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Magnetoelectric Coupling in BaTiO3–CoFe2O4 Nanocomposites
Studied by Impedance Spectroscopy Under Magnetic Field
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BaTiO3–CoFe2O4 nanocomposites with a 1/1 molar ratio were prepared by a combination of polyol synthesis (chimie douce) and
a subsequent consolidation by spark plasma sintering. The nanocomposite samples, with a grain size about 50 nm showed a good
mixing and a high density. Their impedance response was measured in the 5 Hz–1 MHz frequency range, under magnetic fields up
to 1200 kA/m. Measurements were carried out in the 40–210 °C temperature range. We used the Jonscher’s universal relaxation law
to analyze the electric conductivity results. Significant changes in the activation energies for long range conductivity and hopping
conductivity were observed both at the coercive magnetic field of the ferrite and the Curie transition of the titanate. We show that
the use of impedance spectroscopy, based on a wide frequency range, provides a far larger view of electric phenomena allowing a
separation of the several contributions to the conductivity phenomena, as a function of the magnetic field.

Index Terms— Impedance spectroscopy (IS), magnetoelectric effects, nanocomposites.

I. INTRODUCTION

HYBRID nanocomposite materials such as ferrite–
ferroelectric phases [1]–[3] are generating a large interest

based on their potential applications in a large variety of
multifunctional devices like sensors and actuators and magne-
toelectric transducers [4]. Since bulk multiferroic materials are
scarce, a different approach has been to develop a combination
of composite ferro (or ferrimagnetic) and ferroelectric phases.
The aim is to obtain a coupling between the two phases and
to control the magnetic or electric properties using electric or
magnetic fields.

In this paper, we present a study of the electrical properties
of BaTiO3–CoFe2O4 nanocomposites under magnetic fields,
at several temperatures. The samples were prepared by a
combination of the polyol method [5] to separately synthesize
the nanoparticles (NPs) of the two phases, and after mixing to
consolidate them by spark plasma sintering (SPS) [6] at rel-
atively low temperatures. This method allows the presence of
a high fraction of tetragonal BaTiO3, which possesses a high-
electric permittivity. The electric properties were investigated
under magnetic field by impedance spectroscopy (IS) [7] in
the 5 Hz–1 MHz frequency range. The IS provides a complete
image of the electrical phenomena and thus a resolution of the
several contributions to the conductivity processes.

II. EXPERIMENTAL TECHNIQUES

BaTiO3–CoFe2O4 nanocomposites were obtained by means
of the SPS sintering technique starting from mixed barium
titanate (BaTiO3) and cobalt ferrite (CoFe2O4) NPs, previ-
ously synthesized by the polyol method. Structural, electrical,
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Fig. 1. Experimental configuration of the implemented measurement facility.

and magnetic characterization, as well as details on the NPs
synthesis and SPS procedures can be found elsewhere [8], [9].
Size and morphology of sintered particles were characterized
by field emission scanning electron microscopy (FESEM), in
a JEOL 7600F microscope. A JEM-9320 focused ion beam
(FIB) facility was used to prepare samples for transmission
electron microscopy (TEM), performed in a JEOL 1200 EX
apparatus operating at 100 kV.

Disk shaped sintered samples adapted with parallel
gold electrodes over opposite faces were connected to an
HP-4192-A impedance analyzer and carefully suited into an
electromagnet (Fig. 1). The electromagnet was controlled by
a 9600 LDJ VSM magnetometer adapted with a furnace.
An ac voltage was applied to the electrodes on both faces
(1 V of amplitude); at the same time a constant magnetic
field was applied to the sample. Before measuring, the sample
was rotated varying the angle between the electric and the
magnetic field. Rotation stopped at a fixed position where
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Fig. 2. FESEM micrograph taken on a fracture of the sample.

the complex impedance (directly read from the IS analyzer)
reached a maximum value. This value was obtained when a
perpendicular configuration of the electrical field with respect
to the magnetic was enabled (all data were obtained with
this configuration). The ac field frequency was swept from
5 Hz to 1 MHz. Several frequency dependent impedance
measurements were carried out in the 40–160 °C range under
different magnetic fields (up to 1200 kA/m).

