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Little examined the possibility of supercon-
ductive phenomena in long-chain organic mac-
romolecules within the framework of the BCS
theory of superconductivity. He showed that
the criterion for the occurrence of such a state
could possibly be satisfied for certain organic
polymers. This conclusion was based on the
BCS Hamiltonian and did not take into account
the effect of compressional modes of collective
excitations. Fer rell, ' in a re cent Letter,
pointed out that the compressional modes played
an important role in one-dimensional systems
and, in fact, prevented the establishment of
long-range order which is required for super-
conductivity.

Ferrell arrived at this conclusion by writing
the Gor'kov' function fsee Eqs. (5), (6), and
(11) of reference 2]

F(x) = S(e ) = heiy(x) -M

to evaluate the integral
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The value of M may be calculated from the
values of 6 and v suggested by Little. ' If one
takes b, =0.1 eV, u =3x10' cm/sec, then
a/ku-10 'A '. For L=10'A one obtains
M =2.3 at T =0. It should be pointed out that
M increases rapidly with temperature. To
see this let us rewrite Eq. (2) in the form

where ~ = ukmax = A/kv, k is Planck's constant
divided by 2m, kB is the Boltzmann constant,
T the temperature in 'K, and I. the total length
of the system Noting that G'/4wmnvh =2, with
n = 2kf/&, where hkf = mu, one obtains at T = 0

M =-'ln(k L/2 )v=-'In(Lb/hu).
max
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In order to have superconductivity it is nec-
essary that F(x) be nonzero. Ferrell noted
that e™has the same functional dependence
on frequency as the Debye-%aller factor and
concluded that since the Debye-%aller factor
vanishes for one-dimensional systems, so does
F(x). This result. is correct in the limit of
very large systems (as the number of electrons
becomes arbitrarily large). On the other hand,
a simple calculation shows that a "macromol-
ecule" with perhaps 105 electrons does not con-
stitute a "large" system. The purpose of this
note is to show that e™is nonzero for finite
systems and to examine the dependence of M
on the size of the system.

In Eq. (1), we note that the sum over k should
exclude k =0 since this mode corresponds to
a translation of the entire electron gas. One
is concerned with the value of M in a frame
of reference in which the molecule is station-
ary (i.e., the center-of-mass system). If one
uses cyclic boundary conditions, then the small-
est allowed value of k is 2x/L Thus one need. s

M=—~ ln + —exp k,

or

M=~ln +- exp
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hU T Tl.
The high-temperature behavior is obtained
when T&h/2wkB, and gives M = T!TL.

As Ferrell pointed out, the strength of the
long-range order tends to zero as M becomes
large. Since the loss of long-range order re-
sults in the loss of superconductivity, it ap-
pears that Little's estimate of a transition
temperature of 2200 K for macromolecules
should be greatly reduced because of the ef-
fect of the longitudinal collective excitations.

In conclusion, we emphasize that the above
considerations in no way prove that supercon-
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ductivity will exist in finite one-dimensional
systems, but only that it connot be ruled out

a priori on the basis of the logarithmic diver-
gence of M. In two dimensions for T w 0, M
similarly has a logarithmic divergence.
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The type-4f rare-earth metals have been
viewed traditionally as consisting of trivalent
atomic cores, including the 4f shell, plus three
conduction electrons per atom. Previous the-
oretical work' has attempted to explain the
available experimental data by assuming that
the three conduction electrons occupy essen-
tially free-electron bands perturbed perhaps
by a fairly small crystal potential. Much of
this theoretical work depends critically on the
assumed free-electron nature of the conduction
bands. However, it has been difficult to ex-
plain by means of the free-electron model the
large saturation magnetization' of Gd (7.5'/
atom) and especially the large electronic spe-
cific heat' of the rare-earth metals which in-
dicates a density of states at the Fer mi sur-
face some eight times that given by the free-
electron model.

This Letter reports briefly some results
of a nonrelativistic augmented plane wave'
(APW) calculation of the electronic energy
bands in gadolinium metal. The calculated
conduction bands differ markedly from those
of the free-electron model, and instead close-
ly resemble those of the transition metals.
This is due to the fact that bands originating
from atomic 5d' and es states overlap and are
strongly mixed. The bands near the Fermi
surface are of mixed s-d character and yield
a density of states about three times that giv-
en in the free-electron model. This accounts
for the large observed saturation magnetiza-
tion of Gd metal and may account for the high
electronic specific heats of rare-earth metals.

The one-electron potential, used as input
for the APW calculation, was obtained from

a superposition of spherically symmetric
atomic potentials. Results have been calcu-
lated for two different atomic starting poten-
tials: The first was determined from free-
atom Hartree-Pock-Slater (HFS) wave func-
tions' for the configuration Gd' 4f '6s'5d, while
the second was obtained from analytic Hartree-
Fock wave functions' for the configuration
Gd+' 4f '6s' plus an atomic 5d wave function.
The conduction bands obtained using these
two potentials were practically identical in-
dicating that they do not depend critically on
the potential. We report here the results de-
termined from the HFS potential which was
chronologically the first potential used.

Energy eigenvalues were calculated at 45
points in 1/24 of the first Brillouin zone. The
calculated E(k) curves for the conduction bands
of gadolinium metal along the major symmetry
directions are shown in Fig. 1. The strong
deviation of these bands from those of a free-
electron or nearly free-electron model can
be seen in the high density of relatively flat
bands, which are largely of d character. The
calculation also yields a very narrow 4f band
(width -0.05 eV) about 0.8 Ry below the bottom
of the 5d-6s bands. (This separation, however,
was found to depend strongly on the potential
used and is consequently not very reliable. )
The very narrow width of the 4f band indicates
that the 4f electrons are, as expected, highly
localized.

The density of states of the conduction bands
was obtained by dividing the Brillouin zone
into 192 identical hexagons, each character-
ized by the energies calculated at its center.
A histogram representing the computed den-
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