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Stability and half-metallicity of transition metal pnictides in tetrahedrally bonded structures

M. S. Miao and Walter R. L. Lambrecht
Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106-7079, USA
(Received 4 June 2004; revised manuscript received 25 August 2004; published 18 February 2005

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(EBnderd the
wurtzite (WZ) 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
(DOY) 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 The important parameters of half metals for designing a

Half-metallicity is defined by having a band gap for the Splntl_’OI’lICS device are the gap o_f the _mlnorlty spin bgnds, the
minority spin channel and a partially filled band for the ma-density of state¢DOS) of majority spin at the Fermi level
jority Spin Channe| and has been found to occur in a numbe@.nd the Fermi I.eVe.I pOSI'Flon relative to the conduction band
of different material$~* This profound difference in the minimum of minority spin. The last parameter shows the
electronic structure for both spin channels makes the halfenergy cost to flip an injected spin in the half metal and is
metallic materials very promising for spin injection and spinalso known as the spin flip gap. It is also important to see
manipulation in spintronic devices. Since its discovery inhow these parameters change while we change the volume
198376 the half-metallic state has been found in severakexpansion. In this paper, we carefully address these problems
families of materials, including the Heusleland half- by calculating the total energy, the electronic structure and
Heusler materials and some transition metal oxfd@he the magnetic propeties of Mn,Cr, and V arsenides and anti-
band gap in the minority spin channel can either arise from anonides in five different structures, including Wz, ZB, 4H,
complex crystal structure, as is the case in the Heusler alloysiAs, and NaCl structures. The total energies are calculated
or from strong correlation effects, as occurs in some transim a hexagonal unit cell for all the structures. Tkeneshes
tion metal oxides. Recently, half-metallicity has also beengre chosen carefully so that they are equivalent for the dif-
found to occur in transition metal compounds with simpleferent structures. This specific arrangement allows us to
zinc blendgZB) but for these materials metastable structure.5cpieve an accuracy for the energy differences of about
Rel%ently, someltlransition metal pnictides, such as érAs,1 meV.

o el e grou o ranosie pacles o We wil briely nvoduce the computaonal method i
stable structure of these compounds is usually NiAs, the ec. Il In Sec: i, we present our major results, first con-
nanoparticles or films were found to exhibit the ZB structure €MN9 the Iatt!ce stability in Sec. A gnd_second concern-
This is caused by the large strains imposed by the substraté%.g t'he magnetlc and ele'ctron'lc properties in Sec. Il B. Con-
This was confrmed by many recent theoretical €lusions will be summarized in Sec. IV.

calculations:®*-?4 The calculations also showed that these

compounds are half metals as their minority spin has a gap at Il. COMPUTATIONAL METHOD
the Fermi level and they possess an integer magnetic mo-
ment in their ferromagnetic states. The calculations are performed using a full potential lin-

Computational investigatiohs24 showed that almost all earized muffin-tin orbital methd® (FPLMTO) which per-
the early transition metal pnictides and chalcogenides armits analytic calculation of the forces and hence structural
half-metallic in the ZB structure and under volume expan-optimization. This new version of FPLMTO has a number of
sion. Recently, Xieet al?* showed that the transition metal advantages compared to earlier implementations. As usual, it
pnictides and chalcogenides in the WZ structure are alsdivides the charge density and potential in a smooth part
half-metallic under volume expansion. Although this struc-throughout space and a rapidly changing part inside muffin-
ture has lower energy than the NiAs structure under certaitin spheres. The smooth part is handled accurately using a
volume expansion, it is unclear whether it can be a metareal space mesh and fast Fourier transforms. The major in-
stable structure under expansion. On the other hand, sevemabvation is the use of a more efficient minimal but accurate
other structures, including the NaCl structure and other tetbasis set consisting of augmented “smooth Hankel”
rahedron polytype structures, have not been studied for halfunctions?® The smoothing is added so as to give the basis
metallicity under volume expansion. 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

minimize the total energy. A single set of basis functions
with optimized smoothing radii and values already pro-
duces fairly good results. Th&’=E-V,,r; 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 solution¢, of the radial Schrédinger equation and its en-
ergy derivativeg, at a chosen linearization enerdy, for
each angular momenturh To give additional degrees of
freedom a second set of basis function is added with different
smoothing radii and Hankel function energi@kecay con-
stant3. 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 the, p, andd orbitals of transition metal
atoms and the and p orbitals of group V atoms. Only one
basis function is used for the groupdvorbital. 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 trigibasis set?
whereas with the new FPLMTO scheme a double basis set of
smoothed Hankel envelope functions suffiégd.

