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Abstract:  

In this study, we pursued an alternative approach, noteworthy departure from traditional methods, 

paving the way for successful synthesis of Nanocrystalline Li1-xCdxFe2O4 (where x = 0, 0.1, 0.2, 0.3, 

0.4) using the sol-gel auto-combustion method with citrate-nitrate precursors. The structural 

parameters were effectively investigated using X-ray Diffraction (XRD) and Field Emission Scanning 

Electron Microscopy (FE-SEM), which showed a single cubic spinel phase for all the samples. It was 

observed that the lattice parameter increased, and the crystallite size of the spinel decreased as the 

Cadmium content increased in lithium ferrite. Additionally, Vibration Sample Magnetometry (VSM) 

was used to identify a complex magnetic structure with significant changes in the heated sample. The 

indirect energy band gap was evaluated using the TAUC plot for all samples, which showed an increase 

from 2.17 to 3.39 eV by increasing Cd content. It was further discovered that the energy band gap was 

a function of crystallite size. Finally, FTIR was used to confirm the spinel nature of the Ferrite 

Nanomaterial, having characteristic absorption peaks at 588 and 435 cm−1. TEM images showed the 

shape of the LCF nanoparticles to be approximately spherical with particle size well-matched with the 

crystallite size obtained from the XRD. 
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1.Introduction:  

Nanotechnology is a rapidly growing field of research with immense potential in the fields of 

electronics and medicine. It involves manipulating and engineering materials ranging from 1-100 nm 

in size . Nanoparticles are microscopic objects possessing unique properties that depend on their size 

due to their relatively larger surface area. Since particles at the nanoscale are smaller than the 

wavelength of light or the de Broglie wavelength of the charge carrier, they exhibit different physical 

properties compared to bulk materials [2]. This opens up new and exciting possibilities for their 

application. Ferrites are an amazing class of materials that have found a wide range of applications 

such as in permanent magnets, high-density storage devices, and targeted drug delivery [3]. 

Interestingly, the substitution of magnetic or non-magnetic cations significantly affects the cationic 

distribution on A and B sites, thereby influencing the magnetic interactions and magnetic properties 

[4]. Recently, spinel ferrite nanoparticles have been the subject of significant interest due to their 

unique properties and potential uses in various fields such as catalysis [5], sensors [6], electrodes [7], 

adsorption [8], batteries [9], supercapacitors [10], etc. The spinel ferrite nanoparticles are made up of 

ions of metals, A2+ and B3+, which can be found in either tetrahedral or octahedral sites, and an anion, 

typically O2- [11], with oxygen anions occupying face-centered cubic positions. One of the most 

exciting features of spinel ferrite nanoparticles is their distinct optical, electronic, and magnetic 

properties that make them highly permeable, with good saturation magnetization and no preferred 

direction of magnetization. Additionally, these nanoparticles are magnetically "soft," meaning they 

can be easily magnetized and demagnetized, and are electrically insulating. For these reasons, ferrites 

have been used as magnetic, refractory, and catalysts [12]. Furthermore, magnetic iron oxide 

nanoparticles are currently being researched due to their potential applications in bio-sensing [13], 

ferrofluids [14], data storage [15], drug delivery system [16], magnetic resonance imaging [17], optical 

devices [18], etc. Lithium ferrite is an exceptional type of ferrimagnetic oxide that belongs to a group 
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of oxides called spinel. It is highly regarded for its numerous desirable properties, such as square 

hysteresis loop characteristics with high saturation magnetization, high-value Curie temperature, and 

microwave dielectric losses is low [19]. When combined with lithium in electronic devices, the 

conductivity can be further increased, resulting in maximum conduction, also storage capacity, as well 

as a high charging and low discharging rate. Due to its wide range of technological applications in 

devices of microwave and magnetic recording tapes, transformer cores and other electronic 

applications. Lithium ferrite has gained considerable attention and is widely considered a promising 

candidate for electrode material in rechargeable lithium-ion batteries and supercapacitors [20]. Its 

importance in construction and engineering makes it a valuable and promising material for a variety 

of applications [21]. The substitution of Cadmium (Cd) in lithium ferrite (LiFe2O4) is a widely used 

technique that enhances the magnetic properties of the material, particularly the saturation 

magnetization. This process involves replacing some of the iron (Fe) ions in the crystal lattice of 

lithium ferrite with cadmium ions, which results in the improvement of the material's magnetic 

performance. Lithium ferrite is a type of magnetic material that consists of lithium ions (Li+) occupying 

tetrahedral sites and iron ions (Fe3+) occupying octahedral sites in the crystal structure. The specific 

effects of cadmium substitution on the material are dependent on the concentration of cadmium ions 

and the sites in the crystal lattice where the substitution occurs [22]. In short, Cd3+ ions preferentially 

occupy the A-site, pushing Fe3+ to the B-site, resulting in an increased magnetic moment [23]. Hence, 

the addition of Cd3+ ions allows for the adjustment of magnetic properties. The production and 

synthesis of nanoparticles have advanced significantly in recent years, with various methods available 

for this process such as the sol-gel auto-combustion method, hydrothermal method, mechanical 

alloying method, solvothermal method, vapor phase compression method, plasma method, and 

electrochemical methods. While all of these methods hold promise, the sol-gel auto-combustion 

method stands out due to its popularity and wide industrial application. The sol-gel auto-combustion 

technique is a particularly fast and cost-effective method for creating particulate products, including 

various metal and alloy nanoparticles. This technique allows for the mixing of different elements at 

the atomic level, resulting in the formation of nano-sized, homogeneous, and highly reactive powders 

