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Ferromagnetism in the Kondo-lattice model
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We propose a modified Rudermann, Kittel, Kasuya, YosRKKY ) technique to evaluate the magnetic
properties of the ferromagnetic Kondo-lattice model. Together with a previously developed self-energy ap-
proach to the conduction-electron part of the model, we obtain a closed system of equations which can be
solved self-consistently. The results allow us to study the conditions for ferromagnetism with respect to the
band occupatiom, the interband exchange couplidgand the temperatur€. Ferromagnetism appears for
relatively low electron(hole) densities, while it is excluded around half-filing€1). For smalld the con-
ventional RKKY theory (J?) is reproduced, but with strong deviations for very moderate exchange cou-
plings. For not-too-smaih a critical J; is needed to produce ferromagnetism with a finite Curie temperature
Tc, which increases witld, then running into a kind of saturation, in order to fall off again and disappear
above an upper critical exchande Spin waves show a uniform softening with rising temperature, and a
nonuniform behavior as functions afandJ. The disappearance of ferromagnetism when varyingg andn
is uniquely connected to the stiffness constarttecoming negative.
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[. INTRODUCTION dence of the unoccupied band states. The well-known “red
shift” of the optical absorption edge upon cooling from
The Kondo-lattice mode{KLM )'~8 describes the inter- =T.to T=0 K (Ref. 9 can be understood as a correspond-
play of itinerant electrons in a partially filled conduction ing temperature shift of the lowerdsconduction-band edge.
band with quantum-mechanical spiagnetic momenjs Recent quasiparticle band-structure calculations for bulk
localized at certain lattice sites. Typical model properties regy0 (Ref. 10 confirmed the observed striking temperature
sult from an interband exchange between the two subgependence as a consequence of a ferromagnetic exchange
systems. They are provided by a model Hamiltonian, whichyf the order of some tenth of an eV. The interest in EuO, in
consists of two parts: particular in thin films, was strongly revived by the observa-
H=H+Hq;. 1) tion qf a temperature driven me_tal_-insulator transition bglow
T with a large drop of the resistivity by as much as eight
H describes uncorrelated electrons in a nondegenerate eprders of magnitud&: This gives rise to a colossal magne-

ergy band(* s electrons’), toresistanc€ CMR) much stronger than that of manganites
like La; _,Sr,MnOs. Recently, a surface half-metal-insulator
He= E TijCiTaCja’ (2)  transition was pred|ctéa_ for a EU100) film. The reason for
ijo this is an exchange-split surface state.

In ferromagnetic local moment metals like Gd a RKKY-
type interaction is believed to cause the ferromagnetic order,
so that in principle a self-consistent description of magnetic

o=1,] is the spin projectionT;; are the hopping integrals. . : . :
The second term in Eql) represents an interband exchange"’lnd electronic propertles by the KLI\{Ia is possible. The
=0 moment of Gd is found to be 7.3, 7ug stems from

as an intra-atomic interaction between the itinerant electron )
spin o; and the localized spif§, (“ f electrons): the exactly half-filled 4 shell. The excess moment of

0.63ug is due to an induced spin polarization of theriori
nonmagnetic (8,6s) conduction bands, indicating a weak or
Hy=—J2 07'S. () intermediateJ>0.
' An interesting application of the KLM refers to semimag-

According to the sign of the exchange couplifigp parallel  netic semiconductors, where randomly distributed?Mmr
(J>0) or antiparallel §{<0) alignment of itinerant and lo- F€& ions provide localized magnetic moments which influ-
calized spins is favored with remarkable differences in theence, via the exchange couplidgthe band states of systems
physical properties. We restrict our considerations in the follike Ga,_,Mn,As.*® The Mrf* ions provide both localized
lowing to theJ>0 case, sometimes referred to as the “fer-spins =3, concentratiorx) and free carriergholes, con-
romagnetic Kondo-lattice model,” and also known as thecentrationx*<x). The latter take care of an indirect coupling
“s—f (s—d) model.” The applications of the KLM are between the moments leading for smeadiven to a ferromag-
manifold. In the 1970s it was extensively used to describanetic order. The highest: so far reached is 110 K fox
the electronic and magneto-optic properties of magnetic=0.053° wherex* is found to be about 15% of the Mn
semiconductors such as the ferromagnetic EuO and®EuS. concentration x. The origin of ferromagnetism in
Most studies focused on the spectacular temperature depeBg, _,Mn,As is controversial. The authors of Ref. 16

wherec;r(,(ci(,) createqgannihilates an electron specified by
the lower indices. The indeixrefers to a lattice sit®;, and
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claimed that the measuréfk(x) is consistent with a con- classical spind®—! mainly in order to apply “dynamical
ventional RKKY interaction between the Mn ions. However, mean-field theory”(DMFT). It is surely not unfair to con-
they estimated the exchange couplihtp be of several eV, sider this assumption as rather problematic.
therewith comparable to the Fermi energy. This makes It is the intention of the present paper to use a special
second-order perturbation theory with respectJtoather ~RKKY technique for a detailed investigation of the magnetic
questionable. The RKKY interaction should be modified toProperties of the KLM with ferromagnetic interband ex-
account for higher-order spin polarization terms. In this pa-change. We exploit the method of Ref. 32 to map the inter-
per we are going to present a respective proposal. action operatoHs; [Eq. (3)] to the Heisenberg model Hamil-
Another modern application of th&>0 KLM aims at tonian. This is done by averaging out_the c“ondu_cnon”electron
manganese oxides with perovskite structurgs,D,MnO; degf?es of freedom -by prope_rly def-med restricted Green
(T=La, Pr, Nd; D=Sr,Ca, Ba, Pbwhich have attracted functions. The resulting effective Heisenberg exchange inte-
great scientific interest because of their CMR® Parent grals are functionals of the itinerant-electron seIf—energy, and
compounds like the protagonist 1avin®* O, are antiferro- therewith strongly temperature end band occupetlon depen-
o : : . dent. These dependencies manifest themselves in fundamen-
mag'neuc meulators V‘ﬂth a Iocahzed Mn spin §&2. Re tal magnetic properties such as phase diagrams, Curie tem-
placing a trivalent L&" ion by a divalent earth-alkall ion  perature, spin-wave dispersions, and so on.
(C&™") leads to a homogenuous valence mixture of the man- The electronic self-energy is taken from a “moment con-
ganese ion (Mfi",,Mn}"). The three 8—t,, electrons of  serving decoupling approach” introduced in Ref. 32 and suc-

