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Abstract Spinel ferrite having composition NigsMgg 3.
Cug,Fe,0, was prepared by the sol-gel technique at
1473 K. The X-ray diffraction results indicate that the
ferrite sample has a cubic spinel-type structure with Fd3m
space group. The electrical properties of the studied sample
using complex impedance spectroscopy technique have
been investigated in the frequency range 10°-10” Hz and in
the temperature range 300-500 K. The total conductivity
curves for sample are found to obey Jonscher power law
(06(w) = 04c + Aw") with an increase in the frequency
exponent (n) as temperature increases. The activation
energy deduced from the analysis of the conductivity
curves matches very well with the value estimated from the
relaxation time, indicating that relaxation process and
electrical conductivity are attributed to the same defect.
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Nyquist plots of impedance show semicircle arcs for
sample, and an electrical equivalent circuit has been pro-
posed to explain the impedance results. The effect of fre-
quency and temperature on dielectric constant (¢”) and
dielectric loss (tand) has also been discussed in terms of
hopping of charge carriers between Fe?" and Fe*" ions.

1 Introduction

Spinel ferrite materials with general formula of MFe,O,
where M is a divalent cation (Mn>", Fe?*, Co**, Ni**,
Cu®t, Zn*", etc.) have become an important class of
magnetic materials due to their rich electrical and magnetic
properties which depend on several factors such as method
of preparation, the difference in ionic radii, microstructure
changes, and chemical compositions [1, 2]. Ferrite mate-
rials have attracted the attention of the scientific commu-
nity for past few decades not only for the variety of their
physical properties, but also for their potential applications
such as microwave devices, computer memories, trans-
formers, magnetic recordings and storage, multilayered
chip inductors, magnetocaloric refrigeration, and other
devices [1, 3-6].

A way to study the electrical properties of ferrites can be
achieved by the complex impedance spectroscopy (CIS)
technique. This technique offers several advantages such as
the determination of relaxation frequency and separation of
grain, grain boundary, and grain—electrode effects. The
complex impedance spectroscopic studies involve mea-
surement of real and imaginary parts of impedance for a
wide range of temperature and frequency. In recent years,
this technique has become a well-accepted fundamental
tool for characterizing ionic conductors in terms of ionic
conductivity, electrode polarization, and activation energy
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for ion migration. Along this line, several studies have been
reported in the literature in order to understand the elec-
trical and dielectric properties of ferrite materials
[1, 2, 7-12].

Among spinel ferrites, Ni-Mg ferrites are among the
most widely used soft magnetic materials because of their
use in high-frequency applications as they possess high
electrical resistivity and low losses [13]. The various
compositions of Ni;_,MgFe,O, system have been
widely investigated and reported in the literature [14—18].
Therefore, several substitutions were made on Ni-Mg
ferrite system in order to improve its practical applica-
tions. For example, Hashim et al. [19] have studied the
structural, electrical, and magnetic properties of Cr-doped
Ni—Mg ferrite nanoparticle. For their part, Hossain et al.
[20] have investigated the magnetic properties of Mn*"-
substituted nanocrystalline Nij 5, Mn, Mg sFe,0, ferrites
synthesized by a combustion technique. On the other
hand, EI Hiti studied the effect of Zn substituted on the
dielectric behavior and ac electrical conductivity of Ni—
Mg ferrites [21]. However, the reports on electrical
properties using CIS technique of Ni-Mg—Cu ferrite
system with the specific composition NigsMgg;Cug .
Fe,O, are not available in the literature. In this work, we
choose to prepare this sample by sol-gel technique.
Firstly, we presented the detailed synthesis process of our
sample and then we studied its structural properties. We
have also carried out complex impedance formalism and
relaxation process of this sample in 300-500 K temper-
ature range with varying frequency between 10° and
107 Hz.

