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a b s t r a c t   

Mn-Al-C system offers a possibility of rare-earth-free permanent magnets with the reduced temperature- 
dependent deterioration of magnetic properties. The Mn-Al-C alloy composition and magnetic properties 
have been optimized via calculations of electronic structures and phase stability of L10-ordered ferro-
magnetic τ-phase (Mn0.5Al0.5)100−xCx. The WIEN2k program package, Vienna Ab-initio simulation package 
(VASP), and Alloy Theoretic Automated Toolkit (ATAT) were used to calculate and identify the optimal 
carbon content for the most stable τ-phase of the L10-structured Mn-Al-C. We used the Brillouin function 
and Callen-Callen semiempirical relation to obtain the saturation magnetization and magnetocrystalline 
anisotropy constant at elevated temperatures. It was found that a carbon content of 2.33 at% gives the most 
stable τ-phase L10 (Mn0.5Al0.5)100−xCx that has the lowest formation energy and highest saturation mag-
netization among the studied carbon contents (x = 0–3.03 at%). The magnetocrystalline anisotropy constant 
at 0 K increases with increasing the carbon content. Therefore, the carbon-doped Mn-Al becomes mag-
netically harder than the pure Mn50Al50. However, the anisotropy constant decreases at 300 K as the carbon 
content increases. The Curie temperature decreases to 590 K at x = 2.33 from 685 K at x = 0.0. The estimated 
saturation magnetization was approximately 130 emu/g at 300 K, leading to 18 MGOe under Bs = Br and 
Hci >  Br/2. Therefore, it is highly probable that Mn-Al-C potentially fills the gap between 10 and 30 MGOe 
magnets. The results in this study quantify and explain the reason for widely studying the approximately 
2 at% carbon-doped Mn-Al systems. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

The application of permanent magnets (PMs) has been ex-
panding towards sustainable energy devices, including electric ve-
hicle (EV) motors, wind power generators, and flying car (drone) 
motors. The figure of merit for a PM is the maximum energy product, 
(BH)max, in the unit of MGOe. The (BH)max can be estimated as 
(BH)max = (Br)2/4 for Hci > Br/2 or (BH)max = (Br – Hci)Hci for Hci <  Br/2, 
assuming an ideal rectangular hysteresis loop [1,2]. Br is the re-
manent magnetization and Hci is the coercivity of the magnetic 

material. The torque of the motor and power densities are de-
termined by (BH)max. Therefore, a high magnetization and coercivity, 
high Curie temperature (Tc), and high magnetocrystalline anisotropy 
constant (K) are required. 

There is a sizeable permanent magnet market for the range 
10–30 MGOe; however, no permanent magnet has (BH)max between 
10 MGOe (Alnico/Ferrite) and 30 MGOe (Sm-Co or Nd-Fe-B). Rare- 
earth-free magnetic materials, such as MnBi, MnAl, and MnGa, po-
tentially fill the gap between Alnico/Ferrite and Sm-Co or Nd-Fe-B  
[1]. In particular, the L10 τ-phase MnAl has attracted considerable 
attention because of its high magnetic moment, high magnetocrys-
talline anisotropy constant, high Curie temperature (650 K), and low 
density (5.3 g/cm3) [1–7]. Most recently, MnBi-Sn displayed 14.3 
MGOe of (BH)max at 300 K [8], which is close to the theoretical 17.7 
MGOe of LTP MnBi [8,9]. 

https://doi.org/10.1016/j.jallcom.2022.165773 
0925-8388/© 2022 Elsevier B.V. All rights reserved.   

]]]] 
]]]]]] 

⁎ Corresponding authors. 
E-mail addresses: wooyoung@yonsei.ac.kr (W. Lee),  

ykhong@eng.ua.edu (Y.-K. Hong). 
1 Co-first author. 

Journal of Alloys and Compounds 919 (2022) 165773 

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2022.165773
https://doi.org/10.1016/j.jallcom.2022.165773
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.165773&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.165773&domain=pdf
mailto:wooyoung@yonsei.ac.kr
mailto:ykhong@eng.ua.edu
https://doi.org/10.1016/j.jallcom.2022.165773


The theoretical upper limit of (BH)max for the L10 τ-phase MnAl is 
14 MGOe [10,11]; it is 12.64 MGOe for L10 τ-phase Mn50Al50, under 
the assumption Br = 0.7Bs [6]. Furthermore, Cui et al. have reported 
that the theoretical upper limits of (BH)max for the Mn-Al and Mn-Al- 
C alloys are 13.2 MGOe and 16.8 MGOe, respectively [12]. The 
comprehensive review results of rare-earth-free permanent mag-
nets, including Mn-Al, are well documented in Ref. [12]. 

