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A B S T R A C T   

We optimized the composition of Mn-Bi alloy, examined the effects of third element substitution of Sn, Cu, Al, 
and Sb on the magnetic properties, and investigated the microstructures and magnetic properties of Sb 
substituted Mn-Bi annealed ribbons. The optimized composition was Mn54Bi46, and it was found that the Sb 
substitution had the most positive effects on the magnetic properties among the substitution elements. Thus, we 
accomplished a detailed investigation on Mn54Bi46-xSbx (0.0 ≤ x ≤ 5.0) annealed ribbons. The fracture planes of 
the annealed ribbons revealed that the grain size drastically decreased from a few tens of microns to submicrons 
close to the single domain size, which substantially enhanced the coercivity (Hc), remanent magnetization (Mr), 
and maximum energy product ((BH)max). As a result, as the Sb content changed from 0 to 1.5, the Mr, Hc, and 
(BH)max of randomly oriented samples increased significantly from 14.7 emu/g, 0.50 kOe, and 0.15 MGOe to 
37.2 emu/g, 8.15 kOe, and 3.27 MGOe, respectively. Furthermore, the temperature dependence of Hc on the Sb 
substitution showed significant enhancement over a wide temperature range from 223 to 378 K, suggesting that 
Mn-Bi alloy can be used in electrical vehicles.   

1. Introduction 

As interest and demand for electric vehicles are rapidly increasing for 
the reduction of greenhouse gas emission, the replacement of oil and 
natural gas with renewable energy, and the need for carbon neutrality, 
the weight reduction and miniaturization of motors is critical to improve 
the performance of electric vehicles. Accordingly, as one of the key 
materials that can increase the efficiency of motors, the demand for 
permanent magnet materials is explosively increasing. Currently, ferrite 
and Nd-based permanent magnets are the most widely used magnets in 
industry. Ferrite magnets are inexpensive to manufacture and have 
excellent thermal/chemical stability, but they have relatively low 
magnetic properties. On the contrary, Nd-based permanent magnets 
have very high magnetic properties, but have low thermal/chemical 
stability, high price, geographical concentration of rare earth elements, 
and political and strategic export restrictions. This dualization of the 
market exists because there is no permanent magnet material that can 
compromise the price and performance between ferrite and Nd-based 
magnets. Nd-based magnets have been widely used in high perfor-
mance applications such as electric vehicles and wind turbines, but 
recently the demand for Nd-based magnets in consumer electronics such 

as cell phones, industrial motors, and power tools has also increased, 
which may lead to supply shortages. The availability of substitutes (gap- 
magnets) for intermediate performance grades in the supply chain of the 
magnet market can reduce the concentrated pressure on rare earth re-
sources. Magnets with these intermediate characteristics are called ‘gap- 
magnets’, and their development is in strong demand [1]. 

Among permanent magnet materials, intermetallic low-temperature 
phase (LTP) Mn-Bi is of high scientific and technological interest as a 
candidate for a ‘gap-magnet’ that can fill the gap between ferrite and Nd- 
based magnets. LTP Mn-Bi has a higher theoretical maximum energy 
product (BH)max of around 20 MGOe at room temperature [2,3] than 
ferrite of ~ 4 MGOe without using rare-earth elements, and has higher 
Hc than Nd-based magnets at high temperatures due to the positive 
temperature coefficient of Hc [4,5]. This positive temperature coefficient 
of Hc is favorable for high-temperature applications, but disadvanta-
geous for low-temperature applications due to the decrease of Hc in the 
lower operating temperature range of electronic devices, which limits 
the use of LTP Mn-Bi. 

