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trical mobility and radar applications. In this work, we present a comprehen-
sive analysis of the BaFey,.,AL,O1s (x = 0.00, 0.02, 0.04, 0.06, and 0.08) series,
synthesized via the citrate precursor route. Structural and Fourier transform
infrared (FTIR) analysis established the M-type hexagonal phase for all stud-
ied compounds. Magnetic results reveal the hard ferromagnetic nature of the
investigated compounds. In addition, crystallographic parameters, metal-ox-
ygen stretching, bending vibrations, and magnetic characteristic parameters
were also tuned with the doping concentration. Besides, microwave absorp-
tion behavior in terms of complex permittivity and permeability across differ-
ent target bands is also examined. The result divulges the synergistic effects of
dielectric/magnetic loss and strong electromagnetic attenuation, enabling ef-
ficient microwave absorption/reflection loss, a wide effective absorption band-
width, and a thin matching thickness. The reported results demonstrate that
tuning the nonmagnetic AI’* doping in M-type hexaferrites provides an effec-
tive avenue to alter the magnetic and microwave absorption properties, sug-

gesting its potential in communication technology.
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1. Introduction

With a significant influence on the globe’s GDP, employment, and international
trade, tourism has become the most significant economic industry in the world.
Serious concerns about resource depletion, environmental sustainability, and the
effects of climate change have been raised by this massive increase. This makes it
crucial to understand how tourism development may align with green growth ob-
jectives [1]-[3]. Using inexpensive, readily available, non-toxic, and environmen-
tally acceptable magnetic material is one method to integrate tourism with green
energy aims. The usage of expensive, rare-earth permanent magnets (PM) in elec-
tric vehicles (EVs) and electromagnetic (EM) interference in telecommunication
applications are the two main environmental issues that are concurrently ad-
dressed in this original article [4] [5]. The motors in EV's are crucial to their func-
tioning. Scientists have been searching for an EV motor substitute that doesn’t
contain rare earth elements for the past few years [6]. However, because of the
widespread usage of wireless devices and communication devices that operate at
different frequencies, microwave (mW) absorbers are needed to prevent electro-
magnetic interference [5]. Ferrite NPs appear to be the most promising multifunc-
tional material to actively address both issues at the same time because of their
special combination of dielectric and magnetic properties [7]. Ferrite’s excep-
tional magnetic behaviour has garnered a lot of interest [8]. These materials are
useful in magnetic energy conversion, data storage, spintronics, mW devices, PM
in EVs, and electromagnetic interference (EMI) shielding due to their low cost,
good stability, high electrical resistivity, and magnetic properties (high coercivity
and large crystalline anisotropy) [9]-[11]. To actively address this challenge, fer-
rite NPs come out as the likely-looking multi-functional material because of their
outstanding combination of magnetic and dielectric properties [7]. Ferrites have
attracted significant attention due to their excellent magnetic behavior [12]. Along
with their low cost, good stability, high electrical resistivity, and magnetic prop-
erties (high coercivity and large crystalline anisotropy), these materials are bene-
ficial in magnetic energy conversion, data storage, spintronics, mW devices, and
electromagnetic interference (EMI) shielding [13]-[16]. Based on magnetic prop-
erties and crystal structure, ferrites can be classified into distinct forms. From the
viewpoint of crystal structure, ferrites are divided into four types: spinel, garnet,
ortho, and hexagonal. In addition, based on their magnetic properties, ferrites can
be categorized in two ways: named as soft ferrite and hard ferrite, or hexaferrite
(HF) [16].

According to their chemical makeup and molecular arrangement (of S, R, and
T blocks) in the hexagonal crystal lattice, the HF are divided into six main varie-
ties, as illustrated in Table 1 [17].

It is observed here that X is Ba®', Sr** and Pb*" or the fusion of these ions in
different proportions. Me is a transition metal ion, such as Co?**, Fe?*, Ni**, Mn*',
Zn*, Zr*, or a mix of these ions. A 180-degree rotation of the matching subunit

around the hexagonal axis is indicated by the asterisk (*). Hexagonal BHF is
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Table 1. Different types of Hexaferrite material based on chemical composition.

Hexaferrite Chemical composition HF slabs Number of unit cells
M XFe019 SR S*R* 2M
w XMezFe1s027 SSR S* S*R* 2W
X A>MeFezs046 3(SR S* S*R¥) 3X
Y A:Me;Fe02 3(ST) 3Y
Z AsMe FezqOu STSRS*T*S*R* 2Z
U AsMe:FessOe0 SRS*R*S*T* U

frequently utilized in mW devices and PM material in EV applications [18]. Be-
cause of their high magnetic saturation (M), coercivity (H.), Curie temperature,
chemical stability, and strong corrosion resistance, M-type HF materials are quite
desirable over other ferrite materials [17]. Table 2 below gives the comparative
analysis of the work done by various researchers to see the mW absorption prop-

erties of M-type ferrite materials.

Table 2. The comparative analysis of mW absorption properties of the M-type ferrite material.

