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a b s t r a c t

Al3+ substituted barium hexaferrite BaFe12-xAlxO19 (where � x = 0.00, 0.25, 0.50, 0.75,1.00) nanoparticles
have been prepared by sol–gel auto combustion technique. Two probe method is used to study the elec-
trical resistivity and dielectric properties of aluminium substituted barium hexaferrite. The DC electrical
resistivity reveals that the electrical resistivity as well as the activation energy increases with increase in
Al3+ content x. On the basis of Maxwell-Wagner and Koop’s theory the dielectric parameters such as
dielectric constant (e0), dielectric loss (e00) and dielectric loss tangent (tand) with frequency are discussed.
The dielectric parameters decreases with increase in Al3+ content x. The room temperature AC electrical
conductivity measurements were carried out at different frequencies (20 Hz �1 MHz). The experimental
results indicate that AC electrical conductivity (rac) increases with increase in the frequency, indicating
semiconducting behaviour of the samples. The AC impedance spectroscopy technique is used to study
internal grain resistance and grain boundary distribution of the prepared aluminium substituted barium
hexaferrite samples.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Web Con-
ference on Advanced Materials Science and Engineering.
1. Introduction

The broad range of synthetic and investigative techniques from
chemistry, Physics and Material science, scientists and technolo-
gists are attracted towards the magnetic nanoparticles [1,2].
Among these magnetic materials, M�type barium hexaferrite
(BaFe12O19) have been intensively studied recently considering
the excellent characteristics and their potential applications such
as high resistance, superior chemical stability, powerful corrosion,
good mechanical hardness, high level of signal to noise ratio, high
Coercivity, large single axis anisotropy, high-density magnetic
recording, electronic devices [3-7]. The M�type barium hexaferrite
have good mechanical, chemical stability and high microwave
magnetic loss [8,9]. Many synthesis methods are implemented
for the preparation of hexaferrite nanoparticles such as sol–gel
auto combustion [10,11],chemical co-precipitation[12],
Hydrothermal [13], microemulsion [14],glass crystallization [15],
Citrate precursor [16] and reverse micelle technique[17].The sol–
gel auto combustion technique was widely used to prepare
nanocrystalline barium hexaferrite, due to simple process and
the controllable stoichiometric amounts [18]. Highly pure multi-
component oxides were synthesized by chemical route. Potential
advantages of the wet chemical route over the conventional solid
state reaction method include better homogeneity, better compo-
sitional control and lower processing temperatures [19]. We have
synthesized aluminium substituted barium hexaferrite nanoparti-
cles by sol–gel auto combustion technique. Sol–gel auto combus-
tion is a novel method, with a unique combination of the
chemical sol–gel process and the combustion process, based on
the gelling and subsequent combustion of an aqueous solution of
the desired metals and some organic fuel.

Hexaferrite plays an important role in the field of electronic
industry due to their magneto-dielectric properties. Due to the
m hex-
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prominent properties such as low cost, easily manufacturing, and
interesting electric, dielectric and magnetic properties lead the
polycrystalline ferrite important candidate in the field of techno-
logical applications. These materials are categorized into magnetic
semiconductors. A few studies are available on electrical conduc-
tivity, thermal conductivity and dielectric properties for the hexag-
onal ferrites [20,21]. The electrical and dielectric properties of
magnetic materials is depend on the preparation conditions, such
as sintering temperature, sintering atmosphere, and soaking time
as well as the type of substituted ions [22].

Study of the effect of frequency, composition on the dielectric
properties and the dc electrical resistivity offers much valuable
information on the behaviour of the localized electric charge carri-
ers which can lead to a good explanation and understanding of the
mechanism of electric conduction and dielectric polarization in fer-
rite systems [23]. The structural and magnetic properties of Al3+

substituted BaFe12O19nanoparticles have been discussed in our
previous report [24]. The trivalent substituted barium hexaferrite
samples have been studied by researchers [25,26] but it’s electric
and dielectric properties of aluminium substituted barium hexa-
ferrite with same composition have not been studied in detail by
the researchers as per our knowledge. The motivation to substitute
Al3+ inplace of Fe3+ ions is that as aluminium is good conducting
and nonmagnetic ion so to study the effect of aluminium doping
on the electric and dielectric properties of barium hexaferrite have
been carried out. The present work reports on the d.c electrical
resistivity, dielectric constant (e0), dielectric loss (e00) and dielectric
loss tangent (tand), ac conductivity (rac) and ac impedance spec-
troscopic properties of Al3+ substituted barium hexaferrite
samples.
2. Experimental

