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Abstract
Cadmium  (Cd2+)-substituted cobalt ferrite thin films with configuration  Co1−xCdxFe2O4 (x = 0.0 to 1.0 in steps of 0.2) were 
grown via spray pyrolysis. The influence of  Cd2+ substitution on structural and functional properties was investigated. X-ray 
diffraction analysis clearly shows a single-phase cubic spinel geometry (Fd3m space group). The ultrafine nanocrystallites 
with average crystallite dimensions of 11–15 nm were obtained. The surface topography was inspected by scanning electron 
microscopy. The uniform distribution of the crystallites in nanosize dimensions (10–14 nm) was also supported by transmis-
sion electron microscopy. The contact angle measurements of the fabricated thin films demonstrate special affinity towards 
water molecules. FTIR spectra affirmed the construction of spinel ferrite structure and the band position was influenced by 
 Cd2+-substitution. The optical band gap energy (Eg) can be tuned by  Cd2+ -substitution and decreases from 2.98 to 2.10 eV 
viewing the semiconducting performance. The PL investigation showed the distinguishing near-band-edge emission at about 
700 nm, which can be ascribed to the re-grouping of electrons with light-produced holes in oxygen vacancies and creation of 
intrinsic defects. Magnetic properties, i.e. saturation magnetization (Ms, 412.84–111.47 emu/cc), remanence magnetization 
(Mr, 44.83–2.18 emu/cc) and coercivity (Hc, 402.12–78.12 Oe), decreased with increasing diamagnetic  Cd2+ substitution 
due to a decrease in net magnetization.
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Introduction

In the modern era of technology, spinel ferrite materials 
with striking ferrimagnetic and dielectric characteristics 
are dominating in electronics. Nanocrystalline spinel fer-
rites have attracted unusual consideration from scientists 
in the arena of microelectronic technology and biomedical 
sciences on account of their supreme electric, dielectric, 

and magneto-optical properties.1–3 These diverse proper-
ties validate them for many industrial applications such as 
microwave appliances,4 transformers,5 storage instruments,6 
water and wastewater purification,7 biomedical tools,8 and 
spintronic devices.9

In the assembly of spinel ferrites, cobalt ferrite  (CoFe2O4) 
is appealing owing to its different longitudinal magnetiza-
tion from the transverse, high Curie point temperature (Tc), 
sensible saturation magnetization, high magnetostriction 
parameters, and extraordinary thermal and chemical solid-
ity.10–14 Cobalt ferrite nanocrystals are potential candidates 
in the biomedical arena as contrast agents in magnetic reso-
nance imaging and in thermally activated cancer therapy,15 
segregation and purification of genomic  DNA16 and the 
departure of polymerase chain response organized DNA,17 
and particularly in hyperthermia treatments.18

Minor variations in the chemical composition can be 
accomplished by cation exchange or doping with cations. 
Structural and microstructural modification can be attained 
by optimization of synthesis routes, synthesis constraints, or 
stacking with other chemical or biological synthesis routes 
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such as solid-state reaction, sol-gel, and high energy ball 
milling.19,20 These alterations have substantial impacts on 
the subsequent physicochemical properties and applications 
of the end materials.21

Cadmium  (Cd2+) is a silvery metal and is known as a 
toxic element which causes birth defects and cancer.22 How-
ever, still it has promising applications such as in the produc-
tion of nickel-cadmium (Ni-Cd) rechargeable batteries,23,24 
as a corrosion-resistant plating on steel,25 solar cells,26 plas-
tic stabilizers,27 and pigments.28 The literature illustrates 
that mixed  CdFe2O4 ferrite shows a normal spinel structure 
with  Cd2+ ions preferentially located at tetrahedral (A)-site, 
which modifies the magnetic properties of parent Ni/Co/
Zn ferrites.29–31 Cd-substituted spinel ferrites are industri-
ally imperative materials owing to their high resistivity, high 
permeability, and reasonably low magnetic losses, so they 
are more appropriate for electrical switching applications, 
microwave devices, multilayer chip inducers, computer pro-
cessors, televisions, and mobile headsets.32–37

