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Two-component approach for thermodynamic properties in diluted magnetic semiconductors
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We examine the feasibility of a simple description of Mn ions in III-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 properties~magnetization, susceptibility, and
specific heat! 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 III-V DMS systems.
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s! have been the
focus of intense study recently due to their potential for u
in novel devices making use of both magnetic and conv
tional semiconductor properties.1,2 The discovery of a mag
netic transition temperatureTc of 110 K in a sample of
Ga12xMnxAs for x50.053 has further spurred efforts to u
derstand the origin and physical effects that influence
magnetic properties of these materials.3

It is now reasonably well established that III-V system
such as Ga12xMnxAs with x50.0120.07 are itinerant ferro-
magnets, in which the Mn ions play the dual roles of acc
tor site and magnetic ion, and the itinerant carriers are ho
which have an antiferromagnetic interaction with the M
spins.4–8 The antiferromagnetic hole-Mn interaction leads
an effective ferromagnetic interaction between Mn spins,
gives rise to the ferromagnetic transition. One experime
fact that may be of importance is that in these systems
number of holesnh is only a small fraction of the number o
Mn dopants~or Mn spins! nMn implying that the system ha
low carrier density, and is heavily compensated.

Theoretically, there have been several approaches to
ing to calculate the thermodynamic and transport proper
of these materials—one approach has been to look at
effect of spin waves9–11 while another has been a mean fie
model including spin-orbit effects.4 Both of these approache
leave out the disorder due to the random positions of the
ions in the sample. The effect of random positions has b
considered in a numerical mean field theory12,13 for the low
density phase of Ga12xMnxAs, as well as in Monte Carlo
simulations of the insulating phase of II-VI DMS, repr
sented by a Heisenberg model for the Mn and car
spins.14,15 Both of these investigations show that the po
tional disorder gives rise to a distribution of exchange c
plings between Mn ions and holes. Monte Carlo results h
also been obtained for a model in which the hole-Mn co
pling is assumed constant and leads to an effective Mn-
interaction where positional disorder is included.16 A recent
Monte Carlo study of Ga12xMnxAs using a kinetic-exchang
model,17 has appeared while this work was being written u
0163-1829/2002/65~11!/115308~11!/$20.00 65 1153
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In this paper, we construct the simplest mean field mo
that attempts to capture the effects of disorder in the effec
local fields at different Mn sites. This disorder arises as
result of the different local potential for the carrier at diffe
ent Mn sites. At one extreme we consider a simple mode
compensation by antisite defects. In this model, each As
tisite defect is viewed as capturing the holes of two neig
boring Mn dopants, and providing an onsite potential tha
significantly different from Mn sites that are far from suc
As antisites. This naturally leads to description of the M
spins in terms of two distinct species. This is clearly a ca
cature, since for positionally random doping and As antis
defects, there will be acontinuous distributionof onsite po-
tentials rather than a bimodal one. However, as we show
the bulk of our paper, if the distribution is rather wide~as is
found in the mean-field study of Mn impurity bands12,13!,
such a bimodal distribution provides a reasonable descrip
of the thermodynamics, provided we allow the relati
weights of the two species to be temperature dependen
cording to a simple rule, which occurs naturally in the ana
sis.

We concentrate only on the carrier-spin exchange par
the Hamiltonian, since a numerical mean-field treatmen13

shows that this term captures most of the condensation
ergy for the magnetic phase, and the carrier kinetic ene
changes only weakly with the onset of ferromagnetism.
stated earlier, in the regime of interest, the concentration
holesnh is considerably less than the concentrationnMn of
Mn ions. The fluctuations in the local carrier charge dens
~due to fluctuations in the occupation number of the impur
states around Mn sites with different surroundings! are then
represented by a fluctuation of the effective exchange c
pling between the Mn moment and the spin of the carrie

Our results can be summarized simply as follows: we fi
that representing the hole-Mn antiferromagnetic excha
coupling by asingleparameter is insufficient to capture th
thermodynamic behavior, such as the temperature de
dence of the magnetization, susceptibility, and specific h
in the ferromagnetic phase, when disorder is large. Howe
by using a model where there are two species of Mn io
with different hole-Mn exchange couplings, we are able to
©2002 The American Physical Society08-1
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the magnetization and other thermodynamic parameters
we calculate from a distribution of couplings in a much mo
satisfactory manner. Furthermore, as argued below, su
two-component model captures the inadequacies of the
mogeneous model in a manner that is qualitatively corr
for temperatures not too close toTc . We emphasize that th
label ‘‘component’’ used throughout this paper, is synon
mous with ‘‘species’’ or ‘‘type,’’ and has no relation to th
number of components of the spin itself, which in this wo
refers to a vector in three dimensions.

