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The multiferroic composites consisting of piezoelectric
and piezomagnetic component phases show a magneto-
electric coupling effect (ME) due to the magnetically or
electrically induced mechanical deformation between
these two phases [1]. To the magnetic field induced ME
effect, the applied magnetic field generates a strain in
piezomagnetic phase that deforms piezoelectric phase.
As a result, the deformation of piezoelectric phase pro-
duces an electric field. Similarly the electrical field in-
duced ME effect can be realized by applying an electric
field. The ME effect occurs as a product property be-
tween piezoelectric and piezomagnetic phases and is
not available in their individual component phases. ME
voltage coefficient αE is adopted to measure the mag-
netic field induced ME effect as follows

αE = ∂e

∂ H
× ∂ E

∂e
(1)

where e is elastic strain, H is applied magnetic field
and E is induced electric field. The direction of the
generated electrical field is apparently determined by
the orientation of the Weiss domains (groups of dipoles
with parallel orientation) in the piezoelectric phase that
is random before poling. Thus, the alignment of the
electric dipoles, usually realized by the poling process,
is essential in order to achieve substantial ME effect.
Studies by Van den Boomgaard et al. [2–4] have first
demonstrated that the effective magnetoelectric cou-
pling effect in the composite materials relies on opti-
mal composition, favorable microstructure and non-slip
contact between different phases.

Among various magnetoelectric composite systems,
BaTiO3/CoFe2O4 composite materials are the first in-
vestigated [2–4]. The BaTiO3 and CoFe2O4 phases are
found to be separated from each other by cooling the
eutectic liquid in a unidirectional solidification pro-
cess, which produces the BaTiO3/CoFe2O4 compos-
ites with a lamellar morphology. However, the phases
as Co2TiO4 and (BaFe12O19)y(BaCo6Ti6O19)1−y could
also exist in the systems [4]. The resulting lamel-
lar microstructure prevents the relatively conduc-
tive CoFe2O4 phase from forming conducting chains
along the poling direction. Consequently the compos-
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ite materials possess a relatively high ME sensitivity
(130 mV/cm·Oe), but the unidirectional solidification
process is not easy to be implemented. Moreover, a re-
cent study by Echigoya et al. [5] demonstrates that it is
difficult to obtain an ideal lamellar microstructure of the
as-produced composite materials, and thus their elec-
trical resistivity is limited to about 108 �·cm, which is
not high enough for applying higher poling voltage. The
occurrence of BaTiO3 and CoFe2O4 phase separation
has also been observed, according to Ramesh et al. [6],
through cooling an atomic gaseous phase in the sputter-
ing process that gives a self-assembled nanostructure.
Nevertheless, the phase separation or segregation has
not ever been observed from solid state precursors in the
BaTiO3/CoFe2O4 system. Hence many studies [7–10]
have adopted conventional ceramic processes to pro-
duce the composites by mixing and sintering BaTiO3
and CoFe2O4 powders together. The magnetoelectric
sensitivity of these materials was usually poor due to
the undesirable CoFe2O4 phase distribution and the lack
of control to the microstructure of the composites. To
overcome these difficulties, this letter reports a novel
approach of preparing multiferroic BaTiO3/CoFe2O4
composites through a one-pot process.