Rahimi et al.38 investigated the structural and magnetic 
properties of Cd-substituted nickel ferrite nanoparticles and 
observed that the saturation magnetization increases with 
small Cd concentration (x = 0.3) then tends to decrease with 
higher  Cd2+ content. The increase in magnetic moment with 
Cd content was elucidated on the foundation of Neel’s two-
sublattice collinear model. The magnetic and microwave 
absorbing properties of combustion-synthesized Ni-Cd 
nanoferrites were studied by Shelar et al.39, Rasheed et al.40 
detected an enrichment of electrical and magnetic properties 
of cobalt ferrite nanocrystals by co-substitution of Li-Cd 
ions. The structural and infrared spectral properties of Cd-
doped cobalt ferrite (via ceramic method) for higher Cd con-
tent were studied by Dalawai et al.41, Kardile et al.42 reported 
the outcome of  Cd2+ incorporation on the structural and 
magneto-optical properties of nickel ferrite thin films devel-
oped through spray pyrolysis route. The sensible saturation 
magnetization values were obtained with  Cd2+ -doping and 
hydrophilic behavior of the grown thin films were observed. 
However, the optical energy band gap critically decreases 
from 2.11 to 1.86 eV which was due to  Cd2+ -doping. The 
literature survey depicts that the  Cd2+ -substituted cobalt 
ferrite in nanostructural dimensions significantly alters the 
magnetic and magnetostrictive characteristics. The doping 
of  Cd2+ ions reduces the Curie temperature and gives cobalt 
nanoferrite diverse electrical and dielectric characteristics.

Several dynamic approaches to grow thin films of spinel 
ferrite materials in the development of technology. The thin 
films of spinel ferrite solids are projected to be a potential 
contender for forthcoming electrical and microelectronic 
devices.43,44 The bulk component of ferrite cannot be used 
with electronic applications, but ferrite thin films can be 
employed in microwave integrated circuits and may be used 
to substitute the surface-mounted devices in the future. For 

accuracy in the performance of the thin film-based devices, 
control over the film properties is essential. Therefore, many 
efforts have been taken by researchers to deposit spinel fer-
rite thin films using diverse techniques.45,46 Among the wet 
chemical approaches, spray pyrolysis is usually used due to 
its low cost, simple procedure and production of uniform 
thin films with larger surface area.47,48

In the literature, several reports are presented on the fab-
rication and investigation of physical properties of pristine 
and substituted cobalt ferrite thin films along with diverse 
substituents.49–51

In this article, cadmium  (Cd2+)-incorporated cobalt fer-
rite thin films with chemical formulation  Co1−xCdxFe2O4 
(where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were deposited on 
pre-heated glass substrate via spray pyrolysis. The investi-
gations on structural, morphological, infrared spectral, wet-
tability, optical (UV–Vis, PL) and magnetic properties of 
 Co1−xCdxFe2O4 thin films are analyzed in this report.

Experimental

Synthesis

The thin films of  Co1−xCdxFe2O4 (where x = 0.0, 0.2, 0.4, 0.6, 
0.8 and 1.0) were deposited on the cleaned glass substrate of 
dimensions 75 mm × 25 mm × 1.35 mm (using chromic acid, 
ethanol and acetone) by via spray pyrolysis. Analytical grade 
(purity ~99.98%) cobalt nitrate (Co(NO3)2.6H2O), cadmium 
nitrate (Cd(NO3)3.9H2O) and ferric nitrate (Fe(NO3)3.9H2O) 
were used as reactants. Each nitrate was liquified in deion-
ized water, taking 0.1 molarity of each ion, i.e.  Co2+,  Cd2+ 
and  Fe3+. The organized solutions of cobalt, cadmium and 
ferric nitrates were mixed together in 1:1:2 volumetric pro-
portions, respectively. The mixed solution of cobalt nitrate, 
cadmium nitrate and ferric nitrate was then sprayed by a 
spray gun on preheated glass substrate ~380°C by apply-
ing appropriate nozzle pressure (0.22 Pa). The scheduled 
spraying of the solution on the substrate slightly reduces 
its temperature and it needs around 2–4 min to attain the 
desired temperature after each spray. The temperature of 
the substrate was sustained utilizing a temperature control-
ler. A suitable thermocouple of chromel-alumel was used 
to measure the substrate temperature. The values of various 
optimized parameters such as spray pressure, nozzle-to-sub-
strate distance, and spray rate were maintained throughout 
the deposition of thin films and are listed in Table I. The 
temperature of the substrate was kept constant for 15–20 min 
after the whole deposition to grow the thin films and further 
cooled gradually to room temperature. The deposited thin 
films are finally annealed at 550°C for 3 h, so as to achieve 
the well crystalline nature in the fabricated thin films and to 
eliminate the secondary phases grown in the films.
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Characterizations

