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We perform first-principles theoretical calculations to investigate the effect of the presence of Ga
vacancy on the defect and magnetic properties of Mn-doped GaN. When a Ga vacancy (V,) is
introduced to the Mn ions occupying the Ga lattice sites, a charge transfer occurs from the Mn d
band to the acceptor levels of V,, and strong Mn—N bonds are formed between the Mn ion and the
N atoms in the neighborhood of V,. The charge transfer and chemical bonding effects significantly
affect the defect and magnetic properties of Mn-doped GaN. In a Mn- Vg, complex, which consists
of a Ga vacancy and one Mn ion, the dangling bond orbital of the N atom involved in the Mn—N
bond is electrically deactivated, and the remaining dangling bond orbitals of Vg, lead to the
shallowness of the defect level. When a Ga vacancy forms a complex with two Mn ions located at
a distance of about 6 A, which corresponds to the percolation length in determining the Curie
temperature in diluted Mn-doped GaN, the Mn d band is broadened and the density of states at the
Fermi level is reduced due to two strong Mn—N bonds. Although the broadening and depopulation
of the Mn d band weaken the ferromagnetic stability between the Mn ions, the ferromagnetism is
still maintained because of the lack of antiferromagnetic superexchange interactions at the

percolation length. © 2007 American Institute of Physics. [DOL: 10.1063/1.2799962]

I. INTRODUCTION

Since Mn-doped GaN was theoretically predicted to be
ferromagnetic above room temperature,1 this material has at-
tracted considerable attention due to potential applications
for spintronic devices, combined with existing technologies
in nitride-based photonics and electronic devices. However,
experiments so far are quite controversial, reporting the fer-
romagnetic, antiferromagnetic, and spin-glass phases.z_8
Since the Mn ion in GaN has a deeper acceptor level than
that of GaAs,()f11 the carrier-mediated exchange interaction is
inappropriate in explaining the ferromagnetism of Mn-doped
GaN.'? As an alternative mechanism, the d—d direct ex-
change interaction, the so-called double exchange, was
proposed.13’14 Since this mechanism is mediated by the lo-
calized holes of the Mn ions, the ferromagnetic stability de-
pends on the population of the Mn d band. It was shown that
magnetic exchange interactions, which are dominated by the
double-exchange mechanism, are short ranged.15 Thus, un-
less Mn concentrations are high, it is difficult to achieve the
magnetic percolation, leading to low Curie temperatures.15 16
Very recently, it was suggested that the nanoscale spinodal
decomposition, which produces strong concentration fluctua-
tions, is responsible for high Curie temperatures often ob-
served in wide-gap dilute magnetic semiconductors.'’

Generally, transition metal ions have low solubilities in
II-V semiconductors.”’ Thus, nonequilibrium growth tech-
niques are often used to introduce transition metal ions into
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the host material beyond the solubility limits.>*"** In such

growth processes, a large concentration of intrinsic defects is
generated, so that these defects will significantly affect the
electronic and magnetic properties by interacting with tran-
sition metal ions. For example, the generation of Ga vacan-
cies (Vg,) is highly expected in Mn-doped GaN epitaxially
grown at low temperatures under N-rich conditions,” where
the Mn ions beyond the solubility limit are incorporated. To
tune the electrical and magnetic properties of GaMnN for
specific device applications, it is imperative to understand
the details of interactions between the Mn-doped host mate-
rial and intrinsic defects. In recent -calculations by
Mahadevan and co-workers,** the role of ViGa Was studied in
modifying the magnetic interactions between two Mn ions at
the nearest-neighbor distance, and a depopulation of the
Mn d band was found to reduce the exchange splitting of the
Mn band and hence destroy the ferromagnetism. In diluted
Mn-doped GaN, since the distances between the Mn ions
will be larger than the nearest-neighbor distance, it is more
appropriate to consider the Mn ions separated by the perco-
lation length of about 6 A,” which is employed to deter-
mine the Curie temperature.

