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Abstract: This study investigates the properties of (MgO)x/(CuFe204)1x Xx= 10-50 wt.% nanocomposites (NCPSs)
prepared by physical mixing of both materials. The crystal structure, phase identification and morphology were
analyzed by x-ray Diffraction (XRD) and Scanning Electron Microscope (SEM). The investigation revealed the
formation of required phases which are in nanometer dimension (22-54 nm) computed by Debye-Sherrer’s
formula. Both the real and imaginary parts of dielectric constant (¢ & £"), a.c. conductivity (o), and impedance
were measured in the frequency range of 1kHz to 2MHz by LCR meter. The ¢/ and ¢” revealed a decreasing trend
with frequency, while MgO weight fractions in NCPs enhance the permittivity values. The real and imaginary
parts of impedance (Z’ & Z') demonstrate a decreasing trend with frequency which is ascribed to increase in os.
The complex impedance spectroscopy (CIS) analysis shows semicircular arcs at higher frequency, which are due
to electrical transport properties of conducting grains. The effect of MgO contents on magnetic properties were
analyzed by measuring M-H loops at room temperature through vibrating sample magnetometer (VSM). Both the
saturation magnetization (Ms) and coercivity (Hc) values show a decreasing profile with MgO fractions, which are
due to increase in nonmagnetic contents and decrease in surface anisotropy respectively.
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1. Introduction

The spinel ferrites have been considered as a promising material owing to their inherent dielectric and
magnetic properties [1-5]. These inherent outstanding properties made it a suitable candidate for recent scientists
and engineers to explore its novel applications by tailoring its properties. Recently, spinel ferrites are being used
in different areas of medicines, defense and industry [6-15]. The chemical composition of spinel ferrite is
M?*Fe,®*04, where M and Fe are divalent and trivalent cations occupy at tetrahedral (A) and octahedral (B) sites
respectively. This divalent and trivalent metal ions at A and B sites made it conductive, where electrons can easily
jump under the application of an oscillating electric field. Due to hopping of charge carriers, the conduction
process takes place, which can be controlled by shape, grain size and tuning the material properties. This
conduction between grain and grain boundaries plays a vital role in defining the materials properties for required
applications. Moreover, synthesis methodology, calcinations temperature and time, size and morphology of
particles also plays an essential role to tune the magneto-dielectric properties.

Among different types of spinel ferrites, CuFe2O4 (COF) is the most useful ferrimagnetic material, which
crystallizes in two phases: (a) tetragonal and (b) cubic depending upon the distribution of cations among A and B
sites and calcinations temperature. Tetragonal phase of COF has the inverse spinel structure, while in cubic phase,
some of the Cu?* ions migrate from B to A sites, forcing equal amount of Fe®* ions to B sites that gives a mixture
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of normal and inverse spinel structures. Moreover, the structure of COF is highly distorted because of a
cooperative Jahn-Teller effect arising from the electric field produced by nearest neighboring ions known as
crystal field [16-18].

The ordinary magnetic and dielectric properties of COF; like moderate value of saturation magnetization
(Ms), low coercive force (Hc), minimum value of crystalline anisotropy (Hx), moderate values of dielectric constant
(¢), impedance (Z) and a.c. conductivity (oac) made it a promising material for recent research [19].

Moreover, due to limiting response in electric and magnetic field, the pristine COF cannot be used for
essential applications. Therefore, to use the COF for required applications, their properties need to be tuned by
different techniques like; (a) using dopant of different elements, (b) making its NCPs with different metal oxides
(MOs), hard and soft ferrites, conducting and insulating polymers, graphite and graphene nano-sheets single and
multi-walled carbon nano-tubes (MWCNT) etc. The selection of host materials for synthesis of NCPs depends
upon easy and economical availability of raw materials, and small difference in densities to obtain the uniform
distribution in the final product. In these materials, metal oxides (MOs) are mostly used due to economical
availability of raw materials and low time consuming synthesis techniques. Among different types of MOs, MgO
is a promising semiconductor with tuned energy band-gap and broadly involved in expansion of different materials
for essential application like high-T. superconductor material, used in a wide range of microwave (MW) and
infrared (IR) components and in energy storage devices (ESDs) [20, 21].

