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Abstract - Spinel ferrite nanostructures have attracted considerable attention due to their tunable structural and magnetic
characteristics, yet direct comparisons across closely related synthesis variants remain limited in the literature. This study
presents a systematic, multi-technique characterization of three nanostructured ferrite variants, AASS5, ABS5, and ACSS,
synthesized under progressively modified conditions, using X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and
Vibrating Sample Magnetometry (VSM). Scherrer analysis revealed that ABSS5 exhibits a mean crystallite size of 29.89 nm, which
is 29.1% larger than that of AASS5 (23.15 nm), accompanied by a 17.1% reduction in mean lattice microstrain (3.35 x 107 vs.
4.04 x 1073) and a 28.7% decrease in dislocation density (1.677 % 1073 nm™2 vs. 2.351 x 107 nm™). These findings were
independently confirmed through Williamson—Hall analysis. VSM measurements across three ferrite compounds, cobalt, copper,
and zinc ferrite, demonstrated compound-specific magnetic responses that can be interpreted through established structure—
property relationships. Notably, ABS5 copper ferrite achieved the highest saturation magnetization (M; = 25 emu g™') and the
lowest coercivity (H = 750 Oe) among the three variants, consistent with predictions based on reduced defect density and
improved crystallinity. ACS5 cobalt ferrite attained the highest saturation magnetization (M = 75 emu g), making it well-suited
for hard-magnetic applications. Collectively, the structural, morphological, and magnetic data establish ABS5 as the
magnetically softest and structurally most ordered of the three materials, with promising potential in soft-magnetic devices,
microwave-absorbing composites, and functional nanomaterial platforms. The analytical methodology integrating Scherrer,
Williamson—Hall, SEM, and VSM with cross-validation provides a transferable framework for characterizing nanostructured
magnetic material systems.

Keywords - Spinel Ferrite, Nanostructured Magnetic Materials, X-Ray Diffraction, Scherrer Equation, Williamson-Hall
Analysis, Vibrating Sample Magnetometry, Crystallite Size, Microstrain, Dislocation Density, Structure-Property Relationship.

1. Introduction

One of the most studied families of functional magnetic
oxides is the spinel ferrites with the general formula MFe204
(M = Co, Cu, Zn, Ni, Mn, or mixed cations). They are
technologically important due to a combination of chemical
stability, tunable magnetic response, and broad applicability
in fields from high-frequency electronics to environmental
remediation. There is a wealth of literature for individual
ferrite systems, but a marked deficiency in comparative multi-
technique studies isolating the effect of synthesis conditions
on the structural and magnetic performance of closely related
compositional variants.

Addressing this gap is important because the same
changes in synthesis parameters, such as annealing
temperature, precursor, stoichiometry, or milling duration, can

produce measurable differences in crystalline size, internal
strain, and defect density, all of which ultimately govern the
functional magnetic properties.

Cobalt ferrite (CoFe204) is a well-known hard magnetic
material with a large magnetocrystalline anisotropy constant
(K1 ~3 %1075 Jm"-3) and high coercivity, which are suitable
for permanent magnet applications, high-frequency inductors,
and microwave absorbers [4, 5]. On the other hand, copper
ferrite (CuFe204) is magnetically soft, and its electrical and
catalytic properties are strongly influenced by the Jahn-Teller
distortion of the Cu2+ ion, and it is used in photocatalysis,
humidity sensing, and electromagnetic interference shielding
[6, 7]. Bulk zinc ferrite (ZnFe 2 O 4 ) is intrinsically
paramagnetic, but at the nanoscale, it can show weak
ferrimagnetism due to a partial inversion of the normal spinel
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cation distribution that places Fe 3+ ions on both tetrahedral
and octahedral sites [8]. These three compound types span a
range of magnetic hardness values, making them ideal
candidates for a comparative study.

The motivation of this work is the research gap of a direct,
controlled comparison of synthesis variants (AASS, ABSS,
and ACS5) prepared under systematically varied conditions.
Unlike other studies that usually characterize a single set of
samples or change only one synthesis parameter, this study
uses a concerted analytical suite (powder XRD, Scherrer and
Williamson-Hall analyses, field-emission SEM, and room-
temperature VSM) to extract structural, morphological, and
magnetic information at the same time.

