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This study investigated the properties of Cug4Mgo.4C0p 2FeCrO4 spinel ferrite synthesized using the sol-gel
technique. The analysis covered thermal, morphological, structural, optical, magnetic, and electrical charac-
teristics. The X-ray pattern analysis using Rietveld’s refinement confirmed the well-formed cubic spinel structure
of the sample. Optical properties were evaluated through absorbance measurements and the Tauc method,
revealing a direct optical transition with low band-gab energy. The sample exhibited a significantly low Urbach
energy, indicating minimal disorder and defects within its structure. Additionally, a study of other optical pa-
rameters such as refractive index, penetration depth, extinction coefficient, optical conductivity, and optical
dielectric constants was comprehensively studied. These optical parameters provided valuable insights into the
potential optoelectronic applications of the synthesized sample. The electrical conductivity study revealed that
the sample exhibited semiconductor behavior, conforming to the CBH conduction model. Moreover, the
Cug.4Mgp.4Cop 2FeCrOy4 spinel ferrite showcased low coercive field and high electrical resistivity, making it a

promising candidate for soft magnetic devices and microwave absorption devices.

1. Introduction

In recent years, extensive research was conducted on nanomaterials
due to their small size and unique properties [1-3]. These materials have
found diverse applications in domains such as electronics, optoelec-
tronics, fuel cells, solar cells, and the biomedical sector [4]. Researchers
have synthesized and extensively studied a wide range of nanomaterial
families to explore their potential for both fundamental scientific
research and technological applications. Notably, several nanomaterials
have gained attention in recent years, including spinel oxides [5-8],
nanocomposites [9,10], and perovskite materials [11-13]. Among them,
ferrite nanoparticles, specifically MFe;O4 (where M represents a diva-
lent ion), have attracted significant interest due to their remarkable
attributes. The MFeyO4 chemical formula can be written as
(MZ*Fe3ty), [MEF Fe3 ],03", where A and B denote the tetrahedral and
octahedral sites, respectively. The parameter § signifies the extent of
inversion, indicating the proportion of Fe3* ions occupying the A sites
[14]. Ferrite samples have gained recent interest due to their extensive
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applications in various technological and industrial fields. These mate-
rials demonstrate desirable traits like chemical stability,
cost-effectiveness, minimal dielectric and magnetic losses, high elec-
trical resistivity, and high magnetic permeability [15-17]. As a result,
MFe;04 materials have found utility in various fields such as magnetic,
electrical, and optoelectronic applications [18-21].

The sol-gel synthesis technique [22-24] is commonly employed for
the fabrication of pure spinel ferrites. This technique provides numerous
benefits, including homogeneous particle sizes, lower processing tem-
peratures, precise control over chemical compositions, reduced
annealing times, and improved material purity [25,26]. Furthermore,
studies have demonstrated that by adjusting sol-gel parameters such as
sintering temperature, pH solution, and sintering time, it is possible to
effectively manipulate spinel ferrites’ properties [27-29].

Cu-Mg spinel ferrites, known as CujxMgyFesO4, have attracted
considerable interest as soft magnetic materials due to their impressive
magnetic properties, exceptional thermal stability, and chemical sta-
bility [30]. These materials have found use in various fields such as gas
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sensing, adsorption, photocatalysis, and electronic components [31,32].
Both undoped and substituted forms of Cu;.xMgxFe,04 have been uti-
lized in high-frequency applications within the telecommunications in-
dustry [33]. Due to their elevated resistivity and minimal eddy current
losses, Cuj xMgyFe;O4 spinel ferrites are well-suited for a range of ap-
plications such as high-quality filters, transformer cores, radiofrequency
circuits, operational devices, and read/write heads for high-speed digi-
tal tape [34,35]. However, investigations into Cu-Mg ferrites’ optical
properties have revealed relatively high bandgap energies [34]. As a
result, these ferrites have limited photon absorption in the ultraviolet
spectrum, making them unsuitable for various practical optoelectronic
applications [36,37]. To address this limitation, it becomes crucial to
reduce the bandgap energies of these ferrites, enabling them to absorb a
broader range of light energy, including the sunlight spectrum [38,39].
This study aimed to enhance the performance of Cuj MgxFeoOg4
ferrites in various technological applications, such as optoelectronic,
magnetic, and electrical devices. By focusing on the substitution of Co
and Cr ions in Cu-Mg ferrites, we prepared spinel ferrite with a
composition of Cug4Mgp.4Cog 2FeCrO4 using the sol-gel route. We con-
ducted a comprehensive analysis of its thermal, morphological, struc-
tural, optical, magnetic, and electrical properties. The substitution of Co
and Cr ions in Cu-Mg spinel ferrites has the potential to modify their
average B-site radius and crystal geometry, thereby altering their
physical properties. Previous studies have shown that the introduction
of both Co?t and Cr*' creates energy levels within the band gap,
resulting in a decrease in the band-gap energy, which is advantageous
for optoelectronic devices [40,41]. Additionally, the substitution of
Co%* and Cr3* ions has been found to reduce dielectric loss and increase
the electrical resistivity of spinel ferrites, making them suitable for
electrical applications, including high-frequency and microwave ab-
sorption devices [42,43]. In our investigation, we identified several
advantages associated with the synthesized Cug4Mggp.4Cop 2FeCrO4
ferrite, including low Urbach and band gap energies, a low coercive
field, and high electrical resistivity. Our findings demonstrate that the
as-prepared Cug 4Mgo 4Cog 2FeCrOy4 ferrite exhibits a reduced band gap,
coercive field, and activation energy compared to some Cu; xMgyFe;04
compositions reported in previous studies, supporting its potential for
improved performance in technological applications [34,35,44,45].