III. RESULTS AND DISCUSSION

A. Structural Characterization

The X-ray diffraction patterns of previously studied samples
can be found in [8] and [9]. Tetragonal barium titanate and
cobalt ferrite phases were confirmed to be present in the
studied composites (1/1 molar ratio).

Observations over micrographs taken by FESEM to a frac-
ture on the sample’s surface reveal a nano-scaled, homoge-
neous and random array of the sintered grains, with sizes about
50 nm (Fig. 2). No significant porosity was observed.

A portion of the sintered sample was polished and after ion-
milled by FIB. Dark and gray zones can be distinguished on
the correspondent micrograph [Fig. 3(a)]. Such contrast on the
image can be attributed to a difference on molecular weights.
Heavier phases disperse more electrons, so, they look brighter
to the detector than lighter phases. Gray zones correspond to
cobalt ferrite regions as it is heavier than barium titanate.
The inverse criterion can be applied to TEM observations
performed over a FIB ion-milled lamella [Fig. 3(b)]. Gray
and black grains with sizes below 50 nm are distinguishable.
At constant thickness, heavier phases must correspond to dark
zones as they absorb more electrons; barium titanate regions
must correspond therefore to gray zones and black or dark
zones to ferrite (whiter areas represent background).

B. Magnetoelectric Effects and Analysis

The frequency (ω) behavior of the electrical conductivity
in a variety of materials is based on the formalism proposed

Fig. 3. (a) SEM micrograph of a FIB ion-milled composite sample area.
(b) TEM micrograph of a FIB ion-milled lamella (thickness about 100 nm).

in [10], given by a power law

σ (ω) = σdc

[
1 +

(
ω

ωH

)n]
+ Aω (1)

where σ dc, ωH , n, and A are, respectively, the dc (or long
range) conductivity, the onset frequency of the ac conductivity
(mean frequency of the hopping process), the exponent and the
coefficient of the weakly temperature dependent term. The first
and the second terms in (1) refer to the universal dielectric
response and to the nearly constant loss, respectively.

The temperature dependence of the dc conductivity and the
hopping frequency follows an Arrhenius dependence

σdcT = σ0 exp

( −Udc
K B T

)
(2)

ωH = ω0 exp

( −UH
K B T

)
(3)

Udc and UH are the activation energies for dc conductivity
and the hopping frequencies for the carriers, respectively,
σ 0 and ω0 are pre-exponential factors.

Results for frequency dependent conductivity measurements
at several temperatures and four different applied magnetic
fields (from 0 to 716 kA/m) are shown in Fig. 4. All exper-
imental curves show a good agreement with (1). Modeling
is very good; its solid lines are barely visible behind the
experimental points. These results enabled us to go further
on the modeling.

Using (2) and (3), a calculation of activation energies for
the composite was carried out, leading to linear modeling, as
shown in Fig. 5. A good agreement can be observed. The
conductivity parameters determined for each fitting are shown
in inset. Arrhenius plots for the dc conductivity activation
energy (Udc) are shown in column a, and those for hopping
activation energy (UH ) appear in column b (Fig. 5).

A change of slope in both parameters, Udc and UH , can
be observed for temperatures near the well known barium
titanate Curie transition (TC ≈ 120 °C), pointing to a different
conductivity mechanism when ferroelectric ordering vanishes
(Fig. 5). In the absence of magnetic field, the long range
conductivity is independent of the ferroelectric order. However,
when magnetic field is applied, the ferroelectric phase is
influenced by the magnetic order in ferrite NPs, leading to
a change in both dc and hopping conductivities.