In this research work, the response of MgO/COF; x = 10-50 wt. % NCPs in the presence of a magnetic field
and an oscillating electric field was studied systematically and observed an improvement in dielectric parameters
with enhancement of MgO wit. fractions. This improvement in dielectric parameters is ascribed to increase in space
charge polarization at the interface of two materials having different values of conductivities. This augmentation
in dielectric parameters makes this material to be used in ESDs and as a MW absorber for electromagnetic (EM)
shielding applications, where high dielectric loss material is required.

2. Experimental and characterization

The nanocomposites of (CuFe204)x/(MgO)1.« Were synthesized by two step powder mixing method separately
synthesized by facile co-precipitation method. The Precursors used with analytical grade are: CuCl,.2H,0,
FeCl3.6H,0, MgS0..7H,0, and NaOH. In first step, 0.2M (CuCl,.2H,0), 0.4M (FeCl;.6H,0) mixed in 100 ml of
distilled water with continuous stirring. 3M solution of NaOH added drop wise to adjust PH-10~11.The black
brown precipitate begin to form, which brought to reaction temperature at 80 °C for one hour with continuous
stirring. The precipitate was cooled down to room temperature and washed with distilled water and ethanol to
remove the impurities in final sample. The sample still contained water contents which were removed by drying
the sample in oven at 100 °C. Finally the dry and dark brown block of sample was obtained, which is grinded in
to fine powder. In second step 0.2M (MgSO..7H,0) dissolve in 100 ml of distilled water and 2M solution of
NaOH is added dropwise to adjust PH-10~11.The obtained precipitates was heated at 60 °C for one hour and
washed twice with ethanol. The obtained precipitates were dried and grinded by following the former procedure.
The weight percent of MgO contents added in COF from 10-50% and calcined at 600 °C for five hours to obtain
the required nanocomposites.

The crystal structure and morphology of the prepared COF, MgO and (CuFe;04)x/(MgO):.x nanocomposites
were analyzed using the x-ray Diffraction (with Cu K, radiation of wavelength A=1.5405A and 20 ranging from
20°to 80< Model JDX-11, of Joel Company Ltd., Japan, operated at 40kV and 30mA) and field Emission
Scanning electron Microscope (Tescan,-Vega 03) respectively. The dielectric, electrical and impedance
measurement were performed by LCR (IET 7600 Plus Precision) meter Bridge in the frequency range 1 kHz to
2MHz. For the preparation of dielectric measurement, prepared powder was mixed with exact weight percent
and pressed with a pressure of 20MPa for five minute to fabricate a pellet of 12mm diameter with 1mm thickness.
To confirm the better conducting contact, the pellet was painted with silver paste prior to measurement. The A.C.
conductivity was also calculated from measured values of dielectric parameters.

3. Results and discussions

3.1 Structural and morphological analysis

The crystal structure, purity level and phase identification of (MgO)./(CF)ix were analyzed by XRD. Figure-
1 shows the XRD pattern of prepared NCPs already reported in our previous work [22] and peaks marked with
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arrow head, revealed the presence of MgO phases. It can also be observed from Fig.1, that the diffraction peaks
of MgO phase in NCPs become more intense with increase in its weight fractions. This rise in intensity is attributed
to the presence of large diffracting planes and growth of crystalline phase. Moreover, there is slight shift in peak
positions (26 values) was also observed, which is ascribed to the difference in ionic radii and crystal structure that
makes stress and strain at the interface of both phases. The average crystallite size was computed by using Debye-
Sherrer’s formula from diffraction peaks and found to be in the range of 18 to 45 nm [23].
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Figure 1. XRD pattern of (MgO),/(CuFe,04);.x (x=10-50 wt.%) nanocomposites
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where 1 is the wavelength of x-ray and # is full width at half maximum of the peaks at diffracting angle 6.

