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Abstract New perovskite solid solution ceramics of
(1 − x)BaTiO3-xBi(Mg1/2Ti1/2)O3 ((1 − x)BT-xBMT,
x ≤ 0.09) were synthesized by the solid-state reaction tech-
nique. X-ray diffraction studies have revealed a stable sin-
gle perovskite structure for all samples. Dielectric measure-
ments were carried out at different frequencies and temper-
atures. The polarization evolutions with temperatures were
measured to investigate the ferroelectric properties. All the
compositions show features of ferroelectrics with diffuse
phase transition, though the temperature Tm of their dielec-
tric constant maximum εm is frequency dependent. The di-
electric constant peak ε(T ) of (1 − x)BT-xBMT ceramics
become broad with increasing BMT content. During the
temperature range of ε(T ) peak summit, (1 − x)BT-xBMT
ceramics present quasi-linear dielectric phenomenon under
high electric field with very high dielectric constant.

1 Introduction

BaTiO3-based ceramics have been widely used in electronic
industry, ranging from high-permittivity capacitors to mi-
crowave tunable devices, positive temperature coefficient re-
sistors, and piezoelectric transducers. The BaTiO3-based di-
electrics usually display a remarkable dielectric nonlinear-
ity, that is, the dielectric constant is a function of external
electric field [1–6]. This behavior limits the application area.
For instance, these dielectrics are not suitable in the occa-
sions under high electric field or field intensity variation.
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For most ferroelectrics, high dielectric constant and dielec-
tric linearity are contradictory.

In order to explore new ferroelectric materials, many
Bi-based complex perovskites have been investigated, such
as (Bi1/2Na1/2)TiO3 [7, 8], (Bi1/2K1/2)TiO3 [9], Bi(Zn1/2-
Ti1/2)O3 [10], Bi(Mg1/2Ti1/2)O3 [11], (Bi3/4Na1/4)(Mg1/4-
Ti3/4)O3, and (Bi3/4K1/4)(Mg1/4Ti3/4)O3 [12] etc. The
solid solutions of BaTiO3 or PbTiO3 with some Bi-based
perovskites are also reported [13–18]. A special phenom-
enon of dielectric quasi-linearity under high electric field
was observed in two solid solution system ceramics
of BaTiO3-(Bi3/4Na1/4)(Mg1/4Ti3/4)O3 and BaTiO3-
Bi(Zn1/2Ti1/2)O3 [17, 18]. In this article, we synthesized
BaTiO3Bi(Mg1/2Ti1/2)O3 perovskite solid solutions with
Bi(Mg1/2Ti1/2)O3 content less than 10 mol%, and investi-
gated their dielectric and ferroelectric properties.

2 Experimental

Ceramics of (1−x)BaTiO3-xBi(Mg1/2Ti1/2)O3[(1−x)BT-
xBMT] with x = 0.05, 0.07, and 0.09 were synthesized by
solid-state reaction technique. Stoichiometric amounts of
reagent grade oxide powders of Bi2O3, MgO, TiO2, and
BaCO3 were wet mixed by ball milling. The dried pow-
ders were pre-sintered in covered crucibles at 900°C for
2 h. Then the pre-sintered powders were wet ball milled.
The dried powders were mixed with a 5% PVA binder and
were pressed into 12.7 mm diameter and ∼1 mm thick pel-
lets under a pressure of 2 MPa. Following binder burned out
at 500°C for 5 h, the pellets were sintered in a sealed crucible
at temperatures ranging between 1300 and 1350°C for 3 h.

Crystal structures of the ceramic samples were detected
using a Rigaku D/max 2400 X-ray diffractometer (XRD)
with CuKα radiation. For dielectric measurements, ceramic
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samples were polished to obtain smooth and parallel sur-
faces, and then painted with silver paste as electrodes af-
ter being fired at 810°C for 10 min. The dielectric constant
ε and dielectric loss tanδ were measured on an automated
system, within a temperature control sample chamber and
an Agilent 4284A inductance-capacitance-resistance (LCR)
meter controlled by a personal computer. The heating rate
was 2°C/min. For ferroelectric hysteresis loop measure-
ments, a sinusoidal signal of 1 Hz, generated by a personal
computer with a PCI6221 Data Acquisition (DAQ) card, was
applied to the sample after it was amplified through a Trek
610E high-voltage supply/amplifier/controller. The current
through the sample was collected by the DAQ card, and con-
verted to digital signal wherein. The hysteresis loop was ob-
tained through polarization current integration with time.