2. Synthesis and characterizations

The synthesis of Cug 4Mgp 4Cog 2FeCrOy4 spinel ferrite was carried out
using the sol-gel method. Initially, high-purity nitrates [Cu(NO3),-6H20,
Mg(N03)2-6H20, CO(NO3)2'6H20, Fe(N03)3-9H20 and CI‘(N03)3-9H20]
with a purity above 99% were dissolved in deionized water and stirred at
90 °C. Once the nitrates were completely dissolved, precise amounts of
citric acid (CgHgO7) were added as a complexing agent for the metal
ions. The pH solution was adjusted to 7 using ammonia solution. Sub-
sequently, ethylene glycol (HO(CH3)3sOH) was introduced as a poly-
merization agent, resulting in a viscous solution or gel. The gel
precursors were then heated, leading to brown powder formation. The
annealing process involved multiple cycles of grinding, pelleting, and
sintering within a temperature range of 600 °C-1000 °C to achieve grain
crystallization. This was done to obtain a single-phase product with
well-defined crystallization. In this study, all characterizations were
performed on Cug 4Mgp 4Cog 2FeCrO4 spinel ferrite sintered at 1000 °C.

The sample properties were investigated through multiple analyses.
Thermal behavior was examined with a thermogravimetric analyzer
(TGA). The XRD pattern was generated in an angular range of 10°-80°
using a Panalytical X’ Pert Pro system with Cu-K, radiation. The sample’s
morphology was observed using scanning electron microscopy (SEM:
JSM-6380 LA). The infrared spectrum was captured in the wavenumber
range of 400-1000 em™? using an FTIR-8400S spectrometer. Optical
properties were determined at wavelength ranging from 200 nm to
2400 nm with a UV-3101PC scanning spectrophotometer equipped with
a dual-beam monochromator. Two light sources were employed: a
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Xenon lamp for UV-visible radiation and a Halogen lamp for infrared
radiation. The hysteresis loop was measured in an applied field of £10
kOe using a vibrating sample magnetometer (Lake Shore model 7400) at
room temperature. Lastly, electrical conductivity was assessed by
modifying the temperature (300 K < T < 500 K) and frequency (40 Hz <
f < 10° Hz) using an Agilent 4294 analyzer.

3. Results and discussion
3.1. Thermal analysis

Fig. 1 presents the thermal behavior of the Cug 4Mgg 4Co.2FeCrO4
spinel sample, showing weight loss (W%) versus temperature (T) and its
differential thermal analysis (DTA). The weight loss process consists of
two distinct stages. Initially, there is a reduction in weight of 1.5% below
400 °C on the W(T) curve, with a peak observed at 355 °C on the dW/dT
curve. This decrease in mass within this temperature range suggests the
release of residual gases and moisture [46,47]. During the second stage,
a weight reduction takes place within the temperature range of
400-1000 °C, with a maximum loss of 10%. This is accompanied by the
detection of an exothermic peak at 820 °C in the DTA curve, which
signifies the formation of the spinel phase in the sample. Consequently,
the calcination temperature can be optimized to any value above 820 °C.

