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Abstract 
 

This study presents the synthesis and characterization of Li0.50Mg0.75AlxFe2–xO4 ferrite 
nanoparticles, where x varies from 0.15 to 0.60. The synthesized nanoparticles were characterized 
using X-ray diffraction (XRD), scanning electron microscopy (SEM) with energy-dispersive X-ray 
analysis (EDX), Fourier-transform infrared (FTIR) spectroscopy, dielectric properties and 
vibrating sample magnetometry (VSM). The XRD analysis showed that all the samples have a 
single-phase fcc spinel structure. The SEM images revealed the formation of spherical 
nanoparticles with a size range of 11–39 nm. EDX analysis confirmed the presence of constituent 
elements and Al substitution. FTIR spectra indicated the characteristic vibrational frequencies 
corresponding to metal–oxygen bonds in the spinel structure. The dielectric properties of the 
samples were studied as a function of frequency and temperature. The dielectric constant and 
dielectric loss showed a decrease with an increase in frequency. The VSM measurements showed 
that all the samples exhibit ferrimagnetic behavior. The magnetic properties were observed to be 
dependent on Al substitution with a decrease in saturation magnetization. The results indicate 
that Li0.50Mg0.75AlxFe2–xO4 nanoparticles have potential applications in various fields such as 
capacitors, and magnetic storage media. 
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1. Introduction 
 

Magnetic materials have become an integral part of modern technology due to their 
extensive applications in various fields such as data storage, power generation, and electronics. 
Ferrites, in particular, have emerged as a promising candidate for various magnetic applications 
due to their unique magnetic and electrical properties. Ferrites are a type of ceramic material 
composed of iron oxide and other metal oxide, typically with a spinel structure [1]. 

One of the major limitations of ferrites is their low electrical conductivity, which restricts 
their use in certain applications. To overcome this limitation, various dopants have been added 
to the ferrite matrix, which not only enhances their electrical conductivity but also alters their 
magnetic properties [2]. Among these dopants, Al-doping has been extensively studied due to its 
unique properties and ability to enhance the electrical conductivity and magnetic properties of 
ferrites [3]. 

Li–Mg ferrites, a type of spinel ferrite, have gained significant attention due to their 
excellent magnetic properties, including high magnetic anisotropy and large saturation 
magnetization [4]. They have been widely used in various applications, including microwave 
devices, power transformers, and magnetic recording media. However, limited electrical 
conductivity has restricted their application in certain areas. Al-doping has emerged as a potential 
solution to this limitation, as it not only enhances the electrical conductivity of Li–Mg ferrites 
but also alters their magnetic properties [5]. 

The addition of Al-dopant to Li–Mg ferrites results in a significant improvement in their 
electrical conductivity due to the substitution of Al ions for Fe ions in the ferrite lattice. This 
substitution results in the formation of oxygen vacancies and Fe3+ ions, which act as charge 
carriers and contribute to the enhancement of electrical conductivity. Moreover, Al-doping also 
alters the magnetic properties of Li–Mg ferrites, leading to an increase in their saturation 
magnetization, magnetic anisotropy, and magnetic susceptibility. The electrical and magnetic 
properties of Al-doped Li–Mg ferrites depend on several factors, including the amount of dopant 
added, sintering temperature, and processing conditions. Therefore, a detailed understanding of 
the effects of these factors on the properties of Al-doped Li–Mg ferrites is essential for their 
successful application in various fields [5 – 7]. 

In recent years, several studies have been conducted on the synthesis and characterization 
of Al-doped Li–Mg ferrites, with a focus on understanding the impact of Al-doping on their 
electrical and magnetic properties. These studies have shown that Al-doping can significantly 
enhance the electrical conductivity of Li–Mg ferrites while simultaneously altering their 
magnetic properties. The results of these studies have paved the way for the development of 
Al-doped Li–Mg ferrites with tailored properties for various applications [8]. 

