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a b s t r a c t

Spinel ferrites with nominal composition MgPryFe2�yO4 (y = 0.00, 0.025, 0.05, 0.075, 0.10) were prepared
by sol-gel method. Temperature dependent DC electrical conductivity and drift mobility were found in
good agreement with each other, reflecting semiconducting behavior. The dielectric properties of all
the samples as a function of frequency (1 MHz–3 GHz) were measured at room temperature. The dielec-
tric constant and complex dielectric constant of these samples decreased with the increase of praseody-
mium concentration. In the present spinel ferrite, Cole–Cole plots were used to separate the grain and
grain boundary’s effects. The substitution of praseodymium ions in Mg-based spinel ferrites leads to a
remarkable rise of grain boundary’s resistance as compared to the grain’s resistance. As both AC conduc-
tivity and Cole–Cole plots are the functions of concentration, they reveal the dominant contribution of
grain boundaries in the conduction mechanism. AC activation energy was lower than dc activation
energy. Temperature dependence normalized AC susceptibility of spinel ferrites reveals that MgFe2O4

exhibits multi domain (MD) structure with high Curie temperature while on substitution of praseody-
mium, MD to SD transitions occurs. The low values of conductivity and low dielectric loss make these
materials best candidate for high frequency application.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

The extensive use of spinel ferrites is due to their low price, easy
fabrication and abundant use in technological and industrial appli-
cations [1]. The technological and industrial applications of these
magnetic materials is because of their excellent electrical and mag-
netic properties, which leads to their use in magnetic memory
devices, transformers, high frequency applications and electronic
devices like cellular phones, video cameras, notebook computers
[2]. The high electrical resistivity and consequently low eddy cur-
rents and dielectric losses make them very important material for
technological and industrial applications [3]. These materials have
wide range of applications in microwave devices, computer mem-
ories, transformers, magnetic recordings and switches [4]. The
electrical properties of these materials have been the subject of
continuous investigation, which depend upon the preparation con-
ditions, amount of doping element and preparation time etc. It is

well known that impedance spectroscopy is an important method
to study the electrical properties of ferrites, since impedance of the
grains can be separated from other impedance sources, such as
impedance of electrodes and grain boundaries [5]. One of the
important factors, which influences the impedance properties of
ferrites, is micro-structural effect. One semi-circle of Cole–Cole
plots has been observed when the role of grain boundary is more
dominant on the grains effect [6].

In the present work, the dielectric, electrical properties and AC
susceptibility of praseodymium substituted MgFe2O4 spinel
ferrites have been reported. The impedance spectroscopy or ac
conductivity technique enables us to evaluate and separate out
the contributions to overall electrical properties due to various
components such as grain, and grain boundary or polarization
phenomenon in a material, in the frequency domains. Here, the
principle of analysis is based on the fact that ac response of a
sample to sinusoidal electrical signal, and subsequent calculation
of the resulting transfer (impedance) with respect to the frequency
of the applied signal.
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The aim of this work is to study the bulk and interface phenom-
ena over a wide range of frequencies. It is worth to note that var-
ious physical Parameters and characteristic properties that
influence the performance of a ferrite material can be obtained
from the analysis of complex impedance spectra.

2. Experimental procedure

2.1. Samples preparation

Spinel ferrites with composition MgPryFe2�yO4 (y = 0.0, 0.025,
0.05, 0.075, 0.10) were successfully synthesized by Sol–gel tech-
nique followed by auto-combustion. Initially, measured quantities
of analytical grade Mg (NO3)2 and Fe3Cl2 were dissolved in 100 ml
de-ionized water. The Pr2O3 (99.99% pure) was first dissolved in
HCl in order to obtain praseodymium chloride and then mixed
with the solution. Citric acid was employed as Chelating agent.
The precursor’s solution was put on stirring at �80 �C to obtain
homogeneity. The pH of the solution, was set at 7 by drop wise
addition of 1 M NH3 solution and the stirring continued for 8 h till
the solution turned into viscous gel. The product was then let to
self-combustion at 370 �C for 3 h and the obtained fluffy product
was grinded to obtain fine powder and sintered in a furnace at
700 �C for 5 h. Fine pellets of 0.13 cm diameters and 0.14–
0.26 cm thickness were formed by using Paul–Otto Weber Hydrau-
lic Press at a load of 30 kN by using binder polyvinyl alcohol (3–
5 wt%). The binder of pellets was evaporated by annealing the pel-
lets at 250 �C for 1 h followed by sintering at 950 �C for 7 h.

