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ARTICLE INFO ABSTRACT

Keywords: Mn-substituted Cu and Zn co-doped spinel-typed nano-crystalline ferrites having nominal
Auto combustion composition Nig s50.xMnxCug 15Zng.35Fe204 (x = 0.00-0.25 in 0.05 increments) have been pre-
Nanomaterials

pared through the citric acid assisted sol-gel auto-combustion technique. From the XRD mea-
surements, it was found that several intense peaks ensured the cubic spinel-based ferrite structure
beyond the formation of any impurity peaks. The crystallite sizes varied from 20 to 28 nm for ash-
burnt powders following the coalescence process that decreased the lattice defects and strain.
With an increase in Mn concentration, the hopping length (La) of the tetrahedral A-site increases,
while the hopping length (L) of the octahedral B-site decreases with enhanced lattice constant.
The sintered samples’ average grain sizes, as measured using the Field Emission Scanning Mi-
crographs (FESEM), differed from around 1.40 to 5.30 pm. Incorporating Mn-ion accelerates grain
growth and crystallite size with increased bulk density and reduced porosity due to heat treat-
ment. For increasing sintering temperature along with Mn concentration, porosity drops from
42% to 3%, resulting in enhancing the magnetic induction of the prepared ferrites. The 25% Mn

Grain growth
Saturation magnetization

substituted composition displays the maximum initial permeability (/4'1- = 315), which is ~7 times
larger than the pristine composition. Due to the reduction of Ni content, the relative quality factor
rises but the magnetic loss tangent reduces. An increased trends of y; are accompanied by
decreased resonant frequency, obeying Snoek’s law. According to the experimental findings, the
high spin Mn substitution in the composition causes the saturation magnetization to increase
while the coercivity and Néel temperature drop with increasing grain size. Hence, the locally
prepared low-cost Nano-crystalline Ni-Mn-Cu-Zn ferrites bearing excellent properties can be a
good candidate for promising future applications in nanotechnology.

1. Introduction

Now, it’s the age of nanotechnology; people are trying to store a lot of information in a tiny space. Ferrite materials contain high
storage memory with a small format size. Nano-sized ferrites are being exploited to meet these demands. Applications for ferrites
include energy storage, data storage, electronics, magnetic sensing, chemical sensors, transducers, transformers, actuators, electrical
devices, healthcare, and magnetic tape technology [1]. Ferrites are ferrimagnetic materials with one or more other metallic elements
such as zinc, nickel, barium, and manganese. Ferrites are classified as hard ferrites and soft ferrites. Further, depending on the
crystalline structure of ferrites they can also be categorized as ortho ferrites, spinel ferrites, hexagonal ferrites, and garnets. Spinel-type
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ferrites have a chemical formula of AB;04, with A being tetrahedral and B being the octahedral coordinated cations. Spinel-type
ferrites with uniform particle sizes are used in targeted drug delivery, magnetic hyperthermia, medical imaging, and water purifi-
cation due to their unique characteristics [2,3]. Garnet is one type of ferrite containing the chemical formula B3 (Fe5015), where B is
yttrium or rare-earth ions. Ortho ferrite consists of an orthorhombic crystal structure with the formula LFeOs, where L is one or more
rare-earth elements. Hexagonal ferrites have a hexagonal crystal structure and high anisotropy along the c axis, whose familiar
member is BaFe;2019, also called barium ferrite or M-type hexaferrites a type of barium ferrite, has a similar crystalline structure to
magneto-plumbite, PbFe;5019, first studied by Adelskold in 1938. Barium hexagonal (BaFe;5019) BFO ferrite and reliable solutions
based on it have gained interest because of their excellent characteristics. The space group pe3/mmc is a member of the hexagonal
structure. Magnetic field-induced electric polarizations are also investigated in the doped [4,5] M-type hexaferrites. It was reported as
to these hexaferrites that tailoring the characteristic in the ~20-65 GHz frequency range is of great practical interest. Hexaferrites [6]
are widely used as permanent magnets, with over 80% of commercial permanent magnets being hexagonal ferrites. Recent publica-
tions on hexagonal ferrites have also expanded due to the new outcome of multiferroic characteristics materials that are active at room
temperature showing the ferroic properties.

Top-down and bottom-up are the two principal methods to synthesize nanoparticles-in the top-down method, the bulk material is
converted into powder and then nanoparticles, while in the bottom-up method, atoms are first formed into clusters and then into
nanoparticles. Nano-sized materials are generally synthesized using physical, chemical, and biological methods. Ball milling [7],
conventional ceramic (or solid-state reaction) [8], ion beam lithography (IBL), electron beam lithography (EBL), and spray pyrolysis
techniques, etc., belong to the physical methods to synthesize nanomaterials. The chemical methods are co-precipitation [9], sono-
chemical, sol-gel, pyrolysis, phytochemical, solvothermal, and sol-gel auto combustion route, etc. Using plants and their extracts,
microorganisms (bacteria, fungi, and actinomycetes), enzymes, biomolecules, agricultural and industrial wastage nanoparticles are
synthesized biologically. Hence, using the different conventional and nonconventional routes powder forms of Nano-crystalline fer-
rites are formed in which ferrites’ property is strongly dependent on the making procedure, as well as the ingredients of the nominal
composition.

Due to exceptional functional characteristics, spinel-typed ferrites are the focus of ardent theoretical and experimental investi-
gation for high-tech applications. The nano-crystalline mixed typed spinel ferrites are different at the nanoscale when they are
comparable to their bulk complements. In many applications, nano-sized spinel-ferrites with uniform particle size are preferred.

Bueno et al. [10] reported about the manganese-doped Ni-Zn ferrite using the citrate-nitrate precursor route. Bhise et al. [11] also
reported the effect of Mn incorporation in Zn-Ni ferrites through conventional ceramic techniques. The outcome of Mn ions substi-
tution on functional characteristics features of Nig ¢.(Mn¢Zng 4Fe204 prepared via conventional solid-state reaction route has been
investigated by Sattar et al. [12], and substitution results of manganese ion on the electromagnetic properties in Nig 5.xMnyZng sFe204
have been reviewed by Shirsath et al. [13].

Wani et al. [14] synthesized NixZn;4FesO4 via glycine-assisted auto-combustion route in which they found that Zn spinel
nano-ferrites exhibit paramagnetic behavior at 0% Ni content, and Ni-Zn spinel nano-ferrites show soft ferrimagnetic behavior at 25%
Ni content. Besides, with increased Ni content, both saturation magnetization and coercivity are increased, suggesting their potential
for photo-catalytic and high-frequency applications.

