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Abstract

The impact of transition metals on ferrite (iron (III) oxide) compounds is investigated in this study. Ferrite samples were synthesized using the
co-precipitation method. X-ray analysis unveiled the presence of the Fe-phase in the trivalent state, showcasing a single-phased cubic spinel
framework with a preferred orientation along the (311) reflection plane. Crystallite sizes were determined for CdFe;0,, ZnFe;0,, and CoFe;O4
utilizing the Scherer equation, yielding values of 10.54 nm, 18.76 nm, and 32.63 nm, respectively. Zinc ferrite displayed an intermediate photonic
nature compared to cobalt and cadmium ferrite, with cadmium ferrite showing high optical losses and cobalt ferrite exhibiting minimal optical
losses. EDX analysis confirmed the presence of Zn>*, Co>*, Fe**, Cd**, and O~ ions in the correct ratios, supporting the intended stoichio-
metric composition. Optical assessment revealed that CoFe;O, nanoparticles are well-suited for optoelectronic devices, ultraviolet detectors,
and infrared (IR) detectors. VSM measurements of cobalt ferrite exhibited higher coercivity and magnetic saturation compared to other samples.
Photoluminescence (PL) spectroscopy revealed multiple colors, including cyan, green, and yellow, at different wavelengths for the ferrite samples.
These findings suggest that the synthesized samples are suitable materials for high-frequency devices owing to their robust magnetic properties.
Cadmium ferrite displayed a multi-magnetic domain structure, contrasting with the single-magnetic domain structure observed in zinc and cobalt
ferrite.
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1. Introduction main components of ferrites. These cubic spinel-structured
transition metal oxides have found widespread use in many
technological applications during the last ten years. A signif-
icant class of semiconductors with applications in solar energy
are transition metal oxides. Examples of ferrite applications in-

*Corresponding Author Tel.: +2348062198624. clude catalysis, magnetic storage, and electronics devices [1, 2].
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Ferrites are magnetic materials with combined magnetic
and electrical properties. Iron oxide and metal oxides are the
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A trace amount of Co?* ions travel from the tetrahedral A site to
the octahedral B location in cobalt ferrite, an inverse ferromag-
netic spinel. The presence of zinc and cadmium ions in ferrites
has a major effect on the magnetic properties of ferro-spines [3].
Cadmium ferrite (CdFe,Q,) is a concern because it is used in a
variety of industries. Cadmium ferrites, classified as antiferro-
magnetic materials because cadmium ions occupy the tetrahe-
dral positions in them, are thought to represent a typical spinel
structure [4]. Cadmium-replaced ferrites show n-type semicon-
ductor behavior, and the Seebeck coefficient steadily decreases
as the cadmium content rises [5].

Cadmium ferrite has garnered interesting attention recently
due to its wide range of applications in a number of scientific
and engineering fields [6, 7]. Bulk cadmium ferrite is an antifer-
romagnetic material because Cd>* ions prefer to occupy tetra-
hedral sites-A [8, 9]. Similar to this, ferrites substituted with
Cd** ions function as n-type semiconductors, and their Seebeck
value progressively decreases as the concentration of Cd** ions
increases. According to a study on the application of Cd** ions
in lithium ferrite, a material with high permeability, the lattice
parameter rose as the amount of Cd** ions did [10]. According
to ul-Islam et al.’s study, cadmium ferrite was predicted to have
the role of a microwave field attenuator, particularly in radiative
environments [11]. According to Gillot et al., as the concentra-
tion of Cd%* ions in cadmium ferrite rises, there is a reduction
in the quantity of absorption bands [12]. Shelar et al. state that
as the Cd?* ion content rises, so does the saturation magneti-
zation of cadmium nickel ferrite. Microwave devices benefit
from the high coercivity and saturation magnetization of Cd-Ni
ferrite [13]. Ni-Cd ferrite is soft magnetic and has core applica-
tions in antenna rods, recording heads, power transformer core
material, and loading coils because of its high electrical resis-
tivity and low eddy current losses, according to Viswanathan
et al. [14]. By altering the Cd**, Ni?*, and Fe3* cation com-
position of the unit cell, one can readily change the optical,
structural, and magnetic properties of Cd-Ni ferrite. Doping
Ni-ferrite with non-magnetic ions, like Cd?*, causes increased
saturation magnetization and decreased magnetic coupling of
Cd-Ni ferrite nanomagnetic particles [14].

Transition metal ferrite nanoparticles have garnered a lot of
attention lately due to their unique properties that enable them
to be used in fields such as magnetic storage, biomedicine, fer-
rofluids, catalysis, and magnetic refrigeration systems [15-18].
Among them is zinc ferrite, which has a high electric resis-
tance and a low eddy current loss. This particular ferrite ex-
hibits remarkable properties such as ferromagnetism, excellent
heat conductivity, strong resistance to electrical current, reg-
ulated saturation magnetization, efficient energy transmission,
modest thermal expansion coefficients efficiency in ferromag-
netic resonance, short line width, and strong resilience to radia-
tion damage [19-22]. It also has unique mechanical, electrical,
thermal, and magneto-optical properties. Zinc ferrite has these
properties, which make it useful for a variety of applications
in electrical, magnetic, sensors, battery anode, catalyst, laser,
microwave, and electrochemical devices.

