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Abstract
A series of Ni substituted MgCuZn polycrystalline ferrite were prepared by a high energy ball-milling followed 

by the standard double sintering ceramic technique to investigate the impedance spectroscopic studies, within the 
frequency and temperature range of 100 Hz to 1 MHz at various temperatures within the range of 30oC-490oC these 
studies were carried out. XRD and SEM patterns were taken to confirm the formation of single phase cubic structure 
and the grain size. The complex-plane impedance spectra indicates that the material can be represented by both bulk 
and the grain boundary phenomena at high and low frequencies respectively as two semi-circular arcs was observed. 
The results of the real impedance Z′ and imaginary part Z′′ at low frequencies are discussed as being attributed to the 
interfacial polarization; The results of real impedance Z' and imaginary part Z" at various frequiences are discussed 
along with the dielectric properties of temperature and frequency.
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Introduction
Semiconductor natured polycrystalline ferromagnetic ceramics 

with spinel structure are most sought materials and drawn considerable 
attention due to their interesting electrical properties of low eddy 
currents and dielectric losses. 

Recently, in particular polycrystalline ferrites, they have find 
innumerous high potential applications for their use in wide ranges 
of frequencies extending from a microwave applications to radio 
frequencies, which are also applicable to many electromagnetic devices, 
such as magnetic cores of read-write heads for high speed digital tape 
and disk recorders due to the low electrical conductivity as compared 
to that of magnetic materials.

Ferrites have high electrical resistivity and permeability which is 
frequency dependent. One of the most important properties of the ferrites 
is electrical conductivity; hence, the electrical conductivity behaviour 
gives valuable information about their conduction mechanism. The 
order of magnitude of conductivity influences greatly on the dielectric 
and magnetic behavior of the ferrites and also depends on method 
preparation. In ceramic preparation method, it depends on the various 
chemical compositions, sintering temperature, sintering time, and the 
type of substitution [1,2]. In the investigation of researchers, it was 
reported that ferrites sintered in the air are characterized from highly 
conductive grains separated by highly resistive grain boundaries [3]. So 
far, ferrites have been widely used in many magnetic devices than those 
of soft magnetic alloys, because, the electrical properties of ferrites are 
mostly influenced by the grain boundaries, due to their high electrical 
resistivites and dielectric constant as well as low dielectric loss makes 
them very important materials and extensively used. Many more 
researchers investigated so far on various substitutions and studied the 
magnetic, dielectric and thermal properties of ferrites such as Ni–Co 
[4] and Ni–Cu mixed ferrites [5,6] to achieve the desired properties 
[7-15].

Studies on Impedance spectroscopy of ferrites materials is a 
new technique which characterizes many of the electrical properties 
and their interfaces with electronically conducting electrodes, The 
importance and usefulness of impedance spectroscopy studies lies 
in the ability to distinguish the dielectric and electrical properties 
of individual contributions of components under investigation, in 

which the technique ensures separation among the bulk, grain, grain 
boundaries and electrode electrolyte interface properties. It also had 
a great ability to analyze the relaxation phenomenon occurring in the 
materials. It can also be used in order to investigate the mobile charges 
in bulk (or) interfacial regions of any kind of solids (or) Ionic, semi-
conductive, mixed electronic-ionic and even insulators (dielectrics). 

Few, authors carried out studies on impedance spectra [16-19], but 
the author found that there is no investigation reported on NiMgCuZn 
ferrites, Hence, In the present investigation the author carried out the 
studies on Ni substituted MgCuZn ferrites and the results are reported. 

Experimental Details
Preparation of samples

The ferrite composition with generic formula NixMg0.6-xCu0.1Zn0.3Fe2O4 
with x=0.0, 0.1, 0.2 and 0.3 were prepared by the conventional ceramic 
double sintering method. To synthesize these ferrites High-energy ball-
milling has been used, this method possesses several advantages such as 
time gain, homogeneity and energy.

