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Electronic structure and magnetism of Mn-doped GaN
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Mn-doped semiconductors are extremely interesting systems due to their novel magnetic properties suitable
for the spintronics applications. It has been shown recently by both theory and experiment that Mn-doped GaN
systems have a very high Curie temperature compared to that of Mn-doped GaAs systems. To understand the
electronic and magnetic properties, we have studied Mn-doped GaN system in detail by a first-principles
plane-wave method. We show here the effect of varying Mn concentration on the electronic and magnetic
properties. In agreement with previous studies,d states of Mn form an impurity band completely separated
from the valence-band states of the host GaN for dilute Mn concentration. This is in contrast to the Mn-doped
GaAs system where Mnd states in the gap lie very close to the valence-band edge and hybridize strongly with
the delocalized valence-band states. To study the effects of electron correlation, LSDA1U calculations have
been performed. Calculated exchange interaction in~Mn,Ga!N is short ranged contrary to that in~Mn,Ga!As
where the strength of the ferromagnetic coupling between Mn spins is not decreased substantially for large
Mn-Mn separation. Also, the exchange interactions are anisotropic in different crystallographic directions due
to the presence or absence of connectivity between Mn atoms through As bonds.

DOI: 10.1103/PhysRevB.68.205210 PACS number~s!: 75.50.Pp, 71.70.Gm
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS! are considered
to be potential candidates for present and future technol
cal applications in semiconductor spintronics.1 During the
last decade, there have been numerous experimental and
oretical studies of II-VI, III-V, and IV-VI DMS. Among the
III-V DMS, Mn-doped GaAs system has been studied rig
ously for the last few years. This system shows a Curie te
perature (TC) of 110 K for a Mn-doping concentration o
10%. Despite several attempts,TC could not be raised be
yond 175 K. Recently, there have been reports of so
room-temperature DMS. They include Mn-doped GaP,2 Mn-
doped chalcopyrite CdGeP2,3 Mn-doped GaN,4,5 etc. The
origin of ferromagnetism in these compounds is still und
debate.6

Dietl et al.7 predicted theoretically a high Curie temper
ture (;400 K) for Mn-doped GaN~5% Mn!. Their theory
was based on a mean-field model of hole mediated ferrom
netism. As the Curie temperature for a Mn-doped GaAs s
tem is comparatively lower, the theoretical prediction for
higherTc drew much attention. Sasakiet al.4 grew wurtzite
Mn-doped GaN films by the molecular-beam epita
method. Magnetic measurements showed a very high C
temperature of about 940 K. They ruled out the possibility
phase segregation of some ferromagnetic compounds,
MnGa and Mn4N which also have high Curie temperature
Room-temperature ferromagnetism in Mn-doped GaN w
also observed by Reedet al.5 Deep level optical spectros
copy measurements8 show that Mn forms a deep accept
level at 1.42 eV above the valence-band maximum for G
doped with small concentration of Mn. It is to be noted th
Mn forms an acceptor level at 0.11 eV above the valen
band maximum in the case of Mn-doped GaAs. So, the o
lap of the Mnd-states with the valence-band is rather stro
in Mn-doped GaAs compared to Mn-doped GaN.

Recently, there have been a few first-principles electro
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structure calculations of Mn-doped GaN systems. Fo
et al.9 performed electronic structure calculations of Fe- a
Mn-doped GaN using the tight-binding linearized muffin-t
orbital ~TB-LMTO! method. Sato and Katayama-Yoshida10

performed Korringa-Kohn-Rostoker coherent potential a
proximation calculations to study the relative stabilities
ferromagnetic and spin-glass phases. They showed that
low concentration of Mn, ferromagnetism is favored where
for the high concentration, the spin-glass phase is stable.
disordered local-moment model was assumed to describe
spin-glass phase. They explained the origin of ferrom
netism in these systems by a competition between dou
exchange and superexchange interactions. Kulatovet al.11

