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Effective pair exchange interactions between Mn atoms in IlI-V and group-1V diluted magnetic semicon-
ductors are determined from a two-step first-principles procedure. In the first step, the self-consistent electronic
structure of a system is calculated for a collinear spin structure at zero temperature with the substitutional
disorder treated within the framework of the coherent-potential approximation. The effective exchange pair
interactions are then obtained in a second step by mapping the total energies associated with rotations of
magnetic moments onto an effective classical Heisenberg Hamiltonian using the magnetic force theorem and
one-electron Green functions. The formalism is applied to_Gdn,As alloys with and without As antisites,
and to Ge_,Mn, alloys recently studied experimentally. A detailed study of the behavior of pair exchange
interactions as a function of the distance between magnetic atoms as well as a function of the concentrations
of the magnetic atoms and compensating defects is presented. We have found that due to disorder and the
half-metallic character of the system the pair exchange interactions are exponentially damped with increasing
distance between the Mn atoms. The exchange interactions between Mn atoms are ferromagnetic for distances
larger than the ones corresponding to the averaged nearest-neighbor Mn-Mn distance. The pair exchange
interactions are also reduced with increasing concentrations of the Mn atoms and As antisites. As a simple
application of the calculated exchange interactions we present mean-field estimates of Curie temperatures.

DOI: 10.1103/PhysRevB.69.115208 PACS nuni®er75.50.Pp, 71.15.Nc, 71.20.Nr, 75.30.Et

[. INTRODUCTION in mapping of the complicated itinerant electron system onto
an effective Heisenberg Hamiltonian and a consequent appli-
The diluted IlI-V magnetic semiconductof®MS) are  cation of statistical mechanical methods. The validity of this
materials which exhibit spontaneous ferromagnetism mediapproach, based on the adiabatic approximation, is in par-
ated by holes in the valence band of the host semiconductdicular justified for magnetic atoms with large exchange split-
and thus represent new materials with promising applicationsngs, such as, e.g., Mn atoms. The mapping is further sim-
in spintronics. They have attracted a great deal of attentioplified by using the magnetic force theoremhich states
from both the experimentaind theoretic&l points of view.  that the band energy of the calculated ground state with a
Most of the effort in the past has focused on IlI-V com- collinear spin structure can be used as an estimate for corre-
pounds but theoretical investigations based on the mean-fiegponding total-energy differences. Recently, we have calcu-
solution of the so-called kinetic exchange mSdetEM) lated first-principles effective pair exchange interactions in
have predicted also ferromagnetism in group-IVreal space for bulk transition metdlsare-earth metaas
semiconductord.Recently such compounds were preparedwell as for low-dimensional systems such as ultrathin fifms,
by two group$® with a Curie temperature of the same orderand used these interactions in order to estimate Curie tem-
as in IlI-V compounds. peratures and magnon spectra, which were in a good agree-
In this paper we present a systematic first-principles studynent with the available experimental data. Here we extend
of pair exchange interactions i(Ga,MnAs and (Ge,Mn) this approach to a random system, in particular to the DMS.
DMS as a function of both the distance between magnetic Ground-state density-functional calculations of DMS,
atoms and the impurity concentrations. The knowledge ofvhich form the first step for a mapping to a Heisenberg
these exchange interactions allows one to address in detailodel, fall into two groups. One group consists of a super-
the character of magnetic excitations in the DMS. Magneticcell approaché8~**in which big cells are used to describe
excitations in ferromagnets are of two different kinds,low concentrations of magnetic atoms and other impurities.
namely, Stoner excitations associated with longitudinal flucin the other group Green-function methods are employed in
tuations of the magnetization, and spin waves, or magnonghich the configurational averaging is performed within the
corresponding to collective transverse fluctuations of thecoherent-potential approximatiofCPA) as implemented,
magnetization direction. The low-temperature regime ise.g., in terms of the Korringa-Kohn-Rostoker method® or
dominated by magnons, and Stoner excitations can be né¢he tight-binding linear muffin-tin orbital methodTB-
glected. Pair exchange interactions thus allow one to evalu=MTO). Both groups have advantages and drawbacks. The
ate the Curie temperature, the spin-wave stiffness, and th€PA, e.g., can treat any alloy composition whereas proper
spectrum of low-lying magnetic excitations. description of very low concentrations of various impurities
We shall adopt here a two-step procedumaich consists  typical for DMS in the framework of the supercell approach
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is numerically quite demanding. The CPA also takes properlyolarization axes in atomic celisandj, and (ii) using the

into account effects of finite lifetimes of electronic statesvertex-cancellation theorerfVCT).?>2* The VCT justifies
caused by disorder, which are neglected in a supercell aphe neglect of disorder-induced vertex corrections in 9.
proach. On the other hand, the CPA does not include locand greatly simplifies calculations. The VCT was derived in
environment effects which to some extent can be simulate®ef. 24 under rather general conditions and it facilitates an
by a supercell approach. The mapping of calculated groundfficient evaluation of exchange interactions, exchange stiff-
states to a Heisenberg model and a determination of paimesses, spin-wave energies, etc. The derivation of configura-

exchange interactions between magnetic. atoms, howevefonally averaged effective pair exchange interactia?ﬁév"
can be also performed on the basis of supercelhetween two magnetic atomd,M’ located at sites andj

