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ABSTRACT KEYWORDS
The use of absorbers is critical for protecting human health, enabling stealth applications, and M-type hexaferrites
preventing electromagnetic interference. Although various absorbers have been developed in Structural properties
recent years, many suffer from poor synergy and low attenuation efficiency, resulting in limited Magnetic properties
performance. Also, the factors affecting the increase in the effective absorption bandwidth have Microwave absorption properties
not been well addressed. Hexaferrites, with their ability to provide magnetic loss along with ;
dielectric loss, are promising candidates for microwave absorbers. However, hexaferrites OPEN ACCESS
currently lack the necessary efficiency, and their microwave attenuation properties need to be
enhanced. In this review article, we examine recent studies on M-type hexaferrites, focusing on
the parameters influencing microwave absorption properties. The magnetic properties of these
materials, along with the origins of their magnetic behavior, the structural characteristics, and
various synthesis methods of hexaferrites, are thoroughly analyzed due to their significant
impact on absorption performance. Finally, in this review article, we present suggestions that
can lead to improved efficiency and use of hexaferrites in industry as adsorbents.
© 2025 The Authors. Published by Synsint Research Group.
Nomenclature
Symbol  Definition Symbol  Definition Symbol Definition
M, Saturation magnetization mg Magnetic moment per unit Emc Energy of crystalline magnetic anisotropy
H, Anisotropy M, Remanent magnetization Ny Demagnetization factor
T, Curie temperature K, Crystalline magnetic anisotropy constant W, Domain wall energy density
BaM BaFe ;09 He; Intrinsic coercivity K, (erg/K) Boltzmann constant
StM SrFe;019 Ho Vacuum permeability VSM Vibrating sample magnetometer
PbM PbFe;,0y9 SQR Squareness ratio Hy Demagnetizing field
XRD X-ray diffraction Esnape Energy of shape anisotropy RL Reflection loss
SEM Scanning electron microscopy Equrface Energy of surface anisotropy Zin Input impedance
H, Coercivity field Euve Energy of stress-induced anisotropy Zy Air impedance
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Nomenclature

Symbol Definition Symbol Definition Symbol Definition

& Relative permeability tan 8, Magnetic loss Hegr Effective magnetic field

g Real part of relative permeability o Attenuation constant Hin Interaction field

g’ Imaginary part of relative permeability dm Impedance matching H, Resonance field

i Relative permittivity fin Matching frequency AH Ferromagnetic resonance linewidth
W Real part of relative permittivity £ Static dielectric constant AH, Crystalline anisotropy linewidth

n Imaginary part of relative permittivity €5 High-frequency relative dielectric constant AH, Intrinsic linewidth

tan J, Dielectric loss fi Resonance frequency AH; Porosity linewidth

1. Introduction

Due to advancements in technology, the use of electromagnetic waves,
particularly microwaves, has increased significantly [1-3]. However,
the negative effects associated with their use have also grown in
proportion. Researchers have categorized microwave spectra into
various bands for application in different fields [4]. These bands are
shown in Fig. la. Microwaves are commonly used in most wireless
communications, radar systems, satellites, and devices such as Wi-Fi,
smartphones, and smart cars (Fig. 1b) [5]. The increased usage of these
waves has led to some issues. Certain devices experience interference
when exposed to microwave radiation [6—10]. Additionally, prolonged
human exposure to electromagnetic waves can result in various
diseases and even cancer [11, 12]. In the military sector, the use of
absorbers that can generate a large absorption bandwidth and high
attenuation is crucial for stealth applications [13-16]. Therefore, it is
necessary to develop absorbers that can address these issues
effectively.

A variety of materials for microwave absorption have been introduced
in recent years. The microwave absorption properties of materials such
as activated carbon [17-19], carbon nanotubes [8, 20-22], metal oxides
[23-25], MXenes [26-28], metal-organic frameworks (MOFs) [29, 30],
and ferrites [31-35] have been extensively studied by researchers.
Additionally, the absorption mechanisms in these materials have been
partially explained. However, it remains essential to clearly identify the
that
hexaferrites, have garnered a lot of interest in a variety of sectors
because of their high M, [36-38], cost-effective production [39-41],
[42, 43], high electrical resistivity [44, 45], favorable
magnetoelectric properties [46-48], high Tc¢ [49-51] and excellent

factors improve absorber efficiency. Ferrites, especially

large H,

chemical stability [52-54]. Despite these advantages, these materials

|(b) 124 8 12 18

exhibit low absorption efficiency and high density. Therefore, by
improved design and the addition of different chemicals, it is required
to improve the microwave absorption capabilities of hexaferrites.

One of the key applications of hexaferrites lies in microwave
absorption. More research has been done on the microwave absorption
characteristics of M-type hexaferrites than on any other hexaferrite.
Hexaferrites possess a complex crystal structure, which makes it
challenging to analyze the mechanisms of microwave energy loss
within them. On the other hand, when hexaferrites are combined with
other materials, they can synergistically enhance both the dielectric and
Thus, a
comprehensive review of research conducted on M-type hexaferrites is

magnetic components, thereby increasing energy loss.
essential to identify the factors that improve the efficiency of
microwave absorbers. In this
of M-type
Understanding these materials' magnetic characteristics is essential to

article, we have examined the

characteristics hexaferrites' microwave absorption.
comprehending the mechanisms underlying microwave loss. Thus, the
magnetic and structural properties of hexaferrites are explored. The
different synthesis strategies for these materials are also described
because they have a big impact on microwave absorption. Finally, all
influential factors identified through previous research are presented,
and practical strategies for enhancing the efficiency of absorbers are

proposed.

2. Hexaferrites

A type of ferritic minerals with hexagonal crystal structures is known
as hexaferrites [55, 56]. Because iron ions are present in their structure,
these materials behave magnetically. Blocks of S, R, and T are stacked
to form hexaferrites [57, 58]. Fig. 2 shows these blocks in action. M-
type, Y-type, W-type, X-type, Z-type, and U-type are the six varieties
of hexagonal ferrites [46, 59—62]. Fig. 3 depicts each of these ferrites.
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Fig. 1. a) Microwave bands and b) their applications in various fields (reproduced from Ref. [5]).
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Fig. 2. S, R, and T blocks in hexaferrites (schematic based on
Ref. [57]).

Hexaferrites have intricate structures, as the image makes clear [63].
Also, Table 1 lists the blocks' stacking order for creating the various
kinds of hexaferrites. According to the table, depending on the type of
hexaferrite, a different space group is obtained. Changes in the space
group result in significant alterations in the final properties of the
hexaferrite.

The crystal structures of different hexaferrites are shown in Fig. 3. As
seen in the figure, the crystal structure of hexaferrites becomes
progressively more complex. In addition to the structural complexity,
synthesizing these materials is also challenging [64-68], as indicated
by the phase diagram [69]. However, all hexaferrites are composed of
the blocks mentioned in Fig. 2. The stacking arrangement of these
blocks is shown in Fig. 3 and summarized in Table 1. U-type
hexaferrite has the most complex structure among the hexaferrites,
whereas M-type hexaferrite has the simplest structure [37]. The
complexity in the structure of hexaferrites is M, Y, W, Z, X, and U,
respectively [70, 71]. A triangular bipyramidal site (2b), a tetrahedral
site (4f>), and an octahedral site (12k, 4f;, 2a) are among the sites that
Fe®" ions occupy in M-type hexaferrites [72—75].

The W-type hexaferrite has a structure similar to that of the M-type
hexaferrite (Fig. 3a and b). This type of hexaferrite is formed by
stacking blocks in the RSSR*S*S# sequence (* symbol: 180-degree
rotation of the block around the c-axis), where the additional S block
layer influences its properties [76]. In Y-type and Z-type hexaferrites

(Fig. 3c and d) [77], the structure consists of spin blocks L and S,
which exhibit large and small magnetic moments along the [001]
direction, respectively [78]. The stacking of these spin blocks leads to
the emergence of a non-collinear magnetic structure [79]. Fig. 3e
presents one-third of the U-type hexaferrite structure. The U- and Z-
type hexaferrite can also be described using M- and Y-type blocks [61].
Z-type hexaferrite has a 33-layer structure stacked along the c-axis,
with a unit cell containing 140 atoms [80]. The X-type hexaferrite
structure is depicted in Fig. 3f [81]. In the structure of X-type
hexaferrite, there are three octahedral sites at the boundary between the
S-S and S-R blocks, two octahedral sites and one trigonal bipyramidal
site in the R block, and one octahedral site and two tetrahedral sites in
the S block. The iron ions, by being located in these sites, determine
the magnetic behavior of this ferrite [38].

