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Abstract

This study investigates the effect of Yttrium (Y) addition as a doping element on the microstructure and magnetic
properties of barium hexaferrite (BaFe2019), synthesized using the High Energy Milling (HEM) method. Samples with
varying Y concentrations (x = 0.00, 0.05, 0.1 and 0.15) were prepared and characterized using X-ray Diffraction (XRD),
Scanning Electron Microscope-Energy Dispersive X-ray (SEM-EDX), and Vibrating Sample Magnetometer (VSM). The
XRD results showed that all samples exhibited a hexagonal M-type crystal structure with a P63/mmc space group. The
addition of Y caused a shift in diffraction peaks toward lower angles, indicating an increase in lattice parameters. SEM
morphological analysis revealed a decrease in grain size (Dsgm) with increasing Y content, from 813 nm (x = 0) to 519
nm (x = 0.15). Additionally, magnetic measurements indicated that the sample with x = 0.05 (Y5) had the optimal
magnetic properties, with a saturation magnetization (Ms) of 58.11 emu/g and a coercivity (Hc) of 2,715 Oe, making it a
promising candidate for microwave absorber applications. This study demonstrates that Y doping can modify the structure
and enhance the magnetic properties of barium hexaferrite, particularly in optimizing magnetization and reducing
coercivity for microwave absorption applications.
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Introduction

Magnetic materials have made a significant
contribution to the advancement of -electronic
information technology and manufacturing. One of the
technological developments is microwave absorber
materials, which aim to (i) reduce electromagnetic wave
radiation from electronic devices that may negatively
affect human health in the long term, and (ii) enhance
stealth radar technology in the military sector [1,2].
Various magnetic materials have been explored to
support these applications, including metal oxides,

spinel ferrites, hexaferrites, perovskite manganites,

magnetic alloys, and 2D materials [3-6]. Among these
materials, hexaferrites present both scientific and
technical advantages. These are attributed to their
characteristics, such as high Curie temperature, high
saturation magnetization, high coercivity, low eddy
current losses, high electrical resistivity, excellent
corrosion resistance, good chemical stability, low
material cost, and ease of production [7-12]. The general
formula for M-type hexaferrite with a magnetoplumbite
structure is AFe;2019, where A can be Ba, Sr, or Pb
[4,13-15].
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In addition to their role in hexaferrites, the
constituent ions Ba?' and Fe*" are known for their
functional versatility in other advanced material
systems. Barium has been widely used in polymer
composites and dielectric materials due to its thermal
and electrical properties [16], while Fe*" plays key roles
in flexible electronics, catalysis, and energy storage
systems because of its redox activity and
multifunctionality [17]. M-type hexaferrites are
considered highly suitable for industrial-scale
microwave absorber applications. This is supported by
the fact that M-type hexaferrites currently dominate up
to 57% of permanent magnetic materials [2]. Due to
their great potential, the development and exploration of
M-type hexaferrites remain a central focus in magnetic
material research.

The BaFe ;2019 compound has been extensively
studied due to its potential applications, particularly as a
microwave absorber. Generally, BaFe;;019 has a
hexagonal crystal structure containing 64 ions,
including both cations and anions, within each unit cell
[2]. This crystal structure belongs to the P63/mmc space
group, characterized by ions distributed across 11
different symmetry sites. A single unit cell contains 24
Fe* ions, which are crystallographically located in 3
distinct lattice sites: Tetragonal (4f;), octahedral (12k,
2a and 4f5), and trigonal bipyramidal (2b) [11,18]. More
specifically, 16 of the Fe*" ions have spins aligned
parallel to the crystallographic c-axis, forming the
majority spin direction 1 (12k, 2a and 2b), while the
remaining 8 Fe’" ions are aligned in the opposite
direction, forming the minority spin direction | (4f; and
4f5) [19]. This unique arrangement allows for the
substitution of cations in BaFe 019 with other elements,
aiming to enhance its magnetic properties. Such
modifications significantly affect its performance in
applications like microwave absorbers by altering its
electronic structure, resonance frequency, and atomic
magnetization [2,4,20]. Therefore, cation substitution in
BaFe ;019 is a promising strategy for improving its
functional properties.

