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a b s t r a c t

Dielectric properties of Cu substituted Ni–Zn–Mg ferrite samples having the general formula
Ni0.5−xCuxZn0.3Mg0.2Fe2O4 (where x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) synthesized by Pramanik method are
reported. The single phase formation of the ferrites was confirmed by XRD technique. The lattice param-
eter is found to increase with increase in Cu content. Average grain size, obtained from SEM micrographs,
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is found to increase with increase in Cu content. Dielectric parameters were measured as a function of
frequency at room temperature as well as at higher temperatures. The variation in dielectric constant
(ε′) with temperature at four different fixed frequencies viz. 1 kHz, 10 kHz, 100 kHz, and 1 MHz was also
studied. The room temperature dielectric constant (ε′) and dielectric loss (tan ı) are found to decrease
with increase in frequency. The ac conductivity (�ac) is found to increase with increase in the frequency.
ielectric properties
c conductivity

. Introduction

The field of spinel ferrites is well cultivated because of their
arious potential applications and the interesting physics involved
n it [1–3]. Even after more than half of the century the scientist,
esearchers, technologist, and engineers are still excited in vari-
us types of bulk as well as nanocrystalline ferrite materials. The
ecent trend is focused on the doped ferrites prepared using various
ynthesis techniques with different cation concentrations which in
urn affects the various properties like, electrical, dielectric, and

agnetic behavior. Multilayer chip indicators (MLCIs) [3] are one
f the important components for the latest electronic product used
n cellular phones, video cameras, notebook computer, etc. because
hey are fabricated by putting alternate layers of ferrite and silver
lectrode. The magnetic and electrical properties of soft ferrites
ould be easily turned by incorporation and suitable addition of
ivalent or trivalent cations in the spinel structure. Therefore spinel
errites become the important class of commercially available fer-
ites extensively used in microwaves and electrical industries [2]
uch as pulsed transformers, inductors, reflection coils, antennas,
nd modulators because of their high resistivity combined with

seful ferromagnetic as well as dielectric constant behavior [3].

A recent literature survey on the structural and dielectric prop-
rties of various spinel nanocrystalline ferrites is discussed here
n brief. Fayek et al. [4] have reported effect of Zn substitution on
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dielectric properties of Cu1−xZnxGa0.5Fe1.5O4 ferrite prepared by
solid state method. Their results of frequency dependent dielectric
loss (tan ı) behavior show relaxation spectra, where the authors
determine relaxation time and the maximum frequency for the
hopping mechanism. Sivakumar et al. [5] have concluded that the
real part of the dielectric constant (ε′) is found to be around 100
for milled MgFe2O4 (with 27 nm and 19 nm grain size), which are
two orders of magnitude smaller than that of the bulk MgFe2O4
(micron size grains). The authors also observe anomalous behav-
ior of dielectric constant (ε′), which has been explained based on
the presence of both n-type and p-type charge carriers. Kaiser [6]
has investigated the effect of Ni substitution on various properties
of (Cu0.8−xZn0.2Nix)Fe2O4 ferrites. Their electrical measurements at
various compositions were investigated from room temperature up
to 650 K in the frequency range (102–105 Hz). They conclude that
the transition temperature (Tc) of (Cu0.8−xZn0.2Nix)Fe2O4 increases
with an increasing Ni concentration. Reddy et al. [7] studied the
influence of copper substitution on structural and electrical prop-
erties of MgCuZn ferrites prepared by microwave sintering method.
Their reported results reflect that, the lattice parameter (a) slowly
increases, whereas the density sharply increases with increasing
concentration of Cu ions in the MgCuZn ferrite. Ahmed et al. [8]
and Ata-Allah and Fayek [9] have reported Cu substituted Ni, Zn,
and Mn ferrites. Their results show strong influence of concentra-

tion of Cu substitution on frequency and temperature dependence
dielectric properties like dielectric constant (ε′) and dielectric loss
(tan ı).

