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Summary: The influence of praseodymium (Pr) contents on the structural, electrical and dielectric 
properties of NixCO1-xPryFe2-yO4 ferrites was investigated. This series was prepared by sol-gel 
method. XRD analysis reveals single phase samples up to y ≤ 0.04. At y ≥ 0.06, a secondary phase of 
iron praseodymium oxide (PrFeO3) appears along with the spinel phase. The incorporation of Pr3+ for 
Fe3+ ions results in a slight increase of lattice constant due to larger ionic radius of the substituted 
ions. It was inferred that the substitution of praseodymium limits the grain growth. The DC electrical 
resistivity and activation energy are higher for the substituted samples. The dielectric constant, 
dielectric loss (tan δ) and AC-conductivity decreased on account of substitution. The decrease in 
dielectric constant is imputed to the reduction in the internal viscosity of the substituted samples. 
Ferrites have high dielectric constant and low tan δ, they may be attractive for application in 
switching and memory storage devices. 

Key words: Solgel method, Pr, Cubic spinel Ferrites, DC resistivity, Drift mobility, Dielectric properties.

Introduction

Ferrite materials have been widely used to 
prepare many electromagnetic devices such as 
inductors, converters, phase shifters and 
electromagnetic wave absorbers [1]. The fabrication 
of spinel ferrites nanoparticles has been the subject of 
intense research interest due to their excellent 
magnetic, electrical and dielectric properties [2]. The 
ferrites behave as inhomogeneous dielectric materials 
in which individual high-conducting grains are 
separated by either air gaps or low-conducting layers. 
Due to high resistivity, low eddy current losses and 
convincingly low costs coupled with their potential 
microwave applications such as circulators, isolators 
and phase shifters, lithium ferrites have fascinated 
considerable interest for many researchers [3]. Cobalt 
ferrite has a partially inverse spinel structure in which 
both sites, i.e. tetrahedral (A) and octahedral (B) 
sites, contain a fraction of Co2+ and Fe3+ cations; 
however it is generally accepted that a large fraction 
of Co2+ ions are on the B-site and the remaining are 
on the A-site, which depends on the production 
methods as well as on the heat treatment procedure 
[4–6]. Rare earth ions have unpaired 4f electrons. 
The fourth shell ions are shielded by the ions in the 
fifth shell and are hardly affected by the potential 
field of the surrounding ions [7]. By introducing rare 
earth ions into the system, the Pr3+–Fe3+ interactions 
appear (3d–4f coupling) which affect the electrical 
and magnetic properties of the spinel ferrites. 
Substitution of rare earth ions into the spinel structure 
lead to structural distortion which modify the 
electrical transport properties. Studies concerning the 

effects of substitution of Tb, Dy, Yb, Er, Gd, Sm, Ce, 
Y, Eu, La, Th, etc., in various spinel ferrites have 
been carried out by several researchers [8–10]. 
Incorporation of various substitutions and different 
molar ratios in Ni–Co ferrite was studied [11, 12]. 
Substitution of rare earth ion into the spinel structure 
shows structural distortion [13–15] inducing strain in 
the sample with significant change in the electrical 
and magnetic properties. The structural, dielectric 
and transport properties of rare earth doped Ni ferrite 
were reported by Dwevedi et al. [16]. 

Earlier Investigators have focused their 
attentions for modification of the inherent magnetic 
and electrical properties of ferrites by substituting 
with either single trivalent metal ions like Cr, La, Nd 
[17]or the suitable combination of divalent + 
trivalent, Co–La [18]or combination of divalent + 
tetravalent ions, Ni–Zr  [19]. Narang et al. [20] 
reported the microwave dielectric properties of Co–
Ti doped M-type hexaferrite. Iqbal et al. [21] 
reported the effect of Ce–Ni substitution on the 
electrical and magnetic properties of Sr–Ba M-
hexaferrite. Singh et al. [22] studied the magnetic 
properties of Co–Ru substituted Sr– Ba hexaferrite.
Iqbal et al. [23] reported the Nanometer-sized 
crystallites of Y-type strontium hexaferrite, 
Sr2Ni2Fe12O22 and its Mn- and Cr-doped derivatives. 
Ashiq et al. [24] adopted the solgel method to 
synthesize the Er-Ni substituted M-type hexaferrites.
Asghar et al. [25] investigated structural, dielectric 
and magnetic properties of Cr-Zn doped strontium 
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hexa-ferrites for high frequency applications. Sadiq et 
al. [26], studied the influence of Nd-Co Substitution 
on structural, electrical, and dielectric properties of 
X-Type hexagonal nanoferrites.  

