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We present a detailed study, within the mean-field approximation, of an impurity band model for 1lI-V
diluted magnetic semiconductors. Such a model should be relevant at low carrier densities, below and near the
metal-insulator transition. Positional disorder of the magnetic impurities inside the host semiconductor is
shown to have observable consequences for the shape of the magnetization curve. Below the critical tempera-
ture the magnetization is spatially inhomogeneous, leading to very unusual temperature and magnetic field
dependence of the average magnetization as well as specific heat. A metal-insulator transition is also observed,
with a mobility edge inside the impurity band, in agreement with experimental measurements.
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I. INTRODUCTION However, Mn impurities in a IlI-V semiconductor create a
trapping potential for holeSThe associated acceptor levels
Diluted magnetic semiconductof®MS) are semiconduc- are about 100 meV above the top of the valence band, for
tors of the general typé\;_,M,B, where AB is either a GaAs, and interactions will lead to their splitting into an
II-VI or a Ill-V semiconductor andVl a magnetic element, impurity band®'* At T=0, the holes occupy the states of
most commonly Mn. Substitution of a small fractigrof the  lowest energy and therefore they first fill the states in the
elementA by Mn impurities(and in the case of II-VI semi- impurity band. Only if the Fermi energior thermal energy
conductors an additional charge dopant, such as P oB the kgT) is large enough are states in the valence band occupied
site) leads to the emergence of a semiconductor with ferroas well. It has been found experimentally that these alloys
magnetic properties.This is due to the interactions of the are heavily compensated, leading to rather small hole con-
S=32 Mn spins(coming from the half-filled 8 shell of the centrations, of the order of 10-30% of the Mn
Mn) with the spins of the charge carriers introduced by theconcentratiort? The corresponding small Fermi energy im-
Mn dopants, or by the additional dopant, for II-VI semicon- plies a long screening length for the Coulomb interactions,
ductors. This opens up the possibility to manipuld@teough  and opens up the possibility that holes are actually moving
doping not only the transport, but also the magnetic proper{through hopping processeis the impurity band formed of
ties of the semiconductor and thus, the potential to develogtates localized about the Mn impurities. As a result, random-
“spintronic” devices which combine storagenemory func-  ness in the position of the Mn spins could be expected to

tionalities with information processing functionalities. play an important role in defining the properties of these
The recent demonstration of Curie temperatures of up teompounds.
150 K in Gg_,Mn,As samples withx~0.05, grown at low There is strong experimental support for this scenario.

temperatures using molecular-beam epitaxfMBE) Low-temperature dc conductivity is consistent with Mott
technique$;® has heightened the interest in understanding/ariable-range hopping behavibt’ Photoemission spectros-
the physics of these alloys. By now, it is well established thacopy has revealed the existence of the impurity band in
the main magnetic interaction is an antiferromagneiieM)  Ga_,Mn,As with x=0.035 (very close to the metal-
exchange between the Mn spins and the charge-carrier spirigsulator transition* while scanning tunneling microscope
As a result, an effective ferromagneti&M) interaction study*® demonstrates the existence of an impurity band in
arises between the Mn spins through carrier-induced ferrotGa,MnAs samples withx=0.005. More recently, a detailed
magnetism. Several theories, most notably Ruderman-Kittelphotoemission stud§ for Mn concentrationsx=1-6 %
Kasuya-YosidadRKKY),” have been used to explain, within finds that the Fermi level is always above the top of valence
a mean-field approximation, this phenomenon. More reband of the undoped GaAs compound, clearly indicating the
cently, dynamic correlations as well as arbitrary itinerant-existence of states inside the gap. Finally, recent optical
carrier spin polarizations have been inclufedll these  spectroscopy studitsshow the existence of features in the
models assume that as a result of screening by charge carfiptical conductivity consistent with the existence of an im-
ers, Coulomb interactions become negligibly small and thepurity band forx=0.0001 andk=0.05 samples.

charge carriergéthe holeg occupy a Fermi sea in the valence  In this paper we investigate, at the mean-field level, a
band. This leads to a spatially homogeneous distribution o$imple model in which holes move in a band formed of
the holes throughout the entire system and therefore resultgpurity states, completely neglecting the higher-energy
in a homogeneous magnetization, in which disorder in Mnvalence-band states. Since we find typical Fermi energies of
positions (always present in such alloyglays little or no a few tens of millielectron volt, smaller than the
role. ~100—-200 meV between the impurity band and the valence
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band, this seems to be a reasonable first-order approxim&elow a conductionlike band. The main difference between
tion. This model allows us to understand in a rather simpleghe two models igi) the hole spin is$ and(ii) the envelope
frame a number of nontrivial effects of the disorder in Mnwave function of hole has cubic symmetry, rather than
positions on the magnetic and transport properties of thesspherical symmetry of a donor. This leads to some quantita-
compounds(some of which have already been reported intive differencesas has been shown by MacDonald and co-
Ref. 18. In particular, we find a spatially inhomogeneous workers for free holes in Ref. 2but the essential aspects of
magnetization, very unlike the homogeneous magnetizatiothe problem, namelya) disorder andb) the effect of impu-
predicted by models with holes occupying a Fermi sea in theity potentials, which we concentrate on here, remain sub-
valence band. However, our results show some qualitativetantially unaffected.

agreementsuch as very wide distributions of effective cou-  The Hamiltonian we study is

plings, due to disordérwith more recent work on such

“metallic” models, which also include unscreened Coulomb _ + St 2

interactions between the holes and Mn centers and as aresult /1= IE; 4 CioCjot Z u(i)CigCig+ IE; JijS(i)

are sensitive to disorder in Mn positions. This is encourag- ’ '
ing, as it suggests some convergence of the phenomenology
predicted by the higher densitymetallic models and the
low-density (insulating models. Clearly, a full quantitative
understanding of these compounds will necessitate a detailed ~ -
modeling of the impurity band and inclusion of the valence- _Q“BHZ S @
band states with proper description of other factors such as

screenindon a proper, local scale, taking into account strong Here,c/ is the creation operator of a charge carrier with
charge inhomogeneitigss well as various defects respon- spin o in the bound orbital associated with thia Mn im-

sible for compensation. urity. The first term describes charge carriers hopping be-

The paper is prga_mzed as follows. I_n Sec. |l we Qescnb ween Mn sites, with a hopping; dependent on the distance
the model Hamiltonian, the self-consistent mean-field ap- - - . . .
=|R;—R;|. We use an exponential form like for hydrogenic

imati Il h ifi in th
proximation as well as the specific parameters used in %rbitalszz t(r)=2(1+ r/ag)exp(—r/ag) Ry (see Appendix

numerical calculations. It is important to emphasize that al- NP ; ;

though we chose numbers from the literature specific to th&°" @ justification. We present detailed results for this case;

GaMnAs problem for illustration purposes, similar argu- owever in Sec. llIF we discuss the_ changes that reSL_JIt for

ments and physics would hold for other 111V compounds. In°ther hopping models. From these different cases we discemn
the universal aspects of the impurity models. The Rydberg

