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Abstract 
 

x [Co0.9Ni0.1Fe2O4]-(1-x) [0.5Ba0.7Ca0.3TiO3-0.5BaZr0.2Ti0.8O3] multiferroic composite was formed by hydroxide co-precipitation 
method for x = 0.3, 0.4 & 0.5. X-ray diffractometer (XRD) and Scanning Electron Microscopy (SEM) were used for the structural 
and morphological studies of these composites respectively. The perovskite phase of the ferroelectric material and the spinel 
phase of the ferrite were confirmed by the XRD spectra. An impedance analyzer was used to study the dielectric properties 
of the composite. Dielectric constant and tangent loss (Quality factor) variation of the composites were investigated for 100 
Hz to 1 MHz frequency. An increase in magnetocapacitance was observed with the increasing magnetic field up to 1 Tesla. 
The Magnetodielectric (MD) effect of the composites can be explained based on the contribution of interfacial polarization 
to the dielectric constant which depends on the magnetic field and variation in the dielectric constant produced by induced 
stress. The alternating current (Ac) conductivity of the materials which depends on the frequency follows Jonscher’s universal 
power law. These materials show Arrhenius behavior which can be confirmed by temperature-dependent dc conductivity. 
Modulus studies give strong peaks which shift towards higher frequency with increasing temperature. The saturation 
magnetization of composites increases as Co0.9Ni0.1Fe2O4 (CNFO) content in the composite increases. 
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1. Introduction 

Ferromagnetic materials show spontaneous magnetization 

when placed in the external magnetic field, and are widely 

used in data storage industries[1] while ferroelectric materials 

show spontaneous polarization after applying an external 

electric field, and are widely used in the fabrication of sensors 

and the actuation industry.[2] Multiferroic (MF) materials 

captured much obsession because of their future applications 

in devices like magnetic field sensors, spintronics, switches, 

actuators, transducers, electronic memory, and multifunctional 

filters.[3,4] Multiferroic materials exhibit two or more ferroic 

orders amongst ferromagnetism, ferroelasticity, and 

ferroelectricity simultaneously at room temperature.[5] The 

combined effect of ferromagnetism and ferroelectricity 

indicates that applying either an electric field or a magnetic 

field can generate electric polarization.[6] However, such an 

interesting phenomenon generally occurs at a very low 

temperature and under the application of a powerful magnetic 

field for single-phase multiferroics due to smaller values of 

magnetization and electrical polarization.[7] And hence, for 

device applications use of multiferroic composites made up of 

ferrites and ferroelectrics is much attributed.[8,9] 

Since 1972, intensive research has been carried out in 

composites of ferroelectric and magnetic phases.[10,11] Some 

MF materials show coupling between dielectric field and 

magnetization.[12] Over the last decade, researchers are 

focusing on the magnetodielectric effect in the multiferroic 

composite.[13,14] Magnetodielectric effect (MD) is defined as a 

variation of dielectric constant under an application of a 

magnetic field. Quantitatively MD effect is shown as MD = 

|ε(H)-ε(0)|/ε(0). But most of the single-phase multiferroics 

show this kind of coupling at very low temperatures, which is 

limited by the lattice structures.[15] For TbMnO3 T. Kimura et 

al.[16] revealed a 10% MD ratio after the application of a 6 T 

magnetic field and spherical spin order at a temperature of 12 

K. At room temperature, a much better MD effect is observed 

for composites than single-phase materials.[17] Lead-based 

materials like PZT are widely used ferroelectric materials in 
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these composites because of their high dielectric constant, low 

dielectric loss, and wonderful piezoelectric properties. 

Recently, the piezoelectric coefficient of 448 pC/N, єr-2126 

and Tc~354 ℃ was reported for PZT-Sr(Na0.25Nb0.75)O3 (PZT-

SNN) composite.[18] But due to their toxic nature, there is a 

need for an alternative for PZT-based materials like BaTiO3, 

BiNaTiO3, KNaNbO3, BaZrTiO3 (BZT), BaCaTiO3 (BCT) and 

a solid solution of BCT-BZT is increasing for ferroelectric 

phase.[19,20] Shi. Su et al.[21] had used the solid-state reaction 

method to fabricate 0.5Ba0.7Ca0.3TiO3-0.5BaZr0.2Ti0.8O3 and 

found the highest value of d33 = 630 pC/N and electrochemical 

coupling factor of 56%. 