However, the cobalt doping of rare-earth 
elements along with the combination of transition 
metals is seldom reported in spinel ferrites. In this 
study, we synthesized Ni2+ and Pr3+ substituted 
derivatives of in spinel ferrites materials by using 
the Sol-Gel method to investigate the effect of 
substitution of Ni2+ and Pr3+  at octahedral site in 
order to observe changes in electrical properties, 
such as, Dc resistivity, drift mobility, dielectric 
constant and dielectric loss. As a part of search for 
new material with novel properties. In the latter 
context, the demand for microwave properties 
invoked the current interest in fabricating the fine 
particles of substituted spinel ferrite low value of 
dielectric constant. The purpose of the investigation 
is to study the effect of Praseodymium ions 
substitution for nickel cobalt ions on structural, 
electrical and dielectric properties of NixCO1-

xPryFe2-yO4 ferrites to make these ferrites suitable for 
switching and memory storage devices applications.

Experimental

NixCO1-xPryFe2-yO4 (x= 0.00, 0.20, 0.40, 
0.60, 0.80, 1.0 and y = 0.00, 0.02, 0.04, 0.06, 0.08, 
0.1) nano ferrites were synthesized by sol–gel auto-
combustion technique. Analytical grade Co (NO3)2, 
Ni (NO3)2, Fe3Cl2 and Pr2O3 (99.99% pure) were 
dissolved initially in 100 ml de-ionized water in a 
Pyrex beaker. To obtain homogenous and transparent 
solution, citric acid was used as a chelating agent. 
Dissolved solution was mixed homogeneously by 
placing it on magnetic stirrer at the temperature of 80 
oC .  pH value was maintained at 7–8 by adding 
ammonia solution continuously followed by stirring 
for 6–7 hours. The solution transformed into viscous 
gel first and then a self-combustion phenomenon 
occurred at temperature 370 oC. Dry gel converted 
into fluffy powder called ‘‘precursor powder’’ after 
its complete burning. The powder, after complete 
grinding, was then pre-sintered at 700 oC in a furnace 
for 5 hours, followed by furnace cooling. These 
sintered powders were then pressed into pellets under 
the load of (~30 KN) by using Paul–Otto Weber 
Hydraulic Press. The pellets were formed using (3–5 
wt %) polyvinyl alcohol as a binder. The binder was 
evaporated at 250 oC for 1 hour and finally samples 
were sintered again at 950 oC for 7 hours. 

The structural characterization of all the
samples was carried out by the X-ray diffraction.  

XRD data were taken at room temperature using 
CuKα (λ = 1.5406A°) radiation. dc electrical 
resistivity for all these samples was measured by 
two-probe method. The electrical resistivity was 
measured with sample pellet of 2.0 mm thickness and 
13mm diameter. For dielectric measurements silver 
paint was applied on both sides of the pellets and air 
dried to have good ohmic contact. The dielectric 
measurements were made using a precision LCR 
meter (Wayne Kerr LCR 4275) at room temperature 
in the frequency range 1 MHz to 3 GHz. Using LCR 
meter the dielectric parameters such as Capacitance 
of the pellet, tan δ (loss tangent) and Capacitance of 
air with the same thickness as the pellet were 
measured. The real part of dielectric constant (ε') was 
determined from the following formula.

