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a  b  s  t  r  a  c  t

Nanocrystalline  ferrite  materials  having  the  general  formula  Ni0.7Zn0.3Fe2−xAlxO4 (0.0  ≤  x  ≤ 0.5)  have  been
synthesized  by citrate-gel  auto combustion  method  and  characterized  using  X-ray  diffraction  (XRD),
energy  dispersive  X-ray  (EDX),  field  emission  scanning  electron  microscopy  (FE-SEM),  dc  magnetization,
dielectric  and  impedance  spectroscopy  measurements.  XRD  studies  confirm  that  all  the  samples  show
single phase  cubic  spinel  structure.  The  crystallite  size  of  Ni0.7Zn0.3Fe2−xAlxO4 (0.0  ≤  x  ≤ 0.5)  nanopar-
ticles calculated  using  the  Debye–Scherrer  formula  was found  in the  range  of 13–17  nm.  The  value
of  lattice  parameter  ‘a’ is found  to decrease  with  increasing  Al3+ content.  EDX  patterns  confirm  the
compositional  formation  of the  synthesized  samples.  FE-SEM  micrographs  show  that  all  the  samples
have  nano-crystalline  behavior  and  particles  show  spherical  shape.  The  variation  of dielectric  prop-

′ ′′
oss tangent
EM
agnetism

erties  ε ,ε , and  tan  ı with  frequency  shows  the  dispersion  behavior  which  is  explained  in  the  light
of  Maxwell–Wagner  type  of  interfacial  polarization  in  accordance  with  the Koop’s  phenomenological
theory.  The  dc magnetization  studies  infer  that  magnetic  moment  of  Ni0.7Zn0.3Fe2−xAlxO4 (0.0  ≤ x ≤ 0.5)
nanoparticles  was found  to decrease  with  Al doping.  Impedance  spectroscopy  techniques  have  been
used  to  investigate  the  effect  of  grain  and  grain  boundary  on  the  electrical  properties  of  the  synthesized

compounds.

. Introduction

During the last few decades, ferrites have achieved a primary
osition of economic and engineering importance within the family
f magnetic materials because of their excellent physical prop-
rties. Practically all TV sets have ferrite cores in the fly back
ransformers, while portable radios make use of a pencil of fer-
ite as an antenna core. Long distance carrier telephone circuits are
mploying ferrite cores in high quality filter coils and transformers.
arious physical properties of nanocrystalline ferrites are highly

nfluenced by distribution of cations among the sub lattices, nature
f grain (shape, size, and orientation), grain boundaries, voids, in
omogeneities, surface layers, contacts, etc. [1–3]. The information
bout the associated physical parameters of the microstructural
omponents is important; since, the overall property of the mate-

ials is determined by these components. Progresses in the use
nd development of new ferrites have been rapid as compared
o other areas of research [4–9]. One important characteristic of

∗ Corresponding author. Tel.: +91 9359380185.
E-mail address: md.hashim09@gmail.com (Mohd. Hashim).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.08.096
© 2011 Elsevier B.V. All rights reserved.

ferrites is their high values of resistivity and low eddy current
losses [10–13],  which make them ideal for high frequency appli-
cations. For microwave applications, the dielectric properties such
as dielectric constant and dielectric loss are very important as the
dielectric constant affects the thickness of microwave absorbing
layer and the dielectric loss factor (tan ı) of a material deter-
mines dissipation of the electrical energy. This dissipation may  be
due to electrical conduction, dielectric relaxation, dielectric reso-
nance and loss from non-linear processes. Recently, Kumar et al.
have reported that ferrites also behave like multiferroics [14]. The
major interest in the synthesis of uniform magnetic nanocrystals
with controllable size and their physical properties has stimulated
a search for general schemes to prepare high-quality magnetic
nanocrystals of varying compositions. There are many researchers
who studied the magnetic properties of nickel–zinc ferrites but
for the nonmagnetic properties such as electrical conductivity and
dielectric properties are seldom reported.