Methodological significance dictates that the high mag-
netism, high permeability, and high electrical resistivity of

spinel ferrites depend on the kind of ions present, how charged
they are, and how evenly distributed they are among the tetra-
hedral and octahedral sites. Due to the special magnetic prop-
erties of ferrite, which make it perfect for high-frequency ap-
plications, scientists have been developing new ferrite compo-
sitions with these desired characteristics. These compositions
have been utilized to manufacture a variety of electromagnetic
devices [23, 24]. Since spinel of type A2*B,**0Q, has drawn
significant attention in a number of technological fields [25],
cobalt ferrite is one of the possible candidates for magnetic and
magneto-optical recording media [26-29]. Here, A and B stand
for the tetrahedral and octahedral sites in the oxygen lattice,
respectively. Zn’*ions are found in tetrahedral positions and
Fe’* ions are found in octahedral sites in ZnFe,0y, a typical
spinel structure. While CoFe,O4 has an inverted spinel struc-
ture with Fe3+ ions equally distributed between tetrahedral and
octahedral sites and Co?* ions in octahedral sites, ZnFe,Oy4 has
been found to have the most intriguing morphological, struc-
tural, and magnetic features to investigate [30]. Therefore, Zn
substitution in CoFe,04 may result in some deformed spinel
structures.

The impact of the redistribution of cations (Cd**, Zn?*, and
Co”>*) when they are sandwiched into a ferrite (Fe;O,) lattice is
the appropriate focus of this study. The co-precipitation tech-
nique is used to replace M>* (M** = Cd**, Zn?>*, and Co**)
ions in the MFe; 0y lattice. The MFe3;QOy4 lattice’s optical, mag-
netic, luminescence, structural, and surface morphology char-
acteristics were investigated for every M”* ion replacement
(M?* = Cd?**, Zn**, and Co**). Future uses of bivalent tran-
sition metals doped with trivalent nano ferrites and the study of
their developing magnetically active ferrite properties are im-
portant aspects of this work. These include transition metal
complexes of bivalent metal oxides, such as zinc (Zn(Il)), cad-
mium (Cd(II)), and cobalt (Co(Il)). Vibrational Sample Mag-
netometer (VSM), photoluminescence (PL), Energy Dispersive
Spectroscopy (EDX), and X-ray diffractometer (XRD) are used
to characterize the nano ferrites in great detail. Scanning Elec-
tron Microscopy (SEM) is used to analyze the surface morphol-
ogy of the nano ferrites. The presence of ferrite nanoparticles
in cubic spinel is explained by these findings.

2. Methodology

Before synthesizing the ferrite samples, deionized wa-
ter, detergent, isopropyl ethanol, and acetone were used to
thoroughly clean the beakers. To remove any contaminants,
the beakers underwent a thorough cleaning. Using the co-
precipitation technique, zinc ferrite sample is formed by the
mixture of zinc (II) chloride hexahydrate (ZnCl,.6H,0O) and
anhydrous iron (III) chloride (FeCl3). Cobalt ferrite sam-
ple was synthesized by mixing cobalt chloride hexahydrate
[CoCl,.6H,0], and iron chloride hexahydrate [FeCl;.6H,O]
while cadmium ferrite sample was synthesized by the mixture
of anhydrous cadmium nitrate tetrahydrate Cd(NO3),.4H,0
and anhydrous iron (III) chloride (FeCls). are the initial
reagents. Using a digital weighing balance, the weight of the
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necessary quantity of aqueous solutions was ascertained. In ap-
propriate stoichiometric ratios, zinc, cadmium, cobalt, and iron
chlorides were added and dissolved in deionized water for re-
spective ferrite components. Using a magnetic stirrer, we first
dissolved aqueous solutions of cobalt chloride, and iron chlo-
ride in 500 milliliters of deionized water. We then heated each
solution separately for 25 minutes at 60 degrees Celsius to cre-
ate a homogenous mixture. To obtain precipitate, ammonia was
added in drops until a pH of 11 was reached. Sodium hydroxide
was also added to stabilize the pH. The resulting nanoparticles
were dried on a hot plate, magnetically decanted, and cleaned
with deionized water to get rid of extraneous particles. The
samples were dried, and then grinded into fine granules using
mortal. Same procedures were followed in synthesizing cad-
mium ferrite and zinc ferrite.

Using a UV-VIS-IR spectrophotometer, the optical charac-
teristics of the nanomagnetic samples, such as transmittance
and absorbance, were investigated. A scanning electron micro-
scope (Jeol equipment) was used to study the surface morphol-
ogy. Using an X-ray diffraction technique (Rigaku powder X-
ray Diffractometer Ruker Advanced D8 model with CuKa radi-
ation, A = 1.5406 A), the structural characteristics were inves-
tigated. Energy Dispersive X-ray Spectroscopy (Quantax 200
with X Flash e Bruker) was used to form the atomic composi-
tion. A photoluminescence (PL) spectrometer (FLS 100) was
used to analyze the light luminescence. The Vibrating Sample
Magnetometer (VSM) was used to estimate the magnetic be-
haviors.