. RLuin Thickness Matching
Name Composition X EAB (GHz) Ref.
(dB) (nm) Frequency (GHz)
- -32.15 1.6 12.4 10.38 - 12.4 (2.02)
Bao.5Sro.5Coo.
Kaur et al 035705004 . -27.67 1.7 11.64 9.71 - 12.4 (2.69) [19]
InosFe122019
- -20.86 1.8 10.97 8.6 - 12.31 (3.71)
0.00 -3.89 5.2 - -
Duglet et al. BaBiFei-xO1 0.05 -15.6 2.2 10.7 12.05 - 12.50 (0.45)  [15]
0.10 —38.78 2.8 12.2 11.46 - 12.47 (1.01)
0.3 —48.13 2.07 11.75 9.73 - 15.27 (5.54)
0.3 -31.33 2.0 12.1 9.9 - 15.88 (5.98)
Liao et al. BaFe1;-3x(GdAIC0):O19 [20]
0.4 —23.68 2.0 11.84 9.38 - 13.07 (3.69)
0.4 -42.69 2.5 9.38 7.71 - 12.1 (4.39)
0.2 —22.22 9.8 9.46 9.38 - 9.8 (0.42)
0.2 —-22.35 9.9 9.54 9.38 - 9.8 (0.42)
Naqvi et al. SrCo.Ni.Fer 2,019 0.2 ~24.94 10.0 9.55 9.38 - 9.8 (0.42) [21]
0.6 -23.03 9.9 9.63 8.96 - 9.8 (0.84)
0.6 -30.43 10.0 9.04 8.96 - 9.71 (0.75)

The magnetic orientation of Fe** in M-type HF is responsible for its hard-mag-
netic characteristics. Figure 1 shows the structure of the magneto-plumbite M-
type HF. Five distinct crystal sites, such as 3 octahedral (2a, 12k, and 4f2), 1 tetra-
hedral (4f1), and 1 trigonal bipyramidal (2b) site, are home to Fe** ions in the M-
type HF structure. In the magnetized oriented form of BHF, the spins of the 12k,
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2a, and 2b sites are parallel to one another along the crystallographic c-axis,
whereas the 4f, and 4f; sites point in the other direction [22]. By replacing these
Fe’* ions in the hexagonal lattice with different divalent and trivalent cations,
these materials’ microstructure and magnetic characteristics can be altered. Tun-
ing the structural and other related functional properties in HF materials via their
constituent elements can lead to distinct functionality and is important for both
fundamental and technological viewpoints. In this regard, trivalent (AI’*) doping
in M-type BaFe ;015 could be a beneficial option to tailor their multifunctional
properties and underlying physics.

Therefore, in this manuscript, we have systematically investigated the structural,
morphological, magnetic and microwave absorption properties of the BaFe;, +Al,O9
(x = 0.00, 0.02, 0.04, 0.06, and 0.08) series prepared by the citrate precursor
method. Structural analysis confirms the M-type hexagonal phase in all investi-
gated series of samples. The sample morphology and grain size distribution fur-
ther support our findings. FTIR analysis also verified the hexagonal crystalline
phase, as evidenced by metal-oxygen stretching and bending vibrations. Magnetic
results demonstrate the hard ferromagnetic characteristics of BHF and further tai-
lor the magnetic characteristics with doping concentration. Moreover, microwave
absorption ability is also scrutinised in terms of complex permittivity and perme-
ability in the different targeting bands. The result divulges the synergistic effects
of dielectric/magnetic loss and strong electromagnetic attenuation, enabling effi-
cient microwave absorption/reflection loss, a wide effective absorption bandwidth
and a thin matching thickness. The results of trivalent nonmagnetic doping in
BHF also affect the absorption parameters, along with other properties, suggesting

its potential in communication technology.
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Figure 1. Magneto-Plumbite structure of M-type BHF.

2. Experimental Details

Researchers have used different types of methods, such as ball-milling [23] [24],
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laser evaporation [25], co-precipitation [26] [27], sol-gel [28] [29], citrate precur-
sor [30] and sol-gel auto combustion [31], etc., for the formation of ferrite mag-
netic nanoparticles (MNP). In this study, the citrate precursor method was used
to create Al-doped M-type BHF nanoparticles (NP) having the chemical formula
BaFe,-xAl,O15, where x= 0.00, 0.02, 0.04, 0.06, and 0.08. This technique maintains
precise metal stoichiometry while allowing the creation of crystallites with well-
defined grain sizes of approximately 50 nm [32]. In the chelate-based polymeric
citrate precursor approach, mixed cations react with citric acid, and ethylene gly-
col is used to cross-link the cations during esterification. These inexpensive, so-
phisticated techniques produce consistent NPs with a narrow size distribution, are
repeatable, and yield high-quality output for demand applications. Low-tempera-
ture synthesis techniques, such as polymeric citrate precursor, are effective
enough to regulate the creation of unique NPs with distinct morphologies that
result in innovative devices with the required technical capabilities [30]. Figure 2
depicts the methodical process for M-type BHF formation. Barium nitrate
(Ba(NO3)y), Ferric nitrate (Fe(NO3);-9H,0), Aluminium nitrate (A1(NO3);-9H,0),
and citric acid (CsHsO5) were all precisely weighed in stoichiometric amounts as
shown in Table 3. Citric acid and total metal nitrates were maintained at a 1:1
molar ratio. To create a homogeneous precursor solution, each precursor was dis-
solved independently in a small amount of deionized water. The ammonia solu-
tion was added dropwise to maintain a pH 7. The solutions were heated at a tem-
perature of 80°C. A soft, fine precursor powder was produced by gently evaporat-
ing the mixture until it was completely dry. The formed powder was calcinated at
700°C, and then sintered at 850°C for 5 hours.