The SEM images in Fig.2 (a &b) shows the morphology of prepared NCPs in which both the CF magnetic
nanoparticles (MNPs) and MgO show spherical morpology and having size in the range of 29-54nm. Figure-3 (c
& d) revealed that, with increase of MgO contents form 20-30 wt.% change the morphology of MgO (NPs) from
spherical to nano-spindle which is attributed to change is shape anisotropy in the NCPs, that produce the
anisotropic unidirectional growth in MgO grains. Further increase in MgO fractions (40-50 wt.%) enhance the
clustering of MgO phase and produce a agglomeration of NPs as shown and marked in Fig.2 (e & f). Due to light
weight of MgO as compared to COF, the MgO occupied a large space and behave as a continuous matrix in which
COF (MNPs) are embedded and reduce the magnetic connectivity/continuty of COF grains and also demonstarte
the coexistance of both phases and are in accordance to the reported XRD results.
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Figure 2. SEM images of (MgO),/ (CuFe,04)1.x (x=10-50 wt.%) nanocomposites

3.2 Dielectric properties

The response of material under an applied oscillating electric field depends on many factors like; grain size,
topology, crystal structure and site occupancy of dopant cations between A and B sites [4, 14, 19]. The Fe oxides
based ceramic (like ferrite) material interacts with electric field due to the presence of intrinsic dipole moment
and formation of extrinsic dipole established by the hopping of charge carriers. The dielectric profile of ferrites
with frequency provide an important information about the behavior of localized electric charge carriers and better
understanding of the mechanism of dielectric polarization in ferrites [2, 4, 24].

The ¢’ of dielectric constant of (MgO)x/(COF)1« (x= 10-50 wt.%) were measured between frequency range
1kHz to 2MHz as shown in Fig-3(a). It can be observed that ¢’ go through a sharp decrease with frequency up to
log (4) Hz, and then shows a constant behavior at higher frequencies > log (4) Hz. This higher value of ¢’ at lower
frequency is attributed to the interfacial polarization because grains are active at low frequency and due to
conducting nature of grains; the charges moves and pile up at grain boundaries and enhance the space charge
polarization. Therefore a large value of electric energy will be stored in the material at low frequency. At high
frequency, the insulating grain boundaries become active and resist the flow of charge carriers due to high value
of resistance. Moreover, at higher frequency, the interfacial diploes cannot respond with varying frequency of
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applied field. Because, at higher frequency, the relaxation time of dipoles and A.C. field may not synchronize to
each other, therefore a constant behavior of ¢’ were observed.

Furthermore, Fig.3 (b) shows a compositional dependence variation in ¢’ with MgO wt. % at 1 kHz. There is
a monotonic increasing trend in the values of &' (3.6 to 45.22), and follow x? law. This enhancement in ¢’ is
attributed to the presence of secondary phase of COF in NCPs that produce the charge accumulation at the
interface due to the difference in conductivity (o1, 62) of both materials. This accumulation of charges produces
the interfacial polarization and hence enhances the € accordingly [9, 17].

The bahavior of ¢/ with frequency is shown in fig.4 (a), all the samples show a decreasing trend with
frequency. This bahavior of dielectric loss with increasing frequency can be explained on the basis of Koop’s
model [25]. Moreover, the losses in NCPs are considered to be caused by domain wall motion. At low values of
frequency the domain wall moves and produces heating effect due to the dissipation of energy by friction. At
higher frequencies, losses are found to be low because domain wall motion was inhibited [25, 26]. Furthermore,
the values of £’ also decreases, when the polarization lags behind the applied alternating field and may be due to
the crystalline defects like grain boundaries, impurities, and imperfections in the crystal lattice [15, 24]. In Fig.4
(a), there is a Peaking/resonance behavior was observed at 50wt. % compaosition. This resonance behavior can be
explained by Rezlescu model [27]. This peaking behavior at log (3.5) kHz appeared, when the hopping frequency
between the Fe?* and Fe®* ions exactly matches with the frequency of the applied external oscillating field. This
condition for resonance in the £’ in 50 wt. % composition is given by the relation:
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Figure 3. (a): Real part of (MgO),/(CuFe;0,),.« nanocomposites from 1kHz-2MHz, (b): Compositional dependence of € with MgO
wt.% (x=10-50 wt.%)
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Figure 4. (a): Imaginary part of (MgO),/(CuFe;04).« nanocomposites from 1kHz-2MHz, (b): Compositional dependence of € with
MgO wt. % (x=10-50 wt. %)

ot=1 2
where o=2nfmax and 1 is the relaxation time and a relation between the relaxation time to the jumping probability
per unit time is given as.

t=1/2p ®)
or

finax ap (4)
Consequently, from the above relation it is evident that, resonance peak is observed when the jumping

frequency of electrons exchange between Fe?* and Fe®* becomes approximately equal to the frequency of applied
field. The composition for x < 40 wt. % did not show like this behavior due to insufficient availability of Fe?*
ions. At 50 wt. % there is large availability of Fe?* ions that enhance the probability of jumping of charge carriers
between Fe3*and Fe?* at octahedral sites.