3.2. Morphology and structure

Fig. 2a displays the SEM image of the Cug 4Mgg 4Cog 2FeCrOy4 ferrite,
revealing a uniform distribution of cubic-shaped grains. The presence of
minor voids can be attributed to the sample’s inherent porosity. The
sintering temperature influences the material’s size distribution and
agglomeration. In our case, the sample underwent sintering at a suffi-
ciently high temperature of 1000 °C. This elevated sintering tempera-
ture facilitates the enhancement of crystallinity and homogenization of
Cug 4Mgp.4Cop 2FeCrO4 microstructure. Fig. 2b presents a statistical
analysis of the grain size distribution. Using the Gaussian function, the
histogram indicates an average grain size of 0.9 nm.

Fig. 3 shows the Rietveld refinement [48] of the XRD pattern for
Cug 4Mg(.4Cog 2FeCrOy4 spinel ferrite, confirming the formation of a pure
spinel phase in the sample. All peak positions were indexed using Fd3m
space group (n° 227). The Rietveld refinement considers the cation
distribution within the Cug4Mgp 4Cop 2FeCrO4 sample structure. This
includes the arrangement of Fe>' ions at the A-site and Cu®*, Mg2+

Co?*, Cr®" ions at the B-site as (Fe3*),[Cu’,Mg2", 4Co0 Crit]0
[49-52]. This cation distribution results in an inversion degree of umty,

indicating an inverse spinel structure for the sample. The calculated and
observed patterns, as shown in Fig. 3, are in good agreement. Table 1
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Fig. 1. TGA and DTA curves for Cug 4Mgo.4C0g 2FeCrO,4 spinel ferrite.
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Fig. 2. (a) SEM image of Cug 4Mgo 4Cop 2FeCrO, spinel ferrite. (b) Grain size
distribution.

Fig. 3. XRD pattern of Cug4Mgo 4CooFeCrO4 spinel ferrite with Riet-
veld analysis.
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Table 1

Rietveld structural parameters for Cug4Mgo 4C0oFeCrO,4 spinel ferrite. By,
represents the isotropic thermal agitation parameter. The specific definitions of
structural parameters are defined in the corresponding text. Reliability R-fac-
tors: profile R,, weighted profile R, and structure Ry. 2 represents the good-
ness of fit. The numbers provided in parentheses indicate the estimated standard
deviations up to the last significant digit.

Sample Cug 4Mg.4C0p. 2FeCrOy4
Space group Fd3m
Cell a(A) 8.3568 (7)
parameters vV (A% 583.60 (8)
Atoms Tetrahedral A site Atomic 1/8
(Fe) positions x =y
=z
Biso (A% 0.3(2)
Octahedral B site Atomic 1/2
(Cu/Mg/Co/Cr) positions x =y
=2z
Biso (A”) 12(2)
o Atomic 0.2499 (8)
positions x =y
=z
Biso (A7) 02(2
Structural D (nm) 21
parameters dao A) 1.808 (7)
ds.o (A) 2.090 (7)
@@-0- () 125.3 (3)
@@o-p (°) 90.0 (3)
Agreement R, (%) 6.46
factors Ryp (%) 8.64
Rr (%) 4.24
2 (%) 1.38

presents the structural refinement results, including the typical oxygen
coordinates for a spinel-type structure. The tetrahedral cation-oxygen
bond length (da.o) is lower than the octahedral cation-oxygen bond
length (dp.o). Table 1 also displays the bond angles (pa-0.p and ¢p-o-)
for the Cug4Mgp.4Cop 2FeCrO4 sample, where ¢a.0.p represents A-O-B
interactions and ¢p o.p represents B-O-B interactions [53]. The results
indicate that ¢p.o.p is lower than ¢a.o.p, suggesting a stronger exchange
interaction between A-B sites than B-B sites. Using Scherer’s formula
[33], an average crystallite size (D) of approximately 21 nm is estimated.
However, this value is lower than that derived from the SEM image,
which is because each grain is characterized by multiple crystallite do-
mains. Moreover, the Cug4Mgp4Co2FeCrO4 compound exhibits a
reduced lattice constant and cell volume compared to some Cuj.xMgy.
Feo04 compositions [54,55]. This is due to the decrease in the average B
site radius caused by the substitution of Co*" and Cr®* ions within the
Cuj.xMgyFeo0y4 ferrite system.

