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Exchange interactions and Curie temperature in(Ga,Mn)As
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We use supercell and frozen-magnon approaches to study the dependence of the magnetic interactions in
(Ga,MnAs on the Mn concentration. We report the parameters of the exchange interaction between Mn spins
and the estimates of the Curie temperature within the mean-field and random-phase approximations. In agree-
ment with experiment we obtain a nonmonotonous dependence of the Curie temperature on the Mn concen-
tration. We estimate the dependence of the Curie temperature on the concentration of the carries in the system
and show that the decrease of the number of holes in the valence band leads to a fast decrease of the Curie
temperature. We show that the hole states of the valence band are more efficient in mediating the exchange
interaction between Mn spins than the electron states of the conduction band.
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[. INTRODUCTION Density functional theoryDFT) has proved to be very
successful in the parameter-free description of the ground-
An important current problem on the way to the practicalState magnetic properties of complex systéses, e.g., Ref.
use of spin transport in semiconductor devices is the desigh2). Recently much attention has been devoted to the appli-
of materials that make possible the injection of spin-cation of the methods of DFT to studies of the low-energy
polarized electrons into semiconductors at room temperatur€xcitations_of magnetic systems and the magnetic phase
One of the promising classes of materials is the diluted magtransitions:***  Stoner theory, which relates finite-
netic semiconductoré$DMS’s) of the IlI-V type. A strong temperature effects to the temperature variation of the Fermi-
interest in these systems was attracted by the observation Bfrac distribution, appeared to be unable to describe the tem-
ferromagnetism ifGaMn)n (Ref. 1) and (GaMn)As (Ref.  perature properties of the magnetic systems with itinerant
2) with the Curie temperature of Gg;Mn, ¢sAs as high as electrons®® A necessary feature of the theoretical description
110 K. To design material with a Curie temperature higheof finite-temperature effects is an account of transversal fluc-
than room temperature know]edge of the physica| mechatuations of the local magnetization. A most consequent
nisms governing the exchange interactions in these systenfidethod of the calculation of the low-energy magnetic exci-
is of primary importance. tations is based on evaluation of the nonuniform and
The theoretical works on ferromagnetism in DMS sys-frequency-dependent enhanced magnetic ~susceptifility.
tems can be separated into two groups. The first group modthis approach is, however, computationally very compli-
els the problem with an effective Hamiltonian containing ex-cated and up to now has been successfully applied to the
perimentally determined parameters. This part of the studiesimplest magnetic systems only.
was recently reviewed in Refs. 3 and 4. This paper belongs A more tractable approach to the study of both spin-wave
to the second group of StudieS, which are based oﬁXCitationS and the thermOdynamiCS of magnetic Systems is
parameter-free calculations within density functional theoryPased on an adiabatic treatment of atomic magnetic
Several calculations have been performed recently along thigoments=>~*"19#In this approach an account of noncol-
line. In Refs. 5-7, the coherent potential approximationlinear configurations of atomic moments is essential. An ef-
(CPA) was used to study the magnetic structure, density ofective method for estimation of the parameters of the inter-
states, total energy, and chemical trends(lihMn)V. In atomic exchange interaction and spin-wave energies is
Refs. 811, the calculations were performed for a series cfuggested by the frozen-magnon approdcil. This ap-
magnetic states alll,Mn)V using supercells of zinc-blende Proach is based on the total-energy calculation for spiral
structure and focusing basically on the same physical quaritagnetic configurations. Because of the generalized transla-
tities as the CPA studies. Since the CPA is a single-site theorjonal periodicity of spin spiralé} such calculations can be
which neglects any short-range order in disordered subPerformed very efficiently Additional help is provided by
systems, the CPA and supercell approaches are complimetiie force theorerit which allows to use the band energy of
tary. In Refs. 5, 7, and 10, the influence of the antisite defect§on-self-consistent frozen-magnon states for estimation of
on the magnetic properties of DMS's is discussed. In Ref. 11the total-energy differences. In the present paper this ap-
the total energy of various collinear magnetic configurationgroach is used to study the exchange interactions and Curie
is used to estimate the parameters of the exchange interactig@mperature in Ga ,Mn,As with various concentrations of
between the 8 atoms forming clusters in 1ll-V semiconduc- Mn impurities.
tors.
The purpose of the prgsent paper is a parameter—free cal- Il. CALCULATIONAL SCHEME
culation of the exchange interactions and Curie temperature
in (GaMn)As for various concentrations of Mn. The study is  The calculations are based on the supercell approach
based on the supercell approach. where one of the Ga atoms in a supercell of zinc-blende
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GaAs is replaced by the Mn atom. The concentration of Mn 1 _
depends on the size of the supercell. The following concen- Joi =y 2 exp(—ig-Rg))J(Q). (6)
trations x have been studied in this work: 0.25, 0.125, a

