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Abstract 
Ni₁₋ₓCrₓFe₂O₄ (x = 0.00–0.025) thin films were successfully synthesized using the spray pyrolysis technique, and 

their structural, vibrational, and optical properties were systematically investigated. X-ray diffraction (XRD) 

analysis confirmed the formation of a single-phase cubic spinel structure, indicating the successful incorporation 

of Cr ions into the lattice. The observed variation in structural parameters suggests lattice distortion and defect 

formation induced by Cr substitution. The FTIR spectra exhibited characteristic absorption bands associated 

with the tetrahedral and octahedral sites, further confirming the spinel structure. The shift in vibrational bands 

revealed modifications in metal–oxygen bonding and suggested the preferential occupation of Cr ions at 

octahedral sites. UV–Vis analysis showed a gradual decrease in the optical band gap with increasing Cr 

concentration, which can be attributed to the introduction of defect states and changes in the electronic structure. 

Overall, Cr substitution effectively tunes the structural and optical properties of NiFe₂O₄ thin films, making them 

promising candidates for optoelectronic and multifunctional device applications. 
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I. Introduction 
Spinel ferrites with the general formula MFe₂O₄ (M = Ni, Co, Zn, Mn, etc.) are widely studied due to 

their excellent magnetic, electrical, and chemical properties, which make them suitable for applications in high-

frequency devices, sensors, microwave absorbers, and magnetic storage systems [1,2]. Among them, nickel ferrite 

(NiFe₂O₄) exhibits an inverse spinel structure, where Fe³⁺ ions occupy both tetrahedral (A) and octahedral (B) 

sites, while Ni²⁺ ions preferentially reside at octahedral sites, resulting in notable magnetic and electrical 

characteristics [3]. 

The properties of spinel ferrites can be effectively tuned through cation substitution. In particular, Cr³⁺ 

substitution in NiFe₂O₄ is of considerable interest due to its comparable ionic radius with Fe³⁺ and strong 

preference for octahedral coordination. This leads to modification in cation distribution and superexchange 

interactions, thereby influencing the structural, optical, and magnetic properties of the material [4,5]. 

In recent years, ferrite thin films have attracted significant attention because of their enhanced surface-

to-volume ratio and potential for device integration. Several studies have reported the synthesis of ferrite thin 

films using different techniques. For instance, lithium-substituted copper ferrite thin films have shown 

semiconducting behavior suitable for gas sensing applications [6]. Chromium-doped manganese ferrite films 

prepared by magnetron sputtering exhibited tunable optical properties depending on deposition conditions [7]. 

CoFe₂O₄ thin films fabricated via chemical solution methods demonstrated improved structural and nanoscale 

properties [8], while MnFe₂O₄ thin films have been reported to exhibit good transparency and suitability for sensor 

applications [9]. Additionally, nickel ferrite thin films prepared by RF magnetron sputtering showed thickness-

dependent magnetic behavior [10]. 

Among various synthesis techniques, chemical bath deposition (CBD) is a simple, low-cost, and scalable 

method that allows uniform film formation at relatively low temperatures with good compositional control 

[11,12]. However, despite extensive work on chromium-substituted ferrites, systematic studies on Ni₁₋ₓCrₓFe₂O₄ 

thin films prepared using CBD are still limited. 

Therefore, the present study focuses on the synthesis and detailed characterization of Ni₁₋ₓCrₓFe₂O₄ (x = 

0.00–0.025) thin films. Structural, and optical, properties are investigated to understand the influence of Cr³⁺ 

substitution and to establish structure–property relationships [13–15]. 
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II. Experimental 
Materials 

Analytical-grade NiCl₂·6H₂O, CrCl₃·6H₂O, FeCl₃·6H₂O, NaOH, NH₃, and CO(NH₂)₂ were used as 

received. Deionized water (18.2 MΩ·cm) was used throughout. Glass substrates (75 × 25 × 1 mm³) served as 

deposition substrates. 

 

Substrate Preparation 

Substrates were ultrasonically cleaned in detergent solution, acetone, and ethanol, followed by thorough 

rinsing with deionized water and drying in air. The cleaned substrates were stored in a desiccator prior to 

deposition. 

 

Thin Film Deposition 

Ni₁₋ₓCrₓFe₂O₄ (x = 0.00–0.025) thin films were deposited by chemical bath deposition techniques. 

Precursor solutions were prepared by dissolving stoichiometric amounts of metal chlorides to maintain (Ni + Cr): 

Fe = 1:2. The solution pH was adjusted to ~11 using NaOH, with NH₃ as a complexing agent and urea as a slow 

OH⁻ ion source. 

