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In a recent Letter, Finnemore, Hopkins,
and Palmer' (FHP) presented results on the
magnetization and specific heat of dilute con-
centrations of gadolinium impurities in super-
conducting lanthanum. FHP interpreted their
results as showing that the La-Gd system is
antif err omagnetic.

The purpose of this note is to give an alter-
native point of view on the magnetic state of
the system. We present what we believe to
be convincing qualitative arguments that only
short-range magnetic order exists in super-
conducting LaGd. The range of this order is
characterized by a concentration-dependent
spin-correlation length, Rc. Our model is
one in which the gadolinium impurities inter-
act via, a Ruderman-Kittel-Yosida' (RKY) in-
teraction. This model has been derived to ex-
plain the low-temperature properties of mag-
netic impurities in noble metals. "We pro-
pose that a similar interaction' exists in LaGd,
where the superconducting transition tempera-
ture, I' s, is reduced in proportion to the Gd
concentration. ' Such a concentration-depen-
dent behavior of Ts was derived for paramag-
netic impurities by Abrikosov and Gor'kov. '
We suggest that the short-range character of
the magnetic order aids in the coexistence of
superconductivity and magnetism. Since the
length, Rc, which characterizes the short-
range order, is much less than the coherence
length, Ts is affected in the same way as when

paramagnetic impurities are dissolved in a
superconductor. However, the magnetic prop-
erties of the superconducting system are not
changed qualitatively from those of a system
of magnetic impurities in noble metals. " This
is expected to be so since the s-d interaction
is present in the superconductor. This results
in the existence of the RKY interaction, ' whose
strength, but not its oscillating feature (the
latter is necessary for our theory), may be
modified by the presence of superconductivity.

We next present a brief summary of the ex-
perimental results. ' There is a maximum in
the magnetization (and in the magnetic suscep-
tibility) as a function of temperature. Tmax
= 2'K for 4% Gd in La and Tmax= 3'K for 6%

where c is the fractional impurity concentra-
tion and d is the lattice constant.

(b) There is a temperature-dependent maxi-
mum in the magnetic susceptibility. '0 This
arises from the breakup of the spin correla-
tions between the spins within Rc. Tmax is
proportional to the spin-spin interaction, J,
and the concentration, c, and

kT = 3Jd/R ~ 244c.
max c (2)

Also, in the limit as the external field ap-
proaches zero, the effective magnetic moment
per impurity at T = Emax is roughly one one-
hundredth of that of the free-ion spin.

(c) The excess low temperature specific heat,
hC~, is proportional to the temperature" and
is independent of the impurity concentration.

(d) The value of limT 0[6,C„/T] is inversely
proportional to the strength of the interaction,
J, and is independent of the impurity concen-
tration, c.

Gd in La. Tmax is thus proportional to the
impurity concentration. A 0.8% La-Gd solution
exhibits a large excess low-temperature spe-
cific heat. FHP extrapolate their specific-heat
results linearly to T = 0 and obtain a total en-
tropy under the specific-heat curve correspond-
ing to a gadolinium spin Sad =-,. This result
is in agreement with their magnetization mea-
surements. The specific-heat results of Phil-
lips and Matthias' on the same alloy show an
approximately linear dependence of the excess
low-temperature specific heat on T.

We next state the pertinent results of Klein
and Brout' and Klein~ as applied to the La-Gd
system.

(a) Due to an alternating RKY interaction,
the spin correlation between widely separated
impurities is broken up by the intermediate
impurities between them. Two impurity spins
are, on the average, strongly correlated if
they are located within a concentration-depen-
dent correlation length, Rc, of each other,
and are approximately uncorrelated otherwise,
where

R =05c id,
c

90
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We now use the above summary in checking
the agreement with the La-Gd system. From
Eq. (2) we obtain, for La „Gd, „,kTmax-2'K
~24(0.04)J. Thus, J=2'K. The strength of the
RKY potential is thus greatly reduced from
pure Gd where J~ 25'K. A simple calculation
of the gadolinium moment per impurity from
FHP's data shows that the magnetic moment
about T = Tma is of the order of 10 ~ per Gd
ion. This is consistent with result (b) above.
Finally, we use the value of J to calculate b, C„/
T and compare it with experiment, assuming
a linear dependence of ACED

on T. For CuMn, 4

J= 26'K, and b,C„/T = 4mJ/mole deg'. Using
result (d) above gives

b, C (LaGd) J(CuMn)

b, C (CuMn) J(LaGd)
= 13.

Thus, AC„/T for LaGd should be roughly 50
mJ/mole deg . This compares quite favorably
with experiment, "which indicates b,C„/T to
be about 90 m J/mole deg' (assuming linear
dependence on T). In conculsion, we empha-
size that the experimentally reported result
on the magnetization and the low-temperature
specific heat is a necessary consequence of
our theory'4 once an s-d interaction which re-
tains its oscillating character has been assumed.
We therefore believe that our qualitative argu-
ments and agreement with experiment suggest
that the model presented is appropriate for
LaGd.
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One of the features which differentiates an antiferro-
magnet from the model we present here is that, in an
antiferromagnet, the excess specific heat should be
much smaller than that obtained from our model.
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We have measured the resistance as a func-
tion of current for superconducting type-II lead-
indium alloys over a wide range of current,
temperature, composition, pinning strength,
and applied magnetic field. A detailed account
will be published elsewhere. It is reported
here that the data exhibit a "similarity princi-
ple" which we suggest arises from a modifica-
tion of the Lorentz driving force on a flux line.

The experimental configuration together with
representative data are shown in Fig. 1. The
linear region of such curves has been analyzed

by Kim, Hempstead, and Strnad, ' who character-
ize it as one of viscous flow of flux lines de-
scribed by the relation

Qg L L P

v& is the flux line velocity, g a viscosity co-
efficient, and I"I and EP are, respectively,
the driving force and pinning force per unit

length of flux line. It may be pointed out that
I"P is a frictional force which is dissipative
when the flux-line assembly is in motion.


