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ABSTRACT: The constant drive to replace the rare-earth metal magnets has initiated a great interest for an alternative.

Manganese (Mn) has emerged to be a potential candidate as a key element in the rare-earth-free magnets. Its five
unpaired valence electrons give it a large magneto-crystalline energy and the ability to form several intermetallic
compounds. These factors have led Mn-based magnets to be the potential replacement for the rare-earth permanent
magnets for several applications like efficient power electronics, energy generators, magnetic recording and tunneling
applications, and spintronics, etc. For past few decades, Mn-based magnets have been explored in many different forms
such as bulk magnets, thin-films, and nanoparticles. Here, we review the recent progress in the synthesis and the
structure-magnetic property relationships of Mn-based rare-earth-free magnets (MnBi, MnAl and MnGa). Furthermore,
we discuss their potential to replace the rare-earth magnetic materials through the control on their structure and
composition to achieve the theoretically predicted magnetic properties.

1. Introduction

Permanent magnets (PMs) are an integral part of the
modern world which are indispensable in many critical
technologies, including power electronics, transformers, high
energy-product motors and generators, as well as medical
equipment[1-4]. However, managing the cost and
environmental footprint of scalable magnet growth becomes a
growing challenge, particularly rare-earth (RE) based PMs.
Furthermore, current state-of-the-art PMs with continuously
growing demand closely rely on RE  elements
(Nd/Sm/Dy/Pr/La), and such strategic and insecure sources
have raised severe concerns due to their availability, extraction
difficulties and national securities[5-9]. This has triggered
significant efforts in magnetic metal community to develop
new alternative magnetic materials consisting of RE-free
elements. Although the theoretically predicted value of the
BH,,.x for RE-free magnetic material is less than that of the RE
magnetic materials, the enormously less hazardous nature of
RE-free magnetic materials provides us the motivation
essential to invest our efforts into discovering more and more
RE-free magnets. Prospective candidates with high earth
abundance, such as Fe/Ni/Mn, constitute of critical strategic
materials for RE-free superior magnets. In this context, strong
motivations exist to drive the development of next-generation
RE-free PMs which are lightweight, high energy product,
mechanically machinable and corrosion resistant[3, 10-16].

Manganese forms a vast variety of intermetallic
compounds due to its half-filled valence shell. The unpaired
electrons also make it a highly magnetically active material
with intrinsic magnetic moment. In addition, Mn element is
abundant in the Earth’s crust and it is inexpensive to process
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when compared to the RE elements. Among the known
intermetallic compounds, Mn-based MnBi, MnAl and MnGa,
are few of the most common alloys that have been studied as
potential replacements for the RE magnets[17-29]. Low-
temperature phase MnBi alloy has shown the highest energy
product (16.2 MGOe) among the three, whereas the low-cost
MnAI alloy ($4/kg) is readily machinable and possesses a high
modulus of elasticity[27-29]. The MnGa alloy falls in the
between MnBi and MnAl regarding the performance and cost,
which performs better than that of MnAl and is cheaper than
MnBi as Ga (.0019%) is more abundant than Bi (2.5><10"6%) in
the Earth’s crust. For decades, much effort has been made to
understand the mechanism, structures, and magnetic
properties of these Mn-based magnets. This review
summarizes the latest advancements in Mn-based magnetic
alloys across different dimensions, with the aim to further
push the boundary for this dynamic and critical subject. In the
following, the development of MnBi, MnAl and MnGa alloys is
discussed, containing their synthetic techniques, and structural
and magnetic properties.

2. Structure and magnetic properties of MnBi
magnetic materials

After decades of scientific research, MnBi has emerged as
one of the rare-earth-free permanent magnets. As a promising
alternative for the rare-earth magnets (such as Nd-Fe-B
magnets), MnBi possess great magnetocrystalline anisotropy
(1.6 x 10° J m'3), which depends on several parameters
discussed in this section. One of the key features that makes
MnBi a unigue permanent magnet is that its coercivity has a
positive temperature coefficient. In other words, unlike the
regular tendency, the coercivity of MnBi tends to increase with
the rise in the temperature. A broad bifurcation shows that
MnBi permanent magnets exist in three different forms - bulk,
thin-films, and nanoparticles. The existence of MnBi in each of
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these forms and their magnetic properties are majorly
dependent of its synthetic methods. Despite many reported
scientific work, there are still efforts being made to reach the
theoretical value of the energy product of the MnBi that is
around 18 MGOe|[30].

2.1 MnBi Bulk Magnets

Among all the existing phases of MnBi, the low-
temperature phase (LTP) is the one of interest as this is the
phase that possesses the high magnetocrystalline anisotropy.
As the name suggests, the LTP exists when the synthesis of
MnBi takes place under 340 °C. A significant amount of effort
has been put into the synthesis of the MnBi bimetallic complex
that has larger weight percentage of LTP phase, which in turn
contributes towards a higher energy product of the final
product. However, the magnetocrystalline anisotropy is not
the only parameter dictating the energy product of a magnet,
and a linear relationship between the two parameters has not
been seen [21, 31-36].
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Figure 1. Magnetic hysteresis loops of MnBi with the magnetic field applied parallel to
the direction of the aligned powder under various ball milling times, from 0 to 170 min.
Republished with the copyrights from [42].

The primary challenge in the synthesis of the high-quality
MnBi arises due to the preparation of a highly rich LTP-MnBi.
There are several factors responsible for the challenge, such as
the vast difference in the melting points of Mn and Bi.
However, the most fundamental one is the peritectic reaction
between Mn - Bi around 355 °C. Mechanochemical method,
melt-spinning, sintering, wet chemistry are some of the ways
utilized to prepare the LTP-MnBi[32, 35, 37-41]. However,
none of these methods seem to successfully form the
crystallographically anisotropic MnBi particles. In order to
obtain a highly pure MnBi, Kanari, et al. addressed this
challenge through a surfactant-assisted high-energy ball
milling process[42]. The MnBi ingot, prepared via arc-melting,
was subjected to a time-dependent (1, 2, 3, 5, 10, 20, 40 and
80 h) surfactant assisted high energy ball-milling (SEHEBM) and
their effect of the structure and the magnetic properties were
studied. In addition, the effect of the ambient atmosphere on
the MnBi particles was also recorded. It was found that after
SEHEBM, the sample had 82.6% LTP-MnBi, 12.7% Bi and 4.8
Mn with the atomic ratio between Mn and Bi being 50:50 and
a minimum particle size reaching close of 500 nm after an hour
of milling, showing a saturation magnetization (Ms) around 75
Am’® kg'1 (Figure 1). The size remained nearly constant for the
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rest of the milling time. The atomic ratio was altered by the
SEHEBM for over 2 hours of milling from MnsBisg to MnygBigg,
which kept reducing to Mn3sBigs after 80 hours of SEHEBM.
The rationale behind the variation in the atomic ratio is yet to
be discovered. This demonstrates the high sensitivity of the
MnBi towards the high energy ball-milling and the destruction
of the LTP. In addition, after the SELEBM process, the particle
size was around 3.5 pm after 10 minutes of milling time, which
then further reduced to 1 um after 170 min of milling time.
Furthermore, it was important to note the consistency of the
50:50 atomic ratio for all the SELEBM. There is almost no
ferromagnetism for the sample milled for 170 min and this
could be due to the surface oxidation and the particle size
getting smaller than the single domain size (500 nm), as shown
in Figure 1. This method for preparing LTP-MnBi can serve a
key role in enhancing the efficiency towards the synthesis of
high energy product MnBi. Furthermore, the same technique
can also be applied for other magnetic alloys with some
modifications based on their phase diagrams. Additionally,
reducing the Bi and Mn content from initial Mn-Bi ingot can
further maximize the potential of this technique.