(1)

Where:

ε'= Real part of dielectric constant
Cp = Capacitance of the Pellet in Faraday
CAir = Capacitance of Air in Faraday

The imaginary part of the dielectric constant 
(ε") or dielectric loss was measured by using the 
following relation.

 tan'''  (2)

ε'= Real part of dielectric constant
tan δ = loss tangent

Results and Discussion

X-Ray Studies

X-ray diffraction patterns of NixCO1-xPryFe2-

yO4 ( x= 0.00, 0.20, 0.40, 0.60, 0.80, 1.0 and y = 0.00, 
0.02, 0.04, 0.06, 0.08, 0.1) ferrite system are shown 
in Fig. 1. 

All the samples show good crystallization, 
with well-defined diffraction peaks. Table-1 shows 
the composition of the phases precipitated and the 
lattice constants of the NixCO1-xPryFe2-yO4 ferrites. 
For y ≤ 0.04, the samples have the monophase cubic 
spinel structure while for y ≥0.06, the samples are 
biphasic. The presence of the strong diffraction peaks 
corresponding to the planes (111), (220), (311), 
(222), (400), (422), (511/333), (440) indicates the 
presence of cubic spinel phase. Miller indices (h k l) 
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and inter-planer spacing (d) for NixCO1-xPryFe2-yO4 

ferrites system are listed in Table-1.

Fig. 1: X-Ray D iffraction patterns of NixCO1-

xPryFe2-yO4 ferrites.

A peak corresponding to 2Ɵ=33.1o

(indicated by * in Fig. 1) is attributed to secondary 
phase at the grain boundaries and appears for y ≥0.06 
and magnitude of intensity increases with the 
increase of Praseodymium concentration. This peak 
is identified as FePrO3 (iron praseodymium oxide) 
matched with ICDD PDF # 39-1489. The secondary 
phase on the grain boundaries appears due to high 
reactivity of Fe3+ ions with Pr3+ ions [27]. The lattice 
constant (a) increases slightly for all the compositions 
are shown in Fig. 2. 

Fig. 2: Lattice Constant ‘a’ of NixCO1-xPryFe2-yO4 ferrites.

The variation can be explained on the basis 
of ionic radii of the substituted ions. The replacement 
of the smaller Fe3+ ions (0.64 oA) with larger Pr3+ions 
(1.013˚ A) causes dilation of the host spinel lattice 
which results in the increase of lattice constant. This 
observation is consistent with the results reported by 
various authors where it has been reported that the 
substitution of rare earth ions increases the lattice 
constant [28, 29, 30]. The lattice parameter for 
biphasic samples still increases with Praseodymium 

contents which enables us to conclude that the spinel 
lattice is not compressed by the secondary phase. 
Thus, there is no solubility limit for Praseodymium 
ions (rare-earth transition metal) in this ferrite in the 
given range (y≥0.12). Such observation in the lattice 
constant in rare-earth substituted ferrites has been 
reported by Hemeda et al. [31] in case of NiGdxFe2-

xO4. The measured particle size of all the samples by
Scherrer’s formula [32] is given in Table-1.

D = 



cos

9.0 (3)

Where   is the full width half maximum (rad), λ the 

wavelength of the X-ray, Ɵ is the angle between the 

incident and diffracted beams (degree) and D the 
particle size of the sample (nm). This confirms that 
the citric acid is more effective burning agent for 
producing fine ferrite powder with sol–gel auto 
combustion method. Homogeneity of the chemical 
composition of the ferrite particles was acquired by
thermal decomposition of nitrates.

Table-1:Phases,  X-ray density, Bulk Density and 
grain size of NixCO1-xPryFe2-yO4  ferrites.

Composition
x y

Secondary 
Phase

X-ray Density 
(g/cm3)

Bulk Density 
(g/cm3)

Grain 
Size (nm)

0.00 0.00 ----- 5.376 4.18 28.48
0.20 0.02 ----- 5.423 4.26 37.36
0.40 0.04 ----- 5.457 4.35 46.80
0.60 0.06 PrFeO3 5.489 4.38 53.30
0.80 0.08 PrFeO3 5.524 4.41 58.86
1.00 0.10 PrFeO3 5.571 4.43 63.03

The X-ray density was calculated by using 
the following equation [33, 34]: 

Dx = 8M/NAa3 (4a)

where M is the molar mass of the ferrite, a is the 
lattice parameter, and NA is Avogadro’s number. 