Sec. Il we present our results. We first analyze the hypo o .
thetical case in which all Mn impurities are ordered in a(Ry) equals the binding energy of the charge carrier to the

simple cubic lattice. This allows us to understand the unusugin@llow trape, . The heavily compensated nature of the sys-

shape of the magnetization curves we obtain. More imporlem gives rise to random potentials coming from the charged

tantly, it allows us to clearly identify the nontrivial effects of CENters responsible for compensation. We model this through
randomnesgdisordej in the Mn positions. These are ana- &1 On-site random potential(i) which leads to the second
lyzed in some detail and a clear physical picture of theirl€™ in Eq.(1). Complete modeling would require a self-
importance to the problem emerges. We also analyze thgonsistent dgtermlnatlon of this pqtennal taking in consider-
metal-insulator transition, the effects of on-site random dis2ion screening processes. The third term describes the AFM
order, as well as other possible interactions. The sensitivitjnteraction between Mn spirt(i) and charge-carrier spins.

of our results to variations in the impurity band parameters i$Since the Mn spins are very localizéthe 3d shell has a
also discussed. Finally, Sec. IV contains a summary and corfadius of the order 1-2 Athe AFM exchange integral is
clusions. taken to be of the formJ;=J|(i,j)[?=J exp(-2|R

—F§j|/aB), reflecting the probability of finding the charge car-
Il. MODEL rier in thes-type shallow level about impurity near theith
] Mn spin. In this notationJ is simply the AFM exchange
We assume that Mn only substitutes for the group Ill el-jntegral of an isolated localized hole centered at a Mn impu-
ement of the II!—V se_mlconductor leh zinc-blende structurerity with the spin of the Mn. The last two terms describe
[the effects of interstitial Mr{Ref. 20 is neglected through- jnteractions with an external magnetic fietd
out this work. R, ,i=1, . .. Ng are the random positions of
the Ny Mn dopants. Each Mn impurity is associated with a
spin3 from its half-filled 3d shell. The valence-Il Mn is an ] . .
acceptor and it can trap a hole in a shallow level, character- Ve treat the AFM interaction at the mean-field level, de-
ized by a Bohr radiugg. Let Ny, be the total number of Scribed by the factorizatidh
holes trapped about various Mn sites, aoe N,,/Ny4 the R R
relative hole concentration. S(i)~0'jHSMn(i)UjZ+ SHi)sp(j)—Sun(i)sn(j), (2
Although the charge carriers are holes, in the following R
we use an “electron” formalism: we analyze an equivalentwhere Sy,(i)=(S(i)) andsy(j)=(o}) are the expectation
system doped with hypothetical donors, with impurity levelsvalues of theith Mn spin and of the total spin created by

X

1. o
CJTQEO-QBC]B> - glu'BH ZI ECiTa'Ci(r

A. Mean-field approximation
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charge carriers at thgh Mn site, respectively, and must be (5) and the iterations are repeated until self-consistency is
computed self-consistently. For simplicity of notation, we achieved. We define self-consistency as corresponding to the
usedgjzc;a%(;aﬁcjﬁ in Eq. (2). situation Where the I_argest absolute variation of the or_1—site
The mean-field Hamiltonian has three parts pharge-ca_rrler energies, [Eq. (7)] b_etween two successive
iterations is less than 16 meV. This corresponds to rela-
Hye=Hspint Heet Heonst: ®) tive errors of 10° or less for all computed quantities.

The spin Hamiltonian i$4s,i,= — Z{H;S*(i), where
B. Parameters

HF@/LBH—JE | (i -j)|23h(j) (4) We consider &N X N XN fcc sublattice of the valence-lll
i element, of lattice constarst (a=5.65 A for GaA3, with

is the effective magnetic field for the Mn spin at sitéThe periodic boundary conditions. The Mn doping is character-

expectation value for the Mn spins is ized by x=Ng/4N3, leading to a Mn concentratiogy,
=4x/a%. The hole concentration is,=pcy,, wherep
Sun(i)=Bs(BH;), (5) =Np/Ngy. Values of interest arex=0.01-0.05 andp

=10-30 %12 The choice of the system si2¢is described
in the following section.

The parameters we use are specific tq GMn,As. The
binding energy isE,=112.4 me\=1 Ry.? Using the Lut-
tinger Hamiltonian in the spherical approximation we find

Hee= 2 €l Ciot 2 (€i0— 1)Cl,Cig, (6)  the effective mass for the heavy hole to bg=m./[ v,

b t —(67y3+4v,)/5]=0.56m,, where they coefficients for
where GaAs arey; =7.65, y,=2.41, andy;=3.28° This gives an
estimate of the Bohr radius Qsag=#/\2m,E,=7.8 A.
This is in excellent agreement with another estimate, ob-
tained by assuming that the hole is bound to its impurity by
a pure Coulomb attraction, in which cafg=e?/(2eag).
is the effective on-site energy. A chemical potentialis  Using the valuee=10.66 for GaAs leads tag=7.82 A.
added to treat the carriers in grand-canonical ensemble. \while this agreement is probably fortuitous, similar values

The charge-carrier Hamiltonian can be diagonalizéd  have been used in literatut@esides the Rydberg, a second
=3 10(Ene—n)al,an,, using the unitary transformation energy scale is provided by the exchange integral. Wel set

where Bg(x)=(S+ 3)coth (S+3)x]—3cothw/2 is the Bril-
louin function for spinS=5/2 andB=1/kgT.
The charge carrier Hamiltonian can be rewritten as

2Syn(j) —gugH | +u(i) (7

g
i(r:_‘] .1.
€ 2( 2 ‘qs(l )

al =3 yn,(i)c! . Here ¢, (i) is the amplitude of prob- =3e=15 meV, wheree=5 meV is the value obtained in
ability to find a charge carrier occupying levelith spin o Ref. 9 for the AFM interaction of an isolated hole with the
to be at sitd. u is given by spin of its own trapping Mn impurity. A factor of 3 is the

simplest way to account for the fact that the heavy holes
N :2 F(E,.) ) have spin projectiong,= =3, while in our model they are
h= e i =nals modeled ass,= * 3 objects. The final paramet&V charac-
oy i terizes the on-site disorder due to uncompensated impurities.
wheref(En,) ={exd B(En,—w)]+1} " is the Fermi occupa- e assume tha(i) has a uniform distribution in a range
tion probability of the level o). Then, the average spin [—W,W]. Following Ref. 10 we estimate/~e?/ €f, where

created by charge carriers at sitis 3. : .
r~1/ny, is roughly the average distance between Mn impu-
_ o - rities. For the typical charge carrier concentration considered
Sh('):% §| Uno(DI*F(Eno). ©) ch=1.5x107%cm 2 and p=10%, we findr~9 A~ag,
which suggestd¥~1 Ry. To conclude, in the absence of
Finally, Heonsi=—JZ j|(i,1)|*Sun(i)sn(j) contains the  external magnetic fields the problem has five dimensionless
constant terms from the mean-field factogzatmn. parametersd/E, , ag/a, npad, x, andW/Ey.

The internal energy isU=(Hyr)=—gugHZ;Sun(i)
+2h.Enef(Ens), While the specific heat of the system is
Cy(T)=0U(T)/JT. Other quantities of interest can also be . RESULTS
computed.

We solve the mean-field equatio®—(9) using an itera-
tive algorithm. We start with a guess for the initial configu- We first consider the simplified case of Mn impurities
rationSy,(i) for each temperatur€ of interest(details about placed in an ordered cubic structure, with a superlattice con-
this are provided in Sec. lllB We numerically diagonalize stanta, =a/(4x)'%. While only concentrations for which
the charge-carrier Hamiltonig®) and find the charge-carrier a, is commensurate with would be physically acceptable,
eigenvalues, eigenfunctions, as well as the chemical potentige disregard the underlying GaAs lattice in this particular
from Eq. (8). We then computey(j) [Eq. (9] andH; [Eq. case. We also set the on-site disordér) =0, and turn off
(4)]. The new values foBy,(i) are then obtained from Eqg. the external magnetic field.