Characterization Techniques:

The structural phase of matter was assessed using an X-ray diffractometer, Cu-
Ka beam (4 = 0.15418 nm) in the 20 - 70 (26) range. An FTIR spectrometer
(Bruker, Model - Tensor 27) was used to obtain transmission mode FTIR spectra

to recognise the functional groups that exist and resonances of chemical bonds in

Figure 2. Citrate precursor method for the formation of Al-doped M-type BHF.
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Table 3. The amount of nitrates (g), citric acid (g) and Ethylene Glycol (ml) used for the formation of Al doped M type BHF.

Wt. of Barium Wt. of Ferric ~ Wt. of Aluminium L . Ethylene Glycol
Formula used . . . Citric Acid (g)

Nitrate (g) Nitrate (g) Nitrate (g) (ml)

BaFe1x019 1.87 34.87 0.00 17.94 2.23
BaFei1.98Alo02 O1o 1.88 34.84 0.054 17.96 2.23
BaFei1.96Alo.04 O19 1.88 34.78 0.108 17.96 2.24
BaFei1.94Alo.0s O19 1.88 34.73 0.162 17.96 2.24
BaFei1.92Al0.08 O19 1.88 34.72 0.216 17.99 2.44

ferrite nanoparticles. Using a JSM-IT800 Field Emission Scanning Electron Mi-
croscope (FE-SEM), the surface morphology of the samples was investigated. A
vibrating sample magnetometer (VSM) (Lake Shore, Model 7404, range —10 kOe
to +10 kOe) was used to measure magnetisation. The mW absorption properties
were investigated in a varying frequency range of 1 - 12.00 GHz (L, S, C, and X-
band) at room temperature (RT) using a Vector Network Analyser (VNA) (PNA,
Agilent N5221B) connected to the DUT via coaxial cables. The VNA was cali-
brated before evaluating the scattering properties. For these measurements, the
ferrite powder and polyvinyl alcohol (PVA) (also served as the polymer matrix)
were mixed at a ratio of 95: 5 weight % of ferrite total composite mass. The mixture
was compressed in a hydraulic press to form the toroidal ring which had an inner
diameter of 3.04 mm, an outer diameter of 7.00 mm, and a pallet thickness of 2 -
3 mm. The coaxial transmission line holder was used to hold the toroidal samples.
The Short- Open-Load-Through (SOLT) method was used to complete the two-
port calibrations. The values of scattering parameters (Si; and S;;) were measured,
and the Nicolson-Ross-Weir (NRW) technique was used to determine the com-

plex permittivity and permeability.

3. Results and Discussion
3.1. X-Ray Diffraction Pattern

Figure 3 shows the XRD patterns of BaFei,_xAl,O1s (where x = 0.00, 0.02, 0.04,
0.06, and 0.08 Nano-hexaferrites). According to the image, all samples’ XRD pat-
tern peaks matched space group P63/mmc and JCPD card No. 00 051-1879 [33].
The M-type HF peaks correspond to the hkl indexing of (110), (107), (114), (203),
(205), (206), (217), (304), (220), and (219). These planes confirm the formation of
the M-type hexagonal phase.

For M-type BHF with Al concentration (x) = 0.00 - 0.02, the M-type HF con-
tinues to be the predominant phase, but traces of the impurity phase start appear-
ing with the increase in doping concentration. As the amount of dopant concen-
tration increases from x = 0.04 - 0.08, the M-type phase remains as the predomi-
nant phase containing hematite [34]. As the dopant concentration increases, the
intensity of the peaks of the hematite phase increases. This shows that the solubil-
ity of aluminjum in the BHF phase is lower at 850°C. This could be due to the

DOI: 10.4236/wjcmp.2026.164006

96 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2026.164006

Y. Mohd et al.

smaller ionic radii of AI’* ions as compared to Fe** ions. The solubility of Al** ions
in Fe** could be improved by increasing calcination temperature and time [35]
[36].
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Figure 3. X-Ray Diffraction Pattern for BaFei,-zAl:O1 where x= 0.00,
0.02, 0.04, 0.06, and 0.08.

