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In this work, the successful synthesis and deposition of Gd3+-doped nickel ferrite (NiFe2-xGdxO4, x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) 

thin films using the spray pyrolysis technique was achieved. The films were deposited onto ultrasonically cleaned glass substrates and 

subsequently annealed at 500 ºC for 4 h to enhance crystallinity and phase formation. This approach offers a cost-effective and scalable 

route for fabricating doped ferrite thin films with tunable properties for potential electronic and magnetic device applications. The X-ray 

diffraction pattern reflects the presence of diffraction planes (220), (311), (222), (400), (422), (511) and (440), which belonging to the 

cubic structure. XRD analysis proved that the thin films possess a cubic spinel structure with single-phase formation. The crystallite size 

calculated from the FWHM of the (311) plane was found to be in the range of 16 to 10 nm. The lattice constant increased from 8.334 Å 

to 8.388 Å on Gd3+ doping. AFM analysis of typical samples revealed a granular nature and surface roughness and skewness factor. The 

cubic spinel structure was also confirmed by Raman spectroscopy, which revealed the presence of five active modes. The I-V 

characteristic study revealed the ohmic nature, showing the resistivity of the order of 106-107 Ω-m. The optical band gap determined from 

the Tauc plot was in the range of 1.46 eV to 1.80 eV. The band gap increases with increase with Gd3+ doping. 
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INTRODUCTION 

 Ferrites are the magnetic oxides with tunable electrical, 

magnetic and optical properties, influenced by their comp-

osition, structure and synthesis method. They exist in spinel, 

hexagonal and garnet forms, and are widely used in sensors, 

data storage, high-frequency devices and catalysis [1]. Among 

these ferrites, spinel ferrite is a unique and widely studied 

material for many applications. It is represented by the chem-

ical formula MFe2O4 (M = Co2+, Ni2+, Zn2+, etc.) and posse-

sses a cubic spinel structure with the space group fd3mOh7 [2-5]. 

The crystal structure of spinel ferrite consists of tetrahedral 

(A) and octahedral [B] sites, in which various types of cations 

are combined. The occupancy of the cations at (A) and [B] 

sites is important for understanding their structural, electrical, 

optical and magnetic properties. Spinel ferrite exhibits high 

electrical resistivity, low eddy current and dielectric losses, 

high saturation magnetization, high permeability and a high 
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Curie temperature. The properties of ferrite are sensitive to its 

size, shape and morphology [6]. It is well-known that the 

properties of nano size spinel ferrite are superior to those of 

bulk spinel ferrite [7]. Nano-size materials exhibit extraordi-

nary properties such as small size of the order of nanometer, 

large surface-to-volume ratios, biocompatibility, biodegrad-

ability and chemically more stability. 

 In recent years, nanocrystalline ferrite thin films have 

gained significant attention due to their large surface areas. 

Applications of ferrite thin films include data storage, trans-

formers, batteries, gas sensors, magnetic recording medium, 

microwave devices and hydrogen production [8-14]. The 

properties exhibited by the thin film ferrite mostly depend on 

their preparation and deposition techniques [7]. Different depo-

sition techniques are available, which are divided into two 

groups: (i) physical and (ii) chemical methods, such as pulse 

laser deposition (PLD), dip coating, sputtering and spray 

pyrolysis [15-18]. Among various deposition techniques, spray 
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pyrolysis is widely employed due to its simplicity, cost-effec-

tiveness and ability to produce thin films with large surface 

area and good uniformity. This method requires low energy and 

good control of the size and thickness of the film. This method 

is also useful for producing mixed thin films of nanocryst-

alline nature [19].  

 Literature reports indicate extensive studies on nickel ferrite 

thin films doped with various divalent and trivalent cations 

[20-25]. However, systematic investigations on the influence 

of rare-earth ion doping particularly on the structural, Raman, 

morphological, electrical and optical properties remain limited. 

Among rare-earth elements, Gd3+ is of particular interest due 

to its strong magnetic moment and preferential occupation of 

octahedral [B] sites in the spinel lattice, which significantly 

alters material properties. Significantly, studies on Gd3+-doped 

nickel ferrite thin films are scarce, highlighting the need for 

further exploration. Nickel ferrite is a promising candidate for 

various technological applications. It shows an inverse spinel 

structure with Ni2+ occupying mainly octahedral [B] sites and 

Fe3+ ions occupying both tetrahedral (A) and octahedral [B] 

sites. Therefore, an attempt is made to understand the influ-

ence of Gd3+ doping on the structural, morphological, Raman, 

electrical and optical properties of nickel ferrite thin films in 

nanocrystalline form grown by spray pyrolysis. 

