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CONDUCTION ELECTRON EFFECTS ON LOCALIZED SPIN EXCITATIONS IN THE

REKKY-THEORY OF MAGNETISM

V. Christoph, A.L. Kuzemsky and Th. Frauenheim

Joint Institute for Nuclear Research, Dubna, 10100 Moscow
P.0. Box 79, USSR

INTRODUCTION

The magnetic scattering of thermal neutrons is a unique tech-
nique for establishing both the static and the dynamic properties
of magnetic correlations. For interpreting neutron inelastic mag-
netic scattering data on heavy rare earth metals, the calculations
of the magnetic susceptibility and the magnetic excitation spectrum
are of particular interest'™!!, 1In rare earth metals the exchange
interaction between the localized 4f electrons and the extended
(conduction) electrons (REKY exchange) is basic for understanding
their magnetic and electric propertles"

In order to avoid the difficulties connected with erystal field
and anisotropy effects, we restrict our consideration to rare earth
metals like Gd. Recent detailed experimental and theoretical exami-
nations®”'* confirm the spin moment of the Gd ion to be a good quan-
tum number. The d-band, having a width of 5-7 eV, lies well above
the 4f level and is about one fourth occupied. The density of
states of tlie d-electrons at the Fermi level is much higher than
the density of states of the s(p) electrons® !?. The general con-
clusion drawm from these investigations was that the conduction elec-
trons, which play an essential role in the mechanism of RKKY exchange
in the heavy rare earth metals, cannot be considered as free s-elec-
trons as assumed in early papers?'?, but rather as similar to tight-
binding d-electrons in transition metals"”!". 1In particular, the
magnetic excitation spectrum of Gd has been calculated!! taking into
consideration the d-like character of the extended electrons. Start-
ing with an APW calculation of the band structure and wave functions,
the RKKY exchange matrix elements were obtained. Agreement of the
calculated magnon spectrum with the experimental one'® could be
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obtained by reducing the calculated values by a scale factor of
about four. In a more recent paper'® the generalized spin suscepti-
bility has been calculated using the KKR method.

In the present report the generalized spin susceptibility and
the magnon spectrum of Gd metal has been calculated. The tight-
binding d-like character of the conduction electrons and the elec-
tron-electron and electron-phonon interaction are taken into account
in a unified manner. The contributions of different interactions to
the magnon damping are estimated, and the lower temperature depen-
dence of the magnon width is calculated. As has been noted'’, the
magnon lifetime investigations in Gd at low temperature should give
information on different interactions and their roles and significance
in the heavy rare earth metals.

RARE EARTH METAL MODEL

Neglecting crystal field and anisotropy effects, we describe
the rare earth metal by localized 4f spins, interacting with d-like
tight-binding conduction electrons. We take into consideration the
electron-electron and electron-phonon interactions in the frame-
work of a model given by S. Barisic et al.'®. The Hamiltonian'®
is a generalization of the well known Hubbard Hamiltonian'® and has
been investigated in detail in Ref. 20.

The total Hamiltonian is:

H-Hd+Hd_f+Hd_ph+th, (1)

where

+ u + +
H= E —
d ;; E(k)oy o o 5oy ;;, ook -q, 0"k ,~0 (2)
o

w0

is the Hubbard Hamiltonian'®. For the tight-binding d-electrons we
-+ = +

use E(k) = 2§c(aa)cos(k ), where t(a,) is the hopping integral be-
tween next nearest neighbors ", and Ea (a=1,2,3) denotes the lattice
vectors in a simple lattice with inversion center. The second term
in (2) describes the Coulomb interaction of electrons with opposite
spins at the same lattice site. The REKY Hamiltonian describing

the interaction of the total 4f spin % with the spin density of the
conduction electrons has the form