The highest experimental (BH)max is 7 MGOe for L10 τ-phase Mn- 
Al-C [13]. This (BH)max is still very small compared to the theoretical 
upper limit because of the narrow range of the L10 τ-phase in the 
phase diagram shown in Fig. 1, indicating a phase-stability issue. 
This implicates some difficulty of obtaining τ-phase and high coer-
civity. Fig. 2 represents two types of transformations occurring 
during the synthesis process. One is the crystallographic transfor-
mation, that is, ε → ε′ → τ, and the other is the magnetic transfor-
mation, that is, A3 (anti-ferromagnetic) → B19 (intermediate 
ferromagnetic) → metastable L10 (ferromagnetic). The L10 τ-phase 
MnAl forms within a narrow composition range of 48–59 at% 
(65.3–74.6 wt%) of Mn, as shown in Fig. 2 [3–5]. 

L10 τ-phase Mn-Al is conventionally synthesized by rapidly 
quenching the high-temperature ε-phase Mn-Al to room tempera-
ture, then annealing at temperatures between 350 and 650 °C  
[14,15]. Tong et al. have reported a saturation magnetization (σs) of 
125 emu/g and coercivity (Hci) of 2.04 KOe for Mn54Al46 [16], and a σs 

of 118 emu/g is reported for Mn55Al45 [17]. The prolonged annealing 
at elevated temperatures results in the transformation or decom-
position of the τ-phase Mn-Al phase to the stable and nonmagnetic 
cubic β-Mn and trigonal γ2-Al8Mn5 phases [3,18]. This decomposition 
is because of the nature of the metastable τ-phase Mn-Al phase. 
Therefore, it is challenging to obtain a high purity, equiatomic L10 τ- 
phase Mn50Al50 experimentally. 

To improve the stability of the L10 τ-phase Mn-Al phase, Mn-Al is 
doped with a small amount of carbon. Otani et al. reported that the 
solubility limit of carbon to 72 wt% Mn-Al is 0.6 wt% (2.10 at%), and 
the excess of carbon effectively increases the coercivity because of 
the presence of the Mn3AlC precipitates [13]. The carbon atom is 
located at (½, ½, ½) in the L10 Mn-Al unit cell. The stability of me-
tastable τ-phase Mn-Al is improved by adding a C atom [19]. The 
most studied carbon-doped composition is Mn >  54 at% because of 
the less probability of occurrence of the secondary phases in the Mn- 
Al alloy. Nguyen et al. reported 570 kA/m (111.8 emu/g) of σs for 
mechanically alloyed Mn54.2Al43.8C2 [20], and Fang et al. have ob-
tained 117 emu/g of σs and estimated 137 emu/g for the theoretical 
maximum magnetization of drop-cryo-milled Mn55Al45C2 [21]. Fur-
thermore, the Mn55Al43C2 alloy was fabricated by the high-pressure 
torsion deformation process. Its coercivity and σs were 2.4 kOe and 
115 emu/g, respectively [22]. The most studied Mn-Al-C system is 
based on approximately 2 at% of the carbon content to stabilize the 
τ-phase, thereby obtaining a high saturation magnetization. 

The equiatomic alloy 50 at% MnAl has been rarely studied be-
cause the τ-phase Mn-Al forms within a narrow composition range 
from 48 to 59 at%, but with Mn-rich compositions (Mn > 54 at%). It is 
worth noting that two stable paramagnetic phases exist near the τ- 
phase region in Fig. 1: nonmagnetic cubic β-Mn for Mn-rich com-
position and trigonal γ2-Al8Mn5 for Al-rich composition. These two 
phases degrade the magnetic properties of L10 τ-phase Mn-Al. 

Sakuma performed first-principles calculations on L10 τ-phase 
Mn50Al50 and found that the magnetocrystalline anisotropy energy 
(Hk) is dependent on the c/a ratio [7]. Pasko et al. synthesized Mn-Al 
with various compositions, such as Mn50Al50, Mn49Al49C2, Mn55Al45, 

Fig. 1. Partial Mn–Al binary phase diagram [5].  

