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Abstract

The spinel nano ferrite with elemental
Composition Nio_gCUo_gzn0.4F6204 and CTAB-
coated  Nig3Cug3Zng4Fe,Oswas  prepared
using the co-precipitation method. The
modification in microstructural, magnetic,
and dielectric properties was recorded by X-
ray diffraction (XRD), Vibrating Sample
Magnetometer (VSM), and Impedance
Spectroscopy. The X-ray diffraction pattern
with a prominent (311) plane confirms spinel
ferrite with space group Fd-3m. Additionally,
the intensity ranges from 569-1797cps and
the 20 position is between 35.571°-35.626°,
indicating a more ordered structure of spinel
ferrite with CTAB. The modification in the
structural parameter was observed through
crystallite size(18-25nm), strain (6.240x10°-
4.383x107%), dislocation density (3.023x10"-
1.496x10"°1/m?), packing factor (72.113-

102.746), lattice  dimension  (8.3638-
8.3433A°), stacking fault (0.448-0.446), X-
ray  density  (5.417-5457  glemd),

experimental density (2.861-3.253 g/cm®),
specific surface area (60.90 x10° -42.53 x10°
m?/g) and % porosity (47.18-40.38).
Additionally, this research explores the
relationship between magnetic properties and
X-ray  diffraction analysis.  Interionic
distances (p, g, 1, S, b, ¢, d, e, f) and bond
angles (01, 02, 03, 04, and 6s) were calculated
to determine A-A, A-B, and B-B interactions
for all samples. The recorded strong
vibrations within the range of 400-600 cm™
using FTIR confirm the presence of the Fe-O
functional group of spinel ferrite in all the
materials that were prepared. The smooth
magnetic isotherm (M-H loop) with
coercivity (165.661-75.2310e), magnetic
saturation (41.469-61.880 emu/g), retentivity
(9.730-5.526 emu/g), magnetic anisotropy
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(7010-4398 erg/cm®) and magnetic moment
(1.770-2.6420ug) corresponds to elevation in
spin-orbit interaction, noncollinear
arrangement of surface spins and spin canting
in the sublattice respectively. The squareness
ratio in the range of 0.217-0.096 indicates
that the prepared nano ferrite is of a pseudo-
single domain nature and suitable for
Multilayer Chip Inductor (MLCI)
application.

Keywords: Ni0.3CU0_3ZI’l0.4F8204, CTAB,
XRD, VSM
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I. INTRODUCTION

Magnetic materials in nanoscale have become increasingly popular in recent years
due to their superior performance in catalytic, thermal, mechanical, optical, and electrical
applications compared to bulk magnetic materials. Magnetic nanoparticles or nanomagnetic
materials have distinct chemical compositions, and various types have been developed and
used for different applications [1].

The magnetic properties of nanoparticles are mainly influenced by two characteristics:
(a) Finite-size effects, which can either be single-domain or multi-domain structures, and the
quantum confinement of electrons; (b) Surface effects, which result from the breaking of
symmetry at the surface of a particle's crystal structure, the presence of surfactants, dangling
bonds, surface strain, oxidation, or even different chemical and physical structures of the
internal-core and surface-shell parts of the nanoparticle. As the size of the nanoparticles
decreases, the ratio of surface-to-volume increases. As a result, the magnetic moment per
atom and the magnetic anisotropy of nanoparticles may differ from that of a bulk specimen
[2]. The Curie (Tc) or Neel (Ty) temperatures, and the coercivity (Hc) are among the
magnetic properties that differ from the bulk material. In the bulk ferromagnetic material,
small regions of magnetic domains are present due to a balance of various energy terms, such
as the exchange energy, magnetocrystalline anisotropy, and magnetostatic (or dipolar) energy
[3,4]. Studies have shown that ferromagnetic crystals possess magnetic domains that have a
critical size of approximately 100 nm. These domains, known as single-domain particles,
cannot split up further into smaller domains [5, 6, 7].

Magnetic nanoparticles (MNPs) are a type of nanoparticles (NPs) that react to a
magnetic field when it is applied. When the size of magnetic nanoparticles (MNPs) drops
below a certain limit, they may consist of a single magnetic domain. At a particular
temperature, known as the blocking temperature (TB), MNPs display superparamagnetic
behavior which means they respond quickly to changes in the magnetic field without any
remnant magnetization or coercivity. MNPs in the superparamagnetic state behave like
paramagnetic atoms with a giant spin[8,9]. Magnetic nanoparticles (MNPS) possess a number
of distinctive magnetic properties, including superparamagnetism, high magnetic
susceptibility, and low Curie temperature. As a result, these materials are utilized in a variety
of industrial, medical, and environmental applications, such as medical diagnosis and
treatment, magnetic fluids, biomedicine, catalysis, magnetic energy storage, data storage, and
magnetic resonance imaging (MRI), etc.

