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Ferromagnetism from localized deep impurities in magnetic semiconductors
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We propose that localized defects in magnetic semiconductors act as deep impurities and can be described by
the Anderson model. Within this model, hybridization @forbitals andp orbitals gives rise to a non-
Ruderman-Kittel-Kasuya-YosidéRKKY) indirect exchange mechanism, when the localideelectrons are
exchanged through both conduction and valence bands. For semiconductors with indirect band gap the non-
RKKY part of exchange integral is antiferromagnetic, which suppresses ferromagnetism. In case of direct band
gap, this exchange mechanism can, under certain conditions, lead to enhancement of ferromagnetism. The
indirect exchange integral is much stronger than RKKY, and can be sufficiently long range. Thus, a potentially
new class of high-temperature magnetic semiconductors emerges, where doped carriers are not necessary to
mediate ferromagnetism. Curie temperatures in such magnetic semiconductors are determined mostly by the
interaction between localized impurities, not Zener mechanism. This effect could also be responsible for
unusually high Curie temperatures in some magnetic semiconductors with direct band gap.
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I. INTRODUCTION square of the strength of the exchange interaclign

The advantage of ferromagnetic semiconduc{éiSsg as nS(S+ 1)(Jgg0)2X0
a source of spin-polarized carriers is that they can be easily Tc= 12,2 :
integrated into semiconductor devidesWhen discovered, o
ferromagnetism at room temperatures with full polarizationHere u is the magnetic moment of charge carriers agds
of itinerant carriers will be a major breakthrough in semicon-the Pauli term in the spin susceptibility in the absence of
ductor electronics. Most theoretical and experimental effortsmpurities. At sufficiently large carrier densities, the spin po-
have been concentrated on group llI-V, IV, and ll-VI-basedlarization of the charge carriers @0 is given by
diluted magnetic semiconductof®MSs). These semicon-

3

_pd
ductors are alloys in which some atoms are randomly re- S:%@. (4)
placed by magnetic atoms, such as¥In 4ug

Ferromagnetism in diluted magnetic semiconductor
(DMSy) is thought to be well understood in terms of the
so-calledp-d exchange model, which was first considered
over 50 years ag®?® (See also Refs. 6-8 for a revigw.

At concentrations of impurities above the Mott limit, i.e., My = My -Jq oniS. (5)

as soon as carriers become delocalized, a conventional mod_F:h | il h i |
of FS is fairly simple. According to, for example, Ref. 5, the | € Spin polarization at any filling is then very easily calcu-

interaction between charge carriers in a semiconductor anlg‘:id from this equation. For example, when the carrier den-

spin-S impurities can be written as

In general, for any carrier density, the spin polarization is
given by Zeéman-split Fermi surface, with the difference in
chemical potentials for “up” and “down” spins given by

234 n.Ssm )32
:( q=0"" ) (6)

—J S(r)Z SJIPYr - R)dPr, (1) Nes<nNc 62 ,

the carriers will be fully polarized aT=0. Whenng>n,
they are no longer fully polarized. The polarization of carri-
ers is then determined by a parametric equatiwith « as a
parameter.

whereS; andR; are the spin and the position of &h atom

of magnetic impurity. Since the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction between the localized spins,
which follows from thep-d model Eq.(1), has a large range,
this model can usually be treated in the mean-field 1

approximatiof S= E(neT e, ()

U=- JPdOSE S, (2)  where

(2m' g+ 3P Sm)*2
672

whereS; andR; are the spin and the position of @h atom Net,| = (8)
of magnetic |mpur|ty,Jpd =[J(r)d%, and we have used the

fact that magnetic |mpur|t|es are randomly distributed in theand ng=ng, +ng;.
sample. A simple analysighen shows that, in the presence  Despite the simplicity of the basic concept of Zener fer-
of one type of charge carriers, Curie temperafligés pro- romagnetism, calculations of, for real materials become

portional to concentration of magnetic impuritidsand the  rather involved, and depend crucially on details of the band
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structure, thep-d exchange matrix, or direct antiferromag- fluctuations becomes unstable against noncollinear ferromag-
netic exchange between Mfhspins. Most theoretical and netic state. Recently, Zarand and Jafikioave pointed out
experimental efforts on magnetic semiconductors have beedhat due to large spin-orbit coupling in magnetic semicon-
concentrated on finding a new DMS-based material thatluctors the interaction is highly anisotropic, and thus the
would have a ferromagnetic transition above room temperazero-temperature ground state remains intrinsically spin dis-
ture, and would be possible to incorporate in thin film formordered. In another work Kaminski and Das Saftdahave
with mainstream semiconductor device materials. There arelaimed that ferromagnetic interaction and percolation of
theoretical predictions foff's above room temperatures in bound magnetic polarons is crucial for understanding the
several classes of these materfal8 However, experiments physics of magnetic semiconductors. All these explanations
indicate that the growth of Curie temperature with concen-are quite plausible, and may or may not be applicable to
tration of magnetic impurities saturates at 5-10 % Mn dop-Ga_,Mn,As and other magnetic semiconductors. Unfortu-
ing in most ferromagnetic semiconductors; it may even starhatly, due to the complexity of the real materidktrong
to decrease at higher concentrations of Mn. Since, accordinigteractions and strong disordgall of these effects could be
to the mean fieldo-d model, the Curie temperature E@®)  playing a role in limiting theT...
grows linearly or faste(if the carrier concentration changes In this paper we follow a more traditional approach,
with the growth of Mn concentration, it is important to un- which works extremely well for other, lowéf, DMSs®-828
derstand what limits the growth df.,, and how this can be We adopt the idea that the mean field treatment in absence of
avoided. strong disorder is justified because of the large radius of the
Experimental effort in FS concentrated mostly onRKKY interaction?® and that the reason for the discrepancy
In;Mn,As (T,=35 K),** Ga_Mn,As (T,=110K),’>™>  petween mean field treatment of thed model and experi-
and MnGe,_, (T,=116 K).1® Recently, Curie temperatures ment lies in the presence of additional interactions in the
of T,=150 K" and even as high 8& =159 K (Ref. 18 in effective spin Hamiltonian of the problem. The main objec-
films Ga_Mn,As were achieved by careful control of an- tive of this paper is to consider such additional interactions
nealing. Dramatically higher temperature was ascribed to diftheoretically, and look for conditions that make these inter-
fusion of Mn interstitials towards the surfat®&While room-  actions work to increasg, rather than decrease fit.
temperature ferromagnetism in FS remains a theoretical To derive effective spin Hamiltonian, including additional
possibility, it is evident that the growth df, with increased interactions, we start from a more general Anderson model
Mn concentration slows, and even saturates. This property isf deep magnetic impurities in FS. We show that, in case of
quite surprising, since it is not expected from a simple meana deep Anderson impurity in a semiconductor, an additional
field treatment of thep-d model. It remains the focus of long-range indirect exchange interaction appears in the effec-
theoretical interest, with many plausible scenarios proposetive Hamiltonian, which, if antiferromagnetic, severely limits
in the literature. Originally, the saturation ©f was ascribed T.'s in these materials. On the other hand, under some con-
to increased disordé?. Disorder effectively introduces an ditions, this interaction could be ferromagnetic. As a result,
exponential cutoff for the RKKY interaction and reduces itsferromagnetic correlations would become enhanced, not re-
range. Another possible reason is that the strength of directuced, as the concentration of magnetic impurities grows,
antiferromagnetic exchange grows as the average distanead high-temperature ferromagnetism could be possible even
between impurities becomes shorter, which, in turn, lowersvithout carriers.
the Curie temperature. Room temperature ferromagnetism The indirect exchange between two deep impurities,
has been observed in a number of compounds Vetge  whether ferromagnetic- or antiferromagnetic, is stronger than
concentration of Mn impuritiegsee Ref. 2 for a revie)vor,  the RKKY interaction, and thus could produce large Curie
due to phase separation and formation of nanoclusters démperatures. For example, it could provide a possible expla-
these compoundésuch as Mip,Ge; in Ref. 16. However, nation of high-temperature weak ferromagnefi$min
large carrier concentration in these compounds limits the de-a,Ca _,Bg or recently discovered CagB, (Ref. 3)
gree of spin polarization that is necessary for device appli{CaB,C, hasT,=770 K andM =10"*ug). Experiment*32in-
cations. dicates that these materials are direct band semiconductors
A number of different models have been proposed in thewith a relatively small band gap, and that impurities play a
literature as plausible explanations for the observed commajor role in establishing the new high-temperature ferro-
plexity in FS. Some theoretical studi€s’! claimed that the magnetic state. However, other repdttglaim that high-
reason Curie temperature cannot get higher above certatemperature ferromagnetism in these materials is not a bulk
concentration of Mn is that thp-d model cannot be treated effect. Rather, it is related to clustering or new boron phases
in the mean field approximation. It was suggested in theswith Fe or Ni magnetic impurities. These effects are also
studies that both thp-d interaction and disorder in highs ~ known to appear in older FS, such as Eu chalcogenides or
Mn-based FS are too strong to be treated perturbatively, anchromium spinelg® Understanding the mechanism of ferro-
should be treated instead with dynamical mean field theorymagnetism in these materials could lead to a discovery of
The analytical and numerical results which follow from this more members of this class of FS, where ferromagnetism is
approach show saturation of Curie temperature. Other theaiot necessarily carrier driven.
retical studie€?>have shown that fluctuation corrections to ~ This paper is organized as follows. In Sec. Il we discuss
mean field theory reducg,, an effect especially dramatic at the general procedure of the derivation of the effective low-
higher concentrations of Mn. It has also been shdvihat  energy Hamiltonian for Anderson impurities. In Sec. Il we
ferromagnetic phase in presence of disorder and quantudiscover that, due to strong hybridization, an Anderson im-
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purity is no longer a local center; its localized wave function The Anderson Hamiltoniaf9) describes a very compli-
acquires a finite range, which is directly related to the correcated problem. However, under tble=c constraint, it can be
sponding “Bohr” radius of a charged impurity. Sections IV reduced to the problem of Heisenberg spiits case of a
and V are devoted to the derivation of the effective exchangsingled orbital, spin 1/2. The low-energy effective Hamil-
Hamiltonian for magnetic impurities. In Sec. VI we explore tonian is equivalent to Eq9) in the limit kgT<A;, whereA;