Another attempt to maximize the energy density was
based on the prediction of Kneller and Hawig[43], Nguyen et
al. attempted to synthesize an exchange coupled hard/soft
magnetic complex by combing magnetically hard MnBi with
the soft Co nanowires (NWs)[44]. The MnBi alloys were
prepared by arc melting Mn and Bi at 1:1 ratio and annealing
the as-prepared ingot at 300 °C under Ar protection by using a
specific temperature profile (discussed in a later section).
Reference [45] was followed to synthesize the Co NWs. Finally,
the MnBi was ground and mixed with appropriate weight
ratios of Co NWs. The mixture was then subjected to a cryo-
ball milling under the liquid N,. The mixture was then
compacted at 300 °C under 2000 psi in an aligning field of 18
kOe. The magnetic properties were dictated by optimizing the
Co NWs, and therefore, a lot of effort has been made to
optimize the reaction temperature and time for the synthesis
of Co NWs. The maximum energy product achieved by this
method was 4.8 MGOe at room temperature. As discussed in
the earlier section, the wt% of the LTP-MnBi is one of the key
parameters responsible for obtaining high energy product. Due
to the large difference in the melting points of Mn and Bi, a
complete formation of the LTP-MnBi has not yet been
possible. This is also followed by some percentage of
unreacted Mn and Bi, which contributes negatively towards
the magnetic properties of the bulk magnet[30, 46]. Hence,
several different strategies have been reported for the
enhancement of the LTP MnBi. For example, in 2014, Nguyen
et al. reported a specific temperature profile for sintering the
MnBi ingot, which would improve the LTP content in the final
product[47]. Another research reported a high content LTP-
MnBi formation via melt-spinning technique. In the case of the
LTP enhancement via profile heat treatment (PHT), the MnBi
alloy was prepared by arc-melting Mn and Bi at 1:1 ratio three
times to ensure the homogeneity of the alloy[47]. The alloy
was then subjected to the PHT and then milled in air with the
particles size being as large as 150 um. The powder was used
to make bulk magnets for further analysis. The PHT consists of
four stages, which composed of a high-temperature heating
stage followed by three different steps of cooling, as seen from
the Figure 2. During the stage 3, the cooling rate is .1 °C/min,
and considered as a “pseudo-equilibrium solidification
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process”, which enhances the formation of LTP-MnBi. The
following reaction shows the formation of the LTP from the
HTP between the stage 2 and stage 3.

a1lMnBi(HTP)+B1Mn+B1Bi - a2MnBi(LTP)+B2Mn+Bi* (1)

Here, Bi* refers to the Bi stuck on the surface of annealing
boat and the solidified Bi spheres on the surface of the MnBi
alloy after the third stage. Removing the Bi-rich top layer and
conducting the Rietveld Refinement analysis showed the
average LTP content close to 94 wt% of the total MnBi
composite. Furthermore, the LTP MnBi + Mn composite
showed the maximum energy product of 6.1 MGOe and the
saturation magnetization being close to 73 emu/g. To further
enhance the energy product of the MnBi permanent magnet, it
has been reported the preparation of a high LTP (~90%)
content MnBi by melting highly pure Mn and Bi and then
forming Mn-Bi ribbons via melt-spinning under Ar protection.
The ribbons were then sintered at 300 °C and the annealed
product was then crushed and milled. To make a bulk magnet,
the green-compacts were subjected to hot compaction at 300
°C for about 4 minutes with the applied pressure being 300
MPa. In this technique, the melt-spinning distributed the Mn
and Bi homogenously, which subsequently, gave a high LTP
content after the annealing. Furthermore, among three
different weight ratios, the highest LTP was observed in
Mns;,Bisg. The LTP intensity in the XRD analysis was reduced by
the increase of Bi weight ratio (Figure 3). Also, the
temperature-dependent energy product was the maximum,
6.7 MGOe, at the room temperature. The value decreased to
5.5 MGOe as the temperature elevated to 150 °C.
Furthermore, in a study conducted by Nguyen et al. to
understand the LTP formation, it was found that the particle
size of the phases (MnsgBisg, Mn and Bi) present in the MnBi
composite depended on the cooling rate [48]. Faster cooling
rates tended to form smaller grains with a possibility of
attaining an amorphous phase at a cooling rate ~106 °C/s. This
is important as the coercivity, a key parameter for obtaining
high energy product, depends on the grain size. It was found
that the evolution of LTP followed 1-D time-dependent
diffusion equation. The detailed discussion of the LTP
evolution can be found in the ref [9]. The cooling rate of the
MnBi alloy was controlled by the alloy mass of 1g, 3g and 4g,
and the obtained microstructure showed the grain sizes of 2
um, 6 um and 10 um (Figure 4), respectively. The X-ray
diffraction for the optimum LTP content was observed in the
sample with the grain size of 2 um. Therefore, it was then
annealed for 12 hours at 280 °C and ball-milled to make a high
LTP content bulk magnet. To do so, the milled powder was
aligned under 18 kOe of magnetic field followed by a
compaction under an applied pressure of 12 MPa. The green-
compact was then rapidly heated to 280 °C under Ar
atmosphere for 10 minutes that resulted in a permanent
magnetism with a maximum energy product of 7.0 MGOe.
However, the maximum energy density reported for MnBi bulk
magnets is 8.4 MGOe. This number was achieved by preparing
the bulk magnet consisting of a very high LTP content (96
wt%), which was synthesized by subject the arc-melted ingot
to cycles of grinding and sintering in vacuum at 300 °C.
Furthermore, the optimized sample consisted of 1-7 um sized
particles, with coercivity around 12 kOe, that were obtained
after subjecting the milled powder to a low temperature (-120
°C) ball milling. The low temperature and the duration of
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milling (150 min) aids in maintaining a proper balance among
iHe,, LTP and M, of the particles. Finally, the powder was
subjected to the warm compaction under 200 MPa at 245 °C
for 30 minutes. The bulk magnet was aligned under a magnetic
field of 20 kOe. In this case, the high energy product is very
much dependent on the quality of the initial MnBi alloy as it
was subject to several cycles of milling and sintering. Also, the
large applied pressure and the larger aligning magnetic field
also played important roles in approaching 8.4 MGOe.
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Figure 2. Temperature profile used for the PHT of magnetic MnBi alloys. Inset: The
scheme of the alloy in the cylindrical ceramic boat placed onto the ferrite magnetic
substrate. 1, 2, 3, and 4 denote the stages of the heat treatment. Republished with the
copyrights from [47].
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Figure 3. (a) Magnetization loops of MnBi magnet measured with the parallel (black
curve) and perpendicular (red curve) orientations to the magnet alignment direction.
(b) XRD patterns taken from both parallel and perpendicular directions of the magnet.
Republished with the copyrights from [47].
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Figure 4. The microstructures of MnBi arc-melted alloys with the different alloy masses
1g(a), 3 g(b), and 8 g (c). The EDX spectra 1, 2 and 3 were taken at the points 1, 2 and
3 which are marked on Fig. 1c. Republished with the copyrights from [48].

