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ABSTRACT

The substitution of rare earths in M-type hexaferrites has attracted attention in the past decade due to their
ability to modify the crystal structure and magnetic properties. However, achieving rare earth incorporation in
the M-type structure is extremely challenging because they often create secondary phases during the sintering
process. This study analyzes the effect of rare earth substitution on the magnetic properties of M-type hex-
aferrites, examining 312 samples reported in the last decade. We focus on the effects of rare earth substitution on
the magnetic properties, including magnetization to saturation, remanence magnetization, coercive field,
remanence squareness ratio and maximum energy product. Moreover, different fabrication routes and sintering
parameters such as heating time and temperature were considered in the analysis. The results are presented in a
comprehensive table showcasing the progress that rare earth-substituted hexaferrites have made in the last
decade. This review provides insights into the correlations between experimental factors and synthesis param-
eters with purity, structural variations and the magnetic properties resulted from the rare-earths substitution.
This review aims to elucidate the connections between synthesis parameters and experimental factors, with the
resulting purity, structural variations, and magnetic properties of M-type hexaferrites substituted using rare-
earths. In addition, a critical perspective is presented about the challenges and potential of substituted hex-

aferrites in the next-generation of magnetic ceramics.

1. Introduction

M-type hexaferrites belong to the family of ferrimagnetic oxides with
the same crystalline structure as the Magnetoplumbite mineral
(PbFe; sMn35A05019) [1]. The M-type hexaferrites were first synthe-
sized in 1951 by the Philips company which developed a ceramic
compound named ferroxdure (BaFe;2019) [2,3]. Since its discovery,
these hexaferrites have been the subject of increasing research interest
in magnetic materials area [4]. These magnetic oxides showed a ferri-
magnetic arrangement with a large saturation magnetization, magnetic
anisotropy, as well as coercive field, making them ideal materials for a
wide range of applications [5,6].

M-type hexaferrites are inorganic compounds consisting of a hex-
agonal close packing (HCP) of oxygen anions, where one oxygen is

* Corresponding author.

replaced by a divalent cation (Me), usually Me = Sr2*, Ba%* or Pb%".
This HCP structure enables five non-equivalent interstitial sites: 2a, 4f,
and 12 k octahedrally coordinated, 4f; tetrahedrally coordinated; and
2b penta-coordinated to form a bipyramidal site [7]. The M-type
arrangement allows for substituting the divalent cation by other divalent
or trivalent cation to form a solid solution limited by chemical and
physical factors. Therefore, the substitution occurs if Goldschmidt’s
rules are satisfied [8]. Over the years many substitutional hexaferrites
have been developed for both the divalent cation and the interstitial iron
cations [9]. However, substituting cations of the hexaferrite structure
can result in significant changes in the magneto-structural anisotropy
[10].

The substitution of rare earth cations in the M-type structure was first
conceived in the middle 50's. Summergrad and Banks attempted to
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Fig. 1. Crystalline structure of the M-type hexaferrite.
Source: Elaborated by authors using VESTA

develop a lanthanum-based M-type hexaferrite [11]. Then, Deschamp
and Bertaut worked on the substitution of rare earths for barium in
hexagonal ferrites [12]. In the early 50's, Moruzzi and Shafer managed
to manufacture lanthanum hexaferrite and study the phase stability
[13]. In 60's Aharoni and Schieber determined the magnetic moment of
lanthanum hexaferrite. They concluded that a divalent iron close to
lanthanum site should reduce the magnetic moment by one Bohr
magneton as compared to a trivalent iron ion which explained a drop
observed on the magnetization saturation of the lanthanum hexaferrite
regarding the barium one [14]. After in the early 1970s, Frantsevich and
Tul’chinskii investigated the impact of small amounts of lanthanum on
electrical and magnetic properties of M-type hexaferrite [15]. Lotgering
and Van Diepen revealed the effects of lanthanum on the structure and
demonstrated the occurrence of superexchange interactions between
Fe3" and Fe?" [16,18,17]. From that point, the substitution of various
other rare earth elements was investigated. For example, in the 80's
Kirichok et al. observed variations in the maximum energy product
(BH)max when praseodymium (Pr) was substituted in the hexaferrite.
This effect was attributed to alterations in the hexaferrite’s electronic
structure which also affect its anisotropy field [19]. They also studied
the hexaferrites’ substitution with various rare earths to assess the ef-
fects on their magnetic properties [20]. These early studies laid the
groundwork for the exploration of rare earth impact on the magnetic
properties of M-type hexaferrites [21].

This critical review analyzes the impact of rare earth substitutions on
the magnetic properties of M-type hexaferrites. Based on studies con-
ducted over the past decade by various research groups, data from 312
samples have been collected. A comprehensive data analysis enabled the
identification of the influence of rare earth substitution and synthesis
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process on the magnetic properties crystalline structure, microstructural
changes, and phase composition of the substituted hexaferrites. Addi-
tionally, this review assesses the challenges and novel opportunities of
the rare earth substitution in the improvement of the magnetic yield of
the M-type hexaferrites.

2. Magnetic and crystalline structure

To understand the magnetic properties of the hexaferrite family
compounds, it is necessary to investigate their structural aspects. M-type
hexaferrites are a specific type of iron-based compound that have a
hexagonal crystal structure. The name is given because of the hexagonal
arrangement and the stacking of various magnetic substructures along
the c-axis. The M-type hexaferrite is formed by a stacking sequence
described in terms of two structural blocks: the spinel “S” block (Fe®*
oFe?t 408)2+ and the “R” block (MeFeGOu)Z’ [1,6]. In particular, the
stacking sequence of the M-type hexaferrite is SRS*R*, where * denotes
a rotation of 180° about the c-axis. M-type hexaferrites crystallize with
hexagonal symmetry and P63/mmc space group, consisting of two units
of the formula MeFe 20,9 (Me = Ba, Sr, Pb, Ca) with 24 iron atoms
(Fe®") located at five interstitial sites: three octahedral (12 k, 2a, and
4fy1), one tetrahedral (4f;), and one bipyramidal (2b). The divalent metal
ion (Me®") is located in the octahedral sites of the open tetrahedral
layers.

Fig. 1 shows the hexagonal unit cell of the M-type hexaferrite, con-
sisting of lattice parameters a = b, and c being significantly larger than a.
The larger Me?" and 0 ions are in a close-packed structure, while the
smaller Fe3" ions occupy the interstitial sites. The structural configu-
ration of the iron cations in the structure of M-type ferrites results in a
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specific arrangement of magnetic moments. The magnetic moments of
the iron cations are aligned parallel or antiparallel to the crystallo-
graphic c axes, resulting in a ferrimagnetic structure [1-4]. This mag-
netic compound shows high magnetocrystalline anisotropy. The
magnetocrystalline anisotropy is an intrinsic property of a magnetic
material that causes its magnetization to align itself along a preferred
crystallographic direction. The magnetocrystalline anisotropy arises
from the interaction of the spin magnetic moment with the crystal lattice
(spin-orbit coupling), which gives rise to easy and hard magnetization
directions [22,23]. The application of an external magnetic field causes
a preferential orientation of electron spins along the field direction.
Consequently, the orbit of the electron tries to follow this reorientation.
However, the strong spin—orbit coupling to the crystal lattice hinders the
rotation of the spin axis [22]. The spin-orbit coupling is particularly
strong in M-type hexaferrites and substitutions could activate different
single-ion or collective contributions in the crystalline lattice. Most type
of substitutions cause a drastic reduction of the magnetocrystalline
anisotropy, and consequently a reduction of the energy product [24].
However, some rare earth substitutions can increase the magneto-
crystalline anisotropy with decreasing temperature, probably due to
formation of Fe?" in octahedral sites [23,24].

The ferrimagnetic nature of the M-type hexaferrite arises due to the
parallel and antiparallel alignment of the spin orientation of Fe3+ ions.
Each one of the iron cations Fe>" show a net magnetic moment of 5 pp
distributed five distinct iron sublattices: three parallel to the crystallo-
graphic c-axes: 12 k (1), 2a (1), and 2b (1), and two antiparallel: 4f; (1)
and 4f, (), see Fig. 1. This magnetic arrangement results in the
annulment of parallel and antiparallel magnetic moments. However, the
number of parallel magnetic moments is larger than the antiparallel ones
by eight, resulting in a net magnetic moment of 40 pg per unit cell.

In the hexaferrites, the magnetic moment of two iron cations is
coupled through an oxygen anion, in a mechanism established as
superexchange interactions and strongly controlled by magnetocrystal-
line anisotropy. The superexchange interactions are represented as
Fe>*—0?"—Fe3" and play a crucial role in the magnetic properties of
hexaferrite [25]. Besides, the substitutional elements can affect the
structure of the hexaferrite, which instead affect the magnetocrystalline
anisotropy and the superexchange lengths Fe>*-0% —Fe®*, promoting a
canting rotation of the magnetic moment and a reduction of the net
magnetization properties of the hexaferrite.

The magnetic properties of M-type hexaferrites are susceptible to
change when a cation within its structure is replaced by a foreign
divalent or trivalent cation. Specifically, substitution with rare earth
atoms can affect superexchange interactions and magnetocrystalline
anisotropy, modify the electronic structure and structural properties,
resulting in a change of the magnetic properties [26]. Additionally, rare
earth atoms may possess different magnetic moments that must be
considered. It is important to note that the effects of rare earth substi-
tution in the magnetic properties of the M-type hexaferrites vary
depending on the specific element, substitutional procedure employed
and other factors such as synthesis method, crystallinity, particle size,
and homogeneity.

3. Synthesis of the rare earth substituted hexaferrites

Hexagonal ferrites can be obtained from a variety of chemical and
physical fabrication methods. These methods usually involve a (or close
to) stoichiometric mix of chemicals, for example oxides, carbonates or
hydroxides among other compounds, followed by a heat treatment
required to crystallize the M-type structure. Chemical methods allow the
synthesis of hexaferrite nanoparticles at very low temperatures whereas
by physical methods usually higher sintering temperatures are required
affecting on the particle’s growth. The fabrication method has an
enormous impact on the structural and magnetic properties of the hex-
aferrite compounds. For example, low sintering temperatures used by
the chemical methods allow to obtain low particle size with a very
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homogeneous distribution, from which it is expected high coercive fields
but probably low magnetizations resulting from a poor crystallization.
On the other hand, increasing the sintering temperature results in a fall
of the coercive field due to the growth of particle size usually accom-
panied by a broad particle size distribution. However, crystallinity of M-
type compound becomes higher, and the magnetizations usually
increase.

The sintering temperature is an important factor for the complete
reaction of the chemical precursors, if low sintering temperature is
employed, it could be remained hematite (Fe,O3) as the second minor
phase. However, at higher temperatures, the crystallization of hexago-
nal ferrites type X can be reached. The substitution of rare earths in the
structure of the M-type hexaferrite usually requires higher sintering
temperatures than the ones necessary for obtaining the hexaferrites
without substituents. This condition is necessary due to the rare earths
tending to form orthoferrite phases at sintering temperatures very close
to the ones required for sintering the M-type hexaferrite. In many cases,
the presence of magnetic rare earth orthoferrite phase is not clearly
recognizable because the small amount of rare earth used as substituent
and because the main peaks of rare earth orthoferrites overlap with the
main peaks of the M-type hexaferrite. Besides, the presence of magnetic
rare earth orthoferrites with the M-type hexaferrites could improve the
magnetic properties by synergic combination between both phases.

Other key point related to rare earth involves the site substitution of
the rare-earth elements within the hexagonal P63/mmc crystalline
structure. According to the literature, rare earth elements (Re®*") can
partially replace the divalent cation (Ba>", Sr?*, Pb%* or Ca%™) or sub-
stitute iron cations (Fe>") of at least one of the five interstitial sites. The
scenario is complex, however, apparently the selected method, the
fabrication conditions, stoichiometry as well as the type of rare earth
used as substituent element could determine if a rare earth substitutes
for the divalent cation or to interstitial iron cations. Obviously, the
determining factor is the solubility of the rare earth in the crystalline
structure of the M-type hexaferrite.

A summary of each one of the fabrication methods with the most
important details recently reported for the synthesis of rare earth
substituted hexaferrites is provided in this section. Furthermore, in the
supplementary information are presented detailed block diagrams for
each one of the fabrication methods.

e Co-precipitation method (CP). In this method, stoichiometric
amounts of chloride salts are dissolved in deionized water and stirred
to homogenize the solution. 10 M NaOH solution was then slowly
added drop wise to the mixture under rigorous stirring. The alkali
addition was continued till the pH value of the solution was achieved
12 and was left undisturbed for a few hours for a complete digestion.
The precipitates were filtered and washed repeatedly with water and
lastly with alcohol. Finally, dried powder is sintered to reach the M-
type phase [27,28].

