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Abstract

In this comprehensive study, we synthesized Co, (Zn, 4Fe,0, cubic spinel via the sol-gel method and characterized its
structural, thermal, and optical properties. X-ray diffraction (XRD) verified the crystallization within the cubic Fd-3 m space
group, and a detailed analysis determined a crystallite size ranging from 47 to 58 nm. Notably, the calculated crystallite
size of 49.4 nm revealed inherent limitations in Scherer’s formula, which does not account for intrinsic strain effects from
crystal defects, grain boundaries, and stacking. Optical investigations, utilizing UV—Vis absorption spectroscopy, unveiled
a direct optical band gap of 1.26 eV, suggesting semiconductor behavior. The material’s thermal conductivity was found to
be highly temperature sensitive, reaching its maximum value for both spin orientations at 900 K, with a quantified value of
ke/t=4x 1014 W/(mKs). This thermal behavior, along with the observed disorder (Eu value of 1.41 eV) and higher Urbach
energy, offers valuable insights into the material’s response under varying temperature conditions, essential for applications
in diverse technological domains.
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1 Introduction

In recent years, there has been a lot of research on mag-
netic nanoparticles, especially nanoferrites, due to their
many possible uses in different technical areas [1, 2]. The
widespread production of nanoferrites is motivated by
their exceptional characteristics, including unique struc-
ture, magnetic [3], and electrical properties [4], response
to light, and thermal behavior [5]. These qualities make
them suitable for various applications, such as magnetic
sensors [6], MRI [7, 8], energy storage devices [9, 10],
optoelectronics [11, 12], catalysis [13], and magnetic drug
delivery [14, 15].

Spinel ferrite magnetic nanomaterials are especially
interesting. They have a crystal structure similar to
MgAl,O,, with a basic formula of AB,04. In this formula,
‘B’ is a trivalent cation like iron (Fe), and ‘A’ is a divalent
cation which can be cobalt (Co), iron (Fe), nickel (Ni),
zinc (Zn), manganese (Mn), tin (Sn), and others. These
materials have been studied a lot because of their unique
properties and belong to the space group Fd-3 m (Number
227 in international tables) [16—19].

Among different types of spinel ferrites, nanoferrites
made of Co-ZnFe,0, are very useful and interesting as
magnetic materials. Specifically, cobalt ferrite (CoFe,0,)
is very promising for several uses. These include deliver-
ing drugs with magnets, making high-quality audio and
video tapes [20], optical discs [21], and digital records
[22]. This is because of its strong magneto crystalline ani-
sotropy [23], which means it has a strong preferred direc-
tion of magnetism [24] and great chemical and physical
stability [25]. The magnetic characteristics of CoFe,0,
can be significantly changed by adding the right amount
of non-magnetic (diamagnetic) impurities [26, 27]. There
are many ways to synthesize Co-ZnFe,O, nanoferrites, like
the solid-state reaction method, or ceramic method [28],
microwave combustion [29], forced hydrolysis [30], co-
precipitation [31], and the sol-gel method [32, 33]. The
sol-gel method, which is also called a solution-burning
technique, has been particularly useful for making spi-
nel ferrite nanoparticles in the last 20 years. This method
has been used to create a wide variety of spinel ferrite
materials [32, 33].Co,Zn,_,Fe,0, nanoferrites, especially
those with zinc (Zn) replacing some of the cobalt (Co),
are getting a lot of attention because they have better
magnetic and electrical properties [34—37]. These ferrites
have many good features like a large surface area, strong
magnetization, high magnetic permeability, a big dielectric
constant, high electrical resistance, good chemical stabil-
ity, and low dielectric loss. These qualities make them
great for electronic devices that work at high frequencies
[36-38]. CoFe,0, is a type of ferrite where Co”" ions are
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in octahedral positions and Fe** ions are in both octahe-
dral and tetrahedral positions. Adding non-magnetic Zn**
cations, which take the place of some Fe3* cations at the
tetrahedral sites, is thought to increase the magnetization
without much change to the electrical properties [36-40].