Up to now, many researches on substitution/doping of a third 
element in the binary LTP Mn-Bi for the enhancement of Hc at low 
temperature have been extensively conducted through computational 
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and experimental studies. In computational simulation approaches, 
crystal structures of Fe, Co, Nd, Si, Al, Pt, Sn, and/or Sb substituted/ 
doped Mn-Bi were calculated for magnetic moment (M), anisotropy 
constant (K), and (BH)max using first-principle calculations [2,6–12]. 
Experimentally, there have been studies on the third element 
substituted/doped thin film, powder, and bulk using sputtering, ingot 
manufacturing, melt-spinning, annealing, powdering, and sintering 
processes [13–21]. In particular, the melt-spinning process has been 
heavily used in LTP Mn-Bi research to enhance the phase purity [22–24]. 
Since the difference in melting points between Mn (1245 ◦C) and Bi 
(271 ◦C) is too large and a peritectic reaction is required to form the LTP 
phase, it is difficult to obtain a high-purity LTP Mn-Bi phase by con-
ventional melting processes. 

Sakuma et al. reported a theoretical study in which the small negative 
K of Mn-Bi changed to the large positive value of 2 × 106 K/m3 when 
substituting Sn for Bi [8]. Through computational simulation, Choi et al. 
expected that the low temperature properties of Mn-Bi could be 
improved by doping Mn-Bi with Cu to increase the peritetic reaction 
temperature of the LTP Mn-Bi phase [11]. Yang et al. fabricated a Sn 
doped LTP Mn-Bi magnet and reported that the Hc was improved by 
forming an intergranular phase for isolating LTP Mn-Bi grains [13]. 
Ramakrishna et al. found that the decomposition of LTP Mn-Bi during a 
ball milling process could be reduced by adding Al and Cu [14]. Gabay et 
al. reported that when Sb was substituted in MnBi, a quenched high- 
temperature phase (QHTP) was formed in the melt-spun ribbon with 
Hc over 20 kOe at room-temperature. Furthermore, it was found that the 
LTP Mn-Bi retaining high Hc was obtained after subsequent heat- 
treatment [25]. 

The above results show that Mn-Bi alloy can be a good candidate for 
a gap magnet. However, it was reported that the Hc sharply decreases to 
less than 1 kOe at 223 K [40]. This indicates that it is still required to 
increase the low temperature Hc for application to electrical vehicles. 
Therefore, we aimed to develop a suitable ternary Mn-Bi-Z alloy with an 
excellent Hc value in the practical operation temperature range. We 
firstly optimized the composition of binary Mn-Bi alloys through com-
mon processing methods, such as arc-melting, melt-spinning, and 
annealing processes. To improve the thermal and magnetic properties, 
the effects of various heterogeneous elements, i.e., Sn, Cu, Al, and Sb, 
were examined. It was found that the grain refinement was well devel-
oped when Bi was replaced with Sb. We studied the crystallographic, 
microstructural, and magnetic properties by subdividing the Sb con-
centration in Mn-Bi, i.e., Mn54Bi46-xSbx (0.0 ≤ x ≤ 5.0). As a result, the 
magnetic properties of the Sb substituted LTP Mn-Bi were measured to 
confirm their performance in a wide temperature range between 223 
and 378 K for practical electronic applications. 

2. Experimental method 

MnxBi100-x (x = 48, 50, 52, 54, 56, 58, and 60) ribbons were prepared 
by arc-melting high purity Mn (99.9 %) and Bi (99.99 %) chips in an Ar 
atmosphere, followed by melt-spinning and annealing processes. The 
chips for each composition were mixed in the designated atomic ratios 
and placed on a copper hearth for the arc-melting. The arc-melted ingots 
were flipped and re-melted four times to ensure homogeneity. The 
fabricated ingots were then induction-melted in quartz nozzles with a 
0.4 mm orifice and ejected onto a Cu wheel rotating at a tangential 
velocity of 50 m/s in an Ar atmosphere. The melt-spun ribbons were 
inserted into a horizontal tube furnace for annealing in an Ar atmo-
sphere at temperatures ranging from 544 K, i.e., the melting tempera-
ture of Bi, to 613 K, i.e., the upper limit of the LTP crystallization 
temperature, for 24 hrs. The third element Z (=Sn, Cu, Al, and Sb) 
substituted Mn-Bi ribbons, i.e., Mn-Bi-Z, were fabricated with the same 
methods as the above Mn-Bi ribbons, but they were annealed at the 
optimized annealing temperature of 558 K. The purities of the substi-
tution elements Sb, Sn, Al, and Cu were 99.9999 %, 99.99 %, 99.0 %, 
and 99.99 %, respectively. 

