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Abstract
A series of NiAl 2x Cr x Fe 2-3x O 4 (x = 0.0, 0.1 and, 0.2) spinel
ferrites nanoparticles were synthesized by sol-gel auto
combustion method. The samples were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
energy dispersive X-ray analysis (EDAX) and Fourier transform
infrared spectroscopy (FT-IR). The X-ray diffraction analysis
revealed the formation of single phase having spinel cubic
structure. Lattice parameter, X-ray density, bulk density and
particle size decrease with the increase in Al-Cr content ‘x’. SEM
analysis clearly showed the small agglomeration present in the
nanoparticles. The average grain size obtained from scanning
electron microscopy was found in the range of 76-87 nm. Energy
dispersive spectroscopy analysis confirmed that the synthesized
samples were near stoichiometric. The FTIR studies show two
absorption bands at about 400 cm-1 and 600 cm-1 for octahedral
and tetrahedral sites respectively.
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1. Introduction
Spinel ferrites have been extensively investigated in
the past two decades for their useful electrical and
magnetic properties [1-4]. They have different applications
in information storage systems, magnetic cores, magnetic
fluids, electronic devices, microwave absorbers, sensors,
magnetic drug delivery, and medical diagnostics [5, 6].
Among the various type of ferrites materials, nickel ferrite
shows ferrimagnetism that originates from a magnetic
moment of anti-parallel spins between Fe3+ ions at
tetrahedral and octahedral sites and Ni2+ ions at octahedral
sites [7]. Nickel ferrite is a technologically important
material, used in a wide variety of applications, including
computer components, antenna rods, transformer cores,
satellite communications and memory devices [8]. Apart
from this, these materials are also used extensively as
isolators, circulators and phase shifters etc., at microwave
frequencies [9]. This could be due to their interesting
properties like, (i) high resistivity 106 Ω cm, and hence
lower eddy current losses, (ii) low dielectric and magnetic
losses, (iii) high saturation magnetization 50 emu/g, (iv)
low-cost of fabrication and (v) high Curie temperature

(853 K). Nickel ferrite (NiFe 2 O 4 ) has an inverse spinel
structure. In this structure Ni2+ ions occupy octahedron B
sites and Fe3+ ions occupy both the tetrahedron (A) and the
octahedron [B] sites. In a spinel structure there are 56 ions,
32 oxygen ions and 24 metal ions in a unit cell. In this
structure eight molecules occupy one unit cell of the spinel.
A general formula for a ferrite structure is
(M 1−x Fe x )[M x Fe 2−x ] O 4 , where M stands for cations which
occupy tetrahedron sites and x is the degree of inversion
[10, 11]. Many works concerning the synthesis and
magnetic properties of nickel ferrite have been published
[12, 13]. Recently, the diamagnetic ion substitutions in
spinel ferrites have received special attention. It has been
reported earlier that in spinel ferrites, if Fe ions are
replaced by Al 3+, In 3+, Cr 3+, Gd 3+, RE 3+, and
Ti 4+ [14, 15].
In the literature, reports are available for the synthesis
and characterization of nickel ferrite substituted with
various cations separately like Al, Cr, Co, Mn etc., [16].
Magalhaes et al. [17] synthesized a series of ferrite
samples with compositions Fe 3-x Cr x O4 (x = 0.00, 0.07,
0.26, 0.42, and 0.51) by the conventional co-precipitation
method. They considered that Cr3+ ions replaced Fe3+ ions
at the [B] sites at low Cr content, and then with increasing
Cr content, the chromium ions substituted for Fe2+ ions at
the [B] sites and Fe3+ ions at the (A) sites. Ghatage et al.,
[18] prepared NiCr x Fe 2-x O 4 (0.2≤x≤1.0, in steps of 0.2)
via the usual ceramic method. Using neutron diffraction,
they concluded that the number of Cr ions per formula at
the (A) sites increased from 0.10 to 0.30 as x increased
from 0.2 to 1.0. In Al-containing ferrites, Al ions exists in
the tetrahedral (A) and octahedral [B] sites depending on
the amount of Al in the ferrite and then it well change the
amount of the iron ions in the two sites. The bulk material
in ferrites is assumed to be constituted of highly
conduction grains separated by low conducting grain
boundaries, this heterogeneous structure of ferrites may
greatly affect the dielectric properties of the material [19].
A. T. Raghavender et al. [20] have studied the synthesis
and magnetic properties of NiFe 2−x Al x O 4 nanoparticles.
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In the literature, reports are available for the synthesis
and characterization of nickel ferrite substituted with
various cations separately like Al3+, Cr3+. These studies
revealed that the structural, electrical and magnetic
properties of nickel ferrite are strongly influenced with the
substitution of multivalent cations. In particular, the cosubstitution of Cr3+ and Al3+ ions at the Fe3+ site are known
to produce very interesting physical and chemical
properties in spinel ferrites. The substitution of Al3+ and
Cr3+ ions in the crystal structure of nickel ferrite can
significantly affect on structural and magnetic properties
by changing the magneto-crystalline anisotropy field. Here,
by replacing the Fe3+ ions by Al3+ and Cr3+ ions [21], we
expected to obtain the nickel ferrite that possess high
anisotropy field. Also, the electrical and dielectric
properties are expected to be significantly changed. Thus,
it will be interesting to study the structural, micro structural,
electrical and magnetic properties of Al3+ and Cr3+ ions cosubstituted nickel ferrite nanoparticles. The investigations
of structural, morphological, electrical and magnetic
properties of Al3+ and Cr3+ ions doped in nickel ferrite
nanoparticles are important from the point of view of its
use in electrical and electronic applications.
To our knowledge, the effect of co-substitution of
Al3+ and Cr3+ions in nickel ferrite on the structural,
morphological, infra-red properties has not been reported
in the literature. In view of the above facts, the aim of the
present work is to investigate the structural, morphological,
infrared properties of NiAl 2x Cr x Fe 2-3x O 4 nanoparticles (x
= 0.0, 0.1, 0.2) as a function of Al3+ and Cr3+ co-content x
and to find correlation between the various properties.