All the annealed thin films were analyzed by x-ray diffrac-
tion (XRD) (Ultima IV, Rigaku Corporation, Japan; Cu-Kα 
radiation) for exploring the phase structure. The XRD dif-
fractograms were documented in the 2θ scale of 20° to 80° 
with scanning pulse of 0.01°. The exterior morphology and 
chemical compositional details were carried out with field 
emission scanning electron microscopy (FESEM, Hitachi 
S-4800, Japan). The microstructural results were well sup-
ported by transmission electron microscopy (TEM, Philips 
CM-200). The sessile drop procedure was used to determine 
the contact angle through dropping a micro-level water drop 
operating a fine nozzle on the film exterior. In the instance of 
the static contact angle, the placed drop relies on the surface 
of a solid. The thickness of the fabricated ferrite thin films 
was analyzed by using AMBIOS, USA XP-I surface profiler. 
Infrared properties were examined by Perkin-Elmer Fourier 

transform infrared spectrophotometry (FTIR). The optical 
band gap was determined using a UV-Vis spectrometer (Per-
kin-Elmer Lambda 950). Photoluminescence was acquired 
in a Fluoromax-4CP-0975D-1512-FM spectrofluorometer 
in the wavelength range 490–800 nm. Magnetic properties 
(at room temperature) were employed via vibrating sample 
magnetometer (VSM Lakeshore-7410).

Results and Discussion

Structural Analysis: XRD

The x-ray diffraction (XRD) patterns of  Co1−xCdxFe2O4 
(x = 0.0–1.0) spinel ferrite thin films are shown in Fig. 1a. 
The XRD diffractograms of all the thin films show peaks 
at reflecting planes (220), (311), (222), (400), (422), (511), 
(440) and (533). All these reflective planes have a standard 
spinel cubic structure. The analysis of XRD patterns exposed 
that the development of uni-phase cubic spinel structure 
having Fd3m space group without any contamination peak 
(JCPDS card no. 77-0426).52 Figure 1b illustrates the shift 
in 2θ values for the highly intense (311) peak with  Cd2+ 
substitution x. The 2θ values shift towards a lower angle 
with an increase in  Cd2+ content which may be due to expan-
sion of the unit cell volume (increase in lattice parameter). 
The maximum intense (311) peak was utilized to determine 
the average crystallite size by means of the Debye–Scherrer 
formula.53 The values of crystallite size remained within the 
range of 12–15 nm (listed in Table II). The lattice param-
eter of the nanoferrite thin films is determined by employ-
ing interplanar spacing and Miller indices corresponding 
to each peak of the XRD patterns.54 The lattice parameters 

Table I.  Optimized parameters of spray deposition of  Co1−xCdxFe2O4 
(0.0–1.0) thin films

Parameters Specifications

Molarity proportion 1:1
Volume proportion 1:2
Substrate type and dimensions Cleaned glass 

(75 mm × 25 mm × 
1.35 mm)

Nozzle to substrate distance 28 cm
Spray rate 5 ml/min
Spray pressure 0.25 Pa
Substrate temperature 380°C
Annealing temperature and time 550°C for 3 h

Fig. 1  (a) XRD patterns of  Co1−xCdxFe2O4 (0.0–1.0) thin films and (b) Shifting of 2θ angle for the most intense (311) plane.
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were found to be between 8.386 Å and 8.466 Å with the 
upsurge of  Cd2+ content x. The variation of lattice parameter 
with  Cd2+ content x is shown in Fig. 2. From this figure, 
it is evident that the lattice parameter increases gradually 
with an increase in  Cd2+ content. The observed growth 
in lattice parameter may be attributed to the replacement 
of smaller ionic radius  Co2+ (0.78 Å) by larger ionic radii 
 Cd2+ (0.97 Å) ions in accordance with Vegard’s law.55 The 
analogous behaviour of lattice parameter was testified in the 
literature for  Cd2+ -doped nickel ferrite.56

