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In this work, Co0.5Zn0.5LaxFe2-xO4 (0.00 ≤ x ≤ 0.10) spinel ferrites were synthesized using the sol-gel auto-combustion method. X-ray diffraction (XRD) analysis and Rietveld refinement confirmed the presence of a cubic spinel structure. The crystallite size was estimated to be between 17.5 nm and 26.5 nm using Scherrer’s method and 31.27 nm–54.52 nm using the Williamson–Hall (W-H) method. Lattice constants determined from XRD and Rietveld refinement ranged from (8.440 to 8.433 Å and 8.442 to 8.431 Å), respectively. Scanning electron microscopy (SEM) revealed a non-uniform distribution of morphology with a decrease in particle size. The bandgap values decreased from 2.0 eV to 1.68 eV with increasing rare earth (La3+) doping concentration. Fourier-transform infrared (FT-IR) spectroscopy confirmed the presence of functional groups and M-O vibrations. The dielectric constant and dielectric loss exhibited similar behavior across all samples. The maximum tan δ value obtained at lower frequencies. Regarding magnetic behavior, there was a decrease in magnetization from 55.84 emu/g to 22.08 emu/g and an increase in coercivity from 25.63 Oe to 33.88 Oe with higher doping concentrations. Based on these results, these materials exhibit promising properties for applications in microwave and energy storage devices.
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1 INTRODUCTION
Nanocrystalline spinel ferrites have garnered significant attention in the scientific community due to their distinctive structural, optical, dielectric and magnetic characteristics. These ferrites are found in applications such as sensors, supercapacitors, magnetic substances, magneto-thermal energy storage systems, magnetic drug delivery and hypothermia therapy specifically for cancer patients (Nikam et al., 2014; Kiani et al., 2022). Among spinel ferrites, cobalt ferrite has garnered considerable research interest for medical and secondary storage device applications (Asghar et al., 2022; Mısırlıoğlu et al., 2022). With a moderate saturation magnetization, cobalt ferrite exhibits notable coercivity. The introduction of non-magnetic Zn2+ ions allowed tailoring of ferrite properties for various purposes (Andhare et al., 2020). Dielectric and magnetic properties of ferrites can be enhanced by incorporating trivalent rare-earth ions (Li et al., 2021). Even a modest amount of RE substitution can lead to improved dielectric and magnetic attributes in ferrites (Tanbir et al., 2020; Suo et al., 2021). For instance, replacing nanocrystalline CoFe2O4 with La, Gd, Sm, or Nd reduces the dielectric constant (ɛʹ) with increasing RE ion concentration (Nikumbh et al., 2014). Substituting larger radius RE ions effectively has altered the ferrite’s Curie temperature. Nd3+ ion substitution enhanced the coercivity of cobalt ferrite (Muskan et al., 2024; Reddy et al., 2022). This substitution reduced the ferrite’s dielectric loss and enhanced usability. Ni ferrite’s structural and magnetic traits improved significantly with rare-earth substitution (Lumina et al., 2018).
Within the lanthanides group, lanthanum (La3+) stands out due to its significant atomic size, despite being non-magnetic (Mariño-Castellanos et al., 2021). The advantage of La for substitution in Co0.5Zn0.5LaxFe2-xO4 spinel ferrites is due to its relatively suitable ionic radius, chemical stability, and impact on magnetic interactions. La also has the potential to modify the electronic structure and enhance dielectric and microwave absorption properties. These factors collectively make La an ideal choice for advancing the understanding and application of rare earth-substituted ferrites. The substitution of RE with Fe3+ cations introduced strain into the lattice ferrites, thereby altering the crystal size. Given its singular +3 valence state, La3+ readily occupies octahedral [B] lattice sites within the ferrite structure, consequently modifying magneto-structural characteristics. The impact of the structure of La3+ ions on the magneto-structural, dielectric, and magnetic properties has been studied deeply. In La-substituted Cu-Zn ferrites, it has been observed that the dielectric constant and loss tangent increase as temperature rises (Patil et al., 2023). Furthermore, the addition of La3+ to Co ferrite results in alterations to the super-exchange interactions between Fe3+ and Fe2+ ions (Haque et al., 2017). The replacement of larger La3+ cations in Mn-Cr ferrites leads to lattice deformation, which in turn influences magnetic properties and structural characteristics (Abdellatif et al., 2018). In the case of Ni-Co ferrites, the substitution of Sm3+ ions diminish their magnetic features, rendering them suitable for use in recording and memory devices (Kokare et al., 2019). Lastly, the introduction of La3+ ions into Co ferrites results in a reduction of its magnetic attributes, rendering it superparamagnetic in nature (Gaba et al., 2018).
This research investigates the effect of rare earth element La3+ on the morphological, optical, dielectric and magnetic properties of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.025, 0.050, 0.075, 0.10), synthesized using the auto-combustion technique. The amount of Zn concentration is fixed at 0.5 for several reasons such as maintaining a constant Zn level allowed us to systematically explore the effects of La substitution on Co-Zn ferrite. This approach ensured that any observed changes in properties were directly attributable to La substitution, yielding more consistent and comparable results. The substitution of La results in a decrease in the band gap of the prepared samples from 2.0 to 1.68 eV, making these materials promising candidates for photocatalysis. Additionally, the replacement of Fe3+ with non-magnetic rare earth cations weakens Fe3+-Fe3+ interactions, affecting not only the magnetic properties but also inducing changes in the microstructures. The peak values of the loss tangent (tanδ) indicate an enhancement in both microwave absorption and dielectric properties (Ren and Xu, 2014).