- + ik z - +
By . 7ﬁ-£;{(ak+ak+q+ ak¢uk+q+)S_q+(uk+mk+q+s_q+c.c.)} 3)

where J is the local REKY exchange integral. In general the exchange
integral stronglg depends on the wave vectors k and q having maximum
values at k=q=0'l, For simplicity we restrict ourselves to a local
exchange. The generalization to non-local exchange is straight-
forward, For the electron-phonon interaction we use!®:

3 ()

Y
E LV (k’k+Q)qumk+unkU

H =
d-ph kq OV

where

Vo 2igo -+ o, el + o+
v (k,k+q)= Fd g t(aa)ev(q){sin aak sin aa(k+q)}. (5)

In (5) g, is the Slater coefgicient originating in the exp?nential
decrease of the d-functions ", N is Ehe number of unit cells in thg
crystal, and M is the ion mass. ev(q) (v=1,2,3) are the polarization
vectors of the phonon modes.

For the vibrating ion system we have

L et 2 qu)Q” 6

== P P 4w (qv )

%h zﬁﬁqqu Jq)qw%u

where P, and Q are the normal coordinates and wg(gv) are the

12 o i bbard model, the
accoustical phonon frequencies. Thus, as in therHu ard model,
d- and s-(p)bands are replaced by one "effective" band in our model”.
However, the s-electrons give rise to screening effects and are
taken into account by choosing proper values of J, U and the ac-
coustical phonon frequences mo(qu) .

GENERALIZED SPIN SUSCEPTIBILITY

We are interested in the Fourier transform of the generalized
susceptibility of the localized f-spins <<Stls_k>> where

<<sE(0) |87, (0)>>=-18 (£)< (S (©)S_, (0)]> M

b7, 7 s
is the usual double-time commutator Green's function®® and Sy is
the Fourier transform of the f-spin 5j. For the calculation of
|8z i 's function technique®? al-
<<8f|82>> we use the irreducible Green's functio que”? al-
ready applied to the Hubbard model in the atomic and band limits® .

The method of calculation is based on using the generalized
matrix Green's function
+| o~ +y -

<<sT |87, >> <<8 |c_ >

k| =k k k (8)

A i 2
<< >
< IR sie= O |0y

where the Fourier components of the conduction electron spin densities,

=5.0p =% ot have been introduced. It may be
OF=L 0 40ktqy 2Nd OR=L 00 d0ppats
sEow% tﬁat %he equation of m:gion for G [Eq.(8)] may be exastly trans-
formed to the Dyson equation by using the irreducible Green's
functions with an explicit representation of the mass operator. The
exact Dyson equation is given by

G = G +C MG, (9)
o o




where M i G i
is the mass operator and G, is the mean field Green's function.

of G, and M, when the mean fi b i T
o gPA-resultzs_ eld Green's function G5 coincides with

Hence the determination of EO has been reduced to the determination

DAMPING OF SPIN WAVES IN THE COUPLED LOCAL MOMENT-ELECTRON SYSTEM

In order to estimate the damping of the localized spin exci-

tation spectrum due to electron-magnon and electron phonon scattering,:

we calculate the local spin susceptibility for small k and w

~-1/2
<<S+|S_k>> _ 2N <5z>

k'-k T -1/2_zz
m—sk—ZN <SD>E(k,w)

(10)

which contains the matrix element M
s of the mass =(Mj4) 1
a linear approximation Eoniii (MlJJ E

1/2_df 2o dE D
J 2
E(k,w)=M, +(M,  +M )—4 + —I-»-N‘(-x-‘-’ !
G i e af.2 - an
Xo (|—U)(0 )]
Here we have used the notations
N,-N 3 £
<Ez?>=<SZ>(l+ 4+ . df_df 1 qtki- gt
) o 1/2__=z s Xo TXg (k,w)=§ B
N C<s?s q g,k
w  =wtE(q)-E(q+k)-A; N =Lf =
q.k D-E(gtk)-d; N zch E<nqo> (12)
q q
-1/2_ .2 -1
A=2J0 <8741 -H
0> TN (N+ k+)‘

