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First-principles study of the origin and nature of ferromagnetism in Ga;_,Mn,As

Stefano Sanvitb
Materials Department, University of California, Santa Barbara, California 93106

Pablo Ordeja
Institut de Ciecia de Materials de Barcelona (CSIC) Campus de la U.A.B, E-08193 Bellaterra, Barcelona, Spain

Nicola A. Hill
Materials Department, University of California, Santa Barbara, California 93106
(Received 3 November 2000; published 4 April 2D01

The properties of diluted Ga,Mn,As are calculated for a wide range of Mn concentrations within the
local-spin-density approximation of density-functional theory. lIMan population analyses and orbital-
resolved densities of states show that the configuration of Mn in GaAs is compatible with eifher 3d®;
however, the occupation is not integer due to the lgrgkhybridization between the Md states and the
valence band of GaAs. The spin splitting of the conduction band of GaAs has a mean-field-like linear variation
with the Mn concentration, and indicates ferromagnetic coupling with the Mn ions. In contrast, the valence
band is antiferromagnetically coupled with the Mn impurities, and the spin splitting is not linearly dependent
on the Mn concentration. This suggests that the mean-field approximation breaks down in the case of Mn-
doped GaAs, and corrections due to multiple scattering must be considered. We calculate these corrections
within a simple free-electron model, and find good agreement withabunitio results if a large exchange
constant NB=—4.5eV) is assumed.
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[. INTRODUCTION where Ng is the p-d exchange constan§ is the valence-
band electron spin, anflis the impurity spin. In this model
The discovery of ferromagnetic order in diluted magneticthe exchange constant, which governs the spin splitting of
semiconductor§DMS’s) made of heavily Mn-doped InAs the valence band of the host semiconductor, enters quadrati-
(Ref. 1) and GaAs(Refs. 2—4 paved the way for many cally into the expression for the Curie temperature. There-
semiconductor spin devicésin particular the ferromag- fore, its exact evaluation is crucial for making quantitative
netism of Ga_,Mn,As adds the spin degree of freedom to predictions about the ferromagnetism in both existing and
the GaAs(Al, Ga)As system which, in the last few years, has Possibly new materials. .
been the benchmark for interesting physics and for high- Unfortunately, in contrast with the case of II-VI DMS's,
speed electronic and optoelectronic devices. the experimental determination b3 is not conclusive, and
The long spin lifetim&and spin coherenéef GaAs have both the sign and the magnit_ude are not well known, par_ticu-
already been demonstrated. Recently the feasibility of spitf!y for large Mn concentrationsx(0.01). From the exci-
injection into GaAs using Ga Mn,As contacts was ton splitting in the low dlluthn Ilmlt «<0.001) the coupling
proved overcoming the intrinsic difficulty of injecting spins E’ fo_qu:dz tg ti/elje_:frrt?]magnﬁtlc, with artl e>t<<;hatnhge corgjstatr_lt of
into semiconductors from magnetic metalShese two ef- p=+2.5ev,if the exchange constant for the conduction

bandN« is assumed to be-0.2 eV (a typical value for Mn
fects suggest that the Gal, Ga)As/Ga _,Mn,As system in 1I-VI semiconductors Reflectance magnetic circular

is the best candidate for injecting, storing, and manipulatingy; .y, s 5 ang magnetoabsorption experiméftpresent
SPInS i entlrgly _solld—state devices; a va_lluable step toward Bontroversial results, since the absorption edge splitting is
practical real|zat|on'of quantum computify. .__strongly dependent on the hole concentratitine Moss-
Although f[here IS _g_eneral agreement on thE.’ carmery, rstein effect, which in turn is difficult to determine from
(hole) mediated origin of the ferromagnetism in ,nqhort measurements because of a strong magnetoresis-
Ga_Mn,As, the detailed mechanism is still a matter of \3nce yp to very high magnetic fieléiddagnetotransport ex-
debatel.l_mRecentIy Dietlet al. studied the ferromagnetism periments are able to measure only the magnitude of the
of IllI-V DMS'’s within the Zener mOdel, and obtained gOOd exchange constant, and the values obtained vary fmm
agreement with existing experimental data using a few phe=3 3 ev (Ref. 17 to |[Ng|=1.5eV!® Finally a recent core-
nomenological parameters. One of the key elements of thgyg| photoemission stud$ of Ga g,dMiNg 07 AS gave NA

model is the mean-field Kondo-like coupling-d Hamil- = _1 2 ev if a M?* configuration is assumed. Nevertheless
tonian between the valence band of the host semiconducta js worth noting that the raw data are compatible with both
and the magnetic impurity, the Mrf™ and Mr?* configurations, and so one cannot make

a definite determination of the sign bfg3.
_ From a theoretical point of view, the exchange interaction
Hspa=—NBS-S, (1) for the conduction band results from a direct Coulombic ex-
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change, and is expected to be ferromagnetic. In contrast, theerical localized atomic orbitals as basis sets. This method,
exchange interaction of the valence band has a kinetigmplemented in the codeiEsTAZ®~2°combines accuracy and
energy origirt® and the sign and strength of the couplinga small computational cost compared to other approaches
depend critically on the population of the spin-polarized Mnwith considerably larger computational requirements, such as
d shell. Three types of Mn centers in GaAs are possible. Th@lane waves. In this approach, however, special care must be
first two can be seen as substitutional Mrand Mrf*, re-  devoted to an optimization of the basis set, in order to obtain
spectively, with the former neutraAf with formal 3d* con-  the desired accuracy. In this section, we describe the optimi-
figuration with spin S=2 and the latter negatively charged zation procedure used in this work. For all the DFT calcula-
(A~ with formal configuration 8°) with spin S=3. The tions presented here, we use the Ceperley-Afderm of
third center is obtained whelh™ weakly binds a hole, form- the exchange-correlation potential. Self-consistency is
ing a neutral (8°+h) complex. TheA~ center provides achieved using the Pulay density mixing schéihaijth a
only antiferromagnetic coupling with the valence band,convergence criterion of 18 for the change in the elements
while the neutralA° centers can provide either ferromagnetic of the density matrix.
or antiferromagnetf¢ coupling.

