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Abstract
Ni-Zn-Al nanoferrites of general formula Nix Zn1-x Al Fe O4 (x = 0.0, 0.2, 

0.4, 0.6, 0.8 and 1.0) were synthesized by sol-gel auto combustion technique. 
The X-ray diffraction and FTIR studies confirmed the formation of single cubic 
spinel structure. Dielectric performance and AC conductivity of prepared mixed 
nanoferrites were carried out using LCR impedance meter. It was observed that 
both dielectric constant and dielectric loss were decreased by increasing the 
frequency whereas AC conductivity increases with applied frequency but decreases 
with increasing the Ni2+ ion substitution for a fixed Al3+ ion concentration. DC 
resistivity, activation energy and Curie temperature were calculated by using the 
two probe experimental method. It was observed that DC resistivity decreased 
whereas the charge mobility increased with increasing the temperature. DC 
resistivity and activation energy of the nanoferrite samples were increased with 
Ni2+ ion substitution for a fixed Al3+ ion concentration.

Keywords
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Introduction
Investigating the properties of nanoferrites is the most important in the fast 

growing areas like scientific, industries, design and research of nano technology. 
Ni–Zn ferrite is a soft magnetic and an important ceramic material which 
has enormous applications in various fields like electric, magnetic, electronics, 
microwave devices, catalysts, transformers cores, power conversions, high 
frequency applications in telecommunications, magnetically control drug 
delivery system, for multilayer inductor applications, etc [1-7]. The nanoferrite 
properties can be easily adjustable, controllable to a great extent by choosing 
proper preparation methods and suitable doping with divalent, trivalent and rare 
earth ions [8-10]. Different cation substitutions can distribute into the voids 
of the parent crystal structure and can alter many properties of nanoferrites 
like DC resistivity, mobility of the charge, desire magnetization, activation 
energy, Curie temperature and dielectric losses. Electrical conductivity gives 
the significant information about conduction mechanism of ferrites. The 
electric conductivity of ferrites depends on various parameters like preparation 
methods, type of doping, temperature and sintering conditions and time  
[11,12]. Impedance spectroscopy is an outstanding technique to analyze the 
electrical conduction mechanism of ferrites. The AC conductivity of the ferrites 
can be investigated in many ways like complex impedance, complex permittivity 
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Results and Discussions
X-ray diffraction study

The structural analysis of Nix Zn1-x Al Fe O4 (x = 0.0, 
0.2, 0.4, 0.6, 0.8 and 1.0) ferrite nanoparticles was studied 
by powder XRD method using CuKα radiation. Figure 1 
shows the X-ray diffraction patterns of all prepared ferrite 
nanoparticles which confirmed the crystalline structure. The 
average crystallite size (t) of the ferrite nanoparticles were 
calculated using the Debye-Scherrer formula (Eq.1) and was 
found in the range 15-46 nm.

0.9 t=
cos
λ

β θ
………………………………….. (1)

Where, λ – Wavelength of the X-ray radiation, β – full 
width at half maximum, θ – Bragg’s angle. 

The lattice constant was determined by Eq.(2)

2 2 2a = d h k l+ + ……………………………… (2)	
 

Where, d – inter planer distance, h, k, l – Miller indices.

It was noticed that the crystallite size and lattice 
constant values gradually decreased with increasing of Ni2+ 
ion substitution. Decrease in the crystallite size and lattice 
constant may be due to the substitution of smaller Ni2+ ions 
(0.74 Ǻ) in place of larger Zn2+ ions (0.84 Ǻ) [15-18].

The X-ray density (ρX), bulk density (ρB) and porosity 
was calculated by Eq. (3), (4) and (5) respectively and listed in 
Table 1.		

3

8
Nax

Mρ = ………………………………. (3)		
	 				  

Where, M - molecular weight, N - Avogadro number, a - 
lattice constant.

B 2

m
r t

ρ =
Π

………………………………….. (4)	
	 				 

Where, m - mass of the circular pellet, r – radius of the 
pellet, t – thickness of the pellet.

and complex electric modulus [13]. But all are equally valid to 
study the electrical conduction mechanism of ferrites.

