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The electronic structure and the properties of superdoped&Wn (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 Gashows 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 GaN-based DMS’s are quite promising for various spin-
controlled and photonic devices because of the wide gap cor-
Diluted magnetic semiconductof®MS’s) based on Mn- responding to visible light. Another attractive property of
doped 11I-V and 1I-VI compounds have received extensiveGaN:Mn is its half-metallic ferromagnetism, that is, a 100%
attention because of the physical interest in both so-calledpin polarization of carriers at the Fermi energy. This pro-
carrier-induced ferromagnetism and spin-electronics applicavides an opportunity to overcome the intrinsic difficulty of
tions. Much current debate focuses on, GdMn,As. Using injecting spins into a nonmagnetic semiconductor. Recently,
low-temperature molecular-beam-epitaxy techniques, Mra similar injection and evidence of spin-polarized current in
was incorporated into epitaxial layers of GaAs with concen-Il-V semiconductor has been demonstrated and a large sig-
trationsx up to 0.07(3.5% of Mn), which are beyond its nal from half-metallic DMS’s was predictédThe growth of
solubility limit." The magnetic impurity atom of Mn in superdoped GaN:Mn using an ultrahigh-vacuum chemical
GaAs, which occupies the catida) sublattice in the zinc-  vapor description system was reported in our wotk.that
blende crystal structure, acts both as a source of localizestudy superconducting quantum interference device
spins and as an acceptor providing carrigrsles. For con-  (SQUID) magnetization measurements showed the magnetic
centrations above=0.05(2.5% of Mn GaAs:Mn has been hysteresis at room temperature, i.e., the existence of room
reported as a ferromagnet with.~100 K. The origin of temperature ferromagnetism in granular GaN:Mvioreover
ferromagnetism in this DMS is still open to question. Curie temperatures for the epitaxial wurtzite GaN:Mn films
From the standpoint of technology, superdopifiere were also recently reported as high as 94GRef. 7 (de-
doping beyond 1%is relatively easy only in the case of duced from extrapolating SQUID measuremgitsd around
“soft” semiconductors like GaAs, InAs, or CdTe. This is not room temperatufe(from the anomal Hall effegt
the case with “hard” semiconductors like GaN or AIN.  These experimental results give a strong impetus to band-
These materials need relatively high growth temperatures tstructure studies of superdoped GaN:Mn. A quantitative un-
obtain good crystalline quality. At such high temperaturesderstanding of the properties of a material, especially the
superdoped transition-metal impurities cause segregation @lectronic states induced by a transition-metal dopant, is a
form a compound with the host semiconductor elements. Itlue to the material design of a class of magnetic semicon-
order to obtain an extremely heavy doping of Mn, a highlyductors. Recently, we made band-structure calculations of
nonequilibrium growth process is necessary. That is why lessuperdoped Si:MA.The results showed that the ferromag-
attention was paid to magnetically doped G@d: netic state is the ground state of Si:Mn, regardless of whether
-transition-metal systems, although this class of DMS has substitutional or interstitial doping is consideresb initio
been predicted to be ferromagnetic at room temperature. studies of GaAs:Mn were made in Refs. 10-12 and 13-17.
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Despite the different techniques used, all calculationsvere then used in Gals):Mn at all Mn concentrations. For
showed that ferromagnetic state provides a significant gain iall calculations we assumed GaN and GaAs experimental
energy. It was also found that the filled spin-Upajority) lattice spacings 0&,=8.5045 and 10.67dg, respectively.
bands of Mn are located near the top of the valence band The TB-LMTO basis set consisted ofs44p, and 3
(VB), while the empty spin-dowriminority) bands of Mn  orbitals of Mn, 4, 4p, and 3 orbitals of Ga, and & (4s)
are placed near the bottom of the conduction b&@8). and 2o (4p-) orbitals of N(As). For empty spheres only the
