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ABSTRACT

Ferrite nanoparticles are interesting materials due to their rich and unique physical and chemical properties.
They find applications in catalysis, bio-processing, medicine, magnetic recording, adsorption, devices, so nano-
ferrite materials had been synthesized to produce new alternate substance for reducing the rare or high cost of
industrial materials. Therefore,Cog sMng 5.,ZnxFe>O,4 nanoferrite compositions (x=0,0.1,0.2,0.3,0.4) were suc-
cessfully synthesized via the citrate-nitrate sol-gel auto-combustion technique. A comprehensive investigation of
structural and optical, properties was conducted using X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), and UV-Vis diffuse reflectance spectroscopy (DRS). XRD analysis confirmed the formation of
a single-phase cubic spinel structure with space group Fd-3m, without detectable secondary phases, indicating
the successful incorporation of Zn?* and Mn?* ions into the cobalt ferrite lattice. The crystallite size was found to
vary between 8.017 and 10.130 nm depending on Zn substitution. Rietveld refinement further verified the struc-
tural stability with a lattice parameter of a = 8.370 A and satisfactory fit (x2 = 0.15). Microstructural parameters
such as dislocation density, microstrain, and stacking fault probability were found to increase with decreasing
crystallite size. The FTIR spectroscopy confirmed the formation of spinel ferrite and spectra exhibited charac-
teristic metal—oxygen vibration bands at approximately 585 cm~! and 415 cm~!, corresponding to tetrahedral
and octahedral sites of the spinel structure. UV-Vis DRS analysis revealed strong absorption in the UV-visible
region, with the optical band gap decreasing from 2.96 to 2.81 €V as the Zn concentration increased, demonstrat-
ing tunable electronic properties. The absorption coefficient, extinction coefficient, imaginary dielectric constant,
and optical conductivity increased with Zn substitution, whereas the refractive index and real dielectric constant
showed an opposite trend, with a maximum refractive index observed near 2.6 eV (475 nm). The enhanced
optical conductivity around 3.6 eV was attributed to interband transitions and charge-transfer processes such
as 0% — Fe® and Fe?* «+ Fe3*. These results demonstrate that Zn substitution effectively tailors the optical
response of Co—Mn ferrites, highlighting their potential for optoelectronic and photonic applications.
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1. INTRODUCTION ties [1, 2]. Their cubic crystal structure, featuring tetra-
hedral (A) and octahedral (B) interstitial sites, enables
precise property engineering through cationic replace-
ment, which dominates the superexchange interactions
and charge carrier dynamics [2]. This highlights their
common application in many life applications [3-5].

Spinel ferrite nanoparticles (NPs), with the general for-
mula MFe,O4(M = Co**, Zn**, Mn?t, Ni**,etc.), are
a fundamental class of useful materials owing to their
tunable magnetic, electrical, optical, and catalytic proper-
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The property optimization of ferrites is often achieved
through the synthesis of mixed-metal compositions. Dop-
ing with non-magnetic Zn?>* ions, which favorably oc-
cupy tetrahedral (A) sites, can significantly improve net
magnetization via reformed A-B super exchange but typ-
ically decreases coercivity [3, 6]. Manganese (Mn2")
substitution is remarkably effective in tailoring electrical
properties, frequently increasing resistivity and affecting
dielectric loss, producing Mn-substituted ferrites for low-
loss, high-frequency applications [2, 7, 8]. Accordingly,
the quaternary system Cog 5sMng 5.4ZnxFe>O4 presents
an advanced platform to balance magnetic anisotropy,
saturation magnetization, electrical resistivity, and optical
response for advanced multifunctional applications [3, 9].
The choice of synthesis method represents the first step
in preparing a successful spinel. A wide spectrum of
physical and chemical methods have been employed.
Physical methods such as mechanical alloying, pulsed
laser deposition (PLD), wet chemical, bottom-up ap-
proaches, Co-precipitation, Hydrothermal/solvothermal,
Microemulsion technique, and microwave-aided meth-
ods are accessible but often yield noticeable particle size
distributions and initiate defects or contamination [3].