From this brief overview it is clear that a detailed descrip- A. Pseudopotentials
tion of the electronic structure of Mn in GaAs is crucial to

understand and correctly model the ferromagnetism OI\/I We use the W|de!y u;ed scglar relativistic Trpulller-
, i artins pseudopotentigfwith nonlinear core correctiofs
Ga _Mn,As. In this paper we address this issue by calcu-

lating the ground-state properties of GaMn,As over a and Kleinman-Bylander factorizatiofl. The reference con-
9 g _propert T X, figurations are 4%4p°3d®, 4s?4p®3d° and 4s%4p*3d°, re-

range of Mn concentrations using density functional theoryS ectively, for Mn, As, and Ga. The cutoff radii for the

(DFT)?2 in the local-spin-density approximatiofLSDA). P Y, e ' b,

We use a numerical implementation of DFT based Onanddcomponents of the pseudopotential &t 2.00, 2.20

) : 2325 and 1.90 a.u. for Mn(2) 1.90, 2.20, and 2.50 a.u. for As; and
pseudopotentials and pseudoatomic orbitiié> Although (3) 2.10, 2.50, and 3.0 a.u. for Ga. We check the pseudopo-

the convergence versus basis set with localized orbitals is” X . .
e . : entials at the atomic level by comparing the pseudoeigen-
more difficult than with plane wavesvhere a single param- ; .
values with those generated by all electron calculations for

eter, the energy cutoff, determines the completeness of the . o . .
several atomic and ionic configurations.

basi, the method has the great advantage of being able t0 In order to check the transferability of the pseudopoten-

handle a large number of atoms with an accuracy comparabg.leals iust described. we have chosen fo USe a plane-wave
to plane-wave methods. This allows us to investigate varioumethlodgl This aIIovx,/s us to perform essentiall cgnver ed
Mn dilutions without the need of large computer resources, : . P . Yy 9
) o . calculations with respect to the basis ¢y using a suffi-
Moreover the pseudoatomic basis is very convenient for

. ; . . ..._ciently large energy cutoff for the plane wayeand to iso-
analysis of atomic occupation and orbital-resolved densitie ” . . .
s . . ate pseudopotential effects from basis set effects in checking
of states(DOS’s), since no overlap integrals between differ-

the pseudopotential. We have computed the equilibrium lat-
ent bases have to be calculated. tice constant and the band structures of both GaAs and

The remainder of this paper is organized as follows. In : ) )
Sec. Il we provide some technical details about the calculaMnAS’ both of them showing good agreement with previ-

; : e . - ously published result¥.
tion method,_ |Ilustr_at|ng in_particular how to optimize the After testing the pseudopotential, we have also calculated
pseudoatomic basis set. Then we present our results f?ﬁ '

. . _ e band structure for a fixed localized orbitals basis set over
Ga _,Mn,As for Mn concentrations ranging from=1 to f dopotential cutoff radii. Our results show as
0.02. We analyze the density of states projected onto thg 'ange ot pseudopote . .
different orbital components and the charge distributione).(peCted’ that pseudopotentlals that yield the best _results
. g . with plane waves also give the best band structures with the
around the Mn ions, and we perform Mken population localized atomic orbitals
analyses to determine the occupation of drerbitals of Mn. '
In Sec. IV we discuss thp-d exchange constant and com- .
pare our results with that expected from the Kondo-like ef- B. Basis set: Number of¢’s
fective Hamiltonian[Eq. (1)] in the mean-field approxima-  Let us now turn our attention to the pseudoatomic basis
tion. Then we illustrate how the mean-field picture breaksset. The procedure to generate the numerical atomic orbitals
down in the case of Mn in GaAs and how the local-density-was described in Ref. 33. The atomic orbitals are constructed
approximation(LDA) results can be explained by a simple as the product of an angular function with a given angular
model which includes multiple scattering contributions. Fi- momentuml (yielding to s-type, Px.Py P, type, etc. orbit-
nally in Sec. VI we present our conclusions. als), and a numerical radial function. Several functions with
the same angular and different radial form can be considered
to represent the same atomic shell, referred to as multiple-
functions. The radial functions are determined as follows: the
Since we are interested in a calculation of the electronidirst {'s are obtained, according to the scheme proposed by
properties of diluted alloy systems, we need a method that iSankey and Niklewsi? as confined pseudoatomic orbitals
able to handle a large number of atoms with sufficient accu¢PAQO’s) which result from the DFT solution of the free atom
racy within a periodic supercell approach. For this purposewith the pseudopotential and a spherical potential of radius
we use a DFT approach based on pseudopotentials, and ny:. The pseudo-wave-functiogh(r) constructed in such a

Il. COMPUTATIONAL TECHNIQUE
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way extends only to distances smaller than the cutoff radius 0.22

r.. Note that this does not correspond to a simple truncation,/;1758~5
since the pseudo-wave-function is continuous-at,. Sec- > I
ond and successivé's are constructed in a split-valence 2175
spirit. They are obtained by subtracting from the figsa /M

function which reproduces the tail of the pseudoatomic or- 17595 R

—10.2 o~

>

0.18.2

—0.l6<§
4

—0.1

bital for r>rp, and continues toward the origin a¥a 01T 2 3 4 s 67890 5
—br?). Herel is the angular momentura,andb are param- Basis Set Number

eters chosen to ensure the continuity, and DZ refers to o R I dl 1
“double-{.” rpz is chosen in such a way that the total norm ~_ 77| i (© 1 (d) NS
beyond this radius has a certain value. In the present calcu™ 878 8 Ll &
lation we always fix the norm beyong; to 15% of the total =" g7 - ] <
norm, noting that small variations around that value do not™ ss0k ] 150 <1LL
produce any significant changes in the total energy. Furthe: _SSb- TN | BT P

{'s are calculated by repeating the same scheme. This ap
proach is more efficient than using excited states of the neu-
tral atom, which can be unbourid. FIG. 1. (a) Epy, Ear, and(b) Ag, for the basis of Table I. Note

The optimization of the PAO basis is more delicate thanthe decrease of the total energies as the basis becomes more com-
that of its plane-wave counterpart. In the case of the PA(lete. A, saturates for basis 5. Ift) and (d), respectively Egy,
bases used here, several parameters determine the accur&ay. andAg, stand for the fifth basis set of table | as a function of
of the basis: the number afs for each shell, the angular the sc_aling parametérNote thatA gp saturates soc_mer_than the total
momentum components included, the confinement radii, et&nergies for ferromagnetic and antiferromagnetic alignments.

All these must be optimized to achieve the required accu- ) ) ) o ]

racy. Since we are interested in describing the magneti€ orbitals of Mn for which we use triplg-(this is the fifth
properties of Ga_,Mn,As, it is natural to choose a magnetic basis set in Table)l Note_ that we can aff(_)rd to use triple-
guantity as the one to monitor the convergence of our resultr Mn-d, since few Mn lons are present in the C(.a”' In con-
with respect to the basis set quality. We study the energt ast, the use of larger bas!s sets for Ga and A.S yields a more
differenceA, between the antiferromagnetic and ferromag- ramatic increase of the size of the computations.

netic alignments of two Mn atoms in a four-atom unit cell of

zinc-blende MnAs as a function of the basis set. The lattice C. Basis set: Cutoff radii

constant is chosen to t&g=>5.8 A, which is the critical lat-
tice constant for the half-metallic behavior of MnXs.