2.2 MnBi thin films

The first ever reported preparation of the MnBi thin-film
permanent magnets was in 1957 by Williams et al., [49] in
which Mn and then Bi layer was deposited on a glass substrate
and then vacuum annealed for three days in the temperature
range of 225 - 350 °C. Their large uniaxial anisotropy with easy
“c” axis, large Faraday rotation and a large saturation
magnetization at room temperature have made the a-MnBi
thin films (LTP-MnBi) a rare-earth-free magnetic material for
several applications such as high-density recording, magneto-
optic applications, magnetic storage and erasable magnetic
holography applications. Furthermore, the a-MnBi (NiAs
structure) into its high-temperature phase (HTP) B-MnBi with a
distorted Ni2l structure over 360 °C[50, 51]. Quenching the
HTP gave a meta-stable quenched high-temperature phase
(QHTP) that is even better for the above-mentioned
applications. However, the long-term stability of the QHTP has
always been a challenge [52-54]. Hence, a lot of effort has
been made for past few decades to understand the thin-film
growth with a high LTP content and to stabilize the QHTP-
MnBi[52, 55, 56].

In 1971, the preparation and stability of MnBi thin-films
on various substrates was reported to illustrate the effects of
the substrates on the growth of the lattice of the MnBi[56].
This work demonstrated the stability of the HTP at room
temperature and the fabrication of uniform and large-area (15
inz) MnBi thin films. According to this work, among several
different substrates, mica turned out to be the best substrates
for the high-quality film growth. This is due to the similarity
between the basal planes of the mica and the MnBi. However,
mica being optically biaxial, it failed to meet the criteria from
the device point of view. It is a noteworthy detail that
depositing Bi as the first layer is a crucial factor in forming a
high-quality MnBi thin film. This is because the rhombohedral
basal planes of Bi grow parallel to the substrate, as stated in
the “law of rotation of indices”. On the other hand, a first layer
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of Mn would grow randomly due to its complex crystal
structure, resulting in a poor MnBi thin films. The significance
of depositing Bi as the first layer was further highlighted from
the large difference between melting points of Bi and Mn. The
other important finding was the necessity of the addition of
excess Mn during the film growth. The excess Mn was required
to compensate the Mn that, possibly, got oxidized during the
synthesis even though the film was more stable in ambient
conditions than its bulk counterpart. The extra stability in the
thin film was due to the slower oxidation in the “c” direction.

After the demonstration of the preparation of the MnBi
thin films, there arises a need to understand the film
formation to optimize the film growth for a better performing
QHTP-MnBi thin film. Therefore, Myagkov et al. studied the
solid-phase transformations in Mn-Bi system [53, 57].
Research has shown that LTP-MnBi converts into HTP-MnBi at
390 °C, following the reaction

o— B+Bi

(@)

Several researchers have shown that QHTP has an excellent,
and better than LTP-phase, magneto-optical properties[52, 55,
56]. However, the QHTP-phase, being metastable, turns back
into its LTP-phase over a course of two years, thus, limiting its
longevity for the practical implementation[52-54].

[QHTP-Mn1.08Bi — a-MnBi + Mn] 3)

A research group demonstrated the formation of a third,
indefinite metastable, phase of MnBi by doping a small
amount of Ti in the Mn-Bi system, which formed Mn,,TiBi
stoichiometry. However, the work demanded a better analysis
on the LTP-phase of the Mn-Ti-Bi complex. To understand this,
Myagkov et al., in 2016, studied the phase transformation in
the Mn-Bi system[57]. They began their study by preparing
two different thin-films, Mn/Bi (Mn over Bi) and Bi/Mn (Bi on
Mn), by thermal deposition method at 1:1 molar ratio. The
process was undertaken on two different substrates, glass and
pyro Ceram, in a vacuum of 10-6 Torr. Firstly, studying the
Mn/Bi sample, all the data from XRD, VSM and the electron
microscopes suggested a proper LTP formation. Furthermore,
the data from the electron microscopy and the linear energy
dispersion X-ray (Figure 5) showed the proper mixing of Mn
and Bi layers after the annealing, which was at a maximum
temperature of 300 °C. However, it was contrasting to find
that the Bi/Mn sample remained non-magnetic till 400°C of
annealing process. This could be due to the poor mixing
between Bi and Mn layers. Since the Mn layer was deposited
first, it is very likely that it suffered a certain amount of
oxidation. Also, the large melting temperature gap between
Mn and Bi would restrict the liquid of Bi, at 673 K, to diffuse
into the Mn layer at that temperature. Also, the asymmetric
mixing of Bi into the Mn layer may also be caused due to the
kinetic energy barrier for the atomic mixing at the Mn-Bi
interface being less than the local acceleration for the Bi atoms
being deposited onto the interface. As a conclusion of the
work, it is evident that solid phase synthesis of a-MnBi largely
depends on the sequence of Mn and Bi deposition.
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Figure 5. Transmission electron microscopy image and linear scans of energy dispersion
X-ray (along the black line) along the cross-section of (a) the initial Mn/Bi (Mn on Bi)
sample and (b) the sample annealed at 300°C. Republished with the copyrights from
[57].

The desire to enhance the magnetocrystalline anisotropy
of the MnBi thin films has been the driving force for the
researchers to try various techniques to grow high-quality
films, such as magnetron sputtering, e-beam evaporation and
molecular beam epitaxy. One such technique, to prepare the
highly-textured MnBi thin-films, is via the pulsed Ilaser
deposition (PLD) method. It is a widely used technique and
several other magnetic thin-films such as NdFeB and FePt have
been successfully prepared via this method[58-65]. An
important feature of the PLD is that it allows the thin-film
preparation at temperatures as low as room temperature.
Following this method, Zhou et al. reported the preparation of
highly textured MnBi thin films[41]. The film growth was
carried under a vacuum of 5 x 10®Torr with KrF excimer laser
(A =248 nm) as the source on a glass substrate. The rotation of
the substrate ensured the uniformity of the film and the
number of pulses dictated the film thickness. Increasing the
film thickness showed better crystalline texture along the c-
axis. Taking a look at the SEM image (Figure 6), it makes it
evident that the Bi layer is crucial for the growth of the
textured MnBi and the column-like structures consists of many
MnBi grains that are in the nanometer scale. This is because
the Bi layer acts as a template for the MnBi growth in the c-
direction[41, 57, 66, 67]. On the other hand, depositing Mn as
the first layers was met with a couple of major obstacles. First,
it required more power from source for the deposition of the
Mn layer, as the melting point of Mn is much higher than that
of the Bi (Mn = 1244 °C; Bi = 271.3 °C). Secondly, there was no
observable phenomena of the preferential growth in the Mn
thin film. Hence, the Bi layer turns out to be the better
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selection. Furthermore, annealing temperature played an
important role to bring out the texture and enhance the
magnetic properties of the MnBi. The films annealed between
340 °C and 350 °C showed the highest MnBi intensity under
the XRD. The peak starts to plummet as the temperature
reaches to 360 °C. Hence, the parameters to optimize the thin
film included a 200 nm Bi as the first layer and 350 °C
annealing temperature. The Rietveld Refinement shows 85
wt% of the LTP-MnBi phase. This number is much lower than
the values discussed in the bulk section because of the
presence of the additional Bi in the Bi first layer. Furthermore,
the oxidation of Mn is also a possibility as discussed in the
previous section. When examined for its magnetic anisotropy,
the MnBi thin film showed large coercivity (15 kOe) at room
temperature, which further increased up to 25.3 kOe at 100°C.
This positive temperature coefficient made MnBi a unique
magnetic system that can potentially replace Nd,Fe 4B
magnets at higher temperatures. Furthermore, several
researchers have made efforts for understanding the
mechanism behind the oxidation so that proper optimization
can be done to prevent it. One study showed that the
perpendicular saturation magnetization of the film can reduce
up to 35% after an exposure to the ambient conditions for a
period of 4 days. However, capping the film with Ta shows the
Hc being increased by 23% after subjecting the film to the
same conditions[68].