Among these, the sol-gel auto-combustion technique
appears to be an extremely efficient and versatile route
owing to its homogeneity and high-purity output [10-12].

Although extensive research has been conducted on
binary and ternary ferrites, comprehensive studies on
quaternary systems remain incomplete. This work de-
livers a comprehensive analysis of the structural, opti-
cal, and electrical properties of CogsMng 5.4ZnxFes0y,
where (x=0.0, 0.1,0.2, 0.3, 0.4) nanoferrites were synthe-
sized via the citrate-nitrate sol-gel route, and the effect
of Mn2* and Zn?* substitutions was studied.

2. MATERIALS AND METHODS

2.1. SYNTHESIS

CogpsMng 54ZnkFe>04 nanoparticles series was
successfully prepared by the sol gel, using High-
purity reagents from Sigma-Aldrich company namely:
CO(NOg)Q'GHgO (99%), Zn(NO3)2'6H20 (99%),
Mn(NO3)2-4H,O (99%), Fe(NO3)3-9H,O (99%), and
CeHgO7 (citric acid, 99.5%). First, the stoichiometric
metal nitrates were dissolved in deionized water under
magnetic stirring. A citric acid solution (metal ions:
citric acid molar ratio = 1:1.5) was added, and the
pH was adjusted to ~7 with ammonia to form stable
citrate complexes. The solution was heated at 80°C
for 1.5 hours to form a viscous gel, then at 180°C
until auto-ignition occurred, after that, yielding a fluffy
precursor powder. Lastly, the precursor was ground and
calcined at 600°C for 4 hours (5°C/min heating rate) to
obtain the final crystalline powder (Figure 1) as follows:

1 Precursor Solution Preparation Magnetic 2. Chelation & pH Adjustment :‘
@ @. Dissolve High-purity Metal Nitrates: | Stiming (@) Add Citric Acid Solution (CgHsO;) |
3 Co(NO,),6H,0, Zn(NOs), 6H,0, * 15 (Metallons : Citic Acid = 1:1.5 Molar Rati) |
Mn(NO),4H,0, Fe(NO,); 9H,0 %, Adjust pH o =7 with Ammonia (NH,OH) |

)  inDeionized Water (DI Water) %%+ Forms Stable Citrate Complexes.

J

Heating &
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Evaporate Water
Forms Viscous Gel

<'2 - )
‘\{) Au'(“&:ﬁ‘r::gon

Grinding & Calcination

Obtain Final
Coq sZno sMng 2Fe;04 Nanoparticles
(Crystalline Powder)

Grind the Precursor Powder
Calcine at 600°C for 4 Hours
(Heating Rate: 5°C/min) in a Fumace

Heat Gel at 180°C

Auto-ignition occurs 18°C
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Figure 1. Cog 5Zng 3Mng sFe-O4 nanoparticle preparation
steps via Sol-gel method.
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2.2. CHARACTERIZATION TECHNIQUES

X-ray Diffraction (XRD): The Samples were examined
using an X-ray diffractometer (Shimadzu, XRD-7000)
[13] operated at 40 kV and a current of 30 mA, and the
XRD data of all samples were collected between 10° and
80° with a speed of/6 °C by s using Cu Ka radiation with
A = 1.5405 A. The crystallite size was determined from
the mean peaks for all samples using Debye—Scherrer’s
equation Eq. (1) [14, 15] as follows

(0.941)

b= (Bcosh) M
where D is the crystallite size, A is the wavelength
(1.5405 A), B is the full width at half maximum, and 0 is
the diffraction angle. Additionally, the internal strain and
the concentration of lattice defects were further analyzed
by determining key structural parameters, such as the
average dislocation density (6), microstrain (&), stacking
fault probability (SF), and the average inter-separation
distance (Y). These values were estimated using the
following equations [16]:

5
" 8sind

v (4)
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sf = W} p (5)

Fourier Transform Infrared Spectroscopy (FTIR):
FTIR data were collected using the KBr pellet method,
where the material was mixed with KBr at a ratio of
1:100 for FT-IR measurements between 400 and 2000
cm™'. The chemical groups in the samples were identified
using a Fourier transform infrared spectrometer (Satellite
FTIR Serial NO 20010102 Voltage. +5/+15/-15 VDC
Manufactured in the U.S.A) in the wavelength range of
(400-4000) cm™, [17].

UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis
DRS): a ZFQ-9803 Bifurcated Optical Fiber with a fiber
diameter of 455 microns, and Ocean Optics for ultraviolet-
visible measurement with an integrating sphere recorded
data from 200-800 nm with a quartz cuvette. The absorp-
tion coefficient calculated for the Ba>Zn4_NiyWOg series
from the diffuse reflectance data using the Kubelka-Munk
function [18]:

a (1-R)?

F(Rw) = = = 55— (6)
Where F(R«) is the KM function, a is the absorption coef-
ficient, is the scattering coefficient, and R is the reflection
coefficient. The Kubelka—Munk function (absorbance) is
shown in relation to the wavelength. The absorbance can
be used to perceive the absorption edge for band gap
energy calculation from the absorption edge according
to the relationship, Eq = %‘0(/\ is the absorption edge
wavelength and represents the band gap) [19], which

can also be calculated by [20]:

[F(Reo)h0]" = A(h — Eg) W)
Optical Constant Determinations
Optical Constants are important indicators for the sam-
ples measured using UV-Visible spectroscopy. All mea-
surements were repeated five times for verification and
accuracy. From eq (6). In Figure (6), the absorption
coefficients are given by & = sF(R«) . The refractive
index of the sample can be assumed using the following
formula [21, 22]:

() ()

where k =(aA/47) [23] is the extinction coefficient. The
refractive index fluctuates with the variation in the wave-
length of the incident light beam.

In addition, the real and imaginary parts of the dielectric
constant can be calculated using the following equations:

e = n? — k? (9)

g = 2nk (10)

where k and n are the extinction coefficient and refrac-
tion index, respectively. The optical conductivity can be
estimated as follows:

Oopt = (anc/4m) (11)

where c is the speed of light. The electrical conductivity
(0e) from the optical parameters can be obtained from
the following expression [24] :

Te = (2A00pt/ @) (12)

3. RESULTS AND DISCUSSION

3.1. STRUCTURAL AND MICROSTRUCTURAL
ANALYSIS

The crystalline structure and phase purity of the synthe-
sized Co-Zn-Mn ferrite nanoparticles were thoroughly
investigated using X-ray Diffraction (XRD). Figure (2)
shows the XRD patterns of all the prepared nanocom-

posites (COQ,5Mn045F6204, COQ.5ZI’10V1 Mng 4 FeZO4,
Cop5Znp2Mng3Fe;04,  Cogs5Zng3MngoFe;O4,  and
Cop5Zng4Mng1Fe,Oy). All  patterns consistently

exhibited characteristic diffraction peaks corresponding
to a single-phase cubic spinel structure indexed to the
Fd-3m space group. The absence of additional peaks
confirmed the high purity of the synthesized materials
and the successful incorporation of Zn and Mn ions
into the cobalt ferrite lattice without the formation of
secondary phases [25].
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-
£
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(26)°

Figure 2. X-ray diffraction pattern of Cog sMng 5.xZnyFes04
Nanoparticles prepared series.

