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Permanent magnets, especially rare-earth based magnets, are widely used in energy-critical technologies in
many modern applications, involving energy conversion and information technologies. However, the
environmental impact and strategic supplies of rare-earth elements hamper the long-term development

of permanent magnets. Hence, there is a surge of interest to expand the search for rare-earth-free
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permanent magnets emerge as some of the most promising candidates due to their abundance and

DOI 10.1039/d0na00519¢ magnetic performance. In this review, we present a summary of iron-based permanent magnets from
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1 Introduction

Permanent magnets have received intense interest due to their
applications in energy-critical technologies, such as wind
turbine, electric vehicles and information storage."® The
essential measure of permanent magnets is the energy
product,”® which is defined as the product of B and H in the
second quadrant hysteresis curve.'*> Rare-earth magnets
include neodymium magnets and samarium-cobalt
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materials synthesis to their magnetic properties.

magnets.”**> However, considering the rapidly increasing
demand for rare-earth elements in various areas (Fig. 1a), much
attention has been focused on searching for new alternative
magnets with rare-earth-free elements.'*"” The rare-earth-free
magnetic materials with high magneto-crystalline anisotropy
and energy product exhibit promising potential for use as
permanent magnets (Fig. 1b and Table 1).'**®

Among many pursued rare-earth-free elements, iron has
been emerging as one of the most promising candidates due to
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Fig. 1 (a) Evolution of market distribution of REE demand; (b)
magnetic properties of various hard magnetic materials. Reproduced
from ref. 16,17 and 18 with the permission of Elsevier, American
Chemical Society and Springer Nature.

Table 1 Magnetic properties of rare-earth-free magnets

Magnetocrystalline

3

Hard magnet  anisotropy, MJ m™" Saturation magnetization, kG

Fe N, 2.0 28.3 (ref. 36 and 37)
L1,FeCo 0.1 24.5 (ref. 38)
L1,FePt 6.6 13.8 (ref. 39 and 40)
L1oFeNi 1.3 14.7 (ref. 41)
Li,FePd 1.8 13.7 (ref. 40 and 42)
Zr,Coq1 1.1 7.8 (ref. 43 and 44)
MnBi 1.0 8.2 (ref. 45 and 46)
MnAl 1.8 7.5 (ref. 47 and 48)
Alnico 9 0.2 11.2 (ref. 49 and 50)
Alnico 5-7 0.1 13.5 (ref. 50 and 51)

its abundance and large saturation magnetization."** The
ferrites have shown their applications in navigation from
ancient times."”* Iron-based magnets with a large coercivity,
such as FePd, FePt, FeCo, Fe;,N,, &-Fe,O;, FeNi and Fe;Se,,
would present great potential for green energy applications due
to their high saturation magnetization and magnetocrystalline
anisotropy. In this context, the tetragonal L1,-ordered phase of
FePd and FePt can achieve an optimum coercivity of 16 kOe,
whereas the FeCo alloy has shown a higher value of uniaxial
magnetocrystalline anisotropy (K,) of 1 x 10’ J.?*?* Meanwhile,
the magnetic energy product for the Fe;cN, phase can reach 20
MGOe."?* In the past several decades, much attention and
efforts have been focused on investigating the manufacturing
routes and magnetic properties of these iron-based mate-
rials.>?*® Hard ferrites, some of the least expensive and most
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common magnets, are composed of fine particles with
a tetragonal crystal structure.”” These iron-based permanent
magnets, combined with Ba or Sr, exhibit a pronounced coer-
civity but relatively low magnetization, attributed to the coex-
istence of ferromagnetic and antiferromagnetic coupling.”® The
magnetization of these magnets is temperature-dependent and
shows an abrupt transition point due to the phase trans-
formation.* Alternatively, high coercivity can also be triggered
by the dimension and morphology of ferrite hard magnets
within the single domain region.*® The ferrite magnets could
exhibit tuneable coercivity (H.) due to the varied particle size
and stoichiometry.®® Moreover, magnetic properties can be
influenced by the exchange coupling interaction between
magnetically hard and soft phases.**** In this review, we
summarize the strategies for the synthetic control of magnetic
properties in iron-based magnets.****

