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Abstract

In this study, we report the synthesis of nanosized Al-substituted lithium—iron ferrites Li, sAl,Fe, 5 0,(0<x <1) by sol—gel
auto-combustion method and by ceramic method with double sintering. Synthesized materials were studied using X-ray
diffraction and impedance spectroscopy. The samples obtained by chemical methods have a higher homogeneity of the
distribution of elements by volume, good repeatability of the result, high crystallinity, small crystallite size and perfect
stoichiometry. Based on Koop’s theory, the basic regularities of the behavior of the dielectric constant and the loss tangent
are explained. The jump mechanism of conductivity has been realized by the transition of an electron between iron ions in
different valence states. Samples synthesized by the sol-gel auto-combustion show technological characteristics, compared

with systems obtained by solid-phase method.
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Introduction

Ferrites have many applications as electrical materials in a
wide frequency range due to their high resistance and rela-
tively low losses (Kopayev et al. 2015). Therefore, studies
of the behavior of the dielectric properties of such mate-
rials at different frequencies are of considerable interest
(Ostafiychuk et al. 2016). The dielectric properties of fer-
rites depend on a number of factors, such as the method of
preparation, processing temperature, sintering conditions,
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chemical composition, cationic distribution and crystallite
size (Argentina and Baba 1974; Kaykan et al. 2019).

The preparation of ferrites is of particular importance in
the formation of their properties, because the size of the
ferrite particles determine the properties of the material:
whether it is superparamagnetic, single-domain or multi-
domain, as well as the conductive and dielectric properties
vary greatly depending on the method of preparation (Ostafi-
jchuk et al. (2015)).0One of the simplest, most affordable and
cheapest ways to synthesize nanosized ferrites with a spinel
structure is the sol-gel auto-combustion method. Along with
simplicity and availability, this method does not demand
high temperatures (Sijo et al. 2020) and long annealing and
gives the chance to increase size of nano-particles (Sijo and
Dutta 2018).

Lithium and substituted lithium ferrites play an impor-
tant role in microwave technology and memory cells due
to the high Curie temperature, high saturation magnetiza-
tion, excellent hysteresis loops and low voltage sensitivity
(Soman et al. 2013; Sijo et al. 2017). In addition, lithium
ferrites do not contain expensive components (Khan et al.
2020). Lithium ferrites behave like an n-type semiconduc-
tor with an inverse spinel structure and have a high electri-
cal resistance (10° Q-10° Q) and high Curie temperature
(640 °C-680 ‘C), and can be used in gas sensors (Manikan-
dan et al. 2018, 2019).
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At low temperatures, the compound manifests itself
as an inverse spinel in which Li* and 3/5Fe®* occupy the
B-position, and the remaining ions Fe*™ occupy the A posi-
tion and form a spatial group P4;32. At temperatures above
735 C-755 C the population of octahedral B-positions
becomes disordered and the spatial group becomes Fd3m
(Patil et al. 2012). Synthesis and structural stability of lith-
ium ferrites with and without impurities remain at the peak
of research in the field of magnetic materials. Substitution
by trivalent cations that provide charge neutrality is one of
the important areas of structure modification. Such mixed
lithium ferrites are unique because they do not contain any
divalent cations.

This paper reports synthesis and analysis of aluminum-
substituted ferrites Lij sAl, Fe, s O, (0<x<1.), obtained by
sol-gel auto-combustion method and by ceramic method
with double sintering.

Experimental

Nanoparticles of LijysAlFe,s O, (0.0<x<1.0) were
obtained by two methods: traditional solid-state reaction
and sol-gel auto-combustion method, for which analyti-
cal quantities of LiNO; (anhydrous), Fe(NO;);*9H,0 and
Al(NO3);*9H,0 were used as starting materials. Metal
nitrates were stoichiometrically dissolved in a 20 ml amount
of distilled water and mixed dropwise together with constant
stirring. To a mixture of metal nitrates, a solution of citric
acid in a molar ratio of 1:1.75 was added. The pH of the
pure solution was equal to one. To the mixture of solutions,
dropwise with constant stirring 30% ammonium solution
was added to reach pH value equal to seven. The resulting
solution was kept in an oven at 70 ‘C until gel formation.
Gel formation occurred as a result of the binding of metal-
carboxyl complexes into a three-dimensional structure. The
formed gel was placed in a muffle oven and heated to a tem-
perature of approximately 250 ‘C.