The aims of this study are: (i) quantification of the
crystallite size, lattice microstrain and dislocation density for
all three variants by means of complementary XRD methods,
(i1) investigation of the grain morphology and agglomeration
behavior by SEM; and (iii) to determine saturation
magnetization, coercivity and remanence for cobalt, copper,
and zinc ferrite compounds using VSM, and to interpret the
results within a unified structure-property framework.

2. Materials and Methods
2.1. Sample Preparation

High-purity precursor reagents (purity >99.9%) were
weighed in stoichiometric ratios and processed under
controlled laboratory conditions to prepare three sample
variants, AASS5, ABSS5, and ACS5. AAS5 was prepared under
standard conditions and used as a baseline reference. ABSS5
and ACS5 were synthesized under increasingly modified
synthesis  parameters, including elevated annealing
temperatures (700 °C to 900 °C), adjusted precursor
stoichiometries, and extended milling durations (4—8 hours) to
promote greater crystallinity and more complete grain
development.

All synthesized samples were stored at room temperature
and pressure. The synthesis was not followed by any post-
processing treatments, such as surface modification or
secondary annealing, so that the structural and magnetic
differences can be directly associated with the differences in
synthesis conditions. The choice of three variants allows the
effect of synthesis modification to be assessed in a graded
fashion, with AAS5 as the control and ABS5 and ACSS5
representing incremental departures from that baseline.

2.2. X-Ray Diffraction

XRD patterns were recorded with a diffractometer using
Cu Ko radiation (A = 0.15406 nm) at room temperature in a 20
range of 20° to 80° with a step size of 0.02° and a dwell time
of 1 s per step. The raw patterns were background subtracted,
and Ka_2 stripped and then fitted with pseudo-Voigt peaks to
obtain the Full Width at (FWHM) values. The crystallite size

D was Half Maximum calculated for each resolved reflection
using the Scherrer equation [13]:

KA
b= Bcos6 (1)

Where the Scherrer shape factor (K = 0.89), the X-ray
wavelength (1), the FWHM in radians (), and the Bragg angle
(0). The lattice microstrain was calculated according to the
formula of € = B cos® / 4, and the dislocation density was
calculated as & = 1/D? [14]. Williamson—Hall (W—H) analysis
was performed by plotting cosf against 3 sinf, and the slopes
of the linear fits give independent microstrain estimates, and
the y-intercepts give independent crystallite size values. A
consistency check was provided by cross-validation of results
obtained from Scherrer and W—H.

2.3. Scanning Electron Microscopy (SEM)

SEM micrographs were obtained on a field emission
instrument at an acceleration voltage of 15 kV. Samples were
sputter-coated with about 5-8 nm gold/palladium prior to
imaging to prevent surface charging. Powder specimens were
spread on aluminum stubs mounted with carbon tape and
imaged at 5,000x to 50,000x. Micrographs were manually
analyzed using ImageJ (v1.54) to determine the grain size
distributions by drawing a minimum of 50 grains per sample,
and the results were reported as mean + standard deviation.

2.4. Vibrating Sample Magnetometry (VSM)

Room temperature Magnetic Hysteresis (M-H) loops
were recorded on a vibrating sample magnetometer with a
bipolar field applied and swept from +15 kOe to -15 kOe,
sufficient to reach saturation for all three ferrite compound
types. Each sample set (AASS5, ABS5, and ACSS5) was
characterized for three types of compounds: Cobalt ferrite,
copper ferrite, and zinc ferrite. From each loop, the main
magnetic  parameters were determined:  Saturation
Magnetization M s (emu g-1), Coercive Field H ¢ (Oe), and
Remanent Magnetization M r (emu g-1). All measurements
were done in triplicate to check reproducibility, and the values
reported are the average with uncertainties of less than +2%
for M; and £5 Oe for Hc.

2.5. Methodology Flowchart

The eight-step analytical workflow used in this study is
summarized in Figure 1. The first step (sample preparation)
set the baseline in AASS5, and the modified variants in ABS5
and ACSS. The second step was obtaining the XRD pattern.
Steps 3a and 3b (Scherrer and Williamson-Hall analyses,
respectively) were performed in parallel and reconciled at Step
4 to verify internal consistency. The crystallographic
parameters obtained in Step 4 were then correlated with SEM
grain morphology (Step 5) and VSM magnetic data (Step 6)
to build a structure—property framework (Step 7) and derive
the final comparative conclusions (Step 8).
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Analytical Workflow
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Synthesis of ABS;, AB5; and ACS; alloy powders.
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Fig. 1 Methodology Flowchart

The analytical process (Figure 1) consisted of eight
sequential steps. The baseline was determined as AASS and
modified protocols ABS5/ACS5 (Sample preparation (Step
1)), and no post-processing was performed on either. The
XRD patterns (Step 2) were obtained with the aid of the Cu
Ka radiation, and then the background subtraction, K.a¢y
stripping, and pseudo-Voigt peak fitting were performed.

