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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 studiéstates 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 Md 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 correlationHI$@Alculations have
been performed. Calculated exchange interactiofMn,GaN is short ranged contrary to that {iMn,GaAs
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.
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[. INTRODUCTION structure calculations of Mn-doped GaN systems. Fong
et al® performed electronic structure calculations of Fe- and
Diluted magnetic semiconductof®MS) are considered Mn-doped GaN using the tight-binding linearized muffin-tin
to be potential candidates for present and future technologirbital (TB-LMTO) method. Sato and Katayama-YosHitia
cal applications in semiconductor spintronfcBuring the  performed Korringa-Kohn-Rostoker coherent potential ap-
last decade, there have been numerous experimental and thgroximation calculations to study the relative stabilities of
oretical studies of II-VI, 1lI-V, and IV-VI DMS. Among the ferromagnetic and spin-glass phases. They showed that for a
[1-V DMS, Mn-doped GaAs system has been studied rigor-low concentration of Mn, ferromagnetism is favored whereas
ously for the last few years. This system shows a Curie temfor the high concentration, the spin-glass phase is stable. The
perature T¢) of 110 K for a Mn-doping concentration of disordered local-moment model was assumed to describe the
10%. Despite several attempfBg could not be raised be- spin-glass phase. They explained the origin of ferromag-
yond 175 K. Recently, there have been reports of somaetism in these systems by a competition between double-
room-temperature DMS. They include Mn-doped GaR)-  exchange and superexchange interactions. Kulatoa*
doped chalcopyrite CdGePF Mn-doped GaN';® etc. The studied electronic, magnetic, and optical properties of zinc
origin of ferromagnetism in these compounds is still underblende(Mn,GaN for different concentrations of Mn by the
debaté® TB-LMTO method in a supercell approach. Anomalous ex-
Dietl et al’ predicted theoretically a high Curie tempera- change interactions in IlI-V DMS were found from calcula-
ture (~400 K) for Mn-doped GaN5% Mn). Their theory  tions by Schilfgaarde and Mryasd¥They predicted aggre-
was based on a mean-field model of hole mediated ferromagation of magnetic nanoclusters inside the IlI-V host. Kronik
netism. As the Curie temperature for a Mn-doped GaAs syset al** consideredMn,GaN in wurtzite structure and per-
tem is comparatively lower, the theoretical prediction for aformed electronic structure calculations using a plane-wave
higher T, drew much attention. Sasakt al? grew wurtzite  pseudopotential method. In Ref. 14, the different origins of
Mn-doped GaN films by the molecular-beam epitaxyferromagnetism ifMn,GaAs and(Mn,GaN systems were
method. Magnetic measurements showed a very high Curidiscussed. The authors pointed out from self-interaction cor-
temperature of about 940 K. They ruled out the possibility ofrected(SIC) pseudopotential calculations th@in,GaN is
phase segregation of some ferromagnetic compounds, e.gharacterized by localized Mnd3states with a strong self-
MnGa and MpN which also have high Curie temperatures. interaction. In(Mn,GaAs, d states are weakly correlated and
Room-temperature ferromagnetism in Mn-doped GaN wasre rather delocalized being strongly hybridized with f\s
also observed by Reeet al® Deep level optical spectros- states. In this paper, we attempt to understand the electronic
copy measuremeritshow that Mn forms a deep acceptor structure and magnetic interactions in Mn-doped GaN and
level at 1.42 eV above the valence-band maximum for GaNGaAs systems. The motivation of this paper is twofd¢lj:to
doped with small concentration of Mn. It is to be noted thatinvestigate electronic structure and magnetism of Mn-doped
Mn forms an acceptor level at 0.11 eV above the valenceGaN system in detail an¢b) to have a comparison with
band maximum in the case of Mn-doped GaAs. So, the overMn-doped GaAs system. The paper is organized as follows:
lap of the Mnd-states with the valence-band is rather strongln the following section, we describe the computational de-
in Mn-doped GaAs compared to Mn-doped GaN. tails. Section. Il A describes the electronic structure and
Recently, there have been a few first-principles electronienagnetism of théMn,GaN with varying Mn concentration
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in the local spin-density approximatio. SDA). Then we
present results from LSDAU calculations. Finally, we
show a comparison of exchange interactiongMn,GaN
and (Mn,GaAs systems.
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GaN can be grown both in the zinc blende and wurtzite

structures. But, usually, Mn is doped in a wurtzite GaN Host.