A. Simple cubic superlattice of Mn
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FIG. 1. The average Mn spify, and the average spin per FIG. 2. The average Mn spif§y, and the average spin per
charge-carrieis, = Z;s,(i)/N,=sn01e/p for doping concentrations charge-carries, for p=5,10,25, and 40 %. The Mn concentration
x=0.01-0.05 andp=10%. The Mn spin curves have an unusual is fixed atx=0.02. For largep, Sy, regains the shape expected for
shape(see text The inset shows the specific heat per Mn as aconventional ferromagnets.
function of temperature. The lower peak is due to Mn spin fluctua-

tions, while the upper peak is due to charge-carrier fluctuations. The inset of Fig. 1 shows the specific heat per Mn impu-

rity for the same parameters. In all cases we see two distinct
For the ordered case, translational symmetry impliegontributions. At lowT, the charge carriers are all “frozen”
Sh(1) = Shote» Sun(i) = Swun for all sitesi of the cubic Mn su-  at the bottom of ther= | band, and all the entropy is due to
perlattice. As a result. is diagonalized with plane waves, fluctuations in the Mn spins. This can be easily checked by
and Eqs.(4)—(9) reduce t0Sy,=—B(BeiShol) @NdShere  COMPULING CP"=dUgpin/dT, with Spge=—0.5 and
= (1/167% [dKS, of (E,). The chemical potential is given Uspin={Hspin)» Which recaptures the entire lower peak. At

. . higher T values the Mn spins are almost frébe effective
- 3 ,
by p=(1/877) JdkZ,f(E,) and the charge-carrier eigenen- o qnetic field polarizing them is very smatnd neaff . the

ergies aréEg,,= (k) + (0/2)Je11Sun - Here,k is measured in  entropy is dominated by spin fluctuations of the charge car-
units of 14, , and the integrals are performed over the firstriers.

Brillouin zone —w<k,<w, a=xy,z. Also, 6(|Z) BAS| the rilatri]vehconcentratimir;)creases,fo”ne exlpectsdthglt

_ irj-k 1S A2 1S a—2ri /8 T below which charge carriers become fully polarized de-
= Ziol(ri)e andJey = I3[ (1) |°= ;e ®, where creasegsinceEr is large and the unusual intermediary re-
gime whereSy,,~ 1/kgT is restricted to smaller ranges. As a

) . : result, the magnetization curves should regain the character-
age chargg—carrler spin- 1/2<Sh:E‘Sh(')/Nh:Sho'eNd/, istic shape of conventional FM. This is confirmed in Fig. 2,
N<0 obtained fox=0.01~0.05 ando=10% are shownin =, here the average charge-carrier and Mn spins are plotted
Fig. 1. The overall signs reflect the AFM alignment of the ¢, p=5,10,25, and 40 %.

charge-carrier and Mn spins. The total magnetization of the ¢ s interesting to note that tHE, values obtained for this
sample, obtained by adding the Mn and charge-carrier Coryomogeneous case using the nominal parameters from litera-
tributions, is similar to theSy, curve, since the number of tyre are actually in good agreement with experimentally
Mn spins is 1p~3-10 times larger than the number of measured values. In Fig. 3 we pl@t for three GaMnAs
charge-carrier spins. The magnetization curves do not havgammeg},z which are estimated to havp=5-10%, in

the typical shape of conventional ferromagnets. In fact, eachgreement with our estimates. However, as we show in the
curve shows three different regimes. Just belqwhere is a  following, disorder has a large effect of,. At the same
region where neither the charge carriers nor the Mn spins aréme, the mean-field approximation itself underestimates
yet fully polarized. The gape:tSun between ther=| and  thermal fluctuations, and therefore substantially overesti-
o=1 charge-carrier bands increases quickly as Thde-  matesT,.?* We conclude that the good agreement shown in
creases. Since there are fewer charge carriers, they are they. 3 is likely fortuitous, but it should be taken as an indi-
first to fully polarize tos, = ps,= —0.5p. For lowerT, the  cation that this simple model gives the right order of magni-
Mn spins are in a constant effective magnetic fi¢ld tude of T,.
=JettShole= —0.50Je¢;. If BH<1, the Brillouin function

may be linearized an8&,;,~Jq¢;/kgT (the Curie law. This

explains the uncharacteristic concave upward shape of the

Mn spin magnetization in this intermediate temperature re- We now analyze the effects of randomness in the posi-
gime. Finally, for very low temperatures, the Mn spins alsotions of the Mn on the shape of the magnetization and the
become fully polarized. value of T.. We continue to assume no on-site disorder po-

the sums are performed over the whole crystal.
The self-consistent values of<0S5,<5/2 and the aver-

B. Effects of disorder in Mn positions
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FIG. 3. Comparison between experimental valuesTgf(full FIG. 4. The average Mn and carrier spifg, and s for x

circles, from Ref. 1§ and mean-field values for the ordered case.=0.00926 ando=10%. In increasing order of, the curves are
The good agreement indicates that the parameters used here &@é ordered, weakly disordered, moderately disordered, and com-
reasonable. pletely random distributions of Mfsee texk

tential [u(i)=0] and zero external magnetic field. Due 10 |owest T, is for an ordered Mn superlattice, with = 3a.
positional disorder, the system is no longer homogeneoughe next curve corresponds to a weak disorder configuration,
and we have to consider finite-size lattices. We choose ranp which each Mn is allowed to randomly move to one of the
domly the positions of th&q Mn spins and solve numeri- 12 nearest neighbors of the underlying fcc sublattice. The
cally Egs.(4)—(9) self-consistently for each site. The linear third curve corresponds to a medium disorder configuration
size N of the lattice is chosen so as to minimize finite-sizejn which Mn impurities are allowed to pick any sites on the
effects. These are monitored through their effect on the magec sublattice, as long as the distance between any two of
netization curvesespecially onT;) and the total density of them is at least 2. Finally, the curve with the highest,
states(DOS). Finite-size effects become negligible fd,  corresponds to a completely randdistrong disorder Mn
~50. Sizes studied vary froM=14, Ny=548, N,=55 for  configuration. Figure 4 shows that the shape of the magneti-
x=0.05, toN=24, N3=512, N,=51 for x=0.00926. zation curves is significantly changed by positional disorder.
Equations(4)—(9) generally admit several self-consistent T_ is increased, while the curves become more concave, with
solutions, depending on the initial values used in the firsiun spins not reaching the saturation ling,,=5/2 until
iteration. Forbiasedinitial values, we start the first iteration yery low T. While this increase off, with disorder may
at the lowesfT value of interest assuming all Mn spins fully seem counterintuitive, it has a physical explanation. In the
polarized,Sy,(i) =5/2; at higherT, we use as initial values disordered sample there are regions of higher local concen-
the self-consistent results found at the previdlesver) T tration of Mn, where the charge-carrier wave functions are
studied. This insures that we find the self-consistent solutiongeaked. Thus, the effective interactions between holes and
with the largest possible magnetization. Fandominitial  the Mn spins in these regions are enhanced, leading to an
values both the magnitude and the sigrSgf(i) are chosen jncrease off.. On the other hand, Mn spins in the regions
randomly for each site for all' considered. The total mag- devoid of holes are only very weakly interacting with holes,
netizations obtained in this case are smaller or equal to thgnd therefore do not order magnetically unless temperatures
maximum possible valueobtained for biased initial valugs  are extremely small.
due to the appearance of regions with local magnetizations Thjs point can be illustrated by looking at a histogram of

pointing in different directions. We investigated over 150the total density of charge carriers at sitelefined as
samples of varying sizedN=14-24 corresponding tx

