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ABSTRACT 

Magnetoelectric biferroic nanocomposite with composition 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 was synthesized by ceramic 
technique. The structural and electrical characterizations of the investigated nanocomposite are discussed and reported. 
The formation of nanosized composite with two separate phases was confirmed by X-ray diffraction, scanning electron 
microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The variation of dielectric constant (ε'), di-
electric loss factor (ε") and the ac conductivity (σac) of 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 was investigated as a function of 
both frequency and temperature. Thermal hysteresis (first-order transition) was obtained during heating (300 - 830 K) 
and cooling runs (830 - 300 K). The exact transition temperature and the amount area of the thermal hysteresis depend 
on applied ac electric field. The delay (lagging) time between heating and cooling processes was estimated from the 
hysteresis loop area versus frequency. The conduction mechanism in the investigated samples was explained according 
to different models. This study enhances the use of this prepared system in memory applications. 
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1. Introduction 

Ferroic materials are those which display spontaneous 
magnetization (ferromagnetic), polarization (ferroelectric) 
and strain (ferroelastic). Materials that possess two “ferro” 
properties simultaneously are called “biferroics”. There 
are three kinds of biferroic materials namely, Electroe-
lastic, Magnetoelastic and Magnetoelectric materials [1]. 
Possible applications of magnetoelectric materials include 
magnetic-electric energy converting components, solid 
state nonvolatile memory, multi-state memory which can 
find application in quantum computing area and elec-
tric/optical polarization components which can find ap-
plications in communication, light computing and solid 
state memories based on spintronics [2]. Another attempt 
to the magnetoelectric material was to replace certain 
cations in the ferroelectric perovskite by magnetic cations. 
However, due to the dilution of the magnetic ions, these 
materials have Curie temperatures far below room tem-
perature. If the materials with magnetostriction and elec-
trostriction were coupled together mechanically, the me-
chanical interaction between the magnetostriction phase 
and the electrostriction phase can lead to a functional 
magnetoelectric material [3]. If a magnetic field is ap-
plied to such a composite the ferromagnetic phase de-

forms due to the magnetostriction effect as well as the 
mechanical coupling between electrstrictive phases with 
the magnetostriction phase. The electrostriction phase is 
also deformed to adapt to the strain. The major advantage 
of the composite approach over the single crystal ap-
proach in the engineering side is that the Curie tempera-
tures of the material are expected to stay close to their 
bulk values. From the reported experimental data, the 
coupling coefficient is much higher than that of single 
phase crystals. The selection of ferrite and ferroelectric 
materials depends on various factors like high magne-
tostriction coefficient and piezoelectric coefficient, high 
dielectric permeability and poling strength [4]. The size 
of unit cell, the force constant of the ions in the lattice of 
a crystal and dielectric properties are temperature de-
pendent. As the temperature increases, there is a particu-
lar structure changes from unstable to stable one at the 
transition temperature. Although the transition involves 
only small ionic movements, they cause a marked change 
in the properties. Transition from one crystal structure to 
another is usually accompanied by a change in the en-
tropy and volume. It is well known that, there are two 
different orders of transition. When the spontaneous po-
larization goes from zero to a finite value, or from one 
value to another, the change in polarization may be con-
tinuous or discontinuous. If there is discontinuity in the *Corresponding author. 
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change of the polarization, the transition is referred to as 
a first-order transition, as in BaTiO3. In this case, the 
entropy changes at a constant temperature (e.g., T = Tc), 
and consequently the latent heat also changes. If the 
change of the polarization is continuous, the transition is 
referred to as a second-order transition, as in KH2PO4 
and Rochelle salt. By heating the sample through the 
Curie point, the polarization changes discontinuously to 
reach the paraelectric nonpolar phase. In the first-order 
transition, the sample suddenly loses all the energy asso-
ciated with the polarization at the Curie point, indicating 
a big change in its latent heat [5]. In the present study 
BaTiO3 (BTO) is used as the ferroelectric phase with 
high dielectric permittivity and Ni0.5Zn0.5Fe2O4 as the 
ferrite phase with interesting magnetic properties [6]. We 
aimed to build up the fundamental knowledge base nec-
essary to accelerate the development of magneto-electric 
materials (ME) (0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3) nan- 
composite towards practical applications. 