3. M-type hexaferrite

3.1. Methodology of the review

The materials for this review were collected from reputable publishers
and scientific databases, including ScienceDirect, Springer, Wiley, and
others. The literature search was conducted using relevant keywords
such as hexaferrites, M-type hexaferrite, BaM, SrM, PbM, barium
hexaferrites, strontium hexaferrites, lead hexaferrites, doped
hexaferrites, hexaferrite composites, etc. Priority was given to the most
recent publications related to the studied material in order to provide an
up-to-date overview.

To avoid redundancy, duplicate or repetitive studies were carefully
excluded. The selected articles were analyzed to cover different aspects
of the material’s properties from multiple perspectives. Finally, based
on the reviewed studies, a roadmap was outlined to suggest possible
strategies for improving the properties of the material under
investigation.

3.2. Structural features

M-type hexaferrites will be the main topic of this essay. The general
formula for M-type ferrites is AFe,019, Where A denotes metal cations
such as strontium (Sr), barium (Ba), and lead (Pb) [33, 85-87]. Phillips
was the first to study the magnetic characteristics of this kind of
hexaferrite in the 1950s [88-90]. The most well-known M-type
hexaferrite is BaM. Initially, this material was referred to as ferroxdure
[91]. M-type hexaferrites are considered hard magnetic ferrites [92—
95]. While BaM has a lower M, compared to magnetic alloys, its
production is cost-effective. As a result, it is widely used in industry.

Table 1. The combination, chemical formula, stacking order, and space group of different hexaferrites (the 180-degree rotation of the block around the
c-axis is indicated by the * symbol) [82-84].

Hexaferrite type Combination Chemical formula Stacking order Space group
U 2M+Y AsM;,Fes060 RSR#S*T*S* R-3m
X 2M+ S AsMFe 5046 RSR*S*Sx R-3m
Z M+Y A3;M,Fey, 04y RSTSR*S*T*Sx* P63/mmc
w M+S AM;Fe 60,7 RSSR*S*Sx P63/mmc
Y Y A;MsFe 50, TSTSTS R-3m
M M AFe;,0p9 RSR*Sx P63/mmc
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Fig. 3. a) M-type (reproduced from Ref. [75]), b) W-type (reproduced with permission Ref. [76]), ¢) Y-type (reproduced from Ref. [77]), d) Z-type
(reproduced from Ref. [79]), ) U-type (reproduced from Ref. [67]), and f) X-type hexaferrites (reproduced with permission from Ref. [81]).

Additionally, these materials exhibit high electrical resistance [96].
SrM is also one of the most well-known M-type hexaferrites. The
strontium ions are smaller than barium ions, which leads to changes in
the crystal structure of SrM, resulting in different final properties
compared to BaM [91].

M-type hexaferrites have a molecular structure composed of S and R
blocks, with the final formula for the unit cell being RSR*S* [97]. The
block has turned 180 degrees around the c-axis, as shown by the
symbol *. To determine whether ferrite is created, XRD patterns of the
samples are prepared. Fig. 4 displays the XRD spectra for PbM, SrM,
and BaM. Fig. 4a displays the XRD patterns of doped BaM with
different Zn-Sn concentrations [98]. As doping levels rise, the (008)
peak's strength falls, suggesting that the hexaferrite structure's degree
of orientation is decreasing. Fig. 4b illustrates the XRD patterns of
europium (Eu)-doped strontium hexaferrite [99]. It can be observed
that substitution occurs with an increase in doping levels up to a certain
limit. However, when the doping level exceeds this limit, as shown in
the figure, a secondary phase of Fe,O; appears. Additionally, a shift
can be observed in the XRD pattern of the samples, which is attributed
to the substitution process. Fig. 4c displays the XRD pattern of
Pb,CriFe ;019 [100]. Based on the XRD pattern, the samples exhibit

phase purity at different doping levels, and no secondary phases are
formed. Substitution in Pb, CrFe ;09 leads to changes in lattice
parameters due to the difference in ionic radius between chromium and
lead ions.

The morphology of the samples can be examined using the pictures
obtained from SEM. Fig. 5a shows SEM images of BaM sintered at
various temperatures and under different atmospheres [75]. The image
makes it clear that as the temperature rises, grain size increases. In an
N, gas environment, excessive sintering has a major impact on grain
growth at 1280 °C. Therefore, employing an N, gas atmosphere allows
for a reduction in the sintering temperature. This occurs because the N,
atmosphere prevents the formation of secondary phases such as
a-Fe,0;. Fig. 5b presents SEM images of two types of StM [101]. In
this figure, anisotropic hexaferrites can be clearly distinguished from
isotropic ones. Additionally, the anisotropic hexaferrites are arranged
in a hexagonal structure. A group was able to synthesize different
nanostructures of PbM with different precursors [102]. Using lead
acetate, ethylene diamine, lemon juice, and citric acid, the group was
able to prepare structures such as nanoplates, nanoparticles, and
nanorods, respectively. Furthermore, the amount of precursor used can
influence the direction of grain growth.
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Fig. 4. XRD pattern of a) barium (schematic based on Ref. [98]), b) strontium (schematic based on Ref. [99]), and ¢) lead hexaferrite
(schematic based on Ref. [100]).

3.3. Synthesis of M-type hexaferrites

Although hexaferrites were discovered long ago, their synthesis
remains challenging, sensitive, and complex [59, 69]. For instance, as
shown in Table 2, heating a mixture of BaO, Fe,O3, and CoO results in
of different
Consequently, precise control of the heating temperature is crucial to

the formation phases at various temperatures.

obtain the desired phase.
The formation of a single-phase hexaferrite typically requires
high temperatures. However, increasing the temperature promotes
grain growth, and at elevated temperatures, abnormal grain growth
This phenomenon is undesirable for

can occur. applications

requiring uniformly sized particles. Due to the specific synthesis
conditions of hexaferrites, a phase diagram is often developed for
these materials. As shown in Fig. 6a, the synthesis conditions
for obtaining BaM must be carefully controlled within a narrow
region. According to the phase diagram, other types of hexaferrites
can also be achieved under specific conditions. In one study,
the formation of various phases for synthesizing SrM was
investigated at different temperatures and iron contents [103].
The corresponding phase diagram is shown in Fig. 6b. Based on
the diagram, as the doping level decreases and the sintering
temperature increases, the presence of secondary phases in the

composition is reduced.

(a) air1280°C | (b) aie-1300 °C

a)

(f) n:-1240°C

() air-1320°C

b)

Fig. 5. SEM images of BaM (reproduced from Ref. [75]) and StM (reproduced from Ref. [101]).
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Table 2. Phases formed from the compounds BaO.Fe,0;.CoO at different temperatures [91].

Temperature, °C

Major products

Minor products

500 a-Fe,03, Co304, BaO -

600 a-Fe,0;, Co;04, BaO CoFe,0,4, BaFe,0,
700 o-Fe,03, CoFe,0,, BaFe,0, BaM, BaO
800 BaM, BaFe,0, a-Fe,0;, CoFe,0,
900 BaM, Y BaFe,0,, CoFe,0,
1000 BaM, Y BaFe,0,, CoFe,0,
1100 Y, BaM BaFe,0,, CoFe,04
1200 Z,Y,BaM w

1300 V4 Y, W

1400 W,Z -

As mentioned earlier, the synthesis of hexaferrites must be conducted
under specific conditions to prevent the formation of secondary phases.
To enhance the magnetic and microwave absorption properties of
hexaferrites, more synthesis methods need to be researched. In recent
years, several methods have been employed for hexaferrite synthesis,
including the commonly used solid-state reaction [99, 104, 105], co-
precipitation [106, 107], sol-gel [108-110], hydrothermal [111, 112],
molten-salt [113—115], microemulsion [85, 116, 117] and mechanical
alloying [34, 118, 119] methods. In the following sections, we aim to
describe the
hydrothermal methods in detail.

solid-state reaction, co-precipitation, sol-gel, and

3.3.1. Solid-state reaction method

This is the most popular, straightforward, and quick way to make
hexaferrites. It is widely employed in the industry for hexaferrite
production. The process of this method is illustrated in Fig. 7. As
shown, the precursors, including metal oxides and metal salts, are first
weighed [104, 120, 121]. The precursors are then mixed in specific
weight ratios. Additionally, the precursor mixture can be prepared in an
aqueous medium [122]. If necessary, the particle size is reduced and
homogenized using a ball milling device [48, 99, 123]. The milling

process can be conducted in various media, such as acetone or ethanol
[124-126]. Subsequently, the resulting powder is placed in a furnace
for sintering [96, 105]. The sintering process can be performed in an
atmospheric environment or under other gases such as N, gas [75].