EXPERIMENTAL 

 The synthesis of NiFe2-xGdxO4 (where x = 0.00, 0.02, 

0.04, 0.06, 0.08 and 0.10) thin films requires AR grade nickel 

nitrate hexahydrate (Ni(NO3)2·6H2O), gadolinium nitrate nona-

hydrate (Gd(NO3)3·9H2O) and ferric nitrate nonahydrate 

(Fe(NO3)3·9H2O). The molar ratio of the metal nitrate to iron 

nitrate was 1:2. The glass substrate was then carefully soaked 

in chromic acid for 40 min. These glass substrates were cleaned 

for 40 min in using acetone and finally with water before being 

utilized as glass substrates to deposit the thin films. 

 Thin film preparation: Using spray pyrolysis techni-

ques NiFe2-xGdxO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) 

thin films were grown and deposited on clean glass substrate 

of dimensions of 75 mm × 25 mm × 1.35 mm. Analytical grade 

(purity ~99.98%) nickel nitrate hexahydrate (Ni(NO3)2·6H2O), 

nickel nitrate hexahydrate (Ni(NO3)2·6H2O), gadolinium nitrate 

nonahydrate (Gd(NO3)3·9H2O) and ferric nitrate nonahydrate 

(Fe(NO3)3·9H2O) were used. After dissolving each nitrate in 

deionized water, 0.1 molarity of each ion-Ni2+, Gd3+ and Fe3+ 

was extracted. In a 1:2 volumetric ratio, the arranged solu-

tions of ferric, gadolinium and nickel nitrates were combined 

(ferric nitrate was number two and nickel nitrate was number 

one). A spray gun was then used to spray the mixture of nickel 

nitrate and ferric nitrate over a glass substrate that had been 

preheated to approximately 385 ºC while using the proper nozzle 

pressure (0.26 pa). After each spray, it takes approximately 

around three to 4 min to reach the desired temperature, which 

is slightly lowered by the planned application. The temperat-

ure of substrate was maintained using a temperature controller. 

Table-1 lists the values of several optimized parameters that 

were maintained during the thin film deposition process, inclu-

ding the spray pressure to substrate distance rate. After the 

whole deposition process, the substrate temperature was main- 

TABLE-1 

OPTIMIZED PARAMETERS OF SPRAY DEPOSITION OF  

NiFe2-xGdxO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10) THIN FILMS 

Parameters Specification 

Molarity proportion 1:2 

Volume proportion 1:2 

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

Nozzle to substrate distance 28 cm 

Spray rate 2-4 mL/min 

Spray pressure 0.26 Pa 

Substrate temperature 385 ºC 

Annealing temperature and time 500 ºC for 4 h 

 

tained at a steady level for 12 to 18 min to allow the thin layer 

to form before gradually cooling to room temperature. Since 

water molecules and other contaminants may be eliminated 

from the sample at this temperature, the former thin film was 

annealed for 4 h at 500 ºC. A block diagram of the spray pyro-

lysis setup used to develop the NiFe2-xGdxO4 (x = 0.00, 0.02, 

0.04, 0.06, 0.08 and 0.10) thin films is shown in Fig. 1. 

 

 
Fig. 1. Block diagram of the deposition of the thin film onto the glass 

substrate 

 

 Characterizations: Several characterization techniques 

were employed to evaluate the structural, electrical, optical 

and other properties of the Gd3+ doped nickel ferrite thin films. 

The XRD pattern of the BRUKER D8 advanced X-ray diffrac-

tometer was recorded. The structural features of the thin films 

were evaluated using CuK radiation in the 2θ range of 20º 

to 80º, to evaluate the structural features of the thin film. The 

surface morphology of the thin films was studied using AFM 

(Perk Systems; XE-7). The Raman spectra were recorded at 

room temperature using a STR-500 Micro-Raman Spectrometer. 

The I-V characteristics and the room temperature DC resisti-

vity of the NiFe2-xAlxO4
 thin films were measured by a two-probe 

method using a Keithley source meter (Model No. 2400) with 

current measuring capability down to 10-13 ampere for the 

films in the metal-insulator-metal configuration. The optical 

absorbance of the films was measured on a Perkin-Elmer 

Lambda 950 UV-VIS spectrometer in the 200-800 nm wave-

length range. The thicknesses of the Gd3+ doped nickel ferrite 

thin films were determined using the weight differences method. 
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RESULTS AND DISCUSSION 

 Thickness measurement: In this study, thin films of 

NiFe2-xGdxO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) were 

grown and deposited on a glass substrate. The thickness of 

the deposited thin films were calculated using the weight diffe-

rence method. A glass substrate was used to deposit the thin 

films, whose weight were measured before and after deposition 

of the thin films. The weight was measured using an electr-

onic balance with 0.01 mg accuracy. The thickness of the thin 

film depends on area, density and mass. The following relat-

ionship was used to calculate the thickness (t) of thin film and 

their value are listed in Table-2.  

  
m

t
A


=


 (1) 

where δ represent density; m for mass; and A is the area of the 

films. 

