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L10 MnAl permanent-magnet alloys are promising candidates to plug the gap in performance and appli-
cations between rare-earth permanent magnets and ferrites; doping with a third atom is essential to achieve
decent magnetic properties and good L10-phase stability. In this work, the influence of substitutional atoms
on intrinsic magnetic properties in L10 MnAl alloys is investigated by combined experimental and the-
oretical studies. A highly pure L10 phase is synthesized in Mn55Al45 − xMx (M = Co, Cu, Ga) alloys by
regulation of the heat treatment, on the basis of ternary phase diagrams. It is demonstrated by experimental
measurements and calculations that Cu and Co tend to enter 1a (0, 0, 0) sites, where they degrade the intrin-
sic magnetic properties of the alloys, and Ga prefers the 1d (1/2, 1/2, 1/2) sites, where it improves them.
The excess valence electrons of Cu or Co compared with Mn lead to stronger bonding with Al, resulting
in the preference of occupying 1a (0, 0, 0) sites. The similar valence-electron structure of Ga compared
with Al makes Ga tend to occupy 1d (1/2, 1/2, 1/2) sites. On the basis of this understanding, we propose a
strategy of replacing the antiferromagnetic Mn atoms by 3d atoms with fewer valence electrons than Mn,
which may effectively enhance the intrinsic magnetic properties. Moreover, the stability of the alloyed L10

phase is investigated; Co is found to degrade the stability of the phase, but the addition of Cu or Ga can
stabilize it. These results provide guidance for further performance optimization and composition design
of Mn-based rare-earth permanent magnets.
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I. INTRODUCTION

L10 MnAl permanent-magnet alloys have attracted
renewed attention in recent years due to their inter-
esting intrinsic magnetic properties, including satura-
tion magnetization Ms > 0.7 MA/m, magnetic anisotropy
K1 > 1.5 MJ/m3, and Curie temperature TC > 600 K
[1–5]. Therefore, they are potential candidates to plug
the performance gap between the expensive rare-earth-
based magnets and the low-performance ferrites in var-
ious practical applications [6–12]. The L10 phase (also
called the “τ phase” [13–15]) is the sole ferromagnetic
phase in the Mn-Al binary system; it has an ordered
face-centered-tetragonal (FCT)-type structure of P4/mmm
symmetry [16]. An equivalent ordered body-centered-
tetragonal (BCT)-type cell has the same c parameter, but
a is reduced by

√
2. The transformation from FCT to BCT

is shown in Fig. S1 in Supplemental Material [17].
For the ideal equiatomic and perfectly ordered Mn50Al50

composition, the Mn atoms occupy the 1a (0, 0, 0) sites
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and interact ferromagnetically, while Al atoms occupy the
1d (1/2, 1/2, 1/2) sites and have a negligible magnetic
moment. However, the L10 phase cannot be obtained in
alloys with stoichiometric composition; it is formed within
a narrow window of the nonstoichiometric composition
Mn50 + xAl50 − x (1 ≤ x ≤ 8). In this case, the excess Mn
atoms also enter 1d (1/2, 1/2, 1/2) sites, and interact anti-
ferromagnetically with the nearest-neighbor Mn at the 1a
sites [10,18,19]. Even in the Mn-rich composition range,
the L10 phase is still thermodynamically metastable. It is
prone to decompose into the thermodynamically stable but
nonmagnetic β-Mn phase (P4132, Mn cP20 type) and γ 2

phase (R3m, Al8Cr5 type) [20–22]. Therefore, researchers
hoped to use elemental alloying to stabilize the L10 phase
without degrading the intrinsic magnetization. However,
there is always a trade-off between intrinsic magnetism and
ferromagnetic phase stability of alloyed Mn-Al materials.
Small atoms such as carbon (rC = 0.77 Å, rMn = 1.26 Å,
rAl = 1.43 Å) are inclined to occupy octahedral interstitial
sites in the L10 lattice. It has been widely recognized that
the addition of interstitial carbon atoms is effective in sta-
bilizing the L10 phase [23–28] but it gives rise to a drastic
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decline of intrinsic magnetic properties such as the Curie
temperature and magnetic anisotropy [18,27,29]. Recently,
we attempted to dope the L10 phase with rare-earth atoms,
which have strong spin-orbit interactions and larger atomic
radii (the atomic radii range from 1.75 to 1.83 Å) [30].
Because of the large atomic size difference (size deviation
approximately 50%), the rare-earth atoms can hardly enter
the L10 lattice to substitute the Mn or Al sites, so it is dif-
ficult to regulate the intrinsic magnetic properties of L10
MnAl alloys through doping with large atoms. Therefore,
by seeking appropriate atoms that have an atomic radius
comparable to that of Mn or Al, it may be possible to
regulate the intrinsic magnetic properties of L10 MnAl sig-
nificantly; substitutional elements are the most promising
candidates. Many substitutional atoms have been stud-
ied. Mican et al. [31,32] investigated the effect of Ni on
the magnetic properties, but a pure L10 phase was hard
to obtain. Manchanda et al. [33,34] reported theoretical
calculations showing that the substitution of Fe for Mn
significantly degrades the magnetization of Mn-Al alloys.
There is a lack of a systematic investigations of the influ-
ence of substitutional elements on the intrinsic magnetism
of Mn-Al alloys, and the corresponding mechanisms need
to be properly understood. A combination of experiments
and theoretical calculations is required to establish the
criteria for selecting proper elements.

