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Abstract

The structural and electrical properties of magnesium-substituted nickel ferrite having the general formula of

Ni1�xMgxFe2O4 (x=0, 0.3, 0.6, 0.9) has been studied as a function of magnesium ion concentration. The materials have

been prepared by citrate gel process using metal nitrate salts as a cation precursors and citric acid as gelating agent. The

powder X-ray diffraction pattern confirms fcc structure for the synthesized compound. The variation of lattice

parameter and the tetrahedral radius increases with increase in Mg2+ ion concentration. The AC electrical parameters

such as dielectric constant (e0) and loss tangent (tan d) for all the systems have been studied as a function of frequency in
the range 50Hz to 10 kHz at room temperature. A maximum DC electrical conductivity of 3.3 S cm�1 was obtained at a

temperature of 1000�C and a AC electrical conductivity of 10.94� 10�6at 10 kHz was observed in the composition
x ¼ 0:6 i.e. for Ni0.4Mg0.6Fe2O4 compound which may be due to the maximum Fe

2+ concentration in the octahedral

sites. The dielectric constant follows the Maxwell’s–Wagner interfacial polarization and the relaxation peaks were

observed in the dielectric loss properties. The FTIR spectra show the characteristic peaks of ferrite sample. The

morphological features were studied using scanning electron microscope.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mixed metallic oxides especially spinels having
the general formula AB2O4 are very promising
materials for technological important applications.
Spinel type ferrites are commonly used in many
electronic and magnetic devices due to their high
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magnetic permeability and low magnetic losses
[1,2], and also used in electrode materials for high
temperature applications because of their high
thermodynamic stability, electrical conductivity,
electrocatalytic activity and resistance to corrosion
[3,4].
NiFe2O4 possesses an inverse spinel structure is

a well known magnetic material which has been
studied in detail due to their combined properties.
Several researchers have studied the structural,
electrical and electrochemical properties of pure
d.
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NiFe2O4 synthesized by conventional ceramic
method [5], sol–gel method [6], co-precipitation
method [7], self- propagating high temperature
synthesis [8] and high energy milling method [9].
Many attempts have been made to study the struc-
tural [10–13] magnetic [14–16], dielectric [17–18]
and electrical [19,20] properties of rare earth and
transition elements substituted in A-site or B-site
of NiFe2O4. Detailed work has not been carried
out on the substitution of NiFe2O4 with Mg

2+ ion
[21]. Hence, considering the importance of the
substituted NiFe2O4 as an electrode material, the
synthesis, structural, electrical properties of
Ni1�xMgxFe2O4 have been highlighted. Among
the preparative routes the citrate gel process [22]
has several potential advantages over the other
methods for achieving homogeneous mixing of the
compounds on the atomic scale, lower processing
temperature, high purity of the synthesized mate-
rials, and good control of stoichiometry, desired
particle size distribution with high surface area
and better sinterability.
The present work deals with the synthesis of

Ni1�xMgxFe2O4 (x=0, 0.3, 0.6, 0.9) particles via
citrate gel process. The phase formation of the
synthesized material has been confirmed by
X-ray diffraction and Fourier transform infrared
spectroscopy. The AC and DC electrical
properties were studied and the powder character-
istics were investigated by scanning electron
microscope.
2. Experimental

Magnesium substituted nickel ferrite was pre-
pared using citrate gel process with appropriate
amounts of high purity nickel nitrate, magnesium
nitrate, ferric nitrate and citric acid as starting
materials. The stoichiometric redox reactions
between metal nitrates and citric acid to produce
1 mol of NiFe2O4 would require 3:1 molar ratios
as calculated from the following equation:

NiðNO3Þ2 � 6H2Oþ 2FeðNO3Þ3 � 9H2O

þ C6H8O7 �H2O-NiFe2O4

þ 29H2Oþ 4N2 þ 6CO2 þ 5:5O2: ð1Þ
The desired quantities of nitrate salts were
dissolved in triple distilled water and required
amounts of citric acid were added as chelating
agents. Dilute aqueous ammonia was poured
slowly into the nitrate–citrate mixture to adjust
the pH to 6.5. The mixed solution was heated at
about 100�C for 5 h with uniform stirring and
evaporated to obtain a highly viscous gel denoted
as precursors. The obtained gel was placed in a hot
plate maintained at a temperature 300�C, the gel
was swelled and ignited with an evolution of large
amounts of gaseous products, resulting the desired
ferrite in the form of foamy powder. The powder
was then pressed at a pressure of 3.5 tons/cm2 into
1 and 2.5 cm diameter pellets compacted under
identical conditions. The pellets were sintered at
1000�C in air for 50 h.
The frequency variations of AC conductivity of