The first problem we address is the number/sfto in-
clude for each atomic orbital. We start by choosing double-
for the s orbitals of both Mn and As, and singlefor the p
and d orbitals of Mn; then we progressively increase the
number of basis orbitals. The initial cutoff radii are

Next we turn our attention to the choice of the cutoff radii
of the basis sets. For free atoms, the optimum cutoff radius
of any orbital (as the one which minimizes the energg
infinite, since that case corresponds to no confinement poten-
tial, which yields to exponential tails for all the atomic wave
functions. However, in solids this criterion does not hold,

. since the lack of vacuum and the presence of a crystal po-
=6.0_a.u. for thes and p orbitals of Mn,rc=5.0a_.u. for the tential tend to confine the atomic WF;ve functions m())/re thgn
d orbital of Mn, andr.=5.5a.u. for thesandp orbital Of AS. i, the free atom. In this situation, the confinement of each
These are proportional to the positions of the maxima of theAg should be optimized to minimize the total energy. This
unconstrained pseudo-wave-functions. procedure has shown in other systems, such as bulk b&t Fe,

I_n Fig. 1 we pres_ent the total _energies _for the ferromagv[hat a finite and relatively small confinement radius can pro-
netic (Egy) and antiferromagneticE,g) alignments, and

Apa, for the different PAO bases listed in Table I. From the

. . US| b hed. Fi TABLE I. Summary of the bases used in Fig. 1. In the first
picture two Important conclusions can be reached. First, aColumn we show the indicator of the basis, and the following col-

cording to the usual variational principle, the total energies;mns show the number d@f(N,) for each orbital.
for both ferromagnetic and antiferromagnetic configurations ¢

decrease with an enlargement of the basis. Second, the splisis N, (Ass) N (Asp) N,(Mns N, (Mnp) N, (Mnd)
between the ferromagnetic and antiferromagnetic configura

tions is significantly reduced by using tripies for the d 1 2 1 2 1 1
orbitals of Mn (note the large decrease af, when going 2 2 1 2 1 2
from basis 1 to basis 2 and from basis 4 to basisaid 3 2 1 2 2 2
double¢ for the p orbitals of As. This sensitivity of the mag- 4 2 2 2 2 2
netic phase stability to the Asand Mnd basis is consistent 5 2 2 2 2 3
with the magnetism in MnAs being driven by strompgd 6 2 2 3 2 3
hybridization. Since we are mainly interested in the magnetic 7 2 3 2 2 3
properties of diluted systems describable by very large unit g 2 2 2 3 3

cells, we decide to use doubdder all the orbitals except the

165206-3



STEFANO SANVITO, PABLO ORDEj@, AND NICOLA A. HILL PHYSICAL REVIEW B 63 165206

O e e L B S B S 4.5
108 (a) .
1.06 C ]
T loar .
o 1.02| s
b ]
o9sf . . . . . e

(eV)

AE

(eV)
G

27F -

e-t,

2.6 -

AE

2'5_.|.|.|.|.|.|,_ P R T T SN R R B
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 %-2 53 5.4 55 . . 5.8 59 6

5.6 5.7
¢ 8, (A)

FIG. 2. e-t; energy split at thd" point for MnAs: (&) majority FIG. 3. Magnetization as a function of the lattice constant for
spin, (b) minority spin. zinc-blende MnAs.

vide lower energies and therefore more accurate bases than . ) )
long values of .. These calculations also show that the op-CUtOff radii tot=1, noting thatEry andE ¢ differ from the
timum confinement radius of each PAO depends very muchalue obtained forAEp,o=0.001 Ry by only 0.04%, and
on the particular orbital. In our case, however, it would bethatAga differs by only 2%.
too complex to optimize, for all the orbitals in our system,
due to the large number of these. Instead, we have followed
a simpler approach. We vary the initial cutoff radii uniformly _ _ _
by multiplying all the radii by a common scaling factorA We further test our basis set by computing the energy split
somewhat similar criterion is to use the orbital energy shifttetween Mnd states withe andt, symmetry at thd" point,
AEppo as the variational parameter, which is the energy in2nd the dependence of the magnetization on the lattice spac-
crease that each orbital experiences when confined to a finit8d for zinc-blende MnAs. These two tests give an indication
sphere, and can be used as single parameter to test tAkthe accuracy of the-d exchange, which is a dominant
convergencé® interaction in Ga_,Mn,As. In fact, at thel’ point thet,

In Figs. 1c) and Xd) we presen€py, Ear, andAp, as  States are coupled W_ith the_: Awstates, While_the states are
functions oft for the fifth basis set of Table I. The last point decoupled, and their splitting is determined by thed
in Figs. 4c) and Xd) (t=1.41) corresponds to a basis with cOupling. _
an orbital energy shif Eppo 0f 0.001 Ry. A convergence of [N Fig. 2 we present the energy sphiE..,=E.—E;, as a
0.001 Ry was successfully used to describe the magnetitinction oft for both the spin directions. The-t, split con-
properties of Ni clusters on Ag surfac&sand is considered verges monotonically, and there is a variation of omg%
an optimal value for the convergence. However, in our casgoing fromt=1 to 1.41 AEpao=0.001Ry). If we now
we prefer to use smaller cutoff radii in order to reduce thecompare this result with our previously published resits
computation time. From Fig.(d) it is clear that the satura- obtained with plane waves, we note that our present results
tion of Ags occurs for shorter radii than those required togive ane-t, splitting around 50 meV less than the plane-
converge the total energies. We therefore decide to fix thevave splitting for both spins. This is roughly the same dis-

D. Comparison with previous calculations

TABLE Il. Kohn-Sham eigenvalues calculated using various methods. The energies are calculated with
respect to the top of the valence band, and all the units are eV BAMd PAQ,, are the results of the
present calculation assuming the lattice constant to be the experimentabyalBe65 A and the theoretical
valueay=5.635 A, respectively. LAPW stands for linear augmented plane wave and PW-PP for plane wave

pseudopotentials.