In this work, we choose two types of elements for study:
one is a 3d metal (Cu or Co) that has a radius similar to
that of Mn; the other is Ga, a typical sp main-group ele-
ment that also forms a ferromagnetic L10 alloy with Mn.
The atomic radius and valence electronic structure of these
elements are summarized in Fig. 1. Firstly, these three
atoms have completely different magnetic properties and
electronic structures, and they are expected to have differ-
ent effects on the intrinsic magnetism of the L10 phase.
Cu and Co are representative 3d elements that are com-
monly used to regulate magnetism in materials such as
Heusler alloys. Co has the strongest ferromagnetism and
has a 3d7s2 valence-electron structure, whereas Cu has a
full 3d shell and is nonmagnetic. Secondly, Cu and Co
have radii similar to the radius of Mn, and Ga has a radius
similar to that of Al, so these characteristics make them
good candidate substitutional atoms to occupy L10 lattice
sites. Thirdly, the ferromagnetic L10 phase is metastable;
the preparation of the L10 phase is complicated and it
varies significantly with a slight change of chemical com-
position. On the basis of numerous experimental results, a
high-purity L10 phase can be obtained in Mn-Al magnetic

alloys doped with a certain amount of Co, Cu, Ga, but it is
difficult to obtain in Cr-, Zn-, or V-doped Mn-Al alloys. To
obtain a pure L10 phase, to analyze the experimental and
theoretical results accurately, Co, Cu, and Ga are selected.

We systematically investigate the influence of doping
with these substitutional atoms on the intrinsic magnetic
properties of the L10 phase. On the basis of an under-
standing of the evolution of the magnetic properties of
the alloyed L10 phase, a future optimization scheme is
proposed. Our results provide guidance for further perfor-
mance optimization and composition design.

II. EXPERIMENTAL PROCEDURE

Binary Mn55Al45 and ternary Mn55Al45 − xMx (M = Cu,
Ga: x = 3, 6, M = Co: x = 2, 4) alloys are prepared by
our arc melting appropriate quantities of elemental mate-
rials. Excess Mn up to 5 wt % is added to compensate
for the loss of Mn during melting. Homogenization and
annealing are done in quartz tubes backfilled with 0.2-bar
Ar. The Mn55Al45 − xCox (x = 2, 4) and Mn55Al45 − xCux
(x = 3, 6) alloys are homogenized at 1273 K for 12 h and
then quenched in 5% salt brine to obtain a high-purity ε

phase (P63/mmc, hP2 type); we use “A3 phase” in the fol-
lowing text [32]. Subsequently, the A3 ingots are annealed
at 723 K for 30 min to obtain the L10 phase. The binary
Mn55Al45 and ternary Mn55Al45 − xGax (x = 3, 6) alloys
are homogenized at 1273 K for 12 h and cooled in air.
The ternary (Mn, Al)Ga specimens are further annealed
at 773 K for 24 h [21,37]. The crystal structure is iden-
tified with a Rigaku D/max-2500 X-ray diffractometer
with use of Cu Kα radiation (λ = 1.5418 Å). Magnetic
measurements are performed with a physical property
measurement system (PPMS, Quantum Design) with an
applied field up to 90 kOe. Thermomagnetic data are col-
lected with a VSM (HH-15, Nanjing University Instrument
Plant) with an applied field of 10 kOe. The density of all
the alloys is measured with a gas-displacement pycnom-
etry system (AccuPyc II 1340, Micromeritics Instrument
Corporation). The nominal compositions are checked by
electron probe microanalysis (JXA-8100, JEOL) using an
energy-dispersive-spectrometer analysis system.

First-principles computations are performed with
VIENNA AB INITIO SIMULATION PACKAGE [38] on the basis
of density-functional theory with the projector-augmented-
wave method [39] to describe the election-ion interac-
tion. The generalized-gradient-approximation exchange-
correlation energy designed by Perdew et al. [40] is used

FIG. 1. Atomic radii and
valence-electron structures of Mn,
Al, Co, Cu, and Ga [35].

