PHYSICAL REVIEW B, VOLUME 65, 115308
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We examine the feasibility of a simple description of Mn ions in IlI-V diluted magnetic semiconductors
(DMS's) in terms of twospecies(components motivated by the expectation that the Mn-hole exchange
couplings are widely distributed, especially for low Mn concentrations. We find, using distributions indicated
by recent numerical mean field studies, that the thermodynamic propenametization, susceptibility, and
specific hegt cannot be fit by a single coupling as in a homogeneous model, but can be fit well by a
two-component model with a temperature dependent number of “strongly” and “weakly” coupled spins. This
suggests that a two-component description may be a minimal model for the interpretation of experimental
measurements of thermodynamic quantities in llI-V DMS systems.
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[. INTRODUCTION In this paper, we construct the simplest mean field model
that attempts to capture the effects of disorder in the effective
Diluted magnetic semiconducto(®MS'’s) have been the local fields at different Mn sites. This disorder arises as a
focus of intense study recently due to their potential for useesult of the different local potential for the carrier at differ-
in novel devices making use of both magnetic and convenent Mn sites. At one extreme we consider a simple model of
tional semiconductor propertiés.The discovery of a mag- compensation by antisite defects. In this model, each As an-
netic transition temperaturg, of 110 K in a sample of tisite defect is viewed as capturing the holes of two neigh-
Ga,_,Mn,As for x=0.053 has further spurred efforts to un- boring Mn dopants, and providing an onsite potential that is
derstand the origin and physical effects that influence thaignificantly different from Mn sites that are far from such
magnetic properties of these materials. As antisites. This naturally leads to description of the Mn
It is now reasonably well established that IlI-V systemsspins in terms of two distinct species. This is clearly a cari-
such as Ga_,Mn,As with x=0.01—-0.07 are itinerant ferro- cature, since for positionally random doping and As antisite
magnets, in which the Mn ions play the dual roles of accepdefects, there will be aontinuous distributiorof onsite po-
tor site and magnetic ion, and the itinerant carriers are holesentials rather than a bimodal one. However, as we show in
which have an antiferromagnetic interaction with the Mnthe bulk of our paper, if the distribution is rather witkes is
spins?~8 The antiferromagnetic hole-Mn interaction leads tofound in the mean-field study of Mn impurity bartés3,
an effective ferromagnetic interaction between Mn spins, anduch a bimodal distribution provides a reasonable description
gives rise to the ferromagnetic transition. One experimentabf the thermodynamics, provided we allow the relative
fact that may be of importance is that in these systems theveights of the two species to be temperature dependent ac-
number of holes, is only a small fraction of the number of cording to a simple rule, which occurs naturally in the analy-
Mn dopants(or Mn sping ny,, implying that the system has sis.
low carrier density, and is heavily compensated. We concentrate only on the carrier-spin exchange part of
Theoretically, there have been several approaches to trghe Hamiltonian, since a numerical mean-field treatritent
ing to calculate the thermodynamic and transport propertieshows that this term captures most of the condensation en-
of these materials—one approach has been to look at thergy for the magnetic phase, and the carrier kinetic energy
effect of spin waves ! while another has been a mean field changes only weakly with the onset of ferromagnetism. As
model including spin-orbit effectsBoth of these approaches stated earlier, in the regime of interest, the concentration of
leave out the disorder due to the random positions of the Mimolesn,, is considerably less than the concentratigp, of
ions in the sample. The effect of random positions has beeMn ions. The fluctuations in the local carrier charge density
considered in a numerical mean field theédr for the low  (due to fluctuations in the occupation number of the impurity
density phase of Ga,Mn,As, as well as in Monte Carlo states around Mn sites with different surroundingse then
simulations of the insulating phase of II-VI DMS, repre- represented by a fluctuation of the effective exchange cou-
sented by a Heisenberg model for the Mn and carriepling between the Mn moment and the spin of the carrier.
spinst*1° Both of these investigations show that the posi- Our results can be summarized simply as follows: we find
tional disorder gives rise to a distribution of exchange couthat representing the hole-Mn antiferromagnetic exchange
plings between Mn ions and holes. Monte Carlo results haveoupling by asingle parameter is insufficient to capture the
also been obtained for a model in which the hole-Mn couthermodynamic behavior, such as the temperature depen-
pling is assumed constant and leads to an effective Mn-Mmlence of the magnetization, susceptibility, and specific heat
interaction where positional disorder is includ8dh recent  in the ferromagnetic phase, when disorder is large. However,
Monte Carlo study of Ga ,Mn,As using a kinetic-exchange by using a model where there are two species of Mn ions,
model!” has appeared while this work was being written up.with different hole-Mn exchange couplings, we are able to fit
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the magnetization and other thermodynamic parameters th#te insulating phase and at the MIT. If experience with con-
we calculate from a distribution of couplings in a much moreventional doped semiconductors is any guide, they are likely
satisfactory manner. Furthermore, as argued below, such ta persist well into the metallic pha$e-®and cannot reason-
two-component model captures the inadequacies of the hably be ignored in any theory of DMS ferromagnetism up to
mogeneous model in a manner that is qualitatively correctiopant densities well above factor of 3-% the dopant
for temperatures not too close 1Q. We emphasize that the density for the MIT. The above discussion raises questions
label “component” used throughout this paper, is synony-about the applicability of the results of studies which are
mous with “species” or “type,” and has no relation to the based on homogeneous mean-field models, as well as those
number of components of the spin itself, which in this work based on perturbative treatments of the Mn spin systerch
refers to a vector in three dimensions. as RKKY exchangg given the large ratio of spin to carrier
The idea of using a two-component model is similar indensity.
spirit to models developed to understand the magnetic be- The diluteness of the carrier system leads us to neglect
havior of doped nonmagnetic semiconductors such as phosole-hole interactions. Direct Mn-Mn interactions are also
phorus doped silicon, motivated by the observation that exignored because they are extremely short range due to the
change couplings in such systems should be distributed ovatomic nature of the Mn @ orbitals responsible for the Mn
many orders of magnitud€:’®In Mn doped DMS systems, spin. Furthermore, the numerical mean field treatifent
disorder appears to lead to a similar situation of widely dis-shows that the energy gain due to the onset of ferromagnetic
tributed couplings® While not explicitly included in Refs. ordering coming from the exchange term in the Hamiltonian
12,13 the large compensation, apparently from As antisités much larger than the change in carrier kinetic energy. 1g-
defects, would enhance disorder, and hence broaden the disering the kinetic energy is not expected to lead to any major
tribution of effective couplings. Therefore a two componentqualitative differences. In fact, in our results it does not lead
approach appears to be a natural approximation that is qualie evenquantitativedifferences in the magnetization for tem-
tatively correct, and may be quantitatively adequate for manyperatures below about 0T& (as shown in Sec. I)] while