To compare the properties and establish the effect of the
surface on the physicochemical properties of the material,
we synthesized a compound of the same composition by the
traditional ceramic method of double sintering. The start-
ing precursors were powders of Al,O;, Fe,O5 and Li,CO;
(reagent grade, the content of the main component can be
higher or significantly higher than 98%), weighed in stoichi-
ometric ratio precursors carefully milled and mixed with a
planetary mill for 5 h. After the addition of the binder, balls
of the same size were formed, which were subjected to pre-
sintering at a temperature of 950 °C for 5 h. Next, the cooled
samples were subjected to re-grinding and homogenization,
after which tablets were formed. These tablets were sintered
at a temperature of 1200 °C for 5 h.
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Obtained Li0.5Al1xFe2.5-xO4 powders were character-
ized using Rigaku Ultima-IV X-ray diffractometer in CuKa
radiation at temperature 293 K to establish phase purity and
crystallinity. The average crystallite size was determined by
the Debye—Scherrer formula (Ostafiychuk et al. 2017). The
contribution to the half-width due to instrumental broaden-
ing was also taken into account using a standard silicon sam-
ple when calculating the size of the crystallites. (Ostafiychuk
et al. 2017). The X-ray density and porosity of all samples
were determined using Archimedes’ principle. The capaci-
tance, dielectric constants and impedance were measured
in the frequency range 0.01-105 Hz using LCR HI-Tester
(HIOKI 3532-50) and impedance spectrometer. All samples
were made in the form of pellets, which were coated with
graphite at both ends to create parallel plates of the capaci-
tor with a ferrite material as a dielectric medium. Studies on
the impedance spectrometer were carried out by the powder
method. The substance was placed in a fluoroplastic capsule
and compressed under low pressure. To calculate frequency
dependences of the specific conductivity and resistance, the
inner diameter of the capsule and height of the column of
the powder sample were recorded.

Results and discussion
X-ray analysis

The X-ray spectra of Lij sAl Fe, s .0, (0<x<1) samples
synthesized by sol-gel auto-combustion are shown in

Fig. 1, which indicates single-pure phase cubic spinel
structure of the spatial group Fd3m. The average broadening
of 311 peek is observed in all spectra indicates nano crystal-
line nature of particles. The crystallite sizes of the samples
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Fig.1 X-ray diffraction spectra of LijsAlFe,s O, synthesized by
sol-gel auto-combustion
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Table 1 Structural and morphological parameters of Li, sAl Fe, 5 . O, by sol—gel auto-combustion

AI** content  Molar mass Jump length Jump length Crystallite size ~ Magnitude of Lattice constant ~ Specific surface
x) (dy) nm (dg) nm (D) nm micro-strains (€) (a), nm area 10° sm*/g
0.2 201.27 0.2950 0.3612 10.3 0.0026 8.3426 0.534
0.4 195.49 0.2947 0.3610 9.6 0.0016 8.3366 0.330
0.6 189.72 0.2948 0.3610 13.6 0.0012 8.3376 0.394
0.8 183.95 0.2944 0.3606 14.2 0.0014 8.3274 0.523
1.0 178.17 0.2944 0.3606 23.6 0.0038 8.3271 0.242
Table 2 Phase composition of Li,sAlFe,s 0, (0.0<x<1.0) sam-
8000 . DT T
ples by ceramic method
—_ Phase APP* content (x) in Liy sAl Fe, s O,
= u
< 6000 0.2 0.4 0.6 0.8 1.0
N—
=2 LiysAlFe,s O, 100 7445 9317 9454 9208
Z 4000+
S a-Fe,05 0 21.55 6.83 5.06 0
+~
= 6-Al, 6,04 0 0 0 2.66 7.09
2000+
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20 (Degree)

