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Optical transitions connecting the spin-orbit
split multiplets I »+- I'» would be expected to
fall in the vicinity of 3 eV. Indeed, weak struc-
ture has been reported'&' in this region which
could be interpreted with the assumption of a
spin-orbit splitting of the I'» state of &(F» )
—0.13 eV. Unfortunately, the optical analysis
and assignments are seriously hampered by,
first, the weakness of the structure, so that the
line shapes are obscured, and second, by uncer-
tainty as to whether or not the observed transi-
tions actually occur at the l point. It is hoped
that the present measurement of b, (F» ) may as-
sist in the future interpretation of the optical
work.

Finally, we offer a speculative remark on situ-
ations where the q term would be expected to be
greatly enhanced by larger spin-orbit interac-
tions, one notable case being InSb. Here, if we
assume that 6(F»)-0.5 eV, ' we would estimate
that q -0.2 which might be observable in magneto-
optical experiments.

We are indebted to E. O. Kane and J. C. Phil-
lips for a number of fruitful discussions.

*On leave from Department of Physics, University
of Tokyo, Tokyo, Japan.
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Using the nonlocal and energy-dependent Heine-Abarenkov model potential we calcu-
lated the phonon spectrum of Li. A good agreement with the experimental values is ob-
tained. We have also considered the importance of the l dependence of the model poten-
tial.

In a previous paper' a "first principles" calcu-
lation for the phonon frequencies of alkali metals
was performed by using the Heine-Abarenkov
model potentiall (HA). The results were satis-

factory, but, for Li, the discrepancies between
the calculated and the experimental phonon spec-
trum' were up to 30%. However even in this
case, the calculations reproduced the essential
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feature of the experimental phonon frequencies,
i.e. , the crossing over of the transverse and
longitudinal branch in the (100) direction.

Our aim is to show that the HA model potential
gives, in fact, a better agreement with experi-
ments once one avoids the local approximation
used in Ref. 1 in building up the form factor
from the HA model potential.

For our calculations we shall use the original
HA model potential'

where the symbols have the same meaning as in
Ref. 2, and the "optimized HA model potential"
recently introduced by Shaw.

The form factor V(q, k, k', E(Q) is in general
a function of the initial electron momentum and

energy k and E(k), the final momentum R', and
the momentum transfer q. In Ref. 1 the energy
was taken equal to the Fermi energy EF, the

R, k' dependence was fixed by assuming scatter-
ing on the Fermi surface for

~ j~ ( (2KF ~
and

backward scattering with [k'( = [j(-KF[ for q
& 2KF. Our results will show that the use of the
energy-dependent and nonlocal form factor can
sensitively modify the phonon frequencies and
improve agreement with experiment.

In a second-order perturbation scheme, upon
the use of a nonlocal and energy-dependent pseu-
dopotential, the energy wave-number character-
istic takes the form'~'

20 2A 16Fe2
q (q) =, q, , s ([v(q, k, ll, E(k)) (')+, s'(v(q, k, k, E(k))) [1-f(q)j,

where

~(~ ~,)) (k)( )
d'k f (k, k')

B.Z.

p(k) is the effective mass related to the k depen-
dence of the pseudopotential' and e the orthogo-
nalization hole. " 0 is the atomic volume, e(q) is
the dielectric function as in Ref. 2, and f(q) rep-
resents the exchange correction term. '

The energy wave-number characteristic ob-
tained with the HA model potential is exhibited in
Fig. 1. The comparison with the energy wave-
number characteristic of the local approxima-
tion (1) shows that the nonlocal effects in the
pseudopotential are not negligible. The phonon

frequencies calculated with the HA and Shaw po-
tentials are drawn in Fig. 2.

The best agreement is obtained using the HA

model potential and we can give reasons for the
discrepancies obtained with Shaw's potential. We
recall that in Shaw's procedure for lithium, only
the 3 =0 component of the core potential is re-
placed by Af(E). But a semicla, ssical argument
shows that this is not sufficient. The dis.ance of
closest approach to the ion of an electron is
l(f+1)/k'=R', and assuming that k =kF and R
=AM, we have that for simple metals A. FRM-1.
Then for f ) 2 l(l+1)/kF~) RM is well satisfied
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FIG. 1. Solid line, energy wave-number character-
istic obtained with the nonlocal HA model potential.
Dashed line, energy wave-number characteristic of the
local approximation of Ref. 1.