the consequences of the large range of interaction for magds the energy difference between the impudtievel and the
netism, such as a high Curie temperature in case of a diretbp of the valence band, or the energy difference between the
band gap if magnetic impurities are dense enough. In Sedmpurity d level and the bottom of conduction band. Since
VII we consider a minor modification of the effective Hamil- typical gap values in semiconductors are of the order of
tonian in case of higher spisuch asS=5/2 for Mn), and 1 eV, this is usually a valid assumption.

the application of these ideas to GaMn,As. In Sec. VIII Following Refs. 35 and 36, the effective spin Hamiltonian
the influence of weak disorder and interactions on Curie temean be derived by expanding tisematrix (or, at finite tem-
perature is briefly discussed. Section IX provides a summarperatures, the partition functiprin V's, and reexpressing

and conclusions. various time-ordered processes in terms of spin operators.
Then, these processes are collected back under exponent, to
Il. THE EFFECTIVE HAMILTONIAN obtain the effective Hamiltonian. This method allows one to

A . obtain consistently the interaction between spins and carriers
We start by considering a simple model of FS. In Ill-V' g jactrons or holésin conduction and valence bands, and
systems, such as GgMn,As, it is well established that the ¢ ier.carrier interaction. In a way, the concept is similar to
Mn ions substitute for Ga, and.contnbute itinerant hole_s % erturbative renormalization group, since we arrive at a low-
the GaAs valence band. Experimentally, the hole density i nergy effective Hamiltonian by integrating out higher-
typically a small fraction(15% or s9 of the Mn concentra- energy states. Treating hybridization term in Ef) as a

tion, perhaps due to strong localization of cgrriers onMn anq)erturbation, we can rewrite the partition function as
other defects, so GgMn,As can be considered partially

compensated. The Mn ion has a half-filéghell, which acts Z=Trlexp- BHY)S(B)], (12
similar to a spin-5/2 local moment. The Anderson model,
which is more general than theed model, should completely
account for all the physics of FS. It is well known that, when B

spins are well localized, the single-impurity Anderson S(B) = Texp(— fo HV(T)dT)
Hamiltonian is reduced to the-d Hamiltonian by the

Schrieffer-Wolff transformatiod* For many impurities, this —Tex p(

where

B
- 2 dTVi{lPEUi(T) dn(r( T)

may no longer be the case. Let us start by considering a

single-orbital Anderson Hamiltonian ot =0
H=Ho+Hy, 9) + (D Wnei(7)} (13)
where
The problem of finding the effective Hamiltonian is then
Ho= 2 €(P)al,dips + > | € Al 0o, + Ud! dl dy dyy [ to reduce these expressions to the form
poi n T

Z=Tr(exd~ BHesl), (14

) ) ) using thekgT < A; condition, i.e., the fact that the local levels

Here the first sunip) is taken over the reciprocal space, gre almost always occupied, and that transitions to conduc-
the second sunin) over real space impurity sitel is the  tjon and valence bands are absent at low temperatures. Vari-
on-site Coulomb repulsion term. Typically is very large  ous terms in the effective Hamiltonian can then be associated
(~5eV), and can be taken to be infinite. Heegp) are  with certain time-ordered virtual processes. For example, the
the energy band spectra of conduction and valence bandgst nonzero contribution tde is from the second order
(i=1,2. term in the expansion of Eq13) in V;:

The hybridization term in the model Hamiltonidh, ac-
counts for thep-d hybridization between impurity sites and S(p)
conduction and valence bands:

(10)

B B
= 2 V%f dTlf dTZq,nrrl( 7-2)\[,;0—'1( Tl)dx(r( TZ)dn(r'(Tl) .
noo’ 0 1

1 _
Hy=—5 > Vo{al d,e PR+ H.cl. 11
\% Nl/zp%;i pl{apu'l n } ( ) (15)
This model is a reasonable generalization of thd ex-  The order of operatord:(,(rz)dn,,/(rl) (7> m) is fixed by
change Hamiltonian, usually considered in the literature. Bethe assumption of strong Coulomb repulsion ontiiecen-
cause of large on-site Coulomb repulsion, théevels are ter. Note that, in the second order, because all centers are
half filled. While we consider the case of a singlerbital, a  filled, only one band contributes to the effective Hamil-
generalization t&&=5/2 Mn ion isstraightforward(see Sec. tonian. The “filled” band does not contribute, because of the
VIl below). Pauli principle(this is not the case at a finité). The pertur-
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FIG. 1. The second-order contribution to the effective Hamil-  FIG. 2. The fourth-order antiferromagnetic superexchange con-
tonian, shown as a time-ordered process. tribution to the effective exchange interaction between two local-
ized impurities.
bative time-ordered process corresponding to the term in Eq.