Fig.2 X-ray diffraction spectra of LijsAl Fe,s O, synthesized by
ceramic method

were determined from the FWHM measurement as the
Debye—Scherrer method of the most intense peak (311), as
well as by the Williamson—Hall method, taking into account
all well-separated peaks. Obtained crystallite sizes increase
from 10.3 to 23.6 nm on increasing aluminum doping which
is tabulated in Table 1. The lattice parameter decreases
with increasing AI** content, as shown in Table 1. The lat-
tice parameter value obtained for the synthesized samples
is commensurate with the values typical of spinel ferrites
(Kaykan et al. 2020). The decrease in the lattice parameter
with the composition is explained on the basis of Vegard’s
law (Poudel et al. 2019). The law gives a linear dependence
of the lattice parameter on the ionic radius of embedded
and removed ions. In this case, we replace the Fe3* ion with
AI**, because the ionic radius of AI** (0.067 nm) which
is less than the ionic radius of Fe** (0.073 nm). Thus, the
replacement of the Fe** ion by AI’* leads to a decrease in
the lattice parameter of the ferrite.

The X-ray spectra of LijsAl Fe, s 04 (0<x<1) sam-
ples synthesized by ceramic method are shown in Fig. 2.
X-ray analysis revealed presence of impurity phases along
with spinal phase, a-Fe,O; phase at x=0.8 and presence
of 6-Al,.¢6;0, phase at x=0.8. The phase composition of
composition a-Fe,O; phase and 6-Al,.¢;,0, phase are shown
in Table 2.

The distribution of cations on the sublattices of the sys-
tem obtained by the solid-state reaction is shown in Fig. 3.
Lithium and aluminum ions are in octaposition, and iron
ions Fe** are distributed in both octa- and tetraposition. In
addition, under conditions of prolonged exposure at high
temperatures and relatively slow cooling, the so-called
ordered phase of the spinel is formed. Cations of Li*(Fe™,
AI*") in the B-site are located in a ratio of 1:3 in the crystal-
lographic direction (110), as also observed in the case of
unsubstituted lithium iron spinel (x=0). That is, because of
the phase transition “ordering—disordering” (Darul et al.
2005; Arillo et al. 2004) the spatial group Fd3m decreases
to P4,32/P4,32.

The change in X-ray density, sample density and porosity
of the all samples using Archimedes’ principle are tabulated
in Table 3. The table shows that the X-ray density decreases
with increasing concentration of Al** ions. This can be
explained by the fact that the density and atomic weight of
Al atoms (2.702 and 26.98154 g/cm3) are smaller than Fe
atoms (7.86 and 55.847 g/cm?), thus sample density shows
the same dependence as the X-ray density. X-ray density is
higher than the sample density indicates the pores structure
in the samples, which is higher in samples synthesized by
ceramic method due to sintering. Table 3 shows the depend-
ence of the porosity of the samples on the composition also.
The porosity of the samples increases with the composition
for both systems; this is due to the lower density of AI**
ions. The increase in porosity can also be explained based
on the size of the crystallites. It can be noted that as the
particle size decreases, the porosity increases in the range
of 1.7-10.3% (El-Fadl et al. 2019).
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Fig. 3 Distribution of cations in sublattices vs. AI** ion content in Li, sFe, 5 ,Al,O, for a sol-gel auto-combustion method and b ceramic method

Table 3 X-ray density (D), AP*content D, (g/em’) D, (g/cm’) P (%) D, (g/em’) D, (g/em?’) P (%)
Sampl_‘z d?;)“‘ﬁf’ ﬁ‘?s)ﬁ‘% o x) +0.01 +0.01 £001  +001 +0.01 +0.01
OTOS1 [0) 1, €

Sample)sl 0372 I Synthesized by sol-gel auto-combustion Synthesized by ceramic method
02 4.15 3.52 14.01 5.06 3.57 29.41
0.4 4.09 3.46 15.10 527 322 38.84
0.6 4.04 3.38 15.32 4.99 322 35.48
0.8 3.97 321 17.31 4.98 3.59 27.88
1.0 3.92 3.20 19.15 471 3.40 27.95

Thus, comparing the structure and morphology of the
samples synthesized by the traditional solid-phase reac-
tion method and by sol-gel auto-combustion method, it is
seen that the samples obtained by chemical method have
higher homogeneity of element distribution by volume,
good repeatability, high crystallinity, small crystallite size
and perfect. In terms of cost-effectiveness, the sol—gel auto-
combustion method does not require high-temperature long-
term heat treatment in the synthesis process in contrast to
the solid-phase method, which makes it possible to obtain
high-quality ferrites with good characteristics at low cost.

