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Using a full potential linearized muffin-tin approach and the spin polarized density functional method, we
studied the magnetism and the electronic structure for transition metal pnictides in the zinc blendesZBd and the
wurtzitesWZd structures under volume expansion and compression. It was found that for many compounds the
WZ structure has lower total energy than the ZB structure. The energy difference between the two tetrahedrally
bonded structures are only a few meV, which indicates that the system may form other polytypes with stacking
intermediate between ZB and WZ. Both ZB and WZ structure are half-metallic. There are only slight differ-
ences between ZB and WZ structures in the resulting band gaps of the minority spin and the density of states
sDOSd at the Fermi level for the majority spin. This indicates that these properties are only determined by the
local bonding. The minority gap and the DOS at the Fermi level are found to be strongly dependent on the
volume expansion.
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I. INTRODUCTION

Half-metallicity is defined by having a band gap for the
minority spin channel and a partially filled band for the ma-
jority spin channel and has been found to occur in a number
of different materials.1–4 This profound difference in the
electronic structure for both spin channels makes the half-
metallic materials very promising for spin injection and spin
manipulation in spintronic devices. Since its discovery in
1983,5,6 the half-metallic state has been found in several
families of materials, including the Heusler7 and half-
Heusler materials and some transition metal oxides.8 The
band gap in the minority spin channel can either arise from a
complex crystal structure, as is the case in the Heusler alloys,
or from strong correlation effects, as occurs in some transi-
tion metal oxides. Recently, half-metallicity has also been
found to occur in transition metal compounds with simple
zinc blendesZBd but for these materials metastable structure.

Recently, some transition metal pnictides, such as CrAs,9

CrSb,10 and MnAs,11 were grown as nanosize particles or
thin films on certain semiconductor substrates. Although the
stable structure of these compounds is usually NiAs, the
nanoparticles or films were found to exhibit the ZB structure.
This is caused by the large strains imposed by the substrates.
This was confirmed by many recent theoretical
calculations.13–24 The calculations also showed that these
compounds are half metals as their minority spin has a gap at
the Fermi level and they possess an integer magnetic mo-
ment in their ferromagnetic states.

Computational investigations13–24 showed that almost all
the early transition metal pnictides and chalcogenides are
half-metallic in the ZB structure and under volume expan-
sion. Recently, Xieet al.24 showed that the transition metal
pnictides and chalcogenides in the WZ structure are also
half-metallic under volume expansion. Although this struc-
ture has lower energy than the NiAs structure under certain
volume expansion, it is unclear whether it can be a meta-
stable structure under expansion. On the other hand, several
other structures, including the NaCl structure and other tet-
rahedron polytype structures, have not been studied for half-
metallicity under volume expansion.

The important parameters of half metals for designing a
spintronics device are the gap of the minority spin bands, the
density of statessDOSd of majority spin at the Fermi level
and the Fermi level position relative to the conduction band
minimum of minority spin. The last parameter shows the
energy cost to flip an injected spin in the half metal and is
also known as the spin flip gap. It is also important to see
how these parameters change while we change the volume
expansion. In this paper, we carefully address these problems
by calculating the total energy, the electronic structure and
the magnetic propeties of Mn,Cr, and V arsenides and anti-
monides in five different structures, including WZ, ZB, 4H,
NiAs, and NaCl structures. The total energies are calculated
in a hexagonal unit cell for all the structures. Thek meshes
are chosen carefully so that they are equivalent for the dif-
ferent structures. This specific arrangement allows us to
achieve an accuracy for the energy differences of about
1 meV.

We will briefly introduce the computational method in
Sec. II. In Sec. III, we present our major results, first con-
cerning the lattice stability in Sec. III A and second concern-
ing the magnetic and electronic properties in Sec. III B. Con-
clusions will be summarized in Sec. IV.