3. Results and Discussion

3.1. Compositional Analysis of MFe;04 (M = Zn** ,Cd**,
Co* ) magnetic samples

The elemental makeup of the generated compounds was
ascertained using Elemental Dispersive X-ray Spectroscopy
(EDS). The EDS spectrum of the synthesized ferrite com-
pounds is displayed in Figure 1. The appropriate stoichiometry
and the EDS data agree fairly well. The EDS spectra showed
the formation of particles of cobalt (Co), zinc (Zn), cadmium
(Cd), iron (Fe), and oxygen (O), as well as the presence of im-
purities such as nitrogen (N), sulphur (S), gold (Au), and chlo-
rine (CI). The existence of C1~ may result from partial substitu-
tion of CI~ particles into the Fe3* lattice site during synthesis,
while incomplete oxidation of Cd(NOs3), may be the cause of
N?-. It was discovered that the generated CdFe;04 nanomag-
netic compounds contained about 8% impurities. The authors
are uncertain about the origin of the gold particle (Au) synthe-
sis, which is restricted to CdFe,O4 nanomagnetic particles, as
can be seen in Figure 1la.

3.2. Optoelectronics and Photonics analysis of the Synthesized
Samples
3.2.1. Optical Energy Band Gap of MFe;04 (M = Cd**, Co**,
Zn*) Magnetic Samples
Plotting photon energy (hv) against [F(r)hv]? allowed re-
searchers to determine the optical energy band gap of the fer-

rite samples using the Diffuse Reflection Spectroscopy (DRS)
technique.
The Kubelka-Munk function F(r) is given by

F(r)=k/S,

where k = molar absorption coefficient and S is the scattering
factor.

S is the scattering factor which is given as 2R.

The molar absorption coefficient k is given in equation (1);

k=(1-R)7>, )

where R is the reflectance.

As seen in Figure 2, the energy band gap is found by ex-
trapolating the spectra lines’ linear course. The energy band
gap ranged between 2.78 and 3.65 eV, indicating that the band
gap changes as a bivalent cationic metal sandwiched into triva-
lent ferrite sites changed. According to reports, ferrite (iron
oxide) has an energy band gap of 2.2 eV [31], but its physical
state changes when metallic ions like Cd**, Zn**, and Co?* are
sandwiched into it. When the bivalent cationic metals in ferrite
is replaced, the cations are redistributed on tetrahedral site-A
and octahedral site-B, resulting in a change in energy band gap
[32-35].

The linear course of the spectra lines is extrapolated to find
the energy band gap, as shown in Figure 2. The energy band
gap varied from 2.78 to 3.65 eV, indicating that the band gap
changes as a bivalent cationic metal sandwiched into trivalent
ferrite sites changed. The energy band gap 3.65 eV favorably
match with result reported by Anjum et al. [35] for cobalt fer-
rite. Ferrite, or iron oxide, is said to have an energy band gap
of 2.2 eV as reported by [31], but when metallic ions such as
Cd**, Zn**, and Co** are sandwiched into it, its physical state
is altered. The cations are redistributed on tetrahedral site-A
and octahedral site-B upon replacement of the bivalent cationic
metals in ferrite, causing a shift in the energy band gap.

Synthesizing a cobalt ferrite sample results in a very high
band gap of approximately 3.65 eV, which is sufficient to cause
a significant physical change in the ferrite’s optical state. The
optical capacity of the CdFe,O4 nanoparticle with a band gap
of 2.68 eV is limited because only photons below a threshold
wavelength A, may be absorbed because the solar spectrum
reaches its maximum intensity at approximately 2.7 eV [36].
On the other hand, the band gap for MFe,0, is measured to
be 2.68 eV at M= Cd** and 3.05 eV at M= Zn>**. As a re-
sult, quantum-sized particles were produced at M = Cd** in
MFe;04, which show the band gaps whose photons fall inside
the threshold wavelength A, for light absorption. The structural
zone model for polycrystalline metallic samples similarly ex-
plains these observations. Crystallite diameters shrank as a re-
sult of segregation at grain boundaries brought on by changing
of cationic metals in ferrite lattice sites [37]. In light of this, the
ideal spinel of MFe,04 may be found at 3.65 eV, which would
result in the highest-quality crystalline nanoparticles. The con-
clusions concur with those of Suman et al. [38] and Nikolai et
al. [39]. While the Fermi level shifts close to the conduction
band due to an increase in carrier concentration, the low energy
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Figure 1. EDS spectral of (a) MFe;04 (M = Cd>*) magnetic sample, (b) MFe;04 (M = Zn**) magnetic sample (c) MFe;0, (M = Co**) magnetic

sample.
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Figure 2. Optical energy band gap spectral of MFe;04 (M = Cd**,
Co**, Zn”*) magnetic samples.

transition is blocked and the band gap increases due to cationic
metals substitution in the ferrite lattice, the increase in band

gap from 2.68 eV to 3.65 eV for M = Cd**, Zn** and Co**
in that order, also known as the blue shift, can be explained
based on the Burstein-Moss effect [40]. It is evident from the
energy band gap values that the nanoparticles have a wide range
of optoelectronic applications, especially when used as window
layers in solar cells.

