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Abstract: An effort is made to find the solution to the new challenges of modification advancements in
ferrite technologies. The hypothetical variation in the structural, magnetic, and electrical properties of
cubic spinel magnesium aluminum ferrites introduced by the substitution of doping elements has been
rationalized and proven. The outcome of aluminum substitution on the magnesium ferrites has been
examined and investigated. Spinel ferrites having compositions of MgAl,Fe,,0, (x = 0.1, 0.2, 0.3, 0.4)
were prepared by the sol-gel auto-combustion method. The prepared sample’s characterization, such as
scanning electron microscopy (SEM), DC electrical resistivity, AC electrical resistivity, and dielectric
properties measurements, were tested using the respective instruments. The grain size and crystal size
of all samples were measured from the micrographs of SEM and XRD Data. It is found that the average
grain size is within the range of 300 nm - 550 nm for all different series that are formed, keeping the
samples at 1100 °C sintering temperatures. A two-probe method experiment with a temperature range
of 30 °C to 500 °C gives data on DC electrical resistivity. The Curie temperature depends on the
sintering temperature, and it increases with increasing doping concentration. Also, doping influences
grain size, which decreases with increasing concentration. Analyzing the SEM micrographs, it is found
that the average grain size must decrease in tendency with increasing Al content. DC electrical
resistivity exhibits excellent semiconducting behavior. Frequency dependence, dielectric constant, and
dielectric loss factors were measured, keeping the frequency range of 75 Hz to 130 MHz at room
temperature. The result shows that the dielectric constant (e) and dielectric loss tangent (tan™)
decrease with the increase in frequency, while the AC resistivity and Q-factor increase. Comparing the
electrical properties of four compositions, it can be suggested that the mixed ferrite, sample-4 (x = 0.3),
shows the highest Q-factor of all at 1100 °C.
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1. INTRODUCTION structures, and designs exhibit novel and
significantly improved physical, chemical, and
Nanoscience and nanotechnology are more DPiological properties because of their nanoscale

attentive to materials and solid-state systems Size (Saini et al., 2010). Research on nano-size
(Joudeh & Linke, 2022) whose components, technology and nanoparticles has unlocked so
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many scopes and versatile uses due to their novel
and excellent properties (Sontakke & Purkait,
2021). It also helps create many new materials
and use devices with prospective applications, like
medicine, toxicity, electronics, and energy
production (Buzea et al., 2007). Also, it has an
impact on the environment, consumer products,
and global economics (Pathania et al., 2021).

Ferrites have remarkable magnetic properties
(Ahmed et al., 2022) due to their versatility, low
production  cost, exclusive electromagnetic
performance, high resistivity, low chemical losses,
and excellent chemical stability (Hankare et al.,
2011) (Amiri et al., 2019) Within a large
frequency range (Dixit et al., 2012). Soft ferrites
are mostly used in many electrical components,
memory-storing devices, microwave functional
devices, and magnetic devices because of their
high magnetic permeability and low magnetic
losses (Lakshmi Ranganatha et al., 2020)
(Giannakopoulou et al., 2002). These materials
can also be used for different high-temperature
procedures because of their strong thermal
stability, low electrical conductivity,
electrocatalytic activity, and corrosion resistivity
(Olsen & Thonstad, 1999). Among these ferrites'
techniques, magnesium aluminum ferrites are
considered as they showed permeability,
resistivity, saturation magnetization, low losses
and relatively large Curie temperature (Gimenes
et al.,, 2012). The general formula of magnesium
ferrite, M*?Fe*3,0, (AB,0.), is a type of crystal
compound of spinel structure (where M is from the
tetrahedral site and Fe from the octahedral site)
(Gorter, 1950).