Electrical properties

Figure 4a, b shows the change of the real and imaginary
part of the dielectric constant of nanosized ferrite samples
of the composition Lij sAl Fe, 5,0, (0.0 <x<1.0) with a
frequency of 0.01-10° Hz at temperature 293 K. As can
be seen from the figures, all compositions exhibit a dielec-
tric dispersion, where both the real and imaginary parts
of the dielectric constant decrease rapidly with increasing
frequency in the low-frequency region and almost do not
depend on the frequency in the high-frequency region. The
reduction of the imaginary part of the dielectric constant is
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clearly greater than the real part. The dielectric dispersion
curve can be explained on the basis of Coops’ theory (Patel
et al. 2017), which is based on the Maxwell-Wagner model
for a homogeneous double structure (Mondal et al. 2014).
According to this model, the dielectric structure is consid-
ered as a composition of double layers. The first layer is to
some extent a well-conducting material, which is separated
by a second thin layer (grain boundary) with relatively low
conductivity. Grain boundaries have a greater effect at low
frequencies while ferrite grains have a greater effect at high
frequencies. The existence of a predominant number of Fe**
ions and a smaller number of Fe?* ions make the ferrite
material dipolar.

The figure shows that all parameters increase with
increasing AP to x=0.6, and decrease with subsequent
increase in aluminum content. This can be explained based
on the fact that Li ferrite has an inverted spinel structure
and the degree of inversion depends on the heat treatment
temperature and the method of production. AI** ions have an
advantage in the B-position, while magnetic Fe ions occupy
both tetrahedral and octahedral positions, so that substitu-
tion at low concentrations contributes to both the accumu-
lation of charge at the grain boundaries and, accordingly,
to increased polarization losses. With increasing aluminum
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Fig.4 a The real and b imaginary parts of the dielectric constant of samples obtained by the sol-gel auto-combustion

content (x> 0.6), due to the displacement of ions of variable
valence from octa- to the tetra-sublattices, the accumulation
of charge at the grain boundaries will decrease, and, accord-
ingly, lead to a decrease in polarization.

However, in the case of fine particles, the grain—grain
boundary makes a larger partial contribution compared
to the bulk material, which makes the phenomenon more
complex. Thus, in nanomaterials, additional conditions are
created for obtaining high values of the dielectric constant
due to significant surface polarization due to the large sur-
face area of individual grains. In the low-frequency region,
surface polarization plays a dominant role compared to elec-
tronic or ionic polarizations and determines the dielectric
properties of the ferrite material (Aravind et al. 2014). In
our measurements, & is of a very large order, 10° in pure
and Al-substituted nanocrystalline Li, sFe, sO, ferrites. A
decrease in the value of the dielectric constant with increas-
ing frequency is a normal dependence observed in most
ferromagnetic materials. Polarization in ferrites occurs by
a mechanism similar to conduction processes. Due to the
electronic exchange between Fe’* and Fe*, there is a local
shift of electrons in the direction of the applied field and
these electrons determine the polarization. The observed
decrease in dielectric constant with increasing frequency is
an attribute of the fact that the spatial charge carriers in the
dielectric have a limited time for orientation in the direction
of the external applied field. If the frequency of the alternat-
ing field increases, the moment is reached when the spatial
charge carriers do not have time to turn in the direction of
the field (Jha et al. 2019); as a result, the dielectric constant
of the material decreases. When the field frequency is con-
stantly increasing, at some stage the spatial charge carriers
will only begin their reorientation, when the direction of the
field has already changed and thus will not virtually contrib-
ute to the polarization and hence to the dielectric constant

of the material. High values of the dielectric constant at low
frequencies are due to the presence in the samples of ions
such as Fe?*, oxygen vacancies, and defects at the grain
boundaries, while the decrease in the dielectric constant with
frequency is due to the fact that none of these contributions
to the polarization of samples from changing the frequency
of the applied field at high and ultrahigh frequencies (Gul
et al. 2020).