An X-ray diffractometer (XRD, Rigaku D/MAS-2500/PC) with Cu Kα 
radiation (λ = 1.54056 Å) was used to analyze the crystal structure of the 
annealed Mn-Bi and Mn-Bi-Z ribbons, and the relative weight fraction 
and lattice parameter were calculated using Rietveld refinement by the 
JADE 9.5 program (Materials Data, Inc.) [26,27]. The morphology and 
microstructure of the annealed ribbons were observed by field emission 
scanning electron microscopy (FE-SEM, TESCAN, Czech, MIRA3). The 
elemental compositions of the annealed ribbons were analyzed by 
transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan) and 
energy-dispersive X-ray spectroscopy. A vibration sample magnetometer 
(VSM, Lakeshore, 7410, USA) with a maximum field of 2.5 T at 300 K 
and SQUID-VSM (Quantum Design MPMS-3) with a maximum applied 
field of 5 T at 223, 248, 298, and 378 K were used to measure the 
magnetic properties of the samples. For the magnetic property mea-
surement, the annealed ribbons were gently crushed with a mortar and 
pestle, and packed with paraffin wax in to cup-shaped Cu holders 
without any additional magnetic alignment process. The (BH)max of the 
annealed ribbons were evaluated using their density using their lattice 
parameters measured by XRD and their compositions based on the 
theoretical value. 

3. Results and discussion 

3.1. Composition optimization of binary Mn-Bi 

Prior to the investigation of the third element substituted Mn-Bi 
alloy, the composition of the Mn-Bi binary phase was optimized. 
MnxBi100-x (x = 48, 50, 52, 54, 56, 58, and 60) melt-spun ribbons were 
fabricated and their magnetic properties and the weight fractions of the 
crystallized phases were characterized. Fig. 1 (a) shows the XRD pat-
terns of the annealed Mn-Bi ribbons. According to the XRD patterns and 
weight fraction analyses, LTP Mn-Bi were the main phase in all the 
sample. It is evident that the LTP Mn-Bi with a NiAs-type hexagonal 
structure with lattice constant of a = 4.29 Å, c = 6.12 Å was formed after 
the annealing process. The weight fractions of LTP Mn-Bi obtained when 
the Mn concentration x was 48, 50, 52, 54, 56, 58, and 60 were 77.9, 
78.6, 95.7, 100, 94.2, 92.3, and 88.0 wt%, respectively. And when Mn 
concentration x = 54, a single-phase LTP Mn-Bi sample was obtained. 
The weight fraction of the LTP Mn-Bi for the sample at x = 48 was 77.9 
wt%, which increased to higher than 99 wt% at x  = 54. And then, it 
started to decrease as the Mn concentration further increased. It is noted 
that peaks for residual Bi with hexagonal structure appeared in all 
samples, except for the sample at x = 54, and their concentration 
decreased as the amount of Mn increased as can be seen in Fig. 1 (a). For 
the samples with high Mn concentrations, i.e., x  = 56 and 58, manga-
nese oxide peaks were also observed due to the remaining Mn, which is 
susceptible to oxidation. 