3.3. Optical properties

Fig. 4 illustrates the infrared spectroscopy analysis of Cug 4Mgo 4.
Coy.2FeCrOy4 spinel ferrite at room temperature. Here, typical absorption
peaks associated with the intrinsic stretching vibrations of oxygen bands
and metal ions situated at the (A) and [B] interstices of the spinel crystal
can be observed [52]. As seen in Fig. 4, the spectrum displays two
prominent peaks corresponding to tetrahedral and octahedral stretching
vibrations. Tetrahedral vibration (va) occurs at a frequency of 625 crn’l,
while octahedral vibration (vg) occurs at 503 cm~!. Furthermore,
through infrared spectroscopy analysis, it has been observed that the
compound exhibits three distinct frequency bands at 891, 1040, and
1682 cm™!. These bands correspond to the elongation and bending vi-
brations of the C-N—0, CC-C, and C=0O groups, respectively [56].
Additionally, a broad absorption peak at 3445 cm™! indicates the
presence of hydroxyl groups and absorbed water molecules within the
compound [57].

Fig. 5a presents the UV-VIS-NIR absorbance (A) spectrum of
Cug 4Mgo.4Cop 2FeCrO4 spinel ferrite versus wavelength (1). The
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Fig. 4. FTIR spectrum for Cug 4Mgp 4C0g 2FeCrOy4 spinel ferrite.

reflectance spectrum R(4) is shown as an inset of the figure. The A(41)
indicates an absorption band in the UV domain at a wavelength of 1 =
338 nm, suggesting that the sample exhibits desirable properties for
absorbing UV light [58,59]. Furthermore, the prepared sample demon-
strates wide absorption bands throughout the visible spectrum, ranging
from 400 nm to 800 nm, indicating its potential suitability as a material
for applications such as photo-catalysis and photovoltaic solar cells [60].
Additionally, the sample exhibits absorption bands within the
near-infrared region of the spectrum, making it a good candidate for
near-infrared optoelectronic devices [61]. Tauc’s law [62] was used to
estimate the band gap energy as follows:

ahv=p(hv — E,)" €))

In this equation, a represents the absorption coefficient, hv represents
the photon energy,  denotes the constant related to the disorder degree
within the sample, and Ej signifies the band-gap energy. The n exponent
value varies depending on the nature of the optical transition, where n =
2 corresponds to a direct transition and n = 1/2 corresponds to an in-
direct transition. Direct optical transitions occur without a change in
momentum and are typically observed in materials with small energy
differences between the valence and conduction bands. Such transitions
exhibit strong light absorption and emission, making them well-suited
for applications in optoelectronics, lasers, and solar cells. On the other
hand, indirect optical transitions occur in materials with significant
energy differences between the valence and conduction bands, involving
a change in momentum. Compared to direct transitions, indirect tran-
sitions exhibit less efficient light absorption and emission. However,
materials with indirect bandgaps are commonly employed as host ma-
terials for phosphors in lighting technologies. The Beer-Lambert law
[63] enables the calculation of the optical absorption coefficient («) by
considering the sample’s thickness (d) and absorbance (A):

2303 x A
q="""T 0

] (2)

The E; energy can be determined by employing the Tauc formula,
which is expressed as follows:

(ahw)'" = p(hv — E,) 3

In Fig. 5b, the (ah)'/? and (ahv)? curves are presented, displaying their
changes with respect to hv. Through linear extrapolation, the indirect
band gap energy (Eg;) and direct band gap energy (Ezq) were determined
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Fig. 5. (a) UV-VIS-NIR absorbance versus wavelength for Cug 4Mgo 4Co¢ oFe-
CrOy4 spinel ferrite. The inset shows the reflectance spectrum R(4). (b) Plots of
(ahv)'/? and (ahv)? versus ho. (c) Plots of In (ahv) vs. In (hv-Ej).

as Egi = 0.45 eV and Egq = 1.88 eV. In order to further confirm the optical
transition type observed in the sample, we generated plots of In (ahv)
versus In (hv-Eg) in Fig. 5c. These plots were constructed using the
previously determined Eg; and Egq energies. The fitting curve reveals n
value close to 0.5 (n = 0.481 + 0.002) for the direct optical transition,
suggesting that the synthesized sample undergoes a direct optical tran-
sition, while the value for the indirect optical transition is noticeably
lower than 2 (n = 0.813 + 0.001). Comparing the obtained band gap
energy of Cug4Mgp.4Cog2FeCrO4 spinel ferrite with other published
values (see Table 2), we find a smaller E; energy of our sample than
those reported for certain semiconductor materials [64-66]. Further-
more, the Eg value for the as-prepared sample is lower than those of
some Cu; xMgxFeo04 compositions [34]. With the substitution of Co and
Cr ions into Cu; xMgFe,04 compositions, the band gap energies of these
materials are decreased, resulting in enhanced optical properties.
Consequently, our sample exhibits potential as a viable material choice
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Table 2
Band gap energy for Cug 4Mgo 4C0g 2FeCrO, spinel ferrite in comparison with
those reported in previous works.