Sintered density was calculated from the 
measured mass and volume of the pellets. Mass was 
measured using digital balance and volume was 
calculated from external dimensions of the pellets. 
The bulk density "D" was also determined by using 
Archimedes principles in toluene as: 

           tolueneofdensity 
in toluenesampleof  wt -air  in sampleofwt 

airin sampleofwt 
D

(4b)

where density of the toluene is 0.857 g/cm³.

The dependence of Dx and D on Pr-
concentration y is presented in Table-1. It can be 
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observed from these tables that bulk densities are 
smaller in magnitude than corresponding X-ray 
densities. 

X-Ray density (Dx) increase linearly with 
increase in Pr concentration, from 5.33 g/cm3 to 6.08 
g/cm3. Also the bulk density (D) increases from 4.18 
g/cm3 to 4.43 g/cm3. The increase in Dx and D with 
increase in Pr concentration may be attributed to the 
replacement of Fe3+ ions by larger mass of Pr3+ ions.

Electrical Properties

Room temperature dc resistivity measured 
by two probe method as a function of Pr-
concentration are reported in Fig. 3 which clearly 
demonstrating the increasing trend of resistivity with 
increase in Pr and Ni concentration. 

Fig. 3: The log of room temperature dc resistivity 
as a function of Pr-Concentration y

In NixCO1-xPryFe2-yO4 (x= 0.00, 0.20, 0.40, 
0.60, 0.80, 1.0 , y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.1)  
alloys, the concentration of Fe3+ ions on Octahedral 
sites gradually decreases with increasing y while the 
substituted Pr3+ partially occupies the corresponding 
empty location. As the Pr3+ ions has large ionic radius 
which may be one of the causes to decrease the 
hopping rate of electron as it enhances the separation 
between Fe2+ and Fe3+ ions and consequently, 
enhances the dc resistivity and activation energy. 
These results are consistent with the results reported 
by various authors [35, 36]. Similar results with Dy 
doping in Ni-Co ferrites has been reported by [37]. 
The temperature dependent dc resistivity measured 
using two probe method in the temperature range 303 
-573 K for NixCO1-xPryFe2-yO4 (x= 0.00, 0.20, 0.40, 
0.60, 0.80, 1.0 , y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.1), 
as a function of temperature are given in Fig. 4 . 

Fig. 4: The dc resistivity as a function of 
temperature for NixCO1-xPryFe2-yO4 ferrites.
These graphs show that the increase in 

temperature leads to decrease in resistivity which is 
the normal behavior of semiconducting materials and 
it obeys the well known Arrhenius relation [38]. The 
higher values of temperature for the samples help the 
trapped charges to be librated and participate in the 
conduction process which results decrease in 
resistivity. Conductivity of spinel ferrites vs 
Temperature (k) is shown in fig 5 (a). According to 
the conduction mechanism in ferrites, the decrease in 
resistivity could also be related to the increase in the 
drift mobility of the thermally activated electrons [39, 
40].

Drift mobility (µd) is calculated from 
electrical resistivity data using the following relation 
[41–43]:

µd =
ne

1
(5)

where e is the charge of electron,   is electrical 

resistivity and n is the concentration of charge 
carriers and can be calculated using following 
equation:

n = 
M

CN bFeA  (6)

where NA is the Avogadro’s number, CFe the number 
of iron atoms in the chemical formula of the samples, 
 b the bulk density and M is the molar mass of the 

samples. Fig. 5(b) shows the variation of drift 
mobility with temperature.

It is observed that the drift mobility 
increases with the increase in temperature. This is 
due to the fact that the charge carriers start hopping 
from one site to another as the temperature increases.
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Dielectric Properties

Compositional Effect on Electrical Permittivity

The variation of dielectric constant and 
complex dielectric constant determined vs Pr 
concentration for NixCO1-xPryFe2-yO4 (x= 0.00, 0.20, 
0.40, 0.60, 0.80, 1.0 and y = 0.00, 0.02, 0.04, 0.06, 
0.08, 0.1) ferrites at room temperature are shown in 
Figs. 6 and 7 respectively. 

