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Abstract

In this paper, xPbTiO3/(1-x)NiFe2O4 (PTO/NFO, x = 0.1, 0.2, 0.3, 0.4 and 0.5) ceramic composites were pre-
pared by mixing of sol-gel synthesized PTO and NFO powders, followed by their uniaxial pressing and sin-
tering at 1150 °C. The effects of PTO/NFO composition on crystal structure, surface morphology, electrical,
magnetic and magnetoelectric coupling properties were studied. XRD results showed that the prepared ceram-
ics contain only PTO and NFO phases without any impurity phase. The samples were relatively dense while
the grains were evenly distributed. The dielectric constant and loss varied monotonically with the frequency
for different molar ratios. The hysteresis loop of the composites with high amount of high resistance NFO
phase (x = 0.1, 0.2) has the shape characteristic for a material with large leakage current. The samples with
x = 0.1 showed the largest saturated magnetization, while the sample with x = 0.2 had the maximum remnant
magnetization. It was also shown that the polarization was affected by the external magnetic field of 1 mT and
the strongest ME coupling (relative polarization change of 15.4%) was observed for the 0.5PbTiO3 /0.5NiFe2O4

composite. In addition, the relevant calculation showed that the leakage mechanism may not be the main factor
affecting the polarization of the obtained ceramics.
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I. Introduction

Multiferroic materials refer to materials with two
or more orders of ferroelectric (antiferroelectric), fer-
romagnetic (antiferromagnetic) and ferroelastic [1–3].
Due to its unique ME coupling properties, multiferroic
materials have some special physical properties, some
meaningful and new physical phenomena are initiated
[2,4]. With the continuous development of information
technology, multiferroic materials have a wide range of
potential applications in multi-function devices such as
transducers, sensors, memories, etc. [5–7].

Multiferroics can be divided into single-phase and
composite multiferroic materials [8]. Single-phase mul-
tiferroic materials are ferroelectric and ferromagnetic
materials under certain conditions [9,10]. The Curie
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temperature of most single- phase multiferroic materi-
als is lower than room temperature, limiting their prac-
tical applications. A typical room temperature single
phase multiferroic material is BiFeO3, which is one of
the most studied lead-free multiferroic materials due to
its high ferroelectric (TC ∼ 1103 K), antiferromagnetic
(TN = 643 K) transition temperatures and large ferro-
electric polarization of 100µC/cm2 in thin films [11–
13]. However, the coupling effect of BiFeO3 at bulk
scale is usually very low mostly due to its poor spon-
taneous polarization, weak ferromagnetism (antiferro-
magnetic) and high leakage current density. Therefore,
it has been not yet exploited for device application and
researchers turned their attention to a new type of mul-
tiferroics (composite multiferroic materials).

Composite multiferroic materials take advantage of
the ME coupling between two or more single-phase
compounds without multiferroic properties, thus, the
composite material with a good ME coupling effect is
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formed. It was found that the ME coupling coefficient of
composite materials was several times higher than that
of single-phase materials [14–16]. Composite multifer-
roic materials are generally composed of ferroelectric
and ferromagnetic phase materials. Ferroelectric phase
materials are usually selected with good piezoelectric
properties and high Curie temperature, while ferromag-
netic phase materials are selected with strong magne-
tostrictive effect. PbTiO3 (PTO) is a typical piezoelec-
tric material with high Curie ferroelectric temperature
(TC ∼ 490 °C), In addition, it has important applica-
tions in electronic devices because of its high thermo-
electric coefficient (250µC/cm2 K) and low dielectric
constant [17]. NiFe2O4 (NFO) is an inverse spinel fer-
rite with high Curie temperature (TC ∼ 550 °C) [7].
Meanwhile, NFO is also a typical soft magnetic material
with low coercivity, easy magnetization, easy demagne-
tization, high permeability and resistivity. Therefore, in
this study PTO and NFO are selected as the ferroelec-
tric and ferromagnetic phases of composite materials,
respectively.