The idea of using a two-component model is similar
spirit to models developed to understand the magnetic
havior of doped nonmagnetic semiconductors such as p
phorus doped silicon, motivated by the observation that
change couplings in such systems should be distributed
many orders of magnitude.18,19 In Mn doped DMS systems
disorder appears to lead to a similar situation of widely d
tributed couplings.13 While not explicitly included in Refs.
12,13 the large compensation, apparently from As anti
defects, would enhance disorder, and hence broaden the
tribution of effective couplings. Therefore a two compone
approach appears to be a natural approximation that is q
tatively correct, and may be quantitatively adequate for m
purposes.

II. MEAN FIELD MODEL

A. Hamiltonian

The DMS system we study consists of magnetic io
~Mn! coupled to charge carriers. In the case of II-VI sem
conductors~e.g., ZnSe!, the carrier is provided by a secon
dopant~such as P!; however, in III-V semiconductors~e.g.,
GaAs!, Mn, being a divalent atom substituting on a trivale
~Ga! site, provides a hole in addition to the spin. In th
paper, we use the example of Ga12xMnxAs for concreteness

For Mn concentrations of interest~a fraction of a percen
to a few percent!, and hole concentrations of about 10–20
per Mn impurity, the system is near a metal-insulator tran
tion ~MIT !.6,20 This implies that the hole wave functions a
filamentary, with a multifractal structure on length scales t
determine the magnetic behavior of the system, which
quite distinct from the homogeneous structure for pla
wave ~or Bloch wave! states characteristic of periodic sy
tems. Thus, each hole interacts with many Mn spins, depe
ing on the amplitude of its wave function at various Mn site
as well as the envelope function characterizing the h
Since each hole interacts with a large number of spins the
exchange fields felt by different holes are similar~i.e., the
fluctuations are not that large!. However, the hole concentra
tion is considerably~a factor of 5–10! smaller than the Mn
concentration; therefore, each Mn spin experiences a ra
different exchange field due to the few holes that have
nificant amplitude at that site~or nearby sites, via the tail o
the envelope function!. Hence the fluctuations in the loca
exchange field at different Mn sitescannotbe ignored, since
the fields are being produced predominantly by just a f
holes. This asymmetry has been documented in a nume
study13 and forms the basis of our simple phenomenologi
scheme. These fluctuations are of paramount importanc
11530
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the insulating phase and at the MIT. If experience with co
ventional doped semiconductors is any guide, they are lik
to persist well into the metallic phase12,19and cannot reason
ably be ignored in any theory of DMS ferromagnetism up
dopant densities well above~a factor of 3–5! the dopant
density for the MIT. The above discussion raises questi
about the applicability of the results of studies which a
based on homogeneous mean-field models, as well as t
based on perturbative treatments of the Mn spin system~such
as RKKY exchange!, given the large ratio of spin to carrie
density.

The diluteness of the carrier system leads us to neg
hole-hole interactions. Direct Mn-Mn interactions are al
ignored because they are extremely short range due to
atomic nature of the Mn 3d orbitals responsible for the Mn
spin. Furthermore, the numerical mean field treatmen13

shows that the energy gain due to the onset of ferromagn
ordering coming from the exchange term in the Hamilton
is much larger than the change in carrier kinetic energy.
noring the kinetic energy is not expected to lead to any ma
qualitative differences. In fact, in our results it does not le
to evenquantitativedifferences in the magnetization for tem
peratures below about 0.6Tc ~as shown in Sec. III!, while
there are quantitative differences nearer the ordering t
perature, as the exchange energy and kinetic energy v
tions with T become comparable in magnitude. Cons
quently, in keeping with the philosophy of finding a minim
model description, we consider only the exchange term
the Hamiltonian in this paper. This Hamiltonian takes a fo
similar to that studied by Ko¨nig et al.9 with no kinetic term:

H5E d3r(
i ,a

Jia~r !sa•Si~r !

