PHYSICAL REVIEW B 68, 045202 (2003

Single-band model for diluted magnetic semiconductors: Dynamical and transport properties
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Dynamical and transport properties of a simple single-band spin-fermion lattice modgl,fdn)V diluted
magnetic semiconductof®MS’s) is here discussed using Monte Carlo simulations. This effort is a continu-
ation of previous workG. Alvarezet al, Phys. Rev. Lett89, 277202(2002 ] where the static properties of the
model were studied. The present results support the view that the relevant reglftéstndard notations
that of intermediate coupling, where carriers are only partially trapped near Mn spins, and locally ordered
regions(clusters are present above the Curie temperaflige This conclusion is based on the calculation of
the resistivity vs temperature, that shows a soft metal-to-insulator transitiorT geas well on the analysis of
the density-of-states and optical conductivity. In addition, in the clustered regime a large magnetoresistance is
observed in simulations. Formal analogies between DMS’s and manganites are also discussed.
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[. INTRODUCTION and impurity-band formulations as limiting cases. Such an
approach would provide information on potential procedures
Diluted magnetic semiconductof®MS’s) are attracting to further enhanc@ - and clarify the role of the many pa-
much attention lately due to their potential for device appli-rameters in the problem. In addition, these general consider-
cations in the growing field of spintronics. In particular, a ations will be useful beyond the specific details of
large number of DMS studies have focused on IlI-V com-Ga, _,Mn,As, allowing us to reach conclusions for other
pounds where Mn doping in InAs and GaAs has beerDMS’s. An effort in this direction was recently initiated by
achieved using molecular beam epita®BE) techniques. Mayr and two of the authorS.A detailed Monte Carlo study
The main result of recent experimental efforts is theof a simple model for DMS already allowed us to argue that
discovery™ of ferromagnetism at a Curie temperatifg ~ T. could be further enhanced—perhaps even to room
~110 K in Gg_,Mn,As, with Mn concentrationx up to  temperature—by further increasimgandp from current val-
10%. It is widely believed that this ferromagnetism is “car- ues in DMS samples. These predictions seem in agreement
ried induced,” with holes donated by Mn ions mediating awith recent experimental developments since very recently
ferromagnetic interaction between the randomly localizedza _,Mn,As samples withT. as high as 150 K were
Mn?* spins. In practice, antisite defects reduce the numbeprepared?® a result believed to be caused by an enhanced
of holesn from its ideal valuen=x, leading to a ratiop  free-hole density. Also samples witlic~127 K and x
=(n/x) substantially smaller than 1. >0.08 were reported in Ref. 17, and, very recentlyl,;aof
Until recently, theoretical descriptions of DMS materials 140 K was achieved on high quality GaMnAs films grown
could be roughly classified in two categories. On one handwith arsenic dimers® There seems to be plenty of room to
the multiband nature of the problem is emphasized as a crdurther increase the critical temperatures according to these
cial aspect to quantitatively understand these matetidln  theoretical calculations.
this context the lattice does not play a key role and a con- The model used in Ref. 15 was a single-band lattice
tinuum formulation is sufficient. The influence of disorder is Hamiltonian, also studied by other groups, which does not
considered on average. On the other hand, formulationesave the multiband characteristics and spin-orbit couplings
based on the possible strong localization of carriers at thef the real problem. However, it contains spin and holes in
Mn-spin sites have also been propoSédiin this context a interaction and it is expected to capture the main qualitative
single impurity-band description is considered sufficient foraspects of carrier-induced ferromagnetism in DMS materials.
these materials. Still within the single-band framework, butThe choice of a single-band model allows us to focus on the
with carrier hopping not restricted to the Mn locations, re-essential aspects of the problem, leaving aside the numerical
cent approaches to the problem have used dynamicaomplexity of the multiband Hamiltonian, which unfortu-
mean-field"!? or reduced-bast approximations. An effec- nately cannot be studied with reliable numerical techniques
tive Hamiltonian for Ga_,Mn,As was derived in the dilute at present without introducing further approximatids.
limit and studied in Ref. 14. All these calculations are impor-Note that a quite similar philosophy has been followed in the
tant in our collective effort to understand DMS materials. related area of manganites for many years. In fact, it is well
However, it is desirable to obtain a more general view ofknown that the orbital order present in those compounds can
the problem of ferromagnetism induced by a diluted set obnly be studied with a two-band model. However, single-
spins and holes. To reach this goal it would be better to usband approaches are sufficient to investigate the competition
techniques that do not rely on mean-field approximationdetween ferromagnetic and antiferromagnetic states, an ef-
and, in addition, select a model that has both the continuurfect recently argued to be at the heart of the colossal magne-
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T™/ANI ! : T is sufficient interaction between the clusters to become glo-
weak Eintermediate ! strong bally ferromagnetic, and at the same time fhie sufficiently
i i T* strong to induce a robusic. If chemical control overd/t
1 PM 1 - o . .
! Y were possible, this intermediate region would be the most
: e promising to increase the Curie temperat(again, at fixeck
' FM : Te andp).
i : ~ However, it may even occur that the DMS materials are
J/t7 already in the intermediate optimal range 3t couplings.

An indirect way to test this hypothesis relies on calculations

FIG. 1. Phase diagram of the single-band model 89, as  of dynamical and transport properties, which are presented in
discussed in Ref. 15. The figure shows schematically the three codhis paper, and its comparison with experiments. In particu-
pling regions discussed in the text) weak, (Il) intermediate, and  lar, the experimentally measured dc resistivity, of DMS
(1) strong coupling, as well as tfE: andT* dependence on the compounds has a nontrivial shape with(goon metallic
couplingJ/t. The region betweei™* and T contains FM “clus- (dpqc/dT>0) behavior belowl -, which turns to insulating
ters,” with magnetic moments that are not aligned. (dpg./dT<0) at higher temperatures. This nontrivial profile

resembles results reported in the area of manganites, which

toresistance phenomendt?! As a consequence, a qualita- also have a metal-insulator transition as a function of
tively reliable study of the single-band DMS model—uwith temperaturé! although in those materials the changes in re-
itinerant holes and localized classical spins—is expected tsistivity with temperature are far more dramatic than in
be important for progress in the DMS context as well. DMS. The formal similarities DMS manganites have already