A detailed structural analysis was performed using the
Fullprof Rietveld refinement method on the XRD data.
Figure (3) presents the Rietveld refinement plot for
Cog5Zng4Mng1Fe,O4 sample, demonstrating an excel-
lent fit between the experimental and calculated diffrac-
tion patterns of the sample. The low chi-squared (x?)
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Table[1]: The Rietveld refinement result of Cog5Zng 4Mng1Fe,O4 nanocomposite

a=b=c=8370(A),a = p=~=90° x> =0.15

Atomic Position parameters

Atom X y Occ U Site
Co 0.00000 0.00000 0.00000 0.500 0.008 16¢c
Zn 0.00000 0.00000 0.00000 0.400 0.008 16¢c
Mn 0.00000 0.00000 0.00000 0.100 0.008 16¢c
Fe 0.62500 0.62500 0.62500 1.060 -0.005 8b

(o] 0.25000 0.25000 0.25000 1.110 0.007 32e

value of 0.15 for this sample, as indicated in Table (1), un-
derscores the accuracy of the refinement and the validity
of the employed structural model. The lattice parame-
ter for Cog5Zng4Mng,Fe,O4 was determined to be a =
8.37000 A, which is in good agreement with the value of
8.395 A reported for a similar Co-Zn-Mn ferrite system
[26—28]. The result confirmed that the calculated lattice
parameter lies between the values stated for CoFe, Oy
(~8.38 A) and ZnFe,0, (~8.44 A) [29] using the Full-
Prof program, confirming the incorporation of larger Zn’*
(0.60 A) and Mn2* (0.66 A) ions into the lattice compared
to Co?* (0.58 A) [30].

O Yobs
——Ycalc
—— Yobs-Ycalc

| Bragg position

Intensity (a.u)

20 (degree)

Figure 3. The XRD Retiveld Refinement for the prepared
Cog 5Mng 5.4ZnyFe>0O4 nanocomposites.

Table (2) shows the microstructural parameters of
Cog.5ZnxMng 5.4Fe>O4 Nanoparticles summarizes the
crystallite size, dislocation density (6), microstrain (¢),
and stacking fault (SF) for the various Co-Zn-Mn fer-
rite nanocomposites. The crystallite size found between
8.017 and 10.130 nm was consistent with the other nano-
ferrites produced via sol-gel auto-combustion and larger
crystallite size of the Cog 5ZngoMng 3Fe-O,4 sample is
attributed to the effect of Zn>* ions, which prefer tetra-
hedral sites, thereby reducing internal stress and lattice
distortions at this intermediate concentration. Addition-
ally, the presence of Mn?* (with its large ionic radius)
at a proportion of 0.3 helps reduce dislocation density
and defects, allowing larger grain growth compared to

the other compositions, such as the 25-35 nm range
reported for CoFe, Q4 [31, 32].

In addition, this variation in the crystallite size can be
influenced by the synthesis conditions and the ionic radii
of the substituting elements. The dislocation density (4),
microstrain (¢), and stacking fault (SF) parameters are
inversely related to the crystallite size (D). Samples
with smaller crystallite sizes, such as CopsMngsFe, O,
(8.017 nm) and Cog5Zng3Mny,Fe,O4 (8.091 nm), ex-
hibited higher values of 4, €, and SF. This is consistent
with the understanding that smaller crystallites possess a
greater proportion of grain boundaries and lattice imper-
fections, leading to increased internal stress and defect
formation. In addition, the constant Y (~3.17 A) sug-
gests that the nanoparticle surfaces maintain a fixed
separation, likely because of capping agents or elec-
trostatic repulsion, regardless of the internal crystallite
dimensions.

Figure (4) shows the FTIR spectrum of the
Coo,5Mn(0,5,x)anFe2O4 nanoferrite series, which
confirms the formation of a single-phase cubic spinel
structure, characterized by two primary absorption
bands: the high-frequency v, band at approximately 585
cm~1 [33], representing the intrinsic stretching vibrations
of metal-oxygen (M-O) bonds at the tetrahedral (A)
sites, and the low-frequency 1, band at 415 cm™1,
corresponding to vibrations at the octahedral (B) sites
[34]. These positions align perfectly with the established
literature for Co—Zn—Mn-substituted ferrites, where the
larger ionic radii of Zn?* and Mn?* influence the lattice
constant and bond force constants, typically placing
these peaks within the 400-600 cm~! range [34, 35].

