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Carrier-mediated ferromagnetism in a dilute magnetic semiconductor has been studied)usismgle-
impurity based generalized Ruderman-Kittel-Kasuya-Yo$RIEKY ) approach which goes beyond linear re-
sponse theory, an@i) a mean-field-plus-spin-fluctuation approach withigparely fermioni¢ Hubbard-model
representation of the magnetic impurities, which incorporates dynamical effects associated with finite fre-
guency spin correlations in the ordered state. Due to a competition between the magnitude of the carrier spin
polarization and its oscillation length scale, the ferromagnetic spin coupling is found to be optimized with
respect to both hole doping concentration and impurity-carrier spin coupling ehéoggquivalenthyU). The
ferromagnetic transition temperatufe, deteremined within the spin-fluctuation theory, corresponds closely
with the observedr, values. Positional disorder of magnetic impurities causes significant stiffening of the
high-energy spin-wave modes. We also explicitly study the stability/instability of the mean-field ferromagnetic
state, which highlights the role of competing antiferromagnetic interactions causing spin twisting and noncol-
linear ferromagnetic ordering.
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. INTRODUCTION to the Pauli susceptibility, and the transition temperature
(T.~xJ?xp) is therefore proportional to the Mn concentra-
The discovery of ferromagnetism in Mn-doped IlI-V tion x, J2, the carrier effective mass*, andN(ep)~p*?,
semiconductgrs_such gstype In,_,Mn,As, (Ref. ) and  wherep is the hole concentration. In DMSg,is a only a
Ga ., Mn,As,” with a highest transition tegmperatur?éco of  small fraction ¢) of x due to the large compensation by As
110 K for a Mn concentration of=0.053;" has led to con-  antisite defects. Therefore, the Fermi eneegy W p?° itself
siderable interest in these dilute magnetic semiconductorg quite small compared to the bandwidty and hence the
(DMSs). The successful search for ferromagnetic orderingyeak-field limit is valid only forx<(W/J$)*. A valence
above room temperature in GgMn,N,™” with a highest  band spin splitting comparable in size to the Fermi energy
reportedT, value of 940 K has added a new dimension to has been confirmed experimentaify.
the interest. _ S _ Dynamical correlations in the ordered state have been
~ Besides their potential applications in semiconductor destydied within a path-integral formulation in which the itin-
vices such as optical isolators, magnetic sensors, nonvolatilgant carriers are integrated out and the effective action for
memories seamlessly integrated into semiconductor circuitgye impurity spins is expanded up to quadratic orgemin-
etc., and possibilities in photonics and high power electrony, racting spin-wave approximatipt® In contrast to the

ics, attention has also been focused on the fundamental - siq results, the spin stiffinegand henceT,) is inde-

T e of e etomagnetc saey &7 endent o) and inversely roporional tan Otrr 3
P y ying Y P P roaches incorporating dynamics include the dynamical

such as spin-dependent tunneling, magnetoresistance, Spili. . field theor}®!’ in which the local charge and spin
dependent light emission, etc. in semiconductor heteros””?l’uctuations are i’

tures arising from the nevispin) degrees of freedom ncluded but long-range spin-wave excita-
9 P 9 ; - . tions are neglected, and a random phase approximation level
The double-exchange model, involving the interaction

