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The dielectric properties of Mg substituted Ni-Li spinel ferrites synthesized by sol-gel auto combustion
process have been studied using impedance measurements in the frequency range from 10 Hz to 10 MHz
and in the temperature range from 310K to 473 K. The effect of frequency, temperature and composi-
tion on dielectric constant (&’), dielectric loss (tan§) and conductivity (o) has been discussed in terms
of hopping of charge carriers between Fe?* and Fe3* ions. The electrical modulus formulism has been
employed to study the relaxation dynamics of charge carriers and the results indicate the presence of
non-Debye type of relaxation in the present ferrites. Similar values of activation energies for dc con-
duction (E4.) and for conductivity relaxation (Ey ) reveal that the mechanisms of electrical conduction
and dielectric polarization are same in these ferrites. A single ‘master curve’ for normalized plots of all
the modulus isotherms observed for a given composition indicates the temperature independence of
dynamical process for charge carriers. The saturation magnetization and coercivity have been calculated
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from the hysteresis loop measurements and show striking dependence on the composition.
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1. Introduction

Soft ferrites incorporating Li have drawn considerable attention
for their potential applications as microwave devices and memory
cores. These ferrites possess high resistivity, low dielectric loss, high
Curie temperature, saturation magnetization and show interest-
ing hysteresis loop properties [1-4]. These materials have replaced
expensive magnetic garnets due to low cost and superior perfor-
mance [1]. The dielectric and magnetic properties of ferrites can be
tailored either by changing the microstructure or by adding differ-
ent types of metal ions. Ferrites display excellent properties when
the microstructure is reduced to nanometer regime [5]. Most com-
monly used metal ions for improving the properties of ferrites are
Ni, Mg, Mn, Zn, Ti, Co etc. Kharabe et al. have studied the dielectric
and magnetic properties of Cd substituted Li-Ni ferrites [6]. Soibam
et al. have reported the high value of magnetization for Ni-Li-Zn
ferrites [7]. The electrical properties of Li-Ni-Eu and Li-Mg-Ti fer-
rites have been reported by Al-Hilli et al. [8] and by Bellad and
Chougule [9], respectively. The properties of ferrites are also depen-
dent on the method of synthesis [10]. The spinel nano-ferrites have
been prepared by different techniques such as sol-gel auto com-
bustion, microemulsion and hydrothermal methods [11-13]. The
Ni-Li ferrites have been widely used in microwave devices such as
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circulators, insulators and phase shifters because of their high resis-
tivity, low dielectric loss and excellent magnetic properties. To the
best knowledge of investigators, no systematic study of dielectric
behaviour in mixed Ni-Li-Mg ferrites has been reported. Therefore,
in the present work, influence of Mg2* ions substitution on dielec-
tric and magnetic properties of Ni-Li ferrites prepared by sol-gel
auto combustion method have been carried out. Further, an attempt
has been made to analyze the dielectric relaxation by modulus for-
malism to investigate whether Mg substituted Ni-Li ferrites exhibit
Debye or non-Debye type of relaxation.

2. Experimental

A novel sol-gel auto combustion method was employed to prepare
NigsLii_2xMgyFe, 04 ferrites (0.0 <x<0.5). Stoichiometric amount of analytical
grade nickel nitrate, lithium nitrate, magnesium nitrate, ferric nitrate and citric acid
were dissolved in distilled water. The ratio of metal nitrates to citricacid was 1:1. The
PH of the sol was adjusted at 7 by adding ammonia solution to form the gel. The gel
was dried at 383K and then it was ignited to form loose powder. The as prepared
powder was annealed at 1073 K to obtain nanosized crystalline powder [14-18].
X-ray diffraction patterns of the annealed ferrites were recorded using Miniflex-1I X-
ray diffractometer (Rigaku). A Transmission Electron Microscope (Hitachi H-7500)
was used to record TEM image of one of the prepared ferrites.

