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Anisotropic exchange interactions in I11-V diluted magnetic semiconductors
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The RKKY interaction between substitutional Mn local moments in GaAs is both spin-direction dependent
and spatially anisotropic. In this paper we address the strength of these anisotropies using a semiphenomeno-
logical tight-binding model that treats the hybridization betweendvbrbitals and Ag-orbitals perturbatively
and accounts realistically for its nonlocality. We show that valence-band spin-orbit coupling, exchange nonlo-
cality, and band-structure anisotropy all play a role in determining the strength of these effects. We use the
results to estimate the degree of ground-state magnetization suppression due to frustrating interactions between
randomly located Mn ions and to comment on the relationships between different models of 1lI-V diluted
magnetic semiconductor ferromagnetism.
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[. INTRODUCTION not have these limitations, but ususally neglect spin-orbit in-

The current interest in diluted magnetic semiconductorderactions so that the Mn spin-spin interactions are always
(DMS) is fueled by possible applications in spintronics andiSOtropic in spin space. In addition the interactions they pre-
by basic-science issues involving the interplay between disdict are very sensitive to their placement of Mrorbital
order, spin-orbit coupling, and magnetism. We concentrat@€nergies relative to the valence band, a quantity that is not
here on the prototypical ferromagnetic 1ll-v DMS predicted reliably by the commonly used local spin-density
Ga_ Mn,As, which, once interstitial Mn ions have been approximation. In this paper we address exchange anisotropy
eliminated, exhibits robust homogeneous ferromagnetisnising an approach that is partly phenomenological, but at a
with critical temperature3, above 160 K fox=0.051 Itis =~ more microscopic level than the envelope function models.
generally agreed that the substitutional Mn ions are if'Mn We employ a tight-binding model that combines virtues of
states withS=5/2, L=0 local moments. Exchange interac- the envelope function anab initio approaches and, in par-
tions between the Mn moments and the valence-band orbitafécular, accounts naturally for nonlocal exchange interac-
of their As neighbors lead to intermoment coupling. The ef-tions. We conclude that the bulk magnetization suppression
fective exchange interaction between Mn moments is spadue to frustrating interactions between impurity moments is
tially anisotropic and also anisotropic in spin space. Thissmall. We also discuss the wide variation in critical tempera-
paper is motivated primarily by theoretical intefe$in the  tures resulting from this and other approaches and suggest a
role of anisotropies in determining the character of the magpossible route toward higher temperature ferromagnetism in
netic ground state. (I1,Mn)V DMS materials.

The theory of(lll,Mn)V ferromagnetism has been devel-
oped in several directions. A simple phenomenological
approach® approximates the valence-band holes by the Il. THEORY
host-semiconductor ~ Kohn-Luttinger  envelope-function

Hamiltonian, and couples them to randomly located Mn . e .
P y tight-binding model for the host-semiconductor band struc-

spins by docal isotropicexchange interactiody,y. This leads . : . 6.10 122
to a semiquantitative description of many transport and magld'® combined with a perturbative treatntent “of

netic properties, particularly in the high-carrier-density, high-h,yb.ridization between Mrd—orbitals' and Asp-orbi_tals. A
T. systems that are free of compensating Mn interstitialsSiMilar model has been used previously to obtain the local

However, it has led to conflicting conclusions on the impor-dénsity of states in the region near a Mn impufityln
tance of exchange anisotropy. The RKKY interaction Ob_SIater—Ko:ster theory, the electronic structure is specified by

tained by Zarand and Jarkés highly anisotropic inspin orbital-dependent on-site energies and hopping amplitudes

space, i.e., it depends strongly on the orientation of two sping1at are treated as fit.ting parameters. Spin-qrbit coupling is
relative to their connecting vector, but is spatially isotropic'Ncluded as a local interaction at each lattice sttour
because it relies on lcal hole-impurity exchange interac- Hamiltonian readsi=Hc+Hq+Hy,y, where

tion and aspherical approximation for the bands. Using a _ +

more realistic band model, Brey and Gémez-Satiios that He= % 2w (K)Chagbiaror @)
both spin and real-space anisotropies are weak. Their conclu-

sion, however, depends in part on the momentum-space cutescribes perfect GaA$2* Here, ¢}, creates an electron
off used for the exchange interactidlg, i.e., on atomic- with wave vectork in orbital « with spin o. The strong
length-scale physics not described realistically in theinteractions within the opeu-shell are parametrized by a
envelope-function approach. First-principles calculations ddocal Hubbard repulsiot) and Hund's-first-rule coupling,,