Solid-state method (SS). Stoichiometric amounts of oxides and/or
carbonates can be used as raw materials. Then, the powders are wet
mixed in alcohol or acetone until homogenized them. A pre-sintering
heat treatment can be done to promote primary reactions. Further-
more, a sintering heat treatment between 1250 to 1350 °C is carried
out to form the hexaferrite phase [29,30].

Citrate precursor-based sol gel process (CT-SG). High purity ni-
trate salts are used as chemicals. Citric acid is used as fuel for self-
igniting reaction. The stoichiometric ratio of citric acid to metal
cations is kept being 1:3. Then, a gel-like substance is obtained after
stirring the mixture in deionized water for various hours. Once dried
into an oven, the as-obtained ash powder is grinded for its sintering
[31,32].

Proteic Sol-gel method (P-SG). Different amounts of nitrate salts
are mixed in the stoichiometric ratio and dissolved in filtered coco-
nut water under agitation to achieve a complete homogenization to
form the sol. The solution is kept at 100 °C for 24 h for evaporation
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and xerogel formation. The xerogel is grounded and calcined at
500 °C to remove all organics residues. Finally, the powder cooled
and homogenized, is calcined to crystalize the M-type compound
[33,34].

Ammonium nitrate melt (ANM). Appropriate amounts of oxide
and/or carbonate powders are mixed and put into melted ammo-
nium nitrate. The solution was stirred in a hot plate until the liquid
phase disappeared. Then, isopropyl alcohol is added for a wet
grinding stage. Remained organics can be removed calcined between
400-500 °C. Once cooled powder can newly grounded before its
thermal treatment for crystallize the M-type hexaferrite phase [35].
Sol-gel (SG). Nitrate salts and citric acid (other acids also can be
used with citric acid) are employed as the chemicals, while ammonia
(NHj3) solution is employed to adjust the pH. Citric acid is used as a
complexing agent to dissolve various compounds in several beakers
using deionized water. With the introduction of NHs liquid drop by
drop, the pH of the solution is maintained at 7. Afterward, the so-
lution is stirred at 100 °C until a wet gel is formed. Then, the dried gel
is burned, and the product is grounded and sintered to form hex-
aferrite nanoparticles [36].

Sol-gel auto combustion method (SG-AC). Nitrate salts and citric
acid are mixed in appropriate stoichiometric amounts at 80 °C. The
solution was adjusted to pH 8 by adding liquid ammonia and stirred
until the combustion started. After the combustion process the
powder is grinded and annealed to obtain the M-type hexaferrite
compound [37].

Oxide One Pot Synthesis (OOPS). Appropriate nitrate salts are
dissolved in the homogeneous solution of ethylene glycol and trie-
thanolamine at 100 °C with stirring. The obtained solution is heated
to 120 °C for 2 h, then washed with ethanol and filtered. The
remaining sediment is calcined to obtain the hexaferrite compound
[38].

High-energy milling (HEM). Chemical precursors are mixed in a
stoichiometric ratio in alcoholic media. The wet mix is milled using
hard material balls. Several parameters can be optimized in this
method, such as the mass ratio of the sample to the balls, rotation
speed and time of milling. Once milled, the obtained mud is dried,
and the resulting powder is calcined to react the chemicals to form
the hexaferrite phase [39].

Hydrothermal (HT). Stoichiometric amounts of nitrates and/or
chlorides are mixed in deionized water. 2 M NaOH solution is pre-
pared separately and added drop wise to form the precipitates at pH
14. The mixture is stirred and subsequently sealed in an autoclave
maintained at 180 °C for 24 h. Once cooled, the mixture is washed
several times with deionized water and ethanol to eliminate impu-
rities. The particles are separated from the solution through centri-
fugation and further they are dried. Finally, the obtained powder is
grinded and annealed to obtain the hexaferrite phase [40].

Sol-gel Pechini method (SG-PC). This method requires the prepa-
ration of a polymeric resin from organic acids to obtain a three-
dimensional polymeric network. Nitrate salts, citric acid, and
ethylene glycol are required for the hexaferrite obtention. The salts
are weighted according to hexaferrite stoichiometry and dissolving
in deionized water with citric acid in a molar ratio of 5:1. The
resultant solution is heated at 70 °C for dehydration and later further
heated at 100 °C for polymerization. The resin is heated at 370 °C for
45 min and grounded in an agate mortar and pestle. Finally, the
powders are sintered to obtain the hexaferrite phase [41].

Tartrate precursor (TP). Chloride and nitrate salts and tartaric acid
are used in the preparation of hexaferrite. Tartaric acid acts as
chelating agent and as fuel. The salts are dissolved in deionized water
and then the tartaric acid is incorporated and the volume of the
mixture adjusted to 500 mL. The solution is stirred at 80 °C to ho-
mogenize the components until dried. Then, the gel is heated at 110
to evaporate the remaining water and to produce the gelling mass

Journal of Magnetism and Magnetic Materials 627 (2025) 173132

precursors. These precursors are further heated at high temperature
to reach the M-type hexaferrite phase [42].

Molten salt via sol-gel (MS-SG). The hexaferrite were first syn-
thesized using the sol-gel method using citric acid with a molar ratio
of 1:1 to the nitrates in aqueous solution, adjusting the pH to 7 using
ammonia solution. The mixture is stirred and water slowly evapo-
rated to form a gel. This gel is dried and then self-propagating
combusted in air. Afterward, the products are mixed with NaySO4
in a weight ratio of 1:1, this powder is calcined with molten salt
assistance in a furnace at a selected temperature to crystallize the
hexaferrite phase. Finally, the obtained powders are washed several
times with distilled water until the SO4 is completely removed [43].
Spark plasma sintering (SPS). The hexaferrite compound is pre-
pared by the conventional ceramic method using oxide or carbonate
powder at the required stoichiometry. Powders are first pre-heated at
1000 °C and then sintered in a spark plasma sintering apparatus. The
pre-sintered powder is placed in a cylindrical graphite die. The die
was then placed inside the chamber of the spark plasma sintering
apparatus and sintering was formed under vacuum (10-30 Pa). After
the spark plasma sintering, the sample is naturally cooled and
removed from the die [44].

Auto combustion (AC). Stoichiometric amounts of nitrates, glycine
and urea are used for the hexaferrite obtention. A petri dish con-
taining the solution of precursor mixture is heated at 600 °C. The
solution begins to boil in the furnace and heat reduction and ignition,
followed by a decomposition. When the solution reaches its self-
ignition point, it begins to burn, releasing a large amount of heat,
burning and forming a fluffy with loose powder. A smoldering
combustion occurs with an ignition reaction time between 15to 18s,
which leads to better homogeneity. The resulting powder is ground,
mixed, and calcined to form the hexaferrite phase [45].

Sol-gel microwave-assisted synthesis method (MW). Powder
precursors are initially prepared using the traditional sol gel method.
Afterward, self-combustion reaction is ignited at 175 °C. The ob-
tained powder contains the hexaferrite precursor is calcined at
800 °C for 80 min in a microwave furnace, using a heating rate of
40 °C/min to obtain the hexaferrite phase [46].

Sonochemical method (SCH). Salt nitrates were used as raw ma-
terials. Using a two-step process, ferrite nanoparticles are synthe-
sized by using a combustion process after the sonochemical
treatment to produce the nanoparticles. In the first step, 20 g poly-
ethylene glycol-PEG is utilized to dissolve nitrate salts. Then, the
solutions are treated using a Hielscher UIP1000 Hdt high-intensity
ultrasound homogenizer for 3 min (130 W, 19 kHz), that is equip-
ped with a Bs4d22 ultrasonic block sonotrode (D: 22 mm). During
the dispersion process, the mixture darkened and turned to a
brownish-red color, indicating the creation of metal hydroxides.
During the combustion stage, the colloid systems within the PEG-
based structure were subjected to heat in a furnace at 1000 °C
under an air atmosphere. This process led to the creation of colloid
systems. Following the burning of the PEG and the dehydration of the
metal hydroxide nanoparticles, the hexaferrite structures are ob-
tained [47].

Polymer precursor method (PPM). Nanocrystalline hexaferrite
powders are prepared using acetate trihydrate (Me(CH3COO),
3H20) and ferric acetylacetonate (C;5H21FeOg) as starting materials.
A clear solution is prepared by dissolving 0.5060 g of acetate trihy-
drate in 15 mL glycerin. The solution is distilled in a rotary evapo-
rator at 120 °C for 1 h to remove the water trapped. The distilled
solution is stored in a 50 mL flask, which is moved into a glove box.
To prevent the hydrolysis of ferric acetylacetonate, dissolved 4.2381
g of ferric acetylacetonate in a mixture solution of 100 mL anhydrous
ethanol and 70 mL acetone in a 250 mL three-neck flask. Subse-
quently, the distilled acetate solution needs to be added into the
ferric acetylacetonate solution; the mixture solution is stirred at
70 °C for 18 h. Then, a colloidal dispersion is formed by the addition
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Table 1
Compilation data obtained for the magnetic properties, fabrication methods and phase analysis of the rare earth substituted (Ba, Sr, Ca and Pb) hexaferrites.
ID Chemical formula Method Sintering Particle Mg M, Hc(Oe) M,/ BHax Phases Year Ref.
(°C, h) size (nm) (emu/ (emu/ Mg) (MGOe)
g) g)
Barium hexaferrite
1 BaFe;5019 CP 900 46 44.15 23.68 4930 0.54 - M-Ba>Fe;03 2015 [26]
2 BaFe;5019 SS 1250 1500 67.13 42.42 3206 0.63 - M-Ba 2017 [28]
3 BaFe;5019 CT-SG 800 83 56.90 28.54 4477 0.5 - M-Ba 2020 [30]
4 BaFe;5019 CT-SG 900, 2 86 35.92 18.10 3992 0.5 - M-Ba 2021 [31]
5 BaFe;2019 P-SG 1000, 2 280 56.96 25.6 3828 0.47 - M-Ba>BaFeO3 2022 [32]
6 BaFe;5019 SG-AC 1000 67-370 69.91 44.09 4799 0.63 - M-Ba 2022 [52]
7 BaFe;5019 CT-SG 850 39 68.21 33.60 3200 0.49 - M-Ba 2022 [53]
8 BaFe;5019 ANM 1000, 2 100-250 57.72 31.85 5069 0.55 - M-Ba>Fe,;03 2011 [34]
Barium hexaferrite substituted with lanthanum
9 Bag gLag 1Fe12019 SS 1250, 3 1344 64.22 41.02 1826 0.64 - M-Ba 2017 [28]
10 Bag glag 2Fe 2019 SS 1250, 3 1568 59.88 38.29 1984 0.64 - M-Ba 2017 [28]
11 Bag oLlagp.1Fe;12019 SS 1100, 2 ~3000 11.85 2.67 515 0.22 - M-Ba 2019 [54]
*,
12 Bag glag 2Fe12019 SS 1100, 2 ~3000 10.16 2.18 526 0.21 - M-Ba 2019 [54]
*
a
13 Bag 7Lag 3Fe12019 SS 1100, 2 ~3000 8.73 1.92 505 0.22 - M-Ba 2019 [54]
*a
14 Bagglag4Fe12010 Ss 1100, 2 ~3000 6.64 1.34 517 0.20 - M-Ba 2019  [54]
*,
15 Bag sLag sFe12019 SS 1100, 2 ~3000 6.24 1.51 590 0.24 - M-Ba>Fe,03 2019 [54]
*
a
16 Bag gsLag osFe12019 CT-SG 1200, 2 ~350 57.01 30.40 5141 0.53 - M-Ba 2019 [55]
17 Bag gLag 1Fe12019 CT-SG 1200, 2 ~350 63.99 33.83 4684 0.53 - M-Ba 2019 [55]
18 Bag gsLagp.15Fe12019 CT-SG 1200, 2 ~350 53.59 28.14 4745 0.52 - M-Ba 2019 [55]
19  BagglagsFe12010 CT-SG 1200, 2 ~350 45.39 24.42 5622 0.54 - M-Ba 2019 [55]
20 Bag glag oFe12019 SS 1200, 2 ~1000 - - 2809 0.60 - M-Ba>Fe,03 2019 [29]
b
21 Bag cLag.4Fe12019 SS 1200, 2 ~1000 - - 3142 0.62 - M-Ba>Fey03, LaFeO3 2019 [29]
%b
22 Bag 4Lag cFe12019 SS 1200, 2 ~1000 - - 3476 0.64 - M-Ba>Fe,03, LaFeO3 2019 [29]
«b
23 Balag  Fe;1.9019 SS 1100, 2 > 500 0.497 0.206 2642 0.41 - M-Ba 2021 [56]
xe
24 BaLag oFe;1 8019 SS 1100, 2 > 500 74.60 82.50 1755 1.10 - M-Ba 2021 [56]
*C
25 BaLag 3Fe;1.7019 SS 1100, 2 > 500 54.48 30.32 2293 0.40 - M-Ba 2021 [56]
*C
26 Balag 4Fe11.6019 SS 1100, 2 > 500 82.20 43.80 1212 0.53 - M-Ba 2021 [56]
*C
27 BaLag sFej1.5019 SS 1100, 2 > 500 98.10 53.5 3957 0.54 - M-Ba 2021 [56]
*C
28  BaLaggFei1.4010 Sss 1100, 2 > 500 52.10 27.07 1710 0.51 - M-Ba 2021  [56]
c
29 BaLag 2Fe;1.8019 SG 850, 3 57 57.85 32.14 5041 0.55 - M-Ba 2023 [35]
30 Balag 4Fe;1.6019 SG 850, 3 53 51.97 28.79 5138 0.55 - M-Ba 2023 [35]
31 BaLag gFe11.4019 SG 850, 3 46 50.86 28.31 5112 0.55 - M-Ba 2023 [35]
32 BaLag gFe11.2019 SG 850, 3 44 48.79 27.01 5131 0.55 - M-Ba 2023 [35]
33 Bala; gFe;1.0019 SG 850, 3 39 49.27 27.20 5133 0.55 - M-Ba 2023 [35]
34 BagoLagiFe12010 ANM 1000, 2 100-250 52.09 28.87 5310 055 - M-Ba>Fe,03 2011 [34]
35 Bag glag 2Fe12019 ANM 1000, 2 100-250 50.78 28.12 5424 0.55 - M-Ba>Fe,03 2011 [34]
36 Bag 7Lag sFe12019 ANM 1000, 2 100-250 40.51 22.87 5563 0.56 - M-Ba>Fe503 2011 [34]
37 Bag gLag.4Fe12019 ANM 1000, 2 100-250 39.99 22.12 5538 0.55 - M-Ba>Fe,03 2011 [34]
38 Bag 4Lag ¢Fe12019 ANM 1000, 2 100-250 16.25 8.62 5284 0.53 - M-Ba>Fe,03, LaFeO3 2011 [34]
39 Bag sLag gFei2019 ANM 1000, 2 100-250 17.63 9.37 5246 0.53 - M-Ba>Fe,03, LaFeO3 2011 [34]
40  BagoglagozFe12010 Ss 1200, 5 - 60.00 38.23 3232 0.63 - M-Ba 2019  [57]
41 Bag.geLagp.04Fe12019 SS 1200, 5 - 79.41 50.58 3585 0.63 - M-Ba 2019 57]
42 Bag.gz2Lag 0sFe12019 SS 1200, 5 - 39.41 24.11 4343 0.61 - M-Ba 2019 57]
43 Bag gLag 1Fe;2019 SS 1250, 3 - 59.10 38.14 2700 0.64 - - 2014 [58]
44 Bag glagp.oFe12019 SS 1250, 3 - 46.50 23.83 2400 0.51 - M-Ba>Fe,03 2014 [58]
45 Bag gLag 1Fe12019 SS 1250, 3 - 67.50 43.20 2500 0.64 - - 2014 [58]
46 Bag glag 2Fe;2019 SS 1250, 3 - 55.30 34.13 2300 0.62 - M-Ba>Fe503 2014 [58]
Barium hexaferrite substituted with cerium
47 BaCeg oFeq1.8019 SG-AC 1100, 4 400-500 49.85 25.00 3518 0.50 - M-Ba>CeO, 2015 [36]
48 BaCep gFeq1.2019 SG-AC 1100, 4 400-500 56.68 29.66 3357 0.52 - M-Ba>CeO, 2015 [36]
49  BagysCeg2sFer2019 Ss 1100, 2 ~1000 44.00 22.23 1779 0.50 - M-Ba 2019 [59]
50 Bag 5Cep sFe12019 SS 1100, 2 ~1000 13.90 7.51 1782 0.54 - M-Ba 2019 [59]
51 Bag.25Cep.75Fe12019 SS 1100, 2 ~1000 10.30 5.12 1767 0.50 - M-Ba 2019 [59]
52 Bag.95Cep.0sFe12019 SG 1100, 3 ~500 52.22 28.17 4126 0.54 - M-Ba 2016 [60]
53 Bag 9Cep 1Fe12019 SG 1100, 3 350-500 52.57 28.95 5077 0.55 - M-Ba 2016 [60]
54 Bag.gsCep.15Fe12019 SG 1100, 3 350-500 51.89 27.98 4754 0.54 - M-Ba>Fe,03 2016 [60]
55 Bag gCep 2Fe12019 SG 1100, 3 350 47.33 26.24 4710 0.55 - M-Ba>Fe;03 2016 [60]