In our previous publicatioft the phase diagram of the been remarked in previous literaturfeand suggest a com-
single-band model for DMS’s was already sketche@his  mon origin of thepy. vs temperature curves. In Mn oxides it
phase diagram is reproduced in Fig. 1. The only parameter iis believed that above the Curie temperature, preformed fer-
the Hamiltonian is the ratid/t, whereJ is the local antifer- romagnetic clusters with random orientations contribute to
romagnetic coupling between the spins of carriers and locakhe insulating behavior of those materi&l$! For DMS'’s, a
ized Mr¢* ions, andt is the carrier-hopping amplitudéor ~ similar rationalization can be envisioned if the state of rel-
details, see the full form of the Hamiltonian in the next sec-evance abové& - has preformed magnetic clusters. From the
tion). Due to its large value 5/2, the Mn spin is assumed to berevious discussidn it is known that the intermediaté/t
classical for numerical simplicity. At small/t, individual  region can have clusters without collapsiiig to a very
carriers are only weakly bounded to the Mn spins. Even fosmall value. At the Curie temperature, the alignment of these
small realistic values of, the carrier wave functions strongly preformed moments leads to a metallic state. An explicit cal-
overlap and a large-bandwidth itinerant band dominates theulation of the resistivity—using techniques borrowed from
physics. In this regimeT ¢ grows withJ/t. This portion of  the mesoscopic physics context—is provided in this paper,
the phase diagram is referred to as “weak coupling” in Fig.and the results support the conjecture that clustered states
1, and in our opinion it qualitatively corresponds to thecan explain the transport properties of DMS's. These un-
continuum-limit approach pursued in Refs. 5-7. In the otheweiled analogies with manganites are not just accidental.
extreme of largel/t, the previous effolf found aT thatis  Clearly, approaches to DMS’s that rely on mobile carriers
much suppressed, converging to zeroJas increases(at  and localized spins in interaction have close similarities with
least at small values of). The reason for this behavior is the the standard single-band double-exchange model where only
strong localization of carriers at Mn spin locations, to takeone e, orbital is considered. The key difference is the pres-
advantage of the strong coupling. The localization sup- ence of strong dilution in DMS’s as compared with manga-
presses the mobility and the carrier-induced mechanism is noites.
longer operative. However, when several Mn spins are close It is interesting to remark that in agreement with the
to one another small regions can be magnetized efficiently'.clustered” state described here, recently Timm and von Op-
As a consequence, a picture emerges where small islands pén have shown thabrrelateddefects in DMS'’s are needed
ferromagnetism are produced at a fairly large temperaturéo describe experimental d&&Their simulations with Cou-
scaleT* (>T¢) that grows withJ, but a global ferromag- lombic effects incorporated lead to cluster formation, with
netic state is only achieved upon further reducing the temsizes well beyond those obtained from a random distribution
perature such that the overlaps of wave functions induce af Mn sites as considered here. In this respect, the results of
percolationlike process that aligns the individual preformedRef. 23 provide an even more dramatic clustered state than
clusters. The proper procedure to distinguish between thesmurs. If the Mn spins were not distributed randomly in our
two regimes is through an analysis of short- and long-simulations but in a correlated manner, the state abigve
distance spin correlations. In our opinion, the effort of Refs.would be even more insulating than reported below and the
9 and 10 belongs to this class, and it corresponds to thphysics would resemble much closer that observed in man-
“strong coupling” region of Fig. 1. Between the weak- and ganites. Note also that Kaminski and Das Sarma have also
strong-coupling domains, antermediate regiorprovides a  independently arrived to a polaronic stétthat qualitatively
natural interpolation between those two extreme cases. Thesembles the clustered state discussed here. It is also inter-
Curie temperature is optimdl.e., the largestin this inter-  esting that in recent ion-implanté@a,MnP:C experiments
mediate zone, at fixed values pfandx. In this regime, there that reported a high Curie temperature, the presence of fer-
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romagnetic clusters were observed and they were attributetthat in addition to the use of a single band, there are other
to disorder and the proximity to a metal-insulator approximation in the model described hefi¢.The Hubbard
transition?® Even directly in(Ga,MnAs, the inverse mag- U/t is not included. This is justified based on the low-carrier
netic susceptibility deviates from the Curie law at temperaconcentration of the problem, since in this case the probabil-
tures abovel . [Fig. 2(b) of Ref. 2], which may be an indi- ity of double occupancy is small. In addition, Mn-oxide
cation of an anomalous behavior. In manganites, these sanievestigationé?*have shown that an intermediate or ladge
anomalies in the susceptibility are indeed taken as evidenosoupling acts similarly as&)/t, also suppressing double oc-
of the formation of cluster& cupancyJii) A nearest-neighbors antiferromagnetic coupling
The paper is organized as follows: In Sec. Il the details obetween the Mn spins is not included. Again, this is justified
the method of simulation, definitions, and conventions areas long asx is small. (ii) Finally, also potential disorder is
presented. Section Ill describes the results for the density afeglected(together with the spin, the Mn sites should in
states(DOS) of this model, the appearance of an “impurity principle act as charge trapping cenjefhis approximation
band” at largeJ/t, and the relation of the DOS with the is not problematic when the Fermi energy is larger than the
optimal Tc. The temperature and carrier dependence of thevidth of the disorder potentidl.e., largep andx). However,
optical conductivity and Drude weight are presented in Secin the (p, x) range analyzed in this paper it becomes more
IV, with results compared with experiments. In Sec. V, thequestionable to neglect this effect. Its influence will be stud-
resistance of a small cluster is calculated and also comparedd in a future publication.
with experimental data. The intermediate coupling regime is In the present study the carriers are considered to be elec-
the only one found to qualitatively reproduce the availabletrons and the kinetic term describes a conduction band. How-
resistivity vs temperature curves. From this perspective, botkver, in Ga_,Mn,As the carriers are holes and the valence
the weak- and strong-coupling limits are not realistic to ad-band has to be considered instead. Although the latter is
dress DMS materials. In Sec. VI, the influence of a magnetienore complicated, the simplified treatment followed here
field is studied by calculating the magnetoresistance. Largshould yield similar results for both case¥:*®
effects are observed. Section VII describes the characteristics The local spins are assumed to be classical which allows
of the clustered-state regime aboVg at strong coupling. the parametrization of each local spin in terms of spherical
Finally, in Sec. VIII the “transport” phase diagram is pre- coordinates: ,,¢;). The exact-diagonalization method for
sented, and it is discussed in what region it appears to be thithe Fermionic sector is described in this section, following
most relevant to qualitatively reproduce results forRef. 20. The partition function can be written as
Ga, _,Mn,As MBE-grown films.

[Tdnsine, [“aszyin.0n), @
0 0

N
Il. METHOD AND DEFINITIONS Z= 1_|[

A. Hamiltonian formalism :
I where Z,({ 6; . )=Tr(e #X) is the partition function of

There are two degrees of freedom in the DMS problemy,q £o/mionic sectok =F— 1N, N is the number operator
described hereli) the local magnetic moments correspond-andlu is the chemical potential, !

mghto tth? fllve _eIeSC/:tZrons n t:]r? s?ell of faCh .Mn Impgrlty,d In the following, a hypercubic lattice of dimensidD,

with a total spin S/z, angﬂn) € lunerant carriers produce length L, and number of siteéN=LP will be considered.

by the Mn impurities. Since these Mn impurities substitute _ L . ) _
ince K is a Hermitian operator, it can be represented in

Ga atoms in the zinc-blende structure of GaAs, there is, i - g : ) i
principle, one hole per Mn. However, it has been found thaf®rms of a H_ermltlan matrix which can be diagonalized by an
Yaitary matrixU such that

the system is heavily compensated and, as a consequen
the actual concentration of carriers is lower. In the present

study, both the density of Mn atomsand the density of € 0

carriersn are treated as independent input parameters. More- 0 e ...

over, the ratiop=n/x is defined, which is a measure of the utku=| . . . .. ®)

compensation of the system, e.g., for=0 the system is o ' ’

totally compensated and far=1 there is no compensation. 0 0 ... en

The Hamiltonian of the system in the one-band approxi-
mation can be written as The basis in which the matriK is diagonal is given by the
eigenvectorsi}|0), . .. uly|0), where the Fermionic opera-
A=—t> ¢ ¢,+3> S a, (1)  tors used in this basis are obtained from the original opera-