This study provides a comprehensive examination of
the Co, ¢Zn, 4Fe,0, cubic spinel synthesized through the
sol—gel method, focusing on its structural, thermal, and
optical properties. Our findings, supported by X-ray diffrac-
tion and UV—-Vis absorption spectroscopy, have confirmed
the material’s semiconducting nature and its potential for
high-tech applications. The observed temperature-sensitive
thermal conductivity. These results not only deepen our
understanding of the Co ¢Zn, ,Fe,0, cubic spinel’s multi-
faceted properties but also highlight its promising utility in
areas requiring materials with specific thermal and optical
characteristics. The insights gained from this study pave the
way for future research and development of similar materi-
als, potentially leading to innovative applications in various
advanced technological fields.

2 Experimental details
2.1 Preparation of Co, ;,Zn, ,Fe,0, ferrite

The synthesis of Cog¢Zn, Fe,0, spinel ferrite was
achieved through the sol-gel method, a technique chosen
for its numerous advantages including enhanced uniformity,
reduced processing temperatures, shorter annealing dura-
tions, elevated purity, and superior material characteristics.
This method was effectively utilized to generate high-quality
materials. For the synthesis, reagent-grade metal nitrates
Fe(NO;),-9H,0, Zn(NO3),-6H,0, and Co(NO3),.4H,0, all
procured from Sigma-Aldrich with purity levels of 99.9%,
98%, and 99.9%, respectively, were used along with ethylene
glycol (C,H40,, 99%).

In the meticulous preparation of Co, ¢Zn, ,Fe,O, nanofer-
rite via the sol—gel technique, specific stoichiometric ratios
of zinc, copper, and iron nitrates were precisely measured
and dissolved in distilled water. The solution was then heated
at 90 °C with constant stirring in a fume hood to initiate the
formation of a sol. Citric acid, added in a 1:3 molar ratio
to the metal nitrates, served as a chelating and combustion
agent, while ethylene glycol was included as a polymeriza-
tion catalyst. This mixture was stirred and heated for 2 h
until a dense, dark gel formed. This gel was dried at 200 °C
to create a xerogel. The xerogel was then calcined at 400 °C
for 24 h to ensure complete decomposition of the precursor
and formation of the desired Co Zn,, ;Fe,O, phase.

The calcination process continued with the powder being
crushed and calcined at 600 °C for 24 h, ground once more,
and then calcined again at 700 °C for 24 h. The granular
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material was then compacted into pellets using a high-pres-
sure ten ton/cm’press, creating pellets with a 1 mm thick-
ness and a 10 mm diameter. These pellets were sintered at
1000 °C for 24 h to achieve the desired crystalline phase of
the nanoferrite. For the final stage, the resulting pellets were
carefully ground and pelletized again, followed by another
grinding step. The material was then sintered for 12 h at
1000 °C. This comprehensive process, which includes mul-
tiple grinding, pelletizing, and calcination steps, ensures the
development of a well-structured ferrite product. Through-
out these procedures, the sample was subjected to standard
laboratory conditions, maintaining an ambient temperature
of approximately 25 °C (77 degrees Fahrenheit) and a pres-
sure of 1 atmosphere. This comprehensive process, which
includes multiple grinding, pelletizing, and calcination steps,
ensures the development of a well-structured ferrite product
while adhering to standard laboratory conditions during the
heating and calcination stages. In the final stage of the pro-
cess, the resulting pellets were meticulously ground and pel-
letized again. The grinding was conducted manually using a
mortar and pestle to ensure a controlled and precise reduc-
tion in pellet size, maintaining the integrity of the material
while achieving the desired characteristics, rather than by
ball milling which could introduce contamination or dam-
age the material. This manual grinding approach allowed
for a careful breakdown of the pellets into a finely powdered
form suitable for characterization, while avoiding potential
issues from mechanized grinding methods. The structural
and compositional attributes of the final product were then
characterized through advanced analytical methods, includ-
ing XRD, SEM, and Raman spectroscopy, to confirm the
successful synthesis of the Co, 4Zn, ,Fe,0, nanoferrite with
the desired properties.

