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Theory of spin waves in a ferromagnetic Kondo lattice model

Xindong Wang
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114
(Received 22 September 1997

A random-phase approximation theory for spin waves in a ferromagnetic Kondo lattice model is presented.
In the strong-coupling limit, this theory agrees with the existing theoretical results, in which the magnetic
coupling is taken to be infinita priori. It is shown explicitly that, in the strong-coupling limit, the spin-wave
spectrum of the system is identical to that of a short-range Heisenberg model for the case of a single conduc-
tion band with short-range hopping integrals. In the intermediate coupling regime, on the other hand, more
complicated effects, such as softening or disappearance of spin waves, are likely to be observed.
[S0163-182698)04414-3

This paper presents a random-phase approxim@®&#)  limit, for a single conduction band with short-range hopping
theory of spin waves for the following ferromagnetic Kondo integrals, the spin-wave spectrum is exactly that of a Heisen-
lattice model(FKLM) with the Hamiltonian, berg ferromagnet with short-range couplings. Then the inter-

mediate coupling regime is discussed. A condition for the
_ 2 T 2 R stability of ferromagnetic ground state assumed in the RPA
H—_<i o (i;Ci .CjutHC)—J : Ciu(2TwCiv S, treatment is presented. It is shown by numerical examples
o that in the intermediate coupling regime, both spin-wave
() . . .
softening and disappearance may happen. Finally, the effect
wherec'/c’s are the fermion creation/annihilation operators,of direct antiferromagnetic couplings between local spins
i,j are site indicesy, v are spin indicesy is the pauli ma- due to superexchange is discussed.
trix, andS’s are the local quantum spins. The magnetic cou- The spin-wave spectrum is given by the poles of the fol-
pling constant) is positive. Thet; ;'s are the hopping inte- lowing correlation function(for a reference on double time
grals. Both the infinite) limit and the intermediatd regime  Green functions, see Ref):5
are considered here.
It is generally believed that the FKLM model can account  x* 7 (q,0)=(S" (= q)|S7(q)).
for the low-temperature magnetic properties of

La; - ,M,MnO; whereM stands for a divalent ion anx is Ef dt(—i)0(t)([S"(—q,1),S (q,0)]_)
around 0.3. In this model the loc&= 2 quantum spins are e '
formed by the localized,, electrons due to the strong X exgi(w+i0")t] ©)

Hund’s rule coupling. The remaining-1x (per Mn) e, elec-
trons have a finite hopping integral between Mn sites angyheres, =1, 4(t) is the step function,
couple ferromagnetically to the local spins. Because of the

large Hund'’s rule coupling between theelectrons of MnJ R Trexg — H/T)é(t))]
is estimated of the order of 1 eV. Most theoretical treatments (O(t))= , 3
of spin waves in FKLM so far have concentrated on the Triexp(—H/T)]

infinite J limit,>2 in which an effective single spin Hamil- q

tonian (or action is the starting point. In real systems the

hopping integralgt| may be as large as 0.5 eV, which puts 1

the infinite J approximation in question. Recent neutron- _ = in D

scattering experiment$ have measured the spin-wave spec- Sa)= JN Z S exp—ia-Ry). @
tra in various manganites. While for high Curie temperature

samples, Heisenberg ferromagnet behavior was obséived, Applying the following equation of motion,

some lower Curie temperature samples, softening or disap-

pearance of higher-energy spin waves were obsetérbse o{ST(—q)|ST(q),=(ST(—q),S (9)])
considerations call for a more careful investigation of . ~
FKLM, particularly in the intermediate coupling regime, —([H,S"(—a)]-[S (@)),, B

which is the purpose of this paper. h
The rest of the paper is organized as follows. First, anVe have
RPA theory of spin waves for the FKLM is presented. The

long-wavelength limit is then taken and an analytical expres- o(ST(~)[S7(9)w

sion for the spin-wave stiffness is obtained. In the strong- 3

coupling limit, it is shown that the present theory agrees with =2(S)—— >, (3" (—q")S(q' = q)|S(q)).
the existing results. It is also explicitly shown that in this \/N q'
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J -
t= > (3(-9)S'(a' —a)|S (@), (6)
q/
where
s(q) EJ__ siexp(—iq-R;)
T_; b (37wt (7

