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Motivated by the recent suggestion of anisotropic effective exchange interactions between Mn spins in
Ga _,Mn,As (arising as a result of spin-orbit couplingve 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 exchamgesas in the
Ruderman-Kittel-Kasuya-Yosida interactjoifhis implies that disorder in the sign of the exchange interaction
is much more effective in suppressing magnetization at low temperatures than exchange anisotropy.
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[. INTRODUCTION rier density is low(lower than the density of local moments
by a considerable factor, due to carrier compensatiand
It has recently been suggested that frustration effects maipe carrier-spin interaction is quite strofigecessary to en-
be important for the magnetic properties of diluted magneti@ble a highT;). Consequently, the RKKY approximation ap-
semiconductor§DMS’s) such as Ga ,Mn,As.}2 The re-  pears unlikely to be appropriate fo@antitativedescription
ported Curie temperatured () in these compounds continue ©of the ferromagnetism in Ga,Mn,As since the Fermi en-
to rise, with a maximum of 140 K recently reported for €79y iS not necessarily much larger than the magnetic cou-
Ga,_,MnAs,* and even higher values reported for relategP!ing. However, the quall_tat|ve predlct_|on of anisotropic ex-
material$> Aside from increasing,, it will also be impor- ~ change may be present in more precise treatnients. _
tant to have a thorough understanding of the different aspects In what fc;”?]WS’ therefore, we assurlne t_hat the m?gnetlcf:
of their magnetic properties over a wide temperature range i ggt?veét'zs.o :' € _sgstgm car_lthbe nf10de etﬁ Itn ter_m;; o a’?he )
order to be able to design optimized spintronic devices. In pin Hamiitonan, with a form that maintains the
theoretical analyses, Zarand and Jankowed that within symmetry properties of the RKKY interactions obtained in

: _ . the weak-coupling limit. Rather than calculating the anisot-
the Ruderman-Kittel-Kasuya-YosidéRKKY) approxima- o in the Mn-Mn effective exchange within a microscopic

tion, a proper treatment of the spin-orbit coupling leads tomodel, we use a different approach to investigate the rel-
anisotropic exchanges between Mn spins. Using this interacsyance of anisotropy for systems of diluted spins. We con-
tion they found that the saturation magnetization is reducediger phenomenological models with disordered, anisotropic
by up to 50% at low temperatures. Experimentally it hasexchanges between classical Heisenberg spins placed ran-
been observed that in many DMS, the saturation magnetizatomly at low densities on a fcc lattifeorresponding to the
tion at low temperatures is not as large as would be expecteda fcc sublattice in(Ga,MnAs], and study the magnetic
if all Mn moments were alignedi.e., the full saturation properties for several functional forms of the exchange inter-
value.® While it is likely that magnetically inactive Mn, such actions. This allows us to understand the effects modeled in
as Mn interstitials, may account for some of the suppressioneach functional form separately, and thus assess their likely
of the low-temperature magnetization, the results of Zarandelevance to determining the magnetic properties of these
and Janko suggest that anisotropic spin interactions may alspaterials. In each case we consider various values of the
play a significant role in accounting for it. We carefully in- disorder and anisotropy. We focus on whether full saturation
vestigate this possibility in this paper. in magnetization is reached at low temperatures and also
In a system consisting of localized spifiscal moments  investigate the magnetic susceptibility, since this is known to
coupled to noninteracting fermiolisarriers, where the spin-  be a good experimental indicator of spin freezinQur re-
carrier interaction is a perturbation on the fermionic Hamil-sults allow us to infer parameter ranges in which anisotropy
tonian, low-lying spin excitations can be described in termsand/or disorder are likely to play an important role in the
of RKKY interactions between the spins. In DMS's, the car-magnetic properties of such systems.
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Interactions favour alignment along
line joining spins

FIG. 1. Schematic representation of the two different types Ofsimply haveF
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changing the units of energy. The most general formulation
of the problem we consider in this study is provided by the
Heisenberg Hamiltonian

