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Among a new classof spintronicsmaterials,nanoscaledots of the zinc-blende~ZB! MnAs have
recentlybeensynthesizedon theGaAs~001! surface.We applyanab initio pseudopotentialmethod
with the generalizedgradient approximationto study magneticand structural stability for the
Mn-centeredZB MnAs4Mn12As24 cluster, which is relaxedbothatomicallyandelectronically. The
ferromagneticclusteris shownto havecharacteristicsof a half metalwith a largemagneticmoment
4mB perMn atom.TheMn-As bondlengthis slightly longerthantheonein thebulk, in accordwith
experimentalobservation.The`̀ semiconducting'' gap1.83eV is openedup in theminority channel,
due to the large bonding-antibondingsplitting from the p-d hybridization,similar to the ZB bulk
MnAs andGa12 xMnxAs. We also®ndan antiferromagneticcoupling in this systemsuchthat the
moment of the central Mn atom is ¯ipped with respect to those of the second-shellMn
atoms. • 2004AmericanInstituteof Physics. @DOI: 10.1063/1.1687291#

Sincethe®rstsuccessin growingepitaxial®lmsof CrAs
with zinc-blende~ZB! structure on the GaAs substrate,1

much attentionhasbeenpaid to this new classof material,
i.e., the ZB half-metal~HM! whereelectronswith spinspo-
larized in onedirectionexhibit metallic behaviorsandspins
polarized in the opposite direction show semiconducting
properties.Many groupsaroundthe world havevigorously
investigatedthesezinc-blende~ZB! compoundsof transition
metalstheoreticallyandexperimentally,1±6 which will beex-
cellent candidatesfor the spintronicapplicationsin the fu-
ture,becausethey have100%spin polarizationat the Fermi
energy, large magneticmoment,high Curie temperatureTc
~aroundroom temperature!, and coherentgrowth on semi-
conductorsubstrate.

Recently, Ono et al.7 havegrown nanoscaledotsof fer-
romagneticMnAs on a sulfur-passivatedGaAs~001! surface
underAs-rich conditionby molecular-beamepitaxyandob-
served the remnant magnetizationwith Tc' 280K. They
used transmissionelectron microscopy and selectedarea
electrondiffractionto con®rmthatthecrystallinestructureof
MnAs was the zinc-blendetype. Their photoemissionspec-
troscopicexperimentsshowthattheMn 3d partialdensityof
statesin the ZB MnAs dots was similar to that of diluted
ferromagneticsemiconductorGa12 xMnxAs. From a theoret-
ical viewpoint, it is very important to understandthe elec-
tronic andmagneticpropertiesof suchnanoscaleZB MnAs
dots.In this paper, we discussin detail the electronicstruc-
turesof the ZB MnAs nanocrystalliteusing the exampleof
MnAs4Mn12As24 clusterunderferromagnetic~FM! andanti-
ferromagnetic~AFM! orders.

First-principlestotal energy andelectronicstructurecal-
culations have been performed using the pseudopotential
plane-wave method based on density functional theory8

~DFT! within the generalized gradient approximation
~GGA!.9 We usedthe VASP program10,11 for our spin polar-

ized calculationsin which ultrasoft pseudopotentials12 are
used for Mn and As atoms with normal valenceelectron
con®gurations.The cutoff energy is takento be 300 eV. In
order to simulatethe isolatedcluster, we use a large face-
centeredcubic ~fcc! supercellwhosesize is four times the
equilibrium lattice constantof bulk ZB MnAs, i.e., 22.96….
Brillouin zone integrationshave beendone on only the G
point due to the isolated quantumdots, using a Gaussian
smearingof s 5 0.2eV. All atomsare allowed to relax and
the equilibrium positionsare identi®edwhen the forcesare
smallerthan0.05eV/….

The model MnAs dot containing 41 atoms was con-
structedusingthezinc-blendecrystalstructureup to a cutoff
radiusof 6.1 ….Sucha MnAs4Mn12As24 clusteris shownin
Fig. 1, which hasonecentralMn atom,four neighboringAs
atoms,12 second-shellMn atoms,and 24 third-shellAs at-

FIG. 1. A model of the zinc-blende MnAs quantum dot by the
MnAs4Mn12As24 cluster. The third As shell is saturatedby pseudohydro-
gens.
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oms.We put this clusterat the lattice pointsof fcc supercell
with the size of 22.96 …,which make the nearestdistance
betweenatomsin neighboringclustersto be4.06….In order
to passivatethedanglingbondson theclustersurface,we use
60 pseudohydrogenswith aneffectiveatomicnumberof 0.75
to saturate24 third-shellAs atoms.Starting from the ideal
ionic positionsin the bulk ZB MnAs, we canget the stable
geometricstructuresin bothferromagneticandantiferromag-
netic phases.The averagebond lengthof the centerMnAs4
slightly increasesto 2.491…for FM phase,but compresses
to 2.470 … for AFM phase,comparedto the bond length
2.486…of bulk ZB MnAs ~Ref. 6! at theequilibrium lattice
constant5.74 ….It can be understoodthat the AFM align-
ment alwayspreferssomecontraction,due to the exchange
striction.13