Beyond the lattice vibrations, the broad absorption at
3430 cm~! and the band at 1630 cm~! indicate O-H
stretching and H-O-H bending from surface-adsorbed
moisture, while the peak at 1384 cm~! likely stems from
residual nitrate (NO;') groups from the synthesis precur-
sors. Ultimately, the presence and sharpness of the 14
and 1, peaks indicate a high degree of crystallinity and
successful incorporation of cobalt, zinc, and manganese
into the spinel ferrite lattice [36].
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Table[2]: The XRD parameters and energy gap values of CogsMn o 5_,)Zn.Fe O, series

Sample Size (nm) ("‘; :;/2;132) €% 1073 SF x10-3 Y (A) E, (V)
CopsMnysFe,0, 8.017 15.559 14.240 8.706 3.171 2.96
Cop5Zng1Mny4Fe, 0, 8.691 13.238 13.181 8.090 3.182 2.94
Coy5Zny,Mn3Fe,0, 10.130 9.744 11.232 6.842 3.161 2.90
Coy5Zny3Mng,Fe,0, 8.091 15.276 14.125 8.646 3.174 2.85
Coy5Zny4Mn;Fe,0, 9.636 10.769 11.833 7.226 3.167 2.81
o oo to charge-transfer transitions from 02~ to Fe3* ions, as

c°0.52n0.1 Mn0.4FeZ°4

COO.SznO.ZMHOJFeZoA

Transmittance (a.u)

cou.ﬁzn0.3M"0.2F9204

Coy 5Zn, 4Mn, ,Fe,0,

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. The FTIR spectra for the prepared
Cog 5Mng 5.4ZnyFe>0O4 nanocomposites.

3.2. OPTICAL PROPERTIES ANALYSIS

Figure (5) shows the UV—Vis diffuse reflectance spec-
tra (DRS) of Cog5Mng 5.4<ZnxFe>O4 Nanoparticle Series.
All samples exhibited strong absorption in the near-UV
and visible regions, with a pronounced absorption edge
located between approximately 350 and 450 nm and a
broad absorption tail extending up to 800 nm. This behav-
ior is characteristic of spinel ferrites such as CoFe,Qyq,
MnFe>O4, and ZnFe,>O4 [37, 38].

1.0 4
Co, Mn, Fe,0,

Co, ;Zn, ,Mn, Fe,O,

Co, ;Zn, ,Mn, ,Fe O,

o
®
1

COO.SZ"OJM"ﬂ ZFezoA

Co, . Zn, ,Mn, Fe,O,

Diffuse Reflectance
o
o

o
>
1

0.2

T T T T T T T T T T
350 400 450 500 550 600 650 700 750 800
A(nm)

Figure 5. UV/Vis DRS spectra of the Cog5sMng 5.xZnxFe>04
series.

The broad visible-light absorption is generally attributed

well as d—d transitions of transition metal cations (Co?*,
Mn2*, and Fe3*) occupying tetrahedral (A) and octahe-
dral (B) sites in the spinel lattice [38, 39]. With increasing
Zn%* content (x = 0-0.4), a systematic modification in
both the absorption intensity and the edge position is
observed. Zn** ions, having a filled 34'° configuration,
preferentially occupy tetrahedral (A) sites and do not
directly contribute to d—d electronic transitions [39, 40].
Their incorporation induces redistribution of Fe3* and
other divalent cations between A and B sites to maintain
charge balance [37, 39, 41]. This cation redistribution
alters the Fe—O-Fe superexchange interactions, crystal
field strength, and the overall electronic band structure
[42]. Consequently, the optical absorption characteristics
are modified, as reflected by changes in the slope and
intensity of the DRS curves [43].