H=-2 2 JiFus(Ri-R)S'S, ®)
where ¢ and B8 index Cartesian coordinates. The exchange
couplingJ;;F 4 is written as a product of a random variable
Jij» and a functiorF of the separation of the two spins, for
reasons that will become clear later. Since the sites are not on
a regular lattice, the summation over site index is always
over all sites of the system. For uncoupled spiasdj we
«s(Ri—R;j)=0. We consider the following

anisotropy parametrized hy. If A\>1, the anisotropy defines an parametrization of the exchange integral:

easy plane for the interactions between two spins, while<ifL the
anisotropy defines an easy axis.

Fop(Ri—R) =[N+ (1-Nefeflf(r), (2

The papel’is organized as follows. In Sec. Il we describe where r = |R; — R;| and the unit vectoréj =(Ri—R)/IR
the models we study and how disorder and anisotropy are- RJ—|. The parameteih controls the exchange anisotropy,
incorporated into each of them. Section Il lists the quantitiesand g; defines the local axis of anisotropy for the pair of
we calculate and how we perform the Monte Carlo simula-spins S and S located atR; and R;. Using Eq.(2), the
tions. Section IV shows our results for the magnetizationeffective interaction can now be rewritten dsS'F ,z(R;
susceptibility, and Curie temperature and finally in Sec. V we_ RJ,)SJP:J”f(r)(slllsku_)\slisjl), where the parallel and

discuss our results and their implications for modeling IlI-V

DMS.

Il. MODEL

perpendicular components are defined with respe&; tAs
aresult, forh =1 the model has no anisotropy and reduces to
a simple disordered Heisenberg model. Fox0<1 the
couplings become anisotropic and favor alignment of each

pair of spins along their axiéj , While for \>1, the cou-

We considerNy spins randomly distributed at locations Plings favor alignment perpendicular to this atsee Fig. 1

R;, i=1,... Ny on a fcc lattice of siz?NXNXN, corre-

sponding to an impurity concentratior= Ny/4N>. The spins

are treated as classical variabl®n spins in Ga_,Mn,As
haveS=5/2, so this is a reasonable approximaidfor sim-

Since the relevant directior@.ﬁ differ considerably from pair

to pair, frustration is introduced into the system, possibly

leading to spin-glass physics.
The functionf(r) describes the spatial variation of the

plicity, we take the classical spins to have unit length; this isexchange interactions. In this work we investigate the fol-

equivalent to rescaling the exchange frahto JS, i.e.,

[ O(R.—T),
siny—y cosy
f(ry=1{ y* '

47
Wl

lowing possibilities:

short-range FM, modelA (Ref. 1]

RKKY, model B

()

1
—, long—range FM, modelC,

where y=2kgr, and kg is the Fermi wave vector. In the fies the role played by theange of the exchange, while a
short-range model, equal-strength ferromagnetic interactionsomparison between the RKKY and the long-range model

exist only between neighboring spins within distariteof

one anothet! The RKKY model allows interactions between

clarifies the importance of the exchangjgn oscillations

In the RKKY approach of Zarand and Jankthe relative

all spins in the system, with oscillating sign depending on thenagnitudes of the exchanges parall€},,(r), and perpen-
Fermi wave vectokg corresponding to different carrier con- dicular,K (), to the line joining two Mn spins depend on
centrations. Finally we consider a purely ferromagneticthe distance between the two spins. As a rough guide to

model with long-rangdpower-law interaction. A compari-

compare with the models we study herfi<,eq(r)|

son between the short-range and the long-range models clari|K,,,(r)| for larger while |K 5, (r)|>[Kper(r)| for small
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r.8 It should be noted that we use the RKKY interaction for 3fF ' ' '
illustrative purposes only, since the exchange interactions in
a more realistic model of DMS will likely be quantitatively
different.

