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ARTICLE INFO ABSTRACT
Keywords: Examining the composition and heat treatment effects of co-precipitated Cog ;Mng 3CrxFes.xO4 (x
Nano-ferrites =0.0, 0.2, 0.4, 0.6, 0.8, and 1) ferrite nanoparticles provides valuable insights into the structural,
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morphological, optical, magnetic, and electrical properties of these materials. X-ray diffraction
(XRD) and Rietveld refinement analyses confirm the spinel cubic crystalline phase of the samples,
indicating the formation of well-defined crystal structures. Transmission electron microscope
micrographs manifest the nanoscale nature of the produced specimens and their narrow particle
size distribution with a small standard deviation. This uniformity is often desirable in many
applications because it confirms the similarity of the properties and behaviors of the nano-
particles. The Fourier transform infrared spectroscopy study suggests that the substitution of Cr**
ions at octahedral sites influences molecular stability. Annealing causes a slight expansion in bond
length and a subsequent decrease in stability. The presence of Cr®* ions enhances the strength of
the specimens, while annealing weakens them. This indicates a fine balance between composition
and processing conditions in determining the strength of the materials. The estimated optical
indirect bandgap undergoes a redshift by adding Cr>" ions. Annealing at elevated temperatures
reduces the bandgap due to the quantum confinement effect, indicating the tunability of optical
properties through compositional and thermal control. Samples with x > 0.6 exhibit nearly zero
coercivity, indicating superparamagnetic behavior, which have promising applications. The
preference of Cr®* ions to occupy octahedral B-sites influences the magnetic behavior of the
materials. The dielectric polarization and dielectric loss improved by adding Cr®* ions, while the
alternating current conductivity decreased. From impedance spectroscopy, the real and imaginary
parts, Z’ and Z”, were increased by increasing Cr content. Furthermore, the annealing process
greatly affects the electrical properties of the specimens. Overall, the study emphasizes the
intricate relationship between composition, annealing conditions, and the resulting structural,
magnetic, and electrical properties of Co-Mn-Cr ferrite nanoparticles, providing significant ob-
servations for the development of tailored materials for diverse applications in electronics,
magnetics, and medicine.
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1. Introduction

Due to their remarkable qualities, ferrimagnetic nanoparticles have received a lot of curiosity in contemporary research. These
fields include data storage devices, biomedicine, magnetic resonance imaging, multi-chip inductor environmental cleanup, trans-
formers, inductors, and catalysis [1,2]. Ferrites possess extraordinary magnetic properties in the nanoscale range, including super
magnetism and spin behavior, including those of magnets with rapid spindles. Their surfaces can also tilt in different directions,
exhibiting significant electrical resistance, permeability, and saturation magnetization [3]. Moreover, ferrite nanoparticles have a
range of exciting technological uses in color imaging, magnetic refrigerators, high-frequency devices, and ferrofluids because they
exhibit peculiar chemical, magnetic, electrical, mechanical, and structural characteristics [4]. Ferrites can be used in high-frequency
applications because they have limited dielectric losses and eddy currents [3]. Changing the divalent or trivalent cation type (Cu?*,
Mg2+, Co%*, Ni%", Mn?*, Zn?*, AI**, and Cr®") controls the physical characteristics. The arrangement of cations throughout different
lattice positions influences the main A-B super-exchange interaction among the metal ions. This in turn affects different magnetic
properties of spinel ferrites, such as magnetization and anisotropy [5].

The mechanical strength and electrical conductivity of the obtained ferrite at the nanoscale differ substantially from those at the
bulk size. There are also significant variations in the electronic structure. Each magnetic nanoparticle has a large surface area and
quantum-size effects that show quantum tunneling of magnetization and superparamagnetic behavior. This exhibits a diversity in some
magnetic properties [6].

It is important to mention here that ferrites containing manganese ions, such as Mn-ferrite, for example, are soft magnetic semi-
conducting materials. They also have low dielectric losses and high resistivity [5]. MnFe;O4 has strong saturation magnetization,
strong cubic anisotropy, low core losses, and excellent chemical stability. On the other hand, the magnetically hard cobalt ferrite has an
inverse spinel structure with a significant magnetostrictive coefficient, low eddy current losses, high coercivity, and cubic magneto-
crystalline anisotropy. Mixed transition metals Mn-Co ferrites have superior magnetic and dielectric properties compared to Mn- or
Co-ferrites, making them ideal for magneto-optical, magneto-mechanical, non-contact torque sensing, embedded stress sensing, and
high magnetostriction applications [7]. These materials have widespread applications in various fields, such as recording devices,
transducers, switching devices, and energy storage devices such as supercapacitors and batteries due of the significant
magneto-mechanical effect and great sensitivity to stress [8-11].

Chromium-substituted ferrites have many applications in high-frequency devices, catalytic activity, and sensors because of their
low hysteresis losses [1]. The electrical and magnetic characteristics of ferrite are significantly altered by the entry of chromium ions
into the crystal lattice. Conductivity and dielectric constant decrease when chromium replaces iron [12]. The converse may occur,
though, if it were added at the expense of a divalent ion, as this would raise the conductivity value, dielectric constant, and coercive
field while lowering magnetization [13].

In addition, the researchers can apply the relationship between magnetic characteristics and cation distribution to control the
material’s magnetic behavior. Generally, the chromium ion prefers octahedral locations when substitution occurs in any spinel ferrite.
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Fig. 1. Schematic diagram for the synthesis of the coprecipitated Co0.7Mn0.3CrxFex-204 nanoparticles.
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Therefore, doping with chromium would result in a decrease in the degree of inversion (8) and an alteration in the net magnetic
moment. In other words, this enables the customization of magnetic properties to meet the needs of various technological applications
[14].

Various methods, including sol-gel, hydrothermal, facile solvothermal, ball milling, and co-precipitation processes [15], can
produce mixed spinel ferrite nanoparticles. Among these different methods, the authors prefer to use the co-precipitation method to
obtain nanoparticles with the desired properties. High-yield fine-grained nanoparticles are coprecipitated in a short reaction time [11,
16]. During synthesis, to avoid particle aggregations, surfactants like sodium dodecyl sulfate and oleic acid can be added to the so-
lution [7,17]. The coprecipitation technique is based on reducing a mixture of metallic ions (e.g., Fe?™ and Fe®*") using NaOH or
NH;3O0H as alkaline solutions. The high product purity, ease of reproducibility, nontoxicity, low cost, and absence of the necessity of
using organic solvents are the main advantages of the coprecipitation process. However, the reaction factors (temperature, pH, ionic
strength, kind of basic solution, and so forth) have a significant impact on the size, shape, and composition of the produced particles
[18].

According to the functionality of ferrite nanoparticles, the authors always strive to develop and improve their properties to obtain
the desired results in various promising applications. Therefore, this present work aimed to investigate the formation, structural and
morphological characteristics, magnetic, optical, and electrical properties of mixed Cog7Mng 3CryFes.xO4 synthesized via the copre-
cipitation method followed by thermal treatment. The formation of crystalline phases, crystallite size, and lattice constant were studied
by X-ray diffraction (XRD) and refined by Rietveld analysis. The specific surface area was determined by Brunauer-Emmett-Teller
(BET) analysis. The shape, size, and size distribution of the particles and agglomeration were elucidated by transmission electron
microscopy (TEM). The bond structure was monitored by Fourier transform infrared (FT-IR) spectroscopy. The magnetic properties
were studied by a vibrating sample magnetometer (VSM). The optical properties and characteristics of the bandgap were examined by
a UV-visible spectroscopy study. Finally, the dielectric properties, ac conductivity, and impedance spectroscopy were evaluated at
room temperature using an LCR meter bridge.