Effects of the clustering of Mn atoms and their magneticls and 20 LMTO’s were used. As for the interstitiald3 and
interaction were analyzed for GaAd, GaN:M, and N (As) 3d (4d) partial waves, they were included only in
AIN:M (M=Cr, Mn, or F¢ in the work* LMTO tails. All k-space integrations were performed by us-
This paper focuses on ab initio study of a zinc-blende ing the tetrahedron methdd. Convergence to self-
GaN:Mn system in a range of Mn concentrations fromconsistency was achieved on the mesh of kISints in %
1.56% to 12.5%. In addition to the electronic structure, theof the Brillouin zone, and checked through the total energy,
magnetic, kinetic and optical properties of this system aravhich was stable within I0° Ry at the last few iterations.
calculated. To better understand the specifics of GaN:Mn, th&o calculate the DOS, the charge density maps, and kinetic
same calculations are performed for GaAs:Mn. The resultand optical properties, a finer mesh of 45points was used.
show a great difference between the properties of GaN:Mn The calculations showed that at all Mn concentrations, the
and GaAs:Mn, which is caused by different energy positionsDOS, and the electron and spin densities of Ge):Mn are
of Mn states in the fundamental gaps of GaN and GaAs. Theather insensitive to variation of the sphere radii within
paper is organized as follows. Section Il describes our theo+10% from the optimum. As an additional test of the calcu-
retical approach. The electronic structures and magnetiational procedure, we compared our TB-LMTO electronic
properties of GaN:Mn and GaAs:Mn are considered andtructure of the ferromagnetic GaAs:Mn containing 6.25% of
compared in Sec. Ill. An analysis and a comparison of theMn with the results of the full-potential linear-augmented-
kinetic and optical properties of GaN:Mn and GaAs:Mn areplane-wave calculation'$:*> The comparison shows that the
given in Sec. IV. In view of a significant interest in the two methods yield very similar results for the electronic
codoped DMS, the effect of substitution of O for N or Zn for structures. This confirms that the fast TB-LMTO method is
Ga on properties of GaN:Mn is analyzé8ec. V). The ob-  accurate enough to study the electronic structure of DMS’s
tained results are summarized and discussed in Sec. VI. with zinc-blende lattices in cases where the optimized sphere
radii are used.
Exchange and correlation effects were included through
IIl. METHOD OF CALCULATION the von Barth—Hedin local-spin-density approximation
Our electronic structure calculations of Ga¢):Mn were  (LSDA).** This point requires special consideration as the
performed by using the tight-binding linear-muffin-tin- Width of Mn bands is about 0.3-1.0 eV depending on the
orbital (TB-LMTO) method'® The doping of Mn in Ga- concentration. In our view, a strong argument to use the
N(As) can be modeled by means of a cubic supercell conLSDA in this case is the observed metallic conductivity of
taining 64 atoms and 64 empty sphefescause the zinc- GaAs:Mn? This indicates that Mn states are collective
blende structure is opgnin which one, two, four, and eight enough to reduce strong electronic correlations, which are
atoms of Ga are replaced by Mn atoms to simulate an unitypical for narrow bands. Another argument is good agree-
formly doped semiconductor with 1.56%, 3.125%, 6.25%,ment between the experimental energy of the Mn level in
and 12.5% Mn concentrations, respectively. To study thé&>aAs and the position of the Mn spin-tig, state calculated
magnetic interactions between the Mn atoms, we constructe@l using the LSDA™* These arguments support the use of the
cubic 64¢2X 2X 2 in units of the zinc-blende lattice spacing local-density functionals for DMS's, though additional ex-
a,), tetragonal 3242xv2x2), and tetragonal 16vQ X perimental verification of this point would be desirable.
v2 X 1) atom supercells with two Mn atoms. As a result, we
obtain 3.125%, 6.25% and 12.5% Mn concentrations, respec- Ill. ELECTRONIC STRUCTURES AND MAGNETIC
tively. The total energies of the paramagnet®iM), ferro- PROPERTIES OF GaN(As) DOPED WITH Mn
magnetic (FM), and antiferromagneti¢AFM) states have . .
been calculated in these supercells, where the Mn atoms are The electronic structure of GaN:Mn with a 3.125% Mn