Figure 6. The SEM image of Bi film with and without the top Mn layer annealed at 350
°C for 20 min. Republished with the copyrights from [41].

2.3 MnBi nanoparticles

Analogous to the bulk and thin film, the nanoscopic
counterpart of the bi-metallic MnBi magnetic alloy also
attracted a lot of attention as a rare-earth-free alternative to
the rare-earth magnets. Significant efforts have been made to
reach the energy product of the Nd-Fe-B, 59 MGOe, which is
the world’s largest reported energy density thus far[59, 61].
Research has shown that the energy product of a magnetic
material is dependent on its saturation magnetization (Ms)
and coercivity (Hc). However, it is a challenge to synthesis a
magnetic material that simultaneously exhibits large Ms and
Hc, as the former is a property of a soft-magnet whereas, the
latter a hard-magnetic property. A promising technique to
promote both the above-mentioned properties in a magnetic
material is via “exchange coupling”, where soft and hard
magnetic materials are fused together to give a good interface
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between them[69-72]. Research has shown that exchange
coupling between magnetically soft and hard materials can
give large energy product, given that the parameters are
maintained within a certain limit (soft phase no more than
double the domain size of the hard phase)[73]. The MnBi has
shown large coercivity at the bulk and thin-film structures.
Similar, or even better, results can be expected from the
nanostructures of the MnBi. Furthermore, a positive
temperature coefficient for the coercivity makes MnBi a
unique magnetic system and its energy density surpassed the
NdFeB magnets at higher temperatures. This makes MnBi a
good candidate for the hard-magnetic part of the hard/soft
composite for the exchange coupling [74]. Hence, material
researchers have attempted several methods to synthesize
MnBi nanoparticles in a facile and an environmentally friendly
method.

Lam et al., in 2015, successfully demonstrated the
fabrication of MnBi nanoparticles by following an extensively
explored and well-utilized method that is known as high
energy ball milling[74]. To begin, the high-quality ingot was
prepared by arc melting Mnand Bi with an atomic ratio of
55:45 (Mn:Bi). It is also important to note that Mn precursor
was added at an excess of 15 wt% to compensate the loss of
Mn due to the oxidation. The ingot was then crushed into
smaller pieces, which were then ball milled into nanoparticles.
The size of the particles was largely dependent on the time of
milling. Increasing the time of milling from .5 hr to 2 hours
reduced to the particle size to about 25 nm. However, there
was no noticeable reduction in the particle size for milling time
> 4hours. This could be due to the cold welding occurring at
the molecular scale that could result in the particles getting
larger. Concomitantly, the milling time also affected the
magnetic properties of the sample. This could be due to the
fact that magnetic properties of a material extensively depend
on its grain size. As seen from the XRD results, there is a
significant reduction in the grain size of the specimen (~40 nm
to ~25 nm) when the milling time increases from .5 hr to 2
hours. However, the grains size grew larger with any further
milling. On the other hand, the coercivity of the specimen
increased drastically from 7 to 16 kOe when the milling time
was increased from .5 hr to 2 hours. There was a smaller
increment in the coercivity, from 16 to 17 kOe, when milled for
4 hours. After this, there was a noticeable decrease in the
coercivity as the specimen was milled for 8 hours. Though 4
hours of milling gave larger grain and particle size, the largest
coercivity at this milling time made it the optimal milling time
for highly coercive MnssBiss. The Ms of the sample shows an
opposite trend as it steadily increases with increase in the
milling time. This opposite behavior between the Ms and the
coercivity is due to the presence of larger volume fraction of
the ferromagnetic MnBi when the specimen was milled for
longer time. Whereas, the presence of more non-
ferromagnetic component, at shorter milling time, isolates the
ferromagnetic components, thus increasing the coercivity of
the specimen. Contrastingly, annealing the specimen (200 °C
and 300 °C) only slightly enhances the magnetic properties and
the M remained ~50 Amz/kg. It is crucial to note that milling
the MnBi at 1:1 ratio but with the ball to powder weight ratio
being 15:1 produced MnBi/Bi particles ~ 100-300 nm with a
coercivity of 16.3 T[75]. In this work, the Mn was milled with
Bi, 03, instead of Bi, in the presence of Ca that played the role
of the reducing agent and CaO as the dispersant.

This journal is © The Royal Society of Chemistry 20xx

Doping a soft magnetic material in a system of hard
magnetic phase had displayed a high saturation magnetization
and a high coercivity, however, this technique reduced the
Curie temperature of the specimen thus, limiting its practical
applications. However, this issue is eliminated by synthesizing
magnetic composites that exhibit exchange coupling within
themselves. A novel method to fabricate one such composite
is via self-assembly of the MnBi nanoparticles and FeCo
nanoparticles [76]. MnBi was synthesized via the arc melting of
the Mn and Bi precursors before grinding them. The ground
powder was annealed followed by ball milling to give a
nanoscopic structure. On the contrary, the soft magnetic FeCo
nanoparticles were synthesized by a simultaneous reduction of
FeCl, and CoCl, in the presence of the Oleic Acid. The self-
assembly took place in the solvent (hexane) that had FeCo
dispersed in it prior to the MnBi addition into the solvent. The
MnBi was added into the hexane/FeCo solution, leaving the
FeCo on the MnBi as the soft magnetic particles were attracted
by the hard magnetic MnBi. The grinding also reduced the
MnBi grain size for high coercivity, as the size of the grains
were enlarged after the annealing process. After the final
grinding, the MnBi grain size was close to its single domain size
that resulted in a high coercivity (8.2 kOe). Whereas, the FeCo
particles were as small as 5-10 nm. Studying the two different
samples for their magnetic properties, it was found that the
sample with only 10wt% of FeCo displayed slightly higher Ms
than that of the sample with 5wt% of FeCo (Figure 7).
However, the drop in coercivity with an increase in the soft
magnetic phase makes the sample with only 5wt% the better
choice. This conclusion is also backed by the Henkel plot
(Figure 8) that shows a large positive AM, indicating exchange
coupling between MnBi and FeCo phases. A Henkel plot is a
specific relationship between M,, My and M,¢ that are required
to determine magnetic interaction in permanent magnets, soft
magnets, superconductors, data recording and magnetism in
rocks. Interpretation of the plot is a key tool in magnetic
research as it illuminates the valuable details about the
interaction mechanism that governs the magnetization of a
magnetic material [77].
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Figure 7. Magnetic hysteresis loops of the MnBi particles and MnBi/Fe-Co (95/5wt%
and 90/10wt%) after 5 min grinding. Republished with the copyrights from [77].
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90/10wt%).

