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(ferroelectric up to ~ 830 °C and antiferromagnetic up to 
~ 370 °C) is one the rarest single phase room temperature 
multiferroic materials with many interesting physical phe-
nomena. However, high leakage current of BiFeO3 (BFO) 
and weak magnetoelectric coupling in limits its applications. 
A strong ME coupling is an important requirement for prac-
tical applications. In order to enhance the ME coupling, we 
synthesized an artificial multiferroics by combining a good 
ferroelectric and a ferromagnetic phases. The ferrite phase 
should be highly magnetostrictive possessing high resistiv-
ity state which is possible in ZF nanostructure [12], another 
phase should be highly piezoelectric which is BCT [13]. 
Such ME materials have a wide range of applications such 
as chip sensors, multistate memories, actuators and in bio-
medical field [14, 15]. The ME effect in composite materials 
is the result of the interaction between the two-phases (i.e. 
magnetoelectric and ferroelectric): magnetic field induces 
the structural distortion in the magnetic phase and the 
applied electric field produces the distortion in ferroelectric 
phase [16–18]. The ME coupling appeared in materials due 
to mechanical deformations in the magnetostrictive phase in 
applied magnetic field δH. Due to the piezoelectric effect, 
the strains transferred to the piezoelectric phase producing 
an induced electric field δE in the material. ME voltage coef-
ficient αE = δE/δH characterizes the ME effect [19, 20].

Lead-free ceramics like BaTiO3 (BT), Bi0.5K0.5TiO3 
(BKT), K0.5Na0.5NbO3, Bi0.5Na0.5TiO3 (BNT). have gained 
much attention due to their various properties like high 
dielectric constant [21], high piezoelectricity [22], good 
mechanical strength [23] and eco-friendly behavior [24–26]. 
At higher temperature, BCT is cubic (paraelectric), but on 
cooling it becomes tetragonal (ferroelectric) below Curie 
temperature of 410 K [27], orthorhombic below 290 K 
and rhombohedral below 190  K. In 2014 Verma et  al. 
[13] has reported that polycrystalline BT with tetragonal 

Abstract  Multiferroic ceramic composites of (1−x)
Ba0.96Ca0.04TiO3–(x)ZnFe2O4 (BCT-ZF) were prepared from 
ferroelectric (FE) barium calcium titanate (BCT) and fer-
romagnetic (FM) zinc ferrite (ZF) by using the solid state 
reaction method with different mol% fractions of x (x = 0.1 
and 0.2). The preliminary structural studies carried out by 
X-ray diffraction at room temperature reveals that the sam-
ples have a tetragonal structure along with the cubic spinel 
ferrite phase. Raman spectra of the composites also confirm 
the existence of BCT phase and ZF phase. The room temper-
ature ferroelectric polarization measurements as a function 
of magnetic field show the existence strong magnetoelectric 
coupling of 10.85 (mV/(cm.Oe).

1  Introduction

In the twenty-first century, researchers are aiming to dis-
cover such materials, whose magnetic and electronic func-
tionality can be controlled by magnetic and electric stimuli 
in a single phase for novel magnetoelectric devices [1–11] 
Magnetoelectric (ME) multiferroic materials are the best 
materials for this novel multifunctional applications. BiFeO3 
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nanostructure has boost polarization due to its twin struc-
ture, the stress that resides near the grain boundary can be 
easily controlled by (i) depolarization field and (ii) long-
range interaction.

In bulk form Zinc ferrite (ZnFe2O4) exhibits normal 
spinel structure having all Zn2+ on A-site and Fe3+ on 
B-site respectively. Due to occupancy of cations on A-site 
and B-site, these spinel type ferrites show different mag-
netic behavior. The fact is that the magnetic behavior can 
be tuned symmetrically by changing the identity or partial 
substitution of Zn2+ cation while maintaining the basic 
crystal structure. Zn ferrite is paramagnet in bulk at room 
temperature whereas at nano-scale it shows superparamag-
netic behavior [12, 28]. The change in magnetic behavior is 
due to a cationic distribution, in which Fe3+ ions move to 
tetrahedral sites, and consequently, Zn2+ migrates to octa-
hedral sites, which alters the long- and short-range magnetic 
interactions of A and B sites [29, 30]. In this work, we are 
presenting the structural, ferroelectric, and magnetoelectric 
properties of typical perovskite/ferrite composite ((1−x) 
(Ba0.96Ca0.04TiO3)–x(ZnFe2O4)) for x = 0.10, and 0.20 
ceramic composites.