064008-2



EVOLUTION OF INTRINSIC MAGNETIC PROPERTIES. . . PHYS. REV. APPLIED 11, 064008 (2019)

for the description of exchange and correlation effects. The
structures are optimized by the conjugate-gradient method
with force convergence lower than 10−3 eV/Å and energy
convergence lower than 10−6 eV per atom. The integra-
tions in the Brillouin zone are performed with k-point
grids of 7 × 7 × 7. For all the calculations, the experimen-
tal lattice parameters of binary Mn-Al alloy were used
(a = 2.777 Å, c = 3.571 Å).

III. RESULTS AND DISCUSSION

A. Synthesis of the L10 phase in the Mn55Al45 − xMx
(M = Co, Cu, Ga) alloy systems

The L10 phase can be obtained only by water quenching
of the A3 phase followed by annealing, or cooling of the
A3 phase at an appropriate rate [41,42]. Therefore, the first
step is to obtain a pure A3 phase. However, the respec-
tive phase region of A3 and L10 is likely to change with
the third dopant element. Figures 2(a) and 2(d) show the
schematic ternary phase diagrams of the Al-Co-Mn system
at 1273 K and the Al-Cu-Mn system at 1223 K, respec-
tively [43]. In the Al-Co-Mn ternary system, the A3-phase
region significantly shrinks with increasing Co dopant, and
the boundary of the A3 phase is at approximately 2 at. %
Co when the Mn content is 55 at. %, and a δ′ phase (Pm3̄m,

CsCl type, structure symbol B2) appears in the region with
higher Co content. For the Al-Cu-Mn ternary system, the
A3-phase region is slightly expanded by the Cu dopant,
which means that the A3 phase can be obtained over quite
a large composition range (0 at. % ≤ ωCu ≤ 10 at. % at
55 at. % Mn), and a β phase (Pm3̄m, CsCl type, also a
B2 phase) appears when the Cu content exceeds 10 at. %.
The composition points for Co- or Cu-doped alloys are
indicated by different symbols in the ternary diagram, as
shown in Figs. 2(a) and 2(d). However, the conventional
approach to obtain the L10 phase, mentioned above, does
not work for Co- or Cu-doped alloys [36]. Other equilib-
rium phases were formed after water quenching or cooling
of the A3 phase directly, indicating the phase region of the
A3 phase gradually shrinks with decreasing temperature.
Figure S2 in Supplemental Material [17] shows XRD pat-
terns of Cu- or Co-doped alloys that are quenched in water
after homogenization. Therefore, we decided to quench
the alloyed specimens in 5% salt brine to freeze the high-
temperature A3 phase at room temperature, followed by a
low-temperature anneal to obtain the L10 phase. The heat-
treatment process is described by temperature-time curves
in the insets in Figs. 2(b), 2(c), 2(e), and 2(f). Figure 2(b)
shows the XRD patterns of Co-doped alloys after salt brine
quenching. The 2 at. % Co alloy can be obtained in the

(b) (c)

(e) (f)

(a)

(d)

FIG. 2. (a) Al-Co-Mn isothermal ternary phase diagram at 1273 K [42]. Room-temperature XRD patterns of (b) as-quenched and
(c) as-annealed Mn55Al45 − xCox (x = 2, 4) ingots. (d) Al-Cu-Mn isothermal ternary phase diagram at 1223 K [42]. Room temperature
XRD patterns of (e) as-quenched and (f) as-annealed Mn55Al45 − xCux (x = 3, 6) ingots.
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almost-pure A3 phase, but there is a small fraction of L10.
When the Co concentration increases to 4 at. %, a consid-
erable amount of the B2 phase appears [44,45]. Annealing
treatment at 723 K for 30 min transforms the A3 phase to
the L10 phase, but the B2 phase remains in the 4 at. %
Co alloy, as shown in Fig. 2(c). Similarly, Figs. 2(e) and
2(f) show XRD patterns of the quenched and postannealed
states of Mn55Al45 − xCux (x = 3, 6) alloys. The same
quenching procedure leads to the coexistence of the A3
and L10 phases. After annealing, the Mn55Al42Cu3 speci-
men is a high-purity L10 phase, while in the Mn55Al39Cu6
alloy some B2 phase accompanies the L10 phase.

Mn55Al45 and Mn55Al45 − xGax (x = 3, 6) alloys can be
treated by the conventional method: homogenization at
1273 K for 12 h and cooling in air. After heat treatment, a
single L10 phase is obtained for Mn55Al45, while a mixture
of major L10 phase and minor γ 2 phase is formed in the
ternary (Mn, Al)Ga alloys, as shown in Fig. 3(a). There-
fore, postannealing at 773 K for 24 h is performed on the
two ternary specimens, and the residual γ 2 phase trans-
forms to the L10 phase, as indicated by the disappearance
of the diffraction peaks in Fig. 3(b). This transformation
was also reported in Ga-doped Mn-Al systems by Mix et
al. [21].