Cation substitution in the BaFe;»xRE«Oi9
compound, where RE represents rare earth elements
such as Y**, La**, Gd**, Ho**, Er** and Ce**, can lead to
structural changes. These changes include structural
distortion, lattice strain, crystallite size, and grain size,

all of which can contribute to improvements in magnetic

and electronic properties [2,9,21-25]. Hashhash et al.
[22] reported a study on cation substitution in the
compound BagsSrosFei14R06019, where R = La, Yb,
Sm, Gd, Er, Eu, and Dy. The results showed that
substitution with different rare earth elements, each
having varying ionic radii, affected key magnetic
parameters such as maximum magnetization (Mmax),
saturation magnetization (Ms), remanent magnetization
(M), and coercivity (Hc). The highest values of Max,
Ms, and M, under an applied magnetic field of 2 T were
observed in the BagsSro.sYbosFe11.4019 compound, with
respective values of 59.8, 63.1, and 29.4 emu/g. It was
also reported that Yb substitution resulted in the lowest
Hc value among the samples, at 2,400 Oe [22].
Similarly, Sanker et al. [2] investigated the effect of
Yttrium (Y) substitution in BaFe><YxO19 compounds
with x = 0.0, 0.2, 0.4 and 0.6. They found that at x = 0.2
with a sintering temperature of 1,100 °C, the highest
values of Mmax, Ms, and M; were achieved 100.27,
106.00, and 49.86 emu/g, respectively under an applied
magnetic field of 2 T. Meanwhile, the Hc value was
around 2,389.3 Oe. Based on these 2 studies, it is evident
that Y substitution in BaFe2019 compounds can result
in higher Mmax, Ms, and M; values, along with relatively
higher Hc. These characteristics align with some of the
essential criteria for effective microwave absorber
materials, which include high saturation magnetization
and low coercivity [4,5]. Recent research has also
highlighted the potential of ferrite-based materials,
particularly those doped with rare-earth elements such
as Y, for use in electromagnetic applications [26].

In addition to cation substitution, other parameters
that significantly affect the structure and magnetic
properties of materials include composition, synthesis
method, and heat treatment conditions [3,27-30]. This
has been confirmed by several previous studies. Sarker
et al. [2] reported the influence of different heating
temperatures on BaFe2xYxO19 compounds with x = 0.0,
0.2, 0.4, and 0.6 synthesized by a specific method. They
found that increasing the heating temperature tended to
enhance the values of Muax, Ms, Mr, and Hc. These
changes were also related to variations in crystallite size
and structural parameters. Rehman er al [24]
investigated BaFe2xYxO19 compounds (x = 0.0, 0.02,
0.05, 0.08, 0.10 and 0.13) prepared via the solid-state
reaction method. Their results showed that the highest
Ms value reached 57.135 emu/g, while the lowest Hc
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was around 2,165.83 Oe under an applied magnetic field
of 1 T. On the other hand, Sharma et al. [25] studied
BaFen«YO19 (x = 0.0, 0.1 and 0.2) synthesized
through the co-precipitation method, in which they
observed variations in magnetic properties. The highest
M;s obtained was 59.85 emu/g, and the lowest Hc was
310 Oe. However, the co-precipitation method tended to
reduce Ms and increase Hc when Y was used to
substitute Fe in the BaFe;»«YiOi9 compounds.
Therefore, controlling parameters such as cation
substitution, synthesis technique, and thermal treatment
is crucial for optimizing the magnetic and electronic
properties of hexaferrite materials. A  deeper
understanding of the interactions among these
parameters may open new opportunities for more
efficient applications.