2E d3r H gmBB•(
i

Si~r !1g* mBB•(
a

sa~r !J ,

~1!

wherea labels the holes,i labels the Mn spins,sa is the spin
for theath hole, andSi(r ) is the Mn spin centered on sitei.
Theg factors of the hole and Mn spins are labeled byg* and
g, respectively,mB is the Bohr magneton andB is an external
magnetic field, which we shall assume to be zero unless
erwise stated. The overlap integral for theath hole with the
spin centered on sitei is Jia . We assume that thed electrons
that give rise to the Mn spins are localized in comparison
the holes and treat the Mn spins as having delta func
spatial dependence, i.e.,Si(r )5Sid

(3)(r2Ri), which, after
integrating out the delta functions, leads to the Hamiltoni

H5(
i

(
a

Jia~Ri !sa•Si , ~2!

whereJia(Ri)5J0ufa(Ri)u2, with fa(r ) the wave function
of the ath hole andJ0 the microscopic exchange constan
We can write(aJia(Ri)sa5h(Ri), and treat the effect of the
magnetization of the hole spins as creating an effective fi
at each Mn site, so our Hamiltonian is
8-2
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TWO-COMPONENT APPROACH FOR THERMODYNAMIC . . . PHYSICAL REVIEW B 65 115308
H5(
i

h~Ri !•Si . ~3!

In a recent mean-field study13 of a tight-binding model of the
impurity band arising from holes on Mn sites coupled to M
spins, the randomness of the Mn sites is explicitly taken i
account. That work involves a numerical implementation
the self-consistent mean field equations, in which the eff
tive fields are self-consistently calculated ateachMn site for
each temperatureT. ~The mean-field in such treatments r
fers only to temporal averaging over the local environme
and not positional averaging!. A ferromagnetic phase is
found below a critical temparture, with adistribution of ef-
fective fieldsP(h) which is temperature dependent. The n
merical mean field model explicitly includes the itinera
nature of the holes. We use the distribution of effective fie
from the self-consistent mean-field calculations. Hence, e
though the models constructed here are in the form of p
exchange, the wave functions used to calculate effective c
plings are those of itinerant electrons. Consequently,
physics is implicit in these models. In a mean field descr
tion of carrier moments, the field is simply a product of t
mean moment~which we take to be along thez direction, of
magnitudesz) and an effective exchange interactionJ which
varies from site to site. Thus, we can obtain from the num
cal study, an effective distribution of exchange couplin
P(J), and our Hamiltonian becomes an integral over the d
tribution P(J):

Hdistribution5E
0

Jmax
dJ P~J!J SJ

zsz. ~4!

Details of the derivation are given in Appendix A.
In a fully self-consistent scheme~such as Ref. 12! the

distribution P(J) depends on the temperatureT due to the
temperature dependence of the hole amplitude distribut
However, as we show below, the distributionP0(J) calcu-
lated at T50 works very well for temperatures up toT
50.6Tc . Hence, in keeping with our search for asimple
model, we will useP0(J), and consider theT dependence o
P(J) only where necessary.

1. Spin and carrier magnetization

We find a self-consistent solution for the average Mn s
of

^SJ
z&52SBS~baJ!, ~5!

whereS55/2 is the spin of each Mn ion,

BS~x!5
2S11

2S
cothS 2S11

2
xD2

1

2S
cothS x

2D ~6!

is the Brillouin function for spins with magnitudeS, and

aJ5J^sz&. ~7!

We also need to take into account the fact that the ho
experience an effective field from the Mn spins, which lea
to the following self-consistency condition:
11530
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^sz&52 jB j~ba* !, ~8!

where

a* 5
1

pE0

Jmax
dJ P~J!J^SJ

z&, ~9!

p is the ratio nh /nMn and j is the effective hole spin (j
53/2 in real systems!. To compare our results with the nu
merical study,12,13 we use the Brillouin function withj
51/2 for the hole spin and replaceJ0 by 3J0 so that in effect
the hole spins take values of63/2. We emphasize howeve
that we have found that treating the spin as a classical ob
~i.e., using a Langevin function! or using Brillouin functions
with j 51/2 or j 53/2 does not affect the basic picture w
have here, or the characteristicshapeof the curves, other
than in raising or loweringTc . The value ofTc is given by

Tc5A35

48
pJ2, ~10!

where an overbar denotes an average with respect toP(J)
and ^•••& denotes a thermodynamic average. Note t
whilst p enters Eq.~10! explicitly, there is also an implicit
dependence, in thatp affects the distribution of hole-Mn ex
change couplingsP(J) and henceJ2.

