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Exchange anisotropy, disorder, and frustration in diluted, predominantly ferromagnetic,
Heisenberg spin systems
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Motivated by the recent suggestion of anisotropic effective exchange interactions between Mn spins in
Ga12xMnxAs ~arising as a result of spin-orbit coupling!, we study their effects in diluted Heisenberg spin
systems. We perform Monte Carlo simulations on several phenomenological model spin Hamiltonians, and
investigate the extent to which frustration induced by anisotropic exchanges can reduce the low-temperature
magnetization in these models and the interplay of this effect with disorder in the exchange. In a model with
low coordination number and purely ferromagnetic exchanges, we find that the low-temperature magnetization
is gradually reduced as exchange anisotropy is turned on. As the connectivity of the model is increased, the
effect of small-to-moderate anisotropy is suppressed, and the magnetization regains its maximum saturation
value at low temperatures unless the distribution of exchanges is very wide. To obtain significant suppression
of the low-temperature magnetization in a model with high connectivity, as is found for long-range interac-
tions, we find it necessary to have both ferromagnetic and antiferromagnetic exchanges~e.g., as in the
Ruderman-Kittel-Kasuya-Yosida interaction!. This implies that disorder in the sign of the exchange interaction
is much more effective in suppressing magnetization at low temperatures than exchange anisotropy.

DOI: 10.1103/PhysRevB.69.144419 PACS number~s!: 75.10.Nr, 75.10.Hk, 02.70.Tt, 75.60.2d
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I. INTRODUCTION

It has recently been suggested that frustration effects
be important for the magnetic properties of diluted magne
semiconductors~DMS’s! such as Ga12xMnxAs.1–3 The re-
ported Curie temperatures (Tc) in these compounds continu
to rise, with a maximum of 140 K recently reported f
Ga12xMnxAs,4 and even higher values reported for relat
materials.5 Aside from increasingTc , it will also be impor-
tant to have a thorough understanding of the different asp
of their magnetic properties over a wide temperature rang
order to be able to design optimized spintronic devices
theoretical analyses, Zarand and Janko1 showed that within
the Ruderman-Kittel-Kasuya-Yosida~RKKY ! approxima-
tion, a proper treatment of the spin-orbit coupling leads
anisotropic exchanges between Mn spins. Using this inte
tion they found that the saturation magnetization is redu
by up to 50% at low temperatures. Experimentally it h
been observed that in many DMS, the saturation magne
tion at low temperatures is not as large as would be expe
if all Mn moments were aligned~i.e., the full saturation
value!.6 While it is likely that magnetically inactive Mn, suc
as Mn interstitials,7 may account for some of the suppressi
of the low-temperature magnetization, the results of Zar
and Janko suggest that anisotropic spin interactions may
play a significant role in accounting for it. We carefully in
vestigate this possibility in this paper.

In a system consisting of localized spins~local moments!
coupled to noninteracting fermions~carriers!, where the spin-
carrier interaction is a perturbation on the fermionic Ham
tonian, low-lying spin excitations can be described in ter
of RKKY interactions between the spins. In DMS’s, the ca
0163-1829/2004/69~14!/144419~9!/$22.50 69 1444
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rier density is low~lower than the density of local momen
by a considerable factor, due to carrier compensation!, and
the carrier-spin interaction is quite strong~necessary to en
able a highTc). Consequently, the RKKY approximation ap
pears unlikely to be appropriate for aquantitativedescription
of the ferromagnetism in Ga12xMnxAs since the Fermi en-
ergy is not necessarily much larger than the magnetic c
pling. However, the qualitative prediction of anisotropic e
change may be present in more precise treatments.8