The spinel ferrites have interesting properties to
disperse the cations among the tetrahedral (A)
and octahedral (B) sites (Bhatu et al., 2007).
Substituting non-magnetic and magnetic ions
largely affects the ferrite's properties like lattice-
related parameters, magnetic moments, and ion
exchange interactions (Zakaria et al.,, 2003)
(Zakaria et al., 2004). Scientists use many
chemical techniques for the synthesis of ferrites
(Giri et al., 2004)(George et al.,, 2006) (Wang,
2006) (Hankare, Vader, et al., 2009) (Hankare,
Sankpal, et al., 2009) (Zhang et al., 1990). The
citrate sol-gel auto-combustion process has
several advantages, such as nano-scale yield
without the use of expensive equipment (Kamble
et al., 2013). Because all the reactants are
solutions, molecular mixing occurs, and reactant
yield can be controlled accurately (Atassi & Tally,
2006). The purpose of the present research is to
present a novel and economical method of
preparation of Mg-Al ferrites by the sol-gel auto-
combustion method.
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Doping MgFe,0, with metals is the finest method,
filled with tetrahedral or octahedral sites that can
alter the magnetic, electrical, or structural
properties of ferrites. Following the procedure,
different properties of ferrites can be engineered
to fit a particular application (Shokrollahi, 2008).
As per our knowledge, information is not available
about the nano-sized Mg-Al ferrites produced
using the citrate-gel auto combustion method.
Some mixed Cu-Mg-Zn ferrites were synthesized
through the co-precipitation method by Bhosale et
al. (Kuznetsov et al., 1998) where they found the
lattice parameter decreases gradually while
density increases with the increase in Mg?* at the
substitution level. Qi et al. (Radwan et al., 2003)
showed Mn substituted (Mgo,Cuo2Znos0O) (Fe,
xMn,0s3)o097 (x= 0.00-0.07) ferrites using nanosized
precursor powders by a sol-gel method and found
Mn showed higher initial permeability and good
grain morphology than that of NiCuZn ferrites.

It could be a good material for multi-layer chip
inductors with high inductance. Nanoparticles of
Mo.sMgosFe;0, (M=Ni, Cu, and Zn) are prepared by
Pradeep et al. (Lakshman et al., 2005) using the
sol-gel method and found greater values of lattice
constant of mixed CuZn ferrites. Also, particle size
was decreased by the substitution of Cu for Zn.
Barati (Arulmurugan et al., 2006) found that
properties like initial permeability, saturation
magnetization, dielectric constant, and dielectric
loss were increased, and AC-resistivity was
decreased with the increase in doping contents.
Prepared materials may be applicable in
multilayer chip inductor applications due to their
low loss at high frequencies and good magnetic
properties.

In this research, we have prepared nano-ferrites
having the composition MgAlFe,<O, (x = 0.1, 0.2,
0.3, 0.4) by the citrate-gel auto combustion
method, keeping in mind that the particle size will
be small and the magnetic, electrical, and
dielectric properties will be improved by the
substitution of Fe** with Al*3ions. According to our
knowledge, this is the unique observation of Mg-Al
nano-ferrites made using the citrate-gel method
with small particle sizes. In this article, we show
the citrate gel method-based synthesis, XRD, SEM,
EDS, and resistance properties of aluminum-doped
magnesium ferrites which will be useful for
different purposes.

2. MATERIALS AND METHOD

Mg-Al nano-ferrites using the chemical formula
MgAIlFe,«Os (X 0.1, 0.2, 0.3, 0.4) were
synthesized by the citrate-gel auto combustion
technique using magnesium nitrate hexahydrate
(Mg(NOs)2-6H,0, 99%), iron(ll) nitrate nonahydrate
(Fe(NOs)2'9H,0, AR grade), aluminum nitrate
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nonahydrate (AlI(NOs);-9H,0, AR grade), citric acid
(C¢HsO7:H;0), AR grade, and ammonia (NHs;, AR
grade). The required amount of nitrate salt and
the citric acid solution are formulated using
nitrates in a citric acid molar ratio of 1:1. The pH
value of the solution is adjusted to 7 with the help
of ammonia mixing slowly in the solution. A
magnetic hot plate stirrer is used to stir the
solution continuously to finish the entire
procedure. The solution was poured into a beaker,
heated at 100 °C on a hot plate, and stirred
continuously till it transformed into a highly
viscous gel. All the samples formed as the gel was
burned out completely to form a fluffy, loose
powder after reaching a proper temperature,
starting ignition, and burning in a self-propagating

combustion manner. The whole combustion
process was done in a short time. Finally, the as-
burnt powders were calcinated using the

programmable muffle furnace at 500 °C for up to
1 h to get the ferrites of a single phase.