precursor powder was annealed at 800˚C for 12 h to obtain
NiAl 2x Cr x Fe 2-3x O 4 nano-powder.
2.2 Characterizations
The powder X-ray diffraction (XRD) pattern for all
the samples were recorded at room temperature on Philips
X-ray diffractometer (Model 3710) using Cu-Kα radiation
(λ = 1.5406 Å).The surface morphological studies were
carried out using SEM using JEOL-JSM-5600. The
stoichiometric proportion of the constituent of the prepared
magnetic nano-particles was examined using energy
dispersive analysis of X-ray (EDAX) technique with the
help of JEOL-JSM-5600 scanning electron micrograph
(SEM). The Fourier transform infrared spectroscopy
(FTIR) spectra of all the calcined samples were recorded
in the range of 1000-300 cm-1 IR-BRUKER-TENSOR 37FTIR-ATR instrument. The FTIR spectrum is generally
used to investigate the chemical and structural changes that
take place during the combustion process and to reveal the
mechanism of self-propagating combustion.

3. Results and Discussion
Structural Properties
3.1 X-ray diffraction
X-ray diffraction pattern for typical x = 0.1 concentration
is shown in Fig. 1.1. XRD analysis revealed that all the
diffraction peaks seen in the XRD pattern well matches [22]
with the standard pattern of pure nickel ferrite (JCPDS No:
10-325). The analysis of XRD pattern revealed the
formation of single phase cubic spinel structure [23]. The
intensity of (311) plane is more as compared to other
planes like (220), (222), (400), (422), (511) and (440).

2. Experimental
2.1 Synthesis of NiAl 2x Cr x Fe 2-3x O 4 nanoparticles
Analytical Reagent (AR) grade nickel nitrate Ni
(NO 3 ) 2 .6H 2 O, ferric nitrate Fe(NO 3 ) 3 .9H 2 O, aluminum
chromium
nitrate
nitrate
Al
(NO 3 ) 3 .9H 2 O,
Cr(NO 3 ) 3 .9H 2 O and citric acid C 6 H 8 O 7 .H 2 O as a fuel
were used as starting materials. According to the
composition of NiAl 2x Cr x Fe 2-3x O 4 (where x = 0.0, 0.1,
0.2), all the nitrates were separately dissolved in minimum
amount of distilled water and stirred on magnetic stirrer for
ten minutes. All the solutions were mixed together and
stirred on a magnetic stirrer until the nitrates were
completely dissolved. The metal nitrate to citric acid ratio
was taken as 1:3. The solutions were stirred with
continuous stirring on magnetic stirrer; drop by drop
ammonia solution was added to adjust the pH value to 7.
Then the solution was heated on hot plate at 90˚C with
constant stirring until gel was formed. Instantaneously gel
ignites with the formation of large amount of gas, resulting
in to light weight voluminous powder. The resulting

