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In this paper we study the self-excitations of
coupled localized and itinerant spin systems. We calculate
the transverse dynamic susceptibility of the itinerant part,
using the method of double-time Green's functions. In the
narrow band limit the role of the coupling parameter on the

poles and the susceptibility itself is physically interpreted.



1. Introduction

The self-excitations of localized and itinerant
spin systems have been extensively studied in the literatu
re(l’z), individual or collective excitations being obtained
according to the approximations used. |

The possibility of coexistence and mutual influence
of itinerant and localized spins has been considered by seve-

(3,4,5,7,8)

ral authors A possible example where this might

occur is the case of Eu deB6 (0<x<1). These compounds

1-x
were investigated by Glaunsinger(é) using EPR. EuB6 is a

ferromagnetic semiconductor with a conduction-electron density
of about 0.09 eg/EBu, and GdB6 is a metal with one conduction

2+

electron per Gd site. Since both Eu and Gd3+ have identical

3+ can be substituted for Eu2+ in EuB6

magnetic moments and Gd
with only a slight change in lattice parameter, the variation
of x in Eul-dexB6 provides a series of materials having
different conduction-electron, but identical magnetic-ion, con
centrations. If one assumes that the effective coupling
between Eu in EuB, is Bloemberg-Rowland-like, whereas for Gd
in GdB6 it is RKKY-like, it is reasonable to think that for
Eul—dexB6 (0<x<1) the two mechanisms may coexist.

In this paper we consider a system consisting of
conduction electrons and localized spins. The localized spins
are coupled, via exchange, to the itinerant electrons. The

localized spins interactions are Heisenberg-like and the con-

duction band is described in the Hartree-Fock (H-F) approxi-
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mation. Our purpose is to obtain the dynamic susceptibilities
of the itinerant spins and the excitation spectra. Using the
RPA approximation and the narrow band limit our results are
compared with the corresponding localized spin susceptibilities
obtained by Wortmann(7’8). The results are discussed consi-
dering the non-interacting systems and the role of the coupling
parameter.

The plan of the paper is as follows. In section 2
the model Hamiltonian as well as the quantities of interest
are introduced. In section 3, the double-time Green's function
(GF) which represent the dynamic susceptibilities are obtained
in the RPA approximation. Finally, in the narrow band limit,
the excitation spectra and the susceptibilities which now
have optical and accoustic branches, are physically interpreted
considering the role of the coupling parameter, and the suscep-
tibilities of the non-interacting systems. A comparison with
Wortmann's work(s) where the localized dynamic susceptibilities

are studied is also made.

2. Formulation of the Problen.

The Hamiltonian of the system is

Ho=Hp + H + H, . (2.1)

HE describes the conduction electrons

He = ) T°(ij) cf_ <. 2.2
E i,3,0 ioc Tjo ( )

+

Cio(cjo) stand for Wannier creation (destruction) operator,
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Tc(ij) is the energy of the conduction band

T0(ij) = T(i§) - 3lo-1) a8

where A is the shift of the bands. In the H-F approximation
A = I<n+ - n, >, I is the Coulomb interaction, g{algebraic
symbol) = %1, and o(index) = t+o0T +.

Hy stands for the Heisenberg part

‘ 1 . > >
H = - Yy J(ij) S..S; (2.3)
i,j )

-
with the spin operators Si’ and the interaction parameter

J(ij), which depends on the lattice sites. We consider only
interaction between nearest neighbouring spins, and J(ij)
should be isotropic because of lattice symmetry.

H. describes the exchange interaction between the localized

int

and itinerant spins

_ Z,  _ + 4+ - o+
Hing = - % } {Si(ni+ nj ) *8; ©3,%4 * Si Sy Ci+} (2.4)

Here g is the coupling parameter and n; stands for the num-
ber erat N

operator c; c. .