2.2 Characterization techniques

For XRD analysis, a minimal amount of material, approxi-
mately 0.2 g, was finely powdered and uniformly dispersed
on the sample holder. The XRD pattern was collected at
room temperature over a 20 range of 10°-80° employing a
Bruker 8D Advance X-ray powder diffractometer, equipped
with monochromatized Cu-Ka radiation (wavelength
A=1.5406 A).

Calibrating X-ray diffraction (XRD) equipment involves
crucial steps to ensure accuracy. Starting with a standard
sample, we optimize instrument parameters, align the sam-
ple holder, and calibrate the zero angle. Lattice parameter
refinement is performed, and peak profile fitting techniques
are employed for precise analysis. Regular calibration checks
using certified reference materials are essential to main-
tain the accuracy of XRD measurements over time. These
steps collectively establish a well-calibrated instrument,
enhancing the reliability of subsequent crystalline material

analyses. Rietveld refinement was employed to optimize
the XRD data, utilizing the Fullprof tool for determining
cell parameters, phase purity, and homogeneity of the syn-
thesized sample. The material’s morphology was examined
using a TESCAN VEGA3 SBH scanning electron micro-
scope (SEM) with a BurkerXFlagh 410 M EDS detector.

Several spectroscopic techniques were performed to
investigate the properties of the product. Raman spec-
troscopy, using a Raman microsystem (HoribaLabRam
HR Evolution) with an excitation wavelength of 532 nm,
an open-space confocal microscope, a CCD detector, and
a 600 gmm™~! grating, was utilized to determine the spinel
structure and study its vibrational motions. For analyzing the
optical properties, UV-Vis spectra were acquired at room
temperature with a UV3101PC scanning spectrophotometer,
covering a wavelength range of 200 to 2400 nm. Absorb-
ance (A) and reflectance (R) were calculated based on these
measurements.

3 Results and discussion
3.1 Structural properties

Figure 1 displays the Rietveld X-ray diffraction (XRD) pat-
tern of the Co, ¢Zn, 4Fe,0, refined powder sample using the
Fullprof software. The pattern shows the (111), (220), (311),
(222), (400), (422), (511), (440), (531), (620), (533), and
(622) lattice planes, confirming the formation of a single-
phase spinel structure with the Fd-3 m space group. The
Bragg peak profile was described using the pseudo-Voigt
function. No additional reflections were observed at Bragg

—o— Yobs
Ycalc
Yobs-Ycalc

® 311

| Bragg_position

Intensity (a.u)

| | [ 1 I [ [ o I

20 ()

Fig. 1 XRD pattern with Rietveld refinement for Co,¢Zn,Fe,0,.
The underneath line (blue) depicts the difference between the XRD
data (black) and calculated fit (red), and the green lines are Bragg
positions

,,,,,,,,,,,,,,,,,,,,,,
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peak positions corresponding to any other phase than the
spinel ferrite, as demonstrated in the diffraction pattern [41].
Furthermore, the standard JCPDS card number 22-1086 of
the pure cobalt spinel ferrite structure CoFe,O, and the
indexed Miller indices for diffraction peaks are in good
agreement [42]. The peak broadening in the XRD pattern
is explained by the nanoscale dimensions of the crystallites.

For the spinel phase, the precise determination of the
cation distribution within the tetrahedral (A) and octahedral
[B] sites is essential for the Rietveld refinement of the XRD
patterns of Co, ¢Zn, 4Fe,0, compounds. Mdssbauer spec-
troscopy has been employed to estimate the cation positions
for ferrite samples with the chemical composition AB,0O,.
Previous studies, utilizing Mossbauer spectroscopy, have
revealed that in certain ferrites containing (Co, Zn, and Fe),
Zn* ions tend to occupy the A sites preferentially. Con-
versely, Co?" ions are distributed across the B sites, while
Fe3* ions can be found at both sites [43, 44]. As aresult, the
cation distribution for the Co ¢Zn, ,Fe,O, sample can be
expressed as (Znj" Fe,t) 4 [Cott Fel] 403" The positions
for [B] cations, (A) cations, and O were taken in the Rietveld
refinement at positions 16d (1/2,1/2,1/2), 8a (1/8,1/8,1/8),
and 32e (x, y, z), respectively.