The mixing of ferroelectric phase and ferromagnetic
phase with different molar ratios will significantly af-
fect the magnetoelectric properties of composite mate-
rials. However, due to the influence of macroscopic me-
chanical defects, ferromagnetic and ferroelectric phase
polymerization, bonding and other factors, the proper-
ties of composite materials are deteriorating. In order to
resolve this problem, xPbTiO3/(1-x)NiFe2O4 (x = 0.1,
0.2, 0.3, 0.4 and 0.5) composite ceramics were prepared
and the effects of different molar ratios on the properties
of the composite ceramics were studied.

II. Experimental method

The xPTO/(1-x)NFO composite powders were syn-
thesized by sol-gel method. Pb(CH3COO)2 · 3 H2O,
and Ti(C4H9O)4 were dissolved in C3H8O2, whereas
Ni(NO3)2 · 6 H2O and Fe(NO3)3 · 9 H2O were dissolved
in CH3CH2OH by stirring. After stirring and heating at
80 °C for 1 h, precursor PTO and NFO powders were
obtained. The PTO and NFO precursor powders were
dried separately and heated at 900 °C. Finally, the PTO
and NFO powders were mixed at five different molar
ratios to obtain xPbTiO3/(1-x)NiFe2O4 where x = 0.1,
0.2, 0.3, 0.4 and 0.5. The precursor powders were mixed
by hand grinding for about 1 h and mixed with PVA
(15 wt.%). Pressed pellets with the diameter of 1 cm
and the thickness of 0.8 mm were obtained by uniax-
ial pressing for 10 min at 10 MPa. The PVA was dis-
charged at 500 °C, and the ceramics was finally sintered
at 1150 °C.

The X-ray diffraction (SmartLab, Rigaku, Japan) was
used to study the crystalline structure using Cu(Kα) ra-
diation source (λ = 1.54178 Å) and 2θ range from 20
to 80°. The surface morphology of the ceramics was in-
vestigated by scanning electron microscopy (S-3700N,
Hitachi, Japan). The ferroelectric and leakage current

characteristics were determined by ferroelectric test sys-
tem (TF2000e, aixACCT Inc., Germany). The dielectric
permittivity was investigated by using impedance anal-
yser (E4980A, Agilent, USA). The magnetic properties
of MPMS SQUID VSM DC magnetometer (Quantum
Design, America) were tested at room temperature.

III. Results and discussion

3.1. Structural characterization

The XRD patterns of the PTO/NFO ceramics are
shown in Fig. 1. It can be seen that PTO and NFO phases
(JCPDS No. 78-0299 and JCPDS No. 74-2081) exist in
the composite ceramics. PTO phase has the structure
of tetragonal perovskite, with the space group P4mm

and the lattice constant a = b = 3.94 Å, c = 4.063 Å.
NFO phase has spinel ferrite structure with the space
group Fd3̄m and the lattice constant 8.39 Å. There were
no other impurity phases. The diffraction peak inten-
sities of NFO with crystal plane index of (220), (311)
and (400) increase firstly and then decrease with the in-
crease of PTO content (the samples with x = 0.4 and
0.5), and the intensity of characteristic PTO peaks was
relatively high. This may be because the perovskite PTO
was doped with a small amount of Fe3+ (0.64 Å) and
Ni2+ (0.69 Å) at the Ti4+ (0.68 Å) ion site with the in-
crease of the PTO molar amount. This displacement
may change the size of the cell or cause anisotropic local
strain, which may lead to changes in the intensity of the
diffraction peaks. When the PTO mole amount increases
to x = 0.4 and 0.5, the ceramic system becomes stabled
and the diffraction peak strength increased [17,18]. At
the same time, when the PTO mole amount is increased,
the increase of lead (Pb2+) can restore the A ion stated
and enhanced the diffraction peaks of the crystal surface
[9,19]. On the one hand, the weak diffraction peaks of
the 0.3PTO/0.7NFO ceramics may be related to the sin-
tering behaviour or due to the different sintering activi-
ties of the ceramic materials with different molar ratios,
which can cause differences in grain size, crystallinity,
grain distribution uniformity, etc.