Spinel Ferrite and its Applications: Spinel ferrite, also known as cubic ferrite, is a magnetic
material with a cubic crystal structure that is widely used in the ferrite family. Its high
electrical resistivity and low eddy current losses make it an ideal choice for use in microwave
frequencies. [10]. Spinel ferrites have the general formula MFe,O, (where M is divalent
metal cations such as Fe?*, Mn®*, Co*, Ni?*, Zn**, Cu®"" etc., or a combination of these ions
and belongs to space group Fd-3m, that is derived from the crystal structure of natural
mineral spinel MgAl,O, was first determined by Bragg and Nishikawa in 1915. In spinel
ferrites, 32 oxygen atoms form a unit cell having a face-centered cubic (FCC) structure
arrangement leaving tetrahedral sites (A) and octahedral sites [B], that are surrounded by four
and six oxygen atoms respectively. The FCC structure of spinel ferrites contains 64
tetrahedral sites (A) and 32 octahedral sites [B]. To maintain the electrical neutrality of the
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lattice, there are one-eighth of the tetrahedral sites (A) and one-half of the octahedral sites [B]
are occupied by the cations in a unit cell [11].

Spinel ferrite magnetic nanoparticles with tuneable electric and magnetic properties
show various industrial applications reported by researchers. C. Yang et al.[12] discussed the
use of spinel ferrite as inductive components in a wide range of electronic circuits, including
low-noise amplifiers, filters, voltage-controlled oscillators, and impedance-matching
networks. According to S. Bae et al.[13], MFe,O4 (M-Co, Mg, Mn) is a crucial element used
in cellular phones, video cameras, notebook computers, floppy drives, and thermistors. Power
application of Ni-Zn and Mn-Zn ferrite reported by A. Verma et.al [14]. The high-frequency
application of Ni-Mn spinel ferrite was reported by N. Channa et.al [15]. P. Smitha et al.[16]
reported on the efficacy of spinel ferrite as a radar-absorbing material. B.Bhujun et. al[17]
reported Aluminium doped spinel ferrite electrodes for supercapacitors, etc. In addition to
such electronic or industrial applications, spinel ferrite has received a considerable amount of
attention in the biomedical field also[18-20]. The contributions of spinel ferrite in various
medical diagnosis is also reported by researchers. A. Benali et. al[21] reported
CoFe,0,4 spinel ferrite studies on permanent magnet application and cytotoxic effects on
breast and prostate cancer cell lines. S. B. Somvanshi et.al [22] develop spinel ferrite
magnetic nanoparticle for COVID-19 detection and multifunctional nanoporous magnetic
zinc silicate-ZnFe,O,4 core-shell composite for bone tissue engineering applications reported
by A. Bigham et.al [23] etc.

Thus, the overall multifunctional properties of spinel ferrite that have been reported
may have specific Physio-chemical parameters that can be achieved by choice of
stoichiometric ratio, Synthesis method, calcination, pH, and capping agent. The spinel ferrite
can be synthesized by sol-gel auto combustion, hydrothermal method, co-precipitation
method, and many more physical and chemical methods. Out of all, co-precipitation is a
simple technique to synthesize the ferrite nanoparticles at low temperatures with high purity
appropriate for magnetic characterization [24]. Although the co-precipitation approach is the
convenient and traditional method for the production of spinel nano ferrite, it is difficult to
control microstructural parameters. It can be achieved with the proper modification in the
synthesis approach by the introduction of capping agents having surface tension-reducing
properties [25]. In the present research module, CTAB-coated NiCuZn spinel nano ferrite
synthesized by coprecipitation was taken under investigation. The modification in
microstructural, magnetic, and dielectric properties was recorded using X-ray diffraction
analysis (XRD), Vibrating sample Magnetometer (VSM), and Impedance spectroscopy.

Il. SYNTHESIS OF MATERIAL AND CHARACTERIZATION TOOLS

The Ni3Cuo3Zno4Fe,O4 and CTAB-coated Nig3Cug3Zng4Fe,04 spinel nano ferrites
were prepared using the coprecipitation method. A combined divalent metal ions solution
(0.2 M of Nickel Chloride (Il) NiCl,.6H,0, Copper Chloride (1) CuCl,.2H,0, and Zinc
Chloride (1) ZnCl,), and trivalent metal ion solution (0.4M of Iron chloride (111) FeCl3) were
taken separately in 40 ml of double distilled water followed by stirring about 15 min to get a
homogeneous solution. For the preparation of Nig3Cug3Zng4Fe;0, , divalent(NiCuzZn) and
trivalent(Fe) solutions mixed together, heat at 80°C and stir with the addition of NaOH (4M)
to get pH-12.The same procedure was followed with the addition of 0.2M and 0.4 M CTAB
in mixed metal ions solution and maintained pH-12.The resultant solution of
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Nio.3CUo.3ZNno 4F€,04, CTAB(0.2M)-Nig 3Cug3Zng 4Fe204 and CTAB(0.4M)-
Nip3Cug3Zng 4Fe204 was filtered by double distilled water and ethanol 3-5 times and dried
for 2hr at 100°C in an oven. The dried material was grind for 3 hrs using mortar-pestle. The
obtained material was calcinated at 800 C for 5hr, and grind for 1hr to get powder form. The
final samples were coded as SF, SF- CTAB @ 0.2, and SF-CTAB@ 0.4 in accordance with
the molar concentration of CTAB in synthesized spinel ferrite respectively.

