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A B S T R A C T   

Lead-free magnetoelectric (ME) composites comprises NiFe2O4 (NFO) and BaZr0.2Ti0.8O3 (BZT) were synthesized 
by using conventional double sintering solid-state reaction technique and it’s structural, electric, dielectric, 
magnetic and ME properties were studied. The spectra of X-ray diffraction displayed the formation of parent 
phase and presence of two phases within the composites (ferrite-ferroelectric). DC resistivity as a function of 
temperature has been studied, it indicates the semiconducting behavior. Frequency dependent dielectric spectra 
of the composites indicates small polaron hopping model of conduction mechanism. Magnetic measurements at 
room temperature shows the composites are soft magnetic and such materials reveals M-H hysteresis type 
behavior. The composite with x = 0.3 showed the highest value of ME voltage coefficient ~3.82 mV/cmOe. Such 
ME composite materials furnish fabulous chances as prospective lead-free systems for multifunctional device 
applications.   

1. Introduction 

ME materials are the composites that exhibit multiferroic properties 
and they have potential of mutual modification of the magnetization and 
electric polarization via applied magnetic and electric field, corre
spondingly [3]. Owing to its technological applications in novel multi
functional devices, the ME phenomena attracts the concentration of 
materials scientists and researchers worldwide. The simultaneous exis
tence of both ferromagnetic and ferroelectric properties with ME voltage 
coefficient makes multiferroic materials appropriate for the applications 
in several devices like AC/DC magnetic flux sensors, ME-RAM, energy 
harvesters, four state logic memory devices, ME resonators, read heads, 
transducers, actuators, capacitors, electromagnetic interference filters, 
multistate memories, storage devices, microwave devices, integrated 
and multilayer chip inductors, etc [4]. Compared to single-phase ME 
materials, the composite materials exhibit a better ME voltage coeffi
cient at room temperature owing to the product property. Thus, to 
realize high values of ME voltage coefficient, proper selection of a 
ferroelectric material with a high dielectric constant, low dielectric loss, 
and enormous piezoelectric coefficient and a ferrite material with a high 
magnetostriction coefficient, saturation magnetization, remnant 
magnetization, magnetic moment, and coercive field is important [5]. 

Numerous researchers around the world are studied and reported on 
lead free particulate composites synthesized via different sintering 
techniques with different compositions such as NMFO + BZT [1], (x) 
Ni0.8Mg0.2Fe2O4-(1-x)BaZr0.8Ti0.2O3 [2], CoFe2O4–BaTiO3 [13], NiFe2 
O4–BaTiO3 [15], NiZnFe2O4–BaTiO3 [16], Ba0⋅9Sr0⋅1TiO3–Ni0.9Zn0⋅1 
Fe1⋅98O4 [18], Co0⋅7Mg0⋅3Fe2-xMnxO4–Sr0.5Ba0⋅5Nb2O6 [19], (Ba0⋅85 
Ca0.15) (Zr0⋅1Ti0.9)O3–CoFe2O4 [20], (x)BaTiO3–(1 − x)Co0⋅7Fe2⋅3O4 
[21], x (Na0⋅5K0.5)0.94Li0⋅06NbO3 - (1-x)CoFe2O4 [22], etc. From previous 
reports, we noticed that the ME voltage coefficient was found at room 
temperature within the range from 10 to 3300 mV/cmOe [3–7]. Only 
few research works are administered towards the development of lead- 
based ME composites which show the most important ME voltage co
efficient values within the range from 0.040 to 4.7 V/cmOe [10]. Arti 
et al. has reported the ME voltage coefficient values of 122 mV/cmOe for 
particulate PZT-CFO composites [12]. It is observed that the majority of 
the composites used lead-based ferroelectric (i.e. PbZrTiO3, PZT) con
stituents in their compositions [8–11]. The majority of particulate ME 
composites in previous reports are prepared by straight forward direct 
physical mixing of magnetostrictive and piezoelectric powders obtained 
separately. Due to the presence of lead element in these composites, 
they’re highly toxic and thus unfavorable for the sensible device appli
cations and also facing growing global restrictions [14]. 
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In the present report, we synthesized lead-free ferrite-ferroelectric 
composites via solid-state reaction method. Thus, nickel ferrite preferred 
as a magnetostrictive segment, they’re extremely high magnetostrictive 
and resistive materials, but the ferroelectric phase BaZr0.2Ti0.8O3 have 
elevated dielectric permittivity. ME composites may acquire excellent 
electrical, magnetic, and ME properties. Therefore in the this paper, 
study of DC resistivity, dielectric constant, AC conductivity, conduction 
mechanism, magnetic properties and ME voltage coefficient of the 
composites was reported. 