The von Barth and Hedin spin polarized exchange and
correlation potentidl is used in the local spin density func-
tional approximatiort®2° It is important to notice that local
spin density approximatiofLSDA) sometimes gives unsat-  FIG. 1. (Color onling Unit cells used in this paper for ZBop-
isfactory results, especially for thel3netals. For example, it 1eft), NaCl (rop-right, NiAs (bottom-lefy, and WZ (bottom-righ}
cannot predict the correct ferromagnetic body centered cubigtructures.

(bco) ground state for iron. The generalized gradient approxi-

mation (GGA) was shown to provide an important improve- and a 8x 8 X 6 k-point mesh for the WZ and NiAs structures.
ment for the @ metals and reproduced the correct bccThe total energy was tested to be converged to less than
ground state for irof%3! However, in the transition metal 1 meV. With these choices dpoint meshes, the sampling
pnictides studied in this paper, the metal ions interacipoints in the Brillouin zone are identical for all the struc-
strongly with the surrounding anions and theee8ectrons are  tures. Using this procedure one expects the numerical errors
more delocalized. The LSDA is expected to perform better irfor different structures due to the limited set of BZ sampling
such cases without gradient corrections. Indeed, the previoysints used in the integration to cancel. To our knowledge
LSDA214-1721 calculations as well as the results in this this technique was first adopted in the studies of SiC poly-
work show good agreement on the half metalicity featurestypes. It successfully resolved the energy difference to a pre-
such as the critical lattice constants for half metalicity andcision of one me\*

the spin flipping gaps, with the other studies done by Figure 1 shows the hexagonal view of the ZB and NaCl
GGA 19:20,22-24 structures calculated in this paper. In the ZB structure, both

After some initial calculations, we found that the energycations and anions form a face centered cufic) lattice.
differences between the ZB and WZ structures are venfhe cations or the anions occupy the tetrahedral interstitial
small, only a few or a few tens of meV. Therefore one needsites of the other sublattice. The layer sequence of fcc in the
to be very careful with the energy convergence. Consideringj111] direction isABC. Denoting the cations in upper case
that the systems are metallic for the majority spin channel, getters and the anions in lower case letters, the layer sequence
large k-point sampling is needed. We calculate all the struc-of ZB is AaBbCc In the NaCl structure, the cations and the
tures in a hexagonally shaped unit cell. Note however, that imnions also form fcc lattices. The difference from the ZB
the ZB and RS structures, the symmetry of these unit cells istructure is that the cations and the anions now intercalate by
of course only triagonal, not hexagonal, when their filling occupying all the octahedral interstitial sites. The layer se-
with atoms is considered. The remaining symmetries of thesquence of NaCl isAcBaCb In the NiAs structure, the cat-
cubic crystals are effectively ignored in these unit cells. Welons form a simple hexagonal lattice whereas the anions form
used a & 84 k-point mesh for the ZB and RS structures a hexagonal closed packédcp) lattice. The anions occupy

A
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FIG. 2. (Color online Total energy versus lattice constants CrSh
in ZB, WZ, NaCl, and NiAs structure.

half of the sixfold interstitial formed by the cation sublattice.  o.06
The layer sequence of NiAs iBbAc The WZ structure is
composed of two hcp lattices in which each occupies the 0.04
tetrahedral interstitial sites of the other sublattice. The layerg
sequence isAaBbAaBb Both ZB and WZ structures are 5
fourfold coordinated whereas the NaCl and the NiAs struc- hg 0.02 |
tures are sixfold coordinated. The local bonding of WZ is W
very similar to ZB except that the symmetry is lower for the
W?Z structure and one of the four bon@gong thec axis) is
slightly different from the other three. This will result in a
different splitting of thed orbitals of the cations caused by 002

o : ; . . , , ,
the crystal field interaction with the surrounding anions. o Y ™ Y —0