The calcite powders were granulated using a 1%
saturated solution of polyvinyl alcohol as a binder
and were uniaxially pressed at a fixed pressure up
to 0.5 MPa in a stainless-steel die to form pellet
specimens of 12 cm diameter. Samples were
leveled as sample-1 to sample 4 according to X
values. All samples were heated slowly inside the
programmable muffle furnace up to 550 °C at a
rate of about 2 °C min? to avoid cracking of the
samples. Then, the temperature was raised to
1100 °C, and then the samples were kept at this
temperature for 6 h in an airtight atmosphere so
that they got cooled slowly inside the furnace. The
surfaces of all the specimens were polished to
remove oxide and any other extra layer formed
during the sintering process.

2.1. Characterization

The structural structure of the synthesized ferrite
samples was tested by X-ray diffractometer (XRD)
using Cu K, X-ray radiation (A=1.5405 A) at
normal temperature in the angle range of 20° to
85°. X-ray data gives us the phase and crystallite
size of the prepared samples, which confirm the
formation of a single-phase cubic spinel. Also, the
surface morphology and surface features of the
prepared ferrites were investigated and recorded
by SEM. Dielectric properties, electrical properties,
and Curie temperature were investigated by the
relevant instruments.
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3. RESULTS AND DISCUSSION

3.1. Structural Properties

The X-ray diffraction patterns for the investigated
samples have been shown in Figure 1. Powder
diffraction by an X-ray powder diffractometer was
used to find the crystalline phases using (Cu-Ka)
= 1.5406 A at room temperature.

Structural parameters like the lattice parameters
and spin phases of all the samples are calculated
from the XRD data, and the atomic position of the
spinel phases is determined from the literature. All
the sharp peaks are in the same position as stated
by Giri et al. (2004) which confirmed the sample
preparation was accurate and showed a single
phase only. The lattice constant is calculated by
using the known formula (Igbal & Siddiquah, 2008)

a=d, h+ I+

Where the Miller indices are h, k, I and interplanar
spacing is dx

It is observed that the highest intensity peak is at
the 35.36° position. Calculation gives the peak to
be (311), which tells us the prepared samples are
spinel ferrites. The average size of the crystal bulk
sample (Dp) is calculated using the Scherrer
equation (Patterson, 1939)

0.94 A
D =—
P~ BcosO

Where the line broadening in radians is B, Bragg
angle is 0, and the X-ray wavelength is A.

Data showed that the crystal size reduces with a
decrease in Fe content as it is larger than the Al
atoms, as shown in Table 1. From the table data, it
is observed that the lattice constant is almost the
same for all samples but tends to be larger as the
concentration of cations increases in every
sample. Also, we have calculated the X-ray
density using the formula (Krishna et al., 2012a)

p ferrite = z

Here, M is the molecular weight of the sample,
Avogadro’s number is N, and the lattice constant
is a.

8M
Na®
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Figure 1: XRD patterns for MgAl.Fe,«O,ferrites. x = 0.1 (purple), 0.2 (blue), 0.3 (red), 0.4 (black).

The actual physical bulk density of the tablet
shaped prepared ferrites sample was calculated
using the formula (Sujatha et al., 2013)

m

dyy = 3

nrt

Here, mass is m, the pellet radius is r, and ¢ is the
thickness of the sample. Applying the
Archimedean porosimetry theory, the percentage
of porosity (%P) is calculated and shown in Table
1. It was also observed that the porosity from the
SEM micrographs manually got a similar result.
Observing the lattice constant, a decreasing trend
is due to the increase in Al content and the
decrease in Fe content. Sample -1 (x=0.1) showed
the highest bulk density, which means porosity
would be lower due to high density and is
observed accordingly, as shown in Table 1,

The bulk density of the ferrite samples decreases
gradually with the decrease in the Fe?*
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concentration as the large atomic weight of Fe is
compared with the Mg atoms shown in Table 1.
High porosity is observed in the sample 4 (x=0.4)
which is lowest density sample. Bulk density is
decreased due to a decrease in Fe content, and Al
concentration improves the magnification, which
decreases the porosity.