separated as far as possible, i.e., two Mn atoms occupy t|,|<§)ncentration is of special interest because it corresponds to
corner and the center of unit cell. a typical value of Mn concentration usually obtained experi-

All calculations were made in the atomic sphere approxi-rm:m.t":llly in NlI-V semiconductors. The calculated DOS an_d
mation with the combined correction terms. The ratio ofF)‘."‘rt'al DOS’s of thls feryomagnetm DMS. are presenteq n
atomic sphere radii can be determined from the interatomi&'9- l@. The Mn_ impurity states placed in the J9ap region
minima of electron density calculated by using the full po-2"€ of partlpular |n.terest. Thesel states ?re splitted by both
tential method. With this aim in view, we carried out a full €xchange interactionAE,=E(Cg) ~E(Cy)~3.4 eV and
potential LMTO (Ref. 19 calculation of GaNAs):Mn with  crystal field AE;= Ei,,~Ee,~1.35€V, whereCq is the
12.5% Mn. It was found that the densities of sta@©S’s) center ofd band in the corresponding spin channel. In com-
and the electron and spin densities calculated by using thigarison with Ga, Mn has extra four valence electrons, which
method and the TB-LMTO method with the “optimized” fill spin-up ey andt,, bands. The doubly degenerateg
radii are practically identical. The obtained ratios of the radiiband is fully occupied, while the triply degeneratgg band
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FIG. 1. Total and local partial densities of states in the ferro-
magnetic state of GaN: M@ and GaAs:Mn(b) at 3.125% of Mn.
Total DOS's are shown by bold lines, thin lines are thBOS'’s of
Mn, and dashed lines are tpeDOS'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 energy. I N P r H N

. . . . . . FIG. 2. Ferromagnetic energy bands of GaN:Ma and
(hlgh_er n energyis only tW;)-thlr_ds f'”ed_ so the F_erml level GaAs:Mn (b) at 3.125% of Mn in the spin-up channel. The Fermi
falls just into the latter 100% §p|n—polarlzed ba[rh'a_ig. 2a)]. energy is depicted by the horizontal line at zero energy.

As a result, the total magnetic moment has an integer value

M®©®=8 ... Moreover, our results show that the main part
of this magnetic moment is strongly localized on the Mn site
(Table ). The additional contributions to the total magnetic  tag.E |. Magnetic moments in GaN:Mn. 1NN means a first-
moment appear to come from N and Ga atoms in first nearegarest neighbor to the Mn atom.

neighbors to Mn.

An important point is that the spin-upd3tates of Mn are o4 of Mn 1.56 3.125 6.25 12.5
located deeply inside the gap and therefore are weakly mixes
with the VB and CB of GaN. This dictates a short-range Ferromagnetic phase
character of impurity orbitals, the narrogy andt,, bands, Mg Icell) 4 8 8 8
and a significant localization of electrons at the Fermi surm""(ug) 3.322 3.341 3.390 3.376
face[Fig. 3(@]. Our calculations also show that the total 3 M“(1NN)(ug) 0.044 0.039 0.038 0.043
electron population within the Mn sphere in GaN:Mn is m®{1NN)(ug) 0.007 0.008 0.016 0.032
around 4.59, and does not depend on the Mn concentration,
i.e., the atomic configuration of Mn is compatible with both Antiferromagnetic phase
3d* and 3°. MRl fcell) 0 0 0
Many of these features are observed in the electronien™(7,|)(ug) +3.329 +3.283 +3.345
structure of the ferromagnetic GaAs:Mn with 3.125% of Mn mN(1NN)(ug) +0.043 +0.035 +0.038
[Fig. 1b)]. The exchange splitting of Mn states is much mGa1NN)(ug) +0.007 +0.015 0

larger than the crystal field or8.4 eV vs 0.4 eV, as in the
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TABLE Il. Magnetic moments in GaAs:Mn.