Fig.1.1: Typical XRD pattern of NiAl 2x Cr x Fe 2-3x O 4
nanoparticles for x = 0.1
The Lattice constant (a) values of the Al-Cr doped in
nickel ferrite samples were calculated using standard
relation [24].
a = d√(h2+k2+l2) Ǻ
(1)
where, (d) is interplanar spacing; (h k l) is Miller
Indices.
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The obtained values of the lattice constant (a) are
tabulated in Table 1.1. It can be seen from Table 1.1 that
lattice parameter goes on decreasing with increasing Al-Cr
content x, this behavior of lattice constant with Al-Cr
content x is explained on the basis of difference in ionic
radii of constituent ions. The decrease of ‘a’ with x is
because of the fact that the larger ionic radii of Fe3+ (0.67
Å) are replaced by smaller ionic radii of Al3+ (0.51 Å) and
Cr3+ (0.63 Å) simultaneously. Our results are in good
agreement with literature report for ceramic method [25].

The particle size of the Al-Cr substituted nickel ferrite
powders was calculated by using the most intense peak
(311) and using the Debye-Scherer’s relation for small and
uniform sized cubic crystals mentioned below [28].
0.9λ
t=
β cosθ
(4)

Table 1.1 Lattice constant (a), X-ray density (d x ), bulk
density (d b ), volume (V) and crystallite size (t)
NiAl 2x Cr x Fe 2-3x O 4 (0.0≤x≤0.2) nanoparticles

Morphological Analysis
3.2 Scanning electron microscopy (SEM)
Morphology of the prepared samples was studied using
scanning electron microscope (SEM). Fig. 1.2 represents
the scanning electron micrographs for NiAl 2x Cr x Fe 2-3x O 4
(where, x = 0.0, 0.1) system. Scanning electron
micrographs indicates the formation of nano-sized grains
of the NiAl 2x Cr x Fe 2-3x O 4 ferrite powder. The average
grain size was determined from SEM image by linear
intercept method estimated using the relation [29].
D = 1.5 L / M. N
(5)
where, L is a total test line length, M is magnification, N is
total number of the samples.

x
0.
0
0.
1
0.
2

a
(Å)
8.312
2
8.304
2
8.291
4

dx
gm/cm3
5.4203

db
gm/cm3
4.733

5.2931

4.698

5.1742

4.681

V
(Å)3
574.
3
572.
7
570.
0

t
(nm)
38.4
4
30.0
0
28.4
9

where, λ is wavelength of the Cu-Kα radiation, β is
the full width at half maximum θ is Bragg’s angle.
The obtained values of the crystallite size are
presented in Table 1.1. It is observed that particle size
decreases with increasing Al-Cr content x.

The unit cell volume (V) was calculated by using the
following equation [26]
V = a3 Ǻ
(2)
Where, V is the unit cell volume, ‘a’ is the lattice
constant.
The unit cell volume (V) shows gradual decrease with
the substitution of Al-Cr for ferrous in the present ferrite
system. The decrease in cell volume is attributed to
decrease in lattice constant of the system under
investigation.
The X-ray density (d x ) [27] was calculated by using
the relation and values are summarized in Table 1.1;
dx =

Z ×M
V × NA

(3)
where, Z is the number of molecules per formula unit
(Z = 8 for spinel system), M is molecular mass of the
sample, V= a3 is the unit cell volume, N A is the
Avogadro’s number. It is observed from Table 1.1 that Xray density decreases with increasing Al-Cr content x. This
behavior of X-ray density is attributed to a decrease in
mass that overtakes the decrease in volume of unit cell.
The variation of X-ray density increases with the increase
in Al-Cr content ‘x’.
The bulk density of the present sample was obtained
through Archimedes principle using toluene as an
immersion liquid. The values of bulk density are reported
in Table 1.1. It is evident from table 1.1 that bulk density is
found to be decreasing with increase in Al-Cr content x.
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Fig. 1.2 Typical SEM images of NiAl 2x Cr x Fe 2-3x O 4
nanoparticles for (x = 0.0 and 0.1)
Table 1.2 Average grain size (G), Specific surface area (S)
and elemental percentage (EDAX) of NiAl 2x Cr x Fe 2-3x O 4
nanoparticles
G
S
Ni2+ Al3+ Cr3+ Fe3+ O22
x (nm) (m /g) (%)
(%)
(%) (%) (%)
0.
0
0.
1
0.
2