The one-pot process was employed as follows to
prepare stoichiometric BaTiO3/CoFe2O4 (molar ratio:
4:1) powder. The starting materials were reagent grade
Ba(NO3)2(>99%), butyl titanate Ti(OC4H9)4(>99%),
Co(NO3)2 and Fe(NO3)3. 0.1 mol Ba(NO3)2 was first
dissolved in 500 ml distilled water and the solution
was then gradually added to 500 ml 0.2 M ethylenedi-
aminetetraacetic acid (EDTA) solution with pH 6 ad-
justed by adding an ammonia solution. Similarly Co
and Fe ion-containing solutions stabilized by EDTA
were prepared. The stoichiometric amount of butyl ti-
tanate was added to a 0.2 M citric acid solution (pH 6)
with the molar ratio of Ti(OC4H9)4 to citric acid be-
ing 1:2. The solutions containing Ba, Co, Fe and Ti
components were then mixed by mechanical stirring
at 70 ◦C until a viscous liquid appeared. Water in the
liquid was removed in oven at 120 ◦C. The dried mix-
ture was heat-treated at various temperatures for 1 hr to
investigate its phase development. The calcined pow-
der was ball milled for 4 hr in a plenary mill before
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uniaxially pressed into disc-shaped samples. The nom-
inal size of the samples is 10 mm in diameter and 1 mm
in thickness. The samples were sintered at different
temperatures in air for a holding time of 2 hr with a
heating rate of 2 ◦C/min. Differential thermal analy-
sis (DTA) and thermogravimetry (TG) (Perkin Elmer
1700) were carried out to monitor the decomposition
process of the precursor at a heating rate of 5 ◦C/min in
static air. Crystal structure changes of the samples af-
ter heat treatment were identified by X-ray diffraction
(XRD, D8 ADVANCE, Bruker) with CuKa radiation.
Microstructural and compositional observations of the
polished and Pt-coated sections of the sintered sam-
ples were performed by scanning electron microscopy
(SEM, Jeol, JSM-5610LV) equipped with energy dis-
persive X-ray spectroscopy (EDS).

The electric resistivity of the sintered samples was
measured between room temperature and 150 ◦C by a
digital multimeter. Then these samples were electrically
polarized under 1 kV/mm at 140 ◦C to align the elec-
tric dipoles in the piezoelectric BaTiO3 phase. The ME
response was measured under a dc magnetic field up
to 0.4 T and a superimposed ac magnetic signal of less
than 5 Oe amplitude. Both the ac magnetic field and the
magnetic bias are parallel to the poling direction of the
samples. The frequency dependence of the ME sen-
sitivity of the samples was measured and it was found
that the ME reached a maximum at about 160 kHz, sug-

Figure 1 DTA and TG results of the precursor heat-treated at a heating
rate of 5 ◦C/min in static air.

Figure 2 XRD patterns of the samples with a composition of 0.8
BaTiO3·0.2 CoFe2O4, heat-treated at 500 ◦C, 700 ◦C, 900 ◦C and
1180 ◦C respectively.

Figure 3 (a) Typical SEM micrograph of the polished surface of the
composite samples sintered at 1180 ◦C for 2 hr, and EDS spectra of (b)
matrix phase and (c) the phase in black.

Figure 4 Magnetoelectric voltage coefficient as a function of d.c mag-
netic bias field for the composite samples sintered at 1180 ◦C for 2 hr.

gesting that the electromechanical resonance achieved
at this frequency. The peak ME response is attributed
to the enhanced coupling elastic interaction between
BaTiO3 and CoFe2O4 phases [11].

The excellent compositional homogeneity of per-
ovskite gel precursors complexed by EDTA and citric
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Figure 5 Schematic diagrams of distribution of CoFe2O4 phase (in black) in BaTiO3 matrix (in grey) in two different ways. (a) composite materials
prepared by mixing and sintering method, (b) composite materials produced by one-pot approach in the present study.