2. Susceptibility and specific heat

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

x5x* 1E
0

Jmax
dJ xJ , ~11!

wherex* is the contribution to the susceptibility due to th
holes andxJ is the contribution to the susceptibility from M
spins coupled to holes with exchangeJ. The individual ex-
pressions for the susceptibilities are

x* 5

~g* mB!2nhbG* S 12
g

g*

b

pE0

Jmax
dJ P~J!JGJD

12
1

p
b2G* E

0

Jmax
dJ P~J!J2GJ

,

~12!

xJ5gmBP~J!nMnbGJS gmB2
1

nh

J

g* mB

x* D , ~13!

where

G* 5 j
d

dx
@Bj~x!#x5ba* , ~14!

GJ5S
d

dx
@BS~x!#x5baJ

. ~15!

We use the expressions for the susceptibility given in E
~12! and~13! with g52, and assumeg* 52 for our numeri-
cal calculations in Sec. III.21
8-3
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To obtain the specific heat we have to be careful since
calculate with a Hamiltonian that has temperature depen
coefficients and the concentrations of strongly and wea
coupled spins may also depend on temperature. We use
mean field free energy to obtain the specific heat through
relation

CV5
dU

dT
, ~16!

where we note that the energy per Mn spin is

U

NMn
5E

0

Jmax
dJ P~J!J^SJ

z&^sz&, ~17!

in our mean field theory, whereNMn is the total number of
Mn spins.

B. Single and two component models

For a system without disorder, the exchange between
riers and spins can be characterized by a single coupling
has been done, e.g., in Ref. 9. To demonstrate how th
models are inadequate for the system under considera
we consider two simplified models to substitute for the hi
archy of couplings implied by the distributionP0(J). The
first has a single coupling parameter, while the second in
porates the idea of ‘‘strongly’’ and ‘‘weakly’’ coupled spin
in terms of two coupling parameters. In both cases, the
rameters are determined from the distributionP0(J). We
compare the results of these two models with that obtai
from the distributionP0(J) in Sec. III.

1. Single component model

In a single component model of Mn spins, where ea
spin is coupled in the same way to the carrier spins, the fo
for P(J) is just a delta function:

P~J!5d~J2J1!, ~18!

whereJ1 is the exchange coupling. In that case, the formu
for thermodynamic quantities derived for a distribution in t
previous section lead to

^Sz&52SBS~ba1!, ~19!

^sz&52 jB j~ba* !, ~20!

with a* 5(1/p)J^Sz& anda15J1^s
z&. The susceptibility per

unit volume is

x5x* 1x1 , ~21!

and

x* 5

~g* mB!2nhbG* S 12
g

g*

b

p
J1G1D

12
1

p
b2G* J1

2G1

, ~22!
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x15~gmB!nMnbG1S gmB2
1

nh

J1

g* mB

x* D , ~23!

where theG functions have the same meaning as previou
Finally we calculate the specific heat again with the deri
tive of energy with respect to temperature, but in this ca
the energy per Mn spin is

U

NMn
5J1^S

z&^sz&. ~24!

2. Two component model

As we show in the next section, the calculated distribut
of exchange couplings are quite broad, and cover many
ders of magnitude for parameter values of interest. This m
tivates us to study a model that is the next simplest after
single coupling model, namely, the two component mod
with an exchange distribution

P~J!5
n1

nMn
d~J2J1!1

n2

nMn
d~J2J2!. ~25!

The physical motivation of the above distribution is to divid
the Mn spins into two types, one which is strongly coupl
to the carrier spins (J1), with an effective concentrationn1,
and the other which is weakly coupled to the carrier sp
(J2) with a concentrationn2. Since the only energy scal
characterizing the thermodynamics is the temperatureT, we
would expect it to play an important role in determining bo
the coupling constantsJ1 and J2, and the concentrations o
strongly and weakly coupled spins. Consequently, we exp
that the best fit to the curves for a distribution of exchang
will be obtained whenJi andni are temperature dependen
This temperature dependence of parameters should
viewed in the same spirit as in a variational fit to free en
gies of actual (T independent! Hamiltonians by model
Hamiltonians.22

We obtain a self-consistent mean field solution to t
model of

^Sa
z&52SBS~baa!, ~26!