that can be utilized in a variety of applications, capable of producing high-quality ferrite nanoparticles 

in the same size on an industrial scale. [24-29]. The sol-gel method is an immensely powerful technique 

that offers a host of benefits. It is capable of producing highly homogeneous composites with 

exceptional purity levels of up to 99.99 %, making it a popular choice for synthesizing ferrites. One of 

the biggest advantages of this method is that it operates at lower temperatures between 70 and 320 °C, 

which allows for the production of uniform nanostructures and helps to streamline the manufacturing 

process. Additionally, the sol-gel process yields products with high purity levels, narrow particle size 

distribution, and low-temperature uniformity. Overall, the sol-gel technique is a reliable and effective 

method for creating high-quality metal and ceramic nanomaterials, requiring low temperature and less 

external energy as compared to the traditional methods, resulting in a shorter processing time. [30-31]. 

Here, from this method, size, morphology and the surface area of the obtain ferrite material can 

changed by varying the annealing temperature [32-34]. Tsering Namgyal and co-researchers 

synthesized lithium ferrite by sol-gel auto-combustion method. The α-form has a space group of P1
332, 

while the disordered β-form has a space group of Fd3m. The γ- and δ-phases are stable with 

temperature, making them suitable for various applications such as lithium-ion batteries, 

supercapacitors and other energy storage devices. Unlike the α- and β-phases, the γ- and δ-phases do 

not undergo phase transition, and this makes them more desirable for certain applications [35]. Hu 

Yang et. al explored the innovative doping of CdxNi0.5−xCu0.2Zn0.3Fe2O4 (0 ≤ x ≤ 0.50) spinel ferrite 

with divalent excess metal particles (Cd2+) and its impact on the lattice structure was prepared using 

the sol-gel method. Additionally, the study highlighted the effects of Cd2+ doping on the morphology, 

magnetic properties, and dielectric properties of Ni-Cu-Zn spinel ferrite, due to the large radius of 

cadmium ions and their preference for a tetrahedral environment. The findings suggest that the use of 

isolator-doped Ni-Cu-Zn spinel ferrite could be a promising area of interest for future research [36]. 
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Recent research has shown that lithium ferrite and vanadium-doped lithium ferrite by sol-gel process, 

have great potential for use in a variety of applications such as thermochromic materials, optoelectronic 

devices, and as a cathode material for rechargeable lithium batteries mentioned by S. Malathi and 

collogues. The VSM results indicate that these materials exhibit superparamagnetic behavior, which 

suggests that they can be utilized to create several useful applications such as pigments, sensors, 

electronics devices, recording materials, and other innovative technologies [37]. P. Hajasharif and 

team's research on copper-doped lithium ferrite nanoparticles synthesized using the sol-gel technique 

is a significant step forward. By providing a low-cost alternative to the more expensive garnet materials 

used in microwave applications in the industry, lithium ferrite nanoparticle is proving to be a promising 

and widely used magnetic material. Additionally, its potential for use as cathode materials in 

rechargeable lithium-ion batteries adds to its already impressive versatility. They use of the sol-gel 

method in preparing the copper-doped lithium ferrite CuxLi1-xFe2O4 (x=0.2) ferrite nanocomposite, 

followed by calcination at 700 °C, is commendable. The magnetic measurement of the copper-doped 

lithium ferrite nanocomposite also provides valuable insights into the nature of its low coercivity, 

which is due to the presence of a paramagnetic nature [38]. The study conducted by Vivek Verma et 

al. on substituted lithium ferrites using the solid-state technique highlights the possibility of improving 

the properties of ferrite samples for microwave devices. The research shows that a small amount of Fe 

content can enhance the permeability and reduce the power loss of cadmium-doped lithium ferrites as 

compared to zinc-doped lithium ferrites. This could be a valuable insight towards the development of 

advanced microwave devices [39]. In the present study, the synthesis of Lithium ferrite with cadmium 

doped (LCF) using the sol-gel auto-combustion method is a promising development in the field of 

electronics applications like batteries and supercapacitors. LCF's high energy density and long lifespan 

make it an attractive option for these applications [40]. To achieve optimal results, it is important to 

use an appropriate synthesis method for the formation of the spinel phase. Substituted lithium ferrites 

are particularly advantageous as they can be applied in the microwave frequency range. It is worth 

noting that sintering is essential for the formation of the spinel phase, as well as for improving 

crystallinity and achieving equilibrium cationic distribution. However, due to the low melting point of 

both lithium and cadmium, high-temperature sintering cannot be used without affecting stoichiometry 

due to Li evaporation. X-ray diffraction (XRD) was used to study the structural properties of the 

powders, and the Scherer formula was applied to obtain a minimum crystallite size of 11 nm, which 

correlated with the WH plot. The effect of Cd3+ substitution on the magnetic properties of lithium 

ferrites was evaluated using M-H curves at room temperature. In addition, the synthesized LCF was 

analyzed using FT-IR, UV-Vis, and FE-SEM to obtain a comprehensive understanding of its 

properties. Overall, this development is promising, and further research could lead to significant 

advancements in the field of electronic applications. The main aim of the present work is to enhance 

the electric and magnetic properties of Lithium ferrite by doping cadmium with different 

concentrations, which is useful in energy storage devices in future.  