The variation in the absorption edge with Zn substitu-
tion indicates the tuning of the optical bandgap energy
(Eg). In mixed spinel ferrites, Zn incorporation often
leads to changes in E; owing to the altered cation distri-
bution and modified electronic interactions between the
metal cations and oxygen anions [41, 44]. Depending
on the degree of substitution and structural disorder, the
band gap may either slightly increase owing to reduced
Fe—O-Fe interactions or decrease owing to the introduc-
tion of defect states and localized energy levels within
the band structure [45]. In nanoparticle systems, addi-
tional contributions from the surface states and possible
quantum confinement effects may further influence the
optical response [46, 47].

3.3. DETERMINATION OF OPTICAL CONSTANT

The energy gap was calculated for
CogsMng54ZnkFe-sO4 NPs using Eq (7) and is
presented in Figure (6) The indirect band gap of
CogsMng 5.4ZngFe>04 found to decrease from 2.96 to
2.81 eV ( as shown in Table 2) with increasing Zn*
ratios, which is related to the fact that the values of spinel
ferrites vary significantly depending on the composition
and doping. Studies on Co-Mn ferrites show band gaps
in the range of approximately 3.8 to 4.3 eV [44, 48], with
Mn doping generally increasing the band gap slightly.
Zn doping in CoFe20* nanoparticles tends to slightly
decrease the band gap, with values reported to be

©2026 JAST

Sana’a University Journal of Applied Sciences and Technology 2213


https://journals.su.edu.ye/index.php/jast
https://journals.su.edu.ye/index.php/jast

‘ Yousef A. Alsabah et al.

around 3.06 to 3.15 eV. In contrast, Co-Zn ferrites with
increasing Co content show a decrease in the band
gap from approximately 2.5 to 3.1 eV, indicating that Co
substitution narrows the band gap [49-51].

1.8
—=—Coy5 ZNy sMn, ; Fe, O,
1.6  —=—Coqg 5 ZnyzMn, , Fe, O,
——C0y 5 Zny,Mn, 5 Fe, O,
g 147 ——Cops Zny4Mny,, Fe, O,
> = C0y 5 Mny 5 Fe, O
@ 12] 0.5 MNg s F€; Oy
£
L 1.0
]
=~
2 0.8
£
=
@ 0.6 -
=
0.4 4
0.2
0.0

1j4 1:6 1:8 2.0 2:2 2:4 2:6 2:8 3:0 3.2 3:4 3:6 3.8 4.0
hv (eV)
Figure 6. Curves for energy gap determination for the
Cog.5Zng 3Mng oFeoO4 nanocomposites.

Other studies on nanoferrite thin films have reported an
indirect band gap near 1.2 eV, enhanced Co3d-0O2p
hybridization with Zn substitution, which raises the va-
lence band maximum and narrows the indirect band gap
[52, 53], and a direct gap at 2.7 eV [54, 55], suggesting
complex electronic transitions depending on structure
and measurement method. Overall, a band gap between
(2.81 and 2.96 eV) for CogsMng 5.xZnxFe-0O4 series is
plausible as an intermediate value influenced by both Zn
and Mn doping effects, consistent with trends showing
Zn reduces and Mn increases the band gap relative to
pure cobalt ferrite [55, 56]. This highlights the tunability
of optical properties in these mixed-metal spinel ferrites
through compositional control.

Figure (7) depicts the absorption coefficients of the pre-
pared Cog sMng 5.4ZnxFe>O4 nanocomposites. The ab-
sorption coefficient a of Cog sMng 5.ZnxFe>O4 nanocom-
posites depends on the wavelength owing to electron-
photon interactions that influence optical losses through
absorption and scattering. Similar studies on transition
metal-doped ZnO films have revealed that doping levels
and types significantly affect the absorption coefficient
[57].

In addition, the absorption coefficients increased with
the substitution ratio, increasing from x=0 to x=0.4 for
Mn?t cations by Zn?* cations in the A-site of their
Cog.5Mng 5..ZnxFe>04 spinal nanoferrites series.
Figure (8) depicts the variation of the extinction co-
efficient (k) with the photon energy for the prepared
CogsMng 5.4ZnxFe>0O4 nanocomposite. The k values
were estimated using k =(aA/477) [58]. From the figure,
it can be observed that the k values increase with the
substitution of Zn?* cation concentration.