e spectral density o e n wave ex 1 wave v
v the sp
Th s 3 i citations with ector

-1/2 ~
T L <58>T (k,w)

k
[w-€, =0 (es) 1241 (e,u) 12

| +
g(k,w) FIme<s, i (13)

where
A(k,m)=zn'1f2<s§>Rez(k,w),

e as)
I (k,w)=-2N 1'/2<Sz?>1m2(k,w+is)

describes the shift and the damping of the acoustical magnons

Finally we estimate the temperature dependence of T(i,w) due to
the mass operator terms in (11). Considering the first contribution
in (11) at low temperatures we obtain

~T.
TuM, - (15)
>
The other electron-magnon contributions to T'(k,w) can be treated in
the same way, where My, Mpj and the electron-magnon contribution
to M7 are proportional to T also. For the electron-phonon contri-
bution to M27 we find
ph .3
4h

TmM, J (16)
Hence the damping of the acoustical magnons at low temperatures
can be written as

r('ﬁ,w) |k‘w+o'\,]'1+1"2'I+I‘3T3 (17)

where the coefficients T'j (i=1,2,3) wvanish for k=w=0. For the case
when J=0, the electron-electron term Tj vanishes in (17).

DISCUSSION

In the present paper the spectrum of the elementary magnetic
excitations and their lifetimes have been calculated for the micro-
scopic model of heavy rare earth metals. In the mode used the elec-
tron-electron interaction of the extended (conduction) electrons
and the electron-phonon interaction in the Barisic-Labbe-Friedel
manner have been taken into account. Neglecting the damping terms
the result obtained (10) coincides with that of L.C. Bartel®®, ob-
tained in the RPA. Furthermore, using a generalized matrix Green's
function here the expressions for the spin susceptibility of the
conduction electrons and mixed terms have been derived. Therefore,
starting with this formalism the contribution of the extended (con~-
duction) electrons to the total magnetization of the rare earths"’®
may also be considered.

The temperature dependence of the acoustical magnon damping is
given mainly by the electron-magnon and electron-phonon interactions.
the electron—-electron contribution Ij is almost temperature inde-
pendent, but vanishes at J=0, also. It should be emphasized here
that the real electronic structure of a rare earth metal such as Gd
is much more complicated than given by our tight-binding modell " 714,
For a realistic first principle calculation of the stiffness constant
about ten bands should be included"*528210:11  Furthermore, the de—
pendence of the RKKY exchange integral J(k,k+q) on the wave vector
should be taken into account 1 Nevertheless, taking into consider-
ation all interactions playing a part in the rare earth metals, this
estimate of the temperature dependence of the magnon damping should




be reasonable.
urements of the low temperature magnon damping in Gd'7. Such meas-
urements and their theoretical interpretation would greatly improve
our understanding of the interactions in the heavy rare earth metals.
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COMMENTS
GREIDANUS: What is your argument for the statement that in the
neutron spectrum of PrNi, the observed linewidth cannot be ex-

plained by dispersion ef%ects?

FRAUENHEIM: I believe that dispersion averaging is important only

if you average over the whole Brillouin zone, but not if you aver-
age over the directions in a polycrystal at a fixed momentum trans-

Unfortunately there are no neutron scattering meas—

fer. As known from the single crystal neutron inelastic measure-
ments in PrAl, direction averaging in a polycrygtal does not give
such a linewiéih effect. Maybe the new th?uretlcal results from
pr. Keller's lecture may give the explanatiom.

You mentioned quite a big discrepancy between the measured

OLES: What

and the theoretical values of the exchange constant in Gd.
is your explanation of that?

FRAUENHEIM: I have no explanation for the J(E) reduction in Gd.
I am only sure that the electron correlation effects would lead
to an enhancement of the J(q) value, which is in contrast to J.
F. Cooke's explanation.