The nanocrystalline Al3+ substituted barium hexaferrite sam-
ples were prepared by sol–gel auto-combustion technique. The
details of the experimental procedure are given in our previous
work [24]. The dc resistivity measurement of samples was done
by two-probe method using silver paste as a contact material.
For good surface contact the sample is firmly fixed between the
two electrodes. The chromel–alumel thermocouple was used to
measure the temperature. The dielectric parameters were mea-
sured as a function of frequency using an LCR-Q meter (Model
HP 4284). The dielectric measurements as a function of frequency
were made using two-probe method at the frequency range of
20 Hz to 1 MHz at room temperature.
Fig 1. Variation of Log q versus 1000/T (K�1) for BaFe12-xAlxO19 Samples.
3. Results and discussion

3.1. DC electrical resistivity

The electrical property of the ferrite materials depends upon
chemical composition, methods of preparation, sintering tempera-
ture and grain size. DC electrical resistivity was measured by using
two probe technique [27]. The samples were used in the form of
pellets of 10 mm diameter and of 3 mm thickness. The pellets were
prepared at room temperature by compressing at 6 tons pressure.
The DC electrical resistivity of all the samples decreases with
increase in the temperature in accordance with Arrhenius equation
[27]

q ¼ q0 exp
DEg

KBT

� �
ð1Þ

Here ‘q’ is the resistivity at temperature ‘T’, q0 is the pre expo-
nential constant which equals the resistivity at infinitely high tem-
perature; KB is the Boltzman’s constant and DE is the activation
2

energy, which is the energy needed to release an electron from
the ion for a jump to neighboring ion, giving rise to the electrical
conductivity.

The Arrhenius plot of each sample is shown in Fig. 1. This plot
shows decrease in resistivity with the rise in temperature, ensuring
the semiconducting behavior of ferrites [28,29].The electrical resis-
tivity decreases as sintering time increases the crystal growth
enhanced [30,31]. Conduction in ferrites may be explained by Ver-
wey’s hopping mechanism [32]. According to Verwey, the elec-
tronic conduction in ferrites is mainly due to hopping of
electrons between ions of same element present in more than
one valance state, distributed randomly over the crystallographi-
cally equivalent lattice sites. The electron hopping between (A)
and [B] sites under normal conditions therefore has a very small
probability compared with that for [B –B] hopping. Hopping
between (A) and (A) sites does not exists for the simple reason that
there are only Fe3+ ions at (A) site and any Fe2+ ions form enduring
processing preferentially occupy [B] sites only. The hopping prob-
ability depends upon the separation between the ions involved and
the activation energy [33]. The electrical resistivity increases with
increase in aluminium content � as shown in Fig. 1. Similar results
were obtained for Al-Ga [34] and Pb3+[22] substituted strontium
hexaferrite samples. The activation energy of each sample in the
measured temperature range can be determined from the slope
of the linear plots as shown in Fig. 1. The values of activation
energy at ferrimagnetic region (Ef), paramagnetic region (Ep) and
DE (Ep-Ef) are shown in Table 1. From Table 1 it is observed that
the activation energy at paramagnetic region (Ep) is greater than
activation energy at ferrimagnetic region (Ef). The activation
energy (DE) is greater than approximately 0.2 eV, which according
to Klinger [35] suggests that the conduction is due to polaron hop-
ping. The hopping mechanism depends on the activation energy,
which is associated with the electrical energy barrier experienced
by the electrons during hopping. In addition to the above said con-
siderations, the activation energy is influenced by the grain size, as
grain size increases grain–grain contact area increases for the elec-
tron to flow and therefore there is a lower barrier height [31]. The
standard error occurred in calculation of activation energy with
intercept value 0.32146 ± 0.01055and slope value 0.09224 ± 0.01
723 was calculated from linear fit method.

The drift mobility (md) of all the samples have been calculated
by using the relation [36],



Table 1
Activation energy in paramagnetic region (Ep), ferrimagnetic region (Ef), Ep-Ef (DE)
and Curie temperature (Tc) for BaFe12-xAlxO19 samples.

Comp.x Ep (eV) Ef (eV) DE (eV) Tc (K)

0.00 0.71536 0.40776 0.3076 740
0.25 0.57164 0.21614 0.3555 718
0.50 0.50794 0.12677 0.3812 698
0.75 0.53232 0.14637 0.3859 681
1.00 0.51599 0.10822 0.4077 645

V.N. Dhage, M.L. Mane, S.B. Rathod et al. Materials Today: Proceedings xxx (xxxx) xxx
ld ¼ 1
g eq

ð2Þ

Where e is the charge on electron, q is the resistivity at partic-
ular temperature and g is the concentration of charge carriers that
can be calculated from the relation [37].

g ¼ Na qm pFe

M
ð3Þ

where M is the molecular weight of the sample, Na is the Avo-
gadro’s number, qm is the apparent density of the sample and PFe
is the number of iron atoms in the chemical formula of the oxide
sample. It can be seen that the resistivity and drift mobility are
the inverse physical quantities, the samples having low resistivity
have higher mobility and vice versa [38]. To examine the temper-
ature dependence of the drift mobility a graph between drift
mobility (md) and 1000/T is shown in Fig. 2.The drift mobility
decreases with increase in aluminium content x. It can be observed
from Fig. 2 the drift mobility increases with increase in tempera-
ture, it may be due to the hopping of charge carriers from one site
to another site [38].

