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Rbove this model hRs no RppllcRblllty to alloys
for Z even, and only extremely limited applica-
bility to alloys where Zis + 1. The self-consis-
tency requirement on the potential requires that
the perturbation of an impurity be more extended
than allowed by the strongly localized model.
Although calculations in the CPA have been close-
ly tied in with the strongly localized perturba-
tlon model the inapplicability of this model does
not mean that the CPA is not applicable nor does
it necessarily mean that all conclusions on the
properties of alloys obtained from this model
are incorrect. One would expect that the model
cannot be trusted to give quantitative results,
and qualitative results should be treated with
some caution. To conform better with reality,
the model used will have to employ a more ex-
tended perturbation, requiring a reformulated
formiv, is of the CPA or a new approach. ie In ad-
dition, the self-consistency of the perturbation
must also be solved simultaneously with the rest
of the calculation. It is not possible to t'reat the
perturbation as an independent variable to be
varied at will.

~Research supported in part by the U. S. Air Force
Office of Scientific Besearch, Office of Aerospace Re-
search.

/On sabbatical leave from the University of Washing-

ton, Seattle, Wash. 98105. Work supported in part by
a National Science Foundation Senior Postdoctoral
Fellow ship.

~E. A. Stern, Physics (Long Is. City, N. Y.) 1, 255
(1965).

2P. Soven, Phys. Hev. 1N, 809 (1967).
B. Velicky, S. Kirkpatrick, and H. Ehrenreich,

Phys. Hev. 175, 747 (1968).
B. Velicky, Phys. Hev. 184, 614 (1969).

SK. Levin, B. Velicky, and H. Ehrenreich, Phys.
Bev. B 2, 1771 (1970).

D. Stroud and H. Ehrenreich, Phys. Bev. B 2, 3197
(1970).

'S. Kirkpatrick, B. Velicky, and H. Ehrenreich,
Phys. Hev. B 1, 8250 (1970).

E. ¹ Economou, S. Kirkpatrick, M. H. Cohen, and
T. P. Eggarter, Phys. Hev. Lett. 25, 520 (1970).

SD. J. Thouless, J. Phys. C: Proc. Phys. Soc., Lon-
don 8, 1559 (1970}.

Y. Onodera and Y. Yoyozawa, J. Phys. Soc. Jap. 24,
841 (1968}.

P. Soven, Phys. Hev. 178, 11S6 (1969).
B. M. More and K. Hacker, Phys. Bev. B 2, 3039

(1970).
~3P. L. Leath, Phys. Hev. B 2, 8078 (1970).
~ J. Friedel, Phil. Mag. 48, 158 (1952), and Advan.

Phys. 8, 446 (1958}.
~5E. M~», as quoted by A.. Seeger, in Metallic Solid

Solutions, edited by J. Friedel and A. Guinier (Benja-
min, New York, 1969), Vol. VII, pp. 19-22.

A. M. Clogston, Phys. Hev. 1M, A1417 (1964).
S. Takeno, Progr. Theor Phys. .40, 942 (1968}, and

Phys. Lett. 26A, 547 (1968), and 28A, 641 (1969).
P. Soven, Phys. Hev. B 2, 4715 (1970}.

~9E. A. Stern, Phys. Bev. B (to be published).

Logarithmic Field Dependence of the Susceptibility of
a Paramagnetic Fermi Liquid —the Pd Problem

Setsuo Misawa
Department of Pkysics, College of Science and Engineering, ¹kon University, Ifanda-Surugadai, Tokyo, Japan

(Heceived 2 February 1971)

The susceptibility y, (8) of a paramagnetic Fermi liquid in a magnetic field is shown to
have the logarithmic form }((8)= X(0) (1-5H lnH), and hence the free energy of the system
cannot be expanded in powers of H or in powers of the magnetization. Contrary to the re-
sult of the band model, this prediction is consistent with the experimental field depen-
dence observed in Pd.

Among various metals, palladium is one of the
most intractable and hence the most fascinating
from the standpoint of studying magnetism. Re-
cently, for Pd, the magnetic field dependence of
the paramagnetic susceptibility }((H) (or nonbn-
ear magnetization) has been measured, ' the re-
sult being expressed approximately in the form
}((H) = X(0)(1+pH') with p=6.0&10 '40e '. Prior

to this experiment Wohlfarth' gave an expression
for P on the basis of the band theory with consid-
eration for the effect of exchange enhancement.
Most recent data' on the band structure of Pd
give us the theoretical value of p as negative:
p=-2. 5x10 "or -1.1X10 "Oe ', which appar-
ently contradicts experiment.

Here we shall give a clue as to how. this dis-
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crepancy can be resolved. The above fact, that
the observed field dependence is not compatible
with the band theory, is related closely to the
fact that the rigid band model cannot account for
the anomalous peak of X observed in Pd about
80'K. ' It WRs shown pI evlously' that the peak
may in fact be attributed to the T'lnT tempera-
ture variation of y,. By essentially the same rea-

soning, we shall derive the conclusion that the
field dependence of y„ is also given by a logarith-
mic formula. It is to be noticed that, owing their
origin to the sharpness of the Fermi surface,
these logarithmic texms appear in any normal
Fermi liquid.

