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Mg substituted NiCuZn ferrites were prepared through sol–gel method using polyvinyl alcohol (PVA) as a
chelating agent. The samples after annealing at 500 1C to remove PVAwere sintered at 950 1C for 1 h. The
structural and electromagnetic properties of the samples were investigated. All the samples showed
single phase spinel structure with increased lattice constant as a function of Mg concentration. The
morphology reveals polyhedral shaped grains with increased grain size as a function of Mg composition.
Dielectric parameters showed low values at higher frequencies. The initial permeability increased with
Mg substitution in place of Ni in accordance with the microstructure. The samples sintered at low
temperature having low dielectric losses and improved permeability along with the high frequency
stability of permeability find applications in multilayer chip inductors.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Polycrystalline spinel ferrites are widely used in many electronic
devices because of their high electrical resistivity, chemical stability,
mechanical hardness and also they are available at low cost [1]. It is a
well known fact that the properties of ferrites are sensitive to
method of preparation, substitution of cations, microstructure, sin-
tering time, temperature and mostly on distribution of cations on the
tetrahedral (A) and octahedral sites (B) in the spinel lattice with the
general formula AB2O4 [2]. Recently, surface mounting devices (SMD)
have been rapidly developed for electronic applications, such as
multilayer chip inductors (MLCIs) [3]. These are produced by coating
ferrite and silver (Ag) electrode layers alternately and then co-firing
them. The main requirements of MLCIs are good quality factor, high
electrical resistivity, and high magnetic permeability in order to
reduce the number of layers. Reduced number of layers in MLCIs was
advantageous in minimising the capacity between the layers and
realizing the miniaturisation of the electronic components [4,5].
Besides that low sintering temperature is necessary for avoiding
diffusion of Ag (o961 1C—melting point of Ag) into the ferrites
which adversely affects the electrical resistivity [6]. NiCuZn ferrite
system is one of the soft magnetic material best suitable for MLCIs
because of its low sintering temperature for densification and high
permeability as well as high electrical resistivity in radio frequency
(RF) range [7]. Numerous studies have been devoted on NiCuZn
ll rights reserved.
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ferrites in enhancing the material properties suitable for MLCI
applications [1,3,6–8]. Even though NiCuZn ferrite is the best suitable
material for MLCIs, there are other magnetic properties (like magne-
tostriction constant) that disfavour use of these materials for MLCIs.
NiCuZn ferrite system having high magnetostriction constant is
sensitive to stress thereby affecting the magnetic properties [8]. In
addition to that, Ni and its oxides produce carcinogenic effects on the
environment and the precursors for Ni are expensive [9]. Nowadays
attention is paid towards MgCuZn ferrites for MLCIs applications
since these materials also exhibit good electromagnetic properties
such as high resistivity, permittivity, permeability, high Curie tem-
perature same as that of NiCuZn ferrites and are insensitive to stress
due to their low magnetostriction constant [8,10].

John Berchmans et al. [11] and Naeem et al. [12] discussed the
structural and electrical properties of Mg substituted NiFe2O4

system processed through wet chemical route methods. The cation
distribution of NiMg ferrite system was examined through XPS
and Mossbauer spectral analysis and they found that the percen-
tage of Mg at tetrahedral site was maximum when the Ni content
in the spinel was maximum [13]. Singh et al. [14] reported that
substitution of Mg in place of Ni in NiZn ferrite has propitious
results of improvement in both the electrical and magnetic
properties. Rezlescu et al. [15] investigated MgCuZn ferrite with
excess MgO in the composition to avoid divalent iron ions as well
as discontinuous grain growth.

