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The need for spin-injectors having the same zinc-blende-type crystal structure as conventional semiconduc-
tor substrates has created significant interests in theoretical predictions of possible metastable “half-metallic”
zinc-blende ferromagnets, which are normally more stable in other structure-types, e.g., NiAs. Such predictions
were based in the past on differencesDbulk in the total energies of the respectivebulk crystal formsszinc blende
and NiAsd. We show here that the appropriate criterion is comparing differenceDepisasd in epitaxial total
energies. This reveals that even ifDbulk is small, still for MnAs, CrSb, CrAs, CrTe,Depisasd.0 for all substrate
lattice constantas, so the zinc-blende phase is not stabilized. For CrS we findDepisasd,0, but the system is
antiferromagnetic, thus not half-metallic. Finally, zinc-blende CrSe is predicted to be epitaxially stable for
as.6.2 Å and is half metallic.
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Half-metallic ferromagnets1 have atT=0 a finite band gap
for the majority spin bands and a vanishing band gap for the
minority spin bands at the Fermi level, and thus can have, in
principle, 100% spin polarization.2 There has recently been a
renewed interest in them3 for the purpose of injecting highly
spin-polarized electrons into zinc blendesZBd semiconductor
substrates. However, solids that are stable in the zinc-blende-
type structure are normally not half metallic;4 conversely,
known binary half-metallic systems possess instead other
structures such as the rutile structure of CrO2,

5 the perovskite
structure6 of e.g., La1−xSrxO3, or the Heusler structure of
NiMnSb.7 Although it is possible to grow a non-ZB film on a
ZB substratese.g., NiAs-type MnAs on ZB-type GaAsd,8,9 it
is desirable to identify systems having geometrically coher-
ent interfacessi.e., same structure type for film and substrated
so as to minimize scattering. This objective created recent
interests in theoretical predictions10–20 and experimental
testing11,12,21,22 of half-metallic, metastable ZB structures
made of compounds that are more stable in other structures,
e.g., the NiAs-type or MnP-type structures. These studies
carried out10–20for MnAs, CrAs, CrSb, CrS, CrSe, and CrTe,
predicted that half-metallicity is often preserved in the meta-
stable, higher-energy ZB structure, and that there are cases
where the energy differenceDbulk between the equilibrium-
volume ZB and non-ZB structures is quite lows0.2–1.0 eVd,
spurring hope that such pseudomorphic thin films could be
stably grown, to the benefit of high-efficiency spin-injection
devices.

In fact, however, the stability of a high-energy pseudo-
morphic ZB film is not decided by the energy difference
Dbulk between thestriaxiald hydrostatically deformed ZB ma-
terials and the ground state structure, but rather by criteria
considering the energeticsDepi of the sbiaxiald epitaxially
deformed film relative to the ground statesFig. 1d. The criti-
cal thickness of the ZB-like film depends on the lattice mis-
match between the NiAs and ZB phases at a given substrate,
and the correspondingDepi.

23 If the thickness is just one or
two monolayers, then the system is of little technological
interest. Furthermore, in that case additional factors such as
surface and interface energies come to play. Such factors are
outside of the current treatment. For thick layers, the interfa-
cial energy neglected here is not important, instead, the sta-
bility is dominated byDbulk andDepi from bulk consideration.

Fortunately, the relevant energies ofDbulk andDepi can be
calculated by the same first-principles methodologysbut dif-
ferent structural configurationsd used in the past to
compute10–20 the energy of ZB systems. The relevant ener-
gies calculated here are illustrated in Fig. 1. The solid lines
indicate the normal energy vs volume curves for the non-ZB
ground state and for the high-energy ZB phase. The energy
difference between the respective minima is denoted by
Dbulk. The dashed lines indicate theE vs as epitaxial curves,
corresponding to a material confined epitaxially in two in-
plane substrate directions to a templet of lattice-constantas,
whereas the third lattice constant and any cell-internal degree
of freedom are relaxed to minimize the total energy. The
epitaxial sbiaxiald curves are naturally flatter than the bulk
striaxiald curves at the sameas, since in the former case the
energy is allowed to relax in one direction. The equations
governing the “epitaxial softening”Eepisasd /Ebulksasd are dis-
cussed in Refs. 24–27. We see from the schematic in Fig. 1
that there could exist a critical substrate lattice constantas