2 MATERIALS AND METHOD
2.1 Reagents
The synthesis of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.025, 0.050, 0.075, 0.10) involves the utilization of the following components in their respective forms: ferric nitrate non-ahydrate [Fe(NO3)3·9H2O], cobalt nitrate hexahydrate [Co(NO3)2·6H2O], ammonium hydroxide (NH4OH), zinc nitrate hexahydrate [Zn(NO3)2·6H2O], lanthanum nitrate hexahydrate [La(NO3)3·6H2O] and citric acid (C6H8O7). The solutions are prepared using deionized water. All compounds are directly used without any additional processing.
2.2 Experimental section
The Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.025, 0.050, 0.075, 0.10) spinel ferrites were prepared using the sol-gel auto combustion technique, as illustrated in Figure 1. The sol-gel auto-combustion method is distinguished by its versatility and efficiency in synthesizing spinel ferrites, allowing for precise control over composition, morphology, and uniformity. The synthesis involved the use of La(NO3)3·6H2O, Zn(NO3)2·6H2O, Fe(NO3)3·9H2O and Co(NO3)2·6H2O based on stoichiometric calculations. These salts were mixed in distilled water (DI) in accordance with stoichiometric ratios and then subjected to agitation to achieve a homogeneous solution. The prepared solution was placed on a magnetic stirrer and citric acid was added to the solution to act as a fuel agent alongside the nitrates.
[image: Figure 1]FIGURE 1 | Preparation of Lanthanum substitution cobalt zinc spinel ferrites.
The solution’s pH was sustained at 7 through the gradual addition of ammonia solution. Subsequently, the temperature was raised from 100°C to 110°C until the sample transformed into a gel-like state. Stirring was sustained until combustion took place. A comparison of the synthesis conditions and parameters for the present study with those from prior literature is presented in Table 1. The resulting ash was obtained and the prepared samples were sintered at 750°C for 4 h in a furnace to remove volatile substances like moisture and other undesirable elements. The sintered powders were then subjected to analysis using various procedures, including X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray analysis, Fourier-transform infrared spectroscopy, UV-visible spectroscopy, LCR measurements and vibrating sample magnetometry to characterize their properties.
TABLE 1 | Comparison of synthesis conditions/parameters for current work with previous literature.
[image: Table 1]2.3 Characterization
The X-ray diffractometer (XRD), which operated with a precise wavelength (λ) of 0.154 nm and covered a 2θ range spanning from 20° to 80°, was utilized for capturing diffraction patterns. The scanning electron microscope played a pivotal role in elucidating external appearance and crystallographic structure. FTIR spectroscopy, specifically using a Perkin instrument, was employed to validate the absorption bands (ν1, ν2) within the wavenumber range of 4,000 to 400 cm⁻1. The samples’ absorption spectra were documented employing the UV-Vis spectrophotometer PG (Model T-80). Dielectric measurements were performed at room temperature (RT) using the IM-3536 series LCR Meter and Impedance Analyzer. Lastly, a VSM investigation was conducted to ascertain the M-H hysteresis loops of Co0.5Zn0.5LaxFe2-xO4.
3 RESULTS AND DISCUSSION
3.1 Structural analysis
Figure 2A displays the X-ray diffraction pattern of as-prepared spinel ferrites synthesized through the auto-combustion process. The discernible peaks (220), (110), (311), (400), (422), (511), (440), (533) and (622) significantly confirmed the existence of a single-phase cubic structure, corresponding to the JCPDS file no: 22-1086 (Guo et al., 2022). In Figure 2B, the peak (311) exhibited a shift towards a higher angle. It is worth noting that the preparation of this material is reproducible, as it prepared many times for other investigations. To further investigate crystal structures, Rietveld refinement plots were generated for synthesized spinel ferrites, refer to Figures 3A–E. These findings align with prior data, providing further assurance of the nanocomposites’ composition and crystal structures. For the Rietveld refinement process, the FULLPROF software was utilized, and the Thompson-Cox-Hastings pseudo-Voigt function was employed to model the Bragg peaks (Abbas et al., 2023; Ahmed et al., 2023; Shabbir et al., 2024). A polynomial function with six coefficients was utilized for background calculation. The parameters used for fitting, including weighted profile R-factor (Rwp), unweighted profile R-factor (Rexp), GoF and chi-square (χ2), have been recorded in Table 2.
[image: Figure 2]FIGURE 2 | (A) XRD pattern (B) enlarged view of XRD (C) effect of La concentration on Daverage, Lattice constant (a = b = c) (D) ρx-ray and bulk density of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.025, 0.050, 0.075, 0.10) spinel ferrites.
[image: Figure 3]FIGURE 3 | Rietveld refined pattern of the Co0.5Zn0.5LaxFe2-xO4 (A) x = 0.00 (B) x = 0.025 (C) x = 0.05 (D) x = 0.075 (E) x = 0.10.
TABLE 2 | Data was obtained through Rietveld refinement for prepared samples.