Figure 5 shows the change in dielectric loss as a func-
tion of frequency from 0.01 to 10° Hz at room temperature
(293 K). Dielectric losses give energy losses of the applied
field in the sample. This is caused by the resonance of the
domain walls. It was found that at high frequencies the losses
are small because the motion of the domain walls is slowed
down and the magnetization is caused by the change of rota-
tion. There is a strong correlation between the conduction

=

Tand

()

10° 100 10° 10" 10° 10° 10° 10°
Frequency (Hz)

Fig.5 The loss tangent of samples obtained by the sol-gel auto-com-
bustion
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mechanism and dielectric behavior in ferrites (Sartaj Aziz
etal. 2019). From Fig. 5, it is seen that the dielectric losses
have a peak for all compositions and there is a slight shift
in the position of the maximum. It can also be noted that
the peak height decreases with increasing Al concentration
(Fig. 6).

The relation (1) determines conditions for the existence
of a maximum of dielectric losses in the dielectric:

ot =1, ¢))

where @ =2nxf, ,, and 7 is the relaxation time. From this rela-
tion, we can relate the relaxation time 7 to the probability of
a jump per unit time p as follows:

r=3- @)
P
Of frax X D- ?3)

Thus, these relations show that the maximum is observed
when the jump frequency of electrons between Fe?* and
Fe** becomes approximately equal to the frequency of the
applied field. Thus, the shift of the maximum towards lower
frequencies with increasing Al concentration indicates
that the probability of a jump decreases with increasing Al
concentration. This decrease in the jump probability is an
attribute of the decrease in the number of Fe** ions at the
B-positions, which are responsible for the polarization in
ferrites. The decrease in the peak height with increasing
substitution of AI** ions is an attribute of the increase in the
resistance of the samples due to the decrease in the pairs of
Fe’*/Fe?* ions responsible for the conductivity process. In
this case, samples with x=0.6 show the highest dielectric
losses, which indicates the presence of a significant number
of Fe’*/Fe** ions in octahedral sites.
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Fig. 7 The loss tangent of samples obtained by ceramic method

Figure 7 shows the change in the dielectric parameters
e’, €, the loss tangent and the real and imaginary parts of
the conductivity from the content of aluminum ions for the
system obtained by the solid-phase method. Comparing the
dependences of dielectric parameters on the aluminum ions
concentration for systems obtained by different methods, as
well as their nominal values, we can see that the samples
obtained by the method of sol-gel auto-combustion have
much better parameters compared to solid-phase samples.
Obviously, this is due to the small size of the crystallites
of auto-combustion samples and to the fact that of ceramic
samples, in addition to the inclusions of the extraneous
phase, has a rather inhomogeneous particle volume distribu-
tion. Particularly clear differences in the dielectric behavior
of the two systems can be seen in the concentration depend-
ences of the loss tangent. Thus, the maximum values of tand
for samples with sol—gel auto-combustion do not exceed the
value of 6.38 for the considered frequencies, while the sam-
ples obtained by the ceramic method show the values of the
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W
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Fig.6 a The real and b and imaginary parts of the dielectric constant of samples obtained by ceramic method, mignified parts show region 102

-10° Hz
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loss tangent of several hundred and even thousands. Thus,
the method of sol-gel auto-combustion gives low-energy
consumption ferrites with fairly good values of dielectric
parameters.

Figures 8 and 9 show the real and imaginary parts of the
electrical conductivity with a frequency from 0.01 to 10° Hz.
The electrical conductivity in ferrites is mainly caused by
the jump of an electron between ions of the same element
present in more than one valence state, randomly distributed
at crystallographic equivalent positions in the lattice. Fer-
rites form a cubic densely packed oxygen lattice in which
cations occupy octahedral (B) and tetrahedral (A) sites. The
distance between two metal ions in the (B) position is less
than the distance between the two metal ions in the (B) and
(A) positions, so a jump between (A) and (B) positions is
much less likely than in the B-B jump. The jump between
the A and A positions does not exist because they contain
only Fe** ions, Fe?* ions occupy only the B-position (Zaki
et al. 2020). Charges can migrate under the influence of the

1x10°
8x107
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1
=
- 6x107
c
=
_O 4x10™
b
2x107
00— -1 0 1 2 3 4 5
10° 10t 10° 100 100 108 10t 10°
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applied field, contributing to the electrical response of the
system. It was found that the conductivity is an increasing
function of frequency in the case of a hopping mechanism
and decreasing in the case of band conductivity.

