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In this research work, aluminum substituted Ni-Co ferrite nanoparticles have
been produced by a simple and cost-effective method, i.e., sol–gel auto-com-
bustion. Synthesized nanoparticles were annealed in a muffle furnace at 600�C
for 3 h before characterization. The x-ray diffraction patterns revealed that the
ferrite nanoparticles grew preferentially along the (311) plane and exhibit face
centered cubic structure. The crystallite size of nanoparticles (14 to 17 nm) was
estimated by Scherrer’s relation. The effect of aluminum substitution on
structural parameters of ferrite nanoparticles, such as lattice constant and
stacking faults, have been studied. Structural analysis revealed that the lattice
constant of the nanoparticles decreases as a function of aluminum content. The
Fourier transform infrared spectroscopy confirmed the spinal ferrite crystal
structure of synthesized aluminum substituted Ni-Co ferrite nanoparticles. The
surface morphology observed through scanning electron microscopy depicts the
growth and distribution of nanograins with uniform size with in the samples.
Dielectric properties investigated through impedance analyzer spectroscopy
revealed that aluminum substituted Ni-Co ferrite nanoparticles demonstrated
the high conductivity along with potential dielectric properties. These alu-
minum substituted Ni-Co ferrite nanoparticles would have possible applications
in high storage memory and microwave devices.

Key words: Sol–gel, spinel ferrites, crystal structure, surface morphology,
dielectric properties

INTRODUCTION

Metal oxide nanoparticles have an important role
in numerous fields of nanoscience and technology.1

Metal oxides are the most abundant minerals found
in earth’s crust. Spinel ferrite is a large group of

materials with many applications such as storage
devices, sensors, magnetic drug delivery, electronics
and microwaves.2–5 A spinel structure is a unit cell
with 56 ions, 32 are of oxygen and 24 are metal.
Spinel ferrite is an important structural class of
oxides with interesting properties and a wide range
of applications. The general formula of spinel type
oxides is AB2O4 with face centered cubic structure,
where A and B represent the di- and trivalent ions
or quadrivalent cations including aluminum,(Received October 9, 2020; accepted February 12, 2021;
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manganese, zinc, magnesium, titanium, chromium
etc. If the spinel structure consists of iron as one of
the major components, the oxides are termed fer-
rites. The magnetic spinel ferrite nanoparticles can
be used as drug carriers inside the body and are
capable of addressing the limitations of conven-
tional drug delivery systems in medical science6.

The cation distribution in spinel ferrites would
result to promising electrical and magnetic proper-
ties. The overall Fe+3 and divalent metal ion
distribution at sites (tetrahedral-octahedral) govern
the properties of spinel ferrites, e.g., sensing the
species of a gas mixture. There are several other
parameters that can significantly influence the
spinel ferrite’s properties such as size of crystallites,
stoichiometry and morphology. These factors are
observed to be sensitive to the synthesis procedure.7

Several chemical and physical methods have been
employed to synthesize ferrite nanoparticles, espe-
cially mechanical milling,8 plastic deformation con-
solidation,9 inert gas condensation,10 co-
precipitation,11 sol–gel,12–17 mechano-chemical,
microwave assisted,18,19 solid state reaction,20

reverse micelle, solvothermal, hydrothermal and
micro-emulsion21–25 methods.

In the present study, aluminum doped nickel
cobalt (Ni-Co) spinel ferrite nanoparticles were
synthesized using a simple and cost-effective sol–
gel auto-combustion technique. The aluminum sub-
stituted Ni-Co spinel ferrite nanoparticles were
analyzed using XRD, FTIR, SEM and LCR meter
to investigate the structural, morphological and
electrical properties for their possible applications
in sensing and microwave applications.

