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Zinc blende half-metallic compounds such as CrAs, with large magnetic moments and high Curie
temperatures, are promising materials for spintronic applications. We explore layered materials,
consisting of alternating layers of zinc blende half-metals, by first principles calculations, and find
that superlattices of (CrAs)1(MnAs)1 and (CrAs)2(MnAs)2 are half-metallic with magnetic
moments of 7.0mB and 14.0mB per unit cell, respectively. We discuss the nature of the bonding and
half-metallicity in these materials and, based on the understanding acquired, develop a simple
expression for the magnetic moment in such materials. We explore the range of lattice constants
over which half-metallicity is manifested, and suggest corresponding substrates for growth in thin
film form. © 2004 American Institute of Physics.@DOI: 10.1063/1.1639934#

With the successful syntheses of half-metallic~HM! zinc
blende ~ZB! CrAs in thin film form by Akinagaet al.,1 a
unique class of spintronic materials has been born. This suc-
cess has stimulated further work to discover and understand
other such transition metal compounds2–5 and layered
structures.6–8 Of particular interest for spintronic applica-
tions, HM Cr and Mn pnictides have been found to possess
large magnetic moments: 3.0mB for Cr and 4.0mB for Mn
compounds, per formula unit.

Here, we investigate layered materials composed of al-
ternating layers of HM ZB CrAs and MnAs:
(CrAs)1(MnAs)1 and (CrAs)2(MnAs)2 . In particular, we
investigate whether half-metallicity is preserved in the lay-
ered structures, whether the magnetic moment is preserved,
the nature of the bonding and half-metallicity, and possible
substrates for growth.

We employed an ultrasoft pseudopotential9 planewave
density functional10 approach,11 with generalized gradient
approximation12 to exchange and correlation. This approach
has been shown to yield excellent agreement with all-
electron calculations for the compounds of interest here.5

Metal 3d and 4s, and As 4s and 4p states were included in
valence. A planewave cutoff of 450 eV was used in all cal-
culations. Increasing the planewave cutoff from 450 to 650
eV resulted in changes in total energy of less than 1023 eV
in CrAs and MnAs calculations. The one-layer and two-layer
structure Brillouin zones were sampled using 1859 and 726k
points,13 respectively. Increasing the number ofk points from
726 to 2925 resulted in changes in total energy of less than
231023 eV in two-layer structure calculations. Lattice con-
stants were optimized, and atomic positions were relaxed to
within 0.06 eV/Å in all cases.

Two layered structures, (CrAs)1(MnAs)1 and
(CrAs)2(MnAs)2 , were considered. The conventional cell of

the (CrAs)1(MnAs)1 structure is shown in Fig. 1. The primi-
tive cell is tetragonal with 1 Cr, 1 Mn, and 2 As atoms. The
ideal ZB position of the Cr atom is at the lower left corner,
represented by a small shaded circle. Mn and As atoms are
indicated by filled and open circles, respectively. The opti-
mized lattice constant~5.70 Å! is close to the average of the
optimized lattice constants of the constituent CrAs~5.66 Å!
and MnAs ~5.77 Å! compounds.5 This lattice constant ap-
plies also to the two-layer structure.

The calculated total and projected densities of states
~DOS! for the (CrAs)1(MnAs)1 structure are shown in Fig.
2. The structure is half-metallic at its optimized lattice con-
stant, though only one of its constituents~CrAs! is ~ZB
MnAs being only nearly half-metallic at its equilibrium lat-
tice constant!. The DOS shows much in common with those
of the constituent compounds.5 Considering first the majority
states, we find low-lying, isolated As-s states at;210 eV,
followed by As-p–metal-d hybridized states in the vicinity
of EF . Mn states dominate thed manifold at lower energies,
while Cr states dominate at higher, consistent with nuclear
charges. The metallicity is contributed mainly by Crd states.
The minorityd states are shifted significantly relative to the
majority by the exchange interaction, with the more local-
ized, nonbondingeg states shifted substantially more than

a!Electronic mail: lyang@llnl.gov FIG. 1. (CrAs)1(MnAs)1 superlattice conventional cell.
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the strongly hybridized, bondingt2g states, opening a gap at
EF . Thus, as in the constituent compounds, the bonding is
mainly As-p–metal-d in nature and the minority-spin gap is
opened up by virtue of the substantially differing exchange
splitting of t2g andeg manifolds. No interface states form in
the gap, and half-metallicity is manifested. The same general
features are exhibited in the two-layer structure. A compari-
son of key features of the electronic structure of both layered
structures and constituent compounds is given in Table I.