In this paper, we investigate interactions of a Ga vacancy
with the Mn ions in Mn-doped GaN and their influence on
the defect and magnetic properties through density functional
calculations in the generalized-gradient approximation
(GGA) as well as within the GGA + U approach. We find that
introducing a Ga vacancy into a Mn ion occupying a Ga
lattice site promotes a charge transfer from the Mn d band to
the acceptor levels of Vg,. Such a charge transfer lowers the

© 2007 American Institute of Physics
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electronic energy, and hence the formation of a complex con-
sisting of Vg, and the Mn ion at a Ga site is energetically
very stable. In addition, the Mn ion is strongly bonded to one
of the neighboring N atoms around the V, defect and elec-
trically deactivates the dangling bond orbital of the corre-
sponding N atom. Then, the remaining N dangling bond or-
bitals of Vg, form a moderately shallow level. When a Ga
vacancy interacts with two Mn ions, which are located at the
percolation distance of about 6 A in diluted Mn-doped GaN,
we also find the depopulation of the Mn d band by the
charge transfer from the Mn ions to the Ga vacancy. In this
complex, two strong Mn-N bonds around the Vj, defect
broaden the Mn d band and reduce the density of states at
the Fermi level. Thus, the ferromagnetic stability between
the Mn ions is weakened because of the depopulation of the
Mn d band and the chemical bonding effect. However, the
ferromagnetism is still maintained due to the lack of antifer-
romagnetic superexchange interactions between the Mn ions
at the percolation length, in contrast to the case of the
nearest-neighbor distance.

Il. CALCULATIONAL METHODS

Our calculations were performed within the density-
functional-theory framework”® in the spin-polarized
generalized-gradient approximation (GGA),”’ using the
PWSCF package.28 Ultrasoft pseudopotentials29 were em-
ployed for the efficient treatment of the localized orbitals.
The wave functions were expanded in plane waves up to a
cutoff of 30 Ry, which gives the accuracy of total energy
differences to within a few tens of meV, as compared to a
higher cutoff of 40 Ry. The ionic positions were fully relaxed
using the conjugate gradient method. We chose a hexagonal
supercell containing 72 atoms in the wurtzite structure. The
Brillouin zone integration was done using the special
k-points generated by the 3 X 3 X 3 Monkhorst-Pack mesh.*
The GGA approach usually overestimates the position of the
transition metal d states. To see the effect of strong electron-
electron interactions on the electronic structure of defects,
we carried out the GGA+U calculations,31 in which the
strong Coulomb repulsion U is taken into account for the
localized Mn d electrons. In this case, we used the projector
augmented wave (PAW) potentials,’**> which are imple-
mented in the VASP code.*

lll. RESULTS AND DISCUSSION
A. The electronic structure of the Mng,- Vg, complex

We consider a Mng,- Vg, complex which consists of a
Ga vacancy (Vg,) and a Mn ion (Mng,) at a Ga sublattice
site in the first neighborhood of Vg,. Depending on the po-
sition of the Mn ion, three isomers exist in the Mng,- Vg,
complex, as shown in Figs. 1(a)—1(c). For all the isomers, the
Mn ion is directly bonded to one of the N atoms around the
Vga defect, which is denoted by N*. It is known that an
isolated Mng, impurity forms the bonding #* and antibonding
1* states, with the nonbonding e state lying between them
near the valence band maximum (VBM). The antibonding #*
states are partially occupied [Fig. 2(a)], and the acceptor
transition level e(1—/0) lies deep in the band gap, in good
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Mng, -V, (1)

FIG. 1. (Color online) (a)—(c) The atomic structures for three isomers of the
Mng,- Vi, complex and (d) a Ga vacancy in wurtzite GaN. Dotted circles
represent the position of the Ga vacancy, N™ is the N atom bonded to the Mn
ion around the vacancy site, and db; denotes the dangling bond orbitals.

agreement with experimentslo and previous theoretical
calculations.'*>** Since the #“ states are higher than the ac-
ceptor levels of Vg,, as shown in Fig. 2, a charge transfer of
about 2 electrons occurs from the Mn ion to the Ga vacancy

30 ——
(@)

20

10

0

LA L L L L U LB BB LU
[ B
~

Densities of states (states/eV)
w
o

30 bl
7 6 5 4 3 -2 -1 0 1 2 3 4 5

Energy (eV)

'
=]

FIG. 2. (Color online) The total densities of states (solid lines) are compared
for the (a) isolated Mng, and (b) Vi, defects. Red and green shaded areas
represent the densities of states projected onto the Mn 3d and N 2p ions
surrounding the Ga vacancy, respectively. The vertical dotted lines denote
the Fermi level, with the VBM set to zero.
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when the Mng,- Vg, complex is formed. This charge transfer
reduces the Mng,—N bond distances by 0.10-0.13 A. In
this case, the N* atom adjacent to the Ga vacancy is more
tightly bonded to the Mn ion, with the Mng,—N" bond dis-
tance of 1.70 A, which is smaller by 0.15 A than the other
three bonds.