The theoretical density (dth) of the fabricated thin films 
was measured utilizing the values of the unit cell volume 
and molecular weights.57 The values of dth are tabulated 
in Table II and graphically demonstrated in Fig. 2, which 
clearly shows the growing trend with respect to  Cd2+ con-
tent x. The increase in dth may be because the molar mass 
of incorporated Cd = 112.411 g/mol is heavier than that of 
residing Co = 58.93 g/mol ions.

Morphological Analysis: FESEM and TEM

Figure 3a, b and c shows the FESEM images of the annealed 
films for typical samples of  Co1−xCdxFe2O4 (for x = 0.0, 0.6 

and 1.0) thin films. From the images it is observed that the 
surface of the film is smooth and has a uniform spherical 
morphology and is crack-free. Rather densely populated 
grains on the surface of the film can be observed. FESEM 
images indicate that there is a slight impact of  Cd2+ sub-
stitution on the microstructure of cobalt ferrite thin films. 
Also, it can be seen that the thin films have a homogeneous 
dispersion on the surface and a spheroidal structure. The 
average grain sizes of about 29.4 nm, 34.2 nm and 43.5 nm 
(with accuracy of ± 2 nm) were found for x = 0.0, 0.6 and 
1.0 thin films, respectively.

Figure 4a and b depicts the bright field TEM images of 
characteristic x = 0.0 and x = 1.0 thin film samples, respec-
tively. The images show that the surface is a collection of 
homogeneously dispersed mono- and partially polycrystal-
line, faceted crystallites of variable dimensions. The crys-
tallites reveal the agglomerated sphere-shaped and cubical 
outline morphology for the fabricated samples. The growth 
speed of these nanoparticles generally depends on the 
concentration of the raw materials along with deposition 
kinetics. The average crystallite size (t) was obtained to be 
in the scale of 12–15 nm, which are consistent with XRD 
outcomes.

Wettability Properties

The contact angle values permit us to explore the exterior 
of the fabricated thin films by means of the hydrophilicity 
or hydrophobicity features.58 It has been reported that the 
wettability characteristics of thin film surfaces is chiefly due 
to both their stoichiometry and microstructure.59,60 In this 
study, the contact angles of the fabricated thin films were 
determined with the sessile drop method via dropping micro-
level water droplets by means of an acute needle on the film's 
exterior.61 Figure 5 displays the contact angle images of the 
fabricated thin films. The values of the contact angles (θ) 
were estimated from Young's  formula62 and are presented in 
Table III. The contact angles for the entire thin films ranges 
from 27° to 54°, which shows the hydrophilic (water loving) 
behaviour. The surface energy assessed from contact angles 
varies in the range of 51–65 mJ/m2 (Table III).

Table II.  Lattice parameter (a), 
x-ray density (dth), average 
crystallite size (D) from XRD 
and t from TEM, thickness 
of thin film (µ) from surface 
profiler, absorption band 
wavenumber (ν) from FTIR of 
 Co1−xCdxFe2O4 (x = 0.0–1.0) 
thin films

x a
(Å)

dth
(g/cm3)

D 
(nm)
(±2 nm)

t 
(nm)
(±1 nm)

µ
(nm)

ν
(cm−1)

0.0 8.386 5.284 12.10 13.12 234 596
0.2 8.406 5.484 13.54 10.25 247 620
0.4 8.424 5.689 11.16 12.24 231 631
0.6 8.435 5.902 11.04 11.03 224 637
0.8 8.446 6.116 11.15 13.54 228 651
1.0 8.466 6.306 15.22 14.53 241 658

Fig. 2  Variation of lattice constant (a) and theoretical density (dth) 
with  Cd2+ concentration x.
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Generally, the thickness of the thin films relies on the 
synthesis method and synthesis parameters viz. dopant 
concentration, frequency of deposition, deposition tem-
perature and deposition time period. The thickness of the 
fabricated thin films was measured by a surface profiler. 

The thickness of the present thin films was on the order of 
nanometers (224–247 nm) as given in Table II.