(b) Strain

0.00

lIl. RESULTS FIG. 3. (Color onling Relative total energy with respect to ZB

A. Stability of WZ and ZB structures for WZ and 4H structures for VAs, VSb, CrAs, CrSb, MnAs, and

. MnSb. The isotropic straifAa/a) is relative to the equilibrium
The volume dependence of the total energies for the varig,es of the ZB structure.

ous systems looks quite similar. We here only present the

data for CrSb in Fig. 2. The total energy shown is actuallymatch with the substrate lattice causes large strains to the
the energy relative to that of the atoms infinitely far apart, infilms and the nanoparticles. Beyond a certain critical volume,
other words, minus the cohesive energy, and is normalizeHowever, this strain cannot be maintained and misfit disloca-
per formula unit. It can be seen that the NiAs structure is theions would appear. The energy difference is about 0.7 eV
most stable one for CrSb. With no compression or expansiorper formula unit. The transition volume from the NiAs to the
the material favors the sixfold coordinated structures, espeZB structure, i.e., the volume where the two energy-volume
cially the NiAs structure. Under certain volume compressioncurves cross, is 59.6 #formula. These values are in good
(external pressujgthere is a phase transition from the NiAs comparison to the previous calculaticiisviost interestingly,

to the NaCl structure. The changes of the structure fromthe WZ structure shows a slightly lower energy than the ZB
NiAs to NaCl under pressure are the result of the fact that thatructure under large volume expansion.

