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Abstract Multiferroic ceramics xBi0.5Na0.5TiO3-(1-x-
)NiFe2O4 (x=0–1) have been prepared by a sol–gel method.
Crystal structures were investigated by X-ray diffraction. The
results show the samples are pure phases and increasing
Bi0.5Na0.5TiO3 content induces a gradual phase transforma-
tion from spinel to perovskite structure. Scanning electron
microscopy micrographs also present the size and structure
of the samples. Results from energy dispersive spectrometer
confirm the stoichiometry of the compound. Both of the data
are proved to agree with the results of X-ray diffraction. All of
the samples display the evident ferromagnetic properties at
300 K and the saturation magnetization almost linearly varies
with the increasing of x. The room temperature polarization-
electric field loops were examined. Compared with pure
NiFe2O4, superior ferroelectric properties are obtained with
increasing maximum of polarization as the content of
Bi0.5Na0.5TiO3 increases. Dielectric properties were also stud-
ied. The dielectric constant is proved to increase as
Bi0.5Na0.5TiO3 content increases at room temperature and
the dielectric loss decreases as Bi0.5Na0.5TiO3 doped in
NiFe2O4. In addition, some of samples exhibit the effect of
magnetoelectric coupling.

Keywords Ceramic composites . Magneticmaterials .

Ferroelectrics . Dielectrics . Sol–gel preparation

1 Introduction

Multiferroicity is generally defined as the coupling between
different ferroic orders with one subset producing the magne-
toelectric or the other magnetodielectric effect. Thus, relying
on this, multiferroic materials which exhibit more than one
spontaneous electric, magnetic and elastic order simultaneous-
ly have been one of the hot research topics because of their
potential applications in memory devices, sensors, optical fil-
ters and so on [1–3]. The coexisting ferroic orders can couple
in the same phase but to our knowledge, the composite
multiferroics may have a larger magnetoelectric effect which
is important for application, than their single phase counter-
part, generally. Therefore, it will be more interesting to study
the composites based on ferroelelctric-ferromagnetic,
ferroelelctric-ferrimagnetic or others.

It has been proved that the perovskite structure is stable and
the coexistence of ferromagnetism and ferroelectricity can be
established [4, 5]. Bi0.5Na0.5TiO3 (BNTO) is a lead-free rhom-
bohedral perovskite-type ferroelectric materials with Curie
temperature Tc=320 °C. It can form solid solutions with other
perovskite-typematerials such as BiFeO3, BaTiO3 [6, 7]. Nev-
ertheless, systematic study on BNTO formed solid solution
with the spinel-type materials is still lacking.

Except for perovskites, spinel-type materials have also re-
ceived much attention because of its importance for techno-
logical application such as ferrimagnetic insulators just like
most spinel ferrites. Moreover, spinel is a complex crystal
structure with many degrees of freedom available to some
physical properties. Among the spinel ceramics, magnetic
NiFe2O4 (NFO) is a well-studied ferrite compound with mag-
netic ordering temperature well above room temperature [8,
9]. It is soft magnetic with an inverse spinel structure and the
ferrimagnetism originates from magnetic moments of antipar-
allel spins between Fe3+ ions at tetrahedral sites and Ni2+ ions
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at octahedral sites [10, 11]. Therefore, in solid solutions, NFO
can act as a magnetic source and the potential additive abso-
lutely to combine perovskites for the strong magnetic-electric
properties.

Based on the above description, it will be meaningful to
prepare xBi0.5Na0.5TiO3-(1-x)NiFe2O4 (BNTO-NFO)
multiferroic composite ceramic systems. In this work, we
focus on the structure, magnetic, ferroelectric and dielectric
properties which have been systematically studied in the
BNTO-NFO solid solutions with x=0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9 and 1. The enhanced multiferroics
properties can be clearly observed in the intensively report
below.

