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We have observed large increases in the transition temperature T~ of thin, quenched
composite films consisting of alternating layers of dissimilar metals. We estimate the
regions of the film which experience the greatest increase to be within a few monolayers
of the metal-vacuum or metal-metal surfaces. A possible explanation for the increased
Tz's is the shift in the electron-phonon coupling to larger values due to the lowering of
the phonon frequencies.

Some years ago Hilsch and co-workers' inves-
tigated the superconducting-transition tempera-
ture Tz of metallic films of soft metals prepared
by vacuum deposition onto substrates held at
cryogenic temperatures. In general they found
that quenched films produced this way were com-
posed of small metallic particles and the increase
in T~ of the metal correlated with the Debye tem-
perature eD. Theoretical work~ and interest in
obtaining high &z's has renewed interest in this
problem, and much work has recently been
done' on films. To investigate the higher Tq's
in these systems, recent work' ' was done' on
sandwiches consisting of alternating metallic and
dielectric layers, and also on near-monolayer
films. e In general, higher T&'s were obtained in
Al, Sn, In, and Zn than previously reported in
pure metal films. To explain these results it
was suggested that electrons could pair across
thin dielectric barriers, ' ' thereby reducing the
Coulomb part of the interaction and raising Tz.
It was also recognized that "disorder" could play
a role in these measurements. This is discussed
in Refs. 4-6. We emphasize that no explanation
of why "disorder" should raise Tq has been giv-
en. In the present work we report measurements
on layered structures consisting of alternating
layers of different metals which show the same
large increases in T~ observed previously. '
This eliminates the need for invoking pairing
across dielectric barriers (Cohen-Douglass
mechanism) as suggested in previous work on
layered structures. ' ' The rises in 7'~ are ex-
pIained here using a model which considers

quenched films as an aggregate of small crystal-
lites, and then estimates changes in the phonon
spectrum due to the surfaces. We do not consid-
er quantization due to size, and surface effects
are only considered in terms of their effect on
the phonon frequencies.

The new data presented in Figs. 1 and 2 show
effect of depositing successive layers of differ-
ent metals in the Al-Cu and Al-Sn systems. The
metals were deposited onto glass slides held
near 4'K and the experiments are done in situ.
The general features of the experimental setup
are described in Ref. 5. One important differ-
ence in these experiments is that the edges of
the film were masked, which eliminated essen-
tially the effect of size distributions in the sha-
dow regions of the film. Because the resistance
transitions widths are sharp and are significant-
ly narrower than the &Tz's caused by the next
increment of metal, and because we can see the
"peaked behavior" with thickness shown in Figs.
1 and 2, we believe that the deviations from the
average thickness of a given layer are fairly
small. This is in contrast to the work in Ref. 5,
where the films were not masked, and where the
size distributions in the film edges caused a
smeared out behavior when T~ was plotted as a
function of thickness, instead of the peaking of
T~ as a function of thickness shown in Figs. 1
and 2. The random error in thickness due to
readings on our quartz-crystal-oscillator thick-
ness monitor is about 10% at a thickness of about
5 A for Al and is less for the denser metals. Be-
cause of the porous nature of these materials the
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FIG. 1. Plot of Tc versus thickness for alternate
layers of Al and Sn. The thickness scale is in units of
frequency change on a crystal-oscillator thickness
monitor. The characteristic thickness of the Sn layers
(and the Cu layers in Fig. 2) may be as much as 50%
higher than the values indicated, due to unknown geo-
metrical factors.

actual thickness may be somewhat different from
our estimates based on the amount of material
deposited. It is seen from Fig. 1 that T~ increas-
es when Al is deposited onto Sn or Sn onto Al.
Even Al on Cu has its &~ raised initially as
shown in Fig. 2. From the position of the peaks

in the curves of temperature versus thickness
we estimate that the region of highest &~ is of
the order of three or four monolayers in both Al
and Sn. Similar peaks in the curves of T versus
thickness have been observed for metal-insulator
and metal-semiconductor systems, such as Al-
SiQ and Al-Ge, when the edges are masked. We
show in Fig. 3 that the trend in the maximum
T~'s that we have observed in layered structures
is similar to the prediction of McMillan for
these elements, if it is assumed that increased
electron-phonon coupling can be achieved by low-
ering the average phonon frequencies (&') . lf
this correlation is not a coincidence, we must
ask why the phonon frequencies are lowered in
these systems.

