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Structural, electronic, and magnetic properties ofa- and B-MnAs: LDA and GGA investigations
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Zinc-blende @-) and NiAs-type (3-) MnAs are investigated with a combined first-principles linearized
argumented plane wave and DMaltudy within both the local density approximatiitDA) and the gener-
alized gradient approximatiofGGA). First-principles calculations within the GGA predict the lattice volume
for B-MnAs much better than LDAwhich underestimates it by 15%ompared with experiment. The LDA
calculated equilibrium lattice volume af-MnAs is 10% smaller than that of GaAs, which is in contradiction
to the well-accepted fact that the lattice volume of GMn,As increases witlx. In contrast, the GGA predicts
a reasonable lattice volume farMnAs. The ferromagnetie-MnAs is shown to be a metal a=5.7 A, and
to undergo a transition to a half-metallic phase when it expands=t6.8 A due to the decreased bandwidth.
Further, the calculated cohesive energy®MnAs is nearly 0.87 eV greater than that @MnAs, which
provides theoretical support for the instability @MnAs.
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The recent discovery of carrier-induced ferromagnetism In this work, a double set of numerical valence functions
(FM) in Ga_,Mn,As has generated intense interkst, with a local basis cutofR, of 9.0 a.u. is employed. When a
mostly because of the possibility of developing devices comstandard extended basis set andRarof 11.0 a.u. are tested
bining information processing and storage functionalities infor «-MnAs, no remarkable changes for the lattice constant
one material. The nature of FM in magnetic semiconductorgppear. Both the LDA functional, with formulas of Perdew
is not clear, and is a major focus of recent experimental andnd Wang® (PWC), and the GGA functional, with formulas
theoretical works™® The simplest chemical structure of the of Perdew, Burke, and Ernzerdbf(PBE), are used in this
magnetic semiconductor, MGa _,As, is 100% Mn doped, work to illustrate the dependence of our theoretical predic-
i.e., zinc-blende MnAs. Although bulk zinc-blende MnAs is tions on functional treatments. In addition, a DMchlcula-
unstable, theoretical studies of this system, as well as dfon with an effective core potentia(ECP of the
stable NiAs-type MnAs, may provide help in understandingStuttgart-Dresdeii*® group is also carried out, in order to
the nature of FM in magnetic semiconductors. assess the reliability of pseudopotentials on MnAs-type sys-

In this Brief Report, we present results of a combinedtems.

DMol® (i.e., density-functional for molecules and three- Calculations are also carried out with the highly precise
dimensional periodic soli@s and first-principles full- FLAPW method, since DM38lis a newly developed method
potential linearized-augmented-plane-wave methodand a novice in spin-polarized solid systems. The FLAPW
(FLAPW)” investigation of the structural, electronic and method is one of the most accurab initio methods, in
magnetic properties af- and 8-MnAs, employing both the which there is no artificial shape approximation for the wave
generalized gradient approximatiqGGA) and the local- functions, charge density, and potential. For all Ga, Mn, and
density appproximation(LDA) within density-functional As atoms, the core states are treated fully relativistically and
theory (DFT). the valence states are treated semirelativistic@léy, with-

DMol® uses fast convergent three-dimensional numericaput spin-orbit coupling Muffin-tin (MT) radii for Ga and
integrations to calculate the matrix elements occurring in théMn are chosen as 2.40 a.u., and 2.00 a.u. is used for As. An
Ritz variational method. The basic description of the DMol energy cutoff of 12.25 Ry was employed for the augmented-
method for molecules can be found in Ref. 8. The localizedplane-wave basis to describe the wave functions in the inter-
numerical linear combinations of atomic orbitals used as bastitial region, and a 49-Ry cutoff was used for the star func-
sis sets are designed to give maximum accuracy for a givetions depicting the charge density and potential. Within the
basis set size. The atomic response to the molecular or solT spheres, lattice harmonics with angular momentum
environment can be handled robustly to an excellent approxi=8 were adopted. In these FLAPW calculations, the LDA
mation by a relatively small number of additional numerical Hedin-Lundgvist formul¥* and the GGA functional with the
functions® The step from finite molecules and clusters tosame formulas as used in DMJIPBE (Ref. 11] are em-
solids is done, as usual, by idealizing the solid with perfecployed. The LDA formula used in the DMbkalculation is
translation symmetry of a unit céllThe molecular sum over not the same as in FLAPW, because the PWC method is
orbitals generalizes into an integration over the first Brillouinconventionally employed for DM&ILDA calculations. We
zone. DMof has been successfully applied to band-structurdried a DMoP calculation with the Hedin-Lundqvist formula
calculations of insulating and metallic solfdsnd the com- for a-MnAs, and no appreciable difference from the PWC
plex structure of the BaTiQgrain boundary. result was found for the lattice constaBt44 vs 5.43 A).
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TABLE |. Comparison of lattice constanti A), for a-, 8-MnAs, and GaAs within different exchange-
correlation functional treatments, as well as with all-electron and pseudopotential {Retsled descrip-
tions of the functionals and pseudopotentials are given in the fest,3-MnAs, thec/a ratio is fixed as the
experimental value, 1.54, during the optimization. As a te&t, was optimized with DMol/GGA, which
gives 1.53, i.e., very close to the experimental value.