The study of magnetic behavior using a Vibrating Sample Magnetometer (VSM) revealed that samples transition from ferrimagnetic
to ferromagnetic with substitution, potentially aiding in developing future sensing materials. The low-sensing response ferrites show
potential for permanent magnet applications and high porosity, making them suitable for humidity sensor applications [15].

Batoo et al. [16] prepared Co-Zn ferrites nanoparticles through the auto-combustion route, and their experimental results
concluded the shielding properties of materials’ electromagnetic interference (EMI), which are generally initiated by the special effects
of various losses, including magnetic core loss and dielectric loss, of prepared ferrites. Co-Zn ferrite is one of the most promising
options for a shielding material. Additionally, it was noticed that Co-Zn nanoparticles’ EMI shielding capabilities may be adjusted
through appropriate doping or the fabrication of a composite material.

The Co-Cu-Zn nano-ferrite was prepared via the auto-combustion route [17] and it was noticed that with increasing Cu content,
the crystallite size decreased. At the same time, high DC resistivity was recorded at 20% Cu concentration, indicating that the syn-
thesized materials apply to high-frequency-based microwave electronic devices.

Hadi et al. [18] synthesized the ferrite nanoparticles in which dielectric spectroscopy indicated the Maxwell-Wagner interfacial
polarization and minimal dielectric loss, enabling multilayer inductor chip fabrication.

Although there are other methods for preparing ferrite nanoparticles [1,7,9,10], the sol-gel auto combustion technique [15] is
being extensively used because of its many advantages, including affordability, dependability, adaptability, and convenience of use.
The extrinsic characteristics of Nickel Copper Zinc ferrites are improved through substituting specific transition metal ions, even
though additives are frequently opposed to the electromagnetic properties of the synthesized ferrite materials. Ni-Mn-Zn, Ni-Zn,
Li-Zn, and Ni-Cu-Co, etc., ferrites are synthesized and studied widely [19-21].

Still, the research on combining the spinel type Ni-Mn-Cu-Zn mixed ferrite prepared via sol-gel auto-combustion approach has not
been investigated expansively. In addition, with uniform particle size distribution Ni-Cu-Mn-Zn ferrites materials have enhanced
functional properties than that of Mg-Mn-Zn, Li-Zn, Ni-Co, etc. ferrites. If the functional properties can be effectively improved then
the mixed spinel-type ferrites have potential applications for the fabrication of electronic devices We aim to find a relationship among
the crystallite size, grain size, hopping length, Néel temperature, and coercivity and how they influence the electromagnetic, surface
morphological and the structural properties of Mn substituted citric acid assisted Ni-Mn-Cu-Zn ferrites. Mn is a d-block paramagnetic
element belonging to [Ar] 3d°4s? electron configuration having a high spin magnetic moment ~5 . Hence, a minor Mn substitution
instead of Ni bearing spin magnetic moment ~2 y; in the Ni-Mn-Cu-Zn ferrite system with promising x = 0.00-0.25 content may
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change the functional properties. The Mn-substituted Ni-Mn—-Cu-Zn spinel-typed nano-crystalline ferrites may govern the crystallite
size, grain size, hopping length, transition temperature, and coercivity. Keeping these points in view, Cu and Zn co-doped Nig 5.
Mn,Cug 15Zng.35Fe204 (x = 0.00-0.25 in 0.05 increments) prepared through a sol-gel auto-combustion approach. The present
research work investigated the structural, surface morphological, electrical, and magnetic properties of Mn-substituted Ni-Cu-Zn
ferrites using the citric acid-assisted sol-gel auto-combustion approach. The synthesis of Ni-Mn-Cu-Zn ferrite nanoparticles using
citric acid as a fuel and the produced nanoparticles (NPs) with their low coercivity and high permeability characteristics in medical
applications like cancer treatment and high-frequency-based electronic devices make this work novel.

2. Experimental
2.1. Materials and method

The non-conventional sol-gel auto-combustion is a bottom-up approach [16] to synthesizing nano-sized spinel-type ferrites. The
highly exothermic reaction between the fuel and nitrates is employed in the auto-combustion technique to synthesize nano-sized
ferrites. As raw materials, the analytical grade of [Ni(NOgs)2-6H20] (Nickel nitrate), [Zn(NO3)2-6H20] (Zinc nitrate), [Cu
(NO3)2-3H20] (Copper nitrate), [Fe(NO3)3-9H,0] (Iron nitrate), Mncly.4H0 (Manganese II tetra hydrate chloride), and CgHgO7 (citric
acid) was used in which 1 :3 was the ratio of metal nitrate to citric acid, as well as 1:1 was also the molar ratio of metal nitrate to citric
acid as shown in the flow chart (Fig. 1). And these used chemicals were analytical reagents marked with a purity of >99.9%. Citric acid
as a fuel is used in the solution to accelerate the ignition rate. Using ammonia (NH3-H20) the pH ~7.0 value remained constant in the
solution. The whole mixture of the composition was set up on the magnetic stirrer keeping a constant temperature at 150 °C; after
several hours, the mixed solution was converted into sol and then into a gel form; after 6-7 h, auto combustion took place, and
ash-burned powder of Nig 5xMnyCug 15Zn¢.35Fe204 was processed. Nano-powders were used to make samples of pellet and toroid
shapes by binding them with polyvinyl alcohol. With a heating ramp of 5 °C/min as well as a cooling ramp of 10 °C/min these
investigated samples were heated at a temperature range of 900-1300 °C for 5 h.

2.2. Measurement and characterization

X-ray diffraction was carried out using an X-ray diffractometer that was equipped with monochromatic Cu-Ka radiation at a
wavelength of 1.54178 A. Using the XRD data, the crystallite size was estimated by the following Debye Scherer’s equation [22]:

Nitrate of raw materials: [Ni(NO3)2. 6H, 0], [Zn(N05)2. 6H, 0],

[Cu(NO3)2.3H, O], [Fe(NO3)3.9H, O] , and MnCl,.4H, O

‘L Sol-gel
Weighing by different mole percentages Auto-combustion
l, Technique
MN to CA: 1:3 =3 Solution €= Molar ratio of MN to CA: 1:1

PH maintained at 7.0 by Ammonia addition

Heating at 150 °C  jmpy| Stirring on magnetic —> Sol

Making desired samples (€=  Grinding MNP’s Ash-burnt powder

Fig. 1. Flow chart of stages in preparation of Nanocrystalline samples.
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where D, indicates the crystallite size, p defines the full width at half maximum, and 4 is the wavelength of radiation.

Linear intercept method, which is used to measure the average grain diameter of the samples from the Field Emission Scanning
Electron Micrographs (FESEM) [23].