% of Mn 1.56 3.125 6.25 125
Ferromagnetic phase
MR e [cell) 4 8 8 7.713
mM(1g) 3.715 3.632 3.637 3.582
MS(1NN) () -0.011 -0.015 —-0.010 —0.029
mMCY1NN) (ug) 0.011 0.013 0.026 0.045
Antiferromagnetic phase

Mol e cell) 0 0 0
mM(T, 1) (ug) +3.621 +3.388 +3.416
MAS(INN) (ug) +0.006 +0.046 0.049
mMCH1NN) () +0.013 +0.017 0

case of GaN:Mn. Due to this, GaAs:Mn is half-metallic, with
the Fermi level inside the spin-uy, manifold. The total
magnetic moment is also equal t.§ and localized at Mn
(Table Il). The most important difference between two ma-
terials concerns the energy position and localization of im-
purity spin-up states. In GaAs:Mn, thgy band of Mn lies
just slightly above the top of the VB, while theg band falls
into the VB and is barely distinguished thefreig. 2(b)].
Both bands, especially,’s, are substantially hybridized with
the electronic states of the VB. This leads to longer tails of
Mn spin-up orbitals and less localized electronic states at the
Fermi level compared to GaN:MiFig. 3(b)]. In GaAs:Mn,

the atomic configuration is compatible with bottl>3and
3d®, as follows from our analysis of the totatiopulation
within the Mn sphere. This @ population is equal to 5.17,
and practically does not depend on the Mn concentration.
This result is in good agreement with the results obtained in
Refs. 13 and 15.

The difference in the energy positions of impurity bands
between GaN:Mn and GaAs:Mn is preserved at all concen-
trations of Mn(Figs. 4 and b Evidently, this is due to a
smaller size of N atoms compared to As atoms. This differ-
ence in sizes leads to a smaller lattice constant of GaN
8.5043 vs 10.673p), to an additional compression of Mn
orbitals and to a higher kinetic energy of the Mn states in
GaN. The comparison of DOS's shows tidd, . and A E
depend weakly on the Mn concentration. The effect of con-
centration manifests itself mostly in the widths of Mn bands.
As a result, the impurity states near the Fermi level remain
perfectly spin polarized an¥™°? is equal to §.5 in both
materials at all concentrations, excluding the GaAs:Mn with
12.5% of Mn. The exception is due to the energy overlapping
of the spin-upt,y bands and spin-dowe, bands, which
become too wide as the Mn doping grows. The stability of a
100% spin polarization of electronic states near the Fermi
energy all over the concentration region shows a high valid-
ity of this result, which will hardly change even if electronic
correlations in Mn bands are considered more thoroughly.

FIG. 3. (110-plane charge density in hybridized states near the 1he spatial distribution of impurity states is intimately

Fermi energy(0.2-eV energy windoywfor ferromagnetic GaN:Mn

linked with the value of magnetic moments on different at-

(a) and GaAs:Mn(b) (1.56% of Mn). Successive contours differ by 0ms. Tables | and Il show that the main contributioM&™®

Prni1—pn=0.00%/A3

comes from Mn atoms. In GaAs:Mn, this main magnetic
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FIG. 4. Same as Fig. 1, but for 1.56% of Mn.
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moment is screened by antiparallel moments on the nearest
As atoms of Mn. This behavior is typical of the Ruderman-, gq. (1) we neglected the widths of they andt,, bands
Kittel-Kasuya-Yoshida model, which describes a magnetiGyng the difference in the exchange splitting of these bands.
moment embedded in uniform electron gas. In GaN:Mn.rhis simple estimation provides results that are in good
magnetic moments of all atoms are parallel. This may b&greement with the calculated band energy gains given in
interpreted as a tunneling of spin-up impurity states to neighrapje |i1. Competition between FM and AFM states is much
boring atoms. In this way, parallel or antiparallel orientationgiiffer and is due to the interaction of magnetic moments of
of magnetic moments on the atoms nearest to Mn may bgiy atoms spaced at considerable distances. This interaction
considered as a signal that impurity states are either localizeghst he weaker in GaN:Mn, where magnetic moments are
or strongly hybridized with the VB. It should be noted that srongly localized. As a result, the absolute value of energy
the values of Mn magnetic moments practically do not de-
pend on the Mn concentrat[on. For GaAs:Mn,.these resu_lts TABLE lIl. Total-energy differencesin eV/Mn) for several Mn
are V\_’e” _supported by experimental data that_ give a NegatiVeyncentrations in GaN:Mn and GaAs:Mn. Subschpd refers to
contribution of As atoms to the total magnetic mom&nit ¢ one-electrorenergy differences.
would be of interest also to perform similar magnetic circular

dichroism experiments for GaN:Mn and measure the orien- GaN:Mn

tation of magnetic moments on N. % of Mn 1.56 3.125 6.25 12.5
To examine the stability of the FM state in Ga®):Mn

systems, we compared its total energy with the energy of PNPM-FM 0.374 0.393 0.565 0.589

and AFM states. The results presented in Table Il show thaAFM-FM 0.023 0.047 0.021

the ferromagnetic state has a very large gain in energy ofPM-FM).q 3.921 4.013 3.561 2422

