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Ab initio calculations have been carried out to investigate the electronic structure and magnetism of the
compound Mn,Sn with the bcc half-Heusler structure. For the equilibrium lattice parameter 5.69 A,
Mn,Sn is predicted to be a half-metallic fully compensated ferrimagnet (also called half-metallic
antiferromagnet) with zero total spin moment. This zero moment agrees well with the Slater-Pauling
curve and mainly comes from the compensated Mn (A) and Mn (B) spin moments in antiparallel
configuration. The half-metallicity of Mn,Sn is stable in a wide lattice-parameter range from 5.6 A to
5.9 A. Upon contraction of the lattice, a transition from half-metallicity to semimetallicity is observed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the recent years, with the development of spintronic
devices, materials with complete spin polarization at the Fermi
level Er have attracted much attention because they are of great
interest for scientific research and industrial applications [1-3].
These materials have an energy gap in one spin band at Eg
whereas the other spin band overlaps with the Fermi level and
shows metallic character, which results in a complete spin
polarization of the conduction electrons at Er. Therefore, these
materials are also called half-metallic ferromagnets (HMFs). They
have a 100% spin-polarized current and can be used as spin
injectors for magnetic random-access memories and other spin-
dependant devices [1,2].

Besides experimental studies, also first-principles electronic-
structure calculations play an important role in the prediction of
half-metals and their integration into real devices [4]. The Heusler
alloys form a large family in half-metallic materials. They usually
have high Curie temperatures and can be easily prepared as thin
films. All this makes half-metallic Heusler alloys good candidates
for spintronic materials. In fact the first predicted half-metal was
NiMnSb, a half-Heusler alloy [1]. Heusler alloys can be divided
into full-Heusler alloys and half-Heusler alloys by the number of
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atoms in one unit cell; the chemical formulae for them are X,YZ
and XYZ, respectively, where X and Y are transition-metal
elements and Z is the main-group element. In the half-Heusler
alloys, one X atom is replaced by a vacant site.

In the studies of half-metallic Heusler alloys, compounds with
a ferrimagnetic structure are rather interesting. In these half-
metallic ferrimagnets the transition-metal atoms at different sites
in the unit cell have antiparallel spin moments, which compen-
sate each other. It is known that the total spin moments of the
half-metals follow the Slater-Pauling (S-P) curve, which is
M,=Z,-24 for full-Heusler alloys and M;=Z,-18 for half-Heusler
alloys, where M, is the total magnetic moment per formula unit
(f.u.) and Z; the total number of valence electrons [4]. So it may be
expected that in the half-metallic ferrimagnets with 24 (full-
Heusler alloys) or 18 (half-Heusler alloys) valence electrons, the
magnetic moments of different atoms can completely compensate
each other, resulting in a zero total moment. This kind of half-
metal is also called half-metallic antiferromagnet (HMA) or half-
metallic fully compensated ferrimagnet (HMFCF) [5,6]. Because of
its weak magnetic moment, a HMFCF itself will create a very
small external magnetic field, which is supposed to have advan-
tages in many technical applications [6].

Till now, most studies on HMFCFs are theoretical and focus on
full-Heusler alloys. Wurmehl et al. [6] have predicted MnsGa to be
a HMEFCF, in which the compensated magnetic moments mainly
come from the spin moments of Mn at different crystallographic
sites. Also Cr,MnZ (Z=P, As, Sb, Bi) and Cr,CoAl have been
predicted to be HMFCFs [7,8]. Galanakis et al. [9] have reported
HMECF properties of Mn,VAI and Mn,VSi upon substitution of Co
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for Mn, the compensated moments mainly coming from the
antiparallelly aligned Mn and Co moments. Of the half-Heusler
alloys, only MnCrSb has been reported by van Leuken and De
Groot [5]. Therefore it is interesting to investigate and synthesize
more HMFCFs.