^sz&52 jB j~ba* !, ~27!

where

aa5Ja^s
z&, ~28!

with a51 or 2, and

a* 5
n1

nh
J1^Si 1

z &1
n2

nh
J2^Si 2

z &. ~29!

Using the notation introduced above, the susceptibility
unit volume is

x5x* 1x11x2 , ~30!

wherex* is the contribution to the susceptibility due to th
holes andx1,2 are the contributions from the two specie
respectively–the expressions for the susceptibilities are
8-4
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FIG. 1. The distributionP0(log10J) calculated
for p50.1 andx50.01 in the numerical mean
field model of Ref. 13 atT50.
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x* 5

~g* mB!2nhbG* S 12
g

g*

n1

nh
bJ1G12

g

g*

n2

nh
bJ2G2D

12
1

p
b2G* S n1

nMn
J1

2G11
n2

nMn
J2

2G2D ,

~31!

xa5gmBnabGaS gmB2
1

nh

Ja

g* mB

x* D , ~32!

where theG functions are as defined in Eqs.~14! and ~15!.
The energy per Mn spin~from which we determine the spe
cific heat! is

U

NMn
5

n1

nMn
J1^s

z&^S1
z&1

n2

nMn
J2^s

z&^S2
z&. ~33!

III. NUMERICAL TESTS OF THE ONE AND TWO
COMPONENT MODELS

We now compare results obtained using our simple
proximations with the full numerical mean field calculation
We concentrate on two cases, where the Mn concentra
nMn leads to a fractional occupancy of the Ga sublattice
Mn ions of x50.01 and 0.02. For both cases, we conside
ratio of hole concentrationnh equal to 10% of the Mn con
centration, i.e.,nh /nMn5p50.1. The distributionP0(J) cal-
culated numerically13 for the x50.01 case atT50, using a
Bohr radius for the hole equal to 7.8 Å,12 is shown in Fig. 1.
As can be seen, it spans almost three orders of magnit
and for this density, consists of two peaks. The higher pea
due to sites where the exchange interaction is dominate
a single hole that has a high probability of being on the M
site in question, while the lower peak is found to be due
sites that have practically no amplitude for a hole, but wh
exchange field is coming from holes on nearby sites. Ax
and p are changed, the relative weights in the two pea
changes, as does the total width of the distribution. Howe
11530
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the inferences made for this concentration remain valid
higher values ofx ~we have checked explicitly the casesx
50.02 andx50.03).

Figure 2 plots the average Mn spin,SMn(T), calculated
using the self-consistent solution of Sec. II A with the dist
bution P0(J) ~Fig. 1! ~dashed line! and the full numerical
mean field result~solid line! against temperature. As can b
seen clearly, the curve using theT50 distribution works
very well ~errors less than 1%! until about 60% ofTc for the
numerical mean field model. To fit the numerical resu
properly for higherT, one must allow for the distribution o
local fields to deviate from theT50 distribution as the po-
larization of the holes begins to fluctuate strongly as
transition is approached. In Fig. 2, we indicate with cros
theSMn(T) curve obtained using the distributionPTc

(J) ~de-

termined forT5Tc). Clearly, an interpolation of distribu
tions at the two extremes (T50 andT5Tc) will be adequate
to reproduce the full numerical curve.23

Our goal is, however, to simplify the description of th
distribution of exchange fields in terms of a few coupling
To this end, we consider the case with the fix
T-independentP(J) shown in Fig. 1, and attempt to fit th
thermodynamic properties for that case using a one- or t
component model of Mn spins. To fit the full numerical r
sults for temperatures up toTc ~for the numerical mean field
model!, we would use a similar scheme with the appropria
P(J) which best fits those numerical results. In Figs. 3–
Tc50.84J0 refers to that determined fromP0(J) as shown
in Fig. 2.