In our calculations, we have considered the wurtzite struc-
ture. Also, for a comparison, we show calculations for the
zinc blende structure. Experimental lattice parameters suct
asa=3.189 A andc=5.185 A with ac/a ratio of 1.626
were taken for the calculations in the wurtzite structure. Re-3

x=0.0625

sults from the atomic relaxations revealed that the nearestE 6 | i | | L ;

neighbor bond lengths between Mn and N change only byﬁ
3% compared to that of the bulk GaN. This is in agreementg
with the results of Kroniket al*® In general, Mn doping in  ©
substitutional site results in a small relaxafiorof the
nearest-neighbor anions around it.

x=0.5

Calculations have been performed by am initio plane- 6 ‘ ‘ \ : ‘ \
wave codeVAsp).1® Vanderhilt typé’ ultrasoft pseudopoten- 0 6 2 2 o 6 2 2 6
tials were used for the LSDA calculations. LSBAJ calcu- E E(eV)
lations were done in the projector augmented Wawmeethod FIG. 1. Spin resolved density of states of (M, )N in the

as implemented by Bengonet al’® Ga orbitals were rite structure. Data are shown f@ pure GaN (b) 6.25% Mn
included in the basis set of the Ga pseudopotential. A kineticy, GaN, (c) 12.5% Mn,(d) 25% Mn, and(e) 50% Mn. In(a), total
energy cutoff of 350 eV was used for the plane waves inposjcell as well as the DOS of N have been shown whereas in
cluded in the basis set. Ceperley and Affleexchange- (b)—(e), d DOS of Mn (in shadg, p DOS of N, and total DOS have
correlation functional parametrized by Perdew and Zuflger been plotted. Energies are plotted with reference to valence-band
was considered within LSDA. We have also checked that thenaximum(VBM) of GaN in (a) and Fermi energieBg in (b)—(e).
results obtained within GGA (generalized gradient

approximatio’) are similar. A 8<8x 6 k-points grid was  decrease the magnetic moments. But as we are dealing with
used in the Monkhorst-Pack schethéor small supercells.  ideal uncompensated systems, we always obtain a magnetic
For the largest supercell considered, & 2<1 grid was moment of 4ug/Mn atom for substitutional Mn.
used. Local properties such as local density of states and | Figs. 1a)—1(e), we show the density of statéBOS)
local magnetic moments were calculated by projecting th@gr various concentrationg of Mn in Mn,Ga,_,N in the
wave functions onto spherical harmonfésThe radii chosen wurtzite structure. In Fig. (B), the DOS of the undoped GaN
for the projection were 1.31, 1.21, and 0.74 A for Mn, Ga,js presented. The large band gap is evident from the figure.
and N, respectively. _ _ The calculated direct band gap at fhgoint is 1.9 eV which
~We have modeled the system using different supercells ynderestimated compared to the experimental band gap of
sizes to simulate different Mn concentrations. For wurtzite_3 4 ev/. This well-known underestimation is inherent in
structure, supercells having 4, 8, 16, 32, 72, and 108 atomge formulation of density-functional theory and is well
were used to model a composition Mg, N for x=0.5,  documented in existing literature. From Figb)Lto 1(e), we
0.25, 0.125, 0.0625, 0.028, and 0.018, respectively. For zinghow the DOS’s with increasing The Mn impurityd peak
blende structure, we used a 64-atom cell to simulate a M the band gap is away from the valence band for small
concentration ok=0.03125. It has been found experimen- As the concentration increases, this peak is broadened due to
tally that Mn occupies the Ga sit& Therefore, in our calcu-  the overlap of Mrd wave functions and the gap between the
lational unit cell, a Ga atom was substituted by a Mn atom.jmpurity peak and the valence-band edge vanishes. The total
DOS/cell gradually regains the shape of the DOS of undoped
Ill. RESULTS system as is reduced. However, up t0=0.25, the Fermi
level cuts only the spin-up DOS’s. As there is no state at
Fermi level for the spin-down channel, we obtain a half-
In a llI-V semiconductor, a cation vacancy creates threanetallic solution giving rise to an integer magnetic moment
holes in the valence band leaving anion dangling bondsof 4 wg/Mn atom. Forx= 0.5 shown in Fig. {e), the system
When Mn occupies the cation site, it donates three electronsehaves like a ferromagnetic metal with a reduced magnetic
to fulfill the bonding. Mn is left with four unpaired elec- moment. One noticeable difference between Mn-doped
trons which give rise to 4ug/Mn atom. In a realistic situa- GaAs and Mn-doped GaN systems is the position of Mn
tion, there can be compensating donors, e.g., As antisites anghpurity band in the gap. 1tMn,GaAs, Mn impurity band
interstitial Mn atom<?® present in the system to increase oralmost merges with the top of the valence bare0(1 eV

