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ABSTRACT

Cog.35Mny. 35Lip. 15Fez. 15.Lay04 (y = 0.00-0.05) were synthesized by using sol-gel auto-combustion method to
investigate the effect of lanthanum substitution on the structural, optical, dielectric, electrical and magnetic
properties. X-ray diffraction (XRD), the energy dispersive X-ray spectra (EDX), UV-visible spectroscopy, Raman
spectroscopy, LCR, I-V analysis, and vibrating sample magnetometry (VSM) were performed to characterize the
as-synthesized samples. XRD confirmed the predominantly cubic spinel structure with crystallite size ranging
from 18.2 to 22.6 nm and lattice constant ranging from 8.38 to 8.47 A and a weak LaFeO3 secondary phase
appeared at higher concentration of La®>" concentration. Additionally, the elemental analysis using EDX spec-
troscopy shows that the cations of cobalt, manganese, iron, and lanthanum are distributed uniformly, with no
peaks seen for the cations of lithium ions because of their low atomic mass. UV-Visible analysis showed a sys-
tematic reduction in bandgap energy from 2.76 eV to 1.75 eV with increasing La>" contents. Raman analysis
revealed all the five characteristic spinel ferrite vibrational active modes with a peak shift after incorporation of
La®* ions. Dielectric properties were measured at room temperature over the frequency range of 4 Hz-8 MHz,
showing a decline in dielectric constant and an increase in ac conductivity with the increasing lanthanum
concentration. I-V analysis revealed an activation energy in the range of 0.52-1.05 eV. Magnetic measurements
showed an initial increase in saturation magnetization to 156.16 emu/g for CML-0.01 followed by a decrease to
73.69 emu/g for CML-0.05 due to cation redistribution and magnetic dilution effects. The obtained results
highlight the potential of the Cu-Mn-Li spinel ferrites specifically nanostructures of CML-0.04 and CML-0.05 for
high frequency electronic applications.
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1. Introduction

The low coercivity, high magnetic permeability, electromagnetic
properties, magnetization, and microwave absorption performance of
multifunctional materials like ferrite-based composites make them
highly promising for a wide range of diverse advanced applications. As a
result, research on these materials is growing daily. Doping with rare
earth metal ions can dramatically and effectively change their charac-
teristics, leading to remarkably improved, adjustable, and distinctive
multifunctional properties appropriate for a variety of advanced appli-
cations [1]. Due to their industrial significance and the fact that their
cation distribution significantly affects their structural properties, spinel
ferrites with the basic chemical formula AB,O4, where A and B stand for
divalent and trivalent cations are of great interest [2]. Due to their broad
and expanding technological relevance and extremely versatile func-
tional characteristics, spinel ferrites have seen a significant increase in
use in both technical and scientific fields in recent years, including
memory devices, drug delivery systems, high-density storage media, gas
sensors, super-capacitors, and transformer core applications [3].
Because of their remarkable and exceptional properties, such as
magneto-crystalline anisotropy, high Curie temperature, relatively
moderate saturation magnetization, high chemical stability, and elec-
trical insulation properties that make them ideal for a variety of mag-
netic and electronic applications, cobalt ferrites (CoFe3O4) are hard
ferrites that have been extensively studied [4]. Mn ferrites are the most
prevalent type of soft ferrites and are highly useful for soft magnetic
applications because of their relatively higher permeability, saturation
magnetization, low magnetic loss, low power loss features, and coer-
civity values [5].

By changing the cation distribution and exchange interactions within
the lattice, the substitution of rare earths (REs) into the spinel structure
causes lattice distortion, structural deformation, and the introduction of
internal microstrains that significantly and drastically change the
magnetic and electrical behavior properties [6]. By adjusting the kinds
and concentrations of metal ion dopants or substitution levels, the
control of RE and metal ion substituents can successfully and efficiently
modify the electromagnetic properties of nanocrystals (NCs), allowing
for the fine-tuning of material performance aspects [7]. When RE cations
are doped into the SFs, they are likely to occupy the octahedral (B) site,
which lowers the chance of electron hopping and raises electrical
resistance. Furthermore, controlled doping of RE cations (La®") into soft
ferrites (SFs) can improve densification, permeability, and resistivity
while optimizing magnetic and electrical performance and improving
microstructural homogeneity [8]. Numerous studies have thoroughly
studied the alteration of cation distribution in structural characteristics,
magnetic behaviour, and electrical responsiveness of increasingly RE
doped SFs, emphasising its important influence on the materials' overall
multifunctional capabilities.

Khan, J.K. et al. [9] synthesized La>* ions doped manganese-cobalt
spinel ferrites and observed the crystallite size in the range of 9nm -
14 nm range with highest impedance value for the x =0.15 concentra-
tion. Khan, M. R. et al. [10] synthesized La®t doped Cu-Co ferrites using
sol-gel auto-combustion method and found the average particle size in
the range of 27.9nm - 40.9nm, suitable for energy storage super
capacitor applications. Unal,B. et al. [11] synthesized La®* doped Ni-Mn
based soft ferrites using sol-gel auto-combustion method. They found
crystallite size in the range of 10nm - 15nm with x=0.06 sample
showed most favourable dielectric properties governed by
Maxwell-Wagner interfacial polarization. Arshad, M. I. et al. [12] syn-
thesized La®*-doped Co-Li—Ca ferrites using the sol-gel auto-combustion
method and found the average nanoscale crystallite size of 11 nm and
the bandgap energy of 3.25 eV for the x = 0.03 La concentration level. Ul
Hagq et al. [13] investigated the impact of Ce>* and La®>* co-doping on
the structural, optical, and electrical properties of Mg-Zn spinel ferrites
nanostructures. This co-doping has been demonstrated to significantly
improve the material system's overall dielectric performance and
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stability, leading to a notable and significant increase in impedance and
a decrease in dielectric loss.

