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Zinc-blende half-metallic ferromagnets are rarely stabilized by coherent epitaxy
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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 differendgg in the total energies of the respectivelk crystal forms(zinc blende
and NiAs. We show here that the appropriate criterion is comparing differénggas) in epitaxial total
energies. This reveals that evenif is small, still for MnAs, CrSb, CrAs, CrTe)gy(ag) >0 for all substrate
lattice constangs, so the zinc-blende phase is not stabilized. For CrS we digglay) <0, but the system is
antiferromagnetic, thus not half-metallic. Finally, zinc-blende CrSe is predicted to be epitaxially stable for
as>6.2 A and is half metallic.
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Half-metallic ferromagnetshave afT=0 a finite band gap Fortunately, the relevant energiesf, and A, can be
for the majority spin bands and a vanishing band gap for thealculated by the same first-principles methodol@gyt dif-
minority spin bands at the Fermi level, and thus can have, ifierent structural configurationsused in the past to
principle, 100% spin polarizatiochThere has recently been a computé®?°the energy of ZB systems. The relevant ener-
renewed interest in thehfor the purpose of injecting highly gies calculated here are illustrated in Fig. 1. The solid lines
spin-polarized electrons into zinc blen@B) semiconductor indicate the normal energy vs volume curves for the non-ZB
substrates. However, solids that are stable in the zinc-blendground state and for the high-energy ZB phase. The energy
type structure are normally not half metalfiGonversely, difference between the respective minima is denoted by
known binary half-metallic systems possess instead othek, .. The dashed lines indicate tlevs a, epitaxial curves,
structures such as the rutile structure of GP@nhe perovskite corresponding to a material confined epitaxially in two in-
structuré of e.g., La_SrOs, or the Heusler structure of plane substrate directions to a templet of lattice-consdant
NiMnSb.” Although it is possible to grow a non-ZB film on a whereas the third lattice constant and any cell-internal degree
ZB substratge.g., NiAs-type MnAs on ZB-type GaA8°it  of freedom are relaxed to minimize the total energy. The
is d_eswable to identify systems having ge_ometrlcally coher-epitaxia| (biaxial) curves are naturally flatter than the bulk
ent interfacesi.e., same structure type for film and substrate triaxial) curves at the sama, since in the former case the
SO as to minimize scattering. This objective created rece nergy is allowed to relax ir,1 one direction. The equations

. ; ) s ;
interests in theoretical predictiol¥s?® and experimental governing the “epitaxial softeningZe(as)/ Eny(as) are dis-

testing'1221.22 of half-metallic, metastable ZB structures . i
made of compounds that are more stable in other structure ussed in Refs. 24._27' Wl.e See from the sch_ematlc in Fig. 1
at there could exist a critical substrate lattice cons#dnt

e.g., the NiAs-type or MnP-type structures. These studie L
ca%ried ou%o‘zofo)ﬁpMnAs CrAsprer CrS. CrSe. and CrTe such that foras>a2 the epitaxial ZB phase has a lower en-

predicted that half-metallicity is often preserved in the meta__ergy(by Aep) than the epitaxial NiAs structure, even though

stable, higher-energy ZB structure, and that there are cas&the free-floating bulk form the.NiA_s structure has a Iowe.r
where the energy differenck,,, between the equilibrium- energy. We can calculate the epitaxial energy curves for dif-

volume ZB and non-ZB structures is quite 16&:2—1.0 eV, ferent materials as a function ef, establish the epitaxial

spurring hope that such pseudomorphic thin films could be €'Y differencedep(as) and see if it has a zero point

stably grown, to the benefit of high-efficiency spin-injection Aepi(as:ag):o or not. If it has a zero point, we can search
devices. Hydrostatic vs. epitaxial energy

