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Abstract The 0.6BiFeO;—0.4(Bij sNag 5)1—Ba, TiO5 (short
for BF-BN(;_,,Ba,T) (x =0, 0.2, 0.3, 0.4, 0.5) solid-
solution ceramics were fabricated by a sol-gel method. The
presence of constituent phases in ceramics was investigated
by X-ray diffraction. It indicates that all of the samples are
single phase. Not only that, it also proves the rhombohedral
structure of the samples. Multiferroic properties dependent
on the doping content of Ba ions were studied systemati-
cally. The ferroelectricity and ferromagnetism were tested,
displaying the maximum values of remnant polarization
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and remnant magnetization at x = 0.4 simultaneously.
With the increasing in x, the peak of dielectric constant
depending on temperature shifts toward to the lower tem-
perature range. In addition, the dielectric diffuse degree
also increases monotonically as x increases to 0.5.
Graphical Abstract (a—e) Magnetization hysteresis loops
of BF-BN_,,)Ba, T (x =0, 0.2, 0.3, 0.4, 0.5) solid solu-
tions at room temperature and (f) the evolutions of M, and
H_ with x.
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1 Introduction

We believe that multiferroic materials [1-3] that exhibit
ferroelectric and ferromagnetic properties simultaneously
have attracted increasing interest for a long period of time.
The potential application in fundamental physics even
multifunctional devices such as storage media, spintronic
devices and sensors should just be the very reason [4].
However, the single-phase multiferroics in nature are very
few because of the coexistence with ferroelectricity and
ferromagnetism, which requires empty and partially filled
transition metal orbital, respectively [5].

BiFeOs5 (BF) is a rare single-phase multiferroic material
characterized by the high ferroelectric Curie temperature
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ture Ty (Ty ~ 643 K) [6]. The ferroelectricity of BF
comes from Bi ions 6s” lone-pair electrons while the
magnetism is originated from the partially filled d-orbitals
of Fe. Unfortunately, the relative high leakage current and
unwanted secondary phases become the key factors for
hindering the research of BF [7, 8]. To stabilize the per-
ovskite phase and enhance the electric, magnetic and
magnetoelectric properties of BF, doping other elements,
such as La or Mn [9], and even many other ABO;5 per-
ovskite phases such as PbTiO; [10], Nag 5K sNbO;5 [11]
and SrTiO3 [12], is used to form solid solutions with BF.
Among these, BigsNaysTiO; (BNT) is a lead-free rhom-
bohedral perovskite-type ferroelectric materials with
Tc = 320 °C [13]. Improvement in ferroelectric and
magnetic properties of BF-BNT has been reported in
comparison with BF [14]. In order to obtain better prop-
erties, further works are ongoing.
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In this paper, BF-BN(,_,,Ba, T (x = 0,0.2,0.3,0.4, 0.5)
ceramics were synthesized by a sol-gel technique.
The reason for choosing this composite is based on the
interesting observations of approved multiferroic properties
in BF solid solutions with BaTiO3 [15] and Big 5Nag 5TiO3
[16]. Also, to our knowledge, the size of Ba ions
(0.135 nm) is quite larger than Bi ions (0.103 nm), so
doping Ba ions in BF-BNT may cause some structural
distortion, and therefore, the properties will be changed in
comparison with BF-BNT.

2 Experimental procedure

The BF-BN(;_,Ba, T (x =0, 0.2, 0.3, 0.4, 0.5) ceramics
were fabricated by a sol-gel method [16]. At first, raw
materials of 99.9 % purity Bi(NO3)3-5H,0, Fe(NO;);-
9H,0, NaNOj3, BaCOs, butyl titanate and citric acid were
dissolved in distilled water. In this process, citric acid and
metal cations have a molar ratio of 1.5:1. The detailed
values are listed in Table 1. Then, the solution was main-
tained at room temperature under strong magnetic stirring
for 2 h. After that, the pH value of mix solution was
adjusted to 7-8 by adding ammonia. About 15 h was still
needed to thoroughly homogenize the solution to form sol.
Afterward, the sol was heated in water bath and kept the
temperature 373 K for 5 h to form gel. The gel was dried in
oven at 403 K for 5 h and then ground and calcined at
773 K to form the precursor powers. Finally, the powders
were ground in an agate bowl for about 2 h and then
pressed into disks with 10 mm in diameter and 1 mm in
thickness. In our experiments, the disks were sintered at
1223 K for 6 h. To measure the electrical properties,
electrodes with silver paste were applied to both surfaces.