[image: Table 2]The weighted profile R-factor (Rwp) in the provided data ranges from 20.4 to 25.6, indicating a trend of improvement in the fit between observed and calculated diffraction patterns as the concentration of Co-Zn spinel ferrites increases. Correspondingly, the expected R-factor (Rexp) values decrease from 10.5 to 8.2, supporting the notion of enhanced fit with higher concentrations. The chi-square (χ2) values, ranging from 1.23 to 1.58, are relatively close to 1, suggesting good agreement between observed and calculated data. Notably, the lowest Rwp, Rexp, and χ2 values are observed at a concentration of 0.025, indicating that the crystal structure refinement at this specific concentration yields the best agreement with experimental data. This concentration appears to be optimal for achieving an improved fit in the context of the investigated Co-Zn spinel ferrites.
Notably, at x = 0.05, a relatively low-intensity peak (110) appears around 33°, indicating the presence of the α-Fe2O3 phase. This might be associated with the dissimilarity in ionic radius between the substituted rare earth cations and the original Fe3+. The XRD graphs affirmed the development of a solitary geometric cubic pattern for lanthanum-substituted cobalt spinel ferrites, without any secondary phase. Scherrer equation (mentioned as Equation 1) was utilized to determine the crystallite size (D) of the synthesized samples (Ahmed et al., 2022; Hussain et al., 2022):
[image: image]
where k, λ, [image: image] and [image: image] represent shape factor, wavelength 1.54 (Å), peak broadening, and diffraction angle, respectively. The values of crystallite size increase with increasing the lanthanum substitution as shown in Figure 2C. With increasing RE (La) doping concentration, the crystallite size generally increases, signifying potential effects on magnetic and electrical properties, and suggesting alterations in synthesis or annealing conditions. The following Equation 2 is used to measure micro-strain:
[image: image]
The observed peak broadening in Williamson–Hall analysis results from the summation of Equations 1, 2, as expressed by the following formulation (Equation 3):
[image: image]
The straight line represents the slope value obtained from the relationship between β × cosθ and 4sinθ. Micro-strain is then calculated based on the slope values Figures 4A–E. The lattice constant of prepared samples was calculated by the following Equation 4:
[image: image]
[image: Figure 4]FIGURE 4 | (A–E) The W-H plots of Co0.5Zn0.5Lax Fe2-xO4 (x = 0.00, 0.025, 0.05, 0.075, 0.10).
In the equation, where h, k, l, and d denote the Miller indices and d-spacing, respectively. The lattice constant’s trend is observed to decrease with increasing lanthanum substitution, as depicted in Figure 2C.
This phenomenon can be ascribed to the existence of larger RE cations, which have an ionic radius of (1.061 Å), in contrast to the smaller ionic radius of Fe3+ ions (0.67 Å) (Mahmood and Maqsood, 2021). The unit cell volume (Vcell) of the synthesized samples was calculated using the following Equation 5:
[image: image]
An observable trend emerged as lanthanum substitution increased, resulting in a decrease in the unit cell volume (Vcell) values from 605 (Å)³ to 570 (Å)³ at x = 0.00 to 0.10, as detailed in Table 3.
TABLE 3 | Different parameters of Co0.5Zn0.5Lax Fe2-xO4 (x = 0.00, 0.025, 0.05, 0.075, 0.10) spinel ferrites calculated from XRD data.
[image: Table 3]The X-ray density (ρx) and bulk density of the synthesized samples were computed using the following Equations 6, 7 (Shoba and Kaleemulla, 2017; Kalam et al., 2018):
[image: image]
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where n, A, NA, and V represent the number of atoms in the unit cell volume, molar mass, Avogadro’s number, and unit cell volume, respectively, of the spinel lattice.
X-ray density and bulk density show a rise with La doping, attributed to the increased atomic mass of La relative to Co and Zn, influencing the overall density and consequently, structural and material properties, as illustrated in Figure 2D.
The specific values for X-ray density and bulk density for the prepared samples are indicated in Table 3. Additionally, porosity and specific surface area (S) can be calculated employing Equations 8, 9:
[image: image]
[image: image]
A slight reduction in porosity is noted, potentially contributing to enhanced mechanical strength and density, though careful consideration of doping levels is essential. Strain values (see Table 3) indicated the changes in lattice structure, impacting electrical and magnetic properties. Moreover, the decrease in specific surface area with increased La doping suggests reduced reactivity, a factor of significance in applications where surface properties, such as catalysis, play a crucial role. The arrangement of cations within the [A] and [B] sites significantly influenced the magnetic, structural and dielectric characteristics of ferrites (Gore et al., 2017; Islam et al., 2022). The cation distribution within ferrites can be determined using XRD data, with analysis conducted on planes such as (2 2 0), (4 0 0), (4 2 2) and (4 4 0) (Sanchez-Lievanos et al., 2021; Hasan and Azhdar, 2022). Structural factors for these (hkl) planes were computed using established equations (Gómez et al., 2018; Guo et al., 2022). Within the lattice, Zn2+ ions prefer occupying the (A) site, rare earth cations favour the [B] site, while both Co2+ and Fe3+ ions can occupy either [A] or [B] sites (Andhare et al., 2020; Mugutkar et al., 2020; Sanchez-Lievanos et al., 2021). Cation distribution results for Co0.5Zn0.5Lax Fe2-xO4 spinel ferrites are presented in Table 4.