Also, the table showed that the X-ray density
calculated has a reducing tendency with the
higher Al concentration shown and shows an
inverse relation with lattice parameters. Barati et
al. got the same result (Giri et al.,, 2004). It is
observed here that, there is a correlation and
closed agreement between the theoretical X-ray
densities, the observed bulk density, and the
porosity of the sintered ferrites. Due to the pore in
the sample, X-ray densities are larger than bulk

densities. This close relationship with such
parameters of ferrites indicated good quality
ferrites.
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3.2. Morphology by SEM SEM representative micrographs of the samples

with different amounts of substitution are shown

Sample 1

Sample 3

in Figure 2.

Sample 4

Figure 2: SEM micrographs of various compositions.

Images were taken at different magnifications.
The images showed large agglomerates of
strongly connected cubic aggregates and well-
defined particles of the powder sample with an
inhomogeneous, broader grain size distribution.
Mechanically activated nano-sized particles
showed this type of broader size distribution.
(Oforo et al., 2021)

This agglomeration is caused by the interaction of
nano-sized magnetic fine particles with a
permanent magnetic moment proportional to their
volume. Hence, agglomeration results from the
contribution of the permanent magnetization
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property of each particle (Arulmurugan et al.,
2006). The foam-like structure is found in the
porous network of sintered bodies. It is assumed
that magnesium ions influence ferrite formation;
hence, the compound formation showed the least
mass. From the SEM micrographs, we also found
that the particle size of the sample is in the
nanometer range. We found a trend that, with an
increase in Al composition, the grain size in the
crystal decreased moderately.
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3.3. Composition Dependent DC Electrical
Properties

DC electrical resistivity is used to understand the
conductivity of the prepared sample. It is
measured using the two probe electrical method.
A fixed voltage was applied across the sample
holder, keeping the sample in series and the
standard resistance lower than the sample
resistance. The voltage dropped across the
resistance was measured using a voltmeter, and
the current was measured using an ampere
meter. Using the voltage and current across the
sample, resistivity is calculated using the relation

R= RA/I Q-cm (Krishna et al., 2012b)

Where, R¢: Fixed Resistance; A: Surface area of the
sample = nir?; I: Thickness of the sample; R is the
resistance of the sample, and it is given by R =
(Vs/Vs) x Re. Hence, from the above equations, r =
AR/l (Vs/Vs), Vs is the voltage across the sample, V¢
is the voltage across the fixed resistance.

The DC resistivity of the sample was found to
increase at a normal temperature from 0.81x10°
Q-cm to 1.85 x 10° Q-cm and at transition point
from 0.39 x 10° Q:cm to 2.0 x10° Q-cm with
increasing AP* from x 0.1 to x 0.4, as
mentioned in Table 2.

The DC resistivity (Inp) vs. temperature (1000/T)
curve for all samples at 1100 °C has been plotted
as shown in Figure 3. From the figure, we found
that the DC resistivity has a common trend for all
samples and decreases sharply with increasing
temperature up to a transition point. After that
temperature, the resistivity decreases with
increasing temperature slowly and almost
constant after a certain time. The resistivity of all
samples shows similar characteristics, but the
values of resistivity increase with an increase in
the Al concentration, as shown in Table 2. In this
case, the Curie temperature, T, is found to be 115
°C, 125 °C, 135 °C, and 140 °C, respectively, for
all samples.

The increase in resistivity might be due to Al
concentration increases, while Fe** concentration
decreases for their occupation on octahedral sites,
which is produced during sintering (Islam et al.,
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2004). The activation energy (Ep) increases with
the increase in Al content. It increases up to x
0.3 but again reduces for x = 0.4. This is due to
the Al ions. For many ions, some ions may not
participate in the reaction, and the activation
energy goes lower. Also, Al concentration has an
effect on Curie temperature and shifts it to a
higher temperature. Another reason for the
increase in p with increasing Al composition is that
Mg?* ions tend to occupy the tetrahedral sites (A)
and Al ions choose to go to the octahedral sites
(B). Also, Fe ions partially occupy both A and B
sites, which increases temperature and decreases
conductivity, and hence resistivity increases which
confirms that the prepared ferrite under this
research has semiconductor-like properties.