We assume that these quenched films are com-
posed of many small metallic crystallites sepa-
rated by voids. At a surface, the fact that the
surface atoms share fewer interatomic bonds
will lead to a lowering of the phonon frequencies. '
This effect will be accentuated when a new metal
is first deposited on a dielectric or foreign met-
al since the new layer will be bounded by a free
surface on one side and a "quasifree" (lattice-
mismatched) surface on the other. A possible
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FIG. 2. Plot of Tc versus thickness for alternate
layers of Al and Cu. The thickness scale is in units of
frequency change on a crystal-oscillator thickness
monitor. Some characteristic thicknesses are given in
the figure. On this run there was also a control film.
Every time Al was deposited to make the A1-Cu layers,
Al was deposited at the same time under the same con-
ditions on the control film. It can be seen that the con-
trol on which only Al is deposited stays at about 2.7'K,
the Tc of thick Al films on cryogenic substrates. See
Refs. 1 and 5.
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FIG. 3. Solid lines: dependence of T /T &
on

electron-coupling strength in bulk material A, , as pre-
dicted from the strong-coupling theory [Eq. (3)] with
@*=0, and for p, *=0.1. Open circles: values of
Tc /Tc& obtained in thin films of Al, Zn, Sn, In,
and Pb. Note that the quantity ln(&2 Tcm~/Tcb) is
plotted on a log grid which illustrates the strong A. de-
pendence of Tc /Tcb.
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1.04(1+&)e
c 1.45. A. —p, *(1+0.62&)

where BD is the Debye temperature and p* is the
Coulomb pseudopotential; p* is generally found

(using isotope experiments) to be 0.10+0.02 for
nontransition metals. The quantity & involves
the details of the phonon density of states F(~),
and the electronic matrix elements o."(&u) are
needed to determine ~ which is given by

e cuFz N0
&u M((u~) (2)

where &(0) is the (bare) density of states at the
Fermi surface, ~ is the nuclear mass, (~') is
an average over the phonon frequencies, and
(s') is a Fermi-surface momentum average over
the electronic matrix elements. Empirically one
finds that &(0)(s') is roughly constant' for a giv-
en structure and that the major dependence of ~

is therefore not on the electronic properties di-
rectly but, instead, on the "softness" of the lat-
tice as measured by the lattice frequencies
(~ ). From Eq. (1) we can determine the maxi-
mum obtainable transition temperature &~max

compared with the bulk value T~g which depends
only upon the bulk phonon coupling. The result
(taking for convenience p, *-0 and McMillan's re-
sult~ that Tc ax for &*=0 corresPonds to &=2)
is given by

v2T /T =X e (3)

alternative picture of the structure of quenched
films is that of disorder at the atomic level with

an altered average lattice spacing. This effect
also could lead to a lowering of (~~) and an in-
crease of T~. However, except for the first lay-
er on a foreign substance, it seems more likely
that atoms will assume their usual arrangement
in small crystallites.

In the spirit of the above discussion, if we now

assume that the electron-phonon coupling strength
(and therefore Tc) depends mainly on the phonon

frequencies and is fairly insensitive to electron-
ic properties, we can use the analysis of McMil-
lan. ' Following McMillan, we can predict the
maximum value of Tz obtainable by reducing the
phonon frequencies. Numerical solutions of the

gap equations have been carried out by McMillan'
for a Nb-like phonon density of states and the re-
sults are well fitted by the analytic expression

In Fig. 3, In(v 2 Tcmax/Tcb) is plotted as a
function of & from Eq. (3) where p.*=0, and also
for the more realistic case where @*=0.1, to-
gether with our experimental data on Al, Zn, Sn,

In, and Pb films. The values of ~ are those
quoted by McMillan. ' The data are for the maxi-
mum transition temperatures observed for ultra-
thin films or film sandwiches deposited onto low-

temperature substrates. The experimental val-
ues of &~ ax for Al, Sn, Zn, Pb, and In are
about 5.7, 7, 1.8, 7.1, and 4.4 K, respectively. '
The value for each element corresponds to the
largest one observed in various experiments on
layered films. On the basis of Eq. (1), with p, *
= 0.1, ~ must increase from 0.38 to 0.55 to ex-
plain the rise of T& of Al from 1.2 to -5.7'K, and
for Sn ~ must change from 0.6 to about 0.80 to
explain the rise in T& from 3.7 to 7'K. Since
from Eq. (2) & goes as (&o') ', decreases in
(A@2) of about 31 to 25%, respectively, are nec-
essary to account for the above increases in Al

and Sn. Molecular-dynamics (computer) calcula-
tions by Dickey and Paskin" show that an isolat-
ed plate about three atoms thick will have (~')
reduced to half the bulk value, and their result
is insensitive to the diameter of the plate. On

the basis of the above, the required decrease