EXPERIMENTAL METHODOLOGY

Chemical Synthesis

The nickel cobalt ferrite powders, NiCoFe2-

xAlxO4, with x varying from 0 to 0.4, were synthe-
sized by sol–gel auto-combustion. Analytical grade
cobalt (II) nitrate (Co (NO3)2), nickel (II) nitrate (Ni
(NO3)2), iron (III) nitrate hexahydrate (Fe
(NO3)3.9H2O), and aluminum (V) nitrate Al
(NO3)3Æ9H2O were used as starting materials. The
initial solutions were prepared by dissolving
nitrates of metal and citric acid in de-ionized water
with molar ratio of 1:2. Vigorous stirring of metal
nitrate mixture in a thermostatic water bath at
80�C resulted in formation of dry gel followed by
continuous addition of citric acid. The prepared gel
was then dried for 2 h in an oven at 120�C. The
powder obtained was then burnt and ground fol-
lowed by sintering at specific temperatures. The
structural, microstructural, and dielectric charac-
terization of spinel ferrite nanoparticles were car-
ried out through x-ray diffraction (XRD), FTIR,
SEM and impedance analyzer have been carried
out. Structural properties of prepared nanoparticles
were investigated using a PANalytical x-ray diffrac-
tometer with Cu-Ka (k = 1.5406 Å) radiation and

equipped with X’Pert Pro software. FEI NOVA 450
NanoSEM was employed to investigate the
microstructure of the prepared nanoparticles. A
NicoletTM iS50 spectrometer was used to collect
FTIR spectra for a range of frequency (400 to 1000
cm-1). Electrical characteristics were examined with
the help of 6520P Wayne Kerr LCR meter for
frequency ranging from 1 Hz to 20 MHz. For
electrical measurements, the powder samples were
pressed hydraulically under a force of 5 t for 2 min
to prepare pallets with thickness and diameter as �
2.5 and � 7.5 mm, respectively. Front and back
silver contacts of 200 nm thickness were deposited
before electrical characterization. The influence of
humidity was minimized by drying the nanoparti-
cles at 100�C in vacuum.

RESULTS AND DISCUSSIONS

Structural Investigations

X-ray Diffraction

The x-ray diffraction (XRD) patterns of aluminum
substituted Ni-Co spinel ferrites are shown in
Fig. 1. All the observed diffraction peaks are well
matched with standard JCPDS card # 01-077-0426.
The substantial change in the crystallite size of
aluminum substituted ferrite nanoparticles was
observed. The crystallite size for powder samples
was estimated using diffraction peak arises from the
(311) plane. It has been observed that up to 20 %
substitution of aluminum in the lattice of Ni-Co
lattice, the structural parameters would not alter
significantly. The following structural parameters
have been calculated from XRD results and are
listed in Table I.

Fig 1. XRD patterns of Al substituted Ni-Co based spinel ferrite with
aluminum content as x = 0.0 (b) x = 0.1(c) x = 0.2 (d) x = 0.3 and (e) x
= 0.4.
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Crystallite Size

Crystallite size (D) was calculated by Debye–
Scherrer’s equation

D ¼ 0:95k
� cos h

; ð1Þ

where H is the angle of diffraction, ß is full width at
half maximum and k is the wavelength of incident x-
rays.

Lattice Spacing

Lattice spacing was calculated by Bragg’s Law

d ¼ nk
2 sin h

; ð2Þ

where d is the distance between atomic planes and n
is the order of diffraction taken as 1.

Dislocation Density

d ¼ 1

D2
; ð3Þ

where D is the crystallite size.
Dislocation density is the overall dislocation

length per unit volume of crystal structure. Anneal-
ing of samples reduces the dislocation density and
strength; however, improving the grain size. Using
annealing, the strength and ductility of crystal
arrangement can be controlled. The dislocations
can be parallel lines or simply the random lines
appearing in the crystal. There is an inverse
relation between dislocation density and particle
size. The type of defects present in the synthesized
samples are probably the linear defects.

Lattice Constants

For the calculation of lattice constant, the values
of Miller indices, i.e. h (3), k (1), and l (1) were used.
By substituting the value of Miller indices and
inter-planer spacing d, the lattice constant can be
calculated as

26

;

a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

ð4Þ

Lattice Strain

When pressure is applied, the unit length of an object
deforms, expressing the strain in the samples. The
atoms possess slight variation in the normal lattice
positions due to creation of defects in crystal structure
and imperfections in crystal structure

27

. These imper-
fections in the structure include interstitial and/or
impurity atoms resulting in lattice strain.

e ¼ �

4 tan h
; ð5Þ

where ß is the full width at half maximum of
diffraction peak (in radians).