The formula for calculating bulk density in a water medium was derived from the Archimedes principle: py,; = %,

where w, represents the sample’s weight in the air, W symbolizes the sample’s weight in water medium, and p defines water’s
density at room temperature.

The following equation was used to calculate the theoretical density ,p;:

th=—S3M. em?
Npya® 8 fems

where Ny, is termed as Avogadro’s number (6.023 x 1023), M defines the molecular weight, and a is the lattice parameter.
Porosity, P % can be calculated using this equation: P % = {100(py, — ppux )/Pm }%, where py . defines the bulk density measured

by the principle of Archimedes.
A Wayne Kerr impedance analyzer (model no. 6520A) is used to determine the complex permeability keeping the frequency range

20-120 MHz, and the following equations are used to determine the real part of initial permeability, ﬂ; and the imaginary part of initial

permeability, l‘n [24]:

! s

iz L(-nil’”i =y tan b,

where L; defines the self-inductance of the sample core.

and Loy = % s

where L indicates the inductance of the winding coil excluding the sample core, which is derived geometrically, where N = 5,
gives the number of turns of the coil, and S also the cross-sectional area of the toroid samples as S = d x H, here, dpeqn = dz;d‘, d; and
dy define the inner and the outer diameter respectively, H = height, and dpmean = & ;dz being the mean diameter of the toroid samples
and tan § the magnetic loss tangent of the prepared samples.

The relative quality factors (RQF) can also be determined by using this equation:

Q= m’%, where tan § defines the magnetic loss of the prepared materials.

From the temperature-dependent initial permeability, Néel temperature is also obtained. In this case, the prepared sample is placed
in the oven with a thermocouple, and a fixed frequency (100 kHz) containing a sinusoidal wave is ensured in the impedance analyzer.
Following this procedure by an impedance analyzer, the temperature-dependent permeability is calculated. As a function of the
applied field (M — H), the saturation magnetization, M; and the coercivity, M both are measured by a VSM.

= NigsoxMnyCug 1579357204 =
= ST~ &8 &= % S
= < J@ g de = | x=025
E I A =
§ X=0.25 =
A M M PR - =
2 1x=0.20 =
> | x=0.15 ’ =
g | x=0.10 =
E . A L o A A x=0.05
— | x=0.05 A
1 " 1 " 1 " 1 " 1 " 1
20 30 40 50 60 70 34 36 38
26(deg.) 26(degree)

(a) (b)

Fig. 2. (a) X-ray diffraction pattern of as-prepared powder, and (b) highest intensity peak of nanocrystalline Nig 50.xMnyCug 15Zng.35F€204,
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3. Results and discussion
3.1. Structural analysis and phase identification

The XRD patterns of the Mn substituted as as-prepared powders of Nig 50.xMn,Cug 15Zng.35Fe204 with x = 0.00-0.25 are displayed
in Fig. 2(a). From the XRD, it was found several intense peaks from (111), (220), (311), (222), (400), (422), (511), and (440) crystal
planes. The position of the peaks confirmed the cubic spinel structure of these ferrites except for forming any impurity peaks, as proven
by the JCPDS card No. 08-0234. With increasing Mn ion substitution in Nig 50xMnyCug 15Zng.35Fe204 system the lattice constant, ag
rises as shown in Fig. 3. The compositions follow Vegard’s rule, which explains the relationship between the ionic radii and increased
lattice constant with increasing Mn concentration. The lattice parameter, lattice constant, and unit cell belong to the ionic sizes of the
substituted materials. In the prepared materials, the ionic radius of Mn ion is ~ 0.89 A, which is larger than the ionic radius of Ni ion ~
0.77 A [1]. The ability of a unit cell to be squeezed or stretched depends on the ionic radii of the substituted materials.

The unit cell characteristic is also related to the prepared samples’ oxygen deficiency. According to Tyunina et al. [25], introducing
a slight oxygen deficiency can increase the lattice strain in the thin films of perovskite oxide. Anisotropic local stresses are produced
around oxygen vacancies by lattice distortion, which interacts with the thin films’ misfit strain. Thus, some crystallographic orien-
tations of the stresses are energetically advantageous and can promote the epitaxial development of strained films.

However, for introducing larger manganese ions instead of smaller nickel ions into the lattice then the unit cell tends to be extended
to conserve the complete cubic symmetry. Therefore, the average ionic radius ,rygige Of the variation ions for Nigs.
xMn,Cug 15Zng.35Fe204 system is termed as

Fvariant = (050 - X)I’N,- + XI'Mn s (1)

where ry; defines the ionic radius of Ni (=~ 0.77 [o\), and ry, defines the ionic radius of Mn ion (=~ 0.89 }o\). Equation (1) shows that ionic
radii of Mn and Ni ions are key factors in changing rygrign:. According to Fig. 3, the fluctuation rygrigne With increasing Mn concentration
demonstrates that for the incorporation of large Mn ions instead of the small Ni ions the lattice constants increase showing an increased
trend of Tariant-

3.2. Lattice constant, density, and porosity

XRD patterns of the as-prepared nano-sized powders of synthesized compositions are shown in Fig. 2(b), where (311) is the most
significant intense peak moving from the right to the left side due to driving expansion for increasing lattice constant. It was observed
that for substitution Mn content the value of p (full width at half maximum) decreases. Tables 1 and 2 provide data on the density (bulk
and theoretical) and porosity of different Nig 59.xMnyCug 15Zn¢.35Fe204 samples. Fig. 4 shows that bulk density, py, 4 varied within the
range of ~3.02-4.70 g/cm?® when the samples sintered at 900-1300 °C, while theoretical density, p,, decreased from ~5.56 to 4.1 g/
cm?®. The lessening in p,, can be ascribed to the rise in the lattice parameter and the resulting growth in crystallite volume. Besides
these, the reduction in p,, can also be explained by different specific gravities of Mn, Ni, Cu, Zn, and Fe oxides. The ionic radius of Ni
and Mn are 0.77 and 0.89 A, respectively, suggesting that Mn has a greater ionic radius than Ni. As a result, the lattice parameter along
with the unit cell tends to be increased when Mn substitution increases, which causes an immediate drop in the theoretical density.
Fig. 5 demonstrated that with lessening Ni concentration (0 .00 < x < 0.25) and increasing Mn concentration (0 < x < 0.25) in Nig 5.
xMnyCuy 15Zng.35Fe204 composition, p,, and porosity (P %) decrease but py, increases. In contrast, with an increase in sintering
temperature along with Mn concentration porosity drops from 42% to 3% resulting in promoting the density of the synthesized
materials. An increase in bulk density in Nig 50.xMnxCug 15Zn.35Fe204 that fact can be overcome by the variation in the specific gravity
of manganese, nickel, copper, and zinc oxides [26] and by the atomic weight of nickel and manganese [27]. The specific gravity of Mn,

