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The solid solutions (BiFeO3):—.(BaTiOs), (z =0, 0.1, 0.2, 0.3, 0.4, and 0.5) have been synthesized adopting
a solid state sintering route. Well crystalline phase of (BiFeOs);_,(BaTiO3), ceramics at different level of z
has been optimized at sintering temperature of 950 °C for 2 h. Dielectric, polarization and magnetocapacitance
properties were investigated for different content level of BaTiO3. Dielectric constant increased with increasing
concentration of BaTiO3 up to « = 0.3 for all the frequencies of 10, 100, and 1000 kHz. Dielectric loss in the
material is attributed to space charges, interfacial and dipolar polarizations. Measurements of P—F loop indicated
evident ferroelectricity in all samples. Well formed grain with varying grain sizes and nearly uniform shape was

found for ceramics samples.
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1. Introduction

Magnetoelectric (ME) multiferroics have attracted
much attention for both fundamental physics and ap-
plied physics due to their unique coupling behavior be-
tween ferroelectricity, ferromagnetism, and ferroelastic-
ity [1-3]. The coexistence of these ferroic orderings pro-
vides an additional degree of freedom especially useful
for memory and logic device applications [4]. They not
only can be used in ferroelectric and magnetic devices
but also provide an additional degree of freedom in de-
vice design and applications, such as in the emerging field
of spintronics [5], multiple state memory elements, elec-
tric field controlled ferromagnetic resonance devices and
transducers with magnetically modulated piezoelectric-
ity [6, 7]. BiFeO3 (BFO) is the most important multi-
ferroic material because it exhibits both G-type antifer-
romagnetism (Tx ~ 640 K) with a spatially modulated
spin structure and ferroelectric (T =~ 1100 K) ordering
at room temperature [8]. Multiferroic BiFeO3 ceramic
with a rhombohedrally distorted perovskite structure is
a commensurate ferroelectric and an incommensurate an-
tiferromagnet at room temperature [9].

Unfortunately, BiFeOs has poor ferroelectric perfor-
mance due to severe electric leakage both in thin films
and in bulks. It is believed that the electrical leakage is
caused by oxygen vacancies and iron ions with different
valences via the formation of shallow energy centers [10].
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BiFeO3; presents some drawback, too, especially in bulk
form such as spiral spin modulation, weak magnetoelec-
tric effect, and low resistivity which has prevented prac-
tical application of the material as piezoelectric or mag-
netoelectric functional components.

Different kind of chemical modifications have been
performed in the improvement of multiferroic proper-
ties of BiFeO3. At present, two ways are used to solve
the problem, one is to process BiFeOs with other per-
ovskite structured materials (such as PbTiOs, BaTiOs,
and SrTiOs) [11-13] into solid solution in order to pre-
vent the formation of secondary phases and enhance
the electrical insulation resistivity, the other is to add
some dopants such as lanthanum [14], gallium [11], and
neodymium [15]. BaTiO; (BTO) appears to be one
of the most promising end materials because the in-
troduction of BaTiOs not only stabilizes the perovskite
phase but also forms a morphotropic phase boundary.
In addition, BaTiOg3 is Pb free material and Ti sub-
stitution at the Fe sites can increase the magnetization
of the novel compounds [16]. In present work, multi-
ferroic (BiFeOs);_,(BaTiO3), (BF-BT) solid solutions
were synthesized by solid state reaction route. Dense BF—
BT ceramics were processed and their micro structural,
ferroelectric, magnetocapacitance and dielectric proper-
ties were carefully investigated.

2. Experimental details

BiFeO3 ceramic was prepared from BisO3z and FeyOg
as reactants by solid state reaction method followed by
calcination at the 600°C for 2 h and sintering at tem-
perature of 870°C for 5 min. In order to avoid an im-
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purity phase of BisFe ;Og9 and unreacted BiyOjs during
synthesis process, an excess amount of BioO3 (10% ex-
tra on weight basis) was added to the starting reac-
tants. BaTiO3 was prepared by the solid state route us-
ing materials of commercial reagent-grades of TiOs and
BaCO3 with purity ~99.8%. These reactants were care-
fully weighed in stoichiometric proportions (1:1 mole ra-
tio) and mixed thoroughly by grinding in an agate mor-
tar. Mixed powder was calcinated in furnace for 2 h
at the temperature of 800°C then followed by sinter-
ing at temperature of 950 °C to achieve perovskite phase
formation of BaTiO3. Now, BiFeO3 and BaTiO3 were
mixed in stoichiometric amounts and grinded for 4 h
in agate mortar followed by calcination at the temper-
ature of 800 °C for 2 h. Samples of different composition
were mixed with a few drops of 6% concentrated aque-
ous polyvinyl alcohol (PVA) binder and again grinded in
the agate mortar for 2 h. Mixed powders with different
composition were pressed into pellets with a pressure of
1.47 x 108 Pa. In order to evaporate aqueous polyvinyl al-
cohol, these pellets of different compositions were heated
subsequently at temperature of 250°C for 1 h. These
pellet of (BiFeOg3);_,(BaTiO3), with different composi-
tions were sintered at 950°C for 2 h. The samples are
named after their compositions, e.g., 90BF-10BT stands
for (BiFeO;g)O.g(BaTiOg)o.l.