A. Calculations within LSDA
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TABLE |. Projected charges and magnetic mome(is ug). 8
Mn-d? indicates charge in the sphere around Mn doelectrons.
Mnmomand Nyom indicate projected magnetic moments inside Mn
and N spheres, respectively.

(Wurtzite)

xin Mn,Ga _,N Mn-d® MNmom %Enn 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 —0.02

DOS (States/eV)

above the valence-band edgehereas inMn,GaN, the Mn
impurity band is separated from the valence band by 0.56 eV.
The width of this impurity band is 0.94 eV. As the spin-
polarized Mn impurity band is distinctly in the gap, the va-
lence band is less spin polarized (iMn,GaN compared to
(Mn,GaAs. Spin polarization €,gycem— €vamcem) Of b = B 5 1
the valence and conduction bands at Eheoint is 0.05 eV E E (eV)
and—0.42 eV, respectively, for (Myps45& 9379 N. € is the
eigenvalue and VBM and CBM represent valence-band FIG. 2. Spin resolved density of states @1n,GaN for (top)
maximum and conduction band minimum, respectively. Oumurtzite and(b) zinc blende structures. Here, the Mn concentration
LSDA calculations are in excellent agreement with previouss 6.25%.
studies. Kroniket al® also found 100% spin-polarized im-
purity band in the host band gap with the Fermi level lying in
the impurity band. Band-structure plots done by Filippetti It is a matter of debate whether the itinerant band model
et al1* also confirmed this. or the localized atomic model is appropriate for the descrip-
In Table I, we present the local charges and magnetition of Mn-doped semiconductors. Density-functional
moments of Mn and N atoms for different concentrations ofcalculationd®?’~?*hased on LSDA or GGA provide the basis
Mn. Charges and magnetic moments of Mn remain almosbf itinerant picture whereas others models are based on a
the same with the concentration variation of Mn. The insen{ocalized atomic picturé. A recent photoemission
sitivity of magnetic moment with concentration is a signatureexperiment® on Mn-doped GaAs system revealed the main
of localizedd states of Mn. The total moment/cell is always Mn d peak to be situated 3.4 eV below the Fermi level. A
4.0 ug which is the signature of a half-metallic solution. The previous photoemission experim&hteported the peak to be
only exception is the case ok=0.5, where the total 4.4 eV below the Fermi level. Also, the importance of
moment/cell is 2.77ug. The exchange splitting of M  electron-correlation effects in these systems was highlighted.
states is less in this case allowing both spin-up and spinParket al3? argued from LSDA-U calculations that corre-
downd states to cross the Fermi level. The averaged inducelthtion corrections are important to have a better agreement
moments on nearest-neighbor N atoms are also tabulated. With photoemission spectra. On the other hand, all density-
most of the cases, the moments are parallel to Mn momenfsinctional calculations based on LSDA show a peak around
which is not the case for a Mn-doped GaAs system wher@.6—2.9 eV below the Fermi lev&l?” So it can be argued
nearest-neighbor As moments are antiferromagneticallyhat the completely localized picture or the completely itin-
coupled to the Mn magnetic moment. erant picture cannot solely describe these systems satisfacto-
As GaN can be grown in both zinc blende and wurtziterily.
structures, we have also done calculations for a 6.5% Mn- We have done LSDA U calculations to investigate the
doped GaN system in zinc blende structure. In Fig. 2, DOS'&ffect of electron correlations. First, these calculations do not
for both structures are shown. DOS for a zinc blende strucexist in literature and second, it is interesting to compare this
ture is similar to that calculated by Kulat@t al™* Also the  simple technique with more rigorous SIC calculations. In
magnetic moment on Mn atom (34g) agrees very well. Figs. 3a)—3(d), we show the DOS’s obtained from LSDA
There is no striking difference in the broad features of theand LSDA+ U calculations for 6.25% Mn. As the value of
DOS's for the two structures. In the zinc blende structure, thdor Mn d states is not obtained self-consistently from first-
peak at the Fermi level is sharper and the nature of thesgrinciples calculations, we varidd from 4 eV to 7 eV treat-
states are differentt§ compared tce states for the wurtzite ing it as a parameter. In all cases, the exchange paramheter
structurg. See Fig. 5 and related discussions. For both thevas considered to be 1.0 eV. Increasldgesults in a slow
structures, the Mn impurity peak in the energy gap of theshift of the spin-up impurity band towards the valence band.
host is separated from the valence band of the host. The small peak around 1.5 eV below the Fermi lekelis