The microstructural properties of SF, SF-CTAB@0.2, and SF-CTAB@ 0.4 were
recorded using an X-Ray diffractometer (Bruker D8 Advance) (A=1.5406 A). The functional
group analysis was observed by Fourier Transform Infrared Spectroscopy (FTIR) within 450
cm™to 4000cm™ using Model - Agilent Cary 630 FTIR Spectrometer. The magnetic
properties were investigated using a M-H loop using Vibrating Sample Magnetometer (VSM)
(Lakeshore 7400 series) and dielectric properties were recorded by Impedance spectroscopy
(Model: Waynekerr, 6500 B)

I1l. RESULTS AND DISCUSSION

1. X-ray Diffraction Analysis
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Figure 1A: Comparative X-ray diffraction pattern of prepared SF, SF-CTAB@0.2, and SF-
CTAB@0.4
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Figure 1B: X-ray diffraction pattern of prepared (a)SF, (b)SF-CTAB@0.2, and (c)SF-
CTAB@0.4
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The microstructural properties of prepared Nig3CupsZnosFe,O4 (SF, SF-
CTAB@0.2, and SF-CTAB@ 0.4) were demonstrated by X-ray diffraction analysis
(Figure.1A.). The recorded diffraction at (111), (220), (311), (222), (400), (422), (511)
and (440) corresponds to cubic/spinel ferrite material (space group Fd-3m). The observed
higher (311) peak with intensity 569, 1549, and 1797 cps for SF, SF-CTAB@0.2, and SF-
CTAB@ 0.4 corresponds to the more ordered structure of SF-CTAB@ 0.4 than SF, SF-
CTAB@0.2 accordingly(Figure.1B). The X-ray intensity was also used to determine the
site preference of divalent and trivalent metal ions or cation distribution in spinel ferrite
according to P.P. Hankare et.al [26]. The indexed (220), (400), (422), and (440) were
considered to be structure-sensitive planes in the spinel ferrite system. The change in
cation at tetrahedral(A) sites is sensitive to (220) and (400), while (222) is sensitive to the
octahedral site and the (511) plane is sensitive to the oxygen ion u parameter [27]. The
remaining (422), and (440) are sensitive to cations at tetrahedral(A) and octahedral [B]
sites, however, cation distribution is not affected by the most intense (311) plane because
of its independence towards oxygen positional parameter and cation distribution, reported
by B. B. V. S. Vara Prasad et.al [28]. The effect of capping agent (CTAB) on the cation
distribution of prepared materials was calculated through intensity ratio of I (a00)/l(220),
|(4oo)/|(422), |(440)/|(422) and |(44o)/|(220) and estimated in Table 1.

Table 1: Intensity of (311),(222) and (511) plane and ratio of intensity corresponds to
(400),(440) and (220) of prepared SF, SF-CTAB@0.2 and SF-CTAB@0.4

Samples Iy | le2) | Iy | 1 @ooy/1220) | Vaooy/la22) | Vaaoyla22) | l(aa0)/1(220)
SF 569 99 196 0.771 1.455 2.885 1.528
SF-CTAB@0.2 | 1549 | 210 | 627 0.876 1.391 2.628 1.655
SF-CTAB@0.4 | 1797 | 238 | 814 0.976 1.276 2.757 2.080

Table.1 shows significant variation in luooy/l220), leaooy/la22), l(as0)/l(a22), and
l(aa0)/l220), indicating migration of divalent (Ni, Cu, Zn) and trivalent (Fe) between
tetrahedral and octahedral sites. The modification in 1go0)/1220), la00)/1(422), l(a40)/1(a22), and
laa0)/l220) from SF to SF-CTAB@0.4 corresponds to improved crystallinity, crystallite
size, strain, and defects.

The microstructural parameters, including crystallite size (D), strain (g),
dislocation density (J), lattice dimension (a), packing factor (PF), stacking fault (Fstaking),
X-ray density  (px_. ), and specific surface area (Sarea), Were calculated for the most

intense (311) plane using Eq.(1) to Eq.(8) and are summarized in Table.2 and 3.

D- 0.9 (1)
[ cosé
a=d,,Vh?+k*+I? 2)
s=%, 3)
__ P
£ 4tan @ )
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S (5)
d —spacing
27°
=7 6
stacking 45m ( )
SArea :L (7)
D X pX —ray
ZM
pX—ray = N a3 (8)
A

Where D is crystallite size, p is FWHM, A = 1.54060 A and 6 is related to the peak
position, Z (For spinel ferrite Z = 8) is the number of molecules per unit cell. M specifies
the molecular weight of synthesized material, Na = 6.02 x 10% 1/mol is Avogadro’s
number.