CoFe2O4 is used as a magnetostrictive phase in ME 

materials, because of its large values of saturation 

magnetization, high magnetostriction coefficient (λs = -

160×10-6), and high Curie temperature (Tc = 247K). The 

substitution of Ni in CoFe2O4 gives high permeability and a 

high value of magnetostriction. P. Pan et al.[22] studied 

magnetodielectric properties of (1-

x)(Ba0.88Ca0.12)(Ti0.88Zr0.12)O3- xCoFe2O4 composite. They 

have reported the greater value of magnetocapacitance MD = 

5.37% at 1 kHz frequency and magnetic field of 1.5T for x = 

0.4. Various chemical methods can be used for the synthesis of 

MF composites like the sol-gel method,[23] co-precipitation 

method,[24] hydrothermal method,[25] etc.  

In this study, MF composite is synthesized by hydroxide 

co-precipitation method by using 0.5Ba0.7Ca0.3TiO3-

0.5BaZr00.2Ti0.8O3 (0.5BCT-0.5BZT) for a ferroelectric phase 

and Co0.9Ni0.1Fe2O4 (CNFO) for a magnetostrictive phase due 

to their high piezoelectric coefficient (d33 = 630 pC/N) and 

saturation magnetization (92.87 emu/gm) respectively. Most 

of the studies until now were done on the dielectric, magnetic, 

and MD properties of the given composite. But the electrical 

properties of these composites are not discussed much in the 

above-mentioned publications. Therefore dielectric, magnetic 

and magnetodielectric properties along with electrical 

properties like conductivity and modulus are studied using 

different techniques for given composites. 

 

2. Experimental 

2.1 Synthesis of BCT, BZT, and 0.5BCT-0.5BZT 

The hydroxide co-precipitation method was used to prepare 

BCT and BZT separately. The co-precipitation method is a 

simple, cheap, and environmentally friendly method that 

requires a lower reaction temperature and short reaction time. 

For this synthesis, 99.9% pure AR graded Ba(NO3)2 (barium 

nitrate), Ca(NO3)2
.4H2O (calcium nitrate), Zr(NO3).2H2O 

(zirconyl nitrate), and K2TiO(C2O2)4
.2H2O (potassium 

titanium oxalate) were taken as precursors. The solution was 

formed by dissolving these precursors separately in double 

distilled water and then the whole mixture was washed with 

distilled water and NH4OH 4-5 times to get the precipitate. 

KOH and NH4OH were used as precipitating agents. By 

knowing the solubility of barium hydroxide [Ba(OH)2] in 

water PH of the solution is maintained at >10 by washing it 

with NH4OH because it is insoluble in an alkaline medium. 

Precipitates obtained were dried and ground for 4 hours 

separately to form powders. Calcination of these powders was 

done for 6 hours at 1000 ℃ to form oxides of BCT and BZT 

in proper stoichiometry. To form ferroelectric 0.5BCT-0.5BZT 

stoichiometric amounts of BCT and BZT were rigorously 

grounded together. 

 

2.2 Synthesis of CNFO 

Nanoparticles of CNFO were also formed by the same method 

as elaborated above. Here, Co(NO3)2
.6H2O (cobaltous nitrate), 

Ni(NO3)2
.6H2O (nickel nitrate), and Fe(NO3)3

.9H2O (ferric 

nitrate) were used as starting materials. As discussed above 

this Analytical Reagent (AR) grade materials are also 

dissolved in double distilled water separately and then the 

solution is formed by mixing it. This mixture was then washed 

thoroughly with double distilled water and NH4OH 4-5 times 

to obtain the final precipitate. After drying this precipitate 

under an IR lamp, agate mortar is used to grind the powder for 

5 hours, then this powder formed is calcined at 1000 ℃ for 6 

hours to get nanoparticles of CNFO. 

 

2.3 Synthesis of multiferroic x [Co0.9Ni0.1Fe2O4]-(1-x) 

[0.5Ba0.7Ca0.3TiO3-0.5BaZr0.2Ti0.8O3] 

Stoichiometric proportions of magnetostrictive CNFO and 

ferroelectric 0.5BCT-0.5BZT were mixed and grounded for 5 

hours to form multiferroic x [Co0.9Ni0.1Fe2O4]-(1-x) 

[0.5Ba0.7Ca0.3TiO3-0.5BaZr0.2Ti0.8O3], for x = 0.3, 0.4 & 0.5. 