2. Experimental details 

The metal oxides NiO, Fe2O3, BaCO3, ZrO2, and TiO2 (Himedia 
manufacture) of analytical reagent grade were used for the synthesis. In 
initiative, the ferrite phase NiFe2O4 (NFO) and ferroelectric phase 
BaZr0.2Ti0.8O3 (BZT) were individually synthesized by using conven
tional double sintering solid-state reaction technique followed by 
calcination at 800 ◦C for 8 hrs [1]. In second step, (x) NFO+ (1-x) BZT (x 
varies from × = 0.1, 0.2 and 0.3) ME composite series were synthesized 
[1,2]. The powder of ferrite and ferroelectric phases were mixed thor
oughly in desired stoichiometric proportions and pressed into the cy
lindrical pellet type of 10 mm diameter at a pressure of 5 tons/inch2. The 
pellets were finally sintered at 1150 ◦C for 12 hrs in an ambient 
atmosphere. 

3. Characterization details 

X-ray diffraction analysis of the synthesized composite samples were 
carried out via Angle Dispersive X-ray Diffractometer (ADXRD) (Model: 
Image plate MAR345, RRCAT Indore) using synchrotron radiation with 
the energy 15 keV and wavelength 0.80034 Å (Bragg angle: 10◦≤2θ ≤
60◦). SEM images of the composite samples were recorded using JEOL- 
JSM-6390LV to investigate the surface morphology, microstructure and 
grain size distribution. Using two probe technique, DC resistivity with 
respect to temperature was measured using KEITHLEY electrometer 
(Model: 2000).To study the dielectric properties, an LCR meter bridge 
(Model: PSM1700) at room temperature within the frequency range 
from 20 Hz to 1 MHz is employed. The magnetic parameters of the 
composite samples were determined with the help of M-H hysteresis 
loop which was recorded using vibrating sample magnetometer (VSM) 
(Model: 735, Lakeshore, National Physical Laboratory, New Delhi). To 
study the ME output of the composites at room temperature, KEITHLEY 
electrometer (Model: 2000, National Physical Laboratory, New Delhi) 
was used to measure the electric field produced across the composite 
samples by applying a DC magnetic field of about 8.0 kOe. 

4. Results and discussion 

Fig. 1 represents the XRD spectra of synthesized (x) NiFe2O4 + (1-x) 
BaZr0.2Ti0.8O3 (x = 0.1, 0.2 & 0.3) composites. X-ray diffraction pattern 
of all the composites was assembled into two sets of well-defined peaks, 
one belongs to the cubic spinel structure of ferrite phase (i.e. 311 peak) 
and another belongs to the tetragonal perovskite structure of the ferro
electric phase (i.e. 011 peak) [1,2,9,41]. No intermediate phase or 
additional peaks were identified within the spectra indicating that no 
significant chemical reaction occurred at the ferrite-ferroelectric inter
face during the final sintering of the composite samples [17]. Mean
while, the dependence of diffraction peak intensity on a fraction of 
ferrite-ferroelectric phase was observed. 

X-ray diffraction pattern confirmed the polycrystalline structure with 
the mixture of cubic spinel-tetragonal perovskite structure; whereas the 
cubic spinel structure has the space group of Fd-3 m and tetragonal 
perovskite structure has the space group P4mm [23]. The lattice con
stants of the ferrites and ferroelectrics were estimated and listed in table 
1. 