; ,19 .
calculations follows therefore closely the case without randomrfess:
Il. FORMALISM 1 , ’ /
' . ' _ M =E|mf r[oM(2g M (28" (2)g)) M (2)]dz.
Here we briefly summarize the computational details and c
the direct evaluation of the effective pair exchange interac- @
tions. Here, t; denotes the trace over angular momenta
=(£m), the energy integration is performed in the upper
A. Electronic structure half of the complex energy plane along a cont@ustarting

We have determined the electronic structure of the DMgPelow the bottom OIA the va’\IAence baud and ending at the
in the framework of the first-principles all-electron TB- Fermi energy, ands’(z)=P;"'(z)—P\"'(2), where the
LMTO method in the atomic-sphere approximafidnsing  Pi"'’(2) are theL-diagonal matrices of potential functions
empty spheres in the interstitial tetrahedral positions of thdor o=1,| corresponding to a particular magnetic at®n
zinc-blende or diamond lattice needed for a good space fillThe matrixs!"(z) reflects the exchange splitting of atdvh
ing. We used equal Wigner-Seitz radii for all sites. The va-The quantitiesg"""\"'ﬂj(z) andE’V'"Miji(z) refer to site off-
lence basis consists o p, and d orbitals; we included diagonal blocks of the conditionally averaged Green
scalar-relativistic corrections but neglected spin-orbit effectsfunction?? namely, the average of the Green function over all
Substitutional disorder due to various impurities, both magonfigurations with atoms of the typés and M’ fixed at
netic and nonmagnetic, is included by means of the CPAsjtesi andj, respectively. The exchange interactions between
Charge seIf-consistency is treated within the framework Oinagnetic moments induced on nonmagnetic atoms are neg-
the local spin-density approximation using the Vosko-Wilk-Jigible as compared to the exchange interactions between
Nusair parametrization for the exchange-correlationsybstitutional Mn atoms on the Ga sublattice or on two
potential* The experimental lattice constants of the hostequivalent Ge sublattices, i.=M’=Mn. The main ad-
semiconductora=5.653 A for GaAs anda=5.658 A for  vantage of the present approach is an explicit expression for
Ge, were used also for (@a,,MnAsy)As and Gg_,Mny  J¥n.Mn \hich can be evaluated straightforwardly even for

alloys. We have verified, however, that we can neglect "Taltjrge distancesi=|R,~R,| between sites andj and thus

;/_veak ('j:eptinde dncte.:Jf tr;c?[hsamplt(re] vglumebonfdefedct. C%ncfegtzrgﬂows us to study their asymptotic behavior as a function of
lons. Further details of the method can be found In Rel- 22ihe gistanced. The effect of impurities on the host band

. . . _ structure, which need not be a small perturbation, is usually
B. Effective pair exchange interactions neglected in model theoriés, where the unperturbed host

We now briefly describe the mapping of the total energyGreen function appears_in E() rather than its condition-
of a spin-polarized electron system onto an effective classically averaged counterpagt'™""’;;(z).
Heisenberg mod&f In the low-concentration limit Eq(2) reproduces cor-
rectly the Ruderman-Kittel-Kasua-YosidRKKY) type ex-
pression for exchange interactions between two magnetic im-
H= & Jij&-g. (1) purities in a nonmagnetic ho&:
Here, g and e are the unit vectors of the local magnetic RKKy_i im imp, 1 im imp. |
moments at si]te'sandj, and theJj; denote the effective pair _47r|chtr"{5‘ "2)g" (2)9M(2)g™ (2)}dz.
exchange interactions between atoms carrying magnetic mo- ©)
ments. It should be noted that in the present formulation the .
values and signs of the magnetic moments are already aliere.g;j*”(2) is the Green function of two Mn impurities
sorbed in the definition of thé;’s: positive(negativé values ~ embedded in the semiconductor host, evaluated at kifes
Correspond to ferromagnet{antiferromagnetipcoup“ng_ where impurities are located. A conventional RKKY expres-
For applications to the DMS, we have to generalize theSion is obtained by replacing the spin-dependent impurity
theoretical approach developed in Refs. 6 and 7 to disordere@reen functiong;i™“(z) by the nonmagnetic ideal Green
systems. The Heisenberg parameters are obtained in termsfohction gﬁaAs(z) or gi(j;e(z) of the host crystal. The neglect
the magnetic force theorénby (i) directly evaluating the of the renormalization of the host Green function by scatter-
change in energy associated with a small rotation of the spinings on impurities is twofold: it introduces a phase factor and
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modifies the amplitude of the oscillations as compared to the
conventional RKKY formule® ol @ majority || majority M| ®
It should be noted that the numerical evaluation of expres- A i
sions(2) and(3), in particular for large distances, requires a
careful Brillouin-zone(BZ) integration (typically, 16—10°
of k points in the full BZ are needed for large distances such
as 10 lattice constants and more, and for energy points on th§
contourC close to the Fermi energlyThe exchange interac- = 9|
tions in real space can be evaluated also in the frozen magx
non approach applied in supercell schemes by means of a 201
inverse Fourier transformation. The calculated values of ;| P o
MM’ L. . A I As minority minority
Jij " are, however, limited to a subset of all possible pairs . ‘ P ‘ S
of magnetic atoms which in turn form an ordered subset of -06 04 02 0 02 04-10 08 06 -04 02 0 02
magnetic sites on the |atti(ll8. Energy (Ry) Energy (Ry)