Also, Figure 4 indicates the resistivity variation
with the ferrite's composition. It is observed that
the resistivity is not linear. At x = 0.3, resistivity
graphs showed slight variation, meaning if Al
concentration increases, resistivity decreases
slowly and then increases again.

3.4. Effect of Al Concentration Variation on
AC Resistivity

The electrical measurements are performed for all
Mg-Al ferrite samples at room temperature within
the frequency ranges from 75 kHz to 2 MHz using
an LCR-Q meter. This is the resistance (R, in KQ)
of the sample that was obtained by changing the
input frequencies.

The AC resistivity is easily calculated by using

l
ohm’s law, R=p— orp= where R is the

A [
resistance of the sample, p is the resistivity of the
sample, | is the thickness of the specimen or

sample, and A is the area of the sample or
specimen. The AC conductivity can therefore be
determined as follows: .. = 1/p. Figure 5 of AC
resistivity reveals that the observed samples have
low conducting behavior, which increases with
frequency. Among the frequency range,
conductivity is high in the low-frequency region,
and after that, it is moderately frequency-
dependent. As the Al content of the sample
increases, the conductivity becomes frequency
independent, and a line is observed.
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Figure 3: DC Resistivity (Inp) Vs. Temperature (1000/T) curve for all samples.



Table 1: The structural parameters measured from the XRD graphs.

Sample Composition FWHM  Crystallite Crystal Lattice X-Ray density Bulk density % (P)
size (nm) Strain constant (A) (r)(gecm™) (r.) (gecm3)

MgAlo.1Fe1504 0.2131 40.31 0.0035 8.4086 4.3826 4.9424 8.62

MgAlo . Fe1 504 0.2458 34.95 0.0040 8.4188 4.3232 4.7713 11.35

MgAlosFe1 704 0.2599 33.05 0.0043 8.4174 4.2611 4.5482 10.83

MgAlg.sFe1604 0.2676 32.1 0.0044 8.4098 4.2082 4.3485 11.16

Table 2: Different parameters of Mg-Al ferrites for temperature 1100° C.

Sample Composition X Average grain Resistivity, r in Q-m Transition Resistivity Activation
size, L(nm) at room temperature temperatureT. rinQ-matT. Energy (eV)
(°C) *102
MgAly1Fe1404 0.1 436 81181.38 115 3967.97 234
MgAlo.Fe1s04 0.2 300 132336.8 125 7464.56 257
MgAlosFe;704 0.3 365 171720 135 10442.97 255

MgAlo.4Fe160a 0.4 516 185563.1 140 20555.3 248
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Figures 5 and 6 show how the amount of Al doping
affects the resistivity and AC conductivity of
different kinds of Mg-Al ferrites at 1100 °C as a
function of frequency.

The values of AC resistivity depend on frequency
and show a decreasing tendency with frequency

RESEARCH ARTICLE

for all samples; hence, AC conductivity has an
increasing tendency. Resistivity graphs are
identical in shape, but for samples 3, 4, and 5,
they decrease more rapidly than 1 and 2 after a
certain frequency. But the AC conductivity is going
to be maximum for sample 4, and the other 3
samples have a similar pattern.
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Figure 6: AC conductivity (sac) vs Frequency (Hz) for all samples.

3.5. Curie temperature (Tc)

The Curie temperature, or magnetic transition
point, gives considerable information about the
magnetic states of the substance. It has been
determined from the graph of the resistivity as a
function of temperature, as shown in Figure 2. It
showed a slope at a fixed temperature point,
which indicates the transition of the sample from
ferrimagnetism to paramagnetism. The Curie
temperature is presented for all samples in Table
1, and a graph is presented in Figure 7. It showed
that Curie temperature changes with the Al
concentration present in the sample and has an
increasing tendency from 115 °C to 140 °C with
increases in AI** composition from x = 0.1 to 0.4.