S o ; - spin-fluctuation approach in which Mn disorder is treated
—JS.0; between the magnetic impurity sp§ and the  yithin the coherent potential approximatith.
electron spino;, has been the starting point in nearly all ~ While the positional disorder of Mn ions is not taken into
theoretical studies, and we first review the emerging physicahccount in the virtual crystal approximatigCA), several
picture and the different approaches employed. recent works highlight the importance of disorder, both po-
Long-range ferromagnetic interaction between tBe sitional and electronic. The stability of the collinear ferro-
=5/2 Mr?" ions is mediated, in the mean-fieltZener magnetic state has been investigated with randomly distrib-
mode) picture/ 13 by a uniform itinerant-carrier spin polar- uted Mn ions, and noncollinear ordering is suggested to be
ization, which is caused, in turn, by an effective uniform common to these semiconductor systém€ompeting(an-
magnetic field, resulting from a site averagiivirtual crystal  tiferromagneti¢ interactions leading to frustration has al-
approximation of the local impurity fields. In the weak-field ready been evidenced by spin-glass behavior in 1I-VI
limit (xJS<eg), the carrier spin polarization is proportional DMSs?° The presence of large compensation due to As an-
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tisite defects implies substantial electronic disorder as wellresulting in frustration(Sec. Ill). The nonlinear magnetic re-
and the sensitivity offTc, magnetizationM, transport, and sponse thus brings out another limitation in the ferromag-
the spin-wave spectrum to disorder has beemetic spin coupling.
investigated!~2°> Monte Carlo simulations have also been In order to determine the extent to which the magnetiza-
used to study disorder effects on magnetic ordeffng®and  tion response of a single impurity determines the macro-
dynamical and transport propertigsthe background fermi- SCOpiC magnetic properties of the DMS, we have also con-
ons determine the spin interactions and hence the nature §fdéred a finite concentration of magnetic impurities
the spin ordering, which in turn affects the fermionic statesdistributed on a finite-size latticéSec. V). Using a
Ab initio method%-34have also been recently employed. HubbardU representation for the magnetic impurities in a
An alternative mechanism for the ferromagnetic couplingDMS’ we have spud|ed the cpllgctwe magnetic response in
between impurity spins involves the hole-mediatedt® ferromagnetic - state within a mean-field-plus-spin-
Ruderman-Kittel-Kasuya-Yosid&RKKY ) interaction® The fluctuatlon(_MF+_SF) approach. Treating the disorder aspepts
RKKY theory has been extended for various dimensionalityOf the Mn-lmpurlty system exactly, and .elec'tron correlatlon
structures, including the effect of potential scattering througheﬁleCtS \|N|th|n 'thlz raﬂdom_pha_]scre app]rcoxmahtlo?, OLIJr_numeIrl-
the carrier mean free path, indicating an enhancement of tl‘.l%a analysis yields the spin st|Snes\s/ rorr;]_t hehow- ylr}g col-
ferromagnetic interaction by disorder in low dimensidns. ISCtive (Spin-wave excitations(Sec. VI, which have a fun-
Exchange and correlation has been shown to enhaice damental bearing on the ferromagnetic transition temperature
slightly within the RKKY theory’ Spin-wave dispersion in Te. Qur_appro_a_ch also allows for a quantltatw_e study of the
the RKKY picture has been compared with the result of spin-Stab'I'ty('nSt"Jlblllty of the Hartree-Fockmean-field ferro-
wave theory in which a uniform impurity-induced polariza- magnetic st.ateSec. V), highlighting thg presence of compet-
tion has been assumed tiéCA), resulting in a Zeeman ing interactions. The Anderson Hamiltonian, with a hybrid-
splitting A in the carrier band® It was shown that the Ization term_Vpd between band fermions an_d the magnetic
RKKY-level dispersion is incorrect except when<E- impurity orbital, has also been recently studied to obtain the
The traditional RKKY approach is based on linear re. ferromagnetic coupling between two magnetic impurities.
sponse in the weak-field limitJ<eg), which is not quite

valid for the DMS. In this paper, we present a generalized Il. MAGNETIC IMPURITY IN A HOST

RKKY approach which takes into account the spatial varia- _ : . . .

tion of the impurity-induced carrier spin polarization beyond Ve consider a single-band spin-fermion lattice model
linear response theorgSec. I). In the generalized RKKY

picture, the local magnetic fiel8;=JS of a magnetic im- H=3 eal ac,—> 38 o, 1)
purity at sitej polarizes the electrons locally, and the mobile k.o o [

band electrons spread this magnetic polarization in a charac-, h a doubl h , ion b h ,
teristic mannerrﬁi=Xij(B)I§j, where x;; (B) represents the with a double-exchange interaction between the magnetic

generalized magnetic response. The spinf another mag- :mﬁﬁéltr{os‘s?(l\?jéﬁgg Lhais(lﬁgtrggiz%m‘ iztt;hk:mguggy 2:;_
netic impurity placed at sitecouples to this local electronic | P €k b

N R . : bolic for smallk (top of the band ak=0), thek? coefficient
mggnetlza.tlon,z resuIthg nan effective generalized RKKYdetermining the inverse carrier mas$. As the added holes
spin couplingd“x;;(J)S; - S .

X ) i ) . go in long-wavelength states, the smlalparticle-hole pro-
_ We find several interesting competing processes WhiCRlgsqes near the Fermi energy are dominant, and therefore
limit the growth of spin couplings. As the RKKY response qiher getails of the energy band are expected to be relatively
involves a particle-hole process, it vanishes for a filfed- unimportant.
lence band and grows with increasing hole concentrafion
While the spin coupling is therefore expected to strengthen .
with p, a competing process involving the length scale sets A. Host Green's function
in, which limits the growth of the spin coupling and therefore  \We consider an isotropic energy-band dispersion
of the ferromagnetic transition temperaturg. The Fermi
wavelengthh =27/kg, which sets the RKKY oscillation W
length scale, decreases with hole doping, and therefore the ek=?coska 2
spin coupling between two magnetic impurities at a fixed
separation goes through a maximum as a function of hol
concentrationSec. llI).