2 Preparation and magnetic
properties of iron-based ferrous
materials

Iron-based ferrous materials are some of the rare-earth-free
hard magnets with a large uniaxial magnetocrystalline anisot-
ropy.*> Iron-based magnets, particularly the tetragonal L1,
ordered phase, show promising applications in information
storage and electrical machine systems due to their large
magnetic anisotropy and high coercivity.’***** Therefore,
intense attention has been focused on the formation of the L1,-
ordered phase in iron-based magnets.*

2.1 Iron cobalt hard magnet

The FeCo alloy, an important magnetic material, is very
attractive due to its high saturation magnetization (M) and
Curie temperature (7.) among transition metal alloys, while its
small coercive field and low magnetocrystalline anisotropy
indicate its soft nature.>® However, tetragonal distorted FeCo
alloys could turn FeCo alloys into hard magnets with high
coercivity.' The theoretical calculations achieved by Wu et al. in
2008 showed a giant uniaxial magnetocrystalline anisotropy
and saturation magnetization in body-centered-tetragonal FeCo
alloys (Fig. 2a).””

The possibility of achieving high magnetocrystalline
anisotropy in FeCo alloys was initially inspired by straining
metal films on a templated substrate. In 2006, Winkelmann,
et al. reported the perpendicular magnetic anisotropy induced
by pure Fe and Co films grown on Pd (001), showing that the
anisotropy energy can be improved by a tetragonal crystal
structure.®® A suitable range of lattice-parameter ratios, known
as c/a values, can promote the formation of tetragonal FeCo,
which were proved to be between 1.18 and 1.31 by Warnicke
et al. in 2007.% The exact prerequisites, obtained using the ¢/
a ratio, promote the synthesis of a tetragonal crystal structure of
an FeCo alloy and provide a potential direction for high mag-
netocrystalline anisotropy. In 2012, Kim and Hong reported that
the energy product of FeCo grown on an FePt (001) substrate, as
shown in Fig. 2b, can reach 66 MGOe and the maximum

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) The calculated total energy (AE) and magnetocrystalline
anisotropy energy (Emca) of FeCo along the (001) direction; (b)
a schematic illustration of the crystal structure of FeCo/FePt(001); (c)
magnetic hysteresis loops for an FeCo/FePt thin film; (d) schematic
figure of the AuCu/FeCo (core/shell) nanocrystal synthesis; (e) the TEM
image of AuCu/FeCo (core/shell) nanoparticles; (f) the M—H loops of
L1g AuCu/FeCo particles. The inset shows the annealing temperature-
dependent coercivity of L1g AuCu/FeCo. Reproduced from ref. 42, 45,
46 and 48 with the permission of AIP Publishing, Elsevier and American
Chemical Society.

coercivity, guided by a full potential linearized augmented plane
wave (FLAPW) method, is 188 kOe.*”® In 2015, Giannopoulos
introduced an advanced FeCo ultrathin layer grown on an L1,
FePt film, which shows a maximum energy product of up to 50
MGOe and a maximum coercive field of 50 kOe, as shown in
Fig. 2c.®* These discoveries clearly show the potential applica-
tions of FeCo alloys in permanent magnets. In 2014, the inter-
stitial boron doped FeCo, introduced by Khan and Hong,
indicated that the magnetocrystalline anisotropy constant can
reach 0.8 MJ m? with an estimated energy product of 100
MGOe.** The preparation of tetragonal distorted FeCo magnets
reported so far has been through similar routes by synthesizing
under a high temperature and oxygen-free environment. The
average diameter of FeCo particles, synthesized in this method,
inevitably increases with the rise of temperature. The magnetic
properties, such as coercivity, can be weakened with a large size
of FeCo particles. A long-standing challenge of controlling the
particle size has been overcome by utilizing an AuCu/FeCo
(core/shell) structure (Fig. 2d), introduced by Ren in 2014.
This approach presents a tetragonal FeCo microstructure which
is induced by the L1, ordering of the AuCu core, with an average
diameter of 10 nm and a significantly high coercivity and
magnetization with the values of 846 Oe and 221 emu g ', as
shown in Fig. 2e and f.*

2.2 TIron platinum and iron palladium hard magnets

Precious metal ferromagnets, such as FePd and FePt, have
shown a large magnetocrystalline anisotropy due to their crystal

This journal is © The Royal Society of Chemistry 2020
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structure.® The L1, ordered FePd and FePt alloys show a large
magnetocrystalline anisotropy.”® The microstructure of hard
magnet FePd is dominated by a face-centered-tetragonal lattice.