2. Experimental
2.1. Sample preparation

The co-precipitation method [19] was used to prepare Cog7Mng 3CryFes xO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1), as shown in Fig. 1.
NaOH solution was added dropwise to a mixed solution containing CoCl,.6H>0, MnCl,.4H50, CrCl3.6H20, and FeCls with stoichio-
metric ratios until the pH value reached about 11. The preparation was performed according to the following chemical formula:

(2-x) FeCl3 + 0.7(CoCl,.6H20) + 0.3(MnCl».4H,0) + x(CrCl3.6H,0) + 8NaOH
Cog.7My 3CryFesx O4 + 8NaCl + Ho0

The following table (Table 1) shows the number of moles of each reagent used in the synthesis process.

This mixture was heated and maintained at 90 °C for 2 h under continuous stirring to precipitate ferrite nanoparticles. The
precipitated powder was then collected and thoroughly washed by distilled water, dried at 80 °C for 24 h, and finally ground in agate
mortar to obtain ultrafine powder. Cog ;Mng 3CryFes xO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) samples were annealed at 900 °C for 4 h to
study the compositional effect on different physical properties. While a selected sample, Cog 7Mng 3CryFes xO4 (x = 0.8), was annealed
at different temperatures (500 °C, 700 °C, 900 °C, and 1100 °C) for 4 h to study the effect of annealing.

2.2. Characterization and measurements

2.2.1. X-ray diffraction analysis

A GNR APD 2000 Pro X-ray diffractometer (Cu-Ka radiation with A = 1.54 A) was used to characterize the crystallographic structure
of the crystalline nanoparticles by operating at 40 kV and 30 mA. The effect of composition was studied for the samples
Cog.7Mng 3CryFey 204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at a constant temperature of 900 °C. While the effect of annealing
temperature on the crystal structure was studied for Cog 7Mng 3CrxFex.204 (x = 0.8) annealed at 500 °C, 700 °C, 900 °C and 1100 °C.

Table 1
Number of moles of each reagent used in the synthesis process
Sample FeCl3 CoCl,.6H,0 MnCl,.4H,0 CrCl3.6H,0 NaOH
No. of moles No. of moles No. of moles No. of moles No. of moles
C0o.7Mng sFe;04 2 0.7 0.3 0 8
Cop.7Mng 3Crp 2Fe; gO4 1.8 0.7 0.3 0.2 8
Cog.7Mng 3Cro 4Fe; 604 1.6 0.7 0.3 0.4 8
Coo.7Mnyg 5Cro gFe1.404 1.4 0.7 0.3 0.6 8
Coo.7Mng 5Crg sFe; 204 1.2 0.7 0.3 0.8 8
Cog.7Mng 3CrFeOy4 1 0.7 0.3 1 8
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2.2.2. Transmission electron microscopy (TEM)

The morphology, average particle size, and particle size distribution of the samples were studied by transmission electron mi-
croscopy (TEM) (JEOL JEM-2100). Cog 7Mng 3CrxFex 204 nanoparticles were sonicated after dispersing in an ethyl alcohol solution to
separate the aggregations of the particles. Then a small amount of the sonicated solution was coated on a conductive copper-supported
carbon grid. The grid was dried for a few minutes and then inserted into the TEM instrument under vacuum. A transmitted beam of
electrons passed through the sample, and the scattered electrons were then detected to form a two-dimensional image at a high voltage
of 80 kV [20].

2.2.3. Specific surface area (Sggr)
The specific surface area of the nanoparticles was measured by the Brunauer-Emmett-Teller (BET) Micrometrics Instrument

Corporation TriStar I 3020 V1.03. The material surface adsorbs gas molecules under different pressures to obtain the specific surface

area.

2.2.4. Fourier transform infrared spectroscopy (FTIR)

To study the vibration modes of the chemical bonds, a Fourier transform infrared spectroscope (FT-IR) Bruker Tensor 27 was used
in the range of 200-4000 cm ™! on KBr pellets containing the synthesized sample. This has been carried out to study the effect of
composition and annealing temperature on Cog 7Mng 3CryFey 204. An FT-IR spectroscopy study gives information about the molecular
structure of materials, which can help in understanding the mechanical behavior of the materials. Additionally, the elastic constants
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and elastic moduli were determined using the FT-IR technique.

2.2.5. UV-VIS spectroscopy

A LAMBOMED, INC. double beam spectrophotometer recorded the optical absorption spectra in the visible and ultraviolet regions
within the wavelength range of 200-1100 nm. Powders of different samples were dispersed in paraffin oil with a constant concen-
tration, placed in a quartz cuvette of 10 mm path length (d), and subjected to ultraviolet and visible radiation to study their absorption
spectra.

2.2.6. Vibrating sample magnetometer (VSM)

To study the magnetic properties of the samples and determine the magnetic parameters, a lab-built vibrating sample magne-
tometer can be used, and the experiment was carried out at room temperature up to a maximum field of 8 kOe. The vibrating sample
was subjected to a magnetic field at a frequency of 40 Hz to be magnetized. Pickup coils piled on the electromagnet’s poles experience a
voltage due to the sample’s vibration modulating the magnetic field lines. The frequency of the vibrating sample and the induced
voltage are the same. The output signal from the pickup coils could be monitored from a lock-in amplifier. The induced magnetization
is expressed by this signal (M). The value of H and the resulting M were recorded by the system to draw the M — H hysteresis loop.

2.2.7. The dielectric properties

AC electrical properties were investigated to study the effect of the composition of Cop 7Mng 3CrxFex 204 samples on their dielectric
parameters. The measurements were performed at room temperature as functions of frequency in the range (100 Hz - 8 MHz) using an
LCR meter (LCR METER IM3536-Hioki). The set up of the experiment includes pressing the powder samples under pressure of 3 x 10°
N/m? into disc-shaped pellets with a diameter of 13 mm and a known thickness. The two circular surfaces of each pellet were coated
with silver paste to make electrical contact with the two copper electrodes of an evacuated silica tube. This silica tube is designed to be
connected to the LCR meter.

3. Results and discussion
3.1. X-ray diffraction analysis

The crystal structure analyses of Cog;Mng 3CriFex204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C and
Cog.7Mny 3Crp gFe; 204 annealed from 500 °C to 1100 °C by step 200 °C were performed by refining the XRD results with the Rietveld
analyses using the FULLPROF software program. The Yqps-Ycalc curve represents the difference between the measured (observed Yops)
and calculated (Yca1c) x-ray pattern, where it varies steadily as a function of 26, ensuring refinement stability. Fig. 2a-f displays the X-
ray diffraction patterns of Cop 7Mng 3CrxFex 204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C and their refined curves. Table 2
lists the low values of ¥? (an indicator of the goodness of fit), confirming the quality of the refinement. As compared to JCPDS Card No.
22-1086, the specimens have a single-phase cubic spinel structure with a space group of Fd-3m. The planes (111), (220), (311), (400),
(422), (511), and (440) were easy to appear. Table 2 shows that the lattice constant, a, obtained from Rietveld analysis, slightly
decreased once the chromium ions entered the crystal lattice. This change is attributed to the differences in ionic radii between Cr>*
(0.62 ;\) and Fe®* (0.67 [o\) [21]. A little shrinkage of the unit cell occurs because of the accommodation of smaller ions at octahedral
sites. Increasing Cr>* content was found to decrease the x-ray theoretical density, p, as established elsewhere [22].

Porosity, P%, can be calculated using the relations; P(%) =1 — Z—i‘ [231, where py is the bulk density and given by: py = 1%, rand ¢t
are the radius and thickness of the disc samples [24].