Figure 1. XRD patterns of sintered PTO/NFO ceramics
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Figure 2. SEM micrographs of xPbTiO3/(1-x)NiFe2O4 ceramics: a) x = 0.1, b) x = 0.2, c) x = 0.3, d) x = 0.4 and e) x = 0.5

Table 1. The porosity and grain size of PTO/NFO composite ceramics

Sample composition x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5
Porosity [%] 11.6 11.1 8.4 11.5 6.8

Grain size [µm] 1.45 0.83 0.65 0.57 0.43

The SEM micrographs of the PTO/NFO ceramics are
shown in Fig. 2 and the values of porosity and grain size,
calculated by the software Nano Measurer, are listed
in in Table 1. The porosity values for the composites
surface with x = 0.1, 0.2, 0.3, 0.4, 0.5 are 11.6, 11.1,
8.4, 11.5 and 6.8%, respectively. Therefore, the relative
densities of the inferred material were relatively poor.
This may be caused by uneven dispersion of the PTO
and NFO phases, agglomeration and linkage of two-
phase materials. The observed pores exist due to sev-
eral reasons. The first of all, it may be that the pres-
sure applied during the preparation of the ceramic sheet
is uneven, resulting in poor sample compactness. Sec-
ondly, the particle size of powder also affects the for-
mation of stomata. Thirdly, PVA forms carbon dioxide
and other gases in the sintering process, forming pores.
Finally, during the preparation of magnetoelectric com-
posites, more grain boundaries will be generated, and
the increase of grain boundaries will lead to the increase
porosity. The 0.5PTO/0.5NFO ceramics had relatively
flat surfaces and uniform grain distributions, which in-
dicated that the compactness of the ceramics sintered by
the two-phase materials with this composition was bet-
ter than for the other samples.

3.2. Dielectric properties

The relationships between the dielectric constant,
loss and frequency of the PTO/NFO ceramics are shown
in Fig. 3. As the frequency increased, the dielectric
constant of all ceramics decreased rapidly in the low-

frequency range and then slightly decreased in the high-
frequency region (>5 kHz). Since all relaxation times
are much lower than the period of the electric field (in
the lower frequency range), all polarization processes
can be established to obtain higher dielectric constants.
At higher frequencies contributions of ion and orien-
tation polarizability become insignificant, since corre-
sponding electric dipole will not follow the alternating
electric field, resulting in a static value of the dielec-
tric constant. The dielectric loss decreased as the fre-
quency increased, because dielectric loss was mainly

Figure 3. Dielectric constant and loss of PTO/NFO ceramics
versus frequency (inset represents high-frequency range)
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Figure 4. Leakage current of PTO/NFO ceramics

Figure 5. P-E curves of PTO/NFO ceramics

composed of relaxation loss and conduction loss. Relax-
ation loss was caused by relaxation polarization, while
conduction loss was usually caused by the presence
of more or less conductive electrons, holes and some
weakly constrained ions in the sample instead of ideal
insulators. As mentioned above, the dielectric constant
of the sample in the low frequency range was larger,
which was mainly caused by relaxation polarization.
Therefore, large loss may occur in the low frequency
range. With the increased of frequency, dielectric loss
decreases obviously, which indicated that the dielectric
dispersion follows the Maxwell-Wagner interface polar-
ization [20–22]. At low frequencies, the dielectric loss
of the PTO/NFO was very large, which may be due to

the free loss caused by partial discharge of the materi-
als and the conductance loss caused by internal defects
and vacancies under the action of external voltage. The
dielectric constant of the 0.1PbTiO3/0.9NiFe2O4 ceram-
ics was large and with the increase of PTO component
the dielectric constant of ceramic decreased. This was
because at low frequency, the main contribution to the
dielectric constant of ceramics was ferromagnetic mate-
rial NFO [23–25]. The dielectric loss of the PTO/NFO
ceramics was relatively large at low frequency, which
may be due to the concentration of defects (such as
grain boundary, pores) and other factors. The very large
dielectric loss of the 0.1PbTiO3/0.9NiFe2O4 ceramics
may be due to the large number of pores and rough-
ness on the surface, as can be seen from the SEM of the
ceramics in Fig. 2.