In fact, however, the stability of a high-energy pseudo-
morphic ZB film is not decided by the energy difference
Apuk between thdtriaxial) hydrostatically deformed ZB ma-
terials and the ground state structure, but rather by criteria
considering the energetics,,; of the (biaxial) epitaxially
deformed film relative to the ground stdféig. 1). 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 corresponding,;.® 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 Substrate lattice constant
surface and interface energies come to play. Such factors are FIG. 1. The schematic plot of hydrostatic energy, triaxial re-
outside of the current treatment. For thick layers, the interfataxed (solid line9, and epitaxial energy, biaxial relaxedashed
cial energy neglected here is not important, instead, the stdines), as substrate lattice constant changes. Beyafhdthe ZB
bility is dominated byAp, andAgp,; from bulk consideration.  epitaxial structure is more stable than the NiAs-type structure.
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e © © o & 0 Unfortunately, we found such hopes to be mostly unfounded
oo oo g because(i) the epitaxial energy curveBZ3(ay) of the ZB

o o 2 cC e form are only weakly bound, especiall)?I for MnAs, CrSb.
o o oo (i) Agpi(ag) does not cross zero for MnAs, CrSb, CrAs, CrTe
& 9 o c at least up to the substrate lattice constant available from
°coe e ° the largest lattice constant ZB materials InSb or CdTe
alolo lolololos (a~6.5 A). Thus, under epitaxial growth for a large range of
° as the NiAs-type structure continues to be more stable than
o of o o o o the ZB-type structure, just as is the case for bulk growih.

(@ () Aepi(ay) does cross zero for CrS and CrSeadt5.75 and
p.24 A, 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 for
>6.2 A (e.g., on a CgZn,_Se substrate This study shows
that one could identify half-metallic epitaxial ZB structure,
for an actual substrate material that has a natural lattice corput that the theoretical methodology that must be used is
stant close ta@’. Furthermore, examination of the curvature different than hitherto practiceld-2°

of EZ8(ay) can tell us if this phase is mechanically stable To perform epitaxial calculations for NiAs-on-ZB we

epi ’ . . . .
under axialc/a distortion€” or even if it could be dynami- need to find a relationship between the lattices of the film

cally unstable?® Such calculations have to be performed bothand the substrate such as those formulated in Ref. 8 for
for ferromagnetic(FM) and antiferromagneti¢AFM) spin ~ NaCl-on-ZB. To do so we inspect Fig. 2, which shows sev-
arrangement, examining if epitaxial stability comes with the€ral possible lattice relationships between the NiAs-type lat-
desired(FM) form of magnetism. The main questions henceticé and ZB lattice. Indeed, some NiAs-type films, such as
are(i) Is Eqp(@s) Vs ag bound?(ii) If it is, doesAep(ay) cross ~ MNAs, have beet?® experimentally known to grow along
zero (i.e., does epi-ZB ever become lower energy than epithe [1100] direction, with every fourth MnA40002 plane
NiAs?) (iii) If it does, is epi-ZB ferromagnetictv) If it matching along th¢0001] direction every sixth GaA§220
does, is there a ZB substrate material whose natural latticelane. This is pattern A shown in Fig. 2. Sincéa is very
constant is close tag (deciding the thicknegéthat can be close to 3/2 for all the studied NiAs-type binaries in a wide
grown)? range of volumegsee Fig. 3, we assume that these NiAs-
We have carried out such first-principles calculations for aype epitaxial films will grow as pattern A in Fig. 2, i.e., we
number of binary systems that are thod§t’to be poten- fix c/a at 3/2, anda=a.\2/2. In general, theninimaof the
tial FM half-metallic material in their ZB form, and which hydrostaticE,,, vs a curves coincide with that of the epitax-
were previously predicted to have rather smgjj, values, ial Egp, vs as curves, e.g., see the FM NiAs-type curves for
spurring hope that they can be grown pseudomorphicallyMnAs and CrTe in Fig. 3. However, this is not the case when

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

the interface of zinc blend®01) and NiAs type(1100). Pattern A
(a=as\2/2 andc/a=3/2) is confirmed for NiAs-type MnAs grown
on GaAs(001) substrate. The orientation of the NiAs structure is
shown in right panel.