The quantities of interest are the dynamic suscepti-

bilities of the itinerant spins. The transverse susceptibili-

ties are the Fourier transform of the double-time Green's

functions (GF)(Z) <<A;B>> with A = si, B = S:k or S:k , where

ikR;
; © 53 (2.5a)

o I+

=

Z| ly—a
C



+ 1 + - 1 +
S, = — ) c ¢ , 8§, = — ) c  ¢C (2.5b)
k /N 4 q+ k+qv k /N4 q+y k+g+
ikR. -jikR.
ci =1 Z e et s Cp. = 1 Y e ¢ - (2.5¢)
° JN 1 to ° UN i o

These susceptibilities must satisfy the equation of

(9)

motion

w<<A;B>> = 2%. <[A’B]i> + <<[A,H]_; B>>. (2.6)

In the following section we study the equations of

motion of the susceptibilities <<s; ; S_y>> and <<s; ;S

_k>> o

3. Equations of motion, approximations and dynamic magnetic
responses.

In the computation of the susceptibilities the

following results will be used
+ . + ; +
[Ci+cj¢’H}_ = ;.&T (mj) €i+Smy i T (im) Cm+cj+}

+

+-§{(Si + Sz) c

] i¢cj+
+ o+ + 4+
TS5 C4,%54 Sy Ci+cj¢}

Cifcj+ , : (3.1)



+ _ ) Zot _ ot 2 g ot n
[Si,H]_ -2 % Jeiny(sts] - st s + § 8] (g, n; )

- g SZC+

i€i4C1 (3.2)

In order to obtain the GF <<s; ; s:k>> we begin

. + +
studying the GF <<€ 4G5y CoyCmp”>" These two GF are re-
lated by (2.5).

From (3.1) and (2.6) we obtain

+ +
— - . . > =
{“’ A } <<Ci4%540 CaiCmy7

1 < * C >§ - <c+ (o >8
7T { €i+m17 % 2+Sj5+7%im }

. + .+
+ % {T(p]) <<Cyy Cp+’ CoyCma’”
. + +
_T(lp)<<cp+ Cj+ > Coy Cm+>>}

+

g z z, _* +
<<(Si + Sj) c..C >

. ;¢ ¢
2 ir 3 gy mp”

- glo.gt ot oot
5 <<SJ cM Cj+’ cg+cm+>>

- S+ M C. c+ c
<< i Ci+ j‘«’ QI+ m+>>} . (3'3)

Using the RPA approximation

7 + + z + +
T Cc.. C. ; . C. .
<<Sl Ci, e Coy Smp”> ™ <S ><<C1+CJ+’ Coy Smp>> (3.4a)



+ + + + +
. .o . . > . .
<<SJ C1¢ CJ+’ C2+ Cm+>> v <C1¢CJ+ <<SJ’ C2+ Cm¢>> (3.4b)
<<§ + : + >> - <c+ C. > << S + >>
Civ 547 S Cma ivGie €24 m4 (3.4¢)

Combining (3.4) with (3.3)

z + .+ _
& w - A- g<S§ >} <<Ci+cj+’ CosCms>”

= 1 < N > 8 - < T >8
2T " Ci+m+7 %5 ¢ CovCiv un}

. + +
- {T(pj) “SCiaCpyt CavCmr”?
P
. + +
"T(p)<<cpys c5u5 ¢y Cm+>>}
- <S+‘ * >
2 4S54 i°Cev “mt
- <c+ C ><<S + >>
iv 7y CovCma (3.5)
where <S§> = <8%> due to translation symmetry.
+ + . .
For the new GF <<Si ; cn+cm+>>wh1ch appear in