3.3.2. Co-precipitation method

Aqueous solution is used to produce the end product in the co-
precipitation process, which is a wet chemical technique. The steps of
the co-precipitation process are illustrated in Fig. 8 [127]. Precursors
such as metal salts are used in this method. After dissolving the
precursors in a solvent, a precipitating agent, typically sodium
hydroxide [59, 128, 129], is added to the solution. The solvent used can
be deionized water or hydrochloric acid [107]. By adjusting the pH of
the solution, the final product is obtained after several washing,
filtration, and drying steps [130]. To improve the crystalline quality of
the samples, calcination may be performed after drying [8, 106].
Finally, to further reduce particle size, the ball milling process is
conducted [131]. The final properties of the material are greatly
influenced by a number of parameters in this process, including the
temperature and time of mixing, the ratio of precursors, the calcination

temperature, and the kind and quantity of precipitating agent.

: Me,Fe O,

: Y-type hexaferrite

: BaO,Fe,0,

5: M-type hexaferrite

: U-type hexaferrite

: Z-type hexaferrite

: X-type hexaferrite
9: W-type hexaferrite

| Y:Ba,Me,Fe,,0,,

M:BaFe ,0

12719
U:Ba,Me Fe, O
Z:Ba,MeFe, 0,

| X:Ba,Me,Fe, 0,
I W:BaMe,Fe

100 0
o)

1627

Sintering temperature

Fig. 6. a) Phase diagram for the formation of phases and different types of hexaferrites (schematic based on Ref. [69]) and b) diagram of the
the growth of the StM phase (reproduced from Ref. [103]).
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Preparation of

precursors

Sintering

Fig. 7. Solid-state method for the preparation of BaFe;o<ALMgO19 (schematic based on Ref. [104]).

3.3.3. Sol-gel method

This is one of the most popular methods for creating hexaferrites,
along with the solid-state reaction method. Precursor materials,
which may be metal-organic or inorganic, are mixed in the sol-gel
process [132]. Usually, a certain quantity of tartaric or citric acid is
added to the mixture [133, 134]. In order to prevent metal nitrates
from precipitating during evaporation, citric acid is utilized [100, 135].
The pH of the solution is then adjusted by adding a precipitating
agent [108, 109]. At the colloidal level, a sol is initially formed, which
can then be concentrated and heated to produce a gel [136, 137].
The resulting gel is subsequently ignited to produce the final
powder. Afterward, washing, drying, and calcination steps are
performed to prepare the final product [138-140]. This method
produces fine-grained polycrystalline ferrites with a uniform

A solution of
precursors

Precursors

Co-precipitation
method

Sample
powder

particle size distribution [141]. The sol-gel process is illustrated in
Fig. 9. In Ref. [142], after preparing precursor solutions, tomato pulp
was used as a fuel.

3.3.4. Hydrothermal method

This method involves reacting precursors in an aqueous solution at
high temperature and pressure, typically in a sealed autoclave
[143, 144]. Fig. 10 illustrates this process for synthesizing BaFe ;09
using the hydrothermal method. 1In this study, CTAB
(cetyltrimethylammonium bromide) was used as a reagent [112].
The hydrothermal process is conducted in a solvent, usually
water, which enhances the solubility of the precursors and
facilitates better formation of crystalline phases. The choice of
precursors for synthesizing hexaferrites in this method can

|

1

Adding NaOH Filtration I
1

|

1

1

1

|

1

agate and I
mortar Drying 1
after drying I
1

1

1

Fig. 8. Co-precipitation method for preparing Co,MnyFe,0; ferrite (schematic based on Ref. [127]).
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Fig. 9. Synthesis of BaM using the sol-gel method and using tomato pulp as fuel (schematic based on Ref. [142]).

significantly affect the properties of the final product. A precipitating
agent is also used in this method to adjust the pH [111, 133, 145].
In the hydrothermal process, nucleation of the hexaferrite phase
occurs when the solution becomes supersaturated, and growth of
the desired hexaferrite phase begins. This method allows for
better control over the size, shape, and crystallinity of the
synthesized particles, and due to the uniform distribution of
precursors in the solvent, more homogeneous particles can be
expected. Additionally, this method is carried out at relatively
lower temperatures compared to other methods, which is a
significant advantage [146]. Finally, after the reaction in the
sealed environment, steps such as washing, drying, and calcination may
be necessary to enhance the quality of the samples [147, 148].

3.4. Magnetic properties

Fig. 11 shows the magnetic configuration of M-type hexaferrite [58].
The magnetic moments in the corresponding diagram are as follows:
12k(1), 46,(3), and 2a({) are found in the octahedral sites; 4f,({)s are
found in the tetrahedral sites; and 2b(T) is found in the trigonal
bipyramidal sites [72—74]. While the ions in the 2a, 4f}, and 4f; sites
only slightly affect the magnetic anisotropy constant (K,), the Fe** ions
in the 2b sites significantly affect it. The total magnetic moment (L) is
represented as follows [121]:

Mot = H2a +Hob —Haf — Har, T Hi2k (1)

and the magnetic moment at the respective point is indicated by p,
where L stands for 2a, 2b, 4f), 4f;, and 12k. Consequently, it is simple

I 1
I . I
Adding FeCl,.6H,0
I | CTAB + DI water INg Fetls-oh, :

|
| stirring BaCl,.2H,0 :
1
I I
I 1
I 1
I |
1
: Hydrothermal I
I method Powder Drying :
I sample [
I 1
I 1

Fig. 10. Synthesis of BaM nanorods by hydrothermal method (reproduced from Ref. [111]).
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Fig. 11. Spin configuration in M-type hexaferrite; iron ions are
numbered (reproduced from Ref. [58]).

to adjust the magnetic characteristics of M-type hexaferrites by
replacing Fe** ions in the lattice with appropriate cations [121]. In the
following paragraphs, we will review the magnetic properties studied
in recent years. In conclusion, the magnetic behavior of hexaferrites is
determined by the arrangement of Fe*" ions in different sites within the
structure [149].

Tables 3 and 4 show M, H, H, and mg for pure, doped, and
composites of M-type hexaferrites. According to Table 3, it can be seen
that strontium and BaM offer better magnetic properties than PbM. M;
is in the range of 1.3—87.04 emu/g, and the coercivity is in the range of
0.33-6.54 kOe. According to Table 3, it is quite clear that doping of
hexaferrites can change their magnetic behavior. Also, the creation of
multi-component composites for use in electromagnetic absorbers can
weaken the magnetic properties of hexaferrites (Table 4). In the
following, we will explain in detail the factors that change the magnetic
behavior of hexaferrites due to their doping or combination with other
materials.

Hu and his colleagues synthesized BaM using the co-precipitation
method [150]. This group investigated the magnetic properties of
the material at different precipitation times and calcination
temperatures. According to the reported results, all samples exhibited
hard magnetic behavior. Additionally, at the lowest calcination
temperature (800 °C), a lower H, was observed compared to higher
calcination temperatures. This was explained by the sample's decreased
crystallinity at lower calcination temperatures. Higher M, and M, were
the outcomes of raising the calcination temperature. The sample's
decrease in the a-Fe,O; phase and increase in the BaM phase explained
for this.

The critical size for a single magnetic domain in BaM has been
reported to be 460 nm. Furthermore, if the domain size is smaller than
4 nm, the material becomes superparamagnetic. The nanoparticles
synthesized by this group were within the size range of 4-460 nm. H,
in nanoparticles larger than 460 nm significantly decreased due to
exchange coupling between particles. In the samples, an increase in
nanoparticle size led to a reduction in H, which was also attributed to
exchange coupling between particles.

Li and his colleagues synthesized BaM using the salt-melt method
[114]. The remanent magnetization loop becomes thinner with an
increase in calcination temperature starting from 100 °C, meaning that
H, decreases.

Table 3. Magnetic parameters of M-type hexaferrites.

Pure or doped phase M; (emu/g) H, (kOe) H. (kOe) mg (uB) Ref.
BaFeg 9sAl,Mg 05019 49.95 1.60 4.98 9.41 [104]
Bay sIngFe;TbyOy9 55.78 1.87 6.00 10.50 [151]

BaFe ;049 55.52 - 3.05 - [142]

Bay ¢Sty 4FeqsCe Al 5019 44.44 - 6.51 9.43 [126]
BagsIng,Fe 1, NiOp9 58.32 1.72 5.51 11.60 [125]
Ba,.\Nd,Fe;.,Cu,0y9 68.40 - 5.52 - [117]

BaZn,ZrFe 2,019 87.04 14.68 4.21 - [134]
BaFe ;09 66.80 18.8 3.50 13.22 [141]
BaCe,Dy,Fe 2019 26.30 - 5.75 - [139]
BagosYo0sFe12xMnO19 23.00 - 4.00 - [123]
Sri<CaFe 019 72.63 17.34 5.39 - [138]
SriSmFe ;09 9.57 - 6.20 - [149]
PbCuyFe 5019 25.51 - 0.33 5.40 [131]
Pb,«CrFe 019 64.00 - 6.54 - [100]
Pb,_CesFe 2019 26.70 - 3.92 - [108]
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Table 4. Magnetic parameters of M-type hexaferrite composites.