(15) is shown in Fig. 1. through the empty conduction band. The other process is the
We may rveIte\I’ngl(Tz)q’n(r,l(Tl) in the interaction rep- Bloembergen-Rowland tefh(Fig. 3), an exchange process
resentation as through both conduction and valence bands. The form of

these contributions will be discussed in greater detail in Secs.
T t
\Pna'l(TZ)\Pno-rl(Tl) = {\Pnal(TZ)\I,ngrl(Tl)}+ IV and V below.

pl ()W, () (16) In addition, other interesting contributions arise as a result
no'11 117 ol f2l: of fourth-order processes, suchm@sl scattering by spins on

The first term in Eq.(16) is a ¢ number. In the limit tWoO centers

A;>KkgT it is possible to put, = 7, in the second term in Eq. V2

16). Thus, for the second-order contribution in the effective _ Pl

( ) Hgld)ZC =—3 E t(R Rm)q,mg/l nol[Sn ' Srnéo"o’

Hamiltonian we may written A2 =
oo
V2 p 1 1 +i . ~ , 20
H 2) = E € —€ 0 E \I,n(r/]_ nal( 2 o'g—’ + Sno-o' 0’)1 ([Sm Sn]o-g— U)]' ( )
1p~ €0 . o
P A ot nontrivial local contribution

17)

whereS, is the localized spin of thath impurity andp, is H@ = pl > ! LA [ +(0,, Sn):| W01,
the location of the bottom of the band 1 in momentum space. local not e 2 %o o Yopr¥nor
The first term corresponds to the renormalization of the en-

: . ) . (21
ergy of the localized level, while the second term involving

spins of localized impurity and carriers is nothing but theand corrections to the energy of the local level and ground
ordinaryHyq, the p-d model discussed in Sec. I. state energy, which are dropped. These nontrivial terms,

The next order terms in the effective Hamiltonian arehowever, are higher order in carrier density, which is small in
fourth order inV’s. There are sums over two local centers,

andn in S,(B). Also, there are contributions ®,(3), which
we will denoteS)(B), that are already accounted for in the
effective Hamiltonian(17):

1 nopp’

so=3 | | dnamttrpdmnde). 9 f Y

b
(2;‘

These contributions need to be subtracted f@yB), to get (1)
the fourth-order(in V,) contributions in the effective Hamil-
tonian. The most important contribution is the effective ex-
change interaction between localized spins:

HY =~ 2 J(R,~RwSy S (19)

n#m

iz

(3)

This exchange interaction is the result of two time-ordered
processes shown in Figs. 2 and 3. One is the superexchangeFIG. 3. The fourth-order Bloembergen-Rowland term in the ef-
(Fig. 2), which is a result of the localized spins exchangedfective exchange interaction.
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magnetic semiconductors. Thus, they don't play any signifi-

cant role in magnetism, and, hence, will not be discussed in ’
any detail. We refer the reader to Refs. 35, 36, and 38, where (’
these terms were discussed in detail in connection with the S
three-band model of cuprate superconductsee also Refs. ‘\
28 and 39.

IIl. RENORMALIZATION OF LOCAL LEVEL DUE
TO HYBRIDIZATION

To clarify the new physics of an Anderson impurity, in £iG_ 4. Localized centers acquire a finite radius in the Anderson
comparison withp-d magnetic impurity, let us first consider mqdel. This radius can be as large as 2-3 lattice spaces in magnetic
a smgle_-level prqblen(Rn=O), Interacting 0”')/_W|th the  semiconductors. An overlap of wave functions from two localized
conduction bandi.e., we takeV,=0 for simplicity). The level leads to the new physics, which is not captured by the tradi-
Hamiltonian is defined on the manifold of wave functions tional p-d model.

{CDO,\Plpl,‘Iflpz, ...}, which correspond to the exact solution

for a center in crystalline lattice in the absence of hybridiza-f the energy level. Such corrections will thus be dropped in
tion. These wave functions form a complete orthogonal basigr further discussion.

for the single-particle problem. We may now introduce the  The wave function of the localized level, according to Eq.

hybridization as a perturbation into the Schrodinger equa¢24), acquires an admixture to its decay in the form
tion. In the matrix representation, the single-level Hamil-
tonian takes a very simple form a -
8D(r) ~ Vp ymya’—e M, (27

Upjt €1p, O - 22) Here a is the lattice constanfwe assume a simple cubic

' lattice), m, is the effective mass of carriers in the empty band
(for hole-doped materials, the valence band is the “empty”
band, since it is empty of holgsA; is the energy difference

Herev,=V;/NY2 This Hamiltonian can be easily diagonal- between impurity levels and the bottom of the empty band,

ized, by looking for a solution for the ground state waveP: i the location of the bottom of the empty band in mo-
function as a linear combination of all single-particle statesMentum space. Thus, a new length scale enters the problem

H=
vpzl 0 Glpz

W = xoPo+ 2 (X5 W1}, (23) Ro= (2mA;) ™ ~ aVDy/A, (29
P

which, while small compared to the average distance be-

tween doped carriers, may considerably exceed interatomic

(€0- xo+ > Vp1Xp =0, (24)  distancegthe large parameter is the square root of the ratio

P of the bandwidth to the energy gap in a semicondy¢ctond

become comparable to the average distance between mag-

VpiXo + (€1p = Oxp = 0. netic impurities. The overlap of the localized wave functions
gives rise to a new contribution to the exchange integral,

Solving Eq.(24) gives the new position of the localized which will be derived below. The picture of finite-radius lo-

where the coefficients obey the following set of equations:

level calized magnetic impurities with overlapping wave functions
1 V2 is shown in Fig. 4.
€= €—— —pl (25) Existence of a largécompared to lattice spacipgadius
N*y ep—€ for deep impurities was first noticed by Keldy¥hwho ana-

lyzed deep charged impurities in ordinary semiconductors. In
his case, however, this scale corresponded to ordinary Bohr
radius for a deep impuritymodified by the fact that in that

Thus, in presence of hybridization the position of the impu-
rity level is shifted. If the depth of the level, <D,, where

Dy |s_the bandW|_dth of the cc_)nductlon bagwhich is usually case one had to consider Dirac Hamiltonian for the
a valid assumption for semiconductors, where the band g

is much smaller than the corresponding bandwidths of con- odel of semiconductoysin our case, the large length scale
duction and valence bariishe sum in Eq(25) can be per- comes from the hybridization of the localized impurity level

formed numerically. The correction to the eneray level with conduction and valence bands. We will also see below
y- 9y in Sec. VI that effective length scale, at which direct inter-
V2 action between impurities starts to matter, grows logarithmi-
1 . . .
€- €~ (26)  cally with decreasing temperature in the framework of per-
colation theory or virial expansion. Thus, at low
turns out to be small for small enough hybridization param-+temperatures, such as Curie temperature, the effective range
eterV,; <yD,A;. It is responsible for a slight downward shift of interaction between two impurities becomes even larger.
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are present, the effective Hamiltonian can be written in terms
of impurity spins only, with carriers “integrated out.” In this
case, impurity spins interact with the exchange Hamiltonian
(29) and(30), which includes RKKY. If, however, we wish

: 0 to retain carriers, and the carrier-impuripyd exchange in-
4 T teraction, as we described in Sec. II, then the RKKY part will

be the parS'(B) in the fourth ordefsee Eq(18)], which has
‘ to be subtracted, and the indirect exchange interaction will
be described by Eq30) at zero doping, i.e., with the factor

[1-n(epi—wm)] in Eq. (30) replaced by 1. These two descrip-

tions are only equivalent when the chemical potential for
doped carrierge<<A,. Basically, when the doped carriers are
IV. THE EXCHANGE HAMILTONIAN retained, we “integrate out” electrons and holes in the origi-