Infrared Spectral (FTIR) Analysis

Figure 6 shows the FTIR transmission spectra of the  Cd2+ 
substituted cobalt ferrite thin films. Generally, spinel ferrites 
exhibit the two main broad metal–oxygen bands attributed to 
the stretching vibration of M–O as described by Waldron.63 
The intrinsic stretching vibration bands of the metal were 
mostly detected at the tetrahedral site at 600–550  cm−1 and 
the octahedral widening site at 450–385  cm−1.64–66 Gener-
ally, in spinel ferrites the bond length of the metal-oxygen 
at tetrahedral site is significantly shorter than that of the 
octahedral site and thus the higher stretching frequency for 
the M–O bond at tetrahedral site.67,68

However, in the current circumstance only a unique 
major band near 600  cm−1 was observed as the FTIR spec-
tra were documented in the range of 500–4000  cm−1. The 
value of the major absorption band (ν) for all the thin film 

Fig. 3  FESEM images of the  Co1−xCdxFe2O4 for (a) x = 0.0, (b) 0.6 
and (c) 1.0 thin films.

Fig. 4  Representative TEM images for (a) x = 0.0 and (b) x = 1.0 thin 
films.
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samples is given in Table II. Additional band appearing 
near 3500  cm−1 could be ascribed to the O-H elongating 
vibration of water fragments. The band nearby 1550  cm−1 
resembles anti-symmetric  NO3 elongating vibrations and 
the band at 1647  cm−1 corresponds to carboxylate ani-
ons.69 The stretching vibration at 2350  cm−1 corresponds 
to the hydroxyl group. The visibility of absorption bands 
in the infrared spectra rests on the distribution and type 
of cations amongst octahedral and tetrahedral sites. With 
an increase in  Cd2+ content from x = 0.0 to 1.0 the wave-
number of the major band increases from 596 to 658  cm−1. 
This confirms that the substitution of the cadmium ion 
changes the inner structure at micro-dimensions due to 

variation in ionic radii.70 Analogously, FTIR results were 
observed for  Cd2+-doped Co-Zn ferrites.71

Optical Properties: UV–Visible Spectroscopy (UV–
Vis) and Photoluminescence (PL) Spectroscopy

The optical properties of the present  Cd2+ -incorporated 
cobalt ferrite thin films were elucidated using UV–Vis 
spectroscopy. UV–Vis spectra of all the thin films were 
recorded in the wavelength range of 400–1000 nm at 300 K 
as depicted in Fig. 7a. The actual absorbance of the thin 
films was determined by subtracting the standard absorb-
ance value of the glass ingredients, by referring the standard 

Fig. 5  Images of water droplets on the hydrophilic  Co1−xCdxFe2O4 (0.0–1.0) thin films.

Table III.  Energy band gap (Eg) 
from UV–Vis spectroscopy, 
average contact angle (θ) and 
surface energy (Es) from contact 
angle measurement, saturation 
magnetization (Ms), remanence 
magnetization (Mr) and 
coercivity (Hc) from M–H plots 
of  Co1−xCdxFe2O4 (0.0–1.0) 
thin films

x Eg
(eV)

θ
(°)

Es
(mJ/m2)

MS
(emu/cc)

Mr
(emu/cc)

Hc
(Oe)