In summary, the L10 phase is obtained in Mn55Al45,
Mn55Al42Ga3, Mn55Al39Ga6, Mn55Al42Cu3, and Mn55Al43
Co2 specimens by regulation of the heat-treatment process.
In the Mn55Al41Co4 and Mn55Al39Cu6 alloys, with a higher
level of the dopant element, the phase structure contains a
major L10 phase and small amount of a second phase. A
summary of the heat-treatment process and the phase struc-
ture of Mn55Al45 − xMx (M = Cu, Co, Ga) alloys is given
in Table S1 in Supplemental Material [17]. The chemical
compositions of the L10 and B2 phases of Mn55Al45 − xMx
(M = Co, Cu, Ga) alloys detected by energy-dispersive
spectroscopy are summarized in Table S2 in Supplemental
Material [17]. Detailed information on the crystal structure
and phase fractions of these specimens is provided in Table
S3 in Supplemental Material [17].

B. Intrinsic magnetic properties

Magnetic measurements are performed on Mn55
Al45 − xMx (M = Cu, Co, Ga) alloys to reveal the effect
of doping with substitutional atoms on the intrinsic mag-
netic properties, including the saturation magnetization
(Ms), uniaxial anisotropy (K1), and Curie temperature
(TC), as shown in Figs. 4 and 5. Figure 4(a) shows
the mass-magnetization curve of undoped and doped
L10 specimens measured at 300 K. Figure 4(b) shows
the volume magnetization calculated with the alloy den-
sity (see Table S4 in Supplemental Material for the
alloy density). All the alloys exhibit ferromagnetism. Ms
and K1 are calculated from 9-T magnetization curves
by the approach-to-saturation method. The high-field

data are fitted to M = Ms[1 − (b/H 2)] + χH and b =
(4K2

1 /15μ2
0M 2

s ) [46–48], where Ms, b, and χ are the sat-
uration magnetization, a constant related to K2

1 , and the
high-field susceptibility, respectively. The latter can be
ignored when the field is not very strong. According to the
formulae, we extract the approach-to-saturation segment of
the magnetization curves and make a linear fit of MH ver-
sus 1/H 2; the intercept on the y axis is Ms, and the slope
is −bMs. Then we can calculate K1 from Ms and b. We
select Mn55Al45 and Mn55Al42Ga3 to illustrate the calcu-
lation process and results, as shown in Figs. 4(c) and 4(d),
respectively. The linear-regression coefficient R2 is greater
than 0.99 for all the alloys, indicating a near-perfect linear
relationship, resulting in reliable values of K1. The varia-
tion of Ms at 300 K with increasing dopant concentration
is summarized in Fig. 4(e). We can observe that the vari-
ation falls into two categories: one for Cu and Co and the
other for Ga. In the first case, Ms exhibits a significant lin-
ear decrease with increasing substitution of Cu or Co for
Al. The rate of decrease rate of Ms is almost the same
for nonmagnetic Cu and ferromagnetic Co; the value is
large, about 10 Am2/kg per 1 at. % atom dopant. Both the
volume magnetization and the mass magnetization behave
similarly.

However, for the Ga-doped alloys, there is only a slight
change of Ms; it decreases slightly from 126 Am2/kg with
no Ga to 117 Am2/kg for 6 at. % Ga. The values of Ms per
unit volume for ternary Ga-doped alloys are larger than
those for the binary Mn55Al45 binary alloy, which can be
attributed to the slight decrease of the mass magnetization
and the increase of alloy density with increasing Ga con-
tent. According to the evolution of Ms of Mn55Al45 − xMx
(M = Cu, Co, Ga) alloys, it is suggested that Co and
Cu tend to occupy the same site in the L10 lattice, but
Ga tends to occupy another site. The doping-element-
concentration dependence of K1 is summarized in Fig. 4(f).
For binary Mn55Al45, the K1 is 1.76 MJ/m3, in accor-
dance with previous literature [29,49]. The evolution of
K1 with the dopant concentration is the same as the vari-
ation of Ms for the doped Mn-Al alloys; it decreases
significantly with the concentration of Cu or Co, but Co
leads to a more obvious decrease. However, K1 increases
slightly with Ga doping, increasing from 1.76 MJ/m3 for
Mn55Al45 to 1.88 MJ/m3 for Mn55Al39Ga6. Moreover, for
Mn55Al41Co4, Mn55Al39Cu6, and Mn55Al39Ga6, Ms and
K1 are not characteristic of a single phase, and it is dif-
ficult to separate Ms and K1 of each phase, because we
cannot separate the contribution of each phase to whole
of the magnetism. The magnetization of the Mn55Al41Co4,
Mn55Al39Cu6, and Mn55Al39Ga6 alloys is best regarded as
an overall average. The K1 values of the Mn55Al41Co4,
Mn55Al39Cu6, and Mn55Al39Ga6 alloys are also average
values, defined as effective first-anisotropy constants, Keff

1 .
The Curie temperatures (TC) of these alloys is deter-

mined from the thermomagnetic curves, as shown in
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(a) (b) FIG. 3. Room-temperature
XRD patterns of (a) air-cooled
and (b) as-annealed Mn55
Al45 − xGax (x = 0, 3, 6) alloys.