Varalaxmi et al. [16] observed improved initial permeability
and reduced Curie temperature with the substitution of Mg in
NiCuZn ferrite. Roy and Bera [17] investigated the effect of Mg on
electromagnetic properties of NiCuZn ferrites for MLCIs
applications and they found that up to a certain concentration of
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Mg (x¼0.18) both the electrical resistivity and initial permeability
increased. Su et al. [18] studied electromagnetic properties of
NiMgCuZn ferrite prepared through conventional ceramic techni-
que and the results demonstrated high frequency permeability
suitable for MLCIs applications. Gabal [19] succeeded in preparing
Ni0.5−xCu0.2Zn0.3MgxFe2O4 ferrite using egg white as a precursor
and showed improved magnetisation with Mg substitution.
Recently Abdullah Dara et al. [20] re-examined the above men-
tioned composition but prepared through sol–gel method and the
results showed increased electrical resistivity and reduced dielec-
tric losses with Mg substitution. In the present paper, detailed
analysis of structure and morphology as well as dielectric and
magnetic properties, especially frequency dispersion of perme-
ability up to 50 MHz for Ni0.5−xMgxCu0.05Zn0.45Fe2O4 composition
processed through sol–gel method, is discussed.
2. Experimental procedure

Ni0.5−xMgxCu0.05Zn0.45Fe2O4 nanoparticles were processed
through sol–gel method. Analytical grade nickel, magnesium, zinc,
copper and ferric nitrates were weighed in stoichiometric propor-
tions and were dissolved separately in deionised water. Thus
obtained cationic solutions were mixed one into another and
stirred continuously for 1 h to improve homogeneity and the
cationic solution is taken to be the precursor. The ratio of metal
nitrates to polyvinyl alcohol (PVA) was maintained at 1:3. The
required quantity of PVA was dissolved in deionised water slowly
to get transparent clear solution. The precursor is mixed with PVA
solution under constant stirring and heating. The gelation con-
tinued step by step till a red gel type product was formed with the
release of reddish brown gases at about 100 1C, leaving the fluffy
mass in the reaction vessel. The as dried powder was annealed at a
temperature of 500 1C for 3 h. The annealed samples were then
compacted in the form of pellets and toroids using polyvinyl
alcohol as a binder and sintered at 950 1C for 1 h with a heating
rate of 2 1C/min in a programmable muffle furnace.
Fig. 1. X-Ray diffraction patterns for the Ni0.5−xMgxCu0.05Zn0.45Fe2O4 (x¼0.1, 0.2,
0.3, and 0.4) ferrite samples sintered at 950 1C.
2.1. Characterisation

The formation of spinel structure of the Ni0.5−xMgxCu0.05Zn0.45-
Fe

2
O4 ferrite samples was investigated using an X-ray diffract-

ometer with Co-Kα radiation (1.78897 Ao) as a source. Crystallite
size and lattice constant were determined by considering peak
width and peak position of the reflections collected from an INEL
XRG 3000 powder diffractometer in the 2θ range from 201 to 1201.
Vibrational frequencies of tetrahedral and octahedral metal oxy-
gen bonds were noted from Fourier Transform Infrared spectra
(BRUKER OPTICS TENSOR 27) recorded in the wave number range
4000–400 cm−1 by preparing the sample in the form of thin
transparent pellet by mixing with KBr. The microstructure and
grain size distribution of nanoparticles having gold with palladium
coated surfaces were investigated by a field emission scanning
electron microscope (FESEM) Carl Zeiss Ultra 55 operating at an
accelerating high tension voltage EHT of 17 kV. Room temperature
static magnetisation measurements were carried out using vibrat-
ing sample magnetometer (EV-7VSM) with a maximum applied
field of 15 kOe. The frequency dispersion of permeability for the
sintered samples was measured using a high frequency LCR metre
(WAYNKERR 6500P) in the frequency range of 20 Hz–50 MHz.
Room temperature dielectric measurements on the disc shaped
samples were carried out in the frequency range from 100 Hz to
5 MHz using an impedance analyzer (Solartron SI1260, Ametek,
Inc., Hampshire, UK).
3. Results and discussion