M-type hexaferrite composites M; (emu/g) H, (kOe) H. (kOe) mp (uB)  Ref.
Carbon nanotubes (CNTs)/SrFe;,049 10.21 - 1.25 - [22]
Polyacrylonitrile/SrFe;,0,9 (10%) 0.637 - 2.27 - [152]
BaFe,0,¢/calcium copper titanate 41.88F - 3.89 - [7]
Expanded graphite/BaFe,0,9 (BF) 36.07 - 0.11 - [21]
Expanded graphite/CNTs/BF 42.74% - 0.19 - [21]
BaFe,0,¢/multiwalled carbon nanotubes 1.30 - 1.05 - [147]

T Indicates the normalized M values. The M value shown is for the magnetic part only.

Hci of the particles can be determined using the Stoner-Wohlfarth
theory, as follows [153]:

Hei =2K, /poM; 2

Using this equation, it is possible to calculate the -calcination
temperature at which K, reaches its maximum value. Li’s group [114]
reported that decreasing the Fe’’/Ba’* molar ratio maximizes the
coercivity. As can be clearly seen from the above equation, in this case,
K, is at its maximum.

The larger the value of SQR (determined by SQR = M,/M;) [154, 155],
the more suitable the material is for biomedical applications and
recording media. The distribution of particles and their size affect SQR
[152]. In this study, the SQR value was found to be 0.55, indicating
that the nanoparticles are composed of single magnetic domains. The
group also reported that the magnetic energy can vary depending on the
sources of Fe ions. Additionally, the type of method used also plays a
role in the final magnetic energy.

In another study, Mironovich and his colleagues synthesized BaM and
StM using the hydrothermal method by varying the Fe**/Ba*" and
Fe’’/Sr*™ molar ratios in the precursors [144]. In SrM, when the
Fe’’/Sr*" ratio was equal to 5, the remanent magnetization loop
exhibited a wasp-waist shape. This behavior was attributed to the
coexistence of different magnetic phases within the material and the
non-uniformity in grain size, which leads to a distribution of coercivity
in the sample. The team proposed that the presence of a secondary
phase, SrFeO;, was the cause of the wasp-waist feature's occurrence
in this sample. Prior research has demonstrated that the absence of
chemical interactions between magnetic phases leads to a wasp-waist
remanent loop. Nonetheless, a significant link between the hexaferrite
and hematite phases is shown in the common remanent loop. The group
also reported observing the wasp-waist remanent loop in BaM with
molar ratios of 5 and 7.

Gholizadeh  and Sr.«CasFe ,,GdyOy9
hexaferrites [60]. The wasp-waist hysteresis loop observed in their

colleagues  synthesized
study was attributed to the coexistence of magnetic phases, dipole-
dipole interactions between single-domain nanoparticles, and a bimodal
grain size distribution. They demonstrated that increasing the Ca-Gd
substitution enhances the magnetic moment. On the other hand, M; is
reduced when Ca®' ions are added to SrM. At the 2b location, the
closest neighbors of Sr** ions are Fe** ions, which are 0.340 nm apart.
The structure experiences strain when Ca®* ions are substituted at the
Sr** site, breaking the lattice symmetry surrounding the 2b site. M,

decreases as a result of the resultant strain weakening the Fe—O-Fe
connections.

The strongest exchange interaction occurs between the 4f, () and
12k(?) sites, where the Fe—O bond length and angle are the shortest and
largest, respectively,
interaction between the 12k(1)-12k(1) sites is the weakest.

The total anisotropy energy (K.¢V) can be defined as follows [60]:

compared to other sites. Conversely, the

KettV = Eghape T Esurface + Eme + Enc 3)

The total effective field H, can be calculated as follows [156]:

2K
HC:a[Ml 7NdMS}:a(HafHd) 4)

S

In the above equation, a is a constant, Hy is the anisotropic field
coefficient for shape magnetization, and Ny is the shape magnetization
demagnetization coefficient. In this study, when the level of Ca®*/Gd**
doping is low, the contribution of the first term is greater than that of
the second term. However, as the doping level increases, Ny rises, and
the contribution of the second term dominates over the first term,
leading to a reduction in coercivity in the sample with a doping level of
x =0.20.

A group doped StM with Eu-Co ions [157]. The octahedral 4f, site
features a low-spin structure, where cobalt ions take the place of iron
ions. Compared to Fe* ions, Co>" ions have fewer unpaired electrons.
As a result, up to a doping level of x = 0.2, there are more unpaired
electrons with high-spin states, which raises M, and M. Magnetic
characteristics in hexaferrites are caused by the super-exchange
interaction between ions (Fe*'~0*—Fe®") [158]. As the super-exchange
connection between Fe*'~O-Fe’* weakens above this doping level, M
falls. As doping levels rise, coercivity likewise falls. According to the
group, the 4f, site weakens coercivity by having a detrimental effect on
K. Single magnetic domains are present in the sample if the SQR is
higher than 0.5 [159]. On the other hand, several magnetic domains are
present if the SQR is less than 0.5 [124, 160].

A group led by Qin et al. successfully synthesized SrM with varying
amounts of iron ions using the conventional ceramic method [103]. The
M-H curve obtained at 300 K with an applied magnetic field range of
0-50 kOe is displayed in Fig. 12a. The M—H curve fitted to the Stoner-
Wohlfarth model using the law of approach to saturation is shown in
Fig. 12b. The following equation can be used to calculate the M; using
this model [161]:



S.S. Seyed Afghahi et al.

SYNTHESIS AND SINTERING 5 (2025) 259-283

269

a
80
70 -
z .
60| 7
“/,”
B %] f e
=3 i E
40] ! £ /
5 /' nesos %
304 ffj —n=s9 —
= ——n=586
20 =87 B me T am
n=56 =00

n=549

0 10000 20000 30000 40000 50000
H (Oe)

s
~
3

M_(emu/g)
-\

e
10
I
o
| 3100
5
I
I g 20
=
|
80
[
T T T T T T
| 0 50 100 150 200 250 300
I g Temperature (K)

M (emulg)

112

My (emnpg)
2

108

106

2] o Fe40
] / F920

s Experimental date
B Curve fitting

30000 40000

H (0e)

20000 50000

(980

] '/:7“ Logo
/

|
|
|
|
|
R’=099998 |
|
|
|
|
|

K, (kOe*emurg)

880

- 1860

| /

~

B

Fig. 12. a) Magnetization curve of SrO.nFe,0;, 5.49 <n < 5.95, b) experimental and fitting results for n = 5.95, c¢) variations of M with iron ion

content, d) H, and K, ) M-T curve, f) magnetization at 5 K, g) relative molar mass at different values of n, and h) net magnetic moment calculated

based on magnetization at 5 K (reproduced from Ref. [103]).

M:MS[1+£+£+£]+X H %)
H p> w*) ™"

In the above equation, A represents inhomogeneity and vanishes at
high field, B/H* and C/H? represent anisotropy, and y,H represents the
high-field susceptibility. B and C can be expressed for the hexagonal
structure with randomly oriented single-domain particles as follows
[103, 161, 162]:

po_Hi__ 4K ©
15 15M2
2 .3
=—H 7
Tos Ha @)

According to Fig. 12d, both K; and H, decrease with a reduction in
molar mass. This is due to the decreased occupation of Fe*" ions in the
2a, 12k, and 4f; sites. Additionally, the bond angle between the 4f; site
and the 4f; site decreases, and the bond length at the 4f; site increases.

It can be shown in Fig. 12c that M; rises in tandem with the iron
content. The contribution of iron ions at the 2a, 12k, and 4fl1 sites is
what causes the drop in M; with decreasing iron levels. Among these

sites, the most significant reduction occurs at the 2a site. This group
also reported that when n exceeds 5.6, Fe*" ions occupy the 2a sites,
leading to a reduction in the net magnetic moments.
In Fig. 12e, the M-T curve is presented. mg can be calculated using the
following equation [163—165]:
— MM
B 5585
In the above equation, M represents the molar mass. Based on the

®)

calculations, this group reported that with an increase in the molar mass
of iron, the net magnetic moment also increases.