LDA GGA

Methods Experiment  FLAPW DMBI SPECTER FLAPW DMol®
pseudopotential - - - ECP  HSC/optimized - - ECP
GaAs 5.68 5.64 564 5.68 5.77 576 5.79
a-MnAs - 5.45 543 5.61 5.6-5.7 5.68 570 5.87
B-MnAs 3.7 3.48 350 3.59 3.60 3.66 3.67 3.75

8Reference 19.
bReference 22.
‘Reference 23.

Lattice constants for FMx- and 8-MnAs were investi- 3.60 A for 3-MnAs; these poor results are very close to our
gated extensively, including a treatment of different function-DMol®/ECP results. Obviously, the same problem occurs
als and pseudopotentials, and the results are listed in Tablewith the HSC pseudopotential when dealing with MnAs, and
Some previous experimental and theoretical values fohence indicates that both ECP and HSC pseudopotentials
MnAs, as well as for GaAs, are also listed. Two conclusionsshow their poor portability for MnAs, although they are fine
can be obtained from Table I. for GaAs.

First, the LDA is qualitatively incorrect, and nonlocal cor-  In addition, the cohesive energy a@f-MnAs, 6.41 eV,
rections are necessary for MnAs. F&fMnAs, the LDA un-  from the DMoP/GGA calculation at the theoretical equilib-
derestimates the lattice constant by about 5% in comparisorium lattice constant, is around 0.87 eV less than that of
with experiment, while the GGA gives a much better predic-8-MnAs. This provides strong theoretical support that
tion (within 1% of experiment It is well known that the B-MnAs is much more stable tham-MnAs.
lattice constant of Ga ,Mn,As obeys Vegard's law very The energy difference¢cf. Table Il) between FM and
well experimentally, whenx is smaller than 7%. Therefore, simple antiferromagnetitAFM) coupling MnAs systems are
it is believed that the lattice constant of MnAs with the samecalculated with DMol within the GGA based on their cor-
structure, i.e.@-MnAs, is at least greater than that of GaAs. responding theoretical equilibrium structures. The AFM con-
However, the theoretical LDA result gives5.45 A for  figuration is described as a superlattice of pepoahd layer
a-MnAs, which is much smaller than the lattice constant oforientation G in Table 1l. Here 8-MnAs, which is a FM
GaAs: 5.65 A. Thus it is strongly believed that the LDA is material at room temperature, is seen to lie 51 meV per Mn
also qualitatively incorrect fow-MnAs as for B-MnAs. It  atom lower in energy than the calculated AFM coupling
has been reported that the GGA gives better bond lengths @flong the[001] direction. The calculated energy difference
Fe (Ref. 16 and some @ transition-metal compounds, such between FM and simple AFM couplin@glong the[110] di-
as Mn-P in MnGeP (Ref. 17 and Co-S in Cog*® although  rectly) for a-MnAs is very close to that oB-MnAs.
most GGA calculations overestimate the equilibrium volume. The total spin moments from DMUIGGA are 3.93g
Both FLAPW and DMot GGA calculations give~5.7 A and 2.8Gz per Mn atom fora- and 8-MnAs, respectively,
for a-MnAs, which is clearly more correct than the LDA and are in good agreement with the FLAPW/GGA results,
results® 3.84ug, Refs. 22 and 23 in Table I, and 2,98, respec-

