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The electronic structure and the properties of superdoped GaN~As!:Mn ~a concentration of Mn from 1.56%
to 12.5%! are studied by using the tight-binding linear-muffin-tin-orbital method. Calculations show that the
ferromagnetic state is lower in energy than the paramagnetic and antiferromagnetic states for both materials
GaN:Mn and GaAs:Mn with all Mn concentrations. At the Fermi energy electronic states are 100% spin
polarized, excluding GaAs:Mn with 12.5% of Mn. The most important difference between two materials
concerns the energy position and localization of the Mn spin-majority states. In GaN these impurity states lie
inside the fundamental gap and are well localized. In GaAs they are positioned near the top of the valence band
and are strongly hybridized with it. This difference is clearly seen in the calculated magnetic, optical and,
especially, kinetic properties of these materials, which are significantly different. Our investigation of codoping
in GaN:Mn ~substitution of O for N or Zn for Ga! shows that the atoms of O and Zn change the occupation of
Mn bands and strongly affect both magnetic moments and conductivity.
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s! based on Mn-
doped III-V and II-VI compounds have received extens
attention because of the physical interest in both so-ca
carrier-induced ferromagnetism and spin-electronics appl
tions. Much current debate focuses on Ga12xMnxAs. Using
low-temperature molecular-beam-epitaxy techniques,
was incorporated into epitaxial layers of GaAs with conce
trations x up to 0.07~3.5% of Mn!, which are beyond its
solubility limit.1 The magnetic impurity atom of Mn in
GaAs, which occupies the cation~Ga! sublattice in the zinc-
blende crystal structure, acts both as a source of local
spins and as an acceptor providing carriers~holes!. For con-
centrations abovex50.05 ~2.5% of Mn! GaAs:Mn has been
reported as a ferromagnet withTc'100 K.2 The origin of
ferromagnetism in this DMS is still open to question.

From the standpoint of technology, superdoping~here
doping beyond 1%! is relatively easy only in the case o
‘‘soft’’ semiconductors like GaAs, InAs, or CdTe. This is no
the case with ‘‘hard’’ semiconductors like GaN or AlN
These materials need relatively high growth temperature
obtain good crystalline quality. At such high temperatu
superdoped transition-metal impurities cause segregatio
form a compound with the host semiconductor elements
order to obtain an extremely heavy doping of Mn, a high
nonequilibrium growth process is necessary. That is why
attention was paid to magnetically doped GaN:~3d
-transition-metal! systems, although this class of DMS h
been predicted to be ferromagnetic at room temperature3
0163-1829/2002/66~4!/045203~9!/$20.00 66 0452
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GaN-based DMS’s are quite promising for various sp
controlled and photonic devices because of the wide gap
responding to visible light. Another attractive property
GaN:Mn is its half-metallic ferromagnetism, that is, a 100
spin polarization of carriers at the Fermi energy. This p
vides an opportunity to overcome the intrinsic difficulty
injecting spins into a nonmagnetic semiconductor. Recen
a similar injection and evidence of spin-polarized current
III-V semiconductor has been demonstrated and a large
nal from half-metallic DMS’s was predicted.4 The growth of
superdoped GaN:Mn using an ultrahigh-vacuum chem
vapor description system was reported in our work.5 In that
study superconducting quantum interference dev
~SQUID! magnetization measurements showed the magn
hysteresis at room temperature, i.e., the existence of ro
temperature ferromagnetism in granular GaN:Mn.6 Moreover
Curie temperatures for the epitaxial wurtzite GaN:Mn film
were also recently reported as high as 940 K~Ref. 7! ~de-
duced from extrapolating SQUID measurements! and around
room temperature8 ~from the anomal Hall effect!.

These experimental results give a strong impetus to ba
structure studies of superdoped GaN:Mn. A quantitative
derstanding of the properties of a material, especially
electronic states induced by a transition-metal dopant,
clue to the material design of a class of magnetic semic
ductors. Recently, we made band-structure calculations
superdoped Si:Mn.9 The results showed that the ferroma
netic state is the ground state of Si:Mn, regardless of whe
substitutional or interstitial doping is considered.Ab initio
studies of GaAs:Mn were made in Refs. 10–12 and 13–
©2002 The American Physical Society03-1
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Despite the different techniques used, all calculatio
showed that ferromagnetic state provides a significant gai
energy. It was also found that the filled spin-up~majority!
bands of Mn are located near the top of the valence b
~VB!, while the empty spin-down~minority! bands of Mn
are placed near the bottom of the conduction band~CB!.
Effects of the clustering of Mn atoms and their magne
interaction were analyzed for GaAs:M , GaN:M , and
AlN: M ~M5Cr, Mn, or Fe! in the work.14