TABLE 4 | Cation distribution from XRD and Rietveld refinement of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.025, 0.05, 0.075, 0.10) spinel ferrites.
[image: Table 4]The distribution of cations was determined through Rietveld refinement, aligning closely with the estimated values. Introducing rare earth cations at the [B] site led to a migration of Co2+ ions to the [A] site, accompanied by a slight shift of Fe3+ ions from the [A] to the [B] site. As RE (La3+) substitution increased in Co0.5Zn0.5Lax Fe2-xO4 spinel ferrites, there was a gradual rise in the proportion of Fe3+ ions at the [B] site, diminishing their presence at the [A] site. Utilizing equations from established sources (Gómez et al., 2018), we calculated parameters such as ath, rA, and rB for [A] and [B], as detailed in Table 5. The values of ath closely align with the experimentally calculated “a”, validating the predicted cation distribution.
TABLE 5 | Theoretical parameters of Co0.5Zn0.5Lax Fe2-xO4 (x = 0.00, 0.025, 0.05, 0.075, 0.10).
[image: Table 5]As the RE (La3+) substitution increased at the [B] site, the ionic radii at that site also increased. Similarly, at the [A] site, the ionic radii rise with increasing small concentrations of Co2+. Consequently, both the [A] and [B] sites experience lattice expansion. An oxygen parameter, represented by “u”, helps distinguish between the expansions at [B] and [A] sites. Ideally, both sub-lattices should expand in the same ratio, with u = 3/8 = 0.375 being the expected value. In the current Co0.5Zn0.5LaxFe2-xO4 spinel ferrites, a value of u = 0.375 indicates significant expansion in the tetrahedral lattice, signifying the movement of oxygen ions from their ideal locations along the body diagonal of the cubic lattice (Aslam et al., 2021).
The addition of RE (La3+) ions into Co-Zn spinel ferrites does lead to a redistribution of cations among the 8 tetrahedral and 16 octahedral sites. The proposed cation arrangement is detailed in Table 5. In this configuration, both [A] and [B] sites are occupied by Co2+ and Fe3+ ions, while Zn2+ ions are specifically situated at the tetrahedral sites. Notably, due to their larger ionic radii, RE (La3+) ions exclusively occupy positions rA and rB at the [A] and [B] sites, respectively. As the RE (La3+) concentration increases, the value of rB also increases, implying an expansion at the [B] site. The calculated ath values show an increase from 8.493 to 8.550 with La3+ ion substitution (as seen in Table 5). This increase can be linked to the challenge of replacing smaller ferric ions with larger RE (La3+) ions within the lattice sites. Consequently, only a limited number of rare earth cations are retained in proximity to the grain boundaries.
This discrepancy may stem from disparities between experimental and theoretical lattice parameters. The oxygen parameter (u) was calculated using established formulas based on prior research (Gómez et al., 2018; Islam et al., 2022; Xue et al., 2022). As a result, metal ions face a more significant challenge in occupying the [A] site as opposed to the [B] site. The shifting of oxygen ions contributed to the expansion of the [A] site and the contraction of the [B] site, a phenomenon that is demonstrated by variations in the oxygen positional parameter (u). With an increase in RE (La3+) substitution, both the calculated u and inversion parameters experience an increase. The shifts in the calculated RA and RB values are contingent on the ath parameter, as detailed in Table 5. Varied magnetic interactions, denoted as (A-A), (A-B) and (B-B) as explained later, result from differences in cation-cation and cation-anion bond lengths (Islam et al., 2022). The measurements of R, R′ and R″ were determined using the subsequent equation (Gore et al., 2017; Islam et al., 2022). The values of R, R′ and R″ increased by increasing the concentration of La3+ ion and the value of ath. The intensity of magnetic interactions is mostly determined by interionic distances and bond angles (Gore et al., 2017).
The calculations of the distances between cation-anion and cation-cation ions were performed using the following mathematical expressions (Gómez et al., 2018; Islam et al., 2022). When the concentration of La3+ ion increases the value of interionic distances also increases as given in Table 6. The bond angles θ1, θ2, θ3, θ4, and θ5 were determined from the equations referenced in Islam et al. (2022) and Gómez et al. (2018). A rise in the concentration of RE (La) was seen to result in decreased values for θ1, θ2, and θ5, indicating a reduction in the intensity of A-A and A-B interactions. Conversely, B-B interactions appeared to strengthen, as indicated by the increased values of θ3 and θ4 (refer to Table 7). The hopping lengths LA and LB at the A and B sites were calculated using the relationships provided in Anwar et al. (2020), and Table 7 presents the corresponding values for LA and LB. Notably, in Co-ferrite, both LA and LB exhibited significant increases with the rising concentration of La3+.
TABLE 6 | Cation-anion and cation-cation distances for Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.025, 0.05, 0.075, 0.10).
[image: Table 6]TABLE 7 | Values of bond angles for Co0.5Zn0.5Lax Fe2-xO4 (x = 0.00, 0.025, 0.05, 0.075, 0.10).