Fig. 2. Crystallography of (a) A3 (ε phase), (b) B19 (ε′ phase) and (c) L10 tetragonal (τ phase) for MnAl (red: Mn or Al, orange: Mn, blue: Al).  
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and Mn54Al44C2 alloys, and characterized them for their magnetic 
properties [23]. Mn54Al44C2 shows the highest saturation magneti-
zation among the studied compositions. It holds a Curie temperature 
of 610 K. An atomistic spin dynamics model for the ideal τ-phase 
Mn50Al50 was developed using first-principles calculations [24]. Cuo 
et al. have reported a σs of approximately 390 emu/cm3 (73.6 or 
76.5 emu/g) and a coercivity (Hci) of 2.2 kOe for the Mn50Al50/Al bi-
layer film after annealing the film at 673 K for 30 min [25]. These 
experimental results indicate that alloying Mn-Al with carbon es-
tablishes the τ-phase stability. Carbon plays a crucial role in im-
proving magnetization and coercivity by suppressing the 
decomposition of the τ-phase into β-Mn and γ2-Al8Mn5 phases. 
However, a theoretical understanding or prediction of the effect of 
carbon on the τ-phase stability, magnetocrystalline anisotropy, and 
magnetic moment at elevated temperatures remains unreported. 
The Mn50Al50 composition at the edge of the phase diagram, that is, 
paramagnetic γ2 (Fig. 1) and the τ-phase are more stable in Mn54Al46; 
however, we chose the equiatomic Mn50Al50 composition to study 
the phase stability of Mn-Al-C and save computation energy. 

The contribution of this study is threefold: the electronic struc-
ture calculation of Mn-Al-C, calculation of phase stability, and 
synthesis of τ-phase Mn-Al-C according to the theoretically identi-
fied composition. Furthermore, we also report the theoretical tem-
perature dependence of magnetization M(T), magnetocrystalline 
anisotropy constant K(T), and composition dependence of Curie 
temperature Tc(x) of (Mn0.5Al0.5)100-xCx. Determining the critical 
carbon content, which primarily stabilizes the τ-phase of 
(Mn0.5Al0.5)100-xCx, and the experimental verification of the theore-
tically optimized carbon content is the focus of this study. 

2. Methods 

2.1. Computational 

The crystal structures shown in Fig. 3 were used to calculate the 
electronic structures of (Mn0.5Al0.5)100-xCx (x = 0, 1.54, 2.33, and 3.03). 
The WIEN2k program package was used to calculate the electron 
density within an L10 τ-phase MnAl unit cell. We also used the 
Vienna Ab-initio simulation package (VASP), based on the density 
functional theory (DFT), to perform first-principles calculations 
under the collinear magnetic spin arrangement assumption. The 
density of states (DOS) and magnetocrystalline anisotropy energy 
(MAE) were then obtained. All spin-polarized and spin-orbit cou-
plings are calculated by DFT within the generalized gradient ap-
proximation (GGA) [26], with a k-point of 8 × 8 × 8 and plane-wave 
cutoff energy of 350 eV. A frozen-core full-potential projected aug-
mented wave (PAW) method was used to perform the first-princi-
ples calculations [27,28]. 

To calculate the electron density distribution ρr in L10 τ-phase 
Mn50Al50, we employed the WIEN2k package [29]. The partial atomic 
wave (as) in the atoms and the plane wave (ir) in the interstitial 
region are considered. The electron density ρas and ρir are calculated 
by orthogonalizing the wave function Ѱ(r). After combining ρas and 
ρir, we obtain the total electron density ρr and construct the electron 
density map. The electron density map identifies the sites available 
in the Mn-Al unit cells for doping carbon atoms. 

We use the Alloy Theoretic Automated Toolkit (ATAT: a collection 
of alloy theory tools) [30,31] to calculate the phase stability of 
(Mn0.5Al0.5)100-xCx (x = 0, 1.54, 2.33, 5.88, 11.11, and 20). The cluster 
expansion method parameterizes the physical properties of a multi- 
component system depending on the atomic configuration [32]; 
therefore, the formation energy is calculated. As implemented in the 
ATAT, the MIT ab initio Phase Stability code [33] is used to construct 
the cluster expansion in conjunction with a first-principles code, 
that is, VASP. First-principles calculations obtain the relaxed lattice 
parameters and six total energies for six different compositions of 
Mn-Al-C. These values are used to calculate the effective cluster 
interactions (ECIs). The formation energy of the known structure 
(Mn50Al50)100-xCx is then calculated in terms of chemical composi-
tion. The lattice geometry finds the best structure for the phase 
stability of the Mn-Al–C system. The total energy determines the 
best cluster expansion for the Mn-Al-C structure through first- 
principles calculations (i.e., VASP). In cluster expansion formalism, 

=E J( , )n1 , where E is the energy per atom of an alloy, J is 
the expansion coefficient, σ is the occupation variable, and α is a 
cluster. ECIs and the formation energy are presented for the under-
lying crystal structure. 