This paper focuses on anab initio study of a zinc-blende
GaN:Mn system in a range of Mn concentrations fro
1.56% to 12.5%. In addition to the electronic structure,
magnetic, kinetic and optical properties of this system
calculated. To better understand the specifics of GaN:Mn,
same calculations are performed for GaAs:Mn. The res
show a great difference between the properties of GaN
and GaAs:Mn, which is caused by different energy positio
of Mn states in the fundamental gaps of GaN and GaAs.
paper is organized as follows. Section II describes our th
retical approach. The electronic structures and magn
properties of GaN:Mn and GaAs:Mn are considered a
compared in Sec. III. An analysis and a comparison of
kinetic and optical properties of GaN:Mn and GaAs:Mn a
given in Sec. IV. In view of a significant interest in th
codoped DMS, the effect of substitution of O for N or Zn f
Ga on properties of GaN:Mn is analyzed~Sec. V!. The ob-
tained results are summarized and discussed in Sec. VI.

II. METHOD OF CALCULATION

Our electronic structure calculations of GaN~As!:Mn were
performed by using the tight-binding linear-muffin-tin
orbital ~TB-LMTO! method.18 The doping of Mn in Ga-
N~As! can be modeled by means of a cubic supercell c
taining 64 atoms and 64 empty spheres~because the zinc
blende structure is open!, in which one, two, four, and eigh
atoms of Ga are replaced by Mn atoms to simulate an
formly doped semiconductor with 1.56%, 3.125%, 6.25
and 12.5% Mn concentrations, respectively. To study
magnetic interactions between the Mn atoms, we constru
cubic 64-~23232 in units of the zinc-blende lattice spacin
a0!, tetragonal 32-(&3&32), and tetragonal 16-(&3
&31! atom supercells with two Mn atoms. As a result, w
obtain 3.125%, 6.25% and 12.5% Mn concentrations, resp
tively. The total energies of the paramagnetic~PM!, ferro-
magnetic ~FM!, and antiferromagnetic~AFM! states have
been calculated in these supercells, where the Mn atoms
separated as far as possible, i.e., two Mn atoms occupy
corner and the center of unit cell.

All calculations were made in the atomic sphere appro
mation with the combined correction terms. The ratio
atomic sphere radii can be determined from the interato
minima of electron density calculated by using the full p
tential method. With this aim in view, we carried out a fu
potential LMTO ~Ref. 19! calculation of GaN~As!:Mn with
12.5% Mn. It was found that the densities of states~DOS’s!
and the electron and spin densities calculated by using
method and the TB-LMTO method with the ‘‘optimized
radii are practically identical. The obtained ratios of the ra
04520
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were then used in GaN~As!:Mn at all Mn concentrations. Fo
all calculations we assumed GaN and GaAs experime
lattice spacings ofa058.504aB and 10.677aB , respectively.

The TB-LMTO basis set consisted of 4s, 4p, and 3d
orbitals of Mn, 4s, 4p, and 3d orbitals of Ga, and 2s (4s)
and 2p (4p-) orbitals of N~As!. For empty spheres only th
1s and 2p LMTO’s were used. As for the interstitial 3d- and
N ~As! 3d (4d) partial waves, they were included only i
LMTO tails. All k-space integrations were performed by u
ing the tetrahedron method.20 Convergence to self-
consistency was achieved on the mesh of 119k points in 1

24

of the Brillouin zone, and checked through the total ener
which was stable within 1026 Ry at the last few iterations
To calculate the DOS, the charge density maps, and kin
and optical properties, a finer mesh of 451k points was used.

The calculations showed that at all Mn concentrations,
DOS, and the electron and spin densities of GaN~As!:Mn are
rather insensitive to variation of the sphere radii with
610% from the optimum. As an additional test of the calc
lational procedure, we compared our TB-LMTO electron
structure of the ferromagnetic GaAs:Mn containing 6.25%
Mn with the results of the full-potential linear-augmente
plane-wave calculations.12,15 The comparison shows that th
two methods yield very similar results for the electron
structures. This confirms that the fast TB-LMTO method
accurate enough to study the electronic structure of DM
with zinc-blende lattices in cases where the optimized sph
radii are used.