0.0625, and 0.03125. For comparison, calculation of the g caiculation of(6,q) for different Mn concentrations
density of stateSDOS) of pure Mr.‘AS and GaAs_ IS al_so has been performed for uniform meshes in the first Brillouin
performed. In oder to better identify trends we investigate, o (BZ) for 0=30°. The symmetry of the system was
here a concentration range that is much wider than the ongnsived to reduce the amount of calculations. For cubic
accessible to experiment so fqr. . supercellsMn concentrations 25% and 3.125%he crystal

Th? calculations were Ca”ged out with the augmentedyg;rcryre possesses 24 point symmetry operations, and for
spherical-wavg ASW) method? In all calculations the lat- the tetragonal unit cell§Mn concentrations 12.5% and
tice parameter was chosen to be equal to the experimentéi.%% the number of point operations is 8. Since the energy
L?rtglcﬁaszrzg]e?edsgg?na@\z gggu?a?g;é S'angrgis[i)t?ornfsogn;m%s a function ofy, is invariant with respect to the reversal of

) X ) X 1

empty spheres ar@.5, 0.5, 0.5and(0.75, 0.75, 0.7b Radii i;?; flgrregljjgilglgn%atr;t?;g;SZSL%;?;T&Gth correspond
of all atomic spheres were chosen to bg equa_l. Depending on“tha number and type of the exchange parameters deter-
the concentration of Mn, the supercell is cubic{(25%. a mined in the back Fourier transformation with E&) are

faxaé and x=3.125%, z\z<2a><2a) or teragonal X hiquely determined by the mesh. The parameters obtained

B 12'5d/°' a>.<ba><ﬁa andh6.25 A’.’ ax 2a.>< a).. h in this procedure guarantee thagy(calculated according to
To describe the exchange interactions in the system Wg, (4) "reproduces exactly the calculated values of the total

use an effective Heisenberg Hamiltonian of classical Sp'ns’energy. The calculation for a more dergsenesh gives addi-

tionally the parameters of the exchange interaction between

Hori=— >, Jig-e, (1) ~ more distant atoms.
= ’ The Curie temperature was estimated in the mean-field

. . . . approximation(MFA)
whereJ;; is an exchange interaction between two Mn sites
(i,j) ande is the unit vector pointing in the direction of the 2 M 1

. . MFA _ —
magnetic moments at site KeTc™ =3 2 Joj=g N < @@ (7)
j#0 MmB q

To estimate the parameters of the Mn-Mn exchange inter-
action we performed a calculation for the following frozen- and random phase approximatitRPA)
magnon configurations:
1 6up 1 1
g,=const, ¢=q-R;, 2 = = : 8
[ $i=0q-R (2 keTRPA M N w(q)

q

whered; and ¢; are the polar and azimuthal angles of vector
e andR; is the position of theth Mn atom. The directions
of the induced moments in the atomic spheres of Ga and
and in the empty spheres were kept parallel tozleis.

It can be shown that within the Heisenberg modglthe
energy of such configurations can be represented in the for

To evaluate the RPA value of the Curie temperature«tbg)
was considered continuousdnspace. In a small sphere with
Aﬁwe center afj=0 the singular function /(q) was approxi-
mated by the function I/g? and then replaced by a continu-
ous function which has the same value and slope at the
r&)here boundary. The difference between the singular and

02 continuous functions was integrated analytically. The regular
E(6,9)=Eq(6)— 7\](q), 3) func_tlon obtamsg was g\éigrateq numerlcally._ _

Since theT-"" andTz"" are given by the arithmetic and

where E, does not depend og and J(q) is the Fourier harmonic averagespgfzghe Spin-wave en_ergﬂ%, is al-
.“" Physically this difference can be

transform of the parameters of the exchange interaction beVays larger tharrc n o
tween pairs of Mn atoms: explained by an increased role of the low-energy excitations

in the case of the RPA. In the case of the ferromagnedic 3
metals the RPA gives, in general, better agreement with

