaches, the BiFeO;—PbTiO;5 solid solution has
been extensively studied, which is formed in pure perovs-
kite phase and displays good dielectric, ferroelectric
and magnetic properties [7-10]. The solid solution of
(1 —x)BiFeO3;—xDyFeQ3 appears to be another interesting
system which exhibits a large remnant polarization and an
improved magnetism because Dy’ " is a magnetic rare-
earth ion [11]. With the increase of DyFeO5; concentration,
a morphotropic phase transition from perovskite rhombo-
hedral (R3c) to orthorhombic orthoferrite (Pnma) was
observed at x around 0.1. In order to obtain a stable
perovskite phase, improved dielectric, ferroelectric and
ferromagnetic properties, and ultimately, enhanced mag-
netoelectric coupling, we have prepared in this work the
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(1—x)[0.9BiFeO;-0.1DyFeO;]-xPbTiO3;  pseudo-binary
solid solution ceramics and investigated their structure
and dielectric properties.

2. Experimental

A series of (1—x)[0.9BiFeO;—0.1DyFeO;]-xPbTiO;
(BDF—xPT) (x=0, 0.1,0.2, ..., and 0.9) ceramics were
prepared by solid state reaction and sintering method. The
raw materials of Bi,O3 (> 99%), Fe,O3 (= 99%), Dy,03
(99.9%), PbO (>99%) and TiO, (> 98%) were weighed
in the stoichiometric proportions. To compensate the
evaporation of Bi,Os, an excess amount of Bi,O3 (2 mol%)
was added to the starting reactants in the bismuth-rich
compositions (x=0, 0.1,0.2, ..., and 0.9). After mixing
with dilute alcohol, ball milling for 7 h, the mixed powder
was dried and pressed into pellets with a diameter of
®=25mm. The pellets were calcined at 850 °C for 2 h in
an alumina crucible. The calcined samples were ground
thoroughly once again, mixed with 5% polyvinyl alcohol
(PVA) and then pressed into pellets with ®=12 mm. The
pellets were subsequently heated at 700 °C for 1h to
eliminate the PVA binder and sintered at higher tempera-
tures, from 1000 °C to 1100 °C, for 2 h, depending on
composition. To characterize the electric properties, the
ceramic samples were polished and covered with silver
paste on the both circular surfaces as electrodes.

The structure and phases were examined by X-ray
diffraction (XRD, Rigaku D/Max-2400) with CuKa radia-
tion. The lattice parameters were refined from the XRD
profiles by using the JADE software (Materials Data,
Inc.). The dielectric properties were measured at room
temperature in a wide frequency range from 1kHz to
10 MHz using a precision impedance analyzer (4294A,
Agilent). The temperature variation of the dielectric
properties were measured up to 900 °C, i.e., above the
Curie temperature, at selected frequencies.

3. Results and discussion

The samples are named after their compositions, e.g.,
PT10 stands for 0.9(0.9BiFeO;—0.1DyFeO3)-0.1PbTiO3,
and so on. After sintering, most samples reach a relative
density of 90%. However, PT00 and PT10 samples exhibit
a much lower density with roughness surface because of
the severe evaporation of Bi,O;. As we known, the pure
lead titanate ceramic is hard to densify and very easy to
crack. As the amount of PT increases from PT37 to PT90,
the density of samples decreases. It is also worth mention-
ing that PT40 ceramic is easy to break into pieces or
powder after sintering because of the large tetragonality
and the coexistence of two or three phases in this
composition near the morphotropic phase boundary
(MPB). In addition, the PT37 ceramic exhibits the highest
relative density of 98%.

Fig. 1 shows the XRD patterns of the BDF-xPT
ceramics (in ground powders). For x <0.25, the samples
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Fig. 1. XRD patterns of the ground powders of the BDF-xPT ceramics
sintered at 1000 °C-1100 °C.
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Fig. 2. Variation of the lattice parameters, volume and c/a ratio for the
BDF—xPT ceramics.

mainly exhibit a rhombohedral (R3c) structure with a
small amount of the orthorhombic phase (as indicated by
the arrows), which is consistent with the literature[l1],
since 0.9BF-0.1DF is close to the MPB composition of the
BF-DF solid solution. As the amount of lead titanate
increases, the tetragonal (P4mm) phase starts to appear in
PT28, and consequently, three phases, the rhombohedral,
the tetragonal and a trace amount of orthorhombic phases,
coexist in the MPB region (0.28 < x <0.40). At the same
time, the intensity of the tetragonal phase is enhanced with
the increase of PT concentration. For x>0.5, all the
BDF—xPT samples show the pure tetrahedral phase. Due
to the lower stability of BiFeO;, some impurity phases, i.e.
Bi,Fe,O9 and BiysFeOso, appear in the bismuth-rich
compositions. However, the amount of the impurities is
significantly diminished in the final ceramics after sintering
at higher temperatures.

