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A B S T R A C T

A series of MnBi1-xSbx alloys were prepared by a metallurgical method. The samples MnBi1-xSbx were char-
acterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), differential scanning calorimetry
(DSC), vibrating-sample magnetometer (VSM). The effects of Sb substitution on the structural formation, elec-
tronic structure and magnetic property of MnBi were investigated experimentally and theoretically. We find that
the introduction of Sb atoms may prevent the decomposition of Bi from MnBi, and thus help stabilize the low
temperature phase (LTP) MnBi. In addition, first-principle calculations reveal that the saturation magnetization
(Ms) and magnetic crystalline anisotropy constant (K ) are increased upon increasing Sb-doping concentration, in
contrast to a reduction of the Curie temperature (TC). Therefore, our findings could provide a promising route for
enhancing the performance of MnBi permanent magnets.

1. Introduction

The MnBi based alloy in the ferromagnetic named low-temperature
phase (LTP) with the NiAs-type structure possess important character-
istics for room-temperature low-cost permanent magnet applications
(containing rare-earth-free elements Mn and Bi, moderate spontaneous
magnetization Ms but high magneto-crystalline anisotropy Ka) and
especially for high-temperature application caused by the positive
thermal coefficient of coercivity diHc/dT [1–3]. Generally, in order to
prepare high-performance permanent magnets, the green magnetic
powder must have a large and balanced values of both Ms and Hc. Some
methods were used to prepare high coercive MnBi green powders such
as the mechanochemical synthesis method [4], direct chemical synth-
esis of MnBi particles [5], but these methods has been accompanied by
lowering the initial value of Ms of ∼68 emu/g down to∼ 20 emu/g.
This problem of the metastability of LTP causes a quite difficulty in
producing high-performance of MnBi bulk magnets with LTP as a
single-phase material [6]. The ball-milling process [7–9], which is ne-
cessary to enhance the coercivity, usually causes the decomposition of
Bi from MnBi LTP. As a result, Ms of the green powders significantly
reduces. An effective approach to prevent the mentioned decomposition
problem is to introduce a third component such as Al, Cu [10]; Rh, Mn
[11]; Ni, Ru or Rh [12,13]. Theoretically, it was found that MnBi doped
with some selected metals increases the magnetization and coercivity.

Hong et al. [14] investigated the MnBi-Co and MnBi-Co-Fe alloys in
which Co and Fe atoms are substituted into the interstitial sites. The
authors found that both Ms and K are increased upon addition of Co and
Fe, while TC is reduced. Using a DFT + U method for small-cell cal-
culations, Zarkevich et al. [15] predicted that the coercivity of the MnBi
doped with Ni, Rh, Pd and Ir is higher than that observed in the pure
MnBi. However, in these studies [14,15], it would require very high
levels of impurity (substitutions and interstitials of 25–50% at.) that
could lead to a structural transformation of the NiAs-type MnBi [16].
Sakuma et al. [17] investigated theoretically the MnBi1-xSn1-x for var-
ious values of the dopant concentration x ranged from 0 to 0.4, but
focused on the magnetic anisotropy constant K . They found that K
changes sign for >x 0.05 while M and TC decrease slightly.

In the present work, the Sb was chosen as the doping element, and
we will show, both experimentally and theoretically, the possibility of
the Sb-atom substitution into the unit cell of MnBi material and its role
in the structural formation and magnetic property. The fact that the Sb
substitution can prevent the above-mentioned Bi decomposition effect
during the ball milling process was also observed. We calculated the
magnetic parameters to determine the doping dependence of saturation
magnetization s Ms and magnetic anisotropy constant. Both the theo-
retical calculation and experimental results support the positive role of
the Sb-substitution in enhancing the quality of MnBi1-xSbx materials.
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2. Method and techniques

2.1. Calculation method

The DFT + U calculations are performed using the software
package CASTEP [18] with a plane-wave basis set and OTFG ultra-soft
pseudopotentials [19]. To describe the exchange and correlation be-
tween electrons, we use the generalized gradient approximation (GGA)
in the scheme of Perdew-Burke-Eruzerhof (PBE) [20]. For electronic
structure calculation, the plane wave cutoff energy of 640 eV and the
Monkhorst-Pack 5× 5×4 scheme of k points are sufficient for the
convergence of the total energy to a 1meV tolerance. A denser
9× 9×6 k-point sampling is needed to determine the magnetic crys-
talline anisotropy constant and Curie temperature. A Hubbard U
parameter, which is applied to the d3 states of the Mn atoms to increase
their localization, is introduced to improve accuracy in the standard
DFT calculation. The value for U is set to 2.0 eV, which is a relevant
value to describe strongly correlated electrons of the Mn atoms [15,21].