3 Results and discussion

Figure 1 shows the XRD patterns for (1 − x)BT-xBMT ce-
ramics at room temperature. All the reflection peaks could
be indexed based on perovskite structure and no second
phase is observed within the detection limit of XRD. The
full width at half maximum of the reflection peaks (200)
of the solid solutions is as wide as that of the reflection
peaks (002) and (200) of parent BaTiO3 ceramic. The differ-
ence is that the peak splitting between the reflection planes
(200) and (002) of tetragonal symmetry becomes more and
more feint with increasing BMT content. Combining their

Fig. 1 X-ray diffraction patterns (a) and the {200} peak splittings
(b) for (1 − x)BT-xBMT ceramics with x = 0, 0.05, 0.07 and 0.09
at room temperature

dielectric properties represented later, the three solid solu-
tion ceramics are mixture of tetragonal (T) and cubic (C)
perovskite phases at room temperature. The ratio of T/C
declines with increasing x.

Figure 2 shows the temperature dependence of dielectric
constant ε and dielectric loss tan δ of (1 − x)BT-xBMT ce-
ramics measured at different frequencies. The temperature
Tm of the maximum dielectric constant εm decreases and
becomes more frequency dependent with increasing BMT
content. The values of �Tm (=Tm,100 kHz − Tm,0.1 kHz) for
the compositions with x = 0.05, 0.07 and 0.09 are 1, 11 and
35°C, respectively. Composition 0.91BT-0.09BMT shows a
rather broad ε(T ) peak in contrast with the other two ceram-
ics. The broad dielectric peak of 0.91BT-0.09BMT is in the
vicinity of room temperatures and highly frequency depen-
dent. When temperature reaches 120°C, it turns frequency-
independent. The ε obeys the Curie-Weiss law at above
120°C,

ε = C/(T − TCW), (1)

where C is the Curie constant, and TCW is the Curie–Weiss
temperature. The Curie–Weiss law accounted for the phonon

Fig. 2 Temperature dependence of dielectric constant ε and dielectric
loss tan δ at different frequencies for (1 − x)BT-xBMT with x = 0.05,
0.07, and 0.09
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Fig. 3 Electric field
dependence of the polarization
current density J and
polarization P at different
temperatures for the
0.95BT-0.05BMT sample

polarization, which fits only for the high temperature slope
of ε(T ). It is reasonable to believe that 120°C is the Burns
temperature TB for 0.91BT-0.09BMT [19, 20]. Accordingly,
there might be BaTiO3 or rich-BaTiO3 polar nanoregions in
the grains of 0.91BT-0.09BMT ceramics.

The electric field E dependence of polarization current
density J and polarization P at different temperatures for
0.95BT-0.05BMT ceramic is plotted in Fig. 3. There is an
electric current peak with increasing external voltage in
a normal ferroelectric, which indicates the reverse of do-
mains. In the BT-BMT ceramics, the evolution of J (E)

loops with temperatures is complex. Besides a J peak with
increasing E, there is a J peak with decreasing E in some
range of the temperature. In order to describe this clearly,
based on the normal physical concepts of charge and dis-
charge current density, we use “charge current density” to
indicate the current density with increasing field, and “dis-
charge current density” the current density with decreas-
ing field for sinusoidal signal. The composition of 0.95BT-
0.05BMT presents a normal ferroelectric hysteresis loop
around and below room temperatures. The coercive field Ec

rises observably upon cooling, from 1.28 MV/m at 20°C to
3.3 MV/m at −100°C. Below 0°C, the remanent polarization
Pr stays at 0.12 C/m2. Above 0°C, Pr decreases from 0.12
to 0.003 C/m2 at 110°C on heating. At 95°C, the J (E) peak
is composed of charge and discharge parts, and the peak top
becomes flat. Since the charge part takes the most portion of
the peak, the corresponding P(E) curve presents a slim hys-
teresis loop. With further increasing temperature, the charge
and discharge peaks in J (E) loop become more and more

clear. It demonstrates that there exist either induced polar or-
der regions or the extension of polar order regions. When the
temperature reaches 110°C, the charge and discharge peaks
become weaker and move towards opposite sides, mean-
while new broad J (E) peaks around zero external field ap-
pear. The corresponding hysteresis loop is close to linearity.