In Fig. 2, we show the total and projecteddensitiesof
states~DOS's! for the MnAs4Mn12As24 clusterin the ferro-
magneticphase.The total magneticmomentof 52mB is ob-
tained. The cluster presentshalf-metallic characterwith a
gapof 1.83eV in theminority spinDOSnearEF , but with-
out any gap in the majority spin channel.The metallic ma-
jority spinDOSat EF is composedlargely of As p statesand
Mn t2g states,suggestingthat the hybridization between
As p± Mnt2g is responsiblefor the half metallicity. The
statesat about2 10eV haveAs s characterandareenergeti-
cally isolatedfrom the bondingstates.The orbital resolved
DOS for the 3d statesis different for the central and the
second-shellmanganeseatoms. Considering the majority
spin,thecentralMn1 t2g statesaresplit into threepeaksover
the range from 2 1.0eV to 2 4.0eV, which re¯ects the
small distortionof the tetrahedralstructureof MnAs4 at the
centerof the cluster. The Mn1 eg statescharacterizedby a
strongpeakat 2 2.9eV are fully occupiedandhavea non-

bondingcharacter. Thedistributionof thepartialDOSfor the
second-shellMn2 is quite similar to that of ZB bulk MnAs
and Ga12 xMnxAs, which is consistentwith experimental
observation.7 TheMn2 t2g stateslie at 2 3.7eV andeg states
at 2 2.4eV. For the minority spin channel,the d statesare
shiftedabout3 eV relative to the majority by the exchange
interaction.The peakat 2 1.7eV is from the bonding p-d
hybrids with the dominantAs p characterthan the d states
featuresof the Mn atom.The gapseparatesthe bondingand
nonbondingstates.

We also give the total and projecteddensitiesof states
for the antiferromagneticMnAs4Mn12As24 clusterin Fig. 3.
We ®ndthat somehalf-metallic tendencyis still preserved
with a small gap of 0.97 eV in the minority spin channel.
Becauseof the competitionbetweenFM double exchange
andAFM superexchangeinteractionsin the system,the for-
mal con®gurationof thecentralMn1 after¯ipping of thespin
becomesd5, which further stabilizes the AFM superex-
changecoupling,while the excesselectroncomesfrom the
second-shellMn2 . The total magneticmoment133 4mB for
FM order is reducedto (123 42 1)2 55 42mB for AFM
alignment.Energetically, thisAFM orderis morestablethan
the FM phaseby an energy of 125 meV. From Fig. 3, it can
be seenthat the centralMn1 becomeselectronically`̀ sepa-
rated'' from the second-shellMn2 . The local structure
aroundthecentralMn1 atomis somewhatdistorted,resulting
in the splitting of Mn1 d states.Comparingto the FM case,
the distributionof As p statesis shiftedandbroadened.The
second-shellMn2 is almost unaffected by the ¯ipping of
magneticmomentin the centralMn1 atom.

In summary, we haveinvestigatedthezinc-blendeMnAs
nanocrystalliteusing an ab initio pseudopotentialmethod
with a plane-wave basis. Using an example of the

FIG. 2. Total and projected densities of states for the ferromagnetic
MnAs4Mn12As24 cluster. Mn1 andMn2 arereferredto asthe centerandthe
second-shellmanganese,respectively. The positive~negative! valuesrepre-
sentthemajority ~minority! spinchannel.TheFermi level is setto zero.The
DOS's havebeenbroadenedby the Gaussiansmearingwith 0.2 eV.

FIG. 3. Total and projecteddensitiesof statesfor the antiferromagnetic
MnAs4Mn12As24 cluster. Mn1 andMn2 arereferredto asthe centerandthe
second-shellmanganese,respectively. The positive~negative! valuesrepre-
sentthemajority ~minority! spinchannel.TheFermi level is setto zero.The
DOS's havebeenbroadenedby the Gaussiansmearingwith 0.2 eV.
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MnAs4Mn12As24 cluster, we found that the ZB MnAs dots
showhalf-metalliccharacterin both ferromagneticandanti-
ferromagnetic~centralMn spin reversal! phases.In the FM
case,eachMn atomcontributesa magneticmomentof 4mB .
Thesemiconductinggapin theminority spinchannelis 1.83
eV, which is slightly larger than that of bulk ZB MnAs.
Whenwe ¯ip the magneticmomentof centralMn atom,the
clusteris more stableby 125 meV. However, the gap is re-
ducedto 0.97eV andthetotal magneticmoment42mB , as if
a centralspin of 5mB had¯ipped. We suggestthat suchFM
ZB MnAs dotsaremetastableandcouldbestabilizedon the
GaAs~001! surface.
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