(continued on next page)
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Table 1 (continued)

ID Chemical formula Method Sintering Particle Mg M, Hc(Oe) M,/ BHyax Phases Year Ref.
(°C, h) size (nm) (emu/ (emu/ Mg) (MGOe)
g) g)
Barium hexaferrite substituted with praseodymium
56 Bag 95Pro.0sFe12019 OOPS 1200, 2 1200-1500 27.95 17.04 2055 0.61 - M-Ba<Fe;03 2014  [37]
57 Bag oPro 1Fe12019 OOPS 1200, 2 1200-1500 47.05 30.45 3255 0.65 - M-BaxFe;03 2014  [37]
58 Bag gsPro.15Fe12019 OO0PS 1200, 2 1200-1500 49.54 32.05 3372 0.65 - M-Ba>Fey03 2014 [37]
59 Bag gPro.oFei2019 OOPS 1200, 2 1200-1500 34.10 22.27 3720 0.65 - M-BaxFe;03 2014  [37]
60 BaPry asFej1.75019 SG 800, 4 10 24.68 13.44 2658 0.54 - M-Ba 2022 [61]
61 BaPrgsFei;. 5019 SG 800, 4 6 33.84 18.53 2658 0.54 - M-Ba 2022 [61]
62 BaPrg 75Fe11.25019 SG 800, 4 7 6.06 0.73 656 0.12 - M-Ba 2022 [61]
63 BaPr;Fe;1019 SG 800, 4 6 67.95 37.41 2658 0.55 - M-Ba 2022 [61]
Barium hexaferrite substituted with neodymium
64 BaFe;; 75Ndo 25019 CT-SG 850, 2 76 58.24 29.02 4290 0.50 - M-Ba 2020  [30]
65 BaFe;1.5Ndo 5019 CT-SG 850, 2 75 48.47 23.70 3086 0.49 - M-Ba>Fe;03 2020  [30]
%d
66 BaFe;; 25Ndo 75019 CT-SG 850, 2 67 49.81 24.86 5234 0.50 - M-Ba 2020  [30]
xd
67 BaFe;;NdO;9 CT-SG 850, 2 65 43.11 21.41 4819 0.50 - M-Ba 2020 [30]
wd
68 BaNdg.o2Fe11.08019 SG-AC - ~655 34.28 11.96 410 0.34 - M-Ba>Nd,03 2020 [62]
69 BaNdo.4Fe11.96019 SG-AC - ~655 29.64 10.17 410 0.34 - M-Ba>Nd,03 2020  [62]
70 BaNdy osFe11.04010 SG-AC - ~655 16.42 5.53 410 0.33 - M-Ba>Nd,05 2020 [62]
71 BaNdg 1Fe11.9019 HEM 950, 3 - 70.86 38.77 4044 0.54 - M-Ba>? 2016  [38]
*€
72 BaNdy oFe;1 5010 HEM 950, 3 - 69.61 37.25 4045 0.53 - M-Ba>? 2016  [38]
*€
73 BaNdy sFey1 7019 HEM 950, 3 - 74.50 40.91 3113 0.55 - M-Ba>? 2016  [38]
*€
74 BaNdg 1Fe11.9019 HEM 1050, 3 500-1000 81.63 44.21 898 0.54 - M-Ba>? 2016 [38]
*€
75 BaNdg oFey1.8019 HEM 1050, 3 500-1000 65.95 34.80 2678 0.53 - M-Ba>? 2016  [38]
e
76 BaNdg sFei1.7019 HEM 1050, 3 ~1000 69.00 36.64 610 0.53 - M-Ba>? 2016  [38]
*€
77 BaFe;3019, 0.5% SS 1150, 1 - 62.00 36.00 3000 0.58 - M-Ba 2019 [63]*f
Nd»O3
78 BaFe;2019, 1.0% SS 1150, 1 - 68.00 30.00 2200 0.44 - M-Ba 2019 [63]*F
Nd»03
Barium hexaferrite substituted with samarium
79 BaFe;; 755mg 25019 CT-SG 850, 2 38 56.54 21.79 1196 0.47 - M-Ba 2021 [64]
80 BaFe;; 5Smg 5019 CT-SG 850, 2 46 51.75 23.92 1595 0.46 - M-Ba>Fe;03, SmFeO; 2021 [64]
81 BaFe;1.25SMm 75010 CT-SG 850, 2 57 60.89 25.90 1649 0.42 - M-Ba>Fe,O3, SmFeO; 2021  [64]
*8
82 BaFe;1Sm;019 CT-SG 850, 2 69 63.05 29.26 2265 0.46 - M-Ba>Fe03 2021 [64]
*8
83 Bag.9gSmyg g2Fe 12019 SS-HEM 1250, 2 1040 72.46 33.86 2824 0.48 - M-Ba 2024  [65]
84 Bay.g6Smo.04Fe12019 SS-HEM 1250, 2 890 72.32 33.50 2984 0.46 - M-Ba 2024  [65]
85 Bag,045M osFe12010 SS-HEM 1250, 2 870 73.11 35.22 3096 0.48 - M-Ba 2024  [65]
86 Bag92SMmo ogFe12010 SS-HEM 1250, 2 1070 72.43 33.32 2936 0.46 - M-Ba 2024  [65]
87 Bag.oSmg 1Fe12019 SS-HEM 1250, 2 1210 68.95 32.19 2840 0.47 - M-Ba>Fe;03 2024  [65]
Barium hexaferrite substituted with europium
88 Bag 9Eug 1Fe12019 SG 1100, 2 71 57.46 37.26 2440 0.65 - M-Ba 2012 [66]
89 Bag sEug 2Fe12019 SG 1100, 2 73 52.36 35.29 4810 0.67 - M-Ba 2012 [66]
90 Bag 75Eug 25Fe12019 SG 1100, 2 74 45.14 34.52 6120 0.76 - M-Ba>Fe03 2012 [66]
91 Bag,9gEug g2Fe12019 HT 900, 2 50 34.92 24.17 4172 0.69 - M-Ba 2017 [39]
92 Bay.g6EUg 04Fe12019 HT 900, 2 61 43.52 31.34 7146 0.72 - M-Ba 2017 [39]
93 Bag 92Eu 0gFe12019 HT 900, 2 65 56.06 35.64 9352 0.63 - M-Ba 2017 [39]
Barium hexaferrite substituted with gadolinium
94 Bag.05Gdo.05Fe12010 SG-AC 1000, 3 <180 50.67 31.67 4876 0.62 - M-Ba>Fe,03 2022 [52]
95 Bag.90Gdo.10Fe12019 SG-AC 1000, 3 <180 56.14 35.19 4886 0.62 - M-Ba>Fe;03 2022 [52]
96 Bag g5Gdo.15Fe12019 SG-AC 1000, 3 <180 47.87 29.85 4945 0.62 - M-Ba>Fe;03 2022 [52]
97 Bag goGdo.20Fe12010 SG-AC 1000, 3 <180 45.64 28.49 5109 0.62 - M-Ba>Fe,05 2022 [52]
98 Bag 75Gdo.25Fe12019 SG-AC 1000, 3 <180 45.04 27.89 5085 0.61 - M-Ba>Fe;03 2022 [52]
99 Bag.95Gdo.0sFe12019 SG-AC 1100, 3 <180 45.79 28.17 4933 0.61 - M-Ba 2022 [52]
100  BaggsGdo 1sFe12010 SG-AC 1100, 3 >180 52.22 32.38 4923 0.6 - M-Ba>Fe,05 2022 [52]
101 Bag75Gdg.25Fe12019 SG-AC 1100, 3 <180 40.28 24.26 4580 0. - M-Ba>Fe;03 2022 [52]
102  BaFei;.75Gdo 25019 CT-SG 900, 2 79 49.23 21.90 4727 0.44 - M-Ba 2021 [31]
103 BaFe;;1.5Gdos019 CT-SG 900, 2 66 54.87 22.30 4875 0.41 - M-Ba>Fe;03 2021 [31]
«h
104  BaFej;.25Gdo 75010 CT-SG 900, 2 53 59.08 23.70 5243 0.40 - M-Ba>Fe;03 2021 [31]
«h
105 BaFe;1GdO;9 CT-SG 900, 2 44 63.64 25.10 5832 0.39 - M-Ba>Fey03 2021 [31]
«h
106  Bag.95Gdo.osFe12019 P-SG 1000, 2 259 55.45 21.50 2911 0.38 - M-Ba 2022 [32]
107  Bag9Gdo.1Fe12019 P-SG 1000, 2 253 51.15 18.95 2896 0.37 - M-Ba>Fe;03, GdFeO3 2022 [32]
108  BaggsGdo.15Fe12010 P-SG 1000, 2 250 55.55 22.70 3650 0.41 - M-Ba>Fe,03, GdFeO; 2022  [32]