In this work, chemical-route technique has been chosen for

the synthesis of Ni0.7Zn0.3Fe2−xAlxO4 (0.0 ≤ x≤0.5) nanoparticles.
Various techniques such as; XRD, FE-SEM, dc magnetization,
dielectric and impedance spectroscopy measurements have been
used to study their structural, magnetic and electrical properties.

dx.doi.org/10.1016/j.jallcom.2011.08.096
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:md.hashim09@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.08.096
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tructural studies infer that all the samples have single phase cubic
pinel structure and lattice parameters decreases with increase in
l content. The saturation magnetization calculated from magnetic
ysteresis loop was found to decrease with increase in Al dop-

ng. FE-SEM micrographs show the nanocrystalline behavior of the
amples. Evaluation of electrical conductivity reveals a wealth of
nformation as regards the usefulness of these materials for vari-
us applications. Moreover the study of dielectric sheds light on the
ehavior of charge carriers under the ac field, their mobility and the
echanism of conduction.

. Experimental

Nanoparticles of Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite were prepared by
sing citrate gel auto combustion method. The chemical reagents used in this
ork were Ni (NO3)26H2O, Zn (NO3)2·6H2O, Fe (NO3)3·9H2O and Al (NO3)3·9H2O

s starting materials. All the chemicals were of analytical grade. We  use citric acid
(OH)(COOH)(CH2·COOH)2·H2O (M.W.210.14) in this method because citric acid

s  a weak acid and has three carboxylic and one hydroxyl group for coordinating
etal ions and therefore enhances the homogeneous mixing. Citric acid helps for the

omogenous distribution and segregation of the metal ions. During water dehydra-
ion, it suppresses the precipitation of metal nitrates because it has electronegative
xygen atoms interacting with electropositive metal ions. Therefore, at a relative
ow  temperature the precursors can form a homogenous single phase. The ammo-
ia is used to adjust the pH for improving the complication, gel formation and also
o  improve the solubility of metal ions. Metal nitrates taken in the required stoi-
hiometric ratio were dissolved in a minimum amount of distilled water and mixed
ogether. The mixed metal nitrate solution was then added to the citric acid solution
n  1:1 molar ratio. The pH value of the clear solution thus obtained was unity. Analyti-
al  grade liquor ammonia (30%) was then added drop-wise under constant stirring in
rder to reach the pH of the solution up to 6. The resulting solution was  continuously
eated on the magnetic stirrer at 70 ◦C in order to allow gel formation. The gel so

ormed is kept in an air oven at 100 ◦C for 36 h in order to remove the adsorbed water
15].  During this process the gel swells into a fluffy mass, which eventually breaks
nto  brittle flakes. This precursor powder was then calcined at 600 ◦C for 8 h to obtain
nal product. The rate of heating and cooling was maintained 10◦/min. The resultant
owders were grind into fine particles using an agate mortar and pestle. The struc-
ural characterization of all samples was carried out by Rigaku X-ray diffractometer
Rigaku Miniflex II) using the CuK� radiation (wavelength � = 1.5406 Å). Field emis-
ion scanning electron microscopy (FE-SEM) images were obtained using a TESCAN,
IRA II LMH  microscope. The composition was determined by energy dispersive
-ray spectroscopy (EDX, Inca Oxford, attached to the FE-SEM). For the FE-SEM and
DX measurements, the nanoparticles of Ni0.7Zn0.3Fe2−xAlxO4 (0.0 ≤ x ≤ 0.5) ferrite
ere dispersed homogeneously in ethanol using ultrasonic treatment. A minute
rop of nanoparticles solution was cast on to a glass slide followed by subsequently
rying in air before transfer it into the microscope. The dielectric and impedance
pectroscopy measurements were carried out using LCR HI-Tester (HIOKI3532-50)
t  room temperature in the frequency range from 42 Hz to 5 MHz. Shielded test
eads were used for the electrical connections from the LCR meter to the sample in
rder to avoid any parasitic impedance. The samples were made in the form of cir-
ular pellets. Before starting the measurements the samples were heated at 100 ◦C
or  1 h, so as to homogenize the charge carriers and to remove the moisture con-
ent  therein. The surface of the disks was coated on adjacent faces with silver paste,
hereby forming parallel plate capacitor geometry.