Table 2: Peak position (20), FWHM (f), Interplanar spacing (d-spacing), Crystallite
Size (D), Lattice dimension (a) and cell volume (V) of prepared SF, SF-CTAB@0.2 and
SF-CTAB@0.4 nano ferrite

Samples 20(deg) | B(deg) | d-spacing (A)| D (nm) |a(A) |V (A?)
SF 35.571 0.459 | 2.5218 18.185 8.3638 | 585.074
SF-CTAB@0.2 | 35.564 0.354 | 2.5223 23.579 8.3655 | 585.430
SF-CTAB@0.4 | 35.626 0.323 | 2.5156 25.846 8.3433 | 580.782

As estimated in Table.2, The crystallite size(D) of prepared material found to be
increased (18 nm-25nm) from SF to SF-CTAB@O0.4 corresponds to improved
crystallization due reduction of surfactant/capping agent (CTAB)activity. The effect of
CTAB on crystallite size is determined by concentration-dependent surfactant-particles
and surfactant-surfactant interactions. Lower concentrations reduce surface tension and
envelope nucleating particles, resulting in smaller crystallites. Higher concentrations lead
to reduced surfactant activity and larger crystallites, according to M. Haneef et al. [29].
The lattice dimension for SF-CTAB@0.2 (8.3655 A) was higher than SF (8.3638 A) and
SF-CTAB@0.4 (8.3433 A). This can be linked to lattice strain caused by dislocations in
SF, SF-CTAB@0.2, and SF-CTAB@0.4 respectively.

The decrease in dislocation density(total number of dislocations per unit volume
of material) from SF to SF-CTAB@0.4 (3.023x10%°-1.496x10"° 1/m?) suggests an
increase in crystallinity[30] (Table. 3). The packing fraction (PF) of SF (72.113), SF-
CTAB@0.2 (93.482) and SF-CTAB@0.4 (102.746) increases due to variation in their
crystallite sizes (D) ranging from 18-25 nm [31]. The stacking fault (Fstking) refers to
disturbances in the normal lattice structure that arise in a layered arrangement or faults
that occur in the atomic planes of a crystal. This was reported by Muniba and M. Khalid
et. al. [32]. The obtained Fsiking decreased and caused lower disturbances in the normal
lattice structure, from 0.4482 to 0.4463 for SF and SF-CTAB@0.4, respectively. The
specific surface area (Saea) Of SF (60.902x10°m?%/g) is higher than CTAB@0.2 (47
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x10°m?g) and 0.4(42.536x10°m?/g) corresponds to a higher crystallite size of SF-
CTAB@0.2 (23.579 nm) and SF-CTAB@0.4(25.846 nm) than SF (18.185 nm).

The experimental density(pexpy and percentage porosity(%P) for SF, SF-

CTAB@0.2, and SF-CTAB@0.4 was calculated by EQq(9)-Eq(10) and estimated in
Table.3.

)

p =
i

Where W-wt. of pallet, t-thickness, and r-radius of the pallet

Pxoray T Pew v 1000 (10)

X —ray

Porosity(P) =

The X-ray density (px-ray) IS @ measure of the number of pores in a material, which
significantly impacts its electrical properties. From Table.3, the prepared SF-CTAB@0.4
(5.457g/cm®) was found to be higher compared to SF-CTAB@0.2 (5.414 g/cm®) and SF
(5.417 glem®) is solely a result of the lattice constant (a) of prepared material.

Table 3: Dislocation density(d), Strain(e), Packing factor (PF), X-ray density(pX-ray),
Experimental density(pexp), Stacking fault (Fstacking), Specific surface area (SArea)
and % porosity of prepared SF, SF-CTAB@0.2 and SF-CTAB@0.4 nano ferrite

0 & PX-ray Pexp ) SArea(103 0
Samples | qotym| (10%) | PP | (gem®)]| @/em?) ook [m7rg) | P
SF 3023 | 6.240 | 72113 | 5.417 | 2.861 | 0.4482 | 60.902 | 47.181

SF-CTAB@0.2 | 1.798 4813 | 93.482 | 5414 | 3.190 | 0.4467 | 47.000 | 41.078

SF-CTAB@0.4 | 1.496 4.383 [102.746 | 5.457 | 3.253 | 0.4463 | 42.536 | 40.388

It is a well-known fact that sample pores have a significant impact on
experimental density. The experimental density (pexp) for SF to SF-CTAB@0.4 was
found to be lower (2.861-3.253 g/cm?®) than the X-ray density (5.414-5.457 g/cm®) due to
the presence of pores formed during material preparation. [33].

The stability of initially nucleated nano ferrite particles is determined by their
porosity, as reported by S. Ikram et al. [34]. The addition of CTAB decreased the porosity
of prepared nano ferrites due to an increase in crystallite size and a reduction of grain
boundaries[35]. Table. 3 shows a decrease in the porosity of SF from 47.181 to 40.388
while the crystallite size increased from 18.185 to 25.846 nm.