3.1. X-ray diffraction (XRD)

Fig. 1 shows XRD patterns for the sintered Ni0.5−xMgxCu0.05
Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3 and 0.4) ferrite samples. The highest
intensity peak around the diffraction angle (2θ) equal to 411
corresponding to (311) plane confirms the formation of cubic
spinel ferrite. The observed XRD reflections in a pattern match
well with the standard JCPDS File no. 08-0234 (NiZnFe2O4). There
are no additional peaks related to secondary phase found in the
XRD patterns, ensuring phase purity. The observed reflections in
the XRD patterns are strong and sharp, indicating high crystallinity
of the samples. All the structural parameters obtained from the
XRD pattern are discussed in the next paragraph.

Accurate estimation of lattice constant has been done using the
Nelson–Riley (NR) extrapolation method by minimising both
systematic and random errors. The values of the lattice parameter
obtained from each reflected plane were plotted against the NR
function F(θ) [21]:

FðθÞ ¼ 1
2

cos2θ
sinθ

þ cos2θ
θ

� �

A straight line graph was obtained. Extrapolation of the straight
line to F(θ)¼0 or θ¼901 gives an accurate lattice constant. With
Mg substitution the lattice constant increases slightly, indicating
that magnesium enters into the spinel lattice. This is due to the
ionic radii differences of Mg2+ (0.72 Å) and Ni2+ (0.69 Å).

The theoretical X-ray density for the samples having spinel
structure with 8 molecules per unit cell was calculated using the
relation

dtheoretical ¼
8M
Naa3

whereM is the molecular weight, Na is the Avogadro's number and
a is the lattice constant.

The bulk density calculated by considering mass and dimen-
sions of the disc shaped pellets is

dBulk ¼
mass
πr2t

The compositional variation of both theoretical X-ray density
and bulk density is shown in Fig. 2. The X-ray density was
observed to be greater than the bulk density, but both are showing



Fig. 2. Variation in X-ray density and bulk density of Ni0.5−xMgxCu0.05Zn0.45Fe2O4

ferrite with Mg composition.

Table 1
Lattice constant, crystallite size, bulk density, grain size and IR frequency bands of
Ni0.5−xMgxCu0.05Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.

Composition
x

Lattice
Constant
(Å)

Crystallite
size (nm)

Bulk
density
(g/cm3)

Grain
size (nm)

ν1
(cm−1)

ν2
(cm−1)

0.1 8.3820 56 4.1764 72 585 426
0.2 8.4053 62 3.8048 137 584 430
0.3 8.3985 50 3.5121 153 581 433
0.4 8.4141 59 3.4854 219 579 435

Fig. 3. Fourier Transform Infrared spectra of sintered Ni0.5−xMgxCu0.05Zn0.45Fe2O4

(x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.
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decreasing trend with Mg composition. The reason being low atomic
weight of Mg (24.305 amu) compared to Ni (58.6934 amu) and also
density of Mg (1.74 g/cm3) is lower than Ni (8.91 g/cm3) [11].

Average crystallite size (D) for the samples is calculated from
the peak broadening of the highest intensity (311) peak using
Debye–Scherrer's formula

D¼ 0:9λ
βcos θ

where λ is the wavelength of X-rays used (1.78897 Å), β is the full
width at half maximum after applying correction due to instru-

mental broadening
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2FWHM−β

2
o

q
. The instrumental broadening

factor (βo) is 0.071 obtained from the peak width of the coarse
grained silica sample and θ is the Bragg's diffraction angle. The
values of lattice constant, crystallite size, bulk density, grain size
along with the IR frequency bands are presented in Table 1.