The current study's intentional use of the sol-gel auto-combustion
method aims to support circular economy models in materials
manufacturing through cost-effective and environmentally sustainable
processing strategies by utilizing energy-efficient synthetic routes that
offer high scalability and minimal waste generation in comparison to
traditional solid-state reaction methods. The sol-gel auto-combustion
process is a self-propagating and self-sustaining way of generating
heat energy through its exothermic processes. It offers a number of
beneficial features, including improved distribution, decreased particle
size, enhanced compositional uniformity, and controlled morphology at
the nanoscale level, all of which contribute to superior material prop-
erties. A quick, economical, and energy-efficient synthetic technique for
creating particulate materials with regulated nanostructures and
enhanced homogeneity is sol-gel auto-combustion method. By mixing
elements at the atomic level, it has been widely utilized to synthesize
various nanoparticles and produce Nano-sized, homogenous, and highly
reactive powders [14]. For advanced application fields, this enables
increased material reactivity and accurate and fine compositional con-
trol. Under comparatively low external energy input circumstances,
sol-gel auto-combustion method is a self-sustaining process that pro-
duces heat through its exothermic reaction, allowing for rapid and
accelerated crystallisation and phase formation processes [15].

Spinel ferrites containing cobalt, manganese, and lithium ions have
attracted increasing attention because the presence of these cations
provide a unique combination of structural stability, magnetic anisot-
ropy, electrical conductivity, and dielectric polarization. Moreover, the
addition of rare-earth ions leads to modified crystal structure, better
charge transport mechanism and magnetic exchange interactions due to
their larger ionic radius. To the best of our knowledge, this is the first
work on lanthanum-doped compositions of Cog.3sMnyg.35Lig.15Fe2.15-
yLayO4 ferrites, where y varies as 0.0, 0.01, 0.02, 0.03, 0.04, and
0.05mol fraction levels [CML-0.00, CML-0.01, CML-0.02, CML-0.03,
CML-0.04, and CML-0.05], synthesized by using the sol-gel auto-com-
bustion method. This article discusses the systematic and thorough ef-
fects of lanthanum ions on the structural, optical, electrical, and
magnetic properties of Co-Mn-Li ferrite nanostructures.

2. Experiment and characterizations
2.1. Materials and synthesis route

The series of Cog.35Mny. 35Lip. 15Fex. 15.yLayO4 ferrites, where y = 0.00,
0.01, 0.02, 0.03, 0.04, and 0.05, were prepared by using the sol-gel
auto-combustion method. The chemicals Co(NO3),-6H0, MnCl,-4H50,
Fe(NO3)3-9H50, LiNOs3, and La(NO3)3-6H>0, were dissolved in distilled
water according to their stoichiometric calculations and continuously
stirred on a magnetic stirrer in a beaker at 353K for 2h. A separate
beaker with a magnetic stirrer was used to properly prepare a solution of
citric acid (CgHgO7) in distilled water with a metal ion to citric acid
molar ratio of 1:1. After thoroughly mixing all of the nitrate solutions,
ammonia was added dropwise until pH 7 was reached, citric acid was
added, and the mixture was constantly stirred. The solution was then
heated to form viscous gel, followed by self-combustion to produce fluffy
ash. The ash was ground to a fine powder and the powder was sintered at
973K for 9h in an oxidizing atmosphere in a muffle furnace using a
heating rate of 5Kmin~!. After sintering, the samples were furnace-
cooled naturally to room temperature and were again ground to a fine
powder. The powder was then used to make pellets of approximately
2 mm diameter by using a hydraulic press to measure the dielectric and
electrical properties of the samples. The synthetic route used for the
CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05
ferrites preparation is shown in Fig. 1.
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Fig. 1. Synthesis route for the CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 spinel ferrites sintered at 973 K for 9 h.

2.2. Characterization techniques Bruker X-ray diffractometer, Model D8 Advance. Crystallite size, X-ray
density, bulk density, lattice constant, packing fraction, porosity, strain,

Several common and sophisticated characterization techniques were and unit cell volume and surface area were among the many XRD
used to describe the prepared samples. To find the Bragg angle (260) properties that were carefully and painstakingly determined. The energy
inside the 20°-60° scanning window, XRD was carried out using radi- dispersive X-ray spectra were used to analyze the stoichiometry of the
ations from a filtered CuKa source with wavelength A = 1.5417 A using a produced samples (EDX). Two probes were used to assess DC resistivity

42369



A. Nadeem et al.

using a Keithley Model 2401 Source-meter IV measurement (current,
voltage, resistance measure meter). The commercial spectrometer
LABRAM-HR was used to record Raman spectra. UV visible spectroscopy
was performed by UV-DS, Model Lamda 25 for obtaining band gap en-
ergy. An IM3533 series LCR metre and impedance analyzer (IA) were
used to measure dielectric in the broad spectral window of 4 Hz to
8 MHz.

3. Results and discussion
3.1. Structural analysis

XRD analysis of the CML-0.00, CML-0.01, CML-0.02, CML-0.03,
CML-0.04, and CML-0.05 samples is shown in Fig. 2. The observed peaks
are indexed as (220) at 30.01°, (311) at 35.13°, (400) at 42.84°, and
(511) at 56.66°. The most intense peak was observed at 35.13° with the
Miller index (311). The extra peak at 206 = 44.65° corresponds to the
secondary phase of LaFeO3 and matches literature reports [16]. This
secondary phase does not match the cubic spinel phase structure and is
caused by trace levels of LaFeOg3 at the specimen's borders. It shows the
La®" ions' solubility limit and incorporation threshold in the spinel
ferrites system's cubic lattice [17]. Bragg's law, which is expressed as
follows, can be used to compute the interplanar distance dhkl.

n\
2sin 0

dp = (@]
where n =1 is the order of reflection, A = 1.5417 A is the wavelength,
and 0 is the Bragg angle.