TABLE I. Calculated magnetic ground stat@s=ferromagneticA=antiferromagneticof bulk and epitaxial configuration of the zinc-
blende-(ZB) and NiAs-type(NA) structures of various transition-metal binaries. We also give the calculated equilibrium lattice coastants
andc/a ratio of the bulk phases\, x denotes the amount by which the bulk NiAs structure is stabler than the bulk ZB structure at their
respective equilibrium voluméggig. 1). We indicate whether or not the epitaxial ZB structure becomes more stable than the epitaxial NiAs
structure at some critical substrate lattice consagnand the lattice-constant range where epitaxial ZB is half metgffe).

NiAs-type ZB-type ZB HM range
Bulk a(A), c/a Epi Bulk a(A) Epi Apui (€V) Epi NiAs—Epi zB?aZ (A) Bulk (A) Epi (A)

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 a=5.75

CrSe F~A F~A F~A F 0.23 Yes >5.7 >4.9
3.76, 1.616 5.77 a=6.24

CrTe F F F F 0.30 No >6.0 >5.1
4.13, 1.526 6.24
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FIG. 4. (Color) Comparison of the total density of stat@0S)
between epitaxialgreen and hydrostatic(red) ZB structures at
6.22 and 6.24 A for MnAs and CrSe, respectively. Spincdgwn)
DOS is shown on positivénegative 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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eralized gradient approximation of PW91 formufasnd the
projector augmented way®AW) potentials, as implemented
by thevasp code® The charge density is obtained from the
Monkhorst-Pack-space integration method, using the mesh
. of 6X6X6 for ZB and 6<X6X4 for the NiAs structures,
Substrate Lattice Constant (A) with an energy cutoff of 283.9 eV for CrAs, CrSh, CrSe,
FIG. 3. (Color). The calculated hydrostatic bulkb), solid lineg CrTe, and a cutoff of 323.4 eV for CrS and MnAs.
and epitaxia[(e), dashed lineftotal energies for both zinc-blende- Figure 3 shows the detailed results of the hydrostatic and
(zB) and NiAs-type(NA) structures. Red and green lines representepitaxial curves in both FM and AFM spin arrangement for
ferromagnetic and antiferromagnetic spin arrangements, respethese systems. The important features are summarized in
tively; the stabler spin configuration is drawn in thicker line. Ener-Table 1. We note the following(i) MnAs, CrAs, and CrSh
gies were calculated at each tenth A of the substrate lattice comayve largeA, . and indeed the NiAs phase continues to be
stants. Vertical arrows labeled? indicate the substrate lattice more stable than the ZB phase even under epitaxial condi-
constant at Which_epitaxial ZB structure become stabler th_an _thgons, thus Ag,> 0 and no substrate lattice constant exist for
NiAs counterpart in cases CrS and CrSe. Shaded areas indicajgnich Aepi crosses zero. Interestingly, CrAs is AFM in the
when these curves approach each other but do not cross. The bedgjilibrium NiAs-type structure, but when this structure is
tom figures show the tetragonala ratios for CrSe and CrS. stretched epitaxially, CrAs becomes FM. This observation is

the equilibrium free-floating/a value of the NiAs structure  Supported by the latest experim&which found FM near
differs significantly from 3/2, as are the cases according tdhe CrAs/GaAs interface(ii) Although CrTe has a rather
our calculations for CrS and Cr$see Fig. 3. Itis not guar- Small Ay 0f 0.3 eV, it too is never stabilized in the epitax-
anteed that the epitaxial NiAs-type film will grow witya  ial ZB form, at least for substrate lattice constants smaller
=3/2 (pattern A in Fig. 2 on any given substrate. However, than 6.5 A which is the largest substrate lattice constant
if a NiAs-type film could be grown with a more closely available for binary semiconductot€dTe, InSh. (iii) CrS
lattice-matched pattern, it will only decrease the epitaxialhas a smallA,,, and itsAg,(as) indeed does cross zero at
energy of the NiAs-type structure, and thus the ZB epitaxiah2=5.75 A, thus the epitaxial ZB phase can be stabilized
structure will be even more unstable with respect to the NiAsvhen grown epitaxially on, e.g., CdS, CdSe, and ZnTe sub-
structure. We calculated therefore the hydrostatic and epitaxstrates. Unfortunately, we findsee Fig. 3 that the