In the light of the literature [4–9] as discussed above, it is well
known that the structural and the dielectric properties of ferrites
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Table 1
Data on variation of lattice constant, X-ray density, actual density, crystallite size, grain size and dielectric constant (at 1 kHz) of Ni0.5−xCuxZn0.3Mg0.2Fe2O4 ferrite samples
(where x = 0, 0.1, 0.3 and 0.5) with Cu-content.

Lattice
constant, a (Å)

X-ray density,
gm/cm3

Actual density,
gm/cm3

Crystallite size
from XRD, nm

Grain size from
SEM, �m

Dielectric constant
(ε′) at 1 kHz

0.0 8.40 5.082 3.45 35 0.28 146.47
0.1 8.41 5.488 3.88 37 0.41 131.19
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0.3 8.42 6.289 4.65
0.5 8.44 7.090 4.84

re strongly dependent on method of synthesis, sintering tempera-
ure, chemical composition and grain structure or size [10]. Hence,
he study of such properties at different frequencies, tempera-
ures and chemical compositions may provide valuable information
bout the kind and amount of additives required to obtain high
uality materials for practical applications. As a result, the study of
lectric and dielectric properties is equally important as those of
agnetic properties from the applied fundamental research point

f view. Many efforts [11–16] have been made to improve the basic
roperties of NiCuZn ferrite materials by substituting or adding var-

ous ions of different valence states depending on the applications
f interest. Generally, the substitution of divalent or trivalent ions
n the pure ferrites results in the modification of their structural,
lectrical and dielectric properties.

Mg–Cu–Zn ferrites are prominent magnetic materials for wide
pplications because of their high resistivity, high Curie temper-
ture and environmental stability [17]. Also Liu et al. [18] have
eported the effect of Mg containing ferrites composition is pre-
erred to avoid the presence of divalent iron (to obtained high
esistivity) and avoid the tendency of discontinuous grain growth
hich is an essential requirement to obtain dense ferrites. It is well

eported recently [8,9,19,20] that the addition of Cu can effectively
ffects the structural, morphological and dielectric properties of
pinel ferrites. Thus we expect that, Cu substitute in Ni–Mg–Zn
errites may improve the structural, morphological and dielectric
roperties of the Ni–Zn–Mg ferrites. In the present work our prime
im is to study the successful synthesis of Cu substituted Ni–Mg–Zn

errite using Pramanik method [21] and possible effects of Cu sub-
titution on various properties of the Ni–Zn–Mg ferrite. We have
lso focused on the temperature dependent dielectric properties at
xed frequencies.

ig. 1. XRD patterns of Ni0.5−xCuxZn0.3Mg0.2Fe2O4 ferrite samples (where x = 0.0, 0.1,
.2, 0.3, 0.4, and 0.5).
44 0.70 99.25
45 0.82 84.15

2. Experimental

The present samples are synthesized using Pramanik method [21]
which consists of two steps. First, the stoichiometric amounts of AR Grade
nickel nitrate [Ni(NO3)2·6H2O], zinc nitrate [Zn(NO3)2·6H2O], magnesium
nitrate [Mg(NO3)2·6H2O], copper nitrate [Cu(NO3)2·3H2O] and iron nitrate
[Fe(NO3)2·9H2O] are mixed together with 10% aqueous solution of polyvinyl
alcohol (PVA) and aqueous solution of sucrose (2 mol per metal ion). This solution
is heated slowly at 200 ◦C for 3 h in air atmosphere to form viscous liquid. The
evaporation is accompanied by evolution of brown fumes of nitrogen dioxide
(NO2) due to decomposition mixture of nitrates. This distributes the cations
throughout the polymer structure so that selective precipitation is prevented
during the evaporation process. In the second step the precursor solution of metal
nitrate–PVA–sucrose is evaporated completely to produce fluffy carbonaceous
pyrolysed mass. The carbonaceous dry mass is calcined at 600 ◦C for 3 h. The
calcined ferrite powder is granulated using PVA as a binder and were uniaxially
pressed at pressure of 5 ton/cm2 for 5 min to produce pellet specimens having
10 mm diameter and 3 mm thickness. The specimens are finally sintered at 800 ◦C
for 4 h in air [22].