Finally, Al-doped Li–Mg ferrites have emerged as a promising candidate for various 
magnetic applications due to their unique electrical and magnetic properties. The addition of 
Al-dopant to Li–Mg ferrites enhances their electrical conductivity and alters their magnetic 
properties, making them suitable for use in various fields. Further research is required to fully 
understand the impact of Al-doping on the properties of Li–Mg ferrites and to develop optimized 
materials for specific applications. 
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2. Experimental 

 
The sol–gel auto combustion method is a process used to synthesize ceramic materials. In 

the case of Li0.50Mg0.75AlxFe2–xO4 (x = 0.15, 0.30, 0.45, and 0.60), this method can be used to prepare 
spinel ferrites with varying amounts of aluminum and iron. The synthesis process involves several 
steps: 

Step 1: Sol preparation – metal nitrates LiNO3, Mg(NO3)2, Al(NO3)3·9H2O, and 
Fe(NO3)3·9H2O are dissolved, usually, in water. A fuel molecule (such as glycine) is added to the 
solution, which serves as a reducing agent during the combustion process. The solution is mixed 
thoroughly to ensure uniformity. 

Step 2: Gel formation – the solution obtained is heated slowly to evaporate the water and 
promote gel formation. This process leads to the formation of a gel, which contains a network of 
interconnected particles that consist of metal ions and fuel molecules. The chemical reaction can 
be represented as follows: 

metal oxides + fuel → gel 
 

Step 3: Auto-combustion – the gel is heated rapidly to initiate the combustion process. The 
fuel molecules burn, releasing energy in the form of heat causing a rapid increase in temperature, 
leading to the combustion of the remaining fuel molecules and the transformation of the metal 
oxides into the desired spinel structure. The chemical reaction can be represented as follows: 
 

gel + heat → spinel structure + CO2 + H2O + N2 
 

Step 4: Calcination – the combustion resulting product is calcined (heated in air or oxygen) 
to remove any remaining organic compounds and to further stabilize the spinel structure. 

The specific values of x used in the synthesis of Li0.50Mg0.75AlxFe2–xO4 determine the 
amounts of aluminum and iron in the final product. For example, when x = 0.15, the final product 
contains 0.15 M of aluminum and 1.85 M of iron for every 2 M of metal ions. The specific 
chemical reactions for value of x are as follows: 
 

LiNO3 + Mg(NO3)2 + Al(NO3)3·9H2O + Fe(NO3)3·9H2O + glycine → 
→ Li0.50Mg0.75Alx5Fe2–xO4 + CO2 + H2O + N2 

 

As x increases, the amount of aluminum in the final product increases, while the amount 
of iron decreases. Overall, the sol–gel auto combustion method is a versatile technique for 
synthesizing ceramic materials with controlled compositions and properties. 
 

3. Results and discussion 
 

3.1. Structural characteristics 
 

The samples are mixed spinel oxides that have different amounts of the cations aluminum 
Al and iron Fe in their crystal structure, which is Li0.50Mg0.75AlxFe2–xO4, x = 0.15, 0.30, 0.45, and 
0.60. The crystal system has the space group Fd-3m and is cubic. All four XRD patterns exhibit a 
number of strong peaks at low angles, which denotes the presence of well-crystallized materials. 
In Figure 1a, around 2 = 36, which corresponds to the spinel structure’s (311) plane, is where 
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the peak with the highest intensity may be seen. Other prominent peaks are observed at around 
2θ = 30 to 63 angle, corresponding to the planes, respectively. It is possible to identify the crystal 
structure of all samples as cubic spinels with lattice parameters ranging from 8.136 to 8.346 Å by 
examining the peak positions and intensities. Because Fe has a greater atomic radius than Al, the 
lattice parameter initially increases as the concentration of Fe in the lattice grows, as shown in 
Table 1 by the rising Al and Fe cations substitution. The lattice parameter rises as a result of the 
greater atomic radius of Fe atoms, which increases the space between repeating units in the 
crystal lattice. Vegard’s law, which stipulates that the lattice parameter of a solid solution is a 
linear function of the concentration of the constituent atoms, is broken in this event, which is 
referred to as positive deviation from Vegard’s law. 
 

Table 1. Data on lattice constant, average particle size,  
dislocation density, lattice strain and X-ray density, porosity. 

 

Composition 
x 

Lattice 
constant 

a, Å 

Average 
particle 

size D, nm 

Dislocation 
density, 
×1012 m2 

Lattice 
strain, 
×10–30 

X-ray 
density 

dx, g/cm3 

Porosity, 
% 

0.15 8.136 38.90 660 0.94 2.699 66.76 
0.30 8.338 24.89 1614 1.39 2.498 71.50 
0.45 8.346 26.11 1460 1.33 2.481 69.32 
0.60 8.327 10.80 8573 3.24 2.488 68.48 

 

 
Figure 1. XRD patterns and lattice constants of Li0.50Mg0.75AlxFe2–xO4. 