Deposition was carried out at 85 ± 2 °C for 4 h with substrates immersed vertically in the bath. The 

controlled release of hydroxyl ions enabled uniform precipitation of metal hydroxides on the substrate surface. 

The deposited films were rinsed with deionized water and ethanol, dried at room temperature, and further dried 

at 60 °C. Finally, the films were annealed at 400 °C for 3 h to obtain crystalline Ni₁₋ₓCrₓFe₂O₄ thin films. 

 

Characterization Techniques 

The structural, vibrational, and optical properties of the prepared thin films were systematically 

investigated using standard characterization techniques. Phase purity and crystallographic parameters were 

analyzed by X-ray diffraction (XRD) using a PANalytical X’Pert PRO diffractometer with Cu–Kα radiation (λ = 

1.5406 Å) over a 2θ range of 20–80°. The diffraction data were used to confirm phase formation and to evaluate 

lattice parameters and crystallinity of the films. 

Fourier transform infrared (FTIR) spectroscopy (PerkinElmer Spectrum Two) was employed to examine 

chemical bonding and identify characteristic metal–oxygen vibrational bands associated with tetrahedral and 

octahedral sites in the spinel structure. The spectra were recorded in the range of 400–4000 cm⁻¹. 

The optical properties were studied using UV–Vis spectroscopy (Shimadzu UV-2600) in the wavelength 

range of 200–800 nm. The absorption spectra were used to determine the optical band gap of the films using the 

Tauc relation, providing insight into electronic transitions and the effect of compositional variation. 

 

III. Result And Discussion 
Structural Analysis 

 
Figure 1 X-ray Diffraction pattern of Ni1-xCrxFe2O4 (x = 0.00-0.025) thin films 

 

The X-ray diffraction patterns for Ni1-xCrxFe2O4 thin films with varying chromium concentrations (For 

typical sample x = 0.00, 0.005) are presented in Figure 1. The X-ray diffraction (XRD) patterns of Cr-substituted 

ferrite thin films clearly confirm the formation of a single-phase cubic spinel structure for all compositions, 

without the presence of any secondary phases. The main reflections corresponding to the (220), (311), (400), 

(422), (511), and (440) planes are consistent with standard spinel ferrite structures, indicating high phase purity. 

Among these, the (311) peak exhibits the highest intensity, suggesting a preferred orientation along this plane, 

which is commonly observed in chemically deposited ferrite thin films. A systematic shift in peak positions with 

increasing Cr content is observed, indicating lattice distortion induced by ionic substitution. This behavior 
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originates from the difference in ionic radii between Cr³⁺ ions and the host cations occupying tetrahedral (A) and 

octahedral (B) sites. The shift in diffraction peaks confirms the successful incorporation of Cr ions into the spinel 

lattice and the resulting modification of interplanar spacing [16–18]. The lattice parameter (a) shows a non-linear 

variation with increasing Cr concentration. An initial slight increase from 8.413 Å (x = 0.000) to 8.416 Å (x = 

0.005) is followed by a decrease at x = 0.010 (8.355 Å). Further increase in Cr content results in a rise in lattice 

constant, reaching a maximum value of 8.433 Å at x = 0.015, and then a marginal decrease at higher concentration. 

This non-monotonic behavior suggests that Cr³⁺ ions are not exclusively occupying a single crystallographic site 

but are redistributed between A and B sites, leading to local lattice distortion and variation in bond lengths. Similar 

trends have been reported in substituted ferrite systems, where cation redistribution significantly influences lattice 

parameters [19–21]. 

The unit cell volume follows the same trend as the lattice constant, as expected due to its cubic 

dependence on (𝑎). The observed increase in unit cell volume up to x = 0.015 (599.41 Å³) indicates lattice 

expansion, while the decrease at intermediate compositions suggests localized contraction effects. These 

variations can be attributed to the combined influence of ionic size mismatch, internal stress, and site occupancy 

preferences within the spinel structure [22,23]. 

The dislocation density (δ), which reflects the degree of crystalline imperfections, shows a strong 

dependence on Cr content. A decrease in δ at low doping level (x = 0.005) indicates improved crystallinity and 

possible enhancement in grain growth. However, at higher Cr concentrations, δ increases significantly, reaching 

a maximum at x = 0.015. This increase suggests the generation of lattice defects, microstrain, and structural 

disorder due to dopant-induced strain fields. The mismatch in ionic radii and non-uniform distribution of dopant 

ions is likely responsible for the increased defect density and reduced crystallite quality [24–26]. 