Despite the very fact that the estimated average lattice constant of 

ferrite phase of 8.35 Å was observed and the average lattice constants of 
ferroelectric phase a = 4.037 and c = 4.037 were observed. The dif
ference between the tetragonal ratio (c/a = 1 (constant)) shows that 
there have been no structural variations observed during the prepara
tion and final sintering of the ferroelectric phase. Thus, porosity is the 
intrinsic possessions in ceramic materials that are synthesized by sin
tering and powder processing. The high rate of sintering to the com
posite samples with large crystallite size reduces the porosity and 
density significantly [24]. The porosity of the composites was estimated 
by using the Adams and Hendricks method through the relation as fol
lows [40], 

%Porosity =
(dx − da)

dx
× 100 (1) 

Where dx = X-ray density, da = Actual density. 
From table 1, the decrease of porosity with increasing mole% of 

ferrite in composites was observed; it is because of the occurrence of 
pores that cracks the magnetic circuit between the grains of the com
posites. The utmost porosity 12.41% was observed for (0.1) NFO + (0.9) 
BZT composites. Hence, the pores material provides an insulating path 
to the electrons leading to the rise of resistivity with porosity which 
intern affects the ME response of the composites. Average grain size of 
the samples was estimated by Cottrell’s method [18] as it gives the 
relationship between number of intercepts of grain boundary per unit 
length (PL) and total number of intercepts (n) i.e. 

PL =
( n

2πr

)
× M (2) 

Where n: number of grains inside the circle 
r: radius of the circle 
M: Magnification factor at which SEM micrograph is scanned 
The average grain diameter of ferrites was estimated by using the 

relation: 

Fig. 1. XRD graph of (x) NFO+ (1-x) BZT ME composites.  

Table 1 
Lattice parameters, porosity and average grain size of (x) NFO+ (1-x) BZT ME 
composites.  

x 
content 

Lattice Parameters % 
Porosity 

Average Grain 
Size (µm) Ferrite 

Phase (Å) 
Ferroelectric Phase (Å) 

a a c c/a 

0.1 
0.2 
0.3 

8.34 
8.35 
8.36 

4.037 
4.037 
4.048 

4.037 
4.037 
4.047 

1.000 
1.000 
1.000 

12.41 
11.48 
10.66 

2.29 
2.36 
2.48  
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L =
1

PL − 1
(3) 

Fig. 2 shows the SEM micrographs of ME composites (x) NFO + (1-x) 
BZT sintered at 1150 ◦C. Well distinct and crystallized dark and light 
phase regions are often easily identified and that corresponds to the 
ferrite and ferroelectric phases respectively. Ferrite grains are embedded 
homogeneously among the ferroelectric matrix [25]. The micrographs 
suggest that the samples are well sintered, dense and every sample ex
hibits well defined randomly oriented grains with minimum porosity. 
The shape and distribution of grains confirmed the polycrystalline na
ture of the sintered samples. The typical grain size of the composites was 
estimated by using Cottrell’s method [18] and the values of grain sizes 
were listed in table 1. 

It is observed that the average grain size increases with increasing 
ferrite content in composites. Thus, the substitution of the ferrite phase 
promotes increasing the grain size with little porosity. From SEM mi
crographs, it is clear that more number of ferrite grains appears in 
composites with increasing ferrite content. Thus, the rise in ferrite grain 
to grain contact shunts the resistance of ferroelectric grains thereby 
decreasing the effective resistance of the composites. In ME composites, 
the average grain size increases with decreasing grain surface area; it is 
because of the grain surface area behaves like an obstacle for the motion 
of domain walls [19]. The increase of average grain size with increasing 
ferrite content in composites revealed that the increase of mean free 
path of the electrons and therefore causes the growth in dielectric con
stant. However, the tiny amount of grain size of the ferroelectrics 
compared to ferrites can effectively decrease the outflow of electrical 
charges induced by the chain formation of ferrite grains in composites 
[26]. It is significant to spotlight that the well-defined interface between 
magnetostrictive and piezoelectric phase is crucial to yield a robust ME 

response in composites. 
Fig. 3 shows the variation of DC resistivity with respect to temper

ature for various compositions of the composites. It is observed that DC 
resistivity decreases with increasing temperature and it reveals the 
performance of semiconducting behavior. It is because of the thermally 
activated drift mobility of electrical charge carriers consistent with the 
hopping mechanism of conduction electrons. In Fig. 3, DC resistivity 
graph shows two sections, the primary section is observed at a lower 

Fig. 2. SEM micrographs of (x) NFO+ (1-x) BZT composites (A = 0.1, B = 0.2 and C = 0.3).  