3.2. Fourier Transform Infrared spectral analysis (FTIR)

IR spectroscopy is an excellent tool to study the distribution of
the cations in tetrahedral and octahedral sites in the ferrite
system. It is also useful to determine the local symmetry in
crystalline solids, ordering phenomenon in spinels and presence/
absence of Fe2+ ions [22]. IR spectra of the samples showed two
prominent bands ν1 and ν2 (Fig. 3). The higher frequency band ν1 is
assigned to oxygen–tetrahedron and Fe–O stretching vibrations.
The lower frequency band ν2 is assigned to oxygen–octahedron
and O–Fe–O bending vibrations [23]. The frequency bands ν1 and
ν2 are attributed mainly to Fe3+ (A/B)–O2− vibrations because these
ions have the highest valency (+3) in the spinel structure [22]. The
frequency bands ν1 and ν2 for the present samples are in the wave
number range of 585–579 cm−1 and 426–435 cm−1 respectively
with Mg substitution. The change in the band positions of ν1 and ν2
is because of change in the bond length of Fe3+–O2− at tetrahedral
(0.189 nm) and octahedral (0.199 nm) sites respectively [24]. The
bands ν1 and ν2 are varying with Mg substitution since these are
known to be affected by method of preparation, grain size and
sintering temperature [25]. The observed bands (ν1, and ν2) are
broad indicating inverse spinel structure, in which Fe3+ ions are
distributed statistically at tetrahedral and octahedral sites based
on the stoichiometric composition [26]. In addition to these strong
bands there is a weak band observed around 470 cm−1 whose
intensity decreased with Mg substitution. This is attributed to the
presence of Jahn Teller Fe2+ ions in the ferrite samples. The
presence of Fe2+ ions creates non-cubic crystal field potential
which causes splitting of frequency bands [27].

Raghavender et al. [28] also noticed similar type of frequency band
in between ν1 and ν2 absorption bands in IR spectra of NiZnFe2O4

system and they attributed it to the presence of small traces of
α-Fe2O3 (haematite). They confirmed the presence of Fe2O3 by
comparing the observed infrared spectra with pure Fe2O3 spectra.
John Berchmans et al. [11] observed similar type of variations in ν1
and ν2 with Mg substitution in place of Ni and also noticed a
subsidiary frequency band around 471 cm−1, similar to the present
results. Singh et al. [14] studied Ni0.5−xMgxZn0.5Fe2O4 system and
infrared spectral analysis showed two strong peaks along with a low
intensity peak around 470 cm−1 and they attributed it to vibration of
Fe2+–O2− bond at octahedral sites. The band at 470 cm−1 has max-
imum intensity for the sample with x¼0.2 and its intensity decreases
gradually with Mg concentration (x40.2) indicating reduced con-
centration of Fe2+ ions in the samples.

The frequency band ν1 decreases with increasing Mg substitu-
tion. This is due to improved unit cell (a) dimensions resulting in
increased bond length. Whereas the frequency band ν2 increases
with composition due to Mg (0.72 Å) of higher ionic radius
substituted for Ni (0.69 Å) at octahedral sites which pushes Fe3+

towards O2− ions resulting in reduced bond length thereby v2
increases.

3.3. Microstructural analysis

Fig. 4(a), (b), (c) and (d) displays morphology and microstruc-
tures of the Ni0.5−xMgxCu0.05Zn0.45Fe2O4 ferrite samples with
different Mg contents (x¼0.1, 0.2, 0.3 and 0.4, respectively). The
morphology of the sample with x¼0.1 displayed homogeneous



Fig. 4. Microstructures of the sintered Ni0.5−xMgxCu0.05Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.

Fig. 5. Room temperature hysteresis loops for the sintered Ni0.5−xMgxCu0.05Zn0.45-
Fe