II. COMPUTATIONAL METHOD

The calculations are performed using a full potential lin-
earized muffin-tin orbital method25 sFPLMTOd which per-
mits analytic calculation of the forces and hence structural
optimization. This new version of FPLMTO has a number of
advantages compared to earlier implementations. As usual, it
divides the charge density and potential in a smooth part
throughout space and a rapidly changing part inside muffin-
tin spheres. The smooth part is handled accurately using a
real space mesh and fast Fourier transforms. The major in-
novation is the use of a more efficient minimal but accurate
basis set consisting of augmented “smooth Hankel”
functions.26 The smoothing is added so as to give the basis
function the right curvature in the region just outside the
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muffin-tin sphere radius. The parameters characterizing these
features of the basis function are adjusted at the beginning of
the calculation following well established procedures so as to
minimize the total energy. A single set of basis functions
with optimized smoothing radii andk values already pro-
duces fairly good results. Thek2=E−VMTZ value corre-
sponds to the kinetic energy in the interstitial region and
determines the overall fall-off of the envelope function,
while the smoothing radius determines its behavior in the
region between approximately the atomic Wigner-Seitz
sphere radius and the smaller nearly touching muffin-tin ra-
dius inside which the basis function is as usual augmented by
a solutionfn of the radial Schrödinger equation and its en-
ergy derivativeḟn at a chosen linearization energyEn for
each angular momentuml. To give additional degrees of
freedom a second set of basis function is added with different
smoothing radii and Hankel function energiessdecay con-
stantsd. We have tested that this choice is not very critical,
leading to energy differences of at most 3 meV on total en-
ergies. However, for higher accuracy, we adopt two sets of
basis functions for thes, p, andd orbitals of transition metal
atoms and thes and p orbitals of group V atoms. Only one
basis function is used for the group Vd orbital. The previous
version of FPLMTO requires larger basis sets because the
envelope Hankel functions are not smoothed. For example,
to converge the total energy differences between SiC poly-
types to a few tenths of a meV required a triplek-basis set,32

whereas with the new FPLMTO scheme a double basis set of
smoothed Hankel envelope functions sufficed.33

The von Barth and Hedin spin polarized exchange and
correlation potential27 is used in the local spin density func-
tional approximation.28,29 It is important to notice that local
spin density approximationsLSDAd sometimes gives unsat-
isfactory results, especially for the 3d metals. For example, it
cannot predict the correct ferromagnetic body centered cubic
sbccd ground state for iron. The generalized gradient approxi-
mationsGGAd was shown to provide an important improve-
ment for the 3d metals and reproduced the correct bcc
ground state for iron.30,31 However, in the transition metal
pnictides studied in this paper, the metal ions interact
strongly with the surrounding anions and the 3d electrons are
more delocalized. The LSDA is expected to perform better in
such cases without gradient corrections. Indeed, the previous
LSDA12,14–17,21 calculations as well as the results in this
work show good agreement on the half metalicity features,
such as the critical lattice constants for half metalicity and
the spin flipping gaps, with the other studies done by
GGA.19,20,22–24

After some initial calculations, we found that the energy
differences between the ZB and WZ structures are very
small, only a few or a few tens of meV. Therefore one needs
to be very careful with the energy convergence. Considering
that the systems are metallic for the majority spin channel, a
largek-point sampling is needed. We calculate all the struc-
tures in a hexagonally shaped unit cell. Note however, that in
the ZB and RS structures, the symmetry of these unit cells is
of course only triagonal, not hexagonal, when their filling
with atoms is considered. The remaining symmetries of these
cubic crystals are effectively ignored in these unit cells. We
used a 83834 k-point mesh for the ZB and RS structures

and a 83836 k-point mesh for the WZ and NiAs structures.
The total energy was tested to be converged to less than
1 meV. With these choices ofk-point meshes, the sampling
points in the Brillouin zone are identical for all the struc-
tures. Using this procedure one expects the numerical errors
for different structures due to the limited set of BZ sampling
points used in the integration to cancel. To our knowledge
this technique was first adopted in the studies of SiC poly-
types. It successfully resolved the energy difference to a pre-
cision of one meV.34

Figure 1 shows the hexagonal view of the ZB and NaCl
structures calculated in this paper. In the ZB structure, both
cations and anions form a face centered cubicsfccd lattice.
The cations or the anions occupy the tetrahedral interstitial
sites of the other sublattice. The layer sequence of fcc in the
f111g direction isABC. Denoting the cations in upper case
letters and the anions in lower case letters, the layer sequence
of ZB is AaBbCc. In the NaCl structure, the cations and the
anions also form fcc lattices. The difference from the ZB
structure is that the cations and the anions now intercalate by
occupying all the octahedral interstitial sites. The layer se-
quence of NaCl isAcBaCb. In the NiAs structure, the cat-
ions form a simple hexagonal lattice whereas the anions form
a hexagonal closed packedshcpd lattice. The anions occupy