 

2. Experimental methods and materials: 

The lithium ferrite doped with Cd3+ and having the compositional formula Li1-xCdxFe2O4 (LCF) 

at x=0, 0.1, 0.2, 0.3, 0.4 was prepared using the sol-gel auto-combustion method. The starting 

materials, used for the synthesis with high-purity AR grade ferric nitrate [Fe(NO3)3.9H2O], cadmium 

nitrate [Cd(NO3)2.6H2O], citric acid [C6H8O7], and ammonium hydroxide solution [NH4-OH] were 

collected from Merck chemical company in India. The nitrates and citric acid were mixed in a 

stoichiometric ratio of 1:3 and dissolved separately in a minimum amount of deionized water to obtain 

clear aqueous solutions. The solutions were then mixed and stirred continuously to achieve a 

homogeneous solution. Gradually, 30 % ammonium hydroxide solution was added to set the pH of the 

solution at 7. The solution was heated steadily at 100 °C, which converted it into a thick gel. The gel 

was then dried, and the complete evaporation of water molecules caused it to self-ignite and form fine 
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ash. Finally, the ash was mixed in a mortar to obtain a homogeneous powder. The detailed flowchart 

of the synthesis process is given in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.  Results and discussion: 

3.1. XRD Analysis: 

Conducting a structural study is crucial to optimize the properties required for different 

applications. In this study, X-ray diffractometer was used to perform phase identification and 

determine the lattice constant along with other structural parameters [41]. Fig. 2A displays the X-ray 

diffraction patterns for the LCF with x = 0.0 to 0.4 ferrite that were sintered at 600 °C for 5 hours. 

Upon analyzing the XRD patterns, it is evident that the position of the peaks is following the reported 

values of Li-Cd [42]. The observed peaks at (220), (311), (222), (400), (422), (511), (440), and (533) 

confirm the spinel structure of the LCF, which perfectly matches with the [43]. This study provides 

valuable insights into optimizing the properties of the LCF for various applications. The ferrite 

compositions synthesized in this study exhibit a single-phase cubic spinel structure with no ambiguous 

reflections, indicating the homogeneity of the prepared LCF. Analysis of this confirms the presence of 

a single-phase cubic spinel structure, with the (311) peak being the most intense [44]. Here, further 

investigated the structural properties and extracted various parameters such as crystalline size (Dp), 

lattice parameter, dislocation line density, and X-ray density from the XRD micrograph using the (311) 

peak, as shown in Table 1. The size of the crystallite was calculated, denoted as "Dp", using Scherrer’s 

formula (equation 1) [45]. These findings provide valuable insights into the structural properties of the 

synthesized ferrite compositions. 

𝐷𝑝 =
𝛫𝜆

𝛽𝑐𝑜𝑠𝜃
… … … … … … … … … … . … (1) 

Where, Dp=Crystallite size 

K= Scherrer’s constant (K=0.94) 

The crystallite size range of the LCF was found to be between 11.13 and 32.79 nm, as the amount of 

Cd3+ was increased. The difference in the ionic radii of Cd3+ (1.03 Å) and Li1+ (0.74 Å) caused 

variations in the diffraction pattern, which led to the variation in the crystallite size, shown in Fig. 3A.  

The LCF structure consists of Fe3+ ions in tetrahedral and octahedral sites and Li1+ ions [46]. Adding 

Cd3+ ions to maintain these charges causes Li1+ ions to shift to different sites. However, the larger ionic 

radius of Cd3+ ions distorts the crystal lattice, not allowing smaller Li1+ ions to fit perfectly in the 

lattice. These distortions in crystal lattice change the lattice plane space, resulting in changes in the 

crystal size of LCF. The addition of Cd3+ to Lithium ferrite causes the substitution of the Cd3+ ions for 

the Li ions. When lithium ions move from one site to another in a crystal lattice, it can impact the 

arrangement of atoms and alter the symmetry of the lattice, which can then affect the size of the 

crystallites. If the lithium ions shift to octahedral sites, the arrangement may become more compact 

Figure 1. Flow-chart for the synthesis of Li1-xCdxFe2O4 (LCF) at x=0, 0.1, 0.2, 0.3, 0.4 
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and result in smaller crystallites [47]. Conversely, if they move to tetrahedral sites, the arrangement 

may become less compact and result in larger crystallites. The movement of lithium ions in lithium 

ferrite from tetrahedral to octahedral or vice versa due to cadmium addition can influence the size of 

the crystallites by changing the lattice structure. The specific impact on the size of the crystallites will 

depend on the degree of ion substitution and the resulting lattice distortions that occur due to the 

difference in ionic radii between Cd and Li ions [48]. 

The study aimed to determine the distance between different crystal planes by analyzing the 

X-ray diffraction pattern. The intensity versus the 2θ graph was used along with Bragg's law to 

calculate the values. The Table provides the lattice constant, calculated using formula 3. It was found 

that the LCF belongs to cubic spinel without any deviation from the ideal d-spacing values, indicating 

the absence of the tetragonal phase [49]. Each peak was assigned plane indices (hkl). Upon increasing 

Cd3+ ions, the interplanar spacing and lattice constant of LCF increased from 2.506 to 2.528 and 8.3143 

to 8.3869 Å, respectively. The Fig. 2B illustrates the variation of interplanar distance and lattice 

constant with Cd3+ ions. The larger ionic radii of Cd3+ ions replace Fe3+ ions with smaller ionic radii, 

causing an expansion of the unit cell due to increased lattice parameters [50]. The inter-planar spacing 

of different crystal planes has been obtained from the intensity versus 2θ graph of the X-ray 

diffraction pattern using Bragg’s law equation 2 [51],  

𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
… … … … … . … … … … … … … … … … … … . (2) 

𝑎 = 𝑑√(ℎ2 + 𝑘2 + 𝑙2) … … … … … … … … … … . … … . (3) 

λ=X-ray Wavelength (1.54 A0) 