2.21 Iron palladium. Iron palladium (FePd) alloys,
achieving high magnetocrystalline anisotropy and energy
density, attract intense interest due to their broad applications
ranging from data storage to ferrofluids.® The colloidal solution
synthesis of hard magnetic FePd particles is one of the most
studied ones. The formation of a tetragonal FePd lattice, trig-
gered by high temperature sintering, makes the FePd particles
exhibit a hard magnetic performance.®*® The phase trans-
formation, induced by high temperature conditions, cannot
always control the size of annealed FePd nanoparticles during
the sintering process.” The simultaneous chemical reaction
introduced by Chen and Nikles in 2002 was operated in a three-
neck flask by the reduction of palladium acetylacetonate and
thermal decomposition of iron pentacarbonyl, which achieved
an optimal coercivity of 685 Oe as shown in Table 2.°®* The
ordering parameter S, presented in Table 1, was calculated
using unit cell parameters (a, ¢) obtained by X-ray diffraction
quantification. The FePd nanoparticles would reach an average
diameter of 11 nm after annealing at 700 °C for 3 hours. The
development of this simultaneous reaction was limited by its
high energy requirement and a lengthy reaction time. In 2006,
Watanabe and Sato et al. reported a synthesis route for FePd
nanoparticles that can be applied in the recording media and
fabricated by an electron-beam evaporation technique. The
value of the optimal coercivity can reach 1.2 kOe after annealing
at 773 K for 1 h (Fig. 3a).°*”° Meanwhile, the FePd nanoparticles
introduced by Sato et al. in 2000 were synthesized by a modified
polyol process, showing the thermal treatment effect on
magnetic properties.” Besides, in 2004 Hou et al. reported
monodisperse FePd nanoparticles, controlled by the ratio and
type of stabilizer, presenting an average diameter of 13.5 nm
and an optimal coercivity of 350 Oe, as shown in Fig. 3b.”> The
exchange-coupling also played an important role in controlling
the formation of L1,-FePd. In 2013, Yu et al. reported a one-pot
synthesis of L1,-FePd-Fe (Fig. 3c), which was controlled by
a thermodynamically stable mixture, with the lattice fringe
spacings of 0.27 nm and 0.20 nm (Fig. 3d), indicating an
optimal coercivity of 2.6 kOe and a saturation magnetization of
190 emu g™, as shown in Fig. 3e.” A eutectic reaction, known as
liquid phase transformation, is based on a solid-state eutectic
composition with low melting point to minimize energy
consumption which leads to a low-cost manufacturing process.

Table 2 The order parameter and coercivity of an FePd film at
different annealing temperatures. Reproduced from ref. 53 with the
permission of AIP Publishing

Temperature (°C) As-prepared 550 600 700 700
Time (min) 0 30 30 60 180
Condition Vacuum Vacuum Vacuum Ar-H, Ar-H,
a (ppm) 386 383 381 381 379

¢ (pm) 386 383 381 381 379

S 0 0 0 0 0

H, (Oe) 12 685 548 421 297

Nanoscale Adv., 2020, 2, 4341-4349 | 4343
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Fig. 3 (a) Annealing temperature dependence of coercivity for FePd
nanoparticles dispersed on NaCl (001) substrates covered with a-Al,O3
thin films; (b) magnetic hysteresis loops and TEM image of mono-
disperse FePd; (c) schematic illustration of self-aggregation of FePd—
Fe; (d) high-resolution (HRTEM) image of the Lly-FePd-Fe nano-
particles; (e) magnetic hysteresis loops of FePd nanoparticles which
are controlled by the exchange-coupling method at different
temperatures; (f) eutectic salt melt synthesis and crystallization of FePd
powder prepared by a eutectic reaction; (g) the TEM image of FePd
nanoparticles prepared by a eutectic reaction; (h) magnetic hysteresis
loops of FePd with different precursors prepared by a eutectic reac-
tion. Reproduced from ref. 54, 55, 57, 58 and 59 with the permission of
IOP Publishing, Elsevier, American Chemical Society and Royal Society
of Chemistry.