Fig. 5(a). The temperature dependence of the normalized
magnetization (M /M 300 K) of Mn55Al45 − xMx (M = Cu,
Co, Ga) alloys is measured from 300 to 700 K, and TC
is determined as the temperature where the first derivative
(dM/dT) reaches its maximum negative value, as shown in
the inset in Fig. 5(a). The influence of the type and concen-
tration of dopant atoms on TC is shown in Fig. 5(b). For all

the doped alloys, TC also exhibits the same tendency as
Ms and K1, but in some cases two Curie temperatures are
seen. For Co and Cu, TC shows a slight decrease compared
with that of the Mn55Al45 binary alloy, the rate of decrease
(v = |dMs/dx|) being greater for Co than for Cu. For Ga-
doped alloys, TC is higher than it is in Mn55Al45. Two
different Curie temperatures are detected for Mn55Al41Co4,

(a)

(c)

(e)

(b)

(d)

(f)

FIG. 4. (a) Mass-magnetization
curves and (b) volume-magneti-
zation curves of Mn55Al45 − xMx
(M = Cu, Co, Ga) samples up to
90 kOe at 300 K. (d),(d) Linear-fit
curves of M−1/H 2. (e) Saturation
magnetization as a function of Co,
Cu, and Ga content at 300 K. (f)
K1 as a function of Co, Cu, and
Ga content at 300 K.

064008-5



SHUANG ZHAO et al. PHYS. REV. APPLIED 11, 064008 (2019)

(a) (b) FIG. 5. (a) Temperature depen-
dence of normalized magneti-
zation (M /M 300 K) for Mn55
Al45 − xMx (M = Cu, Co, Ga). (b)
Curie temperature as a function
of Co, Cu, and Ga content.

Mn55Al39Cu6, and Mn55Al39Ga6. For the Mn55Al41Co4
alloy, the Curie temperature of the L10 phase is 543 K,
and the other Curie temperature, 473 K, is attributed to
the partial formation of the B2 phase as detected by XRD.
The body-centered-cubic B2 phase is a soft ferromagnet at
room temperature [44]. For Mn55Al39Cu6, the Curie tem-
perature of the L10 phase is 591 K and the Curie tempera-
ture of the B2 phase is 487 K. For the Mn55Al39Ga6 alloy,
the two Curie temperatures are 627 K for the metastable
L10 phase and 572 K for the thermodynamically sta-
ble L10 phase, which is consistent with the results of
Mix et al. [21].

In summary, we systematically investigate the influence
of the three dopants on the intrinsic magnetic properties
of Mn55Al45 − xMx alloys. Cu and Co clearly degrade the
intrinsic magnetic properties, while Ga slightly improves
them. Next, we discuss the preferred site occupancy of
Cu, Co, and Ga, and investigate the atomic occupation
and electronic structure to understand why the intrinsic
magnetic properties are changed.

C. Atomic occupation analysis

The possible site occupation of doping atoms is illus-
trated in Figs. 6(a), 6(c), and 6(e). We build the structure
with two unit cells, and accommodate one extra Mn at the
1d site. The projection drawings of the L10 lattice along the
[1̄00] direction [front view of L10 lattice in Figs. 6(a), 6(c),
and 6(e)] are shown in Figs. 6(b), 6(d), and 6(f). The hori-
zontal axis and the vertical axis of the lattices in Figs. 6(b),
6(c), and 6(f) are [010] and [001], respectively. The pro-
jection drawings are shown to make it easier to see the
neighbor relationship between atoms.