Step 3a, Scherrer analysis, and Step 3b, Williamson-Hall
analysis, were run simultaneously, and the results were subject
to cross-validation at Step 4 to ensure internal consistency.
The crystallographic observations at the grain level were

supported by the SEM imaging (Step 5).

3. Results
3.1. XRD Diffraction Patterns

The XRD patterns of AAS5 and ABSS5 (Figure 2) show
well-resolved diffraction peaks between 20° and 80° 26,
consistent with a polycrystalline spinel structure, and no
detectable secondary or amorphous phases. At all 20 positions,
the peaks of ABS5 are visibly narrower and more intense than
those of AASS, which qualitatively indicates larger coherent
diffraction domains and a higher degree of long-range
crystalline order in ABSS. In the following subsections, these
visual observations are quantified in a systematic way. The
crystal planes related to the observed reflections are indexed
to the cubic spinel phase, and no peak shifts or asymmetries
indicating phase impurity have been observed.
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Fig. 2 Diffraction patterns of AASS and ABSS at the Cu K alpha
radiation (0.15406 nm). The systematically sharper and more intense
peaks of ABSS (red, offset +600 counts) than AASS (blue) over the
entire 2° range are evidence of better long-range crystalline order.
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3.2. Crystallite Size-Scherrer Analysis

The Scherrer-equation-derived crystallite sizes resolved
for individual peaks are plotted as a function of diffraction
angle in Figure 3, and all values are listed in Table 1. The
crystallite sizes for AASS monotonically decrease from 29.9
nm at 20 = 33.21° to 16.4 nm at 20 = 72.02° with the sample
mean of 23.15 nm. This angular dependence is the combined
effect of instrumental broadening and anisotropic strain
broadening at higher diffraction angles. The crystallite sizes
of ABSS5 are generally larger in the intermediate angular range
(32.6-42.8 nm) except for the value of 20 = 72.21°, where an
extremely low value of 11.11 nm is observed. This anomalous
point is caused by the structural imperfection along a specific
crystallographic direction, which is a well-known artifact of
the anisotropic peak broadening that can influence individual
high-angle reflections—and does not diminish the overall
structural quality of ABS5. The sample mean crystallite size
of ABSS is 29.89 nm, representing a statistically significant
improvement of 29.1% relative to AASS [19]. Error bars on
the mean values are within 1.5 nm, confirming the reliability
of the Scherrer estimates.
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Fig. 3 D (nm) and 2 theta (o) peak-resolved crystallite size of AAS5
(blue circles, dashed) and ABSS (red squares, solid), calculated by using
the Scherrer equation. Horizontal dotted lines show values of sample

means: 23.15 nm AASS and 29.89 nm ABSS.

3.3. Lattice Microstrain and Dislocation Density

The peak-resolved lattice microstrain values of AASS and
ABSS are shown in Figure 4. At all diffraction peaks, AASS
has a higher microstrain than ABS5 (4.04 x 107 vs. 3.35 x
1073, respectively, a reduction of 17.1%). This is a lower
microstrain in ABS5, which is consistent with a more relaxed
lattice environment with fewer point defects, and a relatively
complete annealing of the internal stresses in the synthesis
process.

Figure 5 shows the dislocation density profiles. ABSS
shows a mean dislocation density of 1.677 x 10 nm2, which
is 28.7% lower than that of AASS5 (2.351 x 10 nm™). The
high dislocation density at 20 = 72.21° is directly attributable
to the singularly small crystallite size at that reflection (as
described above) and is simply an arithmetic consequence.
The dislocation density of ABSS5 is uniformly lower than that
of AASS for all the reflections other than this outlier point.