2 Experiment

BNTO-NFO (x=0–1) ceramics were synthesized by a sol–
gel method [12] using nitrates as metal precursors. First,
citric acid [C6H8O9] was dissolved in distilled water as a
complexant. Bismuth nitrate [Bi(NO3)3 ·5H2O], sodium ni-
trate [NaNO3], nickel nitrate [Ni(NO3)2·6H2O], iron nitrate
[Fe(NO3)3 ·9H2O] and tetrabutyl titanate [C16H36O4Ti]
were dissolved into the solution of citric acid in stoichio-
metric proportions to form the sol. The solution was adjust-
ed to a pH value of 4–7 by adding ammonia. Then, the
solution was evaporated to form a gel. After that the gel
was dried and burned until the combustion process was
completed. Subsequently, the mixture was calcined at
550 °C for 5 h to form the precursor powder, which was
reground and pressed into the pellets. The pellets were
1 mm in thickness and 10 mm in diameter. Finally, the pel-
lets were sintered at 1000 °C for 3 h. Electrodes with 6 mm
in diameter were applied to both surfaces to measure elec-
trical properties with silver paste.

Crystal structures of the samples were investigated by X-
ray diffraction (XRD) and the XRD data were collected on a
Panalytical X’pert PRO X-ray diffractometer. Micrographs
and the stoichiometry are displayed by scanning electron mi-
croscopy (SEM) and energy dispersive spectrometer (EDS)
with a JSM-5610LV. Magnetic properties were studied using
the Physics Property Measurement System (PPMS). Ferro-
electric properties were measured using a commercial ferro-
electric test system (PremierII, Radiant Technologies) and the
dielectric properties were measured by PST-2000H.

3 Result and discussion

The XRD patterns of BNTO-NFO (x=0–1) are presented in
Fig. 1, which confirms the presence of both perovskite and
spinel phases corresponding to BNTO and NFO, respectively.
The patterns show that there is no traces of other phases. More

important, even with x=0.1 the diffraction peaks of BNTO are
still observable and the intensity of BNTO peaks increases
while that of NFO peaks decreases with BNTO content in-
creasing. The surface morphology of samples are present in
Fig. 2(a–g). With increasing the doping content of BNTO, the
morphology of samples change from loose spinel only, then
coexistence with bigger grain of perovskite and smaller spinel
grain, to dense BNTO which is similar to other reports [13,
14]. EDS result confirms the stoichiometry of the 0.3BNTO-
0.7NFO ceramic and prove the sample pure, as shown in
Fig. 2(h).

Figure 3(a) displays the typical magnetic hysteresis loops
of BNTO-NFO for different content at 300 K. All of the
samples show saturated loops which reveal the room tem-
perature ferromagnetism of the composites. The presence of
magnetic properties should be attributed to the ordered
magnetic structure of NFO in the samples. Notably, as the
content of BNTO increases, the saturation magnetization
(Ms) declines. Figure 3(b) plots the variation of Ms with
the doping content of BNTO and the linear fit for the differ-
ent composites. The decrease of the Ms is almost linear as
doping content of BNTO increases. The decrease tendency
ofMs is mainly attributed to the dilution effect caused by the
phase without magnetism, the magnetic behavior of NFO
which is related to Neel theory [15] of ferrimagnetisms and
the cation distribution. In two phases system, the individual
ferrite grains give contribution to the magnetism and the
grains of BNTO next to the NFO grains break the connec-
tion of magnetic grains. That is to say that acting as pores,
BNTO grains break the magnetic circuits, which is in good
agreement with the earlier studies [16, 17].

Polarization against electric field (P-E) was measured with
100 Hz at room temperature, as plotted in Fig. 4. From the
ferroelectric hysteresis loops of BNTO-NFO for x=0.6, 0.7,

Fig. 1 X-ray diffraction patterns of xBi0.5Na0.5TiO3-(1-x)NiFe2O4

(x=0–1)
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Fig. 2 (a-g) SEMmicrographs of
xBi0.5Na0.5TiO3-(1-x)NiFe2O4

(x=0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1);
(h) micro EDS of
0.3Bi0.5Na0.5TiO3-0.7NiFe2O4
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0.8, 0.9 and 1, ferroelectric behavior is observed without sat-
uration. The ferroelectric hysteresis loops with x=0–0.5 are
not shown here due to the small enough breakdown voltage.
With increasing content of BNTO, the measured maximum of
polarization (Pmax) increase. The Pmax variation of BNTO-
NFO for x=0.5–1 is also presented in Fig. 4(f). The higher
polarization of the samples is attributed to the lower content of
NFO, just because the NFO phase is paraelectric [18]. When
BNTO content reaches to 0.8, the polarization of BNTO-NFO
has a slow increase and after that, Pmax increases sharply with
the increasing of BNTO. It suggests that there should be a
critical point of x around 0.8. The polarization ability of
BNTO-NFO is enhanced once the BNTOmole ratio is beyond
the critical point. In addition, we have also discussed the rem-
anent polarization (Pr). When the content of BNTO is smaller
than 0.9, Pr is low with about 0.5 μC/cm2. With x increasing
above 0.8, Pr has an evident increase accompanied with the
almost 2 μC/cm2 of x=1, which is consistent with Pmax. From
the P-E loops, we can find that samples of BNTO-NFO ex-
hibit weak ferroelectric property at room temperature. The
reason may be the voltage drop across the ferrite phase which
reduces the net impedance at the interface of BNTO and NFO.
NFO in the composites increases the conductivity, so the fer-
roelectric property is weak with higher content of NFO and is
enhanced when content of BNTO is increased.