P-F hysteresis loops of (BiFeOg3);_,(BaTiO3), were
measured using precision PremierIl (Radiant technology)
ferroelectric tester. Dielectric and magnetocapacitance
were measured by computer controlled LCR meter. Field
emission scanning electron microscope (FEI Quanta 200F
model) was used to study the surface morphology of dif-
ferent samples. Energy dispersive X-ray analysis was car-
ried out to confirm the concentrations and ratio of ele-
ments Bi, Fe, O, Ba, and Ti in (BiFeO3);_,(BaTiO3),
ceramics.

3. Results and discussion

The dielectric constant is represented by e = &' — &”,
where ¢’ is real part of dielectric constant (relative per-
mittivity) and describes the stored energy while &” is
imaginary part of dielectric constant, which describes the
dissipated energy.

Figure 1 shows the variation of dielectric constant (&)
of (BiFeO3);_,(BaTiOg3), as a function of frequency at
room temperature for x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5,
respectively. The dielectric constant for all the samples
decreases with increasing frequency, as can be expected
from a conventional dielectric relaxation process. This is
very much consistent with a normal behavior of a dielec-
tric. At lower frequency, €’ is expected to be higher due
to the presence of all the different types of polarizations
(i.e., interface, dipole, ionic, atomic, electronic, etc.).
The value of the dielectric constant of BiFeOg3 agrees well
with that reported by Mahesh et al. [17] and Singh et
al. [18]. However, the dip at 10° kHz observed in the
frequency dependence of dielectric constant of BiFeOs is
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absent in our data; for all the samples investigated, a
smooth curve has been obtained (Fig. 1).
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Fig. 1. Frequency dependence of dielectric constant
(g') of BF-BT system for z = 0, 0.1, 0.2, 0.3, 0.4 and 0.5
at room temperature.
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Fig. 2. Frequency dependence of dielectric loss (tan d)
of BF-BT system for x =0, 0.1, 0.2, 0.3, 0.4 and 0.5 at
room temperature.

Figure 2 shows the frequency dependence of dielectric
loss in BF-BT ceramics. The dielectric loss £’ (tan d) also
decreases smoothly with increasing frequency. Dielectric
loss is found to increase with frequency up to 500 kHz
then decreases slowly at higher frequency. Dielectric loss
arises if the polarization lags behind the applied alter-
nating field and polarization lag is caused by the pres-
ence of the impurities and structural non-homogeneities.
The decrease in tand with increase in frequency is in ac-
cordance with the Koops phenomenological model [19].
Dielectric loss & is also found to decrease with increas-
ing the content of BaTiO3 in BF-BT ceramics, justifying
enhancement in resistivity with incorporation of BaTiOs.

To investigate further the effect of BaTiO3 substitu-
tion, the dielectric constant and dielectric loss of the
(BiFeO3)1_,(BaTiOs3), ceramics are re-plotted as a func-
tion of content of BaTiO3 (Fig. 3). It is striking to see
that dielectric constant increases with increasing content
of BaTiO3 up to z = 0.3 for all the frequency of 10, 100,
and 1000 kHz (Fig. 3a). Further increase of content of
BaTiOg (after x = 0.3) reduces the value of dielectric
constant.
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Fig. 3. Variation of dielectric constant (a) and loss
(tand, (b)) with x for (BiFeO3)1_,(BaTiOs3), system.