Our analysis of anisotropies is based on a Slater-K8ster
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Hy=(eg+Jy—U/2N+1/2(U-J,/2)N2-J,;S"S, with
N==,.d dn, andS=3,,,.d’ (0,,/2)dn, . Hered]  cre-
ates an electron id-orbital n with spin ¢.2>26We assumg
U=3.5 eV and® J,;=~0.55 eV.Hy,, describes the hybridiza-
tion between theal-orbitals andsp-bands,

Hiyb = Hiyo *+ Hiyps ()
HE b= LE E tk ncl dn (3)
Y \/W k aon anaaThe
+ 1 * +
thb = X/E E tkandnockaai (4)
k aon
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(5,5/2 sector, we obtain a Hamiltonian that includes a mi-
croscopic hole-impurity exchange interaction,

H= H. + (charge scattering
11 * T Oy
- K/sz > tkantk’a’nz Cratgr o Ckac ™S (6)

kk" aa’'n

with

1 2 1 1

1=z + .

A 5 Ed_4JH+4U _Ed_JH_SU

The two energy denominators in A/are, respectively, the
isolated-iond* — d°® andd®— d® transition energies measured
from the chemical potential. Both must be negative (for

where N is the number of unit cells. The coefficients are 5/2) to be the isolated-iofi.e., thet,,,— 0) ground state as
expressed in terms of real-space hopping matrix elementgssumed here.

ten=2€"%Yit, ., where the sum runs over the nearest-

The approach we use is suitable only when both denomi-

neighbor As sites surrounding each Mn impurity. The sym-nators are much larger than the band Fermi energy, an as-

metries oft,,, are obtained from Slater-Koster thedty,

sumption that is valid ifGa,MnAs but not in(Ga,MnP or

which expresses the matrix elements in terms of two-centeiGa,MnN; in the latter case the*— d® denominator even

integrals. We usé¢pdo)=1.0 eV and(pdm)=-0.46 eV from
photoemissioff and(sdo)=1.5 eV from a rough spin aver-
age ofab initio calculations for zinc-blende MnA&8:30 We
note that our model neglects chemical shifts of pharbitals

appears to be positive. The exchange interaction in(@&ds
invariant under spin rotation, while its wave vector depen-
dence is specified by the fact&nt;antk,a,n, for which we
can obtain analytic expressions from tight-binding theory. In

on the Mn site and Coulomb interactions between the banthe limit k ,k’—0 for a=a’=p,,p,,p, we obtain

electrons and Mn ions which are responsible for disorder in
the valence band system. For high Mn concentration Cou-
lomb disorder is relatively strontf,which may have an in-
fluence on the RKKY interactions that is not accounted for
. ; . X (8
by our calculations but would likely reduce spatial anisotro-
pies. The envelope-function based phenomenological description
There are two basic approaches to solving this typeof DMS ferromagnetism has a single phenomenological pa-
of model. Forweakinteractions one can treély in a mean-  rameterJ,q which is thek —0, k" —0 limit of the general
field approximation. The second approach, which weexchange interaction; the k' dependence is assumed to be
follow here, is appropriate in thstrong-couplingregime of  negligible because the carrier density is sufficiently low.
U large compared to hybridization. In this case we can(The RKKY interaction anisotropy follows from théull
integrate outd-shell charge fluctuations using canonical k,k’ dependence of this quantity as described bgl@ince
perturbation theory(CPT),31:32 leaving Mn sites with spin 1/A<0 the exchange interaction isntiferromagnetic
degrees of freedom. First consider a single Mn impu#ity. J,g<0. |Jpq is minimized and the effective model has
We introduce the canonically transformed Hamiltonianthe widest range of validity when thé®— d* and d®— d®
ﬁEe—ieT(HC+Hd+Ethb)eieT and expand ire. The Hermitian ~ transition energies coincide. In this case we find that
operatorT is chosen so that the sum of terms linearein Jpa=748 meV ni, close to but somewhat smaller than the