In what follows, therefore, we assume that the magne
properties of the system can be modeled in terms of an
fective spin Hamiltonian, with a form that maintains th
symmetry properties of the RKKY interactions obtained
the weak-coupling limit. Rather than calculating the anis
ropy in the Mn-Mn effective exchange within a microscop
model, we use a different approach to investigate the
evance of anisotropy for systems of diluted spins. We c
sider phenomenological models with disordered, anisotro
exchanges between classical Heisenberg spins placed
domly at low densities on a fcc lattice@corresponding to the
Ga fcc sublattice in~Ga,Mn!As#, and study the magnetic
properties for several functional forms of the exchange in
actions. This allows us to understand the effects modele
each functional form separately, and thus assess their li
relevance to determining the magnetic properties of th
materials. In each case we consider various values of
disorder and anisotropy. We focus on whether full saturat
in magnetization is reached at low temperatures and
investigate the magnetic susceptibility, since this is known
be a good experimental indicator of spin freezing.9 Our re-
sults allow us to infer parameter ranges in which anisotro
and/or disorder are likely to play an important role in t
magnetic properties of such systems.
©2004 The American Physical Society19-1
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The paper10 is organized as follows. In Sec. II we describ
the models we study and how disorder and anisotropy
incorporated into each of them. Section III lists the quantit
we calculate and how we perform the Monte Carlo simu
tions. Section IV shows our results for the magnetizati
susceptibility, and Curie temperature and finally in Sec. V
discuss our results and their implications for modeling III
DMS.

II. MODEL

We considerNd spins randomly distributed at location
Ri , i 51, . . . ,Nd on a fcc lattice of sizeN3N3N, corre-
sponding to an impurity concentrationx5Nd/4N3. The spins
are treated as classical variables~Mn spins in Ga12xMnxAs
haveS55/2, so this is a reasonable approximation!. For sim-
plicity, we take the classical spins to have unit length; this
equivalent to rescaling the exchange fromJ to JS2, i.e.,

FIG. 1. Schematic representation of the two different types
anisotropy parametrized byl. If l.1, the anisotropy defines a
easy plane for the interactions between two spins, while ifl,1 the
anisotropy defines an easy axis.
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changing the units of energy. The most general formulat
of the problem we consider in this study is provided by t
Heisenberg Hamiltonian

H52(
i , j

(
ab

Ji j Fab~Ri2Rj !Si
aSj

b , ~1!

wherea and b index Cartesian coordinates. The exchan
couplingJi j Fab is written as a product of a random variab
Ji j , and a functionF of the separation of the two spins, fo
reasons that will become clear later. Since the sites are no
a regular lattice, the summation over site index is alwa
over all sites of the system. For uncoupled spinsi and j we
simply haveFab(Ri2Rj )50. We consider the following
parametrization of the exchange integral:

Fab~Ri2Rj !5@ldab1~12l!êi j
a êi j

b # f ~r !, ~2!

where r 5uRi2Rj u and the unit vectorêi j 5(Ri2Rj )/uRi
2Rj u. The parameterl controls the exchange anisotrop
and ei j defines the local axis of anisotropy for the pair
spins Si and Sj located atRi and Rj . Using Eq. ~2!, the
effective interaction can now be rewritten asJi j Si

aFab(Ri

2Rj )Sj
b5Ji j f (r )(Si

iSj
i1lSi

'Sj
'), where the parallel and

perpendicular components are defined with respect toêi j . As
a result, forl51 the model has no anisotropy and reduces
a simple disordered Heisenberg model. For 0,l,1 the
couplings become anisotropic and favor alignment of e
pair of spins along their axisêi j , while for l.1, the cou-
plings favor alignment perpendicular to this axis~see Fig. 1!.
Since the relevant directionsêi j differ considerably from pair
to pair, frustration is introduced into the system, possi
leading to spin-glass physics.

The function f (r ) describes the spatial variation of th
exchange interactions. In this work we investigate the f
lowing possibilities:

f

f ~r !55
u~Rc2r !, short2range FM, modelA ~Ref. 11!

siny2y cosy

y4
, RKKY, model B

1

r 4
, long2range FM, modelC,

~3!
del

n
to
where y52kFr , and kF is the Fermi wave vector. In the
short-range model, equal-strength ferromagnetic interact
exist only between neighboring spins within distanceRc of
one another.11 The RKKY model allows interactions betwee
all spins in the system, with oscillating sign depending on
Fermi wave vectorkF corresponding to different carrier con
centrations. Finally we consider a purely ferromagne
model with long-range~power-law! interaction. A compari-
son between the short-range and the long-range models c
ns

e

c

ri-

fies the role played by therange of the exchange, while a
comparison between the RKKY and the long-range mo
clarifies the importance of the exchangesign oscillations.