The crystal lattice parameters have been calculated for all
the compositions, and their variations as a function of
composition are shown in Fig. 2. For the compositions with
rhombohedral phase, the volume of the (hexagonal) unit cell
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Fig. 3. Temperature dependences of the dielectric constant and loss tangent of the BDF—xPT ceramics measured at 1, 10, and 100 kHz.
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Fig. 3 shows the temperature dependence of the dielec-
tric properties in the BDF—-xPT system, which appears to
be very complicated because of the complex phase compo-
nents and the electric conduction inherently present in BF-
based materials. On the bismuth/dysprosium ferrite rich
side from PTO00 to PT20, the dielectric results (not shown)
are meaningless at high temperatures because of the very
large loss due to high conduction. On the lead titanate rich
side from PT50 to PT90, one clear peak appears around
500 °C, which indicates the Curie temperature of the
ferroelectric tetragonal phase to paraelectric cubic phase
transition. In the MPB region, dielectric dispersion peaks
appear around 200 °C, and other anomalies at 419 °C—
534 °C, depending on composition.

According to the results discussed above, a preliminary
phase diagram of the (1—x)[0.9BiFeOs-0.1DyFeO;]-
xPbTiO5 solid solution system is proposed, as shown in
Fig.4. Due to high losses, the phase transition tempera-
tures for the samples of 0 <x <0.20 could not be deter-
mined by dielectric measurements. In Ref. [11], the T of
0.9BF-0.1DF was found to be about 320 °C, which is
significantly reduced from the 7~ of BF. Based on that, the

X

Fig. 4. Preliminary phase diagram of the (1 —x)Bij 9Dy, FeO3—xPbTiO;
solid solution (dashed lines indicate the expected trends).

Tc of the BDF—xPT system is expected to rise with the
increase of PT concentration, as indicated by the dashed
line in Fig. 4. The range of MPB (0.28 < x < 0.40, at room
temperature) is narrowed down with the increase of
temperature. For the compositions in the MPB region,
the mixed phases (rhombohedral, tetragonal and orthor-
hombic) transforms to cubic phase at about 530 °C. For
the compositions of x>0.5, the tetragonal-cubic phase
transition temperature changes slowly from 520 °C for
PT50 to 492 °C for PT90.

The room temperature dielectric constant and loss
tangent as a function of frequency are shown in Fig. 5.
The dielectric constant and the loss tangent of the samples
with 0 < x < 0.28 decrease with the increase of frequency.
In particular, for the samples in the MPB region, the
dielectric constant is increased and almost remains the
same value in the whole frequency range, as shown in
Fig. 5(a).
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Fig. 5. Frequency dependences of (a) dielectric constant and (b) loss
tangent of the BDF—xPT ceramics.
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Fig. 6. Dielectric constant and loss tangent versus composition for the
BDF-xPT ceramics.

In order to study the effects of PT substitution on the
dielectric properties of the BDF—xPT pseudo-binary cera-
mics, the variations of the dielectric constant and loss
tangent as a function of xPT, measured at 10 kHz, are
plotted in Fig. 6. It can be seen that the dielectric constant
increases with x increasing from 0.1 and reaches a maximum
value of 437 at x=0.37, which can be related to the special
structural feature in the MPB with the coexistence of
rhombohedral, orthorhombic and tetragonal phase and
multiple polarization state, making the materials more
polarizable. In addition, the loss tangent value decreases
significantly with the addition of a small amount of PT, as
shown in Fig. 6, because of the formation of a more stable
perovskite structure which has reduced the concentration of
Fe?Tions. Moreover, the loss remains low for the composi-
tions in the MPB, while it increases slightly with the further
increase of PT because of a lower quality of ceramics.

The synthesis, structure and dielectric properties of
(1—x)[0.9BiFeO;-0.1DyFeO;]-xPbTiO3;  pseudo-binary
solid solution system have been investigated. A continued
solid solution of BDF—PT has been prepared. Based on the

structural analysis, a morphotropic phase boundary
(MPB) region has been found in the composition range
of 0.28 < x <0.40, in which the rhombohedral, tetragonal
or orthorhombic phases coexist. The lead titanate-rich
compositions show a large tetragonality with a c/a ratio
reachingl.16 in PT40 near the MPB. A preliminary phase
diagram is proposed from the room temperature XRD and
the temperature variable dielectric measurements up to
high temperatures, which delimits the regions of the
rhombohedral, tetragonal and cubic phases, as well as
the MPB. The samples with compositions within the MPB
region exhibit the best dielectric properties with the highest
dielectric constant found in x=0.37. These results indicate
that the formation of the BDF-PT solid solution and the
existence of the MPB region contribute to the improve-
ment of the stability of the perovskite phase and the
enhancement of its dielectric properties.

4. Conclusions

The synthesis, structure and dielectric properties of
(1—=x)[0.9BiFeO;—0.1DyFeO;}-xPbTiO5 pseudo-binary solid
solution system have been investigated. A continued solid
solution of BDF-PT has been prepared. Based on the
structural analysis, a morphotropic phase boundary
(MPB) region has been found in the composition range
of 0.28 < x <0.40, in which the rhombohedral, tetragonal
or orthorhombic phases coexist. The lead titanate-rich
compositions show a large tetragonality with a c/a ratio
reachingl.16 in PT40 near the MPB. A preliminary phase
diagram is proposed from the room temperature XRD and
the temperature variable dielectric measurements up to
high temperatures, which delimits the regions of the
rhombohedral, tetragonal and cubic phases, as well as
the MPB. The samples with compositions within the MPB
region exhibit the best dielectric properties with the highest
dielectric constant found in x=0.37. These results indicate
that the formation of the BDF-PT solid solution and the
existence of the MPB region contribute to the improve-
ment of the stability of the perovskite phase and the
enhancement of its dielectric properties.
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