NaCl structure is more closely packed than the NiAs struc- To find the metastable structure under volume expansion,
ture. The high symmetric way of arranging the positive andwe present the total energies for VSh, CrSh, and MnSbh under
negative charges in NaCl structure also lowers the Madelungarious volume expansions in Fig@ and the total energies
energy. On the other hand, the fourfold coordinated strucfor VAs, CrAs, and MnAs in Fig. @). The energies are
tures are all much higher in energy than the sixfold coordi-depicted for the WZ andH structures relative to those for
nated structures under ambient condition and compressiothe ZB structure. K is a denotation for one of the SiC poly-
Only under large volume expansion, these structures coultypes that consists of 50% hexagonal layers and 50% cubic
become metastable. Such metastable structures have beagers. The layer sequence foH4s AaBbCcBb For SiC,
found for CrAs, CrSb, and MnAs in nanosized particles orthe WZ structure is the most unstable one with energy of
very thin films grown on semiconductor substrates. The mis3 meV higher than the ZB structure. Thél4s most stable
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and is lower in energy than ZB by about 1.5 m&#* As S L B B B B B ]
shown by Fig. 3, under a compressed voluimeative to the a3 | .
equilibrium of the ZB structurethe ZB structure is the most
stable fourfold coordinated structure for all the studied pnic-
tides. While the volume expands, the WZ arid dtructures [
become more and more stable relative to the ZB structure @ 3.0 |
CrSb is metastable in the WZ structure for a volume smalleré 20l
than the equilibrium ZB. VSb is stable in WZ structure under 2,0
a slight volume expansion relative to the ZB one. For MnSb, s " |
the WZ structure is not stable in the range of volume expan-2 27 |
sion calculated in this paper. At a lattice expansion of about8 26 |
6%, the 4 structure becomes the metastable one for MnSb.
The arsenides have a similar tendency as the antimonides
For CrAs, the WZ and ¥ structures are lower in energy than [
the ZB structure at a volume even smaller than the equilib- 23} . . . . . . .
rium volume for ZB structure. The energy difference be- 52 84 58 53 80 82 64 65
tween the WZ and the ZB structure can be as large as Lattice Constants
20 meV. VAs becomes metastable in the WZ structure at a
volume slightly larger than the equlibrium volume for the zB  FIG. 4. The magnetic moment of CrSb under volume compres-
structure. The energy of the WZ structure for MnAs only Sion and expansion and in NiAs, NaCl, ZB, and WZ structures.
becomes lower than that of the ZB structure at about 7%qqont arger than that of the half metal, which is a result of
lattice expansion relative to the equlibrium lattice constant,, strong spin polarization.
for the ZB structure. However, itsHistructure is very close oy results of half-metallicity in WZ structure and under
in energy to the ZB structure at the ZB equilibrium volume. ,qjume expansion agree with the previous theoretical
Most of the density functional calculations for transitional jag1ts20 These results indicate that the half-metallicity is
metal pnictides so far, inqluding the_ present one, were C?‘”ithainly caused by the local bonding environment. It is the
out under the assumption of uniform lattice expansionsiegyit of a competition between the spin spliting and the
However, in thin film or particle growth upon a substrate, ¢rysta| field splitting that is mainly caused by the local bond-
there should be a large biaxial distortion accompanying thqhg_ For both ZB and WZ structure, the local tetrahedral
isotropic one considered here. One may assume that the CHonding splits thed orbitals intot, and e states. Onlyt,
bic ZB structure is favored relative to the hexagona_ﬂ NiASgtates have strong coupling with the surroundirgbitals of
structure while grown on the100) planes of a ZB semicon-  he anjons and form the bonding and antibonding states.
ductor substrate not only because of the expansion favoring Figure 5 shows the band structure of CrSb in ZB and WZ
the metastable structure but also because of the continuity @k, ctures. In both structures the minority spin bands have a
the bonding with the substrate. It is not so clear that this Wi||gap_ Let us first look at the bands of the ZB structure. The
happen for the WZ because the latter shares hexagonal syisyest three bands for both majority and minority spins are
metry with the NiAs structure. However, one may expect thag,e bondingt,-p states and are mainly composed of angpn
for growth on a(111) plane substrate with sufficiently larger pitals. These bands are deep in the valence band. The next
in-plane lattice constant the WZ could still be favored be-yy0 pands are formed by states. The majoritg bands are
cause it has Iovyer energy. The biaxial strain effects on th‘i‘ying in the valence bands whereas the minogtgtates in
energy will require further study. the conduction bands. These bands are fairly narrow com-
pared with thet, bands consistent with the nonbonding na-
ture of thee states. The, bands have a larger band width
because these orbitals have indirect interactions between
To check the half-metallicity and other magnetic proper-them via the Skp states. The large spin polarization of the
ties, we calculated the magnetic moments for all the comstates arises because these bands are narrow and atomiclike
pounds in the different structures here considered. Figure dnd is the origin of the gap for minority spins and therefore
shows the results for CrSb. The magnetic moments for théhe origin of the half-metallicity. The antibondirig-p bands
other compounds have similar tendency as shown in Fig. 4f majority spin are partially filled and are the bands that
and therefore are not shown in this paper. From Fig. 4, oneross the Fermi level. The corresponding bands for minority
can see that both the ZB and WZ structures start to havepin are high in the conduction bands.
integer magnetic moments at a lattice constant of 5.6 A, In the ZB symmetry, thé,-p bands are threefold degen-
which is a good indication of half-metallicity. By checking erate at thel” point and twofold degenerate along thel
the corresponding band structure and DOS, we confirmetine. Thee states are twofold degenerate at Thg@oint and
that they are in the half-metallic state. The critical volumetwofold degenerate along the-L line. Of course, strictly
for half-metallicity is evidently smaller than the equilibrium speaking the, ande labels strictly apply only at th€ point
volumes for both WZ and ZB structures, indicating that thewhere the point group 3. At generalk points in the BZ,
half-metallicity is strong in CrSb. It is worth to notice that these orbitals mix but still the bands that we designateas
the NaCl and NiAs structures can possess a magnetic ma; symmetry consist predominantly of the corresponding

32

31 F

25 |

24 |-

B. The half-metallicity of WZ and ZB structures
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TABLE |. Equilibrium lattice constantga in A), critical lattice
constants( a, in A), VBM (Eygm—Er), CBM or spin-flip-gap
(Eg"=Ecem—Er), minority band gapEé, all energies in eV and
majority DOSN;(Eg) at the Fermi level in states per eV per spin
per cell.

a ay VBM CBM Ejev) DOS

Energy (eV)