Nip.5-xMnxCuo,15Zng 35Fe204

8.88 F . / :

—m— Lattice Constant

—m— r(variant) u /
=< / . {0.792
@O u ~_~
£8.51} T
g / g
g .8
o | | —
b 40.780 S
S8.14

. “
_//

40.768

0.00 0.05 0.10 0.15 0.20 0.25
Mn content, x

Fig. 3. Variation of lattice constant with Mn content, X, for as-prepared powder of Nig 50.xMny Cug.15Zng.35Fe204.
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Table 1

Lattice constant, crystallite size, x-ray density, average particle size, saturation magnetization, and coercivity of typical samples.
Mn Lattice constant, Crystallite size, D X-ray density, px_rqy Average particle size of ash-burnt  Saturation magnetization, My Coercivity,
content, ap (A ) (nm) (g/cms) powder (nm) (emu/g) H,
X KA/m
0.00 8.0005 20 5.56 69 34.31 5.71
0.05 8.1024 24 5.50 90 37.40 5.68
0.10 8.3019 25 5.32 94 38.29 5.50
0.15 8.4929 26 5.33 96 45.12 5.40
0.20 8.6776 27 5.27 110 50.30 5.31
0.25 8.8544 28 4.12 126 54.95 5.20

Table 2

Sintering temperature, bulk density, porosity, resonance frequency, and permeability of the various Nig so.,Mn,Cup, 15Zn¢.35Fe204 sintered at various
temperatures with a fixed dwell time of 5 h.

Mn Content  Sintering Temp., T; (°C) ~ Bulk density, py (g/cm®)  Porosity, P (%)  Néel Temp., Tc (°C)  Resonance frequency, f, (at 10 Permeability

MHz) 4/ (at 100 kHz)

0.00 900 3.02 42 384 - 33

1000 3.03 40 - 37

1100 3.59 35 62 61

1200 4.33 21 100 102

1300 4.34 21 - 105
0.05 900 3.07 41 360 - 33

1000 3.42 39 - 42

1100 3.90 31 64 63

1200 4.40 19 145 148

1300 4.37 19 140
0.10 900 3.2 38 343 - 34

1000 3.63 36 - 43

1100 4.09 28 9% 93

1200 4.50 17 150 155

1300 4.41 17 125 195
0.15 900 3.80 30 326 - 38

1000 3.81 30 42 44

1100 4.25 25 102 100

1200 4.55 14 165 162

1300 4.50 15 245 248
0.20 900 3.86 20 307 - 41

1000 3.86 20 45 46

1100 4.30 18 120 115

1200 4.60 10 148 180

1300 4.62 12 262 260
0.25 900 3.80 17 283 - 43

1000 3.93 7 64 63

1100 4.36 3 122 120

1200 4.66 3 227 225

1300 4.70 5 327 325

Ni, Cu, and Zn oxides are 5.37, 6.72, 6.0, and 5.60 g/cmg, respectively. The atomic weight of Ni is 58.69, and the atomic weight of Mn
is 54.93 amu; which shows that the atomic weight of Ni is heavier than Mn. An increase of Mn content along with decreasing Ni content
contributes to reducing porosity resulting in enhancing magnetic induction of the synthesized Nano-crystalline ferrites. It was found
that p, rises with increasing sintering temperatures decreasing the P % of the ferrites. The total P % can be termed as the intragranular
porosity and intergranular porosity. Intragranular porosity, Pjntra can cause poor magnetic and electrical properties. But intergranular
porosity, Pinter, depends on particle size (grain size). In our present study, these difficulties are rooted in applying heat treatment within
900-1300 °C. For increasing grain growth, pores are removed in terms of speedily stirring grain boundaries, causing the entrapment of
pores in the grains. When the temperature is high, the grains are homogeneous, and empty spaces are lessened; py,; increases, whilep,,,
and P % decrease with an increase in Mn content

3.3. Crystallite size

The crystallite sizes were measured by Debye Scherer’s formula from the XRD pattern as given in Fig. 2. It was found that the
crystallite sizes strongly depend on the Mn concentration, in which crystallite sizes experimentally varied from 20 to 28 nm, which can
be attributed based on the coalescence process that decreases the lattice defects and strain. Crystallite size is dependent on the
nucleation and growth kinetics during the time of combustion processing. In our prepared ferrites, the crystallite sizes belong to unit
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Fig. 5. Variation of density and porosity with Mn content for Nig 50.xMnxCug 15 Zng.35Fe204 sintered at 1300 °C.

cell parameters along with the ionic radius of the incorporation of Mn ions. The uniformly distributed average crystallite size may alter
the electronic characteristics of the complex oxides and this dependency revealed for the Nano-crystallites Ni-Mn-Cu-Zn ferrites.

There is a good intimacy between the ionic radius of the incorporation ion and the unit cell, as reported in reference [28,29]. It was
demonstrated that when going from the Lag g5 to La; o sample increasing the ratio of La/Mn, the unit cell volume increases along with
an increase of lattice constant. Surprisingly, bulk density and crystallite size increase, while porosity decreases when Mn concentration
increases. So, it turns out that there’s a good intimacy among the crystalline size, bulk density, and porosity. Table 1 displays that the
values of p,, are decreased with increasing lattice constant in the Ni-Mn-Cu-Zn systems. It can be attributed to the molecular weight
that the molecular weight of each sample was decreased considerably due to the incorporation of Mn concentration. Hence, py, is
dependent on the lattice parameter along with the molecular weight of the synthesized ferrite samples.

3.4. Morphological study with EDX analysis

3.4.1. Grain size analysis

The morphological structure of as-prepared ash-burnt powders of Ni-Mn—Cu-Zn ferrites without heat treatment is depicted in Fig. 6
by field emission scanning electron micrographs (FESEM). It demonstrated the grains of uniform distribution including the spherical
shapes. The linear intercept method was employed to calculate the grain sizes of the synthesized samples, and the average grain sizes
for the as-prepared ash-burnt powders varied from 69 to 126 nm. It demonstrated that the average grain sizes increase due to the
incorporation of a small amount of Mn content in the synthesized ferrites system. Figs. 7 and 8 demonstrate the scanning electron
micrographs that grain size is increasing gradually in which the average grain size varied from ~1.40-2.15 pm when the samples are
sintered at 1200 °C, as well as varied from ~2.06-5.30 pm when the prepared samples are sintered at 1300 °C, which is higher
compared to the as-prepared powders. The obtained grains from the FESEM show a uniform distribution along with a spherical shape.
The average grain size increases, while the porosity decreases. Higher sintering temperatures and longer sintering times may decrease
the crystal defects and strain, thereby increasing the grain size. For applying sintering temperature, pores tend to be reduced, and
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Fig. 6. (a) x = 0.00, (b) x = 0.05, (c¢) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) x = 0.25 scanning electron micrographs (SEM) of as-prepared
powder without heat treatment for Nig 50.xMny Cug.15Zn¢.35Fe204.