We find a similar optimization in the spin coupling as a
function of the impurity field strengtiB. By going beyond
linear response theory, and examining the generalized RKK
response for a fixed hole concentration, we find that th
RKKY oscillation becomes more rapid with increasing po-
larizing field. Therefore, for a fixed separation between two ik (ri—r)
impurity spins, the spin coupling initially increases li#&as gi(w)= i 2 e
expected, but then crosses over and eventually changes sign, ! NX o—e—in’

f three dimensions, with the wave vector magnitude extend-

ing up to7/a. This dispersion incorporates the desired fea-

tures, and yields a finite bandwidth without introducing sharp
utoffs. We choose length and energy units such that the

attice spacinga=1 and the bandwidthV=1. The advanced
reen’s function for the host is obtained as
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B. Magnetic response

We consider the impurity spin in the classical limit$
—>Ji<§>= Bii), and examine the magnetic response of elec-
trons in a nearly filled band due to the magnetic coupling
—3,0; -B;, for an arbitrary strength of the impurity-induced
local magnetic fieldB; .

For a single magnetic impurity at sife the electronic
Green'’s functionG is exactly obtained in terms of the host
Green'’s functiorg as

0.5 1

Gii(w)=0ii(0) +gjj(w) %jg:)(w) gji(w), (9

FIG. 1. Real and imaginary parts of the local host Green’s func-WheregoEgjj is the local host Green’s function. The result-

tion. ing local magnetizatiom at sitei is then obtained as
- 1 gikreos _ J‘dew | |
- si - mi= | —ImGj(w)-Gj(w)], (6)
O/(w) fo ﬁ(k)dkfo 2smé? d¢9w_6k_i77 L B ii i
where
:Fﬂ“‘)dk 1 sikr 3 Gi(0)=Gj(0)=gij(w) ATgj(w), )
0 w—e—in kr in terms of theT-matrix difference
Here B(k) is ak-space density of states, and for simplicity AT =TI —Tiz — 2B ®
we choose a symmetric form i . szg(z)(w) :
B(k)=ak?—bk* (0=<k=7/2) Defining a field-dependent generalized magnetic response
function x;;(B) through the relation
—a(k—m)?—b(k—m)*  (m2<ksm), (4 m;=xi;(B)B;, ©)
Egs.(6), (7), and(8) yield
so that the usual three-dimensiom@lform is recovered for gs.(6). (7 ® i
states near both the lower and upper band edgks at and ordw 9
k=0, respectively. We choose=2a/w?, so thatB(k) is Xij(B)zj 7Im gij(0)| ——5—|9ji(@) |
smooth ak = /2 (the sloped3/dk=0), and an overall nor- - 1-Bgs(w)
malization a=120/77® so that the sum over states in the (10
band [ B(k)dk=1.
The above choice yields a symmetric band with a nearly lIl. EFFECTIVE SPIN COUPLINGS

semielliptical density of states, as seen in Fig. 1, showing the . . - L )
real and imaginary parts of the local host Green’s function Another impurity spinS; placed at site will couple with
go(w). Near the band edges, the real-part magnitude has the Iclcal magnetizatiom; produced by the local field of the
finite maximum and the imaginary-part has a square-root bespin S; at sitej, resulting in an effective interaction between
havior, as expected for the three-dimensional system. Ththe two spins given by

band filling is shown in Fig. 2 as a function of the Fermi

energy. Hepir(9) = —JiJjxij(B=19)S, - §;. (11)
1.00 T T T T T A. Weak-coupling limit: RKKY interaction
0.98 When theB? term in Eq.(10) can be neglectetvalid for
a 0.96 i .
004 B<W), one obtains a linear response
:5 0.92 m; = Xij BJ ) (12)
£ 0.90 . -
= 088 where the magnetic susceptibiligy; ,
= 086 %
A 0.84 * dw
: : : : ' ' Xij=—2| — Imlgjj(w)gji(w)] (13
0.82 H H H ! —ow T
o i i i i
0.20 0.25 0.30 0.35 0.40 0.45 0.50 i gi% g g
o iy g Aol ohdl
FIG. 2. Fermi energy dependence of the band filling. €1<€F €m> €F €m™ € ,
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0.1

T sponse functiony;;(B), which qualitatively modify the na-
_____ ture of the magnetic response and spin couplings.