Micro-Strain

Deformation that is caused in one part per million
(10�6) of the material is usually caused by disloca-
tions, plastic deformation, point defects that occur
in the crystal structure and the defects in domain
boundaries.28 One essential aspect of micro-strain is
that it provides peak broadening which is shown by
the following equation:

e ¼ � cos h
4

; ð6Þ

where H is the angle of diffraction and ß is the full
width at half maximum

Stacking Faults

Stacking faults are the disturbances in normal lattice
structure that arises in layered arrangement or fault
that is occurred in the atomic planes of the crystal.29

Stacking fault ¼ 2p2

45
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 tan h
p ð7Þ

The variation in various structural parameters as
a function of aluminum substitution is given in
Figs. 2 and 3.

Figure 2 shows the aluminum concentration depen-
dent crystallite size and lattice constant. It is clear from
the figure that both the crystallite size and lattice
constant decrease with increasing aluminum

Table I. Structural parameters of Ni-Co based spinel ferrite nanoparticles

Parameters x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4

d-spacing (Å) 2.524 2.516 2.517 2.518 2.509
Lattice constant (Å) 8.373 8.347 8.348 8.354 8.323
Crystallite size (nm) 17 14 15 15 14
Cell Volume (Å) 587.14 581.64 581.827 583.034 576.720
Lattice strain (x 10-3) 6.784 8.21 7.43 7.353 8.267
Dislocation density (x 1015) (lines/m2) 3.565 5.254 4.303 4.208 5.359
Stacking Fault 0.44 0.44 0.44 0.44 0.44
Micro-strain x 10�3 (lines�2/m�4) 2.069 2.512 2.273 2.248 2.536
X-ray density (g cm�3) 5.304 5.289 5.221 5.145 5.135
Bulk density (g cm�3) 2.995 2.989 2.987 2.972 2.965
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concentration. The values of crystallite were found in
the range from 17 to 14 nm while the lattice constant
was found to decrease from 8.373 to 8.323 Å with
increasing Al doping

30

. The obtained results are in good
agreement with published data for cubic spinel ferrites
nanoparticles. The decrease in both crystallite size and
lattice constant with increasing in aluminum concen-
tration can be explained on the basis of difference in
their ionic radius of Fe (0.67 Å) and Al (0.57 Å) ions. The
decrease in the lattice constant is due to the replace-
ment of large Fe3+ ions with smaller Al3+ ions

31

.
The x-ray density of prepared nanoparticles was

calculated from the relation as given below
32

,

qx ¼
8M

NAa3
; ð8Þ

where, qx represents the x-ray density to be calcu-
lated, M represents the molecular mass of the
sample, NA is Avogadro’s number (6.023 9 1023)
and a is obviously the lattice constant. The bulk
density for the ferrite nanoparticles has been cal-
culated from the given relation

33

.

qm ¼ m

pr2t
ð9Þ

The x-ray and bulk density as function Al+3 content
in Ni0.5Co0.5AlxFe2-xO4 spinel ferrite is shown in
Fig. 3. It is clear that both bulk and x-ray density
decreases with an increase in Al3+ concentrations.
The reason for decreasing the both type densities is
that the atomic weight of Al3+ is smaller than that of
Fe3+. In Eq. 8, the decrease in molecular mass causes
the decrease in x-ray density because there is a
significant impact of molecular mass rather than the
negligible decrease of the lattice constant. Further-
more, the decrease in bulk density is contributing to
the mass of pallets, as is clear from Eq. 9. As the
aluminum concentration increases, the mass of the
pallets decrease which ultimately reduces the bulk
density. By enhancing the dopant’s (Al+3) concentra-
tion, a decrease in the bulk and x-ray density was
observed from 2.995 to 2.965 g/cm3 and from 5.304 to
5.134 g/cm3, respectively.

FTIR Study

Fourier transform infrared (FTIR) spectroscopy
was performed to verify the structure of spinel
phase in all the prepared samples. From FTIR
analysis, information about cation distribution in all
sites (tetrahedral and octahedral) in a crystal and
chemical changes that occurred in the composition
has been gathered. Figure 4 depicts the FTIR
spectra taken in the frequency range from 400 to
1000 cm-1 for Ni-Co based spinel ferrites. Two
frequency bands have been recorded, one at 500
cm-1 which is a high-frequency band (v1) and the
other at 400 cm-1 which is low energy band (v2). The
v1 band observed to increase from 521 to 539 cm-1

and v2 band observed to decrease from 429 to 411
cm-1. The absorption peaks are due to tetrahedral
site of intrinsic stretching vibration of metal. Low-

Fig 2. Variation in lattice constant and crystalline size of
Ni0.5Co0.5AlxFe2-xO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4) nanoparticles.