These powders were then pressed by the hydraulic press by 

applying 5 tons of pressure to get a disk-like structure with 

thickness and diameter of 2 mm and 10 mm respectively after 

adding PVA (Polyvinyl Alcohol) as a binder. PVA was further 

removed by treating the sample at 600 ℃ for 30 min. These 

pellets and individual materials were then finally sintered at 

1150 ℃ for 6 hours by conventional sintering.  

 

2.4 Material characterization 

Parent composition and sintered pellets of BCT, BZT, CNFO, 

and its composites were used for further characterization. The 

structural properties of materials were studied using a powder 

X-ray diffractometer (Benchtop PROTO). JEOL (JSM-

IT300LV) is used for the investigation of the microstructure of 

the composites through SEM. Dielectric properties of the 

composites were measured using Wayne Kerr’s 6300B model 

LCR meter of high frequency for 100Hz - 1MHz from room 

temperature to 230 ℃. Cp and Q values measured from LCR 

(Inductance (l), Capacitance (C), and Resistance (R)) meter 

were used to calculate the dielectric constant (εr) and loss 

tangent (tanδ) of the composites. MD measurements of the 

composites were measured up to 10 kOe applied magnetic 

field. The magnetic characterizations of materials were 

measured using a vibrating sample magnetometer (VSM). 

 

3. Results and discussion 

3.1 Structural characteristics 
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Fig. 1 X-ray diffraction pattern of x [CNFO]-(1-x) [0.5BCT-

0.5BZT]. 

 

Figure 1 shows X-ray diffraction patterns for BCT, BZT, 

CNFO, and its composites. Perovskite crystal structure with 

rhombohedral and tetragonal phases is confirmed by the XRD 

pattern of 0.5BCT-0.BZT. All the peaks of ferroelectric BZT 

and BCT tones with the standard JCPDS data with card no. 05-

0626 and no.85-0368.[26] XRD pattern without impurity peaks 

shows that Calcium and Zirconium are well dissolved in 

BaTiO3. Cubic spinel structure is observed for CNFO ferrite 

with Fd3m space group. JCPDS card no. 791744[27] and 

742081[28] for CoFe2O4 and NiFe2O4 confirms the peaks of 

CNFO. XRD of composites contains all the peaks of CNFO 

and 0.5BCT-0.5BZT. The intensity of peaks of ferrite CNFO 

increases with an increase in concentration. The debye-

Scherrer equation is used to measure the crystallite size of the 

materials.[29] Crystallite size for all parent materials and their 

composites is shown in Table 1 below. 

 

Table 1. Crystallite size of composite x [CNFO]-(1-x) [0.5BCT-

0.5BZT], for x = 0.3, 0.4 and 0.5. 

Compositions Crystallite size (nm) 

0.5BCT-0.5BZT 32.60 

CNFO 63.23 

0.3CNFO-0.7(0.5BCT-0.5BZT) 45.07 

0.4CNFO-0.6(0.5BCT-0.5BZT) 53.46 

0.5CNFO-0.5(0.5BCT-0.5BZT) 55.39 

3.2 SEM analysis (microstructural) 

Micrographs for multiferroic composite x [CNFO]-(1-x) 

[0.5BCT-0.5BZT] for x = 0.3 and 0.5 are shown in Figs. 2(a) 

and (b) respectively. These micrographs show that smaller and 

larger grains of BCT-BZT and CNFO respectively are well 

dispersed in the composite with small agglomeration i.e. they 

are not well separated from each other. It shows a dense 

structure without any pores. With increasing ferrite 

concentration grain size of the composite varies as the 

concentration of ferroelectric material is more as compared to 

ferrite in the composite. CNFO grains are distributed well over 

the grains of BCT-BZT. These distinguishable phases with 

well compact microstructure confirms formation of composite. 

Energy dispersive spectroscopy (EDS) study confirms the 

elemental composition of all composites. EDS spectra of 

composites for x = 0.3 and 0.5 is shown in Figs. 2(c) and (d), 

respectively. EDS of all composites shows that all elements 

are present in composites without any impurity. 

