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is approximately 73% of its value in normal tin.
This is consistent with the results of Reif' for
mercury.
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There are three phenomena of the same general
character that occur in rare earth metals or so-
lution thereof:

(1) The reduction of superconducting transition
temperature in dilute solutions of the rare earths
in lanthanum, or of rare earth compounds in
CeRu, ' or OsRu s

(2) An extra resistance of the pure metals (and
presumably of the alloys') due to spin disorder
scattering.

(3) An indirect exchange coupling among the
ion spins in analogy with the Ruderman-Kittel
mechanism of nuclear spin-spin interaction in
metals. ' This indirect exchange is thought to be
responsible for the observed ferromagnetism
and/or antiferromagnetism at temperatures of
the order of 100'K.'

All three effects are supposed to arise from the
exchange interaction AS S ond of the f-shell
spins with the spina of the conduction electrons.
The purpose of this note is to point out the bear-
ing which spin-orbit coupling has on the interac-
tion in the above three cases. Except in the case
of europium, discussed separately, we assume
the multiplet splitting to be much greater than
crystal field splitting. We consider the above
three effects in turn.

(1) In a previous note by Herring' and in a de-
tailed paper by Suhl and Matthias, ' it was shown

that on the basis of the Bardeen, Cooper, Schrief-
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fer theory of superconductivity, ' one expects the
exchange interaction to lower the transition tem-
perature of the superconducting state. This de-
pression results from the fact that, partly because
of the energy gap, and partly because of the spin-
coherence properties of the BCS wave function,
the exchange scattering lowers the free energy of
the normal state more than that of the supercon-
ducting state. It was shown in reference 8 that if
spin-orbit coupling is neglected, the reduction
is proportional to S =S(S+1), while when it is
included, the reduction is very nearly propor-
tional to the square of the projection of S on the J
appropriate to the ground state. The only exception
is europium (J = 0) for which this projection van-
ishes. In almost all other cases, the agreement
with the observed depression of T was sub-
stantially improved by using J(S J)/J rather
than S. The reason is as follows: The calcula-
tion of the depression of free energy is a matter
of second order perturbation theory. The oper-
ator Sion Scond connects the ground state to
states with one conduction electron excited and

with J either unchanged or changed by 1. Since
in the ground state J has its maximum or mini-
mum permissible value, "only the J-J-1 or the
J-J+1 transition need be considered. For de-
finiteness we shall from now on consider only the
case J'-J'-1. Now the state g(J'-1) is removed
from the ground state energy by 6, the multiplet
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splitting, and 4 makes its appearance in the en-
ergy denominator, in second order perturbation
theory, in addition to the electron excitation en-
ergy. Transitions within the ground state of J
involve the latter energy only, which for the im-
portant transition is small compared with h.
Therefore, excitation to the state II)(J'-1) does
not contribute appreciably to the energy depres-
sion except in europium, where the total effect
should come from this excitation. In any case,
the fact that only J-J-1 transitions are involved,
enables us to calculate both the (JIS I J) and the
(JI8 I J-1) matrix elements by a simple sum
rule. We know that in any representation, in
particular in the J representation, S must
equal S(S+1). That is to say,

I ( J I S I J ) I + I ( J-1
I S IJ) I

' = S(S+1).

But the first term is S(S+1)[cos'(S,J)]
hence the last term on the left-hand si e must be
S(S+1)[sin'(S,.- Z)] „„„d,«,.

To summarize: For elements other than Eu,
only the cos' term need be considered, since the
energy denominator of the term involving sin' is
of order h-1000 cm ' whereas the important
difference in the reductions of free energy of the
normal and superconducting states derives from
electron excitations of order S&Debye 2 0 cm
In the case of europium, however, only the sin'

~2
term survives and equals unity, so that S may
be replaced by the spin-only value. We have com-
puted the corresponding depression of T~. To
account for the data' we require a value of 6 be-
tween 0.1 and 0.2 times the Debye energy, i.e.,
20 to 40 wave numbers. Even though A for
europium should be moderately small (perhaps
100 to 200 wave numbers) it is not easy to see
why it should be as small as this. Perhaps part
of the reason is that the f shell attempts to com-
plete itself at the expense of the outer electrons,
leading to a larger depression in T~ due to the
resulting larger value of the spin.

(2) We now turn attention to spin disorder re-
sistance. Anderson and LegvolcP have calculated
the spin disorder resistance in rare earth metals,
to the right of Gd inclusive by a subtraction pro-
cedure on the raw data correcting for phonon and
impurity scattering. For all of these elements
6» 300'K so that real collisions involving a
change in J are negligible (like e +/& ). The
only resistance -contributing matrix elements
are those diagonal in J; hence we expect a de-
pendence like S(S+1)cos'(S,J) = [(J+1)/J]S' for
elements to the right of Gd. A detailed com-
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Table I. Spin disorder resistance of rare earth metals
to the right of Gd. Column 2 gives the data referred to
Gd, corrected by Anderson and Legvold for phonon and
impurity scattering. Col~~n 3 gives the ratio expect-
ed on the basis of spin alone (zero spin-orbit coupling).
Column 4 gives the ratio expected %hen spin-orbit
effects are included.