The lattice parameters of the prepared sample were calculated using
the following formula

A=dpy [hz + IS + 12] 12

(2
where d is the interplanar (inter-layer spacing) distance between crys-
tallographic planes and (h k 1) are Miller indices.

The crystallite size (D), which is provided by the following expres-
sion/equation, was determined using Scherrer's formula.

Kk
Y

3)

Where D represents the crystallite size, k = 0.98 is the shape factor of the
material and is a dimensionless quantity, A represents the wavelength of
radiations used, g is the full width half maxima (FWHM), and 0 is the
Bragg angle [18].

It was observed from Table 1 that the lattice constant increases as the
doping concentration of La®>* increases up to y=0.03, and then de-
creases [19]. This characteristic is caused by the complete and efficient
incorporation of lanthanum ions into the spinel lattice structure at low

CML-0.05
e CML-0.04
== CML-0.03

CML-0.02
e CML-0.01
= CML--0.00

(a)

Intensity (a.u)
(200)
(400)
* LaFeO
(511)
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concentrations. Lattice expansion takes place because the ionic radius of
La®* is relatively and significantly larger than that of the Fe®" ions they
replace, which increases the value of the lattice constant. However,
some lanthanum cations have a tendency to disperse and migrate to the
grain boundaries during sintering, creating a thin, isolated intergranular
layer around the grains. At higher doping concentrations, less
lanthanum enters the sublattice, while more accumulates at the grain
boundaries. This grain-boundary LaFeO3 phase exerts an extrusion stress
on the crystal lattice. As the lanthanum concentration increases further,
the stress from the grain-boundary impurities becomes greater than the
internal stress from lanthanum in the lattice, causing the lattice constant
to decrease, reaching a minimum at high doping levels [20]. Similarly,
up to y = 0.03, the crystallite size (D) decreased with increasing La>*
concentration before increasing as a result of changes in the lattice
constant. Variations are also seen in the X-ray density, as shown in
Table 1. This variation is attributed to the presence of unavoidable pores
that form during synthesis and sintering.

The following formula was used for the calculation of X-ray density.

M
a’Ny

4

dx— ray =

where Z =8 for the spinel cubic structure, Np is Avogadro's number
(6.022 x 10%® mol’l), M is the molecular weight, and a is the lattice
parameter.

Bulk density dy, was calculated using the following formula:

m

-

(5)
In this case, h stands for the pellet's thickness and r for its radius. It was
discovered that changes in sample mass had an impact on the bulk
density, which is very mass-dependent.

The porosity (p%) was calculated using the formula,

1%

d (6)

pY%=
Where dy, is the bulk density and dy is the x-ray density.
Unit cell volume and packing fraction were calculated using formula

)

Unit cell volume =V =a®

Where a is the lattice constant.
The packing fraction (P) provides information about the compact-
ness of the material and was calculated as:

Packing fraction (P) (8)

“dw

Where D represents the crystallite size of the synthesized samples and
dpy is the inter-planer distance.

(b)

Intensity (a.u)

N
N—

40
20 (deg)

35.4 35.6

20 (deg)

35.2

Fig. 2. (a) Powder XRD patterns of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 spinel ferrites, and (b) magnified view of the 311 peak from

35.2 to 36.6°.
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Table 1

Calculated XRD parameters for CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 ferrites.
Parameters Samples

CML-0.00 CML-0.01 CML-0.02 CML-0.03 CML-0.04 CMLO0.05

a (A) 8.38 8.40 8.40 8.47 8.45 8.39
d (A) 2.52 2.53 2.53 2.55 2.54 2.53
D (nm) 19.6 18.8 18.7 18.2 18.3 22.5
dx (gcmfs) 5.07 5.03 5.07 4.96 5.02 5.15
\" (A)3 589.45 64.5% 595.48 64.55% 593.85 64.5% 608.15 64.03% 604.18 66.1% 590.82 67.4%
p% 64.5% 64.55% 64.5% 64.03% 66.1% 67.4%
Strain (g) 0.156 0.155 0.155 0.153 0.153 0.156
P 77.72 88.92 74.23 71.38 71.68 89.30
S (mz/g) 60.21 52.79 62.89 66.20 65.40 51.53
dyp (gcmfs) 1.78 1.79 1.80 1.82 1.72 1.68
Rwp 45 62 69 54 48 33
Rexp 31 40 47 36 29 22
x2 1.45 1.55 1.47 1.50 1.66 1.50

Strain represents the lattice distortions present within the crystal
lattice and calculated using formula

B
4 tan 6

Strain= & = (C))

Where dpy is inter-planner distance, and surface area was calculated as:

6000,
dx

Surface area=S = D (10)

Where dy is x-ray density and D is crystallite size.