L nal Anderson Hamiltonian up to the scale When we con-
The problem of magnetism in the Anderson model can bG‘Sider the Hamiltonian for localized spins only, we integrate

reduced to the spin Hamiltonia9), described by the pro- o ;i o carriers. It makes sense to define the RKKY interac-
cesses shown in Figs. 2 and 3. In case when the empty bagd, tor the Anderson model as the difference between the
(the “empty” band can also be the valence band, in case Qfoped and undoped cases in E429) and (30). When
hole doping gets partially filled by carriergelectrons or ~A,, the Anderson modetannotbe reduced to the-d
holes, the time-ordered processes shown in Figs. 2 and 51 del, except near the Fermi surface. The Anderson model
include all possible contributions—the familiar RKKY ex- expression for the RKKY interaction in real space will then
change interaction, the superexchange, and thgiffer from the corresponding-d model expression athort
Bloembergen-Rowland interaction. In presence of carriersgistances, which are important for ferromagnetism. We will
the superexchange gets modified by the RKKY exchang@ot consider this subtle point any further, since we will al-
term. We shall see below, that the Bloembergen-Rowlangyays assume the carrier density in FS to be small, i.e.,
interaction also gets modified in presence of dopants. Thig,<A;. In this section and the next section we will deal with
modification is not accounted for by the RKKY interaction. an effective Hamiltonian for spins only, i.e., when all carriers
As we have discussed in the previous section, localized imgre integrated out. This procedure for the Anderson model is
purities in the Anderson model acquire a large radzem-  always justifiedalthough, as we commented above, a reduc-
pared with the lattice constaaj. Thus, exchange interaction tion to the p-d model is not). J;, is the Bloembergen-
between localized spins is, in general, long range. ThiRowland interaction, which also gets somewhat modified by
would allow one to use mean-field to describe the ferromagdoped carriers. Note that the expression for the exchange
netic ordering, if the concentration of localized spins is highintegral (30), obtained from the Anderson model, differs
enough. On the other hand, if the concentration of magnetigrom the original expression of Bloembergen and Rowl#hd:;
impurities is low, one can use percolation theory or virialjt includes the term(epl_fo)z in the denominator, which
expansion. makes the exchange integral in the Anderson model long
Let us first consider exchange integrals given by the prorange. The final result of Bloembergen and Rowland is erro-
cesses shown in Figs. 2 and 3 for a semiconductor with comheous, since the Brillouin zone in their calculations was re-
duction and valence bands separated by some general feCHﬂaced by a sphere, and the spatial dependence of Bloch
rocal space wave vect@, as shown in Fig. 5. Whe@=0,  amplitudes was neglectédThe short-distance behavior thus
it is a direct band gap semiconductor. Surprisingly, all ex-has to be calculated from the band structure. Nevertheless,
change processes can be written in a relatively compact wayhe Bloembergen-Rowland interaction was shown to be im-
portant at large distances, where its behavior can be obtained

FIG. 5. Positions of conduction and valence bands.

JR) = E 3 (R), (29 analytically** In this paper, we also consider long-range be-
H havior of the Bloembergen-Rowland interaction. Thus, con-
where cerns about the errors in the original Bloembergen-Rowland
6 ) ) iR calculation also do not apply. T_he hybridization parameters
3= J Pod? [Vpil“ Vprgil T1 = n(epi = ) 1€ _ V,i account for the Bloch amplitudes. Finally, we note that

YT 2ms (€pi = €p+qj) (€pi — €0)° while the physics ofl;, is similar to the Bloembergen-

(30) Rowland interaction, it, unlike RKKY, does not appear as a
result of the second ordgin V's) terms in the effective
Herei,] are the band indices for conduction and valenceHamiltonian, but rather appears directly in the fourth order.
bands,u is the chemical potential, amile—w) is the Fermi-  This difference accounts for different asymptotic behavior
Dirac distribution function. The empty band corresponds toobtained below forJ;, from that of the Bloembergen-
i=1, while the filled band has the band index2. We can  Rowland interactiort!
see now, that folf <A, whereA, is the band gap, the con- Both contributions to exchange integral can be evaluated
tributions J,; and J,, are absentJ;; is the superexchange, analytically whem\; <D, since the dominant contribution to
which corresponds to the process shown in Fig. 2. In presthe integral over the momenta is coming from the bottom of
ence of carriers, this process, and the corresponding exprethe conduction band and the top of the valence band. Due to
sion, also includes the RKKY contribution. When carriersthis condition, the exchange integral becomes long range
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J(q) Via®m,pe
oJ =] =
12(q) rkky (Q) (277)2A§
0 g q 1+ Zi
x 1+<'°F i)m — P b (33
q  4pe 1- 9
o 2p¢
where pr=+v2myu is the Fermi momentum for doped carri-
ers. The superexchange and RKKY contributions can be eas-

ily rewritten in real space:
FIG. 6. Superexchange contribution to exchange integra in

space; modification by RKKY in presence of carriers is shown by a J11(R) = JedR) + Jriy (R), (34)

dotted line. with

compared to lattice spacing. Whexy ~ D, numerical ap- (R) =~ V‘l‘aemi expl- \'ESrnTR} (35)
s = oM ARy,

proach is required. These contributions are shown schemati-
cally in Figs. 6 and 7.

We see that the superexchange is, in general, antiferré&nd a standard expressmn for the RKKY interaction, taking
magnetic, while the Bloembergen-Rowland contribution fa-into account tha,,=2V;/A, [note that in Eq(19) we sum
vors a spin density wave with a wave vectQr separating Over each pair of impurities twide
conduction and valence bands. Both exchange processes are,
in general, of the same order, and their relative strength is Jrky (R) = = Jriky F(2PeR), (36)
determined by the corresponding hybridization parameterghere
V,; andV,. The superexchange integral in thespace, in the

ZWZV”ZmlAlR

absence of carriers, can be easily found analytically Fx) = cos{x) sinx 37)
2via®m? 1 xt
Ji(q) =—— > . (31)
WV’ZmlAlq + 8m1A]_ and
SinceV,,; vary slowly over the Brillouin zone, while the ex- V‘l‘aGmlpg
pression under the integral is highly peaked, their value can Jrkky = VR (38)

be approximately taken at momenta for the bottom of the
conduction bandand the top of the valence bandhus, we  we define the RKKY interaction in the Anderson model for-
will drop the momentum index ivy,'s from all the expres-  mulation as the difference betwedn(R) in doped and un-
sions obtained further in this section and Sec. V, meamngjoped cases, given by E0). As we emphasized above,
that since it depends explicitly on impurity energy level, when
=\ A, ~ ., this expression differs from the usual RKKY form.
Vi=V, i, (32 . _ : .