(i) [ tors throughum=2jgu;rn’jgcjo, with m running from 1 to

wherec!  creates a carrier at sitewith spin . The carrier-

Defining ul u,=n,, and denoting byn,, the eigenvalues

spin operator interacting antiferromagnetically with the lo- _
of n,,, the trace can be written

calized Mn spinS, is o,=c[,0, 4C 5. Through nearest-
neighbor hopping, the carriers can hopaay site of the A )
square or cubic lattice. The interaction term is restricted to a Trg(e‘ﬁK): E (ny---nonle Xy - ngy)
randomly selected but fixed set of sites, denoted.lyote LRIV
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2N C B 1 2 . . 6
= 2 <nl...n2N|e_ﬁ)\Zl 5}\”)\|nl...n2N>, (4) (x)= N(x) 5 Serx'Sys (6)

. . + . s A whereN(x) is the number of nonzero terms in the sum. The
tsr:nce |n;he{um|0)t} baS|s£) the c:per%tcti){ 'ItS ZrExM, ,I and h correlation at a distancet is averaged over all lattice points
Ee n;m ert;)pera o_;tcan € replaced by IS eigenvaiues. 1hiygat are separated by that distance, but since the system is

g. (2) can be rewritten as diluted, the quantity must be normalized to the number of

N - o 2N pairs of spins separated loly to compare the results for dif-
z=11 (f dé;sin oif d¢i) IT (1+e #s), (5 ferentdistances. _ _

i 0 0 A=1 The observables that directly depend on the electronic de-
grees of freedom can be expressed in terms of the eigenval-

ues and eigenvectors of the Hamiltonian matiix The

DOS,N(w), is simply given by, §(w—€,). However, the

majority and minority DOSN;(w) andN,(w), were also
The integral over the angular variables in E§) can be  calculated in this studyN;(w) indicates the component that

performed using a classical Monte Carlo simulafidifhe aligns with the local spin, i.eN;(w) is the Fourier trans-

e|g_envalqes must be obtaln_ed for e_ac_h CIaSS|C§I spin Conflglflmm of 2i<EiTT(t)EiT(0)>v where EiTZCOS(ﬂl/Z)Cm

ration using library subroutines. Finding the eigenvalues is, sin(@/2)e"'%c;, . Then

the most time consuming part of the numerical simulation. !

The integrand is clearly positive. Thus “sign problems,” in 2N N

which the integrand of the multiple integral under consider- N;(w)=2, 8(w—¢,)| > U U, i;cod(6;/2)

ation can be nonpositive, are fortunately not present in our A !

study. t i _ T _ i
Although the formalism is in the grand-canonical en- UL SITP(0/2) +[UF \Un i exp( =T )

semble, the chemical potential was adjusted to give the de-

sired carrier density.. To do so, the equation(w)—n=0 +U?L’AU)\,iTexp(i¢i)]cos( 0,/12)sin(6;12) |, (7)

was solved foru at every Monte Carlo step by using the

Newton-Raphson methdd This technique proved very effi- where for sites without an impurity6, = ¢;=0 is assumed.

C?ent in adjusting with prECiSion the de-SirEd 9|eCtr0ni-C den'A similar expression is valid fO'Nl((,!)) The optica| conduc-
sity and, as a consequence, our analysis can be consideredigfy was calculated as

in the canonical ensemble as well, with a fixed number of
carriers. m(1—e F?) (+=dt . . .

Usually, 20005000 Monte Carlo iterations were used to (@)= ———5—— [ 5—€“Xj,(1)-]x(0)), (8
let the system thermalize, and then 5000—10 000 additional
steps were carried out to calculate observables, measuringhere the current operator is
every five of these steps to reduce autocorrelations.

Since for fixed parameters there are many possibilities for _ ¥
the random location of Mn impurities, results are averaged JX:'te% (cH;(Ych,U—H.c.), ©)
over several of these disorder configurations. Approximately
10-20 disorder configurations were generally used for smallith x the unit vector along the direction. Fore#0, o(w)
lattices (£ and 10< 10) and 4—8 for larger lattices t&and  can be written as
12X 12). The inevitable uncertainties arising from the use of
a small number of disorder configuration does not seem to

which is the formula used in the simulations.

B. Monte Carlo method

mt2e?(1—e A?)

affect in any dramatic way our conclusions below. This is o(w)= 2 oN
deduced from the analysis of results for individual disorder MR
samples. The qualitative trends emphasized in the present 2
: urafi > (Ul Ui —UL Ui
paper are present in all of these configurations. < jrxan joX' T M jo Nt
C. Observables (L+efnm)(1+eFlnmm)
Quantities that depend on the Mn degrees of freedém ( (10
and ¢; in the previous formalismare calculated simply b
i P Py by X 8w+ py—pyr)- (1)

averaging over the Monte Carlo configurations. Note that
any observable that does not have the continuous symmetgyoth N(w) and o(w) were broadened using a Lorentzian

of the Hamiltonian will vanish over very long runs. Thus it is fynction as a substitute to th&functions that appear in Egs.
standard in this context to calculate the absolute value of thgz) and(11). The width of the Lorentzian used was-0.05

magnetization|M|= \/Eijé . §j, as opposed to the magneti- in units of the hoppind.
zation vector. Another useful quantity is the spin-spin corre- The optical conductivity ind dimensions obeys the sum
lation, defined by rule:
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N TWO DIMENSIONS
L D.O.S. 1
r 2] 7l Oy =g Oy T =g
ook I weak | ook |intermediate
Impurity L il L
band s | 3 o | . oF U
1 -X -X L U 4 L
A (=) 3 i 3 oL i
2 0 Energ§,7 z Z L ! Down |
Main band _10- i
FIG. 2. Schematic representation of the DOS, for a ferromag- _20__ i
netic configuration and strong enouglt coupling. The impurity - !
band has weight, and the chemical potential lies within it. L R S
o}
D me¥-T e 30— —— ) [ —
T [ otordo, (12 HOH rong ) (D ey song ]
2 ot 0 | Stone 20 1 very strong
whereD is the Drude weight and is the kinetic energy: ok | i ok 4
3 R I Up
_T= T e 4 ' z '
T=t > (cl,cj,+H.c). (13) L Down | T Down ]
(i5)o 10 - -0k i -
Although the Drude weight gives a measure of the dc 20+ i - 20+ i -
conductivity properties of the cluster, the “mesoscopic” con- M i ] o_- P
ductance was also calculated in order to gather additional 30379 w%u 4 6 =970 Zw—u4 6 8

information. The details are explained in Sec. V.
FIG. 3. N;(») andN (w) vs w—u for a 10< 10 periodic sys-
tem with 26 spins X~0.25) and 10 electronsp-0.4) at T/t

. . . =0.01. Results are shown fga) J/t=2.0, (b) J/t=3.0, (c) J/t
In this section, the density of states calculated at several 4 o and(d) J/t=6.0. w—  is in units of the hopping. The

couplings is shown and discussed. A few basic facts aboyksuyits are averages over eight configurations of disdtuerthere
the DOS of the model, Eq1), are presented first. If carrier js no qualitative difference in the results from different configura-
localization effects are not taken into account and a ferrotions.

magnetic state is considered at strakig coupling, then two
spin-split bands(“impurity bands”) will appear for this diateJ/t, as seen in Fig. @) where the phase diagram ob-
model, each with weight proportional pat each side of the tained from a 6 lattice withx=0.25 andp=0.3 is shown.
unperturbed band which would have weight 2(1) (Fig. The physical reason for this behavior is that at very large
2). For partially compensated samplgs<x, the chemical J/t, the states of the impurity band are highly localized
potential will be located somewhere in the first spin-splitwhere the Mn spins are. Local ferromagnetism can be easily
band, and, as a consequence, only this band would be reflermed, but global ferromagnetism is suppressed by the con-
evant in the model Eq1). comitant weak coupling between magnetized clusters.