As demonstrated in mean-field and Monte Carlo studies 2
of an impurity band model for 1lI-V diluted magnetic
semiconductor&!?~1°and in studies of the kinetic-exchange
model of IlI-V DMS including disorder and Coulomb inter-
actions of the charge carrier with the Mn acceptSrsjho- I
mogeneity induced by positional disorder of the Mn spins
implies different local carrier charge densities at different
sites, which in turn leads to a broad distribution of effective
local fields created at various Mn sites by the itinerant carri-
ers. If one integrates out the fermionic degrees of freedom log,T;
and formulates the problem in terms of effective exchanges o _ ]
between the Mn spins, there should also be a wide distribu- FIG- 2. Distribution of loggJ;; . Each curve is an average of five
tion of their effective exchanges. To incorporate the effect ofaMples withl. =32, Ng=1310, ancny=6. The distribution is al-
positional disorder leading to a wide distribution of magni- MoSt Gaussian, and its width increases with increasing
tudes of the exchanges in our model, we assume Ijat
=¢€j€;, where thee; are random variables attached to eac
site, such that their logarithiy=log,¢; has a Gaussian dis-
tribution

P(longij)

hficient number of realizations of the disordered systems for
each size to determine average quantities.

A. Parameters and calculated quantities

We investigated systems of linear siZes-11, 14, and
1 [zi—2(n)]? 17, containingNyg=53, 110, and 196 spins, respectively.
P (z1)= \/ﬂaex B 2 | 4 This corresponds to a Mn density in GaMn,As of x
=0.01. The interaction rang®; is chosen such that the av-
erage number of nearest neighbors witlilp is eitherng
although the precise form of the disorder should not change-6, or ny=12. We studied the short-range model for both
our conclusions. In Eq4), the mean valug(n;) is taken to  values ofn,. Note that for models with short-range interac-
depend on the numbaer; of nearest-neighbors spir(se.,  tions, the value ok has noqualitative effect on the behavior
spins within a distanc®;) of the sitei, through the relation of magnetic properties fox<0.05, since changing the con-
z(n;)=o(n;—ng), whereny is the average number of neigh- centration is equivalent to a pure rescaling of all interspin
bors for a given cutofR.. In our simulationsR. is chosen distances by a fixed factor. The valuexobecomes relevant
such thatng=6 or 12. for larger concentrations, where the average interspin dis-
This scheme naturally favors stronger couplings withintance is comparable with the lattice constant. The anisotropy
more dense clusterghigher n; values and hence should values considered were in the range0.1 to A =10, with
mimic some of the phenomenology observed in the impuritythe isotropic casa =1 used as a reference.
band model, where holes congregate in regions of higher Mn For the short-range model, two different disorder values
density leading to stronger effective interactions between thevere considered for most anisotropy values, while for the
Mn in these region$> The parametes controls the width of  other models, only one disorder strength was considered. The
the distribution of couplings, and thus characterizes the disvalues of o considered were for short-range modet,
order present in the system; a more disordered system with-0.017 and 0.05 fon,=6, ando=0.01 and 0.03 fon,
wider distribution of couplings corresponds to a larger value=12. For long-range model we chose=0.03, while for the
of o. RKKY model, 0=0.01. These values were chosen such that
Thus, the three parameters that control the behaviomeaningful comparisons between different models can be
of the model ardi) N, which controls the amount of anisot- performed, subject to some computational constraints. Figure
ropy; (ii) o, which controls the disorder-induced width of 2 shows the actual distribution df; used in the simulation
the distribution of effective exchanges; afid) R., which  for two different values ofo. For each pair of\ and o
defines the average number of nearest neighbors for thealues we considered many realizations of positional disor-
short-range mode(for the RKKY and long-range models, der of the Mn spinggenerally at least 4tand averaged over