Samples Band gap energy (eV) Reference
TiO, 3.20 [64]
ZnO 3.37 [65]
CuO 3.85 [66]
CuFez04 2.82 [34]
Cuo.gMgo.2Fe204 2.91 [34]
Cug,cMgo 4Fe204 3.00 [34]
Cugp 2Mgo.gFe.04 3.05 [34]
Cuo.gMgo.2Fe204 3.15 [34]
MgFe,0, 3.31 [34]
Cug 4Mgp.4C0p 2FeCrO4 1.88 This work

for efficient visible light absorption. Furthermore, it is important to
highlight that the Cup.4Mgo.4Coo.2FeCrO4 sample exhibits an Eg value
that surpasses the energy threshold typically required for water splitting
(Eg > 1.23 eV). Then, the synthesized sample holds potential for appli-
cation as a photocatalytic material [67].

The Urbach energy (Eu) provides insight into the disorder degree,
defects, and impurities within a material, serving as a metric for the
presence of localized states in the conduction band and extended tran-
sitions in the valence band [68,69]. In our compound, the Eu value was
determined as follows [70]:

a=ay exp (1%”) @

where ap and hv represent a constant and the photon energy, respec-
tively. By plotting In(a) against (hv) in Fig. 6, the E, value for the
Cug 4Mgp.4Cop 2FeCrO4 sample was found to be 0.553 + 0.003 eV. This
value is considerably lower, suggesting that the sample exhibits a lower
degree of disorder, fewer defects, and fewer localized states within its
structure. The following relation [71] can be used to estimate the value
of the steepness parameter S(T):

ksT

() (5)

E,=

Here, kB represents the Boltzmann constant and T denotes room tem-
perature. The S(T) parameter is a physical property associated with the
band gap and represents the widening of the absorption edge caused by
interactions between electrons or excitons with phonons [61]. In the
case of the Cug4Mgp 4Cog2FeCrO4 sample, the value of S at room

Fig. 6. Plot of In(a) vs. hv for Cug 4Mgo.4Cog 2FeCrOy4 spinel ferrite. The inset

shows the curve of (a/A)? vs. 1/4.
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temperature was calculated to be 0.047. In addition, the
electron-phonon interaction (Ee-ph) has an inverse relationship with the
steepness parameter as follows [61]:

2
Ee—ph - ﬁ (6)

According to Eq. (6), the E,p, value was estimated as 14.18 eV. The
maximum wavelength (41) of the incident radiation plays a crucial role
in evaluating the appropriateness of a compound for optoelectronic
devices, as it signifies the minimum wavelength needed for charge
carrier expulsion. The value of At can be calculated from this equation
[72]:

-<()- )

where C is a constant. The threshold wavelength was estimated as 657

nm by plotting (%)2 versus (1) in the inset of Fig. 6.

When a compound interacts with light, its absorption of particular
radiation reduces the incoming photon flow. To comprehend the extent
to which incident radiation can permeate the compound, we can use
penetration depth or skin depth (). The calculation of § is based on the
a(4) curve and is expressed by the following relation [73]:

1

5=
a(A

(€))

=

0.024
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Fig. 7. (a) Penetration depth (5) vs. 4 for Cug 4Mgp 4C0g 2FeCrO4 spinel ferrite.
(b) Extinction coefficient (k) vs. hv.
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In Fig. 7a, the 5(1) curve for the Cug 4Mgp 4Cog.2FeCrO4 sample exhibits
three distinct regions. In the first region (region I) of the spectrum, our
compound demonstrates complete UV radiation absorption, high-
lighting its potential as a highly efficient UV filter [72]. As we progress
into the second region (region II), the 5(1) increases, reaching its
maximum at A = 1133 nm. Subsequently, in the third region (region III),
the 5(4) values gradually increase up to 2400 nm. Furthermore, we can
determine the extinction coefficient (k) as follows [74]:

ali
=0 ©)]
In Fig. 7b, the plot of the extinction coefficient (k) curve for the
Cug.4Mgo.4Cop 2FeCrO4 sample versus photon energy (hv) is displayed.
As the photon energy increases, there is a noticeable decrease in the k
coefficient, which can be attributed to the corresponding reduction in
incident photon energy. Similar phenomena have been observed in
other spinel materials as the wavelength increases [67,75].
The refractive index (n) holds significant importance in spectral
dispersion applications as a fundamental parameter, and its expression
in the visible range can be described as follows [76]:

1+R 4R
"R Ry

— (k(2))? (10)
Where R is the reflectance. Fig. 8a showcases the n(1) curve for the
Cug 4Mgp.4Cop 2FeCrO4 sample, revealing prominent absorption bands
across the UV-VIS-NIR regions. These absorption bands in the n(1) curve
prove the sample’s exceptional quality and compactness. Additionally,
the n(4) curve can be described using the Cauchy parameters, namely no,
ni, and ny as follows [75]:

np ny
n=np + ? + }7 an

Cauchy analysis determines the refractive index for weak absorption
materials. Fig. 8b presents the curve of n versus 1/A2, modeled through

Eq. (11). From the fitting curve, we determined the Cauchy parameters
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for the sample as n0 = 1.48 + 0.03, n1 = 1.39 + 0.03 (nmz), and n2 =
0.29 4+ 0.01 (nm4). Furthermore, in order to determine the energy of the
effective single oscillator (Ey) and the dispersion energy (Eq), we utilized
the Wemple-Didomenico relation [77], which is expressed as follows:

E\E
wel=— (12)
Ej — (hv)
Through the fitting of the linear segment in the curve of (') versus

(hw)?, displayed in Fig. 8c, we can determine the values of EO and Ed for
the Cug 4Mgp.4Cog 2FeCrO4 sample. The slope of the linear portion cor-

responds to E:—Ed, while the intercept with the vertical axis corresponds to

g—:. Using the findings from this analysis, we determined the values of EO
and Ed to be 1.46 + 0.01 eV and 1.60 + 0.02 eV, respectively.
Furthermore, by employing these values, we can estimate the dielectric
constant (eop) at zero frequency and the static refractive index (n’0)
from this equation:

Eop :n’(z) =14+ (13)

Using this equation, we obtained values of 1.448 for eop and 2.095
for n’0. In particular, the calculated value for n’0 aligns closely with the
value derived from the Cauchy fit. For the determination of the average
oscillator strength (SO) and oscillator wavelength (10), we utilized the
following relation [78]:

I 1
m =1 Sody  Sok

14)

1
n?-1

linear fit to the curve, the values of 1p and Sy were determined as 1178
nm and 0.84 x 10~ m~2, respectively.

Fig. 9a displays the variation of the optical conductivity (o,p) versus
wavelength (1) for Cug4Mgg 4Cop 2FeCrO,4 sample according to the
following relation [79]:

Fig. 8d displays the plotted curves of

1 .
versus ;5. By performing a

Fig. 8. (a) Refractive index n vs. A for Cug 4Mgo 4C0o 2FeCrO, spinel ferrite. (b) Variation of n(1) curve with Cauchy fit. (c) Plot of 1/(n*-1) vs. (hw)2. (d) Plot of 1/(n*-

1) vs. (1/4)2
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Fig. 9. (a) Optical conductivity vs. A for Cug 4Mgo.4C0o2FeCrOy4 spinel ferrite. (b, ¢) Variations of real ¢; (1) and imaginary e,(4) parts of dielectric permittivity. (d)

Variation of optical loss factor tan(s).

a()n(d)c
Copr = W (15)
In this equation, c represents the speed of light. The optical conductivity,
which represents a material’s ability to conduct light or electromagnetic
radiation and describes its response to an oscillating electromagnetic
field at optical frequencies [80], shows higher values at shorter wave-
lengths and lower values at longer wavelengths. The significant optical
conductivity observed at shorter wavelengths can be attributed to the
excitation of electrons by high-energy photons, explaining the sample’s
strong photo-response. Additionally, Additionally, optical dielectric
permittivity is an indicator of a material’s interaction efficiency with an
electric or electromagnetic field. To calculate the complex dielectric
permittivity, we utilized the following equation [81]:

e(A) =[n(2) — ik(2)]* = &1 (2) — iea(A) 16)