————— 1. Impurity-state contribution

For w outside the band|{|>WI/2), the T-matrix differ-
ence in EQ.(10) has imaginary terms of the typé(w

0.05

=
—w*), arising from the two poles
-0.05 } 1+Bgo(w*)=0, (15)
0.1 L 1 L I I I I I I corresponding to a spih-impurity state atw’{ (below the
o 1 2 3 4 5 6 7 8 9 10 lower band edge and a spin; impurity state atw} (above
r the upper band edgen three dimensiongjy(w) has a finite
0.25 T T T T T T maximum at the band edges, and therefore impurity states
020 o rfa= %g — are formed only whe exceeds a threshold strendsii.
mB) e 2.0 ---- 7] By expandinggo(w) nearo? , and expressing'jT as a
015 - i simple pole, the impurity-induced correction is given by
OO R B — . |l |2
) e Tl Gi—0i=0;T|g;= I* —, (16)
0.05 [ o7 - i w—wt—in
0.00 S T~ i where the impurity-state wavefunctiqaff is given by
-0.05 ] ] 1 ] ] 1 - gij(w:w?)

0 0.02 0.04 0.06 0.08 0.1 012 0.14 i = - (17)
P \/_ng/dw|w=w’Tk

FIG. 3. The behavior of the magnetic susceptibiliggr) (@9  For any finite doping, only the spipimpurity state is occu-
with r for different hole doping concentratiopsand(b) with pfor ~ Pied, and the impurity-state contribution to the local magne-
different distances (corresponding to average Mn-Mn separations tization is therefore simply obtained as
in a cubic host lattice with 5%, 8%, and 12.5% Mn impurity con-
centration. m¥ =il (18)

With increasingB, the impurity-state wave function becomes

ields the standard oscillating RKKY interaction .
y g more localized, ana;— &;; asB— .

Hgrkky = _JiJinj S 'Sj . (14 2. Band contribution

The behavior ofy;;, as a function of the separatian The other contributions to the imaginary part in E0)
betwen the two sites and j, is shown in Fig. &). The are from within the band||<W/2), and involve the real
oscillation in (r) becomes more rapid with doping, as ex- (imaginary part of ATj(w) and the imaginaryrea) part of
pected from the decreasing Fermi wavelenyi+ 27/keg. gij(w)gji_(w)- . . o
Qualitatively similar results were obtained for a parabolic ~Including both the band and impurity contributions, the
energy dispersiom,~k? with a finite bandwidth cutoff. For generalized magnetic respongér,B) evaluated from Eq.

a fixed separation/a=(1/x)¥3, corresponding to the aver- (10 is shown in Fig. 4&) for different field strengths; the
age Mn-Mn distance in a cubic lattice with Mn concentration/owest-field Case$=0.l) provides the RKKY regponse(_
x, the behavior ofy(r) is shown in Fig. 8) as a function of —0), for comparison. The length scale at which the first

the hole concentration. The ferromagnetic coupling peaks #trossover from ferromagnetic to antiferromagnetic coupling
fractional hole concentratiop/x~0.6. takes place is seen to decrease with increaBirfgigure 4b)

shows the magnetic field dependence of the generalized
magnetic responsg(r,B), for a fixed hole concentration
and Mn-Mn distance. For smaB=JS, the response is es-

It appears that the conventional RKKY picture based orsentially constantlinear response and in this regime the
the weak-coupling limit B<W) cannot provide a good de- generalized RKKY interaction enerdy’x(r,B) grows like
scription of the interaction between Mn impurities in J?, as in the mean-field and conventional RKKY pictures.
Ga,_,Mn,As. Core-level photoemissidhyields J~1 eV,  However, the sharp suppression in the generalized magnetic
which is comparable to the host bandwidthWf=2 eV for  response forB/W>0.2 limits this growth and leads to a
the heavy hole bantl.It is therefore essential to go beyond peak, which is seen to shift to highBrvalues with decreas-
the linear-response regime, and W we find that there ing Mn-Mn separatior(Fig. 5. This effect significantly in-
are additional contributions in the generalized magnetic reereases the spin coupling in a higher Mn concentration sys-

B. Generalized magnetic response
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T linear dependence df at largem* has also been reported
0.04 - in Monte Carlo studie€®
For a nominal host bandwidth of 10 eWith 1 eV ~10*
0.02 - K), the peak interaction energies are about 250, 600, and
o 1400 K for Mn concentrations of 5%, 8%, and 12.5%, and
SR hole concentrations of 3%, 5%, and 8%, respectiyeig.
> 5). From this spin interaction energy $)2y, the ferromag-
-0.02 - netic transition temperatur€; can be estimated within the
(a) spin-fluctuation theory. For a nearest-neighbor quantum
-0.04 |- . Heisenberg mode(interaction energyJ) on a hypercubic

L L L L L L L L L lattice (coordination numbez), the transition temperature is
given by T.=TMF/f;, somewhat lower than the mean-field
value TV = 75(S+1)2/3.%8 Here fg=(1N)Z(1— ) ~*

