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Structural, electronic, and magnetic properties ofa- and b-MnAs: LDA and GGA investigations
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Zinc-blende (a-) and NiAs-type (b-) MnAs are investigated with a combined first-principles linearized
argumented plane wave and DMol3 study within both the local density approximation~LDA ! and the gener-
alized gradient approximation~GGA!. First-principles calculations within the GGA predict the lattice volume
for b-MnAs much better than LDA~which underestimates it by 15%! compared with experiment. The LDA
calculated equilibrium lattice volume ofa-MnAs is 10% smaller than that of GaAs, which is in contradiction
to the well-accepted fact that the lattice volume of Ga12xMnxAs increases withx. In contrast, the GGA predicts
a reasonable lattice volume fora-MnAs. The ferromagnetica-MnAs is shown to be a metal ata55.7 Å, and
to undergo a transition to a half-metallic phase when it expands toa.5.8 Å due to the decreased bandwidth.
Further, the calculated cohesive energy ofb-MnAs is nearly 0.87 eV greater than that ofa-MnAs, which
provides theoretical support for the instability ofa-MnAs.
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The recent discovery of carrier-induced ferromagneti
~FM! in Ga12xMnxAs has generated intense interest,1–3

mostly because of the possibility of developing devices co
bining information processing and storage functionalities
one material. The nature of FM in magnetic semiconduct
is not clear, and is a major focus of recent experimental
theoretical works.1–5 The simplest chemical structure of th
magnetic semiconductor, MnxGa12xAs, is 100% Mn doped,
i.e., zinc-blende MnAs. Although bulk zinc-blende MnAs
unstable, theoretical studies of this system, as well as
stable NiAs-type MnAs, may provide help in understandi
the nature of FM in magnetic semiconductors.

In this Brief Report, we present results of a combin
DMol3 ~i.e., density-functional for molecules and thre
dimensional periodic solids6! and first-principles full-
potential linearized-augmented-plane-wave meth
~FLAPW!7 investigation of the structural, electronic an
magnetic properties ofa- andb-MnAs, employing both the
generalized gradient approximation~GGA! and the local-
density appproximation~LDA ! within density-functional
theory ~DFT!.

DMol3 uses fast convergent three-dimensional numer
integrations to calculate the matrix elements occurring in
Ritz variational method. The basic description of the DM
method for molecules can be found in Ref. 8. The localiz
numerical linear combinations of atomic orbitals used as
sis sets are designed to give maximum accuracy for a g
basis set size. The atomic response to the molecular or s
environment can be handled robustly to an excellent appr
mation by a relatively small number of additional numeric
functions.8 The step from finite molecules and clusters
solids is done, as usual, by idealizing the solid with perf
translation symmetry of a unit cell.6 The molecular sum ove
orbitals generalizes into an integration over the first Brillou
zone. DMol3 has been successfully applied to band-struct
calculations of insulating and metallic solids6 and the com-
plex structure of the BaTiO3 grain boundary.9
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In this work, a double set of numerical valence functio
with a local basis cutoffRc of 9.0 a.u. is employed. When
standard extended basis set and anRc of 11.0 a.u. are tested
for a-MnAs, no remarkable changes for the lattice const
appear. Both the LDA functional, with formulas of Perde
and Wang10 ~PWC!, and the GGA functional, with formulas
of Perdew, Burke, and Ernzerhof11 ~PBE!, are used in this
work to illustrate the dependence of our theoretical pred
tions on functional treatments. In addition, a DMol3 calcula-
tion with an effective core potential~ECP! of the
Stuttgart-Dresden12,13 group is also carried out, in order t
assess the reliability of pseudopotentials on MnAs-type s
tems.