(continued on next page)
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Table 1 (continued)

ID Chemical formula Method Sintering Particle Mg M, Hc(Oe) M,/ BHyax Phases Year Ref.
(°C, h) size (nm) (emu/ (emu/ Mg) (MGOe)
g) g)
109  BagoGdo1Fe12019 SS 1250, 3 1340 64.22 41.03 1826 0.64 - M-Ba 2017  [28]
110  BaggGdo.oFe12019 SS 1250, 3 1560 59.88 38.29 1984 0.64 - M-Ba 2017  [28]
111 BaFe;;.9Gdo1019 CT-SG 850, 5 38 64.23 31.60 4200 0.49 0.88 M-Ba 2022 [53]
112 BaFe;7,Gd 3019 CT-SG 850, 5 36 63.38 30.80 4300 0.49 0.85 M-Ba 2022 [53]
113 BaFeq1.5Gdg5019 CT-SG 850,5 33 57.73 28.10 4500 0.49 0.72 M-Ba 2022 [53]
114  BaFe;;.3Gdo7019 CT-SG 850, 5 29 54.23 26.30 4800 0.48 0.64 M-Ba 2022 [53]
115 Bag oGdg 1Fe12019 SS 1200, 3 2070 51.77 29.8 1723 0.58 - M-Ba 2023 [671
116  BaggysGdo.i2sFe12019  SS 1200, 3 2360 55.66 32.40 1593 0.58 - M-Ba 2023  [67]
117  BaggsGdo.15Fe12010 SS 1200, 3 2620 48.38 27.76 1662 0.57 - M-Ba>Fe;03 2023  [67]
118  BaggGdo.oFe12010 Ss 1200, 3 1970 46.89 28.23 1832 0.60 - M-Ba>Fe,05 2023 [67]
119  BagsGdosFe12019 SS 1200, 3 1860 29.48 17.77 1919 0.60 - M-Ba>Fe;03 2023  [67]
Barium hexaferrite substituted with holmium
120 BaFe;; gH0( 2019 SS 1275, 1 2600 15.01 8.70 2201 0.58 - M-Ba>Fe;03 Ho,03 2010 [68]
121  BaFej;.6H00 4019 SS 1275, 1 1810 52.59 29.07 2230 0.55 - M-Ba>Fe,03, 2010  [68]
HosFes012
122 BaFe;; 4Ho( 6019 SS 1275, 1 1670 23.04 12.54 1889 0.54 - M-Ba>Fe,03, 2010 [68]
HosFes015
123 BaFej;.2H0( 5019 SS 1275, 1 1210 16.95 9.10 1910 0.53 - M-Ba>Fe,03, 2010  [68]
HoszFes012
124 BaFe;; Ho1019 SS 1275, 1 2140 13.34 7.06 1951 0.53 - M-Ba>Ho,03 2010 [68]
Strontium hexaferrite
125  SrFe;2019 CT-SG 950, 3 70-80 60.00 30.15 6117 0.5 - M-Sr>Fe;03 2016  [69]
126 SrFe;5019 SG-AC 1000, 3 45 66.25 40.91 8972 0.62 - M-Sr 2022 [70]
127  SrFe;2019 SG-PC 1050, 2 86 60.46 32.14 5540 0.53 0.77 M-Sr 2023 [40]
128  SrFe;2019 CT-SG 750, 2 5.8 40.91 29.8 2550 0.73 - M-Sr>Fe03 2021 [71]
129  SrFe;2019 CT-SG 1100, 5 77 68.56 34.74 4337 0.51 - M-Sr 2018  [72]
130 SrFe 5019 SG-PC 1100, 4 1500 72.23 33.45 2000 0.46 0.67 M-Sr 2024 [73]
131  SrFe;2019 SG 1100, 3 0.54 65.92 49.65 5957 0.75 - M-Sr 2016 [42]
132 SrFe;2019 SG-AC 1100, 6 35.9 69.00 35.00 4300 0.50 - M-Sr>Fe;03 2021 [74]
133 SrFe 5019 SG 1300, 2 2135 58.83 30.40 1318 0.51 - M-Sr 2018 [75]
134  SrFe;3019 SS 1250, 2 2500 84.00 32.00 1800 0.38 - M-Sr 2020 [76]
135  SrFe;2019 SS 1280, 2 3000 60.80 11.63 2430 0.19 0.67 M-Sr 2019 [77]
136 SrFe 5019 HT 1100, 1 92 51.98 22.04 1114 0.42 - M-Sr 2019 [78]
137 SrFe; 5019 TP 1200, 2 5000 60.07 16.04 1100 0.26 - M-Sr 2020 [41]
Strontium hexaferrite substituted with lanthanum
138  Srp.g7sLag.o25Fe12019 SG-PC 1100, 4 200-300 71.72 32.50 5070 0.45 0.94 M-Sr 2024  [73]
139 SrposLag.osFe12010 SG-PC 1100, 4 200-300 72.10 32.53 4630 0.45 0.92 M-St 2024  [73]
140  Srg.g2slag.o7sFe12019 SG-PC 1100, 4 200-300 66.31 29.87 4530 0.45 0.78 M-Sr 2024  [73]
141  SrgglagiFe;2019 SG-PC 1100, 4 200-300 74.25 34.09 1960 0.45 0.68 M-Sr 2024  [73]
142 SrposLag.osFe12010 MS-SG 1100, 3 440 67.35 50.93 6119 0.76 - M-St 2016 [42]
143 SrggolagiFe12019 MS-SG 1100, 3 420 68.77 48.78 6105 0.71 - M-Sr 2016 [42]
144 SrggsLagisFe12019 MS-SG 1100, 3 360 69.52 49.53 6252 0.71 - M-Sr 2016 [42]
145  Srggolag oFei2019 MS-SG 1100, 3 340 67.46 48.58 6021 0.72 - M-Sr 2016  [42]
146  Srg.golag osFe12019 CT-SG 950, 3 33 55.89 33.20 6110 0.59 - M-Sr 2015  [79]
147  SrggyLlagisFe12019 CT-SG 950, 3 31 53.81 31.33 6960 0.58 - M-Sr 2015  [79]
148  Srg.gz2lag.18F12010 CT-SG 950, 3 29 52.40 30.50 7060 0.58 - M-Sr 2015  [79]
149  SrLag.sFeq1.77010 CT-SG 900, 4 - 47.40 - 6201 - - M-St 2013 [80]
150  SrLag.4sFe11.57019 CT-SG 900, 4 - 45.33 - 6230 - - M-Sr 2013 [80]
151  SrLagesFei1.37019 CT-SG 900, 4 - 41.17 - 6326 - - M-Sr 2013  [80]
152 SrLaggsFei1.17019 CT-SG 900, 4 ~500 36.82 - 6207 - - M-Sr 2013 [80]
153  SrLa;Fe;1019 CT-SG 900, 4 ~100 32.46 - 5831 - - M-Sr 2013 [80]
154  Srpglag1Fe12019 SPS 950, 0.1 42.83 22.45 3170 0.52 - M-Sr 2021 [43]
155  SrpyLagsFe;2019 SPS 950, 0.1 30.75 16.03 3170 0.52 - M-Sr 2021 [43]
156  Srg4lageFe12019 SPS 950, 0.1 26.98 13.39 2915 0.49 - M-Sr 2021 [43]
157  SrgglagoFe;2019 SS 1150, 1 400 87.00 54.00 4796 0.62 - M-Sr>Fe;03 2012 [81]
158  SrgglagoFe;2019 SS 1200, 1 600 96.00 60.00 4510 0.63 - M-Sr>Fe;03 2012 [81]
159 Sro.gLag oFe;2019 SS 1250, 1 1200 67.00 59.00 3847 0.88 - M-Sr>Fey03 2012 [81]
160  SrgglagoFe;2019 SS 1300, 1 2110 102.00 56.00 1781 0.55 - M-Sr 2012 [81]
161  SrgglagiFe12019 SG-AC 900, 2 ~1000 59.6 29.8 5046 0.50 0.65 M-Sr>Fe;03 2019  [82]
162  SrpolagiFe12019 SG-AC 1100, 2 200-350 62.3 31.3 5046 0.50 0.71 M-Sr>Fe,03 2019 [82]
163  SrgolagiFe;2019 SG-AC 1200, 2 ~100 62.7 35.3 4006 0.56 0.94 M-Sr>Fe;03 2019  [82]
Strontium hexaferrite substituted with cerium
164  SrCeposFer1.07010 SG-AC 1050, 2.5 290-40 61.83 35.09 5902 0.56 - M-Sr>CeO, 2020  [83]
165  SrCegosFe11.95019 SG-AC 1050, 2.5 290-40 52.49 35.86 6152 0.57 - M-Sr> Fe;03, CeO2 2020  [83]
166  SrCego7Fe11.93019 SG-AC 1050, 2.5 290-40 71.17 30.08 5530 0.56 - M-Sr>CeO, 2020  [83]
167  SrCep1Fe;1.9019 SG-AC 1050, 2.5 290-40 45.72 40.12 5227 0.55 - M-Sr>CeO, 2020  [83]
168  Sr.99Ceo.01Fe12010 AC 1100, 3 70-95 66.44 39.59 9682 0.61 - M-St 2022 [44]
169  Srp.osCeposFe12019 AC 1100, 3 70-95 47.73 29.63 9351 0.62 - M-Sr 2022 [44]
170  Srp.91Ceg.00Fe12010 AC 1100, 3 70-95 43.62 26.12 8274 0.62 - M-Sr> Fe;O3 2022 [44]
171 Sr.97Ceo.03Fe12010 SG-AC 1200, 3 ~650 77.73 38.04 4483 0.49 - M-St 2024  [84]
172 Srg.9s5CegosFe12019 SG-AC 1200, 3 ~810 74.53 36.73 4468 0.49 - M-Sr 2024  [84]
173 Srg.9Ceq.1Fe12019 SG-AC 1200, 3 ~750 71.12 35.08 4491 0.49 - M-Sr>Fe;03, CeO2 2024  [84]
174 SrogCeo 2Fe12019 SG-AC 1200, 3 ~710 62.60 30.86 4638 0.49 - M-Sr>Fe;03, CeO2 2024  [84]
175 SrCeg.1Fe11.9019 CT-SG 1100, 5 67 58.45 29.82 3733 0.51 - M-Sr 2018 [72]
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Table 1 (continued)