The solution to the Kohn-Sham equation gives the DOS and MAE. 
First-principles calculations were performed using the VASP package 
based on DFT and a frozen-core full-potential PAW. The DFT within 
GGA is used to calculate all spin-polarized and spin-orbit couplings; 
therefore, Eigenvalue and Eigenfunction are obtained. The following 
valence electrons are used for the electronic structure calculations: 
3d5 4s2 for Mn, 3s2 3p1 for Al, and 2s2 2p2 for C. Accordingly, DOS (n) 
is obtained by the difference of the integrated DOS (N) between two 
pins (i.e., the energy difference between two grid points) [34]. The 
saturation magnetization at 0 K (σs(0)) is then obtained from DOS. 
The MAE is calculated by the energy difference between the hard 
and easy spin directions. The calculated MAE is converted to the 
magnetocrystalline anisotropy constant Ku(0) as follows: 

= =n n E n E nE ( ˆ ) – ( ˆ ) ( ˆ ) ( ˆ ).MCA i i i i
total total

1 2 1 2 (1)  

To estimate the magnetization at elevated temperatures, the 
Curie temperature (TC) is calculated using the following mean-field 
approximation (MFA) expression [35]: 

= =T J J J,c k j j
2

3 0 0 0B (2) 

Fig. 3. (a) Magnetic structure of MnAl and (b) Mn-Al-C (orange: Mn, blue: Al, yellow: C).  
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where kB is the Boltzmann constant, J0 is the molecular field 
parameter, and J0j is the exchange integral. γ is obtained from S(S+1)/S2 

for the quantum spins and 1 for the classical spins. The exchange in-
tegral (Jij) is obtained using the number of nearest neighbors (zij) and its 
corresponding distance (rij), that is, =J S S n z( )/(4 )ij ij i j i j i ij . Si,j 

is the quantum spin of the ith or jth Mn atom, Δi,j is the exchange 
energy difference between the ground and excited states with the ith 
or jth Mn atom, ni is the number of ith atoms, and zij is the neighboring 
ith to the jth atom. The exchange integrals (J0j) consider interactions 
over all the neighboring spins. 

The temperature-dependent σs(T) ane Ku(T) are described by Eqs. 
(3) and (4), respectively. Accordingly, σs(0), Ku(0), and Tc are used in 
the calculation of σs(T) and Ku(T). (BH)max(T) is then estimated at 
elevated temperatures. The Brillouin function (B(J, a′)) can express 
the σs(T) curve [9]: 

= + +

=

J
J

coth
J

J
a

J
coth

a
J

B J a

(T) (0)
2 1

2
2 1

2
1
2 2

(0) ( , ),

s s

s (3) 

= +( )where a and
T T

J
J

/
/

3
1c

0 J is the angular quantum number. 

Regarding Ku(T), the spin and orbital moments are calculated for 
magnetization along the hard and easy directions to obtain the 
magnetocrystalline anisotropy energy (MAE: EMAE). The total en-
ergies calculated for these two directions are used to obtain the EMAE 

and Ku (= EMAE/unit-cell). Accordingly, EMAE = E < hard >  − E < easy > , 
where E < hard >  is the energy with spin along the <  100  >  direction 
and E < easy >  is the energy with spin along the < 001 > direction. The 
temperature-dependent magnetocrystalline anisotropy constant is 
given by Eq. (4) [36]: 

+

K K(T) (0)
(T)
(0)

,u u
s

s

n n( 1)

(4) 

where n is the power of the anisotropy function. 

2.2. Experimental 

(Mn0.5Al0.5)100-xCx (x = 0, 1.54, 2.33, and 3.03) powders were 
prepared by induction melting, heat treatment, melt-spinning, an-
nealing, grinding, post-heat treatment, and magnetic separation. 
Commercial raw elements Mn (99.99 %), Al (99.99 %), and C (99.95 %) 
were mixed in the desired atomic ratios. Because Mn is rapidly 
oxidized in air, the Mn chips were cleaned in an aqueous solution of 
nitric acid immediately before use. Owing to the high vapor pressure 
of Mn, an excess of Mn (3 wt%) was added. 