Mn** can be considered as almost localized, formingSan cessfully applied to several topics in previous

=3 spin. Furthermore, (1 x) electron per Mn site are of papers®121433The method carefully interpolates between

3d—e, type, and itinerant. They are exchange coupled to th@ontrivial limiting cases.

S=3 spins, realizing just the situation which is modeled by  The final goal of our effort is to obtain quantitative infor-
the KLM. The exchange coupling is ferromagnetz0).  mation about magnetism and the temperature-dependent
Since manganites are bad electrical conductors, it can bglectronic structure of real local-moment systems. For this
assumed that the intraatomic exchadge0 is much larger  purpose it is intended in a future work to combine our model
than the hopping-matrix elemeff. With estimatedey band-  study with a “first principles” band-structure calculation.
widths of 1-2 eV and lower limits fod of =1 eV!°the  First attempts in this direction were made done for ER@f.
manganites surely belong to the group of strongly coupled.0) and Gd(Ref. 14; however, the magnetic ordering could
materials. Many fascinating features of the CMR materialsot be derived self-consistently. The paper is organized as
can be traced back to an intimate correlation between madollows. In Sec. Il we briefly formulate the many-body prob-
netic and electronic components. One of the not yet fullylem of the KLM. Section IlI reproduces the most important
understood features concerns the spin dynamics in the ferr@spects of the “modified RKKY interaction{M-RKKY in-
magnetic phasg¢x~0.3 in La_,(Ca,PbyMnO;]. It was teraction, the understanding of which is vital for a correct
reported® that the spin-wave dispersig8WD) of materials  interpretation of the results, which are discussed in Sec. IV.
with high T¢ (e.g., Lg /Pl MnO;; with To=355 K) can

be reasonably well reproduced by a simple Heisenberg Il. KONDO-LATTICE MODEL

model with nearest-neighbor exchange only. Furukawa o o

gave qualitative arguments that this can be understood for The model HamiltoniariEq. (1)] provokes a nontrivial
strongly exchange coupled materials. However, strong devidh@ny-body problem, which can be rigorously solved only for
tions from the typical Heisenberg behavior of the SWD have? Small number of limiting cases. For practical reasons, it
been found for manganites with low&g's.22 24t is a chal-  Sometimes appears convenient to use the second quantized
lenging question whether or not the softening of the SWD aform of the exchange interactidiq. (3)],

the zone boundary can be explained by a better treatment of

the KLM, i.e., by an appropriate consideration of the influ- Ho=— EJE (2,5, +S7cl_cip) (4)

ence of the conduction-electron self-energy on the effective s 2745 Tt tmomen

coupling between the localized magnetic moménts.So-
lovyev and Terakurd argued in such a way claiming that the
SWD softening has a purely magnetic background. By con- o eX
trast, Manciniet al?® believe that the KLMEq. (1)] has to Ne=CloCiar  Zs= 051~ 06y, ST=S'+iz, 8. (5

be extended by a dire¢superexchangenteraction between The first term in Eq(4) describes an Ising-like interaction

the Mn moments to account for antiferromagnetic tendenpetween thez components of the localized and itinerant
cies, which dominate the magnetic behavior of the paren§yins The second term comprises spin-exchange processes
material LaMnQ. between the two subsystems.

The above-presented, of course incomplete, list docu- T4 study the conduction-electron properties, we use the
ments the rich variety of, at least, qualitative applications forgjngle-electron Green function

the KLM. However, the model HamiltoniafEq. (1)] pro-

vokes such a complicated many-body problem that approxi- Gija(E):«Cio;CT Me. (6)
mations have to be tolerated. Most of the recent theoretical o

work on the KLM, aiming at the CMR-materials, assumedIts equation of motion reads

with the abbreviations
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energy itself. Thus Eq(16) is not an analytical solution at
> (Edim= Tim)Grmjo(E) all, but an implicit equation fo%,,(E). The MCDA, the
" details of which are presented in Ref. 32, is a nonperturba-
tional decoupling approach to a set of properly defined Green
=h 6= 52l jo(E) +Fii jo(E)}, (7)  functions that correctly reproduces the non-trivial exact
limiting cases of the KLM. A weighty example is the special
where the two types of interaction terms in Ed) are caus- case of a “ferromagnetically saturated semi-

ing the “spin-flip function” conductor.®®3*3536:37The various “higher” Green functions
. + have been approximated by linear combination of “lower”
Fimjo(E) =S “Cm-0¢:C{,))e (8)  functions, where the rigorous spectral representations of

these “higher” Green functions and their exact special cases
(S=1/2, ferromagnetic saturation, .). justify the respec-
Iim,jo(E)=<<S|ZCm(r;CJTa>>E- 9) tive ansatz. Free parameters are finally fitted to exactly
) ) ) known spectral moments. In a certain sense, the method can
These two “higher” Green functions prevent a direct solu- e considered to be an interpolation scheme between impor-
tion of the equation of motiof7). A formal solution of the  tant Jimiting cases. It was successfully used in the past for

and the “Ising function”

