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Abstract 

In this paper, we report the preparation of nanocrystalline thin films of Nickel aluminate and Gadolinium 

spinel ferrite, having the chemical formula NiFe2-xAlxGdxO4, where Al3+ and Gd3+ vary from 0.00 to 0.02 

and 0.04, respectively, with a rise of 0.02, using the well-known spray pyrolysis deposition method. The 

thin films were grown and deposited on ultrasonically clean glass substrates. The X-ray diffraction pattern 

shows the orientation of various diffraction peaks at (220), (311), (222), (400), (422), (511), and (540).  

The occurrence of this diffraction peak suggests the formation of a single-phase compound, as there are 

no extra diffraction peaks in the XRD pattern other than the cubic spinel phase. The crystallite size, 

deduced from the Debye-Scherrer equation, varies in the range of 17 nm to 15 nm. The Lattice parameter 

was found to decrease with the doping of Al3+ and Gd3+ ions. FTIR spectra show the absorption bands 

close to the 400 cm-1 and 600 cm-1 wave numbers, which are attributed to stretching vibrations of the metal 

oxygen bond.  The ohmic nature of the prepared thin film was confirmed through I-V characteristics. 

 

Keywords: Thin Film, Nickel ferrite, Spray pyrolysis, lattice constant, I-V 

 

1. Introduction 

The ferrite-based oxide magnetic materials have been the subject of thorough research for more than seven 

decades due to their diverse and technologically important properties[1]. Their unusual electrical, optical, 

dielectric, catalytic, and magnetic characteristics allow their use across a broad spectrum of applications, 

including storage materials, micro-devices, and gas sensors, water-splitting reactions, and electromagnetic 

wave absorption[2]. The ferrite films are well used as magnetic core materials with low iron loss, opto-

magnetic devices, and vertical recording magnetic material in surface magnetism studies[3]. The ferrites 

can be confidential into three main families: spinel ferrites, cubic garnets, and hexagonal ferrites[4]. 

Among these, spinel ferrites represent the most commonly studied and technologically important class 

due to their outstanding combination of magnetic and electrical properties[5]. The ferrites with the general 

chemical formula MFe2O4 (M = divalent metal) show the cubic spinel structure[6]. It contains two atomic 
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sites for divalent metal ions and trivalent Fe ions, namely, the tetrahedral (A) site and the octahedral (B) 

site[7]. Depending on the distribution of metal cations over these sites, spinel ferrites can adopt normal, 

inverse, or diverse spinel structures[8]. The electrical conductivity, magnetic ordering, dielectric 

behaviour, and optical response of ferrites are strongly ruled by this cation distribution, which in turn 

depends on ionic radius, valence state, and synthesis conditions[9]. 

It is well conventional that the essential physical properties of ferrites are highly complex in the method 

of synthesis[10]. The bulk ferrites are conservatively produced by solid-state ceramic methods, which 

typically need high processing temperatures[11]. In divergence, nanocrystalline ferrites can be obtained 

through low-temperature wet-chemical routes such as sol–gel, co-precipitation, hydrothermal, or 

combustion synthesis[12].  For device-level integration, ferrites are frequently fabricated in thin-film form, 

which provides not only a large surface-to-volume ratio but also better-quality compatibility with 

microelectronic architectures. 

Currently, ferrite thin films have attracted considerable attention due to their unusual magnetic anisotropy, 

enhanced dielectric properties, and tunable optical response at the nanoscale[13]. Thin-film deposition can 

be attained through a variety of techniques, broadly categorised into physical and chemical 

approaches[14]. Physical methods include pulsed laser deposition (PLD), RF sputtering, and thermal 

evaporation, which generally provide high-quality films but require exclusive equipment[15]. 

Alternatively, chemical methods such as sol–gel processing, electrodeposition, chemical vapour 

deposition, and spray pyrolysis offer cost-effective and scalable routes for thin-film fabrication[14]. 