B. LSDA+U calculations
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diminished gradually in magnitude whereas the peak arounthents on(Mn,GaN to verify the existence of the localized
—4.5 eV belowEg increases in magnitude. Even faf peak close t& . A comparative study with Mn-doped GaAs
=10 eV (not shown herg the localized peak remains pinned is shown in Fig. &). The main broad Mnl peak around 2.8
close toEgr and isnot merged with the delocalized valence- eV below the Fermi level in a LSDA calculation is shifted 4
band states. The spin-down DOS shifts almost rigidly awayeV below the Fermi level with a smaller bandwidth. The
from the Fermi level towards higher energy with increasingDOS at the Fermi level is also decreased compared to that of
U. Local charges and magnetic moments of Mn and neares&n LSDA calculation. In both LSDA and LSDAU calcula-
neighbor N atoms are listed in Table II. Magnetic moment oftions, the hybridization between Md and Asp states are
Mn increases withU due to increase in localization af  seen. So the holes in the valence band have hybridizéd
states. The induced moments of N atoms also increase. ktharacter. In the previous LSDA studi€s-*a similar discus-
Fig. 3(c), a comparison between LSDA and LSBAJ cal- sion on the nature of hybridization was also made.
culations is shown. The redistribution of weights of Mn In Fig. 4, we show the integrated magnetization density
peaks with the inclusion dfl is visible. In LSDA+U result, around various atoms in the unit cell as a function of the
the sharp peak is very close to the Fermi level in the impurityradius of integration. It has been calculated as

band whereas it is in the valence band in the LSDA calcula-

tion. This peak is ot character and does not take part in the R

bonding with the neighboring N atoms. These results are in M(R)= fo [p'(r)=pt(r)]dr,

agreement with the more sophisticated SIC calculations re-

ported by Filippettiet al1* They also found a flat band with wherep(r) andp!(r) are the spin-up and spin-down charge
d;2 character akg . The nature of the states closelip from  ygnities, respectively, arid is the magnetic moment ob-
our calculation is shown later in Fig. 5. To our knowledge, i5ined for a radius. For (Mn,GaN and (Mn,GaAs in the

the valence-band photoemission spectrdhdh,GaN is not  ,inc plende structure, the magnetic moment reaches the
available in the literature. So, the extent of validity of LSDA | ;e 4 g at a distance of 5 A far from the Mn center. But
approach cannot be tested. Our LSBA findings can be j, the wurtzite structure ofMn,GaN, this value is reached
compared with future angle-resolved photoemission experizi 4 smaller distance. This again shows a more localized
character of Mnd states in wurtzite GaN. The integration
around nearest-neighbor anions reveals that N has a positive
contribution in(Mn,GaN whereas As has a negative contri-

