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Superconducting transition temperature and other properties of thin metallic films
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We point out that the results of (1) Shapoval, for the superconducting transition temperature of a thin

film, (2) Nedorezov, for the surface contributions to the density of states, Fermi energy, and specific

heat, and (3) Cooper and Hu, for the surface contribution to the density of states, are entirely

unphysical because they are obtained from inconsistent models which violate the surface analog of the
Friedel sum rule, (y) = m/4.

It has been observed experimentally' that, for
certain weak-coupling supercondUctors, the transi-
tion. temperature 7, of a thin film is larger than
the bulk T, . A calculation by Kirzhnits and Maksi-
mov suggested that surface phonons may be re-
sponsible for this enhancement. An experiment
involving deposition of noble-gas overlayers on
films of various metals, carried out by Naugle et
al. ,

3 strongly supported this idea. It was found
that the experimental data are in quantitative agree-
ment with a simple model in which the surface
phonons have their frequencies increased when the
overlayers are deposited.

Shapoval4 has suggested a different mechanism
involving a boundary condition on the electronic
wave functions: He assumes infinite walls at the
surfaces of the film. This assumption implies that
(a) the value of (( 4(r) [ ) increases inside the film,
away from the surface, and (b) the Fermi energy
also increases. [Here (~4(r)(~) is an average of
the square of the electronic wave function. ] These
are the two effects which, in conjunction, according
to Shapoval, produce an increase in 7, .

In reality, however, both effects are entirely
unphysical and result from the use of a model which
is not self-consistent in the sense of Hartree or
Hartree- Fock theory. In a self-consistent model
of a metal, the electrons satisfy what we will call
"asymptotic charge neutrality, " by which we mean
that the sum of the ionic and electronic charge in
a region near the surface is equal to zero. As has
been shown by Sugiyama, Langreth, Appelbaum
and Blount, and I.angreth again, this condition
implies a sum rule which is the surface analog of
the Friedel sum rule and which we write as

Here (y) is an average phase shift defined in Refs.
5-8. In a semi-infinite free-electron model the
electronic wave functions have the form

4(r) = g(g) exp[i(k„x+ k, y)]

g(z) - sin [k, z —y( k,)], g- —~

if the uniform positive background is in the region
—~ &g &0. If an infinite wall is assumed at the
surface, z = 0, then g (0) = 0 and y (k, ) = 0. Since
all the phase shifts equal zero, (y) = 0 and (1) is
violated. In order to have a "quasiconsistent"
model which at least satisfies the sum rule, we
must place the infinite wall just the right distance
outside the surface. This argument has been given
by Sugiyama. '

The condition of asymptotic charge neutrality
implies that in the bulk ([%(r) ( ) is not changed by
the presence of a surface. The electronic wave
functions will leak out beyond the surfaces, instead
of being pushed back into the interior of the metal
from the region near the surfaces by the boundary
condition g (0) = 0. They will in fact leak out just
enough to insure that the electronic charge density,
and consequently (~4'(P)~ ), are the same in the
interior as they would be if there were no surfaces.
Also, since the electronic wave functions are not
confined to an artificially small volume by the
boundary condition g(0)= 0, there will be no in-
crease in the Fermi energy. Appelbaum and
Blount have in fact proved that there is no surface
correction to the Fermi energy.

In another paper, Nedorezov has obtained re-
sults for the surface corrections to the electronic
density of states, Fermi energy, and specific heat
using an infinite-wall model which can incorporate
crystallinity. He also obtains a nonzero correction
to the Fermi energy, which he suggests can be
measured in de Haas-van Alphen experiments. All
of Nedorezov's results are unphysical for the rea-
sons given above.

Finally, Cooper and Hu'o have obtained expres-
sions for the electronic density of states with the
assumption that either ( (0) = 0 or g '(0) = 0. Ac-
cording to (3), this implies that either (y) = 0 or
(y)= —,

'
m, so that either assumption violates (1).

Thus, the results of Cooper and Hu are unphysical.
In conclusion, we have shown that the results of

the three above papers are all unphysical. In par-
ticular, both of the effects invoked by Shapoval to
explain the change in 7", for a thin film result from
the use of an incorrect model.
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However, since (p) =@~ and p(k~) should increase with
k„as it does in the results displayed in Ref. 5, we
should have y(kz) & 4~. The assumption p(k+) =0 gives,
for example, the wrong sign for the surface specific heat,
which contains a factor [y(kz) —4m] according to Kenner
and Allen. Cooper and Hu state, "One might consider
a metal-vacuum boundary to simulate /=0 at (the)
boundary, " whichwould imply p = 0 for a metal-vacuum
interface.