Among these, spray pyrolysis has emerged as one of the most versatile and widely used techniques for 

preparing ferrite thin films[16]. The method is relatively simple, inexpensive, and adaptable for large-area 

deposition on substrates such as glass, quartz, or silicon[17]. Several processing parameters—such as 

spray rate, carrier gas pressure, precursor concentration, nozzle-to-substrate distance, substrate 

temperature, and post-deposition annealing—critically influence the structural, morphological, and 

functional characteristics of the subsequent films[18]. Owing to its flexibility, spray pyrolysis has been 

extensively employed to synthesize spinel ferrite thin films with tailored microstructure and properties for 

diverse applications, ranging from optoelectronic devices to electromagnetic interference shielding 

materials[19]. 

Thus, by careful optimization of synthesis routes, cation substitution, and thin-film processing parameters, 

spinel ferrites continue to offer immense potential for next-generation multifunctional materials and 

devices[20]. 

In the present study, nickel ferrite (NiFe2O4), a prominent member of the spinel ferrite family, has been 

selected in its pure form as well as in Al³⁺ and Gd³⁺ co-doped compositions for a detailed study of their 

functional properties. Thin films of NiFe2-xAlxGdxO4 were manufactured using the spray pyrolysis 

technique, where the deposition parameters such as substrate temperature, precursor concentration, and 

spray rate were carefully improved to achieve uniform, adherent, and nanocrystalline films. The 

synthesized samples were subjected to comprehensive characterization to elucidate their structural, Raman 

vibrational, electrical, and (I–V) properties. The structural analysis offers insight into the crystallinity and 

lattice modifications induced by co-doping, whereas Raman spectroscopy confirms local vibrational 

modes associated with the spinel structure. Current–voltage characteristics were examined to assess the 

nature of electrical transport. The systematic correlation between dopant-induced modifications and the 

observed physical properties highlights the potential of Al³⁺ and Gd³⁺ co-doped nickel ferrite thin films for 

multifunctional device applications. 
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2. Materials and Methods 

2.1 Materials 

The AR grade nickel nitrate hexahydrate (Ni (NO3)2.6H2O), aluminium nitrate nonahydrate (Al 

(NO3)3.9H2O), gadolinium nitrate nonahydrate (Gd (NO3)3.9H2O), and ferric nitrate nonahydrate (Fe 

(NO3)3.9H2O) were used as starting materials. The glass substrates were carefully dipped in chromic acid 

for 45 min. These glass slides were cleaned in the ultrasonic bath for 25-30 min and used as a glass 

substrate. 

 

2.2 Synthesis 

Thin films of NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 0.04) were deposited on optically transparent glass 

substrates of dimensions 75 mm × 25 mm × 1.35 mm by employing the spray pyrolysis method. High-

purity precursor salts (~99.98%), namely nickel nitrate hexahydrate (Ni (NO3)2.6H2O), aluminium nitrate 

nonahydrate (Al (NO3)3.9H2O), gadolinium nitrate nonahydrate (Gd (NO3)3.9H2O), and ferric nitrate 

nonahydrate (Fe (NO3)3.9H2O), served as starting materials. Each nitrate compound was first dissolved 

individually in deionised water to prepare 0.1 M solutions of Ni²⁺, Al³⁺, Gd³⁺, and Fe³⁺ ions. These solutions 

were then combined in such a manner that the cationic proportion of Ni²⁺ (Fe³⁺ + Al³⁺ + Gd³⁺) remained 

1:2, in accordance with the stoichiometry of NiFe2-xAlxGdxO4. Nickel nitrate provided the main cationic 

source, while ferric nitrate, along with controlled quantities of aluminium and gadolinium nitrates, 

constituted the secondary fraction, thereby ensuring the required chemical composition of the final spray 

solution. The homogeneous precursor solution was atomised through a spray nozzle and directed onto 

glass substrates maintained at ~385 °C. The spraying pressure was maintained at approximately 0.25 Pa 

to ensure uniform film growth. Following each spray burst, the substrate temperature showed a slight 

decrease and typically required 2–6 minutes to return to the present value, which was regulated by a digital 

temperature controller. Other deposition parameters, including spray rate, pressure, and nozzle-to-

substrate distance, were optimised and are presented in Table. 1 After the deposition process, the substrates 

were kept at the same temperature for 20–25 minutes to ensure proper film formation and then allowed to 

cool gradually to room temperature. To improve crystallinity and remove any residual moisture or 

unwanted phases, the as-prepared films were annealed at 550 °C for 4 hours. 