Second, it appears that all-electron calculations are retively. The experimental value fg8-MnAs is ~3.4ug, and
quired for MnAs systems. In Table I, it is clear that the so is greater than the calculat€e-0 K values which do not
all-electron FLAPW and DMGdl calculations are in very
good agreement with each other far and 8-MnAs and TABLE 1l. The DMol®/GGA calculated energy difference be-
GaAs—which are the most reliable first-principles predic-tween FM and AFM MNASAE=Ery—Egy . The spin superlat-
tions for these lattice constants. The DRIGCP calculation tice with an AFM configuration is described as a superlattice of
is consistent with the all-electron calculations for GaAs, butPeriodp and layer orientatiois. The theoretical equilibrium con-
not for MnAs. Actually, ECP overestimates the lattice con-Stants 5.70 A fora-MnAs and 3.66 A, withc/a=1.54 for
stant for MnAs, which brings the LDA results with a pseudo-#"MnAs, are used in the calculations.
potential close to the all-electron GGA results. The results of

the SPECTERa DFT pseudopotential plane-wave method P G AE(meV/Mn)
calculationt® with an optimized pseudopotentidlfor Mn  4-MnAs 1 [110] 53
and standard Hamann-Sdteu-Chiang (HSO)  B-MnAs 1 [001] 51

pseudopotentiat for As, gives 5.6-5.7 A fow-MnAs and
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FIG. 1. Band structure ofi-MnAs from the DMof/GGA cal- wn IAstype MnAs
culation at a lattice constant of 5.70 A. The Fermi level is set to 8 2. B ' ' er1 3d _ ]

Zero.

include spin-orbit coupling. The spin moment f@fMnAs is
close to the expected value, 4.8, since each Mn provides
three electrons to complete the bonds with nearest As atoms
In the LDA case, the calculated moments are only around
2.8ug and 2.Jug for the optimizeda- and 8-MnAs, respec-
tively, and so are much smaller than the GGA results or
experiment* The DMoF calculated band structure in Fig. 1,
indicates thate-MnAs just misses being half-metallic at
=5.70 A. Our further calculations show that it will experi- Energy (eV)
ence a phase transition to a half-metallic state when the lat- _ _
tice constant is stretched 5.8 A. This may be ascribed _ FIG. 2. Mn 3 density of state¢DOS) in a- and 5-MnAs from
to the bandwidth decreasing from the increasing atomic diSI_DMol /GGA.caICL.JIatlons e}t. their thegretlcal equnlt?rlum lattice .
tance. For instance, the width of the lowest spin-down Conponstgnts, with spin-up positive and spin-down negative. The Fermi
duction band is reduced by 100 meV whemxpands from |€Vel is set to zero.
5.70 to 5.80 A. The reduced bandwidth enlarges the band
gap in the spin-down band structure, and causes a transitidsoth the LDA and GGA. We found that the LDA underesti-
to a half-metallic state. mates the lattice constants for MnAs systems by around 5%,
The density of states in Fig. 2 indicates that the Mh 3 and that the GGA appears to be necessary for better results.
bands are much more localized in energy &6MnAs than  Since poor portability shows up for some pseudopotentials in
for B-MnAs, which results from the different crystal symme- MnAs, all-electron calculations seem to be required. Further-
try. The exchange splittingthe average energy difference more, a-MnAs is not half-metallic at the theoretical equilib-
between spin-down and up bandg Mn 3d is 3.33 eV for  (jym structure (5.70 A), but it will be if the lattice constant
a-MnAs and 2.56 eV fo3-MnAs. The large exchange split- s stretched to become greater than 5.80 A by, for example,
ting energy keeps a MnAs structure in the high-spin-statgitaxial growth on a larger lattice constant substrate. Hence
ordering, as in Ga,Mn,As” The broader bands and j'\yoyid possibly be useful as a source of spin-polarized

smaller exchange splitting energy of Mrd3n B-MnAS  giactrons in spintronic  devices made with magnetic
causes its magnetic moment to be smaller than that ofcmiconductors.

a-MnAs. The band structure and density-of-states plots ob-

tained from DMof calculations are in excellent agreement

with the FLAPW results. We thank the NSF/MRSEC program for support through
In summary, we calculated the lattice constantswofind  the Northwestern MRSEC(NSF Grant No. DMR-

B-MnAs in a combined FLAPW and DMbdlstudy within 96324732
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