: Its asymptotic behavior at large distances, certainly, does not
wherep; are the locations of the bottom of the conductionchange. In what follows we assume that the carrier concen-
bandi or top of the valence bandin momentum space. In tration is always loww < A;, so thatlzgkky (R) is given by the
presence of carriersl;;(q) gets modifed by the RKKY in-  standard expression. Note thatJify and the level position

teraction are known, the exchange integi@4) contains no free pa-
rameters:
J(q) m(my 1)3/2 —22m;A R
Ju(R) = JRKKY<F(ZPFR) Tp,:Re VAL >
(39
- Similar to superexchange, the Bloembergen-Rowland inter-

action can also be written in two parts. The first part is from
the empty and filled bands, while the second part takes doped
carriers into account:

J12(9) = Jgr(@) + J1(q). (40

FIG. 7. Bloembergen-Rowland contribution to exchange inte-The first contribution in Eq(40) favors a spin density wave
gral in g space; modification in presence of carriers is shown by awith a wave vectorQ, separating conduction and valence
dotted line. bands, and has a rather cumbersome form

=Q N q
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m; +m,

J = ,
sr(d) 2MA,

2 2
Ai(ml + M)+ A (gA(My — my) = 2my(my + my)Ag) + (% + mon)

(41)

Here and below in this section the notation will be slightly  We see that iiQ=0, i.e., when our FS has a direct band

different; q is now thedifferencefrom Q (the wave vector

separating the bottoms of the two bapds., we change our

notation in the following way:q—Q—gq. In general, the
Bloembergen-Rowland contributiofdl) is quite cumber-

gap, the Bloembergen-Rowland mechanism gives a large fer-
romagnetic short-range contribution to the exchange integral.
At high enough concentration of impurities, ferromagnetic

properties are then determimed by the value of exchange

some, which makes it impossible to find an explicit analyti-integral atq=0. This value can be easily written dowitis
cal expression in real space, except in some limiting case®nly valid for a direct band gap FS

However, the leading asymptotic behaviorJgg(R) at large

distances can be derived. If the deep impurity level lies in-
side the gapA;<A,, we find an exponential decay of ex-

change correlations

a®Vavam,m,

SRS RPAL
2\27°R

m_ M BVe-RR,
><<\/:l AO_A1>COS(Q R)e ,

(42)

Jgr(R) =

where the range of the integral is

1
Ry = ’ . (43
\““ZmlAl + \’zmz(Ao - Al)

On the other hand, when the deep impurity level enters the
filled bandA;> A, the Bloembergen-Rowland contribution

has an oscillating decaying asymptotic

6y /21 12
a’Vvivom m R
Jgr(R) = —=5— 22 lmZ( —L cos—
v27mR 2A, Re1
m, . R ) R
+4/=————sin— |cogQ - R)e *Feo,
2(A1—-4¢ Ry
(44)
where
Ry=———— Ro=——. (49
' V2my(A; - Ag)’ 0 VamAy

The contribution from doped carriers dg, can be derived
as well:

) a3V2V2p3
Jia) = - — qu (46)
3772A§(A0 + —)
2m,
In real space, this contribution becomes
3 46\ /2\ /2
, Pra°ViVomy, ~\BMpAGR
JiAR)=—-——F5—co0 -R)e ™ veT2%0%, 47
WR =~ an IR (a7)

J(q=0)
=J11(0=0) +J12(q=0)

2, dn,__)
m2mA | BA (V2(my + mp)A; +V2mpAg)?)
(48)

In this section we have derived explicitly the interaction
between two magnetic impurities in a semiconductor with
one conduction and one valence band. Typically, the band
structure of semiconductors is more complex than tfat
example, GaAs has light and heavy hole bandiis situa-
tion is considered in the next section.

V. WHAT IF A SEMICONDUCTOR HAS MORE THAN
TWO BANDS?

When a semiconductor has many bands, the analysis is
just as straightforward as in case of two bands considered in
the previous section. The exchange integral between two im-
purities is still given by Egs(29) and (30), where the sum
now goes over all pairs of band indices. The case when
=j is an “empty” band index corresponds to a superexchange
contribution (Fig. 2), considered in detail in the previous
section;J; =0 wheni is a “filled” band index, because of the
Pauli principle;Jj; is the Bloembergen-Rowland contribution
(Fig. 3), wheni is an “empty” band index; anfis a “filled”
band index. The contribution of a new type appears when
one has two or more “empty” bands in a semiconductor.
Then there will be a superexchange contribution of the type
shown in Fig. 2, where now the carriers are exchanged
through two different “empty” bands—the procd4sin Fig.

2 puts a carrier from one magnetic impurity into the first
“empty” band, while the proces®) puts a carrier from the
other magnetic impurity into the second “empty” band. Natu-
rally, there are two such contributionk; and J;, where

i # ] indices correspond to two different “empty” bands. The
exchange Hamiltonian in any FS is a sum of all pairwise
contributions listed above.

Let us now consider the new two-band superexchange
contribution in detail. In the most general case, the bottom of
the second “empty” band is shifted from the bottom of the
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first “empty” banq by a wave vectdp. T_h_e bottom_s of the V‘EV%V%mlmza:"

two bands also lie at two different positive energiesand Jio421q) = = 5] ] 2
i impuri i (q-Q)7+ (V2myA; + V2mpAy)

A, relative to impurity level, unless there is a symmetry- 171 252

related degeneracy, and the carriers in the first and second m, m,
bands have different effective massaegandm,. “\Va *Va. ) (53
Let us first consider the simplified case when the bands 1 ! 2

and 2 are identicali.e., A;=A, andm;=m,), but separated In the coordinate space, it takes the following form:
by a wave vectoQ. Then we do not have to do the calcu-

lation, sincee,,=¢€,-g1, and it can be easily seen from Eq. Ji242(R) == Vy,c09Q - R)l exp(— i) (54)
(30), that R Ri>
where the range of this interaction is given by
J1q) =J11(q - Q), (49) L
Ri2= , (55
and 12 \”2m1A1 + \3’2m2A2
Jia(R) = I3 (RIER. (500 and
. I — VaVaaPmymy [ [my my
Summing all contributions from two identical empty bands, V= ——F—— — +/— . (56)
sinceJy;(R)=J,»(R), we get 2v2r? A A,
_ (2) One band gets filled_et us assume in this section that
Janse= 2J12(R)[1 + codQ - R)]. (51)  pand one gets filled first, i.eA; <A,. We also assume that

. . o i . the chemical potentialcounted from the bottom of band
This also includes RKKY-type contribution for two identical one, u;<A,-A,, ie., the number of carriers is low. Of

bands at finite doping, described by course, the main part of the exchange integral is still given
by Eg. (54). However, at finite doping there are corrections.
Jizriky + J21reky = 2Jrkcy (RICOIQ -R),  (52)  Opviously, since only band one gets carriefdy;=0. At
small filling, RKKY-like correction can be easily calculated:

and the ordinary RKKY interaction from both bands. It is o233
rather obvious from Eq(52), that at a finite density of car- 83u,(0) = 2ViVoaPemy

riers there are ordinary one-band RKKY contributions from 12 3PPA22my[A,— A+ D)
both bands. The two-band RKKY contribution oscilates )

much more rapidly in space, as ¢@R), unlessQ=0. In the Hereq denotes the difference fro@, the wave vector sepa-

latter case, the two-band RKKY contribution just enhanced@ting the bottoms of the two bands. In coordinate space it

the contributions from the two separate bands. In the casg®n be written as

(57)

whenQ=0, the 12 and 21 exchange integrals take the same Vngaepﬁlmz .
form as shown in Fig. 6. Fo # 0, these contributions have 0J1R) = 6AR © RacosQ - R, (58)
the same form ig space as foQ=0, centered at the wave A1
vectorq=Q. where

Now that the form of new two-band contributions to the
exchange integral has become clear from the simplified case, Ry= ;_ (59)
let us consider a more general case of two completely differ- V2my(A, = Ay)

ent “empty” bands. The bottom of the second band is shifted
from the bottom of the first band by the wave vec@@r Of

f;l:;sihjv%na?: é,l ant\r/:/il;mt)r?j f)o(?tiovr;:” St'_”Qbeb?th t,:;]ee this is an RKKY-like correction to exchange integi@4),
9- 5 a=Q, Wpich is given by Eq.52) for two identical bands. If the

corresponding expressions become more combersome. I‘gands have different masses, the interaction is RKKY-like

us assume that; <A,, i.e., the bottom of the first band lies ona range. but the general expression is quite messy. Here
below the bottom of the second band, and the first band ge{s 9 ge, 9 P q Y-

filled by carriers first. We consider three separate casgs Vr;l]i g;\é?i Strr:qe \',tvsh;’%“_eo?‘“:Q’ which is important for ferro-
both bands are empt{?) the first band gets filled by carriers, 9 ' e