On the basis of the I andau Fermi-liquid theory
in the Usui form, ' the formal expansion of the
SusceptlbIIlty ln powers of H can be obtained Rs

8' 2 & 2
1 + 2/pgp~ j 1 + 2+kg~~

where p, q is the magnetic moment of one particle, q, denotes the density-of-states function with the
quasiparticle energy e as a variable, p. is the chemical potential, and h «. and g«. are, respectively,
the spin symmetric and antisymmetric parts of the quasiparticle interaction (Landau f function). The
explicit form for the functional dependence of y„h„., and g„on the field will not be mentioned here
fo1' reasons of brevity If one sets A! = 0 Rnd Sggp/Se—:eggs/66 —= 0 ln the above, the expression (1) 18 1'6-
duced to the Wohlfarth formula, '

X(» = X (0)t1+ -.' u B'»'&'],

where X(0) =2@, 'yD, D=(1+2') ' is the exchange-enhancement factor, and v=y"/y-3(y'/p)'.
Now the analytical properties of the functions y, h, and g are our main concern. It was shown pre-

viously' that such derivatives as &'y/&e', 8'h„./&6&6', and &'g,„/&~', when considered as functions of
temperature, diverge logarithmically as T-O. If one regaxds them as functions of a magnetic field at
the absolute zero, these derivatives also diverge logarithmically as H-0. The H dependence of the
quasiparticle energy or of the f function gives a factor lnH which prevents the divergence. Thus from
Eq. (1) we are led to the conclusion that the H dependence of g is given by the logarithmic formula

X(» = q(0) [1-la'in(a/a+)],

5 and H* being constants independent of H. From this field dependence it follows directly that the free
energy of the system, E, i.s given by a logarithmic formula: E-B'+H lnH, or, in terms of the mag-
netization M, E- M2+M~lnM.

In contrast to the case of the temperature variation, ' the thermodynamic argument may not be used
here for determining the sign of b in (3). Alternatively, we may glean some information concerning
this sign from the result of perturbation theory. We now consider a system of Fermi particles inter-
acting through a short-range potential. By evaluating the energy of the spin-polarized system up to the
second order in the gas parameter A. (or s-wave scattering amplitude), ' we can obtain the following re-
sult

0
= I- &,

—", lPln(& -)+1+4 +O(H'1nH),

where g(0) = 3N p, z'/2l'e F, N is the number of par-
ticles, e F is the Fermi energy, A =+(3-2 ln2) A,',
and I' = 1-43.-~5(2+ln2)A. is the inverse of the
exchange-enhancement factor in this approxima-
tion. If we observe (1) and (4), the mutual con-
sistency between the results of the general theo-
ry, Fermi-liquid theory, and that of perturbation

i theory is seen to be satisfactory.
In deriving Eq. (4), a parabolic form for the

single-particle spectrum has been assumed.
Since y, ~We for this spectrum, the Wohlfarth
formula based on the simple band theory, (2),
predicts that g should decrease as H increases.
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According to (4), in contrast, the constant 5 de-
fined in (3) is positive, and hence )( increases def-
initely as II increases as long as H is less than
H*/ve. For real solids, such a simplified expres-
sion as (4) may not necessarily hold because of
complicated band structure and the most general
expression (1) should be applied instead. How

ever, it seems to be the case, without detailed
analysis, that the appearance of an II'lnH term
may alter whether g increases or decreases with
H from what is expected on the simple band mod-
el.

Taking, in particular, nearly ferromagnetic
Fermi liquids for which the enhancement factor
(1+2yg) ' is very large, one finds that there
exists a certain similarity between the tempex a-
ture variation and the field variation of the sus-
ceptibility. If the density-of-states function y,
is assumed, near the Fermi level, to be rela-
tively smooth and if its higher-order derivatives
may be ignored, then the logarithmic tempera-
ture dependence of X is determined dominantly by
the term -y'g"(1+2') ', where g"—= 8'g, „/8e'
[cf. Eq. (2) in Ref. 6], while the magnitude of the
logarithmic field variation is given by -gag"(1
+2cpg) ' as is seen from (1). From this corre-
spondence and from the negative definiteness of
the sign of the T'lnT term, ' it follows that the
sign of h in (3) is positive for these systems.
This may resolve the contradiction between the
band theory and the experiment for the H depen-
dence of X in Pd. o Finally it should be mentioned

that such a prevailing view, '0 in which the sign of
v and the magnitude of D can be determined on
the basis of (2) from experiment, 18 losing ground
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cifically we find that in InSb a light beam of in-
tensity 2.8 X 10' W/cm' will self-focus in 190
vacuum wavelengths. This demonstrates that at
these high intensities one cannot treat this and
similar classes of problems without propex ly
taking into account the effects of the nonlinear
conductivity of the medium on the propagation
of the primary waves.

Since the original work in self-focusing, this
topic has received much attention in the litera-

We propose a new mechanism for the self-focusing of electromagnetic radiation in
degenerate semiconductors. The effect is due to the velocity-dependent mass of the
conduction electrons. Calculations for InSb and a typical laser intensity give a theoret-
ical focal length of 2.06 mm.

Important non1inear optical properties of de-
generate semiconductors stem from the non-
parabolicity of the electronic conduction bands.
A striking manifestation of this effect —the mix-
ing of light waves —has been demonstrated ex-
perimentally~ and calculated theoretically. 2 In
this Letter we calculate the essential limitation
on this and similar nonlinear optica1 experi-
ments imposed by a well-known basic process
of recent interest, namely, self-focusing. ' Spe-