Also, theoretically, the magnetic moment of BaM can be calculated as
follows [166]:

mp =[Mp (12k+2b +2a) ~ M, (41, +4f2)}<pB(Fe3+) ©9)
Therefore, the total magnetic moment of BaM is:
Hior =([6+1+1]T =[2+2])x5up = 20u5 [167] (10

An additional investigation into PbM's magnetic characteristics was
carried out [168]. Pb** (12 nm) and Fe** (6.4 nm) have different ionic
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radii. Local strain brought about by the presence of Pb ions in the
structure causes disorder in the lattice and alters the material's magnetic
characteristics. Lead and iron have different ionic radii, which changes
the lattice size and, consequently, the crystalline magnetic anisotropy.
Pb ions can occupy the positions of iron ions, and this results in a
weakening of M. Iron ions have a slow diffusion rate and exhibit low
solubility in type M hexaferrites. This low solubility causes a decrease
in the overall magnetic moment. The group attributes M; to the
composition and microstructure of the hexaferrites. A deficiency of
iron disrupts the exchange coupling and leads to a decrease in M. With
the increased substitution of Pb ions in the structure, coercivity
increases, which may be due to an increase in grain size and an
enhancement in crystalline magnetic anisotropy. The critical domain
diameter is defined as follows [168]:

L4W,
o= (1n
Mg
1/2
W, = (2K TeK; /a) (12)

In the above equation, a (cm) is the lattice constant. The group reported
that the critical domain diameter is larger than the crystallite size,
which is the reason for the high coercivity. In this study, the coercivity
for x = 0.25, one-quarter of pure PbM, was found. The deficiency of
iron is the cause of this phenomenon. The SQR varies from 0.58 to
0.73, indicating the single-domain nature of the samples.
Lanthanum-doped SrM was synthesized by a team under Dai's
leadership [169]. According to the group, certain Fe’” ions are changed
into Fe*" when La is substituted in the structure. The low-spin 2a sites
are preferentially occupied by these Fe*™ ions. The exchange contact
between the 2b and 12k sites and neighboring lattice points is
strengthened because Fe’* has fewer Bohr magnetons than Fe®'.
Consequently, M;. rises. Nevertheless, the exchange contact between
the tetrahedral and octahedral sites is diminished when the doping level
rises and the Fe’" ions in the 2a sites fall. Some Fe’" ions in the
octahedral positions experience a weakening of their high-spin states as
a result. In the end, this leads to a decline in M;. Additionally, the
increase in the Fe,O; phase also weakens M.

In 2023, Li and colleagues prepared a BaM doped with praseodymium-
aluminum [156]. Results obtained from a VSM device indicate that the
samples are ferromagnetic. At room temperature, the samples exhibited
30 kOe of coercivity. This team used the M; saturation approximation
method to determine K; and H,. M; dropped as the concentration of
aluminum doping hit 0.1. They propose that the super-exchange
interaction between Fe**~O-Fe*" or variations in the ultra-fine field in
the 12k and 2b sites are responsible for the changes in M;. At the 12k
and 2b locations, AI’" ions take the place of Fe** ions in this structure.
With aluminum substitution, the super-exchange interaction weakens,
which in turn reduces M,. Moreover, excessive doping results in the
placement of aluminum ions at the grain boundaries, which prevents
the grains from growing uniformly and disrupts the structure and
homogeneity, ultimately leading to a decrease in M. The SQR values
of the samples were less than 0.5, indicating that the samples have a
multi-domain structure. According to this group, the changes in
coercivity can be attributed to grain shape, microstructure,
crystallographic magnetic anisotropy, and magnetostriction. In this
composition, as the doping level increases, the grain size decreases,
which increases the surface-to-volume ratio, enhancing the exchange
interaction at the interfaces. Also, the placement of aluminum ions at
high doping levels at the grain boundaries reduces domain wall motion.

According to Eq. 4, with increasing doping, this group reported
that no changes in the shape of the samples occur. Therefore, Ny
remains constant. As a result, Hy is the main factor determining the
coercivity.

Another group synthesized Ba(ZnSn).Fe»,,O9 hexaferrite using a
ceramic method [98]. They showed that M,/M; (perpendicular: 0.81) >
M/M; (non-aligned: 0.51) > M/M; (parallel: 0.31), indicating that the
sample exhibits anisotropic properties. The easy magnetic axis is
perpendicular to the sample's plane, whereas the hard magnetic axis is
in the sample's plane. M parallel to the plane was lower than that
perpendicular to the sample's plane. Due to the presence of anisotropy,
M; along the hard axis is more difficult. The group reported that higher
sintering temperatures lead to better and more complete grain
formation, which increases the magnetic moments and their alignment.
The contact between the grain surfaces and the friction of surrounding
crystals determines the resistance to the rotation of the crystallites. A
lower SQR was obtained at 1300 °C, which the group attributed to
particle agglomeration. Increasing the Zn-Sn doping narrowed the
hysteresis loops, suggesting that doping weakens the magnetic
moments of the crystallites.

In another study, it was reported that the coercivity increases with
sintering temperature up to 1300 °C, but beyond this temperature,
coercivity decreases [170]. This phenomenon is attributed to the
formation of multi-domain grains. At higher temperatures, Fe;O,4 also
begins to appear. When the amount of Fe;O, increases, M; increases
because the M; of Fe;0y, is higher than that of aluminum-doped barium
hexaferrite. According to the relationship between M and the critical
domain size, the decrease in M, with aluminum substitution leads to a
reduction in K, which increases the critical domain size. However, this
relationship does not take into account the grain shape and the
intergranular interactions.

A group prepared BaM doped with In*" ions [48]. Fig. 13a shows the
M-H curve for the samples with different doping levels. As seen in the
figure, M; decreases with increasing doping amount. Doping with
larger ions like In*", unlike smaller ions, shifts BaM from a hard
magnet to a soft magnet, reducing the coercivity. The value of K, also
decreased with increasing doping amount, but this decrease was
particularly rapid up to x = 1.8. The group concluded that this sharp
decrease occurs due to gradual substitution at the 4f; sites. This result
indicates that the exchange pairs corresponding to the 4f; and 4f; sites
are weakened. Thus, doping can disrupt the linear magnetic structure of
BaM, which is based on strong antiferromagnetic interactions. The
antiferromagnetic interaction in BaM can be modeled as follows:
Fe*'(2b)-O%-Fe**(4fy), Fe¥'(12k)-O*-Fe**(4fy), Fe¥'(12k)-O-Fe**(4f)),
and Fe*'(2a)-0”-Fe®" (4f)) triads.

Fig. 13b below shows the magnetic domain pattern of doped BaM.
According to the figure, pure BaM has larger magnetic domains that
interact with each other. However, as the doping level increases, the
domains gradually become smaller and the interactions weaken. The
black areas, indicated by white circles, represent the nano-scale
magnetic domains that appear in the structure with increasing doping.
These domains lead to a decrease in coercivity and M.

However, another group prepared Ba; CeFe,..Zn,O;9 nanoparticles
[171]. They reported that with increasing doping levels up to a certain
value, the Ha and M increase. This is because, at low doping levels,
the substitution of rare earth elements for barium ions pushes the Fe**
ions closer together. After all, rare earth elements have a lower ionic
radius than Ba®". The super-exchange contact is thereby reinforced.
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Fig. 13. a) M-H curve and b) magnetic force microscope images of In-doped barium hexaferrite (reproduced from Ref. [48]).

Wu and colleagues prepared two types of compositions [121]. The first
type was the preparation of copper and scandium-doped hexaferrite
(BaScsCugseFe0940195) using a ceramic method. The second type
involved combining the hexaferrite BaScsFei 5019 with different
weight percentages of CuO and subjecting them to sintering. With the
increase in the weight percentage of CuO, M; initially increases. This is
because Cu”" ions have replaced Fe’" ions at the 4f, (low-spin) and 2b
(high-spin) sites. Compared to Fe*" ions, Cu®" ions have a lower
magnetic moment. Eq. 1 states that this replacement causes M; to rise.
However, as the doping amount increases, a decrease in My occurs,
which is due to spin canting. Spin canting prevents the regular
alignment of spins. Oxygen vacancies have the ability to decrease M;
and weaken the super-exchange interaction. As the weight proportion
of CuO as a reactant rises, so does the coercivity. Porosity, impurities,
stress, and anisotropy lead to an irreversible magnetic process.
Impurities resist domain wall displacement and cause an increase in
coercivity.

In Fig. 14a—d, the concentration of Cu®" ions within and at the grain
boundaries is shown. The concentration of Cu®" ions at the grain
boundaries is higher in the sample where CuO was used as an additive
than inside the grains. This phenomenon hinders the displacement of
magnetic domain walls through the pinning effect, thereby increasing
coercivity.