2 Experimental
2.1 Synthesis process

Nig.sMgp 3Cug,Fe,0,4 sample was prepared via the sol-gel
method using stoichiometric amounts of Ni(NO;),-6H,0,
Mg(NO3),-6H,0, Cu(NO;),-3H,0, and Fe(NO;)3;-9H,0
precursors. Stoichiometric amounts of metal nitrates were
first dissolved in distilled water to obtain a mixed solution.
Subsequently, when these nitrates were completely dis-
solved in the solution, controlled amounts of citric acid
were incorporated and dissolved with stirring. The molar
ratio was fixed as 1:1 of nitrates to citric acid. A small
amount of ammonia was added to the solution to adjust the
pH value at about seven. The solution was heated on hot
plate under regular stirring to 373 K followed by the
addition of ethylene glycol which was used as a polymer-
ization agent. Heating and stirring continued until obtain-
ing a gel after about 4 h. The gel obtained was dried at
573 K to obtain a foamy dry which was ground in a mortar,
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followed by drying at 773 K for 12 h in air. A powder was
then obtained after a subsequent heat treatment. The
powder obtained was pressed into pellets with diameter of
10 mm and thickness of about 2 mm and then sintered at
973 K for 24 h. After grinding, the pellets were pressed
again and then heated at 1173 K for 24 h. In order to obtain
the desired crystalline phase, the obtained pellets undergo a
third cycle of grinding and repelleting and finally sintered
at 1473 K during a sufficiently long annealing period
(48 h). Then, all the results found in the present investi-
gation are presented for NigsMgg;Cug,Fe,04 ferrite
nanoparticle sintered at 1473 K. The detailed synthesis
process of our sample is represented in Fig. 1.

2.2 Characterization

Powder X-ray diffraction (XRD) data were collected in the
20 range 15°-80° with a step size of 0.0167° and a
counting time of 18 s per step using a “PANalytical X’Pert
Pro” diffractometer with filtered (Ni filter) Cu radiation.
Standard Si powder was used to obtain the instrumental
resolution function. Morphology of the sample was ana-
lyzed using scanning electron microscopy (SEM; Philips
XL30 microscope) under an accelerating voltage of 20 kV.
For electrical measurements, pure silver is deposited on the
surface of pellet to ensure ohmic contact. The frequency-
and temperature-dependent electrical measurements were
taken using a N4L-NumetriQ (model PSM1735) connected
to a computer.

3 Results and discussion
3.1 Microstructural analysis

Figure 2 presents the X-ray diffraction patterns for
Nig sMgg 3CugFe,O4 ferrite nanoparticle sintered at
1473 K. There are almost no diffraction peaks corre-
sponding to impurity phases, suggesting that pure phase
was obtained. Using “X’Pert HighScore Plus” software,
the diffraction peaks are indexed with respect to the cubic
spinel-type structure with the space group Fd3m. The
presence of diffraction planes (111), (220), (311), (222),
(400), (422), (511), (440), (620), (533), (622), and (444) in
the diffraction pattern confirms the formation of a cubic
spinel ferrite structure. The lattice constant was calculated
from the XRD data using the following equation [22, 23]:

h* + P+ k2
_ 1
2 sin0 (1)
here 1 is the wavelength, a is the lattice constant, and (h k

1) are the corresponding Miller indices. The obtained lattice
constant is a = 8.4185 A that gives a cell volume of
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Fig. 1 Schematic diagram representing the preparation of NiysMgg3Cug,Fe,0, ferrite nanoparticle

V = 596.63 A>. The X-ray density for our sample was
calculated according to the following equation [22]:

8M
= Na (2)
where 8 represents the number of molecules in a unit cell of
spinel lattice, M is the molecular weight of the sample, a is
the lattice constant of the ferrite, and N is the Avogadro’s
number. The X-ray density of the sample is equal to 5.01 g/
cm’. The obtained values of lattice constant (a) and X-ray
density (p,) for NiysMgy3Cug,Fe,O, ferrite sample are
higher than those obtained for the parent NiysMg, sFe>O4
ferrite nanoparticle in Refs. [14, 15]. On the one hand, the
increase in lattice constant may be attributed to the higher
ionic radius of Cu®* (0.73 A) compared with that of Mg>"
(0.72 A) [24]. On the other hand, the high-density value of
X-ray density can be due to the higher density of copper
(8.96 g/cm®) compared with that of magnesium (1.74 g/