 

However, at a concentration of x = 0.60, the lattice parameter decreases due to the creation 
of Fe-rich areas in the crystal lattice, which is triggered by the rising Fe concentration. This 
alteration of the crystal structure in these locations can cause the lattice parameter to drop. This 
is referred to as a negative departure from Vegard’s law because it shows that the lattice parameter 
does not increase linearly with the atom concentration, as shown in Figure 1(b). 

Some parameters can be calculated using formulas such as the interplanar distance of a 
cubic system, which can be calculated using an equation [1, 9]: 
 

d =
ୟ

√୦మା ୩మା୪మ
  

 

[10], where, a is the lattice constant, (hkl) are the Miller indices and the lattice constant is 
calculated by using the relation, 
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a =
஛

ଶୱ୧୬஘
√hଶ + kଶ + lଶ , 

 

where λ = wavelength and θ = glancing angle. The major line in diffraction pattern corresponds 
to plane (311). Knowing these values, lattice constant can be calculated. The standard particle 
size of a sample is given by the relation, 

D ≈
଴.ଽ ஛

ஒୡ୭ୱ஘
 , 

 

[11], where, β = full width half-maximum corresponding to plane of (311). Like-wise, the 
dislocation density ρ, lattice strain ε and porosity P can be calculated: 
 

ρ =
ଵ

ୈమ , 
 

ε =
ஒୡ୭ୱ஘

ସ
 , 

 

P =
ୢ౮ିୢ౗

ୢ౮
× 100% , 

where X-ray density 
d୶ =

୞୑

୒ୟయ , 
 

where Z = number of molecules per unit cell, M = molecular mass, N = Avogadro’s number 
(≈6.022×1023), a = lattice constant, and da = actual density. 

The variation of crystallite size with composition depicted on the Table 1. It is observed 
that the crystallite size varies from 11 to 39 nm. The size is found to decrease with increase in 
composition of Al. Because Al has a smaller atomic radius than Fe, the size of the crystallites tends 
to decrease as the percentage of Al increases. Al distorts the lattice structure when it is introduced 
to a crystal, which can lead to the development of smaller crystallites. The “grain-refining effect” 
of Al is the name given to this effect [12]. The deformation in the lattice structure gets worse as 
the Al concentration rises, which causes the size of the crystallites to shrink even more. This is 
due to the fact that the presence of Al atoms causes areas with a high density of lattice defects, 
which serve as nucleation sites for the growth of smaller crystallites. Differences in the 
preparation process, sample purity, and sintering temperature utilized to prepare the material can 
be blamed for the porosity range from 66 to 71%. 
 

3.2. FTIR Results 
 

The FTIR spectra of the samples showed characteristic peaks at different frequencies, 
indicating the presence of different functional groups. The peaks observed in the Table 2 to 
identify the functional groups present in the material. The peaks observed at 535–549 cm–1 can 
be attributed to the stretching vibration ν1 of the tetrahedral site in the spinel structure. The peaks 
observed at 498–621 cm–1 can be attributed to the stretching vibration ν2 of the octahedral site in 
the spinel structure. The slight change in the frequency with composition may be due to the 
change in Fe3+–O2– distances in the octahedral and tetrahedral complexes. Jahn–Teller effect 
results in the splitting of bands 1 and 2 due to presence of Fe2+, which locally produces 
deformation in the lattice due to a non-cubic component of the crystal field potential. The peaks 
observed at 1500–1650 cm–1 can be attributed to the bending vibration of the water molecule 
adsorbed on the surface of the sample [13]. The peak observed at 3430 cm–1 can be attributed to 
the O–H stretching vibration of the hydroxyl group (–OH) present on the surface of the sample. 
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Table 2. Data on FTIR absorption 
bands of Li0.50Mg0.75AlxFe2–xO4 ferrites. 

 

Composition 
x 

Absorption bands 
1, cm–1 2, cm–1 

0.15 535 498 
0.30 546 522 
0.45 544 520 
0.60 549 521 

 

From the FTIR spectra, it can be concluded that all the samples have similar chemical 
bonding and functional groups. They did not show any significant differences with varying values 
of x. This suggests that the substitution of Al and Fe in the spinel structure did not significantly 
affect the chemical bonding and functional groups present in the material [14]. 
 