FIG. 1. sColor onlined Unit cells used in this paper for ZBstop-
leftd, NaCl srop-rightd, NiAs sbottom-leftd, and WZ sbottom-rightd
structures.
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half of the sixfold interstitial formed by the cation sublattice.
The layer sequence of NiAs isAbAc. The WZ structure is
composed of two hcp lattices in which each occupies the
tetrahedral interstitial sites of the other sublattice. The layer
sequence isAaBbAaBb. Both ZB and WZ structures are
fourfold coordinated whereas the NaCl and the NiAs struc-
tures are sixfold coordinated. The local bonding of WZ is
very similar to ZB except that the symmetry is lower for the
WZ structure and one of the four bondssalong thec axisd is
slightly different from the other three. This will result in a
different splitting of thed orbitals of the cations caused by
the crystal field interaction with the surrounding anions.

III. RESULTS

A. Stability of WZ and ZB structures

The volume dependence of the total energies for the vari-
ous systems looks quite similar. We here only present the
data for CrSb in Fig. 2. The total energy shown is actually
the energy relative to that of the atoms infinitely far apart, in
other words, minus the cohesive energy, and is normalized
per formula unit. It can be seen that the NiAs structure is the
most stable one for CrSb. With no compression or expansion,
the material favors the sixfold coordinated structures, espe-
cially the NiAs structure. Under certain volume compression
sexternal pressured, there is a phase transition from the NiAs
to the NaCl structure. The changes of the structure from
NiAs to NaCl under pressure are the result of the fact that the
NaCl structure is more closely packed than the NiAs struc-
ture. The high symmetric way of arranging the positive and
negative charges in NaCl structure also lowers the Madelung
energy. On the other hand, the fourfold coordinated struc-
tures are all much higher in energy than the sixfold coordi-
nated structures under ambient condition and compression.
Only under large volume expansion, these structures could
become metastable. Such metastable structures have been
found for CrAs, CrSb, and MnAs in nanosized particles or
very thin films grown on semiconductor substrates. The mis-

match with the substrate lattice causes large strains to the
films and the nanoparticles. Beyond a certain critical volume,
however, this strain cannot be maintained and misfit disloca-
tions would appear. The energy difference is about 0.7 eV
per formula unit. The transition volume from the NiAs to the
ZB structure, i.e., the volume where the two energy-volume
curves cross, is 59.6 Å3/ formula. These values are in good
comparison to the previous calculations.23 Most interestingly,
the WZ structure shows a slightly lower energy than the ZB
structure under large volume expansion.

To find the metastable structure under volume expansion,
we present the total energies for VSb, CrSb, and MnSb under
various volume expansions in Fig. 3sad and the total energies
for VAs, CrAs, and MnAs in Fig. 3sbd. The energies are
depicted for the WZ and 4H structures relative to those for
the ZB structure. 4H is a denotation for one of the SiC poly-
types that consists of 50% hexagonal layers and 50% cubic
layers. The layer sequence for 4H is AaBbCcBb. For SiC,
the WZ structure is the most unstable one with energy of
3 meV higher than the ZB structure. The 4H is most stable

FIG. 2. sColor onlined Total energy versus lattice constants CrSb
in ZB, WZ, NaCl, and NiAs structure.

FIG. 3. sColor onlined Relative total energy with respect to ZB
for WZ and 4H structures for VAs, VSb, CrAs, CrSb, MnAs, and
MnSb. The isotropic strainsDa/ad is relative to the equilibrium
values of the ZB structure.
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and is lower in energy than ZB by about 1.5 meV.32,34 As
shown by Fig. 3, under a compressed volumesrelative to the
equilibrium of the ZB structured the ZB structure is the most
stable fourfold coordinated structure for all the studied pnic-
tides. While the volume expands, the WZ and 4H structures
become more and more stable relative to the ZB structure.
CrSb is metastable in the WZ structure for a volume smaller
than the equilibrium ZB. VSb is stable in WZ structure under
a slight volume expansion relative to the ZB one. For MnSb,
the WZ structure is not stable in the range of volume expan-
sion calculated in this paper. At a lattice expansion of about
6%, the 4H structure becomes the metastable one for MnSb.