This dielectric behavior of (BiFeOs);_,(BaTiO3), ce-
ramics might be understood in terms of oxygen vacancy
and the displacement of Fe3t ions. There are always
some oxygen vacancies in pure BiFeOs, which results in
relatively high conductivity and small dielectric constant.
Substitution of Bi for Ba and Fe for Ti would stabilize
the perovskite structure of BiFeO3 and hence reduce the
number of oxygen vacancies and subsequently increases
the dielectric constant. Also on the other hand, for
BaTiO3 content z < 0.3, the mismatch between BiFeOgz
and BaTiOj lattice constant prevents the grains from
growing big, which introduces more grain boundaries.
As a result, the resistivity and the dielectric constant
would increase again. Further increase in BaTiOg con-
tent (z > 0.3) would result in a unit cell volume con-
traction because ionic radius of Ba is smaller than that
of Bi. The free volume available for the displacement
of Fe3T ions in the Fe-O oxygen octahedral becomes
smaller and this would lead to a decrease in dielectric
polarization. Figure 3b shows variation of dielectric loss
with composition z. Minimum tangent loss and max-
imum dielectric constant occur at x = 0.3 for all fre-
quencies. In general, it is believed that the dielectric
loss is due to a space charges and interfacial and dipo-
lar polarizations [20]. Dielectric relaxation due to a space
charge or interfacial polarization occurs at low frequency.
The abundant space charges are suggested as originating
from the aliovalent substitutions of Ba?t and Ti*t.

Figure 4a—e shows the P—FE hysteresis curves of BF—
BT ceramics at room temperature. Measurements were
performed at a frequency of 1 Hz. Figure 4 indicates
that all samples exhibit evident ferroelectricity. The co-
ercive electric field increases at first: become maximum
for x = 0.2 and then decreases, being minimum at = = 0.3
then again increases with increasing content of BaTiOs.
Table shows values the coercive electric field, remnant
polarization, and saturation polarization of samples at
x=0,0.1,0.2, 0.3, and 0.4.

It has been reported that remnant polarization (P;)
and coercive field (E.) values of perovskite-type ferro-
electric material are affected by various factors, such
as the displacement of polar ions [21], domain pinning
by defects [22] and orientation [23], etc. In this study,
enhanced values of Pr seems due to Ba?* ions replac-
ing Bi®** ions in the perovskite unit cell, releasing the
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Fig. 4. Ferroelectric P-E loops for BF-BF sys-
tem (a) x = 0, (b) z = 0.1, (c) z = 0.2, (d) z = 0.3,
(e) z =0.4.

TABLE
Various polarization parameter of BF—BT system.
- Coercive field Ren}nar}t Satu.ratif)n
Composition (x) KV /cm] polarization | polarization
[uC/em?] | [uC/em?]
0 7.8 0.73 03.37
0.1 37.4 5.25 11.78
0.2 56.5 5.72 16.47
0.3 19.2 6.41 23.70
0.4 35.2 4.52 -

dislocation of the Fe3* ion in the (111) direction (this dis-
location originated from Bi—O orbital hybridization [24],
resulting in a destruction of the cycloid order of the
BiFeOg structure (R3c). In fact, the hybridization of Ti-
O orbitals supports the dislocation of the Ti** ion in the
(100) direction. In addition, hysteresis loop BFO slightly
shift to the positive bias field, which could be attributed
to crystallographic defect distribution, and thermal his-
tory between top electrode and bottom electrodes [25].
P-FE loops can attain saturation indicating that the
doped specimens can be poled fully whereas P-FE loop of
the sample with = = 0.4 shows round corners, indicating
significant conductive losses (Fig. 4). The leakage current
is reduced with content of BaTiO3, being minimum for
70BF-30BT, indicating highest resistivity at this com-
position. The structure of the specimen for z = 0.3 be-
longs to morphotropic phase boundary (MPB), providing
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better polarization properties. The sintering ability of
the undoped sample is poor and the grain size is inho-
mogeneous, which is not beneficial for domains reversal.
Sintering property was improved at = 0.3 with homoge-
neous grain size, which is beneficial for domains reversal,
therefore the coercive field of (BiFeOs);_,(BaTiO3), is
low at z = 0.3. However, with further increase in the
content of BaTiOs, the coercive electric field increases
due to creation of oxygen vacancies. The appearance of
the oxygen vacancies will lead to oxygen octahedral dis-
tortion, resulting in a pinning effect on domains reversal.
Therefore, the coercive field increases, making the mate-
rials “hard”.

Figure 5 shows the magnetic field dependence of di-
electric constant of BF-BT solid solutions. Dielectric
constant changes with magnetic field for all the compo-
sition and change is appreciable for z = 0.1, 0.2 and
approximately constant for z = 0.3, 0.4.
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Fig. 5. Variation of dielectric constant with magnetic

field at room temperature.
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Fig. 6. Variation of magnetocapacitance with mag-
netic field at room temperature.