20

R.=®). these configurations to obtain our final results.
We calculated equilibriun{disorder averagedaverages
IIl. SIMULATIONS for the following quantities(i) the magnetization
We performed exhaustive Monte Carlo simulations on 1
each of modelsA, B, and C from above the ordering tem- M= Ny Z S|, 5

peratureT. to well below T,. We use a range of sizes to
determineT, via finite-size scaling, and average over a suf-and (ii) the magnetic linear susceptibility
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2

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

The continuous heat-bath algorithm can be used for any
: (6)  Hamiltonian{ that can be factorized &=3h;- S, where
hi=%,;J;;S; is the local field created at siteby the other
spins. In our model,h; contains terms of the form
%jJijaj(qj -§;). The implementation of a MC simulation re-
quires successive spin flips at each site in the system for a
4> MC step. Each spin flip involves changing the angular posi-

Xm=PB

(s

tion vector of one spin, while keeping all others fixed. After
a sufficiently large number of spin flips at each site, the
2>2 ' () angular distribution of these vectors will be equal to the

(s s

1
N—dZS

1
G(L,T)ZE 5—3<

and used finite-size scalin@(L,T) is defined such that in

equilibrium (Boltzmann distribution. For any spin that is
about to be flipped, the distribution of the anglébetween
the spin and its local fieldy, (integrated over azimuthal

the paramagnetic phase it decreases WithG—0 as L angle is

—oo, while in the ferromagnetic phase it increases with ek co%gi

and tends to unityG— 1 asL—. NearT,, this dimension- p(6)= e "sing ®
less quantity has the finite-size scaling for@(L,T) ek—ek '

=G[LY(T-T,)], wherev is the exponent of the diverging _ _
spin-spin correlation lengthé~(T—T.)~*.21"2 At T, wherek= g|h;j|. The continuous heat-bath algorithm gener-

G(L,T,) is independent of; T, can be identified by a si- ates the random number by mapping a uniformly (_jistrib-
multaneous crossing @(L,T) versusT curves for different Uted random numbexe[0,1] to cosfe[—1,1] with a

L. This method is found to be more reliable in determiningMonotonic function cog=f(x). The functionf(x) was de-
T, than the onset of magnetization, or the position of peak&ved in Ref. 25,

in the magnetic susceptibility in relatively small finite-size

sampled? f(x):1+%|n[1—x(1—e*2k)]. 9

B. Temperature rescaling The calculation ok takes similar amounts of CPU time as
In order to compare temperature scales for different evaluation of the energy difference in the usual Metropolis
values, we note that the effective exchange for a spin orialgorithm. The calculation of the mapping functié(x) is
ented at angl® to the axise; is J(6)=Jy\Jcodh+N\Zirdg.  more time consuming than a simple exponential function in
Thus, Jeg(\) = 1/4m[dQJ(6) gives the average exchange the Metropolis algorithm, but it has the advantage of a 100%

integrated over all solid angle®. Evaluating the integral acceptance rate, while the Metropolis algorithm may have
gives* exponentially low acceptance rates. The evaluation of the

mapping function can be optimized or tabulated to further
increase the efficiency. After updating absve generate a

( 2 2
1 1+ A "in‘1< A 1) AS>1 random azimuthal orientation of the spin by randomly select-
2 I -1 A ’ ing a vector(of appropriate magnitudeperpendicular to the
Ja(M)=Jox{ 1, =1 local field; this can also be done with a fast algorithm.
eff 0 " We compared the efficiency of both algorithms for our
1 A2 . V1-)\2 models. They produce the same equilibrium results, but the
\ 2 1+ Wsmh A A<l equilibration and autocorrelation times were found to be

shorter by a factor of 10 to 100 depending DandL, when

These factors are used to rescale the temperature for eabiing the continuous heat-bath algorithm for these models
value of A chosen. We plot most quantities as a function of(S€€ Fig. 3 for an illustration
the rescaled temperatukg@T/Jq(\).

