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ABSTRACT 

A series of aluminum substituted Ni-ferrite nanoparticles have been synthesized by chemical co-

precipitation and sol-gel techniques. The samples were characterized by X-ray diffraction (XRD), 

Scanning Electron Microscopy (SEM), Atomic Force Microscope (AFM), Fourier Transform 

Infrared Spectroscopy (FTIR), DC electrical resistivity and dielectric properties. Analysis of the X-

ray diffraction pattern of all the samples confirmed the formation of single phase face centered 

cubic (FCC) spinel structure. The crystallite sizes (D311) have been calculated from most intense 

peak using the Scherrer formula. The particle size remains within the range 25-41 nm. The unit cell 

parameters decrease with the increase in Al
3+

 concentration (x) in both techniques. FTIR 

measurements show two fundamental absorption bands, assigned to the vibration of tetrahedral (A-

sites) and octahedral (B-sites), which were slightly changed with increasing Al
3+ 

concentration (x). 

DC electrical resistivity increases from 6.60×10
7
 to 6.9×10

10
 -cm as the Al

3+
concentration (x) 

increases from 0.00 to 0.50. The results of DC electrical resistivity have been explained on the basis 

of polaron conduction mechanism. Activation energy calculated from the DC electrical resistivity 

versus temperature for all the samples ranges from 0.441 to 0.66 eV. The dielectric properties are 

studied as a function of frequency in the range 100Hz to 5 MHz at room temperature. The dielectric 

constant and loss tangent decreases with increasing Al
3+

 concentration from 22 to 14, 0.354 to 0.27 

respectively at 5MHz for all the samples. Impedance measurements as a function of frequency (1 

KHz-5MHz) at room temperature further helped in analyzing the electrical properties of the 

prepared samples. Resistance of the grain boundary and grains can be separated using complex 

impedance analysis. Hence low values of dielectric constant increase the penetration depth of 

electromagnetic radiation which warrants their application at high frequencies. 

Keywords: X-ray diffraction, DC electrical resistivity, scanning electron microscopy, Fourier 

transform infra-red spectroscopy, dielectric properties. 

 

1. INTRODUCTION 

Due to exceptional potential application of 

ferrite nanoparticles with spinel lattice, this is 

one of the most vital and fast growing area of 

scientists interest and researchers arises from 

the theoretical as well as technological 

applications in many fields, such as satellite 

communication, memory devices, filters, 

microwave absorbing materials
1-2

, computer 

components, antenna rod, magnetic recording 

media, ferrofluid, transformer cores, cancer 

treatment, magnetic resonance imaging
3-4

. 

According to literature, NiFe2O4 is an inverse 

spinel ferrite taken to collinear ferromagnetic
5
 

that originates from magnetic moment of anti-

parallel spins between Fe
3+

 ions at tetrahedral 
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A-sites and Ni
2+

, Fe
3+

 ions at octahedral B-

sites. The general formula for spinel ferrite is 

represented by AB2O4 and it possesses 64 

tetrahedral sites and 32 octahedral sites. In the 

Al
3+

 substituted ferrite nanoparticles, Al
3+

 ions 

exit on octahedral site depending on the 

concentration of Al
3+

 in the ferrite 

nanoparticles
7
 and then it will change the 

concentration of iron ions in the two lattice A 

and B sites. The transitions of bulk materials 

into nano size can lead a number of changes in 

their physical, electrical and magnetic 

properties. The bulk material in ferrites is 

assumed to be constituted of highly conducting 

grains separated by low conducting grain 

boundaries, this hetero-structure of ferrites may 

be greatly affect the dielectric properties of the 

materials
8-9

. 

Impedance spectroscopy has been widely used 

for investigating the properties of electric 

materials and electrochemical synthesis. The 

commonly used models for the impedance 

spectroscopy are electrical equivalent circuits 

consisting of resistors, capacitors, inductors 

and specialized distributed elements. The basic 

information about the dielectric properties of 

materials can be obtained from the complex 

impedance analysis. The impedance analysis 

allows separation of several contributions of 

total impedance, arising from the bulk 

conductance and interfacial phenomenon of 

grain, grain boundary and other electrode 

interface effects
10

. Dielectric properties of 

these magnetic ferrites are mainly dependent 

on the method of preparation, reaction 

temperature, sintering temperature, substitution 

of various cat ions and their distribution at 

tetrahedral and octahedral sites. In the case of 

ferrites prepared by the ceramic method high 

temperature is employed for the completion of 

solid-state reaction between the constituent 

oxides or carbonates. The particles obtained by 

this method are rather large and non- uniform 

in size. These non-uniform particles, on 

compacting, result in the formation of voids 

and subsequently the low density ferrites. In 

order to overcome these difficulties, wet 

chemical methods have advantages over the 

physical methods such as economical, reaction 

taking place at room temperature and large 

scale production possibility. Large scale 

applications of ferrites with nanoparticles and 

the tailoring of electrical properties have 

prompted the development of several widely 

used methods, including sonochemical 

reactions
11

, sol-gel techniques
12

, reverse 

micelles
13

, host template
14

, co-precipitation
15

, 

micromulsion procedures
16

, precursor 

techniques
17-18

, microwave plasma
19

, 

mechanical milling
20

 for the preparation of 

stoichiometric and chemically pure ferrite 

nanoparticles.  