Therefore, an understanding of microstructure formation
guided by a eutectic reaction is essential for the exploration of
advanced magnetic nanoparticle formation. In 2020, Ren
introduced a eutectic crystallization approach into the synthesis
of FePd nanoparticles with high coercivity.”

The schematic eutectic salt melt route, a powder metallur-
gical method, considers KCI-LiCl as a salt solvent to prepare
FePd particles, as shown in Fig. 3f. The TEM image of FePd
nanoparticles indicates the average diameter of FePd (50 nm),
as shown in Fig. 3g. Fig. 3h illustrates the magnetization—-
hysteresis (M-H) loops of the as-synthesized FePd nano-
particles, which are prepared using different halide precursors
with the same ratio between Fe and Pd. Meanwhile, the optimal
precursor for FePd is Fel, with a coercivity of 1800 Oe and
a magnetization of 17 emu g~ '.”* The eutectic salt melt method
can effectively avoid the sintering induced aggregation of
magnetic nanoparticles during phase transformation and
simplifies the preparation procedure of FePd magnets.
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2.2.2 Iron platinum. Iron platinum (FePt), face-centered-
cubic (FCC) phase, can be transformed into a face-centered-
tetragonal (FCT) phase with a large magnetocrystalline anisot-
ropy after a high temperature thermal annealing.” During the
past few decades, researchers have developed many synthetic
routes to attain FePt with a FCT lattice microstructure, such as
one-step thermal synthesis with metal precursors, water-in-oil
microemulsion and exchange-coupled assembly. In 1935, L1,
FePt alloys, with a magnetocrystalline anisotropy of 66 Merg
cm ™, were synthesized by Graf and Kussmann.” The ordered L1,
FePt alloys can be generated by annealing FCC FePt at a certain
temperature which is above the FCT ordering temperature. In
2003, Jeyadevan reported a chemical route, achieving the transi-
tion of the FCT crystal structure of FePt, with an optimal coercivity
of 1.7 kOe at 10 K, as shown in Fig. 4a.”” Through the decompo-
sition of platinum acetylacetonate and iron pentacarbonyl in the
presence of oleic acid and oleylamine, monodisperse FePt was
successfully prepared in 2000 by Sun et al.”® In 2003, Sun's group
reported fct-FePt (Fig. 4b) nanoparticles obtained from a chemical
reaction route, showing a high coercivity of 7.6 kOe (Fig. 4c).” The
chemical synthesis routes for FePt were the dominating routes in
the past few decades. Meanwhile, a long-existing challenge is the
aggregation of FePt nanoparticles induced by thermal annealing
beyond the single-domain region. In 2004, the synthesis of FePt
nanoparticles with tunable size was introduced by Chun et al,
where the average diameter of FePt was 6 nm (Fig. 4d and e) and
the room temperature coercivity reached 13 kOe.** The trans-
formation of the face-centered-tetragonal phase generated from
the disordered FCC crystal structure requires a reaction temper-
ature above 650 °C, while the morphology and structure of FePt
nanoparticles are likely to be destroyed during the sintering
process due to the relatively high temperature. In 2019, Ren et al.
developed an annealing route known as eutectic melt crystalliza-
tion of ordered L1y-FePt to synthesize an ordered face-cubic-
tetragonal FePt alloy, as shown in Fig. 4f. The as-synthesized
L1,-FePt particles exhibited a coercivity of 16 kOe and a satura-
tion magnetization of 33.6 emu g ' with the optimal energy
product reaching 5.0 MGOe, as shown in Fig. 4g-i.*

2.3 FeyN,

The Fe;cN, magnet, one of the promising permanent magnet
candidates, exhibits a giant saturation magnetization.®” The
synthesis of bulk o”-Fe;sN, was reported (Fig. 5a).* In 1972,
Kim and Takahashi studied the saturation magnetization and
magnetic moment of o”-Fe;sN, which showed a saturation
magnetization of 2000 emu cm ™, as shown in Fig. 5b, which is
larger than that of FeCo.** Due to its high magnetic perfor-
mance, much attention was paid to the exploration of different
types of o’-Fe;¢N,, such as bulk, nanoparticles and thin films.
Subsequently, various synthesis routes were reported, such as
the preparation of o’-Fe;¢N, nanoparticles using compounds
containing Fe,O; and NH;-H, mixed gas, introduced by Bao
and Metzger in 1994.** These methods mostly produced
multiple phases, including o”-Fe;(N,, while the magnetic
properties can be influenced by the volume ratio of a”-Fe sN,
(Table 3). In 2016, Wang et al. reported a route for the synthesis