As mentioned in Sec. I, the Mn atoms enter 1a sites and
couple ferromagnetically, while the Al atoms and excess
Mn atoms enter 1d sites. The 1d Mn interacts antifer-
romagnetically with the 1a Mn, as shown in Figs. 6(a)
and 6(b). When a third atom M partially substitutes for
Al in the structure, there are only two possibilities. It
can occupy a 1d site directly, or it can displace a 1a-site
Mn. Wherever there is excess Mn, the crystallographic
sites become inequivalent. To simplify the analysis, we

choose just one possible position for the dopant atoms
in each site. If they occupy the 1a site, the original Mn
atoms at the 1a sites are displaced to the 1d-Al vacancies
with reversed magnetic moments, as shown in Figs. 6(c)
and 6(d). Therefore, the doped atoms entering the 1a Mn
sites will cause more antiferromagnetic interactions and
reduce the magnetization dramatically. If the doping atoms
occupy the 1d sites, they do not change the Mn coupling,
as shown in Figs. 6(e) and 6(f). The evolution of magne-
tization will depend on the moment of doping atoms. In
view of the experimental data, we speculate the Ga atoms
enter the 1d sites and the Cu and Co atoms occupy the 1a
sites.

The site preferences of Cu, Co, and Ga in the L10 lattice
can also be calculated from first principles. To approxi-
mate the atomic formula, Mn-Al L10 supercells are built
with 36 atoms, Mn20Al16, corresponding to the composi-
tion of 55.5 at. % Mn and 44.5 at. % Al. We calculate
the formation energy for each of the different nonequiv-
alent structures of the Mn20Al16 supercell and obtain the
stablest one, as shown in Fig. 7. On the basis of this struc-
ture, one dopant atom M (M = Co, Cu, Ga) substitutes for
one Al atom, corresponding to Mn20Al15M with a com-
position of 2.8 at. % M . The two possibilities, that the M
atom enters 1a sites (20 different nonequivalent structures)
or the M atom enters 1d sites (four different nonequiva-
lent structures), are calculated to predict the structure with
the lowest energy. The stablest structures are shown in
Fig. 7. The energies of all the structures are given in Figs.
S5–S8 in Supplemental Material [17]. The results show
that Co and Cu atoms prefer 1a sites, while Ga prefers 1d
sites, in agreement with the experimental analysis of the
magnetism.

Table I presents a summary of the atomic moments, total
magnetic moments, and saturation magnetization obtained
by magnetic measurements and theoretical calculations.
The moments of these systems are eventually the local-
ized Mn1a and Mn1d moments, with negligible contribution
from Al or the dopant atoms (Co, Cu, and Ga). The good
agreement between theoretical and experimental data con-
firms the validity of the selected crystal structure and the
calculated results.
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(a)
(b)

(c)

(d)

(e)

(f)

FIG. 6. (a),(b) Localized magnetic structure of the L10 phase with excess Mn atoms. Localized magnetic structure of doped alloys
with doping atoms at (c),(d) the 1a site and (e),(f) the 1d site.

D. Electronic structure

The electronic structure of Mn20Al15M (M = Co, Cu,
Ga) is analyzed for further insight into the effect of doping
with substitutional atoms on the intrinsic magnetism. The
spin-polarized total density of states (DOS) and partial
DOS of the L10 phase are calculated. Figures 8(a)–8(d)
shows the total and partial electronic density of states of
the undoped and doped alloys. All the DOS plots exhibit
obvious ferromagnetic exchange splitting of more than
2 eV, confirming the ferromagnetic state observed exper-
imentally and in accordance with previous results [4,19].
The Fermi level is located in a valley for both majority
and minority bands, suggesting that these lattice struc-
tures are electronically stable [19]. More specifically, for
Mn20Al16, the states below −4 eV are the sp states of Al;

the d states of Mn extend from −4 to +3 eV. Mn1a and
Mn1d exhibit similar distributions of the DOS, but with
different spin order, having strong antiferromagnetic cou-
pling. Mn1a and Mn1d have a nearest-neighbor distance
of about 2.65 Å, a value shorter than 2.8 Å, which is
the critical distance for antiferromagnetic coupling of Mn
atoms [6,29,50], so the Mn1a and Mn1d atoms couple anti-
ferromagnetically. Mn1a and Mn1d atoms have different
magnetic moments of about 2.4μB and −3.2μB, respec-
tively, as listed in Table I. The absolute value of the
magnetic moment of Mn1a is less than that of Mn1d because
the Mn1d atoms have eight Mn1a atoms as their nearest
neighbors, as in a cubic crystal field, whereas the Mn1a
atoms have eight Al atoms or seven Al atoms and one
Mn1d atom as their nearest neighbors [50]. Meanwhile, the
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FIG. 7. Stable structures of
Mn20Al16, Mn20Al15Ga, Mn20
Al15Cu, and Mn20Al15Co accor-
ding to the calculated results.

Mn1a atoms are covalently hybridized with Al-derived sp
states; the p-d hybrid peaks of both spin-down and spin-up
states are located at around −1.2 and −2.8 eV, respec-
tively. This covalent bonding has less effect on the Mn1d
atoms due to the atomic separation of Al and Mn1d being
larger than the separation of Al and Mn1a [in the lattice
we chosen a = 2.777 Å and c = 3.571 Å, r(Mn1a − Al) =
(
√

2a2 + c2/2) ≈ 2.654 Å, r(Mn1d − Al) = a ≈ 2.777 Å,
so r(Mn1a − Al) < r(Mn1d − Al), as shown in Fig. 6(b)].
The p-d hybridization makes the occupation of d states for
Mn1a atoms increase and thus also reduces the magnetic
moment of Mn1a atoms [50–52].