From the studies above, we see that Mn atoms play an
important role in the formation of HMFCFs. The Mn moment
tends to be antiparallel to the spin moments of other atoms,
which is necessary to obtain the fully compensated total moment
in HMFCFs. In this paper, we investigate the electronic structure
and magnetism of the half-Heusler alloy Mn,Sn with 18 valence
electrons and report its half-metallic properties.

It should be emphasized that Mn,Sn crystallizes in the hcp
B8,-type structure [10] and not in the bcc L2, phase for which the
present calculations have been carried out. However, with the
present technological developments, it is possible to grow meta-
stable thin films with structures that do not exist in bulk form.
Therefore, the bcc Mn,Sn reported in this study may eventually
be prepared by molecular-beam epitaxy or a similar method. In
spintronic devices, half-metals are also used as thin films. Unlike
the other ternary half-Heusler alloys Mn,Sn is a binary one,
studies on which can help to explore new functional materials
in this kind of alloys. Recently, similar calculations have also been
performed by Fujii et al. on FeCrZ and MnYZ [11].

2. Computational method

The electronic structure was calculated by means of the
CASETP code based on the pseudopotential method with a
plane-wave basis set [12,13]. The interactions between the atomic
core and the valence electrons were described by the ultrasoft
pseudopotential. [14] The electronic exchange-correlation energy
was treated under the local-density approximation (LDA) [15,16].
A plane-wave basis set cut-off of 500 eV was used in all cases and
a mesh of 16 x 16 x 16 k-points was employed for the Brillouin
zone integrations. These parameters ensured good convergence of
the total energy. The convergence tolerance for the calculations
was selected as 1x 10~ ¢eV/atom. The calculations were per-
formed based on the theoretical equilibrium lattice parameters.

The half-Heusler alloy XYZ crystallizes in the body-centered
cubic (bcc) structure with one formula unit per primitive cell. The
space group is F43m. In this study, Mn represents the X and Y
atoms and Sn represents the Z atom. Half-Heusler alloys in the
conventionally stable structure of the Y and Z atoms are located at
A(000)and C(1/21/2 1/2) sites and form the rock salt structure
while the X atom is located in the octahedrally coordinated
pocket at the cube-center site B (1/4 1/4 1/4), leaving the other
site D (3/4 3/4 3/4) unoccupied [17,18].

3. Results and discussion

To determine the lattice parameter of Mn,Sn, we performed
structural optimizations on it for both the non-magnetic (PM) and
the ferromagnetic (FM) states. The calculated equilibrium lattice
parameter is 5.69 A for Mn,Sn. This lattice parameter is some-
what smaller than the result of Fujii et al. (6.098 A) [11] and may
be related to the so-called LDA overbinding effect [19].

Fig. 1 presents the total and partial densities of states (DOS) of
Mn,Sn at the equilibrium lattice parameter. Mn,Sn has 18
valence electrons, which tend to occupy the majority and minor-
ity spin band equally. So there are nine electrons in both spin
bands of Mn,Sn, which makes it difficult to identify the majority
and minority spin states simply by the number of electrons in
them. In Fig. 1, we choose the spin states with the energy gap
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Fig. 1. Calculated spin-projected total and partial DOS of Mn,Sn.

around Ef to be the minority spin states. There are no states in this
minority energy gap. However, in the majority spin states, Er is
located in a low-DOS region. All this results in a 100% spin
polarization of the conduction electrons at Er, so that Mn,Sn is
a half-metal at the equilibrium lattice parameter.

In Fig. 1, a clear magnetic splitting is observed in the total DOS
though the 18 valence electrons occupy the spin-up and -down
band equally. The magnetic splitting mainly comes from the PDOS
of Mn atoms at the A and B sites. In Fig. 1, it can be seen that the
PDOS of Mn (A) and Mn (B) have opposite configuration. In the
majority states of Mn (B) the bonding peak is far below the Fermi
level and occupied and, in the minority states, the antibonding
peak is far above Er and unoccupied. In contrast, for the PDOS of
Mn (A), the unoccupied antibonding peak is far above Ef in the
majority spin and the occupied minority bonding peak is far
below Er. Therefore the contributions to the total DOS from Mn
(A) and Mn (B) are opposite to each other, corresponding to an
antiparallel alignment of their spin moments [6]. In Ref. [11],
antiparallel alignment between the Mn moments of Mn,Sn has
also been reported.