20

s/spin/Ry)
S

0

FIG. 1. Spin-dependent total densities of states and local Mn
densities of states fdig) ferromagnetic (GggdMng osASo o) As and
Once the effective pair exchange interactions are deteith) ferromagnetic Ggy7dVing o5 alloys. The Fermi level coincides
mined a number of relevant quantities related to the magnetiwith the energy zero.
state can be determined. In particular, the mean-field value
(MFA) of the Curie temperatureT() is simply given by magnetic atoms. It should be noted that recent stétfiés
confirm that the mean-field approximation estimatelgfin
MFA —n Mn DMS is well justified.
KeTc 3 i(g‘m o 4) For a matter of completeness, we mention another simple
estimate ofT. as obtained from first-principles calculations
where the sum extends over all sites occupied by Mn atomby relating T, to the total energy differenc& per unit cell
on the Ga sublattice or on two equivalent Ge sublattices fobetween the ferromagnetic and the disorder local moment

C. Curie temperatures

(Ga,_,Mn,)As and Gg_,Mn, alloys, respectively. (DLM) state?®?%j.e., A=Ep vy —Eru,

The simplest way of estimating, is an evaluation of the _
effective on-site exchange parameter for Mn atﬂ;IWf de- kgT.=2A/3x. (8)
fined a8’

Results based on Eg®8) and(4) agree reasonably well with
1 each othef® Eq. (8), however, cannot be generalized to al-
jiMn: — 4_|mf th{5iM”(Z)[§i'\iAn’T(Z)—a!\im’l(z)] Io_ys containing more than one kind of magnetic atoms with
™ Jc different concentrations.

+oM(z) MM (2) (2 g™ (2) ) d 2 ®) lll. RESULTS

In Eq. (5) the quantitieg{"(2) (¢=1,1) refer to the site- We have calculated the exchange interactiafjé"™"

?lagonal b:OCIt(S t%f the condltu?ntallygvera%ed (Ereen funcl- s a function of the interatomic distande=|R;—R;| and
lon, namely, fo the average of the &reen funclion over alyy \jieq  the effect  of impurities in  ferromagnetic

configurations with a Mn atom fixed at the sité? The (Gay_,_,Mn,AS)As and Ge_,Mn, . As a simple illustra-
mean-field value off; is then simply given by tion of the calculated exchange interactions we present
kBTQ"FA= 23w ®) mean-field estimates of the Curie temperature.
The effective on-site exchange paramel¥f has the physi- A. Electronic properties
cal meaning of an exchange field produced by all neighbor- In Fig. 1 calculated total densities of stat€09) as well
ing magnetic moments acting on the Mn atom at the isite as local DOS for the Mn atoms in (GgMng o5ASy 01) AS
(Ref. 6, and Gg g7;9Mng o5 alloys are shown. The results f@Ga,
Mn)As alloys, Fig. 1a), are in a good agreement with both
JMn_y 2 JMn,Mn R supercell and CPA studies for alloys without As
Y = B antisites'?13192°The main effect of As antisites on the DOS
is a shift of the Fermi level toward the top of the valence
The mean-field expressions fog, Egs.(6) and(4), are in  band thus reducing the number of hole carriers in compari-
principle mutually equivalent. Expressidf) has some ad- son with the case without As antisites, and the presence of
vantages as compared to Hd): it does not require a sum- localized states due to As antisites in the gap of the majority
mation over all shells and includes contributions from smallstates(see also Ref. )8 The results fofGe,Mn) alloys, Fig.
induced moments on nonmagnetic atoms. On the other hand(b), are similar to those fofGa,MnAs alloys: there is a
expressiorn(4) can be generalized to alloys with few different well pronounced Mn peak in the local Mn-DOS inside the
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B. Exchange interactions: theoretical remarks

80 +
majority We will first discuss qualitatively the dependence of
ST JT}"“'Mn on the distanceR;;=|R;—R;|. In the limit of large
w 40 L k=T values ofR;; the expressiof2) can be evaluated analytically
g T, . . .
£ by means of the stationary phase approximafi@y. gener-
g 20 alizing the approach developed in Ref. 7, we obtain
T o —
i Jijn’Mnmqu_)\iTj'Rij)
5720 1 T4+l
g sin(kg-R;i + @'+ dY)
B 40| X exp(— ik Rjj) —— . (9
60 |
minority The quantityk?, which characterizes the period of oscilla-
801 tions, is the Fermi wave vector in a direction such that the

-1.0 08 -06 04 0.2 associated group velocity,E?(kg) is parallel toR;;. Be-
Energy (Ry) cause of disorder, the band eneig§(k) is modified by the
real part of the corresponding spin-dependent self-energy at
the Fermi energy(determined within the CPAwhile its
imaginary part characterizes the dampii. The damping
due to disorder is anisotropic inside the BzZhe factor)\iTj
valence band and there are Mn-induced states at the top 8ierefore depends on the direction Rf;. Because of the
the valence band in which the Fermi level lies. The width ofhalf-metallic character ofGa,MnAs and(Ge,Mn) alloys (a
the Mn-local DOS is larger fofGa,MnAs thus indicating a fully occupied minority bang the corresponding critical
strongerpd hybridization as compared tGe,Mn alloys.  Fermi wave vectok} of the minority states is complext
Another important feature observed in both alloy systems is= Imkﬁ. This situation is similar to that studied in Ref. 7 for
their half-metallic character: the Fermi level lies in the gap ofstrong ferromagnets with a fully occupied majority band. Fi-
the minority states but inside the valence band. The halfnally, ®' and ®! denote the corresponding phase factors.
metallic character has two important consequen¢gsan  For the alloy case we thus find an exponential damping of
integer value of the total magnetic moment per Mn atom;zvn.Mn \with the distance, because 6f the damping due to
namely, 4ug and 3y for (Ga,MnAs and(Ge,Mn alloys,  gpstitutional disorder which was predicted by de GerPes,
respectively; andii) it leads to an exponential damping of anqji) additional damping due to the half-metallic character
exchange interactions between the Mn ato_ms with distancgs (Ga,MnAs and (Ge,Mn alloys. It should be noted that
(see Sec. Il B..The calculated total magnetic moments perpqy types of damping are missing in simple model theories
Mn gtoznls?gr%gm a good agreement with other theorft'ca{hat assume an unperturbed host semicondéctbe damp-
studies******and with experiments fofGe,Mn alloys™ ing due to disorder refers to configurationally averaged ex-
The calculated DOS indicate that the majority and minoritychange interactions whereby exchange interactions in each
states are influenced differently by disorder: while the majory|ioy configuration can exhibit a slower decay with a