Fig. 3. Variation of DC electrical resistivity with respect to temperature of (x) 
NFO+ (1-x) BZT composites. 
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temperature region (below 300 ◦C) due to the prearranged state of the 
ferroelectric phase and the second section is observed at a higher tem
perature region (above 300 ◦C) due to the chaotic state of paraelectric 
phase [1,2,27]. However, the polaron hopping type of conduction 
mechanism of electrons is valid in ferrites and composites at elevated 
temperatures (above 300 ◦C). In composites, DC resistivity is large for 
(10%) NiFe2O4 + (90%) BaZr0.2Ti0.8O3 with small grain size, whereas 
the DC resistivity is small for (30%) NiFe2O4 + (70%) BaZr0.2Ti0.8O3 
with large grain size. Hence, the variation of DC electrical resistivity as a 
function of temperature was due to the less resistivity of ferrite grains 
compared to the ferroelectric grains in composites [28]. At low tem
perature (below 300 ◦C), the replacement of holes among Ni3+ ↔ Ni2+ +

e- and Ba3+↔ Ba2+ + e- are responsible for p-type charge carriers. But at 
high temperature (above 300 ◦C), the replacement of electrons among 
the Fe2+ ↔ Fe3+ + e- and Ti3+ ↔ Ti4+ + e- are responsible for n-type 
charge carriers and these two types of charge carriers are the incharge of 
conduction of electrons in composites [24,25]. 

The number of ions decreases from Fe2+ to Fe3+ ions at a prominent 
temperature in composites. The projected values of the activation en
ergy of all the composites are listed in table 2. The projected value of 
activation energy (E1) of paramagnetic region varies from 0.5807 eV to 
1.6234 eV and the activation energy (E2) of ferromagnetic region varies 
from 0.0362 eV to 0.2603 eV. According to Verwey and de Boer 
mechanism [26], the conduction mechanism of electrons supported the 
hopping of electrical charge carriers among the ions of equivalent 
components present in additional one valence state and arbitrarily 
dispersed crystallographically over the corresponding lattice sites. Thus, 
the activation energy of the paramagnetic region is bigger than that of 
the ferromagnetic region and this is often within the fine conformity 
with the hypothesis of Irkin and Turor [27]. However, the decrease of 
activation energy in the ferromagnetic region was due to the spin dis
ordering effect. Hence, the activation energy of all the composites is high 

(>0.2 eV) that shows the polaron hopping type of conduction mecha
nism. The transition temperature of ME composites was estimated from 
DC electrical resistivity as a function of temperature graph and is listed 
in table 2. It is noted that the decrease of transition temperature with 
increasing mole% of ferrite content in composites was due to the vari
ation in width and chemical composition present in the composites. 

The variation of dielectric constant with respect to applied frequency 
of the composites is shown in Fig. 4. It is observed that the dielectric 
constant decreases quickly with increasing frequency and then reaches a 
continuing value at maximum frequency shows the dielectric dispersion 
behavior. The maximum value of the dielectric constant at minimum 
frequency region and minimum value of the dielectric constant at 
maximum frequency region indicates large dielectric dispersion which 
was due to the Maxwell–Wagner type of interfacial polarization and this 
is in good agreement with Koop’s phenomenological theory [28,29]. 
The maximum value of dielectric constant was observed at lower fre
quencies which are explained on the idea of space charge polarization i. 
e. due to the inhomogeneous dielectric structure; the inhomogeneities 
within the composites are voids, dislocations, impurities, porosity and 
grain structure, etc [29]. On the other hand, the elevated value of 
dielectric constant attributed to the very fact that regions of ferroelectric 
just in the case of composites are encircled by non-ferroelectric regions 
like that in the case of relaxor ferroelectric materials; this provides the 

Table 2 
Transition temperature and activation energies of paramagnetic and ferromag
netic regions of ME composites.  

x 
content 

Activation Energy (eV) Transition 
Temperature Above Tc 

(Paramagnetic) 
Below Tc 

(Ferromagnetic) 

(x) NFO+ (1-x) BZT 
0.1  1.6234  0.1446 235 
0.2  1.2708  0.1204 265 
0.3  1.4971  0.0999 275  

Fig. 4. Variation of dielectric constant with the function of the frequency of (x) 
NFO+(1-x) BZT composites. 