Crystal structures were investigated by a Philips Pana-
lytical X’pert diffractometer (XRD) using the iron-filtered
Cu-Ka radiation (A = 0.15406 nm) in the 20 range of 20°—
80° with a step size of 0.02 °. Magnetic measurements
were taken using a commercial Physical Property Mea-
surement System (PPMS, Quantum Design) with the
apparatus error of 0.5 %. The polarization hysteresis loops
at room temperature were measured by a commercial FE
test system (Premierll, Radiant Technologies). The
dielectric properties of the ceramics were obtained with a

precision impedance analyzer (PST-2000H) with an ac
voltage of 1 V, and the error of apparatus is 0.05 %.

3 Results and discussion

XRD patterns of the investigated ceramics (x = 0, 0.2, 0.3,
0.4, 0.5) are plotted in Fig. 1a. All the diffraction peaks are
well matched with the structure of BF-BN(; _,,Ba, T, which
is identified as pure phase without any other observable
impurity (e.g., Bi;Fe 0o, Bi,O3 and Fe,O3). All the sam-
ples of BF-BN(_,,Ba,T are rhombohedral perovskite
structure compared with the PDF card numbered 01-072-
2035, and it also indicates that the pure-phase BF-
BN(;_,Ba,T can be synthesized by sol-gel method. In
order to give a more explicit picture, a magnified diffrac-
tion patterns at the vicinity of 20 = 22-23° can be seen in
Fig. 1b. With the increasing content of Ba ions, the peak of
(100) shifts toward to lower angles indicating the increase
in lattice parameter. The dependence of lattice parameter
(d) on the doping content (x) is depicted in the inset of
Fig. 1b. Increasing with the doping composition, lattice
parameter increases monotonously, which is consistent
with the theoretical value calculated by Braggs formula. It
can be understood that when Ba ions are added to BF-BNT,
the higher size of Ba ions results in the increase in effective
ionic radius of A site. The higher amount of Ba ions will
slightly distort the unit cell and induce strain in the lattice,
which can lead to an increase in lattice parameter and even
result in the shift of diffraction peak, ultimately. This might
be important for the multiferroic properties at room tem-
perature of the compound.

The ferroelectric properties have been evaluated through
measuring the room-temperature polarization—electric field
(P-E) hysteresis loops with 10 Hz. It is a most important
character to study the ferroelectric behavior. The P-E loops
with different contents of Ba ions are plotted in Fig. 2.
Ferroelectric behavior is observed in the all samples.
Firstly, keeping frequency stable, P, increases gradually
with an increase in electric field owing to larger electric
field providing higher level of driving power, which is
responsible for the ferroelectric domains reversal. There-
fore, higher driving power enhances the volume of ferro-
electric domains even the total ferroelectric polarization

Table 1 Quantity of the

reagents with different values Reagents (g) x Bi(NO3)3:5SH,O  Fe(NO3);-9H,0  NaNO;  Butyl titanate  BaCO5;  Citric acid
of x 0 3.8805 2.424 0.17 1.3614 - 6.3042
0.2 3.6865 2.424 0.136 1.3614 0.1579  6.3042
0.3 3.5895 2.424 0.119 1.3614 0.2368  6.3042
0.4 3.4925 2.424 0.102 1.3614 0.3157  6.3042
0.5 3.3955 2424 0.085 1.3614 0.3947  6.3042

@ Springer



292

J Sol-Gel Sci Technol (2015) 76:289-297

Fig. 1 a XRD patterns of BF-
BN(_»Ba, T (x =0, 0.2, 0.3,
0.4, 0.5) solid solutions,

b magnified patterns of peak
(100) and the inset shows the
evolutions of lattice parameter
with x