vanishes. To obtain manageable expressions we neglect tNglU€® inferred from experiment. This circumstance sug-
energetic spread of virtual band-electron states compared @°StS that both energy denominators are large and therefore
the energy difference~-U between different Mn valence prowdgs support for the vqlld|ty of the weak hybridization
states. To be consistent we also ignore contributions fror@PProximations we employ in the case of GaAs. For the sake
bands other than the heavy-hole, light-hole, and split-off°f definiteness we fix, at the equal energy denominator
bands. Truncating the expansion at second order and projecfalue in the numerical calculations described below, al-

ing onto theN=>5, S=5/2 ground-state subspace, we obtain though we note that our results depend on the parameters
U,Jy, and g4 only through the factor 1A. Changes in these

* 16 (A~
2 tountoan = 5 [3(Pdor)? = 4y3(pdo) (pdm) + 4(pdm)?].
n

+ - - +
1 ththyb + ththyb

H=H:+

(5

E5,5/2_ E4,2 E5,5/2_ E6,2

We have used thatHﬁyb applied to a state in the

experimentally somewhat uncert&inparameters simply
change the scale of the RKKY interactions, without altering

the anisotropies on which we focus.

The expression fod,s, combined with materials trend$,

(N,9)=(5,5/2) sector results in a state with sharp quantumsuggests that th&, of Gay_Mn,As,_,P, quaternary alloys

numbers(N,S=(6,2) and (4,2, respectively.Eys is the
isolated-ion energy for quantum numbéis,S). Inserting
Eq. (2) and noting thats,, d’ (0, /2)d,,=S/5 in the

might increasewith y since thed®—d* transition energy
moves closer t&g,|1/A| becomes larger, and tipel hybrid-
ization strengthens. Eventually larger vaIue$J9g| will lead
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T

to a more localized disturbance of valence-band orbitals, less ‘e (100) p=1

coupling between separated impurity spins, and the |dwer = (110),p=
(Refs.12 and 35-37%that appears to be seen experimentally - & il p=1

in Ga,_Mn,P, along the way invalidating the approxima- « — . (100), in field
tions we make here. There is no reason to expect that the — one parabolic band |
maximumT, occurs either ay=0 or aty=1. In our opinion o (100),p=03

o (110),p=03
(111),p=03 7|

varyingy is certain to lead to high€F, values provided that
materials preparation issues, particularly the problem of
maintaining a low density of Mn interstitials, can be solved.
We next evaluate the RKKY interaction between two Mn
spins at 0 andR, which is sensitive to the nonlocality of the
pd exchange interaction. We start from the Hamiltonian for 0 § 1 ¥ =
two Mn impurities, 0 i 2 3

H = He + Hy(0) + Hiy(0) + Hy(R) + Hiye(R)  (9)
FIG. 1. (Color online Fourier-transformed RKKY interaction
and apply the CPT. Integrating out the band electrons ang Q) along high-symmetry directions with numerical errors for 5%
expanding the action to second order in thell \n gupstitution andb=1 (filled symbol3 and p=0.3 (open sym-
(k,k’)-dependent exchange COUP“”Q we obtain bols) holes per Mn, respectively. The dashed curve shaygs|) for
p=1 in the(100 direction calculated with a band Zeeman splitting
RKKY = 22 s's— E > Trek k) of 0.125 eV, corresponding to full polarization of Mn moments. For
4ﬂA Nzk k' o comparison, the solid line show the results for diheavy-hole
mass parabolic band assuming a locd}g.