The loss in molecular weight of the Cog 7Mng 3CrxFex.204 molecule due to the relatively low atomic mass of chromium indeed can

Table 2

The goodness of fit, (X2), lattice constant, a (10\), crystallite size, R (nm), the lattice strain, ¢, theoretical XRD density, pyx (g/cm3), porosity %, and the
hopping length (jump distance), L., Lp., and shared sites, La_p, calculated based on Rietveld analysis, and the specific surface area, Sggr (mz/g), for
Cog.7Mng 3CryFe, 204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C and Cog 7Mng 3CryFe, 204 (x = 0.8) annealed at 500 °C, 700 °C, 900 °C, and
1100 °C.

Sample x (@ (A% R (nm) £x10°° px (g/cm®) Porosity (%) Laa (B) Lps (A) Las (&) Sper (m%/g)
0.0 0.112 8.4240 22.73 5.325 5.1863 48.60 3.6477 2.9783 3.4924 50.90

0.2 0.159 8.4002 20.87 4.225 5.2134 51.87 3.6374 2.9699 3.4825 55.14

0.4 0.146 8.4036 19.24 3.675 5.1898 51.61 3.6389 2.9711 3.4839 60.09

0.6 0.155 8.4039 18.8 2.758 5.1720 51.78 3.6389 2.9712 3.4841 61.71

0.8 0.147 8.4041 17.79 1.425 5.1543 50.57 3.6390 2.9713 3.4842 65.43

1.0 0.13 8.3947 17.22 0.85 5.1544 50.74 3.6350 2.9679 3.4803 67.60
Effect of annealing temperature on Cog ;Mng 3Cro gFe; 204

T°C v (@) (A%) R (nm) £x107° px (g/cm®) Porosity (%) Laa (A) Los (A) Las (A) Sger (m2/g)
500 0.132 8.3645 6.70 6.93 5.2279 46.88 3.6219 2.9573 3.4677 171.30

700 0.148 8.3832 12.06 3.15 5.1930 50.56 3.6300 2.9639 3.4755 95.81

900 0.146 8.4041 17.79 1.425 5.1543 50.58 3.6391 2.9713 3.4842 65.43

1100 0.148 8.4077 21.61 0.6 5.1477 51.24 3.6407 2.9726 3.4857 53.94
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lead to an increase in porosity, as shown in Table 2.
The Williamson-Hall equation [25-27] was used to calculate the average crystallite size, R, and the induced lattice strain, ¢, of
COQ.7MI10_3CI'XFEX_204I

Prit COS 0:%+4e sin 0 (€D)]

where By is the peak broadening obtained from the Rietveld analysis. The average crystallite size exhibits a slight drop from 22.73 nm
to 17.221 nm by substituting smaller ionic-radius Cr>* ions [28]. Introducing smaller Cr>* ions into spinel lattices indeed has a notable
effect on the induced tensile strain within the material. This phenomenon aligns with variations in the lattice constant. The reduction
in lattice constant, mentioned before, is associated with a decrease in induced tensile strain. This correlation between doping levels,
lattice constant, and induced tensile strain is important for understanding the mechanical behavior of the material, as will be explained
in the following discussion. The consistency in crystal size observed in this study, compared to other studies using the chemical
coprecipitation method, is intriguing. It suggests that the synthesis method plays a significant role in determining the resulting crystal
size within the material [29,30]. For example, the mean crystal size of the magnetite and NiMg ferrite samples is about 15.2 [31] nm
and 11.6 nm [24], respectively. As a result, compared to other preparation techniques, the chemical precipitation process is char-
acterized by the fact that the precipitated material has an extremely fine crystalline size. Moreover, the presence of ions like Cr** may
influence the nucleation and growth processes during precipitation and reduce the size. Samples generated using different techniques
do not exhibit this effect. Nig ¢Mgp 2Cog 2FeCrO4 and Nig 1Cog 5Cug 4Fe; 7Crp 304, which were synthesized using the sol-gel process and
annealed at 850 °C, had typical crystal sizes of 124 nm [32] and 103 nm [21], respectively.

Because of the high electron-lattice interaction, electrons in spinel ferrites are often localized rather than entirely free. The charge
displacements produced by nearby ions trap these electrons in potential wells. A displacement zone with a radius significantly smaller
than the unit-cell dimension is referred to as a tiny polaron [33]. The relation between the Cr substitution and the deformation of the
spinel lattice influences the radius, jump distance, and jump activation energy of polarons [34].

The hopping length (jump distance) in the tetrahedral site (L), octahedral site (Lg), and shared sites (L4.g) was calculated from
equation (2) [35]:

Laa=a £, Lgpg=a @ and Lrpg=a @ (2)
4 4 8

The variation of La.a, Lp.g, and shared sites Ly p reflects the same behavior as the lattice parameter. They usually go down along
with increasing chromium content, as seen in Table 2. This is known as the shrinkage of the unit cell. The accommodation of smaller
Cr®* ions into the octahedral lattices causes a decrease in site radius, resulting in the shrinkage of the unit cell. So, the larger ions
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occupy the tetrahedral lattices [36]. Therefore, understanding these structural variations is essential for optimizing the properties of
spinel ferrite materials for various applications.

The annealing process at different temperatures (500 °C, 700 °C, 900 °C, and 1100 °C for 4 h) had a great effect on the sample
Cop.7Mng 3CriFes xO4 (x = 0.8), as shown in Fig. 3a—d. This is shown by the stronger and wider XRD peaks. During the annealing
process, the elevated temperature allows atoms to move more freely in the crystal, facilitating the rearrangement of atomic positions,
and this leads to getting rid of the internal stresses. Consequently, the crystal becomes more perfect, and the grain boundary volume is
diminished [37]. It is noticed that the sample annealed at 500 °C has relatively broad peaks, confirming its ultra-fine nature and small
crystallite size.

The lattice constant, a, of Cog7Mng 3CryFezxO4 (x = 0.8) and the hopping distances, La_a, Lp.p, and La.p, have gone up with
annealing. Annealing can have various effects on the properties of materials, including crystal growth and changes in oxidation states
of ions. Annealing can reduce Fe®* ions to Fe>* ions and stimulates crystal growth. The divalent cation Fe?* (0.76 A) has a larger ionic
radius than the trivalent one, Fe?" (0.64 f\), as known [21]. This increases the effective ionic radius and affects the packing of ions in
the crystal lattice. The unit cell expansion, which is interpreted by increasing the unit cell volume (v = a®), leads to an observed drop in
the theoretical XRD density and a subsequent rise in porosity, as displayed in Table 2. The lattice strain, ¢, has a continuous decrease
with annealing. This suggests the enhancement of the crystallization process by further annealing.

Based on the refinement of the atomic occupancy values in Rietveld analysis, the cation distribution between tetrahedral and
octahedral sites of Cog 7Mng 3CryFes xO4 annealed at 900 °C was determined and listed in Table 3. Throughout the Rietveld refinement
process, the cation occupancies at tetrahedral and octahedral sites are confined to maintain the stoichiometry of the synthesized
ferrites. It is important to note that the thermal treatment of the samples and the previous processing circumstances both highly affect
the cation distribution. Most Mn?* and Co®" ions partially occupy the octahedral B-sites, which reveal that CoMn ferrite nanoparticles
have a partially inversed spinel structure [20]. While the Fe3* ions are distributed randomly over tetrahedral and octahedral sites.
According to the findings, Fe>" ions transferred from their octahedral sites to the tetrahedral ones by entering Cr>* ions, which prefers
octahedral sites.

The degree of inversion is defined as the proportion of Fe3* in the A-site. It increases by adding chromium ions, and this behavior is
consistent with the slight drop in lattice constant when iron is substituted by chromium ions [25].

Furthermore, there is a considerable dependence of the cation distribution on the two sublattices on the annealing temperature.
Mn2* and Cr3* ions moved from the B-site to the A-site together with Fe>* ions. While the distribution of Co?* ions was not affected.