In the view of above fact, it is thought that a 

systematic comparative study of electrical 

transport would be very much useful and 

essential in emerging nanotechnology. 

According to best of our knowledge no 

systematic comparative studies are avail of 

nano-crystalline Al
3+

 substituted nickel ferrites. 

In this paper, we report the comparative studies 

of NiFe2-xAlxO4 ferrite nanoparticles with x 

varying from 0.0 to 0.5 and the consequent 

changes in their lattice constant, particles size, 

bulk density, X-ray density, porosity, DC 

electrical resistivity and dielectric properties. 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Synthesis 

Ferrite nanoparticles of NiFe2-xAlxO4 with x 

ranging from 0.0 to 0.5 were prepared by co-

precipitating aqueous solutions of Al 

(NO3)3.9H2O, Ni(NO3)2.6H2O, and Fe 

(NO3)3.9H2O mixtures, respectively, in alkaline 

medium. The molarity of the co-precipitation 

agent (NaOH) was kept 3. The solutions of 

Ni(NO3)2.6H2O, ,Fe(NO3)3.9H2O and 

Al(NO3)3.9H2O in their stoichiometry (150 ml 
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of 0.1M Ni(NO3)2.6H2O, 150 ml of 0.15M 

Fe(NO3)3.9H2O, 150 ml of 0.05M 

Al(NO3)2.9H2O in the case of NiFe1.5Al0.5O4 

and similarly for the other values of x. were 

dissolved in distilled water with a constant 

stirring. The aq. solution of Nitrates was mixed 

and heated up to 85 
o
C under constant stirring. 

The heated (85
 o

C) precipitating reagent 

(NaOH) was mixed into metal solutions, 

contained in a beaker, with constant stirring at 

85
 o
C. The pH of the reactions was kept at 12 at 

room temperature. All the chemicals were of 

analytical grade. To obtain ferrite nanoparticles 

of a smaller size, less dispersed in size and 

more chemically homogeneous the mixing of 

reagents must be performed as fast as possible. 

So, the precipitating reagent (NaOH) was 

added quickly into metal solutions, contained 

in a beaker, with constant stirring until co-

precipitation occurred. The detail of the 

procedure is given
21-22

. 

Similarly, the same composition NiFe2-xAlxO4 

with x ranging from 0.0 to 0.5 were prepared 

by sol-gel technique. Aqueous solutions of Al 

(NO3)3.9H2O, Ni (NO3)2.6H2O, and Fe 

(NO3)3.9H2O were prepared in 2:1 molar ratio. 

The solutions of Ni (NO3)2.6H2O, 

Fe(NO3)3.9H2O and Al(NO3)3.9H2O in their 

stoichiometric amount (150 ml of 0.1 M 

Ni(NO3)2.6H2O, 150 ml of 0.15 M 

Fe(NO3)3.9H2O, 150 ml of 0.05 M 

Al(NO3)2.9H2O in the case of NiFe1.5Al0.5O4  

and similarly for the other values of x, were 

dissolved in distilled water with a constant 

stirring. Citric acid was then added into the 

prepared aqueous solution to chelate Ni
2+

, Fe
3+

 

and Al
3+

 in the solution. The molar ratio of 

citric acid to total moles of nitrate ions was 

adjusted at 1:1. The mixture solution was 

neutralized to pH 7 by adding 2M solution of 

ammonia. Neutralized solution was evaporated 

to dryness by heating at 100 
0
C on a hot plate 

with continuous stirring, until it becomes 

viscous and finally formed a viscous gel. The 

dried gel burned completely in a self 

propagating combustion manner to form fluffy 

powders. Detail of the procedure is given
22

. 

The as prepared samples were then heated to 

850
0
C in a Furnace for 6hrs at the rate of 10

0
C 

per minute. The sintered powder were then 

ground in an agate Mortar and Pestle and then 

palletized in a 13 mm die for further 

characterizations. 

2.2 Characterization 

The XRD patterns of the studied samples were 

recorded using X-ray diffraction analysis 

(STOE-Seifert X’Pert PRO). The crystallite 

sizes were determined from the indexed XRD 

patterns data. XRD data were taken at room 

temperature using Cu Kα (=1.5406Å) 

radiation. The particle size, D311; lattice 

constant, a; measured density, ρm; X-ray 

density, ρx; and porosity P, were calculated 

using the standard relations
22-23

. The surface 

morphology was performed using a scanning 

electron microscopy (JEOL-instrument JSM-

6490A). The particle size patterns were 

recorded using atomic force microscopy 

(JEOL-JSPM-5200) at room temperature. The 

pellets of the samples were prepared using kBr 

for recording the FTIR spectra in the range 

from 350 to 1000 cm
-1

 at room temperature. 