It can be noted that the value of conductivity gradually
increases with increasing frequency of the applied field.
The increase in 6, with frequency can be explained by
the fact that the forcing force from the applied field of a
certain frequency, which helps to transfer charge carriers
between different localized states can also release the cap-
tured charges from different capture centers. Such charge
carriers take part in conduction processes simultaneously
with electrons exchanging metal ions in different valence
states (Ni et al. 2020). The change n as a function of the
Al content is shown in Fig. 10.

As is known from the literature, the value of n varies
from O to 1. When n equal to zero, the electrical conduc-
tivity does not depend on frequency, i.e., there is DC con-
ductivity, however, when n < 1, the conductivity depends

1 4

10° 10° 10
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Fig.8 The real (a) and imaginary (b) parts of conductivity of samples with sol-gel method
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Fig.9 The real (a) and imaginary (b) parts of conductivity of samples with ceramic method
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Fig. 10 Dependence of power factor n on composition

on frequency, or AC conductivity (Ni et al. 2020). In this
work, the value of n varies around 0.293—0.995, which
is a confirmation of the conductivity, which is the result
of the jump.

From the figure, significant improvements in the con-
ductivity of Al-substituted Lij 5Al Fe, 5. O, are observed.
Conductivity increases with increasing Al ion content to
x=0.1, and then decreases with increasing Al concentra-
tion. For the sol-gel method of auto-combustion, this can be
explained based on the fact that some of the iron ions of Fe>*
are usually reduced to the state of Fe** due to the annealing
process at elevated temperatures (Maity et al. 2019). Fe**
ions mainly occupy octahedral positions. In this case, the
electronic conductivity occurs because of the jump of elec-
trons between Fe>* and Fe** in the octahedral positions. The
increase in the AC conductivity of x=0.4 can be explained
on the basis of the fact that the substitution of Al ions causes
Fe** ions to migrate from tetrahedral to octahedral positions.
An increase in the number of Fe?* and Fe** ions in the octa-
hedral positions, and thus, the substitution of Al can lead to
an increase in the value of 6. When the concentration of
Al exceeds x=0.1, this leads to the migration of Fe3* ions
from the octahedral to the tetrahedral position, thus reduc-
ing the number of Fe?*/Fe** pairs in the B-positions, which
are responsible for the conductivity in ferrites. For samples
synthesized by the ceramic method, the strong increase in
conductivity for x=0.4 is explained by the presence of the
impurity phase (a-Fe,05).

Conclusion
Comparing the structure and morphology of the samples
synthesized by the traditional solid-phase method and the

sol—gel auto-combustion method, it is seen that the samples
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obtained chemically have higher homogeneity of element
distribution by volume, good repeatability, high crystallinity,
small crystallite size and perfect stoichiometry. In terms of
cost-effectiveness, the sol—gel auto-combustion method does
not require high-temperature long-term heat treatment in
the synthesis process in contrast to the solid-phase method,
which makes it possible to obtain high-quality ferrites with
good characteristics at low cost. Comparing the dependences
of dielectric parameters on the concentration of aluminum
ions for systems obtained by different methods, as well as
their nominal values, we can see that the samples obtained
by the method of sol-gel auto-combustion have much better
parameters compared to solid-phase samples. Obviously, this
is due in the first place to the small size of the crystallites
of system A and also to the fact that system B, in addi-
tion to the inclusions of the extraneous phase, has a rather
inhomogeneous particle volume distribution. The maximum
values of tand for samples with sol-gel auto-combustion do
not exceed the value of 6.38 for the considered frequencies,
while the samples obtained by the ceramic method show the
values of the loss tangent of several hundred or even thou-
sands. Thus, the method of sol-gel auto-combustion allows
to obtain at low-energy consumption ferrites with fairly good
values of dielectric parameters.
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