3.2.2. Optical Transmittance of MFe30, (M = Cd**, Co**,
Zn*) Magnetic Samples

The transmittance of MFe;0, particles (M = Cd**, Zn**,
and Co®*) is displayed in Figure 3. In the following order,
transmittance to photon energy increases for M = Cd**, Zn?*,
and Co?*. The bivalent ions M?>* and trivalent ions Fe3* ions
are reallocated on the tetrahedral site-A and octahedral site-B
when the component of M in MFe;0, is changed when cations
M?2* (Cd?**, Co®*, Zn>*) are substituted in ferrite. The findings
show that the redistribution of Cd?*, Zn**, Co**, and Fe3* ions
on sites A and B alters the systemic optical function of MFe;0y4
samples. High percentage photon energy transparency is ex-
hibited by CoFe, 04 nanoparticles in the visible and infrared re-
gions of the electromagnetic spectrum. A low percentage trans-
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Figure 3. Optical transmittance spectral of MFe;O, (M = Cd**, Co?*,
Zn**) magnetic samples.

mittance of roughly 58% is produced within the visible region
when the M component of MFe30y is changed to Cd>*, whereas
a maximum percentage transmittance of approximately 95%
is formed when the MFe;04 sample is synthesized with M =
Co**. When M is Cd**, Zn**, or Co>* in MFe, 0y, the percent-
age transmittance value of each sample is 58%, 78%, and 95%,
respectively, at varying M in MFe;Oy.

The Co?* ion composition exhibits enhanced transmittance
because it increases the number of optical charge carriers (elec-
trons) generated and raises the energy level in the energy band
by adding new energy levels. The large number of charged par-
ticles (electron transfers) from the valence band to the conduc-
tion band in the MFe,O4 sample produced at M = Co?* also
results in higher % transmittance. The synthesized MFe,Oy4
sample at M = Co?* can now be used to enhance window layer
production for solar cell applications and is appropriate for the
creation of effective optoelectronic devices. Because of its in-
creased optical gain, another MFe,O,4 sample synthesized at M
= Zn** is also well suited for optoelectronic device application,
though it is less efficient than the MFe,0,4 sample synthesized
at M = Co**.

Large optical loss is produced by the CdFe,O4 sample’s
high optical absorption of incident photons; this could be be-
cause the material contains impurities. The CoFe,O,4 nano-
magnetic particle forms low optical losses, improving optoelec-
tronic applications. For M = Cd**, Zn?*, and Co?*, respec-
tively, the samples exhibit a similar pattern in the infrared spec-
trum, with percentage transmittances of roughly 53%, 70%, and
78%. ZnFe,04 and CoFe,04 magnetic samples are more trans-
parent to infrared light, according to the findings, which means
that these ferrites can now be used to create the ideal material
for infrared radiation detection.
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Figure 4. Optical absorbance spectral of MFe;0, (M = Cd**, Co?*,
Zn?*) magnetic samples.

3.2.3. Optical Absorbance of MFe304 (M = Cd**, Co™, Zn**)
Magnetic Samples

Figure 4 shows the absorption bands produced by MFe;04
ferrite magnetic nanoparticles. The center of the blue-shifted
absorption edge, which is consistent with the MFe;O,4 fer-
rite excitonic band, is between 240 and 280 nm. Samples of
MFe;0y ferrite showed significant absorption of UV light and
produced a high absorption peak position at 240 nm. After that,
this peak moved to a position close to visible light, where a
weak absorption band formed at 280 nm. Weaker absorption
bands were observed at 280 nm in the ultraviolet spectrum,
while a strong absorption band was formed at 240 nm. The
absorption band at 240 nm is due to strain brought on by the
M (M = Cd**, Zn**, Co**) ion entering the Fe3* ion lattice,
which results in a lattice defect. Each sample exhibited similar
properties and showed little absorption at visible and infrared
wavelengths. The results showed that CoFe;O4 nanomagnetic
particles had low absorption due to their high transmittance to
photon energy. CoFe,0, magnetic nanoparticles have a lower
absorbance than CdFe,04 magnetic nanoparticles, which has
a higher absorbance. UV detectors can be suitably employed
with CdFe, 0y ferrite samples that exhibit increased optical ab-
sorption edge in the ultraviolet spectrum. Similar result was
reported by Saleem et al. [32], Anjum et al. [35] and Arshad
et al. [33]. From now on, CdFe,0y ferrite nanomagnetic sam-
ple works well for UV control in architectural windows and UV
photodetector since it senses, absorbs and filters UV radiation
that could cause interior home systems to heat up. This material
is a better compound for effective UV radiation control due to
its high absorption in the ultraviolet region.