We then use the following RPA decoupling scheme
(87(a")SHA")[S™ (@), =(SAA))S(a)IS (D)),

(8%a")S™(a")S™ (@) =(51(a"))XS™(a")IS (D)4, ®
to get
(ST (—)[S7(9)),=2(S) —HSHS"(—a)[S™(a))s
+IENS(—DIST(@)e. (9
Similarly, we have
w<cl+q,TCk,¢|Si(Q)>w:(fk_€k+q)<cl+q,wck,1|si(Q)>w

N Ik, )= (Nisqr)

2VN

D[S (A),+ IS

X{S"(—

X(C1q1Ck[ST(@)y,  (10)
from which we get
J N )—(n
(8" (- IS (@)=5y wa{g%f(:ki“Q:m)
><<S+(—q)|8‘(q)>w- 11

Solving Egs(9) and(11), we obtain the main equation of
this paper,

an, IXS) L + _
w=IS)+ —5— xo (A,@) (ST(=A)|S (A)),
=S, (12)
where
e 1 (N, 1) — (Mg p)
CICEDE D ey = e S

Thus the spin-wave dispersion is given by the solutions of

the following equation:

2( s

14

—(0=J&))= Xo (Q,).

In the long-wavelength limit/g|—0, expandy, to the
order ofg?, we have
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i _ 2(s%) ® 1
Xo (q—>0)"‘J<Sz> 1+J<SZ> _2J2<SZ>2
1 R .
X N; (<nkT>+<nk1>)(Q'V)2€k>
+W( E (i)
_<ﬁki>)(Q'V5k)2)- (15
Thus the spin-wave stiffness is
A 1 . N -
D(q):Stotl(m Ek: (A ) + (P )(G- V)2 e
L S N
TINKS) 4 (i) = (M) Ve,
(16)

whereS;=(S)+(S).

In the strong-coupling limit, the majority-spin and
minority-spin bands do not overlap with each other, and with
the filling ratio no larger than 1, we have a half-metallic
system, i.e.{n,;)=0. In the strong-coupling limit, we also
have €,/J(S)—0, and (5%)=1/2N3(Ny;)=(1-x)/2,
therefore from Eq(16) we get

74 X o 1 A A 2
D(@)y == ()+ | | 2q 2 ()@ V)%e],
AN %

17
where x is the doping concentration. Equatiq6) is in
agreement with the results of Refs. 1 and 2

On the other hand, we can also take the infiditamit to
get an expression for the spin-wave spectrum over the whole

Brillouin zone from Eq(14). Note that in this limit, Eq(13)
gives

_ 1 w+ € €x
+ —_K k79
Xo (J—x)=~ J<SZ> N E <nk T>( J<SZ> )r
(18)
thus we have for the spin-wave spectrum,
, 1 .
(@)= St 5y 2 (€-q= (M), (19

which agrees with Ref. 1 that used a different approach. Tak-
ing the limit q— 0, we again obtain Eq17).

For a single band tight-binding model with short-range
hopping integrals, we have

Ek=—2§ ty cogk-A), (20)

whereA’s are the neighboring site indices atgls are the
corresponding hopping integrals. Hence,

1 .
(@)1= S Iy 2 ()2 ta cosk-A)

X[1—cogq-A)], (21)
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FIG. 1. Spin-wave dispersiofsolid line) and bare susceptibility

(dashed lingfor a simple cubic FKLM with nearest-neighbor hop-

FIG. 2. Spin-wave dispersiofsolid line) and Stoner threshold
ping, E;=—3.%, andJ=4.8.

(dotted ling for a simple cubic FKLM with nearest-neighbor hop-
ping, E;=—4.00%3, andJ=4.Cx.

where the sum of an odd functioB,(n;)sink-A) =0, has

been used. This is exactly the spin-wave spectrum of goftening is closely related to the peak around [ib@l1] of

Heisenberg ferromagnet with Xo ~ (also shown in Fig. L This is to be expected by in-

1 specting Eq.(14). Sincex, ~ is very much band-structure
- o dependent, we have not tried to fit the neutron-scattering

Iho=z5c Ngi)ta cogk-A).