The total magnetic moment is the difference between the
number of spin-up occupied states and the number if spin-
down occupied states. For Mn20Al15Co, Co doping leads
to a decrease �mtot = 5.2μB per Co atom compared with
the binary Mn-Al compounds. This is mainly attributed
to the more antiferromagnetic interactions caused by Co
displacing a 1a-site Mn. The spin moment of Co is small
and antiparallel to that of Mn1a, as shown in Table I.
The electronic structure and magnetism of 3d atoms are
strongly influenced by their chemical surroundings. Co
has six Al atoms and three Mn1d atoms as first neigh-
bors, and four Mn1a atoms as second neighbors, as shown
in Figs. 9(a) and 9(b). Firstly, the exchange between the

nearest neighbors is strongest, so the direct interactions
between Mn1d and Co make the magnetic moment of
Co negative. Furthermore, the covalent d-d hybridization
peaks of Co and Mn1d and Co and Mn1a can be found at
−2.7 and −1.2 eV, respectively, and Co atoms (3d7s2) have
more valence electrons than Mn atoms (3d5s2). Because
higher-valence transition atoms (Co) generally have lower-
energy d-states than the lower-valence atoms (Mn), the
bonding states tend to localize on Co below the Fermi
level for both spin-up and spin-down states, whereas the
antibonding density is relatively small above the Fermi
level. This means the exchange splitting of Co is weak-
ened, resulting in the small moment of Co. Meanwhile, the
p-d hybridization peaks between Co and Al atoms of both
spin-up and spin-down states are observed at −1.2 eV. This
p-d hybridization also keeps the energy level of Co com-
pletely locked below the Fermi level to inhibit the spin
polarization. This is the other reason for the small value
of the calculated magnetic moment of Co atoms. Further-
more, this hybridization causes Co to occupy 1a sites that
are nearest to Al atoms [52,53]. The specific variation of d
states is summarized in Figs. 9(c) and 9(d).

Figure 8(c) shows the electronic structure for Cu-
doped alloys. The density of states of Cu is mainly
localized around −3.5 eV; Cu atoms do not exhibit
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(a) (b)

(c) (d)

FIG. 8. Calculated total and
partial DOS of (a) Mn20Al16,
(b) Mn20Al15Co, (c) Mn20Al15Cu,
and (d) Mn20Al15Ga.

strong hybridization with their neighboring atoms. This is
attributed to Cu atoms having a filled 3d shell (3d104s1).
However, the p-d hybridization is between Cu and Al
atoms located at −3.6 eV. This shows that Cu atoms tend
to enter 1a sites, similarly to Co atoms. In Fig. 8(d), the
calculated total DOS and partial DOS of Mn20Al15Ga are
shown. The p-d-hybrid peaks of Ga atoms are close to
those of Al atoms, suggesting that Ga atoms have almost
the same effects as Al regarding p-d hybridization.

In summary, Co and Cu with more valence electrons
than Mn prefer 1a sites due to the strong p-d hybridization

with Al, while Ga tends to occupy 1d sites due to its
valence-electron structure being similar to that of Al. On
the basis of our results and previous literature, 3d ele-
ments with more valence electrons than Mn tend to enter
1a sites due to their stronger p-d hybridization with Al than
Mn, while elements with fewer valence electrons than Mn
atoms prefer 1d sites [50–53]. Therefore, on the basis of
our analysis, if we want to improve the magnetic properties
of binary Mn-Al alloys, we should decrease the number of
antiferromagnetic Mn atoms by doping them with atoms
that substitute for Mn, and the substitutional atoms need
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TABLE I. The average magnetic moments of Mn1a, Mn1d, Al, and M , the total magnetic moment of Mn20Al16 and Mn20Al15M
(M = Co, Cu and Ga), and the calculated and experimental values of the saturation magnetization.