The occupancy of Sb atom is modeled by replacing one Bi or two Bi
atoms atom in a 2×2×2 supercell, thus forming the 6.25%- and
12.5%-Sb substituted MnBi alloys respectively, which is different from
the interstitial doping of MnBi alloys by transition metals mentioned in
Ref. [14]. The unit cell volume and lattice parameters of the pure MnBi
and Sb-substituted MnBi are determined by the energy minimization.
Relevant magnetic parameters are the temperature-dependent satura-
tion magnetization M T( )s , magnetic crystalline anisotropy constant
K T( ), and Curie temperature TC. Under the mean field approximation,
these parameters are given by Refs. [14,22]

=M T M B τ( ) (0) ( ),s s j (1)

where M (0)s is the saturation magnetization at =T 0 K, BJ is called the
Brillouin function with total angular quantum number J of the micro-
scopic magnetic moments and τ is the normalized temperature, defined
as =τ T T/ c

=
+K T K m T( ) (0)[ ( )] ,s

n n( 1)/2 (2)

with m T( )s being the normalized magnetization, M T M( )/ (0)s s , n
being the power of the anisotropy function. For uniaxial magnetic an-
isotropy of NiAs-type MnBi alloy, =n 2. Note that K (0) constant, i.e.
the magneto-crystalline anisotropy energy (MAE), is defined as the total
energy difference between 〈001〉 and 〈100〉 magnetization directions.

The Curie temperature can be calculated within the mean field
approximation from:

=T J
k

2
3C

Mn

B (3)

where JMn is the effective exchange constant on the Mn moment, that is
roughly estimated via a difference between the total energies of the
ferromagnetic (FM) and anti-ferromagnetic (FM) order along the c-axis
[14], = − =E E E JΔ 4AF FM Mn, and kB is the Boltzmann constant.

2.2. Sample preparation and characterization

The alloys with nominal compositions of MnBi and MnBi1-xSbx
(x= 0.01, 0.02, 0.04, 0.1 and 0.15) were arc-melted from the starting
high-purity 99.9% metals Mn, Bi and Sb under argon atmosphere. The
ingots were melted three times to ensure their homogeneity and sub-
sequently were annealed at 300 °C and 320 °C for 6 h, 12 and 24 h in an
argon flow. These pre-alloys were milled by low-energy ball milling
with 6mm hard steel balls in hexane solvent. The batch amount of pre-
alloy was kept around 2 g, the weighing ratio of balls: powders is 20:1.
The composition phases of pre-alloy and ball-milling powders were
carried out by using D8 advance Brucker X-ray diffractometer (XRD)
with Cu-Kα radiation with the scattering angle 2θ scan in the range from
20 to 80° by the scanning step of 0.05° for 2 s. The phase compositions
of prepared alloys were analyzed by the method of the instant

determination of MnBi LTP content described in our previous work
[23]. The microstructures of the alloys were investigated by using an
electron microscopy system TM3000. The DSC traces (measured by the
TGA-DSC Labsys Evo system) were used to examine the phase transi-
tions and Tc of powder samples. The hysteresis loops of prepared MnBi
powders were measured by vibrating-sample magnetometer (VSM)
with the maximal magnetized magnetic field Hmax= 22 kOe.

3. Result and discussion

3.1. Theoretical calculation

The DFT calculation indicates the equilibrium lattice parameters for
the pure MnBi to be = =a b 4.22 Å, =c 6.02 Å, which are in good
agreement with experiments and other ab-initio calculations [15]. With
Sb subsequent substitution, the lattice parameters decrease to

= = =a b c4.21 Å, 6.01 Å (6.25%) and = =a b 4.19 Å, =c 5.98 Å
(12.5% Sb-substituted) due to the smaller ionic radius of antimony of
0.76 Å compared with that of bismuth (1.03 Å). Fig. 1a shows the
overall characteristics of the density of states (DOS) of pure MnBi,
which is calculated using the plane-wave basis with pseudopotentials.
The DOS curve is similar to that reported in the previous studies using
the full-potential linearized augmented plane wave [24], linearized
muffin-tin orbital [17] and augmented spherical wave method [25].
The DOS shows that the lower energy band (∼−11 eV) is dominated by
the contribution from the 6s band of Bi, whereas the higher energy
band near the Fermi level is dominated by the Mn 3d orbitals with
considerable contribution of Bi 6p. The strong hybridization between
the d states of Mn and the p states of Bi causes a broad energy dis-
tribution, spreading between −6 eV and 6 eV.