Exchange and correlation effects were included throu
the von Barth–Hedin local-spin-density approximati
~LSDA!.21 This point requires special consideration as t
width of Mn bands is about 0.3–1.0 eV depending on
concentration. In our view, a strong argument to use
LSDA in this case is the observed metallic conductivity
GaAs:Mn.2 This indicates that Mn states are collectiv
enough to reduce strong electronic correlations, which
typical for narrow bands. Another argument is good agr
ment between the experimental energy of the Mn level
GaAs and the position of the Mn spin-upt2g state calculated
by using the LSDA.14 These arguments support the use of t
local-density functionals for DMS’s, though additional e
perimental verification of this point would be desirable.

III. ELECTRONIC STRUCTURES AND MAGNETIC
PROPERTIES OF GaN„As… DOPED WITH Mn

The electronic structure of GaN:Mn with a 3.125% M
concentration is of special interest because it correspond
a typical value of Mn concentration usually obtained expe
mentally in III-V semiconductors. The calculated DOS a
partial DOS’s of this ferromagnetic DMS are presented
Fig. 1~a!. The Mn impurity states placed in the gap regio
are of particular interest. These states are splitted by b
exchange interactionDExc[E(Cd

↓)2E(Cd
↑);3.4 eV and

crystal field DEcryst[Et2g
2Eeg

;1.35 eV, whereCd
s is the

center ofd band in the corresponding spin channel. In co
parison with Ga, Mn has extra four valence electrons, wh
fill spin-up eg and t2g bands. The doubly degeneratedeg
band is fully occupied, while the triply degeneratedt2g band
3-2
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ELECTRONIC STRUCTURE, MAGNETIC ORDERING, . . . PHYSICAL REVIEW B66, 045203 ~2002!
~higher in energy! is only two-thirds filled so the Fermi leve
falls just into the latter 100% spin-polarized band@Fig. 2~a!#.
As a result, the total magnetic moment has an integer va
M total58mB . Moreover, our results show that the main p
of this magnetic moment is strongly localized on the Mn s
~Table I!. The additional contributions to the total magne
moment appear to come from N and Ga atoms in first nea
neighbors to Mn.

An important point is that the spin-up 3d states of Mn are
located deeply inside the gap and therefore are weakly m
with the VB and CB of GaN. This dictates a short-ran
character of impurity orbitals, the narroweg and t2g bands,
and a significant localization of electrons at the Fermi s
face@Fig. 3~a!#. Our calculations also show that the total 3d
electron population within the Mn sphere in GaN:Mn
around 4.59, and does not depend on the Mn concentra
i.e., the atomic configuration of Mn is compatible with bo
3d4 and 3d5.

Many of these features are observed in the electro
structure of the ferromagnetic GaAs:Mn with 3.125% of M
@Fig. 1~b!#. The exchange splitting of Mn states is mu
larger than the crystal field one~3.4 eV vs 0.4 eV!, as in the

FIG. 1. Total and local partial densities of states in the fer
magnetic state of GaN: Mn~a! and GaAs:Mn~b! at 3.125% of Mn.
Total DOS’s are shown by bold lines, thin lines are thed DOS’s of
Mn, and dashed lines are thep DOS’s of N ~first-nearest neighbors
1 NN! ~a! and p DOS’s of As ~b!. The vertical dot-dashed line
denotes the position of the Fermi level which is set as zero ene
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FIG. 2. Ferromagnetic energy bands of GaN:Mn~a! and
GaAs:Mn ~b! at 3.125% of Mn in the spin-up channel. The Ferm
energy is depicted by the horizontal line at zero energy.

TABLE I. Magnetic moments in GaN:Mn. 1NN means a firs
nearest neighbor to the Mn atom.