studied electronic, magnetic, and optical properties of z
blende~Mn,Ga!N for different concentrations of Mn by the
TB-LMTO method in a supercell approach. Anomalous e
change interactions in III-V DMS were found from calcul
tions by Schilfgaarde and Mryasov.12 They predicted aggre
gation of magnetic nanoclusters inside the III-V host. Kron
et al.13 considered~Mn,Ga!N in wurtzite structure and per
formed electronic structure calculations using a plane-w
pseudopotential method. In Ref. 14, the different origins
ferromagnetism in~Mn,Ga!As and~Mn,Ga!N systems were
discussed. The authors pointed out from self-interaction c
rected~SIC! pseudopotential calculations that~Mn,Ga!N is
characterized by localized Mn 3d states with a strong self
interaction. In~Mn,Ga!As, d states are weakly correlated an
are rather delocalized being strongly hybridized with Asp
states. In this paper, we attempt to understand the electr
structure and magnetic interactions in Mn-doped GaN a
GaAs systems. The motivation of this paper is twofold:~a! to
investigate electronic structure and magnetism of Mn-do
GaN system in detail and~b! to have a comparison with
Mn-doped GaAs system. The paper is organized as follo
In the following section, we describe the computational d
tails. Section. III A describes the electronic structure a
magnetism of the~Mn,Ga!N with varying Mn concentration
©2003 The American Physical Society10-1
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B. SANYAL, O. BENGONE, AND S. MIRBT PHYSICAL REVIEW B68, 205210 ~2003!
in the local spin-density approximation~LSDA!. Then we
present results from LSDA1U calculations. Finally, we
show a comparison of exchange interactions in~Mn,Ga!N
and ~Mn,Ga!As systems.

II. COMPUTATIONAL DETAILS

GaN can be grown both in the zinc blende and wurtz
structures. But, usually, Mn is doped in a wurtzite GaN ho4

In our calculations, we have considered the wurtzite str
ture. Also, for a comparison, we show calculations for t
zinc blende structure. Experimental lattice parameters s
as a53.189 Å andc55.185 Å with a c/a ratio of 1.626
were taken for the calculations in the wurtzite structure. R
sults from the atomic relaxations revealed that the near
neighbor bond lengths between Mn and N change only
3% compared to that of the bulk GaN. This is in agreem
with the results of Kroniket al.13 In general, Mn doping in
substitutional site results in a small relaxation15 of the
nearest-neighbor anions around it.

Calculations have been performed by anab initio plane-
wave code~VASP!.16 Vanderbilt type17 ultrasoft pseudopoten
tials were used for the LSDA calculations. LSDA1U calcu-
lations were done in the projector augmented wave18 method
as implemented by Bengoneet al.19 Ga 3d orbitals were
included in the basis set of the Ga pseudopotential. A kine
energy cutoff of 350 eV was used for the plane waves
cluded in the basis set. Ceperley and Alder20 exchange-
correlation functional parametrized by Perdew and Zung21

was considered within LSDA. We have also checked that
results obtained within GGA ~generalized gradien
approximation22! are similar. A 83836 k-points grid was
used in the Monkhorst-Pack scheme23 for small supercells.
For the largest supercell considered, a 23231 grid was
used. Local properties such as local density of states
local magnetic moments were calculated by projecting
wave functions onto spherical harmonics.24 The radii chosen
for the projection were 1.31, 1.21, and 0.74 Å for Mn, G
and N, respectively.

We have modeled the system using different super
sizes to simulate different Mn concentrations. For wurtz
structure, supercells having 4, 8, 16, 32, 72, and 108 at
were used to model a composition MnxGa12xN for x50.5,
0.25, 0.125, 0.0625, 0.028, and 0.018, respectively. For
blende structure, we used a 64-atom cell to simulate a
concentration ofx50.031 25. It has been found experime
tally that Mn occupies the Ga site.25 Therefore, in our calcu-
lational unit cell, a Ga atom was substituted by a Mn ato

III. RESULTS

A. Calculations within LSDA

In a III-V semiconductor, a cation vacancy creates th
holes in the valence band leaving anion dangling bon
When Mn occupies the cation site, it donates three electr
to fulfill the bonding. Mn is left with four unpairedd elec-
trons which give rise to 4mB /Mn atom. In a realistic situa-
tion, there can be compensating donors, e.g., As antisites
interstitial Mn atoms,26 present in the system to increase
20521
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decrease the magnetic moments. But as we are dealing
ideal uncompensated systems, we always obtain a mag
moment of 4mB /Mn atom for substitutional Mn.