ID Chemical formula Method Sintering Particle Mg M, Hc(Oe) M,/ BHyax Phases Year Ref.
(°C, h) size (nm) (emu/ (emu/ Mg) (MGOe)
g) g)
176  SrCegoFei1.8019 CT-SG 1100, 5 65 53.12 26.14 3777 0.51 - M-Sr 2018  [72]
177  SrCeq.sFej1.7019 CT-SG 1100, 5 48 51.24 25.52 4222 0.49 - M-Sr 2018  [72]
178  SrCeq.4Fe11.6019 CT-SG 1100, 5 64 47.41 23.68 4300 0.49 - M-Sr>Fe,03 2018  [72]
179 SrCeg sFe11.5019 CT-SG 1100, 5 51 46.69 23.27 4522 0.49 - M-Sr>Fey03 2018 [72]
180  Srp.95Cep.0sFe12019 SG 900, 2 - 56.35 29.97 1375 0.54 - M-Sr 2018  [75]
181  SrpgsCep.15Fe12010 SG 900, 2 - 5.83 23.20 515 0.51 - M-Sr>Fe;03 2018  [75]
182  SrygCegoFe12010 SG 900, 2 1045 44.67 21.83 1359 0.49 - M-Sr>Fe,03 2018  [75]
183  Srp.75Cep.asFe12019 SG 900, 2 1776 38.22 20.22 1737 0.53 - M-Sr>Fe;03, CeO2 2018  [75]
184  SrpoCeq.1Fe12019 SG-AC 900, 2 ~1000 51.5 27.9 4284 0.54 0.96 M-Sr>Fe;03 2019  [82]
185 Sro.9Cep 1Fe12019 SG-AC 1100, 2 200-350 59.6 31.7 5388 0.53 0.76 M-Sr>Fe,03 2019 [82]
186  Srp.oCep.1Fe12019 SG-AC 1200, 2 ~100 64.3 34.8 6159 0.54 0.59 M-Sr>Fe;03 2019  [82]
187  Srp.9sCeo.02Fe12019 HEM 1200, 2 1150 73.62 35.35 3878 0.48 - M-Sr 2024  [85]
188  Srp.96Cep.04Fe12010 HEM 1200, 2 1420 72.36 34.74 3750 0.48 - M-Sr 2024  [85]
189  Srg.94Cep.06Fe12010 HEM 1200, 2 1560 70.75 34.87 3766 0.49 - M-Sr>Fe;03 2024  [85]
190  Srp.92Cep.08Fe12019 HEM 1200, 2 1810 70.70 34.38 3559 0.48 - M-Sr>Fe03 2024  [85]
191  Srp.99Ceg.01Fe12010 AC 1100, 20 43 66.14 40.99 9735 0.62 - M-Sr 2022 [86]
192 Srg.97Cep.03Fe12010 AC 1100, 20 42 53.95 33.56 9519 0.62 - M-Sr 2022  [86]
193 Srg.9sCegosFe12019 AC 1100, 20 43 47.93 29.75 9642 0.62 - M-Sr 2022 [86]
194 Srp.93Ceo.07Fe12010 AC 1100, 20 43 46.08 28.29 9527 0.61 - M-Sr 2022 [86]
195  Srg.01Ceq.0oFe12010 AC 1100, 20 42 43.81 27.06 8146 0.62 - M-Sr>Fe,03 2022 [86]
Strontium hexaferrite substituted with praseodymium
196  SrFei;.95Pr0.05010 SG-AC 1100, 3 100-500 72.57 36.91 5069 0.51 - M-Sr 2023  [87]
197 SrFe;1 9Pr 1019 SG-AC 1100, 3 100-500 65.38 33.51 5459 0.51 - M-Sr 2023 [87]
198  SrFei; gsPro.15010 SG-AC 1100, 3 100-500 68.00 34.80 5469 0.51 - M-Sr 2023  [87]
199  SrFey; gPro 2019 SG-AC 1100, 3 100-500 67.72 34.25 5620 0.51 - M-Sr>FePr;.,Sry03 2023  [87]
200  SrFej;.75Pro 25019 SG-AC 1100, 3 100-500 64.55 32.90 5669 0.51 - M-Sr>FePr;.,SryO3 2023  [87]
201 SrFe;;1 7Pro.3019 SG-AC 1100, 3 100-500 62.70 32.10 5625 0.51 - M-Sr>FePr;.ySry03 2023 [871
202  SrFej;.65Pro35019 SG-AC 1100, 3 100-500 62.87 32.09 5665 0.51 - M-Sr>FePr;_,Sr,O3 2023  [87]
203  SrFeq;.6Pro4019 SG-AC 1100, 3 100-500 63.94 32.79 5857 0.51 - M-Sr>FePr;.,Sry0O3 2023  [87]
204  SrFejqs5Pro 45019 SG-AC 1100, 3 100-500 66.56 33.90 5878 0.51 - M-Sr>FePr;.,St,03 2023 [87]
205  SrFej; sProsOi9 SG-AC 1100, 3 100-500 65.04 33.18 5870 0.51 - M-Sr>FePr;_,Sr,O3 2023  [87]
206  Srg.975Pro.025F€12010 SG-PC 1100, 4 200-400 77.35 33.35 5460 0.43 1.09 M-Sr 2024  [73]
207  Sro.9sPro.osFe12010 SG-PC 1100, 4 200-400 70.52 32.19 5340 0.46 0.92 M-St 2024  [73]
208 Sr0.925P10.075F€12019 SG-PC 1100, 4 200-400 73.36 33.38 5350 0.45 0.98 M-Sr 2024 [73]
209  Srg.oPrgiFe;2019 SG-PC 1100, 4 200-400 75.73 34.53 3120 0.46 0.82 M-Sr 2024  [73]
210  SrogsPro.1sFe12010 SG-MW 800, 1.3 37 64.60 33.90 3835 0.52 - M-Sr 2014  [45]
211 Srg7s5Pro.2sFe12010 SG-MW 800, 1.3 36 61.23 32.37 4093 0.52 - M-Sr>Fe,03 2014 [45]
212 SrgsProsFe;2019 SG-MW 800, 1.3 46 49.88 23.02 1895 0.46 - M-Sr>Fe;03, PrFeO3 2014  [45]
Strontium hexaferrite substituted with neodymium
213 Srp.osNdg osFe12010 CT-SG 950, 3 70-80 63.00 38.09 6634 0.53 - M-Sr>Fe,03, NdyO3 2016  [69]
214 SrgoNdo1Fe12019 CT-SG 950, 3 70-80 65.00 35.52 6704 0.53 - M-Sr>Fe;03, Nd,O3 2016  [69]
215  SrggsNdg.15Fe12010 CT-SG 950, 3 70-80 63.00 35.15 6885 0.53 - M-Sr>Fe;03, Nd2O3 2016  [69]
216  SrggNdo 2Fe12019 CT-SG 950, 3 70-80 63.00 34.23 6703 0.54 - M-Sr>Fe;03, Nd,O3 2016  [69]
217  Sro.oNdg1Fe;2019 SG-PC 900, 2 81 59.88 32.21 6872 0.53 0.76 M-Sr>Fe,03, NdFeO3 2023  [40]
218  SrggNdg2Fe;2019 SG-PC 900, 2 121 60.3 32.06 6880 0.53 0.80 M-Sr>Fe,03, NdFeO3 2023  [40]
219  SrgyNdg sFe12019 SG-PC 900, 2 137 59.8 31.09 6990 0.52 0.85 M-Sr> NdFeO3 2023  [40]
220  SroeNdg 4Fe12010 SG-PC 900, 2 160 60.40 32.06 6920 0.53 0.90 M-Sr>, NdFeOs 2023 [40]
221  SrgoNdg1Fe;2019 SG-PC 1000, 2 288 61.78 32.64 6257 0.53 1.03 M-Sr>Fe,03, NdFeO3 2023  [40]
222 SrggNdg 2Fe12019 SG-PC 1000, 2 358 63.13 33.50 6440 0.53 0.91 M-Sr>Fe;03, NdFeO3 2023  [40]
223 Srg7Ndg sFe12019 SG-PC 1000, 2 364 63.57 33.32 6651 0.52 0.97 M-Sr>Fe;03, NdFeO3 2023  [40]
224 SrgeNdg 4Fe12019 SG-PC 1000, 2 404 61.60 33.00 6147 0.54 0.91 M-Sr>Fe;03, NdFeO3 2023 [40]
225  SrgoNdg1Fe12019 SG-PC 1050, 2 832 65.69 34.69 6130 0.53 1.04 M-Sr>Fe;03, NdFeO3 2023  [40]
226  SrggNdg 2Fe 2019 SG-PC 1050, 2 958 62.13 32.85 6130 0.53 0.94 M-Sr>Fe;03, NdFeO3 2023 [40]
227  Srg7NdgsFe12019 SG-PC 1050, 2 690 62.67 33.04 6420 0.53 0.96 M-Sr>Fe;03, NdFeO3 2023  [40]
228  SrgeNdg 4Fe12019 SG-PC 1050, 2 1122 60.73 31.89 6260 0.53 0.79 M-Sr>Fe;03, NdFeO3 2023  [40]
229  SrgoNdo1Fe12019 SG-PC 1100, 2 1009 62.65 33.60 5540 0.54 0.94 M-Sr> NdFeO3 2023  [40]
230 Sro gNdg oFe;2019 SG-PC 1100, 2 1079 63.31 33.56 5820 0.53 0.97 M-Sr>Fe,03, NdFeO3 2023 [40]
231  Srg7Ndo sFe12019 SG-PC 1100, 2 1062 62.88 33.02 6020 0.53 0.95 M-Sr> NdFeO3 2023 [40]
232 SrgeNdg 4Fe12019 SG-PC 1100, 2 1075 59.81 31.40 6040 0.52 0.87 M-Sr> NdFeO3 2023  [40]
233 SrgoysNdoossFei2019  SG-PC 1100, 4 250-450 73.74 33.86 4330 0.46 0.97 M-St 2024  [73]
234 Srg.9sNdo osFe12019 SG-PC 1100, 4 250-450 70.05 32.32 3860 0.46 0.88 M-Sr 2024  [73]
235  Srg.925Ndg.o75Fe12019 SG-PC 1100, 4 250-450 75.17 34.95 3810 0.46 1.03 M-Sr 2024  [73]
236  SrooNdg Fe12010 SG-PC 1100, 4 250-450 74.37 34.05 2800 0.46 0.80 M-St 2024  [73]
237  Sro.oNdg1Fe12019 SG-AC 1000, 1 - 60.60 39.10 5020 0.64 - M-Sr 2023  [88]
238  Srg.oNdo1Fe12019 SG-AC 1100, 1 - 61.50 40.20 5210 0.65 - M-Sr 2023  [88]
239  Srg.oNdo1Fe12019 SG-AC 1200, 1 - 59.20 38.90 4420 0.66 - M-Sr 2023  [88]
240  SrooNdg:Fe12010 Ss 1100, 5 - 9.07 3.50 1090 0.38 - M-Sr>SrFegO15 2020  [89]
241 SrogNdgoFe12019 SS 1100, 5 - 5.52 2.29 1090 0.41 - M-Sr>SrFegO13, 2020  [89]
SrNdFeO4
242 Sry,Ndg sFe;2010 SS 1100, 5 - 3.51 1.50 1090 0.53 - M-Sr>SrFegO1s, 2020  [89]
SrNdFeOy4
243 SrFej;.9Ndo1019 HEM 1000, 2 65 66.62 34.80 5420 0.52 M-Sr>Fe03 2022 [90]
244 SrFej; gNdo.2019 HEM 1000, 2 68 59.81 31.12 5610 0.52 M-Sr>Fe;03 2022 [90]

(continued on next page)
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Table 1 (continued)

ID Chemical formula Method Sintering Particle Mg M, Hc(Oe) M,/ BHyax Phases Year Ref.
(°C, h) size (nm) (emu/ (emu/ Mg) (MGOe)
g) g)