0

such that foras.as
0 the epitaxial ZB phase has a lower en-

ergy sby Depid than the epitaxial NiAs structure, even though
in the free-floating bulk form the NiAs structure has a lower
energy. We can calculate the epitaxial energy curves for dif-
ferent materials as a function ofas, establish the epitaxial
energy differenceDepisasd and see if it has a zero point
Depisas=as

0d=0 or not. If it has a zero point, we can search

FIG. 1. The schematic plot of hydrostatic energy, triaxial re-
laxed ssolid linesd, and epitaxial energy, biaxial relaxedsdashed
linesd, as substrate lattice constant changes. Beyondas

0, the ZB
epitaxial structure is more stable than the NiAs-type structure.
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for an actual substrate material that has a natural lattice con-
stant close toas

0. Furthermore, examination of the curvature
of Eepi

ZBsasd can tell us if this phase is mechanically stable
under axialc/a distortions27 or even if it could be dynami-
cally unstable.28 Such calculations have to be performed both
for ferromagneticsFMd and antiferromagneticsAFMd spin
arrangement, examining if epitaxial stability comes with the
desiredsFMd form of magnetism. The main questions hence
aresid Is Eepisasd vs as bound?sii d If it is, doesDepisasd cross
zero si.e., does epi-ZB ever become lower energy than epi-
NiAs?d siii d If it does, is epi-ZB ferromagnetic?sivd If it
does, is there a ZB substrate material whose natural lattice
constant is close toas

0 sdeciding the thickness24 that can be
grownd?

We have carried out such first-principles calculations for a
number of binary systems that are thought10–20 to be poten-
tial FM half-metallic material in their ZB form, and which
were previously predicted to have rather smallDbulk values,
spurring hope that they can be grown pseudomorphically.

Unfortunately, we found such hopes to be mostly unfounded
becausesid the epitaxial energy curvesEepi

ZBsasd of the ZB
form are only weakly bound, especially for MnAs, CrSb.
sii d Depisasd does not cross zero for MnAs, CrSb, CrAs, CrTe
at least up to the substrate lattice constant available from
the largest lattice constant ZB materials InSb or CdTe
sa,6.5 Åd. Thus, under epitaxial growth for a large range of
as the NiAs-type structure continues to be more stable than
the ZB-type structure, just as is the case for bulk growth.siii d
Depisasd does cross zero for CrS and CrSe atas

0=5.75 and
6.24 Å, respectively. However, having done so, the epitaxial
ZB forms of CrS is AFM, not FM, so the system is not half
metallic. Finally, CrSe does satisfy all conditionsand could
conceivably be grown as half-metallic ZB structure foras
.6.2 Å se.g., on a CdxZn1−xSe substrated. This study shows
that one could identify half-metallic epitaxial ZB structure,
but that the theoretical methodology that must be used is
different than hitherto practiced.10–20

To perform epitaxial calculations for NiAs-on-ZB we
need to find a relationship between the lattices of the film
and the substrate such as those formulated in Ref. 8 for
NaCl-on-ZB. To do so we inspect Fig. 2, which shows sev-
eral possible lattice relationships between the NiAs-type lat-
tice and ZB lattice. Indeed, some NiAs-type films, such as
MnAs, have been9,29 experimentally known to grow along

the f1̄100g direction, with every fourth MnAsh0002j plane
matching along thef0001g direction every sixth GaAsh220j
plane. This is pattern A shown in Fig. 2. Sincec/a is very
close to 3/2 for all the studied NiAs-type binaries in a wide
range of volumesssee Fig. 3d, we assume that these NiAs-
type epitaxial films will grow as pattern A in Fig. 2, i.e., we
fix c/a at 3/2, anda;as

Î2/2. In general, theminimaof the
hydrostaticEbulk vs a curves coincide with that of the epitax-
ial Eepi vs as curves, e.g., see the FM NiAs-type curves for
MnAs and CrTe in Fig. 3. However, this is not the case when

TABLE I. Calculated magnetic ground statessF=ferromagnetic,A=antiferromagneticd of bulk and epitaxial configuration of the zinc-
blende-sZBd and NiAs-typesNAd structures of various transition-metal binaries. We also give the calculated equilibrium lattice constantsa
andc/a ratio of the bulk phases.Dbulk denotes the amount by which the bulk NiAs structure is stabler than the bulk ZB structure at their
respective equilibrium volumessFig. 1d. We indicate whether or not the epitaxial ZB structure becomes more stable than the epitaxial NiAs
structure at some critical substrate lattice constantas

0, and the lattice-constant range where epitaxial ZB is half metallicsHFd.