[image: Table 7]3.2 Morphological and elemental analysis
In Figures 5A–C, the microstructures of the prepared samples with concentrations x = 0.0, 0.05 and 0.10 are presented. The micrographs revealed a uniform distribution of grains on the surface and a noticeable trend of reduction in grain size with increased lanthanum substitution. This size reduction can be attributed to the larger ionic radius of lanthanum in comparison to iron, resulting in a notable increase in particle size as the lanthanum content increased. Additionally, particle agglomeration becomes more prominent as lanthanum concentration increases (Thakur et al., 2019; Kadam et al., 2020). Energy-dispersive X-ray analysis was conducted to evaluate the elemental composition of Co0.5Zn0.5La0.05Fe1.95O4, as depicted in Figure 5D. The analysis confirmed the absence of contaminants in the prepared sample. Consequently, the current synthesis method has yielded mixed ferrites with a high degree of purity and excellent stoichiometry.
[image: Figure 5]FIGURE 5 | SEM images of Co0.5 Zn0.5 LaxFe2-xO4 at (A) x = 0.00 (B) x = 0.05 (C) x = 0.10 (D) EDX spectrum (x = 0.05).
3.3 FT-IR and UV visible spectroscopy analysis
In Figure 6A, the FTIR spectra of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05 and 0.10) spinel ferrites are displayed and analyzed within the range of 400–4,000 cm−1. Notably, two distinctive bands are observed in ferrite materials, both with widths of less than 1,000 cm−1, corresponding to the vibrations of the M-O bond. Upon the substitution of RE (La3+), the frequency bands ν1 and ν2 undergo shifts in their positions, indicating a redistribution of cations. The equation found in Mohamed and Wahba (2014), Jeevanantham et al. (2021), Ahmed et al. (2022) is utilized for the computation of the force constant (K) of ions at both tetrahedral and octahedral sites. Table 8 displays the calculated Ko and Kt values for the [B] and [A] sites, respectively. As the RE (La3+) substitution increased, the force constants Kt and Ko also experienced an increase, changing from 22.52 N/m to 23.26 N/m at the [A] site and from 26.62 N/m to 25.70 N/m at the [B] site (Ahmed et al., 2022).
[image: Figure 6]FIGURE 6 | (A) FTIR spectra (B) Metal oxide bond of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
TABLE 8 | The values of vibrational mode frequencies (ν1 and ν2) and ’Force constants (Kt, Ko and K)’ for Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, and 0.10) spinel ferrites.
[image: Table 8]Figure 6B further confirmed the presence of spinel ferrite structure within the synthesized samples, as the M-O bonds are detected under 1,000 cm−1. Notably, the absence of hydroxyl groups signifies that the prepared samples are fully dried (Hussain et al., 2022). In the ultraviolet-visible spectrum analysis of prepared samples, scanning of the ultraviolet-visible spectrum was conducted across the range of 200–800 nm illustrated in Figure 7A. It is observed that the optical energy band gap diminished as the lanthanum content in the system increased. This behavior aligns with findings from Sati et al. (2014), which indicate that the optical band gap in nano ferrites is influenced by factors such as dopant concentration, structural parameters, particle size, surface effects, lattice stresses, and contaminants. The value of the optical band gap (E.g.,) for the prepared samples was determined using a Tauc plot. As shown in Figures 7B–D, the energy bandgap (E.g.,) decreased with the rise in lanthanum substitution, ranging from 2.0 eV to 1.68 eV as x varies from 0.00 to 0.10 (Cyriac et al., 2020; Ahilandeswari et al., 2022).
[image: Figure 7]FIGURE 7 | (A) UV visible spectra (B–D) Tauc plots of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
The bandgap in spinel ferrites critically determines their electrical and magnetic characteristics, serving as the energy gap between the valence and conduction bands in their electronic structure. A reduced bandgap enhances electrical conductivity in these semiconducting materials, rendering them suitable for specific electronic applications. This modulation also affects the alignment of electrons, influencing magnetic properties such as magnetic moment and susceptibility, making the material more responsive to external magnetic fields. In electronic devices like magnetic sensors and microwave devices, tuning the bandgap customizes the electrical and magnetic properties of spinel ferrites to meet specific application requirements.
Furthermore, spinel ferrites with adjusted bandgaps can exhibit multifunctional behaviour, combining magnetic and semiconducting features in a single material, advantageous for advanced electronic and spintronic devices. The thermoelectric performance of spinel ferrites is impacted by bandgap modulation, suggesting potential applications in thermoelectric devices for energy conversion.
3.4 Dielectric analysis
Figure 8A illustrates the behavior of the real component of the dielectric constant (εʹ) for Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10) across a frequency range from 10 kHz to 8 MHz. The real component of the dielectric constant (εʹ) is indicative of the material’s ability to store electric energy. The graph reveals that at lower frequencies, the dielectric constant (εʹ) showed maximum value. Conversely, at higher frequencies, all samples exhibited a consistent behavior that remains unaffected by the applied field. This behavior is in line with the typical conduct of normal ferrites (Maksoud et al., 2020; Ansari et al., 2021; Mahmood and Maqsood, 2021). The experimental results for the dielectric constant were compared with the theoretically calculated results obtained using Shah’s function depicted in Figures 8B–D.