=0.009 26—0.05 and=10-30%. In all cases, the most po- L C 2t +
larized (biased state has been found to have the lowest total p(')_; [p(i.0)[%(cjicip+cjicj))- (10
free energy in our model. For larger we find that most
random initial samples always converge to the biased limitSince at low temperatures only spin-down charge-carrier
signifying a more robust magnetization than at loweiWe  states are significantly occupied, we can also interp(ex
conclude that for this range of parameters the system is FMas being proportional to the effective magnetic field acting
and the biased configurations give the most stable mean-fieleh theith Mn spins[see Eq(4) for H=0]. In Fig. 5a) we
configurations. show, on a logarithmic plot, such a histogram obtained for 25
The effects of positional disorder of the Mn on the mag-random Mn configurations witk=0.009 26 andp=10% at
netization curves are summarized in Fig. 4, which plots the&kgT/J=0.000 6 (dotted ling andkgT/J=0.6 (full line). The
average Mn and charge-carrier spins as a function of temwertical line marks the valup=pZ;exp(—2r;/ag) for an or-
perature, for four different distributions of Mn spins. All cor- dered Mn superlattice. For small concentratiartee sum is
respond tox=0.00926 andp=10%. The curve with the roughly equal to unity, and the charge-carrier density and
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T

4 ' T , I ' T T . FIG. 6. Magnetizations for 25 realizations of Mn positional dis-
order forx=0.05. The elongated tails ne@g are due to polariza-
tion of a few very dense clusters of Mn, and should be disordered
by thermal fluctuations.

I been observed experimentaifyAs T increases tokgT/J
=0.6 (just belowT, for these parameterand kgT/J=1.5
>kgT./J [inset of Fig. %a)], the double-peaked structure is
. still apparent, although narrowed and with lower weight in
the higher peak. This shows that @ss lowered belowT,
the charge-carrier wave functions become more concentrated
inside the most dense clusters of Mn, where supplementary
magnetic exchange energy can be gained. This increases the
weight of the highep(i) peak, whereas further depopulation
of the rest of the sample pushes the low edge of the distri-
bution towards lower values. These variations occur close to
FIG. 5. (a) Histogram of loggp(i) [Eq. (10)] for random Mn _Tc; for kgT/J<<0.3 the distribution is already converged to
configuration withx=0.009 26 andp=10%. Dotted(full) lines it low-T shape.
correspond tokgT/J=0.0006, kzT/J=0.6). The vertical line In Fig. 5b) we compare the loW- histograms forx
marks the value op for an ordered Mn lattice. Inset: Same for =0.009 26 (dotted and x=0.05 (full lines). The vertical
kgT/J=0.6 (full line) andkgT/J=1.5(dotted ling. (b) Comparison  lines again show the corresponding values for the homoge-
between the histograms for=0.009 26(dotted ling andx=0.05  neous (ordered systems. Forx=0.05 the double-peaked
(full line). Both systems havp=10% andkzT/J=0.0005. Verti-  structure is also clearly visible, but the whole histogram
cal lines show the corresponding values for the ordered systems. shifts to higherp(i) values. This is consistent with overall
increased interactions for larger charge-carrier concentra-
effective magnetic field at each Mn sitegsandJp, respec- tions. [It is worth pointing that forx=0.05 there are sites
tively. For the randontdisordered configurations, a double- where p(i)>1(log,d p(i)]>0). Since the probability of
peaked structure is clearly visible. One peak is centered dinding a hole at any sitep(i):(ciTTciT+crlcil)<1, this
~0.6, well above the ordered value fpr and a second suggests that some Mn spins strongly interact with several
much broader peak centered at exponentially small valuesearby charge carriefsee Eq(10)]. Forx=0.009 26, how-
~10 2<p. The large values show that some Mn sites haveever,p(i)<1 for all sites, showing that Mn spins interact at
large local charge-carrier densities, which strongly polarizenost with one charge carrigr.
the respective Mn spins up to high defining aT. much Qualitatively similar effects of positional disorder dn
higher than that of the homogeneous system. The rest of there found for higher Mn concentrations as well as higher
Mn sites have small charge-carrier densitigs) and very  hole densities, although the effects are quantitatively sub-
quickly become depolarized with increasifigleading to the  stantially lesgsee Fig. 3 from Ref. J8All the curves shown
fast decrease 0%y, at low-T values. This phenomenology so far correspond to one particular disorder realization. As
has been recaptured accurately by dividing the spins intthe amount of the disorder increases, so do the variations
strongly vs weakly interacting, depending on whether theitbetween curves obtained for different disorder realizations.
effective magnetic field is larger or smaller than the corredn Fig. 6 we show typical results for 25 different disorder
sponding thermal enerdy. A mix of ferromagnetic/ realizations forx=0.05. These significant variations demon-
paramagnetic contributions to tiM(H) curves, which can strate the degree of sensitivity, in this model, to the particular
be attributed to strongly/weakly interacting spins, has als@rrangement of Mn dopants. This is to be contrasted with the

arb. units
(3]
T

; e . | .
05 4 3 2

log,(P)
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FIG. 7. Average IPR as a function of energy for subbands with  FIG. 8. Average IPR as a function of energy for the: | (full

o= (full symbols ando=1 (empty symbolsof completely ran-  symbolg ando=1 (empty symbols subbands of completely ran-
dom Mn distributions withp=10%, x=0.009 26, andNy=125 dom Mn distributions with p=10%, x=0.05, and Ny=548
(circles, 512 (squares and 1000(triangleg. The vertical line  (circles, 981 (squares and 1600(triangles. The vertical line
marks the Fermi level. All occupied states are localized. The inseshows the Fermi energy, above the mobility edge. The inset shows
shows the total density of states for the two subbatadbitrary the DOS for the two subbands, in arbitrary units.
units).

tions and average thé°R of all the states with eigenvalues
results of a homogeneous model which neglects CoulomMithin 2 meV of each other. We show both the=| and
interactions, where curves corresponding to different disor¢ =1 Subbands for three system sizég;=125,512, and

At o distina i : 1000, corresponding thl,=12,51, and 100. A large gap of
der realizations are indistinguishalifer example, Fig. 2 of - h
Ref. 21). d t P g size 4.2=63 meV opens between the two subbands, and

only states in ther=| are occupied at this low temperature.
The states at the bottom of either band are localized, with the
IPR independent of the system size. At higher energy, how-
According to Mott's criterion, a doped semiconductor ever, the states become extended, withIfR®~1/Ny. The
goes through a metal-insulator transitidfiT) for a charge- ~mobility edge for thes=| band is at an energy of about
carrier concentration given byiag~0.25. (For compen- —200 meV. The Fermi leveimarked by the vertical line, at
sated systems, the critical density is experimentally found t@PoUt 45 meV above the bottom of the banid below the
be somewhat largérNeglecting the effects of compensation m.ob|I|ty ed.ge, this implies insulating behavior, in agreement
and assuming=10% andag=7.8 A, the MIT corresponds with experimental measurements. However, the IPR of the

to x~0.02. This estimate agrees with the experimental valugtates at the Fermi energy is less than a factor of 2 I{;\rg.e.r than
of X~ 0.0327 the IPR at the mobility edge. This suggests that significant

tunneling occurs between various regions occupied by
charge carriers, helping the alignment of magnetization of all
the polarized regions. The inset shows the DOS for the two
subbands. The DOS has an extremely long upper tail, only
part of which is showr{for discussions, see Appendix-or
this small p=10%, only states close to the bottom of the