For Sb-doping MnBi, the DOS shown in Fig. 1b reveals that major Sb
5s states locate in the low energy region and the Sb 5p states essentially
have the same shape as the Bi 6p states in the higher energy region. A
high spin polarization originated from the Mn local orbitals, char-
acterized by degenerate energy states at the Fermi level, for these
compounds can be observed. The total magnetic moment, which is the
sum of the spin moment and the orbital moment, is calculated from the
spin polarization. However, since the orbital moment of a MnBi formula
unit is negligible compared with the contribution from the spin moment
[14], only the spin moment of the atoms is shown in Table 1. As can be
seen in Table 1, the calculated spin moment of Mn atoms m (3.85Mn μ )B
shows a very good agreement with experimental [2,26] and theoretical
results [17] at low temperature. However, this value is larger than the
theoretical value of 3.58 μB [14], 3.50 μB [24] and slightly smaller than
that measured at 10 K [27]. In contrast, the spin moment of −m ( 0.25Bi
μ )B in the present calculation is strongly negative due to a high polar-
ization of the Bi moment in the direction to opposite to that of the Mn
moment. There is only one reported case in which such a high moment
of the Bi atom occurs [28]. The addition of Sb to substantial sites of Bi
leads to a slightly decrease of mBi from −0.25 to −0.22 μB. In addition,
the moment value of Sb = −m( 0.25Sb μ )B is very close to that of Bi,

Fig. 1. Density of states DOS for (a) the pure MnBi, (b) the Sb-doped MnBi. The
upper half-plane of each figure corresponds to the majority spin and lower to
the minority spin. The vertical (red) solid line, located at the origin of the
horizontal axis, denotes the Fermi level.
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consistent with the result of DOS shown in Fig. 1b.
Table 1 also gives the calculated magnetic parameters M K(0), (0)s

and TC in comparison with the results of other studies. In particular, we
find a gradual increase of M (0)s from 76.1 to 78.3 emu/g and of K (0)
from −0.25 to −0.43MJ/m3, together with a significant reduction in
T ,C upon increasing the doping concentration (0%, 6.25% and 12.5%).
These observations agree well with a theoretical study by Hong et al.
[29] where the authors investigated the effect of Co and Fe addition to
MnBi and found that the M (0)s and K (0) increase while TC reduces.
Hong et al. [29] interpreted this reduction of TC as a result of the mi-
gration mechanism of Mn into interstitial sites. However, different from
a spin reorientation from the basal plane to c-axis or, equivalently, the
sign of K (0) inverted, with both interstitial [29] and substitutional
doping [17], we do not observe the change in the sign of K (0) for Sb-
doping MnBi. We note that the method as well as condition for the
electronic structure calculation may have a significant influence on the
value of K (0) [17].

In Fig. 2, the saturation magnetization M T( )s and magnetic crys-
talline anisotropy constant K T( ) are plotted against the temperature for
three different doping concentrations for a given set of parameters
(justified below). Apparently, both M T( )s and K T( ) exhibit the inverse
temperature dependence and a ferromagnetic-paramagnetic transition
at the TC temperature. In particular, despite the difference in M (0)s and
TC, we observe that there exists a temperature near 450 °C at which
M T( )s have the same values for all MnBi and Sb-doping MnBi. A similar
result is obtained for K T( ) but only in the doping systems (see Fig. 2).

3.2. Experimental results

Fig. 3 shows the XRD patterns of the MnBi1-xSbx with x=0, 0.01,
0.02, 0.03, 0.04, 0.10 and 0.15. All the peaks belong to the phases of

Mn, Bi and MnBi with x≤ 0.02, Sb peaks appear for x > 0.02. This fact
reveals that Sb substitutes Bi only for small fraction x≤ 0.02 and it can
be caused by the complicated phase diagram of Sb – Bi system. The
main peaks of Bi and MnBi LTP are located at 27.16 and 28.14°, re-
spectively, their intensity ratio versus Sb-substituting percentage re-
flects the influence of doped Sb on the MnBi LTP evolution. By in-
creasing Sb percentage, the MnBi LTP content is increased. This effect
supports the fact that the combination between the fine grains of Bi1-
xSbx and Mn phases are able to occurs easily and the diffusion coeffi-
cient of Bi1-xSbx is larger than that of the pure Bi. The peak of Mn-excess
appears clearly at 2θ=43.02° with x≤ 0.02 and disappeared for alloys
of higher Sb doping.