In Fig. 1(b), we present the weight fraction of LTP Mn-Bi alongside 
the magnetization at 2.5 Tesla (M2.5 T) as a function of Mn concentra-
tion. It is evident that as the Mn concentration increases up to x = 54, the 
weight fraction of LTP Mn-Bi also increases, resulting in a corresponding 
increase in M2.5 T. At Mn concentration x = 54, which contains the 
highest weight fraction of LTP Mn-Bi, the material exhibits its peak M2.5 

T property, measuring at 62.5 emu/g. However, when the Mn concen-
tration surpasses x = 54, the weight fraction of LTP Mn-Bi starts to 
decrease, leading to a subsequent decline in M2.5 T properties. This 
observation highlights the direct relationship between the weight frac-
tion of LTP Mn-Bi, determined by the Mn concentration conditions, and 
its influence on the M2.5 T property. According to the references [28], it 
was confirmed that an excess Mn is necessary to obtain the highest 
purity of LTP to combat the phase segregation of Mn from the melt 
during arc-melting and melt-spinning processes. Thus, it is reasonable 
that Mn54Bi46 showed the highest weight fraction of LTP and M2.5 T. 
Therefore, for further experiments with the third element substituted 
Mn-Bi, Mn54Bi46 was used as a standard binary Mn-Bi composition to 
enhance the magnetic properties. 
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3.2. Effects of third element substitutions into LTP Mn-Bi 

As a third element to replace partial Bismuth, Sn, Cu, Al, and Sb were 
selected to improve the magnetic property, which exhibited positive 
results in the previous computational simulations and experimental 
studies [8,10–15,21]. In order to confirm the positive effects and sys-
tematically study the detailed magnetic properties, Mn54Bi46-xZx melt- 
spun ribbons with a series of substitutional element concentrations (x) 
of 1, 3, and 5 at.% were fabricated with the same methods as the Mn-Bi 
binary ribbons. We calculated the lattice constants of the Mn-Bi samples 
substituted with Sn, Al, and Cu elements using the Rietveld refinement 
analysis. (The results have been summarized in the Table S1.) Fig. 2 
shows the element concentration dependence of M2.5 T and Hc for each 
composition. In Mn54Bi46-xSnx annealed ribbons, no secondary phase 
was found in the XRD pattern (not shown here) of the sample at x = 1, 
but residual Bi was crystallized and peaks for antiferromagnetic Mn3Sn 
with hexagonal structure [29] appeared as the Sn concentration 
increased. Accordingly, the corresponding M2.5 T decreased from 60.5 to 
57.7 emu/g as the Sn concentration increased from 0 to 3 at.%, while the 
Hc slightly increased from 0.4 to 1.1 kOe. The enhancement of Hc by the 
addition of Sn follows a trend similar to that in the previous studies [13]. 
Second, the Cu substituted Mn-Bi resulted in crystallization of a sec-
ondary Bi4Cu0.38Mn3.41 phase based on its XRD analysis, thus reducing 
the proportion of the hard magnetic LTP Mn-Bi. The orthorhombic unit 
cell of Bi4Cu0.38Mn3.41 phase is not ferromagnetic [30]. As the fractions 
of the LTP Mn-Bi and Bi4Cu0.38Mn3.41 phases decreased and increased, 

respectively, the M2.5 T dramatically decreased and Hc was enhanced 
with an increasing Cu concentration. Third, the Al substitution into LTP 
Mn-Bi resulted in a slight increase of M2.5 T to 62.2 emu/g until x = 1, 
and then it gradually decreased with further increases of the Al con-
centration. The change of Hc in Fig. 2 (b) shows that the Al substitution 
had the least effect on the Hc among the candidate substituting elements. 
Last, the Mn54Bi46-xSbx at x = 1 led to minor degradation of M2.5 T and 
significant improvement of Hc as can be seen in Fig. 2 (a) and (b); the 
M2.5 T decreased to 59.5 emu/g and Hc increased to 4.1 kOe. The trend of 
a dramatic increase in Hc with an increasing Sb concentration continued 
until x = 3, at which the Hc of 9.7 kOe was measured. From the above 
results from Sn, Cu, Al, and Sb substitutions into LTP Mn-Bi, we 
considered that Sb is the most effective element for Hc enhancement 
with a minor loss of M2.5 T. Therefore, we further investigated details of 
crystal structures, microstructures, and magnetic properties for the Sb 
substituted Mn-Bi. 

