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Among a new class of spintronics materials, nanoscale dots of the zinc-blende (ZB) MnAs have
recently been synthesized on the GaAs(001) surface. We apply an ab initio pseudopotential method
with the generalized gradient approximation to study magnetic and structural stability for the
Mn-centered ZB MnAs,;Mn,As,, cluster, which is relaxed both atomically and electronically. The
ferromagnetic cluster is shown to have characteristics of a half metal with a large magnetic moment
4 pup per Mn atom. The Mn-As bond length is slightly longer than the one in the bulk, in accord with
experimental observation. The “‘semiconducting” gap 1.83 eV is opened up in the minority channel,
due to the large bonding-antibonding splitting from the p-d hybridization, similar to the ZB bulk
MnAs and Ga; _ Mn,As. We also find an antiferromagnetic coupling in this system such that the
moment of the central Mn atom is flipped with respect to those of the second-shell Mn
atoms. © 2004 American Institute of Physics. [DOI: 10.1063/1.1687291 ]

Since the first success in growing epitaxial films of CrAs
with zinc-blende (ZB) structure on the GaAs substrate,!
much attention has been paid to this new class of material,
i.e., the ZB half-metal (HM) where electrons with spins po-
larized in one direction exhibit metallic behaviors and spins
polarized in the opposite direction show semiconducting
properties. Many groups around the world have vigorously
investigated these zinc-blende (ZB) compounds of transition
metals theoretically and experimentally,'~® which will be ex-
cellent candidates for the spintronic applications in the fu-
ture, because they have 100% spin polarization at the Fermi
energy, large magnetic moment, high Curie temperature 7.
(around room temperature), and coherent growth on semi-
conductor substrate.

Recently, Ono er al.” have grown nanoscale dots of fer-
romagnetic MnAs on a sulfur-passivated GaAs(001) surface
under As-rich condition by molecular-beam epitaxy and ob-
served the remnant magnetization with 7.~280 K. They
used transmission electron microscopy and selected area
electron diffraction to confirm that the crystalline structure of
MnAs was the zinc-blende type. Their photoemission spec-
troscopic experiments show that the Mn 3d partial density of
states in the ZB MnAs dots was similar to that of diluted
ferromagnetic semiconductor Ga;_ ,Mn,As. From a theoret-
ical viewpoint, it is very important to understand the elec-
tronic and magnetic properties of such nanoscale ZB MnAs
dots. In this paper, we discuss in detail the electronic struc-
tures of the ZB MnAs nanocrystallite using the example of
MnAs,Mn;,As,, cluster under ferromagnetic (FM) and anti-
ferromagnetic (AFM) orders.

First-principles total energy and electronic structure cal-
culations have been performed using the pseudopotential
plane-wave method based on density functional theory®
(DFT) within the generalized gradient approximation
(GGA).” We used the VASP program'®!! for our spin polar-
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ized calculations in which ultrasoft pseudopotentials'? are
used for Mn and As atoms with normal valence electron
configurations. The cutoff energy is taken to be 300 eV. In
order to simulate the isolated cluster, we use a large face-
centered cubic (fcc) supercell whose size is four times the
equilibrium lattice constant of bulk ZB MnA:s, i.e., 22.96 A.
Brillouin zone integrations have been done on only the T’
point due to the isolated quantum dots, using a Gaussian
smearing of 0=0.2 eV. All atoms are allowed to relax and
the equilibrium positions are identified when the forces are
smaller than 0.05 eV/A.

The model MnAs dot containing 41 atoms was con-
structed using the zinc-blende crystal structure up to a cutoff
radius of 6.1 A. Such a MnAs,Mn,As,, cluster is shown in
Fig. 1, which has one central Mn atom, four neighboring As
atoms, 12 second-shell Mn atoms, and 24 third-shell As at-
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FIG. 1. A model of the zinc-blende MnAs quantum dot by the
MnAs,;Mn,As,, cluster. The third As shell is saturated by pseudohydro-
gens.
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FIG. 2. Total and projected densities of states for the ferromagnetic
MnAs,Mn,As,, cluster. Mn; and Mn, are referred to as the center and the
second-shell manganese, respectively. The positive (negative) values repre-
sent the majority (minority) spin channel. The Fermi level is set to zero. The
DOS’s have been broadened by the Gaussian smearing with 0.2 eV.

oms. We put this cluster at the lattice points of fcc supercell
with the size of 22.96 A, which make the nearest distance
between atoms in neighboring clusters to be 4.06 A. In order
to passivate the dangling bonds on the cluster surface, we use
60 pseudohydrogens with an effective atomic number of 0.75
to saturate 24 third-shell As atoms. Starting from the ideal
ionic positions in the bulk ZB MnAs, we can get the stable
geometric structures in both ferromagnetic and antiferromag-
netic phases. The average bond length of the center MnAs,
slightly increases to 2.491 A for FM phase, but compresses
to 2.470 A for ARM phase, compared to the bond length
2.486 A of bulk ZB MnAs (Ref. 6) at the equilibrium lattice
constant 5.74 A. It can be understood that the AFM align-
ment always prefers some contraction, due to the exchange
striction.?