From the PDOS it can also be seen that the structure of the
half-metallic gap is mainly determined by the DOS of Mn (A) and
Mn (B). As discussed above, the majority states of Mn (B) are
basically occupied with a high antibonding peak below Ef. These
states are hybridized with Mn (A) d states, forming a broad d
band. In the minority spin band, exchange splitting shifts the
antibonding peak of Mn (B) to higher energy above Er and forms
an energy gap between the bonding and antibonding peaks. So,
similar to other half-Heusler alloys [20], the origin of the half-
metallic gap in Mn,Sn can be attributed to strong hybridization
between the d states of the Mn atoms. The Fermi level is located
between the bonding t,g orbitals and antibonding eg orbitals.

The calculated total spin moment for Mn,Sn is 0.001 pg/f.u.,
which agrees well with the Slater-Pauling curve. There are 18
valence electrons in Mn,Sn, which equally occupy the majority
and minority spin bands, so that a zero total spin moment
results (M;=Z,-18). In Mn,Sn, there are mainly the antiparallel
Mn spin moments that lead to the zero total moment. The
partial moments are —2.22up, 2.24ug and —0.02up for Mn (A),
Mn (B) and Sn, respectively. In Ref. [11], the Mn (A) and Mn
(B) moments are —3.16up and 3.44up, respectively. These larger
moments can be traced back to the larger equilibrium Iattice
parameter in Ref. [11], which enhances the localization of Mn d
states and increases the spin moments.
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According to a study on Cr,MnZ a small change of the lattice
parameter may shift Er with respect to the half-metallic gap,
which clearly affects the half-metallicity as well as the transport
properties [7]. Meanwhile half-metals are usually prepared as
thin films for application in spintronic devices, in which the
lattice constant of the material is strongly influenced by the
lattice of the substrate. All this makes it necessary to consider the
influence of lattice distortion on half-metallicity. In the present
paper, we have studied the electronic structure of Mn,Sn with
uniform lattice distortion from 55A to 6.1A (—3.5% —6%
changes with respect to the equilibrium lattice parameter).

In Fig. 2, we present the energy bands of Mn,Sn for different
lattice parameters. At the equilibrium lattice parameter (5.69 A), the
energy bands show clear half-metallic character. In the majority
spin band, the Fermi level cuts the bottom of the conduction band
and there exists an electron pocket at the X point. Meanwhile, the
top of the valence band touches the Fermi level at the I" point. It is
clear that the overlap between the majority valence band and the
conduction band is small, which leads to the low-DOS region around
Er in the majority DOS as can be seen in Fig. 1. In the minority band,
in which Ef is located in an energy gap of 0.41 eV, the situation is
quite different. The Fermi level lies above the minority spin valence
band maximum (VBM), which is the minimum energy required to
flip a minority spin electron from the VBM to the majority spin
Fermi level and is often referred to as the “spin-flip gap” [21]. In
Mn,Sn, the VBM gap is 0.24eV. All this leads to 100% spin
polarization in Mn,Sn at the equilibrium lattice parameter.
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As the lattice parameter decreases, Mn,Sn gradually presents a
semimetallic character in its spin bands. In the band structure of
semimetal, two distinct energy bands overlap slightly with the
Fermi level. In Fig. 2, as an example, the results for 5.5 A are
shown. In the majority band, the change is not quite clear. There
exists a hole pocket at the I" point and an electron pocket at the X
point, which is due to the small shift of the majority band to
higher energy with respect to the Fermi level. Meanwhile, it can be
noticed that upon contraction of the lattice, the top of the valence
band also touches the Fermi level at the W point, reflecting the
enhanced d-d hybridization between Mn d states. The change is
clearer in the minority spin band which is shifted to lower energy
as the lattice parameter decreases. The bottom of the conduction
band and the top of the valence band touch Er at the X and the W
point, respectively, which closes the half-metallic gap and makes
Mn,Sn a semimetal with compensated ferrimagnetic structure.