For dielectric measurement, disc shaped pellet having 13 mm diameter was pre-
pared by applying a pressure of 10 tons. The dielectric properties were measured
using an impedance/gain phase analyzer (Newtons4th Ltd.) in the frequency range
10'-107 Hz and in the temperature range 310-473 K. The real (&) and imaginary
(") parts of dielectric constant, loss tangent (tan §) and conductivity were calculated
using the following relations:
o= Ct 1)
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Fig. 1. X-ray diffraction patterns of NigsLi;_xMgxFe, 04 ferrites annealed at 1073 K.

g =¢ tan § (2)
0 =¢&o€wtan § (3)

where C is the capacitance, t is the thickness of the sample, A is the cross-sectional
area, &, is the free space permittivity, and w is the angular frequency.

Magnetization measurement of the annealed ferrite was carried out using a
vibrating sample magnetometer (PAR 155) under applied magnetic field up to
10kOe at room temperature.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of the annealed ferrites are shown in Fig. 1. The
strong diffraction from the (220),(311),(400),(422),(511)and
(440) planes confirm the pure spinel phase of the annealed ferrites
[19,20]. The intensities of the (22 0),(400),(422)and (44 0) planes
are very sensitive to cation distribution at both the tetrahedral and
octahedral sites. The average crystalline size (D) of the ferrites is
determined from the following Debye-Scherrer formula:

K
" Bcosh

where K is a constant which depends on the shape of the parti-
cle, A is the X-ray wavelength, 8 is the full width at half maximum
and 6 is the diffraction angle of the most intense peak, i.e., (311)
[19,21]. The average crystallite size varies from 25 to 29 nm for dif-
ferent concentration of Mg2* ions (Table 1). The lattice constant (a)
increases with increase in the concentration of Mg2* ions (Table 1).
This is obvious because the ionic radius of Mg2* ion is larger than
that of Li* ion. Similar results have been reported for mixed Ni-Li
ferrites [6,22].

(4)

Table 1

r

Fig. 2. TEM image of Nig5LiosMgo.1Fe,04 ferrite annealed at 1073 K.

3.2. TEM analysis

Fig. 2 shows the TEM image of the NigsLipgMgp1Fe,04 fer-
rite annealed at 1073 K. The average crystalline size is found to be
30 nm, which agrees well with the XRD results.

3.3. Dielectric properties

The dielectric measurements reveal that the dielectric constant
(¢’) decreases with increase in frequency as shown in Fig. 3(a) for
x=0.1 sample. All other samples show similar frequency depen-
dence of ¢'. The variation in &’ with frequency can be understood
on the basis of Maxwell and Wagner two layer model in accor-
dance with Koop’s phenomenological theory [23]. The dielectric
structure of ferrites is made up of well conducting layer of grains fol-
lowed by poorly conducting layer of grain boundaries and the high
value of dielectric constant arises from the space charge polariza-
tion produced at the grain boundary. The polarization mechanism
involves the exchange of electrons between the ions of the same
element, which are present in more than one valence state and are
distributed randomly over crystallographic equivalent sites. Here
the exchange of electrons mainly takes place between Fe3* and
FeZ* ions present at octahedral 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 resistance of the
grain boundary, the electrons accumulate at the grain boundary
and produce space charge polarization. Fig. 3(a) also shows that the
dielectric constant decreases rapidly in the low frequency region
and becomes frequency independent in the high frequency region.

Average crystalline size (D), Lattice parameter (a), dc conductivity (o4c), ac conductivity (o,c), activation energies for dc conduction (Eq4.) and conductivity relaxation (Ey),
stretched exponent parameter (), saturation magnetization (Ms) and coercivity (Hc) for Nig5Li1 0_2x MgxFe, 04 ferrites.