Fourier-transformed single-electron Green function, several application®12143334xe refer the reader for tech-
1 nical details to one of these papers.
Gyo(E)=— >, Gijo(E)e/c Ri~R), (10) ~ The termD,,(E) in Eq. (16) contains certain expecta-
N ] tions values such as
) ) a (Nig),y -,
defines the complex electron self-enedyy, (E): ( o L
(0) (S).(S7STASD?). - .
fi (C) A0'=<SIhio’>7'yo'=<sl Uciaci*0'>' e
Gy (E)= — , (11 By use of the spectral theorem, terrt® and (c) can
E+u+i0" —&(k) =2y, (E) exactly be expressed by the Green functi)s (8) and(9).
Besides Eq(15) it holds that
<<[Ck0'1HSf]f ;Ck0>>E=2ko(E)Gka—(E)- (12)
e(k) are the Bloch energies: 1 (+=
Yo T H - dEf (BE)ImF; io(E—p), (17
1 . — 0
s(k)=NZ T, efk (Ri=Rp), (13)
ij

1 (4=
By use of the quasiparticle density of states Ap=— ﬂﬁw dE f_(E)ImI; io(E—p). (18

po(E)=— L > IMGy,(E—pu), (14) It remains to express the pure “local-moment” correlations
k

hN (b) in terms of the electronic self-energdy,,(E) to obtain a
closed system of equations that can be solved self-
consistently. A finite coupling between the spin operators
+oo must be of indirect nature since the model Hamiltor{igg.
(ng)= J dEf_(E)p,(E), (15  (1)] does not contain any direct exchange. To obtain the pure
o spin correlationgb), we map exchange interactié#) on an
important to fix the band polarizatiom=(n;)—(n ). effective Heisenberg model with effective exchange integrals
f_(E)=[exp(B(E—w)+1]tis the Fermi function. 3” being functionals of the electronic self-energy. The result
The central quantity is the self-energy, the determinatioris a “modified” RKKY interaction (M-RKKY interaction)
of which solves the problem. However, for finite tempera-that explicitly takes into account the exchange-induced spin
tures and arbitrary band occupations an exact expression ®larization of the band electrons. In lowest order it repro-
not avaliable. In Ref. 32 a “moment conserving decouplingduces the conventional RKKY method.
approach”(MCDA) predicted the following structure of the

we can calculate the spin-dependent occupation humbers

self-energy: Ill. EFFECTIVE EXCHANGE OPERATOR
S (E)=— EJZU<SZ>+ EJZDk(r(E)- (16) The starti_ng ide_a is to r_nap_the interbaraz}—(f) exchange
2 4 on an effective spin Hamiltonian of the Heisenberg type:

The first term is linear in the coupling and proportional to

the the local-moment magnetizatigs®). It represents the H=-S3 5.5 19
result of a mean-field approach which is correct in the weak- f % 1SS (19
coupling limit. The second term is predominantly determined

by spin-exchange processes between band electrons and Feer this purpose we use tlse- f interaction in the following
calized moments. It is a complicated functional of the self-form:
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Exploiting the spectral theorem in the restricted Hilbert

Hsi=—Jd5 E 2 e 'IR(S - 0),41Cl 1 qoCkor - (200 space, for the expectation valfigq. (22)] one finds
IO'O'
o is the band electron spin operator, the components of i 2 (cT )@ @
which are Pauli spin matrices. The above-mentioned map- N k+qoke
ping occurs by averaging out the band electron degrees of .
freedom:
=300 g0y 2 f-[&(K)]
Hsf_’<Hsf>(C)EHf- (21
Averaging only in the band electron subspace means that _%% E eld R.D(l) (S- o), (27
(Hs)(© retains an operator character in thepin subspace.

According to Eqg.(20) we have to calculate Here we have defined

f—

1
t _ —BH' AT +eo
<Ck+quck(r'>(c)_;Tr(e A Ck+qoCka)- (22) Dgl):_ %j dE f,(E)Im%

H'’ has exactly the same structure as the KLM Hamiltonian

H [Eq. (1)], except for the fact that for the averaging proce- x> GO(E-u)GO (E—pu) (28)
K . k k+q M)

dure thef-spin operators are to be consideredcasumbers, k

therefore not affecting the trac&’ is the corresponding

grand partition function. The expectation valligq. (22)]

does not necessarily vanish fg# 0 ando# o', as it would 1(

Because of

when averaging in the full Hilbert space of the KLM. To S'[’:
calculate Eq(22) we introduce a proper “restricted” Green
function.

s s
> : (29
2\s" -
one realizes that the first term in E&7) does not contribute
Gy k+q(E) {(Cy ’Ck+q(r>>(c), (23 to Eq. (21_), wh|le the seconq term gives rise to an effective
Hamiltonian like Eq.(19), with the following effective ex-
which has the “normal” definition of a retarded Green func- change integrals:
tion, only the averages have to be done in the Hilbert space
of H'. The equation of motion is readily derived for both (1) A1) g (R-R)
cases, namely, in the case tleg}, is the active operator or =N % JH(q)e R, (30
CIHW. By use of the “free” Green function,

o 1
J(l)(q) = _ EJZDE}l)