purposes. there are quantitative differences nearer the ordering tem-
perature, as the exchange energy and kinetic energy varia-

Il. MEAN EIELD MODEL tions with T become comparable in magnitude. Conse-

quently, in keeping with the philosophy of finding a minimal

A. Hamiltonian model description, we consider only the exchange term of

The DMS system we study consists of magnetic ionghe Hamiltonian in this paper. This Hamiltonian takes a form
(Mn) coupled to charge carriers. In the case of II-VI semi-Similar to that studied by Kig et al® with no kinetic term:

conductorse.g., ZnSg the carrier is provided by a second
dopant(such as B however, in IlI-V semiconductorée.g.,
GaAs9, Mn, being a divalent atom substituting on a trivalent
(Ga site, provides a hole in addition to the spin. In this
paper, we use the example of GaMn,As for concreteness.
For Mn concentrations of intere& fraction of a percent
to a few percent and hole concentrations of about 10—-20 %
per Mn impurity, the system is near a metal-insulator transi- @
tion (MIT).%2° This implies that the hole wave functions are

filamentary, with a multifractal structure on length scales thaWherea labels the holes, labels the Mn spinss, is the spin
Y: 9 -for the ath hole, andS(r) is the Mn spin centered on site

determine the magnetic behavior of the system, which i .
quite distinct from the homogeneous structure for planesl'hegfactors of the hole and Mn spins are labeledgfiyand

wave (or Bloch wave states characteristic of periodic sys- 9 respe_ct|\_/e|y,uB IS the Bohr magneton ariilis an extemnal
tems. Thus, each hole interacts with many Mn spins, dependpagnetlc field, which we shall assume to be zero unless oth-