2
O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.
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microstructure with small grain size (72 nm) having agglomerated
as well as separated grains. Whereas the sample with x¼0.2
showed polyhedral shaped grains with an average grain size of
137 nm. The microstructure of the sample (x¼0.2) contains closed
pores (not shown) due to the presence of divalent iron ions which
causes discontinuous grain growth. The samples with x¼0.3 and
x¼0.4 have an average grain size of 153 and 219 nm respectively.
The microstructure for the sample with x¼0.3 exhibits well
defined grain boundaries having intergranular porosity with uni-
form grain size distribution. In case of the sample with x¼0.4
there is an increased interaction among the grains. The observa-
tions showed an increased grain size with Mg composition. In
general grain growth takes place mainly due to grain boundary
diffusion since the activation energy for grain boundary diffusion
is less than the lattice diffusion [29]. Swalin et al. [30] studied
diffusion rates of different elements such as Mg, Si, and Mo in host
Ni and found that Mg has low activation energy compared to other
elements. Thus, Mg of low activation energy for diffusion is one of
the reasons for improved grain size. The observations are in good
agreement with the reported results [14].

3.4. Room temperature magnetic properties

Fig. 5 shows room temperature hysteresis loops for the sintered
samples. The magnetic parameters such as saturation magnetisa-
tion (Ms), coercivity (Hc) and remanent magnetisation (Mr)
obtained from the hysteresis loops are shown in Table 2. Hyster-
esis loops demonstrated soft ferrimagnetic nature of the samples
and all the samples attaineded saturation within the limit of
applied magnetic field. Saturation magnetisation Ms is known to
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be affected by both intrinsic (composition) and extrinsic factors
(microstructure) [19]. In general the magnetic ordering in spinels
is due to super exchange interactions among tetrahedral and
octahedral metal ions through oxygen ions. In the present case
as the Mg content increases A–O–B interactions became weak and
hence saturation magnetisation decreases. According to Neel's
molecular field model the AB super exchange interaction predo-
minates the intra sublattice AA and BB interactions. Therefore net
magnetic moment is given by the difference of magnetic moment
of each sublattice i.e. M¼MA−MB [31]. Magnesium of 0 μB mag-
netic moment substituted for Nickel of 2.3 μB both having pre-
ference to occupy octahedral sites (B sites) reduces magnetic
moment of the B sublattice, whereas magnetic moment of tetra-
hedral sublattice (A sites) remains unchanged. Thus, resultant
magnetic moment and hence the magnetisation decreases mono-
tonously with Mg substitution. Besides that increased lattice
constant with Mg substitution causes increased distance among
the cations which reduces AB exchange interactions is another
reason for decreased magnetisation [32].

The intrinsic coercive force showed an increasing trend up to
x¼0.2 composition and decreases thereafter. The coercivity has a
linear relationship with anisotropy constant and according to one
ion model, the anisotropy of ferrites depends mainly on the
amount of highly anisotropic Fe2+ ions in the sample [33]. In the
present system stable divalent Mg ions substituted for Ni which is
having an oxidation states of +2/+3, there may be a chance of Fe2+

ions at B sites in the system at lower concentrations of Mg (or
higher concentration of Ni). As the concentration of Mg increases
Table 2
Saturation magnetisation, coercivity and anisotropy constant of Ni0.5−xMgxCu0.05
Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.

Composition
x

Saturation magnetisation
Ms (emu/g)

Coercivity
Hc (Oe)

Anisotropy constant
K1 (erg/cm3)

0.1 64.4 17 1140
0.2 57.4 23.5 1405
0.3 58.6 18.7 1141
0.4 54.1 8.6 484

Fig. 6. Frequency dispersion of permeability for the sintered Ni0.5−xMg
the concentration of Fe2+ ions at B sites reduces. The IR spectral
data clearly showed reduced intensity of the band at 470 cm−1

with Mg substitution. Kester et al. [34] investigated oxidation
reactions on mixed valence defect spinel ferrites and they found
dependence of magnetic properties such as coercivity on oxidation
states of the elements present in the samples. They observed
improved coercivity when the sample contains cations with
oxidation states of the type Cu1+ and Cu2+, Fe2+ and Fe3+ or Mn3+

and Mn4+. Thus in the present case increase of coercivity up
to x≤0.2 is due to presence of divalent iron ions in the samples.
Anisotropy constant (K1) is determined using the following rela-
tion [35].