[image: Figure 8]FIGURE 8 | (A) Variation of dielectric constant with log frequency (B–D) Variation of dielectric constant with log frequency and Shah fitting of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
The relaxation phenomenon is rooted in the exchange of ions between Fe2+ and Fe3+ as well as space charge polarization. Within ferrites, the conduction mechanism of grain and grain boundaries is explained by the Maxwell-Wagner model and Koop’s hypothesis (Jnaneshwara et al., 2014; Kumari et al., 2014). Specifically, at lower frequencies, the obvious peak value of εʹ can be attributed to the impact of grain boundaries. As frequency increases, this behavior becomes independent of frequency and stabilized. The concept of space charge polarization primarily arises from the exchange of electrons between ions of the same element but with varying valence states, particularly at the B sites (Phor and Kumar, 2019). At lower frequencies, electrons within the grains may have sufficient time to move toward the grain boundaries, leading to polarization and hence higher ɛʹ at lower frequencies. However, with increasing frequency, the exchange of ions between Fe2+ and Fe3+ ions face challenges in keeping pace with the rapid oscillations of the applied field. This is due to the fact that electrons can only migrate over a fraction of a second before the field undergoes a reversal. Consequently, the window of opening for electrons to reach the grain boundary diminishes, leading to a reduced influence on polarization (Iqbal et al., 2014).
Figures 9A, B depicts the dielectric loss (εʹʹ) and tangent loss of prepared spinel ferrites, respectively. The loss factor of a dielectric material is defined by Equation 10:
[image: image]
Here, ε₀ represents the dielectric constant, and ε′′ denotes the dielectric loss factor. This tangent loss is contingent on the polarization arising from grain conduction, which is stimulated by the electron transfer occurring within the grain between Fe3+ and Fe2+ as well as Co2+ and Co3+.
[image: Figure 9]FIGURE 9 | (A) εʹʹ (B) tan δ vs. log frequency of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
In ferrites, the presence of electrons at grain boundaries impede inter-grain conduction. As the accumulation of electrons at boundaries intensifies, the quantity of space charge accumulates, resulting in a more pronounced potential barrier. The high surface area of nanostructured particles in cobalt zinc spinel ferrites offers a favorable environment for this phenomenon. Lower potential barriers at the grain boundaries lead to a decrease in space charge polarization when grain boundary conduction is active. Hence, inter-grain conduction prevails due to the reduced potential barrier at the grain boundary (Iqbal et al., 2014). This alteration results in a reduction in grain boundary polarizability, which is reflected as a dielectric loss. It is worth noting that tanδ demonstrates a higher value at lower frequencies and a lower value at higher frequencies, primarily due to the increased responsiveness of space charge polarization at lower frequencies (as shown in Figure 9B). Spinel ferrites are a distinct class of magnetic materials renowned for their interesting magnetic and dielectric behavior. This comprehension is important for varied applications, particularly within electronics and telecommunications. The tangent loss, also known as the dissipation factor or loss tangent, measures the amount of energy converted into heat during each cycle of an electric field within a dielectric material. Its expression as the ratio of the imaginary to the real part of complex permittivity underscores its sensitivity to distinct material phenomena or transitions, thereby contributing to a better understanding of spinel ferrites’ behavior.
Figure 10A investigated the influence of frequency range from 10 kHz to 8 MHz on conductivity (σac) for Co0.5 Zn0.5 LaxFe2-xO4 (x = 0.00, 0.05, 0.10). The power of conduction within the material can be assessed through its conductivity (σac). Figure 10A shows that AC conductivity exhibits a low value at low frequencies but rises rapidly at higher frequencies. This behavior aligns with the Double-Layer Maxwell and Wagner model, which suggests that at low frequencies, grain boundaries mainly influence conductivity, whereas at higher frequencies, grain activity becomes more distinct, facilitating electron hopping processes. In the present study, at higher frequencies, conductivity significantly increases due to the involvement of bounded charge carriers in the conductivity mechanism (Iqbal et al., 2014). Additionally, Figure 10A reveals two distinct frequency regimes: a plateau region corresponding to low frequencies, where conductivity remains independent of frequency, and a dispersion region corresponding to high frequencies, where conductivity escalates with increasing frequency (Chahar et al., 2022). The experimental findings regarding the conductivity (σac) were contrasted with the theoretically computed outcomes derived from Langevin Mod’s function, as illustrated in Figures 10B–D. The exponent “n” can be computed using the given relation (Equation 11) by plotting graphs between log σac and log ω shown in Figure 10E:
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[image: Figure 10]FIGURE 10 | Frequency verses (A) σac (B–D) AC conductivity with curve fitting by using Langevin Mod fitting (E) log σac vs. log ω of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10), inset: frequency exponent “n” vs. concentration.
The relationship between log σac and log ω shows a consistent pattern for x = 0.0, where the slope corresponds to the exponent “n” and the intercept aligns with log B at log ω = 0. Importantly, it is notable that “n” falls within the range of 0–1. When “n” equals 0, electrical conduction remains unaffected by frequency, whereas “n” values less than or equal to 1 signify frequency-dependent electrical conduction. In this study, “n” ranges from 0.79 to 0.84, indicating that the samples exhibit frequency-dependent behavior.