The magnetoelectric (ME) coupling effect at room temper-
ature in BNTO-NFO have been demonstrated by electric sig-
nal measurement. The P-E loops of different samples mea-
sured without and with an external applied magnetic field is
shown in Fig. 5. When 5000 Oe is applied, the P-E loops
present different deviation from the loops without magnetic
field. The values of Pmax have an increase in the samples
especially when x is 0.6. It can be seen as the evidence of
ME coupling. The theoretical description of multiferroic prop-
erties is complicated because of the coupling interaction be-
tween the electric and magnetic properties. Multiferroic mate-
rials incorporate both ferroelectric and magnetic phase. How-
ever, neither the ferroelectric nor the magnetic phase shows
the ME effect, but just the composites of the two phases have
the effect. The following may explain it. The ME effect is a
result of the piezoelectric effect in the ferroelectric phase and
the magnetostrictive effect in the magnetic phase.With a mag-
netic field applied to BNTO-NFO, the material will be
strained and the shape of magnetic phase will be changed.
Due to the coupling between the magnetic and ferroelectric
domain, the strain would induce a stress, which gives rise to an
electric polarization.

Temperature dependence of dielectric constant (εr) for
BNTO-NFO (x=0.6–0.9) with various frequency are shown
in Fig. 6(a–d). For the samples, dielectric constants increase
at low temperature followed by the appearance of peaks at
about 320 °C, which is referred to the ferroelectric transition
of BNTO [19]. With temperature increasing, the increase in
dielectric constant is also seen with a sharp increase tendency.
It is worth noting that another peak emerges at higher temper-
ature range especially for samples with x=0.8 and 0.9. Accord-
ing to the range of temperature, the peak is at the Curie tem-
perature, which is indicated the phase transition of NFO [20].
What is more, the transition temperature shifts toward to lower
temperature as the content of NFO increases. The observed
behavior may be attributed to the change of magnetic ordering
in NFO. As an effect of vanishing magnetic order on electric
order, Landau-Devonshire theory of phase transitions has pred-
icated this type of dielectric anomaly in the magnetoelectrically
ordered systems [21]. It is consistent with the manipulation of
ME interaction, which can induce the shift in magnetic transi-
tion temperature due to an electric field. This phenomenon
further proves the ME coupling in the samples. In addition,
the peak position at 320 °C of the samples is not changed with
the doping content, which reveals the formation of BNTO with
NFO does not change the phase transition of BNTO itself.

In addition, temperature dependence of dielectric loss (tan
δ) with various frequency are plotted in Fig. 7(a–d). Especial-
ly for samples with x=0.7–0.9, the variation of dielectric loss
with temperature shows a dielectric anomaly at the tempera-
ture range from 350–600 °C with evident frequency disper-
sion of the peaks, which suggests a relaxor-like behavior. It is
similar to relaxor ferroelectric materials [22, 23]. According to

Fig. 3 (a) Magnetic hysteresis loops of xBi0.5Na0.5TiO3-(1-x)NiFe2O4

(x=0, 0.2, 0.4, 0.6 and 0.8); (b) variation of saturation magnetization of
xBi0.5Na0.5TiO3-(1-x)NiFe2O4 with x
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the results of XRD, SEM and EDS, the structure is likely to
remain in the original unit cell. The phase transition of BNTO
is still unchanged from the result of dielectric constant. As a
normal ferroelectric, pure BNTO does not present the relaxor
features at about 320 °C and this can be proved from Fig. 8.
Generally, several reasons have been proposed for this phe-
nomenon, for example, thermal agitation of local polarization
fluctuations induced by chemical heterogeneities [24] and for-
mation of fractal clusters inside the normal ferroelectric do-
mains [25]. Commonly,no structural transition is observed