In Figs. 1~a!–1~e!, we show the density of states~DOS!
for various concentrationsx of Mn in MnxGa12xN in the
wurtzite structure. In Fig. 1~a!, the DOS of the undoped GaN
is presented. The large band gap is evident from the fig
The calculated direct band gap at theG point is 1.9 eV which
is underestimated compared to the experimental band ga
;3.4 eV. This well-known underestimation is inherent
the formulation of density-functional theory and is we
documented in existing literature. From Fig. 1~b! to 1~e!, we
show the DOS’s with increasingx. The Mn impurityd peak
in the band gap is away from the valence band for smalx.
As the concentration increases, this peak is broadened du
the overlap of Mnd wave functions and the gap between t
impurity peak and the valence-band edge vanishes. The
DOS/cell gradually regains the shape of the DOS of undo
system asx is reduced. However, up tox50.25, the Fermi
level cuts only the spin-up DOS’s. As there is no state
Fermi level for the spin-down channel, we obtain a ha
metallic solution giving rise to an integer magnetic mome
of 4 mB /Mn atom. Forx50.5 shown in Fig. 1~e!, the system
behaves like a ferromagnetic metal with a reduced magn
moment. One noticeable difference between Mn-dop
GaAs and Mn-doped GaN systems is the position of M
impurity band in the gap. In~Mn,Ga!As, Mn impurity band
almost merges with the top of the valence band ('0.1 eV

FIG. 1. Spin resolved density of states of (MnxGa12x)N in the
wurtzite structure. Data are shown for~a! pure GaN,~b! 6.25% Mn
in GaN, ~c! 12.5% Mn,~d! 25% Mn, and~e! 50% Mn. In ~a!, total
DOS/cell as well as thep DOS of N have been shown whereas
~b!–~e!, d DOS of Mn ~in shade!, p DOS of N, and total DOS have
been plotted. Energies are plotted with reference to valence-b
maximum~VBM ! of GaN in ~a! and Fermi energiesEF in ~b!–~e!.
0-2
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ELECTRONIC STRUCTURE AND MAGNETISM OF Mn- . . . PHYSICAL REVIEW B 68, 205210 ~2003!
above the valence-band edge! whereas in~Mn,Ga!N, the Mn
impurity band is separated from the valence band by 0.56
The width of this impurity band is 0.94 eV. As the spi
polarized Mn impurity band is distinctly in the gap, the v
lence band is less spin polarized in~Mn,Ga!N compared to
~Mn,Ga!As. Spin polarization (eVBM/CBM

↑ 2eVBM/CBM
↓ ) of

the valence and conduction bands at theG point is 0.05 eV
and20.42 eV, respectively, for (Mn0.0625Ga0.9375)N. e is the
eigenvalue and VBM and CBM represent valence-ba
maximum and conduction band minimum, respectively. O
LSDA calculations are in excellent agreement with previo
studies. Kroniket al.13 also found 100% spin-polarized im
purity band in the host band gap with the Fermi level lying
the impurity band. Band-structure plots done by Filippe
et al.14 also confirmed this.

In Table I, we present the local charges and magn
moments of Mn and N atoms for different concentrations
Mn. Charges and magnetic moments of Mn remain alm
the same with the concentration variation of Mn. The ins
sitivity of magnetic moment with concentration is a signatu
of localizedd states of Mn. The total moment/cell is alway
4.0 mB which is the signature of a half-metallic solution. Th
only exception is the case ofx50.5, where the tota
moment/cell is 2.77mB . The exchange splitting of Mnd
states is less in this case allowing both spin-up and s
downd states to cross the Fermi level. The averaged indu
moments on nearest-neighbor N atoms are also tabulate
most of the cases, the moments are parallel to Mn mom
which is not the case for a Mn-doped GaAs system wh
nearest-neighbor As moments are antiferromagnetic
coupled to the Mn magnetic moment.