By comparing the crystal structure of the present samples with those of others published in the literature (see Table 4), it is typically
focused on XRD parameters such as lattice constants, theoretical density, crystallite size, strain, and porosity. The lattice constant and
theoretical density of different spinel ferrites may differ slightly because of the variation in synthesis conditions and electronic
configuration [7]. While the crystal size and porosity values are different because of the different histories of heat treatment for each
sample as well as the cation distribution. These various synthetic conditions can govern and control the properties of the obtained
spinel ferrites [11]. These affect greatly the structural, magnetic, and electrical properties of these materials, which can be used in a
variety of applications such as magnetic recording media, microwave devices, and magnetic sensors.

3.2. Transmission electron microscopy (TEM)

To get better insight into the morphology and size of the particles, TEM images were obtained on powders. Therefore, the
morphology and shape of the grains can be clearly seen, as shown in Fig. 4a-d and Fig. 5a-d for the samples Cog 7Mng 3CryxFes xO4 (x =
0, 0.2, 0.4, and 1) as-synthesized and annealed at 900 °C, respectively. From TEM images, the particles appear to take multiple forms,
some of which have a nearly spherical shape, others have asymmetric agglomerations, and some have an elongated shape.

Embedding Cr®* ions into the crystal lattice of ferrite evidently minimizes the size of the particles in the as-synthesized samples. On
the other hand, there is an enormous variation in the particle size when comparing the particle sizes of the as-synthesized and the
annealed Cog ;Mng 3CryFes xO4 nanoparticles. The as prepared and annealed samples have average particle sizes ranging from 3 nm to
26.3 nm and 15.88 nm-37 nm, respectively, as displayed in Table 5. The annealed nano ferrites have a relatively large number of

Table 3
The cation distribution of Cog;Mng 3CryFe, 04 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C and
C0g.7Mng sCryFe, 204 (x = 0.8) annealed at 500 °C, 700 °C, 900 °C, and 1100 °C.

Sample A-site B-site

0 C00.179Mno.091F€0.607 C00.521Mn0.200F€1.303

0.2 C09.167Mn0,085Cr0.054F€0.783 C00.533Mnyo, 215Cro.146F€1.217
0.4 C00.179Mn0,106Cr0.119F€0.792 C00.521 Mng.194Cro.281F€1.208
0.6 Coo.183Mn0,054Cr0.157F€0.087 Coo.517Mng,246Cro0.443F€1,013
0.8 C00.179Mng,081Cro.215F€0.811 C09.521Mng,.219Cr0 585F€1.180

1

C00.179Mng,074Cro.126F€0.932

Effect of annealing temperature on Cog ;Mng 3Cro gFe; 204

C00.521Mng.226Cro.874F€1.068

T (°C) A-site B-site

500 C00.184Mn0.006Cr0.217F€0.614 C00.516Mn0.204Cro.583F€1.386
700 Coo.186Mn0.112Cr0.221F€0.630 Coo.514Mno, 188Cro.580F€1.370
900 C00.179Mn,081Cro.215F€0.811 C09.521Mn0,219Cro 585F€1.189
1100 C00.182Mn0,063Cr0.200F€0.861 Cog.518 Mng.237 Cro.s01 Fe1.130
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Table 4
Comparative table of different XRD parameters: lattice constant a (A), crystallite size R (nm), theoretical XRD density py (g/cm3), porosity % for
different spinel ferrites.

Sample (@) (A°) px (g/cm®) R (nm) Porosity % Ref.
Mng oZng 3Sig 2Fe; 604 8.497 4.94 29.47 14 [38]
Nig.eMng 4Fe;04 8.354 5.039 25.94 - [39]
Lio.35C00 3FeOy4 8.394 4.48 53 24.57 [40]
Nig_4Mgo cFe,04 8.360 4.869 23.81 - [39]
Aig 1 Tig 2Zng 3Nig 4Fe,04 8.359 5.630 19 19 [34]
MgCro sFe; 504 8.376 5.12 58.54 - [14]
Nig7Cuo 5Alg osFe; 5404 8.337 5.195 55.63 26.23 [41]

Fig. 4. a)TEM images of the as-synthesized Co0.7Mn0.3CrxFex-204 (a) x = 0.0 (b) x = 0.2 (¢) x = 0.4 (d) x = 1.0. (b)Particle size distribution
(theoretically fitted using Gaussian distribution function) of the as-synthesized Co0.7Mn0.3CrxFex-204 (a) x = 0.0 (b) x = 0.2 (¢c) x = 0.4 (d) x
=1.0.

clusters of nanograins. Two essential factors contribute to this: (i) the exchange interaction produced by the magnetic dipole moment
of the magnetic lattice; (ii) the elevating annealing temperature of the synthesized nano-ferrite (900 °C), resulting in the interaction
among nano-grains [42].

Compared to the findings provided in the XRD studies, the average grain size is noticeably larger than the crystallite size. While
XRD only offers information on the crystalline regions of the grains and not the amorphous parts. TEM examination, on the other hand,
supplies knowledge on the overall shape of the grains as a whole. Taking a closer look at the literature, the coprecipitated MnCoFez04
sample has a grain size ranging from 30 to 40 nm [43]. While TEM images of Nig7Zng 3Fe204, Nig 4Zng 3sMng 3Fes04, Nig4Zng 3.
Coy.3Fez04, and Nig 4Zng 3Cug 3Fe204, which were prepared by the sol-gel method, exhibit different shapes and sizes, with average
particle sizes of 41, 21, 32, and 40 nm, respectively [44]. The findings in this study agree with the literature, as seen.

The particle size distribution is analyzed and interpreted using TEM images and ImageJ software, and the histograms are shown in
Fig. 4(a-d) and 5 (a-d). It is important to note that narrow particle size distributions suggest uniformity in particle size, which can be
desirable for many applications. Additionally, the samples have small standard deviation values, as seen in Table 5. This means that the
particles have sizes close to each other around the mean value.
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Fig. 4. (continued).

In the present work, although HRTEM provides information about the internal morphology of the nanocrystals, it typically provides
limited information about the material’s surface topography. Surface topography like morphology, surface roughness, and defects can
be detected by other techniques such as scanning electron microscopy (SEM) and atomic force microscopy (AFM). For a deep ex-
amination of the material, a combination of HRTEM data and surface topography analysis (SEM and AFM) should be performed.

On the other hand, it is better to study and identify the properties of the nanoparticles by combining TEM and EDAX data. This
combination helps to visualize the morphology, crystal structure, and elemental composition of the materials.

3.3. Specific surface area (Spgr)

This measurement is critical to comprehending the physical properties and possible applications of the present nanoparticles. The
relationship between Spgr and various factors, such as Cr>* ion content and annealing temperature, can provide insight into nano-
particle reactivity and performance. Table 2 displays that the specific surface area, Sggr, of the nanopartticles increases with an in-
crease in Cr’* ion content and decreases with annealing. This confirms the presence of an inverse relationship between a specific
surface area and particle size. This, in turn, can control the surface reactivity of the nanoparticles.

3.4. Fourier transform infrared spectroscopy study (FT-IR)

By analyzing the characteristic absorption bands in FTIR spectra, the functional groups present in the nanoparticles and the ferrite
phase can be identified, which helps in understanding their chemical structure and composition. The nature of the chemical bonds
studied based on the vibrational frequency which depends on the cation mass, distance between cation and oxygen ion, and bonding
force [45].