2. Experimental Procedures 

2.1. Preparation 

In this work, Nickel zinc ferrite-Barium titanate biferroic 
nanocomposite system (0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3) 
was synthesized by standard double sintering technique 
[7]. As a first step, the ferromagnetic phase was prepared 
by mixing the raw materials NiO, ZnO, and Fe2O3 in 
appropriate molar proportions where all chemicals were 
in analar grade 99.99% (Aldrich). The component oxides 
were mixed and grounded in agate mortar for 3 hours 
manually and then transferred to agate ball mill for an-
other 3 hours, then pre-sintered at 950˚C for 5 hrs with 
heating rate of 4˚C/min. The piezoelectric phase was also 
prepared following the same route by mixing BaCO3 and 
TiO2 in appropriate molar proportions, grounded simi-
larly to the ferromagnetic phase and pre-sintered at 950˚C 
for 5 hrs. As a second step the magnetoelectric (ME) nano- 
composite was synthesized in a second step by mixing 50 
wt% of BaTiO3 phase and 50 wt% of Ni0.5Zn0.5Fe2O4, 
respectively and good mixed by grinding. The samples 
were compressed into pellets form with a diameter of 10 
mm and thickness of 1.5 mm using uniaxial press of 
pressure 105 N/m2. The nanocomposite mixture was fi-
nally sintered at 1150˚C for 5 h with a heating rate of 
4˚C/min to yield the final products and then cooled down 
to the room temperature with the same rate as that of 
heating. The pre and final sintering were carried out us-
ing a UAF 16/5 (UK) furnace with microprocessors to 
control both heating and cooling rates. 

2.2. Characterization 

The crystal structure of the prepared nanocomposite and 
their constituent phases were determined by X-ray dif-

fractometer model Proker D8 with CuK radiation ( = 
1.5418 Å) in a wide range of Bragg’s angle (2) ranging 
from (20˚ - 80˚) at room temperature. The average parti-
cle size (L) was calculated from X-ray line broadening 
using (311) peak and Debye-Sherrer’s equation [8], L = 
0.89 / cos,  is the full width at half maximum 
(FWHF) and  is the wavelength of the radiation. Scan-
ning electron microscope (SEM) was carried out by using 
JEOL JSM-5600LV. FT-IR spectroscopy (Perkin Elmer 
System 2000) was used to identify the chemical structure 
of the composite using KBr technique. The two surfaces 
of each pellet of the investigated nanocomposites were 
prepared for dielectric constant measurements by coating 
with silver paste and checked for good conduction. The 
ac conductivity and dielectric parameters were measured 
at different frequencies (10 kHz - 5 MHz) from room 
temperature up to about 830 K using Hioki LCR meter 
3532 (Japan) with shielded cables. The data were col-
lected using a computer software (Labview based) con-
necting the RLC bridge to the computer via a GPIB in-
terface [9]. The temperature of the samples was meas-
ured using a Digi-sense thermometer with K-type ther-
mocouple. The junction of the thermocouple was in con-
tact with the sample to prevent any temperature gradient. 
The accuracy of measuring temperature was better than 
1˚C. 

3. Results and Discussion 

3.1. Structural Characterization 

The XRD patterns of 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 ME 
nanocomposites is shown in Figure 1. From the figure it 
is clear that, there are two phases: cubic structure 
NiZnFe2O4 ferrite (piezomagnetic PM) and perovskite 
tetragonal crystal structure BaTiO3 (piezoelectric PE). 
No third phase coexists in the prepared nanocomposites. 
This means that, no significant chemical reaction takes 
place during sintering of the mixed powders. The pattern 
revealed that, the highest peak value of XRD intensity 
corresponding to perovskite phase of PE which occurred 
at 2 = 31.53˚. The value of lattice constant (a) for the 
PM phase is 8.3885 Å, while those of (ac) for tetragonal 
PE phase are 4.0049 Å and 4.0048 Å respectively. The 
calculated crystallite sizes (L) of the PM and PE phases 
using Debye-Sherrer’s equation are 69 nm and 100 nm 
respectively. 

The typical SEM micrograph is shown in Figure 2 for 
the prepared nanocomposite. It is observed that there are 
two dissimilar particle shapes corresponding to the two 
different phases forming the nanocomposite. Energy 
dispersive X-ray (EDX) was used to distinguish between 
the two phases. It is found that, white contrast is corre-
sponding to BaTiO3 phase whereas the dark contrast is 
the Ni0.5Zn0.5Fe2O4 one. It was observed also that, ferro-
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magnetic particles are dispersed at the piezoelectric ma-
trix grain boundaries. SEM was used to determine the 
particle size of the two particle phases with different 
shapes by using counting method [10]. The results re-
vealed that the particle size determined by SEM is larger 
than that obtained from XRD measurements. 