Although numerous studies have investigated the
substitution of Fe with Y in BaFe 2 xYxO19, there is still
limited information regarding the effects of using High
Energy Milling (HEM) in the synthesis of this material.
HEM was chosen due to several advantages, including
its simplicity, low cost, the production of more
homogeneous particle sizes, and the avoidance of
excessive chemical solvents, which results in minimal
waste. Therefore, this study investigates the influence of
Y substitution on the structural and magnetic properties
of BaFe»xYxO19 compounds (x = 0.0, 0.05, 0.1 and
0.15) synthesized using the HEM method. It is expected
that HEM may contribute to intrinsic defects and
structural modifications that enhance magnetic
performance. The aim is to increase the values of Mmax,
Ms, and M;, while decreasing Hc, as these parameters
are crucial for improving the performance of microwave

absorber materials.

Materials and methods

M-type barium hexaferrite compounds with the
formula BaFei>—xYxO19 (x = 0.00, 0.05, 0.1 and 0.15)
were synthesized using the HEM method. To produce
the samples, analytical grade precursors were used,
including barium carbonate (BaCOj3), iron (III) oxide
(Fe203), and yttrium oxide (Y203). Sample codes were
assigned to simplify identification: YO (BaFe2019), Y5
(BaFei1.95Y0.05019), Y10 (BaFei19Y0.1019), and Y15
(BaFei1.85Y0.15019). Before starting the synthesis, the
precursors were calculated and weighed based on the

designed stoichiometry. All weighed precursors were

placed in a milling container, and a small amount of
ethanol was added. The milling process was carried out
for 3 h at room temperature. The resulting wet powder
was dried in an oven at 80 °C for 20 h. Then, the dry
powder was sintered at 1,200 °C for 3 h. Finally, the
sintered powder was ground manually and sieved to a
particle size of 200 mesh, making it ready for
characterization.

Structural analysis was carried out using X-ray
Diffraction (XRD, SMARTLAB Rigaku) with a Cu-Ka
radiation source (A = 1.54056 A) over a 20 range of 10°
to 90°, with a step width of 0.01°. Furthermore, the XRD
measurements were conducted at room temperature
using powder samples. The sample morphology was
examined using a Scanning Electron Microscope
(SEM), while the elemental distribution was analyzed
using Energy Dispersive X-ray Spectroscopy (EDX).
Both characterizations were performed with a
HITACHI-SU3500 SEM-EDX instrument operated at
15 kV. The magnetic properties of the materials were
characterized at room temperature using a Vibrating
Sample Magnetometer (VSM250, Dexing Magnet Ltd)
under an applied magnetic field range of 0 - 1 T.

Results and discussion

The structural properties

Figure 1 presents the XRD patterns of
BaFe«xYxO19 compounds with x = 0.0, 0.05, 0.1, and
0.15 (M-type hexaferrite, BaM), measured over a 20
range of 10° - 90°. The measurements were conducted
at room temperature using powder samples. Several
prominent diffraction peaks indicating the presence of
the BaFe»—«YxO19 phase were observed, appearing at
approximately the following 26 positions: 23.0° (006),
30.3°(110), 30.8° (112), 31.2° (008), 32.1° (107), 34.1°
(114),35.1°(200), 37.1° (203), 40.3° (205), 42.7° (206),
46.5° (10 11), 50.3° (209), 55.3° (217), 57.3° (304),
63.5° (224), 67.3° (20 14), 71.8° (11 16), and 74.1°
(403) [2,29]. Furthermore, the inset in Figure 1 shows a
leftward shift of the diffraction peaks with increasing Y
concentration, suggesting changes in the structural
parameters of the compound. Structural analysis
(including crystal structure, lattice parameters, average
crystallite size, and theoretical density) was carried out
using the Rietveld refinement method with the aid of
FullProf software [20,25].
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The results of the Rietveld refinement analysis
confirmed that all compounds exhibit XRD patterns
consistent with the ICSD-16157 reference. Figure 2
presents all the graphs obtained from the observed
Rietveld refinement analysis. All detected peaks
validate the formation of a single-phase BaM with a
hexagonal crystal structure belonging to the space group
P63/mmc [31,32]. In detail, the structural parameters
obtained from the Rietveld refinement analysis are
summarized in Table 1. The lattice parameters indicate
that the values of a, b, ¢, and the lattice volume tend to
increase slightly with the substitution of Fe* ions by Y3*
ions. This can be explained by the fact that the ionic
radius of Y** (1.04 A) is larger than that of Fe*" (0.64
A), causing a mismatch in the crystal lattice when Y3*