average grain size is found to be varied. Besides, the grain sizes considerably depend on the increase of Mn concentration and the
decrease of Ni concentration. The average grain size dependency on the Mn concentration is possibly caused by the melting tem-
perature of Mn ~ 1245 °C and Ni ~ 1453 °C; indicating that the melting temperature of Ni is higher than that of the melting tem-
perature of Mn. Yan and Johnson [30] described the impact of Mn ions addition on the microstructure of ferrite, noticing that Mn ions
work as a maker of grain growth formation as well as even promote dense ferrite materials. Equation (2) can be shown that grain
boundary mobility may change grain growth [31] as

F =y sin 0 x 2nrcos, 2)

where F indicates the drag force that arises on the grain boundary, y defines the per unit area-based energy for the particle of radius ,r.
A grain boundary can run down from the impure atmosphere when driving speed is generous because of the strong driving force on the
grain boundary. In this case, drag force may arise due to the objectification of Mn ions in Ni—- Mn- Cu- Zn ferrites.

A possible mechanism for promoting grain growth in Cu and Zn co-doped Ni-Mn-Cu-Zn mixed ferrites is the lessening of the
impurities along with pores’ dragging on the grain boundaries motion [31]. The grain boundary mobility [32] with impurities can be
termed as follows-

—(Hp+H;)
_ l)oe KT

~ NyBokTc ’ ®

b
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Fig. 7. (a) x = 0.00, (b) x = 0.05, (¢) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) x = 0.25 scanning electron micrographs (SEM) of Nigs.
«Mn,Cug 15Zng.35Fe204 as sintered at 1200 °C.

where , By = e~5/KT | D, is the diffusion coefficient, Hy and H; are the stimulation enthalpy in the volume diffusion, and the interaction
enthalpy for impurity atoms, respectively. Nj, defines the adsorption site’s number in the grain boundary, K defines the Boltzmann’s
constant, T is the temperature, and c is the concentration for the volume impurity. Following equation (3), the stimulation enthalpies of
impurity atoms to grain boundary movements are responsible for two-enthalpy named impurity diffusions as well as impurity ad-
sorptions. The porosity decreased, and grain size and density increased with increasing sintering temperature. These findings strongly
correlate with sintering temperature, porosity, density, and particle size. Grain size affects the electromagnetic properties of ferrites,
and the maintenance of microstructures has also a major impact on these characteristics.

3.4.2. EDX analysis, oxygen stoichiometric, and oxygen deficiency

The energy dispersive X-ray (EDX) is a process to determine the sample’s elements or characterize its chemical composition. To
verify the chemical composition of various Nig 50.xMnxCug 15Zn¢.35sFe204, the EDX spectra were obtained from the FESEM, as shown in
Fig. 9. The percentages of elements present along with oxygen stoichiometric are attached in Table 3. The EDX spectra of the samples,
which offer the quantitative elemental analysis, were collected at various points. It was obtained that experimental mass (%) and
calculating mass (%) were almost comparable.

The EDS analysis is ultimately performed along with SEM analysis. The obtained EDX results are given in Fig. 9 including the results
of different points of the spectrum of the samples. The EDX spectrum shows the intensity vs. the energy of the required samples. The
qualitative and the quantitative compositional information about the sample are obtained from the EDS study. The qualitative analysis
shows the type of elements that exist in the composition i.e., Nip50.xMnyCug 15Zng.35Fe204 (x = 0.00-0.25), and the quantitative
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Fig. 8. (a) x = 0.00, (b) x = 0.05, (¢) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) x = 0.25 scanning electron micrographs (SEM) of Nigs.
xMn,Cug 15Zng.35Fe20 as sintered at 1300 °C.

analysis shows the percentage of elements that exist in the sample in terms of wt. % and atomic %. From the EDS data, oxygen
stoichiometric is estimated using equation (4) as follows:

O(atom %)

Oseicioneric = (i M+ Cu + Zn + Fe)atom % ’

. . . O(atom%
Oxygen stoichiometric , Ogoichiometric = N Car Zn Fejatonh

The perfect value of the oxygen ion stoichiometric of a perfect cubic spinel ferrite is 0.50, which means there are no oxygen va-
cancies. The oxygen deficiency , 8, can be denoted that the amounts of oxygen atoms are missing from the ideal structure, which this
equation can estimate:

0= 2(05 - O:taichiometric) (5)
For a perfect spinel ferrite, the oxygen stoichiometric would be zero.
5=2(0.5-0.5)
=0

For our prepared sample (x = 0.00 at point 003), when Ogichiomerric = 0-5762 then the oxygen deficiency are calculated from equation
(5) as

10
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Oxygen stoichiometry deficiency calculation from EDS spectra

Elements | Experimental | Experimental | Calculating Oxygen
Mass % Atom % Mass % stoichiometric
Ostoichior_ngrig
0) 13.79 36.56 5.52
Mn 0.40 0.31 0.00
Fe 56.70 43.08 69.78 +0.5762
Ni 14.48 10.46 12.58
Cu 5.06 3.38 3.13
Zn 9.57 6.21 8.99
Total 100 100 100

Fig. 9. EDS spectra of point (003) of Nig 50.xMnyCug 15Zng.35Fe204 sintered at 1300 °C for x = 0.00.

0= 2(05 - Ostuichinmetric)

=2(0.5-0.5762)
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Table 3
Oxygen stoichiometric and oxygen deficiency calculation from EDS spectra.
Contents Spectrum at Point Oxygen Stoichiometric, Oxygen Deficiency, & Oxygen Deficit/Excess
Ostoichiometric =2(0.5 — Oswichiometric) =4-9
x = 0.00 Point (001) 0.3812 +0.2376 3.7624
Point (002) 0.5857 —0.1714 4.1714
Point (003) 0.5762 —0.1524 4.1524
x = 0.05 Point (001) 0.6155 —0.2310 4.2310
Point (002) 0.6448 —0.2896 4.2896
Point (003) 0.5662 —0.1324 4.1324
x = 0.10 Point (001) 0.1667 +0.6670 3.7624
Point (002) 0.4475 +0.1050 3.333
Point (003) 0.6181 —0.2362 4.2362

Or, 6 =-0.1524
Then the oxygen content becomes = (4 —Ogichiometric)
. =4 — (- 0.1524):

L= 4.1524

For a perfect cubic spinel ferrite, oxygen stoichiometric approaches 0.5, and then § becomes zero. From the above equation, § values
are calculated for some compositions as given in Table 3. The values of § vary slightly for different points of the SEM micrographs.
These results agree with previously reported results [8,9]. Hence, the samples for x = 0.00 to 0.25 can be predicted to be almost ideal
since & is nearly equal to zero [9]. This indicates that the citric acid-aided sol-gel auto-combustion route is excellent for producing
nano-particles of Ni-Mn-Cu-Zn ferrites.