245  SrFej; 7Ndo.3019 HEM 1000, 2 80 50.14 26.59 5690 0.53 - M- 2022 [90]
Sr>Fe;03>SrFeO, g3

246  SrFe;;.6Nd.4019 HEM 1000, 2 86 42.81 22.95 5780 0.54 - M- 2022 [90]
Sr~Fe303>SrFeOs g3

247  SrFej; sNdos5019 HEM 1000, 2 102 35.23 18.51 5610 0.52 - M- 2022 [90]

Sr~Fe;03>SrFeOs g3
Strontium hexaferrite substituted with samarium

248  Srg.9755mg g25Fe12010 SG-PC 1100, 4 230-550 76.50 34.46 5380 0.45 1.03 M-Sr 2024 [73]
249  Srg.9sSmg osFe12019 SG-PC 1100, 4 230-550 71.56 32.36 5320 0.45 0.91 M-Sr 2024  [73]
250  Srg.oxsSmogosFe12019  SG-PC 1100, 4 230-550 69.90 31.62 5580 0.45 0.88 M-St 2024  [73]
251  SrgoSmg.1Fei2019 SG-PC 1100, 4 230-550 68.71 31.56 3840 0.45 0.80 M-Sr 2024 [73]
252 SrSmg1Fe11.99019 SCH 1000, 3 301 34.76 20.00 6600 0.57 - M-Sr>Fe03 2024  [46]
253  SrSmg2Feq1.08019 SCH 1000, 3 254 48.52 27.60 5802 0.56 - M-Sr>Fe;03 2024  [46]
254 SrSmyg osFeq1.97010 SCH 1000, 3 285 53.10 29.40 5790 0.57 - M-Sr>Fe;03 2024  [46]
255  SrFe;1.99Smg 01019 SG 1200, 4 2120 72.55 45.29 1987 0.55 - M-Sr 2018  [91]
256  SrFej;.08Smg02019 SG 1200, 4 1420 69.89 42.56 1955 0.62 - M-Sr 2018  [91]
257  SrFeq1.97Smg,03019 SG 1200, 4 1580 71.50 43.84 1871 0.61 - M-Sr 2018  [91]
258  SrSmyg . Fe;11.9019 SG-AC 1200, 2 500-700 61.67 31.25 2858 0.50 - M-Sr 2024 [92]
259  SrSmygoFeq1.8010 SG-AC 1200, 2 500-700 54.40 29.40 3320 0.54 - M-Sr>? 2024  [92]"
260  SrSmgsFe;; ;010 SG-AC 1200, 2 500-700 51.56 27.71 3378 0.53 - M-Sr>? 2024  [92]"
261  SrSmg 4Feq;.6019 SG-AC 1200, 2 500-700 48.76 25.96 3428 0.53 - M-Sr>? 2024  [92]"
262  SrSmgsFe;;.5010 SG-AC 1200, 2 500-700 44.85 24.65 3495 0.54 - M-Sr>? 2024  [92]"
263 Sr0.955mg gsFe12019 P-SG 1000, 2 ~1000 61.71 37.19 ~500 0.60 - M-Sr 2016 [33]
264  SrgoSmg 1Fe;2019 P-SG 1000, 2 ~1000 60.05 27.22 ~500 0.45 - M-Sr>Fe,03 2016  [33]
265  Srg.gsSmg.1sFe;2019 P-SG 1000, 2 ~1000 64.62 32.62 ~500 0.50 - M-Sr>Fe03 2016  [33]
Strontium hexaferrite substituted with europium
266  Sro.osEug.osFei201o Ss 1250, 3 ~2000 78.03 23.91 1014 0.30 - M-St 2020  [93]
267  SrgoFugiFe;2019 SS 1250, 3 ~2000 78.49 38.26 2850 0.49 - M-Sr 2020  [93]
268  SrggsEug 1sFei2019 SS 1250, 3 ~2000 81.85 37.39 2680 0.46 - M-Sr>Fe;03 2020  [93]
269  SrogEug oFei2010 Ss 1250, 3 ~2000 81.22 37.82 2800 0.46 - M-Sr>Fe,03 2020 [93]
270  SrgzsEugasFe12019 SS 1250, 3 ~2000 65.21 26.95 2700 0.41 - M-Sr>Fe;03 2020  [93]
Strontium hexaferrite substituted with gadolinium
271 Srp.osGdo.osFe12019 Ss 1250, 2 ~3000 90.00 9.00 220 0.10 - M-St 2020  [76]
272 Sro.9Gdo.1Fe12019 SS 1250, 2 ~3000 78.00 34.00 2800 0.43 - M-Sr 2020 [76]
273 Sro.gsGdo.1sFe12019 SS 1250, 2 ~3000 73.00 35.00 2900 0.48 - M-Sr>Fe;03 2020 [76]
274 SrgGdooFe12019 SS 1250, 2 ~3000 72.00 33.00 3075 0.46 - M-Sr>Fe;03 2020 [76]
275  Sry75Gdg.osFe12019 Ss 1250, 2 ~3000 64.00 29.00 3230 0.45 - M-Sr>Fe,03 2020 [76]
276  SrFeiq 75Gdo.25010 CT-SG 750, 2 48 57.70 31.90 6099 0.55 - M-Sr>Fe;03 2021 [71]
277  SrFeq1.5Gdos019 CT-SG 750, 2 52 53.34 32.50 6195 0.61 - M-Sr>Fe;03 2021  [71]
278  SrFe;;.25Gdo.75010 CT-SG 750, 2 56 54.48 28.20 6310 0.52 - M-Sr>Fe,03 2021  [71]
279  SrFe;1Gd;019 CT-SG 750, 2 62 42.74 26.30 5912 0.61 - M-Sr>Fe;03 2021  [71]
280  Sro.09Gdo.01Fe12019 SG-AC 1100, 3 44 53.95 33.56 8146 0.62 - M-Sr 2022 [70]
281  Srg.07Gdo.0sFe12019 SG-AC 1100, 3 41 49.93 29.98 9419 0.60 - M-Sr 2022 [70]
282 Sr05Gdo.0sFe12019 SG-AC 1100, 3 44 45.42 28.03 9513 0.61 - M-Sr 2022 [70]
283 Srg.03Gdo.07Fe12019 SG-AC 1100, 3 43 41.65 25.37 9587 0.61 - M-Sr 2022 [70]
284  Srg.01Gdo.0oFe12019 SG-AC 1100, 3 43 39.16 24.25 9064 0.62 - M-Sr>Fe;03 2022 [70]
285  SrGdo.o1Fe11.99010 SG-AC 1100, 6 ~1000 67.43 36.30 3200 0.54 - M-Sr 2021  [74]
286  SrGdo.o2Fe11.08010 SG-AC 1100, 6 ~1000 63.22 34.56 2771 0.55 - M-Sr>? 2021 [74]9
287  SrGdo.osFe11.97010 SG-AC 1100, 6 ~1000 61.68 34.00 1241 0.55 - M-Sr>? 2021  [74]¥
288 SrGdo.o4Fe11.6019 SG-AC 1100, 6 ~1000 61.82 34.11 2692 0.55 - M-Sr>? 2021 [741%
289  SrGdgosFei1.5010 SG-AC 1100, 6 ~1000 66.17 36.69 2954 0.55 - M-Sr>? 2021  [74]¥
290  Srg.975Gdo.025F€12019 SG-PC 1100, 4 200-400 73.97 33.73 5090 0.45 1.00 M-Sr 2024  [73]
291  Srg.95Gdo.0sFe12019 SG-PC 1100, 4 200-400 69.86 31.67 5340 0.45 0.90 M-Sr 2024  [73]
292 Srg.925Gdo.o75Fe12019 SG-PC 1100, 4 200-400 67.25 30.39 5450 0.45 0.83 M-Sr 2024 [73]
293  Srg.9Gdo.1Fe12019 SG-PC 1100, 4 200-400 67.46 30.85 3130 0.45 0.76 M-Sr 2024  [73]
Strontium hexaferrite substituted with terbium
294 Sro.9Tbg.1Fe12019 CP 850, 4 120 42.6 22.4 5126 0.52 - M-Sr>Fey03 2016 [27]
295  SrgoTbg1Fei2019 SG-AC 900, 2 ~100 33.6 27.9 4355 0.54 0.89 M-Sr>Fe;03 2019  [82]
296  Srg.9Tbg1Fe12019 SG-AC 1100, 2 ~500 30.7 27.9 5563 0.54 0.70 M-Sr>Fe;03 2019  [82]
297 Srg.oTbo1Fe12010 SG-AC 1200, 2 ~1000 62.6 29.3 6235 0.52 0.64 M-Sr>Fe,03 2019 [82]
Strontium hexaferrite substituted with dysprosium
298  Sro.98DYyo.02F€12019 HEM 1000, 15 1000-2000 58.70 25.80 1850 0.44 - M-Sr 2023  [94]°%
299  Sro.06DYo.04F€12010 HEM 1000, 15 1000-2000  61.60 27.50 2100 0.44 - M-St 2023 [94]°%
300  Sro.94Dyo.06Fe12019 HEM 1000, 15 2000 65.90 29.40 2425 0.44 - M-Sr 2023 [941%
301  Sro.92Dyo.08F€12019 HEM 1000, 15 >2000 67.50 30.20 2500 0.45 - M-Sr 2023  [94]K
302  Srg.oDyo.1Fe12019 HEM 1000, 15 >2000 70.40 34.20 2690 0.48 - M-Sr 2023  [94]°%
303 SrogsDyo.1sFe12010 SG-MW 800, 1.3 41 58.70 26.13 2660 0.44 M-Sr>Fe,03 2014 [45]
304  SrgzsDyo.2sFe12019 SG-MW 800, 1.3 38 49.68 20.19 1411 0.40 M-Sr>Fe;03 2014  [45]
305  SrgsDyosFei2010 SG-MW 800, 1.3 32 28.84 15.21 6717 0.52 M-Sr~Fe,03>DyFeO3 2014  [45]
Strontium hexaferrite substituted with holmium
306  SrgosHog osFe12019 SG-AC 1100, 4 320 73.24 36.36 5289 0.50 - M-Sr 2024 [95]
307  Srg.oHog1Fe12019 SG-AC 1100, 4 300 69.26 34.32 5362 0.50 - M-Sr>Fe;03 2024 [95]
308  Srg.gsHoop.15Fe12019 SG-AC 1100, 4 350 65.43 32.53 5460 0.50 - M-Sr>Fe;03 2024  [95]
309  SrogHog oFe12010 SG-AC 1100, 4 290 63.25 31.43 5443 0.50 - M-Sr>Fe,03, HoFeO3 2024  [95]

(continued on next page)
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310  SrHogosFe11.95019 SG-AC 1100, 4 342 76.73 38.35 5263 0.50 - M-Sr 2024  [95]
311  SrHog1Fe;1.9019 SG-AC 1100, 4 551 75.14 37.82 4885 0.50 - M-Sr>Fe;03 2024  [95]
312 SrHog.isFe11.85010 SG-AC 1100, 4 504 74.57 38.94 4754 0.50 - M-Sr>Fe,03 2024  [95]
313 SrHog 2Fe;1 8019 SG-AC 1100, 4 434 73.28 36.81 4786 0.50 - M-Sr>HoFeO3 2024 [95]
Lead hexaferrite
314  PbFe 3019 PPM 1000, 1 1500 54.20 30.80 2325 0.57 - M-Pb 2015 [47]
315 PbFe;5,019 SG-AC 900, 2 ~2000 31.50 18.55 5123 0.58 - M-Pb 2017 [96]
316  PbFe;3019 SG-AC 950, 0.75 17 61.38 45.06 1082 0.73 - - 2018  [97]
317  PbFe 3019 SS 950, 2 ~3000 52.00 23.00 950 0.44 - M-Pb 2016  [98]
318 PbFe;5,019 SG-AC 900, 2 500-1000 27.89 15.66 1880 0.56 - M-Pb 2015 [99]
319  PbFe;2019 SG 800, 3 57 42.28 25.20 3872 0.59 M-Pb>Fe,03 2016  [100]
320  PbFe 2019 SG-AC 950, 6 883 58.3 25.6 1429 0.44 - M-Pb 2023  [101]
Lead hexaferrite substituted with lanthanum
321  PbgglagiFe;2019 SS 1350, 2 >5000 63.3 17.7 400 0.28 - M-Pb 2014  [102]
322 PbgglagoFe12019 SS 1350, 2 >5000 64.5 15.4 507 0.24 - M-Pb 2014  [102]
323  PbgrLagsFe;2019 SS 1350, 2 >5000 66.7 3.3 120 0.05 - M-Pb 2014  [102]
324  Pbgglag4Fe12019 SS 1350, 2 >5000 60.1 1.8 62 0.03 - M-Pb 2014  [102]
325  PbgslagsFei2019 SS 1350, 2 >5000 53.4 4.2 133 0.08 - M-Pb 2014  [102]
326  PbgslagsFe12019 SS 1350, 2 >5000 62.7 26.9 787 0.43 - M-Pb 2014  [102]
Calcium hexaferrite
327  CaFeq3019 SG-AC 850, 2 ~1600 29.97 17.20 3301 0.57 - M-Ca 2024  [103]
328  CaFe 2019 SG 500, 3 4-16 37.67 2.28 18 0.06 - M-Ca 2013 [104]
329 CaFe 2019 MM 950, 9 32-39 28.00 4.60 185 0.16 - M-Ca 2024 [48]
330 CaFe;2019 SS 1200, 12 2260 0.56 0.19 736 0.31 - M-Ca>Fe;03 2023  [105]
Calcium hexaferrite substituted with lanthanum
331  Cagslag.sFe12019 SG-AC 1100, 5 1710 22 13 1618 0.61 - M-Ca 2024  [106]
332 CaLag sFe;1.5019 SG-AC 950, 4 168-259 0.59 0.11 1205 0.18 - M-Ca 2019 [107]
333  CalajFe;1019 SG-AC 950, 4 168-259 0.55 0.09 404 0.17 - M-Ca 2019  [107]
334  CalajsFejps019 SG-AC 950, 4 168-259 0.42 0.06 966 0.14 - M-Ca 2019  [107]
335 CaLasFe 9019 SG-AC 950, 4 168-259 0.36 0.05 1775 0.14 - M-Ca 2019 [107]
Calcium hexaferrite substituted with samarium
336  CaFej1.955mg05019 SG-AC 850, 2 ~1600 33.45 19.47 2954 0.58 - M-Ca 2024  [103]
337  CaFeq;.9Smg 1010 SG-AC 850, 2 ~1600 39.93 23.01 2471 0.57 - M-Ca 2024  [103]
338 CaFe;;.855Smg 15019 SG-AC 850, 2 ~1600 43.54 24.79 2261 0.57 - M-Ca 2024 [103]
339  CaFeq1.8Smg 2019 SG-AC 850, 2 ~1600 44.03 25.27 2334 0.57 - M-Ca 2024  [103]
Calcium hexaferrite substituted with dysprosium
340 CaDyy.1Fe;1.9019 MM 950, 9 32-39 29.00 5.30 261 0.18 - M-Ca 2024 [48]
341  CaDyp 15Fe11.85019 MM 950, 9 32-39 35.00 7.40 310 0.21 - M-Ca 2024  [48]
342  CaDyp.oFeq1.8019 MM 950, 9 32-39 36.00 8.90 446 0.25 - M-Ca 2024  [48]
343 CaDyo.osFer1.75010 MM 950, 9 32-39 42.00 10.90 492 0.26 - M-Ca 2024  [48]
344  CaDyg3Feq17019 MM 950, 9 32-39 49.00 14.40 549 0.30 - M-Ca 2024  [48]

"3 Magnetization curves were measured using a maximum applied field of 3 kOe.
"> Magnetic properties were reported in the S.I. units.
*¢ Magnetizations M, and Ms, reported in the table does not match with the magnetization curves.
*d Non determined phase is observed within the hexaferrite (probably "eodymium orthoferrite).