ions substitute Fe** ions, which in turn increases the

parameter ratio c/a within a specific range. Sarker
reported that BaFe;»«YxO19 (x = 0.0, 0.2, 0.4 and 0.6)
has c/a values in the range of 3.93 - 3.94 [2]. Wagner
reported that M-type BaGa 2019 has a c/a ratio of 3.96
[35]. Topkaya also reported that BaFe119Y0.1019 has a
c/aratio of 3.936 [9]. Furthermore, Ginting reported that
BaFei13C00.1Nip.1019 has a c/a ratio of 3.95 [6], while
BaysCap2Fei2019 has a c/a ratio of 3.92 [36]. For a more
complex doping system, BaCoZrFei0O19 exhibits a c/a
ratio as high as 3.97 [52]. Based on these reports, it can
be concluded that M-type barium hexaferrites typically
exhibit c/a ratios in the range of 3.92 - 3.97. Therefore,
the synthesized BaFe>—«YxO19 compounds with x = 0.0,
0.05, 0.1, and 0.15 can be classified as M-type barium
hexaferrites. As a schematic illustration, the hexagonal

crystal structures of the M-type compounds are shown

lattice parameters [2,25,33,34]. In addition, the type of in Figure 3.
BaM formed can be determined by comparing the lattice
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Figure 1 XRD patterns of BaFe»«YxO19 compounds with x = 0.0, 0.05, 0.1 and 0.15 in the 26 range of 10° - 90°, with
an inset showing the XRD patterns in the 26 range of 30° - 35°.
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Figure 2 XRD patterns resulting from the Rietveld refinement analysis for BaFe >—xYxO19 compounds with x = 0.0, 0.05,

0.1, and 0.15, where the black circles represent the experimentally observed XRD data (Iows), the red line corresponds to

the calculated XRD pattern obtained from the Rietveld refinement (Icac) that matches the experimental data, the blue line

indicates the difference between the observed and calculated patterns, and the green vertical lines mark the Bragg

reflection positions.

Table 1 Structural parameters obtained from the XRD pattern analysis of BaFe,«<YxO19 compounds with x = 0.0, 0.05,
0.1, and 0.15.

Structural parameters YO0 Y5 Y10 Y15
Crystal Structure Hexagonal Hexagonal Hexagonal Hexagonal
Space Group P63/mmc P63/mmc P63/mmc P63/mmc
a=b 5.8918 5.89517 5.8966 5.9001
C 23.2024 23.23104 23.2199 23.2353
c/a 3.9381 3.9407 3.9379 3.9381
v 697.5189 699.1849 699.1822 700.4702
microstrain 0.00042 0.00048 0.00049 0.00047
Bcos 0.001696 0.001916 0.001980 0.001862
X 0.03569 0.03583 0.03565 0.03568
Dsc 87.09 77.83 76.07 80.10
Dsgm (nm) 813 +£ 283 791 £ 370 620 + 302 519 +£259
densitas 5.2930 5.2883 5.2961 5.2942
Chi (%) 1.2800 1.2500 1.2000 1.2000

Rbragg 13.3100 11.9900 12.3400 9.3410
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. . OBa oFe,Y <O
Figure 3 Schematic illustration of the hexagonal crystal structure obtained from the Rietveld refinement of BaFe2«YxO19
compounds for (a) x = 0.0, (b) x =0.05, (¢) x=0.1, and (d) x = 0.15.