0.0 2.98 43.44 57.49 412.84 44.83 402.12
0.2 2.65 27.57 65.61 271.00 23.11 291.23
0.4 2.45 54.42 51.17 252.53 16.58 247.61
0.6 2.31 36.26 61.36 191.54 14.59 172.09
0.8 2.25 51.90 52.66 172.95 7.250 116.90
1.0 2.10 52.93 52.05 111.47 2.183 78.12
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absorbance data of the glass substrate. Tauc's formula was 
used to estimate the optical energy band gap (Eg) of all the 
thin films.72,73 The optical band gap of the thin films was 
evaluated by drawing the graph of (αhν)1/n versus hν and 
obtaining the intercept of the drawn straight line on the 
x-axis (Fig. 7b). Between all the values of n, the optimum 
fit was obtained for the values of n = ½ and ¼. The opti-
cal energy band gap (Eg), calculated from the Tauc plots 
range between 2.98 and 2.10 eV. It is evident from Table III 
that the energy band gap values decrease with an increase 
in  Cd2+-substitution in parent cobalt ferrite thin films. The 
band gap values of all the thin films depend on numerous 
factors such as the occurrence of impurities, average crystal-
lite size, film thickness, and lattice strain.74,75 This reduction 
in the energy band gap may be attributed to the increased 
crystallization of the thin films and lessening the crystal-
line defects which results in the reduction of the number 
of energy levels amid the valence band and the conduc-
tion band.76 With the substitution of  Cd2+ ions,  Cd2+ ions 
replace the (A) site  Co2+ ions which can generate impurity 
bands inside the gap. Once the  Cd2+ concentration is lower, 
the parting between the valence band and the bottommost 
impurity band become effective band structures. As the  Cd2+ 
dopant concentration increases, the widths of these impu-
rity bands increase, and these bands may overlap together 
accounting for lessening in band gap energy (Table III). The 
obtained optical band gap energy for pure cobalt ferrite is 
found to be in the reported range.77

The photoluminescence (PL) spectroscopy is an excep-
tional method to clarify valuable facts about energy along 
with changing aspects of charge transporters produced 
throughout the introduction of light.78 In spinel ferrites, 
electrons are located in trap states, excitonic states and 

conduction bands. The PL spectrum of  Cd2+ -incorporated 
cobalt ferrite thin films (at room temperature) is described 
in Fig. 8. The photoluminescence (PL) spectra documented 
at normal temperature with an excitation wavelength of 
~ 480 nm is portrayed in Fig. 8. PL spectra exhibited a wide-
ranging peak between 680 and 800 nm centered at ∼ 730 nm 
which nearly spans the complete area of visible red.

The direct band edge transition is associated with the 
thickness of the films and deep trap states inside the band 
gap.79 The fabricated  Cd2+ -incorporated cobalt ferrite thin 
films were excited by using the excitation wavelength at 
678 nm. All thin films exhibited a distinctive near band-edge 
emission (NBE) at around 700 nm as revealed in Fig. 8. The 
wider peak shifts towards higher wavelength edge with an 
increase in  Cd2+ content. Also, the PL intensity for lower 
 Cd2+ content, i.e. x = 0.2 and 0.4 samples decrease, while 
intensity increases significantly for higher  Cd2+ content 

Fig. 6  FTIR spectra of  Co1-xCdxFe2O4 (0.0–1.0) thin films.

Fig. 7  (a) UV–Vis absorption spectra for  Co1−xCdxFe2O4 (0.0–1.0) 
thin films, (b) Tauc plots for  Co1−xCdxFe2O4 (0.0–1.0) thin films.
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(i.e. x = 0.6 – 1.0) samples. The extensive emission peak 
in a visible section (~ 680 nm) was found for all samples 
which is ascribed to the re-grouping of electrons with photo-
produced holes imprisoned in oxygen vacancies. This may 
be attributed to the presence of electronic levels among the 
conduction and the valence band owing to the increase in 
intrinsic defects. Consequently, such defects can account for 
the luminescent characteristics of the fabricated thin films.80 
Comparable PL properties were observed for  Mg2+ -doped 
cobalt ferrite thin films in our previous work.81

Magnetic Properties

Room temperature magnetic hysteresis loops (M–H) of 
 Cd2+ -substituted cobalt ferrite thin films recorded by 
means of VSM are shown in Fig. 9. The M–H plots verified 
a typical S-shaped hysteresis loops representing that the 
sample had a ferromagnetic nature. The values of satura-
tion magnetization (Ms), coercivity (Hc) and a remanence 
magnetization (Mr) were obtained from the M–H loops 
and are listed in Table III. Likewise, the high values of 
Ms and Hc designate a nanocrystalline dimensions of the 
fabricated thin films. Also, it can be observed that all the 
magnetic parameters (Ms, Mr and Hc) decrease with an 
increase in  Cd2+ concentration. The optimal magnetic 
parameters Ms = 412.84 emu/cc and Hc = 402.12 Oe were 
observed for pure cobalt ferrite (x = 0.0) thin film. The 
decrease in magnetic parameters can be attributed to the 
substitution of diamagnetic  Cd2+ ions in place of magnetic 
 Co2+ ions. The decrease in coercivity may be attributed 
to the variation in crystallite size with the substitution of 
 Cd2+ ions. Generally, in spinel ferrites, three variables of 