ity DOS differs non-negligibly from the corresponding host gistance® The averaged exchange interactions are sampled
semiconductor DOS, the minority DOS closely resembles itgjrectly or indirectly in experiments when measuring, e.g.,
The most detailed description of the influence of disorder oncyrie temperatures and spin-wave spectra.

electronic states is provided by Bloch spectral functions
(BSH, which in random alloys substitute the concept of elec-
tron band$? We illustrate this point for the BSF calculated
at thel" point (k=0) in the case of Ggy7dMng o25, Fig. 2. The dependence of the exchange interactigffs"" on

We show there in dashed lines the BSF'’s of the pure Ge hoﬁhe distance between Mn impurities for disordered
which are sim_plyé—function—like at energies c_orresponding (Gay 9Mng o9 As and for a model of two Mn impurities in an

to the electronic bands &t&=0. As can be seen in the energy ideal GaAs hosfEq. (3)] with the Fermi level shifted into
region of the Mn state€£ e (—0.2,0.1) Ry, the valence mi- the valence band to accommodate the same number of va-
nority states are only very weakly broadened by disorder angence holes as for (Gagving o) As is shown in Fig. 3. We
exhibit quasipart!cle behavi.or,. while both the valen(c‘eésq have calculated values d_Nn,Mn(d) corresponding to more
and the conductionI(;) majority states are strongly influ-  than 200 coordination shells in the disordered fcc-Ga sublat-
enced by disorder and no longer exhibit quasiparticle behawice to verify the asymptotic behavior. The expected decay of
i0r. It iS ObViOUS that the eﬁect Of disorder iS important Closethe exchange interactions W|th distance is C|ear|y seen in
to the Fermi energy and does modify the vaIueW*M", both casegFig. 3(a)]; for a quantitative analysis, however,
Eqg. (2). In particular, the damping of electronic states aswe need a different presentation of results. A suitable way,

illustrated in Fig. 2 leads to a damping of tdf™"" with  e.g., is to plot Ihd3IMMn(d)| as a function of the distance
increasing distance between Mn atofsse Sec. Il B. d. From such a presentation one can extract straightforwardly

FIG. 2. Spin-dependent Bloch spectral functions atlthgoint
corresponding to the Ge sublattices for ferromagnetigs&a®ng o5
(full lines) and for a reference pure Ge systédashed lines

C. Exchange interactions:(Ga;_,_,Mn,As)As
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T T T T T T 3.5 I: T T T T T T T T T T
@ 1 3l @
1 25 H 1
= + Two Mn in GaAs: h;=0.05 _ i o x=0.005
& & it
£ o (Gaggs Mng g5)As alloy i E
R =
_0.5 1 1 1 1 1 1 1 1 1 1 1
3.5 I,, T T T T T T T T T T
g A ®
- s 254 N A -
] % i |
= ~ { \
= g .
R S \ 7
g EH 5
= oy « i
; = \\\
= 2 R |
. .
6 7 8 9 10 11
2 (d/a) along [110]-direction
g
- FIG. 4. Dependence of pair exchange interactions on the dis-
2 tanced between two Mn atoms along the nearest-neighbor direction
Z, [110] in ferromagnetic (Ga.,Mn,)As for four different concentra-
g tionsx: (a) IMM"(d/a) and (b) (d/a)>I"™Mn(d/a).
= . . . . .
- nearest neighbors at a given concentratioA simple esti-
mate ford™™M" is given by

1 2 3 4 5 6 3 T
d/a AMn,Mn _ \/ -
d 2\ g (10)

FIG. 3. () Dependence o8M™M(d/a) on the distancel in
ferromagnetic (GgodMng o9 As and, for two Mn impurities, in  whereB= 16, 32 for(Ga,MnAs and(Ge,Mn) alloys, respec-
GaAs with the same number of valence hotgs=0.05; (b,) de-  tively. For (Gg¢dMngdAs this estimate yieldsEM”'M”
pendence of Iifd/a)®IM"M"(d/a)| on the distancel for above two =212,
cases. The leading exchange interactiong"™M(d) in

(Gay oMng g9 As, Fig. 4a), are essentially ferromagnetic,

the expected exponential dampifepe Figs. @) and 3c)]. and, because of the damping, the antiferromagnetic values
For the model of two impurities we observe essentially aare very small due to a large oscillation period. This finding
RKKY-type behavior without damping. For the alloy case, Supports the basic assumption made in model studies: the
on the contrary, we find a well-pronounced exponentialcoupling between two Mn atoms is ferromagnetic and oscil-

damping ofJM™Mn(d) with distance. It should be noted that latory with a period that_ exceeds the typical interatomic _d|s-
tance between magnetic atoms because of the small size of

the exchange interactions are strongly anisotropic with "®the corresponding hole Fermi surface. This feature is clearl
spect to different directionsl=R;—R;. A more detailed P 9 ) y