Furthermore, because of the significant difference in the 
melting temperature of each element, it is difficult to obtain a 
compositionally homogeneous Mn-Al-C alloy [37], and the C 
powder remained at the bottom of the alloy during the melting 
process. A mixture of Mn, Al, and C was heated at 1000 °C for 10 h 
in vacuum and cooled to room temperature. The resulting alloy 
ingot was melted and ejected onto the surface of a rotating copper 
wheel in a ribbon form under an Ar atmosphere at 50 kPa; the 
tangential speed of the wheel was set to 20 m/s. To obtain the 
ferromagnetic τ–phase of (Mn0.5Al0.5)100-xCx, the melt-spun Mn- 
Al-C ribbons were annealed at an optimized temperature of 550 °C 
for 60 min in vacuum. The annealed ribbons were mechanically 
crushed into powder under an argon atmosphere using a SPEX 
8000D high-energy shaker ball mill. Hardened steel bearing balls 
of 10 mm diameter were used as the milling medium. The ball-to- 
powder weight ratio was fixed at approximately 10:1. To prevent 
the heating of the vial and load, the milling process was performed 
for 10 min. The loading and sealing of the vials were performed 
with oleic acid in an Ar-controlled glove box. In general, the me-
chanical milling into powders can create the decomposition of 
τ–phase to equilibrium β and γ2 phases [38–40]. Thereafter, the 
milled powders were heated again in vacuum for 15 min at 500 °C, 
which is the formation temperature of τ–phase [38–40]. Subse-
quently, magnetic separation, which was suggested in our previous 

Fig. 4. 2D electron density map for (a) (0 0 ½) plane and (b) (0 ½ 0) plane and (c) 3D electron density map (yellow region: lowest electron density).  
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study [41], was performed to increase the ferromagnetic phase 
content. 

The as-spun ribbons, annealed ribbons, and magnetically sepa-
rated powders were characterized by X-ray diffraction (XRD, Bruker 
D8 Advance with LynxEye) with Cu Kα radiation to determine their 
phases. The morphology of the resultant powder was investigated by 
scanning electron microscopy (SEM, JEOL, JSM-7800F). The magnetic 
properties were measured at room temperature by vibrating sample 
magnetometry (VSM, Lakeshore 7410 series) under a maximum 
applied field of 30 kOe. 

3. Results and discussion 

We calculated the electron density of L10 τ-phase Mn50Al50 in  
Fig. 3(a) to confirm the availability of the interstitial sites in the L10 

Mn50Al50 unit cell for carbon atoms. Fig. 4 illustrates an electron 
density map and confirms the available sites on the (0 0 ½) and (0 ½ 
0) planes, as highlighted by red. The red regions are the most elec-
tron-deficient in the Mn50Al50 unit cell. These results are in good 
agreement with the previously reported results [42]. We inserted a 
carbon atom into the interstitial site, as shown in Fig. 3(b), and 
calculated the relaxed lattice constants for (Mn0.5Al0.5)100-xCx. The 
relaxed lattice constants, volume, and c/a ratio are summarized in  
Table 1. All the lattice constants, a, b, c, and the unit cell volume 
increase as the carbon content increases from x = 0–3.03. An increase 
in the volume indicates that the carbon atoms occupy the interstitial 
sites (½, ½, ½). Moreover, the c/a ratio gradually increases for x  >  0. 

The relaxed lattice constants were used in the phase stability 
calculation of (Mn0.5Al0.5)100-xCx (x = 0–20). We used the ATAT tool 
kits to calculate the phase stability, identifying the most τ-phase- 
stable composition among the studied compositions. The kits are 
based on the MIT ab initio Phase Stability code, described in Sections 
2-1. Fig. 5 shows the composition-dependent formation energy (0 ≤ 
x ≤ 20) and a convex-hull-like curve, along with the experimental 
magnetization for (Mn0.5Al0.5)100-xCx (0 ≤ x ≤ 3.03). These are the 
results of ATAT performance and VSM characterization. Negative 
formation energy relative to pure Mn50Al50 was obtained for the 
compositions (0 ≤ x ≤ 20). The composition with x = 2.33 shows the 
lowest formation energy, i.e., the ground-state energy, and the 
highest experimental magnetization. This demonstrates that the L10 

τ-phase (Mn0.5Al0.5)100-xCx is mostly stable at x = 2.33 among the 
studied compositions, explaining well the reason for widely 
studying the approximately 2 at% carbon-doped Mn-Al. 

We used the relaxed lattice constants to calculate the electronic 
structure of L10 τ-phase (Mn0.5Al0.5)100-xCx. The calculation results, 
i.e., DOS and partial spin resolved DOS (pDOS), are shown in Fig. 6.  
Fig. 6(a) is the DOS for the undoped L10 τ-phase Mn-Al (x = 0), (b) is 
the DOS for x = 1.54, (c) is the DOS for x = 2.33, and (d) is the DOS for 
x = 3.03. The pDOS are shown in Fig. 6(e–h): (e) x = 0, (f) x = 1.54, (g) 
x = 2.33, and (h) x = 3.03. The Fermi energy resides in the deep val-
leys in both majority and minority bands, suggesting the electronic 
structure stability in Mn50Al50. The doping of L10 τ-phase Mn-Al with 
carbon significantly changes DOS. A strong DOS peak appears near 
− 11 eV in the L10 τ-phase Mn-Al-C (x = 2.33), implying a change in 
the electronic structure. The valence band splits into two bands. The 