K1 ¼
HcM15 kOe

0:96

From the values of anisotropy constant it is concluded that
sample with composition x¼0.2 has highest value compared to
the remaining samples (Table 2). The variation of coercivity for the
samples with x40.2 is in accordance with the grains size. In case
of multidomains coercivity varies inversely with the grain size
[36].

Hc ¼ eþ f
D

where e and f are constants and D is the grain size. Thus the
coercivity of the samples for x40.2 are consistent with the
reported results [37], where they reported dependence of coerciv-
ity on temperature and grain size.

3.5. Frequency dispersion of permeability

Frequency dispersion of permeability for the Ni0.5−xMgxCu0.05
Zn0.45Fe2O4 ferrite samples are shown in Fig. 6. The basic magne-
tisation contribution to the permeability is superposition of domain
wall bulging, domain wall (DW) displacement and spin rotation
magnetisation mechanisms. At low frequency range domain wall
bulging and displacement contributions to the permeability are
dominant. Domain wall bulging is of relaxation type and it depends
on extent of pinning. Domain wall displacement is of resonance
xCu0.05Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.
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type and its frequency increases as the width of the domain wall
reduces [10]. Spin rotation occurs at higher frequency (GHz) since it
is observed in single domain particles where the entire spins in the
particle has to rotate in the applied field direction. In the present
case the grain size is in μm range implies particles are in multi-
domain state and hence the frequency dispersion of permeability
spectra exhibits mixed behaviour of the type relaxation–resonance
similar to the literature report [38]. Magnitude of permeability
depends on saturation magnetisation, anisotropy constant, grain
size and density of the material. The permeability is high for the
sample at x¼0.1 and decreases for x¼0.2 and again increases. The
high value of permeability for the sample x¼0.1 is due to the fact
that at this composition both magnetisation and density are high
compared to all other samples. Compositional variation of perme-
ability is shown in Fig. 7. Low value of permeability for the sample
x¼0.2 may be due to the presence of highly anisotropic divalent
iron (Fe2+) ions in the sample as well as due to porosity. Deka and
Joy [39] discussed that chemical homogeneity, in particular pre-
sence of Fe2+ ions in fine sized grains is one of the factors affecting
the permeability of the ferrites. The presence of these ions increases
the magnetocrystalline anisotropy constant of the ferrites thereby
permeability decreases. Magnetocrystalline anisotropy constant and
magnetic permeability of Mn–Zn–Fe single crystals was studied by
Ohta [40] and showed that permeability of the system reduces
when it contains excess of iron ions (Fe2+) at octahedral sites. They
attributed it to the positive anisotropy constant of Fe2+ ions. After
x¼0.2 composition, the permeability is again raised and is due to
increased grain size with Mg composition. As the grain size
increases with Mg composition the grains are in multidomain state
thereby easy domain wall motion was possible resulting in
increased permeability. A similar type of study on Mg substituted
NiCuZn ferrites prepared through chemical route method showed
improved permeability up to x¼0.18 and thereafter decreased [17].
The frequency dispersion of permeability spectrum shows a peak at
one particular frequency indicating operating/cut off frequency of
the material. The increase of permeability and decrease in cut off
frequency with Mg composition is in good agreement with the
Snoek's law. The observed cut off frequency for the present samples
is higher than the reported NiMgCuZn ferrite system [17]. The
samples exhibit high frequency stability of permeability up to
30 MHz frequency.
Fig. 7. Compositional variation of permeability for the sintered Ni0.5−xMgxCu0.05
Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.
3.6. Dielectric properties

Room temperature dielectric measurements as a function of
frequency are shown in Fig. 8. The dielectric constant was
calculated using the formula

∈′¼ Ct
∈oA

where C is the capacitance of the disc shaped pellet in pF, t is the
thickness of the pellet, ∈o is the permittivity of free space
(8.85�10−12 F/m) and A is the cross-sectional area of the flat
surface of the sample.