% of Mn 1.56 3.125 6.25 12.5

Ferromagnetic phase
M total(mB /cell) 4 8 8 8
mMn(mB) 3.322 3.341 3.390 3.376
mN(1NN)(mB) 0.044 0.039 0.038 0.043
mGa(1NN)(mB) 0.007 0.008 0.016 0.032

Antiferromagnetic phase
M total(mB /cell) 0 0 0
mMn(↑,↓)(mB) 63.329 63.283 63.345
mN(1NN)(mB) 60.043 60.035 60.038
mGa(1NN)(mB) 60.007 60.015 0

-

y.
3-3
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KULATOV, NAKAYAMA, MARIETTE, OHTA, AND USPENSKII PHYSICAL REVIEW B 66, 045203 ~2002!
FIG. 3. ~110!-plane charge density in hybridized states near
Fermi energy~0.2-eV energy window! for ferromagnetic GaN:Mn
~a! and GaAs:Mn~b! ~1.56% of Mn!. Successive contours differ b
rn112rn50.001e/Å 3.
04520
case of GaN:Mn. Due to this, GaAs:Mn is half-metallic, wi
the Fermi level inside the spin-upt2g manifold. The total
magnetic moment is also equal to 8mB and localized at Mn
~Table II!. The most important difference between two m
terials concerns the energy position and localization of
purity spin-up states. In GaAs:Mn, thet2g band of Mn lies
just slightly above the top of the VB, while theeg band falls
into the VB and is barely distinguished there@Fig. 2~b!#.
Both bands, especiallyeg’s, are substantially hybridized with
the electronic states of the VB. This leads to longer tails
Mn spin-up orbitals and less localized electronic states at
Fermi level compared to GaN:Mn@Fig. 3~b!#. In GaAs:Mn,
the atomic configuration is compatible with both 3d5 and
3d6, as follows from our analysis of the total 3d population
within the Mn sphere. This 3d population is equal to 5.17
and practically does not depend on the Mn concentrat
This result is in good agreement with the results obtained
Refs. 13 and 15.

The difference in the energy positions of impurity ban
between GaN:Mn and GaAs:Mn is preserved at all conc
trations of Mn ~Figs. 4 and 5!. Evidently, this is due to a
smaller size of N atoms compared to As atoms. This diff
ence in sizes leads to a smaller lattice constant of Ga~
8.504aB vs 10.677aB!, to an additional compression of M
orbitals and to a higher kinetic energy of the Mn states
GaN. The comparison of DOS’s shows thatDExc andDEcryst
depend weakly on the Mn concentration. The effect of co
centration manifests itself mostly in the widths of Mn band
As a result, the impurity states near the Fermi level rem
perfectly spin polarized andM total is equal to 8mB in both
materials at all concentrations, excluding the GaAs:Mn w
12.5% of Mn. The exception is due to the energy overlapp
of the spin-upt2g bands and spin-downeg bands, which
become too wide as the Mn doping grows. The stability o
100% spin polarization of electronic states near the Fe
energy all over the concentration region shows a high va
ity of this result, which will hardly change even if electron
correlations in Mn bands are considered more thoroughl

The spatial distribution of impurity states is intimate
linked with the value of magnetic moments on different
oms. Tables I and II show that the main contribution toM total

comes from Mn atoms. In GaAs:Mn, this main magne

e

TABLE II. Magnetic moments in GaAs:Mn.

% of Mn 1.56 3.125 6.25 12.5

Ferromagnetic phase
M total(mB /cell) 4 8 8 7.713
mMn(mB) 3.715 3.632 3.637 3.582
mAs(1NN)(mB) 20.011 20.015 20.010 20.029
mGa(1NN)(mB) 0.011 0.013 0.026 0.045

Antiferromagnetic phase
M total(mB /cell) 0 0 0
mMn(↑,↓)(mB) 63.621 63.388 63.416
mAs(1NN)(mB) 70.006 70.046 70.049
mGa(1NN)(mB) 60.013 60.017 0
3-4
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ELECTRONIC STRUCTURE, MAGNETIC ORDERING, . . . PHYSICAL REVIEW B66, 045203 ~2002!
moment is screened by antiparallel moments on the nea
As atoms of Mn. This behavior is typical of the Ruderma
Kittel-Kasuya-Yoshida model, which describes a magne
moment embedded in uniform electron gas. In GaN:M
magnetic moments of all atoms are parallel. This may
interpreted as a tunneling of spin-up impurity states to nei
boring atoms. In this way, parallel or antiparallel orientati
of magnetic moments on the atoms nearest to Mn may
considered as a signal that impurity states are either local
or strongly hybridized with the VB. It should be noted th
the values of Mn magnetic moments practically do not
pend on the Mn concentration. For GaAs:Mn, these res
are well supported by experimental data that give a nega
contribution of As atoms to the total magnetic moment.22 It
would be of interest also to perform similar magnetic circu
dichroism experiments for GaN:Mn and measure the ori
tation of magnetic moments on N.