    

    
Fig. 2 (a) and (b) SEM images (c) and (d) EDS spectra for x [CNFO]-(1-x) [0.5BCT-0.5BZT], x=0.3 and 0.5 respectively. 
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3.3 Dielectric properties 

Frequency-dependent dielectric constant (ε) and dielectric 

tangent loss (tanδ) for all composites are shown in Fig. 3. From 

the above figures, it is observed that all the composites of 

0.5BCT-0.5BZT and CNFO give higher values for ε. With 

increasing frequency dielectric constant of the materials 

decreases. At lower frequencies, ε values observed are high 

due to more contribution of space charge polarization. Direct 

entry of ferrite ions into the ferroelectric site causes disorder 

in the arrangement of ferroelectric ions, as a result of which ε 

decreases rapidly in this region. At higher frequencies, the 

decrease in ε is because electron hopping does not follow any 

change of electric field beyond a certain frequency range. The 

loss tangent of the material shows the same behavior as that of 

ε. With increasing, the frequency loss tangent of the materials 

also decreases. Both ε and tanδ increase as the ferrite 

concentration of the composite increases for a given frequency 

range.  

 
Fig. 3 (a), (b), and (c) Frequency-dependent dielectric constant and (d), (e) and (f) loss tangent for x[CNFO]-(1-x)[0.5BCT-0.5BZT], 

for x = 0.3, 0.4 and 0.5 respectively. 
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Variations of dielectric constant (ε) and tangent loss (tanδ) 

with temperature for all composites are shown in Fig. 4. It can 

be seen from the figure that for each composite ε increases 

with an increase in temperature because at higher temperatures 

conduction takes place. This conduction in the ferrite phase 

occurs due to the hopping of electrons and holes. With 

increasing frequency dielectric constant of the material 

decreases. Different types of frequency-dependent 

polarization contribute to the dielectric constant of the 

material. At lower frequencies, interfacial and dipolar 

polarization contributes while electronic polarization plays 

important role in contributing to the dielectric constant at 

higher frequencies. The loss tangent of the material shows the 

same behavior as that of ε. Value of tanδ increases with 

increasing frequency for each composite. With increasing 

frequency tanδ shifts towards higher temperatures which 

shows the relaxer behavior for the given composites. Up to a 

certain temperature value of tanδ remains constant, after 

which a rapid increase in its value is observed due to 

increasing hopping electrons at high temperatures space 

charge conduction takes place. 

 
Fig. 4 (a), (b) and (c) Temperature-dependent dielectric constant and (d), (e) and (f) loss tangent for x[CNFO]-(1-x)[0.5BCT-0.5BZT], 

for x = 0.3, 0.4 and 0.5 respectively. 
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3.4 Electrical conductivity 

Frequency-dependent ac conductivity of composites of CNFO 

and 0.5BCT-0.5BZT at 200 ℃ is shown in Fig. 5. Variation of 

electrical transport properties with frequency can be studied 

with the help of the ac conductivity of materials. It is explained 

based on Jonscher’s power law.[30] This law states that mobile 

charge carriers provide relaxation to material which then 

jumps to a new site from its original position, they will remain 

in between the minima of two potential energy. Frequency 

independent plateau is seen in the conductivity curve at lower 

frequencies whereas σac is directly proportional to the angular 

frequency at higher frequencies. As CNFO content in 

composite increases value of σac increases. Increasing 

conductivity with rising frequency is due to cations 

disordering and space charge polarization.[31] 

 
Fig. 5 Frequency-dependent variation of ac conductivity (σac)  

for x [CNFO]-(1-x) [0.5BCT-0.5BZT] at 200 ℃ for x = 0.3, 0.4, 

and 0.5. 

 
Fig. 6 Variation of dc conductivity with Temperature for x 

[CNFO]-(1-x) [0.5BCT-0.5BZT] for x = 0.3, 0.4 and 0.5. 

 

Temperature-dependent dc conductivity (i.e. σdc vs 1000/T) 

of the composite is shown in Fig. 6. The plot follows the 

Arrhenius behavior.[32] It is observed from the figure that with 

increasing temperature σdc increases. NTCR (negative 

temperature coefficient of resistance) behavior of the 

composites is validated by dc conductivity studies.[33] Oxygen 

vacancies in composites produce hopping of charge carriers 

which causes to increase in the conductivity of composites 

with an increase in CNFO content.[34] The activation energies 

calculated for composites are 0.36, 0.42, and 0.44eV for x = 

0.3, 0.4, and 0.5 respectively. 

 

3. 5 Modulus studies and relaxation time 

Frequency-dependent modulus studies of composites for x = 

0.3, 0.4, and 0.5 at different temperatures are shown in Figs. 

7(a)-(c) respectively. The figure shows strong peaks of 

modulus. Shifting of these peaks towards higher frequencies 

is observed with increasing temperature. Charge carriers move 

to longer distances at the frequency under maxima of modulus 

while at frequencies beyond maxima these charge carriers 

move on shorter distances because it is restricted by potential 

well. The peaks observed are asymmetric can be seen from the 

figure. In the frequency range, where a maximum modulus 

peak falls gives the transition of mobility from a long distance 

to a short distance. 