Additional oxygen and oxygen deficiency for 3d-metallic elements can cause an increase or decrease in the oxidation degree.
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Fig. 10. (a) Real and (b) imaginary permeability spectra for typical samples sintered at 1300 °C and (c) The real and (d) imaginary permeability
spectra for x = 0.25 sintered at 900, 1000, 1100, 1200, and 1300 °C in air.
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Changing the charge state of 3d-metallic elements resulting in oxygen deficiency may alter the electromagnetic and optical charac-
teristics of the ferrite materials. The unit cell parameter belongs to the ,§, and it may impact on §[33,34].

In our present samples, oxygen content excess and/or deficit vary from ~4.15 to 3.76. However, the value of Ogyjichiomerric can deviate
from 0.5 due to various factors, such as the incorporation of Fe instead of Cu and Zn, the oxidation or reduction of the metal cations,
and the formation of oxygen vacancies or interstitials. The deviation of § from 0 may impact the functional features of the nano-
crystalline spinel ferrites, such as the lattice parameter, permeability, coercivity, saturation magnetization, Curie temperature,
band gap, and optical absorption.

According to some research articles [35-37], a lower oxygen stoichiometry can increase the permeability and the saturation
magnetization of this spinel type of ferrite, as it enhances the magnetic exchange interactions and also magnetic anisotropy constants
Besides these, the précised complex initial permeability, saturation magnetization, and coercivity depend on other factors, such as the
cation distribution of the nominal composition, the synthesis method, grain size and the applied heat treatment i.e. sintering
temperature.

3.5. Magnetic property

3.5.1. Initial permeability

Permeability is an essential key factor in evaluating a material’s magnetic properties that defines the material’s response to the
magnetic field. The ratio of magnetic field induction, dB to the magnetic field intensity, dH is termed the permeability of a ferrite
material. For modern transformers or interference suppression components, inductance is determined through the following relation:

Incremental magnetic permeability ,u, = ”lo % s

where, i, directs the permeability of free space. When the applied magnetic field is tiny; indicating the most zero value, however,
the proportion of magnetic field induction to the magnetic field intensity is defined as initial permeability given by this equation [38]:

; is represented by a slope of the linear line under vanishingly low fields, but the incremental permeability describes the amplitude
permeability within the complete hysteresis loop.

Initial permeability depends on the microstructure, temperature (annealing and sintering), magnetization, stress, and several other
factors. Our present study discussed how permeability depends on the sintering temperature, particle size, domain wall energy, and
anisotropy constant. The compositional dependency of the complicated initial permeability spectra for different Ni-Mn-Cu-Zn ferrites
sintered at 1300 °C is shown in Fig. 10(a and b). The sintering temperatures dependent permeability spectra for
Nig.25Mng.25Cug.15Zng.35Fe204 are plotted in Fig. 10(c and d). For substituting high spin Mn?" concentration in the Ni-Mn-Cu-Zn
ferrite system, initial permeability , 4; is enhanced. This outcome can be attributed to the cation redistribution.

The possible cation distribution for Nig 50.xMnxCug 15Zng.35Fe204 can be expressed as

(Zng.3sMng gxFe 65.0.8x) [Mng2xNig 50.xCu0 15F€) 3540.8x] Os (6)

Hence, net magnetization, Myee = [M]z — (M),
or

My = (Bx+4.5)up @)

The squared bracket term defines the octahedral B-site, while the first term defines the tetrahedral A-site. The net magnetization,
M, of the produced samples the B-site and the A-site are expressed as the variables [M]; and (M),, respectively. According to the
evidence of the articles, about 80% of manganese ions are found in the A-site, while the rest of 20 % are occupied in the B-site [39].
Although Fe and Mn ions may occupy both the sites of A and B, they prefer the B- and A-site, independently. Ni, Cu, and Zn ions inhabit
the octahedral site, whereas Fe and Mn ions prefer the tetrahedral site [40]. For the addition of various ions in the synthesized
composition, several iron ions migrate from the A-site to the B- site due to the site choice. When Mn?" is hosted at the expense of Ni%™,
increasing the content of Fe ions at the octahedral site then Fe ions tend to be shifted to increase M, The Bohr magneton, pg of Mn is
5pp and Ni is 2pg; consequently, with a tiny quantity of manganese content in the samples then pp of the octahedral sub-lattice in-
creases. However, the magnetic moment of the A sub-lattice is constant as Mn concentration rises, whereas the magnetic moment of the
B sub-lattice rises. We can see from equations (6) and (7) that when a small amount of Mn ions is incorporated in Nig 50.xMny.
Cug.15Zng.35Fe204, then M, increases with increasing Mn showing the decrease of Ni content.

The polycrystalline ferrite’s permeability is associated with two different influencing factors, which are called the magnetizing
factors named (i) spin rotation or intrinsic rotational susceptibility, and (ii) domain wall motion or domain wall susceptibility, y,,

[41,42], that is termed as

X spin

wi=14+x, + Xpins 8

2
3aM;, v

4y (9)

Domain wall susceptibility, v, =
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27M?,
nei 10
K (10)

and spin rotation, y,;, =

where M; indicates saturation magnetization, K, defines the anisotropy constants, 7 is the average grain diameter, and y indicates
the energy of the domain wall.
From equations (8)—-(10) it can be concluded that the spin rotation along with the domain wall motion is an important parameter in

enhancing #1 The ,u; is the factor to express the stored energy. The various parameters, which contribute to ,u; are given by

3tp,M?