Furthermore, the broadening of the XRD pattern’s lines
hints at the nanoscale dimensions of the crystallites within
the sample. Such broadening is often indicative of small
particle sizes, which lead to an increase in the line width due
to the X-ray diffraction size effect. The Rietveld refinement
process not only confirms the phase purity and structure but
also yields vital quantitative data about the sample.

The mean crystallite size was initially estimated using the
standard Scherer method, which entails using the Scherer
formula presented in Eq. (6) [45-51]:

ki 1
5C 7 Beosh’ 1)

where k is a constant (k=0.89), A the wavelength of the
X-ray radiation, § the full width at half maximum of the
most intense peak (311) (FWHM) given in radians, and 6
is the diffraction angle. The average crystallite size in our
sample is 47.4 nm. To mitigate potential sources of error
during the calculation of the typical size of a crystallite, we
employ the adapted Scherer equation (Eq. 2) [52]:
kA 1

Ing = lnD— +In— )

» coséd

In Fig. 2a, the plot of Inf as a function of In(1/cos €) enables
the determination of the average crystallite size by calculating
the intercept of the linear fit. Using this method, the calculated
crystallite size is 49.4 nm. However, Scherer’s formula does
not consider the effect of intrinsic strain resulting from crystal
defects, grain boundaries, and stacking [41, 53]. To account
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Fig.2 Modified Scherer graph (a), Williamson—Hall graph (b), and
size-strain graph (c) for Co ¢Zn, ,Fe,0,

for the intrinsic strain, the Williamson—Hall (W—H) approach
can be used to estimate the crystallite size and also consider
the strain-induced broadening of XRD peaks [54, 55]. The
calculation of intrinsic strain is achieved by applying Eq. (3)
below [56]:

Pcosf = Dk—ﬂ + 4esing, (3)
WH
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where ¢ is the strain. Figure 2b depicts the plotting of this
Eq. (3), with the term (4sin ) along the abscissa axis and
(Bp-cos 0) along the ordinate axis. The crystallite size of
the Cog ¢Zn, ,Fe,O, ferrite can be deduced from the inter-
cept value of the linear curve, while its slope provides the
fundamental strain value. The obtained values of Dy, and
e are, respectively, 58.6 nm and 5.8 x 10~*.The technique
known as size—strain plot (SSP) interprets the XRD peak
profile as a combination of Gaussian and Lorentzian func-
tions, where the Lorentzian function represents the broaden-
ing of the XRD curve and the Gaussian function represents
the stretching [53]. Equation (9) is used to calculate the SSP,
as shown below [57].
2
(dyyBeosd)” = %(dﬁklﬂcose) +5 )
As illustrated in Fig. 2c, a graph is produced using
Eq. (4), with the terms (d?, Acosf) along the abscissa axis
and (dy,,.f.cos 6)* along the ordinate axis. The slope of
the linear fit results in an average Dggp of 53.7 nm, and the
intrinsic strain estimated from the intercept was 1.87 x 107>
Table 1 summarizes the findings of the average crystallite
size and strain values calculated using the various methods.

3.2 Elemental and morphological analysis

The fracture microstructure image of Co, (Zn, 4Fe,0, ferrite
was analyzed by scanning electron microscope (SEM). The
SEM illustration and agglomeration of grains distribution
of our sample are shown in Fig. 3. The SEM image clearly
illustrates the distinct chemical contrast of the ferrite phase.
In addition, it displays the non-uniform surface behavior of
the regularly shaped agglomeration of grains, which exhibit
large facets. The presence of black dots indicates the poros-
ity of the sample. Moreover, the SEM image of the investi-
gated compound closely resembles those of pure or doped
spinel ferrite systems prepared using other methods such as
solid-state, autocombustion, co-precipitation, and microwave
irradiation methods. In previous studies, researchers have
observed large agglomerates with small particles adhering to
their surfaces, similar to what is observed in our SEM image
[58—60]. The EDS spectrum exhibits distinct peak intensities
corresponding to Co, Zn, Fe, and O elements, providing evi-
dence of their presence. The dominant elements identified in