To examine the stability of the FM state in GaN~As!:Mn
systems, we compared its total energy with the energy of
and AFM states. The results presented in Table III show
the ferromagnetic state has a very large gain in energy
0.4–0.5 eV per atom of Mn. This gain correlates well with
huge gain in one-electron energy (Ebnd) of 4–6 eV per atom
of Mn, which comes from the energy lowering of magne
electrons caused by exchange splitting and a much sm
cost produced by the redistribution of two electrons from
eg bnd to thet2g band:

FIG. 4. Same as Fig. 1, but for 1.56% of Mn.
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In Eq. ~1! we neglected the widths of theeg and t2g bands
and the difference in the exchange splitting of these ban
This simple estimation provides results that are in go
agreement with the calculated band energy gains given
Table III. Competition between FM and AFM states is mu
stiffer and is due to the interaction of magnetic moments
Mn atoms spaced at considerable distances. This interac
must be weaker in GaN:Mn, where magnetic moments
strongly localized. As a result, the absolute value of ene

FIG. 5. Same as Fig. 1, but for 12.5% of Mn.

TABLE III. Total-energy differences~in eV/Mn! for several Mn
concentrations in GaN:Mn and GaAs:Mn. Subscriptbnd refers to
the one-electronenergy differences.

GaN:Mn
% of Mn 1.56 3.125 6.25 12.5

PM-FM 0.374 0.393 0.565 0.589
AFM-FM 0.023 0.047 0.021
(PM-FM)bnd 3.921 4.013 3.561 2.422

GaAs:Mn

PM-FM 0.500 0.395 0.625 0.637
AFM-FM 0.088 0.039 0.052
(PM-FM)bnd 6.076 6.198 5.094 4.936
3-5
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gain between FM and AFM states should be smaller
GaN:Mn than for GaAs:Mn. The data given in Table III su
port this expectation, and show that the ferromagnetic sta
preferable in both systems.

Weaker magnetic interaction of Mn magnetic moments
GaN:Mn may be considered as an indication of a lower C
rie temperature of this material. However this conclusion
valid only in the case of homogeneous distribution of M
atoms. The tendency toward the formation of the Mn4N
compound can result in an inhomogeneous distribution
Mn atoms in GaN:Mn. The effect of such an inhomogene
will be very significant. For example, disposition of two M
atoms on the nearest Ga sites will cause strong hybridiza
of their 3d orbitals and coupling oft2g andeg states in one
combined band. These changes will delocalize impu
states and increase the magnetic interaction of Mn atom
is difficult, however, to estimate these effects in general
inhomogeneity in the distribution of Mn atoms is a techn
ogy driven parameter, which may be individual for each e
periment.

IV. KINETIC AND OPTICAL PROPERTIES

Electron velocity at the Fermi level is one of importa
kinetic characteristics of material which essentially affe
carrier mobility. To give a first estimation of the velocity, w
supposed that extra electrons of Mn~four electrons per Mn
atom! form a perfectly spin-polarized free-electron ga
which is uniformly distributed in the supercell. For a 3.125
Mn concentration such a free-electron estimation provi
vF~GaN:Mn!51.003108 cm/s and vF~GaAs:Mn!50.81
3108 cm/s. For comparison, in metallic Rb the Fermi velo
ity is also 0.813108 cm/s.

Band calculation of the square-root averaged Fermi ve
ity (vF) was carried out by using the expression

vF
25(

l
E dk d@El~k!2EF#

3@¹kEl~k!/\#2Y (
l
E dk d@El~k!2EF#,

~2!