The Vg, defect has four dangling N bonds, which gen-
erate the acceptor levels in the band gap. Due to Hund’s rule,
a spin-polarized configuration is energetically more favor-
able for the Ga vacancy as long as the defect levels are not
fully occupied by 3 electrons.”* In the Mng,- Vg, complex,
the Ga vacancy, which is effectively in the 2— charge state
due the charge transfer, carries a local spin moment of about
1 wp, while the Mn ion in the 5+ charge state has a local
spin moment of about 2 ug. Between these two localized
spin moments, we find that an antiferromagnetic spin con-
figuration is more stable by 25 meV than a ferromagnetic
one. In the antiferromagnetic spin state, the binding energy
of the most stable Mng,- Vg,(1) complex [see Fig. 1(a)] is
calculated to be 2.60 eV with respect to individual neutral
defects, while those for the other complexes, Mng,- V,(2)
and Mng,-V;,(3) in Figs. 1(b) and 1(c), are 2.54 and 2.47
eV, respectively. These large binding energies result from a
release of strains accumulated around the lattice mismatched
Mn ion and Coulomb attractive interactions between the two
oppositely charged defects.

The electronic structure of the Mng,- V,(2) complex is
found to be similar to that of the Mng,-Vg,(1) complex.
Here, we compare the densities of states for the
Mng,- Vg, (1) and Mng,- V,(3) complexes in Figs. 3(a) and
3(b). In the Mng,- Vg, complex, both the Mn e and # bands
in minority spin states are significantly lowered, while those
in majority spin states are not much affected, as compared to
the isolated Mng, defect. The lowering of the minority bands
is attributed to the charge transfer of about 2 electrons from
the Mn ion to the Ga vacancy, which results in the reduction
of the exchange splitting between the Mn d levels. When the
Mng, ion is well separated by a distance of about 7.6 A
from the Ga vacancy, only the charge transfer from Mng, to
ViGa occurs, leading to the lowering of the majority Mn #*
band, as shown in Fig. 3(c). In this case, the Mn * band is
partially occupied; thus, the amount of transferred electrons
is less than 2; from the analysis of the Mn 3d-projected
density of states, the transferred charge is estimated to be
about 1.4 electrons. In the Mng,- Vg, complex, the Mng, ion
is strongly bonded to the N* atom. Since the Mng,—N" bond
raises the majority Mn ¢ band with the antibonding charac-
teristics, this band remains almost unchanged.

In the Mng,- Vi, complex, since Vg, is effectively in the
2— charge state due to the charge transfer, we compare the
(1-/0) transition level of the complex with the (3—/2-)
level of an isolated Vg,. In the isolated Vg, defect, the (3
—/2-) transition level is associated with interactions be-
tween the dangling bond orbitals of the neighboring N at-
oms, and this level lies deep in the band gap due to the
crystal-field effect. Using a 108-atom supercell, we find that
the isolated Vg, defect has the (3—/2-) transition level at
1.03 eV above the VBM.?® For the Mng,- Vg,(1) complex,
the (1—/0) transition level is lowered to 0.52 eV above the
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FIG. 3. (Color online) The total (solid lines) and Mn 3d-projected (blue
dotted lines) densities of states obtained from the GGA calculations are
compared for the (a) Mng,- V,(1) and (b) Mng,- V,(3) complexes in Fig.
1, and (c) the Mng, defect separated by 7.6 A from Vg,. In (a) and (b), red
and green shaded areas represent the densities of states projected onto the N*
and other N atoms surrounding the Ga vacancy, respectively, while in (c)
green shaded area represents the density of states projected onto all the N
atoms around V,. The vertical dotted lines denote the Fermi level, with the
VBM set to zero.

VBM. As mentioned earlier, the N atom in the neighbor-
hood of Vg, interacts more strongly with the Mng, ion than
the other N atoms only bonded to the three Ga atoms. The
strong Mng,—N" bond lowers the dangling bond state asso-
ciated with the N* atom into the valence band, while the
other dangling bond states remain right above the VBM, as
illustrated in Figs. 3(a) and 3(b). The N* dangling bond or-
bital is fully occupied, passivated by the transferred charge
from the Mng, ion, and hence almost decoupled from the
other dangling bond orbits. The three remaining dangling
bond orbits interact less strongly with each other, compared
with those for the isolated V,, resulting in a shallower ac-
ceptor level. Although Vi, has four dangling bond orbits [see
Fig. 1(d)], the characteristics of the db, orbital lying along
the hexagonal axis is different from the others, db;, db,, and
dbs, due to the wurtzite symmetry. When a dangling bond
orbital is passivated by the Mng, ion, the acceptor level and
the Fermi level of the neutral Mng,- Vg, complex vary with
the type of the dangling bond. In the Mng,- V,(1) complex,
where the db; orbital is electrically deactivated, the Fermi
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FIG. 4. (Color online) The total (solid lines) and Mn 3d-projected (blue
dotted lines) densities of states obtained from the GGA calculations are
compared for the Mng,- V,(1) complex in the (a) neutral and (b) 1— charge
states. Red and green shaded areas represent the densities of states projected
onto the N* and other N atoms surrounding the Ga vacancy, respectively.
The vertical dotted lines denote the Fermi level, with the VBM set to zero.