super-exchange communications between the A and B cati-
ons of the occupied [A] and [B] sites are convincing for 
example A-A, B-B then A-B. Also, this A-B interaction 
was significant because of supreme departures amongst 
the A-B cations in addition to the bulky degree of dis-
tortion between A-B cations with  O2- ions. The spins of 
cations at the occupied [A] and [B] sites magnetize the 
sub-lattice A and B in a reverse manner and the disparity 
amid the moments of B and A cations is the total magnetic 
strength of the spinel ferrite.82 Therefore, the resulting 
average saturation magnetization is Ms = MB − MA, where 
MA and MB are the magnetic strength of the occupied [A] 
and [B] sites.

In the present case, all the magnetic entities of 
 Co1−xCdxFe2O4 thin films decrease as a function of  Cd2+ 
concentration x which is connected to the relationship 
among tetrahedral [A] and octahedral [B] sites. The cobalt 
ferrite solid possesses an inverse spinel geometry in which 
 Co2+ dwellings in octahedral sites and  Fe3+ ions are identi-
cally distributed in tetrahedral and octahedral sites, with 
their spin in the reverse direction. The magnetic character-
istics are significantly influenced because  Co2+ (3d7) ions 
have orbital moments of 3.7 μB.83 Conversely,  Cd2+ ions 
can exist on both sites, but dominantly favor occupying 
the octahedral site. The magnetic moment of  Cd2+ is zero 
(0 µB), so in pure  CdFe2O4 (i.e. x = 1.0 sample), magnetic 
couplings solely originate from the magnetic moment 
of  Fe3+ ions (i.e. 5 μB).84 So, the decrease in magnetic 
parameters can be attributed to the circumstance when 
non-magnetic  Cd2+ ions replace ferromagnetic  Co2+ ions. 
Similar reports were obtained for  Cd2+ -doped nickel fer-
rite nanoparticles and elucidated on the basis of Neel’s 
two-sublattice model.85

Fig. 8  Photoluminescence spectra for the  Co1−xCdxFe2O4 (0.0–1.0) 
thin films.

Fig. 9  M–H plots of  Co1−xCdxFe2O4 (0.0–1.0) thin films.
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Conclusions

In the present study,  Cd2+ -substituted  CoFe2O4 thin films 
with chemical formulation  Co1−xCdxFe2O4 (x = 0.0, 0.2, 
0.4, 0.6, 0.8 and 1.0) were effectively deposited on pre-
heated glass substrates using spray pyrolysis. XRD anal-
ysis confirmed the creation of monophasic cubic spinel 
structure with crystallite sizes ranging between 11 nm and 
15 nm. The lattice parameter and theoretical density were 
found to be increased with an increase in  Cd2+ substitu-
tion following Vegard's law. FESEM analysis confirmed 
the agglomeration of particles on the film with grain size 
of 29–43 nm. TEM images show uniform crystallites of 
sizes 11–14 nm. The contact angle determination proved 
the hydrophilic behaviour of the films when the contact 
angle is in the range of 27°–54°. FTIR spectra of the sam-
ples established the development of spinel ferrite assem-
bly. The optical band gap energy can be simply tuned by 
 Cd2+ substitution and its decrease from 2.98 eV to 2.10 eV 
which can be understood on the basis of the formation 
of crystalline defects and crystallite size effect. All thin 
films displayed the distinctive near-band-edge emission at 
~ 700 nm. The extensive emission peak in a visible section 
(~ 680 nm) was found for all the samples which is ascribed 
to the presence of electronic levels among the conduc-
tion and valence bands owing to the increase in intrinsic 
defects. Magnetic properties of the fabricated thin films 
demonstrated the reduced values of magnetic entities (Ms, 
Mr and Hc) with the increase in diamagnetic  Cd2+ substitu-
tion which can be clarified on the basis of net magnetiza-
tion. In summary, the  Cd2+ ion significantly influenced the 
structural, morphological, and magneto-optical character-
istics of cobalt ferrite thin films.
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