The leakage current of the PTO/NFO ceramics is
shown in Fig. 4. The leakage current density was found
for the composites with x = 0.1 and 0.2, which was be-
cause of the high conductivity of NFO phase. It may
also be caused by internal defects and lower densities
of these ceramics, which led to increased resistance, in-
creased current loss, and thus larger leakage current. In
addition, with the increase of external electric field, in-
ternal defects began to be amplified, and the carrier gen-
erated by defects started to become the most important
factor of leakage current.

Room temperature P-E curves of the PTO/NFO ce-
ramics are shown in Fig. 5, and the ferroelectric param-
eters are also listed in Table 2. The test frequency was
2 kHz. The P-E curve of the ceramics was selected at
high frequency to reduce the effect of leakage current
on the ferroelectric hysteresis loop. However, because of
the presence of impurities, pores and grain boundaries,
the leakage current cannot be ignored and will have a
great influence on these measurement results, such as
Pr and Ec will be overestimated [14]. The behaviour
of ferroelectric hysteresis loop was consistent with that
of the previously discussed sample leakage current. The
results show that the ferroelectric and dielectric prop-
erties of ceramics are improved at x = 0.5 due to the
suppression of leakage current. As shown in the figure
for the ceramic samples when x = 0.1 and 0.2, the Pr

and Ec of the ceramic exhibit abnormally large values.
It was noted that with the increase of PTO molar ratio,
the coercive electric field (Ec) value decreases (shown
in Table 1). On the one hand, the inversion of ferroelec-
tric domain needs to overcome the barrier effect, which
increased with the decreased of grain size, the smaller
the grain size was, the stronger the coercive force field
was. Meanwhile, with the increase of ferroelectric phase
grains, ferroelectric domain inversion was easy [26].
On the other hand, the presence of an oxygen vacancy

Table 2. Ferroelectric performances of xPTO/(1-x)NFO ceramics

Sample composition x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

Pr [µC/cm2] 0.164 0.087 0.011 0.009 0.013
Ec [kV/cm] 4.65 4.51 1.22 0.99 0.68
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Table 3. Residual polarization without magnetic field Pr(0), under the magnetic field of 1 mT Pr(H) and relative change
[Pr(H) − Pr(0)]/Pr(0) of PTO/NFO ceramics

Sample composition x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5
Pr(0) [µC/cm2] 0.164 0.087 0.011 0.009 0.013
Pr(H) [µC/cm2] 0.169 0.092 0.0103 0.0096 0.015

Relative change [%] 3 5.7 2.7 6.7 15.4

Figure 6. P-E curves of xPTO/(1-x)NFO ceramic measured
under magnetic field of 1 mT

created a barrier, or domain pinning, that prevented do-
main walls from moving [27].

3.3. Magnetoelectric properties

The P-E curves of the x/(1-x)NiFe2O4 ceramics under
the action of a magnetic field are shown in Fig. 6. Resid-
ual polarization (Pr) of the PTO/NFO ceramics with and
without magnetic field is shown in Table 3. There are
only small changes between the ferroelectric hystere-
sis loop of the PTO/NFO ceramics with and without an
external magnetic field, and the shape of the hysteresis
loop was basically unchanged. The reason could be rel-
atively small external magnetic field. As shown in Table
3, the residual polarization of the ceramic continuously
increases, under the action of a magnetic field, with in-
crease of x, i.e. PTO content, except for the composite
with x = 0.3. This may be due to the fact that when x