4.0x10°
*— Cog5 ZNy4Mng ; Fe, O,
3.5x10° 5 Coy5 Zng sMng , Fe, O,
——Cog5 Zny,Mn, 3 Fe, O,
3.0x10° ——Coy 5 ZNny sMn, , Fe, O,
——Coys Mny5 Fe, O,
_ 2.5x10° 3
£
£ 2.0x10°
o

1.5x10°
1.0x10°

5.0x102 37

0.0 T T T T 1
350 400 450 500 550 600 650 700 750 800

A(nm)

Figure 7. The variation between the absorption coefficient
and wavelength of the Cog 5Mng 5.«ZnxFe>04 samples.

—=—Coy5ZNgMn, ; Fe, O,
—+—Coy5ZNny3Mn, , Fe, O,
——Coy5ZNy,Mn, ; Fe, O,
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Figure 8. Variation of the extinction coefficient with photon
energy for the prepared CogsMng 5.xZnxFesO4
nanocomposites.
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Figure 9. Variation of the refractive index with photon energy
for the prepared Cog sMng 5.xZnxFe,O4 nanocomposites.

The dependence of the refractive index on the photon
energy is illustrated in Figure (9). The refractive index
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)

is maximum for Cog sMng 5sFe>O4 nanocomposites and
decreases sequentially as the Zn?>* cation concentration
increases from x=0 to x=0.4. The maximum value of n
appears at hv =2.6 eV, where the maximum refractive
index is observed near 2.6 eV (475 nm), which is inde-
pendent of composition. In addition, this decreases in se-
quences, which aligns with observations in cobalt-doped
Zn0 thin films, where the refractive indices increase with
Co content, reflecting changes in the electronic struc-
ture and defect states, according to the electron/photons
interactions [59]. Because of these interactions, the re-
fractive index noticeably changed with the variation in the
wavelength of the incident light beam, that is, the absorp-
tion/scattering triggered an optical loss, which reduced
the amplitudes of the transmission intensity oscillations
at shorter wavelengths. Consequently, the extinction co-
efficient and refractive index with higher doping generally
increase the absorption and refractive index values ow-
ing to enhanced density and polarization effects [60—62].
These optical parameters demonstrate the tunability of
the optical response of Co-Zn-Mn ferrite nanoparticles
through compositional control, which affects their poten-
tial applications in photonic devices and sensors [63,
64].
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Figure 10. Variation of the real dielectric (¢,) with photon
energy for the prepared Cog5Mng 5.xZnxFes0y4
nanocomposites.

The variation in the real (¢,) and imaginary (¢;) parts of
the dielectric constant as a function of the photon energy
(hv) highlights the transition between high-energy elec-
tronic excitations and the transparent regime of the ferrite
films. Figure (10) shows the variation in the real part of
the dielectric constant (e,) with hv. It can be observed
that ¢, follows the n behavior because the absorption
(extinction coefficient, k) has minimal values in the visible
spectrum, and the real dielectric part is dominated by the
square of the refractive index. The decrease in ¢, with in-
creasing hv is a hallmark of normal dispersion, indicating
that the electronic polarization response is most intense

near the absorption edge (UV region) and gradually di-
minishes as the photon energy decreases. The highest
value of ¢, decreased with decreasing Mn2* cation ratios
and increasing Zn?* cation ratios.
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Figure 11. Variation of the imaginary dielectric constant (¢;)
with photon energy for the prepared Cog sMng 5.4ZnxFeoOy4
nanocomposites.