GaAs r, r, X, X3 Xs X L, Ly Ly Ly
PAOgypt —-1291 0.57 -10.53 —-7.05 —-2.84 171 —-11.25 -6.86 —-1.26 1.34
PAGheor —-1299 0.66 —10.56 —-7.10 —-2.88 1.88 —11.30 —-6.92 -1.27 1.39
LAPW (Ref. 39 —-12.80 0.29 -10.29 -6.89 —-2.69 135 -—-11.03 -6.70 —-1.15 0.85
PW-PP(Ref. 38 —12.56 0.55 —-10.25 —-6.70 —2.58 143 —-1095 -6.52 —-1.09 1.02
LDA-PAO (Ref.39 —12.38 1.03 —-9.85 -6.72 —2.66 159 —-10.63 —-6.53 —-1.14 1.28
EXP (Ref. 40 —-13.10 1.63 —-10.75 -6.70 —-2.80 2.18 —-11.24 -6.70 —1.30 1.85
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crepancy found forAr,. As we have just shown, such a the situation is markedly different. The majority-spin band
deviation from the plane-wave calculation cannot be liftedhas a rather sharp peak, characteristic of a narrow band,
by increasing the size of the basis, since this does not provhile the minority-spin has a gap. Such a band structure is
duce variations larger than 2%. A possible origin of such g&he signature of a half-metallic material. The total magneti-
disagreement may be the slightly different pseudopotentialgation of the cell is 4. Our calculations for higher and
used. lower Mn concentrations show that the magnetization does
In Fig. 3 we present the magnetization as a function of thé10t change with the Mn concentration. In the minority band
lattice constant for MnAs, and compare it with that obtainedthe corresponding peak is shifted to higher energy, and is
previously in our plane-wave calculatioffsThe agreement Very close to the edge of the GaAs conduction band. If we
is quite good; the transition to the half-metallic state is cor-now consider the DOS projected onto the different orbital
rectly predicted fora,=5.8 A, and the dependence of the components of the wave function, and look at éwndt, d
magnetization on the lattice spacing is well reproduced fostates of Mn, some interesting features appear. The majority
a,>5.3A. For smaller lattice spacings the two calculationsband exhibits two broad peaks betweed and—1 eV be-
disagree, with a tendency of the PAO basis to overstabilizéow the Fermi energy, with strongandt, components, re-
the ferromagnetic phase. However, this is not surprisingspectively. In addition there is a rather narroypeak at the
since the portability of the pseudopotentials used in the twd-ermi energy. In contrast the minority band has almostino
cases is different. character beloviEg but instead has two shagandt, peaks
Finally we check the ability of our optimized basis set toaround 1 eV abov&r . The different peak widths reflect the
describe the electronic and structural properties of GaAgdifferent degrees of hybridization of the Mhband with the
which forms the matrix where the Mn ions are included inGaAs bands. The hybridization is much stronger for states

Ga_ Mn,As. We find an equilibrium lattice constant af ~ far below the Fermi energy. _ _
—5.635A which is remarkably close to the experimental N order to have a better understanding of ke hybrid-
one. Moreover the bandstructure is very accurate; a comparzation in diluted Ga_,Mn,As, in Fig. 5 we present the
son of our calculated eigenvalues with existing calculationgVolution of the Mne peaks as a function of the Mn concen-
is presented in Table II. tration. The most _relevant fgatu_re is that for the sharp peaks
In summary, we are confident that the results, which wdh Poth the majority and minority bandgolumns (b) and
obtain using the numerical atomic orbital method with the(C)] therelative intensity of thed component of the DOS is
combination of Troullier-Martins pseudopotentials and theindependent of the Mn concentration. Therefore, those por-
basis set described in this section, are in good agreemeHpns of the DOS must be derived almost entirely from the

with LSDA results obtained using other techniques. Mn impurity and its four neighboring As atoms. This can
also be seen by looking at the DOS projected onto ghe

states of the four atoms tetrahedrally coordinated with Mn

lll. ELECTRONIC CONFIGURATION OF GaAs:Mn (the dot-dashed line of Fig.)5In summary, our analysis
In this section we study the electronic structure of Mn in
GaAs. We consider large GaAs celfsom two to 96 atomp 100

in which we replace one Ga atom with a Mn atom (n

We use 1& points in the corresponding irreducible Brillouin

zones for all the supercells, and over 100Qoints for the

primitive zinc-blende unit cel(two atoms. Since the cell 50
contains only one Mn atom and we use periodic boundary
conditions, the Mn atoms are forced to be ferromagnetically
aligned. For the smaller cell82 and 48 atomswe perform
several simulations changing the shape of the unit cell. This
is equivalent to investigating different arrangements of the
Mn atoms with respect to each other. We find that, although
the general properties do not change, different Mn ion ar-
rangements in the cell result in different total energies. For
all the calculations we assume the GaAs experimental lattice
spacingap=>5.65A.

DOS

50

100

A. Partial DOS and charge-density distribution

We start by analyzing the orbital-resolved density of
states. In Fig. 4 we present as an example the DOS obtained g, 4. partial density of state for GaMn,As for x=0.3 (one
fOI’ a 64'at0m unit Ce" W|th one m SubStItutlon. Slmllal‘ MnGain a 64-atom GaAs Cetl (a) majority spinl(b) minority Spin.
features are obtained for both higher and lower Mn concenthe vertical line denotes the position of the Fermi energy. The
trations. Far from the Fermi energy the DOS remains close tdashed and dotted lines represent the projection of the DOS onto
the DOS of GaAs(see Fig. 4, with a lower-energy A%  the Mnd t, ande orbitals, respectively. The dot-dashed line repre-
band and a Ga&l)-As(p) valence band. At the Fermi energy sents the DOS for GaAs.
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(b)

(©)

FIG. 5. Total and orbital-resolved DOS's for different Mn con-
centrations. The three columns correspond to different energy re-
gions and spins(a) majority band between-4 and—1 eV below
Er (broad Mnd peaks$, (b) majority band at the Fermi energy
(sharp Mnd peak, and(c) minority band 1 eV abov& . The four
rows indicate different Mn concentrationd) x=0.06 (one Mn in
32 atoms, (2) x=0.04(one Mn in 48 atomks (3) x=0.03(one Mn
in 64 atom$, and(4) x=0.02(one Mn in 96 atoms The solid lines
denote the total DOS, while the dashed, dotted, and dot-dashet'ﬁ
lines denote the DOS’s coming from thestates of Mn, the states
of Mn, and the Asp) states of the four As atoms neighboring the  |n the case of Mn the magnetization saturates Ror
Mn impurity, respectively. Note that states of columbg and (c) =4.0a.u., and remains almost constant ugRfe-18.0 a.u.
fjo pot scale with the concentration, indicating strong local hybrid-Wh(_:‘n the next Mn shell is encountered. Hence we can easily
ization. deduce that the Mn magnetization ig4, which is the satu-

ration value. In contrast the magnetization around the As
shows that the MnAscomplex accounts for most of the jons shows a negative minimuthetween 2 and 3 a.u. from
DOS at the valence-band edge for the majority band and ahe As ion, depending on the position of the As ion relative
the conduction-band edge for the minority band. to the Mn ion, followed by a sharp increase. The minimum

In contrast, the Mrd states far belowEg result from  corresponds to a negative spin polarization with respect to
strong coupling with the orbitals of all the As atoms of the the Mn, and the following magnetization increase occurs at
GaAs cell. This can be clearly seen in Fig. 6, where wedistances where the polarization of the neighboring atoms
present the charge-density isosurface plots corresponding #arts to be included in the integration. In the case of a first-
the three DOS'’s of Fig. 5. Figure 6 shows that the chargeearest neighbor this magnetization increase is due mainly to
corresponding to states at the edge of the GaAs band gaptse spin polarization of MjFig. 7(b)] and in the case of
localized around the MnAscomplex[Figs. 6b) and Gc)],  second-nearest neighbors it is due to the four Ga ions coor-
while the remaining Mrd states are hybridized with all the dinated to As[Fig. 7(c)]. It is interesting to note that the
As-p orbitals[Fig. 6(&)]. polarization of the As ion is always negative with respect to