11
16y ’ (11)

The real part of initial permeability, /4;. =

From equation (11) it is seen that there are excellent relationships among domain wall motion (domain wall susceptibility), net
magnetization, particle size, and domain wall energy. For incorporating a small amount of Mn ions in Nig 50.xMnxCug.15Zng.35Fe204,
both saturation magnetization and grain diameter are increased, and anisotropy constant is also decreased, its eventually y; increases
with an increase of manganese ions along with the reduction of nickel ions as presented they; value in Table 2. It was revealed that
Nig.25Mng.25Cu0.15Zn¢.35Fe204 composition had a greater permeability of about 315. It was demonstrated that ,u/i is increased with the
enhancement of heat treatment for all ferrite samples. The 25 % manganese substituted composition exhibits the highest permeability
of all samples when sintered at 1300 °C, in which the surface morphological structure is uniform with enlarged grain distribution. In
addition, inserting Mn ions rather than Ni ions increases the grain size and saturation magnetization of the synthesized ferrite ma-
terials, resulting in the enhancement of y,, and y,, to increase the 4;.The yi; remains constant up to a certain frequency, which is called
critical frequency or the resonance frequency , f,. For decreasing Ni concentration in the Ni-Mn-Cu-Zn ferrite system, then f; tends to
be enhanced due to the certain sintering temperature, T as f; values given in Table 2. /4; value for all synthesized samples is inves-
tigated and is remains constant below f;. It was found that there was a sharply decreased trend of y; and an increased trend of ,ul above
fr. It was noted that f, and ,u;- are inversely proportional to each other, which confirms Snoek’s relation, f,u; = constant. It is observed
that for various Nigs9.xMnyCug 15Zng.35Fe204 Both y'i and pp, are increased with increasing.Ts for various Nig so-
«MnyCug 15Zng.35Fe204. Nevertheless, ;4;» of all produced ferrite samples is dependent on the density of the nominal compositions.

3.5.2. Relative quality factor

The variation of relative quality factor (RQF or Q-factor) Vs. frequency plot, as presented in Fig. 11, it was observed that the Q-
factor tends to be raised within the limit of a certain frequency and reached a resonance peak after that started to fall as frequency
increased even higher. The Q-factor is observed to reduce up to 60 MHz, in which the loss tangent displays a low value before rising
quickly. The magnetic loss tangent can be ascribed to the several imperfections of the domain [43]. The loss is initiated by the domain
wall motion that delays behind the applied alternating magnetic field. This magnetic loss is caused during the resonance frequency in
which the frequency-dependent permeability tends to be decreased. The ferromagnetic resonance within the domains is responsible for
this occurrence. At the resonance frequency, the maximum amount of energy goes to the lattice from the applied field, which causes a
prompt decreased trend in the RQF factor. With an x value of 0.25, the sample Nig.o5Mng.05Cug.15Zng.35Fe304 has the highest Q-factor
at about 3800 across all sintering temps. The magnetic loss factor increases with rising temperature when the frequency is ~1 MHz. In
addition, it has been found that magnetic loss tangent reduces with the enhancement of manganese content. For
Nig.30Mng.20Cug.15Zng.35Fe204 (x = 0.20) and Nig.o5Mng.25Cug.15Zn¢.35Fe204 (x = 0.25), tan &, also increases promptly when the
frequency is around 10 MHz. A resonance peak is shown to fall quickly over the improvement of tan &,. It is predicted that the phase

Tg = 1300°C
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233911 w x=0.00 :{"f
& —e-x=005 ¥
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Fig. 11. Variation of Q-factor with frequency for typical samples sintered at 1300 °C.
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laggings among the domains and applied fields are more important. Higher sintering temperatures are unfavorable for minimizing
magnetic loss, but the incorporation of magnetic ions is also effective in doing so. The proportion of ﬂ; and ﬂl represents the magnetic
loss tangent in the synthesized samples, which is the measure of the inadequacy of the Ni-Mn-Cu-Zn ferrite system, thus, tan &, factor
ought to be as low as possible. The magnetic loss tangent can be of the form

tan b, = tan o, + tan 8, + tan 6,, a2

where tan &, terms the magnetic loss tangent, which roots the phase-shifting. It is found from equation (12) that tan &, is also classified
as three portions named (a)hysteresis losses, tan &y, (b)eddy current losses, tan &., and (c)residual losses, tan . The /4;- is interrelated to
the low-applied field, which tan 6, may vanish at a very small field intensity. Therefore, at a very small field, the rest part of tan ép,
belongs to the tan . and tan . The tan &, does not depend on frequency, and tan &, is increased with frequency, which can be neglected
at very low frequencies. tan &, is defined as

2
Peddy :‘L 3 (1 3)
p

where P,qq, signs the per unit volume-based energy loss, as well as p defines the resistivity [44]. equation (13) makes a correlation
among the frequency, resistivity, and energy loss per unit volume of the prepared materials. Frequency should be as high as possible to
remain tan 5, constant; hence, p of the ferrite materials must be equal to the square of the frequency. The eddy current, which is not a
problematic issue in the Ni-Mn—-Cu-Zn ferrite system till high frequency is considered, as ferrite-based material has a very high re-
sistivity of the order of ~ 10° — 10® Qcm. The mixed spinel-typed ferrites belong to the surface morphology, which contains grains as
well as grain boundaries. Grains may behave as conductors containing a very low resistance, but grain boundaries may behave as
insulators having high resistance. Thicker grain boundaries are favored to boost resistance.