As GaN can be grown in both zinc blende and wurtz
structures, we have also done calculations for a 6.5% M
doped GaN system in zinc blende structure. In Fig. 2, DO
for both structures are shown. DOS for a zinc blende str
ture is similar to that calculated by Kulatovet al.11 Also the
magnetic moment on Mn atom (3.4mB) agrees very well.
There is no striking difference in the broad features of
DOS’s for the two structures. In the zinc blende structure,
peak at the Fermi level is sharper and the nature of th
states are different (t2 compared toe states for the wurtzite
structure!. See Fig. 5 and related discussions. For both
structures, the Mn impurity peak in the energy gap of
host is separated from the valence band of the host.

TABLE I. Projected charges and magnetic moments~in mB).
Mn-dQ indicates charge in the sphere around Mn ford electrons.
Mnmom and Nmom indicate projected magnetic moments inside M
and N spheres, respectively.

x in MnxGa12xN Mn-dQ Mnmom
1
4 (nn Nmom

0.018 5.04 3.40 0.016
0.028 5.04 3.41 0.016
0.0625 5.05 3.43 0.01
0.125 5.05 3.42 0.015
0.25 5.04 3.47 0.02
0.50 5.09 2.61 20.02
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B. LSDA¿U calculations

It is a matter of debate whether the itinerant band mo
or the localized atomic model is appropriate for the desc
tion of Mn-doped semiconductors. Density-function
calculations15,27–29based on LSDA or GGA provide the bas
of itinerant picture whereas others models are based o
localized atomic picture.7 A recent photoemission
experiment30 on Mn-doped GaAs system revealed the ma
Mn d peak to be situated 3.4 eV below the Fermi level.
previous photoemission experiment31 reported the peak to be
4.4 eV below the Fermi level. Also, the importance
electron-correlation effects in these systems was highligh
Parket al.32 argued from LSDA1U calculations that corre-
lation corrections are important to have a better agreem
with photoemission spectra. On the other hand, all dens
functional calculations based on LSDA show a peak arou
2.6–2.9 eV below the Fermi level.15,27 So it can be argued
that the completely localized picture or the completely it
erant picture cannot solely describe these systems satisf
rily.

We have done LSDA1U calculations to investigate th
effect of electron correlations. First, these calculations do
exist in literature and second, it is interesting to compare
simple technique with more rigorous SIC calculations.
Figs. 3~a!–3~d!, we show the DOS’s obtained from LSDA
and LSDA1U calculations for 6.25% Mn. As the value ofU
for Mn d states is not obtained self-consistently from fir
principles calculations, we variedU from 4 eV to 7 eV treat-
ing it as a parameter. In all cases, the exchange parameJ
was considered to be 1.0 eV. IncreasingU results in a slow
shift of the spin-up impurity band towards the valence ba
The small peak around 1.5 eV below the Fermi levelEF is

FIG. 2. Spin resolved density of states of~Mn,Ga!N for ~top!
wurtzite and~b! zinc blende structures. Here, the Mn concentrat
is 6.25%.
0-3
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FIG. 3. ~a! and~b! Spin resolved Mnd and N
p DOS’s from the LSDA1U calculations for dif-
ferent values ofU for ~Mn,Ga!N system in the
wurtzite structure,~c! Mn d-DOS from both
LSDA and LSDA1U calculations for~Mn,Ga!N
in the wurtzite structure, and~d! same as~c!, but
for ~Mn,Ga!As in the zinc blende structure. Fo
all plots, Mn concentration is 6.25%.
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diminished gradually in magnitude whereas the peak aro
24.5 eV below EF increases in magnitude. Even forU
510 eV~not shown here!, the localized peak remains pinne
close toEF and isnot merged with the delocalized valenc
band states. The spin-down DOS shifts almost rigidly aw
from the Fermi level towards higher energy with increas
U. Local charges and magnetic moments of Mn and near
neighbor N atoms are listed in Table II. Magnetic moment
Mn increases withU due to increase in localization ofd
states. The induced moments of N atoms also increase
Fig. 3~c!, a comparison between LSDA and LSDA1U cal-
culations is shown. The redistribution of weights of Mnd
peaks with the inclusion ofU is visible. In LSDA1U result,
the sharp peak is very close to the Fermi level in the impu
band whereas it is in the valence band in the LSDA calcu
tion. This peak is ofe character and does not take part in t
bonding with the neighboring N atoms. These results are
agreement with the more sophisticated SIC calculations
ported by Filippettiet al.14 They also found a flat band with
dz2 character atEF . The nature of the states close toEF from
our calculation is shown later in Fig. 5. To our knowledg
the valence-band photoemission spectra of~Mn,Ga!N is not
available in the literature. So, the extent of validity of LSD
approach cannot be tested. Our LSDA1U findings can be
compared with future angle-resolved photoemission exp