wi th such d ie lec t r i c anomaly. Bes ides , for the
magnetoelectrically ordered system, the dielectric anomaly
may also appear near the magnetic transition temperature on
the basis of Landau-Devonshire theory. Therefore, the possi-
ble reasons can be as follows. An interchange of cationic sites
of different sizes producing subtle local lattice distortions in
the ideal crystal structure exhibits the dielectric anomaly. An-
other possibility is the coupling result of electric and magnetic
order. Of course, further investigation are still needed to reveal
the real physical natures of the dielectric anomaly in BNTO-

Fig. 4 (a-e) Ferroelectric hysteresis loops of xBi0.5Na0.5TiO3-(1-x)NiFe2O4 (x=0.6, 0.7, 0.8, 0.9 and 1); (f) the Pmax variation of xBi0.5Na0.5TiO3-(1-
x)NiFe2O4 (x=0.5, 0.6, 0.7, 0.8, 0.9 and 1) with x
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Fig. 5 Polarization against electric field loops for xBi0.5Na0.5TiO3-(1-x)NiFe2O4 (x=0.5, 0.6, 0.7 and 0.8) without andwith a 5000Oe external magnetic
field

Fig. 6 Variation of dielectric
constant of xBi0.5Na0.5TiO3-(1-
x)NiFe2O4 (x=0.6, 0.7, 0.8 and
0.9) with temperature
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NFO. What is also needed to pointed out is that the dielectric
loss of samples is small enough at room temperature, which
also helps the BNTO-NFO composite to be a very useful role
for multifunctional application much further.

In order to obtain a deeper insight into the dielectric prop-
erties of BNTO-NFO, the variation of dielectric constant with

frequency is shown in Fig. 9(a). The dielectric constant of the
different composites (x=0.6–1) at room temperature varies
with the different content of BNTO and NFO. Dielectric con-
stant with high value at low frequencies decreases sharply
with increasing frequency and gradually reaches a constant
value at high frequency. This behavior may be caused by

Fig. 7 Variation of dielectric loss of xBi0.5Na0.5TiO3-(1-x)NiFe2O4 (x=0.6, 0.7, 0.8 and 0.9) with temperature

Fig. 8 Variation of dielectric constant (a) and dielectric loss (b) of Bi0.5Na0.5TiO3 with temperature

J Electroceram (2015) 35:59–67 65



Maxwell-Wagner effect, which commonly refers to interfacial
polarization, occurring in electrically inhomogeneous system
[26]. The inhomogeneities in samples of BNTO and NFO can
arise from porosity and grain structure. When an electric cur-
rent passes through interfaces between two different dielectric
media such as the ferrite phase and the ferroelectric phase in
our samples, because of the different permittivities, the space
charge carriers need finite time to make the axes parallel to the
applied electric field. Thus, the behavior of dielectric constant
can be understood. We also plot of the variation of dielectric
loss with frequency at room temperature in Fig. 9(b). A grad-
ual decrease appears as frequency increases. The dielectric
loss represents the dissipation of energy in dielectric system
and it is proportional to the imaginary part of dielectric con-
stant. At high range of frequency, space charge polarizability
has no influence on dielectric response. Thus, just contribu-
tions from ionic, orientation and electronic polarization still
remain.

4 Conclusion

In conclusion, multiferroic ceramics of BNTO-NFO are syn-
thesized using the sol–gel method. The structure, magnetic,
ferroelectric and dielectric properties of the different samples
have been studied. The coexistence of pervoskite BNTO and
spinel NFO phases is proved by XRD and SEM, which are
pure phases without any impurity. Observations of magnetic
and ferroelectric hysteresis loops reveal that the excellent fer-
romagnetic and ferroelectric properties exist simultaneously at
room temperature with different ceramics. The dielectric con-
stant and dielectric loss also have an evident difference with
BNTO doping in NFO. More important, the ME coupling has
been found and proved. In our paper, mechanisms explaining
the meaningful behaviors are also discussed in detail. There-
fore, these results have clear implications for making good use
of the BNTO-NFO ceramics with the excellent ferromagnetic,
ferroelectric, dielectric properties and the ME coupling effect
as long as we can chose the optimal doping content of BNTO.
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