3.5.3. Temperature-dependent permeability and Néel temperature

To analyze the temperature dependency ; and Néel temperature, T¢ a graph is plotted as shown in Fig. 12 having a fixed frequency
(100 kHz) by a sinusoidal wave. It is obtained from the plot of y; Vs. T that there was an increased trend in y; with temperature showing
a temperature coefficient of ,u/i as (ﬂ;—/dT) and raising to the peak values near T¢ and then suddenly making a sharp drop at T¢. With
increasing temperature, a severe dropping in y; indicates the prepared samples’ single-phase formation and reveals the uniformity of
the synthesized ferrites [45], which can be attributed to the X-ray diffraction. T¢ is calculated by graphing a tangent for a curve at the
rapid reduction of ;41 From Fig. 12, it is investigated that y; is dependent on the incorporation of Mn substitution. Thus, ﬂ; is increased
with the enhancement of manganese concentration and with the reduction of nickel concentration. ,u/i is dependent on oxygen stoi-
chiometry,Oyicn. [46], average grain size, nominal composition, crystal imperfections as impurity content, magneto crystalline
anisotropy, porosity, and surface morphology. It is demonstrated that ;4;- is enhanced gradually with increased grain diameter, and
oxygen stoichiometric ratio but falls with increasing P % and K, [47]. Domain wall motion contributes to the initial permeability but is
a minor outcome due to spin rotation [48]. The first increased trend in ,u'i defines the stoichiometric Oy, and K, effect. Ky, is so small
for ferrite materials in which K, for Ni-Zn ferrite is —1.7 x 10% J/m® and it is —0.2 x 10° J/m® for Mn—Zn ferrites [49] that gives us
information about the incorporation of manganese ions instead of nickel ions. The anisotropy constant is reduced when a small amount
of Mn ions are incorporated into this ferrite system. Therefore, 4, is found to be increased for a smaller value of Mn content. T defines
the transition temperature above which the ferrimagnetic ferrite materials converted into a paramagnetic phase giving an idea of how
much energy is required to break down the long-range ordering in the synthesized ferrite samples. From Fig. 12 it was observed that T¢
decreased with increasing Mn ions, T¢ for various compositions as tabulated in Table 2. The reduction of T¢ can be ascribed to the
exchange interaction among the ions of the nominal composition as well as by the variation of rygrign;. For the expansion of the unit cell
along with increasing lattice constant, which may impact the exchange interaction and consequently a falling trend of T¢ has arisen
with increasing Mn ions in the composition. In this composition, iron ions as a ferromagnetic have been substituted by manganese ions
as a paramagnetic for each step of incorporation; it’s eventually, a shrinkage in the concentration of magnetic ions and the magnetic
moment of the sub-lattices. A reduction of T¢ can also be attributed to the weakening of the A-B exchange interaction. An increase in
distance can explain the hopping length, L, as shown in Fig. 13, between the magnetic ions of the A-site (Ls) and the B-site (Lg). For
increasing Mn content L, is increased, while Lp is decreased with enhanced lattice parameters. This variation in hopping lengths can be
attributed to the reduction of T¢ and the increase of lattice parameters with the improvement of manganese content in the investigated
ferrites system. From Fig. 13, it was obtained that the perpendicular falling of y; at T¢ exhibits the degree of homogeneousness in the
synthesized ferrite materials [50]. Accordingly, the prepared sample has exposed an exceptional degree of uniformity. With an in-
crease in temperature, ;4; turns to be smaller, which does not depend on temperature i.e. demonstrates the characteristics of para-
magnetic. Some peaks formed near T¢ are termed the ‘Hopkinson’ peak [51], which indicates the single domain present in the ferrite
materials. The discrepancy in y; originated mainly due to K,.. The anisotropy constant , K, varies significantly with temperature. On
heating, as K, decreases faster than magnetization, theny; increases rapidly with temperature, which becomes infinitive under the T¢,
and then a sharp falling from the ferrimagnetic to the paramagnetic phase.
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Fig. 12. Temperature dependence for various Nig 50.xMnyCuo 15Zno.35sFe204 samples as sintered at 1200 °C.
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3.5.4. DC magnetization and coercivity

The magnetization Vs. the applied magnetic field, M — H, loop at room temperature was shown in Fig. 14. The variations in M; for
the prepared sample have been studied; in which this variation in M; is overcome depending on the cation distribution as well as
exchange interactions in-between Fe?' jons and in-between Mn?" ions at A-site and B-site. Due to hosting manganese content instead
of nickel content, hence the movement of iron ions is accomplished from A to the B-site due to the site preference for various ions. As a
result, My, of the B sub-lattice is enhanced with increasing Mn concentration. Magnetization for all samples rises gradually with an
increase of applied magnetic field up to the value of ~0.8T, then M; is occurred. It was found that all compositions exhibit the
ferrimagnetic state at room temperature. M; value for all samples is listed in Table 1, showing that an increase of manganese content
M; is increased. The higher the Mn content the higher the M;. Fig. 15 shows the variation in M; and H.; in which M; varied
~34.31-54.95 emu/g, while H. dropped from ~5.71 to 5.20 kA/m. It was demonstrated that at 0% Mn content exhibits the highest
H, and the lowest M;. Coercivity, H,, which may be influenced by surface morphology, magneto crystalline anisotropy, micro-strain,
shape anisotropy, and oxygen deficiency [8,9,52]. H, is reduced by decreasing Ni content, and H, is increased by increasing Mn ions.
These activities could be connected to the property of porosity. The porosity can affect the magnetization process, in which pores for
crystal imperfections may act as an initiator of the demagnetizing field. For decreasing porosity, a high magnetic applied field is to be
required to initiate the domain wall, therefore, H. is decreased. Coercivity, somehow, is concerned with the anisotropy constant.
Following the one-ion model, which correlates between the iron ions (Fe2") and the ferrites’ magneto crystalline anisotropy constants
ky [53-56]. In this present study, it was found that due to an increase of Mn?" content instead of Ni>™ content k,, is decreased; hence
H, is decreased. M is connected to the coercivity, H. via Brown’s relation [57,58]. Brown’s relationship is written as

2k,

He= a4
0" s

Hfzo'i;k” (15)

where k, defines the magneto crystalline anisotropic constants, y, terms the permeability of free space. Following these equations (14)
and (15), H; and k, are directly proportional to each other, and H, and M; are inversely proportional to each other; therefore, it’s a
good similarity with our experimental results, as pictured in Fig. 15 and tabulated in Table 1. H, decreases sharply with an increase of
manganese concentration, which is described by the quenched orbital angular momentum of Mn.

4. Conclusions

This present research work describes the impact of manganese incorporation on the structure, surface morphology, and functional
characteristics of the Ni-Mn-Cu-Zn mixed ferrites. Introducing high-spin Mn ions into the spinel-typed lattice leads to the increase of
average grain size within ~20-28 nm for as-prepared powders, ~1.40-2.15 pm when the samples are sintered at 1200 °C, and
~2.06-5.30 pm when the samples are sintered at1300 °C; for that reason, it can be noted that Mn?* acts as a grain growth accelerator.
In contrast, bulk density increased from ~3.02 to 4.70 g/cm?, and initial permeability ranged from 105 to 325. Higher sintering
temperatures and longer sintering times may decrease the crystal defects and strain, thereby increasing the particle size. The relative
quality factor for the 25% Mn substituted composition displayed the highest value of ~3800. The temperature-dependent permeability
graph shows that the Néel temperature decreases from ~384 to 283 °C as Mn content rises, a sharp transition also reveals an excellent
degree of homogeneity of the samples. Above Néel temperature initial permeability turns into the smaller value exhibiting the
paramagnetic behavior. The Nig.25Mng.25Cug.15Zn0.35Fe204 sample shows the highest permeability, saturation magnetization, quality
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Fig. 15. Variation of saturation magnetization and coercivity with Mn content, x.
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factor, lowest coercivity, and Néel temperature among all the compositions studied here. The prepared sample would be a great fit to
use up to the frequency range ~10 MHz than other substituted ferrites. Our prepared Ni-Mn-Cu-Zn ferrites show low coercivity and
high permeability characteristics and may be employed for medical purposes such as cancer treatment. Lastly, it can be decided that
the high-spin Mn substitution yields better nanomaterials with improved physical and magnetic properties for the fabrication of
multifunctional electronic devices.
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