ing on the amplitude of its wave function at various Mn sites,en{wse stated. The_ _oyerlap integral for thh hole with the
spin centered on siteis J;, . We assume that thetelectrons

as well as the envelope function characterizing the hole; at give rise to the Mn spins are localized in comparison to
Since each hole interacts with a large number of spins the n IP give n ! . 1z€d | parison
he holes and treat the Mn spins as having delta function

exchange fields felt by different holes are similae., the ; . .
fluctuations are not that largeHowever, the hole concentra- _spat|al erendence, |.es,(r)=.8,5(3)(r—Ri), which, a.fter.
tion is considerablya factor of 5—10 smaller than the Mn integrating out the delta functions, leads to the Hamiltonian
concentration; therefore, each Mn spin experiences a rather

different exchange field due to the few holes that have sig- _ C(Pe .

nificant amplitude at that site@r nearby sites, via the tail of nt Z % Jia(Ri)Sa S @

the envelope function Hence the fluctuations in the local

exchange field at different Mn sitesnnotbe ignored, since whereJ; ,(R;)) =Jo| ¢.(R)|%, with ¢,(r) the wave function
the fields are being produced predominantly by just a fewof the ath hole andJ, the microscopic exchange constant.
holes. This asymmetry has been documented in a numericslVe can writeZ ,J; .(R;)s,=h(R;), and treat the effect of the
study*® and forms the basis of our simple phenomenologicamagnetization of the hole spins as creating an effective field
scheme. These fluctuations are of paramount importance @t each Mn site, so our Hamiltonian is

Hzf d% X Jiu(r)s, S(r)

—f d?’r[guBB-Z S(r)+g* ugB- 2 su(r) 1,
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s5y=—jBi(Ba*), 8

H=3 h(R)-S. 3 (s%)=—IBj(Ba™) ®
i where

In a recent mean-field stutiof a tight-binding model of the 1 (Imax
impurity band arising from holes on Mn sites coupled to Mn a* :—j dJ P(J)J(S}), 9
spins, the randomness of the Mn sites is explicitly taken into PJo
account. That work involves a numerical implementation ofy s the ration;,/ny, andj is the effective hole spinj(
the self-consistent mean field equations, in which the effec= 3/2 jn real systems To compare our results with the nu-
tive fields are self-consistently calculatedeachMn site for  erical study?!® we use the Brillouin function withj
each temperatur. (The mean-field in such treatments re- — 15 for the hole spin and repladg by 3J, so that in effect

fers only to temporal averaging over the local environmentyne pole spins take values 6f3/2. We emphasize however,
and not positional averagingA ferromagnetic phase is hat we have found that treating the spin as a classical object
four_1d bc_elow a crltlca_l temparture, with distribution of ef- (i.e., using a Langevin functigror using Brillouin functions
fective fieldsP(h) which is temperature dependent. The nu- i j=1/2 or j=3/2 does not affect the basic picture we

merical mean field model explicitly includes the itinerant ;56" here. or the characterissbapeof the curves, other
nature of the holes. We use the distribution of effective fieldspan, in raising or lowering .. The value ofT. is given by

from the self-consistent mean-field calculations. Hence, even
though the models constructed here are in the form of pure 35 __
exchange, the wave functions used to calculate effective cou- Te=1\/ EDJZ,
plings are those of itinerant electrons. Consequently, that

physics is implicit in these models. In a mean field descripwhere an overbar denotes an average with respePt

tion of carrier moments, the field is simply a product of theand (---) denotes a thermodynamic average. Note that
mean momentwhich we take to be along thedirection, of  whilst p enters Eq.(10) explicitly, there is also an implicit
magnitudes?) and an effective exchange interactibvhich  dependence, in that affects the distribution of hole-Mn ex-
varies from site to site. Thus, we can obtain from the numerichange coupling®(J) and hencel?.

cal study, an effective distribution of exchange couplings

P(J), and our Hamiltonian becomes an integral over the dis- 2. Susceptibility and specific heat

tribution P(J):

(10

We next calculate the magnetic susceptibility and specific
heat at zero field. The susceptibility per unit volume is

Imax
Hdistribution™ fo dJ P(J3)J SESZ. (4)