C_ps/ev

[Element | [wt.%]]

Oxygen (*e)yp. | 2580

Tron (%o)ps | 36.63

Cobalt (%e)ypc | 1097

(Zinc(%e)ps  [7.68 |

25

Fig.3 SEM image and EDS spectrum for Co ¢<Zn, ,Fe,O, ferrite

the sample include oxygen (25.80%), iron (36.63%), cobalt
(10.97%), and zinc (7.68%). The percentage composition
values obtained from the EDS analysis offer quantitative
insights into the relative abundance of each element. Iron
emerges as a significant component, constituting the highest
percentage among the identified elements. Cobalt and zinc
also contribute noticeably to the overall composition, con-
firming their presence in the material. Oxygen, as expected,
constitutes a substantial proportion, reflecting the oxides and
compounds in the sample.

3.3 Raman spectroscopy

The findings from group theory analysis propose that the
cubic configuration exhibits ten active Raman modes, out
of which five (A;g+Eg+3T,g) are linked to the move-
ment of oxygen ions at one or both A and B sites [61,
62]. In this study, Raman spectra were obtained at room
temperature for Co, ¢Zn, ,Fe,0, in the 150-800 cm™!
range. In our Raman spectral analysis, we meticulously
performed background extraction following established
procedures. This involved systematic steps such as base-
line correction to eliminate instrumental effects, polyno-
mial fitting to model and subtract background signals, and
an iterative process for optimal adjustment of parameters.
Visual inspection was crucial to confirm the effective-
ness of background subtraction, addressing any residual
signals or artifacts. By employing these techniques, we

Table 1 Crystallite size and
strain values obtained using

Method

Crystallite size Strain

several methods Scherrer method

Modified Scherrer method
Williamson—Hall method

Size—strain plot method

Dg-=474nm=2.1 nm -
Dgr=49.4nm+2.2 nm -
Dy =58.6 nm+0.6 nm £=58x10"*+3x107°
Dyp=53.7 nm 0.6 nm e=187x102+3x107
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Fig.4 Room temperature Raman spectrum for Co ¢<Zn, ,Fe,O, ferrite
spinel

ensured accurate and reliable Raman spectral analysis,
enhancing peak visibility and improving the signal-to-
noise ratio. The Raman spectrum of the sample under
investigation indicates five Raman bands associated with
the Zn and Co spinel ferrite materials of space group
Fd-3 m [63-66]. These observations are consistent with
the structural analysis of the compound reported ear-
lier. The Raman spectrum of the studied compound was
analyzed by fitting it with a Lorentzian line shape and
deconvolving it into eight peaks, as shown in Fig. 4. The
peak observed at 669 cm™! is attributed to the A,g mode,
which is related to the bond stretching vibrations of (Fe/
Co/Zn)-0O and metal-oxygen in the tetrahedral sites.

The peaks observed at frequencies around 165, 301,
458, and 609 cm™! were assigned to the ng and Eg modes,
which correspond to the vibration of the spinel structure
[65]. Notably, the relative intensity and area of the T,g(3)
and T,g(2) peaks were higher than those reported in pre-
vious studies [67, 68], indicating the effect of 40% Co**
ion substitution by Zn>* ions on the distribution of cations
between octahedral and tetrahedral sites. Two additional
peaks were detected at around 420 and 500 cm™!, result-
ing from the splitting of the Raman T,g(2) mode, which is
related to the site of the octahedral sublattice as reported
by Dattet al. [68]. This confirms that the octahedral spinel
ferrite site contains Zn>*, Co?*, and Fe*" ions. Lastly,
the peak observed at approximately 350 cm™! was previ-
ously reported to be related to the symmetrical bending
of oxygen with respect to the cations and the translational
motion of the entire cation-O, tetrahedron [65].
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3.4 Optical properties