According to Table 1, the bulk density first increased with increasing
La®* doping concentration up to y = 0.03 before progressively declining.
The reason for this variance is that lanthanum ions have a substantially

23
== Crystallite size (nm) (a)
== X-ray density k515
22 4
k5.
214 10
201 L 5.05
19 4
= 5.00
18 4
T T T T T T 4.95
CML-0.00 CML-0.01 CML-0.02 CML-0.03 CML-0.04 CML-0.05
58.5 4 (© w
58.0 4 /\
57.5 4
57.0 4
56.5 +
=Y= porosity \,\( {
56.0 1 strain ) \/

T T T T T T
CML-0.00 CML-0.01 CML-0.02 CML-0.03 CML-0.04 CML-0.05

higher atomic mass than iron ions. All samples had bulk densities
ranging from 1.68 to 1.82 g/cm® and X-ray densities ranging from 4.96
to 5.15 g/cmg. The porosity (p%) also shows variation, as it is defined as
the ratio of bulk density to X-ray density; thus, changes in density values
lead to corresponding changes in porosity. Porosity (p%) exhibits a
nonlinear trend with increasing lanthanum content. Other parameters,
including specific surface area S, strain &, unit cell volume V, and
packing fraction P, were also calculated and are listed in Table 1 and are
shown in Fig. 3. Rietveld refinement XRD patterns of CML-0.00, CML-
0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 spinel ferrites are
shown in Fig. 4, obtained by using FULLPROF program. Several R-fac-
tors, such as the weighted profile factor (Rwp), expected factor (Rexp),

. Ri . .
and goodness-of-fit ( y? = R:)’(’;,), which is frequently used to evaluate the

8.48
1.84 4 |=v¢= bulk density
=¢= lattice constant

1.82 1 L 8.46
1.80 4
1.78 o - 8.44
1.76 4

R 8.42
1.74 +
1.72 + L 8.40
1.70 4

- 8.38
1.68 1
848 CML.-0.00 CML.—0.0I CML.-().02 CML.—O.()S CML.—O.(M CMI:-0.05

F 8.275
8.46 + L 8.270

- 8.265
8.44 4

k 8.260
8.42 1 L 8.255

F 8.250
8.40 4

k 8.245

=-Y= Experimental Lattice Constant

8.381 =7 = Theoretical Lattice Constant L 8.240

T T T T T T
CML-0.00 CML-0.01 CML-0.02 CML-0.03 CML-0.04 CML-0.05

Fig. 3. Calculated XRD parameters: (a) crystallite size and X-ray density, (b) bulk density and lattice constant, (c) porosity and strain, and (d) experimental and
theoretical lattice constant for CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 spinel ferrites.
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Fig. 4. (a-f) Rietveld refinement patterns of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 spinel ferrites.

quality of the fitting process, are utilized to measure the reliability of the
refinement. Table 1 summarizes the revised parameters determined

from the Rietveld refinement study.

3.2. Cation distribution

Table 3

Cationic distribution estimated for CML-0.00, CML-0.01, CML-0.02, CML-0.03,
CML-0.04, and CML-0.05 using XRD analysis.

Octahedral site

Equations (11) and (12) were used to get the ionic radii rp(A) and Samples  Tetrahedral site
o ] :
rg(A). Table 2 listed the cationic radii of Co, Mn, Li, Fe, and La, while CML- [€00.07Mno.0175Li0.015F€0.4837] [Coo.28Mno,3325Li0.135F€1.6662La0]
000 A BO,
CML- [Coo.07Mng,0175Li0.015F€0.4837] [Coo.26Mno 3325Li0.135F€1.6562L0.01]
Table 2 0.01 A BO4
The cationic radii of Co, Mn, Li, Fe, and La ions. CML- [C0o.07Mng.0175Li0.015F€0.4837] [Coo.28Mnyg 3325Li0.135F€1.6462L30.02]
X X ” ” 0.02 A BO,
Elements A-site (%) B-site (%) 1A (A) 15 (A) . .
A 5 CML- [Coo.07Mno,0175Li0.015F€0.4837] [Coo.28Mno 3325Li0.135F€1.6362L20.03]
Co 20 80 0.58 0.74 0.03 A BO,4
Mn 5 95 0.66 0.83 CML- [Coo.07Mng,0175Li0.015F€0.4837] [Coo.26Mno 3325Li0.135F€1.6262L20.04]
Li 10 90 0.74 0.90 0.04 A BO4
Fe 22.5 77.5 0.49 0.64 CML- [Coo.07Mng 0175Li0.015F€0.4837] [Coo.28Mno 3325Li0.135F€1.6162L20.05]
La - - - 1.06 0.05 A BO4
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Table 3 listed a potential cationic distribution.

T = Cacol (C0*") + CamaT (Mn?*) + Cayir (Li'™) + Caper (Fe?*) an

Ta :% [CACOr(C02+) + CAMnr(MnH) + CALir (Li1+) + CAFer(Fe“)

+ Carar(La")]

12)

Because lanthanum ions do not occupy the tetrahedral site, Table 4
demonstrated that the values of ra (}0\) can stay constant, whereas the
values of rg (A) progressively increase as a result of the incorporation of
La®" ions into the octahedral site, which has an ionic radius of 1.06°
greater than that of Fe>* ions (0.64°).

Equation (13) provided the relationship that was used to derive the
theoretical lattice constant. ay = % [(rA +Ro) +V3 (3 +Ro)} 13)

Here, Ry is the oxygen ion radius, which is equal to 1.32 f\, while ra
and rp stand for the ionic radius at tetrahedral and octahedral sites,
respectively.

Table 4 displays the computed values of a th, which exhibit a sys-
tematic and progressive increasing trend as a result of the doping of a
dopant element with a greater ionic radius than the local iron ion radius
(Fe3+). The tolerance factor (T) was calculated using the relation shown
in equation (14).

1 ra + Ry 1 Ry
V3 (rB +Ro) - V2 (rA +Ro> (14)
The spinel structure is confirmed using the tolerance factor (T),
which is equal to 1 for an ideal spinel. The small deviation of the
tolerance factor from unity (as shown in Table 4) is attributed to the
incorporation of La>* ions, which slightly distort the spinel structure.
The oxygen positional parameter (U) was calculated using relation
15.