The average crystallite size was determined using
the Debye-Scherrer equation, which is defined as
follows [2,20]:

M

where, Dsc is the average crystallite size, k is the
Scherrer constant, A is the X-ray wavelength, B is the full
width at half maximum (FWHM), and 6 is the Bragg
diffraction angle. The calculated Dsc values, as
presented in Table 1, show a decreasing trend with
increasing substitution concentration of Y ions. The Dsc
values were found to be in the range of 76.07 - 87.09
nm. This reduction is consistent with the report by
Almessiere, which demonstrated that the substitution of
Fe with Nb in BaFe;»xNbxOj9 led to a decrease in
average crystallite size from 46.1 nm (x = 0) to 33.2 nm
(x = 0.1) [37]. This phenomenon is associated with the
leftward shift of XRD peaks due to Y ion substitution,
as shown in the inset of Figure 1. This statement is
supported by the report of Marouani, who stated that the
leftward shift of XRD peaks may contribute to a
reduction in Dsc values [38]. This peak shift is attributed
to the larger ionic radius of Y** compared to Fe?*, which

can cause significant changes in various structural
parameters. These changes include: (i) a decrease in Fe-
O bond length, (ii) alterations in the Fe-O-Fe bond angle
and position, and (iii) modifications in the overall
dimensions of the crystal unit cell, all of which affect the
fundamental properties of the structure [20,38]. These
structural changes have a direct impact on the
fundamental characteristics of the compound.
Furthermore, the crystallite size can be used to calculate
the dislocation density (o) through the relationship ¢ =
1/Dsc?. The observed significant reduction in crystallite
size likely corresponds to an enhancement in dislocation
density within the material [20]. Therefore, the leftward
shift in XRD peaks observed in these samples can be
well explained by the influence of cation substitution on
the structural parameters.

The density of all samples was calculated using
data obtained from the Rietveld refinement of X-ray
diffraction patterns, according to the following equation
[39-41]:

M
PxrRD = NaV 2
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where pyxrp represents the density determined from
XRD measurements (g/cm’), Z is the number of
molecules per unit cell, M is the molecular weight
(g/mol), N is Avogadro’s constant (6.021x10% mol ™),
and V is the unit cell volume. The analysis results show
that the XRD density values tend to remain stable
without significant changes, even though the molar mass
of Y3" ions (88.908 a.m.u) is higher than that of Fe3* ions
(55.85 a.m.u) [2]. This is due to the very small amount
of Fe cation substitution by Y. When compared to the
theoretical ~ density =~ of  BagsSrosREoeFei1.4019
compounds (RE =La, Yb, Sm, Gd, Er, Eu and Dy), the
density of BaFe;19Y0.1019 was found to be higher than
that of BaosSrosYboeFe1.4010 (pxrp = 5.291 g/em?).
However, for RE substitutions other than Yb, the pxrp
values of BagsSrosREq¢Fei1.4010 were higher than that
of BaFe11.9Y0.1019,
BagsSrosREg¢Fe114019  compounds are  denser.

indicating that the

Additionally, the variation in pyxpp Vvalues correlates
with the dislocation density values observed, where no
significant change in dislocation density was noted. This
phenomenon is consistent with the substitution of Fe by
Y in BaFe»—«YO19 compounds (with x = 0.0, 0.3, 0.5,
0.7 and 0.9), where increasing x leads to an increase in
dislocation density, which in turn decreases the XRD
density [20].

The morphological properties
The SEM images of BaFei»—xYxO19 compounds
with x = 0.00, 0.05, 0.10, and 0.15 are shown in Figure

4. The surface morphology exhibits irregular grain
shapes and sizes. This is clearly evident from the
presence of both large and small grains on the surface
[42]. The average grain size (Dsgm) of each sample was
calculated using the ImageJ software. The obtained
Dsem values show a decreasing trend with increasing Y
concentration. The Dsgm values are 813, 791, 620 and
519 nm for YO, Y5, Y10, and Y15 samples, respectively.
More detailed results of the Dsgm values can be seen in
the histogram shown in Figure 4 and in Table 1. The
decrease in Dsgm is presumably due to the cation
substitution effect by rare-earth ions such as Y**, which
have a different average ionic radius compared to Fe’*
ions [37,43]. On the other hand, the presence of Y*" ions,
as a rare-earth element, may contribute to the inhibition
of grain growth during the heating process [23].