The FT-IR study covers the wavenumber range from 200 to 4000 em L Fig. 6a displays the FT-IR spectra of Cog 7Mng 3CryFez xO4
(x=0.0,0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C. The obtained spectra have seven absorption bands: vi, v, v3, vr, Vrh, Va, and vp.
The first band, v;, ranges from 580 to 599 em ™, and the second band, va, ranges from 381 to 487 cm L. These values are similar to
those published before [46,47]. They are intrinsic stretching lattice vibrations of the tetrahedral bonds and intrinsic bending vibrations
of the octahedral bonds, respectively, of ferrites, as shown in Table 6 [48]. These two vibrational bands are the result of the
metal-oxygen bond’s intrinsic vibrations, which verify the production of spinel ferrite material and the completion of the reaction [49].
Since the vibrational frequency depends on the bonding force, length, and cation mass, the observed difference between v; and vy
values is related to the shorter bond length of oxygen-metal ions at the tetrahedral sites [49]. v; and v, exhibit a slight shift toward
higher frequencies by further adding Cr>* ions; this is due to changing the Me-O?internuclear distance of the tetrahedral and
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Fig. 5. (a)TEM images of C00.7Mn0.3CrxFex-204 annealed at 900 °C (a) x = 0.0 (b) x = 0.2 (c) x = 0.4 (d) x = 1.0. (b)Particle size distribution
(theoretically fitted using Gaussian distribution function) of the annealed Co0.7Mn0.3CrxFex-204 (a) x = 0.0 (b) x = 0.2 (c) x = 0.4 (d) x = 1.0.

octahedral sites. These observations are in agreement with previous publications [50].

Additionally, a weak band, vs, appears in the samples Cog 7Mng 3CryFesxO4 (x = 0.0, 0.2, 0.4) that may be due to the splitting v
band because of divalent metal ion-oxygen bond formation at octahedral sites (Co?" and Mn?" ions in the present samples). According
to the cation distribution, relatively high proportions of Fe>" ions exist at octahedral sites in lower Cr content samples. Some of these
Fe3* ions may be reduced to Fe>* by the annealing process at 900 °C. Furthermore, the band vy in the range 877 cm ™! to 873 cm ™ is
usually related to the existence of divalent cations at A-sites. However, vg in the range 1047-1049 cm ™' may be associated with the
presence of tetravalent metal ion-oxygen, Fe*"-0% and/or Cr**-0?. Electron hopping between Cr>* and Fe>" ions may produce Fe**
and/or Co*t [50].

The hydroxyl group (OH) appears in the spectra as a triple band, vy, around 1539 cm™! for all the samples.

A known restoring force should restore the relative displacement between nuclei during molecular vibration at certain frequencies.
Therefore, the force constant (a measure of the stiffness of the chemical bond) is a second-order derivative of the potential energy. It is
correlated to the bond length and hence the vibrational frequency by the relations [51]:

Fo=4n*c*? p,Fg = 4n*c*2 p 3)

The force constant rises as the bond length shortens, as displayed in Table 7. The substitution of Cr>* ions at the octahedral sites
instead of Fe>* jons may cause the bond lengths in the octahedral sites to contract slightly. This is the reason why Fa and Fy rise with
composition (x). Additionally, the absorption bands around 3460 em™! correspond to water molecules with tensile bonds, and the
hydroxyl intervals (O-H) exhibit variations accordingly [52].

On the other hand, Fig. 6b displays the FT-IR spectra of CopyMng 3CrxFesxO4 (x = 0.8) annealed at different temperatures. As
known, the annealing process causes an expansion in the bond length that reduces v; and v, values. The shifting of v; and v5 to lower
frequencies clearly confirms the linearity of the relationship between the bond length and annealing temperatures.

Moreover, the triple band, vy, exists in all spectra and disappeared when the sample was annealed at 1100 °C. This is because
annealing at elevated temperatures causes the material to get rid of residual moisture, which leads to the separation of the OH bonds
from the ferrite molecule.

The force constants, F4 and Fp, have a slight decrease with annealing, as shown in Table 7, which may be ascribed to lengthening
the interatomic separation that leads to weakening the Me—0? bonds at the A- and B-sites.
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Average particle size (nm)

Standard deviation

Sample

As-synthesized Annealed As-synthesized Annealed
0.0 26.3 29.85 11.33 7.20
0.2 4.3 27 0.942 6.88
0.4 3 30 0.982 6.67
1.0 2.5 26.5 0.930 6.73

It is worth mentioning that the temperature at which a crystal exhibits its maximum normal mode of vibration is known as the
Debye temperature, Op. The Debye temperature demonstrates the stability of the crystal lattice [53]. Below Op, the electrons traverse
through the lattice planes with limited scattering, and consequently, the atomic motion is constrained. While the electron scattering
rises significantly above Op. Therefore, the material becomes more stable when its ©p is high [54]. Debye temperature, Op, was

determined from: 6p = h;f;,‘j [54]. In the present samples, ©p increases with x from 690 to 780 k by increasing Cr>" content, as

illustrated in Table 7. This means that the crystal lattice becomes more stable when the interatomic bonding strength hardens [55].
On the other hand, since heating weakens the strength of the interatomic bonding, there is a noticeable decrease in ©p with
increasing the annealing temperature, as shown in Table 7. This decrease is related to a slight reduction in vibrational frequencies.

3.4.1. Elastic properties

In light of the enormous practical importance of nano-crystalline ferrites in industrial and technological applications, the me-
chanical properties of these materials are significant. As a result of magnetostriction and piezomagnetic effects, stress generates al-
terations to magnetization. Abrupt shocks can also cause domain-wall motion [47]. This study postulates that the present samples are
isotropic and that there is no crystallographic relation between the stress and the resulting deformation.

Elastic constants, or elastic moduli, are used to express the response of an isotropic, homogeneous solid to an applied force, and
these elastic moduli are interrelated. It is known that stiffness is analogous to the modulus of elasticity. Therefore, the stiffness
constants Cy; and Cyp2, bulk modulus (B), Young’s modulus (E), and rigidity (shear) modulus (G) were determined from the equations
established before [56,57]. The stiffness constants and elastic moduli exhibit an increase with increasing cr’tion content, as listed in
Table 7. This may be related to the reduction in crystal size. This means that reducing the grain size enables the overall grain
boundaries to grow excessively. These grain boundaries are helpful in hindering dislocation and dispersion through the crystal. This, in

11
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Fig. 6. FTIR spectra of: (a) Co0.7Mn0.3CrxFex-204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C (b) C00.7Mn0.3CrxFex-204 (x = 0.8)
annealed at 500 °C, 700 °C, 900 °C and 1100 °C.

Table 6

The vibrational frequencies in (em™Y), v, Vs, Vs, Va, Vg, V1, and the energy band gap, Eg, (V) of Cog ;Mng 3CriFe,.204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1)
annealed at 900°C and Cog 7Mng 3CryFe,.»04 (x = 0.8) annealed at 500 °C, 700 °C, 900 °C, and 1100 °C.

X V1 (cm’l) Vo (cm’l) V3 (cm’l) VA (cm’l) VB (cm’l) vr (cm’l) Eg (eV)
0 580 381 314 877 1047 1535 0.899
0.2 594 410 314 873 1055 1539 0.842
0.4 584 437 316 877 1045 1539 0.815
0.6 595 445 314 877 1049 1539 0.61
0.8 595 484 316 875 1049 1541 0.558
1 599 487 316 873 1049 1541 0.523
Effect of annealing temperature on Cog ;Mng 3Crg sFe; 204

T(°C) vy (em™) Vs (em™) vz (em™) Va (em™) vg (em™) vr (em™1) E, (eV)
500 609 498 316 876 1045 1573 0.992
700 599 489 316 878 1044 1566 0.673
900 595 484 316 875 1049 1541 0.558
1100 592 480 277 797 1086 - 0.534

turn, improves the strength and hardness of the material.

The effect of thermal annealing on the stiffness constants and elastic moduli was studied. On the contrary, the annealing process
results in a slight drop in the elastic moduli and stiffness constants. It is crucial to consider that the annealing process forces grains to
grow, which limits the number of grain boundaries that obstruct molecular transport [37]. This allows the formation of dislocations,

and consequently, the crystal becomes comparatively weaker. It is worth noting that the values of stiffness constants and elastic moduli
are in agreement with those in the literature [47].