In the RKKY approach of Zarand and Janko,1 the relative
magnitudes of the exchanges parallel,Kpar(r ), and perpen-
dicular,Kperp(r ), to the line joining two Mn spins depend o
the distancer between the two spins. As a rough guide
compare with the models we study here,uKperp(r )u
.uKpar(r )u for larger while uKpar(r )u.uKperp(r )u for small
9-2
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EXCHANGE ANISOTROPY, DISORDER, AND . . . PHYSICAL REVIEW B69, 144419 ~2004!
r.8 It should be noted that we use the RKKY interaction f
illustrative purposes only, since the exchange interaction
a more realistic model of DMS will likely be quantitativel
different.

As demonstrated in mean-field and Monte Carlo stud
of an impurity band model for III-V diluted magneti
semiconductors,8,12–19and in studies of the kinetic-exchang
model of III-V DMS including disorder and Coulomb inte
actions of the charge carrier with the Mn acceptors,20 inho-
mogeneity induced by positional disorder of the Mn sp
implies different local carrier charge densities at differe
sites, which in turn leads to a broad distribution of effecti
local fields created at various Mn sites by the itinerant ca
ers. If one integrates out the fermionic degrees of freed
and formulates the problem in terms of effective exchan
between the Mn spins, there should also be a wide distr
tion of their effective exchanges. To incorporate the effec
positional disorder leading to a wide distribution of mag
tudes of the exchanges in our model, we assume thaJi j
5e ie j , where thee i are random variables attached to ea
site, such that their logarithmzi5 log10e i has a Gaussian dis
tribution

Pni
~zi !5

1

A2ps
expF2

@zi2z~ni !#
2

2s2 G , ~4!

although the precise form of the disorder should not cha
our conclusions. In Eq.~4!, the mean valuez(ni) is taken to
depend on the numberni of nearest-neighbors spins~i.e.,
spins within a distanceRc) of the sitei, through the relation
z(ni)5s(ni2n0), wheren0 is the average number of neigh
bors for a given cutoffRc . In our simulationsRc is chosen
such thatn056 or 12.

This scheme naturally favors stronger couplings with
more dense clusters~higher ni values! and hence should
mimic some of the phenomenology observed in the impu
band model, where holes congregate in regions of higher
density leading to stronger effective interactions between
Mn in these regions.15 The parameters controls the width of
the distribution of couplings, and thus characterizes the
order present in the system; a more disordered system w
wider distribution of couplings corresponds to a larger va
of s.

Thus, the three parameters that control the beha
of the model are~i! l, which controls the amount of aniso
ropy; ~ii ! s, which controls the disorder-induced width o
the distribution of effective exchanges; and~iii ! Rc , which
defines the average number of nearest neighbors for
short-range model~for the RKKY and long-range models
Rc5`).

III. SIMULATIONS

We performed exhaustive Monte Carlo simulations
each of modelsA, B, and C from above the ordering tem
peratureTc to well below Tc . We use a range of sizes t
determineTc via finite-size scaling, and average over a s
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ficient number of realizations of the disordered systems
each size to determine average quantities.

A. Parameters and calculated quantities

We investigated systems of linear sizesL511, 14, and
17, containingNd553, 110, and 196 spins, respective
This corresponds to a Mn density in Ga12xMnxAs of x
50.01. The interaction rangeRc is chosen such that the av
erage number of nearest neighbors withinRc is either n0
56, or n0512. We studied the short-range model for bo
values ofn0. Note that for models with short-range intera
tions, the value ofx has noqualitativeeffect on the behavior
of magnetic properties forx<0.05, since changing the con
centration is equivalent to a pure rescaling of all inters
distances by a fixed factor. The value ofx becomes relevan
for larger concentrations, where the average interspin
tance is comparable with the lattice constant. The anisotr
values considered were in the rangel50.1 to l510, with
the isotropic casel51 used as a reference.