Fourier Transform Infrared Spectroscopy (FT-IR) spec-
tra, Figure 3, shows that, in the Ni0.5Zn0.5Fe2O4 systems 
Ni2+ is stabilized in the octahedral crystal field whereas 
 

 

Figure 1. XRD pattern of 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 
Biferroic System. 
 

 

Figure 2. SEM of 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 Biferroic 
system in the powder shape. 

 

Figure 3. FTIR of 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 Biferroic 
material. 
 
Zn2+ prefers tetrahedral sites because of its facility to 
form covalent bonds involving sp3 hybrid orbitals. The ν1 
band observed at ~579 cm–1 can be assigned to the 
stretching vibration of (Fe3+ + O2− ) on tetrahedral site 
and the ν2 band observed at ~420 cm–1, involves the 
stretching vibration of (Fe3+ + O2− ) on the octahedral site. 
These results are in agreement with that published earlier 
[11]. One of the fingerprint stretches for BaTiO3 was also 
observed at ~480 cm–1, while it appears at ~420 due the 
exchange interaction between Ni0.5Zn0.5Fe2O4 and BaTiO3 

within the nanocomposite. The band at 2360 cm−1 indi-
cates the presence of OH group [12]. 

3.2. Dielectric Properties 

3.2.1. Dielectric Constant 
Figure 4 Correlates, the real part of dielectric constant (ε') 
and absolute temperature as a function of frequencies for 
the nanocomposite 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3. The 
data clarify that the dielectric constant increases with 
increasing temperature and decreases with increasing 
frequency. The data in Figure 4 show that, there are two 
humps around the temperatures 420 K, 520 K and one 
maximum at 600 K for each frequency. These transitions 
represent the resonance of the nanocomposite system 
takes place at the transition points [13]. 

The variation of the dielectric constant with frequency 
reveals dispersion due to Maxwell-Wagner type interfa-
cial polarization which is in good agreement with Koop’s 
phenomenological theory [14]. According to this model 
the nanocomposite structure is supposed to be composed 
of the fairly well conducting grains, separated by ultra 
thin insulating layer of grain boundaries. These grain 
boundaries could be formed either in each phase sepa-
rately, due to the superficial reduction or oxidation of 
crystallites in the porous materials as a result of their 
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direct contact with the firing atmosphere during the sin-
tering process [15]. 

 

Figures 5(a)-(c) correlate the real part of dielectric 
constant (ε') and absolute temperature during heating and 
cooling runs, in the temperature range (from R.T ↔ 830 
K) at selected frequencies for the composite 
0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3. These curves indicate 
that, the: 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 nano-composite 
posses a thermal hysteresis loop behavior which could be 
attributed to a first-order transition [16]. At this transition 
the physical properties such as dielectric constant, polari- 
zation, etc. change discontinuously with temperature [6], 
where the two runs gives hysteresis curve with different 
areas depending on the applied frequency. This hystere- 
sis behavior confirms that, BaTiO3 has dual effects namely 
piezoelectric and pyroelectric properties. When heating 
the prepared nanocomposite, BaTiO3 undergoes a struc-
tural phase transition from tetragonal to cubic phase. 

Figure 4. Variation of the real part of dielectric constant (') 
versus absolute temperature at different frequencies. 

 

 
(a)                                                            (b) 

 
(c)                                                            (d) 

Figure 5. (a)-(c) Real part of dielectric constant (') versus absolute temperature (K) at different frequencies during heating 
from R.T up to 830 K and cooling from 830 K down to R.T; (d) The calculated area between the heating and cooling curves 

f the real part of dielectric constant ') versus absolute temperature (K) at different frequencies. o 
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With gradual cooling from 830 K down to the 300 K, the 
cooling curve did not overlap on the heating one due to 
the relaxation process. The interesting features of the 
dielectric constant versus temperature diagram are the 
following: the cooling curve lies above the heating one 
and they do not merge to each other. This indicates that 
the cooling process could cause a substantial increase in 
the dielectric constant due to the increase in the density 
of the dipole moments towards the transition from 
paraelectric to ferroelectric nature. The dielectric con-
stant of ferroelectric materials is extremely high near the 
transition temperature, the polarization induced in the 
paraelectric (non polar) region at T > Tc by an applied 
electric field along the ferroelectric axis goes gradually 
over into the spontaneous polarization region upon cool-
ing below Tc. The effect of this field tends to shift Tc to a 
higher temperature [6]. At Tc, the ferroelectric phase is 
favored by an applied field, therefore, the Curie tem-
perature is raised. 

