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Abstract

The polycrystalline samples of (1 — x)BiFeO;—xBag gSro,TiO3 (x =0, 0.1, 0.2, 0.25, 0.3, 0.4 and x = 1) were prepared by the conventional solid
state reaction method. The effect of substitution in BiFeO3 by Bag gSr( ,TiO3 on the structural, dielectric and magnetic properties was investigated.
X-ray diffraction study showed that these compounds crystallized at room temperature in the rhombohedral distorted perovskite structure for
x < 0.3 and in cubic one for x = 0.4. As Bag gSry,TiO3 content increases, the dielectric permittivity increases. This work suggests also that the
Bay §S1( ,TiO5 substitution can enhance the magnetic response at room temperature. A remanent magnetization M, and a coercive magnetic field
Hc of about 0.971 emu/g and 2.616 kOe, respectively were obtained in specimen with composition x = 0.1 at room temperature.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroic materials exhibit ferroelectric and magnetic
properties simultaneously within a single phase. These
materials are considered to offer potential in novel devices
such as multi-state memory devices, transducers and sensors
[1,2]. In the conventional mechanism of ferroelectricity in
perovskite, an off-centring of B-site cations, requires the B site
to have an empty d orbital, which is incompatible with magnetic
ordering from partially filled d shells [3]. Thus, there are very
few single phase multiferroic materials in nature. Bismuth
ferrite BiFeO; is one of multiferroic materials [4]. BiFeOs is
ferroelectric below T¢ = 830 °C and G-type antiferromagnetic
below Ty ~ 370 °C, with cycloidal spin magnetic arrangement
[5]. BiFeO; crystallizes in a rhombohedral structure at room
temperature with R3¢ space group [6]. The preparation of
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BiFeOs in the bulk form without traces of impurities has been a
difficult task. Sosnowska et al. [5] observed an impurity peak of
Bi,Fe,O9 and Tabares-Munoz et al. [7] that of BiygFe,075.
Therefore, BiFeO3;—-ABO; solid—solution systems such as
PbTiO;5 [8], BaTiO; [9-11] and NaNbOs [12] and SrTiO;
[13], have attracted great attention as a means to increase
structural stability. Furthermore, BiFeO; ceramic is character-
ized by high leakage, small permittivity, high dielectric losses
and multiple thermally activated relaxations in kHz range
[14,15].

Bag gSrg,TiO5 is a prototype ferroelectric material with
several excellent ferroelectric properties (Tc=75°C, and
&~ 11,500) [16] better than BaTiOs; (7¢: 120 °C, and
&~ 9000) [17], the structure of Bag gSro,TiO5 has tetragonal
phase at room temperature [16], and is expected that both
ferroelectricity and ferromagnetism still coexist in the
compound formed when mixed with BiFeOs;.

The aim of the present work is to study the structural,
dielectric and magnetic properties of the (1 — x)BiFeO3;—
xBag gSr »,TiO3 ceramics with x =0.1, 0.2, 0.3, 0.4 and 1.
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2. Experimental

The (1 — x)BiFeO3—xBag gSro,TiO3 (x =0, 0.1, 0.2, 0.25,
0.3, 0.4 and x = 1) ceramics were prepared using solid state
reaction method. For compositions in the range 0 < x < 0.4
compositions, high purity Bi,O3;, Fe,O;, TiO,, BaCO5; and
SrCO; powders were carefully weighed in stoichiometric
proportions and thoroughly mixed in agate mortar for 2 h.
Bismuth oxide was taken in 5% mole excess to compensate
bismuth loss during sintering process. In order to obtain single
phase samples, the powders were then pressed into discs and
calcined rapidly at 600 °C for 1 h and later at 800 °C for 2 h
with intermediate grindings. After calcination, samples were
grounded for 2 h and pressed into pellets, then heated at 830 °C
for 1 hin air with a high heating rate. For the composition x = 1,
the appropriate mixture of powder was calcined at 1100 °C for
12 h. After being carefully milled, the powder was then pressed
into pellets, and finally sintered at 1320 °C for 3 h.

The crystal structures of the sintered samples were examined
by an X-ray diffraction (XRD, XPERT-PRO) with Cu Ka
radiation (A = 1.5406 A), 0.02° scan step and 1 s/step counting
time. The microstructure of the samples was examined by a
scanning electron microscopy (Zeiss Ultra plus 40, Germany).
The dielectric measurements were studied using LCR meter HP
4284A. The temperature and frequency ranges were between 30
and 600 °C and 100-1000 kHz, respectively. The magnetization
hysteresis (M—H) loop was performed using vibrating sample
magnetometer (NanoMOKE2 of Germany) superconducting
quantum interference device (SQUID) at room temperature.

3. Results and discussion
3.1. Phase purity and microstructures

The X-ray diffraction (XRD) patterns were analyzed to
confirm the phase purity, the symmetry and to calculate the
lattice parameters for all compositions of the solid solution
(1 — x)BiFeO3—xBag gSr,TiO3. A profile matching of the
XRD spectra was made using the “Fullproof™ software [18].