In practice, Monte Carlo simulations show that, in the Both Figs. 3 and 4 represent results obtained at particular
regime of interest wher& is optimal, the impurity band is  values of parameters=0.25, p=0.3, andT/t=0.01. How-
not completely separated from the unperturbed band. For thisver, results for several other sé{x,p,T)} were gathered
reason, both the unperturbed band and the impurity bands well(not shown. Thex dependence of the DOS is simple:
have to be considered in quantitative calculations. To illusincreasingx produces a proportional increase in the number
trate this, Fig. 3 showsl(w) vs o for differentJ/t’s in two  of states of the impurity band, and a corresponding decrease
dimensions. With growing/t, the impurity band begins to of the main band weighfsee Fig. 2 In terms ofp, increas-
form for J/t=3.0, and atl/t=6.0 it is already fairly sepa- ing the effective carrier concentration by a small amount was
rated from the main band. However, note that for this ex-found to simply shift the chemical potential to the right. Con-
treme regime ofd/t, T¢ is far lower than forJ/t=3.0, as  cerning the temperature dependence of the DOS, at low tem-
discussed before in Ref. 15. In fact, the optind&l for the  perature the states contributing to the impurity band are po-
(x,p) parameters used here was found to be in the rangkrized, i.e., the system is ferromagnetieM), as shown by
2.0—4.0. This implies that the model shows the highigst the different weights of the majority and minority bands
when the impurity band is about to form, but it is not yet (Figs. 3 and & As the temperature increases, spin disorder
separated from the main band. This introduces an importargrows due to thermal fluctuations, and wher T*, i.e., in
difference between our approach to DMS materials, and théhe paramagnetic regime, the bands become symmetric.
theoretical calculations presented in Ref. 9. Figur@s-4c) It appears that the only change that a small increase in the
indicate that a similar behavior is found in three dimensionscarrier concentration produces is an increase in the chemical
In this case, once again, the optinTal occurs for interme- potential. However, experimentally the appearance of a

lll. DENSITY OF STATES
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— T T o T T T T 7T
THREE DIMENSIONS 1.4F —FMCLOSTER | -
|- ISOLATED SPIN| -~
(3)40 'I'I'!'I'l_]=2.0 (b)40 SRR R =y =Yy 1.2+ ——EMPTYSITE -
[ weak | ] | intermediate J 1__ : ]
20 : - 20 = - L ]
S0.8F .
>t 4
0.6 .
0.4F -
0.2f
I
=170 1T 2 3
-l
L R B e ) 0.20 T
(c) | stong: | 1 (d) | oot l FIG. 5. Local DOS for three different classes of sitese text
i BEm on an 8x8 lattice withJ/t=2.5, T/t=0.01, x~0.2, andp=0.4.
201 : Up 7 0.15 T 1

This coupling regime corresponds to the intermediate optimal re-
gion, where the impurity band is not fully formed. “FM CLUS-

— TER”is Ni(w) in the text notation, while “ISOLATED SPIN” and
“EMPTY SITE” are N;(w) andNy, (), respectively.

Experimental evidence of the formation of the impurity
i band for Ga_,Mn,As has been provided by Okabayashi
SO T A S e = et al.in Refs. 31 and 32see also Ref. 331t is interesting to
e I remark that half the total width of the impurity band obtained
FIG. 4. N;(w) andN () vs w—u for a 6 periodic system in our simulatioPss ig apouttZ(see, e.g., Eigs. 3 and,4and
with 54 spins &~0.25) and 16 electronsp(-0.4) atT/t=0.01.  USingt=0.3 eV this is equal to 0.6 eV, in good agreement
Results are shown fofa) J/t=2.0, (b) J/t=4.0, (c) J/t=6.0. w with the width 0.5 eV estimated from the photoemission ex-
— w is in units of the hopping. The results are averages over eight Perimental measurements mentioned before.
configurations of disordefbut there is no qualitative difference in ~ The local DOS is studied next. The purpose of this analy-
the results from different configurationgd) T andT* vs J/t for ~ Sis is to further understand the inhomogeneous state that
a 6° lattice with x=0.25 andp=0.4. These temperatures were forms as a consequence of Mn-spin dilution and concomitant
determined from the spin-spin correlations at short and large disearrier localization. The local DOS is shown in Fig. 5 on an
tances, as explained in Ref. 15. 8X 8 lattice atx=0.25,p=0.4,J/t=2.5, andT/t=0.05. In
this particular case only, an arrangement of classical spins
pseudogap at the Fermi energy has been repétithough ~ was introduced “by hand” such that the clusters are clearly
the finite-size effects in the present theoretical calculation ddormed. In this way, sites can easily be classified in three
not allow for a detailed study dfl(w) at or very near the groups, as discussed below. Despite using a particularly cho-
Fermi energy with high enough precision, in certain cases &en spin configuration, the resulting DOS is similar to those
pseudogap was indeed observed in the present study at thbtained previouslyFig. 3) using a truly random distribution
chemical potential, particularly when the system is in theof spins. Lattice sites are classified as follows: the first group
clustered regime. While this result certainly needs confirmais defined to contain lattice sites that have a classical spin
tion, it is tempting to draw analogies with the more detailedand belong to a spin cluster. The second class is composed of
calculations carried out in the context of manganites, whergites that have an isolated classical spin, i.e., nearby sites do
the presence of a pseudogap both in theoretical models am®t have other classical spins. Finally, lattice sites without
in experiments is well establishéd?>*°Pseudogaps are also classical spins in the same site or its vicinity belong to the
present in underdoped high-temperature superconductorhird class.N,(w), N;(w), and Ny, (w) denote the local
Given the analogies between DMS materials and transitionDOS at sites corresponding to each of the three classes, re-
metal oxides unveiled in previous investigatidnst would  spectively. It can be observed thé{( ) contributes to states
not be surprising that DMS presents a pseudogap in the clugaside the impurity bandnote the sharp peak neat), but
tered regime as well. More work is needed to confirm thesealso contributes to the main band since fiieused is inter-
speculations. mediate N, (w) contributes a sharp peak near zero, and also
Results presented in this section for the DOS qualitativelyhas weight in the main band. This can be explained as fol-
agree with those found in Ref. 12 using the dynamical meanlows: the electron is weakly localized at an isolated site
field technigugDMFT) in the coupling regime studied there. yielding a state aiw;~—J or, sinceu~—J for p~0.4,
However, the DMFT approach is a mean-field approximationw, — u~0 [see Fig. §)]. This interesting result shows that
local in space and, as a consequence, the state emphasizedriany of the states near zero in Figs. 3 and 4 majobal-
this paper—with randomly distributed clusters—cannot beized and they do not contribute to the conductivity. Finally,
studied accurately with such a technique. in Ny (@) the empty sites contribute weight only in nearly
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FIG. 6. Coupling dependence of the conductivity at low tem-  FIG. 7. Coupling dependence of the conductivity at low tem-
perature in two dimension$a) o(w) Vs w for a 10< 10 periodic  perature in three dimension&®) o(w) vs  for a 6° periodic sys-
system with 26 spins X~0.25), 10 electrons g~0.4), T/t  tem with 54 spinsX~0.25), 16 electronsy(~0.4), T/t=0.01, and
=0.01, and for differend/t’s as shown(b) Drude weightD vs J/t for different J/t's as shown(b) D vs J/t for the same lattice and
for the same lattice and parameters agan parameters as ifg).