On drawing the calculated values of the area of the 
loop versus frequency Figure 5(d) the obtained graph 
shows exponential decay behavior of the second order 
which can be fitted to the following equation: 

  0 1 1 2 2exp exp y y A x t A x t          (1) 

where y represents the hysteresis loop area, y0 is the area 
at zero frequency, A1 and A2 are constants, x represents 
the applied frequency and t1, t2 are the reciprocal of re-
laxation (life) times. The calculated values of t1 and t2 are 
1.48 × 105 and 1.2 × 106 Hz respectively. Time depend-
ent dielectric constant measurements reveal memory ef-
fects of the investigated composite [17]. 

The area between the two curves can be attributed to 
the heat dissipation due to the friction between the di-
poles. The behavior of the area between the two curves 
versus frequency has the same trend as that of the real 
part of the dielectric constant versus frequency in the 
same temperature range. 

3.2.2. Dielectric Loss Factor (ε") 
Figure 6 shows the variation of the dielectric loss factor 
(ε") with absolute temperature as a function of frequen-
cies for the nanocomposite 0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3. 
The data in the Figure 6 show that high losses corre-
sponding to high (ε") at low frequency and high tem-
perature due to interfacial inter-granular space charge 
polarization at the hetero-interface between the two dif-
ferent PE and ME phases or at phase boundary. Also ε" 
reveals a hysteresis behavior with temperature as shown 
in Figures 7(a)-(c). An exponential decay of the hystere-
sis area versus frequency Figure 7(d) is fitted with the 
same equation of the dielectric constant. The resultant 
values of t1 and t2 are in the same order of magnitude and 
very close to those obtained from (ε'-T) measurements. 
The lagg of ε" versus temperature on cooling rather than 

on heating may be due to an asymmetric and irreversible 
arrangement of dipoles as mentioned above. 

3.2.3. ac Conductivity (σac) 
The conduction mechanisms in ferrite and piezoelectric 
phases are separately attributed to the Verwey-de Boer 
model [18] of electron and/or hole hopping which in-
volves exchange of electrons (Fe2+/Fe3+) or holes (Ba3+/ 
Ba2+) between ions of the same element present in dif-
ferent valence states, and distributed randomly over cry- 
stallographic equivalent lattice sites. The contribution of 
the heterointerface in conduction mechanisms appears as 
a space charge interfacial polarization at the dissimilar 
grain boundaries. This mechanism is dominated at low 
frequencies and high temperatures, it depends on the dis- 
tribution of the two phases with respect to each other and 
the volume fraction of each phase [19]. To determine the 
most dominant ac conduction mechanisms of the present 
nanocomposite, the dependence of σac on frequency at 
different temperatures is considered. The relation be- 
tween the ac conductivity (σac) and the applied angular 
frequency (ω) is described by the equation [20]: 

  s
ac A                    (2) 

where A is constant, while the exponent (s) is very im-
portant which determine the dominant type of conduction 
mechanisms. According to the quantum mechanical tun-
neling (QMT) model [21], the exponent (s) is either 
temperature independent or an increasing function with 
temperature. On the other hand, the correlated barrier 
hopping model (CBH) [22,23] predicts that the power (s) 
is a decreasing function with temperature. The conduc-
tion mechanism also depends on the value of the expo-
nent(s), either greater than or less than or equals unity 
[24,25]. 
 

 

Figure 6. Dielectric loss factor ε") with temperature at 
ifferent frequencies. d 
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(a)                                                            (b) 

 
(c)                                                            (d) 

Figure 7. (a)-(c) Dielectric loss factor ε") versus absolute temperature (K) at different frequencies of the composites 
0.5Ni0.5Zn0.5Fe2O4 + 0.5BaTiO3 during heating and cooling runs (from R.T up to 830 K and vice versa) and cooling from 830 
K down to R.T; (d) The estimated area between the heating and cooling curves of ε") versus absolute temperature (K) at 
different frequencies . 
 