2.2. Characterization of the samples

The two-probe method was employed to measure the DC elec-
trical conductivity of spinel ferrites in the temperature range 293–
663 K. For this purpose, Keithly source meter model-197 was used.
Following equation was used to measure the DC conductivity (rDc)
of each sample [7].

rDc ¼ d
RA

ð1Þ

where ‘‘R” is resistance of the sample, ‘‘A” and ‘‘d” are the area and
thickness of the sample pellet.

To calculate the Drift mobility (ld) of spinel ferrites from mea-
sure conductivity, we use the following relation [7].

ld ¼
rDc

ne
ð2Þ

Here ‘‘e” denotes the charge of the electron and ‘‘n” represents
the concentration of charge carrier. The ‘n’ was calculated by the
well-known equation: [7]

n ¼ NAdbPFe

M
ð3Þ

where ‘NA’ is the constant quantity, called Avogadro’s number while
‘db’ is the measured bulk density of the sample, ‘PFe’ is the number
of iron atoms in the chemical formula of ferrites and ‘M’ is the
molecular weight of the samples.

By using Wayne Kerr 6500B LCR Meter Bridge, dielectric prop-
erties were measured in the frequency range of 1 MHz–3 GHz.

The formula for permittivity is

e� ¼ e0 � je00 ð4Þ
The real part of permittivity that is known as ‘dielectric con-

stant’ can be measured by the formula,

e0 ¼ cd
eo

ð5Þ

Here ‘c’ represents the capacitance,‘d’ is the thickness, ‘A’ is the
cross sectional area and ‘eo’ is the permittivity of free space.

The imaginary part of permittivity call ‘dielectric loss’ (e0) was
calculated by using this relation.

e00 ¼ e0 tan d ð6Þ
Here ‘tan d’ is the tan loss.

By using the values of applied field, dielectric constant and
dielectric loss tangent (tan d), AC conductivity was calculated by
the formula

rAc ¼ 2pf eoe0 tan d ð7Þ
Here ‘‘f” is the frequency of applied field.
Impedance was measured by using Agilent impedance analyzer

model E4991ARF. All measurements were performed in the fre-
quency range of 1 MHz–3 GHz at room temperature. The real (R)
and imaginary (X) parts of impedance can be measured by using
the absolute value of impedance |Z| with varying complex angle hZ

Z0 ¼ R ¼ jZj cos hZ ð8Þ

Z0 ¼ X ¼ jZjSinhZ ð9Þ
Real and imaginary parts of complex. Electric modulus are

described as

M0 ¼ e02

ðe02 þ e02Þ ð10Þ

M00 ¼ e002

ðe02 þ e002Þ ð11Þ

3. Results and discussions

3.1. Dielectric properties

Dielectric properties of spinel ferrites depend upon the dielec-
tric polarization and localized electric charge carriers.The dielectric
constant (e0) as a function of praseodymium concentration for
MgPryFe2�yO4 (y = 0.00, 0.025, 0.075, 0.10) is listed in Table 1.
The observed decrease in e0 with the substituted ions of praseody-
mium contents can be explained in same way as the conduction
mechanism. The exchange of electrons between Fe2+ and Fe3+ ions
arise the local displacements between charges, which helps to
determine the polarization of charges in these ferrites. Thus the
abundance of Fe2+ ions on octahedral sites plays an effective role
in the dielectric polarization. Due to larger ionic radius, Pr3+ ions
occupy the octahedral site. On substitution of praseodymium ions
for iron ions (B-site), it empedes the conduction mechanism due to
its stable valence. This suggests that electron transfer cannot take
place between Pr3+ and Fe2+ ions. Hence dielectric polarization
decreases.

Dielectric constant and dielectric loss as a function of frequency
at 300 K are presented in Figs. 1 and 2 respectively. The Figs. 1 and
2 clearly demonstrate that with the increase in frequency, values
for parameters like dielectric loss and dielectric constant go on
decreasing. The decrease in polarization at high values of fre-
quency governs the decline in dielectric constant and loss factor
with frequency and eventually they become constant. The space
charge polarization phenomenon illustrates this sort of trend in
the dielectric materials [8–12]. The aforementioned phenomenon
mandates that the dielectric materials have well conducting grains
separated by highly resistive grain boundaries. The applied electric
field causes space charge accumulation at grain boundaries and
voltage drop takes place primarily at these boundaries [13,14].
According to Koops’ theory, low frequencies direct a higher grain
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