NiMgCuZn ferrites was prepared by choosing the stoichiometric 
proportions of analytical grade NiO, MgO, CuO, ZnO and Fe2O3 
were taken intimately mixed in agate motor and presintered for 8 hrs 
and then ball milled in Restch PM 200 planetary ball mill in acetone 
medium using polyethylene jars with iron balls (φ = 5mm) for 24 h. 
The powder was then pressed into green pellets of 1.2 cm diameter and 
0.2 Cm thickness using PVA solution as a binder in a hydraulic press 
at a pressure of 150 MPa. These compacted bodies were finally sintered 
at 1250ºC for 2 h in a programmable furnace and were cooled to room 
temperature at the rate of 80º/h. Sufficient care was taken to avoid the 
zinc loss during the sintering process by placing these compacted pellets 
in a closed alumina crucible with excess of Zn atmospheric powder. 
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Identification of phase
All the samples were structurally characterized using Philips 

high resolution X-ray diffraction system (Model PW-1710) with 
monochromatised Cu K (radiation at room temperature. The Scanning 
electron micrographs were recorded with the help of SEM (Philips 
XL30ESEM) instrument. Thermally etched samples were taken for 
making the SEM specimens. The samples were mounted on brass studs 
with double sided adhesive tape and coated with Au-Pd alloy of 120-
150 Å thickness of argon ambient atmosphere of 8-10 Pascal.

Characterization
Dense ferrite samples were polished to obtain a smooth surface 

and coated with a silver paste for good ohmic contacts on either side. 
The temperature variation in DC resistivity was measured by the 
two-probe method with in the range 30 to 490°C [8]. The frequency 
dependence on capacitance and dissipation factor (tanδ) in the range 
100 Hz to 1MHz was studied using a precision impedance analyzer 
LCR bridge of model Hioki 3532-50 Hi-tester. The AC conductivity 
was calculated using room-temperature dielectric data. The magnitude 
of complex impedance measurements Z' and Z" were recorded directly 
at 10°C temperature intervals in the temperature range 30 to 350°C at 
different frequencies in the range 100 Hz to 1MHz with the help of a 
low frequency impedance analyzer Hioki LCR Hitester model 3532-50 
and a computer interfaced tubular furnace so as to calculate the AC 
conductivities of the samples.

Result and Discussions
Structural characterization

X-ray diffraction patterns of the ferrites studied in the present 

investigation were shown in Figure 1. The existence of broadening 
peaks indicates the formation of single phase cubic spinel structures. 
The SEM patterns of the ferrite samples are shown in Figure 2. As 
observed from the SEM microphotographs, pure MgCuZn ferrite has 
larger grain diameters when compared to Ni substituted MgCuZn 
ferrites. It seems that by substitution of Ni concentration in MgCuZn 
ferrites, the densities are decreasing linearly.

With the addition of Ni content the lattice parameter varies from 
8.374 to 8.234 Å. This variation can be ascribed to the difference in 
ionic sizes of the component ions. When compared to ionic sizes of 
Mg2+ (0.68Å), Cu2+ (0.70Å), Zn2+ (0.74Å) and Fe3+ (0.67Å) ions, Ni2+ 
ions has larger ionic radii (0.78 Å), hence there is a decrease in lattice 
parameter. 1.25 µm is the average particle size. The observed grain size 
increases slightly with the addition of nickel, hence the increased grain 
size results with an increase in mean free paths of the electrons which 
causes the change in resistivity.

Impedance spectroscopy studies

The variation of AC and DC electrical conductivities for Ni 
substituted MgCuZn ferrites as a function of temperature and 
frequency for all the samples were discussed earlier [8] and dielectric 
properties of NiMgCuZn ferrites were also discussed earlier [20].

In general ferrimagnetic materials possess good electrical and 
magnetic properties. Hence, impedance spectroscopy is the tool for their 
investigation. The results of the present ferrites investigated were discussed 
at different temperatures and frequencies. At low frequencies both real 
impedance (Z') and imaginary part (Z") are attributed to the interfacial 
polarization and Debye relaxation is dominant at high frequencies.

a b

c

Figure 1: (a) X-ray diffractogram of Sample A; (b) X-ray diffractogram of Sample C; (c) X-ray diffractogram of Sample D.
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inductance will be generally associated with space charge polarization 
regions. The data obtained in the studies is usually analyzed in terms 
of four complex formalisms, Viz., The impedance (Z*), the electric 
modulus (M*), the admittance (Y*) and the permittivity (ε*) and these 
parameters are interrelated by the following relations [26,27].

* * * 1 * 1 * *
0 0M J C Z , (M ) ,Y = (Z ) ,Y = j C∗ − −= ω ε ϖ ε 	               (1)

Where ω is the angular frequency, Co is the vacuum capacitance of 
the measuring cell and electrodes with an air gap in place of the sample.