IV. RESULTS

C. Monte Carlo technique We present the results we obtained for the magnetization

The Metropolis algorithm necessitates long equilibrationfor all three models. For the short-range model, we also
times at low temperatures and large values of anisotropy, dua'esent the susceptibility and the Curie temperature.
to its relatively slow sampling of the phase space. An effi-
cient alternative is the continuous version of the heat-bath A. Short-range model
algorithm?® which was previously implemented for the clas-
sical Heisenberg ferromagiet®and found to give values of
the critical exponents of the ferromagnetic phase transition in  Our numerical simulations are for finite systems. To un-
agreement with other methods to high accuricwe find  derstand the extrapolation to the thermodynamic limit, we
that the performance of the heat-bath method is superior tmvestigated the scaling of the magnetizatid{Ny,T) for
the Metropolis algorithm for the models we study here. systems withNy spins atT<T,, in the limit Nyg—o. A

1. Magnetization
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FIG. 3. A comparison of the Metropolis and the continuous
heat-bath algorithms shows that convergence to equilibrium is ac- I ' ' ' ' ' ' ' ' ' ]
celerated about ten times by the latter. This simulation was done @8 ¢=001,A=5
with Ng=196, T=0.5, A=0.5, ando=0.1. Equilibrium is deter- - g:g:gngé
mined by convergence between two replicas with different initial 0.75 — c=0.01:7»=1 |
conditions, one with all spins alignéterromagnetig, and the other

o c=001,A=15

random. At lowerT and for larger disorder, the heat-bath method - g:g:gg’ﬁ?j
reaches equilibration up to 100 times faster than the Metropolis& — 6=003,6=15

algorithm. s 05

typical result corresponding to the short-range model with
Ny= 12, \=0.5 and forT = 1.3] 4~ 0.4T, is shown in Fig. 4. 0.23

Simulations for systems with up td4=5000 spins clearly b

demonstrate a finite value fol (T) = IimNdeM(Nd ,T) for

T<T., implying that these models have true ferromagnetc % 5~ 4 ¢ —  § 10
long-range order at low temperatures. Due to computationa TH g

constraints, in the rest of this paper we show results from o ]
simulations with smaller numbers of spif;, for which FIG. 5. Magnetization fo(a) no=6 and(b) ny=12, for various

proper disorder averages can be obtained in a reasonab\@IueS ofA .and o. The simulations are foNy=196 spins. The
amount of time. Insets amplify the low-temperature regions.

The magnetization curved (T) shown in Fig. 5 for asize  Fig. 5) shows that increasing the number of nearest neigh-
corresponding t®4= 196 spins have the characteristic linear pors in the short-range model leads to a slightly more con-
decrease with temperature seen in previous work and in eXzentionalshapefor the magnetization curve. In both cases,
periments in Ga_,Mn,As.?"** Comparison of Fig. &) with  \(T) shows little curvature at lowT, and a long tail at

higher T. We also see from Fig. 5 that samples with

T ' T ¥ T ' T ' =12 have slightly increased curvature at IdwThis is be-
cause the increased connectivity effectively reduces both
spatial disorder and anisotropy, so that the samples show
more conventional ferromagnetic features, as also seen from

T the results of susceptibility. This suggests that if we further
{ 4 increased the connectivity, we would likely see even more
conventionalM(T) curves, as are found in samples sub-
jected to postgrowth annealihwhere the hole concentra-
0.8251- { 7 tion is increased significantfy.