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Magnetic hysteresis loops of FePt prepared by a chemical
route at 10 K; (b) schematic illustration of chemically ordered fct-FePt;
(c) the TEM image of monodisperse FePt; (d) TEM bright field images of
tunable FePt particles; (e) schematic illustration of the FePt nano-
particle formation mechanism; (f) schematic illustration of the
synthesis of L1o-FePt; (g) the TEM image of L1p-FePt nanoparticles; (h)
magnetic hysteresis loops of L1y-FePt nanoparticles; (i) the calculated
energy product of FePt—Co magnets. Reproduced from ref. 62, 64, 65
and 66 with the permission of IOP Publishing, American Chemical
Society and Royal Society of Chemistry.

of Fe N, by ball milling and shock compaction, achieving
a high saturation magnetization of 210 emu g~ and a large
coercivity (H,) of 854 Oe, as shown in Fig. 5¢.*® Fig. 5d suggests
that the coercivity of the synthesized free-standing Fe;cN, foil
can reach 1910 Oe. The value of the magnetic energy product of
Fe 6N, can reach 20 MGOe at room temperature, proving the
potential applications in permanent magnets, as shown in
Fig. 5e. Fig. 5f indicates the crystalline structure through the
TEM diffraction pattern.*®

2.4 ¢&Fe,03

Iron oxides exist as different crystalline polymorphs, such as a-,
B-, v-, and &Fe,03.*” Among these iron oxides, &-Fe,O3 is of
much interest due to its unique magnetic properties.®® The e-
Fe,O; formed under exclusively high temperature conditions
exhibits potential applications in recording media and micro-
wave devices.*” The silica template methods, depending on the
chemical reaction, have been the most common synthesis

This journal is © The Royal Society of Chemistry 2020
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magnetic hysteresis loops of FejgN, at room temperature; (e) the
calculated energy product for Fe;gN, at room temperature; (f) the TEM
diffraction pattern of Fe;gN, with 5 x 10Yions per cm? fluence.
Reproduced from ref. 68, 69, 71 and 20 with the permission of Elsevier,
AIP Publishing, John Wiley and Sons and Springer Nature.

routes in the past several decades. In 2004, Jin, Ohkoshi and
Hashimoto reported nanosized e-Fe,Oj, prepared in a silica
matrix, which showed a giant coercive field of 20 kOe at room
temperature (Fig. 6a).”* In 2008, Sakurai et al. introduced an
advanced route to synthesize &-Fe,O; nanoparticles with an
average diameter of 7 nm by combining the reverse-micelle and
sol-gel methods (Fig. 6b), as shown in Fig. 6¢.°* In 2012, Namai
reported a nanocrystalline e-Fe,O; (Fig. 6d), prepared by
a nanoscale chemical synthesis in a silica template (Fig. 6e),
presenting a large coercivity value of 31 kOe (Fig. 6f). The two-
step magnetic transition was dependent on temperature and
the external magnetic field. In 2015, Kohout et al. reported *>’Fe
isotope enriched &-Fe,O3, prepared by a sol-gel technique in
a silica template, which exhibited a coercivity H¢ of 21 kOe at
300 K, as shown in Fig. 6g.** A significant improvement of

Table 3 Magnetic properties of Fe;gN,. Reproduced from ref. 70 with
the permission of AIP Publishing

Species Site Hye AEq IS
o’-Fe; 6N, Fel 292 —0.17 0.01
o-Fe;6N, Fell 397 —0.04 0.07
o-Fe;6N, Felll 317 0.15 0.10
o-Fe — 330 0 0
v-Austenite — — — 0.04
— — 0.37 0.07

Nanoscale Adv., 2020, 2, 4341-4349 | 4345


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00519c

Open Access Article. Published on 28 July 2020. Downloaded on 8/3/2025 2:29:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Reverse-micele process
Remicelle A
15 Water phase:
Fe(NOy)s
Ba(NOs),

Remicelle B
Water phase:
NH
Surfactant
Sufactant CigH:aN(CH:),B¢
CtuNCHBe | | CHOH
CHOH Oil phase:

Oil phase: Cathis

CiHis

I
<« Mixing

M (emulg)
o o
\.
% %
LN '\

Addition of
Si(C,H:0)

< Washing
Fe(OH)sin IO,

Sol-gelprocess

Heating process

< Heatingat
1025°C

©Fe,0,in S0,

. Fe(OH);
e =
"\ Centrifugation Impregnation
2 Fe(NOg)s
CygHaaN(CHy)Cl Fh(NOg)y
Soe, Mesoporous silica menenela o, i eRh,Fes_,05
N‘sz?OH)a pleeopor mesoporous silica in silica
ethanol aq.

1,000°C
.

| Fe®, Rh®, NO;~

y- &¢-Phases e-Phase
-~ Silica matrix
1 10 9
84 s e e e A M
6 20 | B
E S 10
E 2 4
- o~
§ o g O
5. <
B 570
=
- 20 F Coercivity B,=21T
3 -14-12-10-8 6 4 2 0 2 4 6 8 101214
-10

—-40  -20 0 20 40
Field (kOe)

B[T]

Magnetization (emu g-*)

0
Field (kOe)

Fig. 6 (a) Magnetic hysteresis loops of e-Fe,Os prepared by Jin et al.;
(b) procedure to prepare SiO,-coated g-Fe,Oz nanorods; (c) TEM
image of e-Fe,Os3; (d) crystal structure of the e-phase; (e) schematic
illustration of synthesis of e-Fe,O3 on a silica template; (f) magnetic
hysteresis loops of oriented g-Fe,O3 at 300 K; (g) magnetic hysteresis
loops of powdered g-Fe,Oz embedded in a silica matrix at 300 K; (h)
magnetic hysteresis loops of e-Fe,Oz oriented at different tempera-
tures. Reproduced fromref. 75, 76, 77, 78 and 79 with the permission of
John Wiley and Sons, Springer Nature, and AIP Publishing.

magnetic properties for &-Fe,0; was reported by Ohkoshi et al.
in 2017.** The attained &-Fe,O3, prepared using metal instead of
traditional iron ions, showed the highest coercivity of 45 kOe at
200 K, as shown in Fig. 6h.
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2.5 FeNi

The L1,-FeNi phase, known as tetrataenite (FesoNis), is one of
the rare-earth-free magnet candidates.” In 1962, Pauleve et al.
reported L1,-FeNi induced by neutron irradiation and annealed
at 593 K under a magnetic field.”® The order-disorder transition
temperature of L1,-FeNi is shown to be 593 K, further proved by
Reuter et al. in 1989 under electron irradiation.®” As the atomic
jump of nickel in FeNi alloys could take more than 10 000 years
at 573 K,*® L1,-FeNi is only found naturally in meteorites.” In
2015, Poirier et al. introduced tetragonal L1,-FeNi obtained
from the meteorite NWA 6259, presenting a large anisotropy
field of 14.4 kOe (Fig. 7a).** Furthermore, in 2016 Lewis et al.
reported tetragonal FeNi that was generated through an
annealing protocol and pointed out the crystal structure tran-
sition of the FeNi lattice from a cubic to tetragonal unit cell, as
shown in Fig. 7b.'*° Meanwhile, the chemical synthesis of L1,-

— Pristine
120F — 473 K
— 573K
80 603k
5 40F — 633K %
E o .——853K Qe
ST P L
a0k — @
= 40 773K 2%
. v 4
-120 90=
. . "hfkob) ®
16075 40 5 0 5 10 15