ial energy vs substrate lattice constant in both FM and AFMepitaxially-stable ZB form of CrS is not ferromagnetic, thus
state for these compounds. For the AFM configuration, wenot half metallic. Indeed, CrS has an AFM spin arrangement
let the spin in adjacent cation layers to alternate along thé both NiAs and ZB structure. Although the ferromagnetic
[110] and[0001] directions for the ZB and NiAs structures, state of epitaxial ZB becomes stable &r>6.3 A, it will be
respectively. All calculations are done with the pseudopotendifficult to grow ZB CrS film due to the extremely large
tial momentum-space total-energy metPfodithin the gen-  (Aa/a<17%) lattice mismatch making the critical thickness
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of the ZB film less than one monolay&r(iv) Finally, CrSe in conduction band of the epitaxial phase even smear to the
has ara.g of 6.24 A, and thus the half-metalfitepitaxial ZB  Fermi levels for both spin channels and deprive MnAs of the
film could possibly be grown on a Gzin; . Te or CdSg_ Te,  half metallicity. In the case of CrSe with,=6.24 A, both
substrate whose lattice constant can be tuned to 6.2—6.3 Bulk and epitaxial phases are half-metallic even though the
using compositions 0k=0.4 and 0.5, respectively. We con- conduction band minimuiCBM) of spin down channel in
clude that the search for half-metallic zinc-blende structureepitaxial phase is closer to the Fermi level. Whanis

that can be grown epitaxially must follow the procedure ofsmaller than the equilibrium Iattice constare.g., ag
examining epitaxial energeti¢dashed lines in Fig.)¥ather =5.50 A), the CBM of spin down channel in bulk CrSe is
than the previously practic&?°bulk energetics, and exam- actually below the Fermi level whereas the CBM of epitaxial
ine whether the AFMor othe) spin configurations are pre- CrSe is above the Fermi level. This leads the bulk CrSe to a

ferred to ferromagnetism under epitaxial conditions. metal while keeps epitaxial CrSe as a half metal whgn
It is interesting to compare the half-metallic characteristic=5.50 A (corresponding DOS is not shown in Fig. 4
of bulk (=hydrostati¢ vs epitaxial forms of the same mate-  |n summary, we show that the energetic proximity of the

rial in the ZB structure. We see from Table | tha} the  pylk total-energy minima\,, of the stable and metastable
epitaxial films possess half metallicity in a wider range of crystal structure types is not sufficient to indicate that the
substrate lattice constants than their bulk phases for CrAsatter could be stabilized as a thin film. Instead, one has to
CrSb, CrSe, and CrTdii) However, epitaxial MnAs lacks — examine the correspondirgpitaxial total-energy difference
half-metallicity even though it is half-metallic under bulk cyrvea,,(ay) for various substrate lattice constants in search
condition fora>5.8 A. (iii) ZB-CrS becomes half-metallic for aszag which reverts the stability of the competing
whenas>5.5 A under hydrostatic condition, but under epi- phases. We illustrate this procedure for a few binary transi-
taxial conditions AFM dominates untés>6.3 A and no ion metal compounds that were proposed as half-metallic
half-metallic character is found. The density of sta@®S 7 structures, finding that MnAs, CrSb, CrAs, and CrTe
for these transition metal binaries are |IIustra(Emb 4) for haveAg,>0, so under epitaxial conditions they continue to
CrSe and MnAs in both epitaxial and bulk phaseaseor in - e stabler in the NiAs-type structure than in ZB, just as is the
the shaded area; see Fig. @/e see that the DOS of epitaxial -5se in bulk forms. CrS does hatie, <0, but is not ferro-
phases is flatter than that of the bulk wheenis larger than magnetic under those conditions. pFinaIIy CrSe hag<0

the equilibrium lattice constants, indicating that the energyg, a.>6.2 A andis half metallic in epitaxial forms. It might
levels are more delocalized in epitaxial phag@ghenagis  pe grown on the C&n,_ Se substrate witk=0.4.

smaller than the equilibrium lattice constant, the energy lev-

els could be more localized in the epitaxial phada.the This work was supported by ONR under NRELS
case of MnAs witha;=6.22 A (Fig. 4), the delocalized levels DEAC36-98-G010337.
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