FIG. 2. Solid line, phonon frequency calculated with
y(q) of formula (1). Open squares, experimental pho-
non frequencies (Ref. 3); dots, longitudinal and open
triangles, transverse branches. Crosses, phonon fre-
quency calculated with the Shaw's cp(q).
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and therefore the form of the potential is not ex-
pected to be important. Conversely for t' = 1 the

wave function around RM is not negligible and the
l dependence of the ootential must be taken into
account. Now assuming, as Shaw did, a Coulomb

potential for / - 1 and using the l =0 component of
the HA model potential the importance of the / = 1

component is evident, since the energy wave-
number characteristic obtained is nearly coinci-
dent with the one calculated by Shaw. In the cal-
culation of the form factor for / - 1, the core
potential was further approximated by Z/RM in-
side RM because for 1» 1 the pseudowave func-
tions are sensibly different from zero only around

We performed the same calculations by taking
the HA model potential up to l =2 and up to l =3,
but the results did not change significantly from
the ones obtained with the usual HA model po-
tential. We then conclude that it is important

only to model the l =0 and 3 = 1 component of the
potential.
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'A. E. Animalu, F. Bonsignori, and V. Bortolani,
Nouvo Cimento 44B, 159 (1966).

V. Heine and A. Abarenkov, Phil. Mag. 9, 451 (1964).
H. G. Smith, G. Dolling, R. M. Nicklow, P. R. Vija-

yazaghavan, and M. K. Wilkinson, in Proceedings of
the Conference on Inelastic Neutron Scattering, Copen-
hagen, Denmark, May, 1968 (to be published).

4R. W. Shaw, Jr. , and W. A. Harrison, Phys. Rev.
163, 604 (1967); R. W. Shaw, Jr., Phys. Rev. 174, 769
(1968).

5S. H. Vosko, R. Taylor, and H. Keech, Can. J. Phys.
13 1187 (1965).

V. Bortolani and G. Pizzichini, to be published.
YD. Weaire, Proc. Phys. Soc. (London) 92, 956

(1967).
L. Sham, Proc. Roy. Soc. (London), Ser. A 238, 33

(1965).

DECREASE OF MAGNETIZATION OF ITINERANT ELECTRONS
BY SPIN-ORBIT SCATTERING ON IMPURITIES*

D. Wohllebenf and H. L. tuo
Institute for Pure and Applied Physical Sciences, University of California, San Diego, La Jolla, California 92037

(Received 3 February 1969)

The exchange-enhanced magnetic susceptibility of Sc and Ni3Ga decreases strongly
when small amounts of nonmagnetic impurities are added. The decrease is a linear func-
tion of the spectroscopic spin-orbit energy of the impurity at constant valency and has
the same origin as the decrease of the Curie temperature of Ni in dilute Ni:Pd and Ni:Pt.

The effect of spin-orbit scattering on a system
of conduction-electron spins is to reduce any
spin polarization induced by an external field or
electron-electron interactions. In nontransition
metals, the spin susceptibility remains essen-
tially unaffected by spin-orbit scattering even in
the heaviest metals. ' However, in some transi-
tion metals the effective mass of the d electrons
is so large that their kinetic energy with .espect
to the lattice decreases to a few tenths of an elec-
tron volt, the order of magnitude of the spin-or-
bit energy in the atomic 4d and 5d shells, which
therefore should bring about measurable effects.

We note that the static magnetic susceptibility
decreases rnonotonically from the 3d to the 5d
elements without exception (at constant valency)
and that there are no ordered magnetic states in
the 4d and 5d series. These trends are usually
credited to an increase of the bandwidth in the
heavier transition metals, but are certainly in
part caused by spin-orbit scattering. ' Several

authors have included the spin-orbit energy in
their band-structure calculations. ' Especially
interesting is the influence of spin-orbit interac-
tions on magnetic order in metals. Lenglart' has
recently studied the stability of the paramagnetic
state of Pd with special attention to the intrinsic
spin-orbit scattering. It is also noteworthy that
the Curie temperature of weak itinerant ferro-
magnets like Scgn, Au~V, Ni+1, and ZrZn2 de-
creases very rapidly with increasing disorder of
the lattice. One might ascribe this to spin-orbit
scattering because the effective scattering cross
section per ion should increase when the transla-
tional symmetry of the lattice breaks down.

In this Letter, we present data which we be-
lieve to be the first unambiguous manifestation
of conduction-electron spin-orbit scattering by
impurities. We have measured the static suscep-
tibility of dilute alloys of Sc with the tetravalent
elements Ti, Zr, Hf, and Th and with the penta-
valent elements V, Nb, and Ta. We have also
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