J(@)= 2 Jojexplia-Ro))- (4 experiment®
i
In Eqg. (3) the angled is assumed to be small. Usidgqg) one lIl. DENSITY OF STATES

can estimate the energies of the spin-wave excitations: We begin with a discussion of the trends in the variation

of the electron DOSFig. 1). For all Mn concentrations stud-
ied there is an energy gap in the spin-down DOS in an en-
ergy interval containing the Fermi level or close to it.This
gap is about 0.1 Ry in MnAs and decreases to a value of
whereM is the atomic moment of the Mn atom. Performing about 0.05 Ry for lower Mn content. In MnAs and
a back Fourier transformation we obtain the parameters oGa, ;gMng ,5ASs, the Fermi level is slightly above the gap.
the exchange interaction between Mn atoms: For MnAs, the energy distance between the Fermi level and

4 8
w(q)= M[J(O)—J(Q)]=W[E(0,Q)— E(6.01. (5
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' =0.25 a small gap appears at the energy 0.07 Ry above the
420 Fermi level. With decreasing, this gap increases and its
lower edge becomes closer to the Fermi level. At the Mn
\/ concentration of 6.25% there is an overlap of the spin-up and
0 spin-down gaps and an energy gap appears in the total DOS.
W\\\ The gap in the total DOS can be treated as a gap between the

valence and conduction bands of the system. The upper part

of the valence band is not occupied and contains holes. The

hole states are of the spin-up type.

Comparison of our DOS with the corresponding DOS
available in the scientific literature shows good agreement.
Thus, our DOS for the Mn concentration of 3.125% is close
to the corresponding DOS from Ref. 9 calculated with the
use of the pseudopotential approach. Also the partial DOS
0 for x=6.25% presented in Ref. 8 is in good agreement with

the curves obtained in our calculations.
The values of the calculated moments in the Mn atomic

1-20 sphere are collected in Table | and are close g 4 Similar

. values have been obtained in other calculations within the
density functional theorysee, e.g., Refs. 8,9, and)1Tak-

20 ing as an example the system witk 3.125% we find that
the contribution of the 8 electrons into the Mn moment is
3.83ug with the rest 0.125 coming from the 4 and 4p

0 electrons. Note that the total number of the 8lectrons in
the Mn sphere is 5.30. The difference between the number of
the 3d electrons and their contribution into the spin moment

x=0.0625 -20

20

DOS(states/Ry)

20" x=0.125 4 x=0 20  results from the presence of 0.73 spin-dowh éectrons in
Dl . T the Mn atomic spherésee the spin-down Mn-DOS in Fig.
04 02 0 04 -02 0 2). The hybridization between the Mnd3states and the
B®Y) states of the valence band of GaAs is crucial for the appear-
Y ance of the occupied spin-dowrd 3tates. In some model-

FIG. 1. The DOS of Ga Mn,As. The DOS is given per unit Hamiltonian studies a physical picture is used which consid-

cell of the zinc-blende crystal structure. The DOS abtbetow) the  €r's the Mn & elecgrons as strongly localized and forming an
abscissas axis corresponds to the spir-dpwn) states. atomic spin ofS=3. The density-functional-theory calcula-
tions show that this picture, although useful in qualitative

studies, does not take into account some important features
gf the Mn 3d states.

One of the important issues in the magnetism of the
DMS’s is the spatial localization of the hole states. Compari-
$Son of the DOS of pure GaAs and the GaMnAs wkh
=3.125% helps to get insight into the physical mechanism
of the formation of the hole states. The replacement of one
Ga atom in the supercell of GaAs by a Mn atom does not
change the number of spin-down states in the valence band.
In the spin-up channel there are, however, five additional
energy bands which are related to the Md $tates. Since
there are five extra energy bands and only four extra elec-
_ _ trons (the atomic configurations of Ga and Mn are®4p*

TABLE I. Magnetlg moments in Ga ,Mn,As. There are shown and 3j5452) the valence band is not filled and there appear
:22 tﬂng&c;?ce?;’otr:ir:?doﬂcﬁi Tﬁ?igﬁ;é?ﬁeﬁsrfﬁ; 'B(‘:z :;02;5' aNfhoccupiedhole) states at the top of the valence band. The