In Fig. 2, we show the total and projected densities of
states (DOS’s) for the MnAs,Mn,,As,, cluster in the ferro-
magnetic phase. The total magnetic moment of 52up is ob-
tained. The cluster presents half-metallic character with a
gap of 1.83 eV in the minority spin DOS near E, but with-
out any gap in the majority spin channel. The metallic ma-
jority spin DOS at E is composed largely of As p states and
Mn 1,, states, suggesting that the hybridization between
Asp-Mnt,, is responsible for the half metallicity. The
states at about — 10 eV have As s character and are energeti-
cally isolated from the bonding states. The orbital resolved
DOS for the 3d states is different for the central and the
second-shell manganese atoms. Considering the majority
spin, the central Mn, ¢,, states are split into three peaks over
the range from —1.0eV to —4.0eV, which reflects the
small distortion of the tetrahedral structure of MnAs, at the
center of the cluster. The Mn; e, states characterized by a
strong peak at —2.9 eV are fully occupied and have a non-
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FIG. 3. Total and projected densities of states for the antiferromagnetic
MnAs,Mn,As,, cluster. Mn; and Mn, are referred to as the center and the
second-shell manganese, respectively. The positive (negative) values repre-
sent the majority (minority) spin channel. The Fermi level is set to zero. The
DOS’s have been broadened by the Gaussian smearing with 0.2 eV.

bonding character. The distribution of the partial DOS for the
second-shell Mn, is quite similar to that of ZB bulk MnAs
and Ga;_,Mn,As, which is consistent with experimental
observation.” The Mn, ty, states lie at —3.7 eV and e, states
at —2.4 eV. For the minority spin channel, the d states are
shifted about 3 eV relative to the majority by the exchange
interaction. The peak at — 1.7 eV is from the bonding p-d
hybrids with the dominant As p character than the d states
features of the Mn atom. The gap separates the bonding and
nonbonding states.

We also give the total and projected densities of states
for the antiferromagnetic MnAs,Mn,As,, cluster in Fig. 3.
We find that some half-metallic tendency is still preserved
with a small gap of 0.97 eV in the minority spin channel.
Because of the competition between FM double exchange
and AFM superexchange interactions in the system, the for-
mal configuration of the central Mn, after flipping of the spin
becomes d°, which further stabilizes the AFM superex-
change coupling, while the excess electron comes from the
second-shell Mn, . The total magnetic moment 13X4 up for
FM order is reduced to (12X4—1)—5=42up for AFM
alignment. Energetically, this AFM order is more stable than
the FM phase by an energy of 125 meV. From Fig. 3, it can
be seen that the central Mn; becomes electronically “‘sepa-
rated” from the second-shell Mn,. The local structure
around the central Mn; atom is somewhat distorted, resulting
in the splitting of Mn, d states. Comparing to the FM case,
the distribution of As p states is shifted and broadened. The
second-shell Mn, is almost unaffected by the flipping of
magnetic moment in the central Mn; atom.

In summary, we have investigated the zinc-blende MnAs
nanocrystallite using an ab initio pseudopotential method
with a plane-wave basis. Using an example of the
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MnAs,;Mn,As,, cluster, we found that the ZB MnAs dots
show half-metallic character in both ferromagnetic and anti-
ferromagnetic (central Mn spin reversal) phases. In the FM
case, each Mn atom contributes a magnetic moment of 4 u .
The semiconducting gap in the minority spin channel is 1.83
eV, which is slightly larger than that of bulk ZB MnAs.
When we flip the magnetic moment of central Mn atom, the
cluster is more stable by 125 meV. However, the gap is re-
duced to 0.97 eV and the total magnetic moment 42u, as if
a central spin of 5up had flipped. We suggest that such FM
7ZB MnAs dots are metastable and could be stabilized on the
GaAs(001) surface.
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