The analysis of the XRD patterns reveals that all the samples
exhibit single phase characteristics with no trace of other
impurity phases (e.g., BiyFe Oq, BiygFe,07,, etc.). The
rhombohedral distorted perovskite structure of BiFeO; with
R3c space group is conserved as xBaggSrg,TiO; content
increases up to x = 0.3 and at x = 0.4, it transforms into cubic
structure (Pm3m). Fig. la and b shows the X-ray diffraction
patterns of (BiFeO3)0,8—(Ba0,3Sr0.2TiO3)0,2 and (BiFeO3)0V6—
(Bag gSt,Ti03)¢ 4 ceramics respectively as examples. A similar
phase transition from rhombohedral to cubic was observed at
x=0.3 for (1 — x)BiFeOs—xBaTiO5 [9,10]. The structure and
lattice parameters of different compositions in the system
(1 — x)BiFeOs—xBag gSr ,TiO5 are listed in Table 1. The lattice
constant is not increasing monotonically with increase in x, but
shows fluctuation. The ionic radii of Ba>* (#(Ba>*) = 1.36 A) and
S ((Sr**)=1.18 A) are larger then that of Bi**
((Bi**) = 1.03 A), while the radius of Ti** (r(Ti*") = 0.605 A)
is smaller than that of Fe** (#(Fe**)=0.645A) [19]. So
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Fig. 1. XRD patterns for a rhombohedral and cubic ceramics samples of
(1 — x)BiFeOs—xBag gSro ,TiO5 with (a) x =0.2 and (b) x = 0.4.

substitution of Ba and Sr in A site will result in an increase in
crystal lattice constant while it is the reverse for the Ti
substitution on site B. So, incorporation of BaggSr,TiO; is
responsible for the fluctuation of the lattice constant.

The SEM micrographs of (1 — x)BiFeOs;—xBag gSr,TiO3
samples with different compositions are shown in Fig. 2. Fig. 2a
shows the surface of the specimen with composition x = 0.1.
The microstructure was heterogeneous with bimodal grain size
distribution, consisting of large grains of ~8 pm and small
grains of 3—4 um. We can notice also that the substitution of
BiFeO3; by Baj gSry,TiO5; reduces the grain size and hence
increases the volume fraction of grain boundaries and the

Table 1
Structure and lattice parameters of different compositions in the system
(1 — x)BiFeO3—xBag gSr( » TiO5.

Composition (1 — x)BiFeOs—x Structure Lattice parameters
Baolgsr()_zTiO:;

a(A) ()
x=0.1 Rhombohedral 5.638(2) 59.382(6)
x=02 Rhombohedral 5.620(6) 60.157(1)
x=0.3 Rhombohedral 5.619(7) 60.159(4)
x=04 Cubic 3.987(9) -
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Fig. 2. Surface SEM images of the (1 — x)BiFeOs;—xBag gSr;,TiO3 ceramics:
(a) x=0.1, (b) x=0.2 and (c) x=0.3.

microstructure was relatively homogenous (Fig. 2b and c). With
increasing Bag gSrp,TiO3 content, the grain shapes become
more regular, the grain sizes present a little decrease and the
size distribution is more uniform.

3.2. Dielectric properties

The evolution of real parts (¢]) of the dielectric permittivity
and dielectric loss (tan §) as a function of temperature at various
frequencies of (1 — x)BiFeO3;—xBa gSr,TiO5; (x =0, 0.1, 0.2,
0.3, 0.4 and 1) samples is shown in Fig. 3. These dielectric
measurements are reproducible after some thermal cycling
from room temperature up to 600 °C.

For the composition x =0 (BiFeOs), the dielectric permit-
tivity shows a continuously increase as the temperature
increases. The measured values of the real part of permittivity
are ¢ ~ 122 at 300 °C and ¢ =~ 330 at 400 °C at 100 kHz.

For all compositions in the range 0 < x < 1, one anomaly of
dielectric permittivity has been attributed to the ferroelectric—
paraelectric transition temperature (7). These temperatures are

about 496, 488, 478, 422 °C and 76 °C for x=0.1, x=0.2,
x=0.3,x=0.4and x = 1, respectively, at 100 kHz, decreasing as
x content increases. A similar behavior was observed by Kumar
et al. [9,20] in (1 — x)BiFeO3;—xBaTiO; system in which T¢
decreases from 504 to 372 °C for x =0.9-0.7, respectively.
However, the latter shows that for the composition x = 0.4, no
dielectric anomaly is observed. This difference may be related to
the introduction of Sr** ion in A site in this new solid solution.

The maximum in dielectric permittivity observed at T for
100 kHz in (1 — x)BiFeOz;—xBag gSr(,TiO; system increases
from 622 for x = 0.1, to 4565 for x = 0.3 and 6230 for x =0.4,
which are higher than that of BiFeO3 (=40 at room temperature)
and smaller than that of Bag gSr(,TiO3 (=~11,880) (Fig. 3). In
(1 — x)BiFeO3—xBaTiO; system [9], the maximum in dielectric
permittivity observed at T for 100 kHz increases, less than our
solution; from 300 for x = 0.1 to 4200 for x = 0.3. These results
show that the dielectric performances of BiFeO; substituted by
Baj St ,TiO5 are better than with BaTiOs.