 
TABLE-2 

VALUES OF THICKNESS (t), CRYSTALLITE SIZE (D), 

LATTICE CONSTANT (a), X-RAY DENSITY (dx),  

VOLUME (V) OF NiFe2-xGdxO4 (x = 0.00, 0.02,  

0.04, 0.06, 0.08, 0.10) THIN FILMS 

Composition 

x 

t 

(nm) 

D 

(nm) 

a 

(Å) 

dx 

(g/cm3) 

Volume 

(Å)3 

0.00 235 16 8.334 5.379 578.9 

0.02 220 15 8.352 5.389 582.7 

0.04 267 14 8.371 5.399 586.6 

0.06 238 12 8.377 5.435 587.8 

0.08 251 11 8.381 5.471 588.8 

0.10 248 10 8.388 5.504 590.1 

 

 At room temperature, the X-ray diffraction patterns of 

aluminum-doped nickel ferrite (NiFe2-xGdxO4) are shown in 

Fig. 2. The observed reflections are indexed as (220), (311), 

(222), (400), (422), (511) and (540) by using Bragg’s law. It is 

observed that all the reflections are sharp and slightly broader 

indicating the nanocrystalline nature. The XRD patterns are 

similar to other spinel ferrites reported in the literature and 

closely match with JCPDS card no. 08-0234 [26]. No addit-

ional reflection was observed in the XRD pattern indicating 

the single-phase nature. The complete analysis of the XRD 

pattern using the standard method confirms the cubic spinel 

structure associated with the thin films. The following relation 

was used to calculate the lattice constant [27]: 

  
2 2 2 2

2 ( )
a

4sin 2

 + +
=



h k l
  (2)  

 The lattice constant of pure nickel ferrite closely agrees 

with the literature report [28]. The lattice constant gradually 

increases with the Gd3+ doping. The observed behaviour is 

analogous with the reported literature and can be justified with 

the help of the difference in ionic radii of Gd3+ and Fe3+ ions. 

The Fe3+ ions are replaced by doping of Gd3+. The ionic radii 

of Gd3+ (0.93 Å) are greater than the ionic radius of Fe3+ (0.67 

Å) ions and therefore the lattice constant increases with Gd3+ 

doping. These observations on lattice variation are in alignment 

with the results in the literature [29]. The unit cell volume (V) 

was evaluated using the lattice constant (a) and observed that 

 
Fig. 2. X-ray diffraction pattern of NiFe2-xGdxO4 (x = 0.00, 0.02, 0.04, 0.06, 

0.08, 0.10) thin films  

 

unit cell volume increases with increases in Gd3+ doping 

(Table-2).  

 The X-ray density was calculated from the eqn. 3 [30]:  

  
3

A

8M
( )

N a
 =x  (3) 

where m is the molecular weight; a is the lattice parameter of 

Gd3+ substituted nickel ferrite thin film; and NA is Avogadro’s 

number. Table-2 shows a decreasing trend in the X-ray density 

with increasing Gd3+ doping. The observed behaviour can be 

attributed to the increase in Gd3+ concentration x.  

 The Scherrer equation was used to calculate crystallite size, 

which is given by eqn. 4 [31]: 

  
0.9

D
cos


=
 

  (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 Table-2. The microstructure parameters 

were calculated using the following relations [32-34]: 

  LS
4tan


=


  (5) 

  
cos

4

 
 =   (6) 

  
2

1

D
 =  (7) 

  
22

SF
45 3tan


=


  (8) 

 Table-3 displays the computed structural parameters. 

