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Abstract
Ferroelectric–ferrite composites of BaTiO3–CoFe2O4 (BT–CFO) is synthesized via solid state reaction method. Powder XRD 
confirms the phase purity as well as composite formation with tetragonal phase of the BaTiO3. The FTIR and SEM–EDS 
studies also confirm the formation of BT–CFO composites. The P–E loop measurement confirmed the ferroelectric nature 
of the sample. The maximum energy storage density and efficiency achieved for BT–5CFO (5% CoFe2O4) composite was 
8.33 mJ/cm3 and an efficiency of 59.7% respectively. The coupling between the ferroelectric and ferromagnetic phases was 
observed in the variation of P–E loop with magnetic field. A decrease in the maximum polarization was found with increase 
magnetic field. The P versus M analysis confirmed the highest magneto-electric (ME) coefficient of 13.33 mV/cm/Oe for 
BT–5CFO composite. These results are related to the volumetric and piezoelectric strain, suppression of ferroelectric order-
ing reveal the magnetoelectric nature in BaTiO3–CoFe2O4 composites.

1  Introduction

An enormous effort has been focused on the study of multi-
ferroic materials with large magnetoelectric (ME) effect in 
the field of physics and material science for building new 
types of multistate memory devices [1]. The weak coupling 
in single phase multiferroics owing due to atomic diffusion 
and undesirable chemical reactions [2] and their scarcity has 
motivated the research of composite materials [3]. ME com-
posites with large magnitudes of the ME voltage coefficient 
have turned out to be better alternatives. These composites 
exploit the product property of piezomagnetic and piezoelec-
tric phases or individual magnetostrictive and piezoelectric 
phases of the materials.

Usually a magnetoelectric composite consists of ferro-
electric and ferromagnet for piezoelectricity and magne-
tostriction to exhibit multiferroism. The coupling in these 
magnetoelectrics arises due to the indirect mechanical strain 
transfer at the interface of two phases. The composites of 
BaTiO3–CoFe2O4 has exciting magnetoelectric properties 
due to the contribution of their individual phases. Perovs-
kite BaTiO3 (BT) is a good functional ceramic with interest-
ing ferroelectric and optical properties has applications as 
multilayer ceramic capacitors (MLCC), transducers, actua-
tors, energy storage ferroelectric random access memories 
[4]. CoFe2O4 (CFO), a spinel ferrite, is well known for its 
remarkable electrical, optical, and magnetic properties, espe-
cially in nanometer scale [5]. The earlier work on BT–CFO 
composites have contributed on the magnetoelectric proper-
ties to a certain extent [6, 7]. Though the magnetoelectric 
coupling observed in these materials was very low due to 
the undesirable phases of CFO and microstructural distor-
tion in the composites. However, the studies of addition of 
CFO in low concentration to BT is not completely explored 
to observe the origin of coupling in BT–CFO composites. 
The effect of smaller concentration of CFO in BT on the 
structural, ferroelectric P–E and magneto-electric properties 
has been studied both qualitatively and quantitatively.
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2 � Experimental procedures

The solid state reaction method was employed to prepare 
BaTiO3 and CoFe2O4 bulk ceramics by calcining them at 
1000 °C and 900 °C respectively. The powders of BaTiO3 
(99% and 95%) of different stoichiometry were mixed with 
CoFe2O4 (1% and 5%) powders respectively. The sam-
ples have been named in composite as BT (pure BaTiO3), 
BT–1CFO (1% CoFe2O4), and BT–5CFO (5% CoFe2O4). All 
the mixed composites were then pelletized and sintered at 
750 °C for 4 h and BT was sintered at 1100 °C for 4 h. The 
synthesis conditions have been tabulated in Table 1. Powder 
X-ray diffraction (XRD) patterns were recorded using an 
Rikagu X-ray Diffractometer employing Cu Kα radiations. 
The morphological studies have been done using Scanning 
electron microscopy (SEM) with EDS analysis. Polarization 
versus electric field (PE-loop) measurements were done with 
the help of ‘Marine India’ instrument at different frequency 
and magnetic field upto electric field of 25 kV/cm. The FTIR 
studies were made using Bruker FTIR setup.