1 1

U=(ra +RO)\/§a+4 (15)

From the literature, the standard value of the oxygen positional
parameter (u) is 0.375 A. The slight deviation in the observed values (see
Table 4) is attributed to the anion displacement caused by the incor-
poration of La®* ions [21]. The variation in the experimental lattice
constant at high doping concentrations is attributed to charge accumu-
lation at the grain boundaries and the solubility limit of La" ions in the
spinel structure.

3.3. EDX analysis

EDX was utilized to confirm elemental composition of the
Cog. 35Mny. 35Lig. 15Fe. 15.yLa,04 nanoparticles (where y = 0.00-0.05) and
the EDX pattern is shown in Fig. 5. The presence of Co, Mn, Fe, O, and La
was confirmed by the peaks, indicating that La®>" had been successfully
substituted in cobalt-manganese ferrites. This proves that no integrated
components were tainted or lost. Due to its low atomic number (Z),
which is less than the sensitivity of EDX, the element lithium (Li) is
actually invisible in the spectrum [22]. The observed Li-ion ratio is
evidently almost constant and closely matches the necessary chemical
formula [23]. The following relation was used to compute the number of

Table 4
Different XRD parameters of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-
0.04, and CML-0.05 ferrites.

Samples ra (A) 5 (A) ag (A) U A) T
CML-0.00 0.3002 0.8354 8.2422 0.3635 1.0100
CML-0.01 0.3002 0.8375 8.2478 0.3634 1.0097
CML-0.02 0.3002 0.8396 8.2590 0.3634 1.00924
CML-0.03 0.3002 0.8417 8.2560 0.3633 1.0088
CML-0.04 0.3002 0.8438 8.2646 0.3632 1.0084
CML-0.05 0.3002 0.8468 8.2726 0.3631 1.0078

Ceramics International 52 (2026) 42367-42381

moles of each element from EDX data [24].

No of moles (Me) — Observed wt% (Me) x molecular wt of sample
B atomic wt of (Me) x 100

The calculated numerical quantities for EDX analysis are given in
Table 5. Samples with the required composition have been synthesized,
even if the measured values from EDX and the anticipated values of the
elements are not comparable. The concentration of Fe decreased when
the La content was added to the CMLF-0.05 sample. The EDX exami-
nation of weight % of elements indicates that the samples have the
required compositions and that the required elements are present in the
required ratio.

3.4. Optical properties

Solution of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04,
and CML-0.05 ferrites in de-ionized water was made for obtaining UV-
Vis spectra. In this process, non-bonding electrons are stimulated by
UV-light by giving them energy, and these electrons subsequently
interact with anti-bonding electrons in excited states. The band gap
energy value was calculated using the Tauc relation

ahv = (ho — Eg)™ (16)

Here ho is the photons energy hitting the targeted sample, a is the ab-
sorption coefficient, Eg is the optical bandgap energy, and m has values
1/2 or 2 depending upon the gap between valence and conduction band.
Indirect permissible transitions have m = 2, while direct allowed tran-
sitions have m = 1/2. The direct transition model (m = 1/2) was used in
this investigation based on earlier results for spinel ferrites.

Absorption coefficient a was calculated as
a— (2:303)log(4) an

t
Here t is 1 cm showing cuvette's width.

A material's optical bandgap is frequently influenced by a number of
factors, including grain size, dopant concentration, lattice structure
parameters, lattice strain, surface effects, and the presence of structural
and chemical impurities inside the lattice system [25]. As the concen-
tration of La>* increased, a decrease in the bandgap energy is observed,
which could lead to defect formation, lattice deformation, and localized
states. The larger ionic radius of La>" influence the optical absorption
behavior, loosening the bonding of the outermost electrons, requiring
less energy to remove them from the crystal lattice. The direct bandgap
energy was found to range from 2.76 to 1.75 eV, as shown in Fig. 6 and
listed in Table 6 while the indirect bandgap energy value was ranged
between 2.92 eV and 1.23 eV shown in Fig. 7 and listed in Table 6. The
bandgap energy, which is inversely related to the La>* doping concen-
tration, is trending downward in the corresponding graph. The direct
and indirect bandgap energy (Eg) dropped as the bonding strength of the
outermost electrons decreased with increasing La®" content [26].
Although both direct and indirect bandgaps have reasonable energy
values, the direct bandgap plots exhibited a more reliable extrapolation
to the energy axis.

3.5. Raman analysis

The Raman spectra of the synthesized samples exhibited five peaks in
the range of 200-750 cm™}, corresponding to the presence of five
different cations in the structure, as shown in Fig. 8 and Table 7. The
force constants linked to the vibrations of the corresponding cations in
the unit cell and are shown by the sub-peaks that were created from each
peak.

The symmetric stretching of the (Fe/M)-O bond is represented by
A,g in the Raman spectra, whereas the equivalent asymmetric (anti-
symmetric) stretching is represented by Tz¢(2). T2g(3) represents anti-
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Fig. 5. EDX spectra for La-substituted CMLF-0.00 and CMLF-0.05 samples.