acid has been well studied with confirmatory sup-
porting evidences from Sale [12] and Hodgson et al.
[13]. In the present study, the dried gel containing Ba,
Ti, Co and Fe components is completely decomposed
to give inorganic precursor at about 500 ◦C since, as
shown in the thermogravimetry (TG) curve (Fig. 1),
there is no further weight loss above this temperature.
Therefore, the thermal effects of DTA curve (Fig. 1)
can be attributed to the phase transformation above
500 ◦C, which is supported by the XRD (Fig. 2). The
XRD shows that the precursor is amorphous at 500 ◦C
(Fig. 2). With further increasing temperature to 700 ◦C,
the crystalline BaTiO3 phase is formed but the CoFe2O4
phase cannot be identified until 900 ◦C. The XRD pat-
terns of the sample heat-treated at 1180 ◦C are as-
signed only to both BaTiO3 and CoFe2O4 phases and
no other phases are present. These results indicate that
the BaTiO3 and CoFe2O4 phases segregate each other
from an initially amorphous solid phase. SEM obser-
vations (Fig. 3a) show that a phase in black is evenly
embedded in the matrix in an isolated and particulate
manner. The EDS results (Fig. 3b) of the matrix show
strong Ba and Ti peaks with little appearance of Co and
Fe peaks, suggesting that the composition of the ma-
trix is BaTiO3. On the other hand, the phase in black
is identified as CoFe2O4 since EDS (Fig. 3c) exhibits
strong Co and Fe peaks. Although the Ba and Ti peaks
also appear in Fig. 3c, they probably result from the
BaTiO3 matrix beneath the CoFe2O4 particulate phase
since the incident electron beam could penetrate several
micrometers in depth in the sample. Furthermore, XRD
results (Fig. 2) have confirmed the CoFe2O4 existing in
the matrix as a pure and single phase.

Fig. 4 shows the ME sensitivity variation as a function
of the dc magnetic bias. The magnetoelectric voltage
coefficient, αE , initially increases with the bias field and
then saturates at about 0.27 kOe with the maximum ME
sensitivity reaching 2540 mV/cm·Oe. Further increas-
ing the bias field results in a decrease in magnetoelectric
voltage coefficient, according to Equation 1, since the
induced electric field has been saturated. This trend of
the ME sensitivity variation as a function of the dc mag-
netic bias is consistent with previous studies [14–16].
However, the magnetoelectric effect at high frequen-
cies, comparable to those observed for the PZT/ferrite

laminated composites [8], is much higher than that ob-
served in the BaTiO3/CoFe2O4 particulate composite
systems reported in the literature[3, 16]. This may be
due to the much improved distribution of CoFe2O4
phase in the BaTiO3 matrix. As shown in Fig. 5, the
BaTiO3/CoFe2O4 particulate composite systems pre-
pared by mixing and sintering BaTiO3 and CoFe2O4
powders inevitably form aggregates with irregular mor-
phology, which act as the conductive channels to dis-
able the poling effort. Therefore, the electric dipoles in
the BaTiO3 matrix remain largely unaligned (Fig. 5a).
In contrast, the BaTiO3/CoFe2O4 particulate composite
systems produced in the present study have an electrical
resistivity over 1011 �· cm between room temperature
and 150 ◦C, which is significantly higher than the re-
ported values in the literature [5]. The high electrical
resistivity is, as schematically shown in Fig. 5b, due to
the homogeneous distribution of CoFe2O4 particulates
in the BaTiO3 matrix where CoFe2O4 particulates are
isolated. Therefore, the effective poling can be imple-
mented, leading to the electric dipoles in the BaTiO3
matrix staying roughly in alignment (Fig. 5b). As a re-
sult, the ME effect is much enhanced.

In conclusion, the BaTiO3/CoFe2O4 particulate com-
posites are synthesized by a one-pot process. Particu-
late CoFe2O4 phase is embedded in the BaTiO3 ma-
trix homogeneously with 3-0 connectivity via a phase
segregation mechanism, leading to an excellent in-
terface contact between the BaTiO3/CoFe2O4 phases
and the high insulation. Consequently, the particulate
composite exhibits high ME sensitivity, and the max-
imum αE at the optimal magnetic bias of 0.27 kOe
reaches 2540 mV/cm·Oe at 160 kHz, comparable to the
lead-zirconate titanate (PZT)/polyvinylidene-fluoride
(PVDF) and Tb–Dy–Fe alloy (Terfenol-D) particulate
composite layers [17].
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