For the short-range model, two different disorder valu
were considered for most anisotropy values, while for
other models, only one disorder strength was considered.
values of s considered were for short-range model,s
50.017 and 0.05 forn056, ands50.01 and 0.03 forn0
512. For long-range model we choses50.03, while for the
RKKY model, s50.01. These values were chosen such t
meaningful comparisons between different models can
performed, subject to some computational constraints. Fig
2 shows the actual distribution ofJi j used in the simulation
for two different values ofs. For each pair ofl and s
values we considered many realizations of positional dis
der of the Mn spins~generally at least 40! and averaged ove
these configurations to obtain our final results.

We calculated equilibrium~disorder averaged! averages
for the following quantities:~i! the magnetization

M5K 1

Nd
U(

i
SiU L , ~5!

and ~ii ! the magnetic linear susceptibility

FIG. 2. Distribution of log10Ji j . Each curve is an average of fiv
samples withL532, Nd51310, andn056. The distribution is al-
most Gaussian, and its width increases with increasings.
9-3
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xm5bS K 1

Nd
U(

i
SiU2L 2M2D . ~6!

To determine the Curie temperature in our samples
calculated the Binder cumulant

G~L,T!5
1

2S 523
K U 1

Nd
(

i
SiU4L

K U 1

Nd
(

i
SiU2L 2D , ~7!

and used finite-size scaling.G(L,T) is defined such that in
the paramagnetic phase it decreases withL, G→0 as L
→`, while in the ferromagnetic phase it increases withL
and tends to unity,G→1 asL→`. NearTc , this dimension-
less quantity has the finite-size scaling formG(L,T)
5G@L1/n(T2Tc)#, wheren is the exponent of the divergin
spin-spin correlation lengthj;(T2Tc)

2n.21–23 At Tc ,
G(L,Tc) is independent ofL; Tc can be identified by a si
multaneous crossing ofG(L,T) versusT curves for different
L. This method is found to be more reliable in determini
Tc than the onset of magnetization, or the position of pe
in the magnetic susceptibility in relatively small finite-siz
samples.15

B. Temperature rescaling

In order to compare temperature scales for differenl
values, we note that the effective exchange for a spin
ented at angleu to the axisei j is J(u)5J0Acos2u1l2sin2u.
Thus, Jeff(l)51/4p*dVJ(u) gives the average exchang
integrated over all solid anglesV. Evaluating the integra
gives24

Jeff~l!5J035
1

2 F11
l2

Al221
sin21SAl221

l D G , l.1

1, l51

1

2 F11
l2

A12l2
sinh21SA12l2

l D G , l,1.

These factors are used to rescale the temperature for
value ofl chosen. We plot most quantities as a function
the rescaled temperaturekBT/Jeff(l).

C. Monte Carlo technique

The Metropolis algorithm necessitates long equilibrat
times at low temperatures and large values of anisotropy,
to its relatively slow sampling of the phase space. An e
cient alternative is the continuous version of the heat-b
algorithm,25 which was previously implemented for the cla
sical Heisenberg ferromagnet25,26and found to give values o
the critical exponents of the ferromagnetic phase transitio
agreement with other methods to high accuracy.26 We find
that the performance of the heat-bath method is superio
the Metropolis algorithm for the models we study here.
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The continuous heat-bath algorithm can be used for
HamiltonianH that can be factorized asH5( ihi•Si , where
hi5( j Ji j Sj is the local field created at sitei by the other
spins. In our model,hi contains terms of the form
( j Ji j ei j (ei j •Sj ). The implementation of a MC simulation re
quires successive spin flips at each site in the system f
MC step. Each spin flip involves changing the angular po
tion vector of one spin, while keeping all others fixed. Aft
a sufficiently large number of spin flips at each site, t
angular distribution of these vectors will be equal to t
equilibrium ~Boltzmann! distribution. For any spin that is
about to be flipped, the distribution of the angleu between
the spin and its local fieldhi ~integrated over azimutha
angle! is

r~u!5
kek cosusinu

ek2e2k
, ~8!

wherek5buhi u. The continuous heat-bath algorithm gene
ates the random numberu by mapping a uniformly distrib-
uted random numberxP@0,1# to cosuP@21,1# with a
monotonic function cosu5f(x). The function f (x) was de-
rived in Ref. 25,

f ~x!511
1

k
ln@12x~12e22k!#. ~9!