The values of the lattice parameters are given in Table 4. Figure 4 also shows
the variation of structural parameters with dopant concentration. The formula
below is used to compute the lattice constants [37]:

Table 4. Variation of lattice parameters, cell volume, crystallite size, strain, dislocation density, and density of Pure and Al-doped

BHF.
Lattice Dislocation Densit
Atom a (h) c(A) c/a Ve (A3)  Size (nm) Strain () Density (1/nm?)  (8umy) g /Zm3
x=0.00 5.863 22.554 3.846 671.40 18.128 0.11022 0.0031 5.49
x=0.02 5.859 22.464 3.834 667.78 25.347 0.08107 0.00172 5.52
x=0.04 5.839 22.045 3.775 650.92 22.326 0.09166 0.00219 5.66
x=0.06 5.838 21.995 3.766 649.81 22.337 0.09057 0.00212 5.67
x=0.08 5.846 22.268 3.809 659.00 23.817 0.08374 0.00179 5.58

— + 1
del 3 ? ? ( )

1 4(R+hk+k>) I
ey
where djxis the interplanar spacing and A, & /are the Miller indices of the planes.
For the undoped sample, the values of “2” and “c” are 5.863 A and 22.554 A, re-
spectively. The value of the lattice parameters decreases as the dopant concentra-
tion increases from x = 0.02 to x = 0.06, and then increases for x = 0.08. Identical
patterns are also seen in the cell volume, which ranges from 649.61 A% t0 671.40

A3. This shift is explained by the fact that the ionic radius of AI** (0.535 A) is less
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than that of Fe3* (0.645 A) [38].
Grain size determination D (hkl) was done using Scherrer’s formula [39].
0.94

b= L[ cosd @

where the average crystallite size is denoted by D, the X-ray wavelength by A, the
full width at half maximum (FWHM) by j, and Bragg’s angle by 6. The value of
crystallite size varies from 18.128 nm to 25.34 nm for pure and Al-doped BHF.
The graphical variation of crystallite size with dopant concentration is shown in
Figure 4. Table 4 shows the ¢/aratio of pure and Al-doped BHF, which falls be-
tween 3.766 and 3.846. In comparison to the sample including an Al dopant, the
¢/ aratio for pure BHF is closer to 3.98. The limit of ¢/a = 3.98 for the M-type HF
indicates that the samples have formed a distinct M-type phase [40].

The crystallinity of the material is determined by using its dislocation density.
The value of dislocation density decreases as the crystallinity increases and vice
versa [41]. Equation (3) is used to compute its value, which is given by:

5=— 3)
where Dis the crystallite size calculated using the Scherrer formula. Their values
are shown in Table 4 lies in the range of 0.00172 - 0.0031.

5.865 A 226 675
= W-Vcen |}5.68
5.860 (@) c A .\ b) —" E"PX-Ray I 5.66
670 1
5.855 224 [ ] I 5.64
s 5.62 a
< 5850 23| o [se0 §
;« © s )
5845 2.2 3 660 ol Gl
- ) < M L5556 E
5.840 e 221 k554 &
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Figure 4. Variation of (a): Lattice parameters (b) Cell volume and X-ray density (c) Crys-
tallite size and Starin with Al-doping concentration x= 0.00 - 0.08.
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The formula [42] was used to determine the lattice strain (7) caused by doping.

Pcosd

- £952 (4)
=y

The value of 5 lies in the range of 0.00107 to 0.11022. Its value is maximum for

the undoped sample. Figure 4 shows the variation of 7 with dopant concentration.

Analyzing the variation in the structural parameters is necessary to see the

changes in magnetic and electromagnetic properties of the material.

3.2. SEM Analysis

FE-SEM micrographs of Al-doped BHF (BaFe,-xAl,O1o) are shown in Figure 5.
Figures 5(a)-(c) corresponds to the micrographs and the lognormal distribution
curve for x= 0.02, and Figures 5(d)-(f) for x= 0.08, respectively. The micrographs
show the non-uniformity of the particle, where the micrographs predominantly

display irregular, agglomerated particles.

UID  10.00kV WD 7.7mm © x100k Std.P.C.25.@ SIL — 100

....Lognormal Distribtuion| [EEH Grain Size Distribution [-.-.Lognormal Distribtuion | E Grain Size Distribution

[E x = 0.02] |Average Grain Size = 290 nﬂ J- x = 0.08] [Average Grain Size = 119 nm
" (©

®

Count %

300 400 500
Grain Size snm)

100

150 200
Grain Size (nm)

Figure 5. FE-SEM graphs and average grain size distribution graph for BaFe2 xAl:O19 (a)-
(c) For x=0.02 (d)-(f) For x= 0.08 respectively.
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The SEM clearly shows the visible spaces by means of porosity between the
grains, which hinder the passage of charge at the grain boundaries. This will affect
the polarisation and alter electrical properties, like the manner in which porosity
affects magnetic properties [43]. The grain size distribution was examined using
Image] software. Figure 2(c), Figure 2(f) displays the distribution of grain size
and histogram for composition x= 0.02 and x= 0.08. The average grain size is 290
nm at x = 0.02 and drops to 119 nm at x = 0.08. This decrease in grain size with
increasing dopant concentration correlates well with the XRD-calculated varia-

tion in crystallite size.

3.3. FTIR Analysis

The infrared spectra of aluminium-substituted BaAl,Fe;,-,O1s with x = 0.00, 0.02,
0.04, 0.06, and 0.08 are obtained in the 2500 - 400 cm™ region. The absorption
bands in the 1000 - 400 cm™ region suggest that ferrites or inorganic ions are
forming in the crystal lattice [44].