Fig. 2 a-e Polarization
hysteresis loops of BF-
BN(-»Ba, T (x =0, 0.2, 0.3,
0.4, 0.5) solid solutions at room
temperature and f the evolutions
of P, with x
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including the parameters such as E. and P,. Here, E. is the
coercive electric field and P, is the remnant polarization.
During measurement, the samples are polarized with
applied field. When applied electric field is turn off, the
polarization is not zero and it is named P,. When electric
field is applied again and make the polarization zero, the
value of electric field is E.. Then, as shown in Fig. 2a, just
low-field P-FE loops are observed for BF-BNT without Ba
ions. Higher field is restricted because of the great electric
leakage, which also results in the unsaturated P—E loops.
For the other samples, clear P-E loops with higher applied
electric field can be detected. Although all the samples do
not show saturated P—E loops, which agree well with the
previous reports on BF solid-solution systems [17-19], the
ferroelectric properties of our samples are much improved
in comparison with those of BF-BNT. Compared with
Fig. 2a, as the doping content of Ba ions increases, E. and
P, increase from E. = 9.8 kV/cm and P, = 1.66 uC/cm2
for x = 0 to E, = 21.4 kV/cm and P, = 19.95 uC/cm? for
x = 0.4. E. and P, roughly increase accompanied with the
Ba ions increasing. Figure 2f also shows the evolutions of
P, with the content of Ba. The unsaturated P—E loops may
arise from leakage current shown in Fig. 3 and the partial
reversal of the polarization. To our knowledge, oxygen
vacancies that can be formed in BF-BNT lattice lead to
pinning of the domain wall and trapping of charge carriers;
thus, it could increase the leakage current [20]. As a result,
the improvement in ferroelectric properties should be
attributed to the suppressing of oxygen vacancy and the
weakening of the defect mobility, which can make a con-
tribution to domain pinning [20]. When Ba ions increase
from 0.4 to 0.5, the P—F hysteresis curves appear very leaky
and the P, presents a sharp decrease with the P—E loops
displaying more open loops at 0.5. Porosity, grain bound-
ary, grain size and crystal defects are important factors that
can affect the ferroelectric behavior. Sample with x = 0.5
has a bigger lattice constant, which can be accompanied
with the formation of higher porosity. Larger number of
insulating grain boundaries and more grain—grain interface
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Fig. 3 Leakage current versus electric field curves of BF-BN(,_,,
Ba, T (x = 0.2, 0.3, 0.4, 0.5) solid solutions

space can act as a barrier for electric current, resulting in the
anomalous behavior in sample of x = 0.5. In brief, evi-
denced by the XRD patterns in Fig. 1, the changed ferro-
electric polarization can be attributed to the distortion of
BF-BN(,_,)Ba,T with doping of Ba ions. The introduction
of Ba ions breaks the original order of BF-BNT structure
inducing structural distortion and changing the oxygen
vacancy. In addition, the Ba ions may be formed to BaTiO3
and then influence the ferroelectric properties of BF-
BN(;_Ba, T ceramics, which is similar to the previous
studies [21-23].

Figure 4 shows the variation of dielectric constant (&) as
a function of temperature for different frequencies (10,
100, 500 kHz and 1 MHz). For the samples, dielectric
constants increase at low temperature followed by the
appearance of peaks at the range of 300-400 °C, which is
at the vicinity of ferroelectric—paraelectric transition tem-
perature of BNT and the antiferromagnetic Néel tempera-
ture of BF. What is more, the peak position shifts toward to
lower temperature side as x increases. As we all know, the
ferroelectric—paraelectric transition temperature of BaTiO3
is around its Curie temperature (7¢c = 120 °C) [24] and
that of BNT and BF is T¢ = 320 °C [25] and 830 °C,
respectively. The ferroelectric—paraelectric transition tem-
perature of BaTiO; is lower than that of BNT and BF.
Therefore, that may be the reason of the shift toward to low
temperature. Another reason may be related to the mag-
netoelectric coupling. The antiferromagnetic Néel temper-
ature of BF is 370 °C. The magnetic structure of BF is of G
type with each Fe®>™ magnetic ion surrounded by six Fe’™
nearest neighbors with antiparallel magnetic moments.
Doping with different ions can induce changes of cation
displacements, alterations of tilt angle, distortion, strain of
oxygen octahedral and even the canting of the spiral spin
modulation due to a structural distortion. In our samples,
the content of Ba ions may induce the spiral spin structural
distortion of BF. So, the peaks shifting toward to the lower
temperature with increasing of Ba can be related to the
change of magnetic ordering in BF. As an effect of van-
ishing magnetic order on electric order, Landau—Devon-
shire theory of phase transitions has predicated this type of
dielectric anomaly in the magnetoelectrically ordered sys-
tems [26]. It is consistent with the manipulation of mag-
netoelectric interaction, which can induce the shift in
magnetic transition temperature due to an electric field. Of
course, further investigation is still needed to reveal the
real physical natures of the dielectric anomaly in BF-
BN(;_Ba,T. As shown in Fig. 4, another phenomenon is
that the dielectric peaks broaden with x increasing. The
results should imply that diffuse phase transition exists in
the samples and that it is enhanced with increasing content
of Ba ions. These are in good agreement with other reports
about Ba doping [27].
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In order to further characterize the dielectric dispersion
and diffuseness of the phase transition, a modified Curie—
Weiss law proposed by Uchino and Nomura [28] is
employed: 1/¢. — 1/, = A(T — Ty,)", where ¢, is the
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maximum value of the dielectric constant at the phase
transition temperature T, 7 is the degree of diffuseness, and
A is a constant. The value of 7 in normal ferroelectric is 1,
and the ideal relaxor ferroelectric is 2. Figure 5 plots the
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variation of In(1/e, — 1/¢y,) as a function of In(7—T,,) at
10 k Hz for the BF-BN(;_,,Ba,T ceramics. From the
results, we can find that the values of y are between 1 and 2,
which proves that our samples indeed have the relaxor
behavior as presented in Fig. 4. In addition, the values show
a monotonic increasing as the x increases. It means that the
diffuse degree of BF-BN(,_,)Ba, T ceramics is increased by
doping Ba ions. This case can be ascribed to the different
ions occupied the equivalent site in crystal lattice randomly,
and therefore, different components in crystal lattice can
result in different phase transition temperatures and differ-
ent breadths of transition temperature range.