The graph in Figure 11A illustrates the variation of electric modulus (M′) with the log of frequency across all samples. The total electrical modulus “M” comprises contributions from both the real and complex moduli, represented by the following Equation 12:
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[image: Figure 11]FIGURE 11 | Frequency verses (A) M′ (B) M″ for Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
In the above Equation 12, the first factor, M′, can be determined using the following expression (Equation 13):
[image: image]
Similarly, the second factor in Equation 12, M″, can be calculated using Equation 14:
[image: image]
The electrical modulus exhibits exciting behavior with changing frequency. Figure 11A reveals that at lower frequencies, the electric modulus maintains a constant value, attributed to electrode effects or ionic polarization. However, at higher frequencies, all samples (with x = 0.00, 0.05 and 0.10) demonstrated significant asymmetric behavior, indicative of space charge polarization in the high-frequency region.
Figure 11B displays the behavior of the complex modulus, M″, against the log of frequency. At high frequencies, a distinct sharp peak is observed across all samples, reflecting maximum asymmetric tendencies.
This peak signifies relaxation behavior and is associated with the single polarization phenomenon of grain boundaries. Moreover, with the substitution of La3+, the peak intensity increases, and there is a slight shift towards higher frequencies, indicating the presence of dielectric relaxation within the material. Furthermore, the trend observed in the M″ graph at low frequencies suggests that charge carriers undergo significant displacement over larger distances, whereas at high frequencies, their mobility is constrained to shorter distances. This alteration in charge carrier behavior with frequency variations across all samples suggests a shift from small to longer-range mobility, revealing insights into the material’s conductivity properties (Mustafa et al., 2022).
3.4.1 Cole-Cole
Figure 12 depicts the Cole-Cole plot representing the complex modulus plane (M′ vs. M″). The Cole-Cole plot serves as a valuable tool for investigating the conduction mechanisms within both grains and grain boundaries.
[image: Figure 12]FIGURE 12 | Cole-Cole plot of Co0.5 Zn0.5 LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
M′ and M″ were chosen for the Cole-Cole plot as alternative methods did not yield suitable results (Dhabekar and Kant, 2021). The semicircles evident in the Cole-Cole plots provide valuable insights into the material’s conducting capacity. Figure 12 demonstrates that only one semicircle is consistently observed in all samples within the Cole-Cole plot. This observation elucidates the reason for the low grain boundary resistance in the high-frequency region (Pandit et al., 2014). The La3+ substitution has different effects on grain and grain boundary resistance, as seen by the shift in the radius of the semicircle. According to Dewi et al. (2023), the change in radius might be caused by the distortion of the lattice that occurs because of increasing La3+ substitution and attributed to the fluctuation in the relaxation frequency. It can be seen that at x = 0.05 to x = 0.10, the hight of the semicircle changes due to polarization relaxation processes that are caused by the change of field in the ferrites (Junaid et al., 2016).
3.5 Magnetic properties
The M-H loops of Co0.5Zn0.5LaxFe2-xO4 (x = 0.0, 0.050, 0.10) ferrite powders at room temperature were recorded using a VSM (see Figure 13A). The loops in Figure 13A illustrate that the as-synthesized samples exhibit small areas (narrow loops), indicating soft magnetic behavior (Datta et al., 2023). The saturation magnetization (Ms) values for the Co0.5Zn0.5LaxFe2-xO4 ferrite samples were observed to decrease from 55.84 emu/g to 22.08 emu/g as the concentration of La3+ ion increased. From Table 9, it is evident that the saturation magnetization (MS) decreases with the doping of La3+ rare earth ions. Typically, when Fe3+ ions in ferrites are replaced by RE3+ ions with smaller magnetic moments, the magnetization of RE3+-doped ferrites decreases. Conversely, if the magnetic moment of the RE3+ ion exceeds that of Fe3+, the magnetization increases. However, this behavior is not consistent across all RE-doped ferrites. It is reported that rare earth ions, when doped in ferrites, prefer to occupy the octahedral B site (Nikumbh et al., 2014; Ghosh et al., 2020; Ahmed et al., 2022). The Bohr magnetron and magnetic moment of prepared NPs were calculated from the following Equations 15, 16:
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where (Ms) is magnetization saturation, (dx) is X-ray density and (Mw) is molecular mass. It is observed that the magneton number value decreased with increasing concentration (x) presented in Table 9.
[image: Figure 13]FIGURE 13 | (A) M-H loops (B) Applied field vs. microwave frequency of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
TABLE 9 | Magnetic parameters and cation distribution of Co0.5Zn0.5LaxFe2-xO4 (x = 0.00, 0.05, 0.10).
[image: Table 9]The decrease in magnetic moment results from the reduction in Ms. The incorporation of non-magnetic La3+ ions into the ferrite lattice reduces the number of magnetic ions, leading to a smaller magnetic moment. The A-B superexchange interaction, which is much stronger than the A-A and B-B interactions, exists among these interstitial sites (Dipesh et al., 2016). The remanence magnetization (Mr) and coercivity field (Hc) were measured from each sample’s M-H loop, as shown in Table 9. The irregular trends in Mr and Hc are due to the complex magnetic interactions in the ferrite structure influenced by the addition of La3+ ions. The competition between exchange interactions and anisotropy effects leads to non-linear behavior. This irregularity in coercivity and remanence magnetization indicates the material’s potential for use in magnetic recording media, where precise control of coercivity is crucial for data storage (Alzoubi, 2022).