In addition, this study used only 1 synthesis batch
for each sample composition. The relatively large
standard deviations in grain size values, as shown in
Table 1, may be caused by variations during the milling
and sintering steps.  Although the overall trend of
decreasing grain size with higher Y content is still clear,
the consistency of the High Energy Milling (HEM)
method has not been fully evaluated. Future studies are
needed to repeat the synthesis process using multiple
batches in order to check reproducibility and improve
control over particle size. This would help ensure that
the relationship between microstructure and magnetic

properties is more reliable.

Table 2 The semi-quantitative results from the EDX measurements compared with the stoichiometry.

Sample Ba (at%) Fe (at%) Y (at%) O (at%)
Yo Stoichiometry 3.13 37.5 0 59.37
Experiment 3.35 36.89 0 59.76
Y5 Stoichiometry 3.13 37.35 0.15 59.37
Experiment 3.58 36.38 0.11 59.93
Y10 Stoichiometry 3.13 37.19 0.31 59.37
Experiment 3.5 34.46 0.2 61.84
Y15 Stoichiometry 3.13 37.03 0.46 59.38
Experiment 3.54 36.13 0.07 60.26
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Figure 4 The grain size distribution histogram and inserted SEM micrographs BaFe ,YxO19 (a) x = 0.0, (b) x = 0.05,

(¢)x =0.1, and (d) x = 0.15 compounds.

Figure 5 The EDX measurement results in the form of spectral curves and elemental mapping of the BaFe1,-«YxO19 () X

=0.0, (b) x=0.05, (¢) x=0.10, and (d) x = 0.15 compound.

Figure 5 presents the spectrum and elemental
mapping results from the EDX measurements for all
samples. The spectral curves confirm that the detected
elements for the YO sample are Ba, Fe, and O, while for
the Y5, Y10, and Y15 samples, the detected elements
are Ba, Fe, Y, and O. This confirms that the detected

elements are consistent with the intended compound
[20]. To further validate the synthesized compounds, the
atomic percentages of each element in BaFe »<YxO19 (x
= 0.00, 0.05, 0.10 and 0.15) were compared with the
theoretical stoichiometry, as tabulated in Table 2. The
comparison results further confirm that each synthesized
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compound was successfully produced in accordance
with its stoichiometry.

Magnetic properties

The magnetic properties of the BaFei»—xYxOio
compounds (x =0.0, 0.05,0.10 and 0.15) were measured
using a VSM instrument at room temperature under an
applied magnetic field of 10 kOe, as shown in Figure 6.
The magnetic behavior exhibited is characteristic of
hard magnetic materials, indicated by high coercivity
and remanent magnetization values, which are typical
features of M-type hexaferrites [44-49]. The
magnetization of BaFe 2 «YxO19 (x=0.0, 0.05, 0.10 and
0.15) correlates with the aligned magnetic field,
influencing an increase in magnetization values [24].
Based on Figure 6, the identifiable magnetic parameters
include Mmax, Hc and M;. More detailed information
regarding these parameters is summarized in Table 3.
The observed maximum magnetization values were
50.39, 53.23, 49.65, and 47.95 emu/g for YO to Y15,
respectively. Furthermore, a similar pattern was
observed in the remanent magnetization values, which
increased upon partial substitution of Fe*" with Y** ions.
The remanent magnetization values were 32.75, 34.06,
31.53, and 30.51 emu/g for YO to Y15, in sequence. The
trend of increasing followed by decreasing
magnetization values may be attributed to high-
temperature sintering (> 1,000°C) and structural
distortion caused by cation substitution of Fe** with Y3*
[2,20]. Mechanistically, each Fe** ion in a single unit
cell of M-type hexaferrites occupies 5 crystallographic
sites, including 1 trigonal bipyramidal site (2b), 1
tetrahedral site (4f1), and 3 octahedral sites (2a, 12k and
4f,) [11]. Moreover, it is known that 16 Fe** ions have
spins aligned parallel to the c-axis of the crystal
(forming the majority spin direction 1 at sites 12k, 2a
and 2b), while 8 Fe*" ions are oriented in the opposite
direction (forming the minority spin direction | at sites
4f, and 4f;) [19,50]. After the cancellation of the
opposing magnetic moments between upward and
downward spins of Fe** ions, a net magnetization results
from 4 Fe** ions with upward spins. Therefore, it is

understood that the substitution of Fe*" with Y ions at

x = 0.05 tends to occupy the minority spin sites | (4f;
and 4f,), resulting in an increase in the Mmax value in the
Y5 sample [50,51]. On the other hand, in the Y10 and
Y15 samples, it is suspected that some Fe’* ions are
removed from the majority spin sites, leading to a
reduction in both maximum and remanent
magnetization values [2,9,52].