Fig.4 (b) shows the variations of &’ with MgO wt. %, at 1 kHz, and it can be observed that the values of &’
increases with addition of MgO wt. fractions in NCPs. This increase in the values of ¢ is attributed to the
enhancement in interfacial charge polarization. The increase in concentration of MgO, enhances the interfaces,
which was also observed from SEM images in fig.2 and hence there is more space available for the accumulation
of charges. This accumulation of charges is responsible to enlarge &” values accordingly. Generally, a material
present high storage of energy also allows big losses and vice versa. Hence the variation in the values of ¢/ with
frequency and composition are consistent with the acquired values of &' as shown in fig.3 (a & b).

3.3 A.C. conductivity

The kinetic of charge carriers under an applied alternating field is called o.c. The behaviour of oy as a
function of frequency (1kHz to 2MHz) is shown in fig.5. All the compositions show an increasing trend in oxc
with frequency and follow the power law ¢ (o) =A ®°[28-30], where A is a parameter having units of conductivity
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and s is the slope of the ga profile. The o can be determined from dielectric parameters using the following
relation [15];
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Figure 5. A.C. Conductivity of (MgO),/(CuFe,04);.x nanocomposites from 1kHz-2MHz

Gac= 2meoe'f tan & (5)
where “f” is the frequency of the applied field, o is the permittivity of free space, ¢’ is the real part of dielectric
constant, ¢and is the dissipation factor (DF), and oy is the conductivity [15, 24]. Figure 5 shows the variation of
oac With frequency in the range of 1kHz to 2MHz. In the present study, c.c with frequency shows a linear behavior,
demonstrating the small polaron conduction. This linear increase in oac With frequency is attributed to the
conduction by electron exchange between the ions of same element at different valence states. Furthermore, the
frequency dependence of g, “can also be explained with the help of the Maxwell-Wagner two-layer model.
According to this model, grain boundaries are insulating and become active at low frequency and offers high
resistance to the charge carriers. On the other hand, due to conducting nature of grains which are active at higher
frequency, promotes the electron exchange between Fe** and Fe?* cations at octahedral sites. Hence, this hopping
of charge carriers also contribute in the enhancement of o, values [15-19].

The variation of g, with composition (MgO),/(COF)1.«x (x = 10 to 50 wt.%) also shows an increasing trend
with MgO contents. This increasing trend in oy IS attributed to increase in hopping conduction at octahedral sites
and also decreases in band gap due to impurity states of MgO. These impurity states also promote the band
conduction along with hopping conduction and hence, results in increase in conductivity values [15].

4. Impedance properties

In the presence of an external sinusoidal signal that perturbs a semiconducting material and the frequency
response recorded as impedance Z (). The applied potential is given as;

V=V, elet (6)
The output current of the system is represented as;
I=1, elvtre) (7

where w=2xfis angular frequency and according to Ohm’s law, the complex impedance (Z) of the circuit at any
frequency f is given as:

2 ==Y p-i0 = 76719 = 7cos¢ — izsing

I Io (8)
=z-iz"