The purpose of this work is to synthesis the Nix Zn1-x Al 
Fe O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrites and to 
understand the influence of Ni2+ ion substitution for a fixed 
Al3+ ion concentration on the structural, magnetic, dielectric 
and electrical properties of Ni-Zn nanoferrites. In this article, 
we have been focused mainly on the dielectric behaviour and 
DC electrical resistivity of all the prepared nanoferrites. The 
study of dielectric constant, dielectric loss and AC conductivity 
is made as a function of frequency and composition at room 
temperature. In addition to this the study of dielectric loss, 
AC conductivity and DC resistivity is made as a function of 
temperature. The DC electrical resistivity of all the samples 
were found in the order of 106 [14] and low dielectric loss 
values was found, hence these ferrites may be suitable for 
making high frequency electronic devices and electromagnetic 
wave absorbing devices.     

Experimental
Synthesis route

Analytical grade (AR) with 99% purity of chemical 
reagents such as zinc nitrate hexahydrate – Zn (NO3)2 6H2O 
(AR), nickel nitrate – Ni (NO3)2 6H2O (AR), aluminium 
nitrate nonahydrate – Al (NO3)3 9H2O (GR), ferric nitrate 
– Fe (NO3)3 9H2O (GR) & citric acid monohydrade – C6 H8 
O7 H2O (GR) were used for the preparation of aluminium 
substituted Ni-Zn nanoferrites of general formula Nix Zn1-x 
Al Fe O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) using sol-gel auto 
combustion technique. Stoichiometric chemical reagents were 
dissolved in de-ionized water. Mixed nitrate solution was 
magnetically stirred for an hour then citric acid was added to 
nitrate solution in 3:1 molar ratio and further stirred for half 
an hour at 60 oC temperature. Liquid ammonia was added to 
citric solution to maintain PH value at 7.0 and by continuously 
stirring on the hot plate at 100 oC to get a viscous gel. The gel 
was kept on heating till it burns and undergoes combustion. 
As a result of auto-combustion finally fluffy powder of 
synthesized ferrite was obtained. The fine powder was calcined 
under the constant heating conditions at 873 K for 5 hours and 
grinded into fine particles. Finally, the calcined fine powder 
was pressed into pellets of 10 mm diameter and approximately 
1-2 mm thickness.

The pellets were calcined at 873 K for 5 hours for further 
investigations. Both surfaces of the pellet samples were 
coated with silver paste for better electrical contact to study 
its electrical properties. Using pellet samples, the dielectric 
behaviour and AC conductivity were carried out by LCR 
impedance meter (Model 6500P Precision LCR Meter, 
Wayne Kerr, Germany) as a function of frequency (20 Hz – 5 
MHz) and the temperature (room temperature to 873 K). DC 
resistivity of ferrite samples was carried out by using two probe 
experimental set-ups (Model DNM-121, SES Instruments 
Pvt. Ltd, Roorkee, India).

Figure 1: X-ray diffraction pattern of Nix Zn1-x
 Al FeO4(x = 0.0, 0.2, 0.4, 

0.6, 0.8 and 1.0).
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B

X

 1-P ρ
ρ

=  ………………………… (5)		
	 				 

Where, P – porosity, ρB – bulk density, ρX – X-ray density.

From Table 1, it was observed that the X-ray density and 
porosity decreased, bulk density increased with increase of Ni2+ 
ion substitution for a fixed Al3+ ion concentration. In the case of 
ferrites, the X-ray density is more than the bulk density. It is due 
to existence of pores in the samples, which depend on sintering 
temperature. The X-ray density depends on the molecular 
weights of the samples and lattice constants. The molecular 
weights of prepared samples of Nix Zn1-x Al Fe O4 (x = 0.0, 
0.2, 0.4, 0.6, 0.8 and 1.0) were found to decrease from 212.15 
to 205.46 g/mol by varying the composition (x). Hence, the  
X-ray density decreased as Ni2+ ion substitution increased 
[19]. The bulk density and porosity was inversely related 
with each other. Hence, the bulk density increased and the 
porosity progressively decreased with the increase of Ni2+ ion 
substitution (Table 1). It confirms densification of the samples 
as the Ni2+ ion substitution is increased for a fixed Al3+ ion 
concentration [20].