Other important microstructural parameters such as ionic radii at tetrahedral (ra)
and octahedral (rg) sites, cation-anion distances(bond length) at tetrahedral (dax) and
octahedral sites (dgx), magnetic ion distances(hopping length) at tetrahedral (da) and
octahedral sites (dg) and inter-atomic distances, shared tetrahedral edge (daxe), shared
octahedral edge length (dgxe), and unshared octahedral edge length (dsxeu) which
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significantly affect the structural, magnetic and dielectric properties were evaluated
through Eg. (11)-Eq. (20) and estimated in Table .4 and Table.5

r,=(u —%)a\/?,_ ~R, (11)
ry = (g—u)a— R, (12)

du = (U_%J a\/§ (13)

d,= a? (15)
dg = aﬁ (16)
4
Aaxe = aﬁ(Zu _%) 17)
Aoy = aﬁ(l— 2u) (18)

gy, = a[4u® —3u +%]}/2 (19)

Where, u and Ro are oxygen positional parameter (u = 0.384 A) and radius of
oxygen (R, =1.32 A) for spinel ferrite.

Table 4: Tetrahedral and Octahedral ionic radii (rA and rB), Bond length on
tetrahedral and octahedral sites (AAX and dBX), Hopping length on tetrahedral and
octahedral sites (dA and dB), Tetrahedral edge(dAXE), Shared Octahedral edge(dBXE)
and Unshared Octahedral edge (dBXEU) of prepared SF, SF-CTAB@0.2 and SF-

CTAB@0.4 nano ferrite
Sample ra s dax dex da ds daxe dexe dexeu
A 1A 1A A A A A A) A)

SF 0.6204 0.6956 |1.9404| 2.0181|3.6215 | 2.9566 | 3.1698 |2.7433 | 2.9607
SF- 0.6207/0.6960 |1.9407 | 2.0185|3.6222 | 2.9572|3.1705 |2.7438 | 2.9613
CTAB@0.2

SF- 0.6156/0.6907 |1.9356| 2.0132|3.6126 | 2.9493|3.1621 |2.7366 | 2.9535
CTAB@0.4

Table 4 shows that the ra value for SF-CTAB@0.2 (0.6207 A) is slightly higher
than SF (0.6204 A) and SF-CTAB@0.4 (0.6156 A), indicating an expansion of the
tetrahedral (A) site resulting from an increase in tetrahedral ions. This expansion causes
the A-site cations to move away from the tetrahedral coordination, thereby increasing the
daxe and dax of SF-CTAB@0.2 compared to SF and SF-CTAB@0.4.Similarly, dg and
dsxe was found to be higher for SF-CTAB@0.2 than SF and SF-CTAB@0.4 corresponds
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to increased movement of anions away from the octahedral site, thus increasing the
distance between octahedral cation-anion (dgx) and the distance between the shared
anions (dgex) [36]. The observed smaller dax (1.9404-1.9407 A) than dgx (2.0181-2.0185
A) ascribed to a larger overlapping of orbitals of Fe** and O at the tetrahedral (A)site.

The magnetic interactions through structural parameters (cation-anion magnetic
interaction (p, g, r, ) and cation-cation magnetic interaction (b, c, d, e, f)) were calculated
using Eq. (20)-Eq. (28) and estimated in Table.5 [37].

b=V2(3) (20)
c= V1) (21)
d=3C) (22)
e =3 (23)
f=V6(5) (24)
p=(C-u)a (25)
a-avau-3) (26)
r=avilu-3) (27)
5= a\/§(%+% (28)

Table 5: Cation-anion (p, g, r, s) and cation-cation (b, c, d, e, f) of prepared SF, SF-
CTAB@0.2 and SF-CTAB@0.4 nano ferrite

Sample p q r S b c d e f
(A [(A°) [(A) |(A) [(A°) |(A°) |(A°) |(A°) (A°)

SF 2.0156 | 1.9404 | 3.7168 | 3.6650 | 2.9566 | 3.4667 | 3.6215 | 10.8645 |5.1211

SF- 2.0160 | 1.9407 | 3.7176 | 3.6657 | 2.9572 | 3.4674 | 3.6222 | 10.8667 |5.1221

CTAB@0.2

SF- 2.0107 | 1.9356 | 3.7077 | 3.6560 | 2.9493 | 3.4582 | 3.6126 | 10.8379 |5.1086

CTAB@0.4

Table.5 demonstrates the cation -anion (p, g, r, ) and cation -cation (b, c, d, e, f)
interaction for SF-CTAB@0.2 are slightly higher than SF and SF-CTAB@0.4 in
accordance with higher unit cell volume (V) of SF-CTAB@0.2 (585.430 A%) than that of
SF (585.074 A% and SF-CTAB@0.4 (580.782 A%)[38].
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The bond angles (01, 0, 03, 04, 65) was used to investigate tetrahedral-tetrahedral
(A-A), tetrahedral-octahedral (A-B) and Octahedral-Octahedral (B-B) magnetic
interactions calculated using Eq. (29)-Eq. (33)