Β=Full width at half maximum (FWHM) of the peak and  

θ=Bragg angle 

a=Lattice constant 

d=Interplanar distance 

The cell volume of the LCF was determined by using different lattice constant values, ranging 

from 589.9436 to 572.4339 Å3, given in Fig. 4A and a certain amount of Cd3+ calculated from equation 

4. There is a relationship between the volume and lattice constant, which is expressed in an equation. 

As the concentration of Cd increases, the X-ray density (formula 5) also increases up to 5.1270 

(gm/cc). This indicates that when the lattice parameter decreases, the X-ray density increases. The X-

ray density (dx) increases almost linearly with the amount of Cd3+ doping, as the larger mass of Cd3+ 

ions replaces the Fe3+ ions on the octahedral sites [52] [53]. The fluctuation of X-ray density and lattice 

constant with cd content is given in Fig. 4B-C. 

𝑉 = 𝑎3 … … … … … … … … … … . … . . . . (4) 

𝑑𝑥 =
8𝑀

𝑁𝑎3
… … … … … . … … … … . . . . . (5) 

V=Volume of the unit cell 

N=Avogadro’s number 

M=Molecular weight of the sample  

8 = Number of molecules of the spinel lattice for the unit cell 

dx=X-ray density.  

𝜌𝐷 =
1

𝐷2
… … … … … … … … … … … … … . . (6) 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
… … … … … … … … … … … … . . (7) 

Where 𝜌𝐷  is dislocation density and ε is microstrain  

The Table 1. Presents valuable insights into the effect of Cd3+ content on the dislocation density and 

microstrain of the nanocomposite, calculated from formula 6. The increase in Cd3+ content leads to a 

fluctuation in microstrain values, which is attributed to the impact of grain size on the comprehensive 

stress of the material, given in Fig. 4D from equation 7. Meanwhile, the number of dislocation lines 
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per unit area inside the nanocomposite decreases with the increase in crystallite size. The microstrain 

values increase with Cd3+ content, due to the high effect of grain size on the comprehensive stress of 

the nanocomposite [54]. Dislocations are crystallographic defects that strongly affect material 

properties, and the dislocation density (D) is a measure of the number of dislocations in a unit volume 

of a crystalline material. The presented data shows that the dislocation density increases from 0.003511 

to 0.031297 line/m2 with an increase in Cd3+ ions, presented in Fig. 3B [55]. 

 
 

 
 

Samples Crystalli

te Size 

(nm) 

Lattice 

Constan

t (Å) 

Cell 

volume (V) 

(Å)3 

X-Ray 

Density  

(gm/cc) 

Micro-

strain 

(%) 

Dislocatio

n density 

(line/m2) 

Interplanar 

Distance (Å) 

LCF S1 19.41 8.3755 587.534999 4.0926 0.001931 0.010209 
2.525025544 

LCF S2 32.79 8.3143 574.758134 4.4667 0.001113 0.003511 2.506587699 
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3.2. Hopping and Bond Length: 

𝐿𝐴 =
√3

4
𝑎 … … … … … … … . … … … … … . . (8) 

𝐿𝐵 =
√2

4
𝑎 … … … … … … … … … … … … … (9) 

The study calculated the hopping lengths for ions in the octahedral site (LB) and the tetrahedral site 

(LA) using a formula 8 and 9 discussed elsewhere, which increased from 3.6002 to 3.6316 and 2.9399 

to 2.9656 respectively, with Cd amount [56]. The results, presented in Fig. 5A and the accompanying 

Table, show that LA and LB fluctuate as Cd3+ content increases. The change is attributed to the 

variation of the lattice constant in LCF with content Cd3+. The study also found that the magnetic ion 

interaction at the B-site is less than at the A-site due to the compressive strain caused by migrated Fe3+ 

and oxygen ions [57]. This finding sheds light on the reduction of magnetic interaction in both the 

tetrahedral sites. The study further suggests that the observed linear increase in the magnetic interaction 

distance with Cd3+ concentration may be due to the tetrahedral occupation of Cd3+ and the octahedral 

occupation of Li1+ ion [58]. These findings provide valuable insights into the behavior of ions in 

octahedral and tetrahedral sites, which could inform the development of new materials with desirable 

magnetic properties [59].   

𝑑𝐴𝑋 = (𝜇 −
1

4
) 𝛼√3 … … … … … … … . . (10) 

𝑑𝐵𝑋 = (
5

8
− 𝜇) 𝛼 … … … … … … … … . . (11) 

𝑑𝐴𝑋𝐸 = (2𝜇 −
1

2
)𝛼√2 … … … … … … . . (12) 

𝑑𝐵𝑋𝐸 = (1 − 2𝜇)𝛼√2 … … … … … … . . (13) 

𝑑𝐵𝑋𝐸𝑈 = ((4𝜇2 − 3𝜇 + (
11

16
))

1
2)𝛼 … . . (14) 

Here, dAX and dBX =Bond length of tetrahedral and octahedral site 

dAXE and dBXE=tetrahedral and octahedral edge 

dBXEU= Unshared octahedral edge 

 μ=Oxygen positional parameter for LCF, the value of oxygen parameter for an ideal FCC 

structure=0.375 Å  

The bond lengths of the tetrahedral edge (dAXE), shared-unshared octahedral edge (dBXE), and 

tetrahedral bond (dAX), were calculated using the lattice constant 'a' and oxygen parameter 'u', as 

discussed elsewhere [60], from 10, 12 and 13. Table 2 displays the calculated values, showing that as 

the Cd3+ content increases, both dAXE and dAX first decrease and then increase, along with the 

octahedral bond lengths dBX, by equation 12 and octahedral shared dBXE. This trend could be due to 

several factors, such as the larger ionic radius of Cd-Li ions compared to Fe ions, variations in the 

lattice constant and oxygen parameter, and the strong occupancy of Cd in the tetrahedral A site. The 

values for dAXE-dBXE, dAX, dBX and dBXEU (formula 14) increase from 2.9931 to 3.0192 Å, 

1.8001 to 1.8158 Å, 2.0786 to 2.0967 Å and 2.9399 to 2.9656 Å with Cd3+ content, respectively [61]. 