 

2.3 Growth and deposition of NiFe2-xAlxGdxO4 thin film 

In this work, undoped nickel ferrite (NiFe2O4) with a normal spinel structure, as well as Al³⁺ and Gd³⁺ 

substituted nickel ferrite (NiFe2-xAlxGdxO4), were deposited on cleaned glass substrates via the spray 

pyrolysis technique. A schematic of the process is illustrated in Figure. 1 Precursor solutions of nickel 

nitrate, ferric nitrate, and aluminium nitrate were atomised using compressed air and delivered onto 

substrates preheated to approximately 550 °C. Upon impact, the aerosol droplets decomposed thermally, 

giving rise to thin, adherent ferrite films. 

 

3. Characterizations 

To examine the structural, vibrational, and electrical characteristics of the Al³⁺ and Gd³⁺ substituted nickel 

ferrite thin films, a variety of analytical techniques were employed. Structural analysis was carried out 

using a BRUKER D8 Advance X-ray diffractometer with Cu-Kα radiation, within the 2θ scanning range 

of 20°–80°.  
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Table 1. Experimental parameters of NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 0.04) thin Films by 

spray pyrolysis deposition techniques. 

 

Parameters Specification 

Molarity proportion 1:2 

Volume proportion 1:2 

Dimensions Cleaned glass (75 mm × 25 mm × 1.35 mm) 

Nozzle to substrate distance 29 cm 

Spray rate 2-4 ml/min 

Spray pressure 0.25 Pa 

Substrate temperature 385°C 

Annealing temperature and time 550°C for 4 h 

 

 The vibrational modes of the films were investigated through Fourier Transform Infrared Spectroscopy 

(FTIR) using a JASCO FT-IR 6600 spectrophotometer, covering the spectral window from 4000 to 400 

cm⁻¹. Raman scattering measurements were obtained at room temperature with the STR-500 Micro-

Raman spectrometer (Japan). Film thickness for the doped samples was estimated using the width 

difference method. 

 

 

 
 

 

Fig.1. Block Diagram of the deposition of thin film onto a glass substrate. 

 

4. Results and Discussion 

4.1 X-ray Diffraction 

Thickness of the Film is a key parameter since it significantly affects the structural, morphological, optical, 

and electrical behaviour of thin films, thereby influencing their potential applications[21]. In this study, 

the thickness of NiFe2-xAlxGdxO4 thin films was determined using the conventional weight difference 

method. The weights of both the uncoated glass substrate and the substrate after film deposition were 

measured with a single-pan analytical balance having an accuracy of ±0.01 mg[22]. Thickness values were 

then obtained using the standard relation, and the calculated results are presented in Table. 3 
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𝑡 =
𝛿𝑚

𝐴𝜌
                                                                                                                                                                 (1) 

where δ delta is the density of the material, mmm is the mass of the film, and A is the surface area of the 

substrate. 

 
Figure 2. X-ray diffraction pattern of NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 0.04) thin films. 

 

Table 2. Values of Bragg's angle (2θ), Miller indices (hkl), Intensity (I), (I/Io) relative intensity and 

Interplanar spacing (d) of NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 0.04) thin films. 

 

 

 

 

 

 x = 0.00    

Bragg’s angle (2θ) 
Miller indices (h k 

l) 
Intensity (a. u.) I/Io 

Interplanar 

spacing (d)Å 

30.76 220 1452.8 37.3 
      2.9036 

 

36.12 311 3892.5 
100.0 

 
2.4841 

37.24 222 449.1 
11.5 

 
2.4119 

43.87 400 916.8 
23.6 

 
2.0616 

53.31 422 983.1 
25.3 

 
1.7166 

57.21 511 1061.5 
27.3 

 
1.6085 

62.15 440 1326.2 34.1 1.4920 
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The room-temperature X-ray diffraction (XRD) patterns of Al³⁺ and Gd³⁺ co-doped nickel ferrite NiFe2-

xAlxGdxO4 thin films are presented in Figure 2. The diffraction peaks are indexed to the (220), (311), 