whereEl(k) is an electron energy in thelth band andEF is
the Fermi energy. The calculation gavevF(GaN:Mn)50.20
3108 cm/s andvF(GaAs:Mn)51.133108 cm/s. That is, in
GaN:Mn the value ofvF is a mere 0.2vF , while in GaAs:Mn
vF is even 1.4 times the free-electron value. This result w
correlates with the band structure of GaN~As!:Mn given in
Fig. 2. The spin-upt2g bands of GaN:Mn show a weak dis
persion, which follows from a small overlapping of impuri
orbitals of neighboring Mn atoms. The dispersion of t
spin-upt2g bands of GaAs:Mn near theG point is large and
greatly repeats the dispersion of the VB near its top. T
effect is due to a strong hybridization of Mn impurity stat
with the states of the VB. It is this hybridization that caus
large dispersion in the spin-up impurity bands and increa
vF(GaAs:Mn), as compared to its free-electron value.
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These calculations were based on the band descriptio
the electronic structure of GaN~As!:Mn, which predicts half-
metallicity for both materials. In a more careful descriptio
which involves electronic correlations, the metallicity hol
only until a t2g bandwidth is larger than the energy co
caused by an electronic jump from one Mn atom to anoth
The metallic conductivity of GaAs:Mn was reported in Re
3, so the validity of the band description is a matter of fa
for this material. This fact agrees with a significant width
the t2g band of GaAs:Mn, which is due to its hybridizatio
with the VB. In GaN:Mn, where thet2g band is narrower,
both descriptions look competitive. Inhomogeneity in t
space distribution of Mn atoms decreases the localization
the t2g states and increases the bandwidth, as discussed a
end of Sec. III. In this case, the band approach is quite
tified and the band result for the Fermi velocity of GaN:M
appears quite realistic.

An analysis of spin-up bands in GaN~As!:Mn shows that
impurity states may manifest themselves in certain featu
of optical spectra inside the gap region. These features
duced by Mn provide an opportunity for experimental det
mination of the spin-upeg- andt2g band positions. To verify
this idea, we carried out optical calculations of GaN~As!:Mn
with 3.125% of Mn. In these calculations, we used an e
tended LMTO basis, which additionally included the Mn 4f
and N ~As! 3d (4d) orbitals. As the splitting caused b
spin-orbit coupling~SOC! is compared in value with the
width of Mn bands and their distance from the top of the V
SOC terms were added to an electron Hamiltonian. T
scheme of optical calculations was the same as in our ea
work.23 It involved a direct calculation of the imaginary pa
of the dielectric function Im«(v) and a calculation of
Re«(v) with the Kramers-Kronig relation. Intraband trans
tions in the spin-upt2g bands were described by the Drud
contribution with the squared plasma frequencyvp

2

54pe2N(EF)vF
2/m, whereN(EF) is the density of states a

the Fermi level. The calculated«~v! was used then to find
reflectivity R(v).

The results of these calculations are presented in Fig. 6
GaN:Mn, the most interesting feature is a peak of Im«(v) at
\v51.25 eV, which causes the maximum ofR(v) at the
same energy. An analysis of the DOS and the band struc
~Figs. 1 and 2! shows that most probably this is caused
the electronic transitions between the spin-upeg and t2g
bands. Because of theD l 561 selection rule, the contribu
tion of Mn to the matrix elements of these transitions is ze
The nonzero contribution arises from the tails of impur
states situated at the atoms surrounding Mn. These ove
ping tails give the only contribution to the matrix elements
numerical experiment, where onlyeg→t2g transitions were
taken into account, supported this analysis. It was found
these transitions contribute more than 95% to Im«(v) at
\v;1.25 eV. In GaAs:Mn, this feature is shifted down
energy to 0.8 eV and significantly decreases in amplitu
because of strong hybridization of the spin-upeg band with
the VB. The maximum of Im«(v) at 0.35 eV is caused by
transitions inside the spin-upt2g band, as expected from th
3-6
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band structure of GaAs:Mn~Fig. 2!. This maximum results
in the peak ofR(v) at 0.35 eV.

Summing up these results, we state that the sharp re
tivity edge at 0.47 eV and the peak ofR(v) at 1.25 eV,
calculated in GaN:Mn, are clear manifestations of M

FIG. 6. Calculated imaginary part of the dielectric functio
«2(v) ~a! and reflectivityR(v) ~b! for GaN:Mn ~solid lines! and
GaAs:Mn ~dashed lines!. The concentration of Mn is 3.125%.

TABLE IV. Total-energy differences~in eV/Mn! and magnetic
moments in ferromagnetic GaN:Mn codoped with Zn and O.

% of Mn 3.125 6.25 12.5

Zn codoping
PM-FM 0.213 0.257 0.283

O codoping
PM-FM 1.393 1.337 1.134

Zn codoping
M total(mB /cell) 3 3 3
mMn(mB) 2.836 2.813 2.802
mZn(mB) 20.016 20.004 0.018

O codoping
M total(mB /cell) 4.967 4.952 4.936
mMn(mB) 3.961 3.963 3.976
mO(mB) 10.060 10.069 10.096
04520
c-
spin-up bands well separated from the top of the VB. In t
way, measurements of the reflectivity can provide valua
information about impurity states in the GaN:Mn system.