3.3. Sb substitution into LTP Mn-Bi 

3.3.1. Crystallographic properties of Sb substituted LTP Mn-Bi 
We fabricated Mn54Bi46-xSbx (0.0 ≤ x ≤ 5.0) annealed ribbons, and 

measured their crystallographic properties as shown in Fig. 3. In all the 
samples, no peaks for the residual Bi or manganese oxide were found. 
When the concentration of Sb in the LTP Mn-Bi was less than 1, i.e., x  =
0.0 and 0.5, all the peaks analyzed by XRD were identified as LTP Mn-Bi, 
suggesting that all Sb atoms were incorporated into the lattice of LTP 

Fig. 1. Mn concentration (x) dependences of the (a) XRD patterns and (b) The weight fraction of LTP Mn-Bi and the magnetization at 2.5 Tesla (M2.5 T) for the 
MnxBi100-x annealed ribbons at 558 K for 24 hrs. 

Fig. 2. Concentration (x) of substitution element (Z) dependences of (a) the magnetization at 2.5 Tesla (M2.5 T) and (b) coercivity (Hc) for the Mn54Bi46-xZx (Z = Sn, 
Cu, Al, Sb, x  = 0, 1, 3, 5) annealed ribbons. 
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Mn-Bi, while increasing peaks of the Bi9Mn10Sb phase were detected as 
the Sb concentration was further increased. The Bi9Mn10Sb phase is 
known to have antiferromagnetic properties in an orthorhombic struc-
ture (P2221) [30–32]. However, there is also a research result that the 
Bi9Mn10Sb compound exhibits ferromagnetism and substantial coer-
civity at below ~ 250 K [25]. The weight fraction of LTP Mn-Bi was still 
maintained at 83.7 % until x = 1.5, but then it decreased rapidly as the 
Sb concentration increased further, and only the Bi9Mn10Sb phase was 
identified at x = 5.0. The phase transformation process from LTP Mn-Bi 
to Bi9Mn10Sb phase with an increasing x can be observed in Fig. 3 (b). It 
is noteworthy that the (101) peak for LTP Mn-Bi was shifted from 
28.042◦ to 28.122◦ when the Sb concentration increased from 0 to 4 due 
to the smaller atomic radius of Sb compared to that of Bi. 

Fig. 4 shows the Sb concentration dependence of lattice parameters a 
and c, the c/a ratio, and the volume of the unit cell of Mn54Bi46-xSbx (0.0 
≤ x ≤ 5.0) annealed ribbons. It is noted that the lattice parameters were 
averaged from the XRD patterns measured by three fabricated samples 
for each composition. The lattice parameters for x = 0 were a = 4.2891 
Å, c = 6.1235 Å, and c/a = 1.4277, which are in good agreement with 
the previous research results of a = 4.29 Å, c = 6.12 Å, and c/a = 1.4271 
[33]. The overall change of the lattice constants a and c was in the same 

direction. Upon substituting more Sb, there was continuous change in 
the lattice parameters with a and c becoming smaller, and finally 
decreasing to 4.2791 Å and 6.1136 Å, respectively, for x = 3.0. The only 
data point that did not follow the overall trend is the c at the Sb con-
centration of 0.5; the lattice constant c when x = 0.5 was increased to 
6.1247 Å. We attributed the decreasing lattice constants to the smaller 
atomic radius of Sb than that of Bi, leading to shrinkage of the LTP Mn-Bi 
unit cell, as explained in the XRD analyses section above. The linearly 
decreasing trend for the lattice constants continued until x = 2.0 for c 
and x = 2.5 for a, and then began to slow down. Thus, the c/a ratio in the 
inset of Fig. 4 increased to 1.429 for x = 2.0, and then decreased to 
1.4287 for x = 3.0. The trends of the lattice parameters a, c, unit cell 
volume, and c/a ratio of the annealed ribbons well agree with those of 
previous results for MnBi1-xSbx by computational simulations [34]. 