(3) Both bands get filledVhenA;=A,=A by symmetry,
both bands get filled by carriers simultaneously. The result of

but the second band is empty, ai®l both bands get partially 2V§V§a%%mm2
filled by carriers. WhenA;=A,, i.e., the two bands are 24200 =Q) = TNk (60)
it Vit

symmetry-related, we only have cagésand(3). As before,
we assume that the carrier concentration is very small, i.eTo summarize this section, the exchange interaction in any
the Fermi energy for doped carriers is much smaller than anynagnetic semiconductor is composed of pairwise contribu-
other energy scale in the problem, except temperature.  tions: the superexchange contribution through one “empty”
(1) Both bands are empty_et us now consider the ex- band, the Bloembergen-Rowland contribution from one
change interaction arising from two empty bands. The inte*empty” and one filled band, and a pairwise contribution
gral in Eqg.(30) can be easily calculated: from two different “empty” bands. The last contribution was
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considered in this section. It includes two-band long-rangeBoembergen-Rowland term dominates the physics at short
RKKY-like interaction at finite doping, which is usually not distances, the impurity spin Hamiltonian becomes

taken into account in the-d Hamiltonian. Note that when
Q # 0, the two-band RKKY interaction will favor spin glass
order, not ferromagnetism, since it oscillates very rapidly in
real space.

Ry _
J(R) = = Jrkky F(2PeR) + VBREle RR, (62)

In general, the Bloembergen-Rowland tef#@) also has an
antiferromagnetic contribution from doped carriers. It then
VI. THE MEAN-FIELD APPROXIMATION, VIRIAL can be rewritten in the following form:
EXPANSION, AND PERCOLATION

R
Now that we have obtained all terms in the exchange JlZ(R)=VBRﬁle_R/R1_Vdop&e_R/Rgr (63)
interaction(30), we can proceed to calculate magnetic prop- Ro

erties of ferromagnetic semiconductors. In general, th‘?/vhere Rg—ll\me—on and Vg and V,,, are given by the
=1/y op

RKKY exchange interaction is always long-range. Th?coefﬁcients in front of exponents in Eq4.2) and(47). How-

shorter-range contributions may or may not be treated i

i . . . ver, since
mean field, depending on the ratio of their range to the av-
erage inter-impurity distance. We assume here, for simplicity, P2
that one of indirect exchange processes considered in the Viod Ver ~ F <1 (64)
previous two sections dominates the short-range physics. In (myAy)

case of FS with indirect band gap, the Bloembergen-
Rowland exchange contribution favors antiferromagnetis
with a lattice wave vecto®. It oscillates very rapidly in real

hile Ry is still quite small, the contribution of doped carri-
ers toT, through the Bloembergen-Rowland mechanism can
be neglected. Thus, if one exchange process dominates the

space. Since impurities are distributed randomly, it would hvsics are short distances. the short-range exchanae contri-
favor a spin glass ordering. The contribution®eat0, which phy ’ g€ 1ang
bution has the same form, and can only differ in sign. In

influence ferromagnetism, are the RKKY and the superex-

change. From Eq39) one can easily see that, when impurity \tléh?;;'f(%l!ch’iés\ﬁ?nicr?nfflgﬁrtf:gee)g(sf?s:]alef?:i)n;SOf egt(;h;n?]e in-
concentratiom; > (m;A;)%2, the superexchange contribution <9 ’ 9 9 g gn,

totally suppresses ferromagnetism brought about by thand its rangdR, are those of the dominant indirect exchange

RKKY exchange interaction. On the other hand, When$ontr|but|on. Note again that in our definition of exchange

202 . integral we sum over impurities twice. We will also consider
n; < (mA,)°'4, the superexchange at an average distance b?ﬁe case when the short-range part in &8q) is rapid
tween impurities is suppressed, and the RKKY interactio gep pidly

gives rise to ferromagnetism, as in the ordinag model. noscnlatmg,

Corrections due to superexchange can then be calculated us- Ry

ing the virial expansion approa¢h.We can rewrite the Jsg=—Vo—e PRcodQ - R). (65)
dominant exchange contribution from E&9) in the follow- R

ing form: As we have seen above, this happens when two bands sepa-

Ro _r rated by wave vectoQ contribute the most to the short-
J(R) == Jrkky F(2peR) ~Vo© R, (61)  range exchange interactioky has a negative sign for the
Bloembergen-Rowland contribution, and a positive sign for
where Vo= mJgkky / (64pER5), Ry=1/V8m,A,, in case when the superexchange. When more than one process is important
it is given by one empty band only. If contributions from for short-range physics, the problem can always be solved
more than one “empty” band are importay and Jgxxy numerically for a given set of parameters. Here we obtain an
are, in general, unrelated to each other. The reason for this @nalytical solution in several limiting cases.
that the largest short-range contribution typically comes from (1) Dilute system with almost no carrierk the absence
the lightest bands, which would produce the longest-rangef carriers, the type of order ant is determined by the
indirect exchangeif all hybridization parameters are of the short-range part of interaction. If ferromagnetic
same order On the other hand, the dominant RKKY contri- Bloembergen-Rowland interaction dominates at short dis-
bution is the one from the heaviest band, since the carriers itances, Curie temperature is approximately given by the fer-
that band have the largest Fermi wave vector; there will alssomagnetic interaction taken at the average distance between
be additional RKKY contributions from many bands, which impurities®
were analyzed in the previous section. In what follows we
consider the simplest case, when only one heavy band is T.= 2_3\/OSZROnil/3e_O-87ROnil/3VO> 0, (66)
relevant for RKKY.

In case of a FS with a direct band gap, the Bloembergenwhich is valid whenni<1/R8. A comparison with Eq(3)
Rowland mechanism gives rise to ferromagnetism, and wghows that this gives the following condition on the number
can either have a ferromagnetic or an antiferromagnetiof carriers:
short-range exchange contribution, depending on the relative
strength of corresponding exchange processes. If the Pe = (37N Y3 < pog, (67)
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27.6V,7m*SR)

_ SinHJIPdos(S+ 1/2)/T]
(LS + pm'n?

sin{Jp%es/(2T)]
When the short-range interaction is antiferromagnetic, it fa- To find the virial correction to Eq3) from Eq. (71), we
vors spin glass order, and ferromagnetism is absent whemeed to include intd= the contribution from two magnetic

there are no or almost no carriers. The condition on the numimpurities, when they are close enough:
ber of carriers for ferromagnetism to be absent is then given

by Fai= %n? f ®*R[F4(R) - 2F(R)], (75)
Me—osu%nﬁ’%_

*

d \2ry 2/3
(JG=0)"m'n;