‘]m X
X:X*"'f "Iy, 1y
Details of the derivation are given in Appendix A. 0
In a fully self-consistent schemsuch as Ref. 12the  \yhere ) * is the contribution to the susceptibility due to the

distribution P(J) depends on the temperaitfedue to the — 5j65 angy, is the contribution to the susceptibility from Mn
temperature dependence of the hole amplitude d|str|but|or)5pins coupled to holes with exchangeThe individual ex-
However, as we show below, the distributi®g(J) calcu- pressions for the susceptibilities are

lated atT=0 works very well for temperatures up f©

=0.6T.. Hence, in keeping with our search forsample g B [ Jmax
model, we will usePy(J), and consider th& dependence of (g* ug)’n,BG* 1-— —f dJ P(J)JG;
P(J) only where necessary. . g* PJo
1 Imax '
1. Spin and carrier magnetization 1- 5326* fo dJ P(J)JZGJ
We find a self-consistent solution for the average Mn spin (12
of
1 3
(S5)=—SBy(Bay), (5) X3=9umeP(I)NunBG; Ore = — X<, 13
B
whereS=5/2 is the spin of each Mn ion, where
_2S+1 25+1 1 X d
Bs(x)= 3g coM 5 x| gt 3] © "= B 00 et (14
is the Brillouin function for spins with magnitudg and q
= 3(s?). @) o= Sl BsX) x=pa (19

We also need to take into account the fact that the hole§Ve use the expressions for the susceptibility given in Egs.
experience an effective field from the Mn spins, which leadg12) and(13) with g=2, and assumg* =2 for our numeri-
to the following self-consistency condition: cal calculations in Sec. 1A
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To obtain the specific heat we have to be careful since we 19,
calculate with a Hamiltonian that has temperature dependent x1=(0ue)NynBG1| gug—— x*
coefficients and the concentrations of strongly and weakly Mh g* ng
coupled spins may also depend on temperature. We use thgere theG functions have the same meaning as previously.
mean field free energy to obtain the specific heat through thgjna|ly we calculate the specific heat again with the deriva-
relation tive of energy with respect to temperature, but in this case

quU the energy per Mn spin is

CV: ﬁ y (16)

. (23

N =SS, (24
where we note that the energy per Mn spin is Mn

2. Two component model

Nop fo dJ P(J)J(Sj}(s?), an As we show in the next section, the calculated distribution

of exchange couplings are quite broad, and cover many or-
in our mean field theory, whend,, is the total number of ders of magnitude for parameter values of interest. This mo-
Mn spins. tivates us to study a model that is the next simplest after the
single coupling model, namely, the two component model,
with an exchange distribution

B. Single and two component models

For a system without disorder, the exchange between car- ng n,
riers and spins can be characterized by a single coupling, as PQJ)= n_Mn5(J_Jl)+ n_,\m5(~]_32)- (25
has been done, e.g., in Ref. 9. To demonstrate how these . o S o
models are inadequate for the system under consideratiohn€ physical motivation of the above distribution is to divide
we consider two simplified models to substitute for the hier-the Mn spins into two types, one which is strongly coupled
archy of couplings implied by the distributioRy(J). The  to the carrier spinsJ;), with an effective concentration,,
first has a single coupling parameter, while the second inco@nd the other which is weakly coupled to the carrier spins
porates the idea of “strongly” and “weakly” coupled spins (J2) With a concentratiom,. Since the only energy scale
in terms of two coupling parameters. In both cases, the pacharacterizing the thermodynamics is the temperafynee
rameters are determined from the distributiBg(J). We  Would expect it to play an important role in determining both
compare the results of these two models with that obtaineéh€ coupling constant3; andJ,, and the concentrations of

from the distributionPy(J) in Sec. lIl. strongly and weakly coupled spins. Consequently, we expect
that the best fit to the curves for a distribution of exchanges
1. Single component model will be obtained wherJ; andn; are temperature dependent.

| inal t model of M . h This temperature dependence of parameters should be
h a sihgle component mode! of Mn spins, where eaCl\/iewed in the same spirit as in a variational fit to free ener-

spin is coupled in the same way to the carrier spins, the foméies of actual T independent Hamiltonians by model
for P(J) is just a delta function: Hamiltonian<2

