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ABSTRACT

Magnetoelectric bulk composites of Co0.5Ni0.5Fe2O4–BaTiO3 (CNFO–BT) were syn-

thesized employing solid-state reaction method. The structural propertiesof CNFO–BT

composites as discussed by X-ray diffraction method confirm lattice distortion and

enlarged strain owing to BT substitution in CNFO. The dielectric and impedance

measurements exhibit conventional Maxwell–Wagner polarization and confirm the

existence of grain dominated non-Debye relaxation phenomena in CNFO–BT com-

posites. The magnetic hysteresis curves reveal strong ferromagnetic behavior in all

composites. The maximum energy storage density and an efficiency achieved for

0.8CNFO–0.2BT composite are 4.25 mJ/cm3 and 31.6%, respectively. The variation of

polarization with magnetic field confirmed the highest magnetoelectric coefficient of 5

mV/cm/Oe for 0.8CNFO–0.2BT composite. The variation of dielectric permittivity and

ferroelectric polarization with magnetic field reveals lattice distortion, interfacial charge

polarization and restricted ferromagnetic domain wall rotation arising from substitu-

tion of BT in CNFO. These structure-dependent results suggest potential application of

CNFO–BT composites in magnetoelectric sensors and energy storage devices.

1 Introduction

Multiferroics are the materials possessing two or

more ferroic orderings, viz. ferroelectric, ferroelastic,

ferromagnetic or ferrotoroidic [1]. The

magnetoelectric effect in multiferroics materials is

ascribed by the magnetic induction of electric polar-

ization and vice versa [2, 3] which makes them suit-

able for versatile applications such as magnetic

memory devices, energy storage and magnetoelectric

Address correspondence to E-mail: opthakur@yahoo.com; jayaphysics@yahoo.com

https://doi.org/10.1007/s10854-021-06227-4

J Mater Sci: Mater Electron (2021) 32:16706–16714

http://orcid.org/0000-0001-9042-594X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-021-06227-4&amp;domain=pdf


resonator [1, 4]. The extent of this coupling is limited

in single-phase materials due to disparate origins of

ferroic orderings [5]. Alternatively, the multifer-

roic magnetoelectric composites are engineered arti-

ficially by mixing separately ferroelectric and

ferromagnetic phases for enhancing the magneto-

electric coupling at room temperature [5, 6]. Fur-

thermore, the extent of coupling can be maximized

by involving piezoelectric and/or piezomagnetic

materials which acquaint in achieving strain-medi-

ated coupling and good connectivity at the electric

and magnetic phase [5].

Piezomagnetic spinel cobalt ferrite CoFe2O4 is

widely studied material exhibiting strong physio-

chemical properties owing to its statistical cationic

distribution at octahedral/tetrahedral sites and

magnetostriction [4, 7]. The unit cell of CoFe2O4

(CFO) consists of face-centered cubic structure where

8 out of 64 and 16 out of 32 tetrahedral sites and

octahedral sites are occupied by cobalt and iron ion,

respectively. Due to their high electrical resistance

and chemical stability, they are impeccably useful in

magnetic storage devices, high-frequency circuits,

waveguides and gas sensors [8]. In order to examine

the enhanced multiferroic magnetoelectric coupling

and to induce the electric nature inside the magnetic

spinel ferrite CFO, there is a need of some modifi-

cations. Significant efforts for improving the proper-

ties of CFO have been focused on partially

substituting the Fe3? ions [9, 10], composites with

ferroelectric/piezoelectric materials [11], nanoparti-

cles [12] and core/shell structures [13]. Among

existing multiferroic magnetoelectric systems,

CoFe2O4-BaTiO3/PbTiO3 composite systems are

extensively reconnoitered [2, 4, 6, 14]. The lead-based

composites show enhanced electrical properties;

however, it is eco-friendly to use lead-free BaTiO3-

based composites [15, 16]. BaTiO3 (BT) is the most

appropriate suitable substitute for PbTiO3 due to its

versatile polymorphic structure and excellent elec-

trical properties [17, 18].