Table 5
Calculated EDX parameters of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 ferrites.
Samples Formula Elements Atomic wt% Weight % (Expected) Weight % (Experimental) % error
CMLF-0.00 Cog.35Mng.35Lig.15F€2.1504 Co 5.00 9.17 8.88 3.16
Mn 5.00 8.55 7.79 8.89
Fe 30.71 53.37 52.30 2.00
La 0.00 0.00 0.00 0.00
o 57.14 28.45 27.98 1.65
CMLF-0.05 C0g.35Mng.35Lig.15F€2.10La0.0504 Co 5.00 9.00 8.97 0.33
Mn 5.00 8.39 8.32 0.83
Fe 30.00 51.19 51.06 0.25
La 0.71 3.03 2.78 8.25
(6] 57.14 27.93 27.80 0.47
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Fig. 6. Direct energy bandgap values of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 ferrites.

Table 6
Energy band gap values of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-
0.04, and CML-0.05 ferrites.

Samples Direct bandgap Energy E; (eV) Indirect bandgap Energy E, (eV)
CML-0.00 2.76 2.93
CML-0.01 2.28 2.83
CML-0.02 2.06 2.85
CML-0.03 1.93 2.58
CML-0.04 1.80 2.86
CML-0.05 1.75 1.23

symmetric vibrational modes, while Eg represents anti-symmetric Fe-O
bond bending vibrations. Since each peak in these five Raman modes is
characteristic of the spinel lattice structure, the spinel structure is
confirmed. The disruption and modification of cation distributions in the
spinel structure caused by lanthanum doping is confirmed by peak po-
sition shifts and intensity variations (power adjustments) in Raman
spectra concerning bond length, electronegativity, and stability of
vibrational modes at octahedral and tetrahedral sites of the vibrating
species [27]. The substitutional incorporation of La3" ions and the
resulting lattice distortion resulted in progressive broadening of Raman
bands with increasing La>* concentration, which indicates an incease in
structural disorder and microstrain inside the crystal lattice.

3.6. Dielectric analysis

The dielectric properties of La>* doped series of CML-0.00, CML-
0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 were studied using
LCR technique under the frequency range of 4Hz to 8 MHz. Fig. 9(a)
illustrates how the dielectric constant (¢) varies with log(frequency).
The graph displays a slow and steady dropping trend in ¢ with
increasing La®* doping concentration, indicating that the dielectric
constant steadily decreased as the doping level increased, consistent
with the literature [28]. The decrease in ¢ with frequency in soft ferrite
systems is caused by the polarization mechanisms according to which at
low frequencies, charge carrier hopping is simple and leads to higher
dielectric value responses and at higher frequencies, hopping is more

complex and constrained, leading to a decrease in the dielectric constant
value. Furthermore, polarization is changed by charge accumulation at
grain boundaries as a result of La>* incorporation. Sintering tempera-
ture, grain size, stoichiometry, synthetic process, cation ratio, and ox-
ygen parameter are some of the other parameters that affect the
dielectric constant [29]. The addition of La®" ions results in a decreasing
trend in dielectric loss when frequency shifts from 4Hz to 8 MHz,
demonstrating an inverse relationship between frequency and dielectric
loss.

The dielectric constant (&) and dielectric loss (tande) graphs clearly
showed that both show high values at low frequencies and drop with
increasing frequency, which is typical for ferrites [30]. However,
dielectric loss (¢”) decreased rapidly with increasing frequency, whereas
the dielectric constant shows a more gradual decrease and becomes
nearly frequency-independent at high frequencies, consistent with
literature reports [31], as shown in Fig. 9(b).

Dielectric tangent loss (tande) is the ratio of dielectric loss to the
dielectric constant, which measures the electrical energy loss as heat
when an external electric field is applied to the prepared samples at
different frequencies.

Tan S — dielectric loss

- 7 18
dielectric constant as)

It was found that the dielectric tangent loss decreased with frequency
at room temperature and has high values at low frequency, shown in
Fig. 10(a). At low frequencies, conducting grains are more visible than
comparatively thinner grain boundaries, which resulted in a significant
dielectric tangent loss (tande). The Q-factor provides the connection
between stored energy and the rate of energy dissipation in electrical
device systems. As a result, the nonlinear trend represents the normal
and unique behaviour of ferrites as reported in the literature, and Q-
factor values offer useful information about the manufactured La®*
doped samples [32]. The variation in Q-factor with log(f) is shown in
Fig. 10(b) clearly. The graph showed that the value of Q-factor increased
by adding La>" ions concentration in each sample such that varies as y
from 0 to 0.05.

AC conductivity was calculated using relation
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Fig. 7. Indirect energy bandgap values of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 ferrites.
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Fig. 8. Relationship between Intensity and Raman shift of CML-0.00, CML-
0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 ferrites.

Table 7
Raman absorption peaks for different La>" doping concentrations.
Parameters Samples
CML- CML- CML- CML- CML- CMLO0.05
0.00 0.01 0.02 0.03 0.04
Tag(1) 295 294 292 293 294 294
Eg 315 313 310 314 316 315
Tag(2) 480 480 481 483 483 482
T2g(3) 532 532 530 532 532 531
Aig 608 607 609 610 608 608

Gac = 27f X tan e (19)
A direct correlation between frequency and ac conductivity was shown
in the accompanying graph. The hopping electrons of the same elements
with several valence states are what give ferrites their conductivity.
According to Koop's theory, grain boundaries are more active at low
frequencies, which prevents electrons from moving freely. As a result,
hopping is reduced and low ac conductivity is observed at low fre-
quencies. They show a relatively high value of permittivity at low fre-
quencies, where the grain boundary impact is more apparent, because
the thickness of the barrier layer (formed by charge accumulation at
grain boundaries following the addition of La>* ions) and capacitance
have an inverse relationship, i.e., Co 1/d (where d is thickness). High
frequencies cause an increase in grain activity, which promotes electron
hopping between Fe?* and Fe>' cations and actively aids in the for-
mation of new charge carriers. This behaviour boosts ac conductivity
and decreases obstacles to charge mobility, which is consistent with the
literature [33]. The change in the impedance with respect to frequency
is shown in Fig. 11(a). The impedance value steadily drops as the fre-
quency increases, indicates an increase in ac conductivity. In Fig. 11(b),
the impedance vs. frequency plot gives an indication of an increase in
conduction with frequency, which infers that the ferrites behave like a
semiconducting material [34].