0.06 =1 is a geometrical spin-fluctuation factor, wheng
0.05 = (cok,+cok,+cok,)/3 in three dimensions.
0.04 As the effective RKKY interaction term between two
- spins is 3%x;;S;.S;, we take J=J?y and obtain T,
m 003 ~2J%yS(S+1) for z=6. Taking a realistic bandwidth of
»; 0.02 W=2 eV for the heavy valence barfithe peak energy in
Fig. 5 translates to a pedk, of about 150 and 850 K for 5%
0.01 and 12.5% Mn concentrations, quite close to the observed
0 highestT . values for Ga_,Mn,As and Ga_,Mn,N.
-0.01 1 1 1 1
0.1 0.2 0.3 0.4 0.5 IV. HUBBARD- U REPRESENTATION
B OF MAGNETIC IMPURITIES

FIG. 4. The behavior of the generalized magnetic response We now consider &purely fermioni¢ Hubbard-model

x(r,B) (a) with r for different field strength®, and(b) with Bfor  representation for the randomly distributed magnetic impuri-
a fixed distance. The hole concentration is fixed pt=3%. ties on a cubic lattice:

tem (such as GaMniNbeyond the factor expected from the . At
spin responséFig. 3b)]. H=t> (al,a,+Hc)+t' > (af,a,+H.c)
As the effective carrier mass* scales like the inverse e (e

bandwidth 1W, them* dependence of the generalized mag- t - -

netic responsey(r,B) can be directly deduced from Fig. +‘~‘d% alga,U+U2l (M =n)(ny—ny), (19

4(b), showing the B/Wom* dependence for a fixe® ’

=JS. The magnetic response in tfiixed) unit of 1/B is  wherel refers to the impurity sitess, is the impurity on-site

obtained by multiplyingy(r,B) in Fig. 4b) (in unit of 1W)  energy andn,=(n,;+n,|)/2 is the spin-averaged impurity

by B/W. This yields a lineam* dependence of(r,B) (and  charge density. Higher spin magnetic impurities, such as the

hence the spin coupling energy afig) for a low effective  S=5/2 Mn impurities in Ga,Mn, As, can be realistically

mass and then a sharp suppression with increasingSub-  represented within a generalized Hubbard model representa-
tion involving multiple orbitals and different interaction pro-

1400 n n . UL cesses(direct and exchange type, with respect to orbital
1900 S Y S indice9.®® For simplicity, we have taken the same hopping
] rfa =20 (t"=t=1) between the host-host and host-impurity nearest-
o 1000 | ’ . neighbor pairs of sites. The energy-scale origin is set so that
g 500 Weloey the host on-site energy is zero, and we take the impurity level
\ h to lie at the top of the host ban&{=6). The form of the
i 600 - S e - Hubbard interaction term is such that in the Hartree-Fock
™ 100 ’ B approximation it reduces to the double-exchange term.
200 A. Hartree-Fock ferromagnetic state
0 In the Hartree-Fockmean-field approximation, the inter-
0.1 0.2 0.3 0.4 0.5 action term reduces to a magnetic coupling of the electron to
B=7JS the local mearimagnetis field A, :
FIG. 5. The generalized RKKY interaction ene@¥x(r,B) as
a function of the local field strengtB, for different Mn-Mn dis- Hi'ﬁf= _2 (;l '&I ' (20)
|

tances. The host bandwidth is nominally taken as 10 eV.
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where the electronic spin operaioj="¥ [ o] ¥, in terms of 1.06 T T T T T 1
the spinor‘P,z(Z'T), and the mean field&, is self- 1.05 | .
1

consistently determined from the ground-state expectatior Los b |
value: _~

N - :é 103 | .
Thus, in the classicalHartree-Fock limit, the interaction 102 - o . 7]
term reduces to the corresponding form of the double- Lot k- T (a) z = 6%
exchange term, with the mean fiell, representing the e
. . e S 1 k=1 ] 1 1 1 1 ]
mpunty_ mdus:ed Ioc_al. _magn?t'c field, . . 0 002 004 006 008 01 012 014 0.16

Starting with an initial uniform mean field,=zA, the w

mean-field (MF) Hamiltonian is numerically diagonalized 104

for a finite lattice to obtain the fermion eigenfunctios,

and eigenvalues E,. The spin densities n, 1.03
=3¢ e (#l,)? yield the new local mean fields,
=U(n;;—n;|)/2, which are then used to update the MF __
Hamiltonian, and this procedure is iterated until self- 3 101