3.3.2. Microstructures of Sb substituted LTP Mn-Bi 
To confirm the microstructural changes caused by the Sb substitution 

in the samples, we broke the Mn54Bi46-xSbx (x = 0.0, 0.5, 1.0, and 3.0) 
annealed ribbons to observe the fracture planes and analyzed them with 
FE-SEM as shown in Fig. 5. As shown in the figure, the grains were 
revealed on the fractured surface. For the sample at x = 0, the grain size 
ranged from 10 to 20 μm, which is as large as the thickness of the 
annealed ribbons. When Sb of 0.5 at.% was added in the LTP Mn-Bi, the 
grain sizes shrank dramatically to 1.53 um. Further increasing the Sb 
concentration to 1.0 and 3.0 at.% decreased the average grain size to 
0.95 and 0.36 μm, respectively, and also narrowed the size distribution 
as seen in Fig. 5. Under the condition of x = 3.0, the grain size reached 
the theoretical single domain size of the LTP Mn-Bi between 0.3 and 0.5 
μm [35,36]. The increase in Hc with a decreasing grain size in the LTP 
Mn-Bi has been well documented in previous studies [37]. 

Fig. 6 shows a TEM micrograph and EDS elemental maps of the 
Mn54Bi44.5Sb1.5 annealed ribbons for Mn, Bi, and Sb. As shown in the 
micrograph, fine dark colored crystallites were evenly distributed in the 
matrix. The elemental maps show that these fine crystallites had higher 
Mn concentration. On the contrary, Bi and Sb elements were uniformly 
distributed over the entire area, indicating that a non-magnetic inter-
granular phase [13,38], acting as a magnetic domain pinning site, was 
not developed. The XRD result in Fig. 3 confirmed that LTP Mn-Bi and 
Bi9Mn10Sb phases coexisted in the annealed ribbons. This indicates that 

Fig. 3. XRD patterns of the Mn54Bi46-xSbx (0.0 ≤ x ≤ 5.0) annealed ribbons.  

Fig. 4. Sb concentration (x) dependences of the lattice constants a and c, unit cell volume, and c/a ratio in the Mn54Bi46-xSbx annealed ribbons.  
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the annealed ribbon consisted of LTP Mn-Bi grains ranging from 300 to 
400 nm and ~ 60 nm sized Mn-rich phases embedded in the Mn-Bi 
matrix. This shows that the enhancement of the Hc by Sb substitution 
was strongly influenced by the grain refinement effect. 

3.3.3. Magnetic properties of Sb substituted LTP Mn-Bi 
VSM analysis was performed at room temperature to elucidate the 

effect of the Sb substitution on the magnetic properties. The measured 
hysteresis loops are shown in Fig. 7, and detailed M2.5 T, Mr, Mr/M2.5 T, 
Hc, and (BH)max are listed in Table 1. Fig. 7 (a) shows the magnetic 
hysteresis loops of the samples as a function of the Sb concentration, and 
the corresponding values are plotted in Fig. 7 (b). The measured hys-
teresis loop shows decrease the M2.5 T and increase Hc as the content of x 
increases. This trend is attributed to the decrease of the magnetic phase, 

LTP Mn-Bi, and the increase of the antiferromagnetic phase, Bi9Mn10Sb. 
This is consistent with the fact that the main peak intensity of the 
Bi9Mn10Sb phase increased significantly at x = 3 of Fig. 3. (b). Since the 
Bi9Mn10Sb is an antiferromagnetic phase [30,31] that does not exhibit 
great magnetic properties, it has a significant effect on the reduction of 
magnetization, but has a limited effect on the kink of the hysteresis 
loops, as seen in Fig. 7. 