Z [ hno ()] impurity band are occupied, justifying the neglect of the

: band states. The histograms presented in Hig) indicate
(2 do (i) 2)2' that at higherT, the distribution of charge carriers becomes

i no somewhat more homogeneous. This suggests that the charge-

carrier wave functions become more extended at higher

For a state extended over tiNy sites of the system, one j.e., the system is more “metallic.” This is in qualitative
expects|z//n(,(i)|~1/\/N_, leading toIPR(ng)~1/Ng4. It  agreement with resistivity measureméhtsvhich show a
follows that for extended stateE?R(no) is inversely pro- larger resistivity at low temperatures than abdvefor all
portional to the size of the system. For localized stateslow-density samples.
IPR(no) is inversely proportional to the number of sites  IPR curves forx=0.05 and completely random disorder
over which the wave function is localized, and thus indepenare shown in Fig. 8. In this case, we use larger size systems
dent of the size of the system. (Ng=548,981, and 16000 avoid finite-size effects. Again,

In Fig. 7 we plotIPR(E, o) for a completely disordered states at the bottom of either subband are localized, while
system withx=0.009 26 andp=10% in the limitkgT—0.  states at higher energies are exteng@bdir IPR scales with
For each system size we study 100 different disorder realizat/Ngy). In this case, the system is clearly above the metal-

C. Metal-insulator transition

A way of finding the MIT is by determining the nature
(localized or extendedof the charge-carrier states near the
Fermi level. This is defined by the inverse participation ratio
(IPR) given for each statenfr) by

IPR(no)=
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FIG. 9. Mn and charge-carrier magnetizations as a functioh of 25 -
for a random Mn configuration witx=0.05 andp=10%, and
external magnetic fieldH=0,5, and 10 T. The overall magnetiza- 2.0 b

tion is significantly increased at all.
1.5

insulator transition, in qualitative agreement with experi- “_

. . ! 1.0 .
ment. Experimentally it was obsen/eld?’that samples with & |
higher concentrationsx{0.07) show reentrant insulating 0.5 _
behavior. However, these samples also have a much lowe

charge-carrier density. Since thes 0.05 system is just above 0.0
the MIT, it is reasonable to assume that a large decrease il
the density of charge carriers will move the Fermi level be- -05

low the mobility edge and thus lead to insulating behavior. I v B v R v a—

This agrees with recent experimehtghich show that proper k T/

annealing of such samples, which increases their hole con-

centrations, leads to metallic behavior. FIG. 10. (a) Mn and charge-carrier magnetizations for a random
The fact that these systems are either metallic, or not tof!n configuration withx=0.05 andp=10%, and an on-site disor-

far from the MIT, is important for obtaining a largg;. der cutoff W/E,=0,0.5 and 1;(b) Magnetization curves without

Maximizing the critical temperature seems to require a ﬁne(dasheci and with(full line) an on-site interaction with As antisites,

balance: increasing the disorder leads to incredgedbut explained in text. Both curves are for the same disorder realization,
" X . . = =100

also to increased localization. If the charge-carrier states b= 0009 24 ancp=10%.

come so localized that there is no tunneling in between high- - - . )

density regions, than the directions of pogllarization of Sugchmagnetm field leads to a significant increase of the Mn spin

regions become uncorrelated, and the average mal netizatiomagnetization at alll, since it polarizes the many weakly
9x ’ 9 9 |nr}eracting spins. It also leads to a saturation of the magne-
vanishes T,—0).

tization for temperaturekgT<gugH, as expected. The
magnetization of the charge carriers is also increased
D. Effects of external magnetic fields magnitude in the presence of the magnetic field. This may

We now consider the effect of an external magnetic field seem puzzling, since the external magnetic field should favor

in the absence of on-site interactiongi)=0. We takeg a flip of the charge-carrier spin from=| to o={. How-
o . o ever, as the magnetizati@y,(i) of each Mn spin increases
=2 for the Mn spins. The precise value of thdactor for g (1) P

with H, the effective negative magnetic field felt by charge

t_he hOIGS IS not important, since we find that the magnetizag rigrs increases, more than compensating the Zeeman con-
tion is not changed if we varg within a reasonable range. .y tion from H[see Eq(7)]

This is a consequence of the fact that each hole strongly
interacts with many Mn spins, and the external magnetic
field is just a small perturbation to the effective on-site en-
ergy €, experienced by holegsee Eq.(7)]. On the other We now consider the effect of the on-site disordér) in
hand, the external magnetic field leads to a significanthis model. While the nature of the heavy compensation is
change in the effective magnetic field, [see Eq.(4)] of  not fully elucidated at this point, it is due to some type of
each Mn spin, since each Mn spin interacts with very fewcharged defects. These create an electric potenfialat all
holes. In Fig. 9 we plot the magnetization of a disorderedMn sites. The simplest way to describe it is to assume that
configuration withx=0.05 andp=10%, in the presence of the on-site energies(i) are distributed with equal probabil-
an external magnetic fieltd =0,5, and 10 T. The external ity in the interval[ —W,W]. In Fig. 10a we compare the

E. Effects of on-side disorder

045202-8
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average Mn and spin charge-carrier magnetizations obtainesffects of changing the hopping parametér) below. The
from a random Mn configuration witlrk=0.05 and p effect of other approximations made, such as the neglect of
=10%, for various values of the on-site disorder cutoffcarrier-carrier interactions and the valence-band states, are
W/E,=0,0.5, and 1. On-site disorder does not affecton-  discussed following that.
siderably(in all cases we find thal. decreases slowly with A decrease of the magnitude of the hopping can be
increasingW) but changes the shape of the magnetizatiorachieved by changing the Bohr radius, or the prefactor. A
curve. It is interesting to note that the magnetization of thechange in Bohr radius is merely a renormalization of the
sample withW=1 Ry varies almost linearly witil. Such  effective density, while the effect of changing the prefactor is
unusual M(T)28 dependence has been observedigntamount to changing the exchange coupling in the oppo-
expenmenta_lly‘.' _ _ _ site direction, and then rescaling the temperature scale appro-
We also investigated a more detailed model for on-sit riately. To study the effects of restricting the hopping to

d|stgr$er, ﬁssumllng the\z/t:omtpensat;)or;.tlst e?tlrely dlue to I'IA} earby sites only, we investigated a model where hopping is
antisites. 1t a valence-v As atom substitute 1or a valence-ill; ,iiaq 1o sites within a radius,. One expects, to de-

Ga atom, the two extra valence electrons effectively remove . . S .
y Crease with density, so as to maintain a reasonable coordina-

two holes from the impurity band. If all compensation is due 3 .
to such processes, the number of As antisites is given b on number,z=(4/3)Ny,ry,. We use a phenomenological
Nac=Ny(1—p)/2. Each such As impurity has an effective formulaz=12ny,/(nc+ny,), wheren. is the Mn concen-
charge+ 2e, and will contribute an on-site Coulomb poten- tration for which the density of holesy, = pn, corresponds

tial +292/Er for a Mn |mpur|ty which is a distance away. to the metal-insulator tranSitionbﬁjaB:O.ZS. This formula
One could use a detailed formula(i)=—=;e?er;y, has the proper asymptotic limitg:is proportional tony, at
+3,2€% ery as, Where the firstsecond term describe the low density and saturates =12 at largeny,,, whereasz