V. EFFECT OF CODOPING ON FERROMAGNETIC
PROPERTIES

In this section we consider the effect of co-doping
properties of the GaN:Mn system using bothp- and n-type
codopants, namely, zinc and oxygen. Calculations were m
for ferromagnetic DMS’s with Mn concentrations of 3.125%
6.25%, and 12.5%. In the 64-atom cell, either Ga or N w
replaced by zinc or oxygen, respectively. The calculated
sults are summarized in Table IV, which presents the to
energy gains and values of magnetic moments on the Mn
codoping sites. Figure 7 shows DOS’s of GaN:Mn~3.125%
of Mn! in the cases of O and Zn codoping. Our results sh
that the O codoping drastically enhances the gain of the
state over the PM one. The magnetic moment of Mn alm
reaches 4mB ~the maximum value for the Mn site in
GaN:Mn!. The spin-up Mn 3d bands become almost fully
occupied, while spin-down 3d states remain empty an

FIG. 7. Ferromagnetic DOS of GaN:Mn at 3.125% of Mn ca
culated for cases:~a! n-type codoping by oxygen and~b! p-type
codoping by zinc. The total DOS is shown by the bold line. The t
line is the 3d DOS of Mn, and the dashed lines are the (s1p
1d) DOS’s of codopants@O ~a! and Zn ~b!#. The vertical dot-
dashed line denotes the position of the Fermi level, which is se
the zero energy.
3-7
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merge with the CB. The oxygen states are highly hybridiz
with the VB, and the magnetic moment at the O site is p
allel to the Mn moment. Most probably oxygen not on
enhances ferromagnetism, but also causes a significan
crease in the Curie temperature of GaN:Mn.

The effect of Zn codoping is completely different. Th
total energy gain~FM vs PM! decreases with the zinc codop
ing, in line with a smaller magnetic moment of Mn and th
decrease ofM total to 3mB ~Table IV!. Half-metallicity is pre-
served in the case of the Zn codoping. However, theeg states
of Mn are strongly hybridized with the VB and change
shape~Fig. 7!. It is difficult, however, to predict the chang
of Curie temperature in case of the Zn codoping, as the
crease ofM total and the hybridization of Mn states work i
opposite directions.

VI. CONCLUSIONS

We performedab initio calculations of the electronic
structure, magnetic, kinetic, and optical properties in u
formly superdoped GaN~As!:Mn systems with the zinc-
blende lattice. It was found that different energy positions
impurity Mn states relative to the top of the VB determin
rather distinctive properties of GaN:Mn and GaAs:Mn.
GaN:Mn, impurity states are located deep inside the g
strongly localized near Mn atoms and have low velocities
the Fermi level. The magnetic moments of all atoms
parallel and magnetic interaction of Mn atoms is sh
ranged. This leads to a small energy difference between
ferro and antiferromagnetic states of GaN:Mn. Convers
in GaAs:Mn the 3d states of Mn are located near the top
the VB and are well hybridized with its electronic state
This results in a high Fermi velocity, which even the excee
free-electron estimation, and a rather long-range magn
e

ie
3
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.
p
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s
tic

interaction of Mn atoms partially screened by antipara
orientation of magnetic moments at the nearest As ato
These results allow us to consider GaN:Mn and GaAs:Mn
representatives of two different groups of DMS’s.

Codoping by O and Zn atoms~n andp type! significantly
changes the position of impurity bands and the propertie
GaN:Mn. Our calculations yielded the following two impo
tant effects:~i! the large enhancement of ferromagnetis
with the oxygen codoping, which may increase Curie te
perature; and~ii ! the delocalization of theeg states of Mn
with the zinc codoping. Inhomogeneous distribution of M
atoms is another factor, that may strongly affect kinetic a
magnetic properties of DMS’s. The recent observation of C
rie temperatureTC'940 K in the wurtzite Ga0.91Mn0.09 pre-
pared with ammonia7 shows that these technology-drive
factors may be highly important for the properties of a DM
Further experimental studies combined with focused theo
ical analysis are highly desirable for a deeper insight into
nature of magnetism in superdoped GaN~As!:Mn systems
and its quantitative description.
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