Px

cm?). The inset of Fig. 2 shows the SEM micrograph for
Nig sMgg 3CugFe,O4 ferrite nanoparticle. The image
shows unique chemical contrast corresponding to the fer-
rite phase, uniform grain size distribution with negligible
porosity, and average particle size of about 0.56 pm.

3.2 Electrical conductivity study

Frequency variation of the conductivity at different tem-
peratures of NigsMgg3Cug,Fe,04 ferrite nanoparticle
sintered at 1473 K is shown in Fig. 3. From this figure, it
can be seen that the conductivity has two types of behav-
iors at two regions that is valid for all temperatures. The
flat region with only electronic contribution at low fre-
quencies represents the dc conductivity. Frequency-inde-
pendent conductivity can be attributed to the long-range
transport of charge carriers as a response to the applied
external electric field. This is totally related to the
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Fig. 2 XRD pattern of NiysMgg3Cug,Fe,O, ferrite nanoparticle
sintered at 1473 K. All peaks are indexed in the cubic spinel-type
structure with Fd3m space group. The inset shows the SEM image
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Fig. 3 Variation of the total conductivity as a function of frequency
at different temperatures for Niy sMgg 3Cug,Fe, 0,4 ferrite nanoparti-
cle sintered at 1473 K

insufficient magnitude of applied field at low frequencies to
initiate hopping conductivity. Second region of conduc-
tivity which increases with frequency represents ac con-
ductivity. As temperature rises, probability of electron
hopping between Fe?" and Fe* " increases, resulting in an
advancement of conductivity [25]. Therefore, ac conduc-
tivity increases with temperature as shown in the figure.
Characteristic transition frequency between these two sites
is around 10° Hz at 300 K and reaches to 10° Hz at 500 K.
As seen from the figure, this frequency parameter shifts to
higher values as temperature rises up. This behavior is due
to the increment in the temperature of the sample by heat
and a higher energy need of the mechanism which causes
ac conductivity corresponding to higher frequencies. In
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such a case, total conductivity is expressed as the sum of
conductivities in these two sites. Therefore, the frequency-
dependent conductivity for the sample was analyzed using
universal Jonscher’s power law [26]:

o(®) = 04c + Oye (3)

where the values of the dc conductivity (g4.) are at 100 Hz
of the sample.

In the low-frequency region, the curves indicate that our
sample exhibits a semiconductor behavior in all tempera-
ture range. The experimental curve of dc conductivity is
well fitted by the Arrhenius relation [1]:

E
Ode = 0oeXp (— kB_aT) (4)

where g is a pre-exponential factor, E, is the activation
energy for the hopping mechanism, T is the absolute
temperature, and kp is the Boltzmann constant. The plot of
Ln(o4.) versus (1000/T) shown in Fig. 4 for NiysMgg 3.
Cug,Fe,O, ferrite nanoparticle is linear in all the
300-500 K temperature range, confirming that conduction
process is thermally activated. The E, value estimated from
the slope of the linear fit plot is equal to 0.369 eV. This
value is smaller than those of some spinel ferrite systems
prepared by different methods for nanoparticles [1, 27-30],
which suggest that the conduction mechanism in the sam-
ple of the present investigation may be due to hopping of
electrons between Fe>™ and Fe® " rather than polarons. On
the other hand, the value of activation energy obtained for
Nig.sMgp 3Cug,Fe,0,4 ferrite sample is lower than those
obtained for the NipsMgysFe,O, ferrite nanoparticle in
Refs. [14, 17]. Then, we can conclude that the substitution
of 20% of Cu in NigsMgqsFe,0,4 ferrite system can
improve its conductivity.