X[=iw+&(k) = p]1jH(k,k')

X[-iw+ek') = ul 17 (k' k) Ill. RESULTS AND DISCUSSION
, We have evaluated,,(q) at T=0 using Monte Carlo

=-2J.(R9YS, 10 (mc) integration with the GAs algorithm3® Figure 1

e showsJ,,(q) along high-symmetry directions in momentum

where B=1/kgT is the inverse temperature(k) is the space for two different carrier densitieg=1 and p=0.3
tight-binding Hamiltonian with matrix elements, ., (k), holes per Mn, respectively. A important aspect of our results
u is the chemical potential, andj“(k,K')y/ o/ a0 is the rapid decline ofl,,(q) at small|g|, compared to the
Eznt;antk,a,noﬁ,n_ The trace is over orbital and spin indices. case of RKKY interactions_ calculated for a single parabolic
We diagonalize%(k):flla(k)l]k, whered(k) is the diagonal band system. As emphasized eartfed,,(q) decays faster,

. . the RKKY interactions has substantially longer range in real
matrix of band energied,,(k), and perform the Matsubara space, and mean-field theory is more accurate, because of the

sum. It is useful to expres3, (R) in terms of its Fourier

transform. We obtain

J.,(Q) =

multiband character of the valence band. The faster fall off
results from the momentum dependence of Bloch-state or-
bital content, i.e., from th& dependence of the unitary ma-
tricesU, in Eq. (11), an effect absent in a one-band model.

vi, [ d%
ZT:CQ (2 )32fka02 (1 fk qaa—) ) )
a The momentum-space RKKY interactions are weaker at

. R lower carrier density, and are only moderately anisotropic.
[Uj*(k,k = q)Ul_q]w;a,U, Figure 1 shows that adding a realistic Zeeman splitting to the
Ao (k = Q) = Aoy k) bands has little effect od,,(q), justifying the pairwise

N T - Nt RKKY model for the spin-spin interactio’’$. We note that

X Wil (k= 4K Viclar o (19 J,,(q=0) is isotropic; this limit determines the bulk mag-

whereu,, is the unit-cell volume and,,, is a Fermi factor. netic anisotrop¥;® which vanishes in unstrained samples in
In the following, we take the electrons to beTat 0. the RKKY approximation.