1.02

consistency is achieved. g‘: 1 i
B. Stability of the HF state 0.99 f--2l 7
The self-consistent, HF ferromagnetic state, with all local 0.98 .
moments aligned in the same symmetry-breaking direction, 0.97 k:
does not necessarily represent a stdlieest-energy state. "0 002 004 006 008 01 0.12 014 0.16
This is because the HF state really represents an energy e: w

tremum, which may correspond to a saddle point having lo- N _
cal energy minimum and maximum along different directions _ FIG. 6. (a) Instability of the undopedHF) ferromagnetic state.
in the order-parameter space. The stability of the HF statdhe Goldstone modeU\g=1) corresponds to the minimum ei-

with respect to transverse perturbations in the order paranfienvalue of thé x°(w=0)] matrix, indicating maximal instability.
eter is indicated by the maximum eigenvalhg,, of the (b) Stabilization of the ferromagnetic state with hole doping — the
ax

[XO(wZO)] matrix [Eq. (24)].40 The HF state is stable if Goldstone mode now corresponds to the maximum eigenvalue.

UNmax=1, correspondng to the massless Goldstone mode, =~ = = - ) L
representing a rigid rotation of the ordering direction. Insta/N9, indicating its stability with respect to longitudinal
bility is indicated if U\ ,,c> 1, signaling a growth of trans- quct.uatloné in the local mean field\, . mherent in the nu-
verse perturbations about the HF state, which can also b@erical process. However, for some impurity arrangements,
interpreted as negative-energy bosonic modes. the ferromagnetic state does exhibit mild longitudinal insta-

Figure §a) shows some of the eigenvalues of fhé(w)] biIit.y, leading tq sI%w fluctuations in the impurity magneti-
matrix (including the minimum and maximunfor the un- ~ Zation on few site§:
doped HF ferromagnetic state of aA $ystem, with a semi-
ordered arrangement of 32 magnetic impuritisse Sec. V C. Transverse spin fluctuations

for detaily. For =0, the Goldstone modeUhg=1) is Transverse spin fluctuations are gapless, low-energy exci-
seen to correspond to th@wvest eigenvaluygndicating maxi- tati in th bp ken- i tgt P f ' i gyt

mal instability of the ferromagnetic state. The structure of the21oNs In e broken-symmetry state of magnetic systems
eigenvector corresponding to the maximum eigenvalue ingiPossessing continuous spin-rotational symmetry. Therefore,

cates a tendency towards antiferromagn6&€) ordering of at low temperatures_they play an important role in diverse
the impurity spins. The AF coupling arises from the ex. macroscopic properties such as existence of long-range or-

change interactiod’ ~t'/U due to the effective hopping der, magnitude and temperature dependence of the order pa-

(associated with impurity-band formatipbetween impurity rameter, magnetic transition temperatures, spin correlations,

sites. In the absence of the hole-indud¢B&KKY) ferromag- etc\.Ne study the time-ordered. spin-wave probagator involv-
netic coupling, this exchange interaction dominates and fa- y » SP propag

vors AF ordering of impurity spins. With hole doping, the ing _the_spm-_lowermg %) and spin-raising $i+) operators

ferromagnetic state is stabilized, and the Goldstone mod8t Sitesi andj:

now corresponds to the maximum eigenvalue, as shown in

Fig. 6(b). xij  (t=t)=K¥T[S (1S (t)][¥e). (22
For the impurity arrangements considered here, the self-

consistency procedure rapidly converges toearly) homo- At the random phase approximately level, the spin-wave

geneous ferromagnetic state of the DMS, even for finite doppropagator in frequency space is given by
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_ [X%()] 0.10 ' ' ' 7
[x "(w)]= o0 (23) 0.09 Namp = 88 -
[UIIX%(w)] 008 _
. . : 0.07 .
where the zeroth-order, antiparallel-spin particle-hole propa- 0.06 i
gator B 0'05 ]
50
do’ 0.04 .
w
0 i 1 nNel r_ 0.03 -
(w) ~-—|f—G--(w )Gi(w' —w) .
X ]IJ o i i S i
En>E P a0 4 TN 0.01 .
R SR ] oo
E<tr \ Em—Eto Emi—Ej|—w 0 0.2 0.4 0.6 0.8 1
(24) Fractional hole concentration (p/z)
is evaluated using the eigenvalugg, and eigenvectorg,,, 0.12 T T T T N —6d
in the self-consistent, broken-symmetry state. In®28), the (b) P30 -
diagonal interaction matrikU J;; = U §;, has nonvanishing el- 0.10F *,—+"+--+—+‘\k\ T
ements only at the magnetic impurity sites. For site- .ol A * |
dependent interactions, it is convenient to recast @28) A b
using simple matrix manipulations: § 0.06 P \ .
// E"
1 1 0.04 |- ,7 .
“Hw)]= -, 25 !
)= R @ el L
H '.
where[A(w)]=[U]-[U][x°(®)][U] is a symmetric ma- e T T S ST
trix, having nonvanishing matrix elements only in the re-
duced impurity basis: U