Fig. 5. The variation of dielectric loss tangent graphs of (x) NFO+ (1-x) BZT 
ME composites. 

Fig. 6. The variation of AC conductivity with respect to frequency of (x) NFO+

(1-x) BZT composites. 

P. Chavan                                                                                                                                                                                                                                        



Solid State Electronics 184 (2021) 108110

5

rise of the interfacial polarization. The low frequency dispersion 
behavior contributed to electronic polarization resulting in the polaron 
hopping type of conduction mechanism [30]. 

Fig. 5 shows the variation of dielectric loss tangent with frequency at 
room temperature that is analogous dispersion as that of dielectric 
constant with respect to frequency. 

The hopping of electrons between Fe2+ ↔ Fe3+ ions also as 
Ni2+↔Ni3+ ions within the present ferrite system is responsible for the 
conduction of electrons and this electron hopping causes the local dis
placements within the direction of the external electric field, influencing 
dielectric polarization in ferrites [26]. The electron hopping is thermally 
activated, a rise within the temperature consequences in the increased 
dielectric polarization, successively causing a rise in the dielectric 
constant. 

Fig. 6 shows the variation of AC conductivity with respect to fre
quency at room temperature. The variation of AC conductivity is a 
crucial parameter for understanding the conduction mechanism in ma
terials and it is often explained in terms of polaron hopping type of 
conduction mechanism among the localized electrons. In a large polaron 
model, AC conductivity decreases with increasing frequency, while in 
case of small polaron model the AC conductivity increases with 
increasing frequency [42]. From Fig. 6, it is observed that AC conduc
tivity increases linearly with increasing frequency that indicates the 
phenomena of conduction mechanism i.e. due to the small polaron 
hopping type of conduction mechanism [31]. 

Hence, the composites obey the small polaron model. A small plateau 
region is observed in the AC conductivity graph which was attributed to 
the mixed polarons (small/large) in the conduction of electrons. 
Therefore, the hopping mechanism is favored in ionic crystal lattices 
during which a similar type of cation is found in two different oxidation 
states. The hopping of 3d electrons between Fe2+ and Fe3+ also Ni2+ and 
Ni3+ might play a big role within the conduction mechanism process 
[32]. 

Fig. 7 represents the M-H hysteresis loop of (x) NFO + (1-x) BZT (x =
0.1, 0.2 and 0.3) composites. Well saturated magnetic hysteresis loop 
indicates the ferromagnetic behavior. From Fig. 7, it is observed that 
each composite sample reveals M-H hysteresis loop behavior at room 
temperature when a magnetic field of 6 kOe is applied. This behavior of 
the hysteresis loop confirmed the ordered magnetic nature of the com
posites i.e. due to the presence of ferrite phase [33]. The magnetic pa
rameters like saturation magnetization (Ms), magnetic moment, 
coercivity (Hc), and retentivity or remnant magnetization (Mr) for these 

composite samples were measured from the M-H hysteresis loop and are 
listed in table 3. It is observed that the saturation magnetization (Ms), 
magnetic moment, coercive field (Hc) and remnant magnetization in
creases with increasing ferrite content in composites; it is because of the 
individual ferrite grains acts like the center of magnetization and satu
ration magnetization is that the resultant of these individual contribu
tions to the composites. 