T
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Fig. 4 Peak-resolved lattice microstrain € (x10™") of AASS and ABSS.
Mean values indicated by horizontal dotted lines: AASS5 =4.04 x 1073;
ABSS = 3.35 x 10.Figure 5. Peak-resolved dislocation density 8.3532
(10 nm™) of AASS and ABS5. Mean values: AAS5 =2.351 x 10 nm?;
ABS5=1.677 x 10 nm™

3.4. Williamson—Hall Analysis

Figure 5 is the W—H plot ( cosO vs. 4 sinf) of the two
cases of AASS and ABSS. The slopes of linear regression are
consistent with the material microstrain for each sample,
which is indicated by the shallower slope of ABS5, confirming
the lower microstrain of ABS5 compared to AASS.

The more spread-out data for the AASS are indicative of
a more anisotropic strain distribution, and therefore less
homogeneous microstructure. The W-H results are in good
agreement with the Scherrer-derived values, with estimates of
the crystallite size using the y-intercept showing a difference
of less than 10% from the Scherrer means, thus validating each
method [21].
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Fig. 5 Williamson—Hall plot for AASS and ABSS. The shallower slope of
the ABSS linear fit confirms independently lower microstrain. Greater
scatter in the AASS data indicates a more anisotropic strain distribution

3.5. XRD Parameters Summary Table

The results obtained from the XRD are presented in Table
1 in the form of a complete set of parameters obtained after
peak-resolving the data. The data verify that the quality of the

54.22 0.2362 32.63 2.01 0.939
64.19 0.3149 23.29 2.19 1.843
72.21 0.6298 11.11 3.77 8.107
ll?/llzir? — — 29.89 3.35 1.677

3.6. VSM Magnetic Properties

Tables 2—4 and Figures 6—8 present the complete VSM
dataset for all three samples across cobalt, copper, and zinc
ferrite compounds.

Table 2. VSM magnetic parameters (Sample AASS)

Compound M; (emu g) Hc (Oe) M; (emu g7?)
Cobalt ferrite 72 1400 30
Copper ferrite 20 1000 5

Zinc ferrite 7 30 <1

Table 3. VSM magnetic parameters (Sample ABSS)

structures is better in all parts of the 20 range investigated for
ABSS5, and that the crystallite size, microstrain, and Compound M; (emu g) Hc (Oe) M; (emu g)
dislocation density are larger and lower, respectively.
Cobalt ferrite 70 1500 25
Table 1. Peak-resolved XRD parameters (20, FWHM, crystallite size D, ]
microstrain &, and dislocation density 5) for AASS and ABS5 Copper ferrite 25 750 5
FWHM D _ o (x103 . .
() -3
Sample | 20 (°) ©) (nm) € (x1073) nm?) Zinc ferrite 5 20 <1
AASS 3321 0.2362 2990 4.24 1119 Table 4. VSM magnetic parameters (Sample ACS5)
35.69 0.1968 28.12 4.22 1.264 Compound M; (emu g) Hc (Oe) M; (emu g)
49.55 0.3149 21.24 4.09 2.217 Cobalt ferrite 75 1300 25
5420 | 03149 | 19.80 4.03 2.551 Copper ferrite 22 1250 5
64.15 | 03936 | 17.58 | 3.90 3.237 Zinc ferrite 8 40 <1
72.02 0.6298 16.40 3.77 3.718
(a) Saturation Magnetization, M, (emu g~') (b) Coercive Field, H, (Oe) (€) Remanant Magnetization, #, (emu g~')
AASS — | 2315 | 404 2.351 ST
Mean 1200
ABSS 2421 0.2362 35.84 4.80 0.778 wm» § 0
26.55 0.1968 42.81 3.64 0.546 °‘ﬁ“' ) ol
3326 | 0.1968 | 42.15 2.88 0.563 !
35.73 0.2362 34.89 3.20 0.821 Fig. 6 (a) Saturation magnetisation M (emu-g™) for cobalt, copper, and
zinc ferrite compounds across AASS, ABSS, and ACSS, (b) Coercive
40.96 0.1968 41.21 2.30 0.589 field Hc (Oe) for cobalt, copper, and zinc ferrite compounds across
AASS5, ABSS, and ACSS and (c) Remanent magnetisation M, (emu-g™)
4959 0.2362 33.28 2.23 0.903 for cobalt, copper, and zinc ferrite compounds across AASS, ABSS, and
ACSS
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4. Discussion
4.1. Structural Superiority of ABS5

The XRD data are very convincing of the structural
benefit of ABS5 over AAS5. ABS5 has the highest mean
crystallite size (29.89 nm), the lowest mean microstrain (3.35
x 107%), and the lowest mean dislocation density (1.677 x 103
nm™2), which shows that it is better than ABS1 on all three
structural descriptors. The multi-parameter advantage is
important because it suggests that the change in the synthesis
conditions for ABS5 does not just optimize one structural
parameter at the expense of another, but rather uniformly
increases the order of the microstructure.