Fig 3. Variation in x-ray and bulk density of Ni0.5Co0.5AlxFe2-xO4 (x =
0.0, 0.1, 0.2, 0.3, 0.4) nanoparticles. Fig 4. FTIR spectra of Al doped Ni-Co spinel ferrite nanoparticle.
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frequency bands v2 belong to octahedral metal
stretching bands. The stretching vibration of
Fe3+�O2- on tetrahedral and octahedral sites is
due to change in lattice parameter. The shift of band
v2 toward lower frequency is due to the increasing
aluminum concentration. The lattice constant
firstly increased followed by a slight decrease in
the present work owing to the stretching vibration
of Fe3+�O2-. This plays a vital role in deviating the
position of bonds. The above given figure shows the
two frequency bands and provides the evidence of
successful doping of aluminum in nickel ferrites.
Table II illustrates the high-frequency band v1 and
low-frequency band v2. As the values of v1 absorbed
peaks are shifting toward higher values, the low-
frequency bands are shifting toward lower fre-
quency bands. From the figure, it is clear that band
shifting observed with the changing concentration
of aluminum might be due to cations on tetrahedral
and octahedral positions.

The Ko and Kt, force constants were calculated for
tetrahedral and octahedral positions by using fol-
lowing relations.

Ko ¼ 0:942128M V2ð Þ2=M þ 32 ð10Þ

Kt ¼ 21=2kov1=v2; ð11Þ

where M represents the molecular weight. The
tetrahedral and octahedral radii were also obtained
from the given formula

34

;

Rtetra ¼ a 3ð Þ1=2 u� 0:25ð Þ ð12Þ

Rocta ¼ a 5=8 � uð Þ � Ro; ð13Þ

where u represents the oxygen position parameter,
Rtetra and Rocta are tetra- and octahedral radii,
respectively, and a is a lattice constant. The value of
the oxygen position parameter is 0.375.

Microstructural Analysis

Scanning electron microscopy (SEM) of aluminum
doped Ni-Co based spinel ferrite nanoparticles
revealed the surface morphology, grain size, and
their distribution. Well-crystallized grains of Ni-
CoAlxFe2-xO4 with uniform size have been grown.
The average grain size of Ni-CoFe2O4 and Ni-

CoAl0.1 Fe 0.9 O4 was measured using ImagJ soft-
ware and found to be 137.5 and 130.5 nm, respec-
tively. The microstructural analysis is in strong
agreement with the XRD data. Agglomeration of the
grain can also be seen at some surface areas of the
samples. The existence of smaller grains is evidence
for the large surface-to-volume ratio of the prepared
samples. It has also been observed that the mor-
phology of synthesized nanoparticles depends on the
aluminum content in the samples. The substitution
of aluminum resulted in agglomeration of smaller
grains due to the magnetic interactions between the
neighboring particles. This deterioration to some
extent in morphology of the grown material does not
mean the degradation of the prepared ferrite sam-
ple. This might be due to liberation gases on
aluminum inclusion during the crystallization. This
accumulation or aggregation of nanoparticles is
depicted in Fig. 5. Stoichiometrically increase of x
values causes to decrease in the stoichiometric rate
of Fe atoms in the molecular structure of the ferrite.
It was observed from the SEM assessment that the
aggregation of the nanoparticles varies depending
on the stoichiometric rate of Fe atoms. Some planar
or spinal shapes seen on SEM micrographs, espe-
cially when x value is 0.2. In the other micrograph,
the aggregations among ferrite nanoparticles are
random, although their visible shape is powdery.
This formation attributed to the mass balance
between aluminum and Fe atoms. Lower or higher
stoichiometric rate of aluminum on Fe resulted in
smaller nanoparticle formation in addition to the
limited growth caused by the difference in ionic
radii and internal stress.