3.2. Frequency dependence of dielectric parameters

The dielectric constant of the prepared nanocrystalline alu-
minium substituted barium hexaferrite (e0) is given by the follow-
ing equation

e0 ¼ C d
eoA

ð4Þ

Where C is the capacitance in farad, d is the thickness of the pel-
let in meter, e0 is the permittivity of free space and A is the area of
the pellet. The room temperature frequency dependence of dielec-
Fig 2. Variation of drift mobility (md) with 1000/T (K�1) of BaFe12-xAlxO19 samples.

3

tric parameters for all the samples have been studied. The dielec-
tric properties of aluminium substituted barium hexaferrite are
influenced by various factors such as method of preparation, sin-
tering condition, chemical composition, ionic charge and particle
size etc. The variation of dielectric constant (e0) with logarithm of
frequency (log f) is shown in Fig. 3. From Fig. 3 it is seen that the
dielectric constant (e0) decreases rapidly with increase in fre-
quency and at higher frequency it remains almost constant. The
conduction process in materials is similar to mechanism discussed
by Rabinkin and Novikova for polarization in ferrites. Polarization
decreases with increase in frequency and then reaches to a con-
stant value due to the fact that beyond a certain frequency of exter-
nal field, the electron exchange between Fe2+ and Fe3+ cannot
follow the alternating field [39].The large value of e0 at lower fre-
quency is due to the predominance of species like Fe2+ ions [40].
However the decreasing behaviour of e00 with frequency is natural
because of the fact that any species contributing to polarizability
lags behind the applied field at higher and higher frequencies.

The decrease in the values of tand and with the frequency is a
normal behaviour for ferrites and can be explained on the basis
of charge polarization. The phenomenon of charge polarization is
a result of the presence of higher conductivity phase (grains) in
the insulating matrix (grain boundaries) of a dielectric, causing
localized accumulation of charge under the influence of electric
field. The reduction in dielectric loss tangent (tand) occurs since
the frequency of hopping of electron exchange between Fe2+ and
Fe3+ is far from the frequency of the alternating electric field.

Fig. 4 shows the variation of dielectric loss tangent (tand) as a
function of frequency for Al3+substituted barium hexaferrite sam-
ples. The decrease in tand takes place when the jumping rate of
charge carriers lags behind the alternating electric field beyond a
certain critical frequency. From Fig. 4 it is seen that for all the sam-
ples tand decreases continuously with increasing frequency. The
values of dielectric loss tangent depends on number of factors such
as stoichiometry, Fe2+ content and structural homogeneity which
in turn depends on the composition and sintering temperature of
the samples [41].Thus the tangent of dielectric loss angle of ferrite
nanoparticles is expected to decrease approximately inversely as
frequency. In the low frequency region which corresponds to high
resistivity (due to grain boundary) more energy is required for
electron exchange between Fe2+ and Fe3+ ions. Thus the energy loss
is high. The resistive grain boundaries were found to be more effec-
tive at lower frequencies while the conductive ferrite grains are
Fig 3. Variation of Dielectric Constant (e0) with Log f of BaFe12-xAlxO19 samples.



Fig 4. Variation of dielectric loss tangent (tand) with Logf of BaFe12-xAlxO19 samples.
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more effective. In the high frequency range which corresponds to
low resistivity. (Due to grain) a small energy is needed for electron
transfer between Fe2+ and Fe3+ in the grains and hence the energy
loss is small. The dielectric loss was determined using Eq. (5).

e00 ¼ e0 tan d ð5Þ
Where e0 is the dielectric constant, tan d is the dielectric loss

tangent and e00 is the dielectric loss of the prepared nanomaterials.
Dielectric loss is an important part of the total core loss in ferrites
[42]. Fig. 5 shows the variation of dielectric loss as a function of fre-
quency for all the compositions. Hudson [43] has shown that the
dielectric losses in ferrite are generally reflected in the conductiv-
ity measurements where the materials of high conductivity exhibit
high losses and vice versa.