87

12.72

83

13.65

76

15.25

5.8
7
7.2
1
6.2
4

87.5
2
80.6
5
78.6
6

-

-

2.0
3
3.3
5

2.0
6
3.9
2

6.6
1
8.0
5
7.8
3

The average grain size is found to be in nanometer
range and of the order of 69-87 nm, which confirming the
nanocrystalline nature of the prepared samples. From the
SEM micrographs it is seen that the ferrite powder is an
aggregation of particles. The particles observed as uniform
grains confirm the crystalline nature of the ferrites. The
specific surface area of all the samples using SEM images
was calculated according to the relation [30].
The values of average grain size and specific surface
area are given in Table 1. 2. The large value of specific
surface area indicates the nanocrystalline nature of all the
samples under investigation. The decrease in average grain
size increases the specific surface area.

Compositional Analysis
3.3 Energy dispersive X-ray analysis (EDAX)
The elemental analysis was carried out by using energy
dispersive X-ray spectrometer. The typical EDAX pattern
of NiAl 2x Cr x Fe 2-3x O 4 nanoparticles (x = 0.0) is shown in
Fig 1.3. The EDAX pattern of the sample NiAl 2x Cr x Fe 23x O 4 (x = 0.0) provides the information about the
elemental and atomic composition in the sample.

Fig. 1.3 Typical EDAX patterns of NiAl 2x Cr x Fe 2-3x O 4
nanoparticles for (x = 0.0)
The results of EDAX clearly show that NiAl 2x Cr x Fe 2-3x O 4
contain Ni2+, O2- and Fe3+ ions without any impurity.
EDAX results showed sample to be homogeneous with the
expected Ni: Fe: O: ratios.
The EDAX results of the present samples confirm that the
precursor used for the synthesis have fully undergone the
chemical reaction to form the single phase NiAl 2x Cr x Fe 23x O 4 system in nanocrystalline form. Table 1.2 gives
elemental percentage for NiAl 2x Cr x Fe 2-3x O 4 system. It is
evident from table 1.2 that the elements Ni2+, O2- and Fe3+
ions are found to be in stoichiometric proportions.
3.4 Fourier transforms infrared spectroscopy
Fourier transforms infrared spectra of the
NiAl 2x Cr x Fe 2-3x O 4 (x = 0.0, 0.1 and 0.2) system samples
recorded at room temperature are shown in Fig. 1.4. The
FTIR spectra show the two principle absorption bands in
the range of 300 cm-1 to 800 cm-1, the first absorption band
is seen at around 396.09 cm-1 and second band is around
600 cm-1. The absorption bands (v 1 and v 2 ) correspond to
intrinsic lattice vibrations of octahedral and tetrahedral
coordination compounds in the spinel structure
respectively. The difference in frequency between the
characteristic vibrations v 1 and v 2 may be attributed to the
long bond length of oxygen-metal ions in the tetrahedral
sites. The behaviour of ν 1 and ν 2 vibrations mainly
depends on the identification of transition metal ions in the
tetrahedral site and to a smaller extent on the ions situated
at the octahedral sites. There is no trend has been observed
in frequency band position with addition of Al-Cr ions.
Similar FTIR spectra have been reported in literature for
ceramically prepared Cr substituted ferrite system [31].
These slight deviations in the positions of peaks are mainly
due to the factors like method of preparation, grain size
and density [32, 33]. The force constant can be calculated
for tetrahedral site (K t ) and octahedral site (K o ) by using
the method suggested by Waldron [34, 35]:
K t = 7.62 × M A × υ 1 2 × 10−7 N/m

(6)

K 0 = 10.62 × (M B /2) × υ 2 2× 10−7 N/m

(7)

where, M A and M B are the molecular weights of
cations at A and B-sites, respectively. The values of v 1 and
v 2 and K t and K 0 are given in Table 1.3. It is observed
from table that K t and K 0 both vary as per the variation in
v 1 and v 2 values. The bond length corresponding to
tetrahedral (A) and octahedral [B] sites was calculated and
their values are listed in Table 1.3.
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The force constant is second derivative of potential energy
with respect to the site radius, while the other independent
parameters are kept constant. According to Waldron the
force constant K t and K 0 for respective sites are given by
where, M 1 and M 2 are molecular weight of cations on A
and B sites, respectively.

electron microscopy was found in the range of 76-87 nm.
Energy dispersive spectroscopy analysis confirmed that the
synthesized samples were near stoichiometric. Infrared
spectra exhibit two distinct absorption bands near about
400 cm−1, 600 cm−1 and octahedral and tetrahedral sites,
respectively indicating the characteristic features spinel
ferrites.
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