(0) S
GNE) Er oK) (24)
we can combine both equations: _ 1 27122 f_[e(k+q)]—f_[e(k)] 31
2 e(k+q)—e(k)
G (E)=8,,4GO(E
kol E) 7' %q,0Gi(E) This is the classical RKKY exchange, which comes out in
Cik—k')-Ri~(0) first order of our Green-function procedure.
T 2N E le ‘G (E) It is well known that Eq(31) can be equivalently derived
ko by conventional second-order perturbation theory starting
X(S- @) g1 G, (l:+q(E) from an unpolarized conduction electron gas. In order to in-
corporate the exchange-induced spin polarization of the con-
+e—i[k’—(k+q)]~RiGﬁ(1)q(S.&) k 7 (E)} duction electrons to higher order, it almost suggests itself to

modify approximation(26) by replacing in the exact expres-
(25  sion[Eq. (25)] the restricted Green function by the full, all-
olarization processes containing the single-electron Green

This equation is still exact and can be iterated up to an unction [Eq. (6)]

desired accuracy.

In first order, where the restricted Green function on the Ao
right-hand side of Eq(25) is replaced by the “free” Green Gy k+g(B)= 85746k k+qCk+qo(E), (32
function[Eq. (24)], one obtains

Gl (E)= 8414764t Gyor(E). (33)
Gl (E)ID=6, ., 8,0— < > eIRGO(E
[Gy, k+q( )= 8401 64,0 E (B) For the required expectation valfiEq. (22)], we obtain an

expression similar to Eq27), only D{" has to be replaced
X(S-0),,G{Y,- (26 py
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L [+ 1 . Following the Callen methdd for the local-moment magne-
Dy” =- ;Jf dE f_(E)Imy ; [GOUE—p) tization one obtains
2S5+1 2S+1
X Gy o E— )+ G ((E— 1) Gy (E— ). <Sz>:ﬁ(1+S+ @)= T+ (St o) (1+¢) 3
(34) (1+(,D)25+1_CPZS+1
Exploiting the inversion symmetry, one proves ¢ is the average magnon number,
1 1 1
N_pll=Z oo = _ - -

D}'=Dg'=> ; Dg7. (35 e(9)= 1 % FE@ ] (44)

This guarantees an isotropic effective exchange opejltpr ~ which determines(S*) and many other spin correlations.
(19)] with the exchange integral Some typical examples are

2 rin —Qt\ — Z
-3 ek g - Bmiatie soass s
Y () =h3S(S+1) () +hASH[S(S+1) +¢(S)]

: (36) —H1((SHH[1+3¢(9)]. (46)

Via Eq. (36) all spin correlationgEqgs. (43)—(46)] are fixed
by the electron self-enerdyeq. (16)].

X Gy qo(E—u)]

Via Gy 4-(E— 1) the effective exchange is a functional of
g??tiiltic;[;cr):g:efaetllz_reengrz%—ﬁe?.egg]r; 32&2;?;%;?:&?5 a " The key quantity of ferromagnetism is the Curie tempera-
: . . ' ture T . Performing the limiting processes
To obtain the magnetic properties of the local-moment
system from the effective operafdtq. (19)], we use the spin T_TO) (SH—0* (47)
Green function c
one finds, from Eq(43),

P(E)=((S" €98 ))e (37 L

2 1 A oA

first proposed by Calleff a is a real number, which eventu- kBTc=§ﬁ25(S+ DIN > [Bo—J(@]rl| - 49
ally helps to derive several spin-correlation functions by ap- q
plying the spectral theorem IBi(ja)(E) and a proper differ- The effective exchange integrals are temperature-dependent
entiation with respect toa. The equation of motion of and have to be used here for-T.
Pi(ja)(E) reads For the results presented in Sec. IV, we used the self-
energy approach of Ref. 32, The same approach was applied
in Refs. 10,12,14,33, and 37, so that here we can refrain from
presenting details of the method. As explained after(E6).
the self-energy of Ref. 32 depends on three types of expec-
X{(ShS— Si+S§1);eaSJZSj‘>)E. (38)  tation values: purely electronic terms, which are accessible
with the single-particle Green functidiiq. (6)]; pure local-
spin correlations such as Ed43), (45), and(46); and mixed
et eaSa itinerant-electron—local-moment correlations, which are ex-

(A =([S".e™S].). (B9  pressible by the “higher” Green functiori&gs.(8) and(9)].
It is well known that a simple random-phase-approximationEventua”y’ we have a closed system of equations that can be

decoupling of the higher Green function on the right—handSOI\,/ed self-cpnsistently for the desired .electronic and mag-
side of EQ.(38) yields surprisingly convincing results in the netic prpperues of the KLM. Some typical results are dis-
low- and high-temperature regions (“Tyablikov- cussed in Sec. IV.

approximation’). Doing so, after a Fourier transformation
we obtain IV. MAGNETIC PROPERTIES

EP((E)=276(Aa) 2ﬁ% Jim

Here we have abbreviated

262(A,) We have evaluated our theory for a s.c. lattioendwidth
Ve (40) W=1 eV) to find out the magnetic properties of the ferro-
E—-E(g)+i0* magnetic KLM. The latter are, however, strongly correlated
with the electronic properties, so that they cannot be under-
stood without referring to the itinerant-electron subsystem.
Figure 1 shows the quasiparticle density of sta@B0S

PP(E)=

In this approximation the magnon energke&y) are real:

E(q)=2/(S")[Jo—J(D)], (4D, (E) for a band occupatiom=0.2 and a moderate ex-
change couplingJ=0.2 eV. The self-consistently deter-
30=3(q=0)=2 jij _ (42) mined Curie temperature turns out to Bg=232 K. In the

i low-temperature, ferromagnetic phase the QDOS exhibits a
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2 0.04 .
1.5; B } 0—0 J=0.15¢eV, n=0.12 (MRKKY)
@ [ § O-0 J=0.458V, n=0.12
& ] o.02l | i
0.5l " O--O0 J=0.15eV,n=0.05
0 3
[ E
- 0.5 =
a |
= 1 Do
< 1.5 002 - .
2 T r r - -
-0.5 0 0.5 <o
E [eV] -0.04 T T T T T T T
1 2 3 4 5 6 8 9
FIG. 1. Temperature-dependent quasiparticle density of states R,{100]
p.(E) as a function of energythe Kondo-lattice modgl Param- ) ) .
etersW=1 eV, S=7/2,J=0.2 eV, anch=0.2. For these param- FIG. 2. Conventional RKKY exchange integralg as a func-
eters the theory yieldsfc=232 K. The upper half for=1, and tion of the distancér;; between lattice sites in thg00) direction
the lower half foro= | . for various band occupations and different interband exchange

couplingsJ. ParametersT=0 K, W=1 eV, and the s.c. lattice.
For comparison a respective example of the modified RKKY model

remarkable temperature-dependence. Fef0 the | spec- i luded.

trum becomes rather simpléhe solid line in the upper half

of Fig. 1) since the local-moment system is ferromagneti-polaron states with finite lifetimes. Note that such elementary
cally saturated. A’ electron therefore has no chance to ex-processes are not recognizable when for mathematical sim-
change its spin with the localized spins. That means that onlyjicity classical spins $—) are assume®® 3! The QDOS

the Ising-like interaction term in Ed4) really works, lead-  in Fig. 1 clearly demonstrates that the conduction electrons
ing to a rigid shift of about-3JS of p;(E) with respect to  are not at all fully spin polarized as is often used in DMFT
the “free” Bloch DOS po(E). The down-spin QDOS, how- treatments of the KLM3! This is true only in the unphysi-
ever, is much more complicated, becausé¢ alectron can ¢l limit S— ce.

exchange its spin with the saturated localized spins. That |et us now concentrate the rest of the discussion on the
can, e.g., be done by emitting a magno@(q), where the  magnetic properties of the KLM. They are determined by the
electron reverses its spin fromto T.’ Consequently, this part respective behavior of the effective exchange integ}@ls

of the spectrun{“scattering statesJ exactly coincides with Figure 2 shows the distance dependencéiphs t fol-

p;(E). However, the| electron has another possibility to i
exchange its spin with the perfectly aligned localized spins!OWS from the conventional RKKY exchanggg. (30)]. We

It can polarize its local spin surrounding by repeated magnotc c03N12€ the well-known oscillating and long-range behav-

emission and reabsorption. This can even lead to a bound" According to Eq.(31) two parameters influence the os-

state, which we call the “magnetic polaron.” For the specialc'"at'on(; the |_nterb”and exchar_uglar_:\nd _the band_occupaznon
case of a single electron in an otherwise empty conduction n. The an“t.Udf . of_the o§C|IIat|on IS proporuonql o,
band coupled to a ferromagnetically saturated spin syste hile the p.enod is fixed via the chemical potential by
the formation of the magnetic polaron can rigorously pethe conductlo_n electron density A remarkable temperature
showr?*3 (see Fig. 1 in Ref. 37 Formation of a polaron dependence is not observed. )
costs more energy than magnon emission. Polaron states The oscillations of the effective exchange integthjsare
therefore build the upper part of tHespectrum. less regular when hlgher-qrder polarization eff_ects in the
Magnon emission by thé¢ electron is equivalent to mag- conduction band are taken into accoQEq. (36)]. Figures 3
non absorption of & electron, with one exception: magnon and 4 show two examples for two differedis and several
absorption can occur only if there are mangnons in the syd?and occupations.
tem. This is not the case @=0 in the ferromagnetic satu-  'he nonregulad dependence results from the fact, that
ration. At finite temperature, however, there are magnons t8PPears in Eq(36) not only as a prefactai® but also in a
be absorbed by electrons. Consequently, scattering statescomplicated manner via the Green functi@p, q,(E— ) of
appear in thel spectrum too. Because of the possible spinf[he_ polarized itinerant electron system. Of similar complex-
exchange both spin spectra occupy exactly the same enerdfy iS then-dependence. In the conventional RKKY exchange
region at allT>0. It is interesting to observe that even for [EQ. (31)] it comes into play only through the chemical po-
such a moderate coupling=0.2 eV W=1 eV) there tential in the Fermi fun_ctlon, Wh|_le in the full expressiteq.
opens a gap between lower and upper quasiparticle sul36)], several correlation functions such &s;), (Sn,,),
bands. In the lower subband the electron hops mainly ovefS "CiC o). - .. [Egs.(15), (17), and (18)] contribute to
lattice sites, where it orients its spin parallel to the localthe n dependence.
moment, either without or with a preceding spin-flip by mag-  To demonstrate the influence of the interband exchange

non emission(absorption. The upper subband consists of couplingJ on the effective Heisenberg exchange integﬁa}ls
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FIG. 5. Effective exchange integral, betweenxth nearest
neighbors x=1,2, ...,9) in the(100 direction(s. c. latticg as a
function of the interband exchange couplidg ParametersT
=0 K, n=0.2, W=1 eV, andS=7/2. Note the different energy
scales.