2 � Experimental details

M a g n e t o e l e c t r i c  c o m p o s i t e  ( 1 − x )
(Ba0.96Ca0.04TiO3)–x(ZnFe2O4) (where x = 0.10 and 0.20) 
consists of two individual phases, one ferroelectric and 
other ferromagnetic. Zinc ferrite (ZnFe2O4) was chosen 
as a ferromagnetic phase and barium titanate (BaCaTiO3) 
as a ferroelectric phase were prepared by solid state reac-
tion method. The ferrite phase (ZnFe2O4) was prepared by 

using the pure oxides ZnO (99% Merck, India), and Fe2O3 
(98% Merck, India). The ferroelectric phase was prepared 
by using the pure oxides BaCO3 (99% Merck, India), CaCO3 
(99% Merck, India) and TiO2 as precursors. Stoichiometric 
amounts of these oxides were weighed and mixed continu-
ously using agate and pestle in ethanol medium for 4–5 h. 
Then all the samples were calcined at 900 °C for 6 h. The 
fine powder was grind and pressed into green cylindrical 
pellets using a hydraulic press with a pressure of 50 MPa. 
These green pellets were sintered at 950 °C for 3 h. for den-
sification. The formation and superiority of compounds were 
verified with X-ray diffraction (XRD) technique. X-ray pow-
der diffractometer (Rigaku Minifiex 600, Japan) with CuKα 
radiation (λ = 1.5405 Å) in an extensive range of Bragg 
angles 2θ (20° ≤ 2θ ≤ 60°) at a scanning rate of 2° min−1 was 
used to study the XRD patterns of the compounds at room 
temperature using. A Jovin Yvon T64000 micro-Raman 
microprobe system with Ar ion laser λ = 514.5 nm in back-
scattering geometry was used for Raman scattering.

Polarization–Electric field (PE) loops tracer (Marine 
India) was used to study the PE loop at different applied 
magnetic fields and a DC electromagnet which can go up to 
3 kOe. Magnetoelectric coupling measurements were done 
with an automated system (Marine India).

3 � Result and discussion

3.1 � Structural studies

Figure  1a shows the XRD patterns of (1−x)
(Ba0.96Ca0.04TiO3)–x(ZnFe2O4) powder at room tempera-
ture. The pattern confirms the coexistence of two phases 

Fig. 1   a X-Ray diffraction patterns, b Raman spectra of BCT–ZF (where x = 0.10 and 0.20) powders
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namely perovskite and spinel corresponding to BCT and 
ZF, respectively. The polycrystalline BCT of tetragonal 
phase at diffraction angle 2θ = 22.15, 31.57, 38.89, 45.25, 
50.93 and 56.19° are corresponds to (100/110), (101/110), 
(111), (002/200), (102/201) and (112/211) respectively, 
(matched with JCPDS#752121 data). A secondary phase of 
(ZnFe2O4) was observed (shown as * in Fig. 1a) in (1−x)
(Ba0.96Ca0.04TiO3)–x(ZnFe2O4) sample and was certified 
that ZnFe2O4 have cubic spinel phase (JCPDS#021043). The 
calculated average crystalline size by using Debye–Scher-
rer formula [31] is ~ 32 and 22 nm for BCT–ZF ceramics 
(x = 0.10 and 0.20) respectively.

Figure  1b shows Raman spectra  of  (1−x)
Ba0.96Ca0.04TiO3–(x)ZnFse2O4 (BCT–ZF) (x = 0.10 and 
0.20). The asymmetric and broad peaks at 100  cm−1 
[A1(TO1)],  120–180cm−1 [A1(TO2)],  717  cm−1 
[A1(LO)]/E(TO)], symmetric intense peak at 515  cm−1 
[A1(TO3)/E(TO)] correspond to the BaTiO3 tetragonal 
phase [32]. The Raman bands at 100–180, 268–305, and 
710–716 cm−1 are apparent for the tetragonal phase in all 
the BCT–ZF samples [33]. For x = 0.10 peak shift towards 
lower wave number ~ 55 ± 5 cm−1 and ~ 100 ± 1 cm−1. The 
composition 0.80(Ba0.96Ca0.04TiO3)–0.20(ZnFe2O4), notice 
the narrowing of the bands and intensification of the scatter-
ing at lower energy ~ 49 ± 1 and ~ 77 ± 2 cm−1. It establishes 
evidence that ZF phase coexists with BCT phase. Cubic spi-
nel zinc ferrite (ZF) has space group O7

h (Fd3m) with eight 
formula units per unit cell [34].

3.2 � Ferroelectric properties

The ferroelectric behavior of BCT–ZF composites is shown 
in (Fig. 2a–f). In present magnetodielectric composite sys-
tem, percentage dielectric phase has the significant effect in 
the polarization response. Polarization in the material gener-
ally comes from the dielectric phase. It was observed that the 
responses of PE loop of the present BCT: ferrite composites 
deviated from the ideal ferroelectric loop. The particular fer-
rite based composites appear in oval shape indicating lossy 
capacitor phenomena due to field discharge by conductive 
ferrite phase [35, 36]. However, all ferrite based magneto-
electric composites show near ferroelectric behavior due to 
maximum dielectric phase in the composite, also it can be 
true that it has less loss compared with ferrite composites, 
which can be said by the area enclosed by PE loop.