“® A non-determined minor phase is observed in the X-ray patterns.

*f Ba-hexaferrite was prepared with 1 and 2 %wt of Nd,O5 as additive.
"8 SmFeO3 seems to be present as secondary phase at ~33° in the X-ray patterns of samples with x = 0.5, 0.75 [108].
" Presence of GdFeO3 is observed in the X-ray patterns [109].

“ A non-determined minor phase is observed in the X-ray patterns.
“J A non-determined minor phase is observed in the X-ray patterns, probably Fe,Os.

"% The samples show high crystalline texture which can affect the magnetic properties.

of 45 mL ammonia and 15 mL polyethylene glycol into the precursor
solution. The dispersion solution is maintained at 70 °C under stir-
ring for 24 h and then moved out of the glove box. The water and
organic molecules are removed from the dispersion solution by
centrifugation at 12000 rpm. The remaining colloid powders were
calcined at 450 °C for 1 h. The obtained powder is grinded and
calcined at 800 °C for one hour to remove the organic components.
Thus, pure hexaferrite powder in a single structure was obtained
when it is subjected to a sintering procedure [48].

Microemulsion technique (MM). The Fe(NOs)3 g H2O nitrate salts,
and NaOH are used as chemicals in the synthesis of the hexaferrite.
The metal nitrates are added to Pyrex glass beakers and dissolved in
distilled water to prepare the required solutions. The solutions are
stirred for 25 min at 60 °C and then, cetyltrimethylammonium
bromide is added as surfactant. NH4 OH (32 %) is added to maintain
a pH = 11. The solution is continuously stirred for 7 h. After the

4.

stirring period, the contents are filtered and washed with deionized
water until pH of 7. Then, the dried powder is annealed to synthesize
the hexaferrite phase [49].

Rare earth substitutions

Increased interest in rare-earth substitution in the M-type hex-

aferrites has taken place over the past decade. At present, a large variety
of rare earths have been used as substituent elements, studying the in-
fluence of rare earths on the structural, magnetic, dielectric, optical and
absorption properties of the hexaferrite [50-52]. However, many of
these properties also are affected by the fabrication method chosen for

the

hexaferrite obtainment. Currently, many variations to the fabrica-

tion methods have been proposed, involving different parameters to be
considered and that affect the main properties of the hexaferrites. In
particular, the fabrication method can affect particle growth, allowing to
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Fig. 2. Magnetization to saturation obtained for 344 samples of M-type hexaferrites substituted with rare earths prepared by various methods.

obtain hexaferrite particles from a few nanometers to various microns.
Also, sintering temperature can influence the crystallization of the M-
type hexaferrite, as well as the presence of secondary phases. All these
factors hide the real influence of substitution of rare earths on the
physical properties of the hexaferrite compounds. Thus, in this work we
analyzed the magnetic properties of hexaferrites substituted with rare
earths, considering the fabrication method, sintering conditions, and the
presence of secondary phases. Our analysis only considers the single
substitution of rare earths on the structure of the M-type hexaferrite, in
both the divalent cation (Sr*>", Ba®*, Pb®* and Ca®") and the trivalent
iron cations (Fe*), reported in literature mainly during the last decade.
Therefore, co- and multiple- substitutions involving rare earths were not
taken into account.

Table 1 shows the compilation of analyzed samples involving rare
earth substitutions within their magnetic properties and fabrication
conditions. Additionally, the unsubstituted hexaferrites are included as
reference points to evaluate the effects of the rare earth substitutions in
the M-type hexaferrites. In the chemical formula indicates the type of
rare earth used as the substituent, the amount of degree of substitution,
and if rare earth substitutes the divalent or trivalent cation. In the first
case, the general chemical formula is given by the Eq. (1), while the case
that the rare earth substituted the iron cation is described by Eq. (2)

(Me%theiJr) (Fefg—xFerrJr ) 019 (€8]

Me** (Fe3;_ ReX")0iq (2)
where Me is the divalent cation and Re is the trivalent rare earth used as
the substituent element. In the table is indicated the fabrication method
and sintering conditions. A brief description of each of these methods is
provided in the previous section, although some variations or modifi-
cations may exist. It is therefore necessary to check the experimental
details directly in the reference provided. The particle size is included
because of its direct relationship with the behavior of the coercive field.
Also, the secondary phases are reported based on the X-ray diffraction
patterns for each sample and authors’ own analysis. A simplified nota-
tion is used to point out the presence of second phases as well as the
relative proportion regarding the M-type hexaferrite phase. For the
analysis of the magnetic properties, there were reported four parameters
obtained from the magnetization curves. The saturation magnetization
(M), remanent magnetization (M,), coercive field (H.) and the square-
ness ratio (M;/Ms). In addition, the maximum energy product (BH)max is
reported in the cases in which this parameter was provided by the au-
thors. However, this parameter is less frequency reported in the litera-
ture. In this table only have been considered the experimental works
used the cgm units’ system. For the magnetic properties presented in the
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SI units see the Table in supplementary information. This was done to
facilitate comparisons purposes between different experimental works.
The analysis is complete including the phases present in each one of the
analyzed samples. For this, we consider the X-ray diffraction results
alongside the magnetic properties.

5. Discussion and data analysis

A comprehensive analysis of the magnetic properties of the M-type
hexaferrites has been conducted drawing upon a decade of reported
data. While various factors, including sintering conditions and presence
of secondary magnetic phases, can influence the magnetic properties of
the M-type hexaferrites, our review of 344 samples highlights the sig-
nificant impact of rare earth substitutions compared to unsubstituted M-
type hexaferrites. This analysis shows behavior of the magnetic prop-
erties of the M-type hexaferrites. The data have been organized with the
sample identifier (ID) indicated in Table 1. The fabrication method, type
hexaferrite, and type of rare earth used as the substituent element are
indicated with their respective magnetic properties. The samples based
on the barium hexaferrite (M-Ba) correspond to the samples ID from 1 to
124, followed by the strontium based hexaferrites (M-Sr) have IDs from
125 to 313. The lead-based hexaferrites (M-Pb) have ID from 314 to 236,
and from 327 to 344 for the calcium-based hexaferrites (M-Ca), the
latter is the least studied probably because of the poor hard-magnetic
properties.

The magnetization to saturation (Mg) obtained for the analyzed
samples is shown in Fig. 2. In this graph, the average saturation value is
close to 60 emu/g for most of the fabrication methods, while the highest
Mg values have been reached using the solid-state method, spotlighting
the substitution with lanthanum in the barium and strontium hex-
aferrites, and the strontium hexaferrite substituted with europium.
While most samples regardless of their fabrication methods, achieve Mg
values between 70-40 emu/g, the rare earth substitution, sintering
route, and fabrication conditions play a crucial role in optimizing the
hard-magnetic performance. On the other hand, samples prepared by
the solid-state method show the highest and lowest Mg due to the
tuneability of the microstructural characteristics and crystallinity
attained by this method. Calcium hexaferrites consistently exhibit lower
magnetization values regardless of the fabrication method or rare earth
substitution. The lead-based hexaferrites show close Ms values than the
ones of the strontium-based hexaferrites. Although not many rare earths
have been reported as substituent elements of the lead hexaferrite. Fig. 2
offers an overview of the magnetization Mg behavior of rare earth
substituted hexaferrites. However, achieving saturation magnetization
is challenging due to the large magnetocrystalline anisotropy of hex-
aferrites [24,110,111]; which demands the application of very strong
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Fig. 3. Magnetization remanences reported for M-type hexaferrites substituted with rare earths.

magnetic fields.

Therefore, some authors report the magnetization reached at
maximum applied field and other researchers use the law of approach to
saturation for estimate the magnetization to saturation [112]. These
methodological differences should be taken into account because they
can induce small variations at the time of reporting the magnetization to
saturation.

Several mechanisms have been proposed to explain the variation in
saturation magnetization resulting from rare-earth substitution in M-
type hexaferrites. In agreement with the charge compensation model,
the formation of Fe?' instead of Fe®* in different crystallographic sites
can change the magnetization to saturation because of the different
magnetic moment of the Fe>* jons (5.92 pg) regarding the Fe?" jons
(4.90 pp) [113]. A variation in saturation magnetization is also expected
when a rare-earth cation replaces an iron cation, specified if the stoi-
chiometry given by Equation (2) is satisfied. In these cases, it is critical
for identifying the sites affected by substitution, because cations at sites
12k, 2a, and 2b contain iron ions with up-spins (1), which contributes to
sum the net magnetic moment along the c-axis. Conversely, cations at
sites 4f] and 4f contain iron ions with down-spins (|), reducing the net
magnetic moment along the c-axis. Another way in which the magne-
tization to saturation can vary by effect of the rare earth substitution is
thought to involve a change in the superexchange lengths. Super-
exchange lengths are critical parameters that strengthen magneto-
crystalline anisotropy, thereby aligning the magnetic moments of iron
cations parallel or antiparallel to the c-axis. Then, rare-earth substitution

can induce changes in the crystal structure and superexchange lengths
[23,24], potentially leading to canting movement of the magnetic mo-
ments and a subsequent variation in the net magnetic moment of the
hexaferrite [114,115]. The substitution with rare earths can induce a
variation in the magnetization to saturation of hexaferrites probably by
a combination of various factors.

Fig. 3 shows the behavior of the magnetization to remanence (M;).
The results suggest that the highest magnetizations to remanence are
achieved using lanthanum. Although, the lanthanum substitution in
hexaferrites has been more extensively studied than other rare earth
elements resulting in a larger existence of available data. The average
saturation magnetization of the majority of the samples is below than 45
emu/g. The observed behavior of the magnetization to remanence could
be attributed to a combination of factors. Interparticle interactions, the
emergence of both magnetizing and demagnetizing-like interactions, the
presence of impurities and secondary phases, and the crystalline texture
can all significantly impact the magnetization to saturation of
substituted hexaferrites [116,117]. Then, although the rare earth sub-
stitutions can influence the magnetization to saturation, it does not
appear to have a substantial impact on the magnetization to remanence.

Fig. 4 shows the magnetic squareness ratio (SQR = M;/Ms), a char-
acteristic parameter that depends on the anisotropy of the system, and
which allow us to evaluate the magnetic hardness of the hexaferrites
[118,119]. SQR varies from O to 1, usually a squareness ratio My/Mg ~
0.5 indicated that particles have uniaxial anisotropy and they are
randomly distributed. In the case that M;/Mg < 0.5 the particles have a
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Fig. 6. (a) Particle size obtained for hexaferrites prepared by different fabrication methods. (b) View showing the samples that have particle sizes below than

500 nm.

magnetic multi-domain structure. Also, if the squareness ratio M;/Mg >
0.5, the hexaferrite particles are in a single-domain magnetic structure.
M,/Mg values larger than 0.7 can be usually obtained with hexaferrite
nanoparticles, and above 0.8 when interparticle interaction is controlled
[120]. In this sense, the emergence of magnetostatic inter-particles in-
teractions gives a reduction of SQR [118,119]. Then, the magnetic
squareness ratio can provide a measure of the magnetic-domains
structure, the uniaxial anisotropy and can help to identify changes on
the interaction state of the hexaferrite particles [121-123].

Fig. 4 shows that the hexaferrites, regardless of their methods of
obtaining and type of substitutions, have SQR value around of 0.5. This
figure also reveals that it is possible to obtain substituted hexaferrites

with very high SQR value; for example in the case of the sample ID 90
and 92 (substituted with Eu); 128 and 131 (Sr-unsubstituted); 143, 144,
145, and 159 (substituted with La); and 316 (Pb-unsubstituted), all of
these with SQR > 0.7. The obtention of high SQR values is favorable in
the field of hard magnetic applications. However, high SQR values only
can be reached by controlling the rare earth substitution and the mag-
netic domains structure. The substitution with lanthanum and europium
showed to be higher SQR values. Moreover, lead hexaferrite have sig-
nificant SQR value, which is almost comparable to the ones exhibited by
the strontium hexaferrite.