This group reported that the coercivity in the sample where CuO was
used as a reactant was lower than in the sample where CuO was used as
an additive. The reason for this difference is illustrated by the
distribution of Cu*" ion concentrations in the figures below. Changes in
sample preparation led to different Cu* ion diffusion within the grains,
as shown in Fig. 14e. Furthermore, the group reported that the grain
size was larger than the critical domain size. In this case, the grain size
has an inverse relationship with coercivity. Therefore, the pinning
effect and smaller grain size result in higher coercivity when CuO is

used as an additive.

3.5. Microwave absorption features

For a microwave absorber to exhibit improved performance, it must
achieve good reflection loss and impedance matching. RL is a
parameter used in wireless communication to measure the reflection of
incident electromagnetic waves from the surface of a material. This
parameter is defined using transmission line theory as follows [172,
173]:

Zin—Zy

RL =20log
Zin + ZO

13)

In the above equation, Z;, varies depending on the material. Better
impedance matching results in less reflection loss, the closer the input
impedance is to Z,. Z;, is defined by the following equation [174, 175]:

Zu =20, tanh[ jz“—cﬁi,/—urgrj (14)
T

The numbers f and d stand for incident wave frequency and sample
thickness, respectively. The imaginary unit is j, while the speed of light
is represented by c. In order to ensure that almost the entire incident
wave is absorbed into the material, impedance matching is measured as
Ziw/Zy. The closer this value is to 1, the better the impedance matching.
According to Eq. 14, impedance matching occurs when there is
synergy between ¢, and .. In Eq. 14, €, and p, represent the behavior of
a material in electric and magnetic fields, respectively. These two
parameters are defined as follows [176, 177]:

g =¢ -je" (15)
He = - ju” (16)
The real and imaginary parts of ¢ and p, represent the storage and
dissipation of electromagnetic energy, respectively. The mechanisms
responsible for losses in the permittivity component include conduction
loss, dipolar polarization loss, ionic polarization, electronic
polarization, interfacial polarization, resonance, electron hopping loss,
and wave scattering loss.

On the other hand, the mechanisms contributing to losses in the
permeability component include hysteresis loop loss, eddy current loss,
magnetic resonance, magnetic domain wall displacement, and spin
rotation. These mechanisms can attenuate electromagnetic waves.
Therefore, to enhance microwave absorption, synergy between
dielectric and magnetic losses must occur to minimize reflection loss.

The dielectric and magnetic losses in each component can be calculated
using the following equations [176, 178, 179]:

€
tand, =—

1

an

€
tan &, £ (18)
n

1

The higher the values of these two parameters, the lower the reflection
loss will be.
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Fig. 14. a, c) SEM images, b, d) Cu*" ion concentration gradients for BaScysFe; 5019 + 4 wt% CuO and BaSc sCugssFe1004019-5, respectively;

and e) schematic of Cu®* ion diffusion in the structure (reproduced from Ref. [121]).

In addition to reflection loss, another parameter called o provides
information about the attenuation of the electromagnetic wave. This
parameter is defined as follows [172, 180]:

= /o2 e e+ 2 e - e + (e pte)?] 21 (19)

According to the above equation, the higher the attenuation constant
and the better the impedance matching, the greater the absorption will
occur.

Based on Eq. 14, the input impedance is dependent on the thickness. To
achieve the optimal thickness for d.,, the following equation can be
used [181, 182]:

- X m=1,335 .)

d. =
TN T

In the above equation, f, is directly related to the matching thickness,

(20

and the optimal thickness can be determined using this relationship.
Polarization in the material occurs due to the Debye relaxation process.
In this process, when an alternating electromagnetic field is applied, the
polarization in the material cannot immediately align with the applied
field. However, after a delay period, the dipoles reach equilibrium. The
relaxation process of polarization can be studied using the Cole-Cole
equation [183—-185]:

@n

Using the above equation, the relaxation processes resulting from
various types of polarization in the material can be identified. The real
and imaginary parts of ¢, can be defined as follows [183]:

g—¢
g'=g, +—— (22)
l+o't
g€,—€ c
"= eT —— 23)
1+o't WEq

where o represents conductivity.
f, for polycrystalline hexaferrites can also be expressed as follows [74]:

2K H,
M an

fr=y (24)
In this equation, y represents the gyromagnetic ratio. From the above
equation, it can be seen that H, is proportional to the resonance

frequency. Additionally, H, is related to the magnetic permeability. As

a result, by adjusting the permeability, the resonance frequency can be
shifted. On the other hand, the imaginary part of permeability is
defined as follows [74]:

w_ My
2aH,

(25)
In the above equation, H, is given by the following relation [186, 187]:

_ 2Kt

H, v

(26)

S
where K. is the effective anisotropy constant. By combining the three

above equations, the following relation can be derived:

_YMy
4naf,

p @n
According to this relationship, the frequency has a direct relationship
with M; but an inverse relationship with the imaginary component of
permeability. Because the imaginary part of permeability increases
with increasing M, the magnetic loss increases as well. This occurs
because, as M; increases, H, decreases according to the relation. When
H, decreases, the magnetic moments can oscillate more freely in
different directions. As the distribution of oscillations increases, energy
loss also increases. Consequently, the reflection loss will rise.
Additionally,
absorption will occur over a broader frequency range, contributing to

with various orientations of magnetic moments,
an increase in the absorption bandwidth.

The loss due to eddy currents can be determined using the following
equation [181, 183]:

Co=p"(u) > f" =2m0d’yg (28)

where o is the conductivity. According to the aforementioned
connection, if the magnetic losses are solely due to eddy current losses,
the value of iy should remain constant with respect to frequency.

Now that all the relations influencing the microwave absorption
parameters have been introduced, we will review the recent studies
conducted by researchers on M-type hexaferrites.

A group synthesized BaM nanoplates by modifying the synthesis
method and succeeded in improving the reflection loss [188]. In this
study, the microwave absorption parameters of M-type hexaferrites,
prepared using various methods, were compared with those obtained by
their own method. This group used a combined sol-gel and salt-melt
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method to enhance the final structure. In contrast to techniques like co-
precipitation, sol-gel, and reverse microemulsion, the results
demonstrate that this strategy produces superior reflection loss. The
samples' high surface-to-volume ratio improved absorption and
increased dispersion. This high surface-to-volume ratio also contributes
to the development of dipoles at the surface, which raises the
polarization-related loss.

In our previous work, we doped BaM with various elements [189]. The
composition BaMg ¢Zn¢Zr; sFeg 4019 exhibited the highest absorption.
In this composition, magnesium, zinc, and zirconium ions replace the
iron ions in the structure. The increase in absorption was attributed to
the reduction of H,, the decrease in H, and, consequently, the increase
in permeability. It was also found that the magnetic loss was due to the
movement of the domain walls.

In a recent research, a group synthesized the doped hexaferrite
BaFe;.0x(MngsC005Ti)O19 using the solid-state reaction method [190].
They reported that by examining the permittivity parameters, it was
found that dielectric resonance dominates the dielectric relaxation
process in the samples, resulting in multiple peaks at different
frequencies. This phenomenon can be detected using the Lorentz
scattering law. This phenomenon can be detected using the Lorentz
scattering law. Measurements revealed that both the real and imaginary
components of permittivity exhibit several peaks across various
frequency ranges, indicating the presence of dielectric resonance.
Furthermore, plotting &” against ¢’ demonstrated that the samples form
multiple complete circles rather than semicircles, which is another
signature of dielectric resonance. The radius of these circles increases
with increasing frequency. As the frequency increases, the radius of
these circles also increases. The group attributed dielectric resonance to
electron hopping between Fe*" and Fe’" ions [191]. Therefore, the
dielectric loss in these samples results from electron exchange between
the mentioned sites, leading to surface polarization and intrinsic dipolar
polarization [137]. On the other hand, the increase in Fe’™ ions in the
structure enhances the permittivity [192].

Wang and his colleagues synthesized the hexaferrite BagsSrgsFe 2019
doped with lead ions [122]. The dielectric constant showed a high
value, which was related to the grain boundaries. During the electron
exchange process between Fe’' and Fe’* ions, electrons must pass
through the grain boundaries, but these grain boundaries have high
resistance. The dielectric constant rises as a result of electron
accumulation at the surface and the creation of space charge
polarization. The group asserted that different dipoles are formed when
ions with different valences are present. Dielectric loss results from a
phase delay in the oscillation of these dipoles in the material.

In another study, Darwish and his colleagues synthesized BaM doped
with zirconium [105]. As the frequency increases, the permittivity's real
portion falls. This occurs because electrons have ample time to align
with the applied field at lower frequencies. The electrons can no longer
swiftly adjust to the shifting applied field as the frequency rises,
though. Polarization thus declines. Further contributing to the decrease
in polarization are the constant direction changes that electrons undergo
at higher frequencies.