Temperature-dependent relaxation time for the composites 

is shown in Fig. 7(d). From the figure, it is observed that all 

the curves of the composites follow Arrhenius's behavior. The 

relaxation values of composites decrease with an increase in 

temperature for x [CNFO]-(1-x) [0.5BCT-0.5BZT] for x = 0.3, 

0.4, and 0.5. This shows behavior like semiconductors. During 

high-temperature sintering loss of oxygen causes the 

semiconductor nature of the grains. Activation energy 

decreases as oxygen vacancies increases in these types of 

composites.[35] 

 

3.6 Magnetodielectric properties 

The effect of magnetic field on magnetocapacitance (MC) for 

composites at frequency 5 kHz and field of and for field 0-

10kOe is shown in Fig. 8. Increase in magnetocapacitance is 

observed with increasing CNFO content in composites. It is 

also observed from the figure that as the magnetic field applied 

increases for 0-10kOe MC values for composites also increase. 

The applied magnetic field gets dropped across the boundaries 

of composites because of more effectiveness of boundaries 

than that of the grains of composites and hence the capacitance 

of the composites increases. The composite material gets 

strained because of the applied magnetic field which further 

produces stress to give the electric field and dielectric constant 

of the composite changes. Here in composites, the 

ferroelectric phase gets oriented because of this electric field. 

 

3.7 Magnetic properties 

Figure 9 shows the M-H hysteresis loop for CNFO and its all 

composites at 300K. VSM is used to measure magnetization 
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Fig. 7 (a)-(c) Variation of modulus with frequency at different temperatures and (d) variation of relaxation time with temperature. 

 

 
Fig. 8 Variation of magnetocapacitance under applied magnetic 

field of x [CNFO]-(1-x) [0.5BCT-0.5BZT], x = 0.3, 0.4 and 0.5 

at 5 KHz. 

 

in the field of range -90kOe to 90kOe. Proper curves confirm 

the ordered magnetic structures of the composites. CNFO 

shows larger values of remanent (Mr) and saturation 

magnetization (Ms) as compared to composites. Easy 

magnetization of the composites can be indicated by the 

smaller values of the coercive field (Hc). As CNFO 

concentration increases Ms and Hc values for composites 

increases. This increase in CNFO content decreases the pores 

created by ferroelectric grains. Since more CNFO particles are 

distributed over the ferroelectric phase as CNFO content 

increases in composites Hc values increases. Ms, Mr, and Hc for 

composites are given in Table 2. 

 

Table 2. Values of Ms, Mr and Hc for x[CNFO]-(1-x)[0.5BCT-

0.5BZT], x = 0.3, 0.4 and 0.5 at 300K. 

Composition Ms[emu/g] Mr[emu/g] Hc [Oe] 

Co0.9Ni0.1Fe2O4 86 26.31 840 

0.3CNFO-0.7(0.5BCT-

0.5BZT) 27.02 6.99 127 

0.4CNFO-0.6(0.5BCT-

0.5BZT) 34.39 4.43 190 

0.5CNFO-0.5(0.5BCT-

0.5BZT) 38.34 1.52 249 
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Fig. 9 M-H hysteresis loop of CNFO and x [CNFO]-(1-x) 

[0.5BCT-0.5BZT], x = 0.3, 0.4 and 0.5 at 300K.  

 

4. Conclusion 

Multiferroic composite x [Co0.9Ni0.1Fe2O4]-(1-x) 

[0.5Ba0.7Ca0.3TiO3-0.5BaZr0.2Ti0.8O3] is successfully prepared 

by co-precipitation method. Its structural, morphological, 

electrical and magnetic properties studied. XRD pattern 

confirms the perovskite and spinel structure of ferroelectric 

and ferrite phases respectively. SEM micrographs shown well 

dispersed particles of ferrite and ferroelectric phase. Dielectric 

constant and loss tangent both values increases with ferrite 

concentration increase while it decreases with increasing 

frequency. Both values also increases due to electron hopping 

at higher temperatures with increasing temperature. Relaxer 

behavior of materials is observed due to shifting of peaks. As 

the ferrite concentration in composites increases Ms and Hc 

values increases. Variation of ac conductivity of composites 

with frequency follows Jonscher’s power law. NTCR behavior 

of materials is observed.  
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