Dielectric Properties

Information of any material about the conduction
mechanisms, dielectric relaxation and polarization
behavior can be extracted from its dielectric char-
acteristics. The permeability and permittivity may
alter with frequency, orientation of crystallites,
temperature, composition, molecular structure and
pressure.35

Dielectric Constant

The measurement of dielectric constant (fre-
quency dependent) was carried out in the frequency

Table II. Parameters extracted from the FTIR spectra of Al doped Ni-Co based spinel ferrite nanoparticle

Parameters x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4

Molecular weight (g/mol) 2354.503 231.616 228.730 225.844 222.957
V1 (cm�1) 534 539 544 547 555
V2 (cm�1) 414 418 413 414 409
Ko (dyne/cm2) x 105 1.420 1.446 1.409 1.414 1.378
Kt (dyne/cm2) 9 105 2.591 2.631 2.626 2.642 2.644
Ro 0.773 0.766 0.767 0.768 0.760
Rt 1.812 1.807 1.807 1.808 1.802
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range from 20 Hz to 20 MHz. The prepared samples
were placed between two electrodes attached to a
measuring setup at room temperature with an
applied current of 5 mA. The equivalent parallel
resistance (Rp) and parallel capacitance (Cp) were
calculated for all samples by using the following
relation;36

e0 ¼ C� d

A� e0
; ð14Þ

where e’ represents the dielectric constant, C repre-
sents the capacitance, d represents the pallet’s

thickness, eo represents the permittivity of the free
space and A represents the area of prepared pallets.
The real and imaginary dielectric constants are
shown in Figs. 6 and 7, respectively, for spinel
ferrite nanoparticles, and all the dielectric param-
eters are listed in Table III.

These dielectric measurements can be deduced
through the impact of grain boundaries and electri-
cal properties of the samples. However, the charac-
teristic peaks that correspond to the aluminum
content in to Ni-CO samples revealed that dielectric
constants are strongly dependent on the factors

Fig 5. SEM micrographs of Al doped Ni-Co based spinel ferrite nanoparticle: (a) x = 0.0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3 and (e) x = 0.4.
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such as electronic dipolar, ionic and space charge
contributions. The analysis of dielectric constant
revealed that its values are dominant over low
frequencies and the reason could be distinct types of
polarization (dipolar or space charge) caused by
permanent dielectric moments of the molecules.37

Moreover, the dielectric constant observed to
decrease at higher frequency range. The reason for
this reduction could be the decrement in the signif-
icant contribution from the space charge and ionic
polarization.34

Tangent Loss Study

Figure 8 shows the variation of frequency and
tangent loss at different concentrations of alu-
minum in the ferrite samples. The tangent loss

was observed to decrease as a function of increasing
frequency. This observation indicated the behavior
of ferrites. At a certain frequency, the jumping
charge carriers cannot follow the alternation of AC
field. At higher doping level, the dielectric loss
decreases. At high frequency the AC conductivity of
the material also increases with increasing energy
of electrons

38

.

Impedance Spectroscopy

The impedance analysis is necessary to under-
stand the role of grain boundaries and electrode
potential. The impedance analysis actually relates
the electrical process that takes place with the
samples as reported earlier.39,40

The complex impedance was measured as Z* = Z¢–
j Z¢¢ where Z¢ and Z¢¢ are real and imaginary parts of
impedance, respectively, which can be represented
as.41

Z0 ¼ Rg

1 þ xRgCg

� �2
þ Rgb

1 þ xRgbCgb

� �2
ð15Þ

Z00 ¼ Rg

1 þ xRgCg

� �2
þ Rgb

1 þ xRgbCgb

� �2
; ð16Þ

where x represents the angular frequency, Rg

represents the grain resistance, Cgb represents the
grain boundary capacitance, Cg represents the grain
capacitance and Rgb represents the grain boundary
resistance.

Figures 9 and 10 represent the Nyquist plots of
the aluminum substituted Ni-Co based nanoparti-
cles. These plots consist of dispersion on the imag-
inary axis expressing a non-Debye type relaxation
behavior. The Nyquist plots actually represent two
different regions, one is the lower frequency grain
boundary region and the other is higher frequency
grain region.

Modulus Analysis

The electrical transport phenomenon depends
significantly on the hopping rate of ions and con-
ductivity relaxation time of considered samples

42

.
The complex modulus of materials would help to
understand the electrical transport phenomenon.
The complex modulus formulation is bit advanta-
geous over impedance spectroscopy as far as dis-
crimination between grain boundary conduction
and electrode polarization is concerned

43–46.
Complex function of electric modulus can be

written in terms of

M� ¼ M0 þ jM00 ð17Þ

The real and imaginary parts of the complex
modulus can be expressed as

Fig 6. Real dielectric constant of Al doped Ni-Co based spinel ferrite
nanoparticles.