For the single coupling parameter model, we replace
distributionP(J) by the mean coupling

J15 J̄5E
0

Jmax
dJ JP~J!, ~34!

which for x50.01 when we useP0(J) gives J̄50.161J0.24

Figure 3 shows the average Mn spinSMn(T) ~dotted curves!
calculated using this model forx50.01. The results are
8-5
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FIG. 2. Illustration of how the choice ofP(J)
at different temperatures forx50.01 influences
the fit to the numerical mean field magnetizatio
curve.
fu
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ich
clearly seen to be a poor fit to the results obtained for the
distribution ~solid lines!, over most of the temperatur
range.25

In the two-component model, the parameters are de
mined using the following scheme. First, since the tempe
ture is the only thermal energy scale in the problem that
be used to define ‘‘strongly’’ and ‘‘weakly’’ coupled spins
we define a cutoff couplingJc5gT.

All spins that have couplings belowJc are weakly
coupled, whilst those with couplings greater thanJc are
strongly coupled. Thus the concentrationsn1 and n2 of the
two sets of spins are given by the relative fractions of sp
with couplings above and belowJc , i.e.,

n1

nMn
5E

Jc

Jmax
dJ P~J!, ~35!

n2

nMn
512

n1

nMn
. ~36!
11530
ll

r-
-
n

s

On the other hand, the couplingsJ1 and J2 are taken to be
the averages over the two populations

J15E
Jc

Jmax
dJ JP~J!, ~37!

J25E
Jmin

Jc
dJ JP~J!. ~38!

In this scheme, the only adjustable parameter is the dim
sionless parameterg, which determinesJc and is chosen to
give the best overall fit toSMn(T). Using P0(J) yields g
50.6. Since most thermodynamic functions depend ex
nentially on the ratioJ/T, we expect this scheme to wor
especially well when the distributions are broad, and the
marcation between ‘‘strongly’’ and ‘‘weakly’’ coupled spin
becomes sharp.19 For narrow distributions, on the other han
this scheme essentially reduces to a single coupling, wh
should be adequate for most purposes.
a
-

g

FIG. 3. Comparison of Mn magnetization as
function of temperature for the numerically de
rived distribution P(J) ~solid line!, the single

coupling J5 J̄ ~labeled, crosses! model, and the
two component model with linear averagin
~dashed line! whereg50.6 andx50.01.
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FIG. 4. Comparison of the susceptibility as
function of temperature forx50.01 calculated
for the distributionP(J) ~solid line!, the single

couplingJ5 J̄ model~crosses!, and the two com-
ponent model~dashed line! with g50.6. Note
that Tc is that forP0(J).
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The curve of Mn spin versus temperatureSMn(T), ob-
tained using the two-component model, is shown in Fig. 3
a dashed line. In contrast to the single coupling model
curve has the same shape as for the full distribution
provides a much better quantitative fit. It might appear t
using two couplings to approximate the distribution shown
Fig. 1 works well because of the double peaked nature of
distribution. We wish to emphasize that this is not the ca
the main reason actually appears to be the large width of
distribution P0(J). In particular, if the upper peak inP0(J)
is removed, then the magnetization curve from the modifi
P(J) still needs a two-component model to provide an a
equate fit and a one-coupling parameter fit works barely
ter than for the distribution shown in Fig. 1.

We now turn to other thermodynamic quantities, the s
ceptibility and specific heat; these quantities are shown
x50.01 and were calculated for a distribution, as well as
single and two component models, in Sec. II. Figure 4 pl
the susceptibility for the mean field model with the distrib
11530
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tion P(J), the two component model withg50.6 and the
single component model forx50.01. Because the suscep
bility is a higher order derivative, the two component mod
is not quite as accurate as for the magnetization. Never
less, there is good agreement with the results for the
distribution on a semiquantitative level down to 10% ofTc
as obtained fromP0(J), while the single coupling mode
bears little resemblance to the distribution. Similarly, t
curves for specific heat~Fig. 5! as a function of temperatur
show good agreement between the two-component m
and the distribution~in fact, better than for the susceptibility!
for temperatures greater than 0.1Tc . In contrast, there is a
strong quantitative discrepancy between the single coup
model and the distribution. The Schottky type anomaly
broadened out considerably for the distribution as well as
two-component model; similar broadening is present in
full numerical solution.12 Figure 4 apparently shows a dive
gence in the susceptibility at low temperatures—this is no
divergence, but a peak at very low temperatures, due to
a
FIG. 5. Comparison of the specific heat as
function of temperature forx50.01 calculated
for the distributionP(J) ~solid line!, the single

couplingJ5 J̄ model~crosses!, and the two com-
ponent model~dashed line! with g50.6. Note
that Tc is that forP0(J).
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FIG. 6. The couplingsJ1 andJ2 for x50.01,
shown withJc50.6T as functions of temperature
whereJ1 and J2 are obtained in the linear aver
aging scheme. Note thatTc is that forP0(J).
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considerable population of Mn spins with very small loc
fields.