VAS ZB 56 54 -137 107 244 ~0
WZ 56 54 -129 106 235 ~0

VSh ZB 60 56 -130 089 219 ~0

1 | WZ 60 55 -125 090 215 ~O0

5 : : : CrAs ZB 54 55 -124 128 252 060
WZ 54 54 -117 135 252  0.83

crsb zB 60 58 -12 099 219  0.60
WZ 60 58 -114 1.09 223  0.65

MnAs ZB 54 58 -132 074 206 04
WZ 54 58 -134 068 202 026

MnSb ZB 60 60 -141 035 176 024
WZ 60 60 -141 035 176 024

Energy (eV)

el cubic lattice constan [ - iCi
3 > 8., at which half-metallicity appears
first.
= 3 : 3 3 The electronic structure for NaCl structure is totally dif-
o i i i i ferent from those for ZB and WZ structures, because of the
®) m r Mot A " ¥ difference in local bonding. In the NaCl structure, thg
FIG. 5. The band structure for CrSb(a) ZB (b) WZ structures states couple strongly with the aniprstates and form bond-

and with a lattice constants of 5.9 A. Solid lines: majority spin, ing and antibondingag—p S_tates' W(_e now use the labels for
dashed lines: minority spin. the octahedral grou@, which are either evefg) or odd(u)

with respect to inversion. Now, thg, states are nonbonding.
atomic orbitals in a linear combination of atomic orbitals Figure 6 shows the DOS for CrSb in NaCl, ZB, and Wz
picture. In the WZ band structure, the groups of thand structures and with lattice constant of 5.9 A. The DQS for
t,-p bands can still be distinguished. However, due to the?B and WZ structures shows clearly a gap for the minority
breaking of the tetrahedral symmetry, the degeneracy of thePin channel. However, for the NaCl structure, there is a
bands at high symmetric points and lines in the BZ is brokenSMall but nonzero value in DOS between the nonbonding
For example, the threefold degenerste bonding and an- and the bondingy-p states of minority spin channel. There-
tibonding states at thE point each split into a twofola, fore, t'he band structprt_a in the .NaCI structure is not half-
symmetric state and a nondegeneratesymmetric state us- metal_llc. For the_ majority spin in the NaCl structure, the
ing the symmetry labels for th€, point group. These cor- Fermi level can_lle in the antibondirgy-p states _under large
respond to the irreducible representations which transform a§2lume expansion. Therefore the RS magnetic moment can
X,y orbitals andz orbitals at the origin, respectively. be larger than that of the corresponding ZB half métaie

The important electronic features of a half-metallic mate-Fig- 4-

rial include (1) the minority band garEé, (2) the minority o
spin valence band maximurfVBM) relative to the Fermi C. Volume dependence of half-metallicity
level, (3) the minority spin conduction band minimum  The half-metallic properties strongly depend on the lattice
(CBM) also relative to the Fermi level, also known as theexpansion. Most of the transition metal pnictides are only
spin-flip gapEy’, and (4) the DOSN,(Eg) of the majority  half-metallic under a large lattice expansion. They are not
spin at the Fermi level. These features are listed in Table | fohalf-metallic while the lattice constants are smaller than a
all six compounds calculated in this paper. They are all oberitical value, although most of them are still ferromagnetic.
tained at the same cubic lattice constant, 6.06 A which is th@wo possible changes in the electronic structure may cause
lattice constant for InAs. For the WZ structures this meanghe reduction of the half-metallicity, namely the reduction of
that we usea,=a./\2 as hexagonal in-plane lattice constant.the band gap for minority spin and the changes of the Fermi
For comparison, both the ZB and the WZ structure paramievel relative to the CBM of minority spin.
eters are listed. It is evident that these features are very simi- In Fig. 6, we presented the DOS of CrSb at a lattice con-
lar for the two different structures, indicating that they arestant above the critical value,, for half-metallicity. For
mainly determined by the local bonding. We also include incomparison, Fig. 7 shows the DOS at a lattice constant be-
this table the equilibrium lattice constaa and the critical low the critical value. In the former case, the Fermi level
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FIG. 6. (Color onling PDOS for CrSb in NaCl, ZB, and WZ FIG. 7. (Color onling DOS for CrSb in NaCl, ZB, and WZ
structures and with lattice constants of 5.9 A. Black solid line: Mnstructures and with lattice constants of 5.3 A. Black solid line: Mn
d majority spin, red dashed line: Mah minority spin, green dotted d majority spin, red dashed line: Meh minority spin, green dotted
line: N p majority spin, and blue dash-dotted line: (Nminority line: N p majority spin, blue dash-dotted line: plminority spin.
spin.