For our parameter values, the occupied Morbitals lie J..(R) was evaluated as a Fourier sum ovgy(q) using
3.125 eV belowEg. For 5% Mn and one hole per Mn the a grid of (2n,)3/2 points in the fcc Brillouin zone. The re-
valence band crosses these levels firstkatl.2742/a)  sulting RKKY interaction, plotted in Fig. 2, is ferromagnetic
along111), wherea is the dimension of the fcc unit cell. at small separations and shows Friedel oscillations at larger
Therefore, our calculation o, (q) is valid for g smaller ~ separations. In the range of separations we considef*here
than about twice that value adg,(R) is quantitatively reli- the amplitude does not fall off aR3, consistent with the
able forR>0.2a and should thus be reasonable for all sepaighly anisotropic Fermi surface. It is apparent tiaf(R)
rations except when the Mn atoms sit on neighboring catiofas more anisotropy, in orbital space and in spin space, and
sites. In this case we have in any event neglected supereless systematic behavior when looked at as a function of
change interactions and Coulomb hole-confinement effecti&ttice-vector separatiofR, compared to the behavior of
which likely play a rolé? We return to the superexchange J,,,(q) at small wave vectors. In particular, the exchange in-
interaction below. teraction is often very different in different lattice directions.
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A " e (100), xx R — The relatively weak anisotropy that we find at sm@llis
04l m (100), yy/zz @11), yylzz - consistent with Ref. 3; we attribute the discrepancy at larger
¢ 10, xfyy  + (B10), xx R to the isotropic ansatz for the hole-impurity exchange in-
A4 (110), zz (310), yy . .
e A11), xxhylz + (310, zz teraction and the momentum cutoff employed in that paper.
2 Note that we also have a large anisotropy in spin-space that
E o2t \\ = is absent in any calculation that neglects spin-orbit coupling.
2 s For small separations the relative spin anisotropy is below
“3 ° H . i 10% as found in Ref. 3.
3 & 9 ' AL ; %\i T Before turning to an assessment of the importance of the
0 2 Fa4 — s | role of anisotropies in determining the character of the mag-
Al = 5 4 netic ground state, it is useful to discuss some of the uncer-
(@) : ® tainties associated with the approach used here. As noted
— I ——— above, we have so far neglected theerexchangeterac-
I ¢ (110), xy . . .
X oo (110), z tion between Mn moments. Our strong-coupling approach is
0.04 - / \ (110), y: | . . .
J \ */‘\ A4 (110), zx not expected to give quantitatively correct results for the su-
/ \ P\ g:g z/”’” perexchange interaction since it is of short range, thus in-
S ¢ , / % /5 ’ volving large momentum transfers for which the band ener-
E A \7/ & b ?‘\ e gies become comparable to the energy of the occugied
z 0 AN . - - { X A% levels. It does nevertheless provide a qualitatively correct
~ ~ ¢ *\ < B\ ,,f/ - . A .
U . N Ay =/%2 @/? description of the superexchange interaction, which appear at
2 | +\ f * ¥ fourth orderin the CPT(Ref. 31 strong-coupling expansion
\ /) S gig P of the Hamiltonian(9). The fourth-order term contains prod-
\ + (310), xy ucts of fourd-electron creation/annihilation operators. When
—0.04— — . . . .
® % J o g:gzz the transformed Hamiltonian is projected onto the subspace
i ‘ : T s i with (N,9=(5,5/2 for both impurities, only terms that

leave the total number of electrons in theshells invariant

are nonzero. The superexchange process is possible only be-
tween Mn ions that are at neighboring fcc lattice sites and
involves the virtual transfer of an electron betwekshells
by hopping via the intermediate As atortFFormally, this
stems from the fact that theeandc' operators are all at equal
time. They are replaced by equal-time tight-binding Green
functions, which are purely localThe terms that lead to this
interaction are of the same general form as the second-order
terms but contain permutations of tveptwo c', two d, and
two d' operators. Their energy denominators contgiree
Robust ferromagnetism can occur in diluted moment syspowers ofd-orbital energy differences lik&, ,—Es 5, and
tems only when the range of the interaction is safely longegg ,—Es 5/, The RKKY interaction is also proportional to the
than the typical moment separation. Mean-field theory willpd hybridization to the fourth power but contaidsorbital
tend to be most reliable and, everything else being equaknergy differences only to the power of =2 and an additional
ferromagnetic transition temperatures higher when the intetinverse band-electron energy difference, of the ordeEof
action range is substantially longer than the typical momenThe relative strength of these interactions dependgoiJ
separation. As explained above, the correlation between mand also on the density of band electrons. &, MnAs we
mentum space direction and spin orientation in the valencexpect that the RKKY interaction is stronger.
bands increases the range of the RKKY interactions we cal- In assessing uncertainties, it is also informative to com-
culate. For long range interactions, macroscopic magnetipare our effective Mn-Mn exchange interactions with those
behavior will depend primarily on the long wavelength be-that have emerged from numerous first-principles calcula-
havior ofJ,,,(q) which is not very anisotropic in the absence tions employing either a supercell appro&e?-?*?2or the
of strain® There is indeed a great deal of evidence that thecoherent potential approximatidh!® All works we are
bulk magnetic properties diGa,MnAs are well described aware of neglect spin-orbit coupling so that the interaction
by a long-wavelength continuum theory with magnetic an-J(R) is a scalar in spin space, whereas in Fig. 2 sizeable
isotropy and stiffness energies as in standard micromagnetiff-diagonal components are seen. In agreement with our
theory. Anisotropy is effectively averaged out and weakenedesults, the interaction is typically found to be ferromagnetic
because each moment interactions with many other mdor small R.16:18.19.21.22Strong real-space anisotropy is evi-
ments. Nevertheless, the short distance frustration implied bglent in all calculations, due to the anisotropic band structure.
our J,,(R) results could in principle reduce the coarse-The most detailed study of this anisotropy is presented by
grained magnetization, as argued in Ref. 2. The anisotropy iKudrnovskyet all® Interestingly, in agreement with our re-
real space is due to both the directionality associated with  sults, the interaction in th€l10 direction stays ferromag-
hybridization and the anisotropy of the band structure—netic up to quite large separations, whereas in(itg®) di-
neither effect is included in the spherical model of Ref. 2.rection it becomes antiferromagnetic much earlier. However,