3.3. AC conductivity

The AC conductivity shows an increasing trend with the
increase in frequency for all the samples. This behaviour is -
similar to the Maxwell–Wagner type. The dielectric structure of
ferrites is given by Koop’s phenomenological theory and Maxwell
– Wagner theory [44,45]. The plots of AC conductivity are linear,
Fig 5. Variation of dielectric loss (e00) with Log f of BaFe12-xAlxO19 samples.
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indicating that the conduction is attributed to small polarons, as
reported by Alder and Fienleib [46]. At higher frequencies, where
conductivity increases greatly with frequency, the transport is
dominated by contributions from hopping infinite clusters. The
electrical conductivity in ferrite is mainly due to hopping of elec-
trons between ions of the same element present in more than
one oxidation state, distributed randomly over crystallographically
equivalent lattice sites. The hopping between tetrahedral and octa-
hedral has very small probability compared with that for octahe-
dral – octahedral hopping. The hopping between tetrahedral–
tetrahedral sites does not exist, due to that there are only Fe3+ ions
at tetrahedral sites and any Fe2+ ions form enduring sintering pro-
cess preferentially occupy octahedral sites only.

The AC conductivity of BaFe12-xAlxO19 with x = 0.00–1.00 in
steps of 0.25 is shown in Fig. 6. It is well known that the dielectric
constant (e0), dielectric loss (e00), dielectric loss tangent (tand) and
AC electrical conductivity (rac) are electrical properties and
exchange of electrons between Fe2+ and Fe3+ ions are responsible
for the conduction mechanism. From the dielectric loss and dielec-
tric permittivity, AC conductivity of ferrite samples can be evalu-
ated using the relation [47]

rAC ¼ 2peoe0 f tan d ð6Þ
Where ‘f’ is the frequency of the applied field, eo is the permit-

tivity of free space, e0 is the real part of relative permittivity of the
samples, and tand is the dielectric loss tangent and rAC is the ac
conductivity of the samples [41]. From the Fig. 6 it is observed that
AC conductivity decreases with increase in composition x. It is
observed that, at varying frequency, the dielectric constant of x=
0.00 is higher than those of x= 1.00. tant of x = 0.00 is higher than
those of � = 1.00. This is because of electrode effects in parallel
capacitance geometry of dielectric measurements.
3.4. AC impedance

The AC impedance analysis provides platform to separate out
the bulk and grain boundary contribution to the total conductivity.
The impedance spectrum is usually represented as real component
of impedance (Z0) versus real imaginary component of impedance
(Z00), which is referred, as Nyquist plot. The semicircles at higher
and lower frequencies represent bulk and electrode process,
respectively, while that at intermediate frequencies represents
grain boundary contribution [48].
Fig 6. Variation of ac conductivity (rac) with Log f of BaFe12-xAlxO19 samples.



Fig 7. Nyquist plots for BaFe12-xAlxO19 samples.
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Fig. 7 shows the variation of the real part (Z0) and the imaginary
part (Z00) of complex impedance as a function of applied frequency
for BaFe12-xAlxO19 (where x = 0.00, 0.25, 0.50, 0.75, 1.00) samples
recorded at room temperature. The value of Z00 initially increases
and reaches maximum value and then decreases forming semicir-
clein the frequency range of 20 Hz – 1 MHz. The size of the semi-
circle depends on the grain size and the number of grains present
in the material. The presence of single semicircular obtained at
higher frequencies corresponds to electrical conduction by the
interior of the grain, the diameter of the semicircle is corresponds
to the resistance of that grain [49]. As the aluminium content
increases the diameter of the semicircle goes on increasing which
indicates increase in grain interior resistance. Thus the total impe-
dance (Z0, the real axis intercepts at low frequency side) and imag-
inary component of complex impedance Z00 of aluminium
substituted barium hexaferrite increases with increase in Al3+sub-
stitution x.

4. Conclusions

BaFe12-xAlxO19 (where x = 0.00 – 1.00 in step of 0.25) nanopar-
ticles have been successfully prepared by sol–gel auto combustion
technique. As Al3+ substitution x increases DC resistivity increases.
The activation energy in ferrimagnetic region is lower than that of
paramagnetic region. The Curie temperature obtained from DC
electrical resistivity decreases with increase in aluminium con-
tent � and it is in the reported range. The dielectric constant (e0),
5

dielectric loss (e00), dielectric loss tangent (tand) decreases with
increase in Al3+ substitution x. AC electrical conductivity decreases
with increase in Al3+content x. AC impedance spectroscopy
allowed us to study the influence of grain size in the impedance
response of nanocrystalline aluminium substituted barium hexa-
ferrite. The total impedance (Z0, the real axis intercept at low fre-
quency side) and imaginary part of complex impedance (Z00) of all
samples is decreased with increase in aluminium concentration
x. Thus, the substitution of aluminium in barium hexaferrite
matrix strongly influences it’s electrical and dielectric properties.
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