Figure 8 represents ln(σac) versus ln(ω) graphs at dif-
ferent temperatures in both heating and cooling processes. 
The data in the graph show, that, at the same temperature, 
ln(σ) versus ln(ω) plot gives two different graphs for 
heating and cooling processes. This finding confirms that 
our investigated biferroic nanocomposite system has a 
hysteresis behavior and can be used in memory applica-
tions. It is also observed that, ln(σ) versus ln(ω) plots 
change their trend at temperature around 500 K. There-
fore, two temperature regions are considered, where the 
dominant conduction mechanism changes from tempera-
ture range to another predicting that there are two types 
of conduction mechanisms differs from one temperature 
region to another according to the variation of the slopes 
of the two lines. 

It is illustrated from Figure 8 that the conductivity 
increases monotonically with increasing frequency and 
becomes weakly dependent at both high frequency and 
temperature. Therefore, the small polaron quantum me-
chanical tunneling is predicted to be the dominated cur-
rent transport mechanism in the temperature range from 
300 K up to 500 K in both cooling and heating processes. 
The linearity of the plots confirms the small polaron type 
of conduction. However, the slight decrease in conduc-
tivity is attributed to conduction by mixed polarons [26]. 
At temperatures higher than 500 K, the conduction mecha-
nism can be explained with hopping of electrons between 
Fe2+/Fe3+, whereas, hopping mechanism needs high ther-
mal energy to occur. There is also a contribution from p 
type charge carriers by hole hopping between Ni2+/Ni3+, 
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but this contribution is lower as compared with the elec-
tronic contribution [27]. 

The calculated values of the power (s) of Equation (2) 
were derived from lnσac versus ln(ω) plots, Figure 8, and 
then plotted versus temperature in case of heating and 
cooling processes as depicted in Figure 9. It is also ob-
served that, the exponent (s) increases with increasing 
temperature at the relatively lower temperature region 
(300 - 500 K). So that the behavior in this region is due 
to polaron quantum tunneling, while above 500 K the 
conduction is limited by hopping mechanism where s 
decreases with increasing temperature. This result is in 
agreement with that observed above from Figure 8. It is 
noted that the value of s is less than unity, i.e., 0 ≤ s ≤1 at 
the whole temperature range. 

 

 

Figure 8. ln(σac) versus ln(ω) at different temperatures in 
both heating and cooling cases. 
 

 

Figure 9. Variation of s with temperature in case of heating 
and cooling processes. 

 

Figure 10. Seebeck coefficient of 0.5Ni0.5Zn0.5Fe2O4 + 
0.5BaTiO3 biferroic nanocomposit. 
 

The variation of Seebeck coefficient (α) with tem-
perature (T) is shown in Figure 10. The positive and 
negative values of Seebeck coefficient (α) indicate that, 
the majority of charge carriers are holes and electrons 
respectively [19]. It is observed that, the positive Seebeck 
coefficient corresponding to p-type conduction is due to 
Ni2+ ↔ Ni3+ and Ba3+ ↔ Ba2+ hole transition. While 
n-type conductivity related to negative Seebeck coeffi-
cient is mainly due to Fe2+ ↔ Fe3+ and Ti3+ ↔ Ti4+ elec-
tron transition. The transition from p-type to n-type con-
duction and vice versa is a temperature dependent ac-
cording to which current mechanism is predominated at 
this temperature region. 

4. Conclusion 

Biferroic magnetoelectric nanocomposite 1:1 in weight 
consisting of BaTiO3 as a ferroelectric phase and  
Ni0.5Zn0.5Fe2O4 as a ferrite phase was prepared by con-
ventional ceramic method. XRD patterns reveal the 
presence of both ferrite and ferroelectric phases without 
any intermediate phases. The ac conductivity measurements 
and Seebeck coefficient suggest that the conduction is 
due to small polaron hopping and quantum mechanical 
tunneling mechanisms. Dielectric constant, dielectric loss 
factor and ac conductivity of the investigated composite 
show thermal hysteresis (first-order transition) behavior 
when the experimental data were collected during heat-
ing (300 - 830 K) and cooling (830 - 300 K) processes. 
The area of the hysteresis loop is frequency dependent. 
The investigated Biferroic system can be used in memory 
applications. 
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