The calculated majority and minority valence charge
densities in a plane containing a Cr–As–Mn–As chain are
shown in Fig. 3. The majority states show As-p–Mn-d bond-
ing, consistent with the hybridization exhibited in the major-
ity DOS ~Fig. 2!. Also clear is the substantial, strongly local-
ized eg density at the metal atoms~with lobes along the
vertical axis!, consistent with substantially lesser hybridiza-
tion. The minority states also show As-p–Mn-d bonding.
However, here the specifict2g character at the metal atom is
apparent, consistent with the shift of theeg states completely

aboveEF by the exchange interaction, as manifested in the
associatedt2g DOS ~Fig. 2!.

Because the layered materials are half-metallic and share
a common minority electronic structure with the constituent
compounds~As-s and As-p–metal-t2g hybrid states com-
pletely filled, metal-eg and all higher states completely un-
filled!, a simple relation may be developed for their magnetic
moments, analogous to that for the constituent compounds.
Proceeding as in Ref. 5, we have then

M5~Ztot22Nmin!mB5~Ztot28NAs!mB ~1!

for the magnetic moment per unit cell,M ; whereZtot is the
total number of valence electrons,Nmin is the number of
occupied minority states, andNAs is the number of As atoms,
per unit cell. The 8NAs on the right-hand side of Eq.~1!
follows from the fact that each minority As-s state holds one
electron while each minority As-p–metal-t2g hybrid state
holds three, for a total of four minority electrons per As
atom. For the (CrAs)1(MnAs)1 layered structure,Ztot523
and NAs52, and so Eq.~1! predicts a magnetic moment of
7mB per unit cell; and similarly, a magnetic moment of 14mB

per unit cell for (CrAs)2(MnAs)2 . Theab initio calculations
confirm exactly these values~Table I!.

Of course, the increased magnetic moments for larger
cells implied by Eq.~1! do not necessarily imply increased
saturation magnetizations~magnetic moment per unit vol-
ume!. For ZB CrAs, with a magnetic moment of 3.0mB per
unit cell ~Table I!, the saturation magnetization is
572.4 emu/cm3, which compares well with the measured
value of 559.8 emu/cm3.1 For ZB MnAs, it is
763.2 emu/cm3. The saturation magnetization for both super-

FIG. 2. Calculated total and projected densities of states of
(CrAs)1(MnAs)1 at the optimized lattice constant. The material is half-
metallic. As-p and metal-d states show significant hybridization, and Crd
states contribute most strongly to the metallicity.

FIG. 3. Calculated majority- and minority-spin valence charge densities of
(CrAs)1(MnAs)1 in a plane containing a Cr–As–Mn–As chain. Contours
are equally spaced in both plots. Both majority and minority densities show
As-p–metal-d bonding. The majority density shows substantial, strongly
localized eg character at the metal atoms, notably absent in the minority
density which exhibits cleart2g character.

TABLE I. Calculated half-metallic properties of (CrAs)1(MnAs)1 and
(CrAs)2(MnAs)2 superlattices, and constituent ZB compounds. DOS atEF

is the density of states at the Fermi energy in the majority channel,Eg is the
gap in the minority channel, andM is the magnetic moment. All results are
per primitive unit cell.

Sample
DOS atEF

~states/eV-spin! Eg ~eV! M (mB)

(CrAs)1(MnAs)1 1.94 1.65 7.0
(CrAs)2(MnAs)2 3.47 1.62 14.0
CrAsa 0.85 1.85 3.0
MnAsa 0.77 1.70 4.0

aRef. 5.
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lattices is 672.8 emu/cm3, approximately the average of the
two constituents, due to the preserved constituent-like minor-
ity electronic structure in the layered materials. More gener-
ally, we find that the magnetic moment per unit cell of the
layered materials is the sum of the magnetic moments per
unit cell of the constituents, due to the preserved minority
electronic structure. And so it is not viable to modify the
saturation magnetization of such materials by adding layers;
there is at most a small volume effect.

To determine possible substrates for growth of these lay-
ered materials, we carried out calculations for a range of
lattice constants. We find that between 5.60 and 6.03 Å, the
superlattices retain their integer magnetic moments~a neces-
sary condition of half-metallicity!. This range spans the ex-
perimental lattice constants of AlAs~5.62 Å!, GaAs ~5.65
Å!, InAs ~6.04 Å!, and InP~5.81 Å!.14 Growth with minimal
strain might therefore be accomplished on AlAs, GaAs, or
InP.

In summary, we find layered structures of
(CrAs)1(MnAs)1 and (CrAs)2(MnAs)2 to be half-metallic
using ab initio electronic structure methods. We find the
bonding and half-metallicity are fundamentally the same as
in the constituent ZB compounds; and further find that due to
the nature of the bonding, the magnetic moment per unit cell
of such materials can be predicted exactly by a simple ex-
pression@Eq. ~1!#. These materials are expected to grow in
thin film form, as have ZB CrAs and MnSb. We determined
the range of lattice constants consistent with half-metallicity
in these materials and suggested corresponding substrates for
growth.
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