Initially, remnant polarization (Pr) decreases with the 
DC bias field up to 1 kOe and then started to increase. The 
initial decrease is due to ME coupling between the ferroic 
orders in the sample mediated via strain (Fig. 2g). Around 
1 kOe, the Pr value reaches the lowest value, this because of 
magnetostriction reaches to its maximum value (as shown in 
Fig. 4a). Since the magnetostriction coefficient is low at the 
higher field because of which the ME coupling contribution 

towards the net polarization is low. As the applied magnetic 
field increases, the magnetoresistance effects become domi-
nant [37]. This increase in magnetoresistance may results 
in the decrease of leakage current through the ferroelectric 
phase, which enhances the polarization beyond 1 kOe.

The room temperature capacitance vs. frequency at dif-
ferent magnetic fields is shown in (Fig. 3a and b). In these 
measurements, the magnetic field was applied in a direction 
perpendicular to the direction of measurement of capaci-
tance. The overall dielectric behavior is of Maxwell–Wag-
ner type [38, 39]. At low frequencies, the charge carriers 
get accumulated at the grain boundaries resulting in a high 
capacitance. The capacitance decrease almost exponentially 
with the increase in frequency. This is due to the fact that 
the charge carriers in the dielectric medium could not follow 
the high frequency of the alternating field. The dispersion is 
shown in [(Fig. 3a and b (inset)] being due to the phenom-
enon called the magnetocapacitance effect.

3.3 � Magnetoelectric coupling measurements

The origin of ME coupling of BCT–ZF composite is the 
coupling of FE and FM degrees of freedom due to the 
influence of FE on the exchange coupling constant via 
screening of the intra and inter-grain coulomb’s interac-
tion. Therefore, a possible mechanism for ME coupling 
of this FE/FM (BCT–ZF) interface is based on screening 
effects [40]. The spin-polarized charge density formed in 
the FM in the vicinity of the FM/FE interface [41] acts 
with a torque on the magnetic moments in the FM, result-
ing in a non-collinear magnetic ordering [42]. Hence, 
electric polarization emerges that couples the FM to the 
FE part. Additionally, the FE polarization (and electric 
field) stems actually from the FE surface which triggers 
the spin spiral in FM. The latter carries a spin current 
with an associated Aharonov-Casher effect and/or Dzya-
loshinkii-Moriya (DM) interaction [43]. In this sense the 
ME coupling caused by an emergent inverse DM interac-
tion at MF interfaces [13, 17]. The variation of αE with Hdc 
at ac modulating field of 50 Oe and ac frequency of 50 Hz 
along the longitudinal mode shows in Fig. 4a. ZF is a 
negative magnetostrictive material, by which ZF particles 
contract along the direction of application of a magnetic 
field, resulting in a polarization of the BCT particles in a 
direction between the particles. The ME coupling coeffi-
cient increases initially with the applied DC magnetic field 
reach a maximum value and then decreases. Similar trends 
are already reported by various groups [44–46]. The ini-
tial increase in ME coupling coefficient is due to increase 
in magnetostriction of ferrite with applied DC field. The 
magnetostriction reaches a maximum value at a particu-
lar magnetic field beyond which the magnetostriction 
produces a nearly constant change in polarization. As a 
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result, the ME coupling coefficient decreases with further 
increase in magnetic field. ME measurement shows maxi-
mum coupling coefficient of 10.85 and 6.85 mV/(cm Oe) 
for x = 0.10 and 0.20, respectively at a DC biasing field of 
1.0 kOe. Corral-Flores et al. reported an MECC value of 
1.48 mV/(cm.Oe) for BTO–CFO [47]. The observed αE in 
our samples is ~ 10 times larger than the reported values 

of BTO–CFO composites. This may be due to the presence 
of the leakage currents, which is evident from the round 
shaped ferroelectric hysteresis loop. Figure 4b shows that 
the induced ME voltage has a linear dependence on the AC 
magnetic field. These results point to the fact that the ME 
composite developed in the study has a very good response 
to even a small variation in AC magnetic field.

Fig. 2   a–f Polarization–Electric field loop of BCT–ZF (where x = 0.10 and 0.20) ceramics at different DC bias fields. Electric polarization can 
be easily tuned by applying DC magnetic fields and g Variation of remnant polarization (Pr) with applied magnetic field
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4 � Conclusion

C o m p o s i t e  C e r a m i c s  o f  ( 1 – x )
(Ba0.96Ca0.04TiO3)–x(ZnFe2O4) with two phases were pre-
pared by the solid-state reaction method. The capacitance 
and the polarization of the sample are found to be magneti-
cally tunable. The composites have shown MECC of 10.85 
and 6.85 mV/(cm Oe), and are highly sensitive to the AC 
magnetic field. These properties suggested the suitability 
of these composites be used exploited in magnetic-field-
controlled ferroelectric capacitors namely Magneto varac-
tors implemented in electronic oscillators, where the oscil-
lation frequency is tuned by a dc magnetic field remotely 

(via the change of capacitance) in contrast to conventional 
voltage-controlled oscillators.
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