unperturbed states, i.e., states that belong to the main banghediate valupandp= 0.4 (a realistic valug it was observed
In conclusion, the local carrier density is very inhomoge-that 0.53< wj,o,;<1.0. The model parameter was previ-
neous and this fact has an important effect on the form of theusly estimatetf to bet~0.3 eV, yielding 0.15 ¥ wi,ter
site-integrated DOS. Our results show that scanning tunnel<( 3 ev, in agreement with experimertsee below.

ing microscopy(STM) experiments would be able to reveal  The temperature dependenceatfw) is shown in Fig. 8,
the clustered structure proposed here, if it indeed existsand it is as follows: forT<T., the Drude weightD de-

when applied to DMS materials. creases in intensity as temperature increases and the same
behavior is observed for the finite-frequency peak. Wiien
IV. OPTICAL CONDUCTIVITY =T¢, D increases slightly at first and then remains constant

as the temperature is increased further. This slight raig® in

In the previous section, it was argued that at the optimajs suptle and could be linked to the decrease in resistivity
couplingJ/t— whereT¢ is maximized—the impurity band is - observed fofT>T¢. for intermediatel/t as explained in the
not Comp|ete|y Separated from the main band. This ConCIUnext Section, since the System is clustered just ab'm/e
sion is supported by results obtained from the optical congince hoth the optical conductivity and Drude weight de-
ductivity as well, which is shown in Fig.(6) for a two-  crease with temperature, to satisfy the sum rule the kinetic
dimensional lattice. This Optical CondUCtiVity has two main energy must also decrease as temperature increases. This is
featuresi(i) a zero-frequency or Drude peak afiid a finite-  jndeed observednot shown and is to be expected since
frequency broad peak which is believed to correspond tqqucalization of the wave function is stronger aboWe.
transitions from the impurity band to the main band, as ar- A proad peak at around 0.2 eV is experimentally observed
gued below. From Fig. (@), it is observed that interband j, the optical conductivity of Ga ,Mn,As, as shown in Fig.

transitions are not much relevant at weak couplinft (g which is reproduced from Ref. 3. This feature has been
=1.0), but they appear with more weight at intermediate

couplings §/t=2.0-3.0), whereT is optimal. It is worth

0.2

remarking that ai/t strong enough, e.gJ/t=6.0, when the 020 pt "]
impurity band is well formed, the finite-frequency peak is r 0.21 -
weaker in strength than for the optimalt due to localiza- 0.15 ]

tion. In fact, if J/t were so large that the impurity band is
completely separated from the unperturbed band, then carrier -
localization would be so strong that interband transitions %0,10

would not be possible. The Drude peak is plotted separately 0 004 008
in Fig. 6b) as a function ofJ/t at low temperatures. As i
expected, whenl/t increases and localization sets in, the 0.0 it mes
conductivity of the cluster decreases. Similar results for the --T;O:O4W
optical conductivity and Drude weight are found in three - T=0.08) |, |
dimensiongsee Fig. 7. 0.5 1’003 1.5 20

The rise in absorption that appears t=2.5 at inter-
mediate frequencies is due to interband transitions, i.e., fran- FiG. 8. Temperature dependence of the optical conductivity of
sitions from the. impurity band to the unperturbed band. Thénodel Eq.(1). Shown iso(w) vs w for a 10x 10 periodic system
frequency of this peakypine,, depends upod/t as well as  with 26 spins k~0.25), J/t=2.5, p=0.3, and for different tem-
carrier concentratiom, but for J/t=2.5 (which is an inter-  peratures, as indicated. Inset: Drude weiBhts temperaturd.
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left ; right
{oad cluster e

FIG. 11. Geometry used for the calculation of the conductance.
The interacting regior{cluste) is connected by ideal contacts to
semi-infinite ideal leads.

valid for InMnAs, while for low doping this study predicts a

Optical Conductivity (Sfum)

0ot | GaMnA . .
Vo= 52 0 very small Drude peak, which is the case for GaMnAs. Un-
T, = 220 C, annealed fortunately, the precise carrier concentrations for both mate-
rials are not known experimentally with precision.
000 1 ] 1 1
0 200 400 600 800

V. CONDUCTANCE AND METAL-INSULATOR
TRANSITION

Photon Energy (meV)

FIG. 9. Absorption coefficienta(w) spectra for a metallic Th d &i lculated usi he Kubo f |
sample prepared by low temperature annealing. The temperatures e conductancé Is calculated using the Kubo formula

from down to top are 300, 250, 200, 150, 120, 100, 80, 60, 40, 202dapted to geometries usually employed in the context of
10, and 4.2 K(from Katsumotoet al, Ref. 3. mesoscopic systenis.The actual expression is

2

explained before in two different way$i) as produced by G:Ze—Tr[(ih&x)lm@(E)(iﬁax)lmG(E)], (14)
transitions from the impurity band to the GaAs valence h
band”® or (ii) as caused by intervalence band tranSit.ﬁms'where 8X is the velocity operator in the direction and
Due to the frequency range and temperature behavior oh- - . .
served, our study supports the first possibility, i.e., that thdMY(E) is obtained from the advanced and retarded Green
finite-frequency peak observed for GaMn,As at around functions using 2ImG(E)=G%(E) — G*(E), whereE is the
0.2 eV is due to transitions from the impurity band to the Fermi energy. The cluster is considered to be connected by
main band. Recent observatidhalso appear to support this ideal contacts to two semi-infinite ideal leads, as represented
view. in Fig. 11. Current is induced by an infinitesimal voltage

The Drude weight increases in intensity with increasingdrop. This formalism avoids some of the problems associated
carrier density, as can be seen from Fig. 10. In fact, the rati@/ith finite systems, such as the fact that the conductivity is
p of carriers to Mn concentration, which is a measure of thediven by a sum of Dira@ functions, since the matrix eigen-
compensation of the samples, could explain, within thevalues are discrete. A zero-frequency delta peak with finite
framework of this model, the different behavior observed atveight corresponds to an ideal metal—having zero
low frequencies for GaMnAs and InMnAs. In the former resistance—unless an arbitrary width is given to that delta
case, no tail of the Drude peak is found. However, for InM-pPeak. In addition, in numerical studies sometimes it occurs
nAs, a clear Drude tailing is observ@@ with increasing that the weights of the zero-frequency delta peak are nega-
intensity as the temperature increases. At large enough dofive due to size effect® For these reasons, calculations of
ing, our calculations based on model Et). predict a Drude- dc resistivity using finite close systems are rare in the litera-

like peak for o(w) which could correspond to the regime ture. All these problems are avoided with the formulation
described here.

The entire equilibrated cluster as obtained from the MC

0.20 simulation is introduced in the geometry of Fig. 11. The ideal
leads enter the formalism through self-energies at the left/
0.15 right boundaries, as described in Ref. 35. In some cases a
variant of the method explained in Ref. 35 was used in this
— paper to calculate the conductan@bis modification was
So.10 suggested to us by J. Vésjelnstead of connecting the clus-
© ter to an ideal lead with equal hoppings, a replica of the
0.05 cluster was used at the sides. This method, although slightly

slower, takes into account all of the Monte Carlo data for the

cluster, including the periodic boundary conditions. In addi-

P s tion, averages over the random Mn spin distributions are
051015202530 carried out. The physical units of the conducta&én the

Wt numerical simulations are’/h as can be inferred from Eq.