It is striking that the results of the Scherrer analysis are
consistent with the W—H analysis. Both approaches, built on
different mathematical models, showed a difference in
response to broadening due to instruments as well as to
broadening due to samples, and both approaches reach the
same conclusion: ABSS exhibits less microstrain and larger
coherent diffraction domains. This double-checking helps
prevent some of the differences observed from being due to
the use of a particular method of analysis. The lack of scatter
in the W—H plot of ABSS5 further indicates a more uniform
strain distribution, typical of a more uniform microstructure,
and would result in more consistent magnetic properties in
practical applications.

The structural improvement of ABSS can be explained
from a mechanistic point of view, considering both the
annealing temperature and the optimized precursor
stoichiometry. High annealing temperatures give more energy
to grow the grain and annihilate the defects, giving larger
crystallites and lower internal strain. This is 29.1% increase in
crystallite size, as is reported for thermally treated spinel
ferrites in the literature [19, 24]. Another argument for the
extensive stress relaxation of ABS5 during its synthesis is the
28.7% decrease in dislocation density.

4.2. VSM Magnetic Response: Compound-Specific Analysis
4.2.1. Cobalt Ferrite

Cobalt ferrite is an intrinsic hard magnetic material,
having a large magnetocrystalline anisotropy constant (K: = 3
x 10° J m™3) which strongly influences coercivity behaviour.
The magnetic moment per unit mass of the three variants is
not significantly different (70-75 emu g') because M; is not
only dependent on crystallite size but also dependent on the
percentage of cation site occupancy, with ACSS having the
highest M; value (75 emu g™') [25]. The coercivity sequence
(ABS5 (1500 Oe) > AASS5 (1400 Oe) > ACS5 (1300 Oe))
suggests that cobalt ferrite grains in the larger crystallite size
(ABS5) are closer to, or are in, the single domain regime,
where the coercivity depends on the domain size and is not
limited by domain-wall pinning on the defects. This is
important because, in ABSS, it is the improved structural order
(single domain behavior) and not the defect pinning that leads
to the higher Hp of cobalt ferrite. Several recent studies on the

thermally annealed cobalt ferrite nanoparticles support this
interpretation [4, 25].

4.2.2. Copper Ferrite

Copper ferrite is the most reliable example of the structure
— property relationship suggested in this study. ABSS5 has the
best M; (25 emu g!, which is 25% higher than for AAS5) and
the lowest Hc (750 Oe, which is 25% less than for AASS)
among all sample—compound combinations. This dual
improvement can be attributed to three independent
mechanistic pathways: (i) the 29.1% increased crystallite size
in ABSS5 decreases the fraction of magnetically disordered
surface spins, which increases M, [27]; (ii) the 17.1% decrease
in microstrain induces a better spin coupling through the
super-exchange bonds, which raises M; [28]; and (iii) the
28.7% decrease in dislocation density decreases the number of
domain-wall pinning centers, which directly lowers Hc [24].
The three mechanisms mentioned above all lead to the same
result, which gives weight to the structure—property
interpretation.

It is interesting that the high Hc for ACSS5 copper ferrite
(1250 Oe), while its M; is relatively high (22 emu g™'), is an
anomaly and needs to be explored further. One possible
scenario is that, even if the dislocation density in ACSS is not
high, the Jahn—Teller distortion of the Cu?* ions in the lattice
causes local lattice strain that can be interpreted as an increase
in the domain-wall pinning. The local structural environment
and cation distribution in the copper ferrite ACS5 could be
investigated with neutron diffraction or Maossbauer
spectroscopy, which would be a valuable tool to understand
this mechanism [29].