X D (nm) a(A) ogc (2m)! Oac (2m)~! Egc (eV) Ew (eV) B M; Hc (Oe)
(at310K) (at 310K, (emu/g)
10° Hz)
0.0 25 8.3346 6.76 x 107 1.72 x 10°6 0.19 -0.18 0.76 28.0 190
0.1 27 8.3346 1.57 x 106 2.03x10°6 0.16 -0.14 0.68 30.6 184
0.2 28 8.3379 2.77 x 106 6.20 x 10°6 0.17 -0.16 0.74 34.8 172
0.3 29 8.3413 419x10°6 6.41 x 10-6 0.17 -0.17 0.62 34.6 167
0.4 28 8.3446 6.94 x 106 1.76 x 1075 0.16 -0.15 0.71 27.8 162
0.5 27 8.3479 9.41x10°6 1.33x 1075 0.15 -0.14 0.68 26.4 160
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Fig. 3. Frequency dependence of real part of dielectric constant (&’). (a) At various temperatures for x=0.1; (b) at various compositions (at 310 K).

It is well known that the grain boundaries are more effective in
low frequency region and the grains are effective in the high fre-
quency region [23]. 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
independent. It is also observed from Fig. 3(a) that &’ increases with
increase in temperature because the hopping of charge carriers at
the octahedral site is thermally activated. Fig. 3(b) shows the fre-
quency dependence of dielectric constant for different values of x
at 310K and it is observed that ¢’ increases with increase in the
concentration of Mg2* jons. It is known that the Ni2* and Li* ions
occupy only the octahedral site (B-site) in the spinel lattice and the
Mg2* jons prefer to occupy both the tetrahedral and octahedral sites
[24,25]. Therefore, with the increase in the concentration of Mg2*
ions, some of the Mg2* ions occupy the tetrahedral site (A-site) and
displace the Fe3* ions from A-site to B-site. Thus more Fe2*-Fe3* ion
pairs are available at B-site for hopping mechanism which results
in the increase in dielectric polarization and hence of the dielectric
constant. Similar dielectric behaviour has also been observed by
Reddy and Rao [26] for Ni-Li ferrites, Shaikh et al. [27] for Li-Mg-Zn
ferrites and Ravinder and Reddy [28] for Li-Mg ferrites.
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The dielectric loss factor (tan ), defined as ¢”/¢’ is a measure
of dielectric loss within the ferrite and it arises when the polariza-
tion lags behind the applied ac field. The variation of tan§ with
frequency at different temperatures for x=0.1 sample is shown
in Fig. 4(a) and (b) shows the frequency dependence of tan§ for
different values of x at 310K. The dielectric loss tan§ decreases
rapidly in the mid frequency region and in the high frequency
region it becomes almost frequency independent (Fig. 4(a)). Such a
behaviour can be explained on the basis that in the mid frequency
region, which corresponds to low conductivity of grain boundary,
more energy is required for electron exchange between Fe2* and
Fe3* 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?*/Fe3* ions at the
octahedral site. Further, the loss increases with increasing tem-
perature due to the increased conduction of thermally activated
electrons (Fig. 4(a)). An important feature (Fig. 4(a)) of this loss
factor is the appearance of a peak at all the temperatures and its
shifting towards higher frequency with rise in temperature. This
peak is observed when the hopping frequency of electrons between
Fe3* and Fe?* ions is in resonance with the frequency of applied
electric field, i.e., maximum electric energy is transferred to the
electrons and the loss shoots up at resonance [19]. The Debye equa-
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Fig. 4. Frequency dependence of loss tangent (tan§). (a) At various temperatures for x=0.1; (b) at various compositions (at 310K).