Fitting Curve

E,= 0.369 eV

Ln(s,)

9 +——T— T

1,8 2,0 2,2 ) 2:4 ) 2:6 ' 2:8 ' 3,0 3,2 3,4
1000/T (K")

Fig. 4 Variation of the Ln(oy) as a function of (1000/7) for
Nig sMgp 3Cug,Fe,0, ferrite nanoparticle sintered at 1473 K. Red
solid line is the linear fit for data using the Arrhenius relation
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For high-frequency region, the ac conductivity (o,.) can
be described by the following power law:

O =AD", (5)

where A is coefficient-dependent on temperature and n is
the frequency exponent which depends on both frequency
and temperature. According to Funke [31], the value of
n has a physical meaning. n < 1 means that the electron
hopping involves a translational motion with a sudden
hopping, whereas n > 1 means that the motion involves
localized hopping between neighboring sites. The exponent
n is frequency-independent, but it depends on both tem-
perature and material kind.

The experimental data of total conductivity shown in
Fig. 3 for NipsMg 3Cug,Fe,O, ferrite nanoparticle were
well fitted using Eq. (3). Figure 5 depicts a typical
example of this fitting at 7 = 300 K. In the fitting proce-
dure, the (A) and (n) factors have been varied simultane-
ously to get the best fit. It can be seen that the fit matches
well with the experimental values (red solid lines in
Fig. 5). The goodness of the fit is usually evaluated by
comparing the squared coefficient of linear correlation
coefficient (R*) obtained for each temperature (see
Table 1). It is clear from Table 1 (see also the inset of
Fig. 5) that n increases with increasing temperature. The
change in n with temperature corresponds to a thermally
activated process. The temperature dependence of n gives
information to specify the suitable mechanism involved
for ac conductivity. In our case, the n exponent is superior
than 1 for all temperatures, indicating that the electron
hopping between Fe?™ and Fe*' occurs between neigh-
boring sites.

2
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Fig. 5 Variation of the total conductivity versus frequency at
T = 300 K for NigsMgq3Cug,Fe,0, ferrite nanoparticle sintered at
1473 K. Red solid lines represent the fitting to the experimental data
using the universal Jonscher power law. The inset shows the variation
of exponent n with respect to all temperatures

Table 1 Fitting parameters obtained from experimental data of the
total conductivity as a function of frequency and temperature using
Jonscher power law: o(w) = 4. + A"

T (K) Gae (S/m) x 1073 Ax 1078 n R?

300 0.294 65.204 1.398 0.998
320 0.757 11.061 1.541 0.998
340 1.84 1.314 1.727 0.999
360 3.94 1.108 1.805 0.997
380 7.79 0.651 1.860 0.997
400 14.54 0.886 1.881 0.999
420 19.96 0.649 1.90 0.999
440 26.61 0.4817 1.911 0.999
460 435 0.435 1.931 0.999
480 67.59 0.343 1.949 0.999
500 101.91 0.291 1.952 0.996

3.3 Complex impedance analysis

Figure 6 and its inset show the variation of the real part of
impedance (Z) with frequency at various temperatures for
Nig sMg( 3Cug,Fe,O4 ferrite nanoparticle sintered at
1473 K. Figure 6 shows that the magnitude of Z' is typi-
cally higher in the low-frequency region and then it
decreases gradually with increasing frequency. The value
of Z' appears to merge in the high-frequency region irre-
spective of temperature. This result may possibly be related
to the release of space charge as a result of reduction in the
barrier properties of material with rise in temperature, and
may be a responsible factor for the enhancement of con-
ductivity of the material with temperature at high

8x10°
8,0x10° Lk
7x10° 4 " ™
6x10° 6,0x10° 5 ° K
X - \'.
L N x10° :
_ 5x10° = 300K . ;
N o] Daek| W
v 360K "|=
00
3x10° « igg? .'_. 10 10 10t 18 10 100
. . Frequency (Hz)
2x10° 1 =
1x10° \
10° 10° 10* 10° 10° 10