We obtain a self-consistent mean field solution to this

P(J):é(‘]_‘ll)v (18) mOdel Of
whereJ, is the exchange coupling. In that case, the formulas 2
for thermodynamic quantities derived for a distribution in the (S)=—SBs(Bay), (26)
revious section lead to .
’ (s)=—iBj(Ba*), (27)
(S°)=—SBy(Ba1), (19 where
(s)=—iBj(Ba™), (20 aa=Ja(s%), (28

with a* = (1/p) J(S?) anda; = J;(s?). The susceptibility per Wit @=1 or 2, and

unit volume is

ng ny
a* :n_Jl<Slzl>+n_J2<$ZZ> (29)
X=x"+ X1, (21 h h
and Using the notation introduced above, the susceptibility per
unit volume is
(0" o) G| 1 ngGl X=X xatxe, (30
Xt = 9 , (220  Wherex* is the contribution to the susceptibility due to the

holes andy,, are the contributions from the two species

1
_ T p20%x 12
1 p'B GG, respectively—the expressions for the susceptibilities are
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gn 025 | _ FIG. 1. The distributiorPy(log;¢J) calculated
= for p=0.1 andx=0.01 in the numerical mean
A oaf 1 field model of Ref. 13 aT=0.
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AJAR
g n, g n, the inferences made for this concentration remain valid for
(g* ug)?n,BG* 1-— n—,BJlGl——* n—BJZG2 higher values o (we have checked explicitly the cases
= g-'h 9" 'h =0.02 andx=0.03).

' Figure 2 plots the average Mn spi§,;,(T), calculated
) using the self-consistent solution of Sec. Il A with the distri-
(31) bution Py(J) (Fig. 1) (dashed ling and the full numerical
mean field resulfsolid line) against temperature. As can be
seen clearly, the curve using tlie=0 distribution works
, (32)  very well (errors less than 1antil about 60% ofT. for the
numerical mean field model. To fit the numerical results
properly for higherT, one must allow for the distribution of
local fields to deviate from th&=0 distribution as the po-
larization of the holes begins to fluctuate strongly as the
transition is approached. In Fig. 2, we indicate with crosses
the Syn(T) curve obtained using the distributithrC(J) (de-

u n n
—=n—lJl(sZ><5§>+ n—232<sz>(sg>_ (33) termined forT=T.). Clearly, an interpolation of distribu-
Mn Mn

1 n
2% 12 2 2
—_— —_ +_
1 B G ( nJlGl Jsz

Mn

Ja

X

Xa= 9usNaBG,

1
gue M g* g

where theG functions are as defined in Eqd4) and (15).
The energy per Mn spiffrom which we determine the spe-
cific heaj is

N tions at the two extremed &0 andT=T,) will be adequate
to reproduce the full numerical curéé.
Ill. NUMERICAL TESTS OF THE ONE AND TWO Our goal is, however, to simplify the description of the
COMPONENT MODELS distribution of exchange fields in terms of a few couplings.

) ) ) To this end, we consider the case with the fixed

We now compare results obtained using our simple aPT.independenP(J) shown in Fig. 1, and attempt to fit the
proximations with the full numerical mean field Calcmat'ons-thermodynamic properties for that case using a one- or two-
We concentrate on two cases, where the Mn concentratiogomponem model of Mn spins. To fit the full numerical re-
Ny l€ads to a fractional occupancy of the Ga sublattice byy,its for temperatures up . (for the numerical mean field
Mn ions ofx=0.01 and 0.02. For both cases, we consider gnode), we would use a similar scheme with the appropriate
ratio of hole concentration;, equal to 10% of the Mn con-  p( 3y which best fits those numerical results. In Figs. 3-8,
centration, i.e.np/nyy,=p=0.1. The distributiorPo(J) cal- 1 0,843, refers to that determined froMy(J) as shown
culated numericalfy for the x=0.01 case al=0, using a in Fig. 2.
Bohr radius for thg hole equal to 7.8 Rjs shown in Fig. 1_. For the single coupling parameter model, we replace the
As can be seen, it spans almost three orders of magnitudgstribution P(J) by the mean coupling
and for this density, consists of two peaks. The higher peak is
due to sites where the exchange interaction is dominated by (e
a single hole that has a high probability of being on the Mn lejzf dJ JP(J), (34)
site in question, while the lower peak is found to be due to 0
sites that have practically no amplitude for a hole, but whose o
exchange field is coming from holes on nearby sitesxAs which for x=0.01 when we us®,(J) givesJ=0.161J,.%*
and p are changed, the relative weights in the two peakd-igure 3 shows the average Mn si8i,(T) (dotted curvep
changes, as does the total width of the distribution. Howevealculated using this model fox=0.01. The results are
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25 T T T T T T T T

FIG. 2. lllustration of how the choice d?(J)
at different temperatures for=0.01 influences
the fit to the numerical mean field magnetization
curve.