FIG. 10. p dependence of the optical conductivity. Shown is (14). In Fig. 12 the inverse of the conductance, which is a

o(w), including the Drude weight, ve for a 10<10 lattice, x measure of the resistivity, is plotted for a three-dimensional

=0.25,J/t=2.5, T/t=0.01, and different values gf In the direc-  lattice at weak, intermediate, and strong coupling, at fixed
tion of the arrowp takes the values 0.08, 0.12, 0.20, 0.30, 0.38, andx=0.25 andp=0.3. For the weak-coupling regimel/¢

0.5. Inset: Drude weighb vs fraction of carriersp. =1.0) the system is weakly metallic at all temperatures. In
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FIG. 12. Dependence of the theoretically calculated resistjvity
with temperature in three dimensions. ShowpisL/G vs T on 43 FIG. 14. MagnetizationM|, spin-spin correlation<<(d), at
lattices, 16 spinsX=0.25), and 5 carriersp(=0.3) for theJ/t's 3y imum and minimum distance, and inverse of the conductance
mdncate(_j. An average over 20 disorder gonflguratlons has been pef;g vs T on a 12 12 lattice with 22 spinsX~0.15), 6 electrons
formed in each case. Units are shown in two scad¥(2e?) on (p~0.3), andJ/t=1.0. The approximate vanishing of spin corre-
the left and nfl cm on the right, withL=4 and assumin@ |4tions at different temperatures, depending on the distdratad-

=5.6 A: The estimated critical temperatures are also shdh@  joq allowed us to obtain an approximate determinatiof @fand
arrows indicate the current accuracy of the estimajions T*, similarly as carried out in previous studiéRef. 15.

the other limit of strong couplings, &/ decreases with in-  {he spin-spin correlations have been plotted to show the lo-
creasing temperature, |_nd|(_:at|ng a clear insulating phase, asayjqp, of Tc andT* and their relation to the resistivity.
result of the system being in a clustered state at the tempera- It is interesting to compare our results with experiments.

tures explored®°with carriers localized near the Mn spins. g . ;

. . : : . ) For Ga _,Mn,As, data similar to those found in our inves-
At the important intermediate couplings emphasized in Out[i ations have been reportédA typical result for resistivit
effort, the system behaves like a dirty metal o T, 9 P yp y

while for Te<T<T*, 1/G slightly decreases with increasing versusT can be found in Ref. 4. The qualitative behavior of

temperature, indicating that a soft metal to insulator transi;[he resistivity in these samples agrees well with the theoret-

tion takes place neaf.. For T>T*, where the system is ical results presented in Fig. 12 if intermediate couplings are

paramagnetic, G is almost constant. Note that for strong considered. On the other hand, stronger or weaker couplings
enough J/t, Tc—0 and therefore no metallic phase is &€ Not useful to reproduce the data, since the result is either

present. insulating or metallic at all temperatures, respectivelfin-

dimensional caséFigs. 13 and 14 Furthermore, in Fig. 14 tivity vs temperature curves
Furthermore, even the experimental numerical values of

the resistivity are in agreement with the results presented

0.02 0.02/6.06 0.08 here[even though model Eq1) does not include a realistic
A B L N B treatment of the GaAs host barjd3his can be shown as
150 follows. The conductivity of a three-dimensional sample is
» r related to the conductance lay=G/L, wherel is the side
:100__ length of the lattice. Hence the resistivity js=L/G. The
50 units of G are, as explained before/(2e?), and in our case
G- L=4a, wherea is the lattice spacing. Assumirg=5.6 A,
L then the values shown in Fig. 12 are obtained. Note that in
4k || Fig. 12 the minimum resistivity fod/t=2.5 is 3.3 nf) cm,
Q1 4 whereas the minimum possible value for that carrier doping
*3_ and cluster size used is 1.5(htm, which corresponds to
L 4 the casel/t=0. In spite of the label “metallic” for these
2 results, the absolute values of the resistivity are high. Simi-

T [ T N TR N T
0.02 0.04 0.06 0.08 larly, in the metallic phase of the sample shown in the ex-
7 perimental results of Ref. 4, the minimum resistivity is only
FIG. 13. Inverse of the conductanceGlis T calculated on a ~3—6 m(2 cm. Both in theory and experiments, the metallic
10X 10 lattice with 26 spinsX~0.25), 8 electronsg{~0.3), and 2  phase appears to be “dirty,” which is likely due to the re-
values ofJ/t as indicated. Shown is an average over three disordeéluced number of carriers, and localizing effect of the disor-
configurations. X& has units oth/(2e?) in two dimensions. der.
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and parameters as in Fig. 14. Note that both the inverse conduc-
FIG. 15. Qualitative explanation of the transport properties oftance in Fig. 14 and Drudé provide evidence for a metal-insulator

clustered states. Shown are three clusters created by hand on arffgnsition at approximately the same temperailize

X 8 lattice and with spin configurations also selected by hand to

illustrate our ideas. For #a) FM state atJ/t=2.5 andp=0.4, figuration as in Fig. 14 was used. This provides further evi-

conduction is possible due to the alignment of magnetic momentglence for the metal-insulator transition neks described

and the conductance was found toGe 2.8(2e2/h). For the clus- here.

tered state regime, two typical configuratidig and(c) are shown It is also interesting to remark that the optimal value of

where the conduction channels are broken and as a consequengg changes withx (e.g., for smallx, J/t optimal is also

G_~0. Eor the same clustered state but With randomly sel_e(?ted Spigmalb. Since J/topimal @pproximately separates the metal

orlentatlczms(not show!) the conducFanqe is small but finit® from the insulator, working at a fixed/t (as in real materi-

~0.5(2¢ /h)._ The radius of the solid circles represent the local als and varyingx, then an insulator at high temperatures is

charge density. found at smallx, turning into a metal at larget. This is in

excellent agreement with the experimental results of Ref. 4

For J/t intermediate or strong, localization of the wave using a careful annealing proceduxehile results of previ-

function is observed at intermediate temperatd?dhis im-  ous investigations with as-grown samples had found an

plies that carriers tunnel between impurity sites without vis-insulator-metal-insulator transition with increasirg. The

iting the main band, leading to insulating behavior. Belowissue discussed in this paragraph is visually illustrated in Fig.

Tc conduction is favored by the ferromagnetic order and, ad7, for the benefit of the reader.

a consequence, as temperature decreases conductance in-

creases. To further understand why the conductdress- VI. MAGNETORESISTANCE

tance has a minimunm(maximumn) aroundT it is helpful to

consider the three states: FM, clustered, and paramagnetic The magnetoresistance percentage ratio was calculated

(PM) as depicted for a special spin configuration in Fig. 15using the definitiorMR=100x[p(0)—p(B)1/p(B). Figure

on an 8<8 lattice. This configuration is not truly random but 18 shows the magnetizatigh| and the resistivity as a func-

it was chosen by hand for simplicity so that the spin clusterdion of the applied field8 on a 12<12 lattice,x=0.15,p

can easily be recognized. In the case of a random configuras 0-4. J/t=1.0, and low temperature. Note that in two di-

tion of spins a similar reasoning can be drawn. For the FM

state of Fig. 15, conduction is possible and indeed the mea- Tit =

sured conductance i8~2.8(2e?/h). For the two possible >

clustered states represented in Figsbl%nd (c), the con- = /f

duction is reduced due to the different alignment of spins in -

different clusters. This is verified by calculating the conduc- 3

tance which isG~0.0 in those cases. For a paramagnetic

spin arrangement with spin pointing in random directions S

(not shown, the conductance is small but finiteG -

~0.5(2e?/h). It follows that the clustered state has the mini- X

mum conductance, and this explains the observed behavior g 17. pependence Ot gpimar With X, approximately separat-

of the resistivity with a maximum neaFc, i.e., when the ing the metal from the insulataistandard notation At fixed J/t

system is clustered. (horizontal solid ling, as in experiments, the system should trans-
The inverse of the Drude weiglt ~* also shows a peak form from an insulator to a metal with increasingin agreement

aroundT: as seen in Fig. 16, where the same Mn-spin conwith experimentgRef. 4.