Optics measurements play a crucial role in assessing a
compound’s luminous efficiency and overall quality. Var-
ious optical properties, such as gap energy, absorption
coefficient, Urbach energy, extinction coefficient, and pen-
etration depth, are determined through absorption spec-
troscopy. In Fig. 5, we present the absorption spectrum ()
of sample A, recorded at ambient temperature within the
wavelength range of 200-2400 nm. In addition, the inset
of the same figure displays the reflectance spectrum R()).
Notably, the compound exhibits remarkable light absorp-
tion behavior, particularly in the ultraviolet and visible
light ranges. To quantify the optical absorption coefficient,
we employ the Beer—Lambert Eq. (10), leveraging the data
obtained from the absorption spectrum [69]:

2. A
0= 3021)( ’ 5)

where A and d represent the absorbance and thickness of the
sample, respectively.

The optical band gap (Eg) can be determined directly
from the minimum of (da/d)), derivative from a with
respect to A [70]. The curves o and do/dA as functions of
A are plotted in Fig. 6.

The band gap energy is then obtained by the following
formula Eq. (6):

E =~ ©6)

where ¢ and & are, respectively, the speed of light and
Planck’s constant.

1.0 Co, ¢Zn, ,Fe,0,

0.9 1

0.8 -

0.7 1

0.6 3 M
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»
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Fig.5 UV-Vis absorbance spectrum A(}A) for Co, ¢Zn, Fe,O ferrite
spinel. Inset: reflectance spectrum R(A)
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Fig.6 Variations of the coefficient (o) and its derivative (do/d)) ver-
sus A for Cog ¢Zn, 4Fe,0, ferrite spinel

From the minimum value of the da/dA curve, we esti-
mate the value of 1,;,=902 nm, which then gives a band
gap energy of E,=1.37 eV. The value of E, can be more
accurately calculated using Tauc’s law Eq. (7) [71]:

(@h®)'" = p(h8 - E,), @)

where f is a parameter that describes the degree of disorder
in the compound, a is the absorption coefficient, E, is the
width of the forbidden band, hv is the incident radiation
energy expressed in eV, and the exponent n describes the
nature of the optical transition: n=1/2 for an authorized
direct transition and n =2 for an authorized indirect band
gap [72].

Eg,=1.97 eV

0 1 2 3 4 5 6 7
hg(eV)

Fig.7 Curve of (athv)® as a function of hv for Coy ¢Zn, ,Fe,0, ferrite
spinel

Figure 7 illustrates the curve of (ah®)? as a function of
hd for the direct transition in the Co ¢Zn, ,Fe,O, sam-
ple. Notably, two linear extrapolations are employed to
determine distinct band gap energies. The first extrapo-
lation, yielding Egl =1.26 eV, involves the linear sec-
tion of the spectrum at 79 =0, consistent with our prior
calculation based on the do/dA curve. This value aligns
with the charge transfer processes denoted by E,,, involv-
ing Fe** (z*1,) and Fe** (6%1,) or Co** (n%t,) and Co?*
(o*t,), indicating an internal oxidation-reduction process
within the unit cell. In addition, a second linear extrapo-
lation at h9 =0 determines E,, =1.97 eV, corresponding
to Ey, and representing charge transfer between C02+(77,'1~)
and Fe3+(a*t2) This value signifies the actual bandgap of
Zn-doped CoFe,0,, associated with interband transitions
[73-76, 76]. The identification of two distinct bandgap
values through these extrapolations enhances the precision
of our analysis and underscores the material’s potential for
diverse applications, given its favorable electronic proper-
ties [77].

Using the following Eq. 8, we can verify the kind of
optical transition:

In(ah9) = Inf + nin(h9 - E,). ®)

We draw Ln(ahd) as a function of Ln(hd — E,) using
the previous Eg value (Eg1 =1.26 eV), as shown in Fig. 8.
The slope of the linear fit of the curve yields n on the verge
of 0.5, confirming the direct transition for our compound.