7546

a —ex=00 = x-01
2.4 1 x=02 —*—=x=03
£ 4.2 —¥— x=04 —O—x=05
] [
2912 \
- £-52
R [ ——
S 59 62 ‘ ‘ ‘
2 24 2.8 32
~
L 44 1000/T (K)™
)
)
= 4.9 ——310K
—8-353K
y. —-—393 K
54 433K
) 473K
'5.9 T T T T T T
1 2 3 4 5 6 7
Log f (Hz)

b

Log (¢) (2m)"

N. Singh et al. / Journal of Alloys and Compounds 509 (2011) 7543-7548

Fig.5. (a) Frequency dependence of conductivity (o) for x=0.1 at different temperatures. Inset: Arrhenius plots for the dc conductivity at different compositions. (b) Frequency

dependence of conductivity (o) for NigsLii_2MgyFe, 04 ferrites at 310 K.

tion for the loss tangent is

(&s — €0)WTtan 5

tan 6 = >
&s + E(WTian 5)

(5)

where ¢s and g, are the dc and high frequency dielectric con-
stants, respectively. T.,, s is the relaxation time and w is the angular
frequency of the applied field. From Debye equation, the loss
factor exhibits a maxima when wt,,5=1 which provides the fre-
quency, fm (=1/27Ty,ns), at which the maximum loss occurs. The
temperature dependence of loss peak satisfies Arrhenius law, i.e.,
fm =fo exp(—Eians/ksT), where kg is Boltzmann constant and Ey,;, 5 is
the activation energy for loss to occur. It is observed from Fig. 4(b)
that the dielectric loss increases with increase in the concentration
of Mg2* ions. This can be explained on the basis that the conduc-
tion mechanism is same as that of dielectric polarization and the
conduction loss increases due to increased number of Fe2*-Fe3*
ion pairs causing an increased hopping of electrons between these
ions [26]. From Fig. 4(b), it is also observed that all the samples
show dispersion in tan § at lower frequencies with a peak appear-
ing at nearly same frequency at a given temperature implying the
composition independence of the loss peak.

3.4. Conduction mechanism

The total conductivity can be represented by the formula

0(@, T) = 04e(T) + Oac(@, T) = 0ge(T) + B(T )" (6)
where o4 is the dc conductivity, o, is the ac conductivity, B(T)
is the temperature dependent quantity and s(T) is the universal
power law exponent lying in the range from O to 1. Fig. 5(a) shows
the frequency dependence of total conductivity for x=0.1 sample at
different temperatures. All other samples also show qualitatively
similar variation of o with frequency. This plot shows that the con-
ductivity remains almost constant in the low frequency region but
exhibits dispersion for higher frequencies, which is in accordance
with Eq. (6). This dispersion in conductivity shifts towards higher
frequency with increase in temperature. As mentioned earlier, the
mechanism of electrical conduction is same as that of dielectric
polarization. In the low frequency region, grain boundaries with
high resistance are effective, giving a constant plateau region (o4 ).
At higher frequencies, the increase in conductivity is due to grain
effect and increased hopping of charge carriers between Fe2*-Fe3*
ions at the adjacent octahedral sites [29]. The increase in conduc-
tivity with temperature is due to thermally activated hopping of
charge carriers [6]. The increase in conductivity with increase in the
concentration of Mg2* ions is due to the increase in the magnitude
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Fig. 6. Frequency dependence of the real and imaginary part of electric modulus for
x=0.1 at different temperatures. Inset: Arrhenius plot for the relaxation time 7y, for
x=0.1.

of electronic exchange which is dependent on the concentration of
Fe3*/FeZ* ion pairs present on B-site (Fig. 5(b)).