TABLE II. Projected charges and magnetic moments~in mB)
calculated within LSDA1U. The notations are same as in Table

U54.0 eV U55.0 eV U56.0 eV U57.0 eV

Mn-dQ 5.01 5.00 4.99 4.98
Mnmom 3.72 3.83 3.93 4.02
Nmom

nn 20.02 20.04 20.05 20.06
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ments on~Mn,Ga!N to verify the existence of the localize
peak close toEF . A comparative study with Mn-doped GaA
is shown in Fig. 3~d!. The main broad Mnd peak around 2.8
eV below the Fermi level in a LSDA calculation is shifted
eV below the Fermi level with a smaller bandwidth. Th
DOS at the Fermi level is also decreased compared to tha
an LSDA calculation. In both LSDA and LSDA1U calcula-
tions, the hybridization between Mnd and Asp states are
seen. So the holes in the valence band have hybridizedp-d
character. In the previous LSDA studies,13,14a similar discus-
sion on the nature of hybridization was also made.

In Fig. 4, we show the integrated magnetization dens
around various atoms in the unit cell as a function of t
radius of integration. It has been calculated as

M ~R!5E
0

R

@r↑~r !2r↓~r !#dr,

wherer↑(r ) andr↓(r ) are the spin-up and spin-down charg
densities, respectively, andM is the magnetic moment ob
tained for a radiusR. For ~Mn,Ga!N and ~Mn,Ga!As in the
zinc blende structure, the magnetic moment reaches
value 4mB at a distance of 5 Å far from the Mn center. Bu
in the wurtzite structure of~Mn,Ga!N, this value is reached
at a smaller distance. This again shows a more locali
character of Mnd states in wurtzite GaN. The integratio
around nearest-neighbor anions reveals that N has a pos
contribution in~Mn,Ga!N whereas As has a negative cont
bution.

In Fig. 5, we show the character of the states within
energy interval close to the Fermi level. The states close
EF in the electronic structure are important in characteriz
the origin of ferromagnetism. The projection of the wa
function onto spherical harmonics around each atom
0-4
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FIG. 4. Magnetic moment vs radius of inte
gration around specific atoms. In~a! integrated
magnetization density around Mn spheres and
~b! the same around nearest-neighbor anions
next-nearest-neighbor Ga atoms are shown. S
text for details. The horizontal line in the left fig
ure indicates a magnetic moment of 4mB . ZB
and W represent zinc blende and wurtzite stru
tures, respectively.
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been calculated as mentioned in Ref. 24. In the figure,x is
defined asx lm

N,s5(nku^Ylm
N,sufnk

s &u2, wheres and N are the
spin and atom indices, respectively, andn is the index for the
bands within the specified energy interval. It is clear from
figure that for ~Mn,Ga!N in the wurtzite structure~left
panel!, the dz2 component of Mne orbital and thepz com-
ponent of nearest-neighbor Np orbital are the dominan
states close toEF . On the other hand, Mnt2 and nearest-
neighbor Asp states hybridize strongly in~Mn,Ga!As. This
is also true for~Mn,Ga!N in the zinc blende structure. Sym
metry of the crystal structure and the splitting ofd states
under the corresponding crystal fields determine the posi
of t2 ande states. For the rest of the atoms in the unit c
states havings andp character are the dominant.