Atoms in HF are arranged in three distinct locations: tetrahedral, octahedral,
and trigonal bipyramidal. Figure 6 shows that for Al-doped BHF, the absorption
bands are observed at 416 cm™, 568 cm™, 781 cm™, 1197 cm™, 1394 cm™, 1536
cm™, 1623 cm™, and 1702 cm™. A band centred around 418 cm™ represents the
stretching vibrations of Fe**-O%" bonds at the octahedral sites inside the M-type
HE. These are evidence of metal-oxygen and residual surface/precursor vibrations
[45]. Two distinct absorption peaks between 540 - 580 cm™ in the spectra indicate
the stretching vibrations associated with Fe**-O*" bonds confined at the tetrahe-
dral locations [45]. The stretching vibrations of N-O are represented by the vibra-
tional bands at 780 cm™ [46]. The bands in the range of 1050 - 1150 cm ™' and 1350
- 1580 cm™ are caused by the C-O stretching vibration and the bending vibration
of C-H, respectively. The bands in the ranges of 1620 - 1680 cm™ and 1700 - 1870
cm™, respectively, are caused by the stretching vibration of C=C and C=0 [47].

o T 9 )

x = 0.08 S04 © © : e &

S |[x=0.06

.2 ] ; N
@
5]
=
<
=
£
W
=
=
=
[

170211623 1536 1394 1197. 780, 568\ 416

2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 6. FTIR Spectra for pure and Al-doped M-type BHF (BaFe12-xAl:O19
for x=0.00 - 0.08).
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3.4. Magnetic Study

Using the VSM, the magnetic characteristics of pure and Al-doped BHF
(BaFe1,-xALO1s, where x= 0.00, 0.02, 0.04, 0.06, and 0.08) powdered material were
investigated at RT (300 K) under an applied magnetic field of 10 kOe. Figure 7
shows the hysteresis loop obtained from the pure and Al-doped BHF samples. The
usual behavior of all magnetic isotherms and the presence of a strong, observable
hysteresis loop confirm the hard ferromagnetic behavior with a large H, which is
also consistent with the previously reported hard ferromagnetic nature of HF [14]
[48]. Table 5 presents the obtained values of (magnetization at 10 kOe) M, M,
and H. for Al-doped BHF with different dopant concentrations, and Figure 8 il-
lustrates their graphical change. Figure 8 shows that the magnetic property of
doped BHEF is significantly impacted by the AI’* substitution. For pure BHF, the
values of M, M, and H. are 38.41 emu/g, 26.17 emu/g, and 3.04 kOe, respectively.
With an increase in dopant concentration, the value of M and M.,. decreases from
34.41 emu/g and 22.83 emu/g for x= 0.02 to 25.73 emu/g, and 15.49 emu/g for x
=0.08.

M (emu/g)
(=)

220~

404

-5 0 5 10
Magnetic Field (kOe)

Figure 7. M-H curve of BaFen-xAl:O1s, where x = 0.00, 0.02,
0.04, 0.06 and 0.08 respectively.

Table 5. variation of Mr (emu/g), Ms (emu/g), Hc (kOe), and Mr/M; of BaFei>-xALO1s,
where x= 0.00, 0.02, 0.04, 0.06, and 0.08.

. Remnant Maximum . .
Composition L L. Coercive Field
magnetization = magnetization Mr/Ms
() (kOe)
(emu/g) (emu/g)
0.00 26.17 38.41 3.04 0.68
0.02 22.83 34.41 2.95 0.66
0.04 20.60 31.74 1.79 0.64
0.06 18.39 29.28 4.78 0.62
0.08 15.49 25.73 4.84 0.60
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Figure 8. Variation of coercivity, saturation magnetization, and rem-
anence with varying Al dopant concentration.

This magnetic attribute can be explained by the substitution of doped cations
at different sites in the hexagonal structure of the ferrite. The magnetic moment
in M-type HF is caused by the allocation of iron in five non-equivalent sublattices:
1 tetrahedral (4f,), 1 trigonal bipyramidal (2b), and 3 octahedral (2a, 12k, and 4f;)
[14]. Of these 5 locations, the electron spins at 12k (6), 2a (1), and 2b (1) are 1,
while those at 4f; (2) and 4f, (2) are | . Uncompensated upward spins are the
cause of the total magnetic moment, or 20 us According to the literature, AI**
primarily replaces Fe** in the 2a and 12k octahedral sites, with a lower but consid-
erable fraction entering the 4f, (octahedral) site, according to site occupancy re-
finements. The 4f; (tetrahedral) site has just a small percentage (<5%), whereas
the 4e (trigonal bipyramidal) site has a greater substitution for x > 2 [49]. The
reduction in M, and M, of the synthesised materials is caused by the nonmagnetic
Al’* replacing the Fe** ion (having magnetic moment = 5 u3) from the sites with
spin upward orientation, primarily 12k [38]. The super-exchange interaction be-
tween Fe’"-O-Fe’* also decreases when the diamagnetic AI** is substituted for Fe’*
ions [50] [51]. From this decrease in exchange contact, a non-collinear spin ar-
rangement is formed. This decrease in exchange contact also initiates the ran-
domly oriented arrangement of spins with respect to the c-axis in the surface layer
[38]. Now, the coupling of canted surface spins with the c-axis-aligned core spin
can further diminish the net magnetisation of the material.