level is positioned at 0.59 eV above the VBM, while a higher
Fermi level of 0.86 eV is found for the Mng,- V5,(3) com-
plex with the db, orbital passivated.

To see the effect of the deactivation of the N dangling
bond orbital on the acceptor level, we examine the electronic
structure of (Vg,-H)'~, in which Vg, is effectively in the 2
— charge state with one of its dangling bond orbitals passi-
vated by hydrogen. Recently, the Vg,-H complex was ex-
perimentally identified in GaN epitaxially grown by metalor-
ganic chemical-vapor deposition.3 " When the db, orbital is
passivated by H, the Fermi level of (V,-H)'~ lies at 0.54 eV
above the VBM, which is lower by 0.31 eV than that for the
V. defect. If Vi, is passivated by 2 H atoms, the Fermi level
of the (V,-2H)? defect is further reduced to 0.12 eV. For the
(Vga-H)'~ defect, with the db, orbital passivated by 1 H
atom, the Fermi level is located at a higher energy of 0.74 eV
above the VBM. Our results indicate that the lowering of the
acceptor level in the Mng,- Vg, complex is caused by the
weaker coupling between the remaining dangling bond orbit-
als, as compared to the isolated Vg, defect.

Based on our calculations for the Mng,- Vg, and Vg,-H
complexes, we can understand the shallowness of the accep-
tor level of the Asy,-2V,, complex, which was suggested to
be the origin of the p-type conductivity in As-doped Zn0.®
In the Asy,-2Vy, complex, one of the neighboring O atoms
around each Zn vacancy is bonded to the Asy, ion, and the
corresponding dangling bond orbital is electrically deacti-
vated. Then, the remaining active dangling bond orbitals lead
to the shallower acceptor level than for the V,, defect.

Next, we perform the GGA+U calculations’' to investi-
gate the effect of strong electron-electron interactions on the
electronic structure of the Mng,- Vg, complex. The on-site
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FIG. 5. (Color online) The total (solid lines) and Mn 3d-projected (blue
dotted lines) densities of states from the GGA+U calculations with U
=6 eV are compared for the Mng,- V,(1) complex in the (a) neutral and (b)
1- charge states. Red and green shaded areas represent the densities of
states projected onto the N and other N atoms surrounding the Ga vacancy,
respectively. The vertical dotted lines denote the Fermi level, with the VBM
set to zero.

Coulomb interaction parameter U of the Mn d orbitals is
varied from 4 to 6 eV, and the exchange parameter J is cho-
sen to be 1 eV, which was widely used in previous
calculations.**** For an isolated neutral Mng, defect, as the
parameter U increases, the partially occupied Mn ¢ band in
majority spin states is lowered toward the valence band and
lies just above the VBM with the Fermi level of 0.36 eV for
U=6 eV, while the unoccupied Mn d bands in minority
spin states move to higher energies. The GGA densities of
states (Fig. 4) of the Mng,- Vg, complex are compared with
those (Fig. 5) obtained from the GGA + U calculations. In the
neutral Mng,- Vi, complex, the GGA+U calculations show
that the empty #* band in majority spin states shifts to the
valence band as U increases. For U=6 eV, the majority
Mn “ band is positioned just above the Fermi level and still
empty, as shown in Fig. 5(a). The positions and occupancies
of the defect levels of Vg, are not affected in the GGA+U
calculations, with similar Fermi levels of about 0.5 eV above
the VBM.