IV. INTERATOMIC EXCHANGE INTERACTIONS

To determine the interatomic exchange interactions,
followed a simple model. In the unit cell, two Mn atom

FIG. 5. Character of states within an energy interval fromEF to
EF20.5 eV for ~left! ~Mn,Ga!N in the wurtzite structure,~middle!
~Mn,Ga!As in the zinc blende structure, and~right! ~Mn,Ga!N in
the zinc blende structure having 6.25% Mn in all cases. Inx axis,
the plotted states are in the orders, px , py , pz , dxy , dyz , dzx ,
dz2, dx22y2 from left. See text for details. For the middle pane
both spin-up and spin-down contributions are shown whereas
the left and right panels, there is no state in the spin-down chan
In the left column, the empty bars represent LSDA1U values. For
each panel, data are shown for Mn~top!, four nearest-neighbor~nn!
anions~middle!, and the collective contributions from all other a
oms ~bottom! in the unit cell.
20521
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were placed in various positions. For each Mn-Mn sepa
tion, ferromagnetic ~FM! and antiferromagnetic~AFM!
alignments of Mn spins were considered. The total-ene
differenceDE(DE5Etot

AFM2Etot
FM) between these two align

ments is a measure of interatomic exchange interaction
Fig. 6, we plotDE as a function of Mn-Mn separationd for
both Mn-doped GaAs and Mn-doped GaN systems. For M
doped GaN, both zinc blende and wurtzite structures w
considered for these calculations with two Mn atoms in u
cells having 64 atoms and 72 atoms, respectively. For M
doped GaAs, a 64-atom unit cell was chosen. Ferromagn
interaction between Mn spins is favored for all the cas
considered here. In~Mn,Ga!N, the first nearest-neighbor~nn!
exchange interaction is the strongest. The value ofDE is
increased a little bit compared to the same for~Mn,Ga!As.
So, for a defect-free calculation, there is no indication t
~Mn,Ga!N should have a much higherTC than~Mn,Ga!As. It
suggests that the formation of other phases during the gro
is responsible for very highTC observed in certain experi
ments. It is also seen from the figure thatDE decreases
sharply with d for Mn-doped GaN systems. It shows th
ferromagnetic exchange interaction in~Mn,Ga!N is short
ranged. This indicates that the formation of Mn cluste

or
el. FIG. 6. Total-energy differenceDE between ferromagnetic an
antiferromagnetic configurations vs Mn-Mn distance in the u
cell. Data for zinc blende~ZB! GaN, ZB GaAs, and wurtzite~W!
GaN are shown. The filled triangle representsDE for @001# direc-
tion in ZB GaAs.
0-5
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B. SANYAL, O. BENGONE, AND S. MIRBT PHYSICAL REVIEW B68, 205210 ~2003!
within a short radial distance might lead to high values
TC . For Mn-doped GaAs, the exchange interaction is lo
ranged and does not decrease rapidly. The proper rang
ferromagnetic interactions can be studied with a bigger
percell. In summary, the results for exchange interacti
indicate that the ferromagnetic interaction between Mn sp
in ~Mn,Ga!As is mediated by delocalized valence-band ho
whereas the origin of ferromagnetism in~Mn,Ga!N may re-
sult from a double-exchange mechanism10 involving the hop-
ping of Mn d electrons. The other probable mechanism c
be the formation of Zhang-Rice magnetic polaron.33

Another interesting observation is the anisotropy of
exchange interactions in different crystallographic directio
In ~Mn,Ga!As, ferromagnetic coupling is stronger either
the bonding direction, e.g.,@111# or in a direction where the
two Mn spins are connected by As bonds, e.g., in@110# di-
rection. The coupling decreases for the@001# direction where
there is no As atom in between~shown as a filled triangle in
Fig. 6!. The strong ferromagnetic interactions in@110# or
@111# directions result from strongp-d hybridization be-
tween Mnd and Asp states. As the interaction is mediate
by the delocalized states, they are sufficiently long ranged
@001# direction, the exchange interaction between the
spins cannot be mediated by thep-d hybridization. So, the
value of DE is decreased compared to the other cases
~Mn,Ga!N, the exchange interaction is not mediated by
delocalized valence-band states and the ferromagnetic i
actions decrease sharply with the Mn-Mn separation. So,
anisotropy in the exchange interactions is not significan
observed. We can conclude that, in general, this anisotr
should be present for all Mn-doped semiconductors wh
ferromagnetic long-range interaction is mediated by delo
ized valence-band states. We also studied the exchange
actions in~Mn,Ga!N within the LSDA1U scheme in a simi-
lar way described above.U54 eV and U57 eV were
considered for the calculations. We found thatDE for
nearest-neighbor Mn-Mn distance increases from 1
meV/Mn to 240 meV/Mn while going fromU54 eV to U
er
e

a

K

J.
y

tt
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57 eV. Ferromagnetic interactions between Mn spins
come stronger as the localization of the Mnd states is in-
creased.