The value of real dielectric constant (ε′) has been calculated using the following
elation:

′ = cp × t

ε0A
(1)

here ε0 = 8.85 × 10−14 F/cm, known as permittivity of the free space, t is the thick-
ess of pellets, A is the cross sectional area of the flat surface of the pellets and cp

s the capacitance of the pellet in (F). The imaginary dielectric constant has been
alculated by the relation:

′′ = ε′ tan ı (2)

here tan ı is the dielectric loss tangent which is proportional to the ‘loss’ of energy
rom the applied field into the sample (in fact this energy is dissipated into heat)
nd  therefore denoted as dielectric loss.

The loss tangent has been calculated from the following relation:

an ı = 1
(3)
2�fε0ε′�

ere f is the frequency of the applied field and � is the resistivity. The mag-
etic measurements were performed using Quantum design physical properties
easurement system (PPMS 6000).
Fig. 1. X-ray diffraction pattern of Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite
nanoparticles.

3. Results and discussion

Fig. 1 highlights the XRD patterns of Ni0.7Zn0.3AlxFe2−xO4
(0.0 ≤ x ≤ 0.5) ferrite nanoparticles. It can be clearly seen from Fig. 1
that all samples exhibit single phase cubic spinel structure and
exclude presence of any undesirable secondary phase. Moreover,
the broadening of the XRD peaks indicate that Ni0.7Zn0.3AlxFe2−xO4
(0.0 ≤ x ≤ 0.5) ferrite have nano-crystalline behavior. The crystallite
size Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles was
calculated from the most intense peak (3 1 1) of XRD data using
Debye Scherrer formalism:

t = 0.9�

 ̌ cos �
(4)

where  ̌ = (ˇ2
M − ˇ2

i
)
1/2

. Here � is X-ray wavelength (1.54 Å for Cu
K�), ˇM and ˇi are the measured and instrumental broadening in
radians respectively and � is the Bragg’s angle in degrees. The calcu-
lated value of particle size was found to increase from 13 to 17 nm
(see Table 1) with Al doping, which implies that Al doping favor the
particle growth. The lattice parameters calculated using Powder-X
software was  found to decrease from 8.516 Å to 8.385 Å (see Table 1)
with increase in Al3+ content. The values of the lattice parameters
observed in Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparti-
cles are in good agreement with the reported value for cubic spinel
ferrites [16,17]. The decrease in lattice parameters with increase in
Al3+ doping can be explained on the basis of difference in the ionic
radii of Fe and Al ions, since, the ionic radius of Al3+ ion (0.57 Å)
is smaller than that of Fe3+ ion (0.67 Å). The variation in the X-ray
density (theoretical density) and apparent density (experimental

3+
density) with Al ion concentration is shown in Table 1. It is clear
from the table that the X-ray density decreases with the increase
of Al3+ ion concentrations. This can be explained on the basis of
the fact that the density and the atomic weight of the Al atoms
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Fig. 2. Field emission scanning electron micrographs

2.70 and 26.981 g/cm3), which are less than that of Fe atoms (7.86
nd 55.847 g/cm3). The apparent density of the same composition
eflects the same general behavior as that of the X-ray density. The
-ray density is higher than the apparent density. This may be due

o the existence of pores in the sample, which depends upon the sin-
ering conditions. Table 1 also shows the variation of the porosity of
amples with composition. The porosity of the samples increases
ith composition; this may  be due to the lower density of Al3+

ons. The increase in porosity is also explained on the basis of the
rystallite size.

Fig. 2 shows the FE-SEM micrographs of Ni0.7Zn0.3AlxFe2−xO4
0.0 ≤ x ≤ 0.5) ferrite nanoparticles. It can be seen from the

icrographs that all samples are composed of nano crystallite.
icrographs also show the uniform grain growth with Al substitu-
ion and a decrease in porosity. It is clear from the micrographs that
ll the samples have the spherical shape crystallite with agglomera-
ion and highly dense clusters are found with increasing the doping
oncentration. The chemical compositions of Ni0.7Zn0.3AlxFe2−xO4

able 1
tructural properties of Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles.

Composition Lattice parameter (Å) Density (g/cm3) 

(Dtho) 

x = 0.0 8.516 3.707 

x  = 0.1 8.508 3.655 

x  = 0.2 8.472 3.639 

x  = 0.3 8.440 3.617 

x  = 0.4 8.406 3.596 

x  = 0.5 8.385 3.575 
.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles.