Fig. 5(a): Conductivity as a function of temperature 
for NixCO1-xPryFe2-yO4 ferrites.

Fig. 5(b): Drift mobility as a function of temperature 
for NixCO1-xPryFe2-yO4 ferrites.

Fig. 6: Dielectric constant vs Pr-concentration (x) 
for NixCO1-xPryFe2-yO4 ferrites.

It can be seen from the Fig 6 and 7 that both 
ε' and ε" decrease with the increase of Praseodymium 
concentration. It was observed that the electronic 
exchange between Fe2+ and Fe3+ results in local 
displacements, determining the polarization of 
charges in these ferrites. Thus, it is the number of 
ferrous ions on octahedral sites that play a dominant 
role in the process of conduction and dielectric 
polarization. Due to larger ionic radius, Pr3+ ions 
occupy octahedral sites [44]. The concentration of 
Fe3+ ions at B-sites decreases gradually with 
increasing concentration of Praseodymium up to y = 
0.02. At y> 0.02, the reduction in the values of 
dielectric constant and complex dielectric constant 
with increasing concentration of Praseodymium is 
due to depicting concentration of iron ions at B-sites 
which play a dominant role in dielectric polarization 
due to the presence of second phase. The electron 
transfer between Fe2+ and Fe3+ ions will be hindered 
i.e. the polarization decreases. Consequently, both 
dielectric (ε' ) and complex dielectric constant (ε") 
decrease with Praseodymium contents[45].

Fig. 7: Complex Dielectric constant vs Pr-
concentration (y) for NixCO1-xPryFe2-yO4 

ferrites.

Effect of Frequency on Dielectric and Complex 
Dielectric Constant

At room temperature, the real and imaginary 
part of dielectric constant (ε' and ε") of NixCO1-

xPryFe2-yO4(x= 0.00, 0.20, 0.40, 0.60, 0.80, 1.0, y = 
0.00, 0.02, 0.04, 0.06, 0.08, 0.1) as a function of 
frequency in the range of 1 MHz to 3GHz were 
studied and results had been plotted in Fig. 8 and 9. 

At high frequency, the values of ε' and ε" are 
almost constant. Similar results were observed by 
[46]. From graphs, it is clear that all the samples have 
higher dielectric constant at lower frequency. The 
decrease in ε' is sharp initially at lower frequency and 
then ε' value decreases slowly with the increase in 
frequency and showed almost frequency independent 
behavior at high frequency regions, similar behavior 
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was observed by [47]. The variation of dielectric 
constant with frequency may be explained on the 
basis of space-charge polarization phenomenon [48]. 
According to space-charge polarization phenomenon, 
dielectric material has well conducting grains, which 
are separated with highly resistive grain boundaries. 
When electric field is applied, space charge 
accumulates at the grain boundaries and voltage 
drops mainly at grain boundaries. Koops proposed 
that grain boundary effect is more at low frequencies 
[49]. When the frequency given to dielectric material 
is  increased beyond a specific limit the electron 
exchange between Fe2+ and Fe3+ ions does not follow 
the variations of  applied field, and the value of 
dielectric constant almost becomes constant. 
According to Maxwell and Wagner two layer model, 
the dielectric structure of ferrite material is assumed 
to be made of two layers [50]. First layer is a 
conducting layer, which consist of large conducting 
ferrite grains separated by other thin weakly 
conducting intermediate grain boundaries. [51] 
Pointed out that polarization in ferrites is through a 
mechanism, which is similar to the conduction 
process. The exchange of electron between ferrous 
and ferric ions, results in local displacement of 
electrons in the direction of field that is applied to the 
dielectric material determines polarization. As the 
frequency increases, the Polarization decreases and 
then approaches a constant value. The fact behind 
that behavior is that, when applied field increases a 
specific frequency of external field, the electron 
exchange Fe2+↔Fe3+ cannot follow the alternating 
field. The high value of dielectric constant at lower 
frequency is due to the predominance of the species 
like Fe2+ ions, oxygen vacancies, grain boundary 
defects, etc while the decrease in dielectric constant 
with frequency is natural that is any species 
contributing to the polarizability is found to show the 
applied field lagging behind at higher 
frequencies[52].