W, Mn o illustrated in Fig. 4b) where we plot ¢/a)33""M"(d) as a
study of ‘]. (d) as palculated along thédomlngtlng function of the distance between two Mn atoms: the smaller
nearest-neighbor directidii10] on the Ga sublattice is pre- o concentration, i.e., the smaller the size of the corre-
sented in Figs. 4 and 5. We observe exponentially dampegdy,nding hole Fermi surface, the larger the period of the
oscillations for (GgoedVing.c9As (Fig. 4) with a period of  gamped oscillations. It should be noted that next nearest-
about 5.3, wherea is the lattice constant. This period is neighbor interactions are important and contribute signifi-

larger than the average distand¥™M" petween two Mn cantly to the value off . [see Eq(4)]. For example, the first
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25 T T T T T (Gag g5 Mg 5)As alloy
4
| (a) = 3 i 25 T T T T T T T T T T T
2T o g2
\ g 1
H = PRS- SD- o [100]
~ 15} } 0 o 4
2 | 2 g 5 A,
& £ap ¢ oy=00 & o * [110]
= B g3 e o y=0.01 ~ / .\\
— 05 F 4 Q 0 0.05 0.1 0.15 | g / 4.\
i ';_ -Q“\ Mn-concentration X — .,’ ‘\\ b\
o, Y ~
05 1 1 1 1 1 0 (o4 e ‘."!_’M ¥ S 4 4A9-C-@
0.5 1 15 2 25 3 35
@) 1 2 3 4 5 6 7 8 9 10 11
2 7T T T T T T (d/a) along different directions
(®) _
5 o LAt FIG. 6. Exchange interactionsifa)*J"™M"(d/a) in ferromag-
% * f "‘ﬁzg\ netic (GaogMng o9 As calculated as a function of the distande
g J S between two Mn atoms alord.00], [110], and[111] directions.
§ 2.5 5 » ~3\_‘. .\. i
% o y=0.0 8, - trationy of As antisites being weaker. TRE™M" are ferro-
) N o y=0.01 L4 e | magnetic in alloys without donors, but may change their sign
= '\\ » for highly compensated systems, i.e., for smaller Mn concen-
= 15F (Gag gs., Mg g5 As,)As * trations. This indicates the instability of the ferromagnetic
state with increasing antisite concentratifsee also Fig.
T T T e s s 1o 11(b)]. The kink in the dependence #™M" for x=0.02 and
o y=0.01 marks the change pftype doping tm-type doping.
(d/a) along [110]-direction The decrease of the dominating exchange interactions with

Mn concentration is also in agreement with the frozen-
(Gah.gs.yMng oeAs,)As for two different concentrationgof As an- ~ magnon calculations in Ref. 19 using a supercell approach.
tisites: () I M(d/a) as a function of the distanakbetween two These results are in striking contrast to those of the simple
Mn atoms. In the inset the first nearest-neighbor exchange interaé[ee'eleCtron model: the amplitude of RKKY oscillations is

: ; ; 32
tions?}"”"‘"” are shown as a function of the Mn concentratipiib) proportional to the size of the Fermi wave vectqs,

. . . . /3 e
M, Mn . : which, in turn, is roughly proportional te*. The modified
Inj(@/a)"J (d/a)] as a functhn of the. distanag between two expression for the RKKY interaction in DMS which phe-
Mn atoms along the nearest-neighbor directiah0].

nomenologically takes into account the effect of disorder was
presented in Ref. 33. In there an exponentially damped factor
two (four) nearest-neighbor shells contribute about 50%due to de GennéSwas added neglecting, however, the con-
(75%) to the value ofT [see Fig. 4a)]. centration dependence. It should be noted that the amplitude
The effect of As antisites on the Ga sublattice on ex-of oscillations has to be regarded as an asymptotic property
change interactions is illustrated in Fig. 5, where we comparand conclusions made from its preasymptotic behavior have
the results for (Gggs yMngoAs))As with y=0 andy  to be taken with care.
=0.01. As can be seen from Fig(lp for the case of the In Fig. 6 we show the dependence of ;}@nMn (multi-
[110] direction, the presence of As antisites reduces the numpjied by the RKKY prefactod?®) with respect to the distance
ber of holeslln the valence ba-nd yvh|ch in turn leads to ary along the direction§100], [110], and[111] in the Ga sub-
enlarged period of damped oscillations for 0.01. It should  |attice of (Gg gdMing o) As alloy. The dominating character
be noted that the oscillations for boyk=0 andy=0.01 are  of the exchange interactions along tfEL0] direction can
exponentially damped, the damping being slightly larger incjearly be seen as well as the smallness of the interactions
t_he case with As antisites. The first nearest-neighbor interaGziong the[100] direction. The anisotropic character of the
tions are reduced by nearly an order of magnitude as comexchange interactions, i.e., the Fermi-surface anisotropy
pared to the case without antisites while the reduction ofjong different directions in the BZ, whose spanning vectors

other interactions is less pronoundete Fig. £a)]. determine the periods of the damped oscillations, is also ob-
The dependence of the exchange interactions between thgyys.