Spn(T)

Poh)
Numerical mean field Ty )
O 1 1 1 1 1 | I S R | N 1 .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
T/,

clearly seen to be a poor fit to the results obtained for the fulDOn the other hand, the couplings andJ, are taken to be
distribzlétion (solid lineg, over most of the temperature the averages over the two populations
range-
In the two-component model, the parameters are deter- [ max
mined using the following scheme. First, since the tempera- A= L dJ IR0, (37)
ture is the only thermal energy scale in the problem that can ¢
be used to define “strongly” and “weakly” coupled spins, I
we define a cutoff coupling.= yT. Jo= f dJ JPJ). (38
All spins that have couplings below. are weakly Jmin

coupled, whilst those with couplings greater than are | this scheme, the only adjustable parameter is the dimen-
strongly coupled. Thus the concentratiamsandn, of the  gjgniess parametey, which determines), and is chosen to
two sets o_f spins are given by the _relatlve fractions of SPINjive the best overall fit ty,(T). Using Po(J) vields y
with couplings above and below, i.e., =0.6. Since most thermodynamic functions depend expo-
nentially on the ratiod/T, we expect this scheme to work

n J . Lo
-1 f "3 P, (35)  especially well when the distributions are broad, and the de-
Ovn - J 3 marcation between “strongly” and “weakly” coupled spins
becomes sharp.For narrow distributions, on the other hand,
221_ &_ (36) this scheme essentially reduces to a single coupling, which
Nmn Nmn should be adequate for most purposes.
25 --‘,!‘;jr T T T T
o % 1
++
+++
1S5t +++ Single J . FIG. 3. Comparison of Mn magnetization as a
= K ", function of temperature for the numerically de-
§ . ++++ rived distribution P(J) (solid line), the single
R AN kS i coupling J=1J (labeled, crossesmodel, and the
) +++++ two component model with linear averaging
e, (dashed lingwhere y=0.6 andx=0.01.
.,i++
05 =ty 4
+++
OO 0I2 074 OI6 0I8 1
T/T,
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FIG. 4. Comparison of the susceptibility as a
function of temperature fox=0.01 calculated
for the distributionP(J) (solid line), the single
couplingJ=J model(crosseg and the two com-
ponent model(dashed ling with y=0.6. Note
that T, is that forPy(J).

-

a

<
T

Susceptibili (arb. units)

o+
+
- eoa + * 1

0
0.01 0.1 1

The curve of Mn spin versus temperatusg,(T), ob-  tion P(J), the two component model with=0.6 and the
tained using the two-component model, is shown in Fig. 3 asingle component model for=0.01. Because the suscepti-
a dashed line. In contrast to the single coupling model théility is a higher order derivative, the two component model
curve has the same shape as for the full distribution ands not quite as accurate as for the magnetization. Neverthe-
provides a much better quantitative fit. It might appear thatess, there is good agreement with the results for the full
using two couplings to approximate the distribution shown indistribution on a semiquantitative level down to 10%Tqf
Fig. 1 works well because of the double peaked nature of thas obtained fromPy(J), while the single coupling model
distribution. We wish to emphasize that this is not the casebears little resemblance to the distribution. Similarly, the
the main reason actually appears to be the large width of theurves for specific hedFig. 5 as a function of temperature
distribution Py(J). In particular, if the upper peak iRy(J) show good agreement between the two-component model
is removed, then the magnetization curve from the modifiecand the distributiortin fact, better than for the susceptibility
P(J) still needs a two-component model to provide an ad-for temperatures greater than 0l In contrast, there is a
equate fit and a one-coupling parameter fit works barely betstrong quantitative discrepancy between the single coupling
ter than for the distribution shown in Fig. 1. model and the distribution. The Schottky type anomaly is