Frequency (Hz)

Fig. 6 Main panel: variation of real part of the impedance (Z') as a
function of frequency in the temperature range 300-400 K for
Nig sMgp 3Cuq,Fe,0, ferrite nanoparticle sintered at 1473 K. The
inset shows the variation of Z' versus f in the temperature range
420-500 K
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frequencies. The merging of the value of Z' for all tem-
peratures at higher frequencies can be interpreted by the
presence of space charge polarization. This interpretation
was confirmed by the higher impedance values at lower
frequencies. The behavior of Z' observed for our sample at
lower and higher frequencies is in good agreement with the
reported results in the literature for several ferrite systems
[8, 32, 33].

The variation of Z” with frequency at different temper-
atures is depicted in Fig. 7. The spectra of Z" are charac-
terized by the appearance of peaks which shift to higher
frequencies with increasing temperature. Such behavior
indicates the existence of relaxation phenomenon in our
material. The position of these peaks allows the determi-
nation of the relaxation frequency value (f,,x) and the
relaxation time () using the following relation:

T = 1/27[fmax (6)

Figure 8 shows the plot of Ln(t) versus 1000/7. We
observed that the value of t decreases with the rise in
temperature, which suggests the thermally activated pro-
cess. The temperature-dependent characteristics of t follow
the Arrhenius relation as mentioned below [1]:

E,
T =T, EXp kB_T (7)

where E, is the activation energy. The E, value estimated
from the slope of the linear fit plot (see Fig. 8) is equal to
0.351 eV. This value is in good agreement with those
previously derived from the analysis of the dc conductivity.
The small difference (0.018 eV) in the activation energy
for the conduction and relaxation may be due to the fact
that the relaxation process involves only the hopping
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v 0K it
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Fig. 7 Main panel: variation of imaginary part of the impedance (Z")
as a function of frequency in the temperature range 300-400 K for
Nig sMgp 3Cuq,Fe,0,4 ferrite nanoparticle sintered at 1473 K. The
inset shows the variation of Z' versus f in the temperature range
420-500 K
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Fig. 8 Variation of the Ln(tr) as a function of (1000/7) for Nigs.
Mg 3CugFe,0,4 ferrite nanoparticle sintered at 1473 K. Red solid
line is the linear fit for our data

energy of the carriers between the localized states, but the
conduction mechanism involves hopping energy as well as
disorder and binding energy of polarons [34]. From this, we
can conclude that the same type of charge carrier is
responsible for the conduction and relaxation process. This
is in good agreement with the results found in Ref. [1].

If we plot the Z(f, T) data in the scaled coordinates, i.e.,
Z"'(f, TNZ" nax and 10g(f/fimax), Where fi., corresponds to the
frequency of the peak value of Z” in the Z" versus
log(f) plots, the entire data of imaginary part of impedance
can collapse into one master curve as shown in Fig. 9.
Thus, the scaling behavior of Z” clearly indicates that the
relaxation mechanism is nearly temperature-independent
[1, 35, 36].