first nearest neighbors as a function of the Mn concentration |t js interesting to compare the behavior of the exchange
with and without the doping by As antisites is shown in thejnteractions in (GgggMing o9 As and (Gg.eMng e N alloys.
inset of Fig. %a). In general, we observe a decrease of theThe GaN-based DMS behave quite differently as compared
leading JM™M" with increasing concentrations of both Mn to conventional GaAs-based DM&namely, (i) the gap in
atoms and As defects, the decrease with increasing concetiie host GaN semiconductor is significantly larger than that

FIG. 5. Exchange interactions in  ferromagnetic
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1 2 3 4 5 6 7 8 9 10 11 G 979MNg g25as a function of distance between Mn impurities. The
dependence of the nearest-neighbor exchange interacﬂfﬂ‘n’gn

on the Mn concentration is shown in the inset. Empty symbols
FIG. 7. Exchange interactions dfa)3J¥"M"(d/a) as a denote case when siteandj are on the same sublattice while full

function of the distancel between two Mn atoms evaluated along Symbols refer to sites on different sublattices.

the nearest-neighbor directidil0] in the LDA and LDA+U:

(@ ferromagnetic (GgosMnoodAs and (b) ferromagnetic in the real space. The damping of the oscillationﬁ!%‘ﬁ‘?'“"”

(Ga oMo o9 N. with distance iNGa,MnAs alloys is smaller in the LDA U

in Gas, andi the formaton of the impurity band of n SRR AL B TE (T CERRE B atoes

atoms in the gap is due to strong alloy scattering on the l\/lr%h ff £ di i thi : d lead

atoms. We have also studied the effect of electron correla-'© © ect of disorder in this energy region and leads to more

tions for the Mn atoms in the framework of the LBAJ ~ Pronounced oscillations Q_I!\J/m’Mn,With distance[Fig. 7(a)].

approach, where LDA stands for local-density approximaFor the same reason, the Fermi-surface geometry is changed

tion. The first such study was done by adopting a supercelpadlng thus to a different period of damped oscillations.

approacf* while the present calculations were performed in

the framework of the CPA. We have used the same param- D. Ge;_«Mn, alloys

eters for the correlation enerdy (0.3 Ry and the intrasite The dependence of exchange interactiasfé*'\"” on the

exchange energy (0.08 Ry as in Ref. 34. The results of . . .

both approaches fdiGa,MnAs alloys agree well: the DOS @stance between M_n atoms as wgll as on their concentration

in the LDA+U is sharper, located further off the Fermi en- in Ge_Mn, alloys is shown in '.:'g' 8. I_r(Ge,Mn) alloys
ﬁhere are two types of exchange interactions, namely, for Mn

ergy, thus leading to an enhanced local moment of the M . ;
. atoms on the same Ge-sublattice and on different Ge sublat-
atoms (3.7 and 4.4 in the LDA and LDAFU, respec- o0 \vith the exception of the nearest neighlibiN)

tively).
~Mn,M : :
Here we shall concentrate on the effect of electron corredij  between Mn atoms on different Ge sublattices, the

lations on the exchange interactions {Ga,MnNAs and dominating interactions for Gg;dMng o5 are ferromagnetic.

(Ga,MNnN alloys. The results for the dependencejff'ﬂ'\"“ It should be pointed out that the present calculations exhibit
on the distancel between two Mn atoménultiplied by the @ Strong concentration dependencelf*" as can be seen
RKKY prefactord®) are summarized in Fig. 7. We clearly from the inset of Fig. 8 for the first NN terms between Mn
observe a much Stronger damp”']g of the exchange intera@loms on the same and- different Ge Sub_lattlces. We see that
tions with distance ifGa,MnN which is due to the larger for larger Mn concentrations we have antiferromagnetic cou-
gap in GaN semiconductor and the strong alloy scattering ifling between nearest-neighbor Mn atoms on different sub-
the impurity band combined with a half-metallic character oflattices which in turn is in qualitative agreement with the
the (Ga,MnN alloy. Electron correlations slightly enhance results of Ref. 4. However, for smaller Mn concentrations,
exchange interactions which, however, remain well localizedhe antiferromagnetic character of tﬁé"”""'” on different

(d/a) along (110)-direction
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> 0 le— NI radtta TN (Ga_y_yMn,As )As as a function of the compositiorx,§y). The
& ? S L ¥ AN 2% —x—yMINASy :
E i ' ‘P@%& *o. diamonds refer to experimental valuéRef. 1) (see the tejt the
E_ 2 ? % *“ ’,M dotted line represents a least-square fit to these data.
= S i ? *
= i \ %, ¥4
m; 4r é of %@ i T cause disorder in the system increases with the Mn concen-
3 © ) tration. The damping is, however, smaller thari@a,MnAs
Q4
= oFT 19 %Q ] alloys with the same concentration of Mn impurities.
b %} (iv) The ferromagnetic character of the exchange interac-
$r S tions is preserved even for distances larger as compared to

I 3 5 7 9 11 13 15 17 the average distance between two Mn impurities.