all samples were carried out at room temperature
from 50Hz to 10 kHz with the help of computer-
ized LCRTZ systems (VLCRTZ1P-model). For
better ohmic contact silver paste was applied to
both surfaces of the pellet, before being sand-
wiched between the two electrodes of sample
holder.
DC electrical conductivity was measured as a

function of temperature for the sintered specimens
using the modified four-probe method. The
crystalline phases of the prepared powders were
identified by powder X-ray diffraction technique
using a X-ray diffractometer Cu-Ka radiation
(l ¼ 0:1542 nm). The FTIR spectra of the samples
were recorded as KBr discs in the range 400–
1000 cm�1 by using FTIR-Perkin Elmer, UK
Paragon-500. Scanning electron microscopy
images (SEM) were made using a JEOL (JSM-
3.5 CF) instrument.
3. Results and discussion

3.1. Synthesis

Citric acid is a weak acid and has three
carboxylic and one hydroxyl group for coordinat-
ing metal ions and therefore enhances the homo-
geneous mixing. During water dehydration it
suppresses the precipitation of metal nitrates.
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Because it has electronegative oxygen atoms
interacting with electropositive metal ions. There-
fore at a relatively low temperature the precursors
can form a homogeneous single phase. The
ammonia is used to adjust the pH for improving
the complexation, gel formation and also to
improve the solubility of metal ions [23].

3.2. Structural properties

Fig. 1 represents the X-ray powder diffraction
patterns of synthesized samples Ni1�xMgxFe2O4
(x=0, 0.3, 0.6, 0.9). All the samples can be indexed
Fig. 1. XRD pattern of Ni1�xMgxFe2O4. (a) x ¼ 0; (b) x ¼ 0:3;
(c) x ¼ 0:6; (d) x ¼ 0:9:
as the single-phase cubic spinel structure. The
calculated lattice constant (a) values of NiFe2O4
(x ¼ 0) and Ni0.1Mg0.9Fe2O4 (x ¼ 0:9) are 0.833
and 0.838 nm, respectively, which agree with the
reported values [8,24]. The intensities of the (2 2 0),
(4 4 0) and (5 1 1) planes are more sensitive to the
cations on tetrahedral, octahedral and the oxygen
ion parameters respectively [25,26]. As reported
earlier Mg2+ ions have a strong preference to
occupy B sites and partially occupy A sites [27]
while Ni2+ions occupy only B sites [28]. Table 1
shows the observed intensities of the above three
planes. It can be observed that the intensity of the
(4 4 0) plane decreases with the addition of Mg2+

ion concentration, which infers that the Ni2+ has
preferentially occupied the B site, i.e. the octahe-
dral site on the (4 4 0) plane. Since the NiFe2O4 is
established to be an inverse spinel structure. The
intensity of (2 2 0) plane increases by the contin-
uous addition of Mg2+ ions indicating the
preferential occupation of A sites. This trend has
not been observed for Ni0.1Mg0.9Fe2O4 owing to
the occupation of Mg2+ ions at B-sites also, which
leads to migration of Fe3+ ions from B-sites to A-
sites. This structural behavior is similar to
MgFe2O4 having an inverse spinel in which
Mg2+ ions occupy B sites [29].
Fig. 2 shows the variation of lattice constant (a)

with increase in Mg2+ ion concentration (x). It can
be seen that there is an increase of lattice constant
with Mg2+ion concentration due to the difference
in ionic radii (Ni2+=0.69 (A, Mg2+=0.66 (A,
Fe3+=0.64 (A).
Fig. 3 represents the variation of tetrahedral

radius with increase in Mg2+ concentration,
calculated by the following equation:

rtet ¼ ð1� xÞrtet;Fe3þ þ ðxÞrtet;Mg2þ : ð2Þ
Table 1

Intensity values of hkl planes

Ni1�xMgxFe2O4 I220 I440 I511

x ¼ 0:0 43 64 44

x ¼ 0:3 44 47 40

x ¼ 0:6 48 41 35

x ¼ 0:9 40 38 35
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Fig. 3. Tetrahedral radius vs. Mg2+ concentration for

Ni1�xMgxFe2O4.

Fig. 4. X-ray density vs. Mg2+ concentration for

Ni1�xMgxFe2O4:

Fig. 5. FTIR pattern of Ni1�xMgxFe2O4. (a) x ¼ 0; (b) x ¼ 0:3;
(c) x ¼ 0:6; (d) x ¼ 0:9:

Fig. 2. Lattice constant vs. Mg2+ concentration for

Ni1�xMgxFe2O4:
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A linear variation is noticed with substitution of
NiFe2O4 with Mg

2+ ions.
Fig. 4 explains the variation of X-ray density

with influence of Mg2+ ion concentration. The X-
ray density of the samples has been calculated
from the lattice parameters using the formula