The coercivity, H,, first decreases from 3.04 kOe for x= 0.00 to 1.79 kOe for x
= 0.04 before sharply increasing to 4.84 kOe for x = 0.08. The behaviour is some-
what similar to the previous reported results on Al dope M-type ferrite [38]. The
maximum increment of 59.21% is observed with just 0.66% substitution of Fe**
with AI** ions. The size of the particle and magneto-crystalline anisotropy are the
two possible reasons for the observed influence of H. on Al doping. The BHF NPs
used in this investigation have a mean particle size between 100 nm and 300 nm.
Luo et al claim that as the amount of Al doping grows, the NPs” boundary of

single domain (SD) increases and the grain size decreases [38]. The grains would
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thus exhibit SD behaviour. The creation of an SD impeded the domain-wall move-
ment, which results in the rise of H.. However, domain wall role in defining H. is
difficult since defects can pin and nucleate domain barriers [38]. Additionally,
when AI’* is added as a replacement for Fe*', the H. rises as predicted from H. =
a (2K/Ms) [52], where K is the magneto-crystalline anisotropy, and M; is the mag-
netic saturation. This formula indicates that the H. of the material increases as
saturation magnetization decreases. This improvement in H. behaviour is
achieved with less than 0.7% Al substitution, demonstrating the effectiveness of
aluminium doping in improving the hard magnetic properties of the material.
This suggests that Al can serve as an efficient substitute to enhance coercivity,
thereby optimizing magnetic performance for permanent magnet applications.
Such a doping strategy offers a potential pathway towards developing a cost-ef-
fective, optimized ferrite-based material for high-performance applications, par-

ticularly in permanent magnetic technologies for electric vehicles.

3.5. EM Analysis and Loss Mechanisms

a) Permittivity and permeability

In complex permittivity, the real part ( &") is the indicator of electric energy stor-
age and the imaginary part (&" ) of electric loss. Both parts are frequency-depend-
ent. Figure 9(a), Figure 9(b) represents the frequency-responseof &' and &" for
the prepared samples. Up to ~8 GHz, except x = 0.06, all samples exhibit almost
constant &', indicating no space-charge and dipole polarisation lags. After 8 GHz
&' increase with frequency, this is more pronounced for the x = 0.06 sample ob-
served after 6 GHz. This increasein &' values with frequency may be attributed to
resonance-type polarization dispersion instead of standard relaxation. Similar be-
haviour has been reported in the literature. G. Gultom et al observed from 9.5 GHz
to 10.5 GHz for Mg-Al doped and undoped barium FIG [53].

&' is higher for the doped samples (the highest for x = 0.04) than undoped
BHF. For ¢&" variation with frequency, all the samples show wavy curves that
arise from the effects of polarisation, especially interfacial and dipole polarisation.
The Debye model is utilised to investigate polarisation effects (discussed in the
Cole-Cole section). Almost all the samples followed a similar ¢" variation pat-
tern as that of &'. A discrepancy is seen for sample x = 0.06 after 8.5 GHz. Ele-
vated values of &" are related to greater Ohmic losses and AC conductivity (di-
electric relaxation). The relation of &” with electrical conductivity (o) is well es-
tablished (see Equation (5)) [54].

o =2nfg,e" (5)

where fis the varying frequency range, & stands for the permittivity of the free

4

space, and ¢" is t imaginary value of complex permeability. Greater absorption
requires a high value of &" to get a better attenuation constant value [15]. The
quantity and kind of ions present in the material show the relaxation behaviour
and determine the dielectric loss of ferrite. The presence of ferric (Fe**) and fer-

rous (Fe?*) in the ferrite also affects the &' and &”, due to enhanced conduction
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and electron hopping mechanisms [55]. Figure 9(c), Figure 9(d) shows the fre-
quency-dependent real and imaginary parts of complex permeability ( ' and
4" ). The range of values for the real part of permeability over a broad frequency
range of 1 - 12 GHz for pure BHF is (1.21 - 1.33). At x= 0.00, the value of 4’ is
1.33 at 1 GHz. The greatest value of 1.4 for ' is found at 1 GHz for composition
x=0.04. On the other hand, the value of 4" remains close to zero over the fre-
quency range of 1 - 12 GHz. The resonance peaks are also observed for the mag-
netic samples. The lowest value of imaginary permeability is observed for the com-
position of x= 0.06. G. Wang claims that hysteresis loss, ferromagnetic resonance
loss, eddy current (EC) loss, and intergranular domain wall loss are the causes of

magnetic energy dissipation in ferrite [56].
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Figure 9. Frequency response of (a), (b): & and &" of complex permittivity (c), (d):
4 and " of complex permeability for BaFei2-xAl:O19, where x = 0.00, 0.02, 0.04, 0.06
and 0.08.