The variation of dAX, dBX, dAXE-dBXE and dBXEU with Cd3+ content is concluded using Fig. 5A-

C 

LCF S3 29.93 8.3278 577.564348 4.6877 0.001228 0.004235 

2.510660487 

LCF S4 11.13 8.3869 589.943617 4.8269 0.003399 0.031297 

2.528471313 

LCF S5 12 8.3527 582.757953 5.1270 0.003273 0.028064 2.51816354 
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Table 2. A) Variation of LA, LB, dAx, dBx, dAXE, dBXE and dBXEU of Li1-xCdxFe2O4 (LCF) 

with x=0, 0.1, 0.2, 0.3, 0.4  

 

3.3. Fourier transform infrared spectroscopy (FTIR): 

The formation of a spinel structure in ferrite samples is confirmed by analyzing the FTIR spectra of 

Cd3+ doped Lithium samples. The details of the frequency band are given in the Table 3., Fig. 6 shows 

the infrared spectra of all spinel, with two main broad metal-oxygen bands observed in the range of 

1000-300 cm-1. These bands are particularly noticeable in ferrites. The higher band (ν1), usually 

observed in the range of 600-560 cm-1, is caused by the tetrahedral metal-oxygen bond's stretching 

vibrations. The lowest band (ν2), usually observed in the range of 400-550 cm-1, is caused by the metal-

oxygen vibrations in the octahedral sites [62]. The vibrational frequencies of IR bands (ν1) and (ν2) of 

Samples hopping 

lengths (LA) 

(Å) 

hopping 

lengths (LB) 

(Å) 

dAx 

(Å) 

dBx 

(Å) 

dAXE (Å) dBXE 

(Å) 

dBXEU 

(Å) 

LCF S1 3.6267 2.9616 1.8133 2.0939 3.0151 3.0151 2.9615 

LCF S2 3.6002 2.9399 1.8001 2.0786 2.9931 2.9931 2.9399 

LCF S3 3.6060 2.9447 1.8029 2.0820 2.9980 2.9980 2.9447 

LCF S4 3.6316 2.9656 1.8158 2.0967 3.0192 3.0192 2.9656 

LCF S5 3.6168 2.9535 1.8083 2.0882 3.0069 3.0069 2.9535 
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samples prepared by the sol-gel auto-combustion method are given in Table 3, studied from Fig. 7A 

and these values match perfectly with the reported values [63]. The sample spectra show bands at 3400 

and 1600 cm–1 which are obtained due to stretching modes and H–O–H bending vibrations of free or 

absorbed water. Another band near the 1400 cm–1 is due to antisymmetric NO-stretching vibrations 

caused by the nitrate group, which is present as a residue in the samples [64]. This band is very weak 

in the spectra of the sol-gel-derived sample, indicating the purity of Li-ferrite nanoparticles synthesized 

by this method. As seen from the Fig. 6, a large ionic radius of Cd3+ ion samples is expected to produce 

the v2 shift towards lower frequencies, whereas the v1 shift towards higher frequencies is expected 

with Cd3+ [65]. This reason can also be due to the stronger covalent bonding of Fe3+ ions at the 

tetrahedral sites than at the site of octahedral [66]. 

 

𝐾𝑡 = 4𝜋2𝑐2𝜈1
2µ … … … … … … … … (15) 

𝐾𝑜 = 4𝜋2𝑐2𝜈2
2µ … … … … … … … … (16) 

 

Where Kt and Ko are tetrahedral force constant and octahedral force constant respectively. The ν1 and 

ν2 are band wavenumber, where C is speed of light (2.99x1010 cm/s). And µ is the reduced mass for 

Fe3+ and O2- ions (2.061x10-23 g) 

 

The force constants (Ftet and Foct) for the Fe3+-O2- band at tetrahedral and octahedral sites have 

been evaluated (formulae 15 and 16) and are listed in Table 3. Fig. 7B displays the variation in the 

force constant with Cd3+ for all samples at the tetrahedral and octahedral locations, Ftet and Foct increase 

as Cd3+ rises. This is due to the fluctuation in cation-oxygen bond length. The change in bond length 

for the tetrahedral and octahedral sites causes the band position to shift. The radius of the impurity ion 

is greater than that of the displaced ion, the bond length increases. This, in turn, lowers the force 

constant for either site, reducing the repulsive interactions between the ions, resulting in lesser 

electrostatic energy and a lower wavenumber. Because Cd3+ has a greater ionic radius than the 

displaced Li1+ ion, a rise in forces constant is anticipated with Cd3+ replacement [67]. FT-IR results 

indicate that Li ions are stabilized in the Oh crystal field, whereas Cd3+ ions prefer Td-sites because of 

their ability to form covalent bonds [68].  

The Debye temperature (θE) for LCF was calculated using the following equation 17, [69] to study 

lattice vibrations. 