/
Por e TR, Fi=-nTl (74

Pr << Posc= (68)  and calculate it from the Hamiltonian

Finally, for a rapidly oscillating short-range pa®5) this H=Hyr + Hexen (76)

condition can be rewritten as This can be done, since the Zeeman Hamiltonian for two
27.6V| 7R, " spins, interacting via direct exchange interaction, can easily
R 9. (69 be solved. The integral over this solution, however, can only
(S+ 1)(Jg=0) M 1} be taken with logarithmic accuracy. The contribution from
For the Anderson HamntoniaaggozzviaS/Al_ Note that _two impurities is important when the distance between them

if the ration./n; is fixed, p= grows much slower witm; than S

Pr < Posc=

po- Thus, conditions in Eqg67)—69) are likely to be satis- IVol/T
fied at some finite concentration of magnetic impurities RsROInO—. (77)
n.<n<1/R. For example, for antiferromagnetic or oscil- In(|Vol/T)

lating interactions, Eqsi68) and (69), will define the con-  ginding F,,, and repeating the minimization over we ob-
centation of impurities above which carrier-driven ferromag-tain, as expected, that a for ferromagnetic exchange interac-

netism disappears. _ _ tion (Vo> 0) Curie temperature is enhanced:
(2) Dilute system with carrietSNhen the carrier concen-
tration is large, i.e.pg>pg in Egs. (67)—<69), but the con- STJF] 47S 3.5 [VollTe
centration of magnetic impurities is still smat<1/R3, T, 3+ 1)”iRo n n(VaiTy (78)

short-range interactions between magnetic impurities will re-
sult in a correction tdr,, which can be calculated by virial For an antiferromagnetic exchange interactidg<0), the
expansion(see, for example, Ref. 42Following Ref. 5, Curie temperature is reduced
since the range of RKKY interaction is large, we can repre-

sentp-d interaction between carriers and magnetic impuri- oTdA] - Am R3In3 [Vol/Te _ (79
ties by a mean field Zener Hamiltonian T, 3" IN([Vol/Te)
|:|MF _ _Jggosz s, (70) A rapidly oscillating exchange interactidf5) gives
i ST{O] 4w nRE IS IVol/ T, (80)
wheres is the density of ordered spin of the carriers, which is T, 3(S+1) " IN([VollTe)

assumed to be constant in space. In addition, there isarela- _
tively short-range exchange interaction between impuritpVhich is independent of the sign %,

spins, given by the processes described in Secs. IV and V:  (3) “Dense” systemThe most interesting situation is the
case of a “dense” system of magnetic impurities, when

Hexen=— 2 IR ~R)S - S;. (71 m>(mA)¥2 Since the short-range part of the interaction

ij could have a range much larger than the lattice spacing, it
. . need not be really dense. This requirement can be rewritten

The short-range exchange integral does not include the cagy n>(A,/D)¥2 In a dense system, the wave functions of

rier contribution, since it is already accounted for in they,e heighhoring impurities overlap strongly, and the main
mean field Hamlltonéanf. In tgiZener quélo)r'] Cfurle tem- exchange contribution arises as a result of this overlap, not

gerat.ure th(:)’) can be ?un oy mln:jmlzmg the free energy e RKKY interaction through free carriers. Then ferromag-
ensity of the system of carriers and spins netism arises even when no carriers are present, if the
- _ Bloembergen-Rowland exchange process dominates the

F=F.+F, (72) , :
physics at short distanc€¥,>0):
with respect tos, and finding when the solution at small

; 29(S+ 1)n; 87S(S+ 1)n
first appears. Here T,= 5 |qu0: . VRS, (81)
_ (ZMBS)Z . .
Fe= 2 (73)  Note thatT, does not depend on the carrier concentration,
0 and should be much higher than that resulting from the
andF; is given by the usual Zeeman term RKKY interaction.
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The Bloembergen-Rowland exchange integral may bether hand, the superexchange contribution from the light
weaker than superexchange. In that case, ferromagnetism ole band has a much larger range, and thus could potentially
a “dense” system is suppressed, and spin glass order is fae more important than the superexchange contribution from
vored. This is always the case for indirect band gap semicorthe heavy hole band, or the mixed superexchange contribu-
ductors, where the short-range ferromagnetic exchange is aben. However, as we have seen in previous sections, most
sent. The Bloembergen-Rowland mechanism in case aofhort range contributions for a direct band gap semiconduc-
direct band gap necessarily leads to an increase of maximutor take the form of the second term in E@&1), although
T. as a function of concentration of magnetic impurities  there may be some variations. The problem is that the am-
plitude of superexchang¥,=V4/D3«m?® whereD is the
band width. So, for light bands the effective range of the
interaction is large, but the payback is that the amplitude

Application of the Anderson model to a real system, suchturns out to be small. An easy estimate for the light hole band
as Ga_,Mn,As is somewhat more involved than the modelin GaAs shows that fok'’s of the order of 1 eV this band
that we considered above, since Mn ion is P 8onfigura-  plays no role in ferromagnetism. The hole mass in the split-
tion with a spinS=5/2. This configuration has five orbit-  off band is 0.18.. This band could also play an important
als. For symmetry reasons, there may be more than just orele in the superexchange interaction, although, once again,
conduction or valence band, which is the case for GaMnAsthe amplitude for realistic parameters turns out to be ex-
Then, as we discussed above in Sec. V, one has to take inteemely small. The electron mass g,.=0.063n, for the
account all pairwise contributions to the exchange integralmainI’ valley. The masses and gaps foand X valleys are
(29 and (30). In particular, there may be unusual contribu- much larger, so we do not expect them to play much role.
tions to RKKY, such as those considered in Sec. V. In genThus, we arrive at a simplified picture, where only the heavy
eral, one has also to sum over all orbitals in the Andersoiole band and’-valley electrons are relevant. The CFR Mn
Hamiltonian, not just spins, and take the Hund’s rule, spind®/d® level, which is important for our analysis, is in the
orbit, and crystal field splitting into account. Different orbit- conduction bandA;=1.5 eV above the top of the valence
als may have differeniVs with conduction and valence band. We can see from Eq&5) and (35) that, for this par-
bands. The result of this treatment, however, produces thécular level position, the ferromagnetic Bloembergen-
same exchange integral§R); for example, in case when Rowland interaction has the randg®=Rgg="%/\2m,A,,
spin-orbit and crystal field splitting is neglected, the resultwhile the range of the superexchange Rs.=Rgr/2.
will still be given by the exchange integral EgR9) and The amplitude of the Bloembergen-Rowland term
(30), with V4|2 is replaced by= |V, and similarly for  Vggr/Vee=Vimye/ (2Vimy), could become comparable or ex-
[V,[2, whereVy, is V; for mth orbital. The relation between ceed the amplitude of heavy hole superexchange. Note that,
corrections to energy levels and exchange integrals is diffefin case of strong short-range ferromagnetic interaction, it
ent in this more realistic case. However, the integrals inwould be energetically favorable for Mn impurities to form
volved are the same, and, as we have seen above in Sec. liérromagnetic clusters. This, in turn, would reduce the Curie
corrections to energy levels are rather small. Taking Hund’semperature. Clustering of Mn impurities would make mag-
rule into account results in replacin§=1/2 operator in  netic properties of this material crucially dependent on
equations of the previous section 18/(29), with S=5/2.  sample preparation. On the other hand, antiferromagnetic
Thus, this leads to the same results as in the previous sectioshort-range interactions should be stronger at shorter dis-
with somewhat redefinel!’s. The relationship between the tances, which would potentially lead to an exchange integral
energy shift andl,q will change, but the actual form a(R) (in the absence of carrigrsvhich changes its sign as a func-
is determined by the energy spectrum only. Insteay gf,  tion of the distance between impurities. In general, for the

VII. APPLICATION TO GAAS:MN

we may introduce particular situation when the Mn level is almost at the bot-
tom of conduction band, the range of antiferromagnetic su-

5 Em|Vam|2 perexchange is approximateBy/2, and we may represent
IV |°= T (82)  the total short-range exchange integral in the following form:

and use the form of exchange integrals that we have obtained Ro

in the previous sectiongwith S=5/2). Equivalently, this J(R) = Vo—[- aexp- 2R/IRy) + exp— R/IRy)]. (83

would mean that the expression ft(R) in terms ofJ,4's (or R

Jrkky) for conduction and valence bands and level position

will stay the same as in the previous sections. Here Vy=Vgr>0, while azmhhvil(mgeV@ is the ratio of
For ap-type semiconductor, such as GMn,As, we can  superexchange and Bloembergen-Rowland amplitQaeso

adopt an inverted picture, where the “empty” band is now thea factor of 3, which depends on the hybridization of impu-

valence bandempty of holeg while the filled band is the rity d level with the valence ban@V,), of impurity d level

conduction band. The Anderson Hamiltonian is then easilyith the heavy hole band,,, and the corresponding effective

rewritten in terms of holes. There are two types of holes inrmasses. Whemvr>1 (which is likely the case here, since