3.6. Activation Energy

Using the electrical data, we have calculated the
activation energies of ferrites and paramagnetic
regions by following the formula p PoEXP

(Ex/KsTc) used by Bhise et al, Patil et al, Snelling
and others (Gu, 2003) and graphs of In p versus
1000/T slope are given in Table 1. Here, po is the
resistivity at t = 0 °C. E; is the activation energy.
Kg is the Boltzmann constant. We found that at the
115 °C transition temperature (T.), the activation
energy is 0.0234 eV/°K. It decreases from 0.0234
eV to 0.0248 eV as the AI** composition increases
from x 0.1 to 0.4. Also, it varies with
composition, as shown in Figure 8. It has a
decreasing trend, which may be due to a lack of
oxygen vacancies (Kuznetsov et al., 1998).

Also, resistivity decreases with increasing Al®*
concentration because activation energy acts like
DC electrical resistivity (Radwan et al., 2003).
Activation energy is getting smaller, representing
the electrons hopping among the ions of different
valances. The gradual decrease of conductivity
calculated at 1 kHz, excluding sample 1, with
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increasing Al content shown in Table 1 can cause
a decrease in the total number of charge carriers
(Willey et al., 1993). Here, we also observed from
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the figure that the activation energy is inversely
proportional to the conductivity as well as to the
ferrite's composition.
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Figure 7: Variation of Curie temperature with composition.

Table 3: AC electrical properties measurements for four Mg-Al ferrites samples.

Sample Dielectric Dielectric loss Q-factor Resistivity p
No constant (g) tangent (tand) at frequency Om
at 5.5E+ 1.10E 5.5E+5 1.10E+ 5.5E+5 1.10E+ 5.5E+5 1.10E+7
(1100°C) 5 +7 Hz 7 Hz 7 Hz Hz

Hz Hz Hz Hz
X=0.1 5.45 4.85 0.32 0.0097 0.0064 100.23 3.24E+4 3.5E+4
X=0.2 6.81 5.55 0.648 0.048 0.0023 20.7 1.09E+4 6.3E+3
X=0.3 7.37 6.6 0.291 0.0069 0.00571 147.3 2.7E+4 3.52E+4
X=0.4 6.25 5.48 0.3 0.011 0.02 86.8 1.7E+5 3.5E+4

Table 3 showed the numeric values of Dielectric
constant (e), Dielectric loss tangent (tandd), Q-
factor and Resistivity of all samples at different
temperatures at frequencies of 5 MHz and 110
MHz

3.7. Effect of Al concentration on dielectric
constant, loss tangent and Q factor

The electrical measurements were performed on
four samples at room temperature for the

55

frequency ranges from 75 kHz to 2 MHz using an
LCR-Q meter. We obtained the values of
capacitances (C, in L F) by changing the
frequencies. Using this data, dielectric constants
were measured using the following formula: €
Cp, I/€0A. Where € is the dielectric constant, C; is
the capacitance of the sample, | is the thickness of
the specimen or sample, A is the area of the
sample or specimen and g, is the permittivity of
the free space. In our present investigation, we
have also determined the Q-factor, the dielectric
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constant, and the dielectric loss tangent with the
help of an LCR-Q meter.

The Dielectric constant has a variation with
composition at 100 kHz, as shown in Figure 9.
Here, we observed that the dielectric constant
increases with increasing Al concentration, which
may contribute to the exchange between Fe?*3
and Fe3* ions. This creates the chance to increase
the polarization and dielectric constant (Willey et
al., 1993). From the figure, it is observed that the
dielectric constant decreases with increasing

RESEARCH ARTICLE

frequency and ultimately reaches a fixed value. It
is because polarization decreasing with frequency
is a common trend for dielectric constant.

The observed nanostructural features have a
major influence on the dielectric properties of
doped Mg-Al ferrites. The value of the dielectric
constant depends on the frequency and increases
with an increase in Al content. But it showed a
significant difference for all samples; this is due to
low-temperature synthesis. After a certain
frequency, the dielectric constant increases again.