3.5. Ultraviolet and visible spectroscopy

For optoelectronic applications, it is crucial to investigate room-temperature optical characteristics such as electromagnetic ra-
diation absorption and transmission [58]. A variety of aspects, including surface roughness, oxygen deficiency, lattice constant, dopant
concentration, and crystallite size, influence the optical characteristics of the nanoparticles [59].

12
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Table 7
Stiffness constants, C;1, C12, elastic moduli, B, Y, and G, force constants (N/m), Fa, Fp, and Debye temperature, 0p, of Cog 7Mng 3CryFex 204 (x = 0.0,
0.2, 0.4, 0.6, 0.8, and 1) annealed at 900°C and Cog ;Mng 3Cr Fe,.20,4 (x = 0.8) annealed at 500 °C, 700 °C, 900 °C, and 1100 °C.

X C11 (GPa) Cy2 (GPa) B (GPa) Y (GPa) G (GPa) Fa (N/m) Fp(N/m) Op
0 211.47 402.0 97.29 198.62 115.17 246.09 106.19 691
0.2 228.33 398.7 102.69 216.47 124.32 258.12 122.97 722
0.4 232.41 408.7 104.71 220.18 126.55 249.49 139.70 734
0.6 242.48 424.5 109.13 229.82 132.03 258.96 144.86 748
0.8 256.83 464.2 116.55 242.61 139.87 258.99 171.37 776
1 261.37 470.3 118.47 247.024 142.34 262.48 173.50 781
Effect of annealing temperature on Cog ;Mng 3Cro gFe; 204

T (°C) C11 (GPa) C12 (GPa) B (GPa) Y (GPa) G (GPa) FA Fp Op
500°C 271.85 53.94 126.57 253.98 148.021 271.31 181.42 796
700°C 262.99 47.55 119.36 248.42 143.23 262.47 174.93 782
900°C 256.83 46.42 116.56 242.62 139.88 258.98 171.37 776
1100°C 253.20 44.98 114.38 239.63 137.89 256.38 168.55 771

Fig. 7a and b displays the UV-Vis optical absorption spectra (the absorbance vs. wavelength (200-1100 nm) plot) of
Cog.7Mng 3CryFey.204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C and Cog 7Mng 3CrxFex.2004 (x = 0.8) annealed at different
temperatures. All the samples manifest better absorbance in the visible region than in the UV region.

Tauc’s relation produces the energy bandgap of the materials: (¢hv) = A (E; — hv)". Where E; is the material’s bandgap energy and
‘n’ is a factor based on the semiconducting material’s valence band to conduction band transition. For the indirect and direct bandgaps,
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Fig. 7. UV-vis spectra of: (a) Co0.7Mn0.3CrxFex-204 (x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900 °C (b) C0o0.7Mn0.3CrxFex-204 (x = 0.8)
annealed at 500 °C, 700 °C, 900 °C and 1100 °C.
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the value of n fluctuates between % and 2, respectively [60]. In the present investigation, the estimated indirect bandgap energy, where
n = ', is tabulated in Table 6. As the proportion of Cr*" ions go up, the bandgap energy decreases. The generation of sub-bandgap
energy levels within the bandgap, which may have been caused by interface defects and vacancies, can be accompanied by a little
shrinkage of the bandgap [61].

On the other hand, by increasing the annealing temperature from 500 °C to 1100 °C, E; decreases slightly, which is assigned to the
quantum confinement phenomenon, as shown in Table 6. The decrease in Eg with a little crystallite size magnification demonstrates
the quantum size effect [62]. As a result, even tiny variations in crystal size have a significant impact on the energy band gap.
Consequently, the practically constant absorption edge (304 nm) is the result of the crystal size’s restricted fluctuation range. Each
studied sample requires nearly the same amount of absorbed photon energy for the electronic transition. Predominantly, reducing Eg
could be the result of a drop in the band gap between the O-2p and Fe-3d levels [63]. Eg values of Cug.25C09.25Mgo.5.xNixCeo.03Fe1.97 are
0.87 eV [64], which is in agreement with the present data. However, E; of CoFe;04 and MnFe;04 [59] are 3.86 eV and 4.02 eV,
respectively, which are higher than the present data because of their tiny particle size (10 nm).

3.6. Magnetic measurements using VSM

To analyze and study the action of the Cr>" ion and the thermal annealing process on the magnetic properties of a series of
Cog.7Mny 3CryFey 204 nano-crystalline compounds, VSM measurements were performed at room temperature. The chemical compo-
sition, the distribution of cations, the preparation technique, and the particle size all have an enormous impact on the magnetic
properties [52]. The magnetic parameters as functions of composition (x) and annealing temperature were extracted from the hys-
teresis curves (Fig. 8a, b, ¢) and listed in Table 8. The magnetic parameters, saturation magnetization, and coercivity values are in good
agreement with those of other spinel ferrite samples, Nig 5.xZnxCoo.sFe2.yAlyO4 [65] and CoRg 1Fe; 904 [66]. Adding different tran-
sition metals (Zn%*, Cu?t, Co®*, Mn?*, Ni%™, etc.) to spinel ferrite can alter their magnetic properties. The functionality of the present
samples can be improved by changing their magnetic moment. P. Monisha et al. [59] studied the effect of Mn™? doping on CoFe;04
nanoparticles prepared via the co-precipitation method. The magnetic interaction between the A and B sub-lattices is reduced as a
result of the substitution of Mn®" ions into sub-lattice B, lowering the value of M. In the case of pure CoFe30y4, the value of M is 34.20
emu/g, which is less than the bulk value (80 emu/g). A similar result was reported by other researchers [20]. On the other hand, the M;
and H. values of MgCryFe; O4 [14] decrease by adding nonmagnetic cr®t, from 20.7 to 4.6 emu/g and 127 to 40 Oe, respectively.

The aforementioned samples have a soft superparamagnetic nature, as demonstrated by the S-shaped hysteresis loops. The
superparamagnetic behavior of these samples is a result of the tiny sizes of the crystallites and their low magnetic anisotropy, which
permit their easy thermal activation [67]. The present samples are single-domain magnetic particles that have nearly zero coercivity,
low remanent magnetization, relatively high saturation magnetization, and a very low squareness ratio. These aspects make the
samples have a superparamagnetic nature [67].

Additionally, their blocking temperature is located below room temperature, except for the low chromium content samples (x =
0.0, 0.2, 0.4) [68].

All the present samples reveal low saturation magnetization values, M. The core-shell model explains this phenomenon. Every
magnetic particle possesses both a core and a shell, according to the core-shell model. The shell, often known as the dead layer or
disordered domain boundary, lacks magnetic order, while the core possesses magnetic order (ordered domains). Therefore, the
surface-to-volume ratio has a great effect when the particles possess a tiny size (the effect of the dead layers). The size effect of the
nanoparticles leads to non-collinearity or canting of spins on their surface, consequently decreasing the magnetization [52]. Saturation
magnetization and coercivity values are comparable with earlier investigated Co-based spinel ferrite nanoparticles [35,69]. However,
samples in the present study have lower M; than Co; xCryxFe;O4 [69] because of the presence of non-magnetic Mn>" ions. This result is
in good agreement with those reported in earlier publications [12].