To investigate the evolution of the MnBi LTP formation, the DSC
traces of two Sb-substituted samples MnBi1-xSbx (x= 0, 0.02) were
recorded and are shown in Fig. 4. The first endothermic peaks located
at 267.6 °C and 269.2 °C are the peaks of the melt of Bi and Bi0.98Sb0.02.
The exothermal peaks at 259.1 °C and 293.7 °C correspond to the
crystallization of the Mn(Bi1-xSbx) LTP with x=0 and x=0.02, re-
spectively. The large content of MnBi LTP were proved by the huge
endothermic peaks located at 352.3 °C and 355.4 °C which reveal the
energy change occurred at the Curie temperature of MnBi LTP, where
the transition from the ferromagnetic state to the paramagnetic one is
occurred. The value Tc of MnBi0.98Sb0.02 is higher than that of MnBi and
closed to the theoretical value.

Table 1
The calculated magnetic parameters M K(0), (0)s andTC in comparison with the
results of other studies.

Spin moment (μB) M (0)s
(emu/g)

K (0)(MJ/m3) TC (K)

Mn Bi Sb

MnBia 3.85 −0.25 76.1 −0.35 530
MnBi0.9375Sb0.0625a 3.80 −0.24 −0.26 76.9 −0.41 512
MnBi0.875Sb0.125a 3.77 −0.22 −0.25 78.3 −0.43 463
MnBib 64 628
MnBi0.98Sb0.02b 61 625
MnBic 3.58 −0.06 74.5 −0.35 650
MnBi-Coc 1.90 325
MnBi-Co-Fec 1.62 275
MnBid 4.23 −0.27 83.8
MnBie 3.50 −0.06 79.0
MnBif 3.80 −0.08 78.7 −0.5 560
MnBi0.9Sn0.1f 65.6 3.0 420
MnBig 4.00 79.6 −0.25 613
MnBih 78.6 470
MnBii 4.18
MnBij 3.60
MnBik 3.44 79.0 1.6 775
MnBil 3.84

a Present work (Theo.).
b Present work (Exp.) measured at room temperature.
c Ref. [14] (Theo.).
d Ref. [28] (Theo.).
e Ref. [24] (Theo.).
f Ref. [17] (Theo.).
g Ref. [1] (Exp.) extrapolated to 0 K.
h Ref. [26] (Exp.) extrapolated to 0 K.
i Ref. [27] (Exp.) measured at 10 K.
j Ref. [27] (Exp.) measured at room temperature.
k Ref. [3] (Exp.) measured at room temperature.
l Ref. [2] (Exp.) measured at 4.2 K.

Fig. 2. Ms and K of Sb-doping MnBi as a function of temperature. Solid lines:
M T( )s from Eq. (1). Dashed lines: K T( ) from Eq. (2). The parameters =n 2,

=J 2 and corresponding value of M (0)s and Tc given in Table 1 are used.

Fig. 3. The XRD patterns of the handly crushed arc-melted MnBi1-xSbx alloys: a)
x=0, b) x=0.01, c) x= 0.02, d) x=0.04, e) x= 0.10 and f) x= 0.15.
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To have a massive preparation of samples, the MnBi alloy was an-
nealed in the tube furnace at 300 °C in the argon flow for 6 h and the
MnBi0.98Sb0.02 alloy was annealed in the tube furnace at 300 °C and
320 °C in the argon flow also for 6 h. The XRD patterns plotted in Fig. 5
show again the temperature-dependent increase of the intensity of the
main diffraction peaks of MnBi located at 28.14°. By increasing the
annealing temperature of the MnBi0.98Sb0.02 alloy, the ratio between
the intensities of the main peaks of MnBi and Bi (IMnBi(101)/IBi(012)) is
increased from 3.7 to 6.6 which correspond with increasing LTP con-
tents from 72wt% to 85wt%. Moreover, the peak (101) of MnBi be-
came sharper indicating that the grains grown up during the annealing
process. As a consequence of this MnBi LTP formation, the main peak of
Mn phase located at 2θ=43.02° is not observed. By increasing the
annealing time to 24 h (the XRD pattern of these samples are not shown
here), the MnBi LTP with x=0 content reached the value 92 wt%, and
the MnBi LTP with x=0.02 at 300 °C and 320 °C annealed reached the
value 85 and 90wt%, respectively.

Fig. 6 present SEM-graphs of arc-melted and annealed at 300 °C for
6 h of Mn(Bi0.98Sb0.02). They show the black inclusion of Mn-rich re-
gions, the white area of Bi1-xSbx-rich and gray one of MnBi. To enrich
the LTP content, the arc-melted samples must be annealed. The an-
nealing temperature must be kept in the range from 271 °C to 340 °C,

whereas the first value is the melting temperature of Bi and the second
one is the upper limit of the LTP MnBi. While the arc-melted alloy is
annealed in the mentioned temperature range, the Bi-rich matrix should
be melted and the Bi/Sb atoms should be diffused reacting with Mn
atoms to form the LTP. The microstructures of MnBi0.98Sb0.02 pre-alloys
and annealed-alloy are shown in Fig. 6 a,b. The amount of Mn inclu-
sions after annealing is decreasing. Moreover, the annealing also re-
duced significantly the white area of Bi, and extended the gray area of
LTP MnBi.