Calculations are also carried out with the highly prec
FLAPW method, since DMol3 is a newly developed metho
and a novice in spin-polarized solid systems. The FLAP
method is one of the most accurateab initio methods, in
which there is no artificial shape approximation for the wa
functions, charge density, and potential. For all Ga, Mn, a
As atoms, the core states are treated fully relativistically a
the valence states are treated semirelativistically~i.e., with-
out spin-orbit coupling!. Muffin-tin ~MT! radii for Ga and
Mn are chosen as 2.40 a.u., and 2.00 a.u. is used for As
energy cutoff of 12.25 Ry was employed for the augment
plane-wave basis to describe the wave functions in the in
stitial region, and a 49-Ry cutoff was used for the star fun
tions depicting the charge density and potential. Within
MT spheres, lattice harmonics with angular momentuml
<8 were adopted. In these FLAPW calculations, the LD
Hedin-Lundqvist formula14 and the GGA functional with the
same formulas as used in DMol3 @PBE ~Ref. 11!# are em-
ployed. The LDA formula used in the DMol3 calculation is
not the same as in FLAPW, because the PWC metho
conventionally employed for DMol3/LDA calculations. We
tried a DMol3 calculation with the Hedin-Lundqvist formula
for a-MnAs, and no appreciable difference from the PW
result was found for the lattice constant~5.44 vs 5.43 Å).
©2002 The American Physical Society02-1
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TABLE I. Comparison of lattice constants~in Å), for a-, b-MnAs, and GaAs within different exchange
correlation functional treatments, as well as with all-electron and pseudopotential bases.~Detailed descrip-
tions of the functionals and pseudopotentials are given in the text.! For b-MnAs, thec/a ratio is fixed as the
experimental value, 1.54, during the optimization. As a test,c/a was optimized with DMol3/GGA, which
gives 1.53, i.e., very close to the experimental value.

LDA GGA

Methods Experiment FLAPW DMol3 SPECTERa FLAPW DMol3

pseudopotential – – – ECP HSC/optimized – – EC

GaAs 5.65b 5.64 5.64 5.68 5.77 5.76 5.79
a-MnAs – 5.45 5.43 5.61 5.6–5.7 5.68 5.70 5.8
b-MnAs 3.7c 3.48 3.50 3.59 3.60 3.66 3.67 3.75

aReference 19.
bReference 22.
cReference 23.
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Lattice constants for FMa- and b-MnAs were investi-
gated extensively, including a treatment of different functio
als and pseudopotentials, and the results are listed in Tab
Some previous experimental and theoretical values
MnAs, as well as for GaAs, are also listed. Two conclusio
can be obtained from Table I.

First, the LDA is qualitatively incorrect, and nonlocal co
rections are necessary for MnAs. Forb-MnAs, the LDA un-
derestimates the lattice constant by about 5% in compar
with experiment, while the GGA gives a much better pred
tion ~within 1% of experiment!. It is well known that the
lattice constant of Ga12xMnxAs obeys Vegard’s law very
well experimentally,1 whenx is smaller than 7%. Therefore
it is believed that the lattice constant of MnAs with the sa
structure, i.e.,a-MnAs, is at least greater than that of GaA
However, the theoretical LDA result gives;5.45 Å for
a-MnAs, which is much smaller than the lattice constant
GaAs: 5.65 Å. Thus it is strongly believed that the LDA
also qualitatively incorrect fora-MnAs as for b-MnAs. It
has been reported that the GGA gives better bond length
Fe ~Ref. 16! and some 3d transition-metal compounds, suc
as Mn-P in MnGeP2 ~Ref. 17! and Co-S in CoS2,18 although
most GGA calculations overestimate the equilibrium volum
Both FLAPW and DMol3 GGA calculations give;5.7 Å
for a-MnAs, which is clearly more correct than the LD
results.15

Second, it appears that all-electron calculations are
quired for MnAs systems. In Table I, it is clear that th
all-electron FLAPW and DMol3 calculations are in very
good agreement with each other fora- and b-MnAs and
GaAs—which are the most reliable first-principles pred
tions for these lattice constants. The DMol3/ECP calculation
is consistent with the all-electron calculations for GaAs, b
not for MnAs. Actually, ECP overestimates the lattice co
stant for MnAs, which brings the LDA results with a pseud
potential close to the all-electron GGA results. The results
the SPECTER~a DFT pseudopotential plane-wave metho!
calculation,19 with an optimized pseudopotential20 for Mn
and standard Hamann-Schu¨lter-Chiang ~HSC!
pseudopotential21 for As, gives 5.6–5.7 Å fora-MnAs and
11320
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3.60 Å for b-MnAs; these poor results are very close to o
DMol3/ECP results. Obviously, the same problem occ
with the HSC pseudopotential when dealing with MnAs, a
hence indicates that both ECP and HSC pseudopoten
show their poor portability for MnAs, although they are fin
for GaAs.

In addition, the cohesive energy ofa-MnAs, 6.41 eV,
from the DMol3/GGA calculation at the theoretical equilib
rium lattice constant, is around 0.87 eV less than that
b-MnAs. This provides strong theoretical support th
b-MnAs is much more stable thana-MnAs.