Lattice strain provides information on the deformation of the 

crystal lattice. Thermal expansion, contaminants, flaws, mech-

anical stress and other factors are typical causes. The lattice 

strain grew with increasing Gd3+ doping, validating the crystal 

lattice’s deformation. Calculating the micro-strain allows to 

measure local deformation within the crystal’s lattice. Table-3 

shows that the micro-strain is rather modest and grows mono-

tonically as the Gd3+ concentration increases. The reduced 

micro-strain readings confirm the uniform composition of the  
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TABLE-3 

VALUES OF LATTICE STRAIN (LS), MICRO STRAIN (ε), 

DISLOCATION DENSITY (δ), STACKING FAULT (SF)  

FOR XRD PATTERNS OF NiFe2-xGdxO4 (x = 0.00,  

0.02, 0.04, 0.06, 0.08, 0.10) THIN FILMS 

x LS ε (× 10–3) 
δ (× 1016 

lines/m–2) 
SF (×10–2) 

0.00 4.847 1.439 41.54 0.429 

0.02 5.442 1.518 43.80 0.427 

0.04 5.338 1.571 45.34 0.431 

0.06 5.190 1.537 44.36 0.430 

0.08 5.090 1.537 44.35 0.426 

0.10 5.102 1.537 44.34 0.427 

 

manufactured materials. Dislocation density measures linear 

flaws in the crystallite when the atomic arrangement is not 

ideal. Table-3 shows that dislocation density increases with 

Gd3+ doping. Higher dislocation density values suggest a more 

defective lattice. Moreover, the stacking defect is caused by 

the irregularities in the usual stacking arrangements of atomic 

layers in the lattice. Currently, the stacking fault remains nearly 

constant, indicating that there is no substantial disruption in 

the atomic layers. As a result, predicted microstructural para-

meters increase with Gd3+ doping, except for the stacking 

defect, which remains nearly constant throughout the doping 

levels. 

 Atomic force microscopy: Fig. 3 shows the AFM images 

of typical samples of NiFe2-xGdxO4 (x = 0.00, 0.04 and 0.10). 

These images were used to study the surface topology of the  

 

 

Fig. 3. 2-D and 3-D AFM images of NiFe2-xGdxO4 (x = 0.00, 0.04 and 0.10) 

thin films 

thin film. The close analysis of the AFM images suggests the 

granular structure. The average roughness (Ra), root mean 

square roughness (Rrms), skewness (Sku) and Kurtosis (Rku) 

roughness parameter obtained from of AFM images are listed 

in Table-4 [35]. 

 
TABLE-4 

VALUE OF AVERAGE ROUGHNESS (Ra), ROOT MEAN 

SQUARE ROUGHNESS (Rrms), SKEWNESS (Sku) AND 

KURTOSIS (Rku) FOR AFM G3+ DOPED NiFe2-xGdxO4  

(x = 0.00, 0.04, 0.10) THIN FILMS 

x 
Ra (µm) 

(± 0.01) 

Rrms (µm) 

(± 0.01) 

Rsk 

(± 0.01) 

Rku 

(± 0.01) 

0.00 71.71 14.38 2.921 2.034 

0.04 59.11 71.16 0.366 2.163 

0.10 238.09 54.33 5.080 2.243 

 

 Raman spectroscopy: Usually, spinel ferrite shows five 

active modes instead of 42, which is according to the group 

theory. The Raman spectra for the thin films were recorded 

at frequency regions at 800-100 cm–1 and 300 K [36]. Raman 

spectra are shown in Fig. 4. A close examination of Raman 

spectra shows the presence of five active modes in A1g (R) 

+ Eg (R) + T1g (in) + 3 T2g (R) + 2A2u (in) + 2Eu (in) + 4 T1u 

(IR) + 2T2u (in) (1), where ‘R’, ‘IR’ and ‘in’ represent Raman 

and infrared vibrations and inactive modes respectively [37], 

which occurred at 691 cm–1. These active modes can be 

divided into two regions, the high and low frequency regions. 

These active modes are attributed to the stretching mode 

metal-oxygen (M-O) bond at tetrahedral (A) and octahedral 

(B)2 sites. The incorporation of Gd3+ causes the shift of active 

modes towards low-frequency regions. The values of Raman 

active modes are listed in Table-5. In the prepared samples, 

the vibrational mode with Raman shift observed at approxi-

mately 702 cm–1 is assigned to A1g, which originates from the 

metal-oxide bond in the tetrahedral site. The asymmetric 

stretching of Fe-O and Ni-O give the rise to the T2g mode, 

which is a Raman shift at 474 cm–1. The Raman shifts at 312 

cm–1 is Eg mode corresponding to the symmetric bending of 

the oxygen atom with respect to the metal ion at a tetrahedral 

site. No trend was observed in the values of the Raman shift 

for A1g, T2g and Eg with Gd3+ substitution in nickel ferrite. 
 