(0.0 ≤ x ≤ 0.5) ferrite nanoparticles have been calculated by EDX.
Fig. 3 shows the EDX pattern for the various compositions of
Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles. The peaks
of the elements Fe, Ni, Zn, Al and O were observed and have
been assigned. Peaks other than Fe, Ni, Zn, Al and O are from
the glass slide. Since for EDX measurements the nanoparticles of
Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite were dispersed on glass
slide. The calculated percentage of Ni/Zn value matches well with
the amount of Ni/Zn used in the respective precursors. The EDX pat-
tern confirmed the homogeneous mixing of the Ni, Zn, Fe, Al and O
atoms in pure and doped ferrite samples. The observed composition
is almost equal to that of the sample produced by stoichiometric
calculations.

Fig. 4(a) and (b) shows the variation of real and imaginary part

of the dielectric constant of Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) fer-
rite nanoparticles in the frequency range from 42 Hz to 5 MHz
at room temperature. During the process of preparation of fer-
rites in polycrystalline form, the formation of grains with high

Porosity (%) Crystallite size (nm)

(Dexp)

2.755 25.68 17.090
2.678 26.73 15.164
2.625 27.86 15.808
2.599 28.14 13.430
2.573 28.73 15.795
2.547 28.75 13.449
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Fig. 3. EDX pattern of Ni0.7Zn0.3AlxF

onductivity takes place, these grains are separated by thin layers
hich exhibit poor conduction and thus they behave as hetero-

eneous dielectric materials. In addition to this, generation of Fe2+

ons from Fe3+ ions also occurs. Generally at low frequencies (in kHz
egion), the value of dielectric constant (ε) ranges approximately in
he order of 104–106. Hence, ferrites are good dielectric materials.
he value of both real and imaginary part of dielectric constant is
uch higher at lower frequencies. It decreases with the increase of

requency. At very high frequencies, its value becomes so small that
t becomes independent of frequency as prescribed [18]. The vari-
tion in dielectric constant may  be explained on the basis of space
harge polarization which is produced due to the presence of higher
onductivity phases (grains) in the insulating matrix (grain bound-
ries) of a dielectric produces localized accumulation of charge
nder the influence of an electric field as demonstrated [19]. The
ssembly of space charge carriers in a dielectric takes a finite time
o line up their axes parallel to an alternating electric field. If the
requency of the field reversal increases, a point is reached where
he space charge carriers cannot keep up with the field and the
lternation of their direction lags behind that of the field as said
19]. Decreasing order of dielectric constant with increasing fre-
uency can be explained on the basis of Maxwell and Wagner two

ayer model. According to this model [20,21], space charge polar-
zation is because of inhomogeneous dielectric structure of the

aterial. It is formed by large well conducting grains separated

y thin poorly conducting intermediate grain boundaries. Rabinkin
nd Novikova [22] pointed out that polarization in ferrites is a sim-
lar process to that of conduction. The electron exchange between
e2+ ↔ Fe3+ results the local displacement of electrons in the
(0.0 ≤ x ≤ 0.5) ferrite nanoparticles.

direction of applied field that determines the polarization. Polar-
ization decreases with the increase in value of frequency and then
reaches a constant value. It is due to the fact that beyond a cer-
tain frequency of external field, the electron exchange between
Fe2+ ↔ Fe3+ cannot follow the alternating field. It is because of the
predominance of species like Fe2+ ions, oxygen vacancies, grain
boundary defects, interfacial dislocation pile ups, voids, etc. [21,23].
The decreasing trend in dielectric constant with the increase in fre-
quency is natural due to the fact that any species contributing to
polarizability is found lagging behind the applied field at higher
frequencies [24].

The variation in dielectric loss with frequency is shown in Fig. 5.
From the figure it is clear that dielectric loss shows the abnor-
mal  behavior for all the samples. The initial decrease of tan ı with
increasing frequency can be explained on the basis of Koop’s phe-
nomenological theory of dielectrics. A maximum value of loss
tangent at a certain frequency can be observed when (ε) has a mini-
mum  value, i.e., a minimum stored energy at that frequency. All the
samples exhibit the Debye relaxation in the measured frequency
range (42 Hz–5 MHz). The observed abnormal behavior of loss tan-
gent with frequency can be explained in the light of Rezlescu model
[25]. According to this model, a resonance peak (Debye relaxation)
will occur when the hopping frequency of the charge exchange
approximately matches to the frequency of the applied field, there
is a slight shift in the maxima towards the higher frequency region.