The J (E) and corresponding P(E) loops of 0.93BT-
0.07BMT ceramic at different temperatures are represented
in Fig. 4. The variation of J (E) loops with temperatures
for 0.93BT-0.07BMT is somewhat analogous to that of
0.95BT-0.05BMT. The difference is that the external field
of the quasi-linear dielectric response of 0.93BT-0.07BMT
becomes higher, and the temperature range where the quasi-
linear dielectric behavior takes place under high field be-
comes wider. Above 90°C, there is no polarization hystere-
sis behavior, and 0.93BT-0.07BMT presents a paraelectric
characteristic. Apparently, the polarization quasi-linear re-
sponse with external field takes place when there are no do-
mains in the samples, and the polar nanoregions or paraelec-
tric states can be induced into domains under high external
field.

Figure 5 represents the J (E) and P(E) loops of 0.91BT-
0.09BMT ceramic. Although the composition exhibits a fer-
roelectric hysteresis loop below −50°C, the J (E) loops at
different temperatures tell the variations of polar orders.
The shape of the J (E) loop at −110°C is canonical ferro-
electric. When temperature increases to −70°C, the J (E)

charge peak breaks into two peaks. Meanwhile, the dis-
charge J enlarges, and becomes part of the J (E) peak. It
illustrates that the domains could be divided into two sorts
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Fig. 4 Electric field
dependence of the polarization
current density J and
polarization P at different
temperatures for the
0.93BT-0.07BMT sample

Fig. 5 Electric field
dependence of the polarization
current density J and
polarization P at different
temperatures for the
0.91BT-0.09BMT sample

based on their average Ec. The domains with lower Ec break
down firstly with heating up. Upon further heating, the J (E)

peak changes like the other two compositions as explained
above.

The J (E) loops of the three BT-BMT compositions dis-
play charge and discharge peaks around their respective
ε(T ) peak top area, which indicates a characteristic of field-
induced polarization order transition. The charge peak could
be caused by the field-induced transition from polar nanore-
gions or paraelectric states to domains, whereas the dis-
charge peak corresponds to the dissolution of the induced
domains. With increasing BMT content, the ferroelectric-
ity of BT-BMT solid solutions weakens, and the ε(T ) peak
broadens.

In BT-BMT solid solution ceramics, the Ti4+ ions are
ferroelectric active, but the Mg2+ ions are not. The content
ratio of tetragonal phase versus cubic phase at room tem-
perature declines with increasing BMT content. The crys-
tal structural symmetry of the BT matrix in BT-BMT ce-
ramics is not changed by the existence of Mg2+ ions with
x ≤ 0.07. The existence of Mg2+ ions obviously lowers the
transition temperature between ferroelectric and paraelectric
phases of BT-BMT ceramics when the content of Mg2+ ions
≥4.5 mol% (x ≥ 0.09).

The evolution of the polar order with temperatures for the
three ceramics can be estimated according to the relation-
ship of remanent polarization Pr versus temperature depen-
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Fig. 6 T –Tm dependence of Pr for (1 − x)BT-xBMT with x = 0.05,
0.07, and 0.09

dence T –Tm,0.1 kHz is shown in Fig. 6. In temperature range
of 50°C above their respective Tm,0.1 kHz, all three compo-
sitions keep small Pr between 0.001 and 0.003 C/m2. In
temperature range of 50°C below Tm,0.1 kHz,Pr of 0.95BT-
0.05BMT and 0.93BT-0.07BMT ascends quickly in simi-
lar rates on cooling, while the increase of Pr for 0.91BT-
0.09BMT is relatively much slower.

4 Conclusions

Perovskite ceramics of (1 − x)BaTiO3-xBi(Mg1/2Ti1/2)O3

(x ≤ 0.09) were synthesized using oxide mixing process.
The ε(T ) peak of the solid solution ceramics becomes
broad and Tm decreases with increasing BMT content. All
the three compositions are in long ferroelectric polar or-
der in temperatures below the ε(T ) peak area, and the
ε(T ) peak might be associated with the transition among
macrodomains and polar nanoregions, ferroelectric phase
and paraelectric phase. In the temperature range of ε(T )

peak summit, (1 − x)BT-xBMT ceramics present a quasi-
linear dielectric phenomenon under high electric field with
very high dielectric constant.
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