= 0.3, macroscopic defects such as pores, slits of the
ceramic caused a decrease in material density, resulting
in a tip stress concentration effect, thus let to a series
of properties of materials. Under the action of magnetic
field, although the P-E curves were not change much,
the change in the residual polarization of the ceramics
was relatively obvious, and the residual polarization of
ceramics was the largest when x = 0.5, and the relative
change rate was 15.4%, showing a good ME coupling
effect. This shows that when the molar ratio of ferro-
electric phase and magnetic phase is relatively equal,
the magnetoelectric coupling effect may be the highest.

In order to confirm whether the changes in P-E curves
under the action of the external magnetic field were

Figure 7. Leakage current of PTO/NFO ceramics exposed to
an external magnetic field of 1 mT

caused by the change of the leakage current, the leak-
age current of the ceramics were measured under the
action of the magnetic field (as shown in Fig. 7). Com-
paring with the leakage current of a ceramic without a
magnetic field (Fig. 8), it can be found that the leakage
current density of the ceramics slightly changes under
the action of the magnetic field. From the leakage cur-
rent curves in the presence or absence of magnetic field,
it can be found that the leakage current of the ceramics
with different compositions hardly changes under the
action of external magnetic field. So it can be inferred
that ceramics leakage current was not a major factor in
the change in ceramics polarization.

3.4. Magnetic properties

The magnetization as a function of magnetic field (M-

H curves) of PTO/NFO ceramics is shown in Fig. 9.
It is observed that the value of residual magnetization
(Mr) of all the ceramics increases with the increase of x,
while the saturation magnetization (Ms) of these sam-
ples decreases with the increase of x. Since the magne-
tization of the ceramic measured is a macroscopic prop-
erty rather than a single particle, the phenomenon can-
not be attributed to the uneven distribution of ferroelec-
tric and ferromagnetic phases [9]. One reason for the
above phenomenon may be the interface effect between
the two phases. The decrease of the ferromagnetic phase
will lead to the change of magnetic properties [28]. It
may also be due to the polymerization and connection
of two-phase materials, which may significantly affect
the magnetic properties of the materials. The influenc-
ing factors of coercive magnetic field (Hc) are mainly
due to the grain size of magnetic materials. The Hc value
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Figure 8. Leakage current and contrast diagram, measured under magnetic field, of xPbTiO3/(1-x)NiFe2O4: a) x = 0.1,
b) x = 0.2, c) x = 0.3, d) x = 0.4 and e) x = 0.5

Figure 9. Magnetic properties of PTO/NFO ceramics

increases with the decrease of grain size, but when the
grain size reaches a certain value, Hc decreases with the
further decrease of grain size. The grain size of ceramics
generally decreases with the increase of x (shown in Fig.
2), but the difference is not obvious, which needs further
study. At the same time, magnetic anisotropy, impurity,
defect and other reasons in the material may cause the
change of coercivity.

IV. Conclusions

xPbTiO3/(1-x)NiFe2O4 multiferroic materials were
successfully prepared by mixing of sol-gel synthesized
PTO and NFO powders, followed by their uniaxial
pressing and sintering at 1150 °C. The obtained ceram-
ics have been proven to be PTO/NFO composite ce-
ramics by XRD patterns. The surface and grain distri-
bution are more uniform when x = 0.5, the ferroelec-
tric performance, insulation performance and magne-
toelectric coupling effect were also preferable among
all the samples, while the magnetic properties of the

0.4PbTiO3/0.6NiFe2O4 ceramics were the best due to
the relative density structure and size effect. It was con-
cluded that the leakage current of ceramics was not the
main factor affecting the change of hysteresis loop of
ceramics. However, since the principle of single vari-
able is maintained, the electric field intensity added by
ceramics in this paper was not high, so the next step was
to improve the material compactness and other aspects,
and study the corresponding situation in the case of high
electric field.
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