The M2.5 T of the Sb-free LTP Mn-Bi annealed ribbon was 62.5 emu/g, 
which was initially somewhat maintained with the increasing Sb con-
centration until x = 2, and then it rapidly decreased with a higher Sb 
concentration. The degree of degradation of the M2.5 T with the Sb 
substitution was proportional to the fraction of the LTP replaced by the 
Bi9Mn10Sb phase. In addition, the reduction of M2.5 T was also caused by 
the magnetic moment decrease of Mn atoms. H. T. Nguyen, et al., per-
formed a density functional theory calculation on the Sb substituted LTP 
Mn-Bi and found that partial substitution of Sb for Bi reduced the 
magnetic moment of the Mn atom [34]. According to Fig. 4, the lattice 
constants a and c decreased with an increasing Sb concentration, which 
reduced the distance between the Mn atoms and increased the antifer-
romagnetic spin configuration, and thereby decreased the net magnetic 
moment. 

The Mr of the Sb substituted LTP Mn-Bi at x = 0.5 substantially 
increased from 14.7 emu/g for x = 0.0 to 36.3 emu/g due to the dra-
matic enhancement of the Hc from 0.5 to 2.24 kOe. The Mr increased up 
to 37.3 emu/g for x = 1.0 and remained almost constant until x = 1.5, 
after which it began to decrease monotonically with an increasing Sb 
concentration. The initial enhancement of Mr was strongly related to the 
rise of Hc, while the latter monotonic decrease was caused by the drastic 
degradation of Ms. The Hc rapidly increased to 8.15 kOe for x = 1.5, then 
there was no further drastic change at the higher Sb concentrations. This 
Hc enhancement was attributed to the continued grain size refinement 
from several tens of microns for x = 0.0 to submicron for x = 0.5 as 
shown in Fig. 5. An additional reason for the enhanced Hc is that the c/a 
ratio increased until x = 2.0, and hence the magneto-crystalline 
anisotropy increased. The enhancement of the magnetic anisotropy of 
LTP Mn-Bi by the Sb substitution has also been noted in computational 
simulation studies. H. D. Qian et al. studied the effect of the Sb substi-
tution for Bi in LTP Mn-Bi using first-principle calculations and found 
that the K value is dramatically enhanced from a small negative value 
(-0.85 MJ/m3) to a large positive value (6.042 MJ/m3) at 0 K [12]. A 
trend similar to that for Mr is seen for (BH)max with the Sb substitution in 
Fig. 7 (b). With the increasing Sb substitution concentration, the (BH)max 

Fig. 5. FE-SEM images of the fractured planes and grain size distributions of the Mn54Bi46-xSbx annealed ribbons (x = 0.0, 0.5, 1.0 and 3.0).  

Fig. 6. A TEM micrograph and EDS elemental maps of the Mn54Bi44.5Sb1.5 
annealed ribbon. 
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increased from 0.15 MGOe for the Sb-free sample to 3.27 MGOe for x =
1.5. Afterwards, with further increases of the Sb concentration, the 
(BH)max monotonically decreased to 0.02 MGOe for x = 5.0, according 
to the tendency of Mr. 