TABLE Il. Projected charges and magnetic momefiits ug)
calculated within LSDA-U. The notations are same as in Table I.

bution.
U=40ev U=50ev U=60ev U=70eV In Fig. 5, we show the character of the states within an
Mn-d® 5.01 5.00 4.99 4.98 energy interval close to the Fermi level. The states close to
MnNom 3.72 3.83 3.93 4.02 Er in the electronic structure are important in characterizing
NPP -0.02 —0.04 —0.05 —0.06 the origin of ferromagnetism. The projection of the wave

mom

function onto spherical harmonics around each atom has
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FIG. 4. Magnetic moment vs radius of inte-

/ 4014 gration around specific atoms. I@ integrated

’ magnetization density around Mn spheres and in

(b) the same around nearest-neighbor anions and
next-nearest-neighbor Ga atoms are shown. See
text for details. The horizontal line in the left fig-

1 0.02 ure indicates a magnetic moment ofwg. ZB

e and W represent zinc blende and wurtzite struc-

. 5 -0.02 tures, respectively.

'S

w

n

4 0.06

Magnetic moment (u;)

-
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been calculated as mentioned in Ref. 24. In the figyres  were placed in various positions. For each Mn-Mn separa-
defined asy[:? =2, (YN-7| 4|2, whereo andN are the tion, ferromagnetic(FM) and antiferromagnetic(AFM)
spin and atom indices, respectively, ant the index for the alignments of Mn spins were considered. The total-energy
bands within the specified energy interval. It is clear from thedifferenceAE(AE=Ej,"'— E[¥) between these two align-
figure that for (Mn,GaN in the wurtzite structure(left — ments is a measure of interatomic exchange interaction. In
pane), thed,2 component of Mne orbital and thep, com-  Fig. 6, we plotAE as a function of Mn-Mn separaticshfor
ponent of nearest-neighbor N orbital are the dominant pgotp Mn-doped GaAs and Mn-doped GaN systems. For Mn-
states close t&g. On the other hand, M, and nearest- goped GaN, both zinc blende and wurtzite structures were
neighbor Asp states hybridize strongly itMn,GalAs. This  considered for these calculations with two Mn atoms in unit
is also true for(Mn,GalN in the zinc blende structure. Sym- ce|is having 64 atoms and 72 atoms, respectively. For Mn-
metry of the crystal structure and the splitting dfstates  doped GaAs, a 64-atom unit cell was chosen. Ferromagnetic
under the corresponding crystal fields determine the positiofhteraction between Mn spins is favored for all the cases
of t, ande states. For the rest of the atoms in the unit cell,considered here. ItMn,GaN, the first nearest-neighbémn)
states having andp character are the dominant. exchange interaction is the strongest. The value\&f is
increased a little bit compared to the same (f@in,GaAs.
So, for a defect-free calculation, there is no indication that
) ) . i ) (Mn,GaN should have a much high&g than(Mn,GaAs. It

To determine the interatomic exchange interactions, wegggests that the formation of other phases during the growth
followed a simple model. In the unit cell, two Mn atoms ;g responsible for very higiic observed in certain experi-

ments. It is also seen from the figure th®E decreases

IV. INTERATOMIC EXCHANGE INTERACTIONS

MnGaN (W) MnGaAs (ZB) MnGaN (ZB)
60 . 0 883, , sharply withd for Mn-doped GaN systems. It shows that
40 - ' 20 | 30 a4 * ferromagnetic exchange interaction {Mn,GaN is short
" e | 20 ranged. This indicates that the formation of Mn clusters
n
20 20 - | 10
0 hnllﬂhﬂ I] 40 Mn 0 III Mn 170
Py Py P,
P: x Py Pe
_wl 20 | 30+ it (111
) o H 20 145 | \ .
= \
200 “ - 20 10 R
h 'l N As N \
0 40 0 120 + N g
| 20 f 30 <
40 2 ~—n7B GahAs
Y 20 S 95| ©--0ZBGaN
20 1 20| 10 £ &— @ Wurtzite GaN
GaN GaN 1Y)
I“] Rest Rest®® Rest <
[ 11
0 40 0 70 L
FIG. 5. Character of states within an energy interval filegto
Er—0.5 eV for(left) (Mn,GaN in the wurtzite structureimiddle) il
(Mn,GaAs in the zinc blende structure, arfdght) (Mn,GaN in .
the zinc blende structure having 6.25% Mn in all casesx &xis, \‘o
the plotted states are in the ordgr p,, Py, Pz, dxy, dyz, Ay, 20 " s : = : s o