Polycrystalline materials mainly consisting of both large grains 
and small grain boundary resistances. AC response from the complex 
impedance plane is dominated by grain boundary resistance i.e., the 
effect of crystal resistance in Z* and Y* were completely mask. In the 
complex electrical modulus method, i.e., M* and ε*, for the elements 
that have smallest capacitance will be given more importance. In this 
case, the response from the crystal dominates the behaviour whereas 
the grain boundary effects may be masked. Thus, by comparing the 
results analysis of these two formalisms, it may be possible to separate 
grain boundaries and bulk effects rather effectively [28]. Especially, ‘Z’ 
allows for a direct separation of the bulk, grain boundary and electrode 
phenomena, and also determination of each individual resistance [29].

The room temperature compositional dependence impedance 
spectra for all the samples investigated are graphically represented in 
Figure 3 At very low temperature (RT), compositional dependence 

From earlier investigation of AC-DC electrical conductivities [8] 
it is observed that the AC conductivity is by band mechanism at all 
temperatures and AC conductivity decreases with frequency. The 
dispersion in AC conductivity with frequency has been explained by 
Koop’s theorem [21], which supposed that the ferrites compact acts as 
a multilayer capacitor. According to Koop’s the dielectric constantis 
inversely proportional to the square root of resistivity. Therefore, 
increase in dielectric constant with temperature is expected. This 
behavior is usally interpreted as due to the existence of interfacial 
polarization [22] which exists in non-homogeneius dielectrics which 
was explained by koop’s [21] on the basis of Maxwell wagner [23,24] 
two layer model.

It this model, considering the dielectric structure consisting of well 
conducting grains separated by grain boundaries which are poorly 
conducting. At lower frequencies, grain boundaries are very effective 
with high resistance giving a very small amount of increment in 
conductivity. At high frequencies, due to the grain effect there is an 
increase in conductivity. The total conductivity will be represented by 
power law [25].

Generally, the impedance data compared (or) fitted to an 
equivalent circuit, which represents change of physical processes 
that are taking place in the system an equivalent circuit is made up of 
passive elements such as capacitors, resistors, inductance and possibly 
various distributed circuit elements. In such a circuit, capacitance and 

a b
Figure 2: Scanning electron micrographs of (a) Sample A and (b) Sample D.

0 100000 200000 300000 400000 500000 600000
0

100000

200000

300000

400000

500000

600000

 

 

Z'

Z''

 Ni
0.0

Mg
0.6

Cu
0.1

Zn
0.3

Fe
2
O

4

 Ni
0.1

Mg
0.5

Cu
0.1

Zn
0.3

Fe
2
O

4

 Ni
0.2

Mg
0.4

Cu
0.1

Zn
0.3

Fe
2
O

4

 Ni
0.3

Mg
0.3

Cu
0.1

Zn
0.3

Fe
2
O

4

Figure 3: Variation of real and imaginary part of impedance with temperature for NixMg0.6-xCu0.1Zn0.3Fe2O4 composition at room temperature 30˚C.
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impedance spectrums for all the samples shows that there is a 
appearance of a single semi-circular arc whose radius of curvature is 
dropping down as nickel increases. This indicates that there is arising 
out of bulk properties in the material. The intercept of semi-circular 
arcs with the real axis gives sample resistance of the grain and grain 
boundaries.

Complex impedance spectra analysis (Nyquist plots) which 
represents the Z’ and Z" graphical information for all the samples at 
different temperatures are shown in Figures 4-7, which shows the 
effect of temperature on impedance behavior, i.e., formation of double 
semi-circular arcs (Figures 5-7) observed at higher temperatures as 
the doping of nickel goes on increasing, These two semi circled arc 
indicates grain and grain boundaries. due to the consequence of the 
bulk and grain boundary conduction. One can observe the appearance 
of two single semi-circular arcs whose radius of curvature decreases as 
temperature increases for the impedance spectrum for X = 0.0 sample. 
This reveals the existence of the bulk and grain boundary conduction at 
low temperatures. These semi-circular arcs appear in distinct frequency 
ranges, one at a higher frequency followed by another lower frequency 
semi-circular arc. The grain boundary resistance i.e., first semi-circle 
appears at low frequency region where as the other at high frequencies 
which corresponds to bulk properties or grain resistance.