In this equation, the real part (¢;) and imaginary part (e2) of the optical
dielectric permittivity can be represented by the following expressions:

e1(A)=n*(1) — K*(1) an

e2(4) = 2n(2)k(A) (18)

Fig. 9b, c displays the graphs of ¢;(1) and e5(4), revealing that the
£1(4) plot follows a similar pattern as n(4) curve due to the presence of a
low extinction coefficient k(1). Nevertheless, there is a slight rise in (1)
as the wavelength increases, which aligns with similar observations
made in other compounds [82]. On the other hand, the optical loss
factor tan(5) can be determined as follows [83]:

_a@)
- €1 (ﬂ.)

tan(5) 19
Fig. 9d visually presents the relationship between the optical loss
factor, tan(6), and 4, indicating a clear upward trend where tan(s) rises
as the wavelength extends [84].
According to the following relations [85], the bulk loss energy
(V-loss) and surface loss energy (S-loss) of the as prepared material was

calculated in order to evaluate the contribution of the bulk and surface
to the energy losses:

V—loss()=¢; / (¢] — &3) (20)

S —loss(A) =2 / ((er +1)* +¢€2)) (21

The distribution of volume and surface losses is depicted for the
Cug 4Mgp.4Cog 2FeCrO4 sample in Fig. 10. This figure shows that volume
loss dominates over surface loss as observed by the changes in both V-
loss(1) and S-loss(4) curves with wavelength, which aligns with similar
findings in other samples [86,87].

3.4. Magnetic properties

The magnetic hysteresis curve of the Cugy 4Mg 4Cog 2FeCrOy4 ferrite
at room temperature is presented in Fig. 11 at a magnetic field range of

Fig. 10. Variation of volume loss (V-loss) and surface loss (S-loss) versus
wavelength for Cug 4Mgp 4Cog oFeCrOy, spinel ferrite.
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Fig. 11. Magnetic hysteresis loop for Cug4Mgp 4C0¢ 2FeCrO4 spinel ferrite at
room temperature. The inset focuses on the curves near the origin, highlighting
the remanence (M,) and coercivity (H,) values.

+10 kOe. It can be observed that magnetization exhibits a nonlinear

increase at weak magnetic fields and reaches saturation at higher fields,
indicating a ferromagnetic nature of the sample. The values of saturation
magnetization (M), remanent magnetization (M;), and coercivity (H,)
were estimated as 18.44 emu/g, 5.48 emu/g, and 195 Oe, respectively.
Particularly, the sample demonstrates characteristics of a soft magnetic
ferrite due to its relatively low coercivity (H.). Consequently,
Cug 4Mgp.4Cop 2FeCrOy4 ferrite holds potential for various magnetic ap-
plications, including transformers, recording-media applications, in-
ductors, and electronic components [88-90]. According to Néel’s theory
[91], ferrite materials exhibit three types of interactions: B-B, A-A, and
A-B sublattice interactions. The A-B super-exchange interaction sur-
passes the intrasublattice A-A and B-B interactions. The net magnetic
moment can be estimated by calculating the vector sum of the magnetic
moments at the A and B sublattices through the utilization of the
following expression [92]:

ns =My — M| (22)

In this equation, Mg and Mp represent the magnetic moments of the B
and A sublattices, respectively, measured in terms of Bohr magnetons
(up). To determine My and Mj, we can utilize the magnetic moments of
Mg?t (0pg), Co®" (3pp), Cu?t (1pg), Cr** (3pg), and Fe3* (5pp) [93-95].
By considering the cation distribution obtained from XRD analysis, the
calculated magnetic moment can be estimated as n{ = 1 yp. In terms of
Bohr magnetons, the observed magnetic moment can be calculated as
follows [92]:

obs _ M X M,

- 23
"8 = 75585 @3

The observed ny* magnetic moment is calculated using the molecular
weight, M, and the saturation magnetization value given in emu/g.
Using Eq. (23), we find n%* = 0.8 y;. This value is close to that obtained
for n¢@, indicating a strong correlation between the calculated and
observed magnetic properties. This consistency supports the accuracy of
the predicted cation distribution in the prepared sample.