3. Structure and magnetic properties of MnAl
magnetic materials

Currently, the Nd-Fe-B and Sm-Co are being extensively
being utilized given that they possess incredibly large energy
densities 56 MGOe and 30 MGOe, respectively[78, 79].
However, the high cost and the depletion of the rare-earth
metals in near future has forced researchers and scientists to
invest their efforts towards finding a replacement for the
above-mentioned magnets. Low cost, due to the abundance in
the earth’s crust, moderate energy density and the large
magnetic anisotropy (107 erg/cc) has encouraged material
scientists to couple Mn and Al together for a variety of
applications such as magnetic recording, perpendicular
magnetic anisotropic material and data storage[27, 80, 81].
Appreciable amount of research, since 1958, has shown that
the large anisotropy is observed in the metastable L1, phase,
also known as the T-MnAl. The t-phase can only be achieved by
cooling hexagonal e-phase[27, 82, 83]. Therefore, synthesizing
MnAIl complex with a large t-phase content is accompanied by
a strenuous challenge. Research has also shown the Ms of the
material to reach to 490 emu/cc for thin films and 89 emu/g
for its bulk counterpart. Furthermore, the structure of MnAl
alloy resembles that of the FePt that can be reduced to the
tetragonally distorted B2 structure, resulting in higher
anisotropic output[84-86]. In the crystal, Mn resides at the
corner sites while Al occupies the center location making the
entire crystal to be like Mn and Al existing with alternating
planes along the tetragonal c-axis. Another challenge in the
fabrication of T-MnAl is the small stoichiometric window as
both the elements need to be at ~1:1 atomic ratio. Therefore,
a high chemical order is essential. Furthermore, in case of the
thin-films, the film is sensitive to the templating strain during
the crystallization, which demands the selection of appropriate
substrate to grow the film[87-90]. Majority of the work
reported was attempting to exploit the magnetic complex for
the perpendicular anisotropy applications, therefore, the thin-
film structure. Only a few studies have been reported on the
magnetic bulk and nanoparticle synthesis of the MnAl system.

3.1 MnAl bulk materials

High-quality bulk permanent magnets are crucial
components of efficient motors utilized to generate power

This journal is © The Royal Society of Chemistry 20xx

from the wind turbines and in the electric/hybrid cars. Apart
from the final output of the generated power, the quality of
the magnets also dictates the size of the motors. Hence,
permanent magnets with large energy product are always in
demand. Many reports have indicated towards MnAl being a
reliable replacement for the expensive rare-earth metal
magnets thus, attracting more attention. Also, among all the
phases of MnAl, it is the T-MnAl that possesses ferromagnetic
characteristics. Therefore, various synthesis techniques have
been and are still being experimented with to synthesize the t-
phase MnAl and to reach the theoretical energy density of the
MnAI system.
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Figure 9. Magnetic hysteresis measurements from (a) a billet extruded at 375 °C, and
(b) the same billet after thermal treatment at 400 °C for 30 min. The specimen was
prepared from mechanically-milled gas atomized powder. Republished with the
copyrights from [91].
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Figure 10. Magnetic properties of three billets extruded from gas-atomized particles
milled for 20 h within a large attritor extruded at 425 °C for the time of 15, 30 and 45
min. Republished with the copyrights from [91].

Hot extrusion method is a commonly opted technique by
the material scientists and chemists for synthesizing alloys and
it has also been utilized to form t-MnAl. However, the
challenge to create a MnAl system with 100% t-phase is still
unsolved. Chaturvedi et al. reported the fabrication of T-MnAl
via equal channel angular extrusion (ECAE), also known as
equal channel angular presser (ECAP)[91]. Producing high-
quality e-phase and then transforming it into the t-phase has
been the key to obtaining the high magnetic anisotropy thus
far. A study conducted to interpret the structure of the defects
and the nature of the phase transformation to understand the
construction of the ferromagnetic t-phase showed that the
ferromagnetic behavior in the MnAl system is exhibited due to
the € to T phase transformation. During the transformation,
many defects are generated that promote the high magnetic
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anisotropy. Furthermore, during the phase transformation,
small percentage of stable phases like y2 and B get trapped at
the magnetic domain boundaries, which results in a significant
increase in the coercivity. In the study conducted by
Chaturvedi et al.,, the test specimen was prepared via gas
atomization of Mn-46 at.% Al powders under gas Ar gas
protection. Mechanically milling the samples generated the
nanocrystallites of the e-phase. Analyzing the as-received
powder by XRD shows ~66% of e-phase and rest being a
mixture of y2 and B-phases. However, after the ECAE, a
mechanical milling for 20 hours spawned ~61% of the
metastable t-phase (Figure 9). The magnetic measurements
revealed a negligible signal for 375 °C extruded sample but the
400 °C extruded sample turned out to be ferromagnetic with a
coercivity of 4.4 kOe and Ms around 23.2 emu/g. The values
are lower than that of reported by Zeng et al. and this could be
resulted from the sample consisting of 100% €-phase, whereas
Chaturvedi’s sample only consisted around 66% e-phase [92].
Furthermore, the magnetic properties were enhanced by
increasing the extrusion temperature to 425 °C for 30 mins
(Figure 10). The sample was also stable in air at 200 °C for
around 40 days. This demonstrated the longevity of the
metastable phase of the MnAl. In general, the stability in MnAl
can be generated via doping C element, however, some
research has also shown doping Ni and Co can also increase
the stability of the T-MnAl. It has been reported that the hot
extruded method can be used to study the process of
magnetization reversal in the Tt-MnAI-C. As previously
mentioned, the C doping here stabilizes the tetragonal phase.
Kerr microscopy was utilized to reveal the magnetization
reversal (Figure 11)[93]. It also revealed that the
microstructure consisted of large non-recrystallized and fine
recrystallized grains. The studies confirmed that a fully
recrystallized microstructure is essential for obtaining high
coercivity.
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Figure 11. The Kerr image analysis. (a) Kerr image in zero-field after magnetizing the
sample with a magnetic field pulse of 3 T. (b) The difference image of the Kerr images
taken at the demagnetizing fields of 338 mT and 357 mT. (c) Size filtered image
resulting from the image in (b). (d) The same image as in (a) overlaid with the switched
regions detected at all applied field directions. The color code shows the applied field
at which the switch was detected. (e) The image formed by summing the difference
images from the entire series after applying the size filter. The color scale shows how
many times each pixel was detected. (f) The 2D histogram showing the lengths of the
major and minor axes of ellipses fitted to the detected regions. The dotted line shows a
ratio of the major to minor axis of 1. Republished with the copyrights from [90].

3.2 MnAl thin film

The MnAI thin-film structure is majorly utilized for the
magnetic tunneling junction applications, such as ultrahigh-
density spin transfer switching random access memory (Spin-
RAM), magnetic random-access memory (MRAM), and spin-
logic circuits due to its appreciably high perpendicular
magnetic anisotropy. Theoretical analysis has shown that the
saturation magnetization and Gilbert’s constant (o) are directly
proportional to the switching current density (J.,). Therefore,
the ferromagnetic materials with low M, o and large
anisotropy energy (K,) are the ideal material choice to achieve
a high recording density with a minimum power consumption
for Spin-RAM[94, 95]. The above-mentioned properties
together with the low fabrication cost encourage the
researchers to investigate the MnAl thin films.
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Figure 12. a) The AFM image of MnygAls, thin film with T;,200 °C and T,4450 °C. (b)