𝜃𝐸 =
ℎ𝑐𝜈𝑎𝑣

𝐾𝐵
… … … … … … … … … … … … … … … … … . (17) 

where c is the speed of light (c = 2.99 × 1010 cm/s), 

h is the Planck constant (h = 6.626 × 10-34 J·s),  

KB is the Boltzmann constant, and  

νav is the average wavenumber of the LCF's bands (cm-1).   

 

By examining Table 3, it is clear that the Debye temperatures (θE) of the samples increase from 

722.5344161 to 750.4309992 K as the concentration of Cd3+ increases, given in Fig. 7C. This 

information is important in determining the conduction mechanism of these ferrites, indicates an 

improvement in the lattice vibrations. This suggests that the conduction in these samples is likely due 

to n-type electrons. The increase in θE can be attributed to a decrease in the wavenumber of the peak, 

which is typically caused by the Me-O bond vibration in the tetrahedral site [70].  
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Table 3. List of ν2, ν1, force constant for octahedral, force constant tetrahedral and Debye 

temperature by FTIR spectra of Li1-xCdxFe2O4 (LCF) with x=0, 0.1, 0.2, 0.3, 0.4  

 
 

3.4. Vibrating Sample Microscope (VSM):  

Fig. 8A portrays the hysteresis plot of all the samples of LCF, and Table 5 outlines the impact of Cd 

doping on saturation magnetization (Ms), coercivity (Hc), and remanence (Mr). The magnetic behavior 

of LCF can be well explained by Neel's two sublattice models [72]. According to this model, a spinel 

having an AB2O4 structure has two types of sublattices, i.e., A and B sites. Due to exchange energy, 

the ions occupying A and B sites have their magnetic moments arranged antiparallelly. In this case, 

Fe3+ ions are evenly distributed amongst the A and B sites, whereas Li1+ ions prefer B sites more 

strongly. The net magnetic moment is determined by Li1+ (µB=2) ions as, due to Fe3+ (µB=5) ions 

Samples ν2  (octahedral 

metal-oxygen) 

cm-1 

ν1  (tetrahedral 

metal-oxygen) 

cm-1 

force constant 

for octahedral 

(dyne/cm) 

force constant 

tetrahedral 

(dyne/cm) 

Debye 

temperature 

(K) 

LCF S1 489.72 517.29 175442.2716 195752.7873 722.5344161 

LCF S2 491.93 526.41 177029.7196 202716.0104 730.6637444 

LCF S3 492.66 542.64 177555.608 215408.7779 742.8326243 

LCF S4 493.40 547.71 178089.4034 219452.8014 747.0013266 

LCF S5 494.13 551.76 178616.7704 222710.2547 750.4309992 
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present at both sites, the same cancel out [73]. Therefore, the overall magnetization of the material is 

the difference in magnetization present at these two sites, with the B site dominating due to it 

containing more ions. When Cd3+ is replaced with nonmagnetic Li1+ ions, the magnetic behavior of 

the material shows an interesting trend. The magnetization (Ms) initially increases up to x=0.2, then 

decreases up to x=0.3, and finally proceeds to increase up to x=0.4. This behavior can be explained 

based on the exchange interactions such as A-B, A-A, and B-B, which depend on the distribution of 

magnetic and non-magnetic ions in the spinel network at A and B-sites [74]. Moreover, Cd3+ has a 

strong preference for A sites, which leads to the dislocation of some Fe3+ ions from A to B sites. In 

contrast to LCF, the compensation in the magnetic moment of Fe3+ does not occur, and they contribute 

with large magnetic moments to B sites, increasing magnetization. It is interesting to note that after 

x=0.3 concentration, the A-B exchange interaction is weakened due to the altering of the parallel 

orientation of the magnetic moments at the B sites, which compensate for each other only partially. 

Although the minimum value of coercivity (Hc) is obtained for x=0.2, there is a general fluctuation 

trend for increasing Cd3+. This fluctuation might be attributed to the alternation of particle and grain 

size of Li ferrite before and after Cd doping. The Fig. 8B illustrates the fluctuation of Ms and Hc with 

Cd3+ content, providing an important insight into the magnetic behavior of the material [75].  

In LCF, magneto-crystalline anisotropy is estimated using this formula 18 [76]. 

𝐻𝑐 =
2𝐾

𝑀𝑠
… … … … … … … … … … … … … … … … (18) 

The data presented in Table 5 highlights an interesting observation, where an increase in Cd3+ 

concentration leads to an increase in the anisotropy (K) value. This increase in K is attributed to the 

corresponding increase in the coercive force, which exhibits significant variation with an increase in 

Cd3+ concentration. This finding suggests that a higher concentration of Cd3+ tends to occupy 𝐵-sites, 

leading to a noticeable rise in the K value. Importantly, the K value shows a significant increase from 

133898.477 to 337380.907 erg/cm3 with an increase in the Cd3+ amount. This observation could have 

potential implications in the design and development of new materials with improved magnetic 

properties. 

𝒏𝜷 =
𝑴𝒔 ∗ 𝑴𝒐𝒍𝒆𝒄𝒖𝒍𝒂𝒓 𝑾𝒕

𝟓𝟓𝟖𝟓
… … … … … … … … … … … … … . (𝟏𝟗) 

To calculate the number of Bohr magnetons per formula unit, we consider the saturation magnetization 

and molecular weight of each composition using the equation 19 [77], given in the Table. It is worth 

noting that the trends in the variation of the number of Bohr magnetons per formula unit derived from 

the proposed cation distribution and that from the saturation magnetization measurements show a good 

agreement. The non-linear variation of μB highlights the possibility of spin canting as the mechanism 

controlling magnetization in the LCF [78]. The Cd3+ substitution in Li ferrite results in a triangular 

arrangement of spins at the octahedral sites of the LCF. In the present LCF, it is observed that the 

values of μB increased from 1.54598 to 2.44153 with Cd3+ content. This indicates that spin canting is 

effective for x=0.2, where the angle of spin canting continuously increases with Cd. As a result, the 

value of μB decreases from 2.2958 to 2.01372. This information is important as it provides insight into 

the factors affecting the magnetization in LCF and highlights the potential for spin canting as a 

mechanism to control magnetization in similar materials. 