We now turn to other thermodynamic quantities, the susbroadened out considerably for the distribution as well as the
ceptibility and specific heat; these quantities are shown fotwo-component model; similar broadening is present in the
x=0.01 and were calculated for a distribution, as well as theéull numerical solution> Figure 4 apparently shows a diver-
single and two component models, in Sec. Il. Figure 4 plotgence in the susceptibility at low temperatures—this is not a
the susceptibility for the mean field model with the distribu- divergence, but a peak at very low temperatures, due to the

1 T
08} . * + . |
8
§ . N
_d +
g 06 | + + . FIG. 5. Comparison of the specific heat as a
- + function of temperature fox=0.01 calculated
S . + N for the distributionP(J) (solid line), the single
E couplingd=J model(crosseg and the two com-
% ponent model(dashed ling with y=0.6. Note
& that T, is that forPy(J).
7
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FIG. 6. The couplingd; andJ, for x=0.01,
shown withJ,=0.6T as functions of temperature
whereJ, andJ, are obtained in the linear aver-
aging scheme. Note that, is that forPy(J).

Coupling/J,,

o
w

0.2

0.1

considerable population of Mn spins with very small localthe results of mean-field'® as well as Monte Carlo
fields. simulation$**® on models with a random distribution of
Finally, to understand better the behavior of the two-dopants near the metal-insulator transition suggest that there
coupling model, we show the temperature dependence of th&hould be strong effects on the thermodynamic properties of
couplingsJ;, J,, and J. and also the temperature depen-DMS systems, especially at low temperatures. The tendency
dence of the ratim, /ny, in Figs. 6 and 7, respectively. As in experimental fits, on the other hand, has been to neglect
expected from the physically motivated criterion describeddisorder effects entirely and produce fits characteristic of ho-
earlier in this section, at low temperatures nearly all of themogeneous systems. Thus, magnetization curves obtained
spins are strongly coupled; however, as the temperature risé®m transport measurements in a sample with0.0352°
the number of strongly coupled spins decreases sharply, @e fitted with Brillouin functions to extract a single ex-
the strength of the coupling required for a spin to be stronglychange coupling. It is important to ask whether the effects
coupled increases with. It is this essential aspect of a broad described here have been seen or have the potential to be
distribution of couplings that allows the two-componentseen experimentally. Significant deviations from a Brillouin

model to properly capture this behavior. curve appear to be seen in a number of experintetit&in
contrast to Ref. 26. The Brillouin-function-like behavior ap-
IV. DISCUSSION AND CONCLUSIONS pears to arise in transport, while the deviations are seen in

SQUID measurements of the magnetization. One explanation
While other authors have acknowledged that disordefor this may be that the transport measurement mainly
plays some role in the physics of Ill-V DMS systefid;’1”  samples Mn spins that are strongly coupled to holes, which

1 T T T

FIG. 7. The ration,/ny, as a function of
temperature fok=0.01 using the model in which
J.=0.6T whereJ; and J, are obtained in the
linear averaging scheme. Note thatis that for
Po(J).

Concentration

/T,
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2.5 T T T T

FIG. 8. lllustration of how a single Brillouin
function can approximate part of the magnetiza-
tion curve of a distribution X=0.01). The pa-
rameters chosen for the single Brillouin function
1r . were that 28% of the Mn spins were coupled to
holes with J=0.57J,, while the rest were un-
coupled.

Syn(D

05 -

0 0.2 0.4 0.6 0.8 1

/T,

can give a Brillouin function as described below. However,sulating phase, there has been an observation of a magneti-
the SQUID measurement samples all Mn moments equallyzation curve that could not be fitted with a Brillouin function
and the magnetization inferred is from both weakly andassuming only a single couplif§>?In that work this was
strongly coupled Mn spingas is calculated herelnterest- ascribed to multiple exchange mechanisms rather than disor-
ingly, a measurement of the magnetization against magnetider in the local fields as we suggest here. We believe similar
field at a temperaturef@ K (T, was 37 K in a sample with  effects will persist on the metallic side of the metal-insulator
x=0.02 showed that the magnetization was roughly onlytransition, and the assumption of a single exchange coupling
25% of its saturation valu€. This is consistent with our used in experimental fits will be valid only deep in the me-
picture here that due to a broad distribution of exchangéallic phase.