The high value of the dielectric permittivity in
(1 — x)BiFeO3—xBa gSr( ,TiO5 samples may be attributed to
the conductivity thermally activated.

In addition, the maximum in dielectric permittivity observed
at Tc becomes broad as x increases reflecting the diffuse
characteristics of the phase transition which may be related to
the structure disorder and compositional fluctuation produced
in the arrangement of cations at A and B sites.The dielectric
response exhibits frequency dispersion upon heating for all
compositions. This dispersion decreases as BiFeOj; content
increases. So, this phenomenon can be explained by the random
intrinsic barrier distribution [21].

The dielectric loss (tan §) of BiFeOs is about 0.02 at room
temperature (Fig. 3) but it is of about 0.4 as observed by Wang
et al. [15]. This difference can be explained by the difference in
the preparation conditions. So the ceramic obtained in our case
contains less porosity and inducing less conductivity in the
material which is directly linked to tan é. As seen in Fig. 3, the
dielectric loss (tan §) of all compositions shows a decrease with
increasing frequency.

Above ~300°C, (1 — x)BiFeO3;—xBag gSrp,TiO3 (x =0.1)
shows steep upturns in tan §, with magnitude proportional to 1/f,
implying an existence of phase-shift conductivity due to random
intrinsic barrier distribution of Bi and Ba and Srions on the A site,
and Fe and Ti ions on the B site [15]. The origin of the increase of
tan § can be also due to the space charge polarization due to
oxygen ions vacancies. A similar behavior of dielectric loss of
(1 — x)BiFeO;—xBaTiO; system was observed [15]. Therefore,
with the increase in Bag gSr( ,TiO5 content, dielectric permittiv-
ity of the system increases the transition temperature 7 decrease
and the dielectric loss tangents decreases.

3.3. Magnetic properties

Fig. 4 shows the room temperature magnetization hysteresis
loops for (1 — x)BiFeOs—xBag gS1,TiO5 (x = 0.1, 0.2 and 0.3).
In pure BiFeOj;, the magnetization varies linearly with the
applied magnetic field up to 15 T. A similar magnetization
character was also reported by other authors [22]. The magnetic
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Fig. 3. Temperature dependence of the real part of the permittivity (¢]) and dielectric loss (tan 8), for the compositions x =0,x=0.1,x=0.2,x=0.3,x=04andx = 1

upon heating.

structure of BiFeO5; was proved to be antiferromagnetic with
this G-type spin ordering below the Néel temperature [23,24].
However, the BaggSrg,TiO3; doped ceramics exhibited a
magnetic hysteresis loops, referring to a quasi-ferromagnetic
behavior. The magnetization curves were not really saturated

even at 15 T, indicating the basic antiferromagnetic nature of
the sample. Therefore, the appearance of hysteresis loops in our
system may be attributed to the canting of antiferromagneti-
cally ordered Fe—O-Fe chain of spins caused by the distortion
created by non-magnetic ions Ti, Ba and Sr co-doping, resulting
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Fig. 4. Magnetic hysteresis loops for (1 — x)BiFeOs;—xBaggSro,TiO3
(0.1 <x <0.3) ceramics at room temperature.

in the weak spontaneous magnetic moment. An increasing
magnetization was also reported by Itoh et al. [25] for small
amounts of BaTiO; addition in BiFeOs.

The remanent magnetization M, of the samples with x = 0.1,
0.2 and 0.3 are 0.971, 0.771 and 0.481 emu/g, and the coercive
field Hc of those samples are 2.616, 1.301 and 1.293 kOe,
respectively. The highest remanent magnetization, coercive
field and M(H) loop area were found for the composition x = 0.1
and decrease as Bag gSr( ,TiO3 content increases. This behavior
can be related, like dielectric properties, to grain size effect.

The M, of the xBiFeO5—(1 — x)BaTiO; samples with x = 0.9
and 0.8 are 0.313 and 0.383 emu/g, and the H of those samples
were 1.301 and 2.260 kOe, respectively at room temperature
[10]. Compared to this study, the magnetic properties of BiFeO3
are improved by introducing Bag gSrg,TiOs.

4. Conclusion

In summary, a perovskite (1 — x)BiFeOs;—xBaggSr,TiO3
(x=0, 0.1, 0.2, 0.3, 0.4 and 1) ceramics were successfully
prepared by the solid-state reaction method. The phase structure
of the (1 — x)BiFeOs;—xBag gSry,TiO5 ceramics changes from
rhombohedral into cubic phase when the content of Bag ¢St .
TiOsisintherange 0.3 < x < 0.4. By comparison to BiFeOj3, our
new compositions have high dielectric permittivity and low
dielectric loss. Incorporation of BaggSry,TiO; in BiFeOj
improves magnetic properties at room temperature. A remanent
magnetization M, and a coercive magnetic field Hc of about
0.771 emu/g and 1.301 kOe, respectively were obtained in
specimen with composition x = 0.2 at room temperature.
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