FIG. 3. Effective exchange integra&” of the “modified”
RKKY model as a function of the distané; in the (100) direction
for various band occupations. Parametefs:0 K, J=0.1 eV,
W=1 eV, s.c. lattice, an&=7/2.

in more detail, in Fig. 5 we plot thé dependence aly, X n=0.3, onlyJ; is of importance. A Heisenberg model with

:.1’ -+ -.9. Jy is the effective exchang_e integral be_tweennearest-neighbor exchange will appropriately describe the
sites separated along th€l00) direction by x lattice magnetic properties of the KLM
constants’ ?]4’ s '."]9 shqw an oscillatory strugture in the For largern, however, the exchange interaction becomes
weak-coupling region, being, one orde( of magnitude smalle(/ery long ranged:; eved, is not negligible. From Figs. 5 and
thanJ, ; and even two orders of magnitude smaller tdan ¢ \ye |eam that the interplay between the local interband
For J>Q'2 eVls, ... Jg are so S”O”Q'V damped that the exchangel and the band occupatiandoes lead to a rather
magnetism of the KLM can be described by a Heisenbergqnyjicated behavior of the effective RKKY exchange inte-
model with next- and next-nearest-neighbor exchanges only, ..\
In the weak-coupling regime, however, the higher terms™ rnq offective exchange integrals determine the magnetic
Js, ... Jo cannot be neglected. Similar statements can beyarties of the KLM. On the other hand, they depend on
found in Ref. 21. Maybe this is an explanation of W\g% CMR the electron self-energy which is strongly influenced by mag-
materials with highT c can be described reasonably wely  ic correlation functions. Typical examples of the latter are
a short-range Heisenberg model, while other materials W'ﬂblotted in Fig. 7, calculated fan=0.2 andJ=0.2 eV

. . . —24 . . L] . . .
lower T¢ exhibit strong deviationS>™**In any case the main "¢ glectronic part of the self-consistent solution, repre-
contribution to the exchange coupling stems from the nextyanteq by the temperature dependent QDOS, is shown in Fig.
nearest-neighborsl; determines the stable magnetic con-1 The Curie temperature is found as tohe=232 K. The
figuration. The negative slope df for J>0.5 eV already  |oca1-moment magnetizatiogS?) is of Brillouin function
indicates a breakdown of the ferromagnetic order, which igyne and the qualitative shapes of the other spin correlations

more carefully inspected below. o _ are also familiar from the pure Heisenberg model.
The effective exchange integralg exhibit an interesting The key-quantity of ferromagnetism is the Curie tempera-
electron-density dependen(@€g. 6). For low densities up to
0.02 -
0.15—y o8l N 7
" O=—0 n=0.155 [ 04} _J1 N _I
oat W 0--0 n=0.255 : 0.01F o2} — - I
of—- h
%‘ [ 0.2}
0 01
E o
b
=
-0.011
-0.02 ;
0.1 0.2 n 0.3 0.4
R, (100)
FIG. 6. The same effective exchange integrals as in Fig. 5, but
FIG. 4. The same as in Fig. 3, but fd,=0.2 eV. now as a function of the band occupatiorior J=0.2 eV.
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=0.2 eV,n=0.2,S=7/2, s. c. lattice, anilV=1 eV. The theory,
presented in the text, self-consistently yields=232 K.

coupling between the local moments, mediated by the spig
polarization of itinerant electrons. Therefore, a strong par-
ticle density dependence @f. has to be expected. Figure 8
showsT(n) for variousJ's from the weak- to moderate-

coupling regime, calculated according to E49).

Ferromagnetism appears for low parti¢hele) densities,
where the ferromagnetic region increases with increading
The T values are of realistic order. A similardependence
of Tc was found in Ref. 40 within an extended multiband

n

FIG. 9. The same as in Fig. 8, but calculated by use of the
“conventional” RKKY model.

According to conventional RKKY theory one would expect a
._..__monotonic increase ad with increasingT.. A mean-field
ture Tc. T¢c>0 comes out as a consequence of an indireChy 5 ,ation of the effective Heisenberg model would lead to

C""\]Z.

Our theory becomes identical to conventional RKKY
theory for smallJ. However, because of the random-phase
approximation(RPA) treatment of the Heisenberg operator

[Eq. (19)], there are deviations df. from J? behavior even

for smallJ. A more important and very characteristic feature
of our modified RKKY approach is the appearance of a criti-
cal couplingJ, for band occupationa=0.13, below which

no ferromagnetism occurs. This occurs for band fillings for

KLM. No ferromagnetism appears around half-filling (- \yhich conventional RKKY theory fails to yield a ferromag-
=1). It can be speculated that antiferromagnetism, which igotic Rpa solution(Fig. 9). Therefore the existence df,

not considered within our approach, becomes stable mear o5 not disprove the agreement of conventional and modi-
=1. Itis interesting to compare the results of Fig. 8 with fieq RKKY theory for smallJ. After a steep increase as func-

their conterparts from conventional RKKY resultsig. 9),
using the same model parameters and the samirmula
[Eqg. (48)]. The T values are higher, but the region bf

tion of J, T¢ runs into a kind of saturation, where the plateau
becomes smaller the larger the bandfillingWith a further
increase of], the Curie temperature again decreases and dis-

where ferromagnetism appears is distinctly narrower. Th%ppears at an upper criticalvalue. The upper critical value

critical n, where T vanishes again, is independent hfin

contrast to the full

The Curie temperature shows a remarkabtependence,

theory in Fig. 8.

of J coincides with the point where the stiffness constant

of the spin-wave dispersidiEq. (41)] [E(q)~Dg? near the

I' point] becomes negative due to a respective behavior of

which is plotted in Fig. 10 for various band occupations.ipe dominating effective exchange integrdls J,, andJs