GaAs—the heavy hole and the light hole. Since their massesy,,>m,), the exchange becomes antiferromagnetic at short

are very different(0.081m, and 0.5In,), the main RKKY  distances foR<R;In «. The virial correction torl, for such

exchange contribution is produced by the heavy hole. On thexchange integralassumingr, is determined mostly by the
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p-d interaction of magnetic impurities and heavy holes
then given by

oT. 47S

T. 3(S+1)

afys VoTe 5 )
n,RO<In In(Vo/T) [2+(1/9]In° a|,

(84) FIG. 8. Impurity corrections to Curie temperature.

and could change sign as well, at some large doping level. If

carriers are not present, this exchange integral alone, f&ued_ that, since the RKKY interaction at large distances is
a>1, would lead to a saturation or decreaseTpfat large ~dominated by the @ Kohn anomaly wave vector, the vertex

doping. On the other hand, when< 1, ferromagnetism gets corrections are not essential for the averages over disorder.
significantly enhanced at short distances. The long-distance power law in the RKKY interaction then

In general, the interplay between various short rangég(_etS multiplied .by an exponential factor Q*QR”_)' where
contributions leads to a rather complicated physics a_[ is the scattering length. These effects were indeed taken

. . : . , : 13§ ir oriai
short distances. While a detailed calculation requires precisé&t© accou?f')[ by Ohnet al™= in their original paper. Abra-
knowledge of all hybridization parameters from the quantum?@mset al,” however, have shown that this is not the whole
chemistry, we can estimate the Mn concentration at whictstory, since disorder introduces insteadistribution of J(R)

the short distance physics becomes important by requiringt large distances. We note here that the long-distance behav-
5T/T,~05 in Eq. (84. We take the estimate of O of the RKKY interaction is not essential for ferromag-

Joq~ 150 eV A3 and T~ 110 K from Ref. 13A;,~1.5 eV, netism. The Curie temperature is determined by RKKY ex-
and assume that=1. ThenVO:Jf)drrﬁh/(Sa-rz), and we get ~ change at short distances, dg«v(q=0). Of course, the
vertex corrections are essential for the calculation of the
_ ( a )3 8y (85) RKKY loop diagram atg=0. Summing all ladder diagrams
% 2R, IN(Vy/T,) 0 (0 order in 1pgl), shown in Fig. 8, leads to a diffuson con-
Finally, it should be mentioned that there is another ferro-mbUtlon
magnetic contribution to shorter-range exchange, coming
from the Anderson model and Hunds rule ferromagnetic ex-
change for realistic systems. This ferromagnetic exchange o B
corresponds to the following process: a Mrhole is taken ~Which significantly modifies frequency dependence of
into the s-p hole band at another Mn site, followed by the RKKY at q=0. HereD is the diffusion coefficient. _
Hunds-rule ferromagnetic exchange on another Mn. Only However, the stati¢w=0), not dynamic, part of the dia-
one hole band participates in this virtual process. This give§ram in Fig. 8 determine3,, and it is not changed at all.

the ferromagnetic contribution of the foffn Thus, to the leading order in p¢l disorder does not modify
the Curie temperature. The interactions, if not too strong, can

V§a3JHmfe_2\;mR also be included as the standard Fermi-liquid corrections to
AR ' Xo In Eq. (3). Weak localization correctionghe Cooperon
] ) ] diagramg, however, should modifyf.. They can also be in-
which shows that the direct band gap is not necessary fog|yded in the same way as the standard weak localization

ferromagnetism at shorter distances, and for the physics diggrections to spin susceptibilitgee, for example, Ref. 46
cussed above. A different power Bfwould introduce minor  an4 Eq.(3) should still be valid.

corrections in the results discussed above, such as the change,:ina”y, we note that strong exchange interacti8hcould
the power of concentration in E¢6) from n{*to n?? and  ping holes at Mn sites, forming a shalldar deep complex

vDg?

e 88
[on] + D? (8

H(q,ﬁ)n) ==

(R =~ (86)

Rin Eq.(77) to magnetic impurity. This effect would reduce the hole concen-
IVolIT tration and the number of free Mn spins, and thus lead to a
R<RyIn— . (87) reduction Curie temperature. The interactions between these

In“(IVol/T) complex magnetic impurities would be determined by the

Finally, it should be mentioned that percolation can only bePverlap of the corresponding wave functions.
treated analytically in some limiting cases. Detailed Monte
Carlo calculations, such as the simulations done in Ref. 43 IX. CONCLUSIONS

are absolutely crucial for understanding the problem. _ _ _ .
We have investigated the model of magnetic semiconduc-

tors in which magnetic impurities are treated in the frame-
work of the Anderson model. We have shown that the effec-

In this section we consider rather briefly effects of disor-tive Hamiltonian of this model is more rich than the usual
der and interactions. Since the superexchange and thed model considered in the literature. Effectively, in the
Bloembergen-Rowland exchange interaction are governed b&nderson model, wave functions of localized impurities de-
high-energy virtual processes, they are independent of disorelop a “tail,” which could be long range. When the concen-
der. The RKKY interaction, however, gets modified. This tration of magnetic impurities is large enough, the overlap of
modification was first considered by de Genffessho ar-  wave functions on two different sites leads to a very strong

VIIl. EFFECTS OF DISORDER AND INTERACTIONS
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exchange interaction, which is important, and could domishort distances. The effective exchange interaction in the
nate the physics at Mn concentrations as low as 5%. Therd=c« Anderson model for any FS is given by E@$9), (29),

are two contributions to this exchange interaction-and(30). A numerical solution of this effective Hamiltonian
superexchange, in which localized electrons are exchangegr a given set of parameter@etermined from quantum
trough only one type of bandgither conduction or valence chemistry would give the answer fof,(n;) in the most gen-
bandg, and the Bloumbergen-Rowland term, when the ex-rg| case.

change is through both conduction and valence bands. We \ye have briefly considered effects of disorder and inter-

Bctions. We have shown that when De GeAhapproxima-

Rowland exchange is ferromagnetic. This could lead to Rion pel>1 is applicable, disorder does not modify Curie

dra_matlc thancement Qf Curle temperatures in certain ma emperature. Localization effects, however, do modify Curie
netic semiconductors with a direct band gap, such as GaM-

: - emperature, although their effect could be reduced to re-
nAs. One other important consequence of the indirect ex- . . o .
) I ) moval carriers. Finally, in this paper we have not considered
change is that, if it is ferromagnetic and reasonably lon

. : Yhe effects of mixing of conduction and valence bafgisch
range, doped carriers are not necessary to mediate ferromagékp). These effects should also be included in the full de-

netism. This leads _potent'|ally to a new cl_ass Of. hlgh'scription. We should mention that application of the Ander-
temperature magnetic semiconductors, with high Curie tem=

. . . . son model to GaAs:Mn was also considered in Ref. 47, al-
peratures determined entirely by the interaction betwee

. . o . . ) rt]nough the limits of the Anderson model and their

localized impuritiesnpot Zener mechanisnThis emphasizes . .
X .__conclusions are different from ours.

the effort to search for new materials, where ferromagnetism
is not carrier driven (for example, driven by the
Bloembergen-Rowland mechanl}sm_nother important con- ACKNOWLEDGMENTS
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