] The roles of the anisotropy and disordelor can also be

O } ] inferred. We observe that curves corresponding to the same
e { disorder valuer but various anisotropies are almost iden-

I T tical at highT. Increasing the disorder leads to increased
- magnetization at higi, as expected from studies of other

models for DMS'~15 Anisotropy plays a role at low,
where increased anisotropy does lower The0 magnetiza-

FIG. 4. Size dependence of the magnetization intge12  tion, although the effect is rather small. The suppression is
model forA=0.5 atT~0.4T,.. more pronounced foh<1 (easy axiy than A>1 (easy

0.835

0.83-

M(N,)

. 1 . 1 ' 1 L
081365 0.1 05 s

IN,
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T T T T T
6 - —
r 9 6=0.017,A=05
5k 8 6=0017,A=1 H
0 6=0017,A=15
i =-m 5=0.05,1=0.5
—~ 4k i oo 5=0051=1 | |
- E, < v-v 6=005A=15 —~
z I / =
2.l 4 Z
% 3 /Z <
N
2F / . =
¥ /7% ‘l‘i‘
1 f 3 \ a -
| | | | 1
% 1 2 3 4 5 6
T/Jeff
3 . | ' | . | ; 0 . FIG. 7. Binder cumulant for models with 12 neighbors on aver-
P—y YWY age,o=0.01, various anisotropy and sized..
— 6=003,A=15
- gﬂg;kgg lated for different system sizes for the 12 neighbor model.
S —0=00LA=1 | | All curves corresponding to the samvecross simultaneously,
o 628'8?’;:(1)1 indicating the position off .. The system is ferromagnetic
v A—4 = = . g
2 . gzo;m;x:s' below T, and paramagnetic abovk.. These critical tem-
o o0 6=001,1=03 peratures are very close to the peaks in linear susceptibility
= of the same model, and are tabulated in Table I. Note that the
1 temperature is not rescaled By; in Fig. 7 in order to give a
clear view of each set of curves. When the temperatures are
rescaled as in Table |, the values Df are similar. This is
expected, since all these curves correspond to the same dis-
0 = o , ‘ , - ordero=0.01.
0 2 4 o 6 8 10 We conclude that small-to-moderate anisotropy has rather
e small effects on the loWw- magnetic properties of the short-

range model. Significant deviations from the isotropic behav-
ior are seen only for very large values of the anisotropy, and
are generally more pronounced in thg=6 model.

FIG. 6. Magnetic susceptibility fofa) no=6 and(b) ng=12,
with various values of and o. The simulations are foNy=196
spins.

plane. Forny=6, the value of the saturation magnetization
seems to depend only an and be independent af. For
no=12, the suppression of loW-magnetization by anisot- The qualitative behavior of the low-magnetization in
ropy is rather weak except for an extremely large anisotropyhe long-range model is very similar to that observed in the
A=0.1. In the temperature range=0.1T.~0.5T, both an- ~ short-range model, as can be seen in Fig. 8. Increasing the

B. Long-range model

isotropy and disorder effects affect ti(T) curve. length scale of the exchange does very little to increase the
o amount of frustration in the model, and in both the short-
2. Susceptibility range and the low-range model the suppression of thellow-

The behavior of the linear susceptibility for the short- magnetization is less than 20%, and often much smaller, for

range model with both 6 and 12 nearest neighbors is showdll values of anisotropy considered. This is small compared
in Fig. 6. The hight tails of the curves with the same dis- 1 the 50-60% reduction observed experimenfaience

order o are again identical. At lowl, anisotropy leads to a other sources of frustration must be present to account for it.
finite value for theT=0 linear susceptibility. The finite value ©One candidate for the source of further reduction is the an-

of the linear susceptibility aif=0 is consistent with the
incomplete saturation of magnetization in the presence of TABLE I. Critical temperaturegin units of Jos;, see textesti-
anisotropy. This effect is most transparent in the case,of mated from Binder cumulan®(N,T) and magnetic susceptibility
—6: in contrast, fomy=12, the effect of anisotropy is very Xm for 0=0.01 andno=12.

weak unless the anisotropy is extreme, eXz5 or A

<0.1. Tl Jets From xm From G(N,T)
3. Curie temperature r=0.5 3.4:0.2 3.4:0.1
: P N=1 3.6+0.1 3.5:0.1
The Curie temperatures are deduced from the Binder cu- \=1.5 3.5-0.1 3.4-0.1

mulant curvegsee Eq.(7)]. Figure 7 shows curves calcu-
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0.8