Overall, the structural results clearly demonstrate that Cr substitution plays a crucial role in modifying 

the crystallographic properties of ferrite thin films. The observed variations in lattice parameter, unit cell volume, 

and dislocation density confirm the presence of lattice distortion, cation redistribution, and defect formation. 

These structural changes are expected to significantly influence the functional properties, particularly magnetic, 

electrical, and optical behavior of the films. 

 

Table 1 Lattice constant (a) Å, dislocation density (δ), Unit Cell Volume for the Ni1-xCrxFe2O4 (x = 0.00-0.025) 

thin films 
Cr content Lattice Constant Unit Cell Volume dislocation density (δ) 

x a=b=c (Å) (Å³) (m-2) 1015 

0.000 8.413 595.40 3.713 

0.005 8.416 596.02 2.724 

0.010 8.355 583.20 8.778 

0.015 8.433 599.41 17.480 

0.020 8.366 585.50 10.896 

0.025 8.364 585.15 13.653 

 

FTIR Analysis 

The Fourier transform infrared (FTIR) spectra of Ni₁₋ₓCrₓFe₂O₄ thin films in the compositional range 

x=0.00–0.025 exhibit two prominent absorption bands, which are the fingerprint features of spinel ferrite 

structures. The high-frequency band 𝜈1, observed in the range of ~555–592 cm⁻¹, is attributed to the intrinsic 

stretching vibrations of metal–oxygen (M–O) bonds at the tetrahedral (A) sites, while the lower-frequency band 

𝜈2, located around ~379–413 cm⁻¹, corresponds to octahedral (B) site vibrations. The presence of these two 

characteristic bands confirms the formation of a well-defined cubic spinel structure and is in agreement with 

standard ferrite systems [27–29]. 

A systematic variation in both 𝜈1 and 𝜈2 bands with increasing Cr content clearly indicates modification 

in the local bonding environment. The tetrahedral band 𝜈1 

shows an overall shift toward lower wavenumbers from 592 cm⁻¹ (x = 0.000) to 555 cm⁻¹ (x = 0.020), 

followed by a slight recovery at higher concentration. This red shift suggests a weakening of the M–O bond 

strength at A-sites, which can be attributed to lattice distortion, bond length elongation, and redistribution of 

cations induced by Cr³⁺ substitution. 

Similarly, the octahedral band 𝜈2 exhibits a noticeable variation, with an initial increase to 413 cm⁻¹ at x 

= 0.005, followed by a gradual decrease to 379 cm⁻¹ at x = 0.020. The more pronounced change in 𝜈2 compared 

to 𝜈1 indicates that Cr³⁺ ions predominantly occupy the octahedral (B) sites, thereby significantly influencing the 

Fe–O bonding environment. This preferential occupation is consistent with the known site preference behavior 

of Cr³⁺ ions in spinel ferrites and leads to modification in bond strength and local symmetry [30–32]. 

The vibrational frequency of these bands is directly related to the force constant 𝑘 of the metal oxygen 

bond and is expressed as: 
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where, μ is the reduced mass of the vibrating system. The observed decrease in vibrational frequency 

with increasing Cr concentration indicates a reduction in the force constant k, which is associated with an increase 

in bond length and the development of lattice strain. These results are consistent with the XRD observations of 

lattice distortion and variation in lattice parameters. 

The non-monotonic variation in both 𝜈1 and 𝜈2 bands further suggests cation redistribution between 

tetrahedral and octahedral sites. Such redistribution alters the local structural environment and introduces short-

range disorder within the lattice. Additionally, the broadening and shifting of FTIR bands at higher Cr 

concentrations indicate the presence of increased lattice imperfections and microstructural strain, which correlate 

well with the increase in dislocation density observed from XRD analysis [33–35]. 

Overall, the FTIR analysis provides strong evidence for the successful incorporation of Cr³⁺ ions into the 

NiFe₂O₄ lattice and reveals significant modifications in the metal–oxygen bonding characteristics. The combined 

effects of lattice distortion, cation redistribution, and defect generation play a crucial role in tuning the structural 

framework, which is expected to directly influence the magnetic, electrical, and optical properties of the thin 

films. 