Mn (As antisité contributions. A simpler way is to assume =6 at the MIT** We obtainr,=2.22a for x=0.009 2 cor-
that each As antisite only contributes to the on-site potentiatesponding to an average=4.7, whereas fox=0.05 we

u(i) of its two nearest Mn neighbors, with the contribution haver,,=1.5%g andz=9.23.

to more distant Mn sites being screened out by the two near- Another issue concerns the sign of the hopping integral.
est Mn sites. The two formulations are qualitatively equiva-in the model studied, all hopping integrals have the same
lent; we investigate the simpler one. In this case, after wajgn, namely, the one for which the density of states near the
randomly choose locations for the Mn impurities, we selectyand edge where the relevant physics takes place has a po-
random positions on the Ga sublattice for the As antisitesgjiion, width, and a mobility edge, in agreement with physi-
We find the two closest Mn neighbors for each As antisite;5| expectationgfor more details, see Appendix and Ref.
(each Mn is neighbor to only its closest As antisitompute  5q) yoever, the real system is heavily compensated and

the corrgspondlng Vf”"“es fu|(|.) and ther_l proceed W'th.the. the repulsive potentials due to these compensating centers
calculation as described previously. Typically, the on-site in-

R ; - " may change the sign of some hopping elements. In an effort
teraction in this model leads to a SUbStant'al. de_crea% N {0 see the influence of such effects, we have also studied
[see Fig. 1()]. Also, the shape of magnetization curves odels wheré(r) has random signs
becomes even more concave and the hole magnetization no gns.

longer reaches saturation in tfie= 0 limit. We conclude that Figure 11 shows magnepzaﬂon curves 0bt§|ned for vari-
on-site disorder leads to an overall decreas® of ous models, as described in the caption. Details of the hop-

ping parameter lead to differefii,; consequently we show
the data on a scaled plot in terms™fT.. The crucial issue
F. Beyond the hydrogenic model appears to be the density of states near the Fermi level. Im-

As emphasized in the introduction, the impurity bandpurity bands that are broad have Iy, while those that are
model with hydrogenlike, exponentially decaying hoppingrelatively narrow, as might be expected for centers that have
neglects many aspects of the full Hamiltonian for a systen® strong central cell or on-site exchange energy, have high
like Ga,_,Mn,As, especially with large numbers of As anti- T.. Despite the variation ifi., we find a number of features
site defects and/or interstitial Mn defeéfsFirst, the Mn  that are generic to all the models studied, as illustrated in
dopant is not exactly “shallow,” with a binding energy of Fig. 11:
over 100 meV. This suggests that the true wave function is (@) For eacht(r) studied,within the mean-field approxi-
substantially affected by central cell corrections, which couldmationthe T, of the disordered system is higher than that of
affect the hopping integrals considerably. Second, the maghe corresponding ordered superlattice, while the magnetiza-
nitude oft(r) is based on a two-center approximation for tion at low T (below T./3 or s9 is lower.
spherically symmetric wave functionsee Appendix Be- (b) The magnetization curves obtained with impurity
sides the obvious complication of anisotropy of the true holébands from a set of positional disordered impurity centers
wave function, these could lead to substantial renormalizahave an unusual concave shape compared to the standard
tion of the effectivet(r) at the densities of interest, espe- convex magnetization of most uniform magnets.
cially at the upper endfew percent More microscopic (c) There is significant temperature dependenc® i)
calculations! suggest a significant renormalization of the en-for T<T,, unlike in essentially uniform magnetic systems
ergies within the impurity band, compared to the simple two-where the magnetization reaches Tts-0 saturation value
center tight-binding picture. Consequently, we discuss tharoundT./2 or T./3.
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FIG. 11. Mn and charge-carrier magnetizations as a function of
T/T, for one random Mn configuration withk=0.009 26 andp FIG. 12. Effect of an electron-electron on-site interactidn
=10%. Curves are for(a) hopping between all sites, same-sign =1 Ry (treated within the mean-field approximatjoon the mag-
hopping integral T,/J~0.6); (b) hopping only for sites withir, ~ netization curves fox=0.01 andp=10% (dashed curve Full line
=2.22a5 of each other, same-sign hopping integrdl {(J~0.2); IS the same curve, but fdy=0.
(c) hopping between all sites, random-sign hopping integfalJ
~0.12): (d) hopping only for sites withim, = 2.22a5 of each other, ~ States are important only at very high temperatures. It should
random-sign hopping integralT{/J~0.2). Sample averaging is also be emphasized that the impurity states that we consider

required to obtain smooth curves. For more details, see text. are derived from the host ban@he valence band for
Ga _,Mn,As). Consequently, if one wishes to include the
(d) Some of the unusual features of the Mn spin curvesrest of the band states of the host, they must be orthogonal-
which determine the bulk magnetization, are seen in the holgzed to the impurity states; this has the effect of pushing the
magnetization curves as welee Fig. 11 host band even further from the impurity band. In a more
Other approximations made in our study involve neglectrealistic model, however, this remains an open question.
ing a number of complications present in the system such as:
(i) the detailed effects of the compensating centéiis,
carrier-carrier interactions, arn(di) the valence-band states.
For (i) we have considere@Sec. IllB one of the effects, We studied a simplified model of IlI-V DMS, with charge
namely, addition of an effective on-site random potential forcarriers restricted to a band formed from impurity orbitals, as
the extreme cases where the on-site potential is either uncar shallow doped semiconductors. We believe that this is a
related, or modeled as being due to a close by As antisitgood starting point, especially for low concentrations, be-
defect. However, the Coulomb potentials from these centersause the high compensation present in these systems leads
could also affect the hopping parameters, as we discussed in carrier densities which are not large enough to fully screen
the preceding paragraphs and in the Appendix. The statesut the Coulomb interaction between the Mn ions and the
near the Fermi level for the range of concentrations we coneharge carriers. This is clearly indicated by the metal-
sider are not strongly localized in the model studied, and irinsulator transition inside the range of dopings of interest
fact the actual system is fairly close to a MIT. Consequently(x=1-5 % Mn).
we believe that approximatiorii) is reasonable. Since We first analyze the ordered superlattice, with a homoge-
electron-electron interactions are partially screefseg Ap- neous charge-carrier distribution. We then show that posi-
pendiy, the simplest description involves an on-site interac-tional disorder and on-site random interactions lead to sig-
tion U as in the Hubbard model. Within mean-field approxi- nificant changes in the shape of the magnetization and the
mation, such a term will increasg;, since it aids in the critical temperaturd . This enhancement df. has already
splitting of the up and down spin bands. This expectation i9een confirmed by Monte Carlo simulations, although the
indeed confirmedsee Fig. 12 with an increase inT, of  overall increase is smaller than predicted by mean fiéld.
about 35% for thex=0.01 case and 18% for the=0.05 should also be emphasized that the exchange coupling we
case for a valu&J=1 Ry typical for hydrogenic centers at use (from Ref. 9 is lower than the values used by Mac-
low densities. This is likely an overestimate, since the effecDonald et al® or Millis and Das Sarm® to obtain similar
tive U near the metal-insulator transition is likely to be re- T.. The reason for this is that our impurity wave functions
duced by screening processes. are peaked at the Mn sites, leading to greater charge density
Finally, we discuss the neglect of the valence-band statesit the Mn sites than for host band wave functions.
In this model this is not important, at least at IGwwhere We have not performed detailed numerical fitsTiobe-
the shape of the magnetization is anomalous and where tle&use of a number of factors, such @ the complicated
mean-field results are at least qualitatively correct. This iature of the hole wave functiond) uncertainties about the
because the Fermi level lies-2—-300 meV above the nature of the compensation procesgesuncertainties about
valence-band minimum, and excitations to the valence-banthe precise description of the hopping integtd),the under-

IV. SUMMARY AND CONCLUSIONS
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estimation of the effect of thermal fluctuations by the mean- APPENDIX THE HOPPING MATRIX

field approximation, etc. One of the robust results that fol- . .
. . For consistency purposes, we perform a particle-hole
lows from our study is that the magnetization curd@§T) - . - y .