lower band starts at approximately − 11 eV and ends at approxi-
mately − 8.5 eV. This lower band is primarily attributed to the carbon 
s-state. The upper band starts at − 8.5 eV and occupies up to the 
Fermi level. Electrons from Mn primarily contribute to this upper 
band. No gap appeared between the valence and conduction bands; 
therefore, the L10 τ-phase Mn-Al is metallic. The magnetic moment 
(µB/unit cell) was obtained from the DOS in Fig. 6 and converted to 
the σs(0) in the unit of emu/g. 

We calculated EMAE(0) and Ku(0) (= EMAE/unit-cell) of 
(Mn0.55Al0.45)100C2 using the method presented in Section 2.1.  
Table 2 summarizes the σs(0) and Ku(0). The σs(0) decreases from 
143 emu/g to 137 emu/g as the carbon content increases from x = 0 to 
x = 3.03. Notably, the σs(0) is138 emu/g at x = 2.33. The Ku at 0 K in-
creases to 1.45 MJ/m3 at x = 3.03 from 1.37 MJ/m3 at x = 0, which is in 
good agreement with the Ref. [7]. Therefore, the carbon-doped L10 τ- 
phase Mn-Al-C became magnetically harder than L10 τ-phase 
Mn50Al50 (x = 0). However, the decrease in the σs(0) is insignificant. 
Fang et al. reported a σs of 117 emu/g for (Mn0.55Al0.45)100C2 at 300 K  
[21], which is smaller than σs(0). The calculated magnetization and 
magnetocrystalline anisotropy constant at 300 K will be discussed 
and compared with the experimental results. 

To estimate σs(300 K), and Ku(300 K), we have calculated the 
Curie temperature (TC) of (Mn0.5Al0.5)100-xCx (x = 0–3.03) using the 
method described in Sections 2-1. The TC and room-temperature σs 

and Ku are summarized in Table 3. The calculated TC, σs(0 K), and Ku 

(0 K) were used in the calculation of σs(T) and Ku(T) according to Eqs. 
(3) and (4). Fig. 7 shows the calculated TC with carbon content (x) 
and experimental TC [13,43]. The Tc decreases to 572 K at x = 3.03 
from 685 K at x = 0. The experimental TC is lower than the calculated 
one over the entire range of carbon content. This discrepancy is at-
tributed to the existence of a large amount of nonmagnetic cubic β- 
Mn and trigonal γ2-Al8Mn5 phases in the experimental samples  
[3,18]. However, the TC of 590 K at x = 2.33 is still higher than the 
473 K (200 °C), which is the motor operation temperature desired for 
an EV. Therefore, the x = 2.33 composition is reasonably good for the 
high magnetization and magnetocrystalline anisotropy. 

From the practical application aspect, a permanent magnet 
motor must withstand elevated temperatures, such as 473 K 
(200 °C). Therefore, we studied the thermal variation of magnetiza-
tion σs(T) and the magnetocrystalline anisotropy constant Ku(T) for 
(Mn0.5Al0.5)100-xCx (x = 0 – 3.03) using Eqs. (1)–(4). This is because 
the saturation magnetization and magnetocrystalline anisotropy 
constant, i.e., coercivity, determine the maximum magnetic energy 
product (BH)max = (Br - Hc)Hc of a magnet. Fig. 8(a) and (b) show the 
calculated σs(T) and Ku(T) as a function of carbon content, respec-
tively. The σs (300 K) and Ku (300 K) decrease with increasing the 
carbon content, but Ku(0) increases, as presented in Table 2. This 

Table 1 
Relaxed lattice constant for (Mn50Al50)100-xCx.        

x (at%) Lattice Constant, u.c. (Å) Volume, u.c. (Å3) c/a 

a b c   

0  3.84  3.84  3.34  49.26  0.870  
0.78  3.85  3.85  3.38  50.10  0.878  
1.54  3.89  3.89  3.42  51.75  0.879  
2.33  3.92  3.92  3.45  53.01  0.880  
3.03  3.94  3.94  3.47  53.87  0.881 

Fig. 5. Formation energy and experimental magnetization of (Mn0.5Al0.5)100-xCx.  
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increase is attributed to an increase in the c/a ratio with the carbon 
(Table 1), while the decrease in Ku(300 K) is because of a decrease in 
TC, as shown in Fig. 7. As summarized in Table 3, the magnetization 

at x = 2.33 is approximately 130 emu/g at 300 K, and the magneto-
crystalline anisotropy is 1.02 MJ/m3. The corresponding (BH)max is 18 
MGOe, under Bs = Br and Hci >  Br/2. The theoretical magnetization is 