Cobalt-doped StM was produced by Nguyen et al., who also examined
its microwave absorption characteristics [193]. Changes in the real
and imaginary components of permeability are associated with
magnetic loss in the material, which is caused by the reaction of
electron spins and magnetic moments to the applied field. Magnetic

loss in ferrites is caused by domain wall resonance and natural

resonance. Domain wall resonance typically appears at frequencies
below 2 GHz. At higher frequencies, in samples with x = 0.4 and 1, the
peaks observed are attributed to spin rotation, which leads to
ferromagnetic resonance. Ferromagnetic resonance is dependent on H.
In the sample with x = 0.1, ferromagnetic resonance occurs at higher
frequencies, but as the doping level increases, the peak associated with
ferromagnetic resonance shifts towards lower frequencies. The figure
also shows that &" becomes negative at certain frequencies, indicating
magnetoelectric coupling in the hexaferrite. It should be noted that in
SrFe;2,C0x0y, electron hopping occurs between Fe®*, Fe?*, and Co*"
ions.

In the frequency range of 17-18 GHz, the real component of the
permittivity in the sample BaFe;;;(GdAlCo),,0,9 approaches one,
according to a group headed by Liao et al. [143]. This might be because
doping with cobalt ions causes Fe** to change into Fe**. The scientists
also observed that the strong crystalline magnetic anisotropy of
BaFe;; ;(GdAIC0)y30, is associated with the value p' = 1. A drop in p
results from the rise in eddy current and residual loop losses. Due to
eddy currents, the sample with doping x = 0.3 in this investigation
displayed a decrease in the actual component of permeability.
However, by raising the doping level in the BaFe;,.3s(GdAIC0),O9
sample (x = 0.0, 0.1, 0.2, 0.3, and 0.4), the imaginary portion of
permeability increased, which is advantageous for microwave
absorption.

In 2019, a group synthesized a composite consisting of BaM and
calcium copper titanate [7]. Based on the results obtained, it was found
that the skin effect can reduce both the real and imaginary parts of
permeability due to eddy current losses. The resonance peaks in
magnetic losses may be attributed to particle size, spin wave excitation,
and surface effects. This group also confirmed eddy current losses at
lower frequencies and exchange resonance losses in the 16-17 GHz
frequency range.

In another study, a nanocomposite consisting of carbon nanotubes and
BaCuMg,ZrFe 544019 was prepared by Nikmanesh and colleagues
[8]. They observed that without the addition of carbon nanotubes, the
real and imaginary parts of the permeability of BaM were low.
Carbon nanotubes, dispersed throughout the composite, enhance its
conductivity. The change in the frequency of ferromagnetic resonance
with the applied magnetic field is explained by ferromagnetic
resonance theory. According to Eq. 24, the resonance frequency
has a positive correlation with H,, which in turn has a direct
relationship with magnetization. Therefore, the applied magnetic field
influences the ferromagnetic resonance frequency. This group
succeeded in achieving a reflective loss of -23.1 dB with an effective
bandwidth of 6 GHz by doping BaM and combining it with carbon
nanotubes.

Another study found that doping BaM with bismuth ions reduces the
real and imaginary parts of permeability by weakening the magnetic
interaction [109]. Although the pure sample showed a minor shift
associated with eddy current loss, these values remained largely
unchanged.  Furthermore, two peaks that corresponded to spin
resonance and natural resonance were detected close to the frequency
of 11 GHz. Impedance matching was also examined by this group.
They stated that impedance matching in the pure sample was weak, but
with increasing doping levels up to x = 0.10 and 0.15, impedance
matching approached a value close to one. The group attributed the
impedance matching at x = 0.10 to improved magnetic order and the
effective distribution of bismuth ions.
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Todkar and his colleagues reported that doping BaM with Ce-Dy ions
weakens both the real and imaginary parts of the permittivity [139].
The complex permittivity stayed constant at lower frequencies, but
many resonance peaks were seen at higher frequencies. The group
noted that the presence of multiple resonance peaks in p" could be
effective in enhancing the microwave absorption bandwidth.
BaM exhibited high ¢’ at lower frequencies, but this value decreased
upon doping with Ce-Dy. The group attributed this decrease to the
increase in grain size due to doping. As the grain size increases, the
grain boundaries decrease, reducing the probability of electron
hopping.

According to Zarrar Khan and associates, the degree of doping in
BaysSrpsFein11xZrxYo.1xO1 raises the permittivity [135]. This increase
is explained by the fact that Zr*" (3.25) and Y** (3.8) ions are more
polarizable than Fe** (3.28). The team ascribed the several peaks in the
imagined part of the permittivity to flaws and contaminants in the
substance. Defects and impurities can disrupt charge balance within the
structure and induce local polarization. Spin rotation and domain wall
movement dictate the permeability behavior in hexaferrites. As grain
size increases, domain wall movement is facilitated. With increased
doping, the grain size grows, improving domain wall resonance and
thereby increasing the reflection loss. Furthermore, the increase in
permeability and M; strengthens the magnetic moments. Consequently,
the p' value decreases with increasing frequency due to the limited
electron spin speed. This behavior results in optimal impedance
matching.

The group also indicated that high H, could reduce microwave
absorption. In high H,, the magnetic moments align in a specific
direction in response to the electromagnetic field. However, when the
H, is lower, the magnetic moments become freer and can select
different orientations. In this case, each moment can absorb different
frequencies, thus increasing reflection loss.

Fig. 15 presents the reflection loss as a function of frequency
and various thicknesses for StM [194]. It is immediately clear that
with changes in thickness, both the absorption frequency and the
bandwidth of absorption vary. This group was able to attain a
reflection loss of -17.44 dB and an effective absorption bandwidth of
2.42 GHz with a thickness of 2 mm after tweaking the conditions. It
was reported that the inhomogeneity at the composite junction leads to
Additionally,
exceeds a

surface polarization. when the magnetic phase
threshold the
permeability decreases. However, before this threshold, the value
The

factors dominate before and after the threshold value, respectively.

concentration certain value, real

remains constant. internal and external demagnetization

Before the threshold, due to the lack of magnetic network continuity
throughout the composite, the magnetic properties are related to
individual magnetic particles, which corresponds to the internal
demagnetization factor. In this case, the shape and structure
of the individual particles affect the demagnetization factor and Ha.
After the threshold value, the external demagnetization factor
becomes dominant, depending on the shape and structure of the
magnetic clusters. In this scenario, a magnetic flux is established
the this study, by the

concentration of the magnetic phase in the composite, the real

throughout composite. In increasing
permeability decreased due to the suppression of the internal
demagnetization factor.

In 2019, a research group succeeded in achieving an absorption
bandwidth spanning the entire X and Ku bands by preparing a
composite consisting of 45% doped SrM, 10% copper, and 45%
pure BaM [133]. They also reported that the presence of copper
plays a significant role in tuning the matching frequency, leading to a
The

group indicated that the purpose of combining pure and doped

broader absorption bandwidth and higher reflection loss.

hexaferrites was to shift the resonance frequency to lower values. This
observation aligns with the relationship between resonance frequency
and H,.

In another study, a composite was prepared using BaM, carbon
nanotubes, and dopants such as Co, Al, and Ti [195]. The reflection
loss of various compositions of the composite at different thicknesses
shows that introducing carbon nanotubes forms a conductive network
throughout the material, which leads to enhanced dielectric loss. In
the pure BaM
absorption. However, with the addition of dopants and carbon

contrast, sample demonstrates only negligible
nanotubes, an increase in reflection loss and absorption bandwidth can
be observed. This group successfully tuned the resonance frequency
within the desired range by incorporating Co, Al, and Ti dopants. The
addition of carbon black and activated carbon to BaM also enhances
absorption. These materials increase dipole polarization within the
composite [19, 196].

A research group investigated the effects of yttrium doping in StM on
microwave absorption properties [192]. The group discovered that both
the real and imaginary parts of permittivity decreased as the doping
level increased because the ionic polarizability of Y (3.81 A%) is lower
than that of Sr (4.24 A®), resulting in a reduction of complex
permittivity. As the doping level increases, Y*" ions replace Sr** ions,
and some Fe’* ions are converted to Fe*" ions to maintain charge
neutrality in the structure. As previously mentioned, electron hopping

between Fe’* and Fe*” ions occurs, which causes energy loss.
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The group also observed that increasing the doping level caused the
resonance peaks in permeability to shift to lower frequencies. This shift
was attributed to the change in anisotropy direction from the c-axis to
the a-b basal plane. Moreover, permeability values increased with
higher doping levels, indicating an enhancement in the effective
magnetic moment of the material.