0.4-0.5 eV per atom of Mn. This gain correlates well with a GaAs:Mn

huge gain in one-electron energyy,,) of 4—6 eV per atom :

of Mn, which comes from the energy lowering of magnetic PM-FM 0.500 0.395 0.625 0.637

electrons caused by exchange splitting and a much smallFEm-Fm 0.088 0.039 0.052

cost produced by the redistribution of two electrons from the pm-Fm), 4 6.076 6.198 5.094 4.936

ey bnd to thet,, band:
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gain between FM and AFM states should be smaller for These calculations were based on the band description of
GaN:Mn than for GaAs:Mn. The data given in Table Il sup- the electronic structure of GdNs):Mn, which predicts half-
port this expectation, and show that the ferromagnetic state isietallicity for both materials. In a more careful description,
preferable in both systems. which involves electronic correlations, the metallicity holds
Weaker magnetic interaction of Mn magnetic moments inpnly until a t,g bandwidth is larger than the energy cost
GaN:Mn may be considered as an indication of a lower Cuzaysed by an electronic jump from one Mn atom to another.
rie.temperqture of this material. However t_his. conclusion ISThe metallic conductivity of GaAs:Mn was reported in Ref.
valid only in the case of homogeneous distribution of Mn3 g4 the validity of the band description is a matter of fact
atoms. The tendency toward the formation of the,Mn o this material. This fact agrees with a significant width of

compound can result in an inhomogeneous distribution O{het band of GaAs:Mn. which is due to its hvbridization
Mn atoms in GaN:Mn. The effect of such an inhomogeneity .. 29 o y

will be very significant. For example, disposition of two Mn with the VB. In GaN:Mn, where the,, band is narrower,

ysig : . ple, disp . .__.. both descriptions look competitive. Inhomogeneity in the
atoms on the nearest Ga sites will cause strong hybr|d|zat|og ace distribution of Mn atoms decreases the localization of
of their 3d orbitals and coupling of,y ande, states in one P

combined band. These changes will delocalize impurit)}hetZG states and increases the bandwidth, as discussed at the

states and increase the magnetic interaction of Mn atoms. fd Of Sec. lll. In this case, the band approach is quite. jus-
is difficult, however, to estimate these effects in general, adfied and the band result for the Fermi velocity of GaN:Mn
inhomogeneity in the distribution of Mn atoms is a technol-aPPears quite realistic.

ogy driven parameter, which may be individual for each ex- An analysis of spin-up bands in GéA):Mn shows that
periment. impurity states may manifest themselves in certain features

of optical spectra inside the gap region. These features pro-
duced by Mn provide an opportunity for experimental deter-
mination of the spin-ugy- andt,y band positions. To verify

Electron velocity at the Fermi level is one of important this idea, we carried out optical calculations of GAK):Mn
kinetic characteristics of material which essentially affectswith 3.125% of Mn. In these calculations, we used an ex-
carrier mobility. To give a first estimation of the velocity, we tended LMTO basis, which additionally included the Mf 4
supposed that extra electrons of Nfiour electrons per Mn  and N (As) 3d (4d) orbitals. As the splitting caused by
atom form a perfectly spin-polarized free-electron gas, spin-orbit coupling(SOQ is compared in value with the
which is uniformly distributed in the supercell. For a 3.125% yidth of Mn bands and their distance from the top of the VB,
Mn concentration such a free-electron estimation providegoc terms were added to an electron Hamiltonian. The
ve(GaN:Mn)=1.00¢10° cm/s ~ and ve(GaASIMN=0.81  ¢cpome of optical calculations was the same as in our earlier
X 10° cm/s. For comparison, in metallic Rb the Fermi veloc-\y oy 23 |t involved a direct calculation of the imaginary part