We now turn our attention to the distribution of the mag-that of Mn. This means that Mn and As are antiferromagneti-
netization around the Mn ion. The magnetization around oneally coupled. The values of the spin polarizations of As at
atom placed aR; is calculated as the minima are—0.03ug and —0.005ug, respectively, for

first- and second-nearest neighbors. These values of polariza-
tion are similar to those already published for GaAs/MnAs
M(Ri)= fn [pi(r=Ro)—p (r—Rg)]dr, (20 superlattices calculated with a first-principles linear-muffin-
Ri tin orbital—atomic-sphere-approximation mettfddlt is
. . . worth noting that we did not find any sizable changes in the
where Qg is a sphere of radiu®; and p,, is the charge - hatization per atom as a function of the Mn concentra-
density for the spirr. The charge density is calculated on atjgn for all the concentrations studied.
real-space grid by evaluating the localized orbitals on such a Finally we compare the orbital resolved DOS of
grid.2* Of courseM (R;) depends on the cutoff radig . In Ga, _,Mn,As with that of zinc-blende structure MnAs. In
Fig. 7 we present the magnetization of Mn, and of the firstFig. 8 we present the DOS for zinc-blende MnAs with the
and second As nearest neighbors of Mn as functior®;of lattice spacing of GaA$5.65 A), which is the same lattice

FIG. 6. Charge-density isosurfaces for the three states shown in
Fig. 5. In this case we consider onk=0.06 (one Mn in a cubic
32-atom cell. (a) Majority band between-4 and—1 eV belowEg
(broad Mnd peaks. (b) Majority band at the Fermi energgharp
n-d peak. (c) Minority band 1 eV abovéEg. The Mn ion is in
e center of the cell.
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5 — ] with the Asp states at the edge of the valence band. The
4 magnetization integrated around Mn ions is smaller in zinc-
3 blende MnAs at this lattice constant than in,Ggvin,As.
ol For a lattice spacing of,=5.65A we find a Mn polariza-
i tion of 3.79ug, compared with 4,05 of Ga _,Mn,As. In
- contrast the polarization of As in zinc-blende MnAs is con-
0_02 siderably larger, with an integrated magnetization of about
—_ I —0.17ug . We also note that on increasing the lattice spac-
& 0.02 . . o . .
= I ing the spin polarization of Mn increases, but the polariza-
ion of the As is largely unchanged. For instance
E Or t f the A | | h d. F t agt
-0.02 =5.80A we find 4.0&g and —0.17ug, respectively, for
0,04k the Mn and As magnetizations. This suggests that the polar-
T ization of Mn is related to the ionicity of the bond with As.
0 A more quantitative comparison of the zinc-blende MnAs
0 002' Wift.h_diluted GqTXMnXAs can4?l?e obtaine_d by performing
| Muilliken population analyse€:**We describe the results of
-0.004 such analyses in Sec. Il B.
o 1 2z 3 4 )
R (au) B. Mulliken population analysis
i

We perform Miliken population analysé$*®in order to
FIG. 7. Magnetization profile as a function of the integration compare quantitatively the orbital occupations of
radiusR; for Ga _,Mn,As with x=0.03 (one Mn ion in a cubic Ga _,Mn,As at different dilutions. The Miiken population
64-atom GaAs cell (@) Mn. (b) First-nearest As atom to Mric)  analysis is a convenient way to separate different contribu-
Second-nearest As atom to Mn. tions to the total charge density. Suppose we have a system
described by the wave-functioh=cq¢1+ Coib», Wherey,
spacing that we used for diluted GgMn,As. For this lat- is a localized function and, is the corresponding ampli-
tice spacing MnAs is not a half-metal, since the Fermi entude. Then, if the stateé) is occupied byN electrons, the total
ergy in the minority band cuts through the conduction-bandccupation can be written as
edge, mainly dominated bg electrons. Although the total
DOS is different the projection onto thi:orbitals closely N=Nci+ 2NC,CySy+ Nc%, ®)
resembles that of diluted Ga,Mn,As (see Fig. 4 In par-
ticular there is a large occupation of tleorbitals in the where S, is the overlap integralf ¢, ¢,dv. Mulliken de-
majority band, while in the minority band only the bands of fined the subpopulationsic and Nc5 as net populations,
t, symmetry are occupied as a result of the hybridizatiorand 2Nc,c,S;, as overlap population. Moreover if the over-
lap population is equally split between the two wave func-

20 ' ' T ' T ' tions, we obtainNci+Nc,c,S;, and Nc3+Nc,C,S,,, re-
r ] spectively, which are referred to as gross populations. In
15- —— Total DOS . what follows we always refer to the gross population. If the
L _———-t !

] functions ¢, represent orbital components of the angular
— momentum, then the populations correspond to orbital popu-
. lations and the overlap population is the orbital overlap
- population. Similarly if the functions), are atomic wave

_ functions for the atonw, then we obtain the atomic popula-
tions and the atomic overlap population. We also definéMu

_ liken atomic charge as the difference between the gross
y i atomic chargsi.e., eNc§+ eNc¢,c,S;,, with e the electronic

L ) charge and the valence charge of the isolated atom. It is

2
1ok e e

D(O)S
=

oL _ widely accepted that the absolute magnitude of the atomic
| i charges can depend strongly on the basis set in which they
sk _ are calculated? However, relative values of Miiken popu-
L _ lations can provide useful information when comparing dif-
20 . | . L . I . ferent systemgfor instance, the amount of covalency in
-20 -15 -10 -5 0 semiconductons®®
E (eV) We start the analysis by calculating the lken atomic

charges for Ga, Mn, and As in GaAs, MnAs, and
FIG. 8. Orbital-resolved DOS for zinc-blende MnAs with a lat- G —xMn,As at different concentrgtion(quble ). In the
tice spacing of,=5.65 A. The vertical line denotes the position of case of Ga_,Mn,As, for each atomic species we present the
the Fermi energy. average values over the cell. Since we have already
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TABLE IIl. Mulliken charges for GaAs, MnAs, and of the potential. Therefore, an increase of thellMan
Ga_x, Mn,As at different Mn concentrations. The last two col- charge of Mn with concentration is expected. Nevertheless

umns correspond, respectively, to the average over the As atonhe agreement is only qualitative, and a definitive prediction
excluding the ones coordinated with Mn, and the average over thg;caq solely on Miiken analysis cannot be made
four As atoms coordinated with Mn. The lattice spacing of MnAs is We now turn our attention to the orbital popljlation In

assumed to bay=5.65A. Table IV we present orbital populations for theorbitals of

Material Ga(e) Mn(le)) As(el) AsV(el) As_ and_d orbi.tals of Mn in MnAs apd_ G@.XMI’]XAS for both
spin orientations. As before, we distinguish between th& As

GaAs +0.056 —0.056 atoms and the remaining As atoms. We do not report the

MnAs —-0.322  +0.332 orbital populations for Ga for the orbital of As or for thes

GaygaMngosAs  +0.042  —0.089 —0.046  +0.005 andp orbitals of Mn, since they are not relevant to the dis-
Gay g5dVINg gaAS +0.046 —0.085 —0.049 +0.005 cussion.