The properties of CFO are, however, always

preparation as well as grain size dependent. CFO is

hard ferrite, whereas NiFe2O4 is soft ferrite [19]. The

substitution of Ni2? in the cubic structure of CFO is

exciting as it alters the electrical properties and

magnetic properties due to its lowered magnetic

moment in comparison with Co2? [20, 21]. This sub-

stitution renders Ni-CFO useful for vast applications

with improved magnetoelectric properties [22].

Theoretically strong ME coupling can be achieved if

magnetocrystalline anisotropy in CFO is lowered

[23]. The recent studies on Co0.5Ni0.5Fe2O4 (CNFO)

have revealed that strong magnetostatic interactions

arising from different magnetocrystalline anisotropy

are countered by increased coercivity and decreased

magnetic saturation [6, 24, 25]. In addition, there have

been investigations on Co0.5Ni0.5Fe2O4-based com-

posites for existence of magnetoelectric properties

[1, 4, 14, 26]. The system of CNFO–BT has shown

some promising results in magnetic and magneto-

electric properties [22, 27–30]. Nonetheless, the origin

of magnetodielectric, impedance and ferroelectric

properties in Co0.5Ni0.5Fe2O4–BaTiO3 composites

with Co0.5Ni0.5Fe2O4 as host material is not explored

thoroughly. These composites are expected to bring

improvements in electrical and magnetoelectric

properties in CNFO.

In this manuscript, composites of ferromagnetic

Co0.5Ni0.5Fe2O4 and lead-free ferroelectric BaTiO3 are

prepared via solid-state reaction method. The effect

of BaTiO3 on dielectric, impedance, multiferroic and

magnetoelectric properties of (1 - x)Co0.5Ni0.5Fe2O4–

xBaTiO3 bulk composites (x = 0, 0.10 and 0.20) has

been studied extensively. These results are beneficial

for exploiting lead-free CNFO–BT composites for

magnetoelectric and energy storage applications.

2 Experimental

2.1 Synthesis of Co0.5Ni0.5Fe2O4

and Co0.5Ni0.5Fe2O4–BaTiO3 composites

Bulk Co0.5Ni0.5Fe2O4 and (1 - x)Co0.5Ni0.5Fe2O4–

xBaTiO3 composites were prepared using high purity

powders of Co3O4, Fe2O3, NiO, BaCO3 and TiO2

employing solid-state reaction method. Stoichiomet-

ric amounts of chemicals for Co0.5Ni0.5Fe2O4 (CNFO)

and BaTiO3 (BT) were weighed mixed and ground-

ing agate pestle mortar for 6 h. The mixture was

calcined at 1000 �C for 12 h in air. The powders of

Co0.5Ni0.5Fe2O4 and BaTiO3 were stoichiometrically

mixed for preparing compositions (1 - x)Co0.5Ni0.5-

Fe2O4–xBaTiO3 with (x = 0, 0.10, 0.20) and named as

CNFO (Co0.5Ni0.5Fe2O4), CNFO–10BT (0.9Co0.5Ni0.5

Fe2O4–0.1BaTiO3) and CNFO–20BT (0.8Co0.5Ni0.5Fe2

O4–0.2BaTiO3). The resultant powders were pressed

into 10-mm-diameter pellets using polyvinyl alcohol

as binder and sintered at 1200 �C for 8 h along with
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calcined powder of respective sample to avoid oxy-

gen loss in sintering process.

2.2 Characterization techniques

The structural analysis has been carried out using

Rikagu X-ray diffractometer employing Cu-Ka radi-

ation with wavelength of 1.5418 Å. The XRD data

have been recorded from the powder obtained by

crushing the sintered pellets. The pellets of CNFO–BT

composites were silver coated to improve electrical

contact. Dielectric and impedance measurements of

the coated composite pellets were made using

Wayne Kerr 6500 P high-frequency LCR meter setup

in the frequency and temperature range of

100-1 MHz and 100–400 �C, respectively. The ferro-

electric P–E hysteresis loop for the coated pellets was

studied using Marine India P–E loop tracer setup

operating at 50 Hz with electric field up to 5 kV/cm

and magnetic field up to 4000 Oersted.