The Urbach energy Eu, which corresponds to the transi-
tion between the extended state of the valence band and
the confined state of the conduction band, is an essential
characteristic for distinguishing material disorder [77, 78].
In theory, the Urbach energy Eu may be calculated using
the Urbach-Martienssen model Eq. (9):

2.8
2.6
—_
*
=
3 2.44
=
- R?=0.988
2.24 n=0.442
2.0 -
3 -2 -1 0 1
Ln(h3 - Eg)

Fig.8 Plot of Ln(ahv) as a function of Ln (h&—Eg) for
Coy ¢Zn, 4Fe,0, ferrite spinel
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Fig.9 Plot of Ln(a) as a function of hv for Co,¢Zn, ,Fe,0, ferrite
spinel

hd - F
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where q is a constant and E,, is the Urbach energy.
Taking the logarithm of the above, we get the following
relation Eq. 10:

h19—Eg>

u

Ina = lnao( (10)

Using this relationship, the Urbach energy E, may be calcu-
lated from the slope of the linear component of the curve Ln(or)
as a function of hv as illustrated in Fig. 9. The observed E,
value of 1.41 eV demonstrates the presence of a massive dis-
order in the produced material. Furthermore, the larger value
of the Urbach energy represents the higher density of localized
states in the composite [79]. The absorption of electromag-
netic radiation by a material is influenced by various factors,
such as the penetration depth (§) and the extinction coefficient
(k). The penetration depth (6) describes the attenuation of the
incident wave within the material and is defined as the depth
at which the intensity of the incident beam is decreased to 1/e
of its initial value at the surface [80]. This can be expressed
mathematically using the following Eq. 11:

1
5=-,
- (1

The extinction coefficient (k) quantifies the reduction of the
electromagnetic wave in the medium [81]. It is provided via
the following Eq. 12:

k_a/l

=5

12)
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Fig. 10 Variations of the penetration depth (6) and optical extinction
(k) as a function of hv for Co ¢Zn, ,Fe,0, ferrite spinel

The graphical analysis presented in Fig. 10 provides
valuable insights into the behavior of é and k in relation
to photon energy (hv). The observed trends reveal two dis-
tinct regions, marked by noteworthy peaks in both 6 and k
when photon energy approaches 1 eV. This phenomenon
is intelligibly linked to heightened surface absorption, ena-
bling effective light penetration and information retrieval at
increased depths within the material.

Conversely, beyond the 1 eV threshold, the graph depicts
a decline in both coefficients with rising ho. This diminish-
ing trend is attributed to the decreasing photon energy within
the surface region, resulting in intensified absorption and
hindering the light’s ability to detect the lower interface of
the layer of particular significance is the clear indication that
the “information depth” significantly surpasses the “penetra-
tion depth,” as calculated by A/(4nk). This discrepancy is
accentuated by the sustained low uncertainty observed at a
wavelength of 450 nm. Despite the optical penetration depth
(OPD) predicting an approximate value of 240,000 nm, the
measured layer thickness is around 2,000,000 nm [82-86].
This incongruity underscores the intricate interplay between
optical properties and layer characteristics, emphasizing the
imperative need for a nuanced understanding of the mate-
rial’s behavior under varying photon energies.

4 Conclusion

In this study, we have thoroughly investigated the structural,
vibrational, and optical characteristics of Co, ¢Zn,, ,Fe,0,
cubic spinel synthesized via the sol-gel method. The XRD
studies confirmed the nanograin-sized cubic Fd-3 m struc-
ture. While the calculated crystallite size is 49.4 nm, it is
crucial to note that Scherer’s formula does not consider
intrinsic strain effects from crystal defects, grain boundaries,



Prediction study of structural, thermal, and optical characterization of...

and stacking. The observed Eu value of 1.41 eV indicates
significant disorder, and the larger Urbach energy highlights
a higher density of localized states in the composite. These
findings deepen our understanding of the material’s proper-
ties and underscore the complex nature of Co (Zn, ,Fe,0,,
offering potential avenues for diverse technological appli-
cations. Moreover, our investigation into the optical band
gap, determined to be 1.26 eV, aligns with semiconductor
behavior, showcasing the material’s potential suitability
for specific applications. The thermal conductivity study
revealed sensitivity to temperature variations, with the peak
thermal conductivity observed at 900 K for both spin types.
Notably, an increase in chemical potential led to a rise in the
total thermal conductivity.
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