SO 2N, ; (Niq )ty cogtk-4) results of Hwanget al*

. . . . ) o For a different set of parametefg;=—4.008 and J
This result is consistent with the observation that in higher_ 4t), Fig. 2 shows how the spin waves merge into the Ston-

Curie temperature samples, the spin-wave spectrum is that b continuum, which is a common feature in many metallic
a nearest-neighbor Heisenberg moti&he same conclusion

| hed b Ko I 4 ) ferromagnets. In this case, a characteristic threshold energy
was aiso reacned by Furukatwacently. We note in passing ws is defined beyond which the imaginary partgf ~ be-
that at half filling((ny ;)=1, (ny|)=0), even in the limit of

. - .. comes finite.
J—, the ferromagnetic ground state is not stable, which is Finally, we would like to comment on the role of possible

ies\a(ejgnt from Eq.(16) since the first term in Eq(16) van- superexchangédirect antiferromagnetic coupling between

. . . .__the local spins. The Hamiltonian, in this case, is
We now turn our attention to the intermediate coupling
regime. First we present a necessary condition for the stabil-

ity of the assumed ferromagnetic ground state that is the H=— E (ti,jCiT,qu,;fl_ H_c_)—Jz CiT,u(%T)MvCi,V'S
basis for our RPA treatment. The stability of the ferromag- (ih)u ' [
netic ground state requires that
+3'> S-S, (24)
X" (g#0,0=0)>0. (22 i
This in turn implies[cf. Eq. (11)] whereJ’' >0. It is straightforward to generalize E(L2) to
+- +- 2(S) : TS o
Xo (q#0,0=0)<x, (0,0= GE (23) w+2I' M=)+ —— X0 (A,)
In all our numerical results below, the stability condition has X(ST(—=q)|ST(0)),=2(SY, (25

been checked and was found to hold.

We have shown that if the conduction electrons can bavhere
described by a single band tight-binding model, the corre-
sponding FKLM in the strong-coupling limit has the same _
spin-wave spectrum as that of a Heisenberg model with Mq)_§ [1=codq-A)]. (26)
short-range couplings. It is interesting to see if, in the inter-
mediate coupling regime for the same single band model, & is clear that in the strong coupling limit,
more complicated spin-wave spectrum than that of the
simple Heisenberg model type may occur. We have found 4 1 - )
that, indeed, both spin-wave softening and the dispearance of @(@i-==Swt 5 ; (€k—q~ €M) —23'N(0),
spin waves into the Stonner continuum may occur in the (27)
intermediate coupling regime.

Figure 1 shows the spin-wave dispersion solved from Egwhich can be viewed as the superposition of a ferromagnetic
(14) along [001] for a simple cubic model with nearest- Heisenberg model spectrum and an antiferromagnetic
neighbor hoppingE;=—3.% (n~0.5), andJ=4.8&. The Heisenberg model spectrum. That is to say that, as long as
softening at the zone boundary is evident. We found that thishe ground state remains ferromagnetic, the spin-wave spec-
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trum should still be that of a Heisenberg ferromagnet in themodel calculation, the softening is due to the additional
infinite J limit. peaks ofyo(q,0) other than that at thié point. We also show
In conclusion, we have presented an RPA theory for spinhat as long as the infinité limit is taken, the inclusion of

waves in FKLM for both the strong-coupling limit and the superexchange antiferromagnetic coupling between local
intermediate coupling regime. In the strong-coupling limit, spins does not change the nature of the spin-wave spectrum.
we show that if the conduction electrons can be described by

a single band tight-binding model, a Heisenberg-like spin- The author thanks Professor B. N. Harmon and Dr. P. Dai
wave spectrum is to be expecttfdoughoutthe whole zone. for helpful discussions, and Dr. C. L. Fu and Dr. W. H.
Our results for the strong-coupling limit agree with existing Butler for critical readings of the manuscript. Research per-
results withJ—c takena priori."? We show that in the formed as a Eugene P. Wigner Fellow and staff member at
intermediate coupling regime, more complicated spin-wavehe Oak Ridge National Laboratory and sponsored by the
spectra, such as softening or disappearance of spin waves cBivision of Materials Sciences, U.S. Department of Energy
be observed. Both are closely related to the detailed struainder Contract No. DE-AC05-960R22464 with Lockheed
tures of the bare susceptibilifg; ~ . In our simple numerical Martin Energy Research Corporation.
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