It is observed that height of the peak also varies with Al-doping.
This peaking nature is observed when the jumping frequency of
electrons between Fe2+ and Fe3+ becomes approximately equal to
the frequency of the applied field. The shift of maxima towards the
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Fig. 4. (a) Variation of real part of dielectric constant as a function of frequency
for  Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles at room temperature.
(b) Variation of imaginary part of dielectric constant as a function of frequency for
Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles at room temperature.

Fig. 5. Variation of dielectric loss as a function of frequency for Ni0.7Zn0.3AlxFe2−xO4

(0.0 ≤ x ≤ 0.5) ferrite nanoparticles at room temperature.
Fig. 6. Variation of ac conductivity with ln f for Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5)
ferrite nanoparticles at room temperature.

higher frequency region with Al-doping indicates that the jumping
probability increases. The increase in peak height with Al-doping is
attributed to the decrease of resistivity arising due to the increase
of Fe3+/Fe2+ ion pairs available for the conduction process.

Fig. 6 shows the variation of ac conductivity as a function of fre-
quency at room temperature. It is observed that all the samples
show an increasing trend in the ac conductivity as the frequency
increases, which is a general behavior of ferrites. The electrical con-
ductivity in ferrites is mainly due to hopping of electrons between
ions of the same element present in more than one valence state,
distributed randomly over crystallographic equivalent lattice sites.
Ferrites have cubic close packed oxygen lattice with the cation
at octahedral (B) and tetrahedral (A) sites. The distance between
two metal ions on B-sites is smaller (0.292 nm)  than the distance
between two metals ions on A-sites (0.357 nm), therefore, the hop-
ping between A- and B-sites have very small probability compared
with that at B-sites. The hopping between A–A sites does not exist,
due to the fact that there are only Fe3+ ions at A-sites and any
Fe2+ ions formed during sintering process preferentially occupy
B-sites only [26]. The charges migrate under the influence of the
applied field, contributing to the electrical response of the system.
The conductivity is an increasing function of frequency in case of
conduction by hopping and a decreasing function of frequency in
case of band conduction [27].

The frequency dependence of ac conductivity is expressed as:

�tot = �o(T) + �(ω, T) (5)

where the first term is dc conductivity due to band conduction and
is frequency independent function. The second term is pure ac con-
ductivity due to the hopping processes at the octahedral site and
is frequency dependent function. The first term is predominant at
low frequencies and at high temperature, while the second term is
predominant at high frequencies and at low temperature.

The frequency dependence of the second term �ac can be written
as empirical formula [28]:

�ac = Aωn (6)

where A is a constant having the units of conductivity, � is the
real part of the conductivity, ω is angular frequency (ω = 2�f),
and “n” is an exponent. The frequency response of ac conductiv-
ity can be explained on the basis that at low frequencies where

the conductivity is constant, the transport takes place on infi-
nite paths. For a region of frequencies, where the conductivity
increases strongly with frequency, the electrical transport phe-
nomenon is dominated by contributions from hopping between
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Table 2
Impedance parameters of Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles at
room temperature for grain.

Composition Rg Cg 	g

x = 0.0 99 2.4E−6 2E−2
x = 0.1 76 4.0E−6 3E−2
x = 0.2 108 2.6E−6 2E−2
x = 0.3 140 1.4E−6 2E−2
ig. 7. Variation of ln ac conductivity with ln(ω) for Ni0.7Zn0.3AlxFe2−xO4

0.0 ≤ x ≤ 0.5) ferrite nanoparticles at room temperature.

nfinite clusters. Finally, the region, where high frequency cut-
ff starts to play a role is encountered. The electrical conduction
echanism can be explained in terms of the electron-hopping
odel. In other words, the conduction mechanism is due to the

lectron hopping between two adjacent octahedral sites (B-sites),
e2+ ⇔ Fe3+ ions or Ni2+ ⇔ Ni3+ in the spinel lattice of nanocrys-
alline Ni0.7Zn0.3Fe2−xAlxO4 samples. Consequently, the increase in
requency enhances the rate of hopping between the charge car-
iers and hence increases the conduction process, or conductivity
n the investigated samples. Further, at high frequencies, the resis-
ivity remains invariant with frequency because of the fact that
opping frequency no longer follows the changes of external field
eyond a certain frequency limit and thus lags behind it [29].

