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clustering. Clustering does not depend on the type of mag-
netic interactions,12 as it is predicted both for FM and AFM
cases. It also does not depend on acceptors13 as it occurs in
systems with deep or shallow acceptors. It is strongest along
thek110l crystallographic direction.

To evaluate clustering we generalize Eq.s2d to n atoms
by calculating

Dsnd = fEsGaN−nMnAsNd − EsGaNAsNdg

− nfEsGaN−1MAsNd − EsGaNAsNdg. s3d

This represents the energy cost forn neutral atoms of typeM
in a given geometry to form clusters relative to the limit in
which the atoms are well-separated. In calculating this we
use 64 atom supercells of GaAs constructed with one to four
Ga atoms replaced by the transition metal atoms
sV/Cr/Mn/Fed. Here the lattice constant of the supercell
was fixed at the GGA optimized value of 5.728 Å for pure
GaAs.14 All atomic positions were relaxed by minimizing the
total energy as calculated within the plane-wave pseudopo-
tential total-energy momentum space method,15

soft pseudopotentials,16
proximation sGGAd 17

implemented in theVASPcode. 18We used two types of con-
vergence parameters. In the first setspublished previously in
Ref. 14d we have used the following convergence param-
eters: A k-point mesh of 43434, an energy cutoff of
227.2 eV for Mn, real space projectors, no Vosko-Wilk-
Nusair interpolation scheme and medium precision in the

VASP code. This gaveDs2d of −256, −80, −162, and
−206 meV, respectively, for first, second, third, and fourth
neighbors. These results are plotted in Fig. 1. In the second
set shighly convergedd we have used ak-point mesh of 4
3434, an energy cutoff of 300 eV, Vosko–Wilk–Nusair in-
terpolation scheme for the gradient term in the exchange
functional and accurate precision inVASP. This gaveDs2d of
−179, −8, −87, and −130 meV for first, second, third, and
fourth neighbor Mn. In both cases, the internal coordinates
were optimized to minimize the forces, while the lattice con-
stant of the supercell was kept fixed at the GGA optimized
lattice constant of 5.728 Å for GaAs. The total energies were

computed for ferromagnetic as well as antiferromagnetic ar-
rangements of the transition metal atoms and the lowest en-
ergy configuration was chosen while evaluating the cluster-
ing energy. Unless otherwise stated, the calculations have
been performed for the neutral charge state of the defect.

Table I shows our calculatedM –M pair interaction en-
ergies Ds2d for nearest neighbor atomsfat s0,0,0d and
sa/2 ,a/2 ,0d, wherea is the GaAs lattice constantg, as well
asDs4d for four M atoms located at the vertices of the tetra-
hedron formed by four nearest neighbor Ga atoms in a
zincblende lattice located at s0,0,0d, sa/2 ,a/2 ,0d,
sa/2 ,0 ,a/2d, ands0,a/2 ,a/2d. We also give in the table the
electronic configuration of a singleM impurity, showing oc-
cupation ofe-like and t2-like levels.14 This shows that:

sid Cr and Mn, havingpartially occupiedst2-liked levels
at the Fermi energy as well as Fe withfully occupiedst2-liked
levels have large attractive pair energies,Ds2d, while V hav-
ing fully occupiedse-typed levels show significantly reduced
tendency to cluster. Similar tendencies are seen inDs4d. This
suggests that the tendency to cluster reflects the nature of the
occupied orbitals on the two impurity atoms.

sii d The pair interaction energyDs2d does not correlate
with the magnetic state, as evidenced by the fact that Cr and
GG



between orbitals witht2 symmetry because in the zincblende
structure, while thet2 orbitals point to those on the neighbor-
ing atom, thee orbitals point at an angle of 45° to the line
joining them.1 As the magnitude ofJ is not expected to
change across the series V–Fe, the ratioJ/ t is larger for V in
GaAs, than it is for Cr–Fe in GaAs. However, Table I shows
that the clustering tendencies do not follow the trend of the
ratio J/ t. The presence of clusters of 2–4 Mn atoms are
difficult to detect. Our results suggest that the tendencies for
TM clustering in GaAs is intrinsic. It is difficult to suppress
clustering during growthsas interstitial Mn can be sup-
pressed by annealing of athin filmd, as the substitutional
clusters are not mobile at annealing temperature.

svd We have also performed calculations to examine
clustering tendencies in the charged states of the defects.
Recent experiments19 find a tendency of such defects to an-
ticluster. Considering the case of two MnGa

−1 defects that are
stable when the Fermi energy is above the acceptor level at
Ev+0.1 eV, we find thatDs2d for nearest neighbor pairs is
reduced to −70 meV from −256 meV for MnGa

0 pairs. The
reduction could have two origins. The first being that the
repulsion between the charged MnGa

− units destabilizes the
formation of clusters. The second is that the antiferromag-
netic state associated with the pair of MnGa

− atoms occupying
nearest neighbor Ga positions is weakly stabilized
s,120 meV/celld.

What are the energetics favoring clustering? Clustering
in the FM state is favored by the formation of energy-
lowering bonds between the overlapping, partially-occupied
t2