FIG. 2. (Color online (a) Diagonal and(b) off-diagonal com-
ponents of the RKKY interactiod,,,(R) for 5% Mn andp=1 hole
per MnEg=-0.526 eV in various crystal directions, scaled by
(R/a)2. All results have been obtained witm,:=36 and
2 X 10° MC points for eachy point except for(qa/2)2<0.5, when
2 X 10° points have been usd®ef. 39. The off-diagonal compo-
nents vanish along(100. The open triangles show,,(R),
M=X,Y,z, along (110 for vanishing spin-orbit coupling. The off-
diagonal components vanish in this case.
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in Ref. 18 the period of Friedel oscillations is very long, Unlike our tight-binding modelab initio theory typically
suggesting thake is much smaller than in our calculation. overestimate§..*! The discrepancy i, betweenab initio
We attribute this to the Mml-orbital weight atEr found in  and model calculations is accompanied by a discrepancy in
the LDA, which in our judgement is likely unphysical. In- J,,(R). The discrepancy results in part from effects present
deed, LDA+U leads to a reduced perid8 more consistent in ab initio calculations that are absent to varying degrees in
with valence-band densities. Generally, approaches that adifferent phenomenological models. For example, it may re-
count for local correlations, such as LDAK and self- flect the neglect of the nonlocal part of the Coulomb acceptor
interaction-corrected LDA lead to a large shift dforbital ~ potential in existing model studies. Including it should in-
weight away from the Fermi enerd¥;2%in better agreement crease the hole density at Mn sites that are close to other Mn
with experimentg/ impurities and thereby increase the Mn-Mn coupling. On the
Finally, we compare critical temperatures estimated fromother handab initio calculations employing the LDA typi-
our RKKY interactions and from other approaches with ex-cally have significant-orbital weight close tdEg, as men-
periment. Assuming the average spin polarization to be equaioned above, which leads to an overestimate of the density
to M =(S) and to be parallel to thedirection at each site, the of states and also of the hole density at Mn sites. Partially
mean effective fields acting on the impurity spins arecorrecting for this in the LDAY approach leads to the de-
H,(R)=M%;.J,(R;—-R;), where the sum is over Mn im- crease of the Mn-Mn exchange interaction and ofOn the
purity sites. Assumming that the Mn ions are distributedother hand, even LDAY does not include correlations be-
completely at randont**® the average over all sites is tween neighboring Mn ions. This may lead to an overesti-
EM:(XMZ/UUJJMZ(QZO)O@,LZ; the mean fields are parallel to mate of the hole density close to Mn pairs and thus of the
the magnetization orientation on average. As noted abov:%\,/'n'M” COUP“”Q- Further work is C"?af'y re_quwed to reach
3,,(q=0) is isotropic for unstrained bulk samples. The re- irm conclusions. Of course, mean-field estimates from both
sulting mean-field value of the spin polarization is ”.‘Ode' andab initio approaches are nqt completely reliable
since they neglect magnetic fluctuations and also effects
L, X 5 , from the spatial distribution of Mn spins, which are known to
M*= SBy ,BU JAq=0M’S/, (12)  pe important for the magnetizatiof#°
He Mahadevaret al22 have recently argued on the basis of
whereBs is the Brillouin function, leading to the mean-field ab initio calculations that the interaction between Mn spins