 

Remanence ratio =
𝑴𝒓

𝑴𝒔
… … … … … … … … … … … … … . . (𝟐𝟎) 

 

The remanence of a LCF plays a crucial role in determining its potential as a magnetic recording 

medium [79]. The remanence ratio, also known as the squareness, provides useful information about 

the ease with which the magnetic axis aligns itself with the nearest direction after the external magnetic 

field is removed, calculated using formula 20. In LCF, observed a varying range of remanence ratio, 

which was from 0.3136810 to 0.402965. Ratios less than 0.5 suggest an isotropic nature of the LCF, 
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which could be further studied to enhance their magnetic properties. The variation of μB and 

remanence ratio with Cd3+ ions is shown in the Fig. 8C.  

 
Table 5. List of Ms, Mr, Hc, K, 𝑛B and Mr/Ms of Li1-xCdxFe2O4 (LCF) with x=0, 0.1, 0.2, 0.3, 

0.4  
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3.5. UV-visible absorption study: 

In the 400–800 nm range, LCF with x = 0 to 0.4 displays interesting absorption spectra as seen 

in Fig. 9A. We calculated the band gap energy value (Eg) by plotting [αhν]2 against the photon energy 

[hν] [80] as shown in Fig. 9B, which varies from 2.17 to 3.39 eV.  

The optical band gap energy (Eg) was calculated by the following Tauc relation 21 [81]: 

(αhv )1/n =  (hv −  Eg)A … … … … … … . . (21) 

where α = absorption coefficient,  

Eg = the gap energy,  

hν = the energy of the incident radiation expressed in (eV),  

A is a constant, and  

n = the exponent characterizes the type of optical transition. 

Our ferrite sample shows semiconducting activity based on the band gap energy value, given in Table 

6, which makes it a promising candidate for various technical domains such as optoelectronics, 

photovoltaics, and gas sensors. During the formation of LCF, Li1+ fits in Cd3+. Impurity bands are 

created due to the formation of the level of impurity inside an energy gap. The distance between the 

valence band and the lowest impurity band acts like an effective band gap [82]. At a high concentration 

of dopant Cd3+, the distance between impurity bands increases. The bands could overlap together, 

leading to a decrease in band gap energy. The calculated band gap values given in Table 6. Overall, 

these findings are promising for the development of new materials with potential applications in 

various technical domains. 
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3.6. Field emission scanning electron microscopy (FE-SEM): 

The FESEM images of LCF S2 nanoparticles (x= 0.1) in Fig. 10 A and C. It's interesting to 

note that the average grain size obtained from FESEM images is larger than the crystallite size 

determined by XRD measurement, indicating the presence of agglomeration in the nanoparticles [83]. 

However, the LCF S2 nanoparticles have a uniform and spherical shape. Although the particles are 

irregular and agglomerated, the sol-gel auto-combustion method produced LCF nanoparticles with a 

uniform, mono-disperse, and spherical and cubic structure with a narrow particle size distribution. The 

histogram of the LCF S2 is shown in Fig. 10 B and D.  

 
3.7. The Williamson-Hall analysis (W-H plot):  

The analysis of the size and strain broadening of a Bragg peak is a crucial step in understanding the 

properties of crystalline LCF. In this regard, the Williamson-Hall (W-H) method has played a pivotal 

role in separating these two effects by analyzing their distinct angle (θ) dependencies [84]. By plotting 

βcos θ against sin θ, as shown in Fig. 11 A, the W-H analysis provides better information on the strain 

(ε) induced in the crystal lattice and the size of the crystallites in the LCF. The resulting linear equation 
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(y=mx+c, where m = strain and c = 1/D) allows for the determination of lattice strain (ε) from the slope 

and the crystallite size (D) from the intercept, using relation 22. To determine D and ε using the W-H 

method, the modified Scherer relation was used [84]. Overall, the W-H analysis method has proven to 

be a reliable and effective way of analyzing the size and strain broadening of Bragg peaks, which is 

essential for understanding the properties of crystalline materials [85]. The observed noticeable change 

in strain is detailed in Fig. 11 B. 

𝛽𝑐𝑜𝑠𝜃 =
0.9𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃………………………………(22) 

The addition of Cd3+ ions has resulted in a significant decrease in crystallite size from 32 to 11 nm. 

The calculated crystallite sizes from W-H plots (Table 7) are in line with those calculated by Scherer's 

formula, indicating a high level of accuracy. It's interesting to note that the lattice strain is of tensile 

type and varies from 0.0007975 to 0.00378, with a minimum value of 0.002611 at x=0.4. This variation 

in lattice strain corresponds to the variation in 'a', which demonstrates the effect of larger Cd3+ ion 

substitution for smaller Fe3+ ions, given in Fig. 11 B [86].  