400
— J=0.05¢V
300} —-=—- J=0.10eV . |
2N —— J=015eV T 7
< /.-\ \‘ = J=0.20eV ./ /'.\
=200} ! ‘.‘ \ - J=0.25¢eV ... ! B W
° R R J=030eV | A
vy I |
\ .\ . / I
100fp, %Y . I
‘\ oy 2 I’
\\ \\ ‘ ‘ M h ’ ’ II
% 62 04 06 08 1 12 14 16 18 2

n

400

n =0.05
n=01
--=n=0.2
‘n=03
n=04
n=05
n=0.6
- n=07
- n=0.8
- n=0.85

FIG. 8. Curie temperature as a function of the band occupation FIG. 10. Curie temperature as a function of the interband ex-

n for various interband exchanges coupling=(7/2, s. c. lattice,
andW=1 eV), calculated by use of the “modified” RKKY model.

lattice, andW=1 eV).
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FIG. 11. Spin-wave dispersion of the ferromagnetic Kondo-  F|G. 13. The same as in Fig. 12, but for higher band occupa-
lattice model as a function of the wave vector for different temperatjgns.

turesT. Parameters]=0.2 eV, n=0.2, S=7/2, s. c. lattice, and
W=1 eV. The self-consistently calculated Curie temperature is
Tc=232 K.

Changing the doping in Ill-V-based diluted magnetic

see the inset in Fig. 5 and E@8)]. It can be suspected that semiconductors such as 5aMn,As, or in man_ganites like
[ g @3] P La; _,CaMnOs, does alter the band occupation and there-

for largerJ the local-moment system becomes antiferromag-—¢ : _ . :
netic. Furthermore, it cannot be excluded that for still largerV!th the physics of these materials. It is therefore worthwhile

J's the system returns to ferromagnetism. These features af@ INSPect thex dependence of the spin-wave dispersion. This
far beyond conventional RKKY theory, and due to higher-'S done in Fig. 12 for low band occupations and in Fig. 13 for
order polarization terms which come into play via the full higher band occupations for a model system wilh
Green functionGy ; q,(E— &) in expressior(36) for the ef- :Q.Z eV. For low dens_itieeFig. 12 we observe a strength-
fective exchange integrafl(q). The manganites are often ening of the magnon dispersion with in_c_reas_ing band filling,
treated as ferromagnets with- in the KLM.2! According yvh_ﬂe the opposite is true for stronger f||||n_gl§|g. 13. This
to Fig. 10 this must be reexamined. Fd=W ferromag- IS in accordance with th&c behavior of Fig. 8. The band
netism is unlikely in the KLM. occupationn=0.485 is very close to the upper critical point
The spin-wave dispersion, plotted in Fig. 11 for the mainof the J=0.2 eV curve in Fig. 8. The corresponding spin-
symmetry direction, obtains, via the effective exchange intewave dispersion in Fig. 13 shows a strong softening. A
grals, a distinct temperature dependence. Upon heating ttatightly highern leads to parts of the Brillouin zone with
dispersion relation uniformly softens, disappearing abovenegative magnon energies, i.e., the ferromagnetic ground
Tc. This agrees qualitatively with a neutron-scattering studystate becomes unstable. The stiffnéssdefined byE(q)
of the spin dynamics in the manganite, RS, sMn03;.2?>  ~Dg? for g—0, becomes negative. The points whéde
However, we do not share the view of the authors of Ref. 22=D(n,J,T=0)=0" exactly coincide in our theory with
i.e., that the unexcepted results rule out a simple Heisenbetfjose for whichT=Tc(n,J)—0, directly derived from the
Hamiltonian. In our opinion the Heisenberg model works adocal-moment magnetizatio(S?). Qualitatively the sama
long as the exchange integrals are renormalized in a propelependence of the spin-wave dispersion was reported in Ref.

way by the conduction-electron self-energy. 41.
0.05 0.04
— | n=0.055
0.04f —— |n=0.105 1 .
-—-- | n=0.208 N 0.03F
R
Foosp - n=03s| \ | %
—_ | a ' =
z , I ; 2 0.02
w 0.02} .//..— - N 7 ] E
/ 1 I
P U ¥ I
0.01F g X} I 001
RN S I W Y
tr | L] \ /
gl 7/ ) ¥/
olaZZ
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FIG. 12. The same as in Fig. 11, but for different band occupa- FIG. 14. The same as in Fig. 11, but for different interband
tions atT=0 K. exchange couplingd atT=0 K.
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An example of thel dependence of the spin wave disper- ments. The effective exchange integrals are found by map-
sion is presented in Fig. 14E0.2, T=0 K, S=%).Again  ping the interband exchangs f) coupling, characteristic
we observe a strengthening of the dispersion @itthenT ¢ of the KLM, to an effective Heisenberg model. They turn out
increases simultaneously and a softening, whegmlecreases to be functions of the electronic self-energy, being therewith
(see Fig. 10 strongly temperature and electron density dependent. For

small J our theory reproduces the results of the well-known
V. SUMMARY conventional RKKY treatment, which represents second-

We have evaluated an approximate but self-consisten?rder perturbation theory to the KLM. Already for very mod-

theory for a local-moment ferromagnet described within theerateJ, however, substantial deviations appear, when higher-

framework of the ferromagnetic Kondo-lattice model. Can-Order terms of the induced conduction electron spin
didates for this model are magnetic semiconduct@so, Pelarization bring their influence to bear.
EuS, diluted magnetic semiconductors (GaMn,As), For the future the presented approach has to be extended

magnetic metals(Gd, Dy, TH and CMR materials [0 antiferromagnetic moment configurations in order to com-
(La;_,CaMnOs). We have used a previously developed plete the phase diagram. Furthermore, Coulomb correlations
Green-function technigdéfor a detailed investigation of the have to be introduced for the conduction-electron subsystem.
magnetic properties of the exchange-coupled local momeniFheir neglect in the original KLM seems to be only poorly
itinerant electron system. An extended RKKY mechanismjustified.

has been worked out to derive magnetic phase diagrams as It is further intended to apply the modified RKKY proce-
well as spin-wave dispersions. The latter show strong deperdure to the antiferromagnetic KLMJ&K0) in order to inves-
dencies on the temperatufeniform softening forT—T¢),  tigate the interplay between “Kondo screening” and the
on the band occupation, and on the exchange couplidg RKKY procedure. This, however, requires a serious check
These dependencies are due to the respective behaviors whether or not the MCDA in its present foffis able to

the effective exchange integrals between the localized maaccount for the subtle low-temperatuit¢ondo) physics.