The calculation ofk takes similar amounts of CPU time a
evaluation of the energy difference in the usual Metropo
algorithm. The calculation of the mapping functionf (x) is
more time consuming than a simple exponential function
the Metropolis algorithm, but it has the advantage of a 10
acceptance rate, while the Metropolis algorithm may ha
exponentially low acceptance rates. The evaluation of
mapping function can be optimized or tabulated to furth
increase the efficiency. After updating cosu we generate a
random azimuthal orientation of the spin by randomly sele
ing a vector~of appropriate magnitude! perpendicular to the
local field; this can also be done with a fast algorithm.

We compared the efficiency of both algorithms for o
models. They produce the same equilibrium results, but
equilibration and autocorrelation times were found to
shorter by a factor of 10 to 100 depending onT andL, when
using the continuous heat-bath algorithm for these mod
~see Fig. 3 for an illustration!.

IV. RESULTS

We present the results we obtained for the magnetiza
for all three models. For the short-range model, we a
present the susceptibility and the Curie temperature.

A. Short-range model

1. Magnetization

Our numerical simulations are for finite systems. To u
derstand the extrapolation to the thermodynamic limit,
investigated the scaling of the magnetizationM (Nd ,T) for
systems withNd spins atT,Tc , in the limit Nd→`. A
9-4
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typical result corresponding to the short-range model w
n0512, l50.5 and forT51.3Jeff;0.4Tc is shown in Fig. 4.
Simulations for systems with up toNd55000 spins clearly
demonstrate a finite value forM (T)5 limNd→`M (Nd ,T) for

T,Tc , implying that these models have true ferromagne
long-range order at low temperatures. Due to computatio
constraints, in the rest of this paper we show results fr
simulations with smaller numbers of spinsNd , for which
proper disorder averages can be obtained in a reason
amount of time.

The magnetization curvesM (T) shown in Fig. 5 for a size
corresponding toNd5196 spins have the characteristic line
decrease with temperature seen in previous work and in
periments in Ga12xMnxAs.27,28Comparison of Fig. 5~a! with

FIG. 3. A comparison of the Metropolis and the continuo
heat-bath algorithms shows that convergence to equilibrium is
celerated about ten times by the latter. This simulation was d
with Nd5196, T50.5, l50.5, ands50.1. Equilibrium is deter-
mined by convergence between two replicas with different ini
conditions, one with all spins aligned~ferromagnetic!, and the other
random. At lowerT and for larger disorder, the heat-bath meth
reaches equilibration up to 100 times faster than the Metrop
algorithm.

FIG. 4. Size dependence of the magnetization in then0512
model forl50.5 atT;0.4Tc .
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Fig. 5~b! shows that increasing the number of nearest nei
bors in the short-range model leads to a slightly more c
ventionalshapefor the magnetization curve. In both case
M (T) shows little curvature at lowT, and a long tail at
higher T. We also see from Fig. 5 that samples withn0
512 have slightly increased curvature at lowT. This is be-
cause the increased connectivity effectively reduces b
spatial disorder and anisotropy, so that the samples s
more conventional ferromagnetic features, as also seen f
the results of susceptibility. This suggests that if we furth
increased the connectivity, we would likely see even m
conventionalM (T) curves, as are found in samples su
jected to postgrowth annealing3,4 where the hole concentra
tion is increased significantly.29