0 FIG. 7. Optimization of the lowest spin-wave energies for the
[A(w)]3=U(1-U[x (o)]s). (26)  ordered @) and disordered X) impurity arrangementsa) with

. ) fractional hole concentratiofpeak atp/x~0.6) and(b) with U,
Spin-wave modes, represented by the poles in the propaimilar to that of the RKKY 02x) and generalized RKKY spin

gator[x~ " (w)], are hence given by the poles of the matrix couplings, shown in Figs.(B) and 5. An increasing impurity sepa-
[A(w)],5, as[U] is nonsingular. In terms of the eigenvalues ration lowers the spin stiffness.
A, and eigenvectorg, of the [ x°(w)],; matrix, the spin-

wave energieso, are therefore given by local mean field are then unoccupied, resulting in local-

moment formation. Hole doping is introduced by reducing

1-UNp(w,)=0. (277 N;, and band fillings are so chosen that the Fermi energy
lies in gaps betweefnearly) degenerate groups of eigenval-
ues.
V. SPIN-WAVE ENERGY The undoped self-consistent ferromagnetic state is found

to be maximally unstable, as discussed earlier. Indeed, the

The spin couplings and stiffness in the ferromagnetic statgelf-consistent antiferromagnetic state is actually found to be
can be determined from the spin-wave energies. To see hogtable, confirming the dominance of the AF spin couplings
the magnitude and sign of the spin couplings depend on thg’ ~t'2/U. With hole doping, the ferromagnetic state is sta-
impurity separation, we have considered several impurity arbjlized, and the spin-wave energieg are extracted from the
rangements with different numberlit,,) of magnetic im-  pole condition U\ ,(w,)=1. Hole doping andU depen-
purities in a cubic host lattice withN=82 sites. These ar- dences of the lowest spin-wave energy,, are shown in
rangements includei) an ordered impurity arrangement of Fig. 7 for the ordered and disordered impurity arrangements,
64 impurities &= 1/8) on a cubic superlattice with impurity with U=4 and 5, andN; =482 (p~6%) andN;=505 (p
separation 2, (i) a semiordered arrangement of 32 impuri- ~1.4%), respectively. The optimization of the spin coupling
ties (x~6%), with the same nearest neighd®N) impurity  with respect to both hole doping and interaction endigig
separation (2) in thez direction but a greater in-plane sepa- qualitatively similar to that in the RKKY picture.
ration (/8a), and(iii) a disordered arrangement of 30 im-  While the lowest spin-wave energy is softened by disor-
purities x~6%) with NN separations ranging betweea 2 der, the highest spin-wave energy is, however, significantly
and 3. enhanced, as shown in Fig. 8. This enhancemenigf, is

For the undopedinsulating state, we takeN;=N and associated with localization of spin-wave states over impu-
N;=N—Njnp; all spin-| impurity states(pushed up by the rity clusters in which the relatively closer spins are more
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1.6 T T T LTI strength § or U), which is in agreement with a recent
1ap Fe N " e 32 Monte Carlo study® and can be physically understood in
bk T Impurity Magnetization el terms of a competition between the increasing magnitude of

. *®. the carrier-spin polarization and the increasing rapidity of its

P o N =8 - oscillation. We find that the optimurtiractiona) hole con-

208l B x S . centration for the spin coupling occurs@ix~ 0.6, and both

3 0.6* B-g : i the spin coupling energyx(r,J) and the spin-wave energy

""" scale with the carrier bandwidW, for fixed J/W or U/W.
0.4 B ] The oscillating spin polarization also highlights the role of
0.2 5 . competing interactions in the instability of the collinear fer-
0.0 L ! romagnetic state.
0 2 4 6 8 10 12 In this paper, we have presented a study of spin-wave
hole concentration (%) excitations in the ferromagnetic state of a DMS within a

microscopic correlated lattice fermion model which treats fi-
nite impurity concentration, impurity disorder, and electron
correlation on an equal footing. With regard to electron cor-
relation, the MR-SF approach has been extensively used in

2 - . . _the context of strongly correlated layered cuprate antiferro-
strongly coupled- For thesameminimum impurity separa magnets which exhibit pronounced spin fluctuatiéhig/hen

tion (2a) in arrangementsi) and (ii), disorder-induced lo- . ) '
LN . the spin-wave energy is much smaller than the mean-field
calization leads to stronger bonds between the cluster sping