2,42 2
6, = cost (p—;#) (29)
2, .2 .2
0, =cos™ (u) (30)
2pr
1,2p%—b?
0, =cos™( 20 ) (31)
2,42 g2
6, = cos™t (w) (32)
2ps
2,42 A2
6, = cost (u) (33)

Table 6: - Bond angles &1, 6, 03, 8, and s of prepared SF, SF-CTAB@0.2 and SF-

CTAB@0.4 nano ferrite
Sample 0:,(deg) | 62(deg) | O3(deg) | 64 (deg) 05
(deg)
SF 122.3912 | 66.9798 | 94.3493 | 126.2239 | 71.9699

SF-CTAB@0.2 | 122.3957 | 66.9786 | 94.3498 | 126.2244 | 71.9683
SF-CTAB@0.4 | 122.3905 | 66.9793 | 94.3446 | 126.2256 | 71.9693

From Table.6, it can be observed that SF with a value of 05 at 71.9699° has a
greater strengthening effect on the tetrahedral-tetrahedral (A-A) interaction compared to
SF-CTAB@0.2 (71.9683°) and SF-CTAB@0.4 (71.9693°). It was found that the values
of 05 and 0,4 relate to interactions between octahedral structures (B-B). The larger value of
03 for SF-CTAB@0.2 (94.3498°) suggests stronger bonding compared to SF (94.3493°)
and SF-CTAB@0.4 (94.3446°). Additionally, as 6,4 increases from SF to SF-CTAB@0.4
(from 126.2239 to 126.2256°), it indicates a variation in the B-B interaction with CTAB.
The A-B interactions related to 6;for SF-CTAB@0.2 (122.3957°) are stronger compared
to SF (122.3912°) and SF-CTAB@0.4 (122.3905°). On the other hand, weak A-B
interactions were observed for 6, in SF-CTAB@0.2 (66.9786°) and SF-CTAB@0.4
(66.9793°) compared to SF (66.9798°), as the strength depends on the bond angles and
bond length between the cations and cation-anion. [39].

2. Vibrational Spectroscopy: The vibrational spectra of prepared SF, SF-CTAB@0.2, and
SF-CTAB@0.4 nano ferrite demonstrated in Figure.2.The vibrations recorded by FTIR
around 400-500 cm™ and 500-600 cm™ confirm the function group (Fe-O) of spinel
ferrite with octahedral [B] and tetrahedral(A) sites respectively. The recorded higher
vibrations v, at 574.002 cm™,580.016 cm™581.005 cm™ and lower vibrations v, at
486.018 cm™,470.002 cm™,452.988 cm™ correspond to tetrahedral (A) and octahedral[B]
position of prepared SF, SF-CTAB@0.2, and SF-CTAB@0.4 accordingly. The increase
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in v; from 574.002-581.005 cm™ and decrease in v, from 486.018-452.988 cm™ for SF-
SFCTAB@0.4 mainly due to the difference in bond length dax and dgx (see Table .4)
[40]. The strength of the bond at a tetrahedral site (A) and octahedral site [B] was
determined by the force constant of the Fe-O bond using Eq.(34) and Eq.(35) and the
estimated values are listed in Table 7.

K, = 47°c’v,’m

K, =4z*c’vim

(34)
(35)

Where ¢ is the light velocity (3x10® m/s), v1 and v, are the frequency of the
vibrational band at tetrahedral (A) and octahedral[B] sites, and m is the reduced mass of
Fe and O ions, respectively.

Table 7: Tetrahedral vibration (v1), Octahedral vibration (v;), Force constant at
tetrahedral and octahedral positions (K;and K,), and Debye Temperature (6p) of
prepared SF, SF-CTAB@0.2, and SF-CTAB@0.4 nano ferrite

V1 A\ Kt Ko Vav Op
Sample cmy | em® | (Nm) | (nm) | (em®) | (K)
SF 574.002 | 486.018 | 241.460 | 173.110 | 530.01 | 757
SF-CTAB@0.2 | 580.016 | 470.002 | 246.546 | 161.889 | 525.00 | 750
SF-CTAB@0.4 | 581.005 |452.988 | 247.387 | 150.380 | 516.99 | 739
B5 4
— SF-CTAB@04 A\ ]
80 - \ / Va
TN
75 - £ : | & 3
o g - rf/“-l [
5 .-’ ||
[ \ f VoA
= e H SF-CTAB@0.2 f" N \ |8
\W_"_'J' -\1__,__ '\-u.,___ = @ I E I'il ,I
60 - E % - g g '_w“w'/ -I .I_.
A 5 & g
N \WF /\Eﬁ
50 - | ﬂ\\éﬂ\ : : ¢
4000 35Iﬂﬂ 30.ﬂﬂ 25:00 2":;00 15I00 10.00 560

Wavenumber{cm™)

Figure 2: FTIR of prepared SF, SF-CTAB@0.2 and SF-CTAB@0.4 nano ferrite

According to Table 7, it is observed that the force constant at the tetrahedral site
(Ky) has increased from 241.460 -247.387 N/m, while the force constant at the octahedral
site (Ko) has decreased from 173.110 -150.380 N/m for SF to SF-CTAB@0.4. This
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change can be attributed to the position of the spinel crystal lattice or the vibration band
(v1 and v») at their respective sites [41]. The Debye temperature (0p) was used to measure
a lattice vibration of prepared SF, SF-CTAB@0.2, and SF-CTAB@0.4 using Eq.(36)

G, = —2v (36)

where h is Plank constant (h = 6.626x10-34 J-s), kg is Boltzmann constant (kg

=1.3806x10-23 J-K1), ¢ is velocity of light (c = 3x10° m/s) and v, =272

The obtained 0p was found to decrease from 757 K to 739 K for SF, indicating a
decrease in lattice vibration due to CTAB coating.