Finally, to understand better the behavior of the tw
coupling model, we show the temperature dependence o
couplingsJ1 , J2, and Jc and also the temperature depe
dence of the ration1 /nMn in Figs. 6 and 7, respectively. A
expected from the physically motivated criterion describ
earlier in this section, at low temperatures nearly all of
spins are strongly coupled; however, as the temperature
the number of strongly coupled spins decreases sharply
the strength of the coupling required for a spin to be stron
coupled increases withT. It is this essential aspect of a broa
distribution of couplings that allows the two-compone
model to properly capture this behavior.

IV. DISCUSSION AND CONCLUSIONS

While other authors have acknowledged that disor
plays some role in the physics of III-V DMS systems,4,11,16,17
11530
l
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d
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t

r

the results of mean-field12,13 as well as Monte Carlo
simulations14,15 on models with a random distribution o
dopants near the metal-insulator transition suggest that t
should be strong effects on the thermodynamic propertie
DMS systems, especially at low temperatures. The tende
in experimental fits, on the other hand, has been to neg
disorder effects entirely and produce fits characteristic of
mogeneous systems. Thus, magnetization curves obta
from transport measurements in a sample withx50.035,26

are fitted with Brillouin functions to extract a single ex
change coupling. It is important to ask whether the effe
described here have been seen or have the potential t
seen experimentally. Significant deviations from a Brillou
curve appear to be seen in a number of experiments,5,27,28in
contrast to Ref. 26. The Brillouin-function-like behavior a
pears to arise in transport, while the deviations are see
SQUID measurements of the magnetization. One explana
for this may be that the transport measurement ma
samples Mn spins that are strongly coupled to holes, wh
FIG. 7. The ration1 /nMn as a function of
temperature forx50.01 using the model in which
Jc50.6T where J1 and J2 are obtained in the
linear averaging scheme. Note thatTc is that for
P0(J).
8-8



a-

n
to

TWO-COMPONENT APPROACH FOR THERMODYNAMIC . . . PHYSICAL REVIEW B 65 115308
FIG. 8. Illustration of how a single Brillouin
function can approximate part of the magnetiz
tion curve of a distribution (x50.01). The pa-
rameters chosen for the single Brillouin functio
were that 28% of the Mn spins were coupled
holes with J50.57J0, while the rest were un-
coupled.
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we
can give a Brillouin function as described below. Howev
the SQUID measurement samples all Mn moments equ
and the magnetization inferred is from both weakly a
strongly coupled Mn spins~as is calculated here!. Interest-
ingly, a measurement of the magnetization against magn
field at a temperature of 2 K (Tc was 37 K! in a sample with
x50.02 showed that the magnetization was roughly o
25% of its saturation value.29 This is consistent with our
picture here that due to a broad distribution of exchan
couplings there are significant numbers of spins that are
polarized, even at low temperatures. In studies of insula
samples it has been observed that the saturation momen
consistent with only about 40 to 50 % participation of M
spins.30,31 Figure 8 illustrates how it is possible to have t
magnetization from the distributionP0(J) fitted by a single
Brillouin function over some temperature range. The para
eters used to obtain the curve shown were to assume
only 28% of the Mn spins contribute to the magnetizati
and that the coupling isJ50.57J0. Also, in the largex in-
11530
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sulating phase, there has been an observation of a mag
zation curve that could not be fitted with a Brillouin functio
assuming only a single coupling.20,32 In that work this was
ascribed to multiple exchange mechanisms rather than d
der in the local fields as we suggest here. We believe sim
effects will persist on the metallic side of the metal-insula
transition, and the assumption of a single exchange coup
used in experimental fits will be valid only deep in the m
tallic phase.