The M-H loop curves of the YO0-Y15 samples
measured under a maximum magnetic field of 10 kOe
do not exhibit saturation. To gain a more detailed
understanding of the magnetic properties, such as
saturation magnetization, effective magnetocrystalline
anisotropy constant and anisotropy field, these
parameters can be calculated using the Law of Approach
to Saturation (LAS) method. The LAS approach is
defined as follows [33,53]:

A B
M = Mg (l—ﬁ—§)+xH 3)
_ 4Kegr
B= 15M2 “4)
2Ke
H, = M—ff et (5)

where Mg is the saturation magnetization, A is a constant
associated with material inhomogeneities, B is a
constant related to magnetocrystalline anisotropy, H is
the applied magnetic field, and y is the magnetic
susceptibility of the material. It is known that the yH
term is considered significant only at high temperatures
and high magnetic fields. Therefore, for samples
measured at room temperature, this term can be
neglected due to its negligible effect. As a result, Eq. (3)
is simplified to Eq. (6). Furthermore, the estimation of
the magnetic moment of the BaFe 2-xY«xO19 compounds
can be obtained using Eq. (7), where Mw represents the
molecular weight [2,53].

M=Ms (1-3) 6)
ng (kp) = % (7
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Figure 6 M-H loop curves of BaFe»«YxO19 compounds (x = 0.0, 0.05, 0.10 and 0.15) measured at room temperature.

The magnetization peaks for all samples are magnified in the inset.

The LAS method approach was applied to the M-
H loops of all samples, as shown in Figure 7. Based on
the fitted curves in the figure, several magnetic
parameters were obtained, including saturation
magnetization, effective magnetocrystalline anisotropy
constant (Kg¢) , anisotropy field (H,), and magnetic
moment (ng), which are summarized in Table 4 and
compared with previous studies. Variations in the K¢
and H, values were observed as the substitution of Fe**
cations with Y** ions increased, showing a general
decreasing trend. A high K¢ value indicates that the
material exhibits hard magnetic characteristics, while a
low K¢ value suggests soft magnetic behavior [53]. The
effective anisotropy constant K. is influenced by

particle size effects on the surface and size limitations.

As the particle size decreases, the surface to volume
ratio increases, leading to a greater contribution from
surface anisotropy. This anisotropy arises due to the
different bonding environments experienced by atoms at
the surface compared to those in the bulk of the material.
As a result, smaller particles tend to exhibit higher K¢
values. Conversely, in larger particles, K¢ is more
strongly affected by the intrinsic properties of the
material and its crystal structure [53]. Meanwhile, the
obtained H, values tend to decrease with increasing
substitution of Fe*" by Y**, which may be associated
with the reduction in magnetocrystalline anisotropy of
the material [42]. Furthermore, the magnetic moment
values remained relatively stable, as summarized in
Table 4.
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Figure 7 Plot of magnetization as a function of 1/1/H? for BaFe;2»xYxO19(a) x = 0.0, (b) x = 0.05, (¢) x = 0.1, and (d) x

= 0.15 compounds.