3.5. Electrical conductivity

In order to investigate the conduction mechanism of the
Cug 4Mgp.4Cog 2FeCrO4 spinel, we have depicted its electrical conduc-
tivity (o) as a function of frequency and temperature in Fig. 12. Electrical
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Fig. 12. o(T, f) curve for Cug 4Mgo 4Coo 2FeCrO, spinel ferrite. The red lines
represent the fits using Eq. (24).

conductivity characterizes a material’s ability to conduct electric cur-
rent when subjected to an applied voltage. It describes the movement of
electrons or charge carriers in response to an electric field [96]. In
Fig. 12, it can be observed that the (T, f) curves exhibit consistent
variations at different temperatures. At lower frequencies, the o(T, f)
curves remain relatively constant. This conductivity behavior, which is
consistent with the dc conductivity (o4.), indicates the impact of
increased activity at grain boundaries. While the increase in o4, values
with temperature confirms the semiconductor characteristic of the
prepared sample. At higher frequencies, the conductivity shows expo-
nential growth (ac conductivity, 6,c), which is associated with the
conductive behavior of the grains. In many polycrystalline compounds,
the o(T, f) curves are often analyzed using Jonscher’s law [6(w) = 64c +
A x ©°], where A and s represent temperature-dependent constants and
the frequency exponent. However, in our experimental data, this clas-
sical equation does not adequately explain the o(T, f) behavior. There-
fore, we have employed a modified conduction formula proposed by
Jonscher, which incorporates a low-frequency dependence [97]:

2.2
} + {((lgiiza;z))} + Ao’ 24

o= |: Odc
1+ Pe?)

where 7, A and s denote the relaxation time, pre-exponential factor, and
frequency exponent, respectively. According to Funke’s criterion [98],
values of s greater than 1 indicate localized hopping between neigh-
boring sites, while s values less than or equal to 1 suggest electron
hopping involving translational motion with sudden hopping. The
fitting results obtained using Eq. (24) reveal small values for the dc
conductivity (o4c), indicating significant electrical resistivity in the
synthesized sample (Fig. 13a). As a result of this interesting character-
istic, our sample may be suitable for microwave devices [99]. Moreover,
the Cug 4Mgg.4Cop 2FeCrOy ferrite shows much higher electrical re-
sistivity at room temperature compared to some values reported for
Cu; xMgFe 04 system [44]. This suggests that the substitution of both
Co?" and Cr®" ions in Cuy xMgyFes04 ferrites can enhance their elec-
trical resistivity and their microwave absorption capabilities. In
Fig. 13b, it can be observed that the exponent “s" decreases with
increasing temperature, and all its values are less than unity. This
behavior indicates that the conduction process in Cug 4Mgo.4Cog 2Fe-
CrOy4 spinel ferrite follows the Correlated Barrier Hopping model (CBH),
where electron hopping involves translational motion with sudden
hopping [100]. Furthermore, Fig. 13c depicts the curve of log (64, x T)
as a function of 1000/T, which follows this relation [101]:
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Fig. 13. (a) The dc conductivity (64.) and the dc resistivity (pq.) versus tem-
perature for Cug 4Mgo.4Cog 2FeCrO4 spinel ferrite. (b) The exponent (s) versus
temperature. (c) Plots of log (64. x T) versus 1000/T.

(o) Ea
= — 2
e ) -

where kg, 09, and E, are, respectively, the Boltzmann constant, a pre-
exponential factor, and the activation energy. The calculated activa-
tion energy (E;) value for Cug4Mgp4CopoFeCrO4 spinel ferrite is
determined to be 0.21 eV. It is noteworthy that this value is lower
compared to the reported E, values for various compositions of Cu;.
Mg, Fe,04 [35,45].

4. Conclusion

In conclusion, the structural analysis of Cug4Mgp.4Cog 2FeCrOg4
spinel ferrite confirms its cubic spinel structure. The band-gap energy
(Eg) of this sample is determined to be 1.88 eV. The obtained low Urbach
energy (E,) of 0.55 eV indicates minimal disorder and defects in the
sample. Additionally, the conduction mechanism in the sample follows
the CBH model, with an activation energy (E,) of 0.21 eV. The sample
demonstrates a lower band gap, coercive field, and activation energy,

Optical Materials 149 (2024) 115059

while exhibiting higher electrical resistivity compared to some Cuj.
xMgxFe204 compositions. Consequently, substituting both Co%* and
cr®t ions in copper-magnesium ferrites presents an opportunity to
enhance their suitability for optoelectronic and electrical applications.
In terms of applications, Cug4Mgp.4Cog 2FeCrOy4 spinel ferrite holds
promise in solar cell production due to its light absorption capabilities
and photo-catalytic properties. It also serves as a viable candidate for
microwave absorption devices and soft magnetic devices.
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