The arsenides have a similar tendency as the antimonides.
For CrAs, the WZ and 4H structures are lower in energy than
the ZB structure at a volume even smaller than the equilib-
rium volume for ZB structure. The energy difference be-
tween the WZ and the ZB structure can be as large as
20 meV. VAs becomes metastable in the WZ structure at a
volume slightly larger than the equlibrium volume for the ZB
structure. The energy of the WZ structure for MnAs only
becomes lower than that of the ZB structure at about 7%
lattice expansion relative to the equlibrium lattice constant
for the ZB structure. However, its 4H structure is very close
in energy to the ZB structure at the ZB equilibrium volume.

Most of the density functional calculations for transitional
metal pnictides so far, including the present one, were carried
out under the assumption of uniform lattice expansions.
However, in thin film or particle growth upon a substrate,
there should be a large biaxial distortion accompanying the
isotropic one considered here. One may assume that the cu-
bic ZB structure is favored relative to the hexagonal NiAs
structure while grown on thes100d planes of a ZB semicon-
ductor substrate not only because of the expansion favoring
the metastable structure but also because of the continuity of
the bonding with the substrate. It is not so clear that this will
happen for the WZ because the latter shares hexagonal sym-
metry with the NiAs structure. However, one may expect that
for growth on as111d plane substrate with sufficiently larger
in-plane lattice constant the WZ could still be favored be-
cause it has lower energy. The biaxial strain effects on the
energy will require further study.

B. The half-metallicity of WZ and ZB structures

To check the half-metallicity and other magnetic proper-
ties, we calculated the magnetic moments for all the com-
pounds in the different structures here considered. Figure 4
shows the results for CrSb. The magnetic moments for the
other compounds have similar tendency as shown in Fig. 4
and therefore are not shown in this paper. From Fig. 4, one
can see that both the ZB and WZ structures start to have
integer magnetic moments at a lattice constant of 5.6 Å,
which is a good indication of half-metallicity. By checking
the corresponding band structure and DOS, we confirmed
that they are in the half-metallic state. The critical volume
for half-metallicity is evidently smaller than the equilibrium
volumes for both WZ and ZB structures, indicating that the
half-metallicity is strong in CrSb. It is worth to notice that
the NaCl and NiAs structures can possess a magnetic mo-

ment larger than that of the half metal, which is a result of
the strong spin polarization.

Our results of half-metallicity in WZ structure and under
volume expansion agree with the previous theoretical
results.20 These results indicate that the half-metallicity is
mainly caused by the local bonding environment. It is the
result of a competition between the spin splitting and the
crystal field splitting that is mainly caused by the local bond-
ing. For both ZB and WZ structure, the local tetrahedral
bonding splits thed orbitals into t2 and e states. Onlyt2
states have strong coupling with the surroundingp orbitals of
the anions and form the bonding and antibonding states.

Figure 5 shows the band structure of CrSb in ZB and WZ
structures. In both structures the minority spin bands have a
gap. Let us first look at the bands of the ZB structure. The
lowest three bands for both majority and minority spins are
the bondingt2-p states and are mainly composed of anionp
orbitals. These bands are deep in the valence band. The next
two bands are formed bye states. The majoritye bands are
lying in the valence bands whereas the minoritye states in
the conduction bands. These bands are fairly narrow com-
pared with thet2 bands consistent with the nonbonding na-
ture of thee states. Thet2 bands have a larger band width
because these orbitals have indirect interactions between
them via the Sbp states. The large spin polarization of thee
states arises because these bands are narrow and atomiclike
and is the origin of the gap for minority spins and therefore
the origin of the half-metallicity. The antibondingt2-p bands
of majority spin are partially filled and are the bands that
cross the Fermi level. The corresponding bands for minority
spin are high in the conduction bands.

In the ZB symmetry, thet2-p bands are threefold degen-
erate at theG point and twofold degenerate along theG-L
line. Thee states are twofold degenerate at theG point and
twofold degenerate along theG-L line. Of course, strictly
speaking thet2 ande labels strictly apply only at theG point
where the point group isTd. At generalk points in the BZ,
these orbitals mix but still the bands that we designate ase or
t2 symmetry consist predominantly of the corresponding

FIG. 4. The magnetic moment of CrSb under volume compres-
sion and expansion and in NiAs, NaCl, ZB, and WZ structures.
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atomic orbitals in a linear combination of atomic orbitals
picture. In the WZ band structure, the groups of thee and
t2-p bands can still be distinguished. However, due to the
breaking of the tetrahedral symmetry, the degeneracy of the
bands at high symmetric points and lines in the BZ is broken.
For example, the threefold degeneratet2-p bonding and an-
tibonding states at theG point each split into a twofolde1
symmetric state and a nondegeneratea1 symmetric state us-
ing the symmetry labels for theC6v point group. These cor-
respond to the irreducible representations which transform as
x,y orbitals andz orbitals at the origin, respectively.