This phenomenon is almost similar at different temperatures, also 
with a difference in the radii of curvature of the arcs, which reduces 
with a rise in temperature. In the present investigation studies were 
carried out from 30oC to 350oC with in frequency range of 100 Hz 
to 1000 K. For pure MgCuZn ferrite at higher temperatures only 
one semi-circle arc is observed along with a tail which confirms the 
reduction of bulk and formation of only grain boundaries. Whereas, 
for the nickel doped samples, first only semi-circular arcs have been 
observed at low temperature region and two semi-circular arcs have 
been observed in the high temperature region in impedance spectrum 
as temperature goes on increasing. The impedance diagram in high 
frequency regions typically corresponds to the bulk properties of the 
material and arise due to bulk phenomena, while the low frequency 
second semicircle has been assigned to the grain boundary conduction 
[30]. The bulk resistance (Rb) increases with rise in temperature. Thus, 
the bulk conductivity (Cb) of the materials decreases with temperature 
This kind of behavior in materials is known as positive temperature 
coefficient of resistance (PTCR) property which is a normal behavior of 
a semiconductor. The result of impedance spectroscopy measurements 
of a wide range of frequencies can be presented by several semicircles 
in the complex ZReal and Zimaginary plane [31].

Large values of Z' and Z" at low frequencies or temperatures 
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Figure 4: (a-d) Variation of real and imaginary part of impedance with temperature for Ni0.0Mg0.6Cu0.1Zn0.3Fe2O4 composition within the temperature 
range 30-350˚C.
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Figure 5: (a-d) Variation of real and imaginary part of impedance with temperature for Ni0.1Mg0.5Cu0.1Zn0.3Fe2O4 composition within the temperature 
range 30-350˚C.
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Figure 6: (a-d) Variation of real and imaginary part of impedance with temperature for Ni0.2Mg0.4Cu0.1Zn0.3Fe2O4 composition within the temperature 
range 30-350˚C.
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Figure 7: (a-d) Variation of real and imaginary part of impedance with temperature for Ni0.3Mg0.3Cu0.1Zn0.3Fe2O4 composition within the temperature 
range 30-350˚C.
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indicates a predominant effect of the polarizations. The intercepts of the 
two semicircles are used to calculate the bulk resistance (Rb) and grain 
boundary resistance (Rgb) while the corresponding frequency value 
evaluated from the apex of the semicircles has been used to calculate the 
bulk and grain boundary capacitance (Cb) using the relation, 2(foRbCb) 
= 1 and 2(foRgbCgb) = 1. Combination of R and C can be either in series 
or parallel, for a parallel combination of R and C, as temperature 
increases, both the grain resistance (Rb) and grain boundary resistance 
(Rgb) is found to decrease with the rise in temperature indicated by a 
shift in the radius of the semi-circular arcs towards the left side of the 
real (Z') axis with increase in temperature. The Z' and Z" plots at higher 
temperature can be resolved into two semicircles representing two 

RC circles in the series given by Cole and Cole [32]. Each semicircle 
represents the contribution of a particular process such as electrodes 
and contacts, grain boundaries, grain interior to the total impedance 
of the sample. Measured values in the form of Nyquist plots are semi-
circular. Many of them describe as depressed semicircles with their 
centerying below the x-axis. This phenomenon is called non-Debye 
relaxation [33]. The values of parameters such as Rb, Rgb, Cb and Cgb 
etc., have been reported in the Table 1.

The variables in the real part of impedance (Z') as a function of 
frequency for all the samples are graphically represented in Figures 
8-11. The variation behavior shows a rapid decrease in the value of (Z') 
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Figure 8: (a-d) Plot of real part of impedance (Z') as a function of frequency with the temperature for Ni0.0Mg0.6Cu0.1Zn0.3Fe2O4 Composition.