Annealing temperature (Ta)-dependent XRD patterns. (c) Ta-dependent lattice constant

for MnggAls; thin film with T,,200 °C. Republished with the copyrights from [95].
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Hosoda et al. reported the fabrication of L1,-MnAl thin
films that were perpendicularly magnetized for magnetic
tunneling junction applications[95]. In their work, they
selected single crystal MgO (001) as the substrate to grow the
film to reduce the lattice mismatch between the film and the
substrate. The lattice mismatch may develop strain between
the layers of the film if it grows onto the mismatched
substrate. This can be detrimental for achieving the easy axis
in the ‘c’ direction. Furthermore, a Cr buffer layer was also
made for further enhancing the film growth. The films were
prepared by a magnetron sputtering system, at 10-7 Pa base
pressure, in the order of substrate/Cr (40nm)/MnAl
(50nm)/Ta. Tantalum serves as a capping layer to protect the
film from oxidation. To elucidate the stoichiometry dependent
magnetic properties, three different samples were prepared:
MnyeAlss, MnggAls,, and MnspAlsg. Fabricating these films at T
= 200 °C and annealing them at various temperature (T,),
followed by analyzing them under XRD revealed that t-MnAl
peaks were clearly observed for T, = 450 °C and 500 °C (Figure
12). However, the peaks started to diminish as Ta increased to
550 °C and 600 °C. This showed that the T, for the thin film is
like that of their bulk counterpart. Furthermore,
Mn,gAls,showed the highest peak intensity thus leading to the
selection of MnygAls, for further investigation. Ta dependent
magnetic analysis showed the highest values of M, and K, (600
emu/cm’ and 107 erg/cm’ respectively) for T, = 450 °C. Also, it
was evident that the magnetic properties declined with further
increase in temperature. It is also noteworthy that the
substrate heating temperature (the fabrication temperature)
T, also played an important role in bringing out the magnetic
characteristics of the MnAl system. It was found that 200 °C is
the appropriate T, as the samples prepared at T, = 300 °C
exhibited lower M, and K, than the samples at T, = 200 °C.
Furthermore, the samples prepared at room temperature did
not show any perpendicular magnetic characteristics
regardless of the T,. This study revealed two important factors,
including the dependence of the perpendicular anisotropy on
annealing temperature and the substrate temperature.
Furthermore, the study also revealed the appropriate
stoichiometry of Mn and Al for the essential for the
ferromagnetic nature.

The right selection of a substrate is an integral step
towards growing high quality thin-film magnetic material.
Because, with similar lattice structure as that of the film
significantly reduces the lattice strain, which concomitantly
promotes better film growth with high perpendicular
anisotropy. This led Cui et al. to study the thickness dependent
anisotropy in an epitaxially grown t-MnAl thin films[94], using
the “biased target beam deposition system” (BTBDS) to form
quasi-monolayer deposition. This enhances the crystallinity of
the MnAl thin film and promotes better t-phase formation. It
was noteworthy that ferromagnetic thin films were only
possible for the deposition at room temperature. The
stoichiometric conditions for the formation of t-phase requires
Mn to be in the range of 50-60 atomic percentage. This
criterion was fulfilled during the fabrication via BTBDS, as
shown by the compositional analysis. Furthermore, analysing
the film by XRD after annealing the as-prepared film at 400 °C
for 12 s revealed the formation of t-phase. Comparing the XRD
spectra of before and after annealing the samples elucidates
that annealing is crucial for the formation of the t-phase
(Figure 13). It was found that due to the coherent interface,

This journal is © The Royal Society of Chemistry 20xx

there was a lattice mismatch of ~6.7% that caused a large
tensile strain in the 10-nm thick film. In addition, a reduction in
the ‘c’ lattice was observed (3.57 A to 3 A) that was a result of
the in-plane tensile strain as described by the Poisson’s effect.
These results suggest an epitaxial growth of the tT-MnAl film on
the MgO substrate. Furthermore, Bethe-Slater curve reveals
the positive exchange coupling between the 3delectrons of the
adjacent Mn atoms. This gives rise to a saturation
magnetization of 394 emu/cc, which is lower than that of bulk
data ~490 emu/cc. Subtracting the dead layer gives the value
~523 emu/cc (~1.9 uB/Mn), which is very close to the
theoretical prediction (~¥1.975 uB/Mn). It is suggested that the
lower value of Ms could be attributed to the defects in the film
such as antiphase boundaries and/or due to a dead layer at
the interface between the Ta capping layer and the MnAl thin
film. Additionally, the magnetic analysis showed that the bi-
layer thickness ~5.7nm turns out to be the optimum. Thinner
films tend to disrupt the atomic composition that lead to less
ferromagnetic material whereas, thicker films generated
additional non-magnetic phases such as y2-MnAl and B-MnAl
that resulted in a lower magnetization. In addition, repeating
the optimized bi-layer enhanced the anisotropy (Ku) and at 10
times of repetition, the optimum Ku was obtained (1.2 x 106
erg/cc). Further increasing the repetition to 18 times showed a
negative Ku (-0.7 x 10° erg/cc), which could be due the
dominance of the in-plane anisotropy. Besides, using MgO as
the substrate and Ta as the capping layer, Saruyama et al,,
introduced Cr as a buffer layer between the MgO and MnAl,
which appears to further reduce the lattice mismatch and
enhanced the magnetic properties of the MnAI[96]. This makes
MnAIl more applicable for magnetic tunneling applications.
Also, it is to note that the films were prepared by intentionally
heating the substrate at Ts = 250 °C. As discussed before, the
intentional heating of the substrate can promote the
formation of the ferromagnetic t-phase. Figure 14clearly
shows the enhanced magnetization. In addition, the difference
in the perpendicular and parallel magnetization suggested that
the material needed more than 20 kOe of external magnetic
field to fully saturate them. This demonstrates the feasibility of
the specimen to be applicable for magnetic tunneling
applications. Another technique for boosting the magnetic
properties of a material was investigated by Fischer and
Rudee[97]. The MnAl had a small percentage of Ni and C that
make final composition of the magnet as
Mngg gAl>g 9gNig 75Co.44. Research has shown that for MnAl to
consist of t-phase, Mn has to be in the range of 50-60 wt%.
Exhibiting ferromagnetic characteristics even when being out
of the range may be attributed to the presence of Ni and C.
Fischer and Rudee reported that annealing MnAl in the
presence of an external magnetic field can cause a notable
improvement in the magnetic properties of MnAI[97]. This
technique can possibly be translated into regimes of other
magnetic materials as well. The samples were cut into two
pieces and annealed with and without the presence of an
external magnetic field (15kOe), respectively, keeping the
annealing temperature constant at 410 °C in both cases (Figure
15).
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Figure 13. (a) The 28 scan of MnAl thin films [(Al/Mn)(5.7 A)];s on MgO(001). The inset
of (a) shows the structure of T-MnAl unit cell. (b) The ¢ scans on the [(Al/Mn)(5.7
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out-of-plane (red) magnetic hysteresis loops of [(Al/Mn)(5.7 A)];s sample. Republished
with the copyrights from [94].
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Figure 14. (a) Magnetization hysteresis curves for the Cr/MnAl/Ta thin films prepared
at Tq.4 250 °C. (b) Annealing temperature (Ta)-dependent saturation magnetization for
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3.3 MnAl nanoparticles

The MnAl nanoparticles have not been studied as much as
its thin-film and bulk counterparts. At the nanometer scale,
materials usually exhibit quantum mechanical characteristics
and properties that are not observed at their bulk scale. The

This journal is © The Royal Society of Chemistry 20xx

uniqgueness of these quantum mechanical properties has led
scientists and researcher to investigate the nanoscale regime
of numerous materials[98-105]. For MnAl, it is possible to
fabricate the material at its single domain size, the result of
which has been reported to bring out the maximum coercivity
of the magnetic material. Fabricating near single-domain sized
MnAI nanoparticles can possibly enhance the energy product
of the material, taking it one step closer to replacing the rare-
earth magnets. However, there is a significant lack of research
that is needed to be done.