spin splitting. The change of the minority gap is totally dif-

locates deep inside the gap of minority spin bands and there- .
fore the system is half-metallic. With decreasing lattice Con?erent from the usual change of a semiconductor gap under

stant, the gap of the minority spin becomes smaller. Mean;_:ompress(;on. A typlca_l sedm|cct)ndtuhctort gap will b?.CO”E)e
while the Fermi level position also changes toward the CBM arger under compression due to the stronger coupling be-

and is inside the minority conducting bands for a subcriticaf'Ve€n neighboring atoms that will increase the gap between

value of the lattice constant. bonding and antibonding states. For transition metal pnic-

For clarifying the changes of the electronic structure verides, however, the gap of the minority spin bands is deter-
sus the lattice constant, we calculated the minority band gaftined mainly by the spin splitting of the states and the
and the Fermi level position for CrSb as function of lattice Position of the Fermi level relative to the minority spin bond-
constant. The results are plotted in Fig. 8. The connectethg t,-p states. While the lattice constant decreases, the
stairs line shows the minority band gap, or the minority spinstrong bonding will delocalize the electrons and therefore
conduction band minimum relative to the minority spin va-reduce their spin splitting. This reduces the minority spin
lence band maximum taken as zero energy reference. Thgap. On the other hand, the compression will also increase
unconnected lines show the Fermi level position relative tadhe splitting between the bonding-p states and the anti-
the VBM of minority spin. It clearly reveals the gradual de- bondingt,-p states. Therefore the Fermi level that locates in
crease of the minority band gap and the increase of the Ferntihe antibonding,-p states is pushed up. The broadening of
level with decreasing lattice constant. The changes are athe antibondingt,-p bands caused by the delocalization of
most linear for both parameters. At a lattice reduction ofthe d electrons also moves up the Fermi level.
about 7% for CrSb, the two values cross, indicating that the The strains required to obtain half metallicity are usually
spin flip gap is zero and the system has lost its half-very small. As shown in Table |, except MnAs, all the other
metallicity. Meanwhile, the DOS at the Fermi level decreasesalculated asernides and antimonides start to be half-metallic
which is a result of the broadening majority bands. at a lattice constant smaller or near their equilibrium values.

The changes of the bands versus lattice constant can l§&n the other hand, as shown in this section, the larger the
understood by the change in bonding and the changes of tHattice constants, the bigger the spin flip gaps and therefore
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T j T j T j CrSbh, MnAs, MnSbh, VAs, and VSb. The calculations are
done for several structures, including the NiAs, NaCl, WZ,
ZB, and 4 structures. We found that under lattice expan-
sion, the fourfold structures become metastable. Especially
for several compounds, the WZ structure or thé gtructure

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

24

g
o

-
>

Gap and Fermi Level (eV)

12 — -
I | gap, the Fermi level position, and the majority spin DOS at
0s L = the Fermi level, are very close for the different fourfold
— Gap N structures. The breaking of the tetrahedral symmetry in WZ
— FormiLevel 1 structure has evident effects on the band structure. While the
04 ] volume increases, the minority band gap increases and the
relative Fermi level position to the VBM of minority spin
M 1 i 1 i 1 i H H H H H
0~f_>0 o Yy 000 Py 10 decreases. This is different from a typical semiconductor

Strain band gap dependence on the volume and is caused by the
exchange interaction between the majority and the minority
FIG. 8. (Color online Changes of the minority gap and the spins that will increase with the expansion of the volume.
Fermi level position with strain. The same effect also causes a slight increase of the DOS for
majority spin at the Fermi level.
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 ACKNOWLEDGMENTS
of interest. The strains at the interface should also be noniso-
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