Also, it is observed that the values of magnetic parameters of com
posites are small compared to the corresponding values of NFO; it was 
due to the existence of the non-magnetic ferroelectric phase (B.ZT). 
However, the magnetic contact increases with ferrite content then the 
net magnetization increases [34]. Therefore, the highest saturation 
magnetization 8.6839 emu/gm was achieved for (30%) NFO + (70%) 
BZT composites. The grains of non-magnetic ferroelectric phase BZT acts 
like pores in causing the decrease of magnetic strength into the com
posite samples in presence of applied magnetic field [35]. 

The coexistence of excellent ferromagnetic and ferroelectric prop
erties within the composites may cause a substantial ME effect. Thus, the 
ME effect is developed due to the strain-induced in the ferrite phase by 
an applied magnetic field that is coupled mechanically to induce stress 
in the bordered ferroelectric phase. The developed result of stress in the 
polarization of the ferroelectric phase was due to piezoelectricity. ME 
voltage coefficient was achieved by the electromechanical conversion in 
the ferroelectric phase and magnetomechanical conversion in the ferrite 
phase by the transfer of stress through the interface between two phases 
of the composites [36]. It is well known that strain developed in the 
ferrite phase increased with the DC magnetic field and saturates in a 
certain field i.e. because of the magnetostriction. Fig. 8 shows the 
variation of ME voltage coefficient with respect to the applied magnetic 
field of the composites and the values are listed in table 3. 

It is observed that ME voltage coefficient (dE/dH) decreases with 
increasing applied magnetic field; it is explained in terms of decrease of 
DC resistivity with increasing ferrite concentration in composites [37]. 
From table 3, we noticed that the ME voltage coefficient increases with 
increasing ferrite content in composites; it is because of the strain pro
duced in NFO and BZT lattices. The highest ME voltage coefficient of 
3.82 mVcm− 1Oe was observed for (30%) NFO + (70%) BZT composites. 
The decrease of DC resistivity results in the leakage of charges integrates 
the ferroelectric phase through ferrite grains. In composites, the ME 
effect mainly depends on the piezoelectricity of the ferroelectric phase 
and magnetostriction of the ferrite phase [38]. However, ME composites 
synthesized with a bit of ferroelectric or ferrite phase consequences the 
reduction within the effect of piezoelectricity or magnetostriction, 
correspondingly resulting in the decrease of static ME voltage coefficient 
with applied DC magnetic field. 

In multiferroics, the ME voltage coefficient not only strongly depends 
on the inherent properties of a private phase but also intimately believes 
the interfacial elastic coupling between the two phases of the compos
ites. The lowest ME voltage coefficient was observed for × = 0.1 
composites because of the comparatively less interface contact and 
slighter stress transfer area between ferrite and ferroelectric phases in 
composites. Little contact interface consequences within the least 
transfer of the induced compressive stress from the ferrite phase to the 
ferroelectric phase [39]. The induced leakage current makes the dipole 
alignment harder and deteriorates the ferroelectric and piezoelectric 
responses, leading to a lower ME voltage coefficient. The massive ME 
voltage coefficient was attributed to the homogeneous dispersion, 
enhanced interfacial contact between the two individual phases and 
modification of the ferroelectric phase with high piezoelectric coeffi
cient [40]. 

Fig. 7. M-H hysteresis loop of (x) NFO+ (1-x) BZT composites.  
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5. Conclusion 

ME composite samples were synthesized by the traditional double 
sintering solid-state reaction technique for the study of various physical 
properties of the composites. XRD pattern confirmed the formation of a 
cubic spinel structure of the ferrite phase and tetragonal perovskite 
structure of the ferroelectric phase. The decrease of DC resistivity with 
respect to temperature explained the conduction mechanism of elec
trons supported the hopping of electrical charge carriers. The dielectric 
constant decreases with increasing applied frequency shows dielectric 
dispersion behavior. The variation of AC conductivity with frequency is 
linear which suggested that the conduction was due to the small polaron 
hopping type of conduction of electrons. The very best saturation 
magnetization 8.6839 emu/gm was achieved for (30%) NFO + (70%) 
BZT composites. The highest ME voltage coefficient of 3.82 mV/cmOe 
was observed for (30%) NFO + (70%) BZT composites. Hence, these 
composites have better sensitivity within the low-field range. 
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