ItyIIBS aICTo ?'BJIXth C;nt/r? i d Fermi vel of the dielectric function Ing(w) and a calculation of
_pandcaicuia |9ndo etz)squa}re-r(r)]o averaged ermi ve OCRes(w) with the Kramers-Kronig relation. Intraband transi-
ity (ve) was carried out by using the expression tions in the spin-ug,, bands were described by the Drude

contribution with the squared plasma frequenays

IV. KINETIC AND OPTICAL PROPERTIES

vEl=, f dk 8[E, (k) — Eg] =47e®N(Eg)vz/m, whereN(Eg) is the density of states at
A the Fermi level. The calculateglw) was used then to find
reflectivity R(w).
X[VkE}\(k)/ﬁ]z/ ; f dk S[Ey(k) —Eg], The results of these calculations are presented in Fig. 6. In

GaN:Mn, the most interesting feature is a peak of(m) at
(20 hw=1.25eV, which causes the maximum Rfw) at the
same energy. An analysis of the DOS and the band structure

whereEA(.k) is an electron energy in theth ban.d andEe is (Figs. 1 and 2 shows that most probably this is caused by
the Fermi energy. The calculation gavg(GaN:Mn)=0.20 0" gjectronic transitions between the spineyp and ty,

X 10° cm/s andv(GaAs:Mn)=1.13x10° cm/s. That is, in  pands. Because of thel = =1 selection rule, the contribu-

GaN:Mn the value ob ¢ is a mere 0.2, while in GaAs:Mn  tion of Mn to the matrix elements of these transitions is zero.
ve is even 1.4 times the free-electron value. This result wellThe nonzero contribution arises from the tails of impurity
correlates with the band structure of G&¥):Mn given in  states situated at the atoms surrounding Mn. These overlap-
Fig. 2. The spin-ug,4 bands of GaN:Mn show a weak dis- ping tails give the only contribution to the matrix elements. A
persion, which follows from a small overlapping of impurity numerical experiment, where onby—t,, transitions were
orbitals of neighboring Mn atoms. The dispersion of thetaken into account, supported this analysis. It was found that
spin-upt,y bands of GaAs:Mn near thié point is large and  these transitions contribute more than 95% toe(m) at
greatly repeats the dispersion of the VB near its top. Thigiw~1.25 eV. In GaAs:Mn, this feature is shifted down in
effect is due to a strong hybridization of Mn impurity statesenergy to 0.8 eV and significantly decreases in amplitude,
with the states of the VB. It is this hybridization that causesbecause of strong hybridization of the spinegpband with
large dispersion in the spin-up impurity bands and increasethe VB. The maximum of Inz(w) at 0.35 eV is caused by
ve(GaAs:Mn), as compared to its free-electron value. transitions inside the spin-up, band, as expected from the
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FIG. 7. Ferromagnetic DOS of GaN:Mn at 3.125% of Mn cal-

FIG. 6. Calculated imaginary part of the dielectric function culated for cases(a) n-type codoping by oxygen antb) p-type

e,(w) (a) and reflectivityR(w) (b) for GaN:Mn (solid lines and

GaAs:Mn(dashed lines The concentration of Mn is 3.125%.

band structure of GaAs:M(Fig. 2). This maximum results

in the peak oR(w) at 0.35 eV.

Summing up these results, we state that the sharp reflec-
tivity edge at 0.47 eV and the peak &(w) at 1.25 eV,
calculated in GaN:Mn, are clear manifestations of Mn

TABLE IV. Total-energy differencesin 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 e fcell) 3 3 3

m"(ug) 2.836 2.813 2.802

m?"(ug) —-0.016 —0.004 0.018
O codoping

M©R( . /cell) 4.967 4.952 4.936

mM(wg) 3.961 3.963 3.976

mO(ug) +0.060 +0.069 +0.096

codoping by zinc. The total DOS is shown by the bold line. The thin
line is the 31 DOS of Mn, and the dashed lines are tret+(

+d) DOS’s of codopant§O (a) and Zn (b)]. The vertical dot-
dashed line denotes the position of the Fermi level, which is set as
the zero energy.