3 Results and discussion

The X-ray diffraction patterns of CNFO and CNFO–

BT composites are shown in Fig. 1. The XRD plot of

CFO is referred from our earlier work [4]. The XRD

pattern of CNFO is matched with JCPDS # 22-1086

and confirms the spinel cubic structure with space

group (Fd3m). The splitting and broadening of peaks

in XRD of CNFO in comparison with XRD peaks of

CFO at 2h * 30� and 62.5� are matched with JCPDS #

10-0325 for NiFe2O4 [31] and are marked by ‘*’ sym-

bol in Fig. 1. This occurrence of NiFe2O4 peaks con-

firms the formation of CNFO. The impurities in XRD

of CNFO between 2h of 50� and 60� are due to pres-

ence of Fe2O3 and are matched with JCPDS # 02-0919.

The XRD patterns of CNFO–BT system are matched

with JCPDS # 22-1086 for CNFO and JCPDS # 05-0626

for BaTiO3 (BT) and confirm the formation of CNFO–

BT composites. The ferroelectric BT phase in the

composite at 2h * 32� and at other higher values is

indicated by ‘#’ symbol in Fig. 1.

The effect of BT addition in CNFO is observed by

studying the lattice parameter variation and lattice

strain estimations. The variation of lattice parameter

was obtained using Debye–Scherrer equation [32]

and lattice strain was obtained from Williamson–Hall

equation [33], and the subsequent results are plotted

in Fig. 2. It can be observed that the lattice parameter

obtained for CNFO is 8.325 Å which is lower than

that of CoFe2O4 (10.7 Å) [4] as at both octahedral/

tetrahedral sites, ionic radii of Ni2? (0.745/0.55 Å) are

less than Co2? (0.69/0.58 Å) [34]. The lattice param-

eters in Fig. 2 decrease from 8.325 to 7.967 Å for

CNFO to CNFO–BT composites due to lattice dis-

tortion arising on account of trapping centers formed

by BT substitution. This lattice distortion is also

accompanied by the increase in the lattice strain as

shown in Fig. 2.

The dielectric analysis is an ideal technique for

correlation of most of the properties of ferrites with

preparation, composition and temperature. The fre-

quency dependency of dielectric constant for CNFO

and CNFO–BT composites is shown in Fig. 3a–c. The

graphs show usual behavior of dielectric materials

Fig. 1 XRD patterns of CNFO and CNFO–BT composites

Fig. 2 Variation of lattice parameter and strain in CNFO–BT

composites with BT composition
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with CNFO and CNFO–BT composites possessing

large dielectric constant values [35] at low frequen-

cies, and the dielectric constant decreases at higher

frequencies.

The polarization mechanism of any dielectric

material can be of the form of atomic, electronic,

dipole and interface [36, 37]. The first two mecha-

nisms, viz. electronic and atomic polarizations, usu-

ally have instantaneous effects and are observed at

high frequencies only [36, 37]. The dipolar polariza-

tion in materials possessing polar groups is observed

as step-like decrease in dielectric permittivity with

frequency. The main reason to show such a decreas-

ing trend is due to the presence of interfacial polar-

ization as predicted by Maxwell–Wagner [38] and

arises because of the charge accumulation on sample–

electrode interface as well as on the interface between

the constituent phases [36, 37]. The exchange of

electrons among multivalent Fe2?/Fe3? creates a

spatial displacement of Fe ions along with electric

field resulting in the polarization. The high value of

dielectric permittivity at low frequencies is because of

the presence of multivalent Fe ions, its related oxygen

vacancies and defects. The decrement in the value of

dielectric permittivity with frequency is because the

dipoles cannot follow the electric field oscillations at

higher fields. As per Koops theory, the contribution

of dielectric constant at lower frequency originates

from grain boundaries as they possess high impe-

dance at grain boundary region [39]. The contribution

to dielectric permittivity at high frequencies origi-

nates from low resistive grains. Thus, the presence of

Fig. 3 Frequency dependence of real part of dielectric constant (e0) for CNFO and CNFO–BT composites at different temperatures
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multivalent Fe ions is responsible for polarization in

CNFO. The dielectric constant increases with BT

content and suggests enhancement in electrical nat-

ure of CNFO–BT composites. For all composites, the

increase in temperature from 100 to 400 �C onsets the

space charge polarization linked to ionic defect

movements and decreases the dielectric constant [40].