GaygeMnoosAs  +0.047  —0.083  —0.049  +0.005 Several important aspects can be pointed out from Table
GaygrMngo2As ~ +0.049  —0.082  —0.050  +0.005 IV. The total population for the orbital of Mn is around 5.5
electronic charges for all the systems studied. We do not
expect integer values for the orbital population, since a
shown that the four As atoms coordinated with Mwhich  strongp-d hybridization is present. The total overlap popu-
we denote by AY) have quite different properties than the lation for zinc-blende MnAs is about 0.6 electronic charges,
remaining As atoms, we calculate their average atomi@nd this can be considered to be the uncertainty on the de-
charge separately. The table shows clearly the local charactegrmination of the orbital population. This gives Mrorbital

of the MnAs, center. We note that the average’ INken occupations of 4.60.6 and 0.8 0.6 for the majority and
charges of Ga and As closely resemble those of GaAs, paminority bands, respectively. Although the orbital population
ticularly for low Mn concentrations. Of course in the ex- is not an observable quantity, and its absolute value may be
tremely diluted limit GaAs:Mn one expects the averageaffected by the choice of the basis set, we can conclude that
charges of Ga and As to be exactly those of GaAs. In conthe atomic configuration of Mn in GaAs is compatible with
trast, the average Miken charge of the four As atoms co- both 3d® and 3°. This is in agreement with recent x-ray-
ordinated with the Mn impurity does not change with the absorption magnetic circular dichroism experiméfiwhere
concentration, confirming that the electronic structure of thehe data are interpreted by assuming a Mn configuration con-
MnAs, complex is not affected by the concentration. It is sisting of 80% Mn 3° and 20% Mn I°. It is interesting to
also interesting to note that these As atoms have small positote that by decreasing the Mn concentration there is an
tive atomic charges, whereas the other As atoms have negacrease of the polarization of tlteorbital of Mn (the orbital

tive atomic charges. A positive As atomic charge is alsopopulation is enhanced in the majority band and reduced in
found in zinc-blende MnAs, although in that case its magni-the minority bandl This seems to be in favor of the™3d°

tude is much larger. The transition from GaAs:Mn to zinc-configuration in the limit of high dilution, as reported exten-
blende MnAs with increasing Mn concentration is reflectedsively in the literaturg®47:49-51

in the increase of Miliken charge on the Mn atoms. There-  Table IV also shows clearly that there is antiferromag-
fore, the Mn-As bond becomes more ionic when the Mnnetic coupling between the Mthand Asp orbitals. The A9
concentration is increased. This picture, together with therbitals in fact have quite a large spin polarization as op-
almost complete occupation of tlteshells in the majority posed to that of Mn. This cannot be due to the overlap com-
band discussed in Sec. lll A, is consistent with modeling Mnponents of the orbital population, which would give the same
in GaAs as arA impurity center composed of a negatively polarization as that of Mn. It is also interesting to note that
charged Mn ion in a® configuration, and a weakly bound the spin polarization is much larger among the "Aatoms,
hole (d°+ h).*%4" The increase of the Mn concentration, and for which it is almost insensitive to the Mn concentration,
the consequent increase of the hole concentration, reduce thigan among the other As atoms. As expected, it is still
binding energy of the bound hole due to the partial screeningmaller than the As spin polarization in zinc-blende MnAs.

TABLE IV. Mulliken orbital populations in MnAs and Ga,, Mn,As at different Mn concentrations.
The symbols| and | correspond to majority and minority spins, respectively. The last two columns corre-
spond to the four As atoms coordinated with Mn. The lattice spacing of MnAs is assumed dg be

=565A.

Material Mnd;(le[) Mn-d(Je]) As-p;(le]) As-p,(le]) AsV-p;(le]) AsV-p,(|e])
MnAs 4.642 0.855 1.365 1.650

G 03MNg 0 AS 4.665 0.788 1.626 1.637 1.580 1.647
Gay 0sMNg ouAS 4.679 0.770 1.628 1.638 1.583 1.644
Gay 0sMNg gz AS 4.675 0.771 1.630 1.637 1.584 1.644
Gay g7MNg oo AS 4.682 0.768 1.632 1.636 1.584 1.644
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Nevertheless we also see that the other As atoms have

small antiferromagnetic polarization of thpeorbital, which
decreases with concentration as expected. This is in very o
good agreement with the magnetization data presented it
Sec. Il A.

~~
IV. EXCHANGE COUPLING >

: . . O .
As we pointed out in Sec. I, the evaluation of the ex- ~ 3

change constarili8 is crucial for predicting the thermody- [
namic properties of Ga ,Mn,As. In this section we provide

a theoretical estimate of the exchange constant, and study it
dependence on the Mn concentration. We begin by briefly
describing the effect of thep-dexchange on the band struc-
ture of the host semiconductor in the mean-field approxima-

tion. Our starting point is the commonly ussp-dexchange B X : L /A
Hamiltoniarf® X T M X T M

-4

1 FIG. 9. Band structure and orbital-resolved DOS at Ithgoint
Hepa=— _2 2 Jﬁpd(k,k/)ei(k—k’)ﬂisi for Ga _,Mn,As, with x=0.3 (one Mn ion in a cubic 64-atom
29 nkK’' GaAs cel): (a) majority band,(b) minority band.

, (4)  tical magnetoabsorption experiments from a spin splitting of
the exciton lines. For instance the Zeeman splitting of the
heavy-hole exciton transitiog; is

X

+
Z an,ua-,uvcnk’ v
nv

whereJSP9(k,k’) is the exchange integral of the band elec-
trons (n,k) and (n,k’) with t_he_ Mn local spinS, c;k and E,=x(SN(B—a). @)
C.k are the creation and annihilation operators for an electron
in bandn with Bloch vectork. The sum extends over the Other transitions give different combinations afand g,
valence i=v) and conductionrf=c) bands of GaAs, and which can then be determined. Note, finally, that the spin
all the localized spins labeled by the indexf we neglect splitting of both the valence and conduction bands in the
interband terms which are negligible and replace the Spin mean-field approximation is linear with the Mn concentra-
by the average spi(®) proportional to the magnetization, we tion x.
restore the translational invariance of the system. Therefore, We calculate the exchange constants directly from the
expression(4) becomes diagonal ik, and can be written as conduction-band-edge(valence-band-edge spin-splittings
a function of the Mn fractiorx and the cation concentration AE®= Ef—E% (AE’= Eﬁ— E‘{) as
N as