The important electronic features of a half-metallic mate-
rial include s1d the minority band gapEg

↓, s2d the minority
spin valence band maximumsVBM d relative to the Fermi
level, s3d the minority spin conduction band minimum
sCBMd also relative to the Fermi level, also known as the
spin-flip gapEg

sp, and s4d the DOSN↑sEFd of the majority
spin at the Fermi level. These features are listed in Table I for
all six compounds calculated in this paper. They are all ob-
tained at the same cubic lattice constant, 6.06 Å which is the
lattice constant for InAs. For the WZ structures this means
that we useah=ac/Î2 as hexagonal in-plane lattice constant.
For comparison, both the ZB and the WZ structure param-
eters are listed. It is evident that these features are very simi-
lar for the two different structures, indicating that they are
mainly determined by the local bonding. We also include in
this table the equilibrium lattice constanta0 and the critical

cubic lattice constantacr at which half-metallicity appears
first.

The electronic structure for NaCl structure is totally dif-
ferent from those for ZB and WZ structures, because of the
difference in local bonding. In the NaCl structure, theeg
states couple strongly with the anionp states and form bond-
ing and antibondingeg-p states. We now use the labels for
the octahedral groupOh which are either evensgd or oddsud
with respect to inversion. Now, thet2g states are nonbonding.
Figure 6 shows the DOS for CrSb in NaCl, ZB, and WZ
structures and with lattice constant of 5.9 Å. The DOS for
ZB and WZ structures shows clearly a gap for the minority
spin channel. However, for the NaCl structure, there is a
small but nonzero value in DOS between the nonbondingt2g
and the bondingeg-p states of minority spin channel. There-
fore, the band structure in the NaCl structure is not half-
metallic. For the majority spin in the NaCl structure, the
Fermi level can lie in the antibondingeg-p states under large
volume expansion. Therefore the RS magnetic moment can
be larger than that of the corresponding ZB half metalssee
Fig. 4d.

C. Volume dependence of half-metallicity

The half-metallic properties strongly depend on the lattice
expansion. Most of the transition metal pnictides are only
half-metallic under a large lattice expansion. They are not
half-metallic while the lattice constants are smaller than a
critical value, although most of them are still ferromagnetic.
Two possible changes in the electronic structure may cause
the reduction of the half-metallicity, namely the reduction of
the band gap for minority spin and the changes of the Fermi
level relative to the CBM of minority spin.

In Fig. 6, we presented the DOS of CrSb at a lattice con-
stant above the critical valueacr for half-metallicity. For
comparison, Fig. 7 shows the DOS at a lattice constant be-
low the critical value. In the former case, the Fermi level

FIG. 5. The band structure for CrSb insad ZB sbd WZ structures
and with a lattice constants of 5.9 Å. Solid lines: majority spin,
dashed lines: minority spin.

TABLE I. Equilibrium lattice constantssa0 in Åd, critical lattice
constantss acr in Åd, VBM sEVBM −EFd, CBM or spin-flip-gap
sEg

sp=ECBM−EFd, minority band gapEg
↓, all energies in eV and

majority DOSN↑sEFd at the Fermi level in states per eV per spin
per cell.

a0 acr VBM CBM Eg
↓seVd DOS

VAs ZB 5.6 5.4 −1.37 1.07 2.44 ,0

WZ 5.6 5.4 −1.29 1.06 2.35 ,0

VSb ZB 6.0 5.6 −1.30 0.89 2.19 ,0

WZ 6.0 5.5 −1.25 0.90 2.15 ,0

CrAs ZB 5.4 5.5 −1.24 1.28 2.52 0.60

WZ 5.4 5.4 −1.17 1.35 2.52 0.83

CrSb ZB 6.0 5.8 −1.2 0.99 2.19 0.60

WZ 6.0 5.8 −1.14 1.09 2.23 0.65

MnAs ZB 5.4 5.8 −1.32 0.74 2.06 0.4

WZ 5.4 5.8 −1.34 0.68 2.02 0.26

MnSb ZB 6.0 6.0 −1.41 0.35 1.76 0.24

WZ 6.0 6.0 −1.41 0.35 1.76 0.24
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locates deep inside the gap of minority spin bands and there-
fore the system is half-metallic. With decreasing lattice con-
stant, the gap of the minority spin becomes smaller. Mean-
while the Fermi level position also changes toward the CBM
and is inside the minority conducting bands for a subcritical
value of the lattice constant.