b) Dielectric and Magnetic Loss Tangents

The energy dissipation in the ferrite materials under electric and magnetic fields
is indicated by the dielectric loss angle tangent ( tan S, = ¢"/¢") and magnetic loss
angle tangent (tan &, = "/ 4'). Wave absorption is more advantageous when the
tand value is higher [57]. Figure 10 shows the frequency-dependent behavior of
dielectric and magnetic loss tangent (tand; and tand,) for pure and Al-doped BHF
over the frequency range of 1 - 12 GHz. tand. and tand, behave similarly to the
imaginary part of complex permittivity and permeability. tand; falls between 0.01
and 0.06 over the entire frequency range and dopant concentrations. The dopant

concentrations x= 0.04 and x = 0.06 have maximum and minimum values of 0.06
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and 0.01, respectively. Pure BHF exhibits the lowest tangent dielectric loss at the
highest frequency of 12 GHz. Similarly, tand, also remains close to zero in the near
range of 0.08 - 0.18. The maximum value is observed for the composition of 0.04,

and the minimum is for the composition of 0.06, respectively.

x = 0.00 ——x = 0.02 X =0.04 ——x = 0.06 ——x = 0.08] I—XZOAGUAXZOAUZ x=0.04 —— x=0.06——x = 0.08]

| @ NECIO)

0.00

20G 40G 640G $.0G 100G 2.0G 4.0G 6.0G 8.0G 10.0G
Frequency (Hz) Frequency (Hz)

Figure 10. Frequency response of (a) tand: and (b) tand, of pure and Al-doped BHF.

c) Cole-Cole Graphs

Figure 11 gives the pictorial representation of the Cole-Cole semicircular
graphs for Al-doped BHF. Figure 11(a), Figure 11(b) represents the &" vs &’
for x=0.00, " vs u' for x=10.00; (c), (d) &" vs &' for x=0.02, u" vs
u' for x=0.02; (e), (f) &" vs & forx=0.06, u" vs u' forx=0.06 Alions
composition. Debye relaxation is frequently revealed by plotting (Cole-Cole plot).
These arcs point to different dielectric relaxation mechanisms, most likely inter-
facial polarisation at the borders of the MNP [58]. The Debye model is utilized to

investigate polarization effects.

' & —&,

e e ©
, (e,—¢,)or

T @

(g'_gs ;gj (&) :(‘% ;gJ ®)

where, @ is the angular frequency, 7 is the relaxation period, ¢, is static
permittivity, and ¢, is high-frequency permittivity. Cole-Cole plots for un-
doped and x = 0.06 samples have multiple arcs attributed to various dielectric re-
laxation processes, likely interfacial polarization from the buildup of charge carriers
when the material is exposed to an alternating electric field at the heterogeneous
interfaces between various microstructural areas such as grains, grain borders, and
defect sites (low calcination) [59] [60]. At low GHz, conduction loss emerges in
both samples, showing a tail indicating higher conductivity tiny Al addition (x =
0.02) for the x= 0.02 sample seems to simplify the relaxation spectrum (around a
single semicircle), either by anchoring specific defect states so that one relaxation
predominates or by lowering inhomogeneity. Like the Cole-Cole semicircle of &"

14

vs &' in dielectric absorbing materials, " vs g’ curve also has a similar
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Cole-Cole semicircle. Each similar Cole-Cole semicircle corresponds to a loss of
resonance. The 4’ vs u' curves in Equation (4) are depicted based on Xing’s

research to validate the explanation of ' and ' based on the natural resonance

:

is maximum induction, and H, is the maximum field. Figure

process [61].

Bm

u,H, ©

(7 (<

where, B,
11(b), Figure 11(d), and f demonstrate that u" vs.
from a perfect semicircle because of magnetisation damping [40]. Resonance and

' frequently deviates

ECare the primary causes of magnetic loss in the 2 - 18 GHz range. Losses from

ECs are represented via Equation (16) as:
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Co=p" ()" /" =20od’y, (10)

In this equation, “d” stands for material thickness, w for free space permeabil-
ity, and o for electrical conductivity. The above equation suggests that the only
cause of magnetic loss is EC loss, and that ¢, should be constant over the given
frequency range. If the observed magnetic loss is solely due to EC loss, then the
value of & should not change as frequency rises. In this study, not all specimens
meet the aforementioned criteria since the value of ( changes with frequency
within the specified frequency range of 1 - 12 GHz (see Figure 12). Thus, reso-
nance governs magnetic loss. Natural and exchange are the two major resonance
losses in magnetic materials [61]. Natural resonance occurs if the material’s char-

acteristic frequency meets the incoming EM wave’s cutoff, giving absorption [62].
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Figure 12. ECloss Co (1/GHz) for Ba AliFei2-xO1 for x=0.00 - 0.08.

d) Microwave (mW) absorption properties

Standard measuring techniques, such as direct evaluation of air-space reflection
(S11) or indirect evaluation of EM characteristics, are used to categorise absorbing
materials. One of the most important needs for absorbers is to reduce mirror re-
flection while matching the impedance of the air at the absorption contact [63].
Additionally, the material must show notable insulating and magnetic losses in
order to enhance EM wave absorption. Additionally, it is anticipated that these
materials would be used across a broad frequency range. It is recommended that
the absorbent materials be thin and light [64].

The MW absorption properties of a sample are represented by the RL. Accord-
ing to transmission line theory, the RL values have been calculated using the com-
plex £and y at a certain thickness d and frequency £ The value of reflection loss
can be calculated using Equations (13) and (14) given below [65].