The variation in the imaginary dielectric constant (e;) with
hv is shown in Figure (11). It can be seen that the (¢;)
variation often follows the extinction coefficient, which de-
creases in the hv=2.75 eV region; hence, the absorption
for these photons is small in this region. This confirms
that while the material maintains significant polarization
owing to the presence of mixed-valence cations (such as
Fe?*/Fe3* and Mn>*/Mn3+) in the spinel lattice, it does
so with very little energy loss, making these films highly
efficient for optoelectronic applications [2, 65, 66].
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Figure 12. The dependence of optical conductivity (copt) on
the photon energy (hv) for the prepared
Cog 5Mng 5.4ZnxFe>04 nanocomposites.

The dependence of the optical conductivity (copt) and
electrical conductivity () on the photon energy is pre-
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Figure 13. The dependence of electrical conductivity (¢.) on
the photon energy (hv) for the prepared
Cop.5Mng 5.xZnxFe>04 nanocomposites.

sented in Figure (12) and (13), respectively. The ob-
servation of a high optical conductivity peak at 3.6
eV (344 nm) provides significant insight into the elec-
tronic transitions occurring within the spinel lattice of
the Cog.sMng 5.4ZnxFe>O4 material. This behavior is pri-
marily attributed to the high density of states and the
increased probability of interband transitions as the inci-
dent photon energy matches the fundamental bandgap
of the nanoparticles. In this quaternary system, the pres-
ence of Mn?* and Co?™ ions at the octahedral (B) sites
facilitates multiple charge transfer mechanisms, such as
0%~ — Fe®t and Fet « Fe?™ transitions [2, 67]. As the
photon energy increases, the absorption coefficient («)
increases sharply, leading to a higher rate of electron-
hole pair generation. The resulting increase in g,pt can
be mathematically understood through its dependence
on the refractive index (n) and absorption coefficient («)
via the relation oot = anc/47 [64]. Furthermore, the cor-
relation between the optical and electrical conductivities
in the high-energy regime suggests that the photoexcited
electrons contribute to a hopping conduction mechanism,
where carriers move between the localized states of
mixed-valence cations. This intense photo-response in
the near-UV region effectively demonstrates that these
nanoparticles are optimized for applications requiring ef-
ficient light-to-charge conversion, such as UV-shielding
materials and high-sensitivity photodetectors [68, 69].
The optical conductivity and electrical conductivity o,
of Cog 5Mng 5.4ZnyFe-O4 nanocomposites behavior re-
vealed that the o,pt increased with o, decreased as a
function of Zn2* in their nanoferrite material, for which
the oopt increased while o, decreased with Zn%*+ due to
enhanced localization of charge carriers.

4. CONCLUSION

Cog sMng 5.4ZnxFes0y4 (x = 0 — 0.4) nanoferrites were
successfully synthesized using the citrate—nitrate sol—gel
auto-combustion method. XRD analysis confirmed the
formation of a single-phase cubic spinel structure (Fd-
3m) with a refined lattice parameter of a = 8.370 A
and high structural reliability (x> = 0.15). The crystal-
lite size ranged between 8.017 and 10.130 nm, while
the variation in dislocation density and microstrain in-
dicated changes in lattice defects with Zn substitution.
FTIR spectra showed characteristic metal—oxygen vi-
brations at 585 cm~! and 415 cm~!, corresponding to
tetrahedral and octahedral sites of the spinel structure.
UV-Vis DRS analysis revealed strong absorption in the
UV-visible region with an optical band gap decreasing
from 2.96 to 2.81 eV as Zn concentration increased,
demonstrating tunable electronic properties. Optical con-
stants indicated that the absorption coefficient, extinction
coefficient, imaginary dielectric constant, and optical con-
ductivity increased, while the refractive index and real
dielectric constant decreased with increasing Zn con-
tent. The refractive index exhibited a maximum near 2.6
eV (475 nm), and a prominent optical conductivity peak
appeared at 3.6 eV, attributed to interband transitions
and charge transfer processes involving Fe>*/Fe3* ions.
These findings confirm that Zn substitution effectively
tailors the structural and optical properties of Co—Mn fer-
rites, making them promising materials for optoelectronic
and photonic applications.
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