In contrast, the process responsible for charge hopping
conductivity is sensitive to the ferroelectric order regardless
of magnetic fields. This suggests that the energy needed for
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Fig. 4. Frequency dependent conductivity at several temperatures and four
different magnetic fields.

hopping process has two different contributions, one from
ferrimagnetic NPs and the other from the ferroelectric ones.

Below barium titanate TC , the activation energy for hop-
ping process (UH ) decreases when magnetic field is applied,

Fig. 5. (a) Arrhenius plots for dc conductivity under four different applied
magnetic fields. (b) Arrhenius plots for hopping frequency under four different
applied magnetic fields.

whereas activation energy for long range conductivity (Udc)
shows no change (Fig. 6). It is important to note that at zero
magnetic field the species involved on hopping phenomena
are oxygens migrating within ferroelectric particles, as shown
previously in ABO3 perovskite-type oxides [11], [12]. When
a magnetic field higher than the ferrimagnetic coercive field is
applied the hopping species changes to electrons, as the corre-
spondent activation energy value suggest [13]. Thus, activation
energy for hopping process decreases when magnetic field is
applied in spite that the charge transport species involved on
hopping mechanism changes from less to more conductive
species.

Activation energy value for hopping conductivity below
TC decreases from 0.45 to 0.09 eV when magnetic field is
applied (above the coercive field). The 0.45 eV value at zero
magnetic field can be associated with oxygen’s first ionization
process [11], [12] and the 0.09 eV is associated to electronic
transfer between Fe2+, Co2+, and Fe3+ species [13]. The latter
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Fig. 6. Activation energy for dc conductivity and hopping frequency versus
magnetic field.

evidence shows that hopping charge transport is improved by
magnetic field when barium titanate is ferroelectric. This could
be a consequence of a coupling between spontaneous electric
dipoles in ferroelectric particles, and their spontaneous mag-
netic counterparts. As we demonstrated before, the dilution of
the ferrimagnetic NPs by the diamagnetic BaTiO3 NPs leads
to a more defined single domain behavior [9], increasing the
local magnetostatic field. The interaction of this magnetostatic
field with the local electric field in ferroelectric particles can
be expected to be the source of the observed coupling. The
phase changes both of ferromagnetic and ferroelectric NPs at
the nanoscale have an effect on the hopping activation energy
at the macroscale.

Below barium titanate TC , long-range conductivity is insen-
sitive to the applied magnetic field. Above TC its activation
energy increases with magnetic field. Therefore, the absence
of ferroelectric order makes long-range charge transport more
difficult if a magnetic field is applied (Fig. 6).

Observed changes exhibited a relationship with the com-
posite coercive field (Hc = 121 kA/m [9]). When the applied
magnetic field exceeds this value all conduction processes
seem to achieve stability. In contrast, when the system is
perturbed with a magnetic field near to the coercive value, pro-
nounced changes are promoted on charge transport behavior.
At this value of field, all the magnetic particles are randomly
oriented, as net magnetization is zero. Near saturation, the
magnetization of all magnetic NPs is aligned with the field
direction. These drastic changes in magnetic structure modify
the different electric conduction processes in the composite.

IV. CONCLUSION

In this paper, we showed that the use of IS, based on a
wide frequency range, provides a far larger view of electric
phenomena allowing a separation of several contributions
to the conductivity processes, as a function of the applied
magnetic field.

Apparent changes in different charge transport phenomena
were observed (via the correspondent activation energies) near

the TC of the ferroelectric phase and near the composite mag-
netic coercive field. Hopping conductivity processes change
near TC regardless of the magnetic field; below TC , such
transport mechanism can be improved by applying a magnetic
field. Long range conductivity processes change near TC only
under magnetic field.

Presented results give indication of a strong coupling
between the magnetic structures of cobalt ferrite NPs with
the spontaneously polarized ferroelectric structure of barium
titanate NPs, through the electrical behavior on the studied
system.
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