The roles of the anisotropyl and disorders can also be
inferred. We observe that curves corresponding to the s
disorder values but various anisotropiesl are almost iden-
tical at highT. Increasing the disorders leads to increased
magnetization at highT, as expected from studies of othe
models for DMS.13–15 Anisotropy plays a role at lowT,
where increased anisotropy does lower theT50 magnetiza-
tion, although the effect is rather small. The suppression
more pronounced forl,1 ~easy axis! than l.1 ~easy

c-
e

l

is

FIG. 5. Magnetization for~a! n056 and~b! n0512, for various
values ofl and s. The simulations are forNd5196 spins. The
insets amplify the low-temperature regions.
9-5
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plane!. For n056, the value of the saturation magnetizati
seems to depend only onl and be independent ofs. For
n0512, the suppression of low-T magnetization by anisot
ropy is rather weak except for an extremely large anisotr
l50.1. In the temperature rangeT50.1Tc;0.5Tc , both an-
isotropy and disorder effects affect theM (T) curve.

2. Susceptibility

The behavior of the linear susceptibility for the sho
range model with both 6 and 12 nearest neighbors is sh
in Fig. 6. The high-T tails of the curves with the same dis
orders are again identical. At lowT, anisotropy leads to a
finite value for theT50 linear susceptibility. The finite value
of the linear susceptibility atT50 is consistent with the
incomplete saturation of magnetization in the presence
anisotropy. This effect is most transparent in the case on0
56; in contrast, forn0512, the effect of anisotropy is ver
weak unless the anisotropy is extreme, e.g.,l.5 or l
,0.1.

3. Curie temperature

The Curie temperatures are deduced from the Binder
mulant curves@see Eq.~7!#. Figure 7 shows curves calcu

FIG. 6. Magnetic susceptibility for~a! n056 and ~b! n0512,
with various values ofl and s. The simulations are forNd5196
spins.
14441
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lated for different system sizes for the 12 neighbor mod
All curves corresponding to the samel cross simultaneously
indicating the position ofTc . The system is ferromagneti
below Tc and paramagnetic aboveTc . These critical tem-
peratures are very close to the peaks in linear susceptib
of the same model, and are tabulated in Table I. Note that
temperature is not rescaled byJeff in Fig. 7 in order to give a
clear view of each set of curves. When the temperatures
rescaled as in Table I, the values ofTc are similar. This is
expected, since all these curves correspond to the same
orders50.01.

We conclude that small-to-moderate anisotropy has ra
small effects on the low-T magnetic properties of the shor
range model. Significant deviations from the isotropic beh
ior are seen only for very large values of the anisotropy, a
are generally more pronounced in then056 model.

B. Long-range model

The qualitative behavior of the low-T magnetization in
the long-range model is very similar to that observed in
short-range model, as can be seen in Fig. 8. Increasing
length scale of the exchange does very little to increase
amount of frustration in the model, and in both the sho
range and the low-range model the suppression of the loT
magnetization is less than 20%, and often much smaller,
all values of anisotropy considered. This is small compa
to the 50–60 % reduction observed experimentally,6 hence
other sources of frustration must be present to account fo
One candidate for the source of further reduction is the

FIG. 7. Binder cumulant for models with 12 neighbors on av
age,s50.01, various anisotropyl and sizesL.

TABLE I. Critical temperatures~in units of Je f f , see text! esti-
mated from Binder cumulantG(N,T) and magnetic susceptibility
xM for s50.01 andn0512.

Tc /Je f f From xM From G(N,T)

l50.5 3.460.2 3.460.1
l51 3.660.1 3.560.1
l51.5 3.560.1 3.460.1
9-6
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tiferromagnetic component of effective Mn-Mn interactio
as is found for RKKY interactions.

C. RKKY models

We calculated the magnetization for isotropic RKK
models with different Fermi wavelengths, corresponding
different charge-carrier concentrations. Our main observa
is that the antiferromagnetic exchange at long distances
troduced by the RKKY model has a significant effect
lowering the low-T magnetization; the decrease is consid
ably larger than that induced by anisotropy in both pur
ferromagnetic models considered previously.