. . integrated number of the hole states is exactly one hole per
#1). All moments are in units oftg . . .
Mn atom (correspondingly, one hole per superg€lhe dis-
tribution of the hole in the supercell for the Mn concentration
of 3.125% is shown in Fig. 3. About 18.5% of the hole is in

upper edge of the gap is about 0.015 Ry. ker0.25, this
distance is less than 0.005 Ry. For lower Mn concentration
the Fermi level lies within the gap moving from the upper to
the lower part of the gap with decreasirgThis means that
for concentrations of Mn less than 25% the calculate
ground state is half-metallic. This property is very important
for efficient spin injection into semiconduct&tin the half-
metallic ferromagnetic state the value of the magnetic mo
ment per supercell is integéfable |).

The situation with spin-up DOS is different. In MnAs
there is no energy gap close to the Fermi level. Kkor

X

! 0-25 0125 00625  0.03125 the Mn sphere, 22.5% in the first coordination sphere of the
Mn 3.76 3.85 3.88 3.94 3.95 As atoms. Correspondingly about 60% of the hole is outside
As -0.18 —0.046 —0.046 —0.036 —0.032 of the first coordination sphere of the impurity. About 58.3%
Cell 3.65 3.08 4.00 4.00 4.00 of the hole is on the As atoms, 17.7% on Ga sites, 5.5% in

the empty spheres. Thus, the hole states are rather delocal-
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Another important quantity characterizing the localization
of the valence-band states about impurities is the values of
the induced moments on various atoms. The values of the

50
L atomic moments fox=3.125% are shown in Fig.3. It is
0 seen that even at the As atom most distant from Mn impuri-
ties there is substantial spin polarization, which provides an
i efficient exchange path between Mn atoms. The dependence
-S0r of the induced moment on the distance from Mn is nonmo-
r notonous for both As and Ga. This behavior can be related to
: the spin density oscillation in Ruderman-Kittel-Kasuya-
0 Yoshida(RKKY) theory. A detailed analysis of the formation

of the induced atomic moments shows, however, that the
physics here is more complex than the physics considered by
RKKY theory since the hybridization of the As and Mn

states plays an essential role in the formation of the induced
magnetic moments. In particular, the negative sign of the
moment of the As atoms is explained by the property that the

DOS(states/Ry)
=

20 empty (hole) states have a large As contribution. Since these
: states are of the spin-up type the spin-down As states become
more occupied than the spin-up ones, leading to a negative
20 induced moment.
IV. EXCHANGE PARAMETERS
0 AND CURIE TEMPERATURE
i The calculated exchange parameters are presented in Fig.
20} 4. There are a number of conclusions that follow from the

DL 1 . analysis of this figure. First, the Heisenberg model with the
04 02 ) interaction between the first nearest neighbors only is not
able to describe the magnetism of the system. For two Mn
ERy) concentrations X=25% andx=3.125%) the first nearest-
FIG. 2. The partial Mn-DOS for Ga, MnAs. The DOS is  neighbor interaction is even antiferromagnetic; far
given per Mn atom. =12.5% it is positive but small. Second, the exchange inter-
action is rather quickly decreasing with increasing distance

ized. Even the most distant As atom contains 4.5% of thé)etween atoms. I_n Eig. 4 we show the variation of the Qurie
hole. The delocalized character of the hole states is an imfemperature7) with increasing number of the contributing

portant factor in mediating the exchange interaction betweefioordination spheres. For instance, for concentratigns
Mn atoms. =25%,12.5%, 6.25% no noticeable contribution to the Cu-

rie temperature is obtained from the interactions between Mn
atoms at distances larger thaa.3Third, the dependence of
12 3 273 1 the exchange parameters on the distance between Mn atoms
] is not monotonous. At the distance o& 2he interatomic
hole Mn | interaction is negative for all concentrations considered. Al-
holeGa | | though the theory of RKKY interaction is not sufficient to
morment As describe the magnetism of the system, it is instructive to
moment Ga | .. .-
compare the characteristic length of the variation of the cal-
- . " 1 culated exchange parameters with the period of the oscilla-
3 - tion of the exchange parameters which follows from the
RKKY theory. Since the number of holes is exactly one per
I N | supercell, the characteristic volume of the Fermi sphere in a
0.1F - simple single-band free-electron model is exactly the volume
. | of the Brillouin zone corresponding to the given supercell.
, ) , Thus for x=25% one can expect oscillations with period
0.5 distancé from Ma (a;-5 2 close toa and forx=3.125% with period close to& In-
deed, analysis of the calculated exchange parameters shows