It is expected that M, decreases when substituting Cr>* ions because it has a lower magnetic moment than Fe>* ions. However, M;
changes according to the estimated cation distribution from the Rietveld analysis in Table 3. Néel’s theory of ferrimagnetism and the
arrangement of cations between different sites demonstrate the magnetic behavior of ferrites. The net magnetic moment, or theoretical
magnetic moment, my,, in the Bohr magneton unit (pg) is equal to the vector sum of the moments of the two sublattices (mg = Mp-Mp),
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Fig. 8. Magnetization curves of Co0.7Mn0.3CrxFex-204 (a) x = 0.0, 0.2, 0.4, annealed at 900 °C (b) x = 0.6, 0.8, 1.0, annealed at 900 °C (c)
C00.7Mn0.3CrxFex-204 (x = 0.8) annealed at different temperature.
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Table 8

The saturation magnetization Mg (emu/g), remnant magnetization M, (emu/g), squareness ratio SQR (M,/M;), coercivity H, theoretical and
experimental magnetic moments, my, (ig), Mexp (up), Yaffet-Kittel angle, (Byx), and the anisotropy constant, K; (erg/g), of Cog7Mng 3CryFe.20, (x =
0.0, 0.2, 0.4, 0.6, 0.8, and 1) annealed at 900°C and Cog 7Mng 3CryFe,.»04 (x = 0.8) annealed at 500 °C, 700 °C, 900 °C, and 1100 °C.

X M; (emu/g) M, (emu/g) M,/Mg H, (Oe) me (ps) Mexp (1B) Oyk K; (erg/g)
0 16.17 6.8 0.421 988 4.482 0.676 54.6 16641.63
0.2 29.92 11.57 0.387 471 4.878 1.246 51.8 14679.5
0.4 26.15 5.99 0.229 171 4.025 1.086 46.6 4657.969
0.6 20.19 3.92 0.194 89 2.424 0.835 34.8 1871.781
0.8 27.44 3.49 0.127 52 4.722 1.132 49.2 1486.333
1 15.55 0.547 0.035 11 4.713 0.639 51.8 178.1771
Effect of annealing temperature on Cog ;Mng 3Cro gFe; 204

T (°C) M (emu/g) M; (emu/g) M,/Ms He (Oe) Mg, (BB) Mexp (MB) Oyk K; (erg/g)
500°C 7.85 0.71 0.090 57 4.288 0.348 52.2 466.0938
700°C 18.43 1 0.054 54 4.588 0.760 50.9 1036.688
900°C 27.44 3.49 0.127 52 4.722 1.130 49.2 1486.333
1100°C 14.49 0.69 0.048 21 4.418 0.598 51.3 316.9688

which is based on the magnetic moment of each cation in the two sublattices. It is equal to 5y for both Fe>* and Mn?* ions and 3 for
Co%" and Cr®* ions. Moreover, the mey, which is presented in Tables 8 and is found using [32]:

M, (%) x MW (gmol ')

pg X Ny mol-1 x 108

(C)]

Mexp =

Where MW is the molecular weight of the sample, y; is Bohr magneton (=9.274x10-24 J/T), and N is Avogadro’s number. The Meyp
exhibits the same behavior as my, (see Table 6), which confirms the accuracy of the cation distribution. The experimental values of the
magnetic moment are lower than the theoretical ones because of the assumption of the presence of non-colinear spin order [70]. This
can be explained based on the Yaffet and Kittel (Y-K) model.

By applying the formula: meyp = Mp cos Byk- M, the spin Y-K angle (fyx) was computed. A non-zero 6y.g reveals that the super-
exchange interactions weaken. Additionally, the octahedral spins are no longer arranged completely antiparallel to the tetrahedral
spins, which could lead to a drop in magnetization [71].

It is also noted that when the annealing temperature rises, the particle size increases, leading to a decrease in the disorder at the
nanoparticle surface. This allows the spins to align with the field, which in turn increases magnetization. However, the sample
annealed at 1100 °C has lower magnetization due to its cation distribution and the subsequent reduction in the magnetic moment.

Furthermore, increasing the concentration of Cr>* reduces the coercivity, H, due to the reduction in the anisotropy field. This has a
great effect on diminishing domain wall energy [15]. This result is in agreement of other published data [72]. Additionally, by
annealing and increasing the particle size, H. decreased slightly. In the present case, the magnetization mechanism occurred by domain
wall motion because the particles are already in a multi-domain state and have larger domains by further annealing. This, in turn,
reduces the number of domain walls [1]. The role of the domain wall energy is essentially to hinder the material from demagnetizing
and consequently increase coercivity. But reducing the number of domain walls allows the material to demagnetize easily, hence
reducing H. [73]. Therefore, the material in this situation, with nearly zero H,, is regarded as superparamagnetic instead of ferri-
magnetic. In addition, the almost negligible coercive force permits easy magnetization and demagnetization with little magnetic loss
[74]. Therefore, these materials may be considered good candidates for drug delivery and contrast agents in magnetic resonance
imaging [31]. Hysteresis loop squareness values in all samples are relatively tiny, which implies that the samples have a set of
randomly oriented domains. This is important in magnetic fluids [75].

Furthermore, the magnetic anisotropy field is required to specify the energy needed to change the magnetization direction from the
easy direction to the magnetic field direction. It depends strongly on particle size, saturation magnetization, and coercivity [76].
Therefore, the magneto-crystalline anisotropy constant, K;, is an important parameter and was calculated using Brown’s relation K; =

yol'gf’fg [75], where po = 1 in the CGS system. It is seen that K; decreases with increasing Cr3* ions as a result of decreasing M and H,, as

listed in Table 8. In addition, K; depends on the particle size, as it decreases as the particle size decreases. This is because the
surface-to-volume ratio increases, and the surface anisotropy contributes more than the bulk anisotropy. Surface atoms are known to
have a different atomic configuration from bulk atoms. The spin-orbit coupling that causes the anisotropy effect varies significantly at
the surface. These surface effects may result in lowering the overall magnetic anisotropy because surface atoms may not be as strongly
aligned with the easy axes of the crystal as bulk atoms. Moreover, the effect of annealing on the anisotropy constant is obvious. It
increases with annealing up to 900 °C because it enhances crystallinity by reducing defects such as voids and dislocations. The
alignment of spins becomes easier and more ordered. However, K; increases by annealing at 1100 °C because of thermal agitation,
which disrupts the alignment of magnetic moments by atomic diffusion or lattice vibrations [77].

3.7. Dielectric properties
The dielectric constant (¢'), ac conductivity (cac), loss factor (tan §), real part of impedance (Z’), and imaginary part (Z”) of all
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samples were found from the experimental data using the next equations [40,78]:

, d
€=~ Cc 5)
Coc = 27fe € tan & 6)
tan § :% 7)
R
"1+ w2R2C? ®
, RwC
Z =11 ore ©

where ¢, d, and A are the permittivity of free space, the thickness of the samples, and the area of the pressed disc.

Fig. 9a and b shows the frequency dependence of the real part of the dielectric permittivity, ¢, at room temperature for
Cog.7Mng 3CryFey 204 (x = 0.0, 0.6, 1.0) as-synthesized and annealed at 900 °C. Knowing that these as-synthesized samples were
characterized before [79]. The observed dielectric dispersion mechanism can be described in terms of well-conducting grains (G),
which are separated by non-conducting grain boundaries (GB) in solid materials. When the electrons arrive at the non-conducting
grain boundaries, they are unable to cross the resistive grain boundary. As a result, interfacial polarization is created at the grain
boundaries, where there is a large charge density (electrons). The resistivity difference between G and GB drives the charge carriers’
collection at boundaries. This generates space charge polarization. At higher frequencies, the space charges fail to follow the alter-
nating field, and consequently, there is little chance that they will reach the grain boundary [80].

On the other hand, as can be seen from TEM images, the as-prepared samples have an infinitesimal average particle size compared
to the samples annealed at 900 °C, which clarifies why their ¢ is larger in the as-prepared samples. Samples with tiny particles have
more grain boundaries and the electrons are collected at the highly resistive grain boundaries, which induces space charge
polarization.

Generally, the substitution of Fe®' ions with Cr®* ions at B-sites changes the material’s dielectric properties. Fe>* ions contribute to
space charge polarization at the grain boundaries, which is essential for dielectric behavior. When Cr3* replaces Fe3* at B-sites in the
crystal lattice of spinel ferrite, it lowers the available number of Fe3* ions and alters the overall dielectric behavior of the material [41].
Therefore, these results are in agreement with earlier publications [81].