3.2.4. Optical reflectance of MFe30,4 (M = Cd**, Co**, Zn**)
magnetic samples
Figure 5 displays the photoreflection of MFe;0,4 samples
(M = Cd**, Zn”>*, and Co**). As the component M in MnFe3;04
is substituted, the photo-reflection of MFe;04 magnetic sam-
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Figure 5. Optical reflectance spectral of MFe;04 (M = Cd**, Co%*,
Zn**) magnetic samples.

ples is altered. In that order, reflectance to photon energy de-
creases for M = Cd**, Zn?*, and Co?*. The behavior of all
the samples was similar: CdFe;O4 magnetic nanoparticles dis-
played greater optical reflection than CoFe;O4 magnetic sam-
ples, which displayed less optical reflection. The results show
that CoFe; 04 magnetic samples are perfect for anti-reflection
device application and can be used for coating industrial de-
vices that require minimal reflection because they isolate un-
wanted reflection from optical devices. When an optical device
is coated with a CoFe;0,4 magnetic sample, there is little reflec-
tion of the incident photon. This material’s suitability as an anti-
reflection compound in basic engineering systems was demon-
strated by its high transmittance, low absorbance, and low re-
flection to photon energy. Anti-reflection device manufacturing
is challenging in optoelectronic device applications; however,
coating materials containing CoFe;0, material reduce reflec-
tion and facilitate the creation of efficient anti-reflection de-
vices.

3.2.5. Surface Morphology of MFe30,4 (M = Cd**, Co**, Zn**)
Magnetic Samples

Figure 6 displays the surface morphologies of nanomag-
netic samples of CdFe;04, ZnFe;0,4, and CoFe;O4. Figure
6a illustrates the formation of a fairly packed microstructure
and spheroid grains with minimal porous morphology in the
sample synthesized at M = Cd** in MFe;0y4. There are visi-
ble voids and cracks in the surface framework, indicating that
the surface layer is not uniform. Figure 6b shows the surface
arrangement of the sample grains prepared at M = Zn>* in
MFe;04. The surface exhibits the formation of closely spaced
microstructures and spherically shaped grains. Every time M in
MFe;0y is changed, MFe;O4 showed the progression of struc-
tural rearrangement. Figure 6¢ show the surface framework of
samples developed with M = Co?* in MFe;0y4. The morphol-
ogy of cobalt ferrite was largely homogeneous, with spherically
shaped grains. Similar result was reported by Thakur et al.

6

[41]. Even though CoFe;O,4 revealed smaller grain sizes than
CdFe; 04, CoFe3; 04 demonstrated the production of microstruc-
tures with a spherical shape and very little agglomeration. On
the other hand, the grain agglomeration in CdFe;O,4 is more
pronounced. The surface morphology of the grown CoFe;0y4
samples revealed minimal surface imperfections such as pores,
holes, and cavities, and the surface organization showed the
evolution of low particle aggregation. The morphologies show
the appearance of a densely packed spherical microstructure
and the absence of a second phase particle. Large agglomer-
ation was seen in CdFe3;Q,4, which could be the result of distor-
tion at the lattice site and the presence of impurities. The lattice
distortion could be brought on by the replacement of Cd** and
Fe’* ions on octahedral B-sites and tetrahedral A-sites. The
substitution of Fe3*, which has an ionic radius of 64 A, for the
larger Cd2* ion in the B-site, which has an ionic radius of 94 A,
is what causes the lattice distortion.

3.2.6. X-ray Diffraction of MFe30, (M = Cd**, Co**, Zn**)
Magnetic Samples.

The X-ray diffraction patterns of the synthesized magnetic
ferrites nanoparticles are displayed in Figure 7a-c. The trivalent
state XRD data suggested the formation of the Fe phase. Simi-
lar findings have been reported by a number of researchers [42—
47]. These findings support the development of the FCC frame-
work and single phase spinel structure. The locations where
the diffraction peaks formed were the reflection planes (220),
(311), (222), (400), (511), (422), and (440), and the diffraction
angles 29.654°, 35.125°, 36.736°, 41.978°, 52.643°, 57.043°,
and 62.384°. However, there is a slight variation in the diffrac-
tion angle as the M in MFe3;O4 changes. The results show that
the X-ray diffraction peaks in the XRD pattern exactly match
the standard pattern for that ferrite in (JCPDS No: 10-325).
It was observed that the diffraction peaks were broader; this
was caused by both unit cell expansion and modifications in the
lattice properties. Ionic radii for Zn**, Co?*, Cd**, and Fe’*
jons are 0.74 A, 0.65 A, 0.95 A, and 0.64 A, respectively [37,
39]. The lattice parameter changed as a result of competition
between the Fe3* ions and any of these cationic metals (Zn2+,
Co?*, Cd*") at tetrahedral sites (A) and octahedral sites (B) in
the unit cell. The variation of cationic metals in ferrite affects
the lattice parameter. CoFe;04, ZnFe;0Oy4, and CdFe;04 have
lattice parameters of 0.834 /DX, 0.856 A, and 0.862 A, in that or-
der. Because the larger ionic radii of Cd** are replaced with
smaller ionic radii of Fe3*, CdFe;0, has the highest lattice pa-
rameter. Because the ferrite lattice is more strained when Fe3*
is substituted for Cd%* ions in the lattice sites, the lattice param-
eter of CdFe30y, is larger. Even though the ionic radii of Fe**
are smaller than those of Co** and Zn?*, substituting Fe** for
Zn?* and Co** results in less strain on the lattice and the forma-
tion of a smaller lattice parameter. The differences in the ionic
radii of the Cd?*, Zn?*, Co**, and Fe?* ions account for this
effect. Variations in ionic radii lead to the expansion of the unit
cell because cationic metals compete with each other to occupy
the same unit cell within the lattice site. A larger lattice con-
stant was the result of an attempt to replace the smaller ionic
radius of Fe** ions with the larger ionic radius of Cd** ions.
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Figure 7. X-ray diffraction spectral of (a) MFe;0, (M = Zn**) magnetic samples, (b) MFe;0, (M = Co?*) magnetic samples, (c) MFe;0, (M =
Cd**) magnetic samples, (d) Photoluminescence spectral of MFe;O4 (M = Cd**) magnetic samples