V. CONCLUSION

We have studied the electronic structure and magnet
of Mn-doped GaN systems for a wide concentration range
Mn. The deep acceptor level of Mn lies distinctly in the g
of GaN, separated from the valence band of host GaN. T
is in contrast to the case of~Mn,Ga!As where the Mn forms
shallow acceptor level close to the valence band of Ga
Ferromagnetic interactions are short ranged in~Mn,Ga!N
systems whereas they have delocalized itinerant characte
~Mn,Ga!As. Also, in ~Mn,Ga!As, exchange interactions ar
significantly anisotropic in different crystallographic dire
tions. This has been explained in terms of anisotropicp-d
hybridization. The results presented here are for ideal s
tems having no contribution from the native defects form
during the nonequilibrium growth. To have a more realis
picture, one should take into account these effects. Also,
can occupy interstitial positions in the lattice and the s
interactions can become quite complicated. We are prese
calculating the formation energies of the defects and sub
quently the magnetic interactions in presence of them.
sults will be reported in future papers.
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den.
ter.

s-

78
1Semiconductor Spintronics and Quantum Computation, edited by
D. D. Awschalom, D. Loss, and N. Samarth~Springer, Berlin,
2002!.

2N. Theodoropoulou, A.F. Hebard, M.E. Overberg, C.R. Ab
nathy, S.J. Pearton, S.N.G. Chu, and R.G. Wilson, Phys. R
Lett. 89, 107203~2002!.

3G.A. Medvedkin, T. Ishibasi, T. Nishi, K. Hayata, Y. Hasegaw
and K. Sato, Jpn. J. Appl. Phys., Part 239, L949 ~2000!.

4T. Sasaki, S. Sonada, Y. Yamamoto, K. Suga, S. Shimizu,
Kindo, and H. Hori, Jpn. J. Appl. Phys., Part 191, 7911~2002!.

5M.L. Reed, N.A. El-Masry, H.H. Stadelmaier, M.K. Ritums, M.
Reed, C.A. Parker, J.C. Roberts, and S.M. Bedair, Appl. Ph
Lett. 79, 3473~2001!.

6P. Kacman, Semicond. Sci. Technol.16, R25 ~2001!.
7T. Dietl, H. Ohno, and F. Matsukara, Phys. Rev. B63, 195205

~2001!.
8R.Y. Korotkov, J.M. Gregie, and B.W. Wessels, Appl. Phys. Le
-
v.

,

.

s.

.

80, 1731~2002!.
9C.Y. Fong, V.A. Gubanov, and C. Boekema, J. Electron. Ma

29, 1067~2000!.
10K. Sato and H. Katayama-Yoshida, Semicond. Sci. Technol.17,

367 ~2002!.
11E. Kulatov, H. Nakayama, H. Mariette, H. Ohta, and Yu.A. U

penskii, Phys. Rev. B66, 045203~2002!.
12M.V. Schilfgaarde and O.N. Myrasov, Phys. Rev. B63, 233205

~2001!.
13L. Kronik, M. Jain, and R. Chelikowsky, Phys. Rev. B66, 041203

~2002!.
14A. Filippetti, N.A. Spaldin, and S. Sanvito, cond-mat/03021

~unpublished!; avaliable at http://xxx.lanl.gov
15S. Mirbt, B. Sanyal, and P. Mohn, J. Phys.: Condens. Matter14,

3295 ~2002!.
16G. Kresse and J. Hafner, Phys. Rev. B47, RC558 ~1993!; G.

Kresse and J. Furthmu¨ller, ibid. 54, 11 169~1996!.
0-6



.

da

,
.

. B

ter.

u,

i,

ELECTRONIC STRUCTURE AND MAGNETISM OF Mn- . . . PHYSICAL REVIEW B 68, 205210 ~2003!
17D. Vanderbilt, Phys. Rev. B41, 7892~1990!.
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