 

Table 2. Infrared spectra for Ni1-xCrxFe2O4 (x = 0.00-0.025) thin films 
Cr content (x) v1 v2 

0.000 592 398 

0.005 590 413 

0.010 590 398 

0.015 578 395 

0.020 555 379 

0.025 579 385 

 

UV-Vis and Optical Band Gap Analysis 

 
Figure 2. UV-Vis spectra of Ni1-xCrxFe2O4 (x = 0.00-0.025) thin films 

 

Figure 2 shows the Ultraviolet-visible (UV-Vis) spectroscopy was used to examine the optical properties 

and bandgap energies of Ni1-xCrxFe2O4 thin films. The optical properties of Ni₁₋ₓCrₓFe₂O₄ thin films were 

investigated using UV-Vis spectroscopy, and the corresponding absorbance and optical band gap (𝐸𝑔) values are 

presented as a function of Cr concentration. The absorbance values remain nearly constant (~325–327) across all 

compositions, indicating that Cr substitution does not significantly alter the overall light absorption capacity in 

the measured spectral range. However, subtle variations in absorbance suggest minor changes in electronic 

transitions and film microstructure with increasing dopant concentration. The optical band gap energy (𝐸𝑔) was 

determined using the Tauc relation: 

ℎ𝑣= 𝐴(ℎ𝜐 − 𝐸𝑔) 
Where, 𝛼 is the absorption coefficient, hν is the photon energy, A is a constant, and n=2 for direct allowed 

transitions. The extrapolation of the linear portion of the (𝛼ℎ𝜐)2 versus hν plot yields the band gap energy. 

The evaluated band gap values exhibit a non-linear decreasing trend with increasing Cr content. Initially, 

𝐸𝑔 decreases from 3.22 eV (x = 0.000) to 3.15 eV (x = 0.005), followed by a slight increase to 3.26 eV at x = 
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0.010. With further increase in Cr concentration, the band gap decreases significantly, reaching a minimum value 

of 2.94 eV at x = 0.025. This non-monotonic behaviours suggests the presence of competing mechanisms 

influencing the electronic structure of the material. 

The reduction in band gap at higher Cr concentrations can be attributed to the introduction of impurity 

energy levels within the forbidden band. The substitution of Cr³⁺ ions modify the electronic configuration and 

facilitates the formation of localized states near the conduction or valence band edges, thereby narrowing the 

effective band gap. Additionally, increased defect density and lattice strain, as confirmed by XRD analysis, 

contribute to band tailing and enhanced carrier localization, further reducing 𝐸𝑔 [36–38]. 

The slight increase in band gap observed at x = 0.010 may be associated with improved crystallinity or 

reduced defect density at this composition, leading to a more ordered electronic structure. Such variations are 

commonly reported in doped ferrite systems, where the band gap is highly sensitive to cation distribution, grain 

size, and microstructural disorder [39,40]. 

Furthermore, the decrease in band gap with increasing Cr content can also be explained by the sp–d 

exchange interactions between the band electrons and the localized d-electrons of Cr³⁺ ions. These interactions 

modify the band structure and lead to a shift in the conduction and valence band edges, resulting in band gap 

narrowing [41,42]. Overall, the tunability of the optical band gap with Cr concentration highlights the potential 

of these materials for applications in optoelectronic devices, photocatalysis, and spintronic systems. 

 

Table 3. UV-Vis absorbance and Optical bandgap energy (Eg) for the Ni1-xCrxFe2O4 (x = 0.00-0.025) thin films 
x Abs. Eg 

0.0 325.33 3.22 

0.005 325.12 3.15 

0.01 326.69 3.26 

0.015 326.55 3.01 

0.02 325.27 2.96 

0.025 327.42 2.94 

 

IV. Conclusion 
Ni₁₋ₓCrₓFe₂O₄ thin films (x = 0.00–0.025) were successfully synthesized with a single-phase cubic spinel 

structure confirmed by XRD. The variation in lattice parameters and dislocation density indicates lattice distortion 

and defect generation due to Cr substitution. FTIR spectra revealed characteristic tetrahedral and octahedral 

bands, with shifts confirming changes in metal–oxygen bonding and preferential occupation of Cr³⁺ ions at B-

sites. UV-Vis analysis showed a tunable optical band gap, decreasing from 3.22 eV to 2.94 eV with increasing Cr 

content, attributed to defect states and electronic structure modification. The strong correlation between structural, 

vibrational, and optical properties highlights the role of cation redistribution and lattice strain. Overall, Cr doping 

effectively tailors the properties of NiFe₂O₄ thin films, making them promising candidates for optoelectronic, 

photocatalytic, and spintronic applications. 
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