When the Mng,- V5, complex is in the 1— charge state,
however, we find a large change in the density of states, as
shown in Fig. 5(b). As U increases from 0 to 6 eV, the ma-
jority Mn t“ band is significantly lowered toward the valence
band, being partially occupied by the doped electron. In fact,
for U=5 or 6 eV, we find that the charge state of the Mn ion
changes from 5+ to 4+ when an electron is doped in the
Mng,- Vg, complex (see Table I). In addition, since the
Fermi level of the (Mng,-Vg,)'~ complex decreases from
1.14 to 0.50 eV, the stability of this complex is enhanced.
Therefore, the (1—/0) transition level of the Mng,- Vg, com-
plex decreases as the parameter U increases; for U=6 eV,
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TABLE 1. The charge states of the Mn ion and the Ga vacancy in the
isolated Mng, defect and the (Mng,-Vg,)? complex are compared for vari-
ous values of the on-site Coulomb interaction parameter U, where g is the
charge state of the complex.

(MnGa)O (MnGa' VGa)O (MnGa' VG;\)F
U=0, 4 eV Mn* Mn’*, V4 Mn’*, Vi
U=S, 6 eV Mn** Mn’*, Vg, Mn**, V&4

we estimate the (1—/0) transition level to be about 0.25 eV
above the VBM, which is shallower by 0.27 eV than the
value obtained from the GGA calculations. The shallowness
of this acceptor level may explain the p-type conductivity
observed in GaMnN thin films deposited on periodically Mn
6-doped GaN buffer layers grown by using a rf-assisted mo-
lecular beam epitaxy with an active N, plasma source, !

B. The effect of Ga vacancy on the magnetic
properties of Mn-doped GaN

Recently, Mahadevan and co-workers>* studied the ef-
fect of the presence of Vg, on the magnetic interactions be-
tween two Mn ions, which are placed at the nearest-neighbor
Ga sites. For various positions of Vg,, they found that the
depopulation of the Mn d band by the acceptor levels of Vg,
results in a reduction of the exchange splitting in the Mn d
levels, and hence it destroys ferromagnetism. When ferro-
magnetic interactions are weakened by the depopulation of
the Mn d band, antiferromagnetic superexchange interac-
tions play a role in destabilizing the ferromagnetic state, es-
pecially for the Mn ions located at the nearest-neighbor dis-
tance. In other calculations, ferromagnetic interactions were
shown to be strongest for the Mn ions at the nearest-neighbor
distance and decay rapidly as the Mn-Mn distance increases,
with the short-range nature,!1"13:162 However, in diluted Mn-
doped GaN, it is more appropriate to consider the Mn ions
separated by a percolation length in determining the Curie
temperature, while the Curie temperature strongly depends
on the nearest-neighbor coupling in the mean-field
approximation.15 ' In our study, we choose two Mn ions,
Mn; and Mny;, which are positioned at the origin and the (I,
1, 1) site in terms of the primitive lattice vectors in the
wurtzite structure. The distance between the two Mn ions is
about 6 A, close to the percolation-threshold length esti-
mated from a three-dimensional random-site model for the
Mn concentration of 6%.>*** For the Mn;-Mny; complex, we
find that the ferromagnetic state is more stable by about 105
meV than the antiferromagnetic spin configuration.

We consider a Mn;-Vg,-Mny complex [see Fig. 6(a)],
where a Ga vacancy is located between the two Mn ions, and
examine the role of Vg, on ferromagnetism, focusing on the
charge transfer and chemical bonding effects. The binding
energy of this complex is calculated to be 3.6 eV with re-
spect to well-separated Vg, and Mn;-Mny;. Similar to the
Mng,- Vs, complex, we find a charge transfer of 3 electrons
from the majority Mn #“ band to the acceptor levels of Vg,.
Thus, the defect levels of Vg, are fully occupied and spin-
nonpolarized. In the Mng,-Mng, pair, the exchange splitting
of the Mn d levels tends to decrease by hole doping,
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FIG. 6. (Color online) (a) The atomic structure of the Mn;- V,-Mny com-
plex, where Vg, (denoted as a dotted circle) is positioned between the two
Mn ions, which are located at the origin and the (1, 1, 1) site in terms of the
primitive lattice vectors of wurtzite GaN. The total (solid lines) and
Mn 3d-projected (red shaded areas) densities of states obtained from the
GGA calculations are compared for the (b) (Mn;-Vg,-Mny)>~ and (c)
(Mn;-Mny)'* complexes. The vertical dotted lines denote the Fermi level,
with the VBM set to zero.

whereas it increases by electron doping.25 Since the depopu-
lation of the Mn * band is equivalent to the hole-doped
case, the exchange splitting is found to decrease from 2 to 1
eV by the presence of Vj,. The decrease of the exchange
splitting will reduce the stability of the ferromagnetic state.
For the Mn-Mn distance of 6 A considered here, the antifer-
romagnetic superexchange interaction is much weakened;
the number of electrons that contribute to the superexchange
interaction decreases from 2 to 0.5 electrons/Mn by the
charge transfer effect. Thus, although the decrease of the
exchange splitting reduces the stability of the ferromagnetic
state, we find that the ferromagnetic state is still more favor-
able by about 15 meV than the antiferromagnetic spin state,
in contrast to the previous calculational results for the
Mn-Mn pair at the nearest-neighbor distance.”