3 � Result and discussion

The phase purity and content for different compositions 
are shown in Fig. 1. The diffraction patterns were matched 
and indexed JCPDS file (5-0626) with for the BT [6]. The 
tetragonality of BT is confirmed from the splitting of dif-
fraction peaks at 2θ diffraction angles: 31°, 45°, 56°, 66° 
and 75° with miller indices (101), (002), (112), (202) and 
(103) for all the composites. The intensity of the BT peaks 
didn’t decrease significantly on increasing the concentra-
tion of cobalt ferrite. However small peaks due to cubic 
spinel cobalt ferrite matched with JCPDS file (22-1086) 
are observed in BT–5CFO composite (denoted by #). This 
confirms the co-existence of ferroelectric and ferromag-
netic phases.

The presence of CFO and formation of composite 
of CFO–BT has been verified by the scanning electron 
microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) and have been applied on pure BT and 
BT–5CFO. Figure 2a show the SEM images of BT and 
BT–5CFO respectively. The two different colors viz. black 
corresponds to CFO and white corresponds to BT of SEM 
images confirms the presence of two different domains 
of BT and CFO respectively in the BT–5CFO composite. 
The EDX analysis confirms the presence of CFO in to 
BT–5CFO sample due clear percentage amount of CFO 
seen in Fig. 2b and the strength of the peaks enhanced 
after the CFO addition in to BT. High strength of the 
peaks of BT–5CFO comparative to pure BT is due to the 
magnetic nature of the CFO and also further confirms the 
composite formation [8–11].

Table 1   Synthesis conditions of BaTiO3, CoFe2O4 and BaTiO3–
CoFe2O4 composites

Composi-
tion

Calcination 
temperature 
(°C)

Duration (h) Sintering 
temperature 
(°C)

Duration (h)

BaTiO3 1000 10 1100 4
CoFe2O4 900 8 – –
BT–1CFO – – 750 4
BT–5CFO – – 750 4

Fig. 1   XRD patterns of BaTiO3 
and BaTiO3–CoFe2O4 com-
posites
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The FT-IR spectrum of the BT and BT–CFO composites 
is presented in Fig. 3. The characteristic absorption band at 
3486 cm−1 is assigned to the O–H stretching vibration in 
water and confirms that the existence of the water in the BT 
and BT–CFO composites. The presence of the band located 

at 542 cm−1 is specific to the vibration mode of the Ti–O 
bond in the TiO6 octahedra [12]. In cobalt ferrite ceramic, 
the FTIR spectrum has peaks near 600 and 450 cm−1 rep-
resent the characteristic peaks of Co2O3 [13]. The bands 
at these wavenumbers represent tetrahedral and octahedral 

Fig. 2   a SEM micrographs of BaTiO3 and BaTiO3–5% CoFe2O4 composite. b EDS patterns of BaTiO3 and BaTiO3–5% CoFe2O4 composite
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clusters and also confirm the presence of Fe–O stretching 
vibration in cobalt ferrite. The shifting of peak at 690 cm−1 
and sharpening of peak at 458 cm−1 in Fig. 3 is observed. 
The anomaly at bands near 600 and 400 cm−1 confirm the 
formation of BT–CFO composite.

Polarization versus electric field (P–E) hysteresis loops 
measured at fixed frequency of 50 Hz for BT, BT–1CFO 
and BT–5CFO composites are plotted in Fig. 4. These sam-
ples show extensive ferroelectric nature at an applied field 
of 25 kV/cm. There is an observed decrease in maximum 
polarization of the samples with increase in Cobalt ferrite 
content indicating the suppression of ferroelectric ordering 
[14]. The P–E loops did not display any saturation which 
could possibly be due to low value of electric field.