= 300K
e 320K

340 K
v 360K

380 K
< 400K

420 K
® 440K
* 460 K
* 480K
e 500K

Fig. 9 Scaling behavior of Z” at various temperatures for Nigs.
Mgy 3Cug,Fe,0, ferrite nanoparticle sintered at 1473 K
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The complex-plane impendence plots (called Nyquist
plots, i.e., Z" vs. Z' plot) for different temperatures for
Nig sMgg 3Cug,Fe,O4 ferrite nanoparticle sintered at
1473 K are illustrated in Fig. 10. One of the important
factors, which influence the impedance properties of fer-
rites, is the microstructural effect [19]. The impedance
measurement gives us information about the resistive (real
part) and reactive (imaginary part) components of a
material. A ferrite material is assumed to be consisting of
piled-up crystalline plates. From the microstructural point
of view, a sample is assumed as a microstructure made up
of parallel conducting plates (grains) separated by resistive
plates (grain boundaries). For all temperatures, as evident
in Fig. 10, the impedance spectra show semicircle arcs
(whose maxima and diameters decrease with increasing
temperature) that are due to the conduction of the grain
boundary, suggesting that a predominant conduction is
through the grain boundary volume. Furthermore, contri-
bution from the grain is not well resolved for all temper-
atures. It is therefore concluded that the conductivity for
our sample is mainly due to the grain boundary contribu-
tion [19, 37]. To confirm this, it is necessary to modelize
the sample. The appropriate equivalent circuit configura-
tion for the impedance plane plots is of the type of
(Rg + Rgi//Cqp) [38, 39], as shown in the inset of Fig. 10.
R, and R,;, modelize the grain and grain boundary resis-
tances, respectively, and the capacitance (C,;) modelizes
the grain boundary capacitance. The intersection with real
axis of the semicircle at low frequencies (right intersect) is
ascribed to the total resistance (Ry = R, + Rg). On the
other hand, the impedance response of grain dominates at
high frequencies, so R, can be deduced from the left

5
6x10 — —_
* 320K
sx10°] v %ok o
380K urve
J| « 400k x10°
R N
4X105‘ Rg _‘:gb 2x10°
'N —H} 110
T 3x10°- c
4 2,0;10’ a,o;(w’ s,u;ao“ a,n;m’
5 z
2x10" 1
1x10° 4
0

) L] L] L] ) L] )
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10°
ZI

Fig. 10 Main panel: Nyquist plots (Z” vs. Z') in the temperature
range 300-400 K for NigsMg;Cug,Fe,04 ferrite nanoparticle
sintered at 1473 K. The inset shows the Nyquist plots in the
temperature range 420-500 K. Red solid lines represent the fitting to
the experimental data according to the appropriate equivalent circuit
(see the inser)

intersect of the semicircle with real axis. The grain
boundary resistance values are then given as Ry, = Ry —
R,. From the impedance spectra represented in Fig. 10, it is
clear that the grain resistance R, is too weak and the grain
boundary is approximately equal to R7. The expression of
real (Z') and imaginary (Z”) components of impedance
related to the equivalent circuit is [40]:

Rgp

Z =Ry +—-—
$ 14+ R, Ch0?

(3)

2
Rgngbca

1+ szngba)z

1

©)

The impedance data for all temperatures are fitted using
Zview software [41]. It can be seen that the fit matches well
with the experimental values (red solid lines in Fig. 10).
The values of all fitted parameters are presented in Table 2.
It can be seen from this table that the grain boundary
resistance decreases with the increase in temperature,
indicating a semiconducting behavior of our sample. The
decrease in grain boundary resistance is due to the fact that
the grain boundary effect has assisted in lowering the
barrier to the motion of charge carriers paving the way for
increased electrical transport with rise in temperature.
Furthermore, it has been found that the values of R, are
larger than R, which indicates that the conductivity for our
sample is mainly due to the grain boundary contribution as
mentioned above.

3.4 Dielectric properties

Figure 11a shows the frequency dependence of the imag-
inary part of dielectric constant (¢”) at different tempera-
tures for Nij sMgg 3Cug,Fe,0, ferrite nanoparticle sintered

Table 2 Electrical parameters of equivalent circuit deduced from
complex impedance spectrum for different temperatures for
Nig sMgp 3Cug ,Fe,0, ferrite nanoparticle

T (K) R, (Q) R (Q) Cep x 107" (F)
300 233 542,290 3.232
320 230 209,310 3.263
340 222 86,318 3.253
360 189 4037 3.400
380 149 20,234 3.543
400 105 10,651 8.133
420 75 7788 9.845
440 65 5749 10.84
460 40 3440 11.73
480 31 2124 13.02
500 20 1339 14.17

T temperature, R, grain resistance, R, grain boundary resistance, Cg,
grain boundary capacitance
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Fig. 11 Frequency dependence at different temperatures of a imag-
inary part of dielectric constant (¢”) and b dielectric loss factor