In the Mn;-Vg,-Mny complex, two strong Mn-N"
bonds are formed, as shown in Fig. 6(a). To see the effect of
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TABLE II. The total energies (AE in units of meV) of the ferromagnetic
state relative to the antiferromagnetic spin configuration are compared for
the (Mn-Mn)? and (Mn- V,-Mn)? complexes for various charge states (g),
with the two Mn ions positioned at the percolation distance of about 6 A in
Fig. 6(a). Here, n, (in units of electrons per Mn) denotes the number of
electrons populated in the Mn #“ band.

n, AE for (Mn-Mn)4 AE for (Mn-Vg,-Mn)?
2.0 ~104.8(g=0) -8.8(q=-3)
L5 —1432(g=+1) —40.7(g=-2)
0.5 -53.3(g=+3) ~15.0(q=0)

the Mn—N" bonds on the ferromagnetism, we compare the
total energies of the (Mn;-Mny)? and (Mn;-Vg,-Mny)?
complexes, with the same populations of the Mn #“ band,
where ¢ and ¢’ denote charge states, and ¢’ =¢—3 due to the
charge transfer effect. The total energies (AE) of the ferro-
magnetic state relative to the antiferromagnetic spin configu-
ration are listed for various charge states in Table II. For both
the Mn-Mn pairs with and without the Ga vacancy, the fer-
romagnetic stability is enhanced as the number of populated
electrons (n,) in the Mn d band decreases from 2.0 to
1.5 e/Mn, and then it decreases for n,=0.5¢/Mn, in consis-
tence with the previously calculated results.” For a given
population of the Mn d band, the presence of Vg, tends to
weaken the stability of the ferromagnetic state; AE is re-
duced by 96.0, 102.5, and 38.3 meV for n,=2.0, 1.5, and
0.5 e/Mn, respectively. Figures 6(b) and 6(c) show the den-
sities of states for the Mn-Mn complex with g=+1 and the
Mn-Vg,-Mn complex with ¢'=-2. With the presence of
VGa» the Fermi level lying in the Mn  band increases from
1.24 to 1.59 eV above the VBM, with the reduced density of
states at the Fermi level. In addition, the majority Mn #¢
band is much broadened with a large splitting due to the
strong Mn-N" bonds. Thus, the number of carriers that con-
tribute to spin-conserving hopping interactions between the
Mn ions is reduced in the Mn-Vg,-Mn complex. Since the
ferromagnetic interaction is mediated by holes in the Mn d
band, the reduction of hole carriers induced by the chemical
bonding effect leads to the reduced ferromagnetic stability.

IV. SUMMARY

We have studied the interactions of V5, with the Mn ions
and the role of Vg, in modifying the defect and magnetic
properties of Mn-doped GaN through the GGA and GGA
+ U calculations. We find that the Mn- V5, complex, in which
the Mn ion substitutes for a Ga site rather than a N site, is
energetically very stable and behaves as a moderately shal-
low acceptor. In the GGA calculations, the acceptor transi-
tion level of the Mn- V5, complex is estimated to be 0.52 eV,
while it decreases to 0.25 eV in the GGA+U. The shallow-
ness of the acceptor level is attributed to the charge transfer
from the Mn d band to the acceptor levels of Vg, and the
strong Mn-N bond which electrically deactivates one of the
dangling bond orbitals around the Vg, defect. In the
Mn-Vg,-Mn complex, where the Mn ions are separated by
the percolation distance of about 6 A, we also find the
charge transfer from the Mn ions to the Vg, defect, which
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reduces the exchange splitting of the Mn d levels. In addi-
tion, the formation of two strong Mn-N bonds leads to the
broadening of the Mn d band and the reduction of the den-
sity of states at the Fermi level. Although both the charge
transfer and chemical bonding effects weaken the ferromag-
netic stability between the Mn ions at the percolation dis-
tance, the ferromagnetic state is still maintained with low
Curie temperatures.
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