Curie temperature cannot be described in an RKKY picture. Their conclusion is
xJ,4q=0) _based_ on the _cla?m that the strong spatial anis_otropy present
keT.=-———8(S+1), (13 in their first-principles results is inconsistent with an RKKY
3 Uue picture, even one that accounts for band-structure anisotropy.

which in the present model givék ~44.2 K. This critical Ve have shown here thatstrongly anisotropidVin-Mn ex-
temperature is well below the experimental value forchange interaction results from arealistic RKKY theory, con-
GaggMin o:As samples which is close to 160 K. Because thetrary to this claim. We feel th_at this undermines t_he main
perturbative approach used in RKKY theory is best justifieddasis for the authors’ conclusion that the RKKY picture is
close toT,, since the average polarization of the local mo-not applicable to Ga,Mn,As. They also emphasize that the
ments is small, this substantial discrepancy requires confionlocality of the carrier-impurity exchange interaction must
ment. It arises partly from our choice dftransition energies Pe taken into account to obtain a realistic Mn-Mn
that minimize the value offl,{, which is then somewhat too interaction? This is indeed the case, but the assumption of a
small. Shifting thed-orbtial energye, in any direction leads l0cal carrier-impurity exchange interaction is not imposed by
to an increase ofJ,d and thus ofT,=J2, Another effect ~RKKY theory, as we show here by explicitly accounting for
increasingT, is the Coulomb interaction between itinerant this nonlocality. _ S

holes, which favors ferromagnetism. This effect can be in- Keeping the theoretical uncertainties in mind, we return
corporated by means of a Fermi liquid paraméfeThese 10 the issue that _has motivated the approa_ch taken in tr_us
two effects enhancg&, by a factor of about 1.59 not large ~ Paper. Tq dete_rmlne yvhether or not frustration due to spin
enough to bring our theory into agreement with experiment?‘”d spatial anisotropies alters t.he character of the_ ordered
We believe that the most important source of error inTpe State, we start from a fully alignedn the z direction
estimate is inaccuracies in the tight-binding parametrizatio$Pin configuration and consider the mean effective fields
of the host band structure which produce unreliable valuesi,=(xS/v,dJ,(q=0)=3J,,, again assuming a random dis-
for the valence-band-edge effective mass values, and in patribution of Mn impurities. The typical Mn tilt angle is pro-
ticular underestimate the heavy-hole mass by nearly a factqrortional to the ratio of thexy plane effective-field compo-

of 2. We note that our value foF. is comparable to that of pents toH,. We find

Brey and Gomez-Santdsind to the result obtained from a

single parabolic band with the heavy-hole mass. We con- "2 Pq L
clude that details of the band-edge electronic structure cap- —— = (x1- Dvye —qszxz— (14)
tured most reliably by the Kohn-Luttinger appro2@fi are (Hy)? (2m)° J;£q=0)

critical for accuratel,, estimates. The Kohn-Luttinger theory
uses a locall,y interaction, however, and is not reliable for Thus the anisotropies become more important for small Mn
capturing the anisotropies on which we focus here. fractions x. For the parameters used above we obtain
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(H_)2()1/2/ﬁ220.005-(x—1_1)1/2_ We conclude that the lated the hole-mediated RKKY interaction between impurity

anisotropies do not cause a large moment suppressi@sin ~ SPins. It is highly anisotropic in real and spin space, due to
Mn) As even forx~0.01. The effect is small because with three factors partly ignored in previous works: spin-orbit
relatively long-range interactions many moments contributecoupling, the nonlocal hole-impurity exchange interaction,
to the effective field, averaging the anistropies. Finally, weand the anisotropic band structure. However, despite the
remark that we have neglected the indirect influence oftrong anisotropies, local-moment suppression is weak due
charge scattering and local chemical shifts. These will reducto the averaging brought about by the long-range RKKY
the RKKY interaction at larg&k and further reduce the im- interaction.

portance of frustrating interactioAd Recently, Fietest al?

have also found a weak suppression of the magnetization
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