S.No Sample Fb Fgb Rb Rgb Rhob Rhogb Cb Cgb EPSb EPSgb

1) A 1000000 631 7100 8300 2.625E3 3.068E3 3.980E-8 3.040E-8 9.362E1 1.273E5
2) B 100 --- 1.35E6 --- 4.815E5 --- 6.520E-9 --- 6.359E3 ---
3) C 158 --- 2350000 --- 9.420E5 --- 4.289E-9 --- 1.585E4 ---
4) D 144 --- 2790000 --- 2.414E6 --- 1.400E-9 --- 5.174E4 ---

Table 1: Various electrical parameters values for different composition of Ni substituted MgCuZn ferrites at room temperature at 300°C. 
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Figure 9: (a-d) Plot of real part of impedance (Z') as a function of frequency with the temperature for Ni0.1Mg0.5Cu0.1Zn0.3Fe2O4 Composition. 
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Figure 10: (a-d) Plot of real part of impedance (Z') as a function of frequency with the temperature for Ni0.2Mg0.4Cu0.1Zn0.3Fe2O4 Composition.
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Figure 11: (a-d) Plot of real part of impedance (Z') as a function of frequency with the temperature for Ni0.3Mg0.3Cu0.1Zn0.3Fe2O4 Composition.
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with a rise in the frequency. The impedance value (Z') has higher values 
at lower temperatures in the low frequency region, decreases gradually 
with a rise in temperature and attains a constant value beyond this 
frequency i.e. 1MHz. Higher values of (Z') at lower frequency and 
temperature indicated larger effects of space charge polarization and 
structural defects [34]. The decrease in (Z') with the rise in temperature 
and frequency also indicates a possibility of an increase in the Ac 
conductivity with an increase in temperature and frequency. The 
merger between real part of impedance (Z') in the high frequency 
domain for all temperatures indicate a possibility of the release of space 
charge as a result of lowering in the barrier properties of the material 
[35]. These results indicate that electrical conduction will increase from 
a rise in temperature and the phenomenon is dependent on release of 
space charge.

Figures 12-15 shows the variation of the imaginary part (Z'') 
of the impedance with frequency (i.e., Loss spectrum) at different 
temperatures. In these curves, a peak has been observed at lower 
temperatures in the low frequency region, which further broadened 
with a rise in temperature and shifting towards higher frequencies. 
Also the intensity of the peak frequencies decreases with an increase 
in temperature. A significant asymmetry has also been observed in 
the peaks and a shift in the peak positions of higher frequency sides 
of a rise in temperature. The low frequency side of the peak represents 
the range of frequency in which charge carriers are mobile over long 
distances. The trend of variation in (Z'') with frequency is typical of the 
presence of electrical relaxation phenomena in the materials which 
is temperature-dependent. The asymmetric broadening of the peaks 
suggest the presence of electrical processes of the materials with a 

Figure 12: (a-d) Variation of imaginary part of impedance the (Z'') as a function of frequency with the temperature for Ni0.0Mg0.6Cu0.1Zn0.3Fe2O4 
Composition.
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Figure 13: (a-d) Variation of imaginary part of impedance the (Z'') as a function of frequency with the temperature for Ni0.1Mg0.5Cu0.1Zn0.3Fe2O4 
Composition.
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Figure 14: (a-d) Variation of imaginary part of impedance the (Z'') as a function of frequency with the temperature for Ni0.2Mg0.4Cu0.1Zn0.3Fe2O4 
Composition.
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Figure 15: (a-d) Variation of imaginary part of impedance the (Z'') as a function of frequency with the temperature for Ni0.3Mg0.3Cu0.1Zn0.3Fe2O4 
Composition.
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spread of relaxation time [36]. The shifting of peaks indicates that the 
net relaxation time is decreasing from the increase in temperature.

Conclusions
The Nickel doped MgCuZn ferrites compounds were prepared 

from a high-energy ball-milling method followed by conventional 
method. Preliminary structural studies suggest that the crystal system 
of parent compounds remains same (cubic spinel system). Complex 
impedance spectroscopy, in terms of a simultaneous analysis of the 
complex impedance was used to investigate the electrical behavior of 
NiMgCuZn ceramics. Complex impedance spectra indicated about 
the possible contribution to the bulk and grain boundaries from room 
temperature to higher temperatures and also about the temperature-
dependent relaxation phenomena.

Bulk resistance (Rb) increases (and Rhob) with increase in Ni 
content. Bulk capacitor (Cb) and bulk frequency (Fb) decreases with 
increase in Ni concentration. EPSb also decreases with increase in Ni 
composition. Where as grain boundary parameters Fgb, Rgb, Rhogb, Cgb 
and EPSgb can be seen for Pure MgCuZn ferrite and it disappears with 
the increase of Ni Concentration.

With an increase of Ni composition the materials behaves like 
positive temperature coefficient of resistance as resistance in the both 
cases increases. 
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