Fig. 7 shows the variation of ln � versus ln ω in the frequency
ange 42 Hz–5 MHz  at room temperature. The composition x = 0.0,
s found to have the maximum value of �ac. Following charge
xchange mechanism is suggested for the mixed Ni–Zn ferrite:

2+ 3+ 3+ 2+
i + Fe ↔ Ni + Fe

It is observed that �ac decreases as the Al content increases in
he samples. The behavior can be explained on the basis that the Al

ig. 8. Variation of real (Z′) of impedance with frequency for Ni0.7Zn0.3AlxFe2−xO4

0.0 ≤ x ≤ 0.5) ferrite nanoparticles at room temperature.
x = 0.4 154 9.6E−7 1E−2
x = 0.5 205 5.9E−7 1E−2

ions occupy the octahedral sites in the mixed Ni–Zn ferrite, deplet-
ing the Fe number present at the octahedral site. The doping of
Al ions decreases the Fe number as well as isolates them which
results decrease in the probability of charge hoping in the following
mechanism:

Ni2+ + Fe3+ ↔ Ni3+ + Fe2+, Fe3+ ↔ Fe2+ + e−

Bauerle [30,31], was the first to use the impedance spectroscopy
technique in 1969 to separate bulk from interfacial properties in
polycrystalline ceramics. In complex impedance diagrams (Nyquist
or Cole–Cole plot), the imaginary part of the impedance is plotted
against the real part of impedance. The response of an ideal paral-
lel circuit of resistance R and capacitance C is a semicircle centred
on the real axis. R is determined from the diameter of the semi-
circle, whereas C is calculated from the frequency of semicircle
maximum. Impedance spectroscopy is ideal for investigating the
electrical response of dielectric materials as a function of frequency.
It is a powerful technique for unraveling the complexities of materi-
als, whose properties and applications depend on the close control
of structure, composition, ceramic texture, dopants (or defects)
and dopant distribution, which functions by utilizing the different
frequency dependencies of constituent components for their sepa-
ration. The impedance analysis of a material is based on an idealized
circuit model with discrete electrical components. The analysis is
mainly accomplished by fitting the impedance data to an equivalent
circuit, which is representative of the material under investigation.
It has been among the most useful investigating techniques, since
the impedance of grains can be separated from the other sources of
impedance, namely grain boundaries and electrode effects [32,33].

Generally, two  semicircles are observed in the Cole–Cole plot;
first semicircle at low frequency represents the resistance of the
grain boundary and second semicircle obtained at high frequency
corresponds to the resistance of grain or bulk properties. The phe-
nomenon is typically related to the existence of a distribution of
relaxation time, which is according to the Cole–Cole type of distri-
bution based on two-layer model, in which the resulting complex
impedance is composed of two overlapping semicircles.

The complex impedance of a system at an applied frequency can
be written as sum of the real and imaginary parts:

Z∗(ω) = Z ′(ω) + iZ ′′(ω) (7)

where Z′ and Z′′ of the impedance can be written as

Z ′ = Rg

(1 + ωgCgRg)2
+ Rgb

(1 + ωgbCgbRgb)2
(8)

Z ′′ = R2
g

1 + (RgωgCg)2
+

R2
gb

1 + (RgbωgbCgb)2
(9)

where Rg and Cg represent the resistance and capacitance of the
grain and Rgb and Cgb represent the corresponding terms for grain

boundary, while ωg and ωgb are the frequencies at the peaks of the
semicircles for grain and grain boundary respectively. The resis-
tances are calculated from the circular arc intercepts on the Z′ axis,
while the capacitances are derived from the maximum height of the
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ig. 9. Variation of imaginary part (Z′′) of impedance with frequency for
i0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles at room temperature.

ircular arcs. The maximum height in each semicircle is Z′ = −Z′′,
herefore by using this condition and using relations (8) and (9),
e can calculate the capacitances for grain and grain boundary by
sing the relations (10) and (11):

By using the above two relations the relaxation times for grain
nd grain boundary were calculated by relations (10) and (11)
g = 1
ωg

= CgRg (10)

ig. 10. Cole–Cole plot for Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles
t  room temperature.