3.7. IV analysis

Current-voltage measurements were taken for the study of the elec-
trical properties of the prepared samples shown in Fig. 12. A hydraulic
press was used to create the pellets, and silver paste was applied to the
disk-shaped pellets to facilitate conduction. Electrical characteristics
like DC resistivity were computed at various temperatures, ranging from
ambient temperature to 400K, using the two-probe method. DC re-
sistivity was calculated using the formula:
P=T (20)
where p, A, R, and L represents the resistivity, area of pellet, resistance,
and thickness of pellet, respectively.
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Fig. 11. The dependence between (a) ac conductivity and log of frequency, and (b) impedance and log of frequency.

Fig. 13 showed a decrease in the value of resistivity when doping
concentration is increased, with a minimum value at y = 0.04. This is
due to the replacement of La>" ions with Fe>" ions at the octahedral site.
Also, the logarithm of resistivity decreases as temperature increases.
Charge hopping is caused by various electron transfer channels, such as
Fe3*_Me and Fe?*-Fe>" in the produced nano-ferrites. Electrical prop-
erties were systematically changed as a result of the partial replacement
of RE cations for Fe®*, which results in lattice distortion, structural
deformation, and internal strain in the spinel matrix framework [35]. At
octahedral (B) sites, La®" cations exhibit a high preferred occupancy.
Consequently, the mobility and concentration of charge carriers
increased, leading to enhanced electrical conductivity [36]. The
Arrhenius plots (log p vs 1000,/T) for La®>* doped Co-Mn-Li nano-ferrite
are shown in Fig. 13. Fig. 13 has two regions, the first region starts from
305 to 345K and the second region from 345K to above, in between
them there is transition temperature. Before the transition temperature,

the region is ferromagnetic; beyond that, it changes into a paramagnetic
phase. The activation energy Ea, of the prepared nanoparticles is
calculated using:

E. =2.303 x kg x 10® x slope (eV) 21
Here kg is the Boltzmann constant. The activation energy (Ea = Ep — Ef)
[37] is calculated and listed in Table 8. The activation energy first
decreased and then increased and decreased in the later end shown in
Fig. 14.

3.8. Magnetic analysis

The La®'-substituted CML-0.00, CML-0.01, CML-0.02, CML-0.03,
CML-0.04, and CML-0.05 samples' hysteresis loops (M — H loops) with a
comparatively low coercive field are clearly displayed in Fig. 15. The
computed magnetic parameters for each sample under investigation are
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Table 8

Calculated values of activation energy.
Samples Te (K) E, E¢ E, = E,-E¢
CML-0.00 341 0.70 —0.30 1.00
CML-0.01 345 0.65 -0.28 0.93
CML-0.02 342 0.43 —0.26 0.69
CML-0.03 343 0.69 —0.36 1.05
CML-0.04 336 0.64 -0.29 0.91
CML-0.05 338 0.24 -0.28 0.52

shown in Table 9. The CML-0.01 sample displayed maximum saturation
magnetization (Mg) of 156.16 emu/g and remanent magnetization (Mr)
of 40.49 emu/g, whereas the CML-0.05 sample displayed minimum Ms
of 73.69 emu/g and remanent magnetization of 12.41 emu/g. This
might be due to the CMLF spinel lattice structure's substitution of
nonmagnetic La>" ions replacing Fe>* ions. In addition, small amounts
of lanthanum could lead to decrease in spin canting, stronger magnetic
ordering and reduced surface spin disorder. These effects may have
resulted in temporarily outweigh the magnetic dilution caused by La
ions and resulted in increased Ms value at initial incorporation.
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Fig. 15. M —H loops of the as-synthesized CML-0.00, CML-0.01, CML-0.02,
CML-0.03, CML-0.04, and CML-0.05 ferrites with varying La>" concentration.

Following that, Ms progressively decreased as the La>" doping concen-
tration increased, reaching 73.69 emu/g for the CML-0.05 sample. A-B
interactions between magnetic sublattices, particle size, and cation
distribution all have a significant impact on the magnetic properties of
the SFs [38-41]. The notable increase in Mg for x = 0.01 is caused by the
rearrangement and redistribution of cations inside the A- and B-sites of
the spinel lattice. The effect of substituting non-magnetic La>" for Fe>*
(5 pB), the prominent primary contributor to the magnetic characteris-
tics at the B-site of the SFs, may be explained by the much reduced and
weakened A-O-B super-exchange interaction mechanism. The cation
content at the A- and B-sites inside the crystal lattice framework is
known to have a major impact on the magnetic characteristics of SFs
with the ABO4 spinel crystal matrix system. Exchange interactions be-
tween A-A and B-B sites form AByO4, whereas superexchange in-
teractions are represented by (A-B). Compared to the (A-A) and (B-B)
interactions, the (A-B) interaction shows significantly stronger and
more dominant magnetic coupling interactions inside the spinel system.
Due to the occupancy of La®>" ions, the concentration of Fe>* ions at the
SFs' B-site systematically decreased. This reduced the (B-B) contacts
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Table 9
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Calculated magnetic values of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 samples.