The crystallographic analysis of the samples was carried out by X-ray diffrac-
tion technique (XRD Model: Brukar D8 Advanced) using Cu K� radiation (with
� = 1.5406 Å). The 2� angle was varied from 20◦ to 80◦ . The microstructure of the
samples was recorded using scanning electron microscope (SEM Model: JSM 6360A).
The average grain size of the samples was estimated by lineal intercept method using
the formula:

Ga = 1.5L

MN
(1)

where L is the total test line length, M is the magnification, N is the total number of
intercept.

The dielectric measurements were performed, at room temperature as well as
at elevated temperature (30–600 ◦C), at four fixed different frequencies viz. 1 kHz,
10 kHz, 100 kHz and 1 MHz, using LCR meter bridge (Model: HIOKY3532–50LCR).
The dielectric constant (ε′) was calculated using the relation:
ε′ = Cd

ε0A
(2)

where C is the capacitance (in F), ε0 is the permittivity of free space, d is the thickness
(in m) and A is the cross-sectional area (in m2) of the flat surface of the pellet.

Fig. 2. Variation of lattice constant with Cu content of Ni0.5−xCuxZn0.3Mg0.2Fe2O4

ferrite samples (where x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5).
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Fig. 3. Scanning electron micrographs of Ni0.5−xCuxZn0

The ac conductivity of the samples was computed from dielectric parameters
sing the relation,

�ac = ε′ε0ω tan ı (3)
where ε′ is the dielectric constant,ε0 is permittivity of free

pace(8.854 × 10−12 F/m), ω is angular frequency and tan ı is the loss tangent.

. Results and discussion

The XRD patterns of the samples with x = 0.0, 0.1, 0.2, 0.3, 0.4
nd 0.5 are shown in Fig. 1. The patterns indicate well-defined
eaks of crystalline FCC phase which confirm spinel cubic struc-
ure formation for the samples. No additional impurity reflections
ere observed ensuring the phase purity. The crystallite sizes

f the studied samples (x = 0.0, 0.1, 0.3 and 0.5) calculated using
ebye–Scherrer formula [23] are listed in Table 1. Fig. 2 shows the
ariation of lattice constant with Cu content of the ferrite samples
ith x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5. It is observed that the lat-

ice constant increases linearly from 8.401 Å for x = 0–8.444 Å for
= 0.5 obeying Vegard’s law. The increase in lattice constant is due

o substitution of Cu2+ ions having larger ionic radius (0.72 Å) than
i2+ ions (0.69 Å) [24]. Furthermore, substitution of Cu ions may
ause migration of Fe3+ ions from A site to B site causing an overall
xpansion of the lattice.

Fig. 3 shows the SEM micrographs of the samples with x = 0.0,
.1, 0.3, and 0.5. It is observed that majority of grains are spherical
n shape. The SEM micrograph for x = 0 shows well dispersed grains
ith identical shape and size. It is interesting to note that, as the

mount of Cu2+ content increases, the nature of microstructure gets
odulated. In the case of x = 0.1 the grains are non identical in size

nd shape whereas for the case of x = 0.5 the grains are agglomer-
2Fe2O4 ferrite samples (where x = 0.0, 0.1, 0.3 and 0.5).

ated. The average grain size calculated from Eq. (1) for different x
is listed in Table 1. It is clear from Table 1 that, as the content of
x increase the average grain size almost linearly increases. It sug-
gests that, the substitution of Cu helps phase formation of spinel
cubic lattice. It means that the temperature required for the phase
formation of the ferrite with Cu doping is low as compared with
the undoped ferrite. The synthesized samples possess large grain
size due to high sintering temperature (i.e. 800 ◦C for 4 h). Shrotri
at el. [25] reported that one of the functions of copper is to decrease
of sintering temperature. As in the present case, the sintering tem-
perature and time of all the ferrite samples is same (i.e. 800 ◦C for
4 h), the Cu doped samples shows high grain size as the compared
to remaining samples. These results also suggest that addition of
Cu enhances the grain growth process, which may due to the soft
nature of Cu as compared to Ni.