4 J optimal
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FIG. 18. MagnetizatiorlM| and inverse conductanceG/s

magnetic fieldB on a 1212 lattice with PBCx=0.15, p=0.3,
J=1.0, andT/t=0.01 (the same parameters as in Fig.).1%he
units of B are T, assuming= 2.0 andS=5/2. The units of 15 are
h/2e?. The approximate values of the magnetoresistance are 18%at ¢ 19 percolation picture for the formation of the clustered-
4Tand30%at 12 T. state regime(a) Two-dimensional lattice representing randomly lo-
mensions ak=0.25 andp=0.3, the intermediate coupling cated classical spins as black dots witk 0.05. (b) Black areas
corresponds td/t=2.5, but atx=0.15, nowJ/t=1.0 cor- represent nonzero carrier wave function, assuming a step-function
responds to optimal coupling sincesadecreases the optimal profile_ for _the wave functions with radius equal _to two sites, as
J/t also decreases. For these paramelarsyas estimated to  €xPlained in the text(c) Same asb) but now showing connected
be 0.02 andT* ~0.0&. The value in T of the magnetic field reglons(whlch cou_ld in practl(?e cqrrespond to the FM clusters dis-
was calculated assuming= 2.0 andS=5/2 for the localized cussed in the textindicated with different shades of gray.

spins. The units of the resistivity ate/(2e?) for the two-  mediate and largd/t couplings. This state is a candidate to
dimensional lattice. describe DMS materials since it explains both the resistivity
In our simulations it was observed tHM| increases with  maximum aroundT. as well as the decrease in resistivity
increasing magnetic field. At zero magnetic figd| is 60%  with increasing applied magnetic field. In addition, it pro-
of its maximum value, while at 12 T it has reache®0%. vides an optimall. This clustered state is formed only for
This is in agreement with the experimental results in Fig. 3ntermediate or larged/t and when the compensation is
of Ref. 2 where the magnetization is 50% of its maximumstrong,p<<0.4. Since for largd/t the carriers are localized,
value at zero field, but it reaches 70% of that maximumthe problem becomes one of percolation theory, which has
value at 4 T. In our studies it was also observed th@& 1/ already been_treated using different approaches and
decreases with increasing magnetic field, showing at aPproximations’ Here, only a very simple way of visualiz-
fields a negative magnetoresistance. NEarthe resistivity INg this state will be presented. First, consider a two-
decreases by 20—30% increasing the field from zero to 12 Flimensional lattice with 5% Mn spins represented as black
while the decrease in resistivity at higher temperatures i§0tS; s shown in Fig. 18. The carrier wave functiogi(r)
much smaller. The present computational results agree vefy considered to be localized around a Mn spin and it is
well with the experimentally measured dependence of th&SSumed to be a step function for simplicity, i.¢(r) is

resistivity and magnetization on magnetic fields. For ex-onzero only ifr<r, wherer, is the localization radius in-
ample, in Fig. 2b) of Ref. 2, the decrease in resistivity is troduced by hand. Sites where the wave function is not zero

. : ) are the black areas of Fig. @9. In this case, sites can be
0 ~ e . ) ! A
25% nearTc~60 K when Increasing th_e .ﬂ?ld _from zero to lassified into connected regions, and that feature is indicated
15 T. A much smaller decrease in resistivity is observed aﬁ]

; X o X Fig. 19c) using different shades. Each region is correlated
higher temperaturesT(>120 K). Itis also indicated in that  gnq il correspond to a FM cluster. In this case all spins

experimental reference that the magnetoresistance is betwe§g|0ng to some large cluster. As the concentrasiagrows,
30% and 40% at 12 T. _ _ the clusters will tend to merge. Asdecreases, these clusters

It is interesting to remark that substantial magnetoresisyll become more and more isolated.
tance effects have been reported in thin films consisting of Recent experimental work ofGa,CyAs have revealed
nanoscale MpGe; ferromagnetic clusters embedded in a di- unusual magnetic properties which were associated with the
lute ferromagnetic semiconductor matffxThe characteris- random magnetism of the alloy. The authors of Ref. 38 ex-
tics of these materials are analogous to our clustered statplained their results using a distributed magnetic polaron
that also show a robust MR effect due to magnetization romodel that resembles the clustered-state ideas discussed here
tation of spontaneously formed clusters. and in Refs. 15, 23, and 24.

VII. MORE ABOUT CLUSTER FORMATION VIIl. CONCLUSIONS

It was discussed before in this paper and in previous pub- In this paper, dynamical and transport properties of a
lications that a clustered state is formed abdyefor inter-  single-band model for diluted magnetic semiconductors have
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TN The low-temperature ferromagnetic phase is metglit
I i though often with poor metallicily The clustered state be-
PM tween T* and T has insulating properties, and the same
nstiating occurs in a good portion of the phase diagram above these
FM two characteristic temperatures. Note that here the terms me-
Metallic Ty tallic and insulating simply refer to the slope of the resistiv-
N ity vs temperature curves. The values of the resistivities in
J/t7 the two regimes are not very different, similarly as observed
: o __experimentally.
FIG. 20. Sketch of the phase diagram indicating the conducting This and related efforts lead to a possible picture of DMS

and insulating regions, as obtained in the present investigations. The . . - .
materials where the inhomogeneities play an important role.

dashed area in the paramagnetic phase indicates the crossover fe- thi t th terials sh h teristi ith
gion from a mild metallic weak-coupling regime to a mild insulat- n this respect, these materials share ¢ .arac enstics wi
in - - many other compounds such as manganites and cuprates,
g strong-coupling regime. | )
where current trends point toward the key importance of

been presented. The calculations were carried out on a lattidnocluster formation to understand the colossal magnetore-
and using Monte Carlo techniques. The optical conductivityS'Stanceé and underdoped regions, respectively. “Clustered
density of states, and resistance vs temperature agree with:t€S appear to form a new paradigm that is useful to under-
experimental data for Ga Mn,As if the model is in a re- stand the properties of many interesting materials.
gime ofintermediate Jt coupling. In this region, the carriers
are neither totally localized at the Mn sites nor free, as in
previous theories. The state of relevance has some character-
istics of a clustered state, in the sense that upon cooling from The authors acknowledge the help of J. A. Verge the
high temperatures first small regions are locally magnetizedtudy of the conductance. The subroutines used in this con-
at a temperature scal§*—causing a mild insulating text were kindly provided by him. Conversations with A.
behavior—while at an even lower temperatiirg the align-  Fujimori are also gratefully acknowledged. G.A. and E.D.
ment of the individual cluster moments occurs—causing mewere supported by NSF Grant No. DMR-0122523. Addi-
tallic behavior. This is in agreement with previous tional funds have been provided by Marte@sU). Part of
investigationg:15:2324 the computer simulations have been carried out on the CSIT
One of the main conclusions of the paper is summarizedBM SP3 system at the FSU School for Computational Sci-
in Fig. 20 where the “transport” phase diagram is sketchedence and Information TechnolodZSIT).