The energy differences~cf. Table II! between FM and
simple antiferromagnetic~AFM! coupling MnAs systems are
calculated with DMol3 within the GGA based on their cor
responding theoretical equilibrium structures. The AFM co
figuration is described as a superlattice of periodp and layer
orientation G in Table II. Hereb-MnAs, which is a FM
material at room temperature, is seen to lie 51 meV per
atom lower in energy than the calculated AFM coupli
along the@001# direction. The calculated energy differenc
between FM and simple AFM coupling~along the@110# di-
rectly! for a-MnAs is very close to that ofb-MnAs.

The total spin moments from DMol3/GGA are 3.93mB
and 2.86mB per Mn atom fora- andb-MnAs, respectively,
and are in good agreement with the FLAPW/GGA resu
3.84mB, Refs. 22 and 23 in Table I, and 2.98mB , respec-
tively. The experimental value forb-MnAs is ;3.4mB , and
so is greater than the calculatedT50 K values which do not

TABLE II. The DMol3/GGA calculated energy difference be
tween FM and AFM MnAs,DE5EAFM2EFM . The spin superlat-
tice with an AFM configuration is described as a superlattice
period p and layer orientationG. The theoretical equilibrium con-
stants 5.70 Å fora-MnAs and 3.66 Å, with c/a51.54 for
b-MnAs, are used in the calculations.

p G DE(meV/Mn)

a-MnAs 1 @110# 53
b-MnAs 1 @001# 51
2-2
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include spin-orbit coupling. The spin moment fora-MnAs is
close to the expected value, 4.0mB , since each Mn provides
three electrons to complete the bonds with nearest As ato
In the LDA case, the calculated moments are only arou
2.8mB and 2.1mB for the optimizeda- andb-MnAs, respec-
tively, and so are much smaller than the GGA results
experiment.24 The DMol3 calculated band structure in Fig. 1
indicates thata-MnAs just misses being half-metallic ata
55.70 Å. Our further calculations show that it will exper
ence a phase transition to a half-metallic state when the
tice constant is stretched to.5.8 Å. This may be ascribed
to the bandwidth decreasing from the increasing atomic
tance. For instance, the width of the lowest spin-down c
duction band is reduced by 100 meV whena expands from
5.70 to 5.80 Å. The reduced bandwidth enlarges the b
gap in the spin-down band structure, and causes a trans
to a half-metallic state.

The density of states in Fig. 2 indicates that the Mnd
bands are much more localized in energy fora-MnAs than
for b-MnAs, which results from the different crystal symm
try. The exchange splitting~the average energy differenc
between spin-down and up bands! of Mn 3d is 3.33 eV for
a-MnAs and 2.56 eV forb-MnAs. The large exchange split
ting energy keeps a MnAs structure in the high-spin-st
ordering, as in Ga12xMnxAs.5 The broader bands an
smaller exchange splitting energy of Mn 3d in b-MnAs
causes its magnetic moment to be smaller than tha
a-MnAs. The band structure and density-of-states plots
tained from DMol3 calculations are in excellent agreeme
with the FLAPW results.

In summary, we calculated the lattice constants ofa- and
b-MnAs in a combined FLAPW and DMol3 study within

FIG. 1. Band structure ofa-MnAs from the DMol3/GGA cal-
culation at a lattice constant of 5.70 Å. The Fermi level is set
zero.
n

ci

.

11320
s.
d

r

t-

s-
-

d
on

e

of
-

t

both the LDA and GGA. We found that the LDA underes
mates the lattice constants for MnAs systems by around
and that the GGA appears to be necessary for better res
Since poor portability shows up for some pseudopotential
MnAs, all-electron calculations seem to be required. Furth
more,a-MnAs is not half-metallic at the theoretical equilib
rium structure (5.70 Å), but it will be if the lattice constan
is stretched to become greater than 5.80 Å by, for exam
epitaxial growth on a larger lattice constant substrate. He
it would possibly be useful as a source of spin-polariz
electrons in spintronic devices made with magne
semiconductors.

We thank the NSF/MRSEC program for support throu
the Northwestern MRSEC ~NSF Grant No. DMR-
96324732!.

o

FIG. 2. Mn 3d density of states~DOS! in a- andb-MnAs from
DMol3/GGA calculations at their theoretical equilibrium lattic
constants, with spin-up positive and spin-down negative. The Fe
level is set to zero.
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