Quantity
Mn20Al16
(Mn55.5Al44.5)

Mn20Al15Co
(Mn55.5Al41.7Co2.8)

Mn20Al15Cu
(Mn55.5Al41.7Cu2.8)

Mn20Al15Ga
(Mn55.5Al41.7Ga2.8)

μMn1a (μB) 2.438 2.454 2.432 2.442
μMn1d (μB) −3.176 −3.136 −3.167 −3.179
μAl (μB) −0.060 −0.056 −0.056 −0.060
μM (μB) . . . −0.301 −0.036 −0.132
μtot (μB/f.u.) 36.988 31.8019 31.178 36.942
M cal

s (MA/m) 0.692 0.595 0.583 0.691
M expt

s (MA/m) 0.646 (Mn55Al45) 0.543 (Mn55Al43Co2) 0.507 (Mn55Al42Cu3) 0.634 (Mn55Al42Ga3)

f.u., formula unit.

to enter 1d sites (antiferromagnetic Mn vacancies). There-
fore, a possible strategy to increase the magnetization is to
substitute light 3d atoms (such as Ti and V) for the anti-
ferromagnetic Mn atoms, but the preparation method and
phase stability of the thus-alloyed L10 phase still need to
be explored [32].

E. Thermal stability

The thermal stability of the L10 phase for undoped
and doped alloys is investigated by aging treatment

and subsequent magnetic measurements. The binary
Mn55Al45 and ternary Mn55Al43Co2, Mn55Al42Cu3, and
Mn55Al42Ga3 specimens are isothermally aged at 923 K
for 0, 5, 10, and 15 h, respectively. Then magnetization
curves of the treated specimens are measured at 300 K, as
shown in Figs. 10(a)–10(d). Since L10 is the sole ferromag-
netic phase for Mn55Al45 − xMx (M = Co, Cu, Ga) alloys,
the parameter Mt/M0 can accurately reflect the remain-
ing fraction of the L10 phase, where Mt and M 0 represent
the magnetization of the specimens annealed for different
times and the magnetization of the unannealed specimens,

(a) (b)

(c) (d)

FIG. 9. (a) The stable structure
of Mn20Al15Co. (b) First-neighbor
environment of the Co atom. (c)
The typical partial DOS of Co
3d. (d) Density-of-states diagram
showing the variation of d states
in Mn20Al15Co.
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(a)

(e)

(b)

(f)

(c)

(g)

(d)

(h)

FIG. 10. M -H curves measured at 300 K for (a) Mn55Al45, (b) Mn55Al43Co2, (c) Mn55Al42Cu3, and (d) Mn55Al42Ga3 alloys annealed
for different times. Linear-fit curves of Mt/M 0 versus annealing time for (e) Mn55Al45, (f) Mn55Al43Co2, (g) Mn55Al42Cu3, and (h)
Mn55Al42Ga3 alloys.

respectively. The dependence of Mt/M0 on aging time is
summarized in Figs. 10(e)–10(h). Mt/M0 shows a perfect
linear relationship with aging time, the linear-regression
coefficient (r2) being more than 0.95. Therefore, the slope
gives the decomposition rate of the L10 phase. The decom-
position rates of the L10 phase of binary Mn55Al45 and
Co-doped, Cu-doped, and Ga-doped alloys are 1.45%/h,
3.57%/h, 1.29%/h, and 0.56%/h, respectively. That means
the addition of Co degrades the stability of the L10 phase,
the addition of Cu or Ga can improve the stability of the
L10 phase, and Ga has the best effect among the three
different dopant atoms.

IV. CONCLUSIONS

(1) A high-purity L10 phase is obtained in binary and
M -alloyed (M = Co, Cu, Ga) Mn-Al alloys by our opti-
mizing the preparation method, and the effect of elemental
doping is investigated experimentally. The substitution of
Co or Cu atoms for Al atoms by obviously decreases all
the intrinsic magnetic properties (Ms, K1, TC), while Ga
dopant has a slightly positive effect on them.

(2) The site preference of M atoms in the L10 Mn-Al
lattice is analyzed by a combination of experimental results
and theoretical calculations. Co and Cu atoms tend to
occupy 1a (0, 0, 0) sites and displace the original Mn
from 1a sites to 1d (1/2, 1/2, 1/2) sites, resulting in more
Mn1a-Mn1d antiferromagnetic interactions and a reduction
in the magnetization. Ga atoms prefer to enter 1d sites,
where they cannot alter the Mn coupling conditions, and
they change the intrinsic magnetism only slightly.

(3) The valence-electron structure determines the site
preference of the substitutional atoms. Co and Cu have

more valence electrons than Mn, resulting in their prefer-
ential occupancy of 1a (0, 0, 0) sites. Ga has a valence-
electron structure similar to that of Al, so it tends to interact
with Mn, which makes it prefer 1d (1/2, 1/2, 1/2) sites.

(4) A possible strategy to improve the intrinsic mag-
netic properties is to substitute 3d atoms with fewer
valence electrons for the antiferromagnetic Mn atoms,
but the preparation method and the phase stability of
such alloyed L10 phases with high purity require further
investigation.

(5) Both Ga and Cu as dopants can stabilize the
metastable L10 phase compared with the binary Mn-Al
alloy, but the addition of Co degrades the stability of the
L10 phase significantly.
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