Increase of the lattice parameter has opposite effects. The
majority conduction band moves to lower energy and overlaps
with the Fermi level around the X point whereas the minority
band shifts to higher energy and opens a gap of 0.8 eV with the
top of the valence band touching the Fermi level at the I" point.

The changes of the energy bands discussed above can be
related to charge transfer between the spin-up and spin-down
bands during the lattice contraction of expansion [22]. In Fig. 2,
we can see that, with changing lattice parameters or applying
strain we can control the energy gap around Er as well as the
carrier density of Mn,Sn.

MnSn55A T

X W K
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Fig. 2. Band structure of Mn,Sn in the vicinity of the Fermi level for different lattice parameters: (a) at the calculated equilibrium lattice parameter 5.69 A; (b) at a lattice
parameter decreased by 3.3% (5.50 A) and (c) at a lattice parameter increased by 5.4% (6.00 A). The solid and dotted lines represent the majority and minority spin states,

respectively.
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Fig. 3. Calculated total and partial spin moments and spin polarization ratios for
Mn,Sn as a function of the lattice parameter.

The changes of the total and partial spin moments of Mn,Sn
upon lattice distortion are presented in Fig. 3 in steps of
0.05 A. The total spin moment M, is quite stable within the range
5.60 A-5.95 A. It is always smaller than 0.01u/f.u., indicating the
completely compensated ferrimagnetic nature. This is because the
Fermi level basically moves within the minority gap. However,
the partial spin moments of Mn at the two different crystal-
lographic sites are quite sensitive to the value of the lattice
parameter. The absolute values of Mn (B) and Mn (A) moments
increase monotonously if the lattice expands. The same has been
observed in the Heusler alloys Co,MnX (X=Si, Ge, Sn) [23] and
Mn,CuSb [24] and can be explained by the fact that, with
increasing lattice parameter, the 3d localization is stronger and
the Mn moment larger [9,20]. The moments of Mn (A) and Mn
(B) have similar value but opposite sign. They compensate each
other so that a nearly zero total moment is retained when the
lattice parameter changes.

Finally, in order to establish to which extent the half-metallic
properties are retained under lattice distortion, the spin polariza-
tion ratio P of Mn,Sn is presented as a function of the lattice
parameter in Fig. 3. The value of P is equal to (NT-N|/(NT+N])
where N1 and N| are the majority and minority DOS at Ep,
respectively. It can be seen that for Mn,Sn a 100% spin polariza-
tion is obtained in a wide range from 5.6 A to 5.9 A, which is quite
desired in technical applications such as thin-film systems. Here,
it should be noted that, in the study of Fujii et al. [11], Mn,Sn is
only “close to” a half-metal as the minority gap around Er in its
DOS is a pseudogap. This is different from our results. The reason
for this can be related to the larger lattice parameter in Ref. [11].

As discussed above, for a=6.0 A, the top of the minority valence
band will touch the Fermi level and affect the half-metallicity. So
the influence of different calculation methods on the properties of
Mn,Sn is worth investigating further.

4. Conclusions

Ab initio calculations have been performed to investigate the
electronic structure and magnetism of Mn,Sn with half-Heusler
structure. At the equilibrium lattice parameter 5.69 A, Mn,Sn is
predicted to be a half-metallic fully compensated ferrimagnet
(half-metallic antiferromagnet) with zero total spin moment.
Mn,Sn has 18 valence electrons and zero moment, which is
mainly due to the antiparallel configuration of the Mn (A) and
Mn (B) spin moments, which agrees well with the Slater-Pauling
curve. The half-metallicity of Mn,Sn is stable for a wide lattice-
parameter range from 56A to 5.9A. Upon contraction of the
lattice, a transition from half-metallic to semimetallic is observed.
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