In Fig. 9 we show curves corresponding to several diff
ent values of the Mn concentrationx and charge-carrier com
pensation 12p; the resulting charge-carrier concentration
nh54xp/a3, wherea55.65 Å is the GaAs lattice constan
Note that the temperature also needs to be rescaled
factor of (px)4/3 in three dimensions for RKKY

FIG. 8. Magnetization forn056, variousl, s50.03, long-
range model. In this case all pairs of spins interact, andn0 is used
only to adjust the average coupling constant.

FIG. 9. Magnetization for the isotropic,l51 RKKY model, at
various values of the Mn concentrationx and hole compensation
12p ~corresponding to different choices ofy52kFr ).
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interactions,30 to meaningfully compare different magnetiz
tion curves. One interesting observation of the series witx
50.05 is that increasing the hole concentrationpx at fixedx
does not appear to changeTc , but the low-T magnetization
has a minimum at aboutp50.3. Further increments ofp
increase the low-T magnetization gradually. There is a larg
range of values of theT50 magnetization that can b
achieved by tuning the Mn and the hole concentrations. T
can be understood qualitatively in the following way: larg
hole concentrationspx lead to larger Fermi wave vectorskF .
As a result, the oscillation between ferromagnetic and a
ferromagnetic interactions described by the RKKY intera
tion appears at a shorter distance. If this distance beco
comparable to the average interspin distance, signific
frustration is present in the system leading to suppres
low-T magnetization. Whenp50.3, the antiferromagnetic
part seems to be dominant and the magnetization actu
decreases as temperature is lowered below 0.4Jeff . This ef-
fect arises due to antiferromagnetic coupling between c
ters as a result of the long-range nature of the RKK
interaction.31 We have also investigated RKKY models wit
finite exchange anisotropylÞ1. In all cases, the additiona
suppression of the low-T magnetization induced by the an
isotropy is very small~less than 10%!.

V. DISCUSSION

The major result that can be deduced from our simu
tions is that while exchange anisotropy can change the t
perature scale at which ferromagnetism occurs in a mode
does not change the essentialqualitativefeatures such as th
shape of the magnetization curve, or the form of the lin
susceptibility greatly aboveTc , unless the ratio between th
parallel and perpendicular exchanges is extremely differ
from 1. BelowTc , the anisotropy preserves a finite magn
tization and linear susceptibility atT50. This effect is sup-
pressed by higher connectivity~large n0).32 In general, the
effect of anisotropy is relatively weak, as it does not low
the magnetization atT50 by more than 20%. The presenc
of antiferromagnetic interactions, as occur in oscillatory e
change interactions~e.g., the RKKY model! appears to be
much more important for lowering the magnetization at lo
temperature. Thus the large reduction in the magnetiza
seen in Ref. 1 can probably be attributed to RKKY intera
tions, rather than the effects of anisotropy.

Our conclusion on the moderate effect of anisotropy
the magnetic properties of DMS is in substantial contr
with that of Zarand and Janko.1 They found large differences
between the low-T magnetization~but similar Curie tempera-
tures! in the isotropic and anisotropic cases. We suggest
this difference may be due to their use of an exponen
cutoff in the exchange interaction. The cutoff may ha
damped the effect of antiferromagnetic interactions in
isotropic case, but since the parallel and perpendicular
changes had different spatial dependences in their study
overall effect may be different in the isotropic and anis
tropic cases.

There are a number of other interesting observations.
two types of anisotropy, corresponding to the casesl,1 and
9-7
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l.1 are qualitatively different. Forl,1, the spins prefer-
entially align along the line joining them, while forl.1
there is a preferred plane in which the spins may lie. T
difference in dimensionality appears to explain why the m
netization is not suppressed as much at low temperature
l.1 as compared tol,1, since it is easier for spins t
relax from frustration in two rather than one dimensions.