The dc conductivity, o4, was calculated from the total conduc-
tivity data and using the sample dimensions. Inset in Fig. 5(a) shows
the Arrhenius plots for o4 for different samples and it is observed
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Fig. 7. Normalized plots of dielectric modulus versus normalized frequency for

x=0.1 at various temperatures.
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Fig. 8. (a) Hysteresis curve for Nig 5 Li;_2,MgyFe, 04 ferrites. Inset: Composition dependence of saturation magnetization (Ms). (b) Composition dependence of coercivity (Hc).

that oy increases with increase in temperature. An apparent one
slope over the entire set of measurement is an evidence of a sin-
gle conduction mechanism, i.e., in the present study, hopping of
charge carriers is responsible for electronic conduction. The acti-
vation energy required for hopping process is calculated from the
Arrhenius relation:

_E
Odc =00 exp ( kB‘%C) (7)

The activation energy, E4c was calculated from the least square
straight line fitting of plots shown as the inset of Fig. 5(a) and the
values of E4. are included in Table 1. It is observed from the inset
of Fig. 5(a) and Table 1 that the o4 increases with increase in x.
Since the dielectric constant is roughly proportional to the inverse
of the square root of resistivity [19], therefore, such variations are
expected. Both the dielectric constant and electrical conductivity,
being transport properties, show similar variations with composi-
tion and the same mechanism is responsible for this phenomenon.
The values of o3¢ (at 310K, 10° Hz) for all the samples are given in
Table 1. On the comparison of the values of o 4. and o4 (Table 1),
it is observed that the magnitude of ac conductivity is about 2-3
times higher than that of dc conductivity at all the compositions.

3.5. Electrical modulus studies

The electrical modulus formalism is widely used to study electri-
cal relaxation in electronically and ionically conducting materials
as it has advantage of suppressing electrode polarization effects.
Electric modulus (M*) is defined as the reciprocal of dielectric per-
mittivity and is given by following relation:

M*(w) = ﬁ = {8’(0)) - is”(w)} |8*(a))|2 =M'(w)+ iM"(w)

Mac(@) = [1 _ /°° e {42 dt] (8)

where M'(w) and M”(w) are the real and imaginary parts of the
electrical modulus, respectively, My, (=1/e) is the inverse of
the high-frequency dielectric permittivity. ®(t) is the relaxation
function which evolves the electric field within the dielectric
and is related to relaxation time by decay function proposed by
Kohlrausch-Williams-Watts (KWW) [30,31] and is given by

H(t) = ol =(t/)?] 9)

where 7 is the most probable relaxation time and g is the
stretched exponent parameter. The value of 8 determines whether
Debye or non-Debye type of relaxation is present in a given mate-
rial [32,33] and is related to full width at half maximum of a
suitably normalized frequency dependent M”(w) curves. The imag-
inary part of electrical modulus M"(w) is related to the energy
dissipation taking place during irreversible conduction process
[5].

The frequency dependence of real (M’) and imaginary (M”) parts
of the electrical modulus at various temperatures for x=0.1 sam-
ple is shown in Fig. 6. Qualitatively similar frequency dependence
for M’ and M” was observed in other samples. M'(w) exhibits small
values in the low frequency region which reveals polaron hopping
and for moderate frequencies, M'(w) shows a dispersion tending
to M, in the high frequency region. M"(w) shows an asymmet-
ric maximum at frequency fy;» centered at the dispersion region
of M'(w), revealing maximum conduction loss. The characteris-
tic frequency at which M"(®) is maximum (Mp,,,) corresponds to
relaxation frequency and is used for the evaluation of relaxation
time, Tty (=1/27fy7). The maximum in the M”(w) curves shifts
towards higher frequencies as the temperature increases imply-
ing an increase in relaxation rate because of thermal activation of
charge carriers. The reciprocal temperature dependence of Ty also
satisfies the Arrhenius relation Ty = 79 exp(Ey /kgT) and is shown
in the inset of Fig. 6. The activation energy for the conductivity
relaxation time, Eyy» has been calculated from the least square fit-
ting of data and its values are presented in Table 1. It is observed
from Table 1 that the values of activation energies for conductivity
relaxation (Ey;») and for dc conduction (Eq4.) are nearly same which
suggests that the mechanism of electrical conduction and dielectric
polarization is same in these ferrites. Similar results have also been
reported for Ni-Zn ferrites [5].