M

7/

ACKNOWLEDGMENT

1H. Ohno, Science281, 951 (1998; H. Ohno, J. Magn. Magn. (2001); T. Dietl, Semicond. Sci. Technol7, 377 (2002.
Mater. 200, 110(1999. 9Malcolm P. Kennett, Mona Berciu, and R.N. Bhatt, Phys. Rev. B
°H. Ohno and F. Matsukura, Solid State Commui7, 179 66, 045207(2002; Mona Berciu and R.N. Bhatt, Phys. Rev.
(2001. Lett. 87, 107203(200D; see also C. Timm, F. Scfe, and F.

3S. Katsumoto, T. Hayashi, Y. Hashimoto, Y. lye, Y. Ishiwata, M. \é(;]” O-Epfnég)i%'zggbgé%7c)01(2003; Mona Berciu and R.N.
Watanabe, R. Eguchi, T. Takeuchi, Y. Harada, S. Shin, and K1°M l\‘jlltt’ Ir 'G' AI’v roz r(1d E3b tto. Phvs. Rev.eB. 241202
Hirakawa, Mater. Sci. Eng., B4, 88 (200J). - Mayr, &. Alvarez, and . Dagotto, Fhys. Rev.ob,

4 . (2002.
S I?otashmk, K.C.Ku, S.H.Chun, J.J. Berry, N. Samarth, and H'1A. Chattopadhyay, S. Das Sarma, and A.J. Millis, Phys. Reuv. Lett.
Schiffer, Appl. Phys. Lett79, 1495(2002J.

5 . . ) 87, 227202(2001).
J. Konig, J. Schliemann, T. Jungwirth, and A.H. MacDondldr- LEH. Hwang, A.J. Millis, and S. Das Sarma, Phys. Rev6®B

romagnetism in (Ill,Mn)V Semiconductors in Electronic Struc- 233206(2002.
ture and Magnetism of Complex Materiaédited by D.J. Singh 13\ 3 calderon. G. Gomez-Santos. and L. Brey, Phys. Ret6,B

and D.A. Papaconstantopoul@pringer-Verlag, Berlin, 2002 075218(2002.

, and references therein. _ 4G, Zarad and B. JankoPhys. Rev. Lett89, 047201(2001).

J. Sinova, T. Jungwirth, S.-R. Eric Yang, J. Kucera, and A.H.15G_Alvarez, M. Mayr, and E. Dagotto, Phys. Rev. L&88, 277202
MacDonald, Phys. Rev. B6, 041202(2002; S.-R. Eric Yang, J. (2002.

Sinova, T. Jungwirth, Y.P. Shim, and A.H. MacDonald, Phys.®K.C. Ku, S.J. Potashnik, R.F. Wang, M.J. Seong, E. Johnston-
Rev. B 67, 045205(2003; J. Sinova, T. Jungwirth, J. Kucera, Halperin, R.C. Meyers, S.H. Chun, A. Mascarenhas, A.C. Gos-

and A.H. MacDonald, cond-mat/03014Q&inpublishedt see sard, D.D. Awschalom, P. Schiffer, and N. Samarth, Appl. Phys.
also T. Jungwirth, Jgen Kaig, Jairo Sinova, J. Kucera, and Lett. 82, 2302(2003.
A.H. MacDonald, Phys. Rev. B6, 012402(2002. 71, Kuryliszyn, T. Wojtowicz, X. Liu, J.K. Furdyna, W. Dobrowol-
"John Schliemann, ‘dgen Kaig, and A.H. MacDonald, Phys. ski, J.-M. Broto, M. Goiran, O. Portugall, H. Rakoto, and B.
Rev. B64, 165201(2001). Raquet, Acta. Phys. Pol. 202, 659(2002; J. Supercondl6, 63
8T. Dietl, H. Ohno, and F. Matsukura, Phys. Rev6B, 195205 (2003.

045202-12



SINGLE-BAND MODEL FOR DILUTED MAGNETIC . .. PHYSICAL REVIEW B 68, 045202 (2003

8R.P. Campion, K.W. Edmonds, L.X. Zhao, K.Y. Wang, C.T. lished.
Foxon, B.L. Gallagher, and C.R. Staddon, J. Cryst. Gra&h 28H. Hirakawa, A. Oiwa, and H. Munekata, Physic&&msterdanm
311(2003. 10, 215(2002.

¥In Ref. 7, a hybrid MC study of the multiband model for DMS 2°S.H. Chun, S.J. Potashnik, K.C. Ku, P. Schiffer, and N. Samarth,
was presented. In that reference the model was treatdd in  Phys. Rev. B66, 100408(2002.
space, approximating the Fermionic trace for its zero-3°A. Moreo, S. Yunoki, and E. Dagotto, Phys. Rev. L&, 2773
temperature value. On the contrary, our present work treats the (1999.
Fermionic trace exactly, and calculations are performed in reaf'J. Okabayashi, A. Kimura, O. Rader, T. Mizokawa, A. Fujimori,
space. T. Hayashi, and M. Tanaka, Phys. Rev6B, 125304(2001).

20E. Dagotto, T. Hotta, and A. Moreo, Phys. R&gd4, 1(2001); see  32J. Okabayashi, T. Mizokawa, D.D. Sarma, and A. Fujimori, Phys.
also J. Burgy, M. Mayr, V. Martin-Mayor, A. Moreo, and E. Rev. B65, 161203R) (2002.

Dagotto, Phys. Rev. Let87, 277202(2001). 33photoemission results for DMS materials have also been pre-
21E. Dagotto,Nanoscale Phase Separation and Colossal Magne- sented in H. Asklund, L. llver, J. Kanski, J. Sadowski, and R.
toresistanceSpringer-Verlag, Berlin, 2002 Mathieu, Phys. Rev. B56, 115319(2002. These experiments

22The term “sketched” is used instead of “established” due to the indicate that the Fermi energy is slightly above, but very near to,
inevitable uncertainties of the numerical effort, which is based the valence-band maximum. Since in our results the Fermi en-

on nearly exact results but obtained in small clusters. ergy is within the “impurity band,” this provides further evi-
23C. Timm, F. Schter, and F. von Oppen, Phys. Rev. LeBo, dence that the impurity band and the main band are not sepa-
137201(2002; C. Timm and F. von Oppen, cond-mat/0209055  rated, but that they overlap in GaMnAs for the samples
(unpublishegl experimentally studied.
24p. Kaminski and S. Das Sarma, Phys. Rev. L&8, 247202 34g 3. Singley, R. Kawakami, D.D. Awschalom, and D.N. Basov,
(2002. Phys. Rev. Lett89, 097203(2002.

25N. Theodoropoulou, A.F. Hebard, M.E. Overberg, C.R. Aber-®J.A. Verges, Comput. Phys. Commurig 71 (1999.
nathy, S.J. Pearton, S.N.G. Chu, and R.G. Wilson, Phys. Rev®E. Dagotto, Rev. Mod. Phys66, 763 (1994, and references

Lett. 89, 107203(2002. therein.
26K . Binder and D.W. HeermanmJonte Carlo Simulations In Sta- 37Y.D. Park, A. Wilson, A.T. Hanbicki, J.E. Mattson, T. Ambrose,
tistical Physics(Springer-Verlag, Berlin, 1992 G. Spanos, and B.T. Jonker, Appl. Phys. L&8, 2739(2002).
2’For more details, see H. Aliaga, D. Magnoux, A. Moreo, D. Poil- A, Dakhama, B. Lakshmi, and D. Heiman, Phys. Rev6RB
blanc, S. Yunoki, and E. Dagotto, cond-mat/03035L8pub- 115204(2003.

045202-13