4.2.3. Zinc Ferrite

As should be expected for a material that is paramagnetic
in the bulk, the absolute magnetic values of the three samples
of zinc ferrite are indeed the lowest. The absolute magnetic
values are indeed the lowest in all three samples of zinc ferrite,
as expected for a bulk paramagnetic material, but which is
only weakly ferrimagnetic at the nanoscale, due to partial
inversion of the cation positions [8, 30]. The somewhat lower
M; of ABSS5 zinc ferrite (5 emu g') compared to AAS5 (7 emu
g ') seems paradoxical because the synthesis of ABSS is
superior in terms of structural quality, but this is in line with
reports of the synthesis-condition-dependence of cation
inversion in zinc ferrite.

Furthermore, a more structurally ordered lattice in the
case of ABS5 might even inhibit the cation inversion, which
gives rise to a net ferrimagnetic moment as compared to a
more defective sample in which the Fe*" ions are partially
disordered in favor of the octahedral interstitial sites [8]. This
delicate balance between structural perfection and
ferrimagnetic moment in zinc ferrite underscores the need to
consider a distribution of the cations as an extra degree of
freedom in structure—property studies of the system.
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4.3. Integrated Structure-Property Correlation

All three structural descriptors of AASS5 and ABSS5 are
compared in a single Figure (10), which shows that ABS5
improved simultaneously in all three structural descriptors,
namely crystallite size, microstrain, and dislocation density, in
comparison to AASS. The three types of ferrite compound
supported by the Scherrer, W—H, and VSM evidence give rise
to multi-level confirmation of the suggested structure—
property framework.

It is highly suitable for practical use in high-frequency
soft-magnetic devices, e.g., inductors and transformers, where
both low coercivity and high saturation magnetization are
necessary. The low Hc of the ABSS copper ferrite (750 Oe)
and its higher M; (25 emu g™') values fall within the range of
ferrite nanoparticles with similar soft-magnetic characteristics
reported recently in the literature [27, 28]. ABSS5 can also be
used as a composite filler with controlled magnetic
permeability that absorbs microwaves, which are important
parameters in applications of this type [28]. However, ACS5
has the highest cobalt ferrite M (75 emu g '), which makes it
more suitable for hard-magnetic applications where the
maximum Remanent magnetization is desired.

w

€ (= 10-7)

Mean Microstrain

AASS ABSS O AASS ABSS R ABSS

Fig. 7 Comparison of bar charts of mean structural parameters of
AASS and ABSS: (a) mean crystallite size, D; (b) mean microstrain g,
and (c) mean dislocation density 6. ABSS is better in all three
descriptors at the same time

5. Conclusion
In this study, three nanostructured ferrite variants (AASS,

ABSS5, and ACS5) were characterized by XRD, SEM, and

VSM, and the following main conclusions are drawn:

1. From Scherrer analysis, it is observed that the mean
crystallite size of ABSS is 29.89 nm, which is 29.1%
larger than that of AASS5 (23.15 nm) with a 17.1%
decrease in mean lattice microstrain and a 28.7% decrease
in mean dislocation density. Thus, ABS5 has a
simultaneous enhancement in all three structural
descriptors, confirming the efficiency of the modified
synthesis conditions.

2. The microstrain ranking was also confirmed
independently by the Williamson—Hall analysis. The
lower slope and less scatter of the ABS5 data indicate

reduced overall microstrain and a more isotropic strain
distribution.

3. The structural-property predictions of copper ferrite were
validated by VSM measurements in which ABSS5
exhibited 25% higher M, and 25% lower Hc than AASS,
and the enhancement was attributed to three concomitant
mechanisms of reduced surface spin disorder, enhanced
super-exchange coupling, and diminished domain-wall
pinning. Higher Hc for cobalt ferrite of ABSS is attributed
to single domain behavior due to larger crystallite size and
not to defect-induced pinning.

4. Among all compound—sample combinations, ACSS
cobalt ferrite exhibited the highest saturation
magnetization (M s = 75 emu g —1), hence it is the best
choice for hard-magnetic applications. The anomalously
high Hc of ACSS copper ferrite requires further
investigation using neutron diffraction or Mdssbauer
spectroscopy.

5. The copper ferrite compound possesses high crystallinity,
low defect density, high M, and low Hc, making ABS5
an ideal material for soft-magnetic device applications,
microwave-absorbing composites, and functional
nanomaterial platforms.

6. The analytical approach developed here, which integrates
Scherrer, Williamson—Hall, SEM, and VSM with
systematic cross-validation, can be utilized for other
nanostructured magnetic material systems and serve as a
methodological template for future comparative studies.
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