The magnetodielectric coupling constant (MD) is

studied by measuring the dielectric properties at

different magnetic fields and at a frequency of

10 kHz as shown in Fig. 4 and is quantified as

MD ¼ �0 Hð Þ � �0 0ð Þ
�0 0ð Þ � 100 ð1Þ

The composition of magnetic–ferroelectric phase is

an important factor for deciding the magnetodielec-

tric response. The variation in dielectric constant is

less for CNFO and significantly increases with BT

content. This enhancement could be possibly due to

the modification of spatial charge distribution and

restricted ferromagnetic domain wall rotation origi-

nating from BT substitution in CNFO. With increas-

ing magnetic field, the change in dielectric constant

drastically decreases due to alignment of domain

walls in CNFO. Surprisingly, all CNFO–BT compos-

ites indicate stability in magnetodielectric coupling

by displaying non-zero MD value at even higher

fields. It is important to note that the magnetodi-

electric response in CNFO as well as CNFO–BT

composites originates due to the contribution of

magnetostriction of CNFO. This occurs due to the

strain induced in CNFO phase on application of

magnetic field creating a mechanical coupling

between dielectric and magnetic phases and can be

expressed as strain-mediated magnetodielectric

response. Additionally, the interfacial polarization

effect in CNFO–BT can also induce magnetodielectric

behavior based on the impedance of grain or grain

boundary with application of magnetic field [41].

Figure 5 shows Nyquist plots of CNFO and

CNFO–BT composites. All the composites display

single semicircular arc starting from the origin whose

radius decreases with temperature suggesting domi-

nance of grains contribution and negative tempera-

ture coefficient of resistance [42]. It is noted that the

impedance value in the composites increases with BT

suggesting highly resistive nature of CNFO–BT

composites [43]. CNFO is a weak ferroelectric and

poor dielectric material. Thus, the significant contri-

bution in the dielectric and impedance properties is

due to the effective content of BTO. Increasing the

amount of BTO in CNFO–BT composite therefore

increases the net impedance of CNFO–BT composite

[43]. The centers of semicircles are observed to be

positioned below the Z0-axis owing from spread

relaxation times and indicate the existence of non-

Debye relaxations in CNFO–BT composites [44]. The

non-Debye relaxations can be understood by repre-

senting the Nyquist plots in terms of modified R–

C electric circuits. These electric circuits contain

arrangement of one or more subarray of resistance

(R), capacitance (C) and constant phase element

(CPE) with each subarray denoting the contributions

of grains and grain boundary. The non-Debye

behavior present in BT-CFO composites is justified

from the presence of CPE in the equivalent circuit,

which is related to the impedance by the equation

ZCPE = 1/(jx)n CPE. The corresponding fitted

parameters are displayed in Table 1. The impedance

spectra of CNFO–BT composites are fitted with one

R-CPE parallel combination and are in agreement

with each other. The fitting also confirms the domi-

nance of grain resistance in the conduction

phenomena.

Figure 6 shows magnetic hysteresis curves for

CNFO and CNFO–BT composites. Inset of Fig. 6

shows the enlarged view of M-H curves at low

magnetic fields. All composites display systemati-

cally strong ferromagnetic behavior. The saturation

magnetization for CNFO is comparable to the earlier

reported work [25]. However, the saturation
Fig. 4 Percentage change in dielectric constant for CNFO and

CNFO–BT composites as a function of magnetic field at 10 kHz
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magnetization is smaller than CNFO prepared by

different methods [45, 46] which could be due to less

duration mixing of primary constituents resulting in

incomplete homogeneity of the structure [25]. The

magnetic retentivity is found to decrease with

increase in content of BT. This re-emphasizes struc-

tural distortion induced in CNFO lattice owing to BT

substitution. Contrarily, the coercivity is large for

CNFO–10BT and least for CNFO–20BT as compared

to CNFO. The increased value of coercivity in CNFO–

10BT composite is due to enhancement in magneto-

electric coupling; however, such coupling is limited

by lattice distortion and weakens the ferromagnetic

nature in CNFO–BT composite. On further increasing

the BT content as in case of CNFO–20BT, enlarged

strain-mediated magnetoelectric coupling at the

piezoelectric–piezomagnetic interface enhances the

ferromagnetic nature.