0.6

M(T)

0.4

0.2

FIG. 8. Magnetization fomy=6, various\, ¢=0.03, long-
range model. In this case all pairs of spins interact, ané used
only to adjust the average coupling constant.
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interactions’’ to meaningfully compare different magnetiza-
tion curves. One interesting observation of the series with
=0.05 is that increasing the hole concentratpnat fixedx
does not appear to change, but the lowT magnetization
has a minimum at aboyb=0.3. Further increments gb
increase the lowF magnetization gradually. There is a large
range of values of theT=0 magnetization that can be
achieved by tuning the Mn and the hole concentrations. This
can be understood qualitatively in the following way: larger
hole concentrationpx lead to larger Fermi wave vectoks .

As a result, the oscillation between ferromagnetic and anti-
ferromagnetic interactions described by the RKKY interac-
tion appears at a shorter distance. If this distance becomes
comparable to the average interspin distance, significant
frustration is present in the system leading to suppressed
low-T magnetization. Whemp=0.3, the antiferromagnetic
part seems to be dominant and the magnetization actually
decreases as temperature is lowered belowf.4This ef-

fect arises due to antiferromagnetic coupling between clus-
ters as a result of the long-range nature of the RKKY

tiferromagnetic component of effective Mn-Mn interactions interaction’* We have also investigated RKKY models with

as is found for RKKY interactions.

C. RKKY models

finite exchange anisotropy+ 1. In all cases, the additional
suppression of the low- magnetization induced by the an-
isotropy is very smallless than 10%

We calculated the magnetization for isotropic RKKY
models with different Fermi wavelengths, corresponding to V. DISCUSSION
different charge-carrier concentrations. Our main observation The major result that can be deduced from our simula-

is that the antiferromagnetic exchange at I_o'ng distances inigns is that while exchange anisotropy can change the tem-
troduced by the RKKY model has a significant effect onperatyre scale at which ferromagnetism occurs in a model, it
lowering the lowT magnetization; the decrease is consider-gges not change the essentjahlitativefeatures such as the
ably larger than that induced by anisotropy in both purelyshape of the magnetization curve, or the form of the linear
ferromagnetic models considered previously. _ susceptibility greatly abov&., unless the ratio between the
In Fig. 9 we show curves corresponding to several differarajlel and perpendicular exchanges is extremely different
ent values of the Mn concentratiarand charge-carrier com- ¢,y 1. BelowT,, the anisotropy preserves a finite magne-
pensation 3-‘ p; the resulting charge-carrier concentration isjzation and linear susceptibility at=0. This effect is sup-
n,=4xp/a3, wherea=5.65 A is the GaAs lattice constant. pressed by higher connectivitiarge ny).32 In general, the

Note that the te;/“r;pqature also needs to be rescaled by &ect of anisotropy is relatively weak, as it does not lower
factor of (px) in three dimensions for RKKY

1 T T T T T T

o—ex =0.05, p = 0.6, 266 spins
~— x =0.05, p=0.5, 266 spins
— x =0.05, p =04, 266 spins| 7
+—x =0.05, p= 0.3, 266 spins
— x =0.05, p = 0.2, 266 spins
— x=0.01,p=0.6, 196 spins|
— x =0.01, p = 0.2, 196 spins
+-x=0.08,p=0.6,426 spins

M(T)

5 2
T (xp/0.0)"

2.5

FIG. 9. Magnetization for the isotropia,=1 RKKY model, at
various values of the Mn concentrationand hole compensation
1—p (corresponding to different choices pf 2kegr).

the magnetization af=0 by more than 20%. The presence
of antiferromagnetic interactions, as occur in oscillatory ex-
change interactionge.g., the RKKY model appears to be
much more important for lowering the magnetization at low
temperature. Thus the large reduction in the magnetization
seen in Ref. 1 can probably be attributed to RKKY interac-
tions, rather than the effects of anisotropy.