Ratio on spin Spin-orbit
Element Observed basis alone factor included

Gd
Tb
Dy
Ho
Er
Tm
Yb

1.00
0.76
0. 64
0.34
0.22
0.09
0.01

1.00
0.76
0.56
0.38
0.24
0. 13
0.05

1.00
0.67
0.45
0.29
0. 16
0.08
0.02

parison with the estimates of Anderson and Leg-
vold (Table I) shows that accord with experiment
is considerably worsened by inclusion of spin-
orbit effects. As comparison with the data on
suppression of superconductivity was improved
by inclusion of spin-orbit effects (and this was
comparison with "raw" data), we feel that the
estimate of Anderson and Legvold of the spin-
disorder resistance is quite likely to be quantita-
tively unreliable. There is no obvious reason
why, in one situation, the orbital moment should
be quenched, and not in the other.

We may note that Eu presents an extremely in-
teresting case as here M=O is forbidden. In-
elastic scattering will give a spin-disorder re-
sistance proportional to e &/&~, and crystalline
field effects will mix a small amount of J= 2 into
the ground state to give a small temperature-
independent term for a certain range (no spin
order). We know of no experimental verification
of this prediction.

(2) Finally we point out how the indirect spin-
spin exchange is corrected for spin-orbit coupling.
We follow reference 5. Then the Fourier trans-
form of the exchange potential i.s

Z(q) =A* S(S+1) cos*(S,Z) P
ps -s +q

1
+sln4(8, J)$ ~) s )

It is thus seen that the short-range part of the
potential (high q) is |n)a&&ected by spin-orbit
coupliag whereas a portion of the 1.ong-range part
is damped out at distances of 0[(s&/b. )a], where
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a is the lattice spacing. Thus a change in shape
is brought about. If ferromagnetism arises from
delicate balance of the oscillating parts of the
Kittel-Ruderman potential, it is quite possible
that the aboye-mentioned change in shape could
bring about qualitative changes in magnetic pro-
perties. The statistical mechanical consequences
are being worked out at present, both for pure
samples and for dilute alloys.

We are much indebted to C. Herriag of the Bell
Laboratories for his fruitful suggestions in this
work.
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Depending on whether the element is to the right or
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The wavelength of light required to excite the
maximum photoconductivity in CdS crystals has
been found to vary with its plane of polarization
in respect to crystal orientation. ' Gobrecht and
Bartschat have previously observed this effect.
The crystals we used were obtained Py vapor
phase growth in a H - H S atmosphere. These
samples were ribbon-type single crystals 5 to
10 mm long, 1 mm wide, 10 to 100 p, thickwith
the c axis in the plane of the ribbon and usually
inclined at some angle to the long, straight edges
of the crystal. Ohmic contacts were made to the
crystal by evaporating india~ onto its ends.

The photoconductivity was excited by mono-
chromatic light from a Beckman DU spectrophoto-
meter provided with a polarizer over the exit slit
and with the plane of the crystal perpendicular to
the incident light. The photocurrent was meas-
ured with a Keithley 200B electrometer with 45
or 90 volts applied across the crystal. In these
experiments, the photocurrent was measured as
a fi)nction of wavelength, with the polariser set
at a given angle. The relation of the monochro-
mator polarizer to the c crystal axis was then
determined with a polarising eyepiece crossed
with respect to polarizer. The pair of crossed
polarizers was rotated to determine the extinc-
tion maples and thus the c axis.

Spectral response of photocurrent for these
crystals was typical of CdS, i.e., beginning with
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FIG. 1. Ch~nge in wavelength for photoconductivity
maximum AX (max) as a function of angle between inci-
dent plane polarized light arid c axis of crystal. In
the crystal shown, Xo is the wavelength of maximum
photocurrent for excitation with light parallel to the
c axis. The average AA, =39 + 5 A.

a short-wavelength tail, rising to a peak, and
falling off rapidly at first and then more slowly
toward the long wavelengths. ' Figure 1 gives the
change in wavelength at the photocurrent maxi-
mum, gy(max), as a function of the angle of
polarization of incident light with respect to the
c axis for a typical crystal. In all, 27 crystals
from 14 separately grown batches were examined
and hx(max) was found to be 89 a 5 A or approxi-
mately 0.019 ev. When the electric vector E was
parallel to the c axis, the wavelength of exciting
light was a minimum ()i

i

-5069 A; and when per-
pendicular, a maxim»m (xi-5108 A).
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