Fig. 10a and b displays the ac conductivity, ¢, plotted as a function of frequency for Cog 7Mng 3CryFey.204 (x = 0.0, 0.6, 1.0)
samples as prepared and annealed at 900 °C. The curves depict two different regions. The two regions are components combined in a
total conductivity equation:

Total conductivity = 64c + Gac (10)

The first part of this formula is dc conductivity, or 64c, which is less reliant on frequency and occurs in the low frequency range. It is
produced by band conduction. The second part is a frequency-dependent component linked to electron hopping at the octahedral sites
that is known as ac conductivity, or ... At higher frequencies, o, has a gradual exponential increase with increasing logarithmic
frequency, obeying the power law [22]: 64 = A ®°.

It can therefore be concluded that a rise in the characteristic frequency is accompanied by an increase in conductivity. Considering
this, the frequency corresponds to the reciprocal of the time. Alternatively, conductivity is enhanced with decreasing time. These
results indicate that the time spent here is negligible compared to the ion’s hopping duration [40]. The existence of transition metal
elements with different valences is typically the primary source of hopping electrical conductivity in ferrites [22].

Increasing Cr>* substitution significantly lowers the number of Fe>' ions responsible for the hopping transition, resulting in a
decrease in 6,c. These dopants (Cr3+) have no contribution to the conduct current but diminish the degree of electron transition
between Fe?" and Fe®*.

It is important to note that the obvious increase in grain size with increasing annealing causes an increase in conductivity. This
occurs because of reducing the number of grain boundaries, which prohibit electrons from passing among sites. An additional
explanation for this rise in o, is the greater probability of producing Fe?* ions because of annealing. This improves the possibility of
electron hopping between divalent and trivalent Fe ions, thereby improving conductivity.

On the other hand, the loss tangent, tan 5, expresses the energy loss within ferrite nanoparticles.

Fig. 11a and b displays that, with increasing the Cr®" concentration, the dielectric loss, tan 5, decreases, as expected because of
decreasing the dielectric constant. In addition, tan § decreases by annealing, following the same behavior as ¢'. Generally, the dielectric
loss of a material is a result of a delay in polarization in the presence of the applied electric field. Grain boundaries, which are more
effective in the low-frequency range, cause high resistivity and result in large dielectric loss at low frequencies (10%-10* Hz). Due to the
low resistive grains, there is a reduction in the loss tangent at high frequencies (10°~10° Hz). Because less energy is required for
electron exchange in the low-resistive grain layer, there is a reduction in loss. Therefore, low-dielectric-loss materials can be used as a
potential candidate in communication devices [61].

Fig. 12a and b, and Fig. 13a and b illustrate how the real, Z, and imaginary, Z’, components of impedance vary with frequency for
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Fig. 9. The dielectric constant, e’, as a function of frequency at room temperatures of Co0.7Mn0.3CrxFex-204 (x = 0.0, 0.6, 1.0) (a) as prepared (b)

annealed at 900 °C.
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Fig. 11. The dielectric loss factor, Tan d, as a function of frequency at room temperatures of Co0.7Mn0.3CrxFex-204 (x = 0.0, 0.6, 1.0) (a) as
prepared (b) annealed at 900 °C.

the as-prepared samples and samples annealed at 900 °C, respectively. The plot manifests that, for all samples, Z' has an extremely high
value at low frequency and drops thereafter. Z’ is high in the low frequency range because of the influence of the high resistive grain
boundary. While, in the high frequency region, the obvious frequency-independent behavior of Z' is associated with a reduction in the
effect of barrier existence and the release of the space charge [82]. It is important to mention that the lower value of Z' indicates a

higher conductivity [21].
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Fig. 12. The real part of impedance, Z/, as a function of frequency at room temperatures of Co0.7Mn0.3CrxFex204 (x = 0.0, 0.6, 1.0) (a) as prepared

(b) annealed at 900 °C.
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prepared (b) annealed at 900 °C.

Z', on the other hand, rises to a maximum value and then falls as frequency increases. The appearance of this broad peak is related
to the relaxation phenomena that occur in the examined materials. The characteristic relaxation frequency (fyax) shifts toward the
lower-frequency region as the chromium content increases because of a decrease in the hopping rate resulting from the reduction in
conductivity. This outcome is consistent with the idea that raising the concentration of Cr ions reduces conductivity [80]. The peaks’
intensity increased at the same time, and their width got narrower as the chromium content increased. The presence of lower intensive
and broad peaks at low Cr>* concentrations can be attributed to the existence of impurities. Whereas, the higher intensive and narrow
peaks at low Cr3* concentrations are explained by the inclusion of electrons [82].

The values of Z° and Z” are found to be relatively high for the annealed samples compared to the as-prepared samples at low
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frequencies. The impedance curves of the investigated materials interfere at high frequencies, which suggests the predominant
contribution of low-resistive grains.

Fig. 14a and b displays the Nyquist diagram (Cole-Cole Z' vs. Z") for Cog 7Mng 3CryFe; 404 (x = 0, 0.6, 1) as-prepared and annealed
at 900 °C. The Nyquist diagram displays two semicircular arcs. The first semicircle corresponds to the contribution of the grain
boundary (GB) at lower frequencies, while the second semicircle is associated with the contribution of the grain (G) at higher fre-
quencies. The difference in the semicircle diameter is indicative of a shift in the internal ohmic resistance of the sample’s GB and G,
which emerges as heat dissipation [83]. The only semicircular arc that is plainly visible is the GB one, and a parallel resistor-capacitor
(RQ) is its analogous circuit. The grain semicircle is extremely tiny and difficult to be seen in the graph, but parallel RC is also its
equivalent circuit. The diameter of the GB semicircle varies because of changes in the ohmic resistance of the grain boundary.

4. Conclusion

The authors successfully synthesized Cog7Mng 3CryFes xO4 nanoparticles via the co-precipitation technique, exhibiting its
advantage in producing uniform particles within a limited size range. Despite exposure to high-temperature heating treatment,
Cog.7Mny 3CryFes 04 kept a very small average nanoscale particle size, as confirmed by both XRD and TEM analysis. The obtained
Cog.7Mng 3CryFes ,O4 has a narrow particle size distribution and a small standard deviation. These features are required in various
fields such as drug delivery, catalysis, and materials science because they offer facilities for the exact and predictable performance of
the nanoparticles in their promising applications. This leads to lowering the variations in ferrite nanoparticles’ characteristics resulting
from the variation in the size of the particles. This makes these materials more effective. Samples with higher Cr>* content exhibited a
near-zero coercive field and easy demagnetization, indicating compatibility for low magnetic loss applications. Being super-
paramagnetic, it is suggested that these materials can be used in engineering applications like transformers, motors, and ferrofluid, as
well as medical applications including drug delivery and magnetic resonance imaging. Furthermore, the observed small dielectric
constant values suggest suitability for high-frequency switching applications. In impedance analysis, the grain boundaries are known
to control the conduction mechanism. In addition, the present samples have low dielectric loss. This makes these materials potential
candidates for communication devices. Generally, this study indicates the multifunctionality of these co-precipitated ferrite nano-
particles in various technological applications.

Future work should be performed to enhance the properties of Cog;Mng 3CriFesx04. To investigate the elemental structural
analysis of a material, X-ray photoelectron spectroscopy (XPS) will be done. Moreover, low-temperature vibrating sample magne-
tometry (VSM) and Mossbauer analysis will be used for an intensive study of the magnetic properties of Cog7Mng 3CrxFes xO4
nanoparticles. Additionally, it is significant to study the properties of these materials subjected to microwave radiation. This is because
these samples can be used in radar and telecommunications systems.
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