Dielectric properties mostly depend on preparation conditions
like sintering temperature, time, type and quantity of additives
[12]. The dielectric constant of all the studied samples is high at
lower frequencies and decreases with frequency and becomes
constant at higher frequency showing normal dielectric constant
behaviour without any peak. This behaviour is attributed to space
charge polarisation due to inhomogeneous microstructure. The
large values of ∈′ at lower frequency are attributed to Fe2+, Cu+1

ions, interfacial dislocation pile ups, oxygen vacancies and grain
Fig. 8. Dielectric constant versus frequency for the sintered Ni0.5−xMgxCu0.05Zn0.45-
Fe

2
O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.

Fig. 9. Compositional variation of dielectric constant of sintered Ni0.5−xMgxCu0.05

Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples at different frequencies.
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boundary defects [41]. The sample with composition x¼0.2 has
the highest dielectric constant compared to all other samples due
to the presence of higher concentration of Fe2+ ions. The presence
of these ions in the sample and their displacement with the
applied electric field is responsible for the polarisation in ferrites
resulting in increased dielectric constant [12]. A shoulder peak
(470 cm−1) in FTIR spectra as discussed earlier confirmed the
presence of divalent iron ions. Dielectric constant with composi-
tion at different frequencies is shown in the Fig. 9.

Fig. 10 shows room temperature ac conductivity curves with
frequency for the samples with x¼0.1, 0.2, 0.3 and 0.4. All the
samples showed increase in conductivity with frequency since as
the applied frequency increases, probability for jumping of electron
through Fe3+/Fe2+ ions increases. The ac conductivity of the samples
were calculated from dielectric parameters using the formula

sac ¼∈o∈′tan δ ω

where tan δ is the dielectric loss factor and ω is the applied frequency.
Conduction mechanism in ferrites is mainly due to the hopping of
electrons between iron ions which are existed in different oxidation
states. The observations showed both ac conductivity and dielectric
constant have similar trend with increasing Mg substitution confirm-
ing linear relationship between them. The highest value of
Fig. 10. AC conductivity versus frequency for the sintered Ni0.5−xMgxCu0.05Zn0.45-
Fe

2
O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.

Fig. 11. Dielectric loss factor tan δ versus frequency for the sintered Ni0.5−xMgx
Cu0.05Zn0.45Fe2O4 (x¼0.1, 0.2, 0.3, and 0.4) ferrite samples.
conductivity for the sample with x¼0.2 provides evidence for the
existence of divalent iron ions at that particular Mg content.

Fig. 11 shows variation of dielectric loss factor tan δ for the
samples as a function of frequency at room temperature. It is
observed that tan δ showed similar trend as that of dielectric
constant with frequency. The loss factor has high values at low
frequencies for each composition, since the applied frequency is
smaller than the hopping frequency, thus electrons follow the field
and hence the loss is maximum whereas at higher frequencies the
electrons lag behind the field and the loss was minimum [42].
4. Conclusions

Mg substituted NiCuZn ferrite with x¼0.1, 0.2, 0.3 and 0.4 sam-
ples were prepared successfully through sol–gel method using
polyvinyl alcohol as a chelating agent. All the samples showed
single phase cubic spinel structure with increased grain size as a
function of Mg substitution. The IR frequency band signals the
presence of divalent iron ions in the samples and the band
intensity reduces with Mg composition. Saturation magnetisation
showed decreasing trend with Mg substitution for Ni. The intrinsic
coercivity has maximum at x¼0.2 due to presence of Fe2+ ions and
decreases after that. Dielectric properties of the samples showed
normal ferrimagnetic behaviour with maximum value of dielectric
constant for the sample at x¼0.2. The initial permeability is
maximum for the sample x¼0.1. Mg substituted for Ni manifested
improved microstructure and permeability and reduced dielectric
losses at higher frequencies.
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