(d/a) along bond-direction
E. Curie temperatures: (Ga;_,_yMn,As )As and Gg_,Mn,

The general trend of Curie temperatures in
(Ga_x—yMn,As,)As is illustrated in Fig. 10 as a function of
the chemical compositiorx(y). T. increases with in sys-
tems without As antisites and reaches the room temperature
sublattices is reduced and the coupling becomes ferromagt approximately x=0.05. Detailed results for

netic for x<<0.015. On the other hand, tl™™" between (Ga —x—,MnAs,)As alloys without ¢=0.0) and with §

Mn atoms on the same Ge sublattices decrease with increas:-0.01) As antisites are presented in Fig(al1In both cases

ing x but remain ferromagnetic, and a pronounced concenT saturates for higher Mn concentrations and then de-
tration dependence is found only for small Mn concentra-Creases. Such a behavior is the result of the interplay be-
tions. This behavior is quite similar to that of td¥ tween two effects, namely, a decrease of the exchange inter-
(Ga,MnAs [see the inset in Fig. (8, casey=0.0]. It is actions with respect to the Mn concentrat[cspe the inset in
obvious from Fig. 8 and Eq(4) that theji’\j"“"‘"” for more Fig. 5@] which reducesT;, and the factox in the expres

) , ¢ i h | ¢ sianif sion (4) which increasesl,. The same trend and similar
distant pairs of Mn atoms influence the valueTofsignifi- 5,5 ofT, were also obtained recently in the framework of
cantly as is the case in GaAs-based DMS.

_ the CPA approadfi and a frozen-magnon approach using
In Fig. 9 we present the exchange interactia¥:Mn

P an . large ordered supercefld The Curie temperature for a fixed
multiplied by the RKKY prefactod”, Fig. 9a), as wellasin  Mn concentration is strongly reduced with increasing con-
Fig. 9b) in the form Idd33i'}/'“""'”|, along the bond direction

centration of As antisites. This result which is known also
(d is the distance between Mn pair3he following conclu-  from model studies® clearly indicates a strong correlation
sions can be made:

betweenT, and the number of carriers. It should be noted
(i) Substitutional disorder and the nearly half-metallic that the number of carriers is used in model studies only as
character of(Ge,Mn alloys lead to a strong, exponential an empirical parameter. Foy=0.01 T. is reduced by
damping of the RKKY-type oscillations. The exponential ~100-150 K over the whole range of Mn concentrations as
character of the damping of oscillations is clearly seen froncompared to the case ¢=0.0. This is in fair agreement
Fig. 9b). with the experimental data for ferromagnetic metallic
(i) In accordance with a RKKY-type picture the period of samples (0.035x<0.055)!
the damped oscillations is inverse proportional to the size of The concentration of As antisiteg in Mn enriched
the hole Fermi surface, i.e., to the concentration of Mn im-samples is not well known from the experimém.detailed
purities. knowledge ofT, as a function ok andy as shown in Fig. 10
(iii ) As to expected, the exponential dampftige slope of allows us to estimate the relation betweemandy in such
curves in Fig. )] increases with the concentrationbe-  systems. In Fig. 10 we have inserted the experimental points

FIG. 9. Exchange interactions between pairs of Mn impurities in

Gey 997MNg 025 (full symbolg and Gg gdVing o, (empty symbolsas
a function of the distancd=|R;— R;| along the bond directior(a)

(d/a)33}™M(d/a) and (b) In|(d/a)33}"™""(d/a)|.

n,Mn in
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100 © # experiment kY ) C —nM
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for each experimental, that corresponds to a givenand ~ Mn atoms being in the interstitial rather than in the substitu-
determined the concentratignsuch that the calculated and tional position;(ii) the fact that MFA usually overestimates
experimentdi T, coincide. The data obtained in this way TC;_and(m) possible cIu;terlng of Mn atoms and other local
follow approximately a straight line, which in turn SuggeStsenwronment effects, which are neglected in the present MFA
that the number of As antisites increases with the concentrgiudy: The latter two effects can be a_ccoqnted for in the
tion of Mn atoms. A recent evaluation of formation energies'’@mework of the Monte Carlo simulation in terms of an
of the As-antisite defects ifGa,MnAs (Ref. 35 confirms effective He|senberg model. It should bg noted that_ the
this conclusion. present results are in better agreement with the experiment
For a fixed Mn concentration the dependencd pbn the than the percolation model of Ref. 4.
concentration of As antisites is presented in Figlbl,land
shows a monotonic decrease Tyf with increasingy due to F. Effect of disorder on Curie temperature

the decre_asing number of holes_ in the v_alence band which in 11 damping of the exchange interactions due to disorder
turn mediates the ferromagnetic coupling between Mn atynq the half-metallic character of the DMS is usually ne-

oms. This result is in qualitative agreement with predictionsg|ected in model studies. In a supercell approach, the half-

of the KEM modeP® As to be expected, the leadidd™™"  metallic character of the system under investigation is in-
depend on the Mn concentration in the same manner as the

Curie temperaturgsee inset in Fig. 1b)]. JY™M" becomes 400 L

antiferromagnetic for a slightly smalles than the value at 350 b & PT A ]

which T, disappears. This again confirms the fact that next a MFA A

nearest neighbord¥™M" are also important for the Curie 00T @ MRAxg  a” 7

temperature. ol © e 7 ]
The calculated mean-field values @f, Eq. (6), for

Ge, _,Mn, alloys as a function of concentrations are pre- 200 | .

sented in Fig. 12 together with available experimental 8ata.