Na=AE®/x(S), NB=AE"/X(S), 8

Hspa=— %XN<S>EK IR (Sl Cakr —ChiCak): (B)  where(S) is half of the computed magnetization per Mn ion.
In order to evaluate the parameters in E@, we compute
with 1 (]) indicating the up-spiriddown-spin direction with  the band structure around thepoint for large GaAs cells
respect to the mean-field sp{B) and J3”%(k)=J5P9(k k).  with a single Mn impurity. In Fig. 9 we present, as an ex-
If we now restrict our analysis to the band eddepoint),  ample, the results for a cubic cell containing 64 atoms. Since
and definea:Jgpd(o) and B:Jipd(o), we obtain the Wwe are mainly interested in tHépoint, we consider the band
equations structure only along the directidrl/8(w/c,),0,0]—(0,0,0)
—[1/8(m/cy),1/8(m/cy),1/8(m/cq) ], with cq the unit vector
1 + t of the cubic cell. We indicate these two directions respec-
Hspa=— EXN<S>“(CCOTCCOT_CcchOl)v tively asX andM. In Fig. 9 we also plot the orbital-resolved
6) DOS at thd point. This shows clearly that the valence-band
1 edge has mainly Ag-character, with additional contribu-
Hspd:_EXN<S>B(CZOTCUOT_CIOLCUOL)i tions fromt, Mn-d states due to hybridization, while the
conduction-band edge is formed by Gatates. In this way
for the conduction and valence bands, respectively. We notthe spin splitting is easily computed.
that the same analysis can be carried out by assuming that We consider different Mn concentrations and, for smaller
the Mn impurities form a perfect ferromagnetic crystal. Inunit cells (larger concentrations different geometrical ar-
such a case the derivation of Eq$) is identical to that rangements. We find that the spin splittings of both the con-
given here if the magnetic moment per Mn atom is used foduction and valence bands are dependent on the relative po-
the mean field spikS). Equationg6) relate the spin splitting  sitions between the Mn ions, with variations of up to 20%. In
of the conduction and valence bands to the exchange integrphrticular for the same Mn concentration we find large split-
calculated ak=0. This quantity is usually extracted in op- tings when the Mn ions are clustered, and smaller splittings
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TABLE V. ConductionAE® and valenceAE® band-edge spin  mean-field approximation that leads to E§) is not valid.
splittings, and exchange constants as a function of the Mn concerBlinowski and Kacman studied the kinetic exchange interac-

trationx for Ga _,Mn,As. tion of various 2 metal impurities in zinc-blende
semiconductors® By applying canonical transformations to
x AE®(eV) AE’(eV) Na(eV) Ng(eV) the p-d hybridization Hamiltoniar?? they evaluated the ef-
0.062 50 0.0339 —0.6839 0.272 _5.48 fective exchange 'intera'ction between the valence bargd and
0.041 66 0.0248 0.5458 0.298 _6.54 thed_ states of the impurity. '_I'hey found that fod3and 3
0.03125 0.0105 04472 0168 734 configurations of the impurity the effective exchange has a

Kondo-like form, while there are other non-Kondo-like con-
tributions for the 31* case. From Miliken analysis we can
rule out this latter configuration, and conclude that the effec-
for homogeneously diluted systems. More details on the detive exchange is indeed Kondo-like. Therefore, the depen-
pendence of the exchange constant on the spatial arrangdence ofNg on x is suggestive of the breakdown of the
ment of the Mn ions will be published elsewhéfeln the ~ Mean-field approximation.
following we consider only cells which maximize the sepa-
ration between the Mn ion@niform Mn distribution. V. BREAKDOWN OF MEAN-FIELD APPROXIMATION

In Table V we present the spin splittings for the conduc- Th in hvoothesi taining th field -
tion and valence bands as functions of the Mn concentration € main hypothesis sustaining the mean-tield approxi

and we list the corresponding exchange constants. First COGVJZSE r\]/v:tsh trt;e;t g:;' tgottﬁgtzllelcgﬁdggﬁgw?gt;h?I'hl\i/slns:eoenrislsto
sider the conduction band. Although the spin splitting show%e true in mosFt) of the 1I-VI semiconductors; However in the
large fluctuations withx, there is no systematic variation ' ’

with the Mn concentration. With the caveat that DFT is a3>¢ of(Cd, Mn)S such a hypothesis breaks down, and an
ground-state theory and therefore does not accurately divj‘aparent strong dependence of the exchange constant on the

0.020 84 0.0099 —0.3442 0.234 —8.16

. . _57 .
scribe the conduction band, from Table V one can conclud n concentration is foun®"®’ The case of Mn in GaAs

that the couplings-dcoupling between the conduction band 0oks very similar_. We recall that fqr the very diluted Ii.mit
of GaAs and the Mn impurity is ferromagnetic. Also, it is there is some evidence of the Mn ion being able to bind a

independent ok, as predicted by mean-field theory, and hagPolarized hole! This suggests that the potential created by
. . " .. Mn in GaAs may be strong, and hence the mean-field ap-
the valueNa~0.2 eV. Note that ferromagnetic coupling is

expected, since in the case of the conduction band the on roé(:amnsittlzrl]ab(r;eu?:l(;uﬁ;v nS.calbert and Dificalculated the
exchange is direct; in addition, the value of the exchange ' '

constantNe is very close to that usually found in 1I-VI corrections to the mean-field approximation using a free-
semiconductor® electron model, with the magnetic impurities described by

The situation is quite different for the valence band. Firs square potentials. The energy was calculated within the

of all, we see that the spin splitting of the valence-band edgef'gnerf'selItZ app_r%z_ach, wh|c:1 1S ?Ephc?]blehonly t%trre case
is much larger than the typical absorption edge splitting in’ .persci%tzy periodic crystal. Although the model was
refined; < the main findings are still valid. Here we illus-

magnetoptical experiment8.For instance, if we compare . . . i
the results fox=0.032 of Ref. 16 with those of Table \V for 2t€ Priefly the model and we use it for computing the ex
.change constant.

the same concentration, we find that our calculated value is W ; . .