NiAs-type ZB-type ZB HM range

Bulk asÅd, c/a Epi Bulk asÅd Epi Dbulk seVd Epi NiAs→Epi ZB? as
0 sÅd Bulk sÅd Epi sÅd

MnAs F,A F F,A F,A 0.82 No .5.8

3.68, 1.496 5.67

CrAs F,A F,A F F 0.84 No .5.6 .4.9

3.78, 1.390 5.64

CrSb F,A F,A F F 1.08 No .5.8 .5.6

4.18, 1.276 6.11

CrS F,A F,A F,A A 0.24 Yes .5.5

3.41, 1.691 5.37 as
0=5.75

CrSe F,A F,A F,A F 0.23 Yes .5.7 .4.9

3.76, 1.616 5.77 as
0=6.24

CrTe F F F F 0.30 No .6.0 .5.1

4.13, 1.526 6.24

FIG. 2. Left panel shows the possible geometrical structure at

the interface of zinc blendes001d and NiAs types1̄100d. Pattern A
sa=as

Î2/2 andc/a=3/2d is confirmed for NiAs-type MnAs grown
on GaAss001d substrate. The orientation of the NiAs structure is
shown in right panel.
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the equilibrium free-floatingc/a value of the NiAs structure
differs significantly from 3/2, as are the cases according to
our calculations for CrS and CrSessee Fig. 3d. It is not guar-
anteed that the epitaxial NiAs-type film will grow withc/a
;3/2 spattern A in Fig. 2d on any given substrate. However,
if a NiAs-type film could be grown with a more closely
lattice-matched pattern, it will only decrease the epitaxial
energy of the NiAs-type structure, and thus the ZB epitaxial
structure will be even more unstable with respect to the NiAs
structure. We calculated therefore the hydrostatic and epitax-
ial energy vs substrate lattice constant in both FM and AFM
state for these compounds. For the AFM configuration, we
let the spin in adjacent cation layers to alternate along the
f110g and f0001g directions for the ZB and NiAs structures,
respectively. All calculations are done with the pseudopoten-
tial momentum-space total-energy method30 within the gen-

eralized gradient approximation of PW91 formulas,31 and the
projector augmented wavesPAWd potentials, as implemented
by theVASP code.32 The charge density is obtained from the
Monkhorst-Packk-space integration method, using the mesh
of 63636 for ZB and 63634 for the NiAs structures,
with an energy cutoff of 283.9 eV for CrAs, CrSb, CrSe,
CrTe, and a cutoff of 323.4 eV for CrS and MnAs.

Figure 3 shows the detailed results of the hydrostatic and
epitaxial curves in both FM and AFM spin arrangement for
these systems. The important features are summarized in
Table I. We note the following:sid MnAs, CrAs, and CrSb
have largeDbulk, and indeed the NiAs phase continues to be
more stable than the ZB phase even under epitaxial condi-
tions, thus,Depi.0 and no substrate lattice constant exist for
which Depi crosses zero. Interestingly, CrAs is AFM in the
equilibrium NiAs-type structure, but when this structure is
stretched epitaxially, CrAs becomes FM. This observation is
supported by the latest experiment22 which found FM near
the CrAs/GaAs interface.sii d Although CrTe has a rather
small Dbulk of 0.3 eV, it too is never stabilized in the epitax-
ial ZB form, at least for substrate lattice constants smaller
than 6.5 Å which is the largest substrate lattice constant
available for binary semiconductorssCdTe, InSbd. siii d CrS
has a smallDbulk and itsDepisasd indeed does cross zero at
as

0=5.75 Å, thus the epitaxial ZB phase can be stabilized
when grown epitaxially on, e.g., CdS, CdSe, and ZnTe sub-
strates. Unfortunately, we findssee Fig. 3d that the
epitaxially-stable ZB form of CrS is not ferromagnetic, thus
not half metallic. Indeed, CrS has an AFM spin arrangement
in both NiAs and ZB structure. Although the ferromagnetic
state of epitaxial ZB becomes stable foras.6.3 Å, it will be
difficult to grow ZB CrS film due to the extremely large
sDa/aø17%d lattice mismatch making the critical thickness

FIG. 3. sColord. The calculated hydrostatic bulkfsbd, solid linesg
and epitaxialfsed, dashed linesg total energies for both zinc-blende-
sZBd and NiAs-typesNAd structures. Red and green lines represent
ferromagnetic and antiferromagnetic spin arrangements, respec-
tively; the stabler spin configuration is drawn in thicker line. Ener-
gies were calculated at each tenth Å of the substrate lattice con-
stants. Vertical arrows labeledas

0 indicate the substrate lattice
constant at which epitaxial ZB structure become stabler than the
NiAs counterpart in cases CrS and CrSe. Shaded areas indicate
when these curves approach each other but do not cross. The bot-
tom figures show the tetragonalc/a ratios for CrSe and CrS.