FIG. 3. Hole distribution and induced momenia ug) for  that the first and second oscillations of the exchange param-
Ga_ Mn,As with x=0.03125. All values are given for the coordi- €ter forx=25% take place at a distance closeatfrom la
nation spheres. The numbers of atoms in the coordination spherég 2a and from 2 to 3a). On the other hand, the character-
are given at the top of the picture. istic range of the variation of the exchange parametexfor

02
-

SO & mx

0.1 L4 ]

part of the hole / induced moment
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' I ' I ' I Both the MFA and RPA give a similar dependence of the
Curie temperature on the Mn concentration: it increases at
small x, has a maximum ak=12.5%, and decreases for
higher values ok. As already stated in Sec. II, tHe!™ is

o always larger thaTRP”. However, evemg"* exceeds sub-
stantially the experimental values of the transition tempera-
ture. A possible explanation of this difference is the presence
5% of As antisites and other donor defects that decrease the con-

12.5% centration of holes in the materials studied experimentally
g%;;%% (see, e.g., Refs. 5,10, angl We address this issue in Sec. V.

. The nonmonotonous dependence of the transition tem-
- - perature on the Mn concentration is in qualitative agreement
A ® o with experiment’-?°This nonmonotonous behavior is a con-
------- - el dide i» Sty sequence of the competition between different trends arising

| - | from the increase of the Mn concentration. On the one hand,
the amplitude of the effective exchange interaction between
the Mn moments through the valence-band states of GaAs
A ©00000¢ 9000000 0080 ¢ emen increases with deacreasing distance between Mn atoms. Also
Ae AQ. the direct overlap of the Mn states increases. These features
L O 0 bhmh omg produce a trend to increase the Curie temperature with in-
® o creasingk. On the other hand, an increased interaction of the
o o o 00 0 9 states of different Mn atoms results in the broadening of the
features of the partial Mn DOS at the Fermi level: As is
o clearly seen in Fig. 2, at=3.125% there is a narrow peak at
go — the Fermi energy that is replaced by a broader structure with
increasingx. Simultaneously the Mn magnetic moment de-
creasegTable ). These properties produce a trend to de-
ol _ crease Curie temperature with increasing Mn concentration.
Q Interestingly, the induced moment on the nearest As atoms
0 2 4 6 is the same for 25% and 12.5% and decreases for 6.25% and
r(a) 3.125% although the inducing Mn moment is monotonously
increasingTable ). This shows that the nearest environment
Of each Mn atom is influenced by other Mn atoms even for
the lowest Mn concentration.
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FIG. 4. The parameters of the exchange interaction between M
atoms(upper panéland the variation oT ¢~ with increasing num-
ber of the contributing coordination spheigswer panel. The ab-
scissa gives the radius of the coordination sphere in units of the
lattice parameter of the zinc-blende crystal structure. V. DEPENDENCE OF THE CURIE TEMPERATURE

ON THE NUMBER OF HOLES
=3.125% is largeffrom 2a to 4a). Thus there is a correla- ] ) )
tion between the number of holes and the characteristic range EXPerimental studies show that the concentration of holes
of the variation of the exchange parameters. in (Ga,Mn)As is lower than the co_ncentranon of Mn ato?ﬁs..

The calculated Curie temperatures are presented in Fig. §n€ of the important factors leading to the low concentration

of holes is the presence of As antisites £As Since As has

400 : | i | i two more valence electrons compared with Ga, each As an-

_ tisite compensates the holes produced by two Mn atoms.

o o ORPA Here we use a simple rigid-band model to study the de-

0 pendence of the Curie temperature on the concentration of
antisites and other nonmagnetic donors. We assume that the
electron structure calculated f@Ba,MnAs with a given Mn
concentration will basically be preserved in the presence of
250~ . . defects. The main difference caused by the antisites concerns
i 1 the occupation of the bands and, respectively, the position of
wk ¢ - the Fermi level. In Fig. 6 we show the dependence of the
. Curie temperature calculated in the MFA as a function of the
150 _ carrier number fox=6.25%. The calculated curve reveals a
strong dependence of the Curie temperature on the number
, ) ) of holes in the valence band. In agreement with the com-
0 0.1 . 02 monly accepted picture of hole-mediated ferromagnetism in
(GaMnAs the decrease of the number of holes leads to a
FIG. 5. Curie temperature of Ga,Mn,As. decrease of the Curie temperature. At the number of addi-