. . transformation, and work in an “electron” formalism. In
may vary considerably from the canonical concave downbther words, we assume that Mn atoms are dorioos ac-
ward form seen in practically all uniform magnetic models,Ce tors and,the charae carriers are electrons occupying an
independent of dimension or spin components. Using differ- pror 9 . pying

. , . impurity band located below the conduction band.
ent hopping parameters, we find that whilg changes with
the model chosen, the concave-upward formVofT) over

much of the temperature range beldwis dependent mostly 1. General formulation of hopping problem

on the Mn spin concentration and the carrier densitpx. Consider a system containirlg dopant atomgMn) lo-
The curves vary from essentially concave functidas re-  cated at site®. , i=1, ... N, as well as some other type of
ported in Ref. 1for large relative charge-carrier concentra- charged impurities responsible for compensation, located at

tions p, to almost linear dependencas reported in Ref. 4

to very concave upward functiorias reported in Ref. )2as

p is decreased. BelowW., our magnetization curves generi-

cally show a fast increase, followed by saturation and then N N;

fast increase again at much lower temperature, similar to H=T+> Vi(N+ > U,r), (A1)

reports in Ref. 13. Overall, we claim good qualitative agree- =1 a=

ment with the experimental behavior concerming possibleyhere T describes the kinetic energy of the electron, and

shapes of magnet|zat!on curves, the MIT etc. Our study Sug\7i(F)<0 and UM(F)>O are the interaction of the electron

gests that by appropriate tuning of parameters, one may tal-! : . ) i

lor the magnetic behavidvl(H,T) in a manner not possible with the ith dopant andat_h charged impurity. F_or a single

o . . S dopant, the ground state is a shallow level localized about the

in simple uniform magnetd. We believe that detailed infor- , ) - - - N

mation provided by experimentssing local probes such as Mn site, given byH; &;(r)=[T+V;(r)]i(r) =E;i(r).

electron spin resonance and nuclear magnetic resopance !N @n impurity band model, we restrict the Hilbert space

would allow a clearer understanding of the nature of ferro{0 that spanned by the ground-state wave functions of all

magnetism in these compounds. dopants,\I’(r)zEf‘zla@i(r). The Schrdinger equation for

Returning to the issue of the magnitudeTef, we believe  Hamiltonian(Al) becomes

the most important correction to our mean-field result is due N N

to thermal(tempora) fluctuations, which are not included in E T EE o

a mean-field treatment. While typical renomalizationsTgf & TR Mg

for uniform ferromagnets range from tens of percent to fac-

tors of 2 or so, we expect them to be significantly larger forwhere

models such as this with great spatial inhomogeneity, where

percolation aspects have considerable influence. Indeed, Hij=(dilHl ¢ Oj=(ild)). (A3)

Monte Carlo simulatiorf§ show thatT. is significantly sup-
ressed with respect to the mean-field value, especially for . A1

Fhe lower concen?ration:sandp, where the magnetigation )i/s Obe the Inverse oD, andH _(NQ H. Now Eg.(A2) can .be

less robust. Different theoretical approaches have also coficcast in the standard ford;_,Hjja;=Ea; corresponding

firmed the increase of,, with disorder’? In addition to fluc-  © the hopping Hamiltonian

tuation effects, there are interactions not included in our N

model which may lead to an overall decreaseTefeven Hhopping:E Hiala+ >, Hialay (A4)

within mean field One example is the direct Mn-Mn spin i=1 iZ]

interactions. They are expected to be AFM, as in 1I-VI . .

DMS .2 This may)I/ead to frﬂstration, especially in the high- and & wave functiofid) == ‘“_ia;r|0>: Here_,aiT is the cre-

concentrations regionevhich determine the value oF, in ation operat(_)r f(_)r an electron in the _|mpur|ty Ieyel of llhnla_

our mode) where Mn-Mn interactions are the largest. In par-dOpa?t’ satisfying the usual anticommutation relations

ticular, nearest-neighbor Mn spins may lock in a singlet state} @i »@;} = 6jj - The spin can be added trivially.

and therefore not contribute at all to magnetization. Spin- Thus, the hopping integral between siteand] is

orbit %aupling, also absent in our model, has recently been N

shown™ to result in anisotropic exchanges which lead to . — —1p,

frustration and decrease ®f,. ti=H ‘k; O - (AS)

positionsR,, a=1,... N;. In the absence of electron-
electron interactions, the Hamiltonian is

(A2)

For a random collection of impuritie®;; # &;; . Let o1
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(d1|Vil h2) = (D1l p2){ b2l V1| ¢2)
1=( 1| d2)( P2l P1)

For a Coulomb interactio;(r)=—e?/|r—R|, the im-
purity wave function is¢(r)=1/\/7ra3Bexp(—r/aB) and the
various matrix elements can be computedctly

t(R)= (AB)

R
<¢1|V1|¢2>:t0(R):—2(1+a—B e N3  Ryd,
1 2
= — — R —R/a
(1] #2) 3lag) ta e
2ag R\
(B2l Vild2)=— =~ 1~ 1+3_B e 2R@|  Ryd.

(A7)

This givest(R)=ty(R)f(R/ag), wherety(R) is defined
in Eqg. (A7) and the rescaling function
X2

T4x+ = [1—e Z(1+Xx)]

1= X(x+1)

f(x)=

212
1+X+ 4

_ A 2X
1-e 3

is such that Iin;néof(x)= 1 andlim__f(x)= Z.
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on a cubic ordered superlatti¢there is no disorder Then,
the Hopping Hamiltonian is diagonalized by plane waves,
leading to a dispersion relation for the impurity band

e(IZ)Ii#EO t(r,)elm ik, (A8)

Fort<O0, the lower band edge is ﬁt=(0,0,0) (center of the
Brillouin zone and is given byenin=2;.ot(r;). Although

t(r) decrease exponentially, the number of neighbors at
increases roughly like? (surface of a spheyeThus, a very
large number of contributions are addedetq, before con-
vergence is reached. Numerically, we find ttddpending on

X) convergence is sometimes still not reached in systems
with as many as 512 dopants, showing that sizable contribu-
tions to €, are still coming from even further away sites.
Summing such a large number of contributions gives a very
negative value foe;, (several electron volt The DOS near
this band edge is extremely low, since for any finite but small

k, sites for whichr;- k> will contribute with the opposite

sign to e(k) [Eq. (A8)] and will have energies significantly
larger thane,;,. To summarize, this means that the bottom
of the impurity band has a very long tail down to very low
energies.