FIG. 4. sColord Comparison of the total density of statessDOSd
between epitaxialsgreend and hydrostaticsredd ZB structures at
6.22 and 6.24 Å for MnAs and CrSe, respectively. Spin-upsdownd
DOS is shown on positivesnegatived axis and the Fermi energy is
set to zero. Note that CrSe is half metallic in both configurations,
whereas MnAs is half metallic under hydrostatic structure, but not
under epitaxial condition.
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of the ZB film less than one monolayer.24 sivd Finally, CrSe
has anas

0 of 6.24 Å, and thus the half-metallic33 epitaxial ZB
film could possibly be grown on a CdxZn1−xTe or CdSe1−xTex
substrate whose lattice constant can be tuned to 6.2–6.3 Å
using compositions ofx=0.4 and 0.5, respectively. We con-
clude that the search for half-metallic zinc-blende structure
that can be grown epitaxially must follow the procedure of
examining epitaxial energeticssdashed lines in Fig. 3d rather
than the previously practiced10–20bulk energetics, and exam-
ine whether the AFMsor otherd spin configurations are pre-
ferred to ferromagnetism under epitaxial conditions.

It is interesting to compare the half-metallic characteristic
of bulk s=hydrostaticd vs epitaxial forms of the same mate-
rial in the ZB structure. We see from Table I thatsid the
epitaxial films possess half metallicity in a wider range of
substrate lattice constants than their bulk phases for CrAs,
CrSb, CrSe, and CrTe.sii d However, epitaxial MnAs lacks
half-metallicity even though it is half-metallic under bulk
condition for a.5.8 Å. siii d ZB-CrS becomes half-metallic
whenas.5.5 Å under hydrostatic condition, but under epi-
taxial conditions AFM dominates untilas.6.3 Å and no
half-metallic character is found. The density of statessDOSd
for these transition metal binaries are illustratedsFig. 4d for
CrSe and MnAs in both epitaxial and bulk phases atas

0 sor in
the shaded area; see Fig. 3d. We see that the DOS of epitaxial
phases is flatter than that of the bulk whenas is larger than
the equilibrium lattice constants, indicating that the energy
levels are more delocalized in epitaxial phases.sWhenas is
smaller than the equilibrium lattice constant, the energy lev-
els could be more localized in the epitaxial phase.d In the
case of MnAs withas=6.22 Å sFig. 4d, the delocalized levels

in conduction band of the epitaxial phase even smear to the
Fermi levels for both spin channels and deprive MnAs of the
half metallicity. In the case of CrSe withas=6.24 Å, both
bulk and epitaxial phases are half-metallic even though the
conduction band minimumsCBMd of spin down channel in
epitaxial phase is closer to the Fermi level. Whenas is
smaller than the equilibrium lattice constantse.g., as
=5.50 Åd, the CBM of spin down channel in bulk CrSe is
actually below the Fermi level whereas the CBM of epitaxial
CrSe is above the Fermi level. This leads the bulk CrSe to a
metal while keeps epitaxial CrSe as a half metal whenas
=5.50 Å scorresponding DOS is not shown in Fig. 4d.

In summary, we show that the energetic proximity of the
bulk total-energy minimaDbulk of the stable and metastable
crystal structure types is not sufficient to indicate that the
latter could be stabilized as a thin film. Instead, one has to
examine the correspondingepitaxial total-energy difference
curveDepisasd for various substrate lattice constants in search
for as=as

0 which reverts the stability of the competing
phases. We illustrate this procedure for a few binary transi-
tion metal compounds that were proposed as half-metallic
ZB structures, finding that MnAs, CrSb, CrAs, and CrTe
haveDepi.0, so under epitaxial conditions they continue to
be stabler in the NiAs-type structure than in ZB, just as is the
case in bulk forms. CrS does haveDepi,0, but is not ferro-
magnetic under those conditions. Finally CrSe hasDepi,0
for as.6.2 Å andis half metallic in epitaxial forms. It might
be grown on the CdxZn1−xSe substrate withx=0.4.
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