Also shown (for the ordered cageis the Stoner(single- StrengthA, spin dynamics is dominant at low temperatures

. o o . and charge fluctuations can be ignoredTe£A. Incorporat-
particle excitation gap, which is roughly proportional to the . X . X
MF impurity magnetization. The spin-wave branch mergesIng the low-energy spin fluctuations about the MF state

with Stoner excitations at about 8% hole concentration yields a quantitatively correct temperature dependence of
" (sublattice magnetization and reliabl€: within the renor-

For the ordered impurity arrangement, the spin-wave en:~ - . .
ergy range allows the spin couplings to be extracted, as digpallzed spin-wave theofy. WhereasT pertains to global

cussed below. Assuming a nearest-neighbor exchange inte?—rde”ng’ with the spin couplmg energy providing the rgl—
action J between the impurity spins on the superlattice, theevant energy ;cale for spin fluctuations, the meqn-fleld
spin-wave energies are given by theory de_gls with local ordering, and_ greatly overestimates
the transition temperaturel £~ A), which really represents
_ _ the moment-melting temperature.
©q=JSA1=7q), 8 Specifically with regard to the DMS, there is a subtle
where y,= (cogy,+cosy,+cogy,)/3. The spin-wave modes issue concerning the energy scale relevant for global order-
on the impurity superlattice are plane waves, with waveing. Whereas for a generic ferromagnet, energy scales corre-
vector components given hy,=n,2m/L, wheren, are in- ~ Sponding to the local mean field and spin coupling are iden-
tegers and_=4 for the 64-impurity superlattice. The wave tical, for the DMS, three distinct energies can be identified
vectors q=(1,0,0)2n/L, etc. andq=(2,2,2)2r/L corre- — the two local mean fields seen by the carrier spinJj
spond to the lowest- and highest-energy modes, respectivelgnd impurity spin (-J%x;;), and the coupling between im-
The corresponding energiasy,=JS73 and wyg,=2JSz  Purity SplnSf“JZXij)- In the weak doping limit ¢/x—0),
yield a ratiowyign/ wiow= 6. We not only find the actual ratio the magnetic response functir{r) decays slowly on the
to be quite close£ 7 for most doping casgsbut the degen-  impurity-separation scale, so thgt~ x;;, and the distinc-
eracies in the Spin-wave spectrum are also in close agreéon between the two latter energy scales becomes blurred.
ment, indicating that NN Spin Coup|ing is dominant. However, for a realistic fractional doplng pVX%lS%, the
impurity spin couplinngxij is by far the lowest energy
scale, and should therefore control the low-temperature be-
havior of the magnetizatioM (T). The ferromagnetic tran-
A comparitive study of a generalized RKKY approach andsition temperatureT., determined within the spin-wave-
a MF+SF approach offers new and useful insight into thetheory from the spin-coupling energy for a realistieavy
mechanism of carrier-mediated ferromagnetic ordering in dole bandwidth, corresponds closely to the obsefgual-
dilute magnetic semiconductor. While the MBF approach uesin Ga_,Mn,As and Ga_,Mn,N. With appropriate hole
provides quantitative understanding of the spin couplingsdoping, a transition temperature much above room tempera-
competing interactions, spin-wave excitations, low-ture appears possible fgr=1/8, which is within experimen-
temperature spin dynamics, and the critical temperature, thal limit.**
generalized RKKY approach provides a qualitative under- The MF-SF approach also highlights the role of impurity
standing in terms of a simple physical picture involving thedisorder. While the low-energy spin-wave modes are signifi-
impurity-induced oscillating carrier-spin polarization, which cantly softened as compared to the ordered case, the high-
complements the MFSF approach. Our key finding is an energy spin-wave modes are clearly stiffened, indicating that
optimization of the spin couplingspin-wave energywith  a single spin-wave energy scale is not sufficient to describe
respect to both hole doping and the impurity polarizing fieldthe low-temperature spin dynamics in the DMS. In fact, a

FIG. 8. The highest spin-wave energy for the ordered @nd
disordered &) impurity arrangements, showing a disorder-induced
stiffening of the high-energy mode.

VI. CONCLUSIONS
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distribution in spin couplings, with weak and strong bonds,conducting quantum interference device magnetization data
has been suggested to be responsible for the anomalous tefor Ga, _,Mn,As.*?

perature dependence of the magnetization, susceptibility,
specific heat, et&> Using a simple model involving two
spin-excitation energy scales corresponding to weakly and
strongly coupled spins, the temperature dependence of mag- Helpful discussions with T. Pareek and R. C. Budhani are
netization is found to be in good agreement with the supergratefully acknowledged.
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