Based on Table 3, the optimal BaFe;»«YxOi9
composition for microwave absorber applications
should exhibit low coercivity and high saturation
magnetization. These characteristics are crucial because
low coercivity allows the material to respond easily to
an external magnetic field, while high saturation
the
electromagnetic wave absorption. In this study, the
0.05 (Y5) demonstrated the best

combination of these 2 parameters, making it a superior

magnetization  enhances efficiency  of

sample with x =

candidate compared to the other samples. Compared to
previous studies, the Y5 sample exhibited competitive
magnetic properties. Sarker et al. [2] synthesized
BaFei13Y02019 via the sol-gel method and reported a
high saturation magnetization (Ms) of 106.0 emu/g and
coercivity (He) of 2389 Oe. Using the co-precipitation
method, Ginting ef al. [6] obtained Ms = 34.83 emu/g

5 10
1/pgH? x 10 (Oe?)

and Hc = 2099 Oe for BaFesCo0:Ni2Oj9. Meanwhile,
Rehman et al. [24], through a solid-state reaction
method, achieved Ms = 57.14 emu/g and Hc = 2,165 Oe
for Ba;«YxFei2019 with x = 0.05. In comparison, the Y5
sample in this study, synthesized using High Energy
Milling, achieved Ms =58.11 emu/g and Hc =2,715 Oe.

Although the coercivity was slightly higher than
that reported in Rehman et al. [24], the Y5 sample offers
a favorable trade-off between magnetization strength
and coercive field, which is critical for microwave
absorption performance. This result highlights the
potential advantage of the HEM technique in producing
materials with improved microstructural uniformity and
the
BaFe11.95Y0.05019 composition can be considered a

magnetic homogeneity. Accordingly,
promising candidate for high-performance microwave

absorbing materials.
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Table 3 Magnetic variables of BaFe >« YxO19(x = 0.0, 0.05, 0.1 and 0.15).

Synthesis

HoH

Mmax Mr HC

Sample method (kOe) (emu/g) (emu/g) (Oe) Reference

YO0 HEM 10 50.39 32.75 2,933 This work

Y5 HEM 10 53.23 34.06 2,715 This work

Y10 HEM 10 49.65 31.53 2,942 This work

Y15 HEM 10 47.95 30.51 2,962 This work
BaFe12019 CP 20 32.02 16.98 6,958 [6]
BaFe10Co1Ni1O19 Ccp 20 34.34 17.31 4,233 [6]
BaFesCo:Ni2O19 Cp 20 34.83 18.03 2,099 [6]
BaFe 2019 SG 20 70.07 35.75 2,936 [2]
BaFei15Y02019 SG 20 100.27 49.86 2,389 [2]
BaFei1.6Y04019 SG 20 81.27 41.78 3,341 [2]
BaFe114Y0.6019 SG 20 82.95 41.78 2,923 [2]
BaFe 2019 SG 15 96 25.04 3,860 [20]
BaFei17Y03019 SG 15 96.70 51.62 3,150 [20]
BaFei15Y05019 SG 15 71.21 37.77 3,040 [20]
BaFei13Y0.7019 SG 15 63.31 34.04 3,400 [20]
BaFei1.1Y09019 SG 15 55.71 30.33 2,900 [20]

Table 4 Magnetic variables of BaFe>—«YO19(x = 0.0, 0.05, 0.1 and 0.15) approaching by LAS method.
Sample Mg (emu/g) M,/ Mg ng (us) KeffX106 Hox104 B (109
(emu/g)
YO0 54.75 0.649 10.89 2.25 8.25 4.54
Y5 58.11 0.639 11.56 2.52 8.70 5.04
Y10 54.19 0.634 10.78 2.28 8.40 4.71
Y15 52.53 0.636 10.45 2.12 8.07 4.34
Conclusions material, making it a promising candidate for
The results of this study indicate that the addition microwave  absorber  applications and  other

of Yttrium (Y) as a dopant in barium hexaferrite
(BaFei2xYxO\9) significantly affects the microstructure
The

incorporation of Y leads to an increase in lattice

and magnetic properties of the material.
parameters, shifts in XRD diffraction peaks, and a
reduction in grain size, which in turn impacts the
magnetic characteristics. measurements
reveal that the sample with x = 0.05 (Y5) exhibits the
best with the highest

magnetization (58.11 emu/g) and optimal coercive field

Magnetic
saturation

performance,

(2,715 Oe). Therefore, Yttrium doping has proven

effective in enhancing the magnetic properties of this

electromagnetic technologies.
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