Dh k l ¼
8M

Na3
; ð3Þ
where M is the molecular weight of the sample; N

the Avogadro’s number and a the lattice para-
meter of the sample.
From the figure it can be seen that the X-ray

density decreases with increase in Mg2+ ion content.
This may be due to the fact that the density of
Mg atom is 1.74 g/cm3 which is lower than that
of Ni atom 8.91 g/cm3 as well as the atomic
concentration of Mg is less (4.3� 1022 cm�3)
compared with Ni concentration (9.14� 1022 cm�3)
[30].
The FTIR spectra for the Ni1�xMgxFe2O4

(x=0, 0.3, 0.6, 0.9) system were recorded in the
range 400–1000 cm�1, which are shown in Fig. 5.
The spectra show two main absorption bands n1
and n2 corresponding to the stretching vibration of
the tetrahedral and octahedral sites around 600
and 400 cm�1, respectively. The spectra for pure
NiFe2O4 show the splitting of absorption bands.
The band u�2 at 419.66 cm

�1 has a subsidiary band
v02 at 471.87 cm

�1. This subsidiary may be due to
the Jahn–Teller distortion produced by Fe2+ ions
which has been reported earlier [31]. The spectra
also show a change in shift due to the introduction
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Table 2

FT–IR parameters

Sites Band (cm�1) X ¼ 0 0.3 0.6 0.9 Me–O2�

Tetrahedral g�1 613.54 601 591.78 585.41 Fe3+–O2�

Octahedral g�2 419.66 429.01 432.31 434.34 Ni–O

gsh 471.87

Threshold frequency gth 450 460 470 485

Threshold energy Eth (eV) 0.0563 0.0575 0.0588 0.0607

Fig. 6. Plot of dielectric constant vs. frequency for

Ni1�xMgxFe2O4 (’) x ¼ 0; (K) x ¼ 0:3; (m) x ¼ 0:6; (J) x ¼
0:9:
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of Mg2+ ions. The tetrahedral site bands are
shifted from higher band values to lower band
values i.e. 613.54 to 585.41 cm�1, which can be
attributed to the shifting of Fe3+ ions towards
oxygen ion on occupation of tetrahedral site by
Mg2+ ions with larger ionic radii, which decreases
the Fe3+–O2� distance [32]. The octahedral site
bands are shifted from lower to higher values. i.e.
419.66 to 434.74 cm�1. Table 2 shows the band
values and the corresponding metal ions. The
observed values illustrate that the frequency bands
appeared at 417 and 604 cm�1are responsible for
the formation of NiFe2O4 [33].

3.3. Electrical properties

In general the electrical properties of the ferrite
materials depend upon the method of preparation,
chemical composition, grain size and sintering
temperature. Fig. 6 illustrates the frequency
dependence of the dielectric constant of synthe-
sized materials of Ni1�xMgxFe2O4 (x=0, 0.3, 0.6,
0.9). It can be seen that all the samples show the
frequency-dependent phenomena i.e. the dielectric
constant decreases with increasing frequency. This
is a normal behavior observed in most of the
ferrimagnetic materials, which may be due to the
interfacial polarization as predicted by Maxwell–
Wagner [34]. According to Maxwell–Wagner
model, the dielectric structure of a ferrite material
is assumed to be made up of two layers. First layer
being a conducting layer consists of large ferrite
grains and the other being grain boundaries are
poor conductor. This bi-layer formation is resulted
by high temperature sintering. The polarization
results in an electronic exchange between the
ferrous and ferric ions, which produce local
displacements in the direction of applied external
fields. Similarly the Ni3+3Ni2++e+ gives the
hole concentration in the octahedral sites which
produce the local displacements in the opposite
direction of the applied fields. These displacements
determine the polarization as well as the dielectric
properties. The observed behavior of dielectric
constant decrease with increase in frequency is due
to the fact that above certain frequencies the
electronic exchange between the ferrous and ferric
ions does not follow the applied field. The
compositional dependence of dielectric constant
is also shown in Fig. 6. Among all the specimens
the lower dielectric constant value is observed for
the Ni0.1Mg0.9Fe2O4 sample, because of the
unavailability of ferrous and ferric ions in the
octahedral sites, which are preferentially occupied,
by Mg2+ ions.
Fig. 7 shows the variation of loss tangent with

frequency for the samples of Ni1�xMgxFe2O4
(x=0, 0.3, 0.6, 0.9). It can be seen that an
abnormal dielectric behavior was observed for all
the samples because the dielectric relaxation peaks
are resulted at a frequency of 2 kHz. According to
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Fig. 7. Plot of loss tangent vs. frequency for Ni1�xMgxFe2O4
(’) x ¼ 0; (K) x ¼ 0:3; (m) x ¼ 0:6; (J) x ¼ 0:9:

Fig. 8. Plot of AC conductivity vs. frequency for Ni1�xMgxFe2O4
(’) x ¼ 0; (K) x ¼ 0:3; (m) x ¼ 0:6; (J) x ¼ 0:9:

Fig. 9. Plot of DC conductivity vs. temperature for Ni1�xMgx

Fe2O4 (’) x ¼ 0; (K) x ¼ 0:3; (m) x ¼ 0:6; (J) x ¼ 0:9:

Fig. 10. (a) Plot of activation energy vs. Mg2+ ion concentra-

tion. (b) Plot of sp. conductivity vs. Mg2+ ion concentration.
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Rezlescu model the relaxation peaks may be due to
the collective contribution of both p and n type of
charge carriers [35]. The electronic exchange
between Fe3+3Fe2+ and hole transfer between
Ni2+3Ni3+ in octahedral sites are responsible
for such behaviors. Furthermore the jumping
frequencies of localized charge carriers are almost
equal to that of the applied AC electric field.
The frequency dependence of AC electrical

conductivity of all the samples is shown in
Fig. 8. It is observed that the AC conductivity
increases with increasing applied frequency. Since
the increase in frequency enhances the hopping
frequency of the charge carriers Fe2+ and Fe3+,
the conduction is increased. The conduction
mechanism of ferrite is explained on the basis of
hopping of charge carriers between the Fe2+ and
Fe3+on the octahedral sites. The compositional
dependence on AC conductivity also increases
with the addition of Mg2+ ion in various molar
proportions except Ni0.1Mg0.9Fe2O4.
The relationship between DC conductivity and
temperature is shown in Fig. 9. It can be seen that
the DC electrical conductivity of the samples
increases with the increase in temperature. As the
temperature increases the mobility and concentra-
tion of the charge carriers increases, therefore the
conductivity increases steadily up to 800�C,
after which sudden surge in conductivity is
observed due to hopping of electrons. Moreover
at lower temperature the deleterious effect of some
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impurities may reduce conductivity, but at higher
temperature this influence becomes negligible.
Hence there are two activation energies represent-
ing two conducting mechanism. Increase in Mg2+

ions concentration also enhances the conductivity
up to x ¼ 0:6: The conduction mechanism of
nickel ferrite can be explained by the following
redox reactions:

Fe2þ3Fe3þ þ e�; ð4Þ

Ni3þ3Ni2þ þ eþ: ð5Þ

Combining these two equations

Ni2þ þ Fe3þ3Ni3þ þ Fe2þ: ð6Þ

Nickel ferrite has an inverse spinel structure and
the cation distribution is as follows (Fe3+)A
Fig. 11. SEM micrographs of Ni1�xMgxFe2O4. (a
[Ni2+Fe3+]B O4. As the concentration of Mg
2+

ion in the synthesized material increases some of
the Mg2+ ions may occupy tetrahedral sites,
resulting a migration of Fe3+ ions into octahedral
sites. The increase in concentration of Fe3+ ions at
B-sites increases the hopping rate of electrons,
which in turn enhances the conductivity to
maximum (3.3 S cm�1 at x ¼ 0:6). In contrast,
the lower specific conductivity of 0.8 S cm�1

obtained for the specimen Ni0.1Mg0.9Fe2O4 may
be due to the unavailability of ferrous and ferric
ions at B-sites.
Fig. 10 represents the variation of activation

energy and specific conductivity measured at
1000�C with Mg2+ ion concentration. From the
figure it is found that the activation energy
decreases with the increase in concentration of
) x ¼ 0; (b) x ¼ 0:3; (c) x ¼ 0:6; (d) x ¼ 0:9:
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Mg2+ ions up to x ¼ 0:6; whereas in the case of
x ¼ 0:9 the activation energy is at its maximum
causing a lower conductivity. In Ni0.4Mg0.6Fe2O4
the activation energy will be decreased because the
energy required for electron hopping between
Fe2+ and Fe3+ is lower, which corresponds to
high conduction.
Fig. 11a–d depicts the scanning electron micro-

graphs of the Ni1�xMgxFe2O4 (x=0, 0.3, 0.6, 0.9)
samples. These micrographs reflect agglomerated,
well-defined particles with inhomogeneous grain
size distribution. An enlarged mass of compound
formation was observed due to the influence of
magnesium ions.
4. Conclusion

In the present study, the mixed ferrites
Ni1�xMgxFe2O4 have been successfully synthesized
by citrate gel process. The presence of Mg2+ ions
causes appreciable changes in the structural and
electrical properties of the substituted NiFe2O4. The
X-ray powder diffraction patterns reveal fcc struc-
ture for the synthesized materials. The FTIR
pattern shows the characteristic peaks of ferrite
system. A semiconductor behavior is inferred in the
samples, as observed from the electrical conductiv-
ity measurements. Similarly ultra fine crystals are
revealed from the SEM studies.
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