spin-up bands well separated from the top of the VB. In this
way, measurements of the reflectivity can provide valuable
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 on
properties of the GaN:Mn system using bghand n-type
codopants, namely, zinc and oxygen. Calculations were made
for ferromagnetic DMS’s with Mn concentrations of 3.125%,
6.25%, and 12.5%. In the 64-atom cell, either Ga or N was
replaced by zinc or oxygen, respectively. The calculated re-
sults are summarized in Table IV, which presents the total-
energy gains and values of magnetic moments on the Mn and
codoping sites. Figure 7 shows DOS’s of GaN:h125%
of Mn) in the cases of O and Zn codoping. Our results show
that the O codoping drastically enhances the gain of the FM
state over the PM one. The magnetic moment of Mn almost
reaches 4g (the maximum value for the Mn site in
GaN:Mn). The spin-up Mn & bands become almost fully
occupied, while spin-down @8 states remain empty and
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merge with the CB. The oxygen states are highly hybridizednteraction of Mn atoms partially screened by antiparallel
with the VB, and the magnetic moment at the O site is parorientation of magnetic moments at the nearest As atoms.
allel to the Mn moment. Most probably oxygen not only These results allow us to consider GaN:Mn and GaAs:Mn as
enhances ferromagnetism, but also causes a significant inepresentatives of two different groups of DMS's.
crease in the Curie temperature of GaN:Mn. Codoping by O and Zn aton{s andp type) significantly
The effect of Zn codoping is completely different. The changes the position of impurity bands and the properties of
total energy gainlFM vs PM) decreases with the zinc codop- GaN:Mn. Our calculations yielded the following two impor-
ing, in line with a smaller magnetic moment of Mn and thetant effects:(i) the large enhancement of ferromagnetism
decrease oM °® to 3up (Table IV). Half-metallicity is pre- ~ with the oxygen codoping, which may increase Curie tem-
served in the case of the Zn codoping. Howeverghstates  perature; andii) the delocalization of the, states of Mn
of Mn are strongly hybridized with the VB and change its with the zinc codoping. Inhomogeneous distribution of Mn
shape(Fig. 7). It is difficult, however, to predict the change atoms is another factor, that may strongly affect kinetic and
of Curie temperature in case of the Zn codoping, as the demagnetic properties of DMS's. The recent observation of Cu-
crease oM@ and the hybridization of Mn states work in rie temperaturd c~940 K in the wurtzite GggMng oq pre-

opposite directions. pared with ammoniashows that these technology-driven
factors may be highly important for the properties of a DMS.
VI. CONCLUSIONS Further experimental studies combined with focused theoret-

ical analysis are highly desirable for a deeper insight into the

We performedab initio calculations of the electronic natyre of magnetism in superdoped GAB):Mn systems
structure, magnetic, kinetic, and optical properties in uni-ang its quantitative description.

formly superdoped GaPds):Mn systems with the zinc-
blende lattice. It was found that different energy positions of
impurity Mn states relative to the top of the VB determine
rather distinctive properties of GaN:Mn and GaAs:Mn. In
GaN:Mn, impurity states are located deep inside the gap, This work was supported by the JSPS Research for the
strongly localized near Mn atoms and have low velocities afuture Program in the Area of Atomic Scale Surfaces and
the Fermi level. The magnetic moments of all atoms ardnterface Dynamics(Japan, and by the CNRS-Grenoble
parallel and magnetic interaction of Mn atoms is short(Francg. Computations have been performed at the Media
ranged. This leads to a small energy difference between th8enter of Osaka City University and partially at the CEA
ferro and antiferromagnetic states of GaN:Mn. Converselycomputer center in Grenoble. The authors are grateful to O.
in GaAs:Mn the &8l states of Mn are located near the top of Jepsen for providing us with the TB-LMTO program. Two of
the VB and are well hybridized with its electronic states.us (E.K. and Yu. A.U) acknowledge financial support from
This results in a high Fermi velocity, which even the exceedshe Russian Fund of Basic Investigatiof@rant No. 01-02-
free-electron estimation, and a rather long-range magnetit7432-a.
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