The P–E loops have been exploited for estimation of energy 
storage density and discharge efficiency of BT–5CFO sample 
(Fig. 5). The energy storage density (WU) and efficiency (η) of 
a ferroelectric material are calculated as [15, 16]

WU =
Pmax

∫
0

EdP

η =
WU

WL +WU

Fig. 3   FTIR spectra of BaTiO3 and BaTiO3–CoFe2O4 composites

Fig. 4   P–E hysteresis loops of BaTiO3 and BaTiO3–CoFe2O4 com-
posites

Fig. 5   P–E hysteresis loop of BT–5CFO. The blue region represents 
the energy loss and the yellow region represents the recoverable use-
ful energy. (Color figure online)
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where E is applied electric field, P is polarization respec-
tively, WU is useful stored energy density and WL is energy 
loss density. The blue region of Fig. 5 represents the loss and 
the yellow region represents the recoverable useful energy.

The unloaded sample of BT–5CFO displayed the energy 
density of 8.33 mJ/cm3 and an efficiency of 59.7%. The 
efficiency can be increased by studying the sample under 
mechanical stress and which is currently under investigation. 
The variation in P–E loop due to the field-induced structural 
transformation is an indicative of volumetric and piezoelec-
tric strains in the BaTiO3 phase.

In order to establish the magnetoelectric effect in com-
posites at room temperature, proving the ferroelectricity 
of the piezoelectric phase of barium titanate is essential. 
The hysteresis P–E loop of BT–5CFO composite exhibits a 
substantial variation with external magnetic field upto 0.4 T 
as shown in Fig. 6. The remnant polarization is found to 
decrease and the coercive field do not change with increase 
in magnetic field. This display the tilting of P–E loops con-
firming the evidence of magneto-electricity due to increase 
in the content of CoFe2O4 in BaTiO3 [17, 18]. There was no 
variation in the P–E loop with magnetic field for BT–1CFO. 
This could be possibly due to less ferrite grains concen-
tration in the composite which are incapable of generating 
magnetostriction in BaTiO3.

The magneto-electric coupling quantified by ME coef-
ficient is characterized by the appearance of an electric 
polarization on applying magnetic field (α = δE/δH). Fig-
ure 7 shows the ME induced polarization as a function of 
the applied external magnetic field (dc). The slope of the 
curves is used for estimation of the direct magnetoelectric 
coefficient. Considering only the linear effects, the polariza-
tion can be expressed as

where Ps denotes the spontaneous polarization at constant 
field.

The values obtained from straight line fitting of P–M 
graph are Ps = 0.78366 and slope dP/dH = − 0.11801 µC/
cm2/Oe. It can be seen that the coefficient is negative and 
low. This decrease in induced polarization in biphasic com-
posites could be explained by the effect of demagnetization 

P(E,H) = Ps + (dP∕dH) × H

Fig. 6   Variation of P–E hysteresis loop with magnetic field (upto 
0.5 T) of BT–5CFO

Fig. 7   Plot of maximum 
polarization with magnetic field 
and straight line fit of BT–
5CFO composite
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arising from local strain. As the amount of magnetic phase 
is increased in BT, the polar domains of BT get surrounded 
by the magnetic CFO phase and hinder the domain wall rota-
tion. On the application of magnetic field, a local magnetic 
field is generated around the BT domains resulting in an 
effective strain mediated magneto-electric coupling [19]. 
The M–E coupling coefficient obtained for BT–5CFO com-
posite is found to be 13.33 mV/cm/Oe which is relatively 
higher than reported values of 10 mV/cm/Oe and 12 mV/cm/
Oe for BaTiO3–20% CoFe2O4 and BaTiO3–30% CoFe2O4 
respectively [7].

4 � Conclusion

In conclusion, we have prepared pure phase BT–CFO com-
posites with tetragonal phase via solid state reaction route 
and is confirmed from XRD, SEM–EDS and FTIR studies. 
P versus E measurement confirmed the ferroelectric nature, 
high energy storage density and efficiency for BT–5CFO 
(5% CoFe2O4). The P versus E in the presence magnetic field 
and P versus M measurements confirmed the magneto-elec-
tric coupling in the composite both qualitatively and quanti-
tatively which is related to the volumetric and piezoelectric 
strain, suppression of ferroelectric ordering. These features 
have direct influence on the application of BT–CFO com-
posites in energy storage and multistate memory devices.
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