The complex permittivity of a dielectric largely depends on the ionic
polarization within its structure [178]. Another group noted that a
reduction in H, enhances microwave absorption [197]. It was also
demonstrated that doping BaM and converting Fe** ions to Fe*
resulted in an effective absorption bandwidth with minimal thickness.
The conversion of Fe** to Fe?* ions within the structure creates a wide
range of magnetic moments capable of absorbing a diverse set of
resonance frequencies. Consequently, the absorption bandwidth
increases.

H.fr of a nanoparticle is defined as follows [198]:
Heff = Hd + Ha + Hmt (29)

For spherical nanoparticles, the H; relationship is as follows [198]:

Hy =2 =2 Be(H, +Hy,) (30)
Y y 3

where Hiy = 2m/r° (r inter-particle distance and m magnetic moments)
and ® = 2xnf is the Larmor precession frequency. According to the
above relationship, the distance between particles and the magnetic
moment is effective in the displacement of H,.

As mentioned, the resonant frequency of the ferromagnet in
hexaferrites can be shifted by doping. Fig. 16a, b show the resonant

frequency for SrFe ;019 and SrFe «(MgTi)x»019 [199]. It is quite clear

from Fig. 16b that the resonant frequency of the ferromagnet shifts
with the changing in the amount of doping. In pure SrM, only one
ferromagnetic resonance peak appears when an external field is
applied. However, with doping, two resonance peaks appear. The
reason for the appearance of twins is due to the large H, in hexaferrites.
The reduction of the crystalline magnetic field in doped ferrite is the
reason for the shift of the resonance field to lower values.

AH of hexaferrites can be obtained using the following equation [169]:

AH = AH, + AH, + AH; = 2nAfly 31)

In large values, AH; can be ignored. AH of hexaferrites on
Sro74La,CagsFe; 55C0015019 was calculated by An et al. [52]. The
obtained values can be seen in Fig. 19c. The AH; first increases up to
the value x = 0.2 and then decreases. Depending on whether the value
of 4nM; is larger or smaller than H,, the contribution of anisotropy and
porosity in AH is determined. This group reported that 4nM; is much
smaller than H,. In this case, the independent grain approximation
(IGA) should be used. However, if the value of 4nM; is larger than H,,
the dipolar narrowing theory (DN) should be used. Therefore, AH, and
AHj,, according to IGA theory it will be as follows [52]:

AH = AH, + AH, 32)
]
AH, = 33
vy (33)
AH, = 8 (47M;)p 34)

P~ Br
where p is the porosity. The calculated values for AH, and AH, are

given in Fig. 19d. According to the figure, the value of AH, increases
up to x=0.3 and then decreases, but the change in AH, is small.
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Table 5. Microwave absorption characteristics in M-type hexaferrite compounds.

Composition Thickness (mm) Frequency (GHz) RL (dB) Ref.

BaCuMg,Zn,Fe5.4,01o/multiwalled carbon nanotubes 2.1 8.2 -23.1 [8]
(MWCNTs)

BaFe ,0¢/polyaniline (PANI) 0.9 33.25 -30.5 [174]
BaFe,0,¢/EG/carbon nanotubes (CNTs) 1 2-18 -45.8 [21]

Graphene/CuFe;yAl,O,o/PANI 2.5 8.2-124 -63.6 [175]
BaFe,3(Mg; 5Ti; 5)O19 22 13.0-17.0 -49.69 [72]
BaM/calcium copper titanate 3 15.7-17.4 -27.9 [7]

BaFe|,.3((GdAIC0),019 2.07 9.73-15.27 -48.13 [143]
MWCNTs/BaFe ;09 2 ~12.00-14.56 -43.99 [20]

Ba,..CesFe 019 10 16.1 -20.40 [137]

SrFe;,xCoO19 2 10.9 -452 [193]

BaFe ;. Zr,019 10 ~1.50-3.25 -55 [105]

Bay 3Sr.4Pby3Fe 2019 2 ~13.5-15.7 -57.5 [35]

BaFe 5.4(Mng 5Cog sTi)xO19 2.3 11.0-18.0 -40.2 [190]
BaLa,Gd,Fe ;019 3 104 -7.8 [34]

BaMgooZnooZr; sFes 4019 5 12.3 -19.3 [189]

BaFe,0,9 nanoplates 2.5 8.44-12.45 -36 [188]

BaBiFe 5,019 2.9 11.46-12.47 -38.78 [109]

However, AH,, increases up to x = 0.2 and then decreases. According to
Eq. 34, decreasing porosity makes the linewidth narrower [98].

Table 5 presents the reflection loss, effective absorption bandwidth,
and thickness for M-type hexaferrites and their composites.
Pure hexaferrites do not exhibit satisfactory absorption properties.
Based on the table, it can be observed that structures such as carbon
nanotubes, polymers, and doped hexaferrites are better candidates for
improving microwave absorption characteristics. Additionally, the
table highlights that different nanostructures of hexaferrites have a
significant impact on microwave energy dissipation. Therefore,
optimizing M-type hexaferrites is essential for their application in

microwave absorption.

4. Parameters affecting microwave absorption and
perspectives

The factors influencing reflection loss and absorption bandwidth can

generally be summarized as follows:

e Doping: Doping in M-type hexaferrites significantly affects
microwave absorption parameters. The type and concentration of
dopant ions play a crucial role, depending on their polarizability.

e Structure: The polycrystalline nature of hexaferrites creates
densely packed grain boundaries, leading to various polarization-

The

reflection loss. Additionally, structural defects and impurities act as

related losses. surface-to-volume ratio also influences
polarization centers, enhancing absorption properties.

method: Structures
exhibit

conditions can enhance reflection loss.

o Synthesis synthesized through different

methods varying properties. Optimizing synthesis

e Multicomponent structures: Creating multicomponent structures,
such as nanocomposites, introduces various interfaces. In these

structures, multiple reflections and scattering of incident waves can
increase energy loss. Moreover, incorporating suitable dielectric
components can improve impedance matching through synergy
between permittivity and permeability.

e Thickness: Reported results indicate that thickness affects the
frequency and intensity of absorption.

e Magnetic properties: Reflection loss and absorption bandwidth
have an inverse relationship with H, and coercivity and a direct
relationship with M. Lower H, leads to effective reflection loss and
broader absorption bandwidths.

e Dielectric properties: By modifying the permittivity of M-type
hexaferrites, ionic, electronic, surface, and space-charge
polarizations can be enhanced.

Recommendations for improving M-type hexaferrite absorption

properties:

e Synthesis methods: In addition to existing methods, combining
synthesis techniques, improving current methods, and optimizing
conditions could yield better results.

e Novel composite materials: Beyond the materials already used
with hexaferrites, new materials such as MXenes, metal-organic
frameworks (MOFs), carbon-based structures, and polymeric
frameworks could be incorporated to enhance dielectric loss in M-
type hexaferrites.

e Stability in extreme conditions: Absorbers should be designed to
maintain their microwave absorption properties under critical
temperature and pressure conditions, making this an interesting
area for future research.

e Minimal thickness: Developing composites using structures like
2D materials, which offer high surface-to-volume ratios, can
achieve high absorption rates while minimizing thickness by

integrating M-type hexaferrites.
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o Lightweight absorbers: Research should focus on making
absorbers lightweight by combining hexaferrites with porous
structures.

o Flexibility and stability: Flexible and durable absorbers should be
developed to ensure their suitability for various industrial
applications.

e Resistance to different weather conditions: Investigating
hydrophobic properties could lead to absorbers that retain their
stability under different weather conditions.

These considerations and recommendations provide a roadmap for

improving M-type hexaferrite absorbers and tailoring them for diverse

applications.

5. Conclusions

In this review, the structural properties and synthesis methods of M-
type hexaferrites were discussed. Based on the studies conducted, it
was found that the synthesis of these materials requires high
temperatures. However, the sintering temperature can be reduced by
modifying parameters such as the atmospheric conditions.
Additionally, varying precursor types can result in diverse
nanostructures. Among the synthesis methods, the solid-state reaction
and sol-gel methods were the most commonly used for preparing
hexaferrites. According to the investigations, researchers primarily
focused on doping these materials to enhance microwave absorption
efficiency. However, achieving greater energy dissipation requires
combining hexaferrites with other materials.

The magnetic properties of M-type hexaferrites were attributed to the
magnetic behavior arising from Fe’* ions within the structure. These
Fe’* ions, through super-exchange interactions, induce magnetic
behavior in hexaferrites. Analysis of reflection loss graphs indicated
that increasing M, and reducing H, significantly improve absorption
properties. Additionally, in these materials, energy dissipation
mechanisms such as space-charge polarization loss, ferromagnetic
resonance, eddy current loss, and domain wall motion loss play critical
roles in enhancing microwave energy dissipation. The fabrication of
composites containing hexaferrites can further improve the reflection
loss and absorption bandwidth of these materials, making them more
effective for microwave absorption applications.
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