Fig. 7 (a) Magnetic hysteresis of NWA 6259 tetrataenite; (b) repre-
sentations of the cubic (Al) and tetragonal (L1p) unit cells of FeNi; (c)
schematic images of the synthesis procedure of AuCu/FeNi (core/
shell) nanocrystals; (d) TEM images of AuCu/FeNi (core/shell) nano-
structures at different shell thicknesses. (e) The magnetic hysteresis
loops of AuCu/FeNi (core/shell) nanocrystals with the stoichiometry of
Fe4sNis4 at different annealing temperatures, and the inset images
show the corresponding magnified hysteresis loops. Reproduced from
ref. 84, 85 and 87 with the permission of AIP Publishing, Elsevier, and
American Chemical Society.
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FeNi was also presented by Hayashi et al. in 2013. The L1,-FeNi
alloy, prepared by a reductive reaction, showed a maximum
coercivity of 220 kA m~" (2765 Oe).'** However, the stabilization
of tetragonal FeNi alloys is a challenging task. In order to
overcome this challenge, Ren introduced a rational epitaxial
core/shell design to stabilize tetragonal FeNi nanocrystals
(Fig. 7¢). The reconstruction of tetragonal FeNi was triggered by
the surface stress due to the existence of AuCu cores, as shown
in Fig. 7d. The designed FeNi exhibited a large coercivity of
1010.2 Oe and a saturation magnetization of 122 emu g~ ", as
shown in Fig. 7e.'*

2.6 FezSe,

Fes;Se,, presenting a NiAs-type structure, has been studied due
to its hard magnetic properties.'® In 1956, Hirakawa suggested

H(kO
(Oe)

400+

(3]

=4

(=]
1

4nM(emu/cc)
=

80 -60 40 20 0 20 40 60 80
H(kOe)
b
¢ 154
— RT
——10R
104
3 5
3
°§ J
o 57
=
-101
.15- . p T ¥
-90 60 -30 0 30 60 90
Magnetic Field (kOe)

Fig. 8 (a) Magnetic characteristics of FesSe4 nanocrystals at 300 K.
(Inset) Calculation of the maximum energy product of FesSes; (b)
typical SEM images of the as-synthesized FeszSe, nanoplatelets; (c)
magnetic loops of faceted FezSe4 nanoparticles measured with a field
of 90 kOe at 10 K and room temperature. Reproduced from ref. 88, 91
and 92 with the permission of American Chemical Society.
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that the crystal of Fe;Se, can be magnetized in the c-plane which
is similar to Fe,Seg.'** The ferrimagnetism of Fe;Se, was
generated by aligned spins within the c-plane.’® Bishwas re-
ported in 2014 a large increase in the energy product of Fe,;Se,
up to 0.12 MGOe, as shown in Fig. 8a.'® The synthesis of Fe;Se,
nanostructures doped with manganese has been proved to be
a potential strategy to improve magnetic properties, such as the
energy product. In 2011, Zhang et al. synthesized Fe;Se, by
organic-solution-phase chemical decomposition and showed
that its high coercivity is 40 kOe at 10 K (Fig. 8b and c).****%”
Among rare-earth-free magnets, Fe;Se,-based magnets are of
intense interest. However, more advanced strategies aiming to
improve Fe;Se, are still urgent.'®

3 Conclusions

An overview of the existing and advanced manufacturing routes,
developed in the past few decades, was explored and reviewed
for rare-earth-free iron-based permanent magnets. The utility of
versatile properties of iron-based magnets, such as coercivity
and energy product, promotes the development of several
permanent magnet candidates such as FePd, FePt, FeCo,
Fei6N,, &-Fe, O3, FeNi and Fe;Se,. Among the prepared FeCo
phase, the optimal estimated energy product and coercivity
achieved are 66 MGOe and 188 kOe. For FePd alloys, the
maximum coercivity of 2.6 kOe and saturation magnetization of
190 emu g ' showed the advantages of exchange-coupling.
Meanwhile, the eutectic crystallization method indicated an
advanced route to minimize the manufacturing procedure. The
FePt magnet showed an optimal coercivity of 7.6 kOe with an
optimum energy product of 5.0 MGOe. The Fe;(N, magnet
presented a high coercivity of 1910 Oe and energy product of 20
MGOe. The coercivity of e-Fe,O3 prepared in a silica template
can be tunable from 31 kOe to 45 kOe. The rare-earth-free
magnets, synthesized using iron-based precursors, play an
important role in developing permanent magnets. The basic
magnetic properties, such as coercivity and energy product,
have been widely developed in several iron-based magnetic
materials due to iron’s low cost and abundance nature.
However, the limitation of low energy product of rare-earth-free
Fe-based magnets still poses a significant challenge for its
practical applications, while the tunable magnetic properties
achieved by doping could be a promising strategy to further
improve their energy product. Therefore, the trend of perma-
nent magnet development would focus on high magnetic
performance in the foreseeable future accompanied by the
extension of materials list.
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