300 e i

Curie temperature (K)

134435-5



L. M. SANDRATSKII AND P. BRUNO

300

[N}

=3

>
T

—_

1=y

>
T

. Curie Temperature (K)

[ ]
f=3
<

-300

2

-1

0
n

1

PHYSICAL REVIEW B66, 134435 (2002

a higher efficency of the holes in the valence band in medi-
ating the exchange interaction between the Mn atoms com-
pared with electrons in the conduction band. The physical
reason for this property is a stronger exchange interaction
between the Mn moments and the states at the top of the
valence band-d exchanggcompared to the exchange in-
teraction between the Mn moments and the states at the bot-
tom of the conduction bands{d exchangg

The region of negative (Fig. 6) corresponds to the con-
centration of holes higher than the concentration of Mn at-
oms. These states of the system can be obtained by avoiding
the formation of Ag, antisites and by codoping with atoms
acting as donorgOf course this simple theoretical consider-
ation does not take into account the difficulties in the pro-
ducing of materials with such propertigs.

Moving in the direction of negative, the value of the
Curie temperature at first slightly increases. Then the mean-
field value decreases fastly revealing again a trend to the
antiferromagnetic exchange coupling. The strong depen-
dence of the mean field on the number of carriers reflects the
tional electrons close to 0.8%he relation of the hole con- Ccompetition between the antiferromagnetic and ferromag-
centration with respect to the Mn concentratiphx=0.15)  Netic interactions.
the ferromagnetic and antiferromagnetic interactions com-
pensate and the value of the mean field acting on the Mn
spins in the ferromagnetic state becomes zero. A further de-
crease _of the number qf holes leads to neg_ative values of t.qﬁe dependence of the magnetic interactiongGa,MnAs
mean field. The negative value of the Curie temperature i

. . ) ! .~on the Mn concentration. We report the parameters of the
Fig. 6 means thatln_the assumec_j ferromagne’uc anf'gurat.'ogxchange interaction between Mn spins and the MFA and
the antiferromagnetic exchange interactions prevalil, resultmgQP

: . . . ; A estimates of the Curie temperature. In agreement with
In a negative exchange field acting on each Mn spin. Th%xperiment we obtain a nhonmonotonous dependence of the
ferromagnetic state is unstaple. Curie temperature on the Mn concentration. We estimate the
. Atn= l_the vale_nce ba_md IS _fuII_. FQI’ largarthe conduc- dependence of the Curie temperature on the concentration of
tion bgnd is occupied. Discontinuity in the character of theq, e in the system and show that the decrease of the num-
occupied states at=1 resu!ts n a.klnk in they _dependence ber of holes in the valence band leads to a fast decrease of
of the value of the mean field. With occupation of the CON*the Curie temperature. The strong dependence of the Curie

dUCt'o?. ?da_nd 0>1) th.ehden_vatwe chzi:ngei sign znd tfhetemperature on the carrier concentration provides an expla-
mean field increases with an increasenokor the number of o401 1 the overestimation of the value of the Curie tem-

electrons in the cpnduction band Iqr_ger than 0.28 per M'Eerature compared to the experiment.
atom the mean field becomes positive. Remarkable is th

asymmetry of the curve with respecte=1. The curve is
much steeper to the left from the point than to the right from
it. Correspondingly, the Curie temperaturenat2 (one elec- The financial support of Bundesministeriunr fgildung

tron in the conduction band per one Mn afoim about 2.5 und Forschung is acknowledged. The authors are grateful to
times smaller compared to the Curie temperatureal0  J. Kudrnovsky for interesting discussions and A. Ernst for
(one hole in the valence band per one Mn akohiis reveals  sharing with us his computer subroutines.

FIG. 6. TYFA for (Ga,MNAs with Mn concentrationx
=0.0625 as a function of the electron numipeHeren=0 corre-
sponds to the system @g,dMNg ge2AS With no additional donor or
acceptor defects.

VI. CONCLUSIONS

We use supercell and frozen-magnon approaches to study
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