 
Fig. 4. Raman spectra of NiFe2-xGdxO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08, 

0.10) thin films 
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TABLE-5 

VALUE OF RAMAN VIBRATION MODES OF NiFe2-xGdxO4  

(x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10) THIN FILMS 

x T2g (1) Eg T2g (2) T2g (3) A1g (1) 

0.00 208 324 476 569 691 

0.02 206 320 479 557 693 

0.04 202 323 471 564 696 

0.06 204 330 481 552 692 

0.08 203 327 486 574 688 

0.10 201 319 477 576 679 

 

Raman spectra confirmed the absence of any impurities in 

Gd3+ doped nickel ferrite thin films. 

 Current-voltage (I-V) characterization: The switching 

properties of the prepared thin films were studied using I-V 

measurements. A plot of current (I) and voltage (V) is shown 

in Fig. 5, which exhibits an almost linear relation. It is clear 

from the I-V plot that the thin film possesses high resistances 

exhibiting semiconductor behaviour. The thin films exhibit 

an ohmic nature, with resistance values in the order of mega 

ohm, are listed in Table-6. Gd3+ 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 [36]. 

  
RA

t
 =   (9)  

where R is the resistance; A is the area of thin film; and t is the 

thickness of thin film. The resistivity values show an incre-

asing trend with Gd3+ doping. The increase in resistivity can 

be attributed to 106-107 Ω-m increasing the concentration of 

Gd3+. This increase in resistivity can be explained by the pre-

ferential tendency of Gd3+ to occupy either the A or B-site.  

 

 
Fig. 5. I-V curves of NiFe2-xGdxO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10) 

thin films were recorded at room temperature 

 
TABLE-6 

RESISTIVITY OF NiFe2-xGdxO4 (x = 0.00,  

0.02, 0.04, 0.06, 0.08, 0.10) THIN FILMS 

Composition x 0.00 0.02 0.04 0.06 0.08 0.10 

Resistivity (Ω-m) 2.78 3.04 3.57 2.68 2.98 3.58 

 Optical studies: The optical properties of the synthesized 

thin films were studied using the visible spectroscopy. 

Absorption spectra were recorded in the frequency range of 

350 to 450 nm at room temperature Fig. 6. The absorption 

spectra revealed a hump-like structure, which varied with the 

Gd3+ doping. The absorbance coefficients were obtained from 

the absorbances spectra. The variation in (αhν)2 and photon 

energy is shown in Fig. 7 and is known as the Tauc plot. These 

Tauc plots were used to determine the band gap energy. The 

band gap energy values are listed in Table-7. The Tauc plot 

was used to calculate the band gap energy, considering the 

following relation [38]:  

  
gh A(hν E )  = −  (9) 

here A is the Tauc parameter; hν is the photon energy; and Eg 

is the optical band gap energy. 
 

TABLE-7 

VALUE OF ENERGY BAND GAP (Eg) OF NiFe2-xGdxO4  

(x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10) THIN FILMS 

Composition x 0.00 0.02 0.04 0.06 0.08 0.10 

Energy band gap, 

Eg (eV) 
1.46 1.51 1.54 1.66 1.67 1.80 

 

 The band gap energy is influenced by several factors such 

as the lattice parameter, crystallite size, concentration, film 

thickness and the presence of impurities in the film sample. 

The Tauc relation was used to determine the energy bandgap 

as a function of incident photon energy. The observed energy 

bandgap obtained from 1.46 eV to 1.80 eV in ferrite materials 

can be affected by lattice defects, atomic displacement and 

grain boundary diffusion, especially in films prepared with 

larger deposition. It has been observed that the energy band 

gap increases with increasing Gd3+ concentration, which is 

attributed to the formation of new localized energy levels bet-

ween the valence and conduction bands. This increase in band-

gap is also associated with the expansion of the lattice const-

ant owing to the substitution of Gd3+ ions.  

Conclusion  

 Pristine nickel ferrite and Gd3+ was doped nickel ferrite 

thin films were effectively and uniformly deposited on a glass 

substrate using spray pyrolysis after the requisite parameters 

were adjusted. The thin films were produced with a uniform 

size and a nanocrystalline structure. X-ray diffraction analysis 

confirmed that the thin film was fabricated as a single phase 

with a cubic spinel structure. The variance in the ionic radii 

between Gd3+ and Fe3+ ions caused the lattice constant to 

increase when Gd3+ is doped. The structural parameter is also 

heavily impacted by Gd3+ doping. Raman spectra with five 

active modes reveal the cubic spinel structure of the thin film. 

The I-V characterization indicates that the resultant thin films 

were ohmic, with semiconducting behaviours. The band energy 

band fluctuates between 1.46 eV and 1.80 eV, supporting the 

semiconducting behaviour. 
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