Fig. 5 shows the behavior of the coercive field showed by the
analyzed samples. The fabrication method and type of rare earth used as
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substituent element are indicated for a guide. The higher coercive field
reached for the rare earth substituted hexaferrites is close to 10 kOe
obtained for the hexaferrites with Eu, Ce, and Gd, and fabricated by
chemical methods such as hydrothermal, sol-gel, and auto combustion.
The average coercive field showed by the majority of the rare earth
substituted hexaferrites are from 2 to 6 kOe. For permanent magnets, the
coercive field is first related to the magnetocrystalline anisotropy and
secondly the particle size distribution [124,125]. Rare earth substitution
significantly alters the magnetocrystalline anisotropy. This may occur
because rare earth cations could occupy some iron sites within the
crystal structure. The presence of these rare earth ions can modify the
electrostatic interactions with the surrounding ligands and to change the
electrostatic forces, that subsequently influences the distribution of
electron charges within the local environment of the iron sites. A
maximum value of coercive field would be understood as the optimal
particle size according to the stable single domain region [126]. In the
single domain region, the coercive field is a function of the crystallite
size. Also, coercive field follow a tend to decrease with reduction of
particle size in the single domain region because of thermal effects
[127].

Fig. 6(a) shows the particle size reported for hexaferrites fabricated
by various methods. Hexaferrites with the largest particle sizes after
sintering are typically produced using the solid-state method. This is
result of the bigger particle size of the chemical precursors, oxides and
carbonates, usually used in this method, and the higher sintering tem-
peratures required to crystallize the M-type structure. Chemical methods
allow a better control of the particle growth, allowing the obtention of

14

Journal of Magnetism and Magnetic Materials 627 (2025) 173132

100 (- t v » Ba, lLa Fe;; Op
- > BaFe,yLa, Oy
o SO RN, b Sty La, Feys Oy
20 D SrFej,.La, Oy
g 60 % 4 N l’l»,,\ll.a\l‘cl_‘(‘),.,
2 = P » Ca,La, Fe;, Oy
3;’ 40 ¥ : > »D D > > C‘.lIFc,:_\Lui(),.l,
20 [
> » > >
obe, 18, 1 0.1, 1.,
60 E
- Py
2405 E »
= R
T | i
E Lk
L <A
0+¢’|>|'(§||||P||||DI|||H>
10
8 -
» - > b b
2 e : 2 » » R
k. s IS |
T ?E »»
2 E d . ) >
> > b > >
0 + 1 1 A A ' L 1 I 1 1 1 I L 1 1 l 1 L 1 l
0.0 04 0.8 1:2 1.6 2.0
x (fracc.)

Fig. 8. Magnetic properties, Ms, M, and H, plotted as a function of lanthanum
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hexaferrites with particle size below than 1 pm. In this case, temperature
and sintering time significantly influence particle growth primarily
through the process of particle coalescence. Chemical methods also
allow the obtention of nanoparticles, see Fig. 6(b). In this case, rare
earth-substituted nano-hexaferrites have been synthesized using various
chemical methods, including autocombustion, sol-gel, hydrothermal,
and coprecipitation. While rare earth ions can sometimes act as particle
growth inhibitors, the primary influence on particle size is typically
attributed to sintering conditions.

Fig. 7 shows the magnetic properties of the unsubstituted Ba, Sr, Pb
and Ca hexaferrites as a function of the particle size. It can be observed
that barium and strontium hexaferrites reaches the maximum magne-
tization to saturation and remanence, closely followed by the lead
hexaferrite. The magnetizations M; and Ms, doesn’t follow a clear ten-
dency regarding the increase of the particle size. However, the increase
of the particle size clearly tends to reduce the coercive field of hex-
aferrites. Therefore, the magnetic properties of the Ba, Sr and Pb hex-
aferrites show an improvement when the particle size is below than 500
nm. In compassion, the calcium hexaferrite always maintain a low
magnetic performance.

Figs. 8 to 15 illustrates the magnetic properties of the rare earth
substituted hexaferrites, drawing data from Table 1. The magnetic pa-
rameters Mg, M; and H. have been plotted as a function of the fraction of
rare earth used as substituent (x). The plots in the figure are categorized
by the specific rare earth element used as the substituent: lanthanum
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substitution fraction (x), for the (Ba and Sr) M-type hexaferrites.

(Fig. 8), cerium (Fig. 9), praseodymium (Fig. 10), neodymium (Fig. 11),
samarium (Fig. 12), europium (Fig. 13), gadolinium (Fig. 14), holmium,
dysprosium and terbium (Fig. 15). Filled symbols represent samples
where the rare earth substituted the divalent cations (Ba®*, Sr2*, Pb2*,
and Ca®"), while open symbols indicate the rare earths substituted the
iron cations (Fe>"). In both cases, the chemical stoichiometry is given for
Equations (1) and (2). These plots are useful to summarize the behavior
of the magnetic properties of the rare earth substituted hexaferrites,
indicating the maximum and minimum values according to the fraction
of substituent. It’s important to acknowledge that the properties of
hexaferrites could differ significantly depending on whether the rare
earth substitutes divalent cations (filled symbols) or iron cations (open
symbols). Despite this, useful correlations can be established between
the type of rare earth element and the substitution fraction (x) by
analyzing the magnetic properties of the substituted hexaferrites pre-
sented in these plots. For instance, a common trend observed is an initial
enhancement of the magnetization in the hexaferrites at low rare earth
substitution levels, typically in the range 0 < x < 0.1 (the behavior of the
magnetic properties for samples at x = 0 was presented in Fig. 7).
However, a reduction of the magnetic properties is frequently observed
at high rare earths contents. Although it’s important to note that this is
not a general rule, as can be seen by the samples substituted with pra-
seodymium, where the magnetization properties remain relatively
constant.

The observed enhancement of magnetic properties at low rare earth
substitution levels can be attributed to an increase in the magneto-
crystalline anisotropy, as a result of the rare earths incorporation in the
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Fig. 10. Magnetic properties, Ms, M, and H, plotted as a function of praseo-
dymium substitution fraction (x), for the (Ba and Sr) M-type hexaferrites.

crystalline structure of M-type hexaferrites. This behavior is interesting
despite the various factors which can significantly influence the mag-
netic properties. The reviewed data suggest that low-level rare earth
substitution may be an effective strategy for improving the magnetic
properties of hexaferrites.

The effect of the rare earth substitution in the maximum energy
product (BH)ay is shown in Fig. 16. Unsubstituted strontium hexaferrite
is presented as a reference and the different rare earths are correctly
indicated. The highest (BH)max has been reached using praseodymium as
substituent element, followed by samples with neodymium, samarium,
and gadolinium. Also, better results can be obtained from the strontium
hexaferrite instead of the barium or lead hexaferrites. While these results
suggest that rare earth substitution can enhance the magnetic perfor-
mance of hexaferrites, several factors significantly influence this
outcome, including fabrication methods, sintering conditions, and the
solubility limit of rare earth elements. Nevertheless, it is evident that a
thoughtful rare earth substitution can lead to a substantial improvement
in the maximum energy product.

6. Relevant aspects of the rare earth substitution in M-type
hexaferrites

The use of rare earths as substituent elements in the structure of M-
type hexaferrites has been of great interest in the past decade. Signifi-
cant knowledge has been obtained by different research groups
contributing to understand the effects of the rare earth substitution in
the physical properties, namely the structural, magnetic and electrical
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Fig. 11. Magnetic properties, Mg, M, and H, plotted as a function of neodym-
ium substitution fraction (x), for the (Ba and Sr) M-type hexaferrites.

ones. Rare earths have the potential of modifying the intrinsic properties
of hexaferrites. However, several aspects inhibit the application of rare
earths in hexaferrites for permanent magnets. Below we will indicate
some of the most relevant aspects of the use of rare earths as substituent
elements in M-type hexaferrites.

e Rare earths definitely improve the magnetic performance of hex-
aferrites, and better results are generally obtained at very low rare
earth contents (x), which can minimize the economic impact of
developing rare-earths substituted hexaferrites.

Rare earth elements are currently expensive and scarce, and the

improvement in maximum energy product achieved so far does not

justify. the use of hexaferrites with rare earths for industrial or
commercial applications in field of permanent magnets.

New strategies have recently been adopted to achieve significant

improvement of the magnetic properties of hexaferrites, one of the

most studied deals about the multiple substitutions, involving rare
earths and other cations to promote a synergic effect that may allow
to enhance the magnetic yield of the M-type hexaferrites.

e Although the impact of substitution of rare earths on the magnetic
properties of the hexaferrites can be moderate, definitely rare earths
affects the electronic and structural properties, that can be of interest
in developing of novel technologies. Besides, the effects of rare earth
substitution on magneto-optical and magneto-electric couplings
make of the rare earth substitution an interesting research field for
the next years with high potential for electronic applications.
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Fig. 12. Magnetic properties, Ms, M, and H, plotted as a function of samarium
substitution fraction (x), for the (Ba, Sr, and Ca) M-M-type hexaferrites.

7. Future perspectives

Research on rare earth-substituted M-type hexaferrites has substan-
tially advanced our understanding of how these elements modify crystal
structure, microstructural attributes, and magnetic performance.
Nonetheless, several open challenges persist, and addressing them will
be essential to fully harness the capabilities of these promising ferri-
magnetic oxides.

A central issue involves maintaining a high phase purity. Although
high-temperature sintering can promote crystallinity, it may inadver-
tently favour the formation of secondary phases (e.g., orthoferrites).
Meanwhile, low-temperature chemical methods such as sol-gel or hy-
drothermal synthesis may yield nanosized particles with minimal im-
purities but sometimes compromise crystallinity [128]. Future efforts
could systematically correlate synthesis parameters—choice of pre-
cursors, complexing agents, and heating profiles—with the relative
phase composition and degree of rare earth incorporation, thereby
enabling rational design rules for scalable and repeatable fabrication.
Furthermore, advanced processing approaches such as spark plasma
sintering, molten salt synthesis, or microwave-assisted calcination show
promise in optimizing densification and grain growth at reduced ther-
mal budgets, ensuring both improved magnetic properties and a more
sustainable production process [129].

From a fundamental standpoint, the detailed site occupancy of rare
earth ions in the five distinct interstitial sublattices remains insuffi-
ciently understood. Novel studies would reveal not only how these
cations distribute within the hexaferrite lattice but also how their
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Fig. 13. Magnetic properties, Mg, M, and H, plotted as a function of europium
substitution fraction (x), for the barium M-type hexaferrites.

placement influences superexchange interactions and magnetocrystal-
line anisotropy. This knowledge could then guide Co-substitution stra-
tegies (e.g., combining rare earth and transition metal) to tailor
coercivity, remanence, and the squareness ratio in a more predictable
manner [130]. Concurrently, real-time in situ probes of the heat treat-
ment stage could uncover transient intermediate phases or subtle reac-
tion pathways, allowing dynamic intervention to promote the pure M-
type phase.

Beyond structural optimization, it is worth exploring hybrid or
composite systems in which rare earth-substituted hexaferrites are
coupled with other magnetic or functional phases to achieve new or
enhanced properties. Potential applications range from permanent
magnets and microwave devices to electromagnetic interference (EMI)
shielding, energy storage, and spintronic devices. In particular,
substituting scarce or costly rare earths (e.g., Nd, Dy) with more abun-
dant or recycled ones represents a promising strategy toward sustainable
permanent magnet technologies. Ultimately, combining systematic
experimental research with theoretical modelling—such as density
functional theory (DFT) and micromagnetic simulations—will accel-
erate the design of hexaferrite-based components that meet the growing
demand for multifunctional magnetic materials.

Overall, the coming years offer an array of opportunities to refine
synthesis protocols, deepen our grasp of substitution mechanisms, and
broaden the range of applications for rare earth-substituted M-type
hexaferrites. Addressing these directions will be key to unlocking the full
potential of these compounds in next-generation magnetic technologies.
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Fig. 14. Magnetic properties, Mg, M, and H, plotted as a function of gadolinium
substitution fraction (x), for the (Ba and Sr) M-type hexaferrites.

8. Conclusion

This review paper exhaustively examined recent progress in incor-
porating rare earth elements into M-type hexaferrites, specifically
analyzing their impact on magnetic properties. The effect of the rare
earth substitution in M-type hexaferrites were discussed considering the
influence of the fabrication method and the sintering conditions. A
comprehensive table was compiled to summarize the results of experi-
mental research conducted over the past decade. This table is a useful
tool facilitates easy access to the relevant data, including fabrication
conditions and the magnetic properties. Furthermore, the data analysis
provides valuable insights into the current state of knowledge and the
progress made in this field. Therefore, we emphasize the versatility and
significant properties of M-type hexaferrites as a class of highly advan-
tageous multifunctional materials, that plays a pivotal role in the
advancement of modern technology.
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Fig. 15. Magnetic properties, Mg, M; and H, plotted as a function of holmium,
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Fig. 16. Maximum energy product (BH)max reported for the M-type hexaferrites
substituted with rare earths. (The strontium hexaferrite is shown
as comparison).
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