3.3. Scanning electron microscope analysis 
 

The SEM micrographs represented in Figure 2 reveal the samples porosity ranging from 
66 to 71%, while the grain size varies from 16 to 25 µm depending on the applied heat treatment. 
 

 
Figure 2. SEM and EDAX spectrum of Li0.50Mg0.75AlxFe2–xO4 ferrites. 
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Table 3. Data on X-ray density, actual density, and porosity. 
 

Composition 
x 

Average grain 
diameter 

D, µm 

Actual 
density, 
g/cm3 

X-ray 
density 

dx, g/cm3 

Porosity, 
% 

0.15 18.52 0.896 2.699 66.8 
0.30 17.29 0.712 2.498 71.5 
0.45 16.20 0.762 2.481 69.3 
0.60 25.56 0.784 2.488 68.5 

 

The maximum grain size is observed in the sample composition x = 0.60, which is 
attributed to unequal diffusion rates causing porosity development at the neck base. This 
mechanism leads to the characteristic microstructure of ferrites where residual porosity appears 
in intra-granular space. The calculated data indicates that an increase in Al composition results 
in a decrease in the average grain size, owing to the presence of metal ion vacancies caused by 
oxidation of suitable doping [15]. The EDX sample peaks shown in Figure 2 reveal the formation 
of an fcc structure with impurities from the atmosphere. The identified elements from the EDX 
analysis include Mg, Al, Fe, and O, while Li is absent due to the limitations of the EVO MA18 
machine with Oxford EDS (X-act) in detecting elements with atomic numbers less than carbon. 
Overall, the SEM micrographs and EDX analysis provide valuable insights into the microstructure 
and elemental composition of the samples (Table 3), highlighting the effects of heat treatment 
and Al composition in determining the grain size and porosity of ferrites [16]. 
 

3.4. Dielectric properties analysis  
 

By using the two probe approach, the sample in pellet form is utilized to measure 
capacitance Cp and dielectric loss ε at room temperature in the frequency range of 20 Hz to 1 MHz. 
By using the relation, the dielectric constant is computed: 
 

ε =
େ౦୲

கబ୅
 , 

 

where A is the area of the pellet cross section, Cp is the capacitance of a parallel plate capacitor, t 
is the thickness of the pellet, and ε0 is the permittivity of empty space in SI units. 

The dielectric relaxation brought on by localized electric charges is related to the AC 
conductivity σAC. From the relationship, the frequency dependent AC conductivity is derived: 
 

σ୅େ = 2πfε଴ε , 
 

where f is the frequency of the applied electric field, ε0 is the permittivity of free space in SI units, 
and ε is the dielectric constant. 

In this prepared materials the dielectric properties (Table 4 and Figure 3) of ferrites in the 
frequency range of 20 Hz to 1 MHz. It mentions that the dispersion in dielectric constant is due 
to Maxwell’s–Wagner polarization and space charge polarization at grain boundaries, interfacial 
dislocation, oxygen vacancies, grain defects, and the predominance of large Fe3+ ions. This means 
that the polarization of the material lags behind the external applied field due to the presence of 
these factors. Due to the presence of more free charge carriers, the material’s conductivity may 
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increase as a result of the increase in porosity growth from 66 to 71%. A material’s conductivity 
increases with the amount of vacant space it contains since this gives electrons greater room to 
roam around freely. In fact, the analysis’ findings demonstrate that as the material’s porosity rose 
from 66 to 71%, its AC conductivity increased from 2896 to 21640 Sm. 
 

Table 4. Data on porosity and AC conductivity at 1 MHz. 
 

Composition, 
x 

Lattice 
constant 

a, Å 

Porosity, 
% 

AC 
conductivity 

σ, Sm 

0.15 8.136 66.76 2896 
0.30 8.338 71.50 21640 
0.45 8.346 69.32 7750 
0.60 8.327 68.48 7526 

 

  

 

Figure   3.    Dielectric    studies   of 
Li0.50Mg0.75AlxFe2–xO4   nano  ferrites 
(a) dielectric constant, (b) dielectric 
loss factor, and (c) AC conductivity. 

 

The increased porosity Al-doped Li–Mg ferrites may be used for applications requiring 
high electrical conductivity, such as electrical wiring or electronic components, based on the 
increase in conductivity [17]. At lower frequencies, the grain boundaries are active to a greater 
extent than the grains, while at higher frequencies only grains are active in electrical conduction 
[18]. The variation of relative dielectric permittivity can be related to the collective behavior of 
both types of electronic charge carriers, electrons and holes [19, 20]. The dielectric loss arises 
when polarization lags behind the applied alternating field due to impurity and imperfection in 
crystal lattice [21]. This means that the material is not able to follow the applied field immediately, 
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resulting in a loss of energy and upper limit loss (maximum) takes place when the period of 
relaxation is alike to the period of the applied field. 