3. Magnetic Analysis

80

—SF
60 {—— SF-CTAB@0.2
—— SF-CTAB@0.4

40 4

20 4

0

M(emu/g)

-20 -

-40 4

-60 -

-80

-15000 -10000 -5000 0 5000 10000 15000
H(Oe)

Figure 3: M-H loop of prepared SF(a), SF-CTAB@0.2(b), and SF-CTAB@0.4(c) nano
ferrite

The magnetic properties of SF, SF-CTAB@0.2, and SF-CTAB@0.4 nano spinel
ferrite were analyzed via an M-H loop recorded within £ 15kOe. All prepared nano
ferrites exhibit a well-saturated hysteresis area indicating their soft magnetic
nature(Figure.3). The magnetic saturation (Ms), retentivity (Mr), and coercivity (Hc) of
SF, SF-CTAB@0.2, and SF-CTAB@0.4 are listed in the Table.8.
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Table 8: Magnetic Saturation (Ms), Retentivity (Mr), Coercivity (Hc), Magneto-

crystalline anisotropy (K), Bohr’s magneton 7 (445 and squareness ratio (Mr/Ms) of
prepared SF, SF-CTAB@0.2, and SF-CTAB@0.4 nano ferrite

Ms Mr Hc K
Sample (emu/g) | (emu/g) | (Oe) (ergicm®) 75(ts) | Mr/Ms
SF 41.469 9.006 165.661 | 7010 1.7709 0.217
SF-CTAB@0.2 | 61.880 9.730 93.724 5918 2.6426 0.157
SF-CTAB@0.4 | 57.293 5.526 75.231 4398 2.4467 0.096

From Table.8, it was observed that, Ms for SF (41.469 emu/g) found to be lower
than SF-CTAB@0.2 (61.880 emu/g) and SF-CTAB@0.4 (57.293 emu/g) assign to
smaller crystallite size (D)of SF (18.185 nm) as that of SF-CTAB@0.2 (23.579 nm) and
SF-CTAB@0.4 (25.846 nm). Additionally, the lower Ms value for SF-CTAB@O0.4
compared to SF-CTAB@0.2 may be attributed to the canting of spins on the surface of
SF-CTAB@0.4 [42]. The decreased coercivity(Hc) from 165.661 Oe to 75.2310e for SF
to SF-CTAB@0.4 corresponds to decline trend of dislocation density(6)[43] from SF to
SF-CTAB@0.4 ( 3.023x10™ 1/m? to 1.496 x10™ 1/m® and well known inverse
relationship of Hc and the crystallite size (D)[44].The lower magnetic retentivity(Mr) for
SF-CTAB@0.4 (5.526 emu/g) was recorded compared to SF-CTAB@0.2(9.730 emu/q)
and SF(9.006) attributed to lower stain for SF-CTAB@0.4(4.383 x107) as that of SF-
CTAB@0.2(4.813 x107%) and SF(6.240 x107)[45].

The anisotropy field is a measure of the forces of crystal anisotropy that bind the
magnetization to a particular direction. The magnetic moment due to the exchange of
magnetic cations at tetrahedral sites rather than octahedral sites and magnetocrystalline
anisotropy is calculated by Eq. (37)-Eqg. (38)

e = M* Ms /5585 37)
K = HeMs (38)
0.98

As reported earlier, the magneto-crystalline anisotropy(K) corresponds to the
domain wall energy of the spinel nanoferrite. Higher K signifies higher domain wall
energy and vice-versa. The recorded decreasing K from SF (7010 erg/cm®) to SF-
CTAB@0.4 (4398 erg/cm®) is due to a reduction in the spin-orbit interaction of surface
metal ions and CTAB [46,47]. The obtained higher Bohr Magnetonz ,(z;) for SF-
CTAB@0.2 (2.6426) than SF-CTAB@0.4 (2.4467) and SF(1.7709) can be interpreted
based on nonlinear or canted spin ordering. According to, M.ILA. A. Maksoud et.al, the
produced strain in the tiny crystal due to radii mismatch leads to a noncollinear
arrangement of surface spins in the nano range, and the diamagnetic cations leads to spin
canting in the sublattice resulting in a reduction in Bohr’s magneton [48].