One of the methods of fabricating the MnAl nanoparticles
is via ball milling the bulk MnAl. Su et al., in 2016, used the
same technique and brought the bulk &-MnAl down to
nanometer scale in the presence of surfactants[106]. They
were successful in reaching 60-90 nm size range of the MnAl
flakes, which also showed the change in particle sizes dictated
by the oleic acid and oleyl amine. The surfactants assist in
controlling the size of the particles and reduce the chances of
the cold-welding. There was no observable transformation in
the phase in the as-milled (12 hr long) MnAl flakes, which also
indicated no change in the stoichiometry (Mns,Als), showing
their immense stability. However, annealing the bulk ingot
sample at 500 °C for 30 min caused the g-phase to transform
into T-phase with a small percentage of the non-magnetic y2
and B-phases. By following a time-dependent surfactant
assistant milling, Su et a. were successful in fabricating the
ferromagnetic t-MnAl (Figure 16). Apart from the ligand-
assisted ball milling, Shen et al., reported a ligand metal-redox
method to synthesize MnAl nanomagnetic particles[107]. The
synthesis took place in a standard Schlenk line system, where
the reduction of the precursors takes place by the difference in
their respective potentials (Mn,(CO),o, EO =-1.19 V, AICl3, Eg= -
1.66 V). Furthermore, LiAlH4 was added to assist the reduction
of aluminum chloride. The study involved the optimization of
the reaction temperature and reaction time along with doping
transition metals into the MnAl system. Among Ni, Co and Fe
only Co doped sample showed a notable magnetism. In
addition, it was found that the interplanar distance of the Co
doped samples matched with that of MnAICo,, suggesting the
formation of the ternary nanocrystals. Furthermore,
stoichiometry dependent study revealed that Mngg gAlg1Cog 4
exhibits the highest Mand coercivity. Any further increase in
the Co content resulted in a drastic reduction in the coercivity.
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Figure 16. Magnetic hysteresis loops for bulk and Mns,Al46 flakes. Republished with the
copyrights from [106].
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4. Structure and magnetic properties of MnGa
magnetic materials

Since the last two decades, MnGa has received a lot of
attention as a favourable material of choice for spintronic
devices, permanent magnets and magnetic recording
applications [108-112]. Theoretical calculations have shown
that MnGa with DO,, (ferrimagnetic) and L1, (ferromagnetic)
crystal structure can exhibit large perpendicular anisotropy.
The theoretical calculations have demonstrated, for L1,/D0,,-
MnGa, M, ~845/305 emu/cc, K, ~26/20 Merg/cc, (BH)max ~ 28
MGOe[23]. These exciting numbers are very much suitable for
their technical applications and thus, have encouraged
researchers to put their effort into reaching the theoretical
values hence, resulting in a numerous reported work.
Furthermore, should the above mentioned theoretical values
are obtained, the increasing demand for cheaper and more
efficient magnetic material with high perpendicular magnetic
anisotropy can possibly be met.

4.1 MnGa thin films

Majority of the work reported on MnGa has featured
MnGa with a thin film structure, as attempts to obtain its
theoretically predicted magnetic properties[111-119]. For
example, Zhao et al., reported a study on the magnetic and
structural properties of Mn-Ga thin films to recognize the
mechanism of its magnetic anisotropic[120]. In their work,
several samples of the form [MnGa 2-nm/Mn x-nm] were
prepared via DC magnetron sputtering on Si substrate. The
samples consisted of MnsgGas, MnseGas, Mng,Gasg,
MngsGasz;,  MnggGas,, MnzGay, MnyeGay, MnzgGayy,
Mng,Ga;g, Mng,Gae, MnggGay,, and x ranging from .2 to 3.5. In
addition, the samples were annealed at a range of 300 °C to
400 °C for about 10 hours. The magnetic measurements were
conducted from -270 °C to 127 °C. Analyzing the as-prepared
samples under XRD showed only slight peaks of DO,,-phase.
This was an indication of the sample of being amorphous or
nanocrystalline. The transmission electron microscopy (TEM)
images later clarified the ambiguity as it showed
nanocrystalline materials that matched with the XRD data,
suggesting the presence of the D0O,, phase (Figure 17). The in-
plane and out-of-plane M-H loops showed that the magnetic
properties were significantly altered with a change in the value
of x (Figure 18). Furthermore, the group studied the
correlation between Ku and Ms of the magnetic sample
following the methods that has been used in the past for
similar studies. Studying the correlation between the Ku and
Ms of samples with x = 0.5 and 2.5 at -270 °C showed that Ku
for both the samples followed the nth power of dependence of
their respects Ms.

This journal is © The Royal Society of Chemistry 20xx
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Figure 17. (a), (b) The low magnification and (c) high magnification cross-sectional TEM
images for the sample with x = 2.0. The inset figure of (c) shows the fast Fourier
transformation of the image (c).Republished with the copyrights from [120].
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Figure 18. The magnetization hysteresis curves measured for the samples with the
various Mn layer thicknesses x and Ta = 325 °C in the applied fields of 18 kOe.
Republished with the copyrights from [120].

We have discussed the importance of the selection of the
appropriate substrate for the film growth. Especially for the
magnetic materials, the intrinsic magnetic properties largely
depend on their crystal and lattice structure, which includes
the shape and the size of the particles. In addition to that, the
lattice mismatch between the substrate and the film grown on
to the substrate is an important driving force towards
obtaining large perpendicular anisotropy. Therefore, it is
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crucial to understand how MnGa thin-films are affected by the
substrates. Substrates like GaAs, MgO and Si have been
extensively exploited to grow MnGa. Feng et al., conducted a
similar study where they utilized two different substrates,
Si/SiO, and glass, to understand the growth of MnGa on the
chosen substrates and their coercivity mechanism[110].
their study, they used DC magnetron sputtering to grew the
thin-films with various thickness ranging from 10-50 nm using
a DC magnetron sputtering in a high vacuum chamber. There
were also under-layers (Mo, Pd, MgO and Ta) fabricated on the
three different types of substrates. There prepared films had
the following structures: i. Si/SiO2 substrate/MnGa,/Ta(10 nm); ii.
glass substrate/ MnGa, /Ta(10 nm); and iii. Si(100)
substrate/underlayer(10 nm)/ MnGa, /Ta(10 nm); (x = 10-50 nm).