To illustrate this point, we show data for the remane
magnetization and field dependent magnetization from
SQUID measurement~Ref. 27! for a sample withx50.053
andp50.30 that has been fit withj 53/2 at zero field and a
B55 T. ~Note that the only change required to include
magnetic field in the formalism in Sec. II, isa→a
2gmBB).Since we obviously do not knowP(J) in this case,
and we expect it to be less broad in the metallic phase,
have taken temperature independentJ1 , J2 andn1, and com-
pared the fit to one with a singleJ that reproducesTc cor-
-
FIG. 9. Two component fit to SQUID magne
tization curve at zero field andB55 T for a
sample withx50.053 andp50.3 from Ref. 27.
The experimental data (d for B50 T, and s

for B55 T) is fitted very well with a two com-
ponent model withJ1547.5 K, J257.5 K, and
n150.41nMn ~solid bold line forB50 T, dashed
bold line forB55 T). The light curves are for a
single coupling andJ531 K ~solid B50 T and
dashedB55 T).
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rectly. UsingJ1547.5 K, J257.5 K, andn150.41nMn we
obtain the fits shown in Fig. 9 as bold solid and dashed lin
which are in close accord with the data at both magnetic fi
strengths, whereas a fit with a singleJ531 K ~light and
solid dashed lines! is clearly inadequate. While a single fit o
this form does not necessarily imply our model, it wou
clearly be of use to determine if a such a two compon
behavior is universally seen, by fitting experimental data
M (H,T) at several fields and temperatures.

In conclusion, we have found that we can approximate
results of the numerical mean field treatment of a kine
exchange model of Mn dopants in GaAs, which prope
treats the positional disorder in the alloy system, by a sim
exchange model with temperature-dependent effective c
plings between carriers and two different species of
spins. Such a model emerges naturally because of the d
bution of couplings that are a consequence of the positio
disorder of the Mn ions. Since the ultimate inputs in t
simple model are the couplingsJi and concentrationsni of
each species, by parametrizing the behavior shown in Fig
and 8 in terms of a single parameter~or perhaps two!, ex-
perimental data can be used to yield information about
true nature of coupling distributions in actual DMS mate
als. We hope that with more detailed measurements, bot
bulk magnetic and thermodynamic quantities, as well
those from local probes, it may be possible to paramet
the couplings accurately enough to provide a quantitative
to the other thermodynamic properties at various concen
tions in all regions of the phase diagram, in the quantitat
manner possible for crystalline systems with translatio
symmetry.
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APPENDIX: DERIVATION OF INTEGRAL OVER
EFFECTIVE COUPLINGS

The Hamiltonian@Eq. ~2!# may be rewritten as

H5J0(
ia

ufa~Ri !u2sa•Si , ~A1!
v.
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where we have used the definitionJia(Ri)5J0ufa(Ri)u2.
We assume that the amplitude of theath hole at sitei may be
written as the sum over Mn sites of the product of the a
plitude for a hole to be at a given site times the amplitu
from the local atomic orbitalc(r ) @note thatc(r )}e2r /aB#.
Hence

ufa~Ri !u25(
j

pa~Rj !uc~Ri2Rj !u2, ~A2!

where we are in effect ignoring any quantum interferen
terms. This allows us to rewrite the Hamiltonian as

H5J0(
i j a

pa~Rj !uc~Ri2Rj !u2sa•Si . ~A3!

One of our mean field assumptions~based on the idea tha
each hole interacts with many Mn spins13!, is that each hole
behaves identically—in which case,^sa&5^s& independent
of a. This also means thatpa(Rj )5(1/Nh)p(Rj ), where
p(Rj ) is the amplitude for findingany hole at sitei.

If we define

Ji5J0(
j

p~Rj !uc~Ri2Rj !u2, ~A4!

then the effective exchange field at sitei is Ji and the Hamil-
tonian takes the form

H5(
i

Jis•Si . ~A5!

To convert this sum into an integral, define

P~J!5
1

NMn
(

i
d~J2Ji !. ~A6!

In mean field,̂ Si& depends only onJi , hence we can relabe
Si5SJ and the Hamiltonian takes the form of Eq.~4! when
we use the identity

E
0

Jmax
dJ P~J!51. ~A7!
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