Fig. 6. DOS for (Mn0.5Al0.5)100-xCx; (a) x = 0, (b) x = 1.53, (c) x = 2.33, (d) x = 3.03, (e) Partial spin-polarized DOS (pDOS) for x = 0, (f) pDOS for x = 1.54, (g) pDOS for x = 2.33, and (h) 
pDOS for x = 3.03. 
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larger than the experimental magnetization of 116 emu/g for 
Mn55Al45 [44]. Tong et al. reported a saturation magnetization of 
125 emu/g for Mn54Al46 [45], close to the theoretical value of 
138 emu/g at 300 K in this study. Therefore, there is still plenty of 

room for improving the magnetic properties of an L10 τ-phase Mn-Al 
magnet for a high (BH)max. 

Experimental magnetic properties are as follows. The prolonged 
annealing of τ-phase Mn-Al leads to the decomposition of the τ- 
phase Mn-Al phase to the equilibrium, paramagnetic β-Mn, and γ2- 
Al8Mn5 phases [3]. Adding a small amount of C to τ-phase MnAl 
hinders the decomposition of the τ-phase, thereby increasing sa-
turation magnetization [16]. Further, our theoretical phase stability 
results in Fig. 5 demonstrate that the τ-phase MnAl is mostly stable 
at x = 2.33. Accordingly, we have synthesized (Mn0.5Al0.5)100-xCx 

(x = 0 –3.03) by the preparation method described in Sections 2-2. 
The synthesized ribbons and powdered samples were characterized 
to obtain their physical and magnetic properties, using the methods 
presented in Sections 2-2, to compare with the theoretical results.  
Fig. 9 shows the XRD patterns of the as-spun and annealed ribbons 
(x = 2.33). After the annealing of the as-spun sample at 550 °C for 
60 min in vacuum and subsequent furnace cooling, the paramagnetic 
ε-phase (A3 hcp structure) of the Mn-Al ribbon transforms to the 
ferromagnetic τ-phase (L10 structure) via the B19 orthorhombic 
structure (ε’ phase), as shown in Fig. 2. From an application aspect, 
we milled annealed ribbons (x = 0.0–3.88) into particles of various 
sizes, ranging from 25 to 53 µm, which is 30 times larger than the 

Table 2 
Calculated magnetic properties for (Mn0.5Al0.5)100-xCx at 0 K.     

x (at%) σs Ku 

(MJ/m3) 
(emu/g)   

0  143.47  1.37  
0.78  142.53  1.38  
1.54  140.85  1.40  
2.33  138.49  1.42  
3.03  136.73  1.45 

Table 3 
Curie temperature (Tc), saturation magnetization (σs), magneto-crystalline anisotropy 
constant (Ku) for (Mn0.5Al0.5)100-xCx at 300 K.      

x (at%) Tc (K) σs (emu/g) Ku (MJ/m3)   

0  685  137.96  1.11  
0.78  642  135.50  1.07  
1.54  614  132.64  1.05  
2.33  590  129.14  1.02  
3.03  572  126.42  1.01 

Fig. 7. Curie temperature (Tc) with carbon content.  

Fig. 8. Temperature dependence of magnetic properties for (Mn0.5Al0.5)100-xCx: (a) σs(T) and (b) Ku(T).  

Fig. 9. X-ray diffraction of (Mn0.5Al0.5)100-xCx at x = 2.33.  
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single magnetic domain size (0.773 µm) of MnAl-C [46]. Scanning 
electron micrographs of the milled and sieved (Mn0.5Al0.5)100-xCx 

(x = 2.33) particles are shown in Fig. 10. 
The phases of the resultant Mn50Al50-xCx powders with various 

carbon contents (x = 0, 1.54, 2.33, and 3.03) were analyzed by XRD.  
Fig. 11 presents the XRD data for the powders with particle sizes 
greater than 53 µm. As shown, non-ferromagnetic equilibrium 
phases of β and γ2 are observed in the Mn50Al50-xCx alloys after 
grinding into a powder. This indicates that the milling energy by ball 

milling causes the phase decomposition from the metastable τ- 
phase to the corresponding stable β- and γ2-phases despite the short 
milling time. According to the XRD results, the amounts of β and γ2 