0.026 1

0.0255

0.025

0.0245 -

0.024 A

Activation Energy Ep (eV)

0.0235 +

0.023 T T

Activation energy with different x values

0 005 0.1

0.15 0
Composition (X)

.2 025 0.3 0.35 04 045

Figure 8: Variation of activation energy with composition.

56



Shahjahan, M. et al. (2023). JOTCSB, 6(2), 45-62.

Dielectric constant vs Frequency (Hz)
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Figure 9: Dielectric constant vs Frequency (Hz) for all samples.
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Dielectric loss tangent vs Frrequency (Hz)
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Figure 10: Dielectric loss tangent (tan 6, Y axis) vs (Hz, X axis) for all samples.

The loss factor decreases from 1.8 to 0.02 with
the increase in frequency from 0.55 MHz to 4.9
MHz, as shown in Figure 10. The dielectric loss

compositional content and sintering temperature.
The dielectric loss tangent vs. frequency graph for
all samples showed that the dielectric loss tangent

tangent (tand) basically depends on decreased with increasing frequency.
stoichiometry, Fe** content, and structural
homogeneity, which again depend on
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According to lwachi (Oforo et al., 2021), the
conduction mechanism and the dielectric of
ferrites have a strong correlation. When the
hopping frequency is approximately equal to the
externally applied electric field frequency, the loss
tangent is highest. It is shown that the dielectric

250.0

——Sample-1 ——sample-2

200.0

150.0

Q-factor

100.0

50.0

0.0
0.00E+00
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loss tangent of sample 1 is high. The hopping
frequencies are observed with a maximum loss at
0.55 MHz and a minimum loss of 11.36 MHz. The
hopping of electrons between Fe?* and Fe3* plays
the role of a conduction mechanism.

Q-factor vs frequency

sample-3 ——sample-4

1.00E+06 2.00E+06 3.00E+06 4.00E+06 5.00E+06

Frequency in hz

Figure 11: Quality factor (Q-factor, Y axis) Vs. Frequency (Hz, X axis) for all samples.

The quality factor (Q-factor) vs. frequency is
presented in Figure 11. From the graph, it is
observed that the Q-factor has an increasing
tendency with the increasing frequency of the
applied frequency. Sample 4 showed the highest
Q-factor, but the response to the frequency is not
linear, as the curve itself is a zigzag path. The
other three samples had the same Q-factor
response, and sample 2 showed the highest Q-
factor.

4. CONCLUSION

Maintaining proper deposition conditions and
using the chemical formula MgAlFe,«O, with
traces of some additives are reported. The sol-gel
autocombustion and formation reaction method
has been adopted and applied to prepare the
investigated ferrites.

Al substitution for ferrites brought remarkable
changes in the structural, electrical, and
magnetic properties. XRD spectra supported the
formation of spinel ferrites and other crystal
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information, including crystal size and shape.
From the XRD spectra, the «crystal size is
calculated at about 30-40 nm. SEM analysis
indicates that the ferrites have the expected
homogeneity and uniform morphology. It is found
that the grain size has an increasing tendency
according to the increase in Al ion concentration.

Also, some new nuclei were formed and
observed, which is responsible for preventing
further grain growth, and it is assumed that the
grain size decreased due to this. The DC
resistivity increases up to the transition
temperature of 115 °C and then decreases. The
SEM image gives an idea of substitution's effect
on grain size and grain distribution. Comparing
the X-ray density and bulk density data
demonstrates that all the samples are slightly
porous and have a consistent density.

Also, increasing the Al concentration will increase
the dielectric constant. The dielectric loss factor
decreases largely from 19.82 to 0.481 with the
increase in frequency from 80 Hz to 1 M Hz. The
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resistivity decreases with frequency, but after

5.5E+6 (Hz), it will increase again. The AC
resistivity is also frequency-dependent and
decreases with frequency. A sample with

composition x 0.4 has a higher value of the
Curie temperature. Hence, the materials are
suitable for use in the frequency range of 10-
1000 kHz.
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