Our conclusion on the moderate effect of anisotropy on
the magnetic properties of DMS is in substantial contrast
with that of Zarand and JanKoThey found large differences
between the lowr magnetizatiorfbut similar Curie tempera-
tureg in the isotropic and anisotropic cases. We suggest that
this difference may be due to their use of an exponential
cutoff in the exchange interaction. The cutoff may have
damped the effect of antiferromagnetic interactions in the
isotropic case, but since the parallel and perpendicular ex-
changes had different spatial dependences in their study, its
overall effect may be different in the isotropic and aniso-
tropic cases.

There are a number of other interesting observations. The
two types of anisotropy, corresponding to the cased and
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A>1 are qualitatively different. Fox <1, the spins prefer- effect on the magnetization, it seems to have significant ef-
entially align along the line joining them, while for>1  fect on the nonlinear susceptibility at low temperattf€his
there is a preferred plane in which the spins may lie. Thissuggests that experimental investigations of the nonlinear
difference in dimensionality appears to explain why the magsusceptibility might shed light on the magnetic state in DMS.
netization is not suppressed as much at low temperatures fdir was recently suggested that far<0.01 andx>0.1 in
A>1 as compared ta <1, since it is easier for spins to Ga_,Mn,As, there may be a spin glass phdsélere we
relax from frustration in two rather than one dimensions. suggest that if there are strongly anisotropic exchange inter-
Anisotropic exchange interactions are just one of severahctions, the ferromagnetic phase beldw might have un-
possibilities which can lead to a reduction in the saturatiorconventional properties. Signatures of spin-glass behavior
magnetization in DMS at lowl. First, there are antiferro- might be seen in coexistence with ferromagnetism. If such
magnetic nearest-neighbor interactions between Mn spinspin-glass signatures are not seefGia,MnAs, they may be
which should have little effect due to the diluteness of thepresent in other insulating materials with lower carrier con-
Mn spins, but could lead to a decrease in the saturatiosentrations such as Ge:Mh.
magnetizatiori> Next is a theoretical proposal that there is  In conclusion, there are still a number of outstanding
an instability purely in the presence of disorder towards ajuestions as to the nature of the ferromagnetic state in DMS,
noncollinear ground stafe’* Another is the experimental ob- and whether anisotropy plays an important role in these ma-
servation that there are significant numbers of interstitial Mnterials. This work should be of help in clarifying which types
that appear to be involved in compensation processes araf models are likely to be affected by anisotropy and what
thus do not polariz&.lt is not completely clear to what ex- types of experimental probes might help to detect it.
tent the saturation at low temperatures in;GMn,As is
due to nonparticipation of Mn spirdue to the presence of
Mn interstitial defectsHowever, given the recent progress in
this ared, it will probably not be long before an accurate  We thank Gergely Zarand for stimulating conversations,
estimate of the proportion of Mn that are participating in theChris Henley for insightful comments, and the Princeton
ferromagnetism is known. When this is quantified, it shouldComputer Science department for access to some of their
be possible to determine whether anisotropy needs to be ircomputing resources. This research was supported by NSF,
cluded in realistic models of DMS. The carrier-mediated na-Grants Nos. DMR-9809483 and 0213706.Z., M.P.K.,
ture of the ferromagnetism also suggests that anisotropy mayl.B., R.N.B) and DMR-9971541(X.W.). X.W. acknowl-
be important for transport, especially in the insulating phaseedges support from the State of Florida. M.B. acknowledges
since hopping between sites will be preferred when the Mrsupport from NSERC. X.W., M.B., and R.N.B also thank the
spins have similar orientatiors. Aspen Institute for Physics for hospitality while parts of this
We mention in passing that while anisotropy has a smalivork were carried out.
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