couplings there are significant numbers of spins that are not To illustrate this point, we show data for the remanent
polarized, even at low temperatures. In studies of insulatingnagnetization and field dependent magnetization from a
samples it has been observed that the saturation moment waQUID measuremer(Ref. 27 for a sample withx=0.053
consistent with only about 40 to 50 % participation of Mn andp=0.30 that has been fit with=3/2 at zero field and at
spins®®3! Figure 8 illustrates how it is possible to have theB=5 T. (Note that the only change required to include a
magnetization from the distributioRy(J) fitted by a single magnetic field in the formalism in Sec. Il, i&x—«
Brillouin function over some temperature range. The param—gugB).Since we obviously do not kno®(J) in this case,
eters used to obtain the curve shown were to assume thahd we expect it to be less broad in the metallic phase, we
only 28% of the Mn spins contribute to the magnetizationhave taken temperature independ&ntJ, andn,, and com-

and that the coupling i9=0.57J,. Also, in the largex in-  pared the fit to one with a singlé that reproduced . cor-

0.06

0.05

FIG. 9. Two component fit to SQUID magne-
] tization curve at zero field an8=5 T for a
sample withx=0.053 andp=0.3 from Ref. 27.
The experimental data® for B=0 T, andO
for B=5 T) is fitted very well with a two com-
ponent model with);=47.5 K, J,=7.5 K, and
n,=0.41ny,, (solid bold line forB=0 T, dashed
bold line forB=5 T). The light curves are for a
single coupling and=31 K (solidB=0 T and
dashedB=5 T).

o
(=]
i

M(T) (arb. units)

0.01
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rectly. Usingd,=47.5 K, J,=7.5 K, andn;=0.41n,,, we  Where we have used the definitiah,(R;)=Jo|#.(R;)|*.
obtain the fits shown in Fig. 9 as bold solid and dashed lines\Ve assume that the amplitude of thth hole at sité may be
which are in close accord with the data at both magnetic fieldvritten as the sum over Mn sites of the product of the am-
strengths, whereas a fit with a single=31 K (light and  plitude for a hole to be at a given site times the amplitude
solid dashed liness clearly inadequate. While a single fit of from the local atomic orbital(r) [note thaty(r)=e™"/s].
this form does not necessarily imply our model, it would Hence
clearly be of use to determine if a such a two component
behavior is universally seen, by fitting experimental data for
M(H,T) at several fields and temperatures. |¢a(Ri)|2=Z pa(Rj)|z//(Ri—Rj)|2, (A2)

In conclusion, we have found that we can approximate the J
results of the numerical mean field treatment of a kinetic- ) ) . ]
exchange model of Mn dopants in GaAs, which properlywhere we are in effect ignoring any quantum interference
treats the positional disorder in the alloy system, by a simpléerms. This allows us to rewrite the Hamiltonian as
exchange model with temperature-dependent effective cou-
plings between carriers and two different species of Mn
spins. Such a model emerges naturally because of the distri- H=302 Pu(R)|IHR—R)%s, S (A3)
bution of couplings that are a consequence of the positional e

disorder of the Mn ions. Since the ultimate inputs in the ) ) )
simple model are the couplings and concentrationa; of One of our mean field assumptiofisased on the idea that

each species, by parametrizing the behavior shown in Figs. §2ch hole interacts with many Mn spils is that each hole
and 8 in terms of a single paramet@r perhaps twp ex- behaves .|dent|cally—|n which casés,)=(s) independent
perimental data can be used to yield information about th@f @ This also means thap,(R;)=(1/Ny)p(R;), where
true nature of coupling distributions in actual DMS materi- P(R;) is the amplitude for findinginy hole at sitei.

als. We hope that with more detailed measurements, both of |f we define

bulk magnetic and thermodynamic quantities, as well as

those from local probes, it may be possible to parametrize

the couplings accurately enough to provide a quantitative fit Ji=32 p(R)|#(Ri—R)I?, (A4)
to the other thermodynamic properties at various concentra- !

tions in all regions of the phase diagram, in the quantitative

manner possible for crystalline systems with translationaf€n the effective exchange field at site J; and the Hamil-
symmetry. tonian takes the form
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EFFECTIVE COUPLINGS S =S; and the Hamiltonian takes the form of E¢) when
we use the identity
The HamiltonianEq. (2)] may be rewritten as
Jmax
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