Fig. 4(a) shows variation of dielectric constant for the samples
with x = 0.0, 0.1, 0.3 and 0.5 with frequency at room temperature. It
is observed that, the dielectric constant is higher at lower frequen-
cies and further it decreases with increase in frequency which is the
normal behavior of dielectric constant. This behavior is attributed
to space charge polarization due to inhomogeneous microstructure
as well as mismatch in the electron exchange interaction between
Fe2+ ↔ Fe3+ ions which cannot follow the high alternating electric
field [26]. It is also observed that the dielectric constant decreases

with increase in Cu content. The substitution of Cu for Ni could
modify the structural homogeneity which would cause a decrease
in the degree of polarization [27].

Fig. 4(b) shows variation of tan ı (for samples with x = 0.0, 0.1,
0.3 and 0.5) as a function of frequency at room temperature. It is
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Fig. 4. (a) Variation of dielectric constant (ε′) with frequency of
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Fig. 6(a) shows variation of the dielectric constant (ε′) for x = 0
as a function of temperature. In the low temperature region (from
300 K to 635 K), it is observed that the magnitude of dielectric con-
stant (ε′) recorded at frequencies 1 kHz, 10 kHz, 100 kHz and 1 MHz
i0.5−xCuxZn0.3Mg0.2Fe2O4 ferrite samples (where x = 0.0, 0.1, 0.3 and 0.5).
b) Variation of dielectric loss tangent (tan ı) as a function of frequency of
i0.5−xCuxZn0.3Mg0.2Fe2O4 ferrite samples (where x = 0.0, 0.1, 0.3 and 0.5).

bserved that tan ı decreases continuously with increase in fre-
uency. The high value of tan ı at lower frequencies corresponds
o high value of resistivity due to grain boundaries. Hence more
nergy is required for electron exchange between Fe2+ ↔ Fe3+ ions
esulting in high value of energy loss. However, in the higher
requency range, small amount of energy is needed for electron
ransfer between Fe2+ ↔ Fe3+ ions resulting in small energy loss
nd low value of resistivity.

Fig. 5 shows variation of ac conductivity for the samples with
= 0.0, 0.1, 0.3, and 0.5 with frequency at room temperature. It

s observed that the ac conductivity increases with increase in
requency. The results are explained in terms of two regions of fre-
uency: I-region (100–300 Hz) and II-region (300 Hz to 1.6 MHz).

n the I-region grain boundaries are more active so that electron
opping probability between Fe2+ ↔ Fe3+ ions is less, whereas in
he II-region conducting grains become more active by promot-
ng the hopping between Fe2+ ↔ Fe3+ ions. The linearity in the
I-region is attributed to small polaron type conductions [28]. Gen-
rally conduction in ferrites depends upon the hopping of electrons
etween Fe2+ ↔ Fe3+on octahedral site and also on the hopping of
oles between Cu2+ and Cu1+ on tetrahedral sites. The frequency
ependence of ac conductivity can be explained with the help of
axwell–Wagner two-layer model for polycrystalline ferrites [29].
ccording to this model there are two layers formed in dielec-
ric structure. The first layer consists of ferrite grains of fairly well
onducting ferrous ions that is separated by thin layers of poorly
onducting substance which forms grain boundary.
Fig. 5. Variation of ac conductivity with frequency of Ni0.5−xCuxZn0.3Mg0.2Fe2O4

ferrite samples (where x = 0.0, 0.1, 0.3 and 0.5).
Fig. 6. (a) Variation of dielectric constant (ε′) with temperature of
Ni0.5Zn0.3Mg0.2Fe2O4 ferrite samples. (b) Variation of dielectric constant (ε′)
with temperature of Cu0.5Zn0.3Mg0.2Fe2O4 ferrite samples.
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ig. 7. (a) Variation of tan ı with temperature of Ni0.5Zn0.3Mg0.2Fe2O4 ferrite sam-
les. (b) Variation of tan ı with temperature of Cu0.5Zn0.3Mg0.2Fe2O4 ferrite samples.