(222), (400), (422), (511), and (440) planes, consistent with Bragg’s law[23]. The presence of sharp yet 

slightly broadened reflections indicates the nanocrystalline nature of the films[24]. The obtained patterns 

exhibit good agreement with previously reported spinel ferrites and correspond well with the standard 

JCPDS card no. 08-0234[25]. The absence of secondary peaks confirms the formation of a single-phase 

cubic spinel structure. A detailed analysis of the diffraction data was conducted to determine structural 

parameters, including the lattice constant, unit cell volume, and X-ray density. These values, calculated 

using standard crystallographic relations, are summarised in Table. 2 The lattice constant (a) was 

evaluated using the relation, 

𝑎2 =
𝜆2(ℎ2+𝑘2+𝑙2)

4𝑠𝑖𝑛2𝜃
                                                                                                                      (2) 

The lattice parameter of undoped nickel ferrite was found to be in close agreement with the values reported 

in earlier studies. A systematic increase in the lattice constant was observed upon substitution with Gd³⁺ 

ions. This variation can be understood in terms of the difference in ionic radii between the dopant and host 

cations. In the present case, Fe³⁺ ions at the octahedral sites are progressively replaced by Al³⁺ and Gd³⁺ 

ions. Since the ionic radii of Al³⁺ (0.51 Å) and Gd³⁺ (0.93 Å) differ from that of Fe³⁺ (0.67 Å), the 

incorporation of the larger Gd³⁺ ions lead to an expansion of the lattice. 

 

 
 

Figure 3. Lattice constant vs composition (x) for NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 0.04) thin 

films. 

 Consequently, the unit cell volume (V), evaluated from the lattice constant (a), also shows a gradual 

increase with Gd³⁺ concentration, as summarised in Table. 3 Furthermore, the X-ray density (ρₓ) was 

determined using the standard relation[26], 

(𝜌𝑥) =
8𝑀

𝑁𝐴𝑎3                                                                                                                              (3) 

where Z is the number of formula units per unit cell, M is the molecular weight, N_A is Avogadro’s number, 

and a is the lattice constant. 

The molecular weight of the compound is denoted by m, the lattice parameter by a, and Nₐ represents 

Avogadro’s number. As presented in the Table, the X-ray density exhibits a decreasing tendency with 

progressive substitution of Gd³⁺ ions. This reduction can be correlated with the increase in dopant 
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concentration (x). The average crystallite size was determined using the Scherrer relation, expressed in the 

equation[27], 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                                       (4) 

 

Where λ is the wavelength, θ is Bragg’s angle of diffraction and β is the FWHM (Full width at half 

maxima). The obtained values are listed in the Table. 3 

Table. 3 Values of thickness (t), crystallite size (D) by Debye Scherrer, crystallite size (D) by W-H 

plot, lattice constant(a), X-ray density (dx), and Volume (V) of NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 

0.04) thin films. 

 

 

The microstructure parameters are calculated using the following relation[28], 

𝐿𝑆 =
𝛽

4𝑡𝑎𝑛𝜃
                                                                                                                                       (5) 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
                                                                                                                                         (6) 

𝛿 =
1

𝐷2                                                                                                                                              (7) 

𝑆𝐹 =
2𝜋2

45√3𝑡𝑎𝑛𝜃
                                                                                                                                  (8) 

Table. 4 presents the calculated structural parameters of the prepared thin films. Lattice strain provides 

insight into the extent of distortion within the crystal lattice, which can originate from thermal expansion, 

point defects, dislocations, surface stress, and other intrinsic or extrinsic factors[29]. An increase in lattice 

strain with progressive Al³⁺ and Gd³⁺ co-doping indicates enhanced lattice distortion, consistent with the 

substitution of cations of different ionic radii into the host matrix. The estimation of microstrain further 

supports this observation, as it reflects the degree of local lattice deformation. As summarised in Table 4, 

the microstrain values are relatively low but exhibit a systematic increase with higher Al³⁺ and Gd³⁺ 

concentrations, suggesting a uniform distribution of dopant ions and minimal compositional 

inhomogeneity in the synthesised films. 