The observed slight shifting of diffraction peaks is caused by
the rivalry between cationic metals for occupying tetrahedral
sites (A) and octahedral sites (B), which leads to the creation
of a lattice defect [44]. The formation of multiple peaks indi-

cates the presence of a polycrystalline structure. Equation (2)
was used to quantify the size of the crystallites using the Derby
Scherrer equation, while Equation (3) was used to calculate the
lattice constant. The crystallite size as determined by Derby
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Scherrer method revealed a change in the lattice site of the fer-
rite as the cationic ions were replaced. Co®* ions sandwiched
into ferrite MFe3;Q, lattice sites revealed the larger crystallite
site [48, 49]
D= kA
Bcost

a=dVh?+ 2+ 2, 3)

(@)

where 3 is the complete width at half the maximum of the
diffraction peak, 0 is the corresponding diffraction angle, D is
the crystallite size, k is the shape factor, and A is the wave-
length of the x-ray. The Scherer equation was used to calcu-
late the crystallite size, and the results revealed sizes such as
10.54 nm, 18.76 nm and 32.63 nm for CdFe;0,4, ZnFe;0,4 and
CoFe; 04 respectively.

3.2.7. Photoluminescence Analysis of MFes04 (M = Cd**,
Co®*, Zn>*) Magnetic Samples.

We use photoluminescence spectroscopy to investigate the
luminescence effect of MFe;0, ferrite samples. The broaden-
ing emission bands in MFe; Oy ferrite samples at various wave-
lengths are shown in Figure 8b. Broad luminescence peaks are
believed to be produced by the formation of oxygen vacancies
in the ferrite lattice and the presence of donor energy levels near
the conduction band edge [50]. The electron transfer from the
donor level to the acceptor level is responsible for the formation
of a noticeable emission peak in all of the synthesized samples.
Figure 8b illustrates how the CoFe;0,4 sample exhibits a broad-
ened, narrowed emission band with a sharp edge at wavelength
550 nm where green emission is observed. Green light emit-
ting CoFe;04 samples are typically designed and used as light
emitting diodes. It is believed that a defect, such as oxygen va-
cancies, is responsible for the dramatic luminescence peak; the
defect is brought about by donor levels close to the oxide’s con-
duction band edge [51]. Figure 8a illustrates the ZnFe;O4 sam-
ple’s non-sharp luminescence peak and broadened, widening
emission bands where yellow emission is visible between 560
and 590 nm. Figure 7d illustrates the non-sharp luminescence
peak of the CdFe; 0,4 sample as well as the broadened, widen-
ing emission bands between 510 and 530 nm, where green and
cyan emission are visible at different wavelengths. The effect
of particle size caused the emission bands to widen. A minor
shift in the emission band is observed as a result of M being re-
placed in MFe; Q4. The shift in the emission bands results from
the formation of an impurity level in the MFe; Oy ferrite lattice.
The MFe;Oy lattice’s impurity level formation is what caused
the emission band shifting. The formation of cyan, green, and
yellow light emissions is indicated by the shifting of the peaks
from a maxima energy level to a minimal energy level at 510
nm to 550 nm and 570 nm. The results show that light emis-
sion is impacted by interface defects, which are dependent on
the excitation energy, particle sizes, and intensity of the incident
light. The creation of deep levels in the visible region and local-
ized levels in the energy band is attributed to the green emission
[52].

3.2.8. Investigating the Magnetic Properties of MFe304 (M =
Cd*, Co**, Zn*) Magnetic Samples.

Using a vibrating sample magnetometer, the magnetic char-
acteristics of MFe;04 (M = Cd**, Zn**, Co**) magnetic sam-
ples were investigated. Plotting the applied magnetic field
against magnetization allowed for the analysis of the magnetic
characteristics. Table 1 contains a list of the magnetic parame-
ter values.