Fig. 5 Nyquist plot of CNFO–BT composites measured at different temperatures along with their equivalent circuit measured

Table 1 Fitted parameters for Cole–Cole plots of CNFO–BT

composites

Temp (�C) Rg (X) CPEg ng

CNFO

200 6.1 9 106 2 9 10- 8 0.65

300 4.3 9 106 6 9 10- 9 0.78

400 1.9 9 106 9 9 10- 10 0.86

CNFO–10BT

200 8.2 9 106 1.2 9 10- 9 0.62

300 5.3 9 106 5 9 10- 9 0.70

400 3.1 9 106 7 9 10- 10 0.79

CNFO–20BT

200 8.9 9 106 3 9 10- 8 0.55

300 5.4 9 106 7 9 10- 8 0.69

400 2.9 9 106 4 9 10- 9 0.75
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The ferroelectric hysteresis P–E loops of CNFO–BT

composites are plotted in Fig. 7. All the loops show

weak P–E ferroelectric polarization loop because of

spatially distributed electric dipoles. The unsaturated

lossy P–E hysteresis loop is originated due to the

oxygen vacancies and further to high leakage current

in the composites. These oxygen vacancies have been

created during synthesis of single oxidized ions of Fe

and Ti atoms and are expressed by Kroger–Vink

notation

Ox
o !

1

2
O2 þ V��

o þ e� ð2Þ

where V��
o is the ionized metal [47]. The magnetic

nature of CNFO particles tends to agglomerate and

thereby induces weak ferroelectricity [23, 30]. As the

content of BT phase is increased in CNFO, the max-

imum polarization is increased due to increased

conductivity. The energy storage and efficiency are

estimated from ferroelectric measurements [48]. The

unloaded sample of CNFO and CNFO–20BT dis-

played the energy density of 2.1 and 4.25 mJ/cm3,

respectively, with an efficiency of 17 and 31.6%,

respectively.

The magnetoelectricity in CNFO–BT composites

can be understood well by examining the variation of

maximum electric polarization versus applied electric

field hysteresis graphs as a function of external

magnetic field [49]. Figure 8 shows the variation in

maximum polarization measured from P–E hystere-

sis loop at different magnetic fields for CNFO and

CNFO–BT composites at room temperature with

fixed frequency of 50 Hz. The maximum polarization

observed decreases with increasing magnetic field

suggesting strong magnetoelectric character in CNFO

composites. The largest change in maximum polar-

ization of 20% is observed in CNFO–20BT composite,

making it most suitable for magnetoelectric devices

[50]. This enhanced magnetoelectric effect is corre-

lated with lattice shrinkage on BT substitution

resulting in strain-mediated magnetoelectric cou-

pling at the piezoelectric–piezomagnetic interface

[26]. In order to obtain the ME coupling coefficient,

the variation of Pmax was linearly fitted with mag-

netic field H. The error bars obtained from linear fit

Fig. 6 Room temperature magnetization curves (M vs. H) for

CNFO and CNFO–BT composites. Inset shows the enlarged view

of CNFO and CNFO–BT composites

Fig. 7 P–E hysteresis loops of CNFO and CNFO–BT composites

Fig. 8 Variation of maximum polarization (Pmax) with magnetic

field for CNFO and CNFO–BT composites
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are also incorporated in the experimental data plot.

The maximum magnetoelectric coupling coefficient

(a) was achieved for CNFO–20BT composite as 5

mV/cm/Oe. This magnetoelectric response of

CNFO–BT composite agrees with some reported

results [29, 43].

4 Conclusions

Co0.5Ni0.5Fe2O4 and (1 - x)Co0.5Ni0.5Fe2O4–xBaTiO3

(CNFO–BT) magnetoelectric composites were syn-

thesized from solid-state reaction route. The XRD

studies reveal lattice distortion and increased strain

with BT substitution due to formation of trapping

centers in CNFO. The dielectric and impedance

measurements reveal presence of interfacial polar-

ization and non-Debye relaxations in CNFO–BT

composites. The occurrence of ferroelectric and fer-

romagnetic hysteresis loops establishes the multifer-

roic nature in CNFO–BT composite. The evidence of

magnetoelectric coupling in CNFO–BT composites is

confirmed from magnetodielectric coupling and

magnetic-dependent ferroelectric measurements.

These results are useful for technological advance-

ments of CNFO–BT composites in magnetoelectric

device applications.
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