1C. Zener, Phys. Re81, 440(1951). 20T.G. Perring, G. Aeppli, S.M. Hayden, S.A. Carter, J.P. Remeika,
2p.W. Anderson and H. Hasegawa, Phys. Ré&0, 675 (1955. and S.-W. Cheong, Phys. Rev. Leff, 711(1996.

jT- Kasuya, Prog. Theor. Phy6, 45 (1956. 2IN. Furukawa, J. Phys. Soc. Jib, 1174(1996.

53- Kondo, Prog. Theor. Phy82, 37 (1964. 22H.Y. Hwang, P. Dai, S.-W. Cheong, G. Aeppli, D.A. Tennant, and
E.L. Nagaev, Phys. Status Solidi@, 11 (1974. H.A. Mook, Phys. Rev. Lett80, 1316(1998.

SW. Nolting, Phys. Status Solidi B6, 11 (1979.

’S. G. Ovchinnikov, Phase Transi6, 15 (1991).

8Magnetism and Electronic Correlations in Local-Moment Sys-
tems; Rare-Earth Elements and Compouyretdited by M. Do-

2] A. Fernandez-Baca, P. Dai, H.Y. Hwang, C. Kloc, and S.-W.
Cheong, Phys. Rev. LetB0, 4012(1998.
24p. Dai, H.Y. Hwang, J.A. Fernandez-Baca, S.-W. Cheng, C. Kloc,

nath, P. A. Dowben, and W. NoltingWorld Scientific, Sin- Y. Tomioka, and Y. Tokura, Phys. Rev. @&, 9553(2000.
gapore, 1998 2°X. Wang, Phys. Rev. B57, 7427(1998.

°G. Busch, P. Junod, and P. Wachter, Phys. Ld® 11  “°M. \Voigt, C. Santos, and W. Nolting, Phys. Status Solid223
(1964. 679 (2002.

10R. Schiller and W. Nolting, Solid State Commua18 173  2’IV. Solovyev and K. Terakura, Phys. Rev. Le&82, 2959(1999.
(2002). 28F, Mancini, N.B. Perkins, and N.M. Plakida, cond-mat/0011464

1p G. Steeneken, L.H. Tjeng, I. Elfimov, G.A. Sawatzky, G. Ghir-  (unpublishejl
inghelli, N.B. Brookes, and D.-J. Huan, cond-mat/0105627-  2°N. FurukawaPhysics of Manganite?lenum, New York, 1999
published. p. 1.
12R. schiller and W. Nolting, Phys. Rev. Le86, 3847(2001). 30A.J. Millis, P.B. Littlewood, and B.I. Shraiman, Phys. Rev. Lett.
13 W. Roeland, G.J. Cock, F.A. Muller, C.A. Moleman, K.A.M. 74, 5144(1995.
McEwen, R.C. Jordan, and D.W. Jones, J. Phys. F: Met. Bhys. 3!K. Held and D. Vollhardt, Phys. Rev. Le®4, 5168(2000, the

L233 (1975. authors incorporate a Hubbard-interaction between the conduc-
143, Rex, V. Eyert, and W. Nolting, J. Magn. Magn. Mafk92, 529 tion electrons “correlated KLM.”
(1999. 32W. Nolting, S. Rex, and S.M. Jaya, J. Phys.: Condens. Matter
15H. Ohno, Scienc@81, 951 (1998. 1301(1997.
16F. Matsukura, H. Ohno, A. Shen, and Y. Sugawara, Phys. Rev. B2R. Schiller, W. Muler, and W. Nolting, Phys. Rev. B4, 134409
57, R2037(1998. (2002.
173, Jin, T.H. Tiefel, M. McCorneck, R.A. Fastnacht, R. Ramesh,**B.S. Shastry and D.C. Mattis, Phys. Rev2B 5340(1981).
and L.H. Chen, Scienc264, 413(1994). 35W. Nolting, U. Dubil, and M. Matlak, J. Phys.: Condens. Matter
18A P. Ramirez, J. Phys.: Condens. Matger8171(1997). 18, 3687(1985.
193, satpathy, Z.S. Popovic, and F.R. Vukajlovic, Phys. Rev. Lett**W. Nolting, S. Mathi, and S. Rex, Phys. Rev. B}, 14 455
76, 960(1996. (1996.

144419-10



FERROMAGNETISM IN THE KONDO-LATTICE MODEL PHYSICAL REVIEW B65 144419

37 D. Meyer, C. Santos, and W. Nolting, J. Phys.: Condens. Mattef°A. Chattopadhyay and A.J. Millis, Phys. Rev. &, 024424

13, 2531(2001). (2002.
38H.B. Callen, Phys. Re\l30, 890(1963. 41p. Wurth and E. Mlker-Hartmann, Eur. Phys. J. B 403(1998.
%Note thatJ, is already the fourth-nearest neighbor.

144419-11