s almost constant. This can be explained on the basis of thermal
gitation of dipole movement. In lower temperature region up to
35 K, the thermal energy is insufficient to free the localized dipoles
o orient themselves in the direction of applied oscillating elec-
ric field. Above 635 K, the dielectric constant increases rapidly for
requencies 1 kHz and 10 kHz, whereas it increases slowly at fre-
uency 100 kHz and almost remains constant at frequency 1 MHz.
his can be attributed to the orientation of large number of dipoles
n the direction of applied field due to sufficient amount of ther-

al agitation. The dielectric constant (ε′) is observed to increase
o a maximum value of (i) 10,790 recorded for 1 kHz and (ii) 2000
ecorded for 10 kHz at 830 K, followed by decrease with further
ncrease in temperature. This decrease in the dielectric constant
bove 830 K can be attributed to the magnetic phase transition of
he sample from ferrimagnetic to paramagnetic phase. The mag-
etic transition temperature TC for the sample (x = 0) is reported
30] to be 830 K. The speculated change in the phase could modify
he internal viscosity of the sample which leads to the more degree
f freedom to the dipoles with increasing disorder in the system
nd hence decrease in dielectric constant.

The variation of dielectric constant with temperature for the
ample with x = 0.5 is shown in Fig. 6(b). It is observed that the
emperature dependent dielectric constant follows the same path
s observed in Fig. 6(a). Interestingly, the ferromagnetic to param-

gnetic phase transition temperature is found to shift towards low
emperature region, i.e. 773 K for x = 0.5 as compared to x = 0 sam-
le. The shift in transition temperature may be attributed to the

ower concentration of Ni, as it is substituted by Cu. Similar behav-

[
[

[
[
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ior was also observed by Ahmad et al. [31] in case of lanthanum
substituted Ni–Zn ferrites.

Fig. 7(a) and (b) shows the variation of tan ı with temperature
for the samples with x = 0 and x = 0.5, respectively, at four differ-
ent fixed frequencies viz. 1 kHz, 10 kHz, 100 kHz, and 1 MHz. It is
observed that as temperature increases tan ı begins to increase
until it attains a maximum value. Similar behavior was observed
in case of zinc substituted magnesium rich manganese ferrites [32]
and also in rare earth substituted Cu–Zn ferrites [33]. The gradual
shift in loss tangent edge for samples x = 0 and x = 0.5 indicates that
hopping mechanism is operative in this process. The frequency of
hopping is approximately equal to the external applied electric field
frequency [34].

4. Conclusions

X-ray diffraction patterns confirm the formation of cubic spinel
phase without any additional impurity peaks indicating successful
synthesis of all the ferrites using Pramanik method. The lattice con-
stant (a) is found to increase with increase in copper content and
is attributed to the larger ionic size of copper. Analysis of the SEM
micrographs shows that, high content of Cu help for the forma-
tion of spinel phase at low sintering temperature. This concludes
that, the high content of Cu posses large grain size as compared
to undoped (x = 0) sample. The room temperature dielectric con-
stant and loss tangent (tan ı) are found to decrease with increase
in Cu content over the measured frequency range. The observed
phenomenon is attributed to the hopping of electrons between
Fe2+ ↔ Fe3+ ions as well as space charge polarization. The varia-
tion of ac conductivity (�ac) suggests that conduction is due to
small polaron-hopping. Transition temperature (TC) obtained from
dielectric measurements are found to decrease with increase in Cu
content.
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