(tand)f or NigsMgg;Cug,Fe,04 ferrite nanoparticle sintered at
1473 K

at 1473 K. The values of ¢’ were calculated from the
conductivity data using the following relation:

-z (10)
where o =2nf is the angular frequency and
g0 = 8.854 x 107'2 F/m is the permittivity of free space.
It is observed from Fig. 11a that ¢’ values decrease with
increase in frequency. This type of dielectric behavior in
the ferrite has been explained by the Maxwell-Wagner and
Koop’s phenomenological theory [42]. Accordingly, the
dielectric structure of ferrites is made up of well-conduct-
ing layer of grains followed by poorly conducting layer of
grain boundaries, and the high value of dielectric constant
arises from the space charge polarization produced at the
grain boundary. The polarization mechanism involves the
exchange of electrons between the ions of the same ele-
ment, which are present in more than one valence states

and are distributed randomly over crystallographic
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equivalent sites. Here the exchange of electrons mainly
takes place between Fe’™ and Fe?" ions present at octa-
hedral sites (B-site). During this exchange mechanism, the
electrons have to pass through the grains and grain
boundary of the dielectric medium. Owing to high resis-
tance of the grain boundary, the electrons accumulate at the
grain boundary and produce space charge polarization.
Figure 11a also shows that the dielectric constant (&)
decreases rapidly in the low-frequency region and becomes
frequency-independent in the high-frequency region. It is
well known that the grain boundaries are more effective in
low-frequency region and the grains are effective in the
high-frequency region [42]. Therefore, due to the grain
boundary effect, the dielectric constant decreases rapidly in
the low-frequency region. In the high-frequency region, the
grains come into action and also the hopping of electrons
cannot follow the high-frequency ac field; therefore, the
dielectric constant decreases and becomes frequency-in-
dependent. It is also observed from Fig. 11a that &’
increases with increase in temperature because the hopping
of charge carriers at the octahedral site is thermally
activated.

The dielectric loss factor (tand) was calculated using the
following relation:

Zl

tan(0) = 7

(11)
This factor is a measure of dielectric loss within the ferrite,
and it arises when the polarization lags behind the applied
ac field. The variation of tané with frequency at different
temperatures for Niy sMgg 3Cug,Fe,Oy4 ferrite nanoparticle
is shown in Fig. 11b. The dielectric loss tand decreases
rapidly in the low-frequency region, and in the high-fre-
quency region, it becomes almost frequency-independent.
Such a behavior can be explained on the basis that in the
low-frequency region, which corresponds to low conduc-
tivity of grain boundary, more energy is required for
electron exchange between Fe?* and Fe?* ions; as a result,
the loss is higher. In the high-frequency region, which
corresponds to high conductivity of grain, a small energy is
required for electron transfer between the Fe*/Fe®" ions at
the octahedral site. Further, the loss increases with
increasing temperature due to the increased conduction of
thermally activated electrons (Fig. 11b).

4 Conclusion

Nig sMg( 3Cug,Fe,0,4 ferrite nanoparticle has been pre-
pared by sol—gel technique. The XRD patterns reveal the
spinel structure of the sintered ferrite. Conductivity is
constant in the low-frequency region and shows dispersion
in the high-frequency region. The linear variation of
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conductivity with temperature confirms the semiconducting
nature of the studied sample. The curves of imaginary part
of impedance (Z") show the presence of electrical relax-
ation phenomenon in our sample with an activation energy
close to that determined from dc conductance curve. The
Nyquist representations (Z” vs. Z') revealed the appearance
of semicircle arcs, well modelled in terms of electrical
equivalent circuit of the type of (R, + Ry//C,;). Dielectric
constant (¢”) and dielectric loss (tand) decrease with the
frequency of external electric field and increase with the
increase in temperature. This has been explained in terms
of hopping of charge carriers between Fe** and Fe*™ ions.
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