Figure 6 shows the variation of magnetocapacitance
(MC) with applied magnetic field. Magnetoelectric ca-
pacitance is defined by the equation:
£(H) —¢(0)

£(0)
where ¢(H) and €(0) are dielectric constant in presence
of magnetic and in absence of magnetic field. Magneto-

MC = x 100, (1)
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capacitance decreases with magnetic field and shows neg-
ative values. All compositions of (BiFeO3);_,(BaTiO3),
solid solutions have negative magnetocapacitance simi-
larly like most ferromagnetic and antiferromagnetic ma-
terials and show a decrease in dielectric constant and
capacitance. The variation of MC at z = 0.1 and 0.2
is much appreciable because of strong coupling due to
ferromagnetic nature of BF-BT system up to z = 0.2.
The variation of dielectric constant and magnetocapaci-
tance for T0BF-30BT and 60BF—40BT are not much sig-
nificant because of weak coupling due to paramagnetic
nature of these compositions.

Field emission scanning electron microscope (FE-
SEM) is used to find topography (the surface features of
an object) and morphology (the shape, size and arrange-
ment of the particles making up the object that are lying
on the surface of object). Figure 7 shows SEM images
of (BiFeO3);_,(BaTiO3), solid solutions for all different
levels of = as 0, 0.1, 0.2, 0.3, 0.4 and 0.5, respectively.
These images were taken from fresh fractured surfaces of
different samples. High tendency of densification can be
observed for different ceramic samples sintered at 950 °C.
Well formed grain of sintered (BiFeO3);_,(BaTiOs3), ce-
ramics with varying grain sizes and nearly uniform shape
touching each other with somewhere free spaces linger-
ing between them are shown in Fig. 7a—f. It revealed
the average grain size of ceramic samples approximately
1-2 © m. Large grains are probably related to the ag-
glomeration and not to a particular sintering mechanism
leading to abnormal grain growth. Formation of atomic
defects due the content of BaTiOg3 could also play a role
to change the grain size.

Fig. 7. electron

Scanning
(BiF603)17z(BaTiO3)z
composition (a) x = 0, (b) z = 0.1, (¢c) = = 0.2,
(d) x =10.3, () z = 0.4 and (f) z = 0.5.

micrographs for
solid solution with various
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The undoped sample i.e. BiFeO3 shows small and inho-
mogeneous grain size, which results in significant residual
porosity. The grain size of ceramic samples was increased
with the content of BaTiOs up to z = 0.3 improving the
sintering ability of solid solution accordingly. Whereas
grain size of BF-BT ceramics decreases for x > 0.3 low-
ering the sintering ability of the BF-BT solid solution
(Fig. 7). Ba, Ti ions will enter crystal lattices substitut-
ing Bi and Fe for z < 0.3, which will lead to crystal lattice
distortion, improving the sintering ability of the ceram-
ics. Content of BaTiO3 above 0.4 (x > 0.4) may proba-
bly exceed the solubility limit of Ba, Ti ions in the solid
solution, thus sintering ability of the ceramic and the
properties of the material are deteriorated accordingly.

r

100 200 0 AN 50
Encray - keV.

G40 00 &0 s 100

Fig. 8.
(BiFeO3)0.9(BaTiO3)0.1 ceramics.

EDAX spectrum of samples BiFeOs and

In order to check the expected atomic percentage (%)
of different elements present in the ceramics, we intro-
duced energy dispersive X-rays spectroscopy (EDXS) of
two samples of BiFeO3 and (BiFeO3)0.9(BaTiO3)o.1. Fig-
ure 8 shows the EDXS spectrum of two ceramic samples.
Atomic percentage of Bi, Fe, Ba, Ti, O elements in sam-
ples of BiFeO3 and (BiFeO3).9(BaTiOs3)o.1 are obtained
near to their expected values. Small peak of gold (Au)
is observed in EDXS spectrum due to gold coating on
the sample surface to make it conducting, required for
FE-SEM. However; EDXS has not returned the exact ex-
pected results after allowing for errors within the EDXS
system. This discrepancy can attributed to a variety of
causes, such as the sample contamination by the flux and
interference due to surface topography. Thus EDXS anal-
ysis also verified the chemically homogeneity of each ele-
ment and relative ratio.

4. Conclusions

The dielectric constant for all the samples decreased
with increasing frequency, as can be expected from a con-
ventional dielectric relaxation process. Dielectric loss &”
was also found to decrease with increase of the content of
BaTiO3 in BF-BT ceramics, justifying enhancement in
resistivity with incorporation of BaTiOg. Dielectric con-
stant changed with magnetic field for different samples
of (BiFeOs3);_5(BaTiO3), ceramics. All compositions
of (BiFeO3);_.,(BaTiOs), solid solutions had negative
magnetocapacitance similar like most ferromagnetic and
antiferromagnetic materials and showed a decrement in
dielectric constant and capacitance. Well formed grains
of ceramics samples with varying grain size and nearly
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uniform shape touching each other with somewhere free
spaces lingering between them were obtained.
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