Especially, the morphological of the MnBi0.98Sb0.02 alloy is shown
differently compare with MnBi alloy in our previous work [30]. The
annealed MnBi based alloys were crushed by hand and the crushed
powders were subjected to the in-solvent-ball milling process for
20min, with the ball:powder weighing ratio of 20:1. As a solvent,
hexane is used because of its anti-oxidation ability. After milling, the
LTP of MnBi0.98Sb0.02 refinement powders were almost completely
preserved. It may be assumed that Sb substitution created
MnBi0.98Sb0.02 brittle alloy. The average size particles and magnetic
properties of MnBi and MnBi0.98Sb0.02 ball-mill powders are summar-
ized in Table 2.

The magnetization reduction in ball-milled is related with the de-
composition of LTP into Mn and Bi. This effect was observed in nu-
merous works [7,10,31,32]. Until now, the mechanism of this decom-
position is not quietly clear, but it is obvious that this effect depends
strongly on the ball-milling conditions, partly on the kinetic energy
used during the ball-milling process. Table 2 indicates that Ms after 20
min-ball-milling is strongly reduced in ∼26.6%, which is larger than
the reduction of 11.5% after 3 h-ball-milling, as reported by Xie et al.
[31]. However, we also note that in the case of the Sb-doped MnBi; for
example, for the MnBi0.98Sb0.02 sample the reduction is only ∼8.2%,
from 61 to 56 emu/g.

4. Conclusion

In summary, we have investigated the role of Sb substitution in rare-
earth-free MnBi alloys. The calculated magnetic moment is 76 emu/g
for pure MnBi, which is consistent with the previous theoretical works
but a little higher than that measured at room temperature in the
present experiment (64 emu/g). For MnBi1-xSbx (x= 0.0625, 0.125)
alloys, our theoretical calculations indicate a slight increase in the sa-
turation magnetization Ms upon increasing the doping concentration.
This is intuitively reasonable, since the magnetic moment of Sb atoms is
very close to that of Mn atoms while the atomic mass (atomic radius) of
Sb is smaller compared to that of Mn. However, it was observed ex-
perimentally that the saturation magnetization of MnBi1-xSbx for
x= 0.02 is decreased. We do not exclude the possibility that the non-
magnetic Bi (Bi/Sb) phase has been formed during solidification. The
calculations also predict a small negative magnetic anisotropy energy
K , which is independent of doping concentrations, in contrast with the
theoretical results predicting a sign change of K from negative to po-
sitive for >x 0.05 in the case of MnBi1-xSnx [17].

Based on these calculated results, we have prepared a series of
MnBi1-xSbx with x ranging from 0 to 0.15. The experimental results
revealed the fact that the Sb can substitute Bi entering the unit cell and
thus make the alloys more brittle and accelerates the diffusion process
between (Bi1-xSbx) and Mn to form MnBi LTP. Since the high LTP
content and brittle MnBi based alloys are very crucial for preparing
high-quality green compaction powder, the doping Sb into the mother
phase of MnBi seems to be a good manner to enhance the performance
of MnBi bulk magnets in the near future.
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Fig. 4. DSC traces of arc-melted MnBi1-xSbx alloys: a) x=0, b) x=0.02.

Fig. 5. The XRD patterns of the handly crushed 6 h - annealed MnBi1-xSbx al-
loys: a) x= 0 and Ta=300 °C; b) x=0.02 and Ta=300 °C; c) x=0.02 and
Ta=320 °C.
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a) b)

Fig. 6. The morphological microstructures of the MnBi0.98Sb0.02 alloys: a) pre-alloy; b) annealing alloy with ta= 6 h.

Table 2
The magnetic properties (Hc and Ms) and DSEM of MnBi1-xSbx (x=0, 0.02)
powders.

Before ball - milling After ball - milling

DSEM (μm) Ms

(emu/
g)

Hc (kOe) DSEM (μm) Ms

(emu/
g)

Hc (kOe)

MnBi 10.2 ± 2.0 64.0 1.84 2.0 ± 0.5 47.0 5.12
MnBi0.98Sb0.02 10.0 ± 1.8 61.0 1.87 1.5 ± 0.5 56.0 5.43
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