They used two different target sources T1 (Mg;Gasg) and
T2 (MggoGasg). The 10 nm of Tantalum layer was used as a
protective layer. When sputtered on the substrate heated at
200 °C, the sample gave an amorphous signal when analyzed
under X-ray. However, for the samples (from T1 and T2) grown
on the substrate temperature 450 °C, both the tetragonal DO,,
and L1,-phases were observed. Based on the PDF of DO,, and
L1,-MnGa, the films grown on SiO, tend to be magnetically
isotropy. However, numerous research has shown that
isotropic MnGa thin films can be better than the anisotropic
films with a coercivity of 20.5 kOe at room temperature for
Mng;Gasz grown on SiO,. Analyzing the in-plane and out-plane
M-H loops for the samples shows a clear difference in the
magnetic properties with respect to the choice of the
substrate (Figure 19). Furthermore, the linear relationship
between the magnetization and the applied field suggest that
the coercivity follows the nucleation-controlled mechanism. In
addition, the in-plane and out-of-plane data are much better
for the films grown on SiO, than those of grown on Si
substrate. Furthermore, Mo and Pd under-layers further
enhanced the coercivity of the thin films. The improvement
can possibly be due to the better crystallinity and improved
texture of the films. Also, the substrate temperature, Ts,
effects the final magnetic properties. Increasing the Ts showed
a notable rise in the coercivity of the MnGa thin films with the
maximum value at T, = 450 °C. For T,= 300 °C, both the Ms and
Hc are very small, which could be due to the poor crystallinity
of the DO,,-phase. Additionally, the thickness of the film
dictates the magnetic reversal behaviour. Therefore, the
coercivity of the thin-films are very small so the reversal is
much easier. This not the case as the thickness of the film
increases. The increment in the film thickness is directly
proportional to the increase in the coercivity, which could be
due to the defects in the films. Furthermore, the isolated
grains can also play a role in the increased coercivity of the
material. Another research has also shed some light on the
dependence of the magnetic properties of the MnGa thin-film
on the texture of the film. Kazuya et al., prepared ultra-thin
films of MnGa to study the effect of the textures on the
magnetic properties using the dc magnetron sputtering [112].
It is interesting to note that the films were grown on the
SiO,/Si substrate as demonstrated in the work discussed
above. However, various buffer layers and capping layers were
implemented in this work (Figure 20). Looking at Figure 21, it is
evident that changing the thickness of the highly textured

This journal is © The Royal Society of Chemistry 20xx

MnGa ultra-thin films largely affect their intrinsic magnetic
properties.
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peak and (c) the estimated c lattice constant of the MnGa layer. The dashed line
denotes the bulk value. Republished with the copyrights from [112].
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4.2 MnGa nanoparticles

Magnetic materials have been known to exhibit their
maximum intrinsic magnetism when they are at the single
domain size. However, there has been only a few reports on
the nanoparticles of the MnGa or MnGa based magnetic
nanoparticles. Furthermore, Mn-based alloys being one of the
most highly attractive material for the replacement of the
rare-earth consisting magnetic materials, it makes it more
essential to have more research to be done in towards
exploring the nanoscale regime of MnGa as well. Few years
ago, a study was conducted by Jamer et al., on Mn,Ga to
elucidate its magnetic properties and large coercivity[121]. The
material was prepared by vapor-liquid-solid (VLS) growth
method and followed by the sequential deposition of Mn and
Ga by molecular beam epitaxy (MBE). The VLS has been known
for the fabrication of nanowires; however, in this work, it was
used for the pre-depositing 0.5 nm thick Au layer on silica
substrate that led to a uniform nanoparticle growth instead of
the nanowire structures. The MBE was then utilized to
sequentially deposit Mn and Ga that forms the Mn,Ga
nanocomplex (Figure 22). Based on the value of “x” Mn,Ga can
exist in several different phases. For x < 1.6, Mn,Ga prefers L1,
structure, for 1.6<x<3, Mn,Ga can have hcp structure that is

This journal is © The Royal Society of Chemistry 20xx

also antiferromagnetic and for samples annealed at
temperature over 600 °C, Mn,Ga can exist in a cubic
compensated DO; phase that is ferrimagnetic. For the samples
annealed at lower temperatures, a tetragonal metastable DO,,
phases existed for Mn,Ga. The sample was annealed at 400 °C
after the deposition of Mn and Ga layers. The XRD data
matched with the above discussion DO,,, Bragg’s peaks had the
highest intensity. Furthermore, it is the D0O,, component of the
sample is the source of the high coercivity. According to the
Stoner-Wohlfarth model, the theoretical coercivity of the
Mn,sGa is calculated to be about 100 kOe. However, the
measured coercivity is only 10kOe at 29 °C. The lower value
could be due to the lack of the single domain size and due to
the presence of some unwanted phases such as DO; and DOyg.
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Figure 22. Magnetic moment (solid black curve) as a function of magnetic field for the
nanostructured Mn,Ga grown using the Au catalyst and the sequential Ga and Mn
deposition. The dashed (red) and dotted (blue) curves are high- and low-coercivity
components, respectively. Inset (upper) shows m(H) to 9 T. Inset (lower) shows the
low-field (0.1T) moment versus temperature, where the extrapolation gives Tc 327 °C.
Republished with the copyrights from [121].

MnGa nanoparticles can also be synthesized via the
solution approach. This method requires Standard Schlenk line
setup, and the entire reaction is carried in an inert
environment. Furthermore, surfactants and ligands are
essential in this reaction as they control the size growth of the
particles. The reaction takes place at ~320 °C for about 120
min. The final obtained product is ferromagnetic in nature with
majority of the composition being Mn;Ga (Figure 23). The
reduced coercivity could be due to the composition not being
Mn,sGa and also due to size of the particles being much
smaller than that of their single domain. Further
improvements, such as better and more accurate temperature
control, are required in this technique to control the size to a
near-single domain range. In addition, the stoichiometry needs
to be optimized as well. If done so, this technique can be an
easy and a low-cost method for the MnGa nanoparticle
synthesis.
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Conclusion and prospects

The rising demands for more efficient, cheaper, and more
environmental-friendly = magnetic  materials are the
requirement for a safer and greener future in magnetic
material manufacturing. The strategic location of the rare-
earth metals has increased their price based on the increased
toxicological evaluation level on the environment and workers.
The Mn element, being highly magnetically active and
abundant in our earth’s crust, drew a lot of attention.
Furthermore, theoretical simulations and calculations have
shown exciting data for the Mn-based magnetic alloys. Hence,
many studies have been conducted on Mn-based
nanomagnetic alloys, namely MnBi, MnAl and MnGa to
elucidate the mechanism of the magnetic anisotropy in them
and to reach the theoretically predicted magnetic properties.
Despite the amount of work reported in this regime, there is
still a lot of areas to explore. For example, a significant amount
of work is required for the growth of high-quality
nanoparticles. This may be achieved by proper selection and
optimization of the synthetic procedure. For example, using
the standard Schlenk line has shown a control for nanoparticle
growth. However, maintaining the appropriate heating rate is
a key during the process. Also, the increasing energy density of
MnBi has shown the possibility of being able to reach its
theoretically predicted energy density. The same is applied for
the case of MnBi-thin films and nanoparticles. Exploring the
lattice-matched suitable substrates for bottom-up growth of
the thin-films can largely assist towards enhancing the
magnetic anisotropy. With constant efforts being made, we
may expect to see some further exciting results for MnBi in the
coming decade or two. On the other hand, MnAl and MnGa
need some more attention as most of the work done featuring
MnAI or MnGa appears to be in their early stages. With the aid
of molecular simulations, we can facilitate the understanding
of the origin of the enhanced magnetocrystalline anisotropy in
Mn-alloy magnetic nanostructures. Furthermore, the RE- free
magnetic materials can also be used in conjunction with the RE
magnetic material, hence minimizing the use of the RE
magnetic materials. In conclusion, the reported work,
featuring Mn-based magnetic alloys (MnBi, MnAl, MnGa), have
shown the potential to be the alternatives for the replacement
of the rare-earth magnetic materials. However, a lot of work
and effort is still required before the above-mentioned alloys
can be used as the replacements.

This journal is © The Royal Society of Chemistry 20xx
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