Zn=2,

+Z, ()

RL(dB)=-20log

in

Z:%: 1, tanh[jy /ﬂrgr} (12)
g, c

0
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where 7, represents the free space impedance (Ip), Z, is the input Ip of the ab-
sorber, fgives frequency, d stands for thickness, 4 and &, are the relative permea-
bility and permittivity, and cis the speed of light in vacuum.

Figures 13(a)-(e) shows the MW absorption properties for Al-doped BHF,
with varying frequency of 1 - 12 GHz. The MW absorption of EMWs at RL < —10
dB is thought suitable as it can vanish above 90% of the input EMW. For practical
application, MW absorbers mostly aim for the EM absorption at RL < —20 dB,
meaning that above 99% of the entering EMW is absorbed. The reflection loss
performance is investigated by showing RL diagrams of two-dimensional Al-
doped BHF nano-particles Ba Al,Fe;,_O1o at various thicknesses for composition
x = 0.00, 0.02, 0.04, 0.06, and 0.08, respectively. The addition of a dopant has a
significant impact on RL values, because it drops to a lower value of RL. As the

frequency rises, the thickness range of the material expands.
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Figure 13. RL value of Ba AliFei.-xO9 at various thicknesses for (a): x = 0.00 (b): for x =
0.02 (c) for x=0.04 (d) for x=0.06 (e) for x=0.08.
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For pure BHF, i.e, x= 0.00, there is no reflection loss observed in the frequency
range of 1 - 12 GHz. For x = 0.02, the reflection loss value significantly declines to
RLmin = —25.05 dB, for di, = 5.8 mm at 11.7 GHz. The range of EBWgr<_10a8 = 0.3
increases with an increase in dopant amount. However, x = 0.02 also gives the
effective values of RLmin < —20 dB for lower thickness. For di, = 1.9 mm, RLyin =
—24.00 dB, at the frequency of 11.9 GHz. The EBWgr<_10as for the same thickness
is 0.2 GHz. It is evident from the data that the dopant concentration has a greater
effect on the thickness at which the material exhibits the reduced reflection loss.
The dopant concentration x = 0.02 could be considered as satisfactory, because it
provides a drop in both the material’s thickness range and in reflection loss.

As the dopant concentration increases, Z.e., for x=0.04, RLyi, = —11.51 dB and
—11.76 dB, for d, = 6.2 mm and 6.1 mm at 10.81 GHz and 11.1 GHz, respectively.
The range of EBWgi<_10as = 0.58 and 0.67 GHz. This dopant amount has increased
the value of the effective bandwidth by 0.3 GHz.

Further increase in the dopant amount would increase the matching thickness
as shown in Figure 13(d), Figure 13(e). For x = 0.06, RLyin = —27.55 dB and
—-27.93 dB, for d = 7.3 mm and 7.9 mm at 10.9 GHz and 10.99 GHz, respectively.
The range of EBWri<—10a8 = 0.1 and 0.8 GHz, respectively. The value of RLy;, de-
creases with further increase in dopant concentration, ie., the lowest value of -
12.00 dB is observed for composition x = 0.08 at the thickness of 8.6 mm.

e) Further discussion

Efficient MW attenuation must be considered to achieve highly effective MW
absorption. The efficiency with which an absorber attenuates EM waves is demon-
strated by the value of the attenuation constant (a). The value a increases with the
strength of the EM attenuation ability [66] [67]. Figure 14 displays the a curves
of pure and Al-doped BHF NPs.
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Figure 14. Attenuation constant for BaAl.Fei2sO1, for x=0.00 - 0.08.

For every dopant concentration, or x= 0.00 - 0.08, the value of a falls between

2 and 60. With a change in dopant concentration, a varies marginally up to 10
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GHz, but beyond that, the fluctuation in @ becomes more noticeable. Even while
the sample with composition x = 0.02 exhibits resonance at 12 GHz, it attains the
maximum value of 323.42. The sample at dopant concentrations x = 0.04 shows
the maximum value of a.

The substitution of Al into BHF NP effectively modifies the EM parameters and
significantly enhances the MW absorption characteristics. The composition x =
0.02 achieved a decline in RLy;, with reduced thickness.

4. Conclusion

In summary, we investigated the structural, morphological, FTIR, magnetic, and
microwave absorption behavior of BaFe;; ,AlO19 (x = 0.00, 0.02, 0.04, 0.06, and
0.08) hexaferrites. Our investigation uncovers that structural and other related
functional properties are strongly governed by the nonmagnetic Al** doping. All
compounds crystallize in the M-type hexagonal phase, where lattice parameters
systematically contract with AI>* doping. A nonuniform distribution, along with
hexagon morphology, of particles was observed in morphological analysis. FTIR
analysis verified the hexagonal crystalline phase, evidenced by metal-oxygen
stretching and bending vibrations. Hard ferromagnetic nature and a large coercive
field value, which further increased (up to ~59%) with the dopant, were demon-
strated in the magnetic results. Microwave absorption results have shown syner-
gistic effects in dielectric/magnetic losses and strong electromagnetic attenuation.
This enables efficient microwave absorption/reflection loss, a wide effective ab-
sorption bandwidth, and a thin matching thickness in such systems. These find-
ings highlight the promising role of AI** doping in hexaferrite materials for ad-
vancing communication systems and tourism, further encouraging research and

development in this area.
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