This picture is clearly wrong. Such a big negative value
for enin places the bottom of this impurity bande., the

For a real donor/acceptor, the Coulomb .potenyal is alstates occupied by the doping electrongll inside the va-
ways supplemented by a central-cell correction; this supplerance band itself, as opposed to somewhere inside the gap
mentary potential modifies both thg Rydberg and the shap&he gap is typically~1 eV). Even if this problem is disre-
of the wave function. Thus, the simple formula fo{R)  garded, if the doping electrons occupy such a long tail, it
found above does not generally hold. However, one can stillglows that disorder in the dopant positions and/or any other
define a Bohr radius to characterize the exponential decay Qfiteractions have basically no effect on the physics of the
the true wave function. far from the impuriJcS’/_,and therefore system. The reason is simply that the energy scales associ-
one expects exponential decay of the hopping matrix at larggted with any other interactions/disorder are much smaller

R. As a result, it is customary to use the simpigiR) as the
hopping integrat? with the “true” Ryd andag values. Ob-

viously, the wholet(R) formula can equally well be used,

but this leads to only small quantitative differences.

3. Many impurities

In this case, one should obtain the hopping matrices fro

Eqg. (A5). For N impurities this means computing(N—1)

matrix elements fof{ and®, a matrix inversion and a ma-

systems with considerable uncertainty about the nature of th

compensatior{the shape and location of potentidlgr),

plus the central cell corrections \df)] such a procedure is

than the huge energy scdle,;,|, and thus any other inter-

actions are in effect tiny perturbations. For instance,
disorder-induced localization is expected if the kinetic en-
ergy lost by the electron through localization is compensated
by stronger interactions of the electron within the localiza-
tion area. Clearly, this can never happen for states in this

niong tail, where the kinetic energy is so huge that it becomes

impossible to overcompensate. It follows that states in this
“impurity band” are always delocalized throughout the en-
tire system, contrary to physical expectations. Magnetic in-

feractions such as we consider in this paper will also have

léasically no effect on the system. Even in the most optimum
case, where all Mn spins are fully polarized, such an inter-
action only opens a gap on the order 3% between spin-

down and spin-up subbands. This is minuscule compared to

not warranted, since the matrix elements cannot be acclyne scale of,,;,, (comparable to the Fermi energy, due to the

rately modeled. Instead, it is customary to wgER) to de-

small density of statgsand it will fail in producing any

scribe the hopping between any two sites. This prescriptioRharge-carrier polarization.

obviously implies a number of major approximations. Most

The absence of ferromagnetism as well as the strong size-

importantly, it completely neglects the existence of the im-dependent effects for this model for<0 has been com-

purities responsible for compensatifthe potentiaIsLJ(F)],
with significant effects, as described below.

mented upon in Ref. 3Ghe absence of localization and of a
mobility edge was demonstrated in Ref.]28s a result, its

Let us assume that the hopping between any two sites iauthors advocate that impurity band models are not relevant
indeed given byty(R), and that the donor atoms are locatedfor study of 11l-V DMS. However, it is clear that the problem
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is much more serious, since this analysis suggests that theectron-electron interactions not warranted if there is sig-
impurity band approach should never be ugedlessx is  nificant uncertainty regarding the exact nature of the com-
orders of magnitude smaller than 1%ue to the presence of pensation processeAd hocschemes, such as limiting hop-
this long tail at very low energies. This is an unacceptablePing only to nearest-neighbor sitgén the Wigner-Seitz
conclusion. sensg have been used in literatuteput they are hard to
The reason for this unphysical behavior can be easilyustify quantitatively. As a result, we use a different ap-
traced back to the simplified forry(R) used for the hop- Proach. We first note that the upper band edge of the impu-
ping. This form implies that an electron always feels the'tY band does not exhibit this anomalous behavior. For the

V(r) attraction from any other dopant site, no matter how fafordered lattice, this band edge correspondk 4, m, ),
away it is. This leads to the slow exponential decay(&?), and contributions from consecutive neighborsefg,, come

. ‘ with alternating sign, leading to partial cancellations. The
the resulting slow convergence of the sum &y, and thus sum converges much faster and finite-size effects at this band

its large absolute value. However, real systems are electr Sdge are absent even for system with as few as 100 dopants

cally neutral; an electron should feel no overall attractions(We have not investigated smaller systenTis partial can-
repulsions from regions of the sample far from it. NeUtral'tycellation also leads to a reasonable value,f,>0, of 2—3

is achieved by including the effect of the chardegbulsiveé gy Ag a result, in the presence of disorder the states near this
impurities responsible for compensation, as \ivell as th% effeqtang edge become localiz&and a mobility edge separates
of other electrons in the system. Since bdtfr) andU(r) them from extended states close to the center of the band.
terms must be included in the matrix elemefsge Eqs. The DOS and position of this band edge is not much changed
(A1)—(A5)], it follows that the attraction from a far away by proper consideration of the system neutrality, since that
dopant may be more than compensated for by the presenaefluences significantly only contributions from far-away
of a charged impurity nearby. At the very least, this will sites, which fore,,,4 are canceled. In effect, this upper band
decrease the size of the hopping matrix, but it may well giveedge has all the correct, physically expected behavior absent
it an opposite sign or set it to zero. Also, if an electron isin the anomalous lower band edge. We therefore choose the
trapped on a far-away site, the attraction potential from thasimplest route to fixing the problem, which is to takeO.
dopant is canceled by repulsion from the electron. If onenversion of the sign simply interchanges the two band edges
thinks of the effect of other electrons in terms of a screeningsimilar to a particle-hole transformatipand all occupied
of the potentiald/ andU, it is apparent that there can be no states are now at reasonable energies inside the gap and in
hopping to sites at distances larger than the screening lengtthe vicinity of a mobility edge. Magnetic interactions also
If we use the Thomas-Fermi approximatidcertainly not become relevant, as shown throughout the paper.
valid here, we find a screening length of the order of 10 A The final question is why should this simple scheme work
for densities of interest; depending gnaround ten dopants well. Qualitatively, all the effects of disorder that we uncover
are inside this screening length from any given site and conare related to localization of the electrons at the bottom of
tribute to €,;,. This is a huge change from the more thanthe impurity band. This is the expected behavior physically,
500 dopants found to contribute &g,;,, if charge neutrality is  since the system is close to a MIT transition, and it is well
ignored. All these effects lead to a significant renormaliza-captured in this scheme. As discussed in Sec. Il F, otder
tion of the energy scale,;, to more physical valueg@ few  hoc schemes for the impurity band lead to the same qualita-
Ry) and a corresponding increase of the density of states neéive physics,if the occupied states are near a mobility edge.
the bottom of the impurity band. As soon as this energy scal®uantitatively, there is na priori reason why the simple
takes reasonable values, the system will be strongly influscheme of inverting the sign oshould work best. However,
enced by disorder and other interactions with comparableve obtain reasonabl@rder of magnitudeestimates foiT .,
energy scales. as well as the position of the MIT, without any parameter
The question then is how to fix the problem of this un-adjusting. This encourages us to believe that this simple im-
physical tail leading to unphysical results. As already statedpurity band model is accurate enough to be used for first-
the computational effort suggested by Eg#1)—(A5) order computations regarding such systems. Further study of
(which should be supplemented by the contribution of thethis problem is being pursued.
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