The value of B is equal to 1 for an ideal dielectric where
dipole-dipole interaction is negligible and for the system where
this interaction is significant, 8 < 1. In the present ferrites, the value
of B<1 (Table 1) which suggests that the non-Debye type of relax-
ation prevails in these ferrites [5,32]. Fig. 7 shows the normalized
plots of the imaginary part of the electric modulus (M”), where the
frequency axis is scaled by the peak frequency and M” axis is scaled
by M},.«- A prefect overlapping of all the curves on a single master
curve is observed for all the temperatures. This again confirms that
the single relaxation process occurs at different frequencies and the
dynamic processes are temperature independent.
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3.6. Magnetic properties

The hysteresis loops of all the annealed Ni-Li-Mg ferrites are
shownin Fig. 8(a). The values of saturation magnetization and coer-
civity were calculated using these plots and are included in Table 1.
The variation of saturation magnetization (Ms) with x is shown as
an inset of Fig. 8(a). It is observed that the saturation magnetization
(Ms)increases up tox=0.2 and for x > 0.3, it decreases. The observed
magnetization is a result of the simultaneous influence of several
extrinsic and intrinsic factors such as density, anisotropy, grain size,
cation distribution and the A-B exchange interaction [33,34]. The
saturation magnetization is, therefore, explained by considering
the metal ion distribution and antiparallel spin alignment of the
two sublattice sites. According to Neel’s model, of the three types
of AA, AB and BB interactions, intersublattice A-B superexchange
interaction is the strongest. The net magnetization is given by the
vector sum of the magnetization of the two sublattices A and B,
i.e., M=Mg — My, where M and Mg are the magnetizations of the
sublattices A and B, respectively. The initial increase in Ms may be
due to the fact that some of the Mg2* ions, which are incorporated
in place of Li* ions, occupy tetrahedral site (A) in the spinel lattice
with a corresponding migration of Fe3* ions from A-site to B-site.
This increases the magnetization of the B sublattice while that of
A sublattice decreases as Fe3* jons have a magnetic moment=5 g
and Li* and Mg?* ions are non-magnetic. With further incorpora-
tion of Mg2* ions (x > 0.3), the decrease in Ms can be attributed to
the increased migration of Fe3* ions from the A- to B-site in order
to accommodate the Mg2* ions at the A-site. This migration results
in an increase in Fe3* ion concentration at B-site which gives rise to
antiparallel spin coupling and spin canting. This results in the weak-
ening of the A-B exchange interaction, leading to the reduction of
the magnetization. Fig. 8(b) shows the variation of coercive field
(H¢) with x and it is observed that H. decreases with the increase
in the concentration of Mg2* ions. This may be attributed to loss
of anisotropy due to the migration of Mg2* ions to tetrahedral site
[20,34,35].

4. Conclusions

Nanoparticles of NigsLi;_y¢MgxFe,04 (0.0<x<0.5) ferrites
have been prepared successfully by sol-gel auto combustion tech-
nique. The XRD patterns reveal the spinel structure of the annealed
ferrites. Dielectric constant (&’) decreases with the increase in the
frequency of external electric field and increases with temperature.
The variation of dielectric loss with frequency shows a peak. Con-
ductivity is found to increase very slowly at low frequencies and
abruptly at high frequencies. The dc and ac conductivities of these
ferrites increase with the increase in temperature and concentra-
tion of Mg2* ions due to the increased hopping of electrons between
Fe2* and Fe3* ions. Nearly similar values of activation energy for dc
conduction and for conductivity relaxation suggest that the mecha-
nism of electrical conduction and dielectric relaxation are identical.

The value of the stretched exponent parameter f is less than 1
which reveals the presence of non-Debye type of relaxation in the
present ferrites. Saturation magnetization first increases with the
increase in the concentration of Mg2* jons due to increased mag-
netization of B-site and then decreases because of the antiparallel
spin coupling. Coercivity values are found to decrease with the
incorporation of Mg2* ions.
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