dp, dy2_y2 from left. See text for details. For the middle panel,
both spin-up and spin-down contributions are shown whereas for
the left and right panels, there is no state in the spin-down channel. FIG. 6. Total-energy differencAE between ferromagnetic and
In the left column, the empty bars represent LSPW values. For  antiferromagnetic configurations vs Mn-Mn distance in the unit
each panel, data are shown for Ntop), four nearest-neighbdnn) cell. Data for zinc blendéZB) GaN, ZB GaAs, and wurtzitéW)
anions(middle), and the collective contributions from all other at- GaN are shown. The filled triangle represeits for [001] direc-
oms (bottom) in the unit cell. tion in ZB GaAs.

Mn,-Mn, distance (A)

205210-5



B. SANYAL, O. BENGONE, AND S. MIRBT PHYSICAL REVIEW B68, 205210 (2003

within a short radial distance might lead to high values of=7 eV. Ferromagnetic interactions between Mn spins be-
Tc. For Mn-doped GaAs, the exchange interaction is longcome stronger as the localization of the Mrstates is in-
ranged and does not decrease rapidly. The proper range ofeased.
ferromagnetic interactions can be studied with a bigger su-
percell. In summary, the results for exchange interactions V. CONCLUSION
indicate that the ferromagnetic interaction between Mn spins
in (Mn,GaAs is mediated by delocalized valence-band holes We have studied the electronic structure and magnetism
whereas the origin of ferromagnetism (iMn,GaN may re-  of Mn-doped GaN systems for a wide concentration range of
sult from a double-exchange mechant8imvolving the hop-  Mn. The deep acceptor level of Mn lies distinctly in the gap
ping of Mn d electrons. The other probable mechanism carof GaN, separated from the valence band of host GaN. This
be the formation of Zhang-Rice magnetic polardn. is in contrast to the case @fn,GaAs where the Mn forms
Another interesting observation is the anisotropy of theshallow acceptor level close to the valence band of GaAs.
exchange interactions in different crystallographic directionsFerromagnetic interactions are short ranged(NMn,GaN
In (Mn,GaAs, ferromagnetic coupling is stronger either in systems whereas they have delocalized itinerant character for
the bonding direction, e.gl111] or in a direction where the (Mn,GaAs. Also, in (Mn,GaAs, exchange interactions are
two Mn spins are connected by As bonds, e.g.[1ih0] di- significantly anisotropic in different crystallographic direc-
rection. The coupling decreases for fl0@1] direction where tions. This has been explained in terms of anisotrqpit
there is no As atom in betwedshown as a filled triangle in  hybridization. The results presented here are for ideal sys-
Fig. 6). The strong ferromagnetic interactions [ihl0] or  tems having no contribution from the native defects formed
[111] directions result from strongy-d hybridization be- during the nonequilibrium growth. To have a more realistic
tween Mnd and Asp states. As the interaction is mediated picture, one should take into account these effects. Also, Mn
by the delocalized states, they are sufficiently long ranged. likan occupy interstitial positions in the lattice and the spin
[001] direction, the exchange interaction between the Mninteractions can become quite complicated. We are presently
spins cannot be mediated by tped hybridization. So, the calculating the formation energies of the defects and subse-
value of AE is decreased compared to the other cases. Iquently the magnetic interactions in presence of them. Re-
(Mn,GaN, the exchange interaction is not mediated by thesults will be reported in future papers.
delocalized valence-band states and the ferromagnetic inter-
actions decrease sharply W|th the Mn-Mn separation. _So, the ACKNOWLEDGMENTS
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