Anisotropic exchange interactions are just one of sev
possibilities which can lead to a reduction in the saturat
magnetization in DMS at lowT. First, there are antiferro
magnetic nearest-neighbor interactions between Mn sp
which should have little effect due to the diluteness of
Mn spins, but could lead to a decrease in the satura
magnetization.33 Next is a theoretical proposal that there
an instability purely in the presence of disorder toward
noncollinear ground state.2,34Another is the experimental ob
servation that there are significant numbers of interstitial
that appear to be involved in compensation processes
thus do not polarize.7 It is not completely clear to what ex
tent the saturation at low temperatures in Ga12xMnxAs is
due to nonparticipation of Mn spinsdue to the presence o
Mn interstitial defects. However, given the recent progress
this area,7 it will probably not be long before an accura
estimate of the proportion of Mn that are participating in t
ferromagnetism is known. When this is quantified, it sho
be possible to determine whether anisotropy needs to be
cluded in realistic models of DMS. The carrier-mediated n
ture of the ferromagnetism also suggests that anisotropy
be important for transport, especially in the insulating pha
since hopping between sites will be preferred when the
spins have similar orientations.35

We mention in passing that while anisotropy has a sm

*Present address: Institut fu¨r Nanotechnologie, Forsch
ungszentrum Karlsruhe, D-76021 Karlsruhe, Germany.

1G. Zarand and B. Janko, Phys. Rev. Lett.89, 047201~2002!.
2J. Schliemann and A.H. MacDonald, Phys. Rev. Lett.88, 137201

~2002!.
3S.J. Potashnik, K.C. Ku, S.H. Chun, J.J. Berry, N. Samarth, an

Schiffer, Appl. Phys. Lett.79, 1495~2001!.
4K.W. Edmonds, K.Y. Wang, R.P. Campion, A.C. Neuman

N.R.S. Farley, B.L. Gallagher, and C.T. Foxon, Appl. Phys. Le
81, 4991 ~2002!; K.C. Ku, S.J. Potashnik, R.F. Wang, S.H
Chun, P. Schiffer, N. Samarth, M.J. Seong, A. Mascarenhas
Johnston-Halperin, R.C. Myers, A.C. Gossard, and D.D. A
schalom,ibid. 82, 2302~2003!.

5N. Theodoropoulou, A.F. Hebard, S.N.G. Chu, M.E. Overbe
C.R. Abernathy, S.J. Pearton, and R.G. Wilson, Appl. Phys. L
79, 3542~2001!; N. Theodoropoulou, K.P. Lee, M.E. Overber
S.N.G. Chu, A.F. Hebard, C.R. Abernathy, S.J. Pearton,
R.G. Wilson, J. Nanosci. Nanotechnol.1, 101 ~2001!; K. Sato,
G.A. Medvedkin, T. Nishi, Y. Hasegawa, R. Misawa, K. Hiros
and T. Ishibashi, J. Appl. Phys.89, 7027~2001!.

6A. Oiwa, S. Katsumoto, A. Endo, M. Hirasawa, Y. Iye, H. Ohn
F. Matsukura, A. Shen, and Y. Suguwara, Solid State Comm
103, 209 ~1997!.

7K.M. Yu, W. Walukiewicz, T. Wojtowicz, I. Kuryliszyn, X. Liu, Y.
Sasaki, and J.K. Furdyna, Phys. Rev. B65, 201303~R! ~2002!.
14441
s
-

for

al
n

s,
e
n

a

n
nd

in-
-
ay
e,
n

ll

effect on the magnetization, it seems to have significant
fect on the nonlinear susceptibility at low temperature.36 This
suggests that experimental investigations of the nonlin
susceptibility might shed light on the magnetic state in DM
It was recently suggested that forx,0.01 andx.0.1 in
Ga12xMnxAs, there may be a spin glass phase.33 Here we
suggest that if there are strongly anisotropic exchange in
actions, the ferromagnetic phase belowTc might have un-
conventional properties. Signatures of spin-glass beha
might be seen in coexistence with ferromagnetism. If su
spin-glass signatures are not seen in~Ga,Mn!As, they may be
present in other insulating materials with lower carrier co
centrations such as Ge:Mn.37

In conclusion, there are still a number of outstandi
questions as to the nature of the ferromagnetic state in D
and whether anisotropy plays an important role in these
terials. This work should be of help in clarifying which type
of models are likely to be affected by anisotropy and wh
types of experimental probes might help to detect it.
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