Further more, the substitution of paramagnetic rare earth cations lead to the formation of a non-magnetic spinel structure. The magnetic moments for Zn2+ (0 μB), Co2+ (3 μB), Fe3+ (5 μB) (Aguilera-Del-Toro et al., 2021) and La3+ (0 μB) (Zhang et al., 2019) were considered in this analysis. In the case of Zn–Co ferrites doped with RE (La3+), La3+ (0 μB) replaces Fe3+ (5 μB) cations at the B sublattice, reducing the octahedral sublattice magnetization (MB). However, the tetrahedral sublattice magnetization (MA) remains unchanged due to the consistent cation distribution at the A-site, resulting in a decrease in the net magnetic moment (nB). The crystallite size (D) increases with decreasing magnetization saturation (Ms), indicating a superparamagnetic behavior. Notably, Co0.5Zn0.5La0.1Fe1.9O4 contains impurities such as LaFeO3 at grain boundaries, causing internal stress that affects the magnitude of saturation magnetization (Bharti et al., 2021).
The squareness ratio (Rsq) was evaluated by the formula (Equation 17):
[image: image]
All prepared samples exhibited Rsq values below 1, indicating super-paramagnetic behavior. This suggests that the magnetic moments within the samples are unaligned, switching rapidly and randomly under an external magnetic field. Such behavior is typical in nanoscale materials, likely due to the small particle size and compositional variations in the ferrite samples (Suo et al., 2020). This super-paramagnetism makes these materials suitable for targeted drug delivery using magnetic nanoparticles, as the rapid switching allows the controlled release of therapeutic agents. Additionally, spinel ferrites can be used in magnetic sensors for detecting weak magnetic fields, valuable for geophysical exploration and non-destructive testing. The anisotropy constant (K) was calculated using the relation (Equation 18):
[image: image]
The smaller anisotropy constant was 531 for x = 0.05. The anisotropy constant (K) values for varying La3+ ion concentrations in ferrite samples were found to be 1,490, 531, and 799 erg/cm3 for x = 0.0, 0.05, and 0.10, respectively. This irregular trend in K is due to changes in structural and compositional features as La3+ is incorporated. Anisotropy in magnetic materials depends on factors such as crystallographic orientation and domain structure, which are affected by La3+ concentration. These variations in K can influence the materials’ effectiveness as microwave absorbers for electromagnetic interference (EMI) shielding, making them suitable for use in electronics and telecommunications. The tunable magnetic properties of these spinel ferrites provide versatility for various technological applications (Algarou et al., 2020; Bilal et al., 2024). The initial permeability (µi) was estimated using Equation 19 and is reported in Table 9.
[image: image]
The initial permeability (µi) exhibited an irregular trend with increasing La3+ ion concentration, showing values of 36.6, 67.3 and 16.6 for La3+ concentrations of x = 0.0, 0.05 and 0.1, respectively.
This non-linear behavior can be attributed to the complex interplay of magnetic interactions within the ferrite structure, influenced by the addition of La3+ ions. The competition between exchange interactions and anisotropy effects contributes to this trend. The microwave frequency (ωm) is determined using the formula ωm = 8π2Msγ, where γ is the gyromagnetic ratio (2.8 MHz/Oe). This indicates that higher saturation magnetization (Ms) results in a higher microwave frequency. Figure 13B shows the relationship between the applied magnetic field and microwave frequency. High resistivity and low-loss ferrites are suitable for microwave devices (Ansari et al., 2020). The calculated operating microwave frequencies (ωm) for samples with x = 0.00, 0.05 and 0.1 falls within the 12–4 GHz range, making them ideal for X-band microwave applications, as detailed in Table 9. The graphical representation of La3+ concentration (x) versus magnetic parameters is depicted in Figures 14A–D.
[image: Figure 14]FIGURE 14 | Concentration (x) vs. (A) Anisotropy constant and retentivity (B) Coercivity and remanent ratio (C) Saturation magnetization, Bohr magnetron and microwave frequency (D) Initial permeability and magnetic moment of all the samples.
4 CONCLUSION
Rare earth (La) substituted Co-Zn spinel ferrites were successfully prepared by the sol-gel auto-combustion method. The X-ray diffraction (XRD) pattern demonstrated that the synthesized spinel ferrites possess a single-phase cubic structure which was also confirmed by Rietveld refinement having crystallite size ranging from 17.5 to 26.5 nm. The substitution of lanthanum indicated a decreased behavior in lattice constant from 8.440 (Å) to 8.433 (Å), decreased in volume from 601.2 (Å)3 to 599.7 (Å)3 and increased in X-ray density from 5.38 to 5.75 g/cm3. Two vibrational bands, a low band (490 cm−1) and a high band (540 cm−1) confirmed by FTIR spectra. UV–vis revealed that the minimum value of the optical band gap observed was 1.68 eV for composition x = 0.10. Dielectric constant and Dielectric loss showed the same behaviour for all samples and raised with doping. AC conductivity’s value increased with doping. The dielectric tangent loss showed constant behaviour at higher frequencies for all prepared samples and had a maximum value of 12 at lower frequencies. The VSM results showed that magnetization saturation decreased from 55.84 emu/g to 22.08 emu/g and the value of coercivity increased as rare earth (La) doping increased. The microwave frequency was 4.9 GHz for x = 0.10. Therefore, such materials can be suitable for use in microwave and energy storage devices.
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