The relationship between resistivity and 

temperature may be expressed as
24

 

Tk

E

Be



 0                                 (1) 

Where  is the DC electrical resistivity at 

temperature T, kB Boltzmann constant and E  

is the activation energy corresponding to 

electrical process. 

Pellets (13mm in diameter) of samples were 

used for measuring the dielectric properties 

using precision impedance analyzer (Wayne 

Kerr 6500B) at room temperature. The 

dielectric constant ( / ) measurements were 
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carried out in the frequency range from 1kHz 

to 5MHz using precision impedance analyzer 

(Wayne Kerr 6500B) at room temperature. The 

dielectric constant was determined from the 

formula 

A

Cd

o
 / ,                                            (2) 

where C is the capacitance of the pellet in 

farad, d the thickness of the pellet in meter, A 

the cross-sectional area of the flat surface of 

the pellet and o the constant of permittivity of 

free space.     

The dielectric tangent loss factor can be 

calculated using the relation 

 tanδ = 
PPCfR2

1
,                           (3) 

where δ is the loss angle, f is the frequency, Rp 

is the equivalent parallel resistance and Cp is 

the equivalent parallel capacitance. 

The dielectric loss ( // ) is also measured in 

terms of tangent loss factor (tan ) defined by 

the relation [25]. 

 tan///                                          (4) 

The AC conductivity can be calculated using 

the values of frequency and dielectric loss 

factors 

ζAC =  tan2 /

0f , 

where o , / and tan are defined above. 

Complex impedance plots were drawn to study 

the electrical properties of NiFe2-xAlxO4 The 

real (Z
/
) and imaginary (Z

//
) parts of impedance 

were calculated using the relation 

Z
/
= Z cosθ            Z

//
= Z sinθ               (5) 

3. RESULTS AND DISCUSSION 

3.1 Structural studies 

FiFiguregure 1 represents the indexed XRD 

patterns of the synthesized samples NiFe2-

xAlxO4 (for x = 0.00, 0.25, 0.50) using chemical 

co-precipitation and sol-gel techniques. All the 

samples can be indexed as the single phase 

cubic spinel structure. No additional phase was 

detected. The average crystallite size for each 

composition was calculated using the Scherrer 

formula [26]. The lattice parameters as 

calculated from the observed ‘d’ values 

corresponding to the specific planes are shown 

in Table 1. From the table, it is seen that the 

measured density decreased from 3.519 to 

3.266 g.cm
-3

 with increasing Al
3+ 

concentration. This may be due to the fact that 

Al
3+ 

has smaller atomic weight (26.98 amu) 

than the Fe
3+

 (55.85 amu) atoms. The lattice 

parameter varies between 8.3505 Å-8.2079 Å 

with Al
3+

 concentration. The change in lattice 

parameter may be due to the substitution of 

smaller Al
3+

 ions (0.51 Å) for large Fe
3+

 ions 

(0.67 Å) in the system NiFe2-xAlxO4. Since 

smaller ions are replacing larger ones, a 

decrease in the lattice parameter is expected. 

Hence the observed behavior of the lattice 

parameter can be understood. The measured 

density, ρm, and X-ray density, ρx, were 

calculated using the standard relations [23, 24]. 

The measured density and X-ray density for 

various samples are tabulated in Table 1. The 

X-ray density has been calculated from the 

molecular weight and the value of the unit cell. 

The variation of lattice parameter and X-ray 

density are in conformity with that the 

aluminum atom  

 

Table 1. Average crystallite size (D311), lattice parameter (a), lattice volume (V), X-ray 

density(  x), measured density(  m), Porosity (P), Vibration bands (v1, v2), activation energy( E ), 

correlation coefficient (R), DC electrical resistivity(  ), dielectric constant(ε
/
), tangent loss tangent 
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(tanδ), dielectric loss ( )// , AC conductivity (ζAC), real part of impedance (Z
/
) and imaginary part 

of impedance (Z
//
) of NiFe2-xAlxO4 ferrite nanoparticles.  

Parameters Chemical co-precipitation Sol-Gel 

x=0.0 x=0.25 x=0.5 x=0.0 x=0.25 x=0.5 

D(311) ± 3 nm 41 29 29 34 25 30 

a(Å) 8.3505(2) 8.3391(1) 8.3054(4) 8.3505(2) 8.2864(3) 8.2079(1) 

V(Å
3
) 582 580 573 582 569 553 

 m(g /
3cm )± 0.01 2.83 3.19 3.26 2.96 2.74 2.52 

 x(g /
3cm )± 0.01 5.35 5.21 5.11 5.35 5.31 5.29 

P 0.47 039 0.47 0.47 0.48 0.52 

υ1(cm
-1

) 594.61 597.71 606.66 587.7 607.47 623.03 

υ2(cm
-1

) 394.58 405.96 410.01 405.39 406.32 425.81 

ρ at 423 K 

(
 
-cm) ± 0.01 

6.60x10
7
 8.30x10

8
 8.60x10

10
 3.48x10

7
 6.20x10

8
 6.90x10

10
 

E  ± 0.001 (eV) 0.616 0.474 0.659 0.441 0.483 0.660 

R 0.997 0.962 0.994 0.987 0.994 0.993 

ε
/ 
(1kHz) 478 164 140 41 29 20 

ε
/ 
(5MHz) 22 19 18 16 15 13 

tanδ(1MHz) 0.819 0.483 0.402 0.087 0.071 0.054 

tanδ(5MHz) 0.354 0.271 0.187 0.030 0.029 0.027 

ε
// 

(1kHz) 928 176 147 33 14 7 

ε
// 

(5MHz) 7.66 5.28 3.66 0.494 0.494 0.375 

ln ζAC (1kHz) -2.3016 -8.47849 -9.19199 -7.79228 -11.19523 -11.80353 

ln ζAC (5MHz) -2.6725 -6.52637 -6.89287 -8.89442 -8.89334 -9.16007 

Z
/
(1KHz) 131917 49887 337000 618000 641000 645000 

Z
/
(5MHz) 4208 3237 3650 4320 4280 4100 

Z
//
(1KHz) 150628 71563 95500 155000 237000 146000 

Z
//
(5MHz) 455 764 312 51 71 75 

 

is lighter than the nickel atom, while the size of 

Al
3+

 ion is smaller than that of the  

 

Fe
3+

 ions. Similar structural behavior was 

noticed by Gul and Maqsood
23

 behavior on the 

CoFe2-xAlxO4 materials prepared by sol-gel 

technique. 

3.2 Surface morphology study 

The morphology and particle size of the sample 

prepared by sol-gel technique was determined 

by scanning electron  

microscopy (SEM). Microstructure analysis 

determines the average size and the type of 

grain growth of the samples, which influence 

the physical, electrical and magnetic properties 

of the materials. The SEM image is shown in 

Figure 2. This figure indicates that the nano-

sized Ni-ferrites are spherical in shape and are 

uniformly distributed. The average particle size 

determined by the SEM was found to be in the 

range 37 nm for the studied sample. 
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Figure 1. Indexed XRD pattern of NiFe2-xAlxO4 ferrite 

nanoparticles synthesized by chemical co-precipitation 

and sol-gel techniques. 

 

Figure 2. SEM image of NiFe2O4 ferrite nano-particles 

synthesized at RT by sol-gel technique. 

 

3.3 Atomic force microscopy study 

The particle size of the samples synthesised 

by chemical co-precipitation and sol-gel 

techniques is also observed by the atomic 

force microscope (AFM). Complimentary 

information about the surface microstructure 

of the nickel ferrite is obtained from the three 

dimensional AFM images. Figure 3 shows the 

AFM of the Ni-ferrite nanoparticles. It can be 

seen from the figure that particle are spherical 

with average size less than 40 nm. This image 

shows that the sample under investigation has 

uniform morphology having average size in 

the range of 35 nm in good agreement with 

XRD data with in experimental errors. 

3.4 Fourier Transform Infrared 

Spectroscopy 

Figure 4 shows the FTIR spectra of the 

samples NiFe2-xAlxO4 (for x = 0.00, 0.25, 

0.50) prepared by chemical co-precipitation 

and sol-gel techniques recorded in the 

frequency range 350-1000 cm
-1

. Two main 

broad metal–oxygen bands are seen in the IR 

spectra of all studied samples. These two 

bands Waldron
27

 attributed the band ν1 at 

around 600 cm
-1

 to the intrinsic vibration of 

tetrahedral metal oxygen complexes and the 

band ν2 at around 400 cm
-1

 to the intrinsic 

vibration of octahedral metal oxygen 

complexes. The high frequency band v1 is 

caused by stretching vibrations of tetrahedral 

metal oxygen band and low frequency 

absorption band v2 is caused by the metal 

oxygen vibrations in octahedral sites
27

. The 

difference in frequencies of bands v1 and v2 is 

due to changes in the bond length Fe
3+

-O
-2 

at 

tetrahedral and octahedral sites
28-29

. The 

absorption bands v1 and v2 are slightly shifted 

toward higher frequency side due to the 

addition of Al
3+

 and is attributed to the 

increase bond length at octahedral site. This 

suggests that the Al
3+

 ions occupy octahedral 

site. The shifting of low and high frequency 

bands position obtained in the present work 

are summarized in Table 1. It is clear from 

Table 1 that the values of vibration bands ν1 

and ν2 are changed towards higher 

frequencies, with increase in the 

concentration of Al
3+ 

because this may be 

attributed to the decrease in the unit cell 

dimension as evidenced by the variation of 

lattice constant.  The decrease in unit cell 

dimension affects the Fe
3+ 

band positions. 

The presence of Fe
3+

-O
-2

 in the nano sized 

ferrites can also be caused splitting of the 

bond due to Fe
3+

-O
-2

 vibrations occur at 
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around 400 cm
-1

. The other observed 

shoulders in the range are due to the presence 

of different metal ions at octahedral sites
31-32

. 

3.5 DC electrical resistivity 

The electrical properties of ferrites are highly 

dependent on processing parameters or 

conditions such as reaction temperature, 

heating atmosphere, sintering time, chemical 

composition and dopants
33-35

. Nano-ferrite 

materials behave like a semiconductor and 

their DC electrical resistivity decreases with 

increasing temperature. The effect of 

temperature on DC electrical resistivity can 

be explained by considering the mobility of 

charge carries responsible for hopping. With 

the increase of temperature, the mobility of 

charge carriers also increasing thereby 

decreases the DC electrical resistivity. DC 

electrical resistivity for all these samples was 

measured by two probe method as a function 

of temperature and is shown in Figure 5. 

Nano ferrite materials have very high DC 

electrical resistivity, which is one of the 

considerations for microwave and absorbing 

materials applications. 

According to reference
36

 conduction in 

ferrites is reported to occur as a result of 

electron hopping between ions of the same 

element existing in different valence state on 

equivalent lattice sites. The conduction at low 

temperature i.e <400 K is due to impurities, 

whereas at high temperature i.e. >400 K, the 

conduction is due to polaron hopping. From 

figure 5 it is observed that all the samples 

show a linear decreasing behaviour with 

increasing temperature. It is suggested that 

the conduction mechanism change linearly as 

temperature increases. The variation of 

resistivity is explained on the basis of actual 

location of cation in the spinel structure. The 

resistivity is observed to increase with 

increase in Al
3+

 concentration (x). 

 

 

 

 

 

 

 

  
Figure 3. AFM images of NiFe2O4 ferrite nano-particles at room temperature synthesized by sol-gel 

technique. 

The conduction in these ferrites can be 

explained by the Verway mechanism
37

. A 

very small amount of Fe
2+

 and Ni
3+

 ions are 

formed during the sintering process and 
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electron exchange is believed to be between 

the iron and nickel ions
38

 which can be 

written as 

Ni
2+

+Fe
3+  

↔ Ni
3+

+Fe
2+

 

The increase in DC electrical resistivity with 

increase in Al
3+

 concentration may also be 

due to the formation of stable electric bonds 

between the Al
3+

 and Fe
2+

 ions, which 

localize Fe
2+

 charge carriers. This is in turn 

hinders the Verway mechanism, thereby 

increasing the DC electrical resistivity. It may 

also be due to the probability of electron 

hopping responsible for DC electrical 

conduction in ferrites depends upon the 

activation energy, which is associated with 

the electrical energy barrier experienced by 

electron during hopping
39-40

. Hence higher 

activation energy implies the higher DC elec 

trical resist. The magnitude of activation 

energy (>0.4eV) for all the compositions with 

Al
3+

 concentration suggest that the 

conduction process in the present ferrites is 

due to the hopping of polarons. It is well 

known that Al
3+

 occupy octahedral B sites, 

while Fe
3+

 ions occupy A and B sites. 

According to reference
41

 the increase in 

resistivity may be due to the fact that Al
+
 ions 

prefer to occupy the octahedral site (B) where 

Fe
3+

 ions partially occupy the A and B sites. 

On increasing Al
3+

 ion substitution Fe
3+

 ions 

concentration at A and B sites will decrease. 

This leads to the migration of some Fe
3+

 ions 

from B site to the A site. As a result, the 

number of Fe
3+

 and Fe
2+

 ions at the B sites 

(which are responsible for electrical 

conduction in ferrites) decreases. 

Consequently, the resistivity increases on 

increasing Al
3+

 ions substitution. Therefore, it 

may be said that NiFe2-xAlxO4 increases by 

increasing Al
2+

 concentration. The values of 

resistivity at 393 K increases from 6.60×10
7 

to 6.90×10
10

 cm , as the concentration of 

Al
3+

 increases from x=0.00 to 0.5 as shown in 

Figure 5. These values are also tabulated in 

Table 1.  
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Figure 4. FTIR spectra of NiFe2-xAlxO4 synthesized using chemical co-precipitation and sol-gel techniques. 

 

The activation energy of each sample in the 

measured temperature range can be 

determined from the slope of the linear plots 

(Figure 5) of DC electrical resistivity. The 

value of activation energy ranges from 0.441 

to 0.66 eV. In ferrite samples, the activation 

energy is often associated with the variation 

of mobility of the charge carriers rather than 

with their concentration. The charge carriers 

are considered as localized at the ions or 

vacant sites and conduction occurs via a 

hopping type process. The hopping depends 

upon the activation energy, which is 

associated with the electrical energy barrier 

experienced by the electrons during hopping.  

 

3.6 Dielectric properties 

3.6.1 Dielectric constant (ε
/
) and Loss 

factor (ε
//
) with frequency 

The effect of frequency f on the dielectric 

constant (ε
/
) and loss factor (ε

//
) is shown in 

Figures 6 and 7 for all the studied samples 

prepared by chemical co-precipitation and 

sol-gel techniques. It can be seen from Figs. 6 

and 7 that the both ε
/
 and ε

//
 decrease with 

increase of frequency. This is the normal 

dielectric behavior of ferrites, which was 

observed before for Ni-Mg
42

, Co-Zn
43

, NiZn-

Mg
44

 and Zn-Mg
45

 at room temperature and 

Co-Zn
46

, CoNi-Sb
47

 ferrites above room 

temperature. The decrease in ε
/
 and ε

//
 with 

increase in frequency is due to the fact that 

the polarization decreases with increasing 

frequency and then reaches a constant value. 

The observed variation in ε
/
 and ε

//
 may be 

understood on the basis of space charge 

polarization, which is due to an 

inhomogeneous structure governed by the 

number of space charge carriers and the 

resistivity of the samples
48-49

. The space 

charge polarization resulting from electron 

displacement on application of electric field 

and the subsequent charge build up at the 

insulating grain boundary is a major 

contributor to the dielectric properties in 

ferrites. The values of ε
/
 and ε

//
 decrease from 

478 to 20 and 928 to 7, respectively at 1kHz 

with successive addition of trivalant Al
3+ 

concentration in NiFe2-xAlxO4 synthesized by 

both techniques.  The decrease in ε
/
 and ε

//
 are 

rapid at low frequencies and become slow at 

high frequencies. Initially when the frequency 

of the applied AC electric field is much 

smaller than the jumping frequency of 

electron adjacent Fe
2+

 and Fe
3+ 

ions at 

octahedral B-sites, the electron follow the AC 

electric field and the energy loss is small
50

. 

When the frequency of the applied AC 

electric field is much larger than the hopping 

frequency of electron, then the electrons do 

not have the opportunity to jumps at all and 

the energy loss is small
50

. The electronic 

hoping Fe
2+ 

↔ Fe
3+

 occurs by electron 

transfer between adjacent octahedral B sites 

in the spinel lattice. Thus by the electronic 

exchange, one obtains local displacement of 

electrons in the direction of the applied field. 

These displacements determined the 

polarization of the ferrite. 
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Figure 5. Variation of DC electrical resistivity 

ln(ρ) with 1/T for NiFe2-xAlxO4 ferrite 

nanoparticles. 

Figure 6. Variation of dielectric constant with ln(f) 

of NiFe2-xAlxO4 ferrite nanoparticles at R.T. 
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Figure 7. Variation of dielectric loss with ln(f) of 

NiFe2-xAlxO4 ferrite nanoparticles. 

Figure 8. Variation of loss tangent with ln(f) of 

NiFe2-xAlxO4 ferrite nanoparticles. 

 

10 11 12 13 14 15 16 17 18

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

Sol-gel

x=0.00

x=0.25

x=0.50

Co-precipitation

 x=0.00

 x=0.25

 x=0.50

 

 

ln
 

A
C

ln f  

 

8 9 10 11 12 13 14 15 16

0.0

2.0x10
5

4.0x10
5

6.0x10
5

8.0x10
5

1.0x10
6

Sol-gel

x=0.00

x=0.25

x=0.50

Co-precipitation

 x=0.00

 x=0.25

 x=0.50  

 

R
e

a
l 
p

a
rt

 o
f 

im
p

e
d

a
n

c
e

 (
Z

')

ln f  
Figure 9. Variation of AC conductivity with ln(f) 

of NiFe2-xAlxO4 ferrite nanoparticles 

Figure 10. Variation of real part of impedance 

with ln f of NiFe2-xAlxO4 ferrite nanoparticles. 
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It is well known that the effect of the 

polarization is to reduce the field inside the 

medium. Therefore, the dielectric constant of 

the studied samples may be decreases 

substantially as the frequency is increased. 

Therefore, the decrease in both  ε
/
 and ε

//
 on 

increasing the frequency takes place when the 

hopping frequency of electrons exchange 

between Fe
2+ 

and Fe
3+

 ions cannot follow the 

alternating frequency of applied AC electric 

field beyond a certain critical frequency
51

. A 

sample with high DC electrical resistivity 

acquires low values of dielectric constant and 

vice versa. The increased resistivity obstructs 

the flow of space charge carriers and 

therefore impedes the build-up of space 

charge polarization. Since the resistivity is 

observed to increase with Al
3+

 concentration 

in the present Ni-ferrites, the dielectric 

constant and loss are, thus expected to 

decrease with an increase in Al
3+ 

concentration as a result of the space charge 

polarization. High dielectric constants 

decrease the penetration depth of the 

electromagnetic waves by increasing the skin 

effect. Hence, the much lower dielectric 

constants obtained for the ferrites warrant 

their application at high frequencies.  

 

3.6.2 Dielectric loss tangent (tanδ) 

Figure 8 shows the variation of dielectric loss 

tangent (tanδ) with frequency for the 

composition NiFe2-xAlxO4 at room 

temperature prepared by chemical co-

precipitation and sol gel methods. The values 

of dielectric loss tangent decrease with 

increase in the frequency from for all the 

studied samples. The values of dielectric loss 

tangent decrease from 0.354 to 0.027 at 

5MHz with addition of trivalent Al
3+ 

concentration in NiFe2-xAlxO4 synthesized by 

both techniques. Dielectric loss tangent in 

ferrites is considered to originate from two 

mechanisms: electron hopping and charged 

defect dipoles. The former contributes to 

dielectric loss tangent in the low frequency 

region, while in the high frequency range, 

dielectric loss tangent mainly result from the 

response of the defect dipoles to the applied 

field. These dipoles in ferrites are formed due 

to change in cation sites, such as Fe
3+

/Fe
2+

, 

during the sintering process. The decrease of 

tanδ could be accounted for using koops 

model. In the low frequency region which 

correspond to high resistivity due to grain 

boundary more energy is required for electron 

exchange between Fe
2+

 and Fe
3+

 ions. Thus 

the energy loss is high. In the high frequency 

range (5MHz) which corresponds to low 

resistivity (due to grain) less energy is 

required for electron exchange between Fe
2+

 

and Fe
3+

 ions. Thus the energy loss is low at 

higher frequencies.  

3.6.3 AC conductivity with frequency 

Figure 9 shows the dependence of AC 

conductivity on the frequency and 

composition at room temperature. To under 

stand the conduction mechanism and the 

types of ions responsible for conduction, the 

variation of AC conductivity of nano-sized 

aluminum substituted nickel ferrites was 

studied as a function of frequency from 100 

KHz to 5 MHz .It is observed from Figure 9 

that AC conductivity increases with AC 

alternating applied frequency. As the 

frequency of the applied field increases, 

hopping of charge carriers also increases, 

thereby increasing the conductivity. The 

variation of AC conductivity with applied 

frequency could be explained on the basis of 

Koops model
52

. According to this model, the 

AC conductivity at low frequency is due to 

the conducting grain boundaries while, the 

conductivity at higher frequencies due to 

conducting grains. Since the high density of 

interfacial states in nanosystem can serve as 

charge carriers due to with respect to the 
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bulknization and also function as conduction 

centers for transport of charge carriers, AC 

conductivity in these system is at variance 

with respect to the bulk and conductivity is 

found to be higher
53

, Alder and Feinleib
54

 

have shown that AC conductivity increases 

with frequency linearly in the case of 

conduction by polarons. 

3.6.4 Impedance Spectroscopy 

The transport properties of polycrystalline 

materials are greatly influenced by the 

microstructure, and impedance analysis is a 

very good technique that usually contains 

feature(s) which can be directly related to 

microstructure. In dc measurement the 

electrical conductivity is actually the sum of 

electronic contribution from grains, inter-

grain boundaries, surface electrodes contacts, 

etc. while the use of ac measurement at 

different frequencies makes it possible to 

discriminate the individual contribution from 

the overall conduction. A complex resistivity 

plot is the plot of specific complex impedance 

(impedance per unit length and cross-

sectional area), which is useful if various 

parameters from the different samples are to 

be compared. To get more insight into the 

electrical properties, we have studied the 

impedance spectra (the real part,Z′ and the 

imaginary part, Z″) for all samples at room 

temperature. Figs. 10 and 11.shows that Z
/
 

and Z
//
decreases with increasing frequency. 

The decrease in the values of Z
/
 and Z

//
 with 

increasing frequency shows that the 

conductivity of the NiAlxFe2-xO4 increases as 

the frequency increases. The profiles of the 

resistivity and impedance plots are exactly 

same. It is seen that the profile diagram is 

composed of one semicircle (not 

complete).The impedance response in 

polycrystalline materials is normally 

comprised of the bulk (grain), the grain 

boundary and the material electrodes 

interface processes in order of decreasing 

frequency. However, the impedance 

responses from the grain and grain boundary 

will be overlapped significantly if the time 

constant of the different processes differs by a 

factor of less than 100. The complex 

impedance plot behavior depends upon the 

particles size. For smaller particles sample 

only one semicircle is observed and large 

particle samples show two semicircles, that 

corresponds to grain boundary and grains 

resistance separately [56, 57 ]. Size of the 

semicircle changes with particle size and is 

the measure of  the magnitude of resistance 

Fig 11 shows the profile of the impedance 

plots for NiAlxFe2-xO4 ,the various ferrite 

compositions synthesized through two 

different methods; sol-gel and co-

precipitation method, respectively. The 

interpretation of the impedance semicircles as 

due to the response of the material in the 

present investigation is substantiated by the 

fact that the use of different materials for 

electrodes or holder, such as copper or silver, 

has no effect on the profile and the range of 

the semicircular arc along the Z’ axis. The 

experimental data was analyzed using 

nonlinear least square fitting (NLLS) method 

in order to obtain best fit. From the plots on 

comparison it is seen that none of samples 

exhibit ideal semi-circle. The samples 

prepared through sol-gel method exhibit 

greater Debye relaxation as compared to the 

samples prepared through co-precipitation 

method. It is further noted that the impedance 

values of sol-gel samples is higher than co-

precipitation samples.  Among the present 

three investigated compositions three 

compositions, x= 0.5 shows the lowest values 

of impedance in the two preparation methods 

(120.5 MΩ in co-precipitation and 948.7 MΩ 

in sol-gel). The in complete semicircle 

obtained (in high frequency region) the Cole-

Cole plot corresponds to the conduction due 

to grain boundary. The plots show that 
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conduction mechanism takes place 

predominantly through grain boundary 

volume. The contribution from grain was not 

well resolved in the samples. The higher 

value of grain boundary can be due to the 

decrease in Fe
3+

 number, increase in surface 

to volume ratio, porosity, and disordered 

atomic arrangement near the grain boundary. 

For the present samples one semicircle 

confirms the high grain boundary resistance 

and increase in the diameter of the semicircle 

is due to increase in resistance with 

Aluminum addition.  

Furthermore, the higher value of impedance 

in sol-gel method can be clearly understood 

because of the fact that sol-gel method has 

greater advantage of achieving small size 

nanoparticles but agglomerated and hence 

large grain boundary volume
56

. The electrical 

response of the samples can be treated as 

equivalent circuit (as shown in Figure 12) 

expected from a parallel resistor-capacitor (R-

C) combination. 
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Figure 12. Variation of cole-cole with ln f of 

NiFe2-xAlxO4 ferrite nanoparticles. 
 

 

 

 

 

 

Figure 13. Proposed circuit for complex 

impedance spectra. 

4. CONCLUSIONS 

The co-precipitation and sol gel techniques 

have been used for the synthesis of Ni-ferrite 

nanoparticles NiFe2-xAlxO4 (for x = 0.00, 

0.25, 0.50). X-ray diffractograms assured the 

cubic spinel structure for all investigated 

samples. The crystallite size (D311) have been 

calculated from the Scherrer formula. The 

particle size remains within the range 25-41 

nm for the studied compositions. The unit cell 

parameters decrease from 8.5305 to 8.2079 Å 

with increasing Al
3+

 concentration (x) in both 

techniques. The variation of lattice parameter 

is in a good agreement with the reported 

values
40

. The X-ray density decreases with 

addition of Al
3+ 

concentration from 5.35 to 

5.11 g/cm
3
.
 

Temperature dependent DC 

electrical resistivity decreases with increase 

in temperature ensuring the semiconductor 

like nature of the samples. The values of DC 

electrical resistivity at 423 K increases from 
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6.6×10
7
 to 6.9×10

10
 cm , as the 

concentration of Al
3+

 increases from x = 0.00 

to 0.50. The decrease in / and // with 

increasing frequency for all the samples is 

attributed to the decrease in the polarization 

of the sample because the dipoles cannot 

follow up the field variation. The dielectric 

losses are reflected on the DC electrical 

resistivity measurements where the materials 

of high resistivity exhibiting low losses and 

vice versa. The dielectric constant and loss 

factor decreases with Al
3+

 concentration from 

478 to 20 and 928 to 7, respectively at 1 kHz 

and 5 MHz for NiFe2-xAlxO4 ferrite 

nanoparticles. The variation of AC 

conductivity of nano-sized aluminum 

substituted nickel ferrites was studied as a 

function of frequency from 1 KHz to 5 MHz. 

The variation of AC conductivity with 

applied frequency could be explained on the 

basis of koops model. The values of real (Z
/
) 

and imaginary (Z
//
) part of impedance of the 

studied samples with nominal compositions 

NiFe2-xAlxO4 decreases with increasing 

frequency. The decrease in the values of Z
/
 

and Z
//
 with increasing frequency show that 

the conductivity of the Ni-ferrites increases as 

the frequency increases. Complex Impedance 

plots shows that grain boundary resistance is 

higher for the present samples. Low losses 

even at high frequencies make these samples 

suitable for microwave and absorbing 

materials applications.  
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