FTIR study
The FTIR spectra of Nix Zn1-x Al Fe O4 (x = 0.0, 0.2, 0.4, 

0.6, 0.8 and 1.0) were taken in the range 350 - 750 cm-1 at room 
temperature which is annealed at 873 K shown in Figure 2. The 
FTIR spectra confirmed the formation of spinel cubic structure 
and the strong absorption bands with two characteristic peaks 
[21-24]. In ferrites the metal ions are situated at two sub-
lattices named tetrahedral (A) site and octahedral (B) site. 
The high frequency tetrahedral (υ1) band was observed in the 
range of 605-636 cm-1 and low frequency octahedral band 
(υ2) was observed in the range of 404-414 cm-1 and shown in  
Table 2. This confirms the spinel structure of the prepared 
ferrite compositions. Similar reports were observed by Zahi 
and Pathak [25, 26].

Dielectric response
Impedance spectroscopy is a common technique to study 

the property of electrical conduction of ceramic materials in 
terms of dielectric response as a function of AC field. Dielectric 

properties of nanoferrites were affected by the applied 
temperature, frequency of AC field and its lattice structure. 
Dielectric behaviour of a ferrite material under alternating 
electric fields can be explained as complex permittivity (ε* = ε’ 
+ jε”). Complex permittivity of the dielectric material depends 
on several parameters such as microstructure, oxygen vacancy, 
cation substitutions, preparation methods and sintering 
temperature.

Complex dielectric permittivity was calculated with Eq. (6),

jε ε ε∗ ′ ′′= +  ……………………… (6)

Real and imaginary parts of permittivity can be calculated 
by Eqs. (7) and (8) respectively.

0

Cd
A

ε
ε

′ =  ……………………………….. (7)

tan ε ε δ′′ ′= …………………….. (8)

Where, ε’ – real part permittivity, ε’’ – imaginary part 
permittivity, C – capacitance, d – thickness of the pellet, A 
– surface area of the pellet, ε0 – permittivity of free space, tan 
δ – dielectric loss factor.

Figure 2: FTIR image of Nix Zn1-x
 Al FeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 

1.0).

Table 1: Lattice constant (a), X-ray density (ρx), Bulk density (ρB), Porosity 
(P) and crystallite size (t) of Nix Zn1-x

 Al FeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 
1.0).

Composition
(x)

Lattice 
constant 

(a)
(Ǻ)

X-ray 
density(ρx)
(gm/cm3)

Bulk  
density 

(ρB)
(gm/cm3)

Porosity 
(P) (%)

Crystallite 
size (t)

(Debye- 
Scherer) 

(nm)

0.0 8.334 4.869 3.784 22.28 45.74

0.2 8.327 4.850 3.893 20.22 45.74

0.4 8.314 4.842 3.905 19.35 41.16

0.6 8.307 4.824 3.947 18.18 34.29

0.8 8.295 4.814 3.981 17.30 20.58

1.0 8.281 4.807 3.997 16.85 14.70

Table 2: Tetrahedral and Octahedral frequencies of Nix Zn1-x AlFeO4  

(x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0).

Composition
(x)

Tetrahedral frequencies (ν1)
(cm-1)

Octahedral 
frequencies (ν2)(cm-1)

0.0 634 411

0.2 635 409

0.4 634 414

0.6 631 404

0.8 636 413

1.0 605 414
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Figure 3 (A) and (B) shows the dielectric behaviour of 
real and imaginary parts of complex dielectric permittivity 
with applied frequency (20-1 MHz) of Nix Zn1-x Al Fe 
O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrites at room 
temperature (304 K). It was found that the real and 
imaginary parts of dielectric permittivity decreased with 
increasing the applied frequency which shows the dielectric 
dispersion at lower frequency. This dispersion mechanism 
at low frequency was explained by the Maxwell-Wagner’s  
two-layer model [27-30] in agreement with Koop’s 
phenomenological theory [31]. The changing in the dielectric 
constant maybe explained in terms of space charge polarization 
which is produced due to the existence of greater conductivity 
grains in the insulating grain boundaries [32-37]. The space 
charge polarization is formed due to large fine conducting 
grains separated by thin poor conducting intermediate grain 
boundaries.