The hysteresis loops of the four selected annealed ribbons, i.e., 
Mn54Bi46-xSbx (x = 0.0, 1.0, 1.5, and 3.0), were measured at tempera-
tures of 223, 248, 298 and 378 K to fully understand the temperature 
dependence of Hc according to the Sb concentration as shown in Fig. 8. 
The figure shows that the Hc of all samples increase as the temperature 
rises, since LTP Mn-Bi has a positive temperature coefficient of Hc, which 
originated from the increasing K of LTP Mn-Bi with temperatures from 
150 to 530 K [4,39–41]. The Hc of the Sb-free annealed ribbon 
dramatically decreased from 2.89 to 0.27 kOe when the temperature 
decreased from 378 to 223 K. This indicates that the Hc measured at 223 
K was reduced to less than 10 % compared to the value measured at 378 
K. On the other hand, the Sb substitution resulted in a significant in-
crease in Hc over the entire temperature range from 220 to 380 K as 
shown in Fig. 8. The Hc for x = 1.5 was 17.0 kOe and 4.1 kOe at 378 K 
(105 ◦C) and 248 K (-25 ◦C), respectively, where the temperatures were 
close to the highest and lowest temperatures that an electronic device 
can experience in daily life. Therefore, despite the degradation of the Ms 
and Mr, the above results demonstrate that the substitution of Sb into 
LTP Mn-Bi can significantly improve the magnetic properties over a 
wide temperature range. 

4. Conclusions 

We first optimized the composition of Mn-Bi annealed ribbons, and 
then tested the Sn, Cu, Al, and Sb substitution effects on the Mn-Bi 
annealed ribbons for magnetic property enhancement. We concluded 
that the Sb substitution had the most positive effects on the enhance-
ment of magnetic properties, and thus, we conducted a detailed inves-
tigation of Sb substitution effects, i.e., Mn54Bi46-xSbx (0.0 ≤ x ≤ 5.0), on 
phase crystallizations, microstructures, and magnetic properties. We 
found the LTP to be the main phase in the annealed ribbons with x ≤ 0.5, 
whereas the secondary Bi9Mn10Sb phase began to appear at a higher x. 
Nevertheless, the remanent magnetization (Mr) increased significantly 
until around x = 1.5 due to the substantially enhanced coercivity (Hc) 
caused by microstructure refinement from a few tens of microns to 
submicrons approaching the single domain size of LTP Mn-Bi. The Mr, 
Hc, and maximum energy product (BH)max for x = 1.5 were 37.2 emu/g, 
8.15 kOe, and 3.27 MGOe, respectively, which were considerably 

Fig. 7. Sb concentration (x) dependences of the (a) magnetic hysteresis loops and (b) magnetization at 2.5 Tesla (M2.5 T), remanent magnetization (Mr), coercivity 
(Hc), and maximum energy product (BH)max in the Mn54Bi46-xSbx annealed ribbons. 

Table 1 
Magnetization at 2.5 Tesla (M2.5 T), remanent magnetization (Mr), squareness 
(Mr/ M2.5 T), coercivity (Hc), and maximum energy product (BH)max in the 
Mn54Bi46-xSbx annealed ribbons.  

Sb concentration 
(x) 

M2.5 T 

(emu/g) 
Mr 

(emu/g) 
Mr/M2.5 

T (%) 
Hc 

(kOe) 
(BH)max 

(MGOe)  

0.0  62.5  14.7  23.6  0.50  0.15  
0.5  62.4  36.3  58.2  2.24  2.08  
1.0  59.5  37.3  62.7  4.09  3.00  
1.5  56.8  37.2  65.6  8.15  3.27  
2.0  50.3  32.7  64.9  9.77  2.53  
2.5  49.4  32.3  65.3  9.52  2.47  
3.0  40.9  26.3  64.4  9.69  1.68  
4.0  26.0  16.1  61.8  10.59  0.63  
5.0  8.7  4.0  45.8  9.28  0.02  

Fig. 8. Temperature dependences of coercivity (Hc) of the Mn54Bi46-xSbx (x =
0.0, 1.0, 1.5, 3.0) annealed ribbons. 
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increased from 14.7 emu/g, 0.50 kOe, and 0.15 MGOe for the Sb-free 
sample. The fabricated Sb substituted Mn-Bi also exhibited enhanced 
temperature dependence of Hc over a temperature range from 223 to 
378 K. Accordingly, our study confirmed that the Sb substituted Mn-Bi is 
a potential rare-earth free permanent magnetic material over the wide 
temperature range that practical electronic devices can experience. 
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