The magnetic properties were examined using a vibrating
sample magnetometer (VSM), and the magnetic elements—
saturation magnetization (Mg ), remanence magnetization (Mr),
coercivity (H¢), and remanence ratio—were obtained using
the hysteresis curve shown in Figure 9. Based on the curve,
the estimated saturation magnetization values for the CoFe;O4,
CdFe;0q4, and ZnFe;O4 samples are 64.779 emu/g, 24.041
emu/g, and 39.263 emu/g, respectively. The significant satura-
tion magnetization may result from the crystalline nature of the
CoFe; 04 nanoparticle and the formation of a minimum surface
structural defect. The high saturation magnetization of cobalt
ferrite may also be due to small crystal lattice defects and low
magnetic anisotropy, which do not prevent magnetic moment
alignment in the magnetic field. The CoFe;O4 sample’s rema-
nence ratio, coercivity, and remanent magnetization values are,
in order, 0.665, 264.342 Oe, and 43.065 (emu/g). Remanent
refers to the magnetization value that remains after the magnetic
field is removed [53]. The high coercivity indicates the hard
ferromagnetic material that is difficult to demagnetize. Low co-
ercivity formation indicates the formation of soft ferromagnetic
and mild magnetism, whereas high coercivity formation indi-
cates the formation of hard ferromagnetic and hard magnetism.
The magnetic hysteresis loop of nanomagnetic cadmium ferrite
particles demonstrated soft ferromagnetic behavior. Because of
its low coercivity and low remanence magnetization, the sample
is deemed soft magnetic. This means that it can only withstand
low appropriate magnetism and is easily demagnetized. The
magneton number of the sample was determined using [47]:

M,, x M

np = W’ (€]

where M; is the saturation magnetization and M,, is the molec-
ular weight. In this research, the particle-particle interaction
was studied using coupling constant (A). The coupling constant
is defined as the ratio of the magnetic dipole interaction en-
ergy between two coated particles in contact with each other’s
thermal energy. It gives information about the strength of the
particle-particle interaction as well as an estimate of the typi-
cal force used when the nanoparticles interact. The coupling
constant was determined using [47]:

m2

h= B KgT’ ©)
where m is the particle’s mass, kp is the Boltzmann constant,
k is the anisotropy constant, and T is the temperature. The
CoFe;O4 sample forms strong inter-particle interactions be-
cause its coupling constant, 1.97, is greater than unity. The
ZnFe3;0,4 and CdFe; 0,4 samples have coupling constants of 1.35
and 0.863, respectively. Only when the coupling constant is
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Figure 8. Photoluminescence spectral of (a) MFe;0, (M = Zn**) magnetic samples, (b) MFe;04 (M = Co**) magnetic samples

Table 1. Magnetic Parameters of MFe3;04 (M = Cd?*, Co**, Zn**) Magnetic Samples.

Sample Saturation Remanance M,/2 Remanant Ratio Coercivity Magnetic Magneton
magnetization magnetization M, =M, /M, H. (Oe) anisotropy K number ng
M, emu/g) M, (emu/g) MJ/m?)
M = Cd>*  24.041 10.654 5.327 0.443 54.654 266.492 1.037
M =Co*  64.779 43.065 21.53  0.665 264.342 4877.999 2.186
M =7Zn**  39.263 25.609 12.81  0.652 128.943 2166.693 1.449
5 ity up to 600 Oe are suitable for use as longitudinal magnetic
recording media [56], according to Li et al. [57]. None of the
I~ = Cobalt Ferrite 6 'II" samples are suitable for use as magnetic recording media be-
3 ¢ Cadmium Ferrite 4 p cause all of the coercivity values found in this work are less
g Zinc Ferrite
K 2 than 600 Oe.
_; Research indicates that the size of the synthesized particles’
§ -2x110° -1x10° j 1x10° 2xf0* crystallites has an impact on the magnetization. Cobalt ferrite
"rg a exhibits a higher magnetic effect and has a larger crystallite size
o 2 of 32.46 nm. The crystallite sizes of zinc and cadmium ferrite
= g" are 18.76 nm and 10.54 nm, respectively, and they show mag-
netization values of 39.263 emu/g and 24.051 emu/g. This out-
-8 come showed that the magnetic effect increased as crystallite

Applied Field (Oe)

Figure 9. Hysteresis loop of MFe;O4 (M = Cd?**, Zn?*, Co®*) magnetic
sample.

greater than one can the strong chain-like structure overcome
the thermal reaction [47]. Due to spin canting effects or sur-
face spin disorder [54], the saturation magnetization of the
crystalline cobalt ferrite sample is lower than that of the bulk
CoFe, 04 sample (80 emu/g) [55]. Equation (6) links saturation
magnetization to coercive force:

2k

H, = . 6
oM ©

The coercive force is inversely proportional to saturation mag-
netization, according to equation (6). Ferrite samples with sig-
nificant saturation magnetization and high equivalent coerciv-

increased. Ferrite samples with magnetization between 58.32
and 67.32 emu/g and crystallite sizes between 15.7 and 33.5
nm are suitable for use in microwave application, per a 2019
study by Maksoud et al. [58]. The cobalt ferrite sample that
is currently being synthesized is ferromagnetic [59] and has a
magnetization of 64.779 emu/g and crystallite size 32.46 nm,
making it suitable for microwave applications. Because their
magnetization is less than 58.32 emu/g, other samples, such as
zinc ferrite and cadmium ferrite, are not appropriate for this ap-
plication. The 2021 study by Ali et al. [60] states that ferrite
samples with crystallite sizes ranging from 10.96 to 14.28 nm
and magnetization ranging from 24.20 to 37.16 emu/g are suit-
able for use in longitudinal magnetic recording media. The cad-
mium ferrite sample that possesses these qualities is therefore
appropriate for use in magnetic recording media. A ferrite sam-
ple with a magnetization of 2.722 emu/g and a crystallite size
of 250 nm is deemed suitable for use as a humidity sensor, per
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Kim et al. [61]. None of the synthesized samples can be used as
a humidity sensor because none of them show these traits. Ac-
cording to Cambale et al. [62], ferrite samples with crystallite
sizes between 23.77 and 27.09 nm and magnetization between
52.55 and 68.94 emu/g can be employed as gas sensors. As an
alternative, Caltun et al. [63] proposed that the material can be
utilized as automotive sensors if its crystallite size is between
12.04 and 15.02 nm and its magnetization is between 77 and 96
emu/g.

N

In this research, squareness ratio of the synthesized ferrite sam-
ples was determine using equation (7) [64]. Synthesized sam-
ples display a single magnetic domain structure if the square-
ness ratio is equal to or larger than 0.5 (M,; > 0.5), whereas the
ferrite sample display a multi magnetic domain structure if the
squareness ratio is less than 0.5 (M,; < 0.5), according to the
literature [64]. The current synthetic samples (CoFe;O4 and
ZnFes;04) have a squareness ratio greater than 0.5, indicating
that the ferrite samples display a single magnetic domain struc-
ture, but CdFe;0y4 display a squareness ratio less than 0.5, indi-
cating that it has a multi-magnetic domain structure. According
to the report, synthesized material is hard magnetic and appro-
priate for applications in high frequency device, if coercivity H,
is greater than %; on the other hand, if the sample is semi hard
magnetic, coercivity H, is less than %, this makes the material
to be suitable for application in information storage device [65].
Since the currently produced magnetic samples show coercivity
H, greater than -, the materials are hard magnetic and appro-
priate for use in high frequency devices. The synthesized fer-
rite samples exhibit coercivity H, not less than %, the samples
are henceforth hard magnetic and appropriate in high frequency
device application. None of the samples are appropriate for ap-
plication in information storage device, because their coercivity

H. does not less than MT
H.M;
K= —=. (3)

Research indicates that magnetic anisotropy, which is reliant
on coercivity and saturation magnetization, characterizes the
preferred orientation on the spin of a usable magnetic sys-
tem that does not align with an external magnetic field. The
formation of spin disorder at the particle surface caused the
anisotropy exchange. K = < s used to evaluate the mag-
netic anisotropy of the ferrite samples [66]. Here, k stands
for magnetic anisotropy, Hc for coercivity, and Ms for sat-
uration magnetization. Cobalt ferrite sample exhibits a high
magnetic anisotropy while cadmium ferrite exhibits lower mag-
netic anisotropy. When compared to other ferrite compounds,
CoFe;04 have a number of advantageous and distinctive char-
acteristics, such as strong magnetocrystalline anisotropy, high
coercivity (Hc), and moderate saturation magnetization (Ms).
Similar result was reported by Apostolov ef al. [58] and Rao et
al. [67].
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4. Conclusion

CoFe;0y4, ZnFe;04, and CdFe;04 nanomagnetic samples
were successfully synthesized by the co-precipitation method.
The XRD analysis showed that the ideal orientation for the for-
mation of cubic and single phase spinel is the (311) reflection
plane. The samples’ crystallite sizes for CdFe;O,4, ZnFe;Oy,
and CoFe;04 are 11.54 nm, 18.76 nm, and 32.63 nm, respec-
tively. Because of its high optical gain, the cobalt ferrite sam-
ple exhibits the best optical features, while the cadmium ferrite
sample exhibits optical losses. Because of its low optical loss,
cobalt ferrite sample is now a fantastic choice for optoelectron-
ics device applications. However, in the cadmium ferrite mag-
netic samples, greater absorbance was discovered in the UV
region. This sample would therefore work better with UV con-
trol and detectors in residential systems. Little photo-reflection
was produced by the cobalt ferrite magnetic sample, suggesting
that the samples would work well as an anti-reflective coating
in some engineering equipment where low reflection is needed.
The samples are hard magnetic and suitable for use in high fre-
quency device applications because Hc > Mr/2. Cadmium fer-
rite exhibits a multi magnetic domain structure, whereas zinc
and cobalt ferrite show a single magnetic domain structure, be-
cause of a squareness ratio of less than 0.5. The production
of high coercivity is a sign that hard ferromagnetic material is
developing. The presence of an impurity level in the ferrites lat-
tice causes the emission band shifting. The formation of cyan,
green, and yellow light emission is revealed by the shifting of
the peaks at 510 nm, 550 nm, and 570 nm from a high energy
level to a low energy level.
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