Dislocation density, which quantifies the density of linear imperfections in the lattice, also shows a 

noticeable increase with Gd³⁺ incorporation[27]. This trend implies the generation of additional crystal 

defects and localised distortions, which could play a role in modifying the mechanical stability and 

electronic behaviour of the thin films[30]. In contrast, the stacking fault probability remains nearly 

unchanged across all doping levels, signifying that the overall stacking sequence of atomic planes is 

preserved despite the introduction of dopants[31]. Overall, the microstructural analysis reveals that Al³⁺ 

and Gd³⁺ co-doping induces measurable lattice strain, higher macrostrain, and increased dislocation 

density, while leaving the stacking fault probability almost unaffected. These findings highlight the 

Composition 

x 

t 

(nm) 

D 

(nm) 

by 

Debye-

Scherrer 

D 

(nm) by 

W-H 

a 

(Å) 

dx 

(g/cm3) 

Volume 

(Å)3 

 

0.00 239 9 17 8.3230 5.4056 576.5 

0.02 222 13 17 8.3311 5.4343 578.2 

0.04 257 15 15 8.3414 5.4437 580.4 

https://www.ijfmr.com/


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR250557383 Volume 7, Issue 5, September-October 2025 8 

 

delicate balance between structural distortion and lattice stability in co-doped nickel ferrite thin films, 

which may strongly influence their functional properties, such as electrical conductivity, optical response, 

and magnetic behaviour. 

 Table. 4 Values of Lattice strain (LS), micro strain (ε), Dislocation density (δ), Stacking fault (SF) 

for XRD patterns of NiFe2-xAlxGdxO4 (x = 0.00, 0.02 and 0.04) thin films. 

x LS ε (*10- δ (*1016 lines/m-2) SF (*10-2) 

0.00 3.5750 1.9201          3.0709 
  

0.0556 
 

0.02 4.7036 5.2667 5.2667         0.0554 

0.04 4.0210 2.1959 4.0162 
 0.0560  

 

 

4.2 Williamson-Hall analysis 

The broadening of X-ray diffraction (XRD) peaks in nanocrystalline materials generally arises from two 

main factors: finite crystallite size and lattice strain[32]. To quantitatively distinguish these contributions, 

the Williamson–Hall (W–H) method was applied for NiFe2-xAlxGdxO4 thin films with compositions x= 

0.00, 0.02, and 0.04 as shown in Figure. 4. The relation employed in the W–H approach is expressed 

as[33], 

𝛽 cos 𝜃 =
𝑘𝜆

𝑡
+ 4𝜀 sin 𝜃                                                                                                             (9) 

where β is the full width at half maximum (FWHM) of the diffraction peak (in radians), θ is the Bragg 

diffraction angle, k is the shape factor (taken as 0.9), λ is the wavelength of Cu–Kα radiation (1.5406 Å), 

D is the crystallite size, and ϵ is the lattice strain. 

Plots of β cos θ against 4sin θ for all compositions exhibit a linear trend, confirming the validity of the 

W–H model. The intercept of the fitted line provides the inverse of the crystallite size, while the slope 

corresponds to the lattice strain[34]. The calculated crystallite sizes were found to decrease slightly with 

increasing Al³⁺ and Gd³⁺ co-doping, whereas the microstrain values showed a monotonic increase[35]. 

This behaviour suggests that the substitution of Fe³⁺ ions by larger Gd³⁺ and smaller Al³⁺ ions introduces 

local lattice distortions, thereby enhancing strain within the spinel framework[36].  
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Figure 4.  Williamson-Hall plot of NiFe2-xAlxGdxO4 (x = 0.00.0.02 and 0.04) thin films. 

 

The results obtained from W–H analysis are consistent with the crystallite size trends predicted from the 

Scherrer equation. Still, they highlight the role of lattice strain in governing peak broadening. Thus, the 

co-doping of Al³⁺ and Gd³⁺ not only alters the crystallite growth mechanism but also introduces measurable 

distortions within the crystal lattice of nickel ferrite thin films. 