For clarifying the changes of the electronic structure ver-
sus the lattice constant, we calculated the minority band gap
and the Fermi level position for CrSb as function of lattice
constant. The results are plotted in Fig. 8. The connected
stairs line shows the minority band gap, or the minority spin
conduction band minimum relative to the minority spin va-
lence band maximum taken as zero energy reference. The
unconnected lines show the Fermi level position relative to
the VBM of minority spin. It clearly reveals the gradual de-
crease of the minority band gap and the increase of the Fermi
level with decreasing lattice constant. The changes are al-
most linear for both parameters. At a lattice reduction of
about 7% for CrSb, the two values cross, indicating that the
spin flip gap is zero and the system has lost its half-
metallicity. Meanwhile, the DOS at the Fermi level decreases
which is a result of the broadening majority bands.

The changes of the bands versus lattice constant can be
understood by the change in bonding and the changes of the

spin splitting. The change of the minority gap is totally dif-
ferent from the usual change of a semiconductor gap under
compression. A typical semiconductor gap will become
larger under compression due to the stronger coupling be-
tween neighboring atoms that will increase the gap between
bonding and antibonding states. For transition metal pnic-
tides, however, the gap of the minority spin bands is deter-
mined mainly by the spin splitting of thee states and the
position of the Fermi level relative to the minority spin bond-
ing t2-p states. While the lattice constant decreases, the
strong bonding will delocalize thed electrons and therefore
reduce their spin splitting. This reduces the minority spin
gap. On the other hand, the compression will also increase
the splitting between the bondingt2-p states and the anti-
bondingt2-p states. Therefore the Fermi level that locates in
the antibondingt2-p states is pushed up. The broadening of
the antibondingt2-p bands caused by the delocalization of
the d electrons also moves up the Fermi level.

The strains required to obtain half metallicity are usually
very small. As shown in Table I, except MnAs, all the other
calculated asernides and antimonides start to be half-metallic
at a lattice constant smaller or near their equilibrium values.
On the other hand, as shown in this section, the larger the
lattice constants, the bigger the spin flip gaps and therefore

FIG. 6. sColor onlined PDOS for CrSb in NaCl, ZB, and WZ
structures and with lattice constants of 5.9 Å. Black solid line: Mn
d majority spin, red dashed line: Mnd minority spin, green dotted
line: N p majority spin, and blue dash-dotted line: Np minority
spin.

FIG. 7. sColor onlined DOS for CrSb in NaCl, ZB, and WZ
structures and with lattice constants of 5.3 Å. Black solid line: Mn
d majority spin, red dashed line: Mnd minority spin, green dotted
line: N p majority spin, blue dash-dotted line: Np minority spin.

M. S. MIAO AND WALTER R. L. LAMBRECHT PHYSICAL REVIEW B 71, 064407s2005d

064407-6



the better half-metallicity. However, very large strains may
not be achievable without significant strain-relieving distor-
tions of the system. The issue of which strains are sustain-
able requires a specific examination for each interface system
of interest. The strains at the interface should also be noniso-
tropic. A further study of these aspects is outside the scope of
this paper and postponed to future work.

IV. CONCLUSIONS

In this paper, we calculated the electronic and magnetic
properties of six transition metal pnictides including CrAs,

CrSb, MnAs, MnSb, VAs, and VSb. The calculations are
done for several structures, including the NiAs, NaCl, WZ,
ZB, and 4H structures. We found that under lattice expan-
sion, the fourfold structures become metastable. Especially
for several compounds, the WZ structure or the 4H structure
can have the lowest energy under certain lattice expansion.
All the fourfold structures are found to be half-metallic under
expansion. The major features, such as the minority band
gap, the Fermi level position, and the majority spin DOS at
the Fermi level, are very close for the different fourfold
structures. The breaking of the tetrahedral symmetry in WZ
structure has evident effects on the band structure. While the
volume increases, the minority band gap increases and the
relative Fermi level position to the VBM of minority spin
decreases. This is different from a typical semiconductor
band gap dependence on the volume and is caused by the
exchange interaction between the majority and the minority
spins that will increase with the expansion of the volume.
The same effect also causes a slight increase of the DOS for
majority spin at the Fermi level.
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