Fig 7. Imaginary dielectric constant of Al doped Ni-Co based spinel
ferrite nanoparticles.
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M0 ¼ e0

e02 þ e002
ð18Þ

M00 ¼ e00

e02 þ e002
; ð19Þ

where e¢ and e¢¢ are real and imaginary parts of the
dielectric permittivity.

Figure 11 shows the variation of real part of
modulus (M¢) with respect to frequency at different
concentrations of aluminum in the ferrite samples.
Figure 11 revealed that at lower frequencies, the M¢
is very low while at higher frequency, M¢ continu-
ously increases until M1.37 At lower frequencies,
charge carriers are mobile due to applied electric
field and activation of electrode polarization. How-
ever, M¢ exhibits smaller values at various concen-
trations and its magnitude decreases as
concentration increases due to weak restoring force

Table III. Dielectric parameters of Al doped Ni-Co based spinel ferrite nanoparticles

Parameters Frequency �’ �‘‘ Tan (d) Z’ Z’’ M’ M‘‘

X = 0.0 10 kHz 161 38 0.234699 9.68 9 105 4.12 9 106 0.005879 0.00138
50 kHz 120 8 0.071132 8.33 9 103 1.17 9 105 0.008312 0.000591
20 MHz 240 16 0.067726 9.81 1.45 9 102 0.004148 0.000281

X = 0.1 10 kHz 158 40 0.252404 1.05 9 106 4.16 9 106 0.005935 0.001498
50 kHz 113 8 0.072835 9.05 9 103 1.24 9 105 0.008814 0.000642
20 MHz 231 16 0.068284 1.03 9 101 1.51 9 102 0.004315 0.000295

X = 0.2 10 kHz 168 50 0.301541 1.16 9 106 3.84 9 106 0.00547 0.00165
50 kHz 110 10 0.090561 1.15 9 104 1.27 9 105 0.009041 0.000819
20 MHz 226 19 0.083746 1.28 9 101 1.53 9 102 0.004388 0.000367

X = 0.3 10 kHz 157 52 0.330389 1.33 9 106 4.03 9 106 0.005749 0.001899
50 kHz 108 8 0.076418 9.91 9 103 1.30 9 105 0.009199 0.000703
20 MHz 207 13 0.062583 1.05 9 101 1.68 9 102 0.004812 0.000301

X = 0.4 10 kHz 175 58 0.332105 1.20 9 106 3.62 9 106 0.005156 0.001712
50 kHz 113 10 0.090284 1.12 9 104 1.24 9 105 0.008781 0.000793
20 MHz 244 18 0.074838 1.07 9 101 1.42 9 102 0.004078 0.000305

Fig 8. Frequency dependent tangent loss of Al doped Ni-Co based
spinel ferrite nanoparticles.

Fig 9. Imaginary part of impedance versus log f (Hz) curves for Al
doped Ni-Co based spinel ferrite nanoparticle.

Fig 10. Real part of impedance versus log f (Hz) curves for Al doped
Ni-Co based spinel ferrite nanoparticle.
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at lower frequencies. Similar behavior for imaginary
part of M has been observed as shown in Figure 12.

CONCLUSIONS

In summary, nickel-cobalt based aluminum sub-
stituted ferrite (NiCoFe2-xAlxO4) nanoparticles have
been synthesized successfully by a simple sol–gel
auto-combustion method with five different concen-
trations of aluminum (x = 0.0, 0.1, 0.2, 0.3 and 0.4).
The XRD patterns confirmed that prepared
nanoparticles have been grown with preferred ori-
entation along the (311) plane. The crystallite size
was calculated by Scherrer’s formula and lies in the
range of 14 to17 nm. The nanoparticles with
observed range of crystallite size would have appli-
cations in cancer treatment, hyperthermia, drug
delivery and magnetic storage devices. FTIR anal-
ysis revealed that the presence of functional groups

at octahedral and tetrahedral sites confirm the
spinel nature of synthesized ferrite nanoparticles.
Surface morphology revealed the growth of
nanoparticles with uniform size and distribution.
Dielectric properties confirm the frequency depen-
dence of parameters like tangent loss, dielectric
constant. The aluminum substituted Ni-Co based
spinel ferrite nanoparticles with higher values of
conductivity might have applications in many
advanced electronic devices.
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25. M. Sertkol, Y. Köseoğlu, A. Baykal, H. Kavas, and A.
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