The magnetic hardness of the prepared SF, SF-CTAB@0.2, and SF-CTAB@0.4

was described by squareness ratio (Mr/Ms). As previously reported, the Squareness ratio
(0.5 < Mr/Ms < 1) signifies the more anisotropic, hard, and single-domain nature of nano
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ferrite [49]. Further, if 0.05 < Mr/Ms < 0.5 corresponds to the particle interaction by
magnetostatic couplings with pseudo-single domain, and Mr/Ms < 0.05 signifies the
randomly oriented multi-domain nature of the nano ferrite [50-52]. The obtained
squareness ratio (Mr/Ms) (Table.7) clearly indicates the pseudo-single domain nature of
prepared SF, SF-CTAB@0.2, and SF-CTAB@0.4 nano ferrites and finds suitability in
Multilayer Chip Inductor (MLCI) application.

4. Dielectric Spectroscopy: The room temperature dielectric spectroscopy of prepared SF,
SF-CTAB@0.2, and SF-CTAB@0.4 was evaluated by Impedance Analyzer in the
frequency range of 100 Hz -1MHz.The dielectric spectroscopic parameter ie dielectric
constant (¢"), dielectric loss(e”), loss tangent(tand) were estimated using relation Eq.(39)-
Eq. (40)

g'= cd (39)
A
g_ll

tano = (40)

Where, ¢ = dielectric constant, ¢” = dielectric loss factor, tand= loss tangent,
g = free space permittivity = 8.854 x 10"** F.m™

d = thickness of the pellet in mm

C = capacitance of the pellet in Farad
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Figure 4: Dielectric constant and Dielectric loss of SF (a and d),SF-CTAB@0.2(b and e) and
SF-CTAB@0.4(c and f) nano ferrite
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Figure 6: loss tangent of prepared SF (a),SF-CTAB@0.2(b) and SF-CTAB@0.4(c) nano
ferrite

As shown in Figure.4(a,b,c), the ¢ for SF found to be decreased linearly with
frequency indicating the dielectric poles are able to follow the frequency . Same decline
trend of ¢ was found for SF-CTAB@0.2 (Fig.b) and SF-CTAB@0.4 (Fig.c) up to
8x10°Hz after that ¢  slightly increases at higher frequency also known as resonance
phenomena observed due to the energy coupling assign to intrinsic property associated to
lattice distortion of the crystal structure of prepared nano ferrite[53]. According to H. S.
Aziz et.al, when rotational frequency of electron around their axis becomes equal to the
applied frequency resulting coupling of energy generates a resonance phenomenon due to
the vacancy or pores leading to the space charge polarization in low-frequency regions
while high-frequency resonance is due to the atomic and electronic polarization[54]. The
difference in magnitude of ¢” for SF, SF-CTAB@0.2, and SF-CTAB@0.4 corresponds to
the variation in Fe?* concentration as a result of cation distribution at respective sites [55].

The room temperature dielectric loss(e") of prepared SF, SF-CTAB@0.2, and SF-
CTAB@0.4 were plotted against the 100 Hz-1MHz and shown in Figure 4(d,e,f). The
dielectric loss generally decreases with increasing frequency and the same trend was
observed for SF-CTAB@0.2, and SF-CTAB@0.4 because of a decrease in polarization
as a result of grain boundary effect [56]. For the prepared SF, €” gradually increased from
36 to 52 and then reached 19 with higher frequency because dielectric losses in ferrites
generally appear in resistivity measurements in that materials with low resistivity show
high dielectric losses and vice versa[57]. The loss tangent (tand) shows the nearly same
behaviors as that of ¢” for SF, SF-CTAB@0.2, and SF-CTAB@0.4 accordingly. The
higher and lower dielectric loss tangent with the lower and higher frequency due to a
strong association between the dielectric behavior of ferrites and the conduction
mechanism. Further, the exponential and linear decrease of tan & with increasing
frequency is correlated with the hopping frequency of charge carriers and externally
applied electric field reported by V.Vinayak et.al[58]

IVV. CONCLUSIONS

A successful  preparation  of  Nip3CupsZnosFe;0, and CTAB-coated
Nip3Cug3Zng 4Fe204 spinel nano ferrite was achieved through the co-precipitation method.
The microstructural and magnetic properties of the material were investigated using X-ray
diffraction (XRD) and a Vibrating Sample Magnetometer (VSM). The recorded X-ray
diffraction pattern confirms the formation of spinel nano ferrite with space group Fd-3m. The
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distribution of cations, as determined by the intensity ratio, has a noticeable impact on the
size (18-25 nm), strain (6.240x107-4.383 x107), magnetic interactions (AA, BB, and AB),
and other microstructural parameters of all the prepared nano ferrites. This effect is
particularly significant when CTAB is used as a capping agent/surfactant. The magnetic
isotherm (M-H loop) recorded modifications in Ms, Mr, and Hc. The Mr/Ms value (0.217-
0.096) indicates that the prepared nano ferrite is of a pseudo-single domain nature. This
makes it suitable for use in multilayer ferrite cheap inductor (MLCI) applications.
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