Fig. 8: Dielectric constant vs frequency (MHz) for 
NixCO1-xPryFe2-yO4 ferrites.

Loss Tangent (tan δ)

The loss tangent is a parameter of a 
dielectric material that quantifies its inherent 
dissipation of electromagnetic energy at different 
frequencies. It measures the loss of electrical energy 
from the applied electric field into the samples at 
different frequencies. 

Fig. 9: Complex Dielectric constant vs frequency 
(MHz) for NixCO1-xPryFe2-yO4 ferrites.

Fig. 10 shows that the loss decreases rapidly 
in the low frequency region while the rate of decrease 
is slow in high-frequency region and it shows an 
almost frequency independent behavior in high 
frequency region. The behavior can be explained on 
the basis that in the low frequency region, which 
corresponds to a high resistivity (due to the grain 
boundary), more energy is required for electron 
exchange between Fe2+ and Fe3+ ions, as a result the 
loss is high. In the high frequency region, which 
corresponds to a low resistivity (due to the grains), 
small energy is required for electron transfer between 
the two Fe ions at the octahedral site. Moreover, the 
dielectric loss factor also depends on a number of 
factors such as stoichiometry, Fe2+ content, and 
structural homogeneity which in turn depend upon 
the composition and sintering temperature of the 
samples [53]. Also it is known that there is strong 
correlation, between the conduction mechanism and 
the dielectric constant behavior (Polarization 
mechanism) in ferrites. At high frequencies the 
peaking behavior is observe. This type of peaking 
behavior (Debye-type relaxation) is observed when 
the jumping frequency of the Fe+2 and Fe+3 ions is 
exactly equal to the frequency of the applied field 
[48] i.e.

ωτ= 1 (7)

where τ is the relaxation time of hopping process and 
ω is the angular frequency of the field. This shows 
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that with increase in Pr concentration the energy 
losses decrease at high frequencies. The low loss 
values at higher frequencies show the potential 
applications of these materials in high frequency 
micro wave devices. 

Fig. 10: Tangent loss vs frequency (MHz) for 
NixCO1-xPryFe2-yO4 ferrites.

Conclusions

Structure, electric and dielectric properties 
of different composition prepared by sol-gel method 
has been investigated and results discussed 
systematically. X-ray diffraction analysis reveals that 
NixCO1-xPryFe2-yO4 (x= 0.00, 0.20, 0.40, 0.60, 0.80, 
1.0 and y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.1) samples 
clearly indicate formation of cubic spinel crystal 
structure and secondary phase is also identified in last 
three samples. Lattice constant exhibits increase from 
8.363 Ao to 8.384 Ao as a function of Pr 
concentration (y). X-ray density and bulk density 
have increasing trend with substitution of host 
elements. Room temperature dc resistivity of NixCO1-

xPryFe2-yO4 ferrites increases with increase in 
praseodymium concentration. This was attributed to 
the formation of insulating intergranular layers that 
impedes the oxidation of Fe2+ ions inside the grains. 
Temperature dependent dc electrical resistivity 
decreases as the temperature increases which is 
indicating semi-conductor behavior of the samples. It 
was concluded that samples having low resistivity 
have low activation energy and vice versa. High 
value of dc resistivity makes this ferrite suitable for 
the high frequency applications where eddy current 
losses become appreciable. Calculated drift mobility 
increases with increase in temperature. The dielectric 
constant and dielectric loss attain very low values at 
higher frequency for higher concentration of 
praseodymium ions. The values of dielectric constant 
for y = 0.00 are much greater than those of y = 0.10 

which is the direct effect of praseodymium ions 
substitution. Low values of dielectric constant and 
dielectric losses exhibited by this ferrite suggest its 
utility in microwave communications.
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