On the basis of Koops’ phenomenological theory, dielectric dispersion means the 
dependence of the permittivity of a dielectric material on the frequency of applied electric field. 
Because of ever lagging relation between change in polarization and change in electric field, the 
permittivity of dielectric is a complex valued function of frequency and hence domain wall 
resonance loss factor curve is originated [22, 23]. Austin and Mott hopping model proposed 
conductivity of ferrites is due to electrons and polarons and conduction mechanism is governed 
by the hopping length, which is the distance between ions in site A and B. The inverse tangential 
increase in conductivity with frequency is attributed to small polaron, which means that the 
conductivity decreases as the frequency increases. In this analysis we discusses the factors that 
cause polarization lag, porosity, dielectric loss, and conductivity in ferrites [21 – 23]. This loss 
factor curve is caused by ion migration losses, electron polarization losses and dipole relaxation 
losses. At higher frequencies the losses are found to be low if domain wall motion is inhibited 
and magnetization is forced to change by rotation due to domain wall resonance [22 – 24]. 
 

3.5. Magnetic properties analysis  
 

The observed variation of saturation magnetization vs. alternating magnetizing field of the 
samples are shown in Figure 4. Both Al and Li are nonmagnetic elements. As composition of Al 
increases, the amount of Fe3+ ions on both A and B sites decreases, and results in reduction of 
magnetization with increase in aluminum composition. Magnetic properties of ferrites depend 
on chemical composition, porosity, grain size, and interaction between tetrahedral and octahedral 
sites. In ferrites, the variation in saturation magnetization has been attributed to both surface spin 
effect, density composition of sample and cation distribution on A and B sites [26]. A–B 
interaction gets weakened causing the decrease in saturation magnetization increase in aluminum 
Al content. Few other factors that influences the magnetization of ferrites is microstructure: each 
sample grain has certain magnetic moment, the presence of pores breaks the magnetic circuits 
among the grains, which leads to the net decreases in magnetic moment, with increase in porosity. 
At higher sintering temperatures, small numbers of large grains are produced and consequently 
porosity is decreases [26 – 28]. 
 

 
Figure 4. Magnetic properties study of Li0.50Mg0.75AlxFe2–xO4 nano ferrites. 
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Table 5. Different magnetic parameters for all Al-substituted Li–Mg ferrites. 
 

Composition 
x 

Molecular 
mass M 

Saturation 
magnetization 

Ms, emu/g 

Coercive 
field 

Hc, Oe 

Magnetic 
moment 
μB, N·m 

Porosity, 
% 

0.15 193 0.473 127 0.0163 66.8 
0.30 188 0.465 109 0.0157 71.5 
0.45 184 0.418 115 0.0138 69.3 
0.60 180 0.129 97 0.0070 68.5 

 
Table 5 provides information on saturation magnetization, magnetic moment μB, and 

coercive field Hc. 
 

4. Conclusions 
 
1. The XRD analysis revealed distinct diffraction peaks confirming the formation of single-

phase spinel structures in the Al-substituted Li–Mg ferrites. 
2. SEM images showed uniform and well-defined nano-sized particles with an average grain 

size of 18 to 25 m, and EDX analysis confirmed the successful incorporation of aluminum 
into the ferrite lattice. 

3. The FTIR spectra exhibited characteristic absorption bands at 498 and 549 cm–1, 
corresponding to the tetrahedral and octahedral complexes of the ferrites, respectively. 

4. The dielectric constant of the nano-sized ferrites displayed a strong frequency dependence 
on following Koops’ theory. The significant increase in AC conductivity from 2896 to 
21640 Sm makes the porosity Al-doped Li–Mg ferrites suitable for high electrical 
conductivity applications like electrical wiring and electronic components. 

5. Al composition in ferrites reduces magnetization due to fewer Fe3+ ions on A and B sites. 
Magnetic properties depend on composition (x = 0.15 to 0.60), porosity (61 to 71%). A–B 
interaction weakens with higher Al content, lowering saturation magnetization ranging 
from 0.473 to 0.129. 
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