Curie temperature (K)

The present results are also compared with the percolation 150 1 i
model calculations of Ref. 4. The calculated mean-field val- 100 1
ues of T, for Ge,_,Mn, alloys are in fair qualitative agree-

ment with the experiment, which similar {&Ga,MnAs al- 01 ]
loys also show a monotonic increase @f with the 0 . . . . . . .
concentratiorx and saturation for higher Mn concentrations. 0 05 1 15 2 25 3 35
The concentration of magnetically active Mn atoms in the .

experiment is smaller than the actual Mn concentratidn Mn-concentration x (%)

Assuming a total magnetic moment per Mn atom close to FIG. 12. Curie temperatures of g ,Mn, alloys as a function
3up, the authors of Ref. 4 estimate that only about 40—60 %yt the concentration of Mn atoms: experimental values(@e,Mn
of Mn atoms are magnetically active. This was approxi-jioys (exp, Ref. 4: the mean-field values determined from K@)
mately taken into account here by assuming that=x/2,  (MFA, full squares; the results of the percolation theofT) for
where X.¢¢ is the effective Mn concentration. The results (Ge,Mn alloys in Ref. 4(triangles. Also shown are the mean-field
shown in Fig. 12 are in better agreement with the experimenjalues determined for the effective Mn concentratian ;= x/2
but still overestimatf .. This deviation can be caused 8y  (open squares, see the text
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cluded while the effect of disorder due to impurities isand 3ug, respectively. Both systems exhibit half-metallic
neglected. In the following we illustrate the effect of impu- behavior with filled minority subbands.
rities on T, by comparing fullyab initio calculations based (i) In both systems the exchange interactions between the
on the CPA with simplified models. Mn atoms are ferromagnetic for distances larger than the
In the first model we assume that in (§3gVng o9 As the  average nearest Mn Mn distance as assumed in model stud-
number of holes, in the valence band corresponds to thaties.
in (Gay g5 yMng oAS) As, i.e.,np=0.05-2y. The effect of (iii) In both alloys the calculated exchange interactions
disorder due to As antisites which represent a strong pertuexhibit oscillatory character and are exponentially damped
bation of the host electronic structureee Fig. 18)] is thus by disorder and due to the half-metallic character of minority
neglectedthe rigid band mode! Results forT. obtained by  bands, whereas the isolated Mn impurities in the semicon-
full and rigid band calculations ard.=221 K and T,  ductor host with the same number of valence holes exhibit an
=195 K for y=0.005, respectively, and 126 and 79 K for undamped RKKY-type behavior. The period of the damped
y=0.01. While the trend is the same, i.e., a causing reducescillations is inversely proportional to the number of va-
tion of T, with a reduced number of hole carriers, there ardence holegconcentration of Mn atoms
non-negligible quantitative differences when increasing (iv) The presence of compensating defects such as, e.g.,
In the second model, we compalie for two systems As antisites iNGa,MnAs which reduce the number of holes
(Gay oMng 0sASo 01ZNo o) As  and  (GgeMng osASo.01) in the valence band, leads to a longer period of damped
(Asp 96Co.02), Which have the same number of Mn atoms andoscillations.
the same concentration of holes as in the reference (v) The exchange interactions between Mn atoms in
(Gay 9N, 0 As alloy. In both alloys, Zn dopants on the Ga (Ga,MnAs are reduced with increasing concentrations of
sublattice and C impurities on the As sublattice act as accef?oth Mn and As impurities. The first nearest-neighbor inter-
tors by compensating two electrons created in the valencactions between Mn atoms are ferromagnetic but become
band by each As antisite. Because the numbers of Mn atonrtiferromagnetic in highly compensated systems.
and the hole concentration in the valence band are the same, (Vi) The nearest-neighbor exchange pair interactions
the KEM predicts the samg&. in both alloys as in the refer- 3&"“‘“"“ in (Ge,Mn alloys decrease with increasing Mn con-
ence case, namely 289 K. Full calculations taking into accentration but remain ferromagnetic for Mn pairs on the
count the effect of disorder yield for the Zn- and C-dopedsame Ge sublattices while for Mn pairs on different sublat-
alloysT.=282 and 260 K, respectively. This result is easy totices they become antiferromagnetic with increasing Mn con-
understand: Zn impurities influence states lying far below thecentration.
Fermi energy in the valence band, leaving thus the hole (vii) The Curie temperature fotGa,MnAs alloys is
Fermi surface essentially unchanged. On the other hand, &rongly reduced by increasing the concentration of As anti-
dopants influence also states close to the Fermi energy, leagdites. A comparison of the calculated and the measured con-

ing thus to a larger deviation from the reference value. centration dependences of the Curie temperature indicates a
correlation between the concentration of Mn impurities and
IV. CONCLUSIONS of As antisites, namely, an increase of the donor concentra-

tion with an increase of the Mn content.

We have performed self-consistent electronic structure yjji) The Curie temperature f@Ge,Mn alloys increases
calculations for DMS within the local-density approximation monotonically with the Mn concentration.

by treating disorder within the framework of the coherent-
potential approximation. Based on these first-principles cal-
culations we have determined effective pair exchange inter-
actions for(Ga,MnAs and(Ge,Mn alloys and presented a
detailed study of their dependence on the distance between The research was carried out within the Project No.
the Mn atoms as well as on their concentration and compenAv0Z1-010-914 of the Academy of Sciences of the Czech
sating defects. As a simple utilization of the calculated ex-Republic and was supported by the Grant Agency of the
change interactions we present a mean-field study of Curidcademy of Sciences of the Czech Repubi@rant No.
temperatures. A1010203, the CMS Vienna(Grant No. GZ 45.504 and

The main results can be summarized as follows: the RTN Computational Magnetoelectronics of E(Grant

(i) (Ga,MnAs and(Ge,Mn) alloys exhibit ferromagnetic No. HPRN-CT-2000-00143 We acknowledge discussions
behavior with total magnetic moments per Mn atom @fg4  with B. Jonker concerning GeMn alloys.
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