 

4.3 Fourier Transform Infrared Spectroscopy 

The Fourier Transform Infrared (FTIR) absorption spectra of the synthesised thin films, recorded in the 

frequency range of 400–4000 cm⁻¹, are presented in Figure. 5 The spectra exhibit two characteristic 

absorption bands, one located near 600 cm⁻¹ and the other around 400 cm⁻¹. These absorption features 

arise from lattice vibrations connected with the tetrahedral (A) and octahedral (B) sites of the spinel 

structure[37]. The higher-frequency band (ν₁), observed close to 600 cm⁻¹, corresponds to the stretching 

vibrations of metal–oxygen bonds at tetrahedral sites, while the lower-frequency band, appearing near 400 

cm⁻¹, is attributed to metal–oxygen stretching at octahedral sites[38].  

 
 

Figure. 5 FTIR spectra of NiFe2-xAlxGdxO4 (x = 0.00, 0.02 and 0.04) thin films 
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The positions of these bands for different Al³⁺ and Gd³⁺ concentrations are summarised in Table. 5 

Comparable absorption features have also been reported for other spinel ferrite systems, confirming the 

characteristic vibrational behaviour of the spinel lattice. 

Table. 5 Values of absorption bands for the FT-IR spectrum of NiFe2-xAlxGdxO4 (x = 0.00, 0.02 and 

0.04) thin films. 

 

x υ1 cm-1 υ2 cm-1 

0.00 532 397 

0.02 535 418 

0.04 542 396 

Attributed to M-O M-O 

 

 

4.4 Current- Voltage (I-V) Characterisation 

The current–voltage (I–V) characteristics of Al³⁺ and Gd³⁺ co-doped NiFe2-xAlxGdxO4 thin films deposited 

on glass substrates are shown in Figure. 6 The curves exhibit a nearly linear relationship between current 

and applied voltage, confirming the formation of an ohmic contact between the electrodes and the 

films[39]. 

 
Figure 6.  I-V curves of NiFe2-xAlxGdxO4 (x = 0.00, 0.02, and 0.04) thin films recorded at room 

temperature. 

 The thin films exhibit an ohmic nature, with resistance values in the order of mega ohms, and are listed 

in Table. 5 Al3+ and Gd3+ co-doping strongly influences the resistivity of pure nickel ferrite. The I-V plots 

were used to calculate the resistivity of the films using the following relations[40]. 

 

𝜌 =
𝑅𝐴

𝑡
                                                                                                                                                  (10) 

 

where, ‘R’ is the resistance, ‘A’ is the area of the thin film and ‘t’ is the thickness of the thin film. The 

resistivity values are displayed in the table, which shows a decreasing trend with Al3+ and Gd3+ co-doping. 

The increase in resistivity can be attributed to 9.06×109 - 1.81×109 Ω-m, decreasing the concentration of 
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Al3+ and Gd3+ co-doping. This decrease in resistivity can be explained by the preferential tendency of Al3+ 

and Gd3+ to occupy either the A or B-site. 

Table. 6 Resistivity of NiFe2-xAlxGdxO4 (x = 0.00, 0.02 and 0.04) thin films. 

 

5. Conclusions 

The deposited NiFe2-xAlxGdxO4 thin films exhibit a uniform thickness in the range of 239–257 nm and 

demonstrate a nanocrystalline nature. X-ray diffraction analysis confirms the formation of a single-phase 

cubic spinel structure. The average crystallite size, estimated using the Debye–Scherrer equation, lies 

between 9 and 15 nm. A systematic reduction in the lattice parameter is observed with the incorporation 

of Al³⁺ and Gd³⁺ ions, which can be attributed to the substitutional effect of the dopant ions. Fourier-

transform infrared (FTIR) spectra reveal two distinct absorption bands corresponding to the metal–oxygen 

vibrations at tetrahedral and octahedral sites, further supporting the cubic spinel structure. Raman spectra 

exhibit the characteristic five active modes, namely T₂g (1), Eg, T₂g (2), T₂g (3), and A₁g (1), thereby 

confirming the spinel symmetry of the synthesized films. Current–voltage measurements at room 

temperature demonstrate nearly linear behaviour, indicating the formation of Ohmic contacts in the Al³⁺ 

and Gd³⁺ co-doped NiFe2-xAlxGdxO4 thin films. 
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