(3.5), using (3.2) and (2.6), we have

- z - & -
{w 2 S7>J(0) n,-n >}«S n¢ Cop””=
- z
= <84 Y J(12)<<S n+ Cot”
1,2
- <S ><< +
8 C1+ ivy°%nsCmr”” (3.6)
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Solving for (3.5) and (3.6), via a Fourier transform,

we obtain

2 -—
{‘w-2<SZ>[J(0)—J(k)] - & «,-n > - & <% X(k,w)}<<s;;s_k>>=

- 7%_ ¥ (K, ©) iw -2<8%> [J(0)-J(K)] - & <n+-n¢>} (3.7)

where J(k), e(k), and x(k,w) are defined by

~ik (R, -R.)
JGi =k Tam e (3.82)
k
ik (R; -R;)
x(K,w) = % Tqr” " Perqy” (3.8¢)

q {w-A-g<SZ>—gk+q+sq}

+ - 1 .
For g=0, <<s; 5 s_y>> = 5= x(k,w) is the well known

transverse susceptibility for the pure itinerant system. In

Eq. (3.7), <n -n¢>/2 is the polarization of the conduction

4
electrons and 2<SZ>[J(O) - J(k)] is the energy of magnons in
a Heisenberg ferromagnet.
In the narrow conduction band limit we can put
€q “fk+q’ for all k,q in the first Brillouin zone.
This simplifies the term in g2 of (3.7) and the poles

of the GF <<s£ » S_y>>» SO that we get as a final result

+ -
<<S$, ;S >> =
k’”-k

<g%> { Do(k) . Da(k) } (3.9)
w=w (k) m—wa(k)



where
. 2 1/2
wo(k) = %—[ml(k) + ms} + g%{:‘ﬂl(k) - ‘“3:[ + “’2} (3.10a)
2 1/2
1
wa(k) .-_%_ [wl(k) + wS] - &Z [wl(k) - ‘*’3:, + “’2} (3.10b)
1 2 | 1/2
Do(k) = [mo(k) - wl(k):l/Z {Z [wl(k)_ ws:[ + wZ} (3.113.)
1 2 1/2
0,00 = [5y00 - w0 ]2 (3 a0- o] L ug) (3.11b)
w (k) = 2<% [J(O)-J(k)]+ £ <n -n > (3.12a)
L z
w, = gf <S> <n,-n > (3.12b)
wy = g <8%>+ 4 (3.12¢)
1
<g?s = 7 <n,-n > (3.12d)

From (3.11) we have

D (k) + D (k) =1 (3.13)

Equation (3.9) corresponds to equation (10) of refe-
rence 8, changing s, Do(k) and Da(k) for S, Ca(k) and Cg(k) ,
respectively. Worth noting is the change from optical to acaeustic
indices (Do(k) to Ca(k))as we go from the itinerant to the loca-
lized susceptibilities.

An analysis of both itinerant and localized dynamic
susceptibilities, <§S£ ; s:k>> ~and <<S£ ; S:k??; and the above

mentioned connection suggest how to interpret the coefficients
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D's and C's as well as the existence of the optical and acous
tic branches in the excitation spectra of the coupled system.

For g=0, in the narrow band limit, wo(k) is a line
centered in A, and wa(k) reproduces the magnon spectrum of the
localized system. For g # 0, the dynamic susceptibilities of
the itinerant part now have features of the localized part. The
coefficients Do(k)(Da(k))and the poles wo(k)(wa(k))reflect, as a
function of k, the importance of the itinerant and localized
contributions. The same analysis can be made for the localized
dynamic susceptibility, changing Do(k)(Da(k)) for Ca(k)(Co(k)).
The poles of the susceptibilities have also optical and acoustic
contributions. |

‘To conclude, we also consider the hybrid dynamic
susceptibility <<S; ; s:k>> , that can be obtained from (3.6)
and (3.7). In the narrow band limit we have

<<Si§ ; S_k>> = % <S%><s?s B(k)& 1

. -
- 3.14)
w= wy (k) w-wo(k)} , (

where
1

z{ %[wlck)—MS]z N mz}l/z

An analysis of B(k) versus k shows that B(k) has a

B(k) =

(3.15)

maximum at a ko value for which mo(k) and ma(k) are closest to
each other (see fig. 1 of ref. 8) and where the system may

equally respond in either branch.
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