: . : e consider a free-electron model with effective mass
about four times larger than that obtained experimentally. . . L o e )
However, it is important to point out that in our calculation " and unlfqrmly distributed magnetic impurities described

' por P . by the potential

all the Mn ions contribute to the ferromagnetism. In contrast, y
in real systems only a fraction of the Mn ions are ferromag- U(r)=W(r)—J(r)S-s. (9)
netically aligned, and the typical magnetization curves have
a large paramagnetic component which does not saturatdere W(r) is the spin-independent substitutional potential,
even at very high magnetic field& This was confirmed by andJ(r) is thep-d coupling between the free-electron sgin
recent x-ray magnetic dichroism measureméfsssuming and the impurity spirS. We further assume thak(r) and
a mean-field picture, this suggests that the mean-field spi/(r) have the same square potential shape, and that all the
calculated here is much larger than that present in actuampurity spins are ferromagnetically aligned. This leads to
samples. Turning the argument around, we can conclude that(r)=Uo8(r —b), and alsoU'V(r)=(W=5/43) 6(r —b),
our results are consistent with experiments if we assume thathenS= 3 is considered. Finally the energy is calculated by
in the latter the effective Mn concentratigoontributing to  solving a transcendental equation obtained by imposing the
the ferromagnetisinis only one-fourth of the nominal con- appropriate boundary conditiofis. We define 8(x,U,)
centration. =E(X,Ug)/Em(X,Uq) as the deviation of the computed en-

A second important point is that the exchange constanergy E(x,Uy) from the mean field energyE (X,Uo)
Np is strongly dependent or Specifically, N3 increases =VNx, whereV=(47/3)b%U,, andNx is the Mn density.
with decreasing Mn concentration, a behavior already welln Fig. 10 we presend(x) as a function ofx for different
known to occur in Co_,Mn,S.>~%"This dependence of the potentialsy=U,/|U¢|, whereU,= — (w#/2b)2/2m* is the
exchange constant orncould be due to two possible reasons: binding potential. We note that the corrections to mean-field
(i) the actualp-d coupling is not Kondo-like, or(ii) the  theory are large for small, and decrease with increasing
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) ) FIG. 11. Band-edge spin splitting: the circles represent our LDA
~ FIG. 10. Dependence of the correction facfx) on the impu- a1 and the straight line the fit obtained with the model discussed
rity concentratiorx for a range of potentials. Note that the deviation i, the text for the parameterb=3.6A, J=—1.05eV (NB
from mean-field theory is larger for strongly attractive potentials. _— _4 g eV), andw=—0.027 eV.

In particular the mean-field approximation breaks down

when the potential is attractive and close to the binding po3.6 A<b<3.9A and —4.9eV<NpB<-—4.4eV fit equally
tential (p—1), while it is reasonably good for repulsive ell. It is important to note that, for all the parameter sets
potentials. We also note that the mean-field approximation iSvhich give a good fit, one spin hole is nearly bound while
recovered in both the limit of large Mn concentrations ( the other “feels” a weak repulsive potential. Our best fit is
—1) and in the limit of weak potentiabf{—0). This general resented in Fig. 11. Despite the roughness of the model the
behavior can qualitatively explain our LDA results. Con- agreement is reasonably good. It is interesting to point out

sider, in fact, the band-edge spin splitting that the model seems to underestimate the spin splitting for
4mb3 smallx and overestimate it for large This is not surprising;
AES(x)= 3 [(W+5/43) 8(x, 7') in this model we assume that the potential induced by the
magnetic impurity does not depend on the impurity concen-
—(W—=5/43)8(x, 7') INX, (10)  tration. This is in general true for Mn in 1I-VI semiconduc-
tors, where Mn provides only a local spin. In the case of
where 5'(\)=(W=5/43)/|U|. By comparing Eq(10) with  |11-V semiconductors, however, Mn acts both as an acceptor

Fig. 10, one can see that for smallthe spin splitting is and as a source of localized spins. Therefore it is natural to
largely enhanced with respect to its mean-field value. Thexpect a progressive screening of the Mn potential with con-
deviation diminishes with increasing and vanishes in the centration due to the increase of the hole density. This effect,
limit of complete Mn substitution=1). Note that the ap- \hich is responsible for the lack of bound holes in low di-
plication of the mean-field approximation at everygives | ied (Ga, MnAs, further reduces the deviation from the

rise to an appa_rent inqrease of thg exchange constant with trﬁ‘?ean—field approximation for large and better agreement
Mn concentration. This agrees with our LDA results. with our LDA data may be found
It is also worth noting that the deviation from mean-field Finally we want to point out tﬁat the exchange constant

theory is Iarg.er if the Sp'”.asy”.‘”?e”Y of the potentig) is found with the above analysis is still rather large compared
large. In particular, the spin splitting is largest when the po- ith . ts. Alth ni tual | t of the M
tential is attractive for one spin species and repulsive for thd/!th €xperments. ough In actual samples part of the in

other. In the opposite limit, when the mean-field approxima-'ons does not contribute to the ferromagnetism, leading to an

tion is valid (5— 1), Eq.(10) reduces to the usual expression Underestimate oN, this probably cannot completely ac-
count for the discrepancy with our calculated value. It is well

AES(x)=2NBX, (12) known that the local-density approximation is not very accu-
rate in describing strongly localized charges as in din-
where we have defined the exchange constahB shells. In nonmagnetic semiconductbtsthis leads to an
=N(47b?/3)J. overestimation of the-d coupling and to an overbinding of
In order to compare with experiments, we perform a fit ofthe system. We found the same kind of behavior in NiAs-
our LDA data. We considdrs, W, andJ as fitting parameters, type MnAs (Ref. 32, with a volume compression of about
with b varying between the cation-anion and cation-cation8%. This suggests that in our calculations tid coupling
distances, andV and J chosen so that no bound holes are may be overestimated. However, since the volume compres-
present. This last restriction takes into account the lack o§ion of MnAs is not very large, we think that the error in the
any experimental evidence for bound holes at the concentratetermination of the-d coupling is not dramatic. Therefore
tions investigated here. The fitting procedure yields our main conclusion, that the mean-field approximation
=3.6 A andNgB=—4.5eV, although values in the range breaks down for Ga ,Mn,As, is still valid.
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VI. CONCLUSIONS agreement with the LDA calculations. Further study is

. . . . needed to determine the dependence of the spin splitting on
. We have theorencqlly mve;ugated the magneEc PrOPETihe confinement of the Mn ions in the case of highly ordered
ties of Gg_,Mn,As with dilutions ranging fromx=1 to alloys

0.02. We found that Mn in GaAs has an atomic configuration '
compatible with both @° and 3°, and that the total occu-

pation is not integer because of the strgrnd coupling with

the valence band of GaAs. Such a coupling is antiferromag- This work made use of MRL Central Facilities supported
netic, with a remarkably large exchange constant. We havby the National Science Foundation under award No.
shown that the exchange constant has an apparent depddMR96-32716. This work was supported by the DARPA/
dence on the Mn concentration. This suggests that the get®NR under Grant No. N0014-99-1-1096, by ONR Grant No.
erally used mean-field approximation breaks down, since th&l00014-00-10557, by NSF-DMR under Grant No. 9973076,
potential induced by the Mn ions in GaAs cannot be treateénd by ACS PRF under Grant No. 33851-G5. P.O. acknowl-
perturbatively. Using a simple free-electron model, we havesdges support from FundacidRamam Areces(Spain. Use-
calculated corrections to the mean-field expression for théul discussions with N. Samarth, D. D. Awschalom, and L. J.
spin splitting of the GaAs valence band, and found a goodsham are kindly acknowledged.
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