 
 

 
3.8. Dielectric constant: 

Fig. 12 shows the change in the dielectric constant with the log of frequency of LCF at x=0, 0.2 and 

0.4. This study aimed to investigate the change in the dielectric constant of Lithium Ferrite (LCF) with 

the frequency at different concentrations of Cadmium (Cd3+). The results showed that the dielectric 

constant decreases sharply at low frequencies and gradually decreases as the frequency increases. The 

addition of Cd3+ to LCF increased the dielectric constant, reaching its maximum value at x=0.4 [87] 
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Understanding the mechanism of polarization is key to interpreting the behavior of the dielectric 

constant. The four types of polarization - electronic polarization, ionic polarization, orientation 

polarization, and interfacial polarization - were considered in this study, as the frequency range used 

covered all four types [88]. The high dielectric constant values observed in this study are mainly due 

to interfacial polarization, which is generated by a localized accumulation of charges at the points of 

crystal defects or spaces. This results in the emergence of dipolar materials [89]. Interfacial 

polarization requires a low frequency and stops quickly, leading to a relaxation time that is almost 

zero. The increase in the dielectric constant of LCF when Cd3+ is added can be explained by its optical 

properties, which have a large reflection factor. The increase in the dielectric constant is directly related 

to the reflection factor. These findings can provide a better understanding of the behavior of dielectric 

constants in general and can have potential applications in various fields. The dielectric constant is 

increased proportionally to the reflection factor i.e. equation 23 [90]. 

𝜀 = (𝑛 + 𝑖𝐾)2 … … … … … … … … … … … … . (23) 

where ε is the dielectric constant,  

n is the reflection factor,  

K is the extinction coefficient. 

 
3.9. Conductivity: 

𝜀 =
𝜎

𝑖𝜀0ώ
… … … … … … … … … … … … … … … … … (24) 

where ε is the dielectric constant, 

 ε0 is permissibility, and  

ω is the angular frequency of the applied current. 

The conductivity of a material is directly proportional to its frequency and can be observed through 

the following equation 24. As per Equation (4), the conductivity values are determined by the 

imaginary dielectric constant and the frequency, while other values remain constant. In comparison to 

the frequency, the dielectric constant values are relatively small. Therefore, frequency plays a crucial 

role in determining the increase in conductivity, which is also indicative of the loss of power and the 

subsequent generation of heat due to the spinning of the dipolar or the vibration of charges with the 

change in range. Consequently, the study of conductivity depends significantly on frequency [91]. In 

addition, Fig. 13 demonstrates that the conductivity increases with Cd3+ content. This increase in 

conductivity can be attributed to the rise in density, which is linked to the energy band gap of LCF. 



 

Industrial Engineering Journal 

ISSN: 0970-2555   

Volume : 53, Issue 1, No. 4, January : 2024 
[ 

UGC CARE Group-1,                                                                                                                 79 

 
3.10. Transmission Electron Microscopy (TEM): 

In Fig. 14 A-B of TEM, we observed the LCF S2 nanoparticles (x= 0.1) synthesized using the sol-gel 

auto-combustion technique. These particles appear to be well dispersed with high crystalline structures 

and uniform size distributions, forming approximately spherical shapes with an average size 

distribution of 38.96 nm. It is worth noting that these particles exhibit super-ferromagnetic nature, 

which is a significant observation. Furthermore, Fig. 14 C shows the patterns of selective area electron 

diffraction (SAED) of the samples. These patterns reveal the polycrystalline nature of LCF S2 with 

high crystallinity. The bright spot obtained with the Debye ring pattern represents the polycrystalline 

nature of the sample. These observations provide valuable insights into the properties of LCF S2 

nanoparticles synthesized using the sol-gel auto-combustion technique [92]. The Fig. 14 D represents 

a histogram of the particle size in vertical bars of LCF S2, obtained from the TEM micrographs. The 

parameters of the LCF S2 size distribution were obtained from the standard approach. The solid line in 

the histogram is curve fitting using the function of log-normal. 

 



 

Industrial Engineering Journal 

ISSN: 0970-2555   

Volume : 53, Issue 1, No. 4, January : 2024 
[ 

UGC CARE Group-1,                                                                                                                 80 

4. Conclusion: 

Systematic work was carried out in the successful preparation of cadmium-doped Lithium 

ferrite (LCF) nanoparticles through the sol-gel auto-combustion method, having chemical 

compositions of Li1-xCdxFe2O4 at x=0, 0.1, 0.2, 0.3, 0.4. The X-ray diffraction (XRD) data showed a 

single cubic phase, while the selected area electron diffraction (SAED) profile confirmed the creation 

of single-phase spinel LCF. The estimated crystallite sizes were consistent with the calculated sizes 

from XRD data, which was confirmed by the particle sizes obtained from Field emission scanning 

electron microscopy (FE-SEM) and transmission electron microscopy (TEM). As Cd3+ ion 

concentration increased, there was a non-linear variation in lattice parameters, and this may be due to 

the structural imperfections created by the substitution of Cd3+ ions for Fe3+ ions. The Fourier 

transform infrared (FTIR) spectra of the LCF confirmed the formation of Spinel ferrite, while the 

variation in magnetic properties due to Cd3+ ions’ substitution suggested the creation of a frustrated 

magnetic structure within the LCF. The saturation magnetization, coercivity, and remanence were 

influenced by both the particle size and Cd3+ composition. The remanence ratio values suggested the 

isotropic behavior of the LCF. Overall, the results show that the prepared LCF nanoparticles are a 

promising material with potential applications in magnetic and electronic devices. The observed lattice 

constant of LCF and the non-linear variation of lattice parameters provide insight into the structural 

imperfections created by the substituted Cd3+ ions. The variation in magnetic properties and dielectric 

constant values also provide useful information for further research and development. The LCF 

nanoparticles prepared with x=0.2 show promising potential for various energy storage applications in 

magnetic and electronic devices like, Sensors, batteries, supercapacitors, etc. 
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