In addition, temperature dependence of dielectric loss
(tan o) with various frequencies is plotted in Fig. 6.
Dielectric loss is the energy dissipation through the
dielectric system, and it is proportional to the imaginary
part of the dielectric constant. During the range of low
temperature, the value of dielectric loss is about 0.3 and is
negligibly small. At higher temperature, value of dielectric
loss increases sharply with a rise of temperature for all the
samples because that charge carriers can gain a higher level
of energy resulting in the increase in conductivity. What is
also needed to pointed out is that the value of dielectric loss
is small enough at room temperature and has a decreasing
tendency as the content of Ba increases, which signifies the
enhancement of some multiferroic properties and also
helps the BF-BN(;_,)Ba, T composite to be a very useful
role for multifunctional application much further.

For investigating the different magnetic properties
between x = 0 and the other samples, magnetization hys-
teresis (M—H) loops of the BF-BN(,_,,Ba, T (x =0, 0.2,
0.3, 0.4, 0.5) have been measured at 300 K with a maximum
magnetic field of 30,000 Oe. Figure 7a—e displays the
magnetic loops with nonzero remnant magnetization (M,) of
the samples, which reflects the presence of ferromagnetism
at room temperature. In addition, M, and coercive field (H.)
increase and then reduce in the order x = 0-0.4 and x > 0.4
as shown in Fig. 7f. It is worth mentioning that the optimal
ferromagnetic behavior is observed at x = 0.4 with corre-
sponding coercive field H. = 1500 Oe and M, = 0.025
emu/g, which is consistent with the degree of lattice
deformation. The destruction of spiral spin structure can
have an influence on the magnetic properties of the multi-
ferroics. The Ba ions with large radius breaking the spiral
spin structure of BF lead to the appearance of ferromagnetic
characteristic. The decrease in H. and M, with x = 0.5
should be related to the overmuch content of Ba ions. It is
likely that excessive structural distortion for space-modu-
lated spiral spin structure decreases the magnetic properties.
Of course, the magnetic properties are still considerably
enhanced when Ba ions are induced. In comparison with the
above results in Fig. 2, we can also conclude that there is a
coexistence of ferroelectric and ferromagnetic properties
among these ceramics at room temperature.

Eventually, although the patterns in Fig. 1 have proved
the samples pure, it is necessary to exclude the properties

Fig. 6 Temperature (a) —oz - (b) 60 o3
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contributed from the potential impurity phases such as
Fe;03, BiyFe O9 and BiysFeOy, before ascribing the
observed ferromagnetism to be intrinsic. At first, the BF-
BN(_Ba,T has a larger H. (~1kOe) than Fe,O;
(<100 Oe), which exclude the possible origination from
Fe,O5; impurity. Next, BiysFe,O39 or BirsFeOyq in some
samples is paramagnetic or only ferromagnetic at low
temperature. Finally, Bi,Fe Oy is antiferromagnetic with
Tn ~ 260 K [29]. Based on above considerations, the
ferromagnetic ordering in this system can be considered as
intrinsic and ascribed to the collapse of the spiral spin
structure by a structural distortion. Moreover, it can further
certify that the XRD patterns are pure.

4 Conclusions
In summary, the 0.6BiFeO;-0.4(BiysNags)—_xBa,TiO3

(x=0, 0.2, 0.3, 0.4, 0.5) solid-solution ceramics were
fabricated by a sol-gel method. All the samples are pure
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phase. The properties of ferroelectric, dielectric and mag-
netic have been investigated. Samples with different dop-
ing contents of Ba present corresponding ferroelectric and
magnetic properties at room temperature. The peak posi-
tion of dielectric constant shifts toward to lower tempera-
ture, and the dielectric diffuse degree increases
monotonically with the increasing of x. The maximum
values of P, and M, occur at x = 0.4 simultaneously. These
results prove the coexistence of magnetism and ferroelec-
tricity at room temperature. The multiferroic properties are
well enhanced with different doping contents of Ba ions.
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