Samples Calculated Parameters
Ms Mr Hc Sq pi IB ®m K

CML-0.00 120.9 33.6 232 0.2779 9.82 4.86 2.66 x 10*° 29210
CML-0.01 156.2 40.5 233 0.2593 12.12 6.31 3.44 x 10%° 37820
CML-0.02 134.6 37.8 388 0.2809 6.22 5.46 2.97 x 10%° 54417
CML-0.03 104.5 20.2 387 0.1933 4.72 4.25 2.30 x 10*° 42127
CML-0.04 95.54 13.4 311 0.1407 5.39 3.90 2.11 x 10%° 30901
CML-0.05 73.69 12.4 229 0.1684 6.99 3.02 1.62 x 10%° 17540

and, consequently, the (A-B) super-exchange interactions across sub-
lattices across the crystal lattice. Stated differently, the B-site magnetic
behaviour in SFs lattices is mostly caused by the strongly magnetic Fe>*
(5uB) ions. The B-B (Fe3*-Fe®") interactions steadily reduced when
non-magnetic La®" ions eventually replaced magnetic Fe>™ ions.
Therefore, a comparable and overall drop in the net magnetic moment
can be linked to a decrease in the magnetic moment with increased La®*
doping [42,43]. The sample CML-0.05 had a minimum coercivity of
228.5 Oe, while the maximum coercivity (HC) for CML-0.02 was 388 Oe.
At low La concentrations, the increase in strain and local lattice
distortion may enhance domain-wall pinning, leading to higher Hc,
whereas at higher La concentrations the combined effects of magnetic
dilution and structural modifications facilitate domain-wall motion,
resulting in reduced coercivity. The materials' soft magnetic nature is

indicated by their low coercivity values, which are advantageous for
dielectric and magnetic properties [44]. Although Brown's relation
predicts an inverse dependence of coercivity on saturation magnetiza-
tion, this relationship is not always strictly followed in nanocrystalline
ferrites because coercivity is also influenced by crystallite size, lattice
strain, magnetocrystalline anisotropy, and domain-wall pinning. The
simultaneous increase in Ms and Hc observed for the CML-0.01 sample
may be attributed to improved magnetic ordering and reduced spin
canting, which enhance Ms, together with increased lattice distortion
and strain that strengthen domain-wall pinning and increase Hc. Grain
size, surface effects, and the movement of domain walls within the
material microstructure are some of the significant extrinsic factors that
affect the coercivity behaviour. Lastly, the doping of the La®" ion into
the lattice with the Fe>* jon may be the cause of the change in magnetic
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Fig. 16. Calculated magnetic parameters of the as-synthesized CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05 ferrites with varying La3*

concentration.
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properties. This could affect the Fe>" ion's magnetic moment alignment,
which alters and systematically rearranges the Fe>" ion arrangement
inside the crystal structure framework. The soft magnetic characteristics
of CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05
samples were gradually and methodically changed by La* doping,
making them appropriate for high-frequency applications including
inductor cores, circulators, and high-frequency electronic devices de-
vices. As shown in Table 9, the squareness ratio (Sq = Mr/Ms) signifi-
cantly and constantly dropped with increasing La®" content; for the
CML-0.04 sample in particular, the minimum Sq was found to be 0.14.
Particle magneto-static interaction effects are represented by the value
of "Sq," which is less than 0.5. As a result, the Sq ratio for each of the
CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05
samples demonstrated the particle contact controlled by magnetostatic
interaction between nearby grains/particles. The anisotropy constant
(K) was calculated by K = zvg.xggc and the value of “K” is affected by both
Ms and Hc parameters. Initial permeability was calculated by y; = MfKXD 3
where K is the magnetic anisotropy constant, D is the crystallite size, and
Ms is the saturation magnetization. The magnetic moment was calcu-
lated by using the formula pp =¥ and found in the range of
3.02-6.31 pp, as shown in Fig. 16 [45]. Due to its strong dependence on
saturation magnetization, the magnetic moment shows a similar and
constant pattern [46]. The microwave operating frequency was calcu-
lated using oy = 81°Msy (where y = 2.8 MHz/Oe is the gyromagnetic
ratio) [47], and values of “oy,” were found to be in the gigahertz range as
seen in Table 9. The microwave frequency response characteristic of
CML-0.00, CML-0.01, CML-0.02, CML-0.03, CML-0.04, and CML-0.05
samples makes them a good option for high-frequency based

applications.

4. Conclusion

Lanthanum-doped Co-Mn-Li soft ferrites were synthesized via the sol-
gel route. Characterization was performed using XRD, Raman, UV-Vis,
LCR, and IV techniques. The predominantly cubic spinel structure was
confirmed by XRD data, and the intense peaks of each sample appeared
at an average angle of 35.28° with Miller indices (311) with a minor
peak of LaFO3 was observed for CML-0.05 sample. XRD analysis was
used to calculate lattice characteristics, including bulk density, X-ray
density, crystallite size, lattice constant, and others. Furthermore, EDX
proved a homogeneous distribution of cobalt, manganese, iron and
lanthanum cations with no peaks observed for lithium cations. Raman
shifts varied with La®>* doping, as confirmed by Raman data. UV-Vis
study showed the band gap energy decreasing from 2.76 to 1.75 eV. DC
resistivity, obtained from IV analysis, showed a decreasing trend with
increasing temperature. LCR measurements provided information about
dielectric constant, dielectric loss, and ac conductivity trends with fre-
quency. AC conductivity increased with increasing frequency. Overall,
the results indicate that the prepared ferrite samples exhibit
semiconducting-like behavior. La®>* substitution in the spinel lattice
systematically reduces saturation magnetization and coercivity while
maintaining soft magnetic behavior potentially suitable for future high-
frequency electronic applications.
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