where Z/ & Z', are the real and imaginary parts of the impedance respectively and offer the resistive and reactive
participation to the conductivity. Impedance Spectroscopy is an important technique for explaining the electrical
properties of materials [33]. Fig. 6 (a &b) shows the variation of Z/ and Z" with frequency from 1kHz-2MHz. It is
revealed from fig.6 that the impedance value is high at low frequency, then decreases sharply and become constant
at higher frequency. This decrease in impedance at higher frequency is due to increase in conductivity because
more charges are promoted at higher frequency which enhances the conductivity as shown in Fig.5. Complex
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impedance plots (CIP) is a vital tool that create relationship between microstructures and the electrical properties
of polycrystalline ceramic material. Most of the ceramic materials contain grains and grain boundaries regions,
which exhibit different electrical properties due to difference in electrical resistance [35, 36]. CIP also called as
Nyquist diagrams, which gives a complete contribution of microstructure (grains and grains boundary) resistances
[37, 38]. Since polycrystalline materials generally show inter granular or grain-boundary impedances; they can be
represented by the equivalent circuit shown in Fig.7. The circuit consists of a series array of two sub-circuits; one
represents grain effects and the other represents the effect from grain boundaries. Each sub-circuit is composed
of a resistor and capacitor connected in parallel. Let Ry, Ry, Cq and Cgy, are the resistances and capacitances of
grains and grain boundaries respectively [37—40]. Figiure-8 shows the complex impedance plots (Cole-Cole plots)
at room temperature for all compositions. It is indicated from graphs that there is only one semicircular arc at
higher frequency which is attributed to the contribution from grains [41-44]. The total impedance (Z) of equivalent
circuit is given as;

1 1

Z — — ZI _ ZII
Rg + jwCg * Rgb + jwCgb J ©)
where
R Rgb
= I g (10)
14+ (wRgCg)? 1+ (wRgCg)?
&
Rg?C Rg*bCgb
g = WRg'CY WRgbtyg (11)

14 (WRgCg)? 1+ (WwRgCg)?

Figure-8 shows that, the grain contribution increases in all the composition; x=10-50 wt. % due to increase
in grain size. This increase in grain size, reduce the area of oxygen rich layer (grain boundaries) and also promotes
the hoping of charge carriers at higher frequency [45].
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Figure 6. (a): Real part of impedance of (MgO),/(CuFe;0,);x nanocomposites, (b)
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Figure 7. Equivalent circuit diagram describing the grain and grain boundaries resistance
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5. Magnetic properties

In order to study the response of magnetic field on the prepared NCPs, the M/H loops were measured under
an applied magnetic field of + 7 kOe at room temperature. Moreover, the effect of MgO contents on the magnetic
properties like; Ms and Hc were also measured by M-H loops. Figure-8 shows that, all the compositions revealed
the same magnetic behavior of ferrites and a monotonic decrease in the values of Ms and Hc were also observed
with MgO wit. fractions as shown in fig.8. The magnetic properties of ferrite based materials depend on grain size,
types of dopant cations at tetrahedral and octahedral site, wt. fraction of magnetic/nonmagnetic contents and A-B
exchange interaction. The decrease in Ms value with the addition of nonmagnetic contents of MgO is shown in
table-1. This decrease in M is attributed to the increase in the non-magnetic fractions in the NCPs. Secondly, the
diamagnetic nature of Mg?* ions (Oug) as compared to weak magnetic nature of Cu?* (1ug) ions is responsible
factor for this decrease in Ms as shown in fig. 9(a). Moreover, the same behavior with Hc values was also observed
in fig.8 which can be explained that, with increase in MgO (non-magnetic) wt. fractions, the shape of particles
changes from spherical to nanospindle. Moreover, the increase in particle size and clustering of MgO phase reduce
the surface anisotropy of the whole system. This decrease in surface anisotropy requires a low value of field to
magnetize/demagnetize the magnetic domains and hence reduce the coercivity of the entire material [46—48]. Thus
the larger grain size and reduction in surface anisotropy play a key role to diminish the coercivity of NCPs as
shown in fig. 9 (b).

6. Conclusion

The (MgO)x/(COF)1x; x=10-50wt.% were successfully synthesized by mixing of both materials. The
structural, electrical transport, dielectric, magnetic and impedance properties were studied in detailed. The &’
shows the normal dispersion of ferrite material. The &’ and oac increases with MgO weight fractions which is
attributed to the accumulation of charges at the interface of two different permittivity zones. The &/ also shows
increasing behavior due to the loss of energy released during domain walls motion and orientation of interfacial
polarization. The real and imaginary parts (Z'and Z") of impedance shows decreasing trend with frequency and
MgO weight fractions which is ascribed to increase in the values of oac. The semicircular arc at higher frequency
in complex impedance plot confirms the conduction of charge carriers from grains. The M-H loops show normal
behavior of ferrimagnetic with decreasing values of Ms and Hc. This higher values of " and ¢/ make this NCPs, a
suitable material in the fabrication of MW absorption coatings for EM shielding applications.
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