Fig. 11. (a) M–H  curves for Ni0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles
at  room temperature. Inset shows the expanded view of M–H curve at low field. (b)

Saturation magnetization (Ms), coercive field (HC) and remnant magnetization (Mr)
as  a function of Al doping.

	gb = 1
ωgb

= CgbRgb (11)

The various calculated electrical parameters are shown in
Table 2. Fig. 8 represents the variation of real part of impedance
as a function of frequency at room temperature. It can be seen
that Z′ decreases as the frequency gradually increases. The max-
imum value of Z′ is observed for the composition x = 0.5. The higher
value of the resistance means conductivity is lowered. Fig. 9 shows
the variation of reactive part of the impedance with frequency for
all the compositions at room temperature. It is seen that the Z′′

decreases as the frequency increases and the composition x = 0.5

is having the maximum value of Z′′. In order to distinguish the
contribution from grain and grain boundary, complex impedance
plots or Cole–Cole plots are obtained by plotting the real part



1 oys an

c
a
t
t
b

N
b
r
t
s
o
f
o
v
d
T
s
i
A
i
(
s
w

4

(
r
s
t
p
r
d
h
M
T
c
T
a
p
b
r
i
n

A

p

[
[
[

[
[

[

[

[
[

[

[

[
[
[

[

[
[

[

[

[
[
[
[
[

C.G. lee, J. Cent. South Univ. Technol. 17 (2010) 1139–1143.
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orresponding to the imaginary part. It is clear from Fig. 10 that
ll the samples show one full semicircle that is due to the conduc-
ion of the grain and one incomplete semicircle, which is due to
he conduction of the grain boundary. This shows that the grain
oundary resistance is out of measurement scale.

Fig. 11(a) represents magnetic hysteresis loops of
i0.7Zn0.3AlxFe2−xO4 (0.0 ≤ x ≤ 0.5) ferrite nanoparticles. It can
e seen from the inset in Fig. 11(a) that all samples have fer-
imagnetic ordering above room temperature. Fig. 11(b) shows
he remnant magnetization (Mr) and coercive field (HC) and
aturation magnetization (Ms) as a function of Al doping. It is
bserved that the value of Mr and HC was found to decrease
rom 3.4 to 1.07 emu/g and 60.2–43.1 Oe, respectively. The values
f the saturation magnetization (Ms) calculated by plotting M
ersus 1/H  curve and extrapolating the 1/H  → 0, were found to
ecrease from 31.5 to 16.4 emu/g with increase in the Al doping.
he decrease in the Ms value with doping of nonmagnetic ions are
imilar to the earlier reported results [34,35] and can be explained
n the light of Neel’s two sub-lattice model for ferrimagnetism.
ccording to Neel’s model the net magnetic moment of the system

s the difference of the magnetic moment at A and B sub-lattice
i.e. magnetic moment at B sub-lattice – magnetic moment at A
ub-lattice). Since the doping of Al3+ ions occupy the B sub-lattice
hich results decrease the magnetic moment of the system.

. Conclusion

We have successfully synthesized Ni0.7Zn0.3AlxFe2−xO4
0.0 ≤ x ≤ 0.5) ferrite nanoparticles using chemical route. XRD
esults indicate that all samples have single phase cubic spinel
tructure. Lattice parameters and crystallite size have been found
o decrease with Al doping. FE-SEM micrographs show that all
articles have spherical shape nano-crystalline behavior. The
eal and imaginary part of the dielectric constant was found to
ecrease with frequency and explained in the light of electron
opping mechanism and space charge polarization discussed by
axwell–Wagner model and Koop’s phenomenological theory.

he ac conductivity was found to increase with frequency and dis-
ussed in the light of electron hoping between Fe2+ and Fe3+ ions.
he complex impedance measurements show two semicircles for
ll the samples, which shows that the resistive and the capacitive
roperties of the samples are associated with the grain and grain
oundaries. Magnetic study infers that saturation magnetization,
emnant magnetization and coercive field decreases with increase
n Al doping which may  be due to the dilution of the sub-lattice by
onmagnetic ions doping.
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