phases in the (Mn0.5Al0.5)100-xCx powders vary depending on the 
carbon content. The weight fraction of the τ-phase was estimated by 
the Rietveld refinement method, using the XRD data. As shown in 
the inset of Fig. 11, the weight fraction of the τ-phase in the 
(Mn0.5Al0.5)100-xCx powders was found to be 75 wt% at x = 0, 83 wt% 
at x = 1.54, 94 wt% at x = 2.33, and 87 wt% at x = 3.03. The XRD pat-
terns demonstrate that the largest amount of the τ-phase is observed 
for (Mn0.5Al0.5)100-xCx (x = 2.33; Mn48.835Al 48.835C2.33), thereby con-
firming the higher stability of the τ-phase than that of the other 
compositions. In terms of the magnetic performance, the purity of 
the τ-phase is the key factor for improving the saturation and re-
manence magnetizations, because it is the only ferromagnetic phase 
in the Mn-Al-C system. Therefore, it can be inferred that the σs and σr 

values can change according to the fraction of the τ-phase. The re-
sults of magnetization shown in Fig. 6 are in good agreement with 
the trend of the amount of τ-phase observed by XRD analyses. This 
stability is also in good agreement with the theoretical and experi-
mental magnetization results. Accordingly, the phase stability data 
shown in Fig. 5 are valid. 

Fig. 12 shows the magnetic hysteresis loop for the two re-
presentative compositions (x = 0.0, 2.33). All powders (x = 0.0–3.03) 
were also characterized by VSM for magnetic hysteresis loops; 
however, only two representative loops are shown. We plotted the 
carbon content (x) dependence of magnetization and coercivity at 
300 K from the measured magnetic hysteresis loops in Fig. 13. Re-
gardless of the particle size, the highest magnetization and coer-
civity appeared at x = 2.33, mostly stabilizing the τ-phase of Mn-Al. 
The coercivity increased up to x = 2.33 for all particle sizes and de-
creased as the carbon content further increased. These results are in 
good agreement with our theoretically identified carbon content of 
2.33 at%. 

In summary, even though the present experimental magnetiza-
tion of approximately 97 emu/g is smaller than the theoretical 
130 emu/g at 300 K in Table 3, our calculated lowest formation en-
ergy demonstrates that the highest magnetization can be obtained 
at x = 2.33. This result is in good agreement with previously reported 
data. This is the first study to calculate the phase stability of τ-phase 
Mn-Al-C to the best of our knowledge. In this study, we quantify and 
freshly interpret the reason for the wide reporting of the carbon 
content of approximately 2 at% for the Mn-Al-C system. The identi-
fied carbon content (x = 2.33) sheds light on further improvement of 
the magnetic properties of the τ-phase Mn-Al-C permanent magnet 
if the synthetic process is optimized. Considering Mn >  50 at% in 
Mn-Al, a more stable τ-phase Mn-Al than the Mn-Al with 50 at% Mn 
can be achieved. Accordingly, it is expected that the τ-phase Mn-Al-C 
potentially fills the gap between 10 and 30 MGOe magnets. However, 
a simultaneous enhancement of remanent magnetization and coer-
civity in the Mn-Al-C system is challenging. 

Fig. 10. SEM images after milling and annealing (x = 2.33).  

Fig. 11. X-ray diffraction for powders with various carbon contents after milling and 
annealing. (Inset: weight fraction of the τ-phase in the Mn50Al50-xCx powder esti-
mated by the Rietveld refinement method using the XRD data). 
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4. Conclusions 

The Mn48.835Al48.835C2.33 composition gives the most stable τ- 
phase of the L10-structured Mn-Al-C. The critical carbon content was 
confirmed by phase stability calculations and experimental magne-
tization values. The calculated saturation magnetization and mag-
netocrystalline anisotropy are approximately 130 emu/g and 1.02 kJ/ 
m3 at 300 K, respectively. The corresponding (BH)max is 18 MGOe, 
which is higher than the reported value of 14 MGOe [10,11], but in 
good agreement with 16.8 MGOe [12]. The estimated Curie tem-
perature is 685 K for Mn50Al50 and 590 K for Mn48.835Al48.835C2.33. 
The Curie temperature of 590 K for Mn48.835Al48.835C2.33 is still higher 
than the motor-operating temperature of 473 K. The magnetocrys-
talline anisotropy constant decreases with increasing carbon content 
at 300 K, but increases at 0 K. Our calculations predict the magnetic 
properties of the studied (Mn0.5Al0.5)100-xCx system and are suffi-
ciently fast to estimate the magnetic properties at 300 K, as 

demonstrated by the experimental results. The results obtained from 
this study may accelerate the optimization of the synthesis routes 
for the high-(BH)max Mn-Al-C permanent magnets to fill the gap 
between 10 and 30 MGOe. 
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