The exchange of electron between Fe2+ and Fe3+ ions 
gives the local displacement of electrons in the applied AC 
field direction which gives the polarization. It was found that 
the polarization decreases with increased frequency and gets 
a stable value at a particular higher frequency. This can be 
explained that beyond a certain applied frequency the electron 
exchange between Fe2+ ↔ Fe3+ does not follow the AC field.

AC Conductivity
Figure 4 illustrates the variation of AC conductivity with 

applied frequency at room temperature as function of Ni2+ ion 
substitution for a fixed Al3+ ion concentration. AC conductivity 
of the ferrite samples was calculated by Eq. (9).

AC 0σ ωε ε ′′=  ……………………………….. (9)

Where, ω – Angular frequency

Usually the electrical conductivity in ferrites may explain 
on the basis of Verwey conduction mechanism, where the 
electron exchange takes place between the adjacent Fe2+ and 
Fe3+ ions which occupied the octahedral sites [38]. From 
Figure 4, it was found that the AC conductivity increased 
linearly with frequency of applied field, this shows the general 
behaviour of ferrite structures. The linear increase in electrical 
conductivity by increasing the applied frequency can be 
explained as the increasing frequency can improve the electron 
hopping between the charge carriers and thus increasing the 
electric conductivity of the nano ferrites [39, 40].

It was observed from Figure 4 that AC conductivity 
decreases with increasing the Ni2+ ion substitution for a fixed 
Al3+ ion concentration. This can be explained by microstructure, 
jump length and the jumping probability of electrons. It was 
found that the crystallite size decreased from 45.74 to 14.70 
nm with increasing the Ni2+ ion substitution which is shown 
in Table 1. Hence it is clear that lesser the grain size larger 
will be the insulating grain boundaries and less will be the 
electrical conductivity of the material. As grains and particle 
size is decreasing with increasing the Ni2+ ion substitution for 
a fixed Al3+ ion concentration consequently AC conductivity 
decreases linearly which shows small polarons are responsible 
for conduction mechanism [41]. In another way it may be 
explained that the smaller grains offer a large number of 
insulating grain boundaries which are acting as a barrier for 
the electric current hence there is a reduction in the electric 
current of the ferrite material [42]. The dielectric parameters 
of Nix Zn1-x Al Fe O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) 
nanoferrites at room temperature were tabulated in Table 3.

Temperature dependent AC Conductivity
The temperature dependence of dielectric loss tangent (tan 

δ), AC conductivity (σAC) of the samples at the composition of 
x = 0.4, 0.8 and 1.0 were shown in Figure 5 & 6 respectively. 
It was found that the AC conductivity and dielectric loss 
tangent were increased with increasing the temperature which 
confirming the semiconducting behaviour of ferrite material 
[43].

This shows there is a strong association between the 
conduction mechanism and the dielectric behaviour of ferrites 
[44, 45]. It can be observed that by increasing the temperature 

Figure 3: Variation of (A) Real part permittivity with frequency (B) 
imaginary part permittivity with frequency of Nix Zn1-x

 Al FeO4 (x = 0.0, 0.2, 
0.4, 0.6, 0.8 and 1.0) at room temperature.

Figure 4: Variation of (A) AC conductivity with composition (B) AC 
conductivity with frequency of Nix Zn1-x

 Al FeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 
and 1.0) at room temperature.

Table 3: Dielectric constant (ε’), dielectric loss (tan δ), A.C conductivity 
(σAC) of Nix Zn1-x AlFeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) at room 
temperature.

Composition 
 (x)

Dielectric 
constant  

(ε’) at 1 MHz

Dielectric loss 
 (tan δ) at 1 

MHz

A.C conductivity

(σAC) (Ω-cm) -1

0.0 92.25 1.06 0.70 x 10-6

0.2 43.87 0.93 0.41 x 10-6

0.4 33.02 0.91 0.25 x 10-6

0.6 26.04 0.88 0.22 x 10-6

0.8 21.17 0.86 0.21 x 10-6

1.0 19.60 0.82 0.11 x 10-6
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the electrical conductivity and dielectric loss tangent of ferrite 
samples were increased. This is due to increase in temperature 
which can thermally activate the charge carriers that in turn 
increases the charge exchange interactions. Hence the AC 
conductivity and dielectric loss tangent were increased with 
temperature. The dielectric parameters of Nix Zn1-x Al Fe 
O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrites at room 
temperature were tabulated in Table 3.

DC Electrical Resistivity
The DC electrical resistivity of the ferrite materials was 

decided by the chemical composition, type of materials used, 
preparation method, sintering temperature, crystallite size, 
density, porosity, crystallography of the samples and type of 
cations substitutions in the ferrite lattice [46]. Ferrite electrical 
resistivity may alter by substitution of suitable divalent or 
trivalent ions occupying into the tetrahedral or octahedral 
sites. The present work talks the influence on DC resistivity 
with Ni2+ ion substitution for a fixed Al3+ ion concentration 
in Zn nanoferrite. The DC electrical resistivity of the ferrite 
samples was studied by applying the temperature within the 
range 294-873 K using two-probe experimental set-up.

Resistivity of the samples and drift mobility of the charge 
carriers were calculated using the Eq. (10), (11) and (12).

RA
L

ρ =  ……………………………. (10)

Where, R - resistance, A - area of the sample, L - thickness 
of the pellet sample

d
1

nep
µ =  ……………………………. (11)

Where, e – electron charge, ρ – DC resistivity, n - charge 
concentration 

A B FeN Pn=
M
ρ

 …………………………… (12)

Where, NA – Avogadro number, ρB – bulk density, PFe – 
number of atoms, M – molecular weight

It was noticed that the electrical resistivity and drift 
mobility are inversely related, hence samples have high 
electrical resistivity shows low drift mobility and vice versa. 
Figure 7 (A) shows DC electrical resistivity with temperature 
(B) drift mobility of charges with temperature of Nix Zn1-x Al 
Fe O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrites. Figure 
7 (A) and (B) shows that the temperature increased resistivity 
decreased and drift mobility increased which is indicating the 
semiconductor behaviour of the samples.  

The variation of DC electrical resistivity of Nix Zn1-x Al Fe 
O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrites as a function 
of temperature and composition is shown in Figure 8. It was 
clear from Figure 8 that the electrical resistivity of ferrite 
samples found to decrease with increasing the temperature 
showing the semiconductor behaviour of ferrite samples. 
Decrease in the electrical resistivity by increasing temperature 
can be explained due to thermally activated drift mobility of 
charge carriers according to hopping conduction mechanism 
[47, 48] of electrons between multivalent cations like Fe2+ and 
Fe3+ located at octahedral sites as Fe3+ + e- ↔ Fe2+. 

Sonal Singhal et at. observed that the resistivity increases 
with the decrease of Ni2+ ion concentration in the case of 

Figure 5: Variation of dielectric loss tangent with frequency of Nix Zn1-x
 Al 

FeO4 (x = 0.4, 0.8 and 1.0) at different temperatures.

Figure 6: Variation of AC conductivity with frequency of Nix Zn1-x Al Fe 
O4 (x = 0.4, 0.8 and 1.0) at different temperatures.

Figure 7: Variation of (A) DC resistivity with temperature (B) drift mobility 
with temperature of Nix Zn1-x

 Al FeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0).

Figure 8: Variation of DC electrical resistivity with 1000/T of Nix Zn1-x
 Al 

FeO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0).
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Ni-Zn nano ferrites [19], where as in our Ni-Zn-Al nano 
ferrites, it has been found that the resistivity increases with the 
increase of Ni2+ ion substitution. And the order of resistivity 
is lower in case of Ni-Zn-Al nano ferrites than the Ni-Zn 
ferrites [19]. The lowering of resistivity could be understood 
due to substitution of Al3+ ions (having low third ionization 
energy, 2744 KJ/mol) in the place of Fe3+ ions (2951 KJ/mol). 
Hence the substitution of Al3+ ions playing significant role in 
determining the electrical properties.

It is clear from the Figure 8 that the DC resistivity of 
the ferrite samples slightly increases from 0.206 x 106 to 
0.399 x 106 Ω-cm with increasing the Ni2+ ion substitution 
for a fixed Al3+ ion concentration shown in Table 4. The 
increase in electrical resistivity of the ferrite samples may be 
explained due to the preferential tendency nature of Ni2+ and 
Al3+ ions to occupy either tetrahedral sites or octahedral sites. 
But both Ni2+ and Al3+ ions prefer to occupy the octahedral 
sites [49, 50] hence increasing the Ni2+ ion substitution for a 
fixed Al3+ ion concentration may cause to shift the Fe3+ ions 
from octahedral sites to tetrahedral site. Therefore, it was 
observed that the decrease in electron transfer in between Fe2+ 
↔ Fe3+ consequently the resistivity of the sample increases 
with increasing the Ni2+ ion substitution for a fixed Al3+ ion 
concentration. The conduction process in Ni-Zn ferrites can 
also explain due to hopping of electrons from Fe2+ to Fe3+ ions 
and transfer of the charge by hole from Ni3+ to Ni2+ [51].

This can be explained by the following mechanism

Ni2+ + Fe3+ ↔ Ni3+ + Fe2+

Activation energy and Curie temperature
Figure 8 shows the Arrhenius plot of Nix Zn1-x Al Fe O4 

(x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoferrite samples. The 
activation energy values were obtained from the slopes of 
ferrimagnetic (EF) and paramagnetic regions (EP) and they are 
posted in Table 4. It was found that the activation energy of 
paramagnetic region (EP) is greater than that of ferrimagnetic 
region (EF) for all ferrite samples. In ferromagnetic region 
the conduction electrons are very actively make hopping 
mechanism between Fe2+ and Fe3+ ions in B sites, which lower 
the value of activation energy [52]. From Table 4, it can be 
understood that the activation energy values increased from 
0.223 to 0.250 eV with increasing the Ni2+ ion substitution for 

a fixed Al3+ ion concentration. This is due to the existence of 
a large number of oxygen vacancies and the increasing trend 
electrical resistivity of the ferrite samples.

In Figure 8, the kink at a particular temperature signifying 
that the ferrite samples transform from ferrimagnetism to 
paramagnetism and this temperature is known as Curie 
temperature. From Table 4 it was noticed that the Curie 
temperature decreased from 671 to 647 K with increase of 
Ni2+ ion substitution for a fixed Al3+ ion concentration. The 
Curie temperature values obtained from the Arrhenius plots 
and that of Lorie - Sinha method are found to be nearly equal.

Conclusion
We have successfully prepared nanoferrites having the 

formula of Nix Zn1-x Al Fe O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 
1.0) using the sol-gel auto combustion technique. XRD 
results reveal that all samples have single phase cubic spinel 
structure. Lattice parameters and crystallite size were found 
to decrease with Ni2+ ion substitution for a fixed Al3+ ion 
concentration. IR absorption spectra shows that the two 
fundamental bands ν1 and ν2 are in the frequency range 600 
– 400 cm-1. Frequency and temperature dependent dielectric 
response was studied in the frequency range 20-5 MHz and 
the temperature range 304 to 873 K respectively. It was found 
that at room temperature dielectric constant and dielectric loss 
tangent decreases with increasing the frequency and Ni2+ ion 
substitution for a fixed Al3+ ion concentration. It was noticed 
that the dielectric constant (19.60) and dielectric loss (0.82) 
values were minimum for composition x = 1.0 and both values 
are increased with increasing temperature. The low dielectric 
loss materials can be used in radio-frequency and microwave 
communications. The DC electrical resistivity of the ferrite 
samples found to decrease with increasing the temperature 
and it increases with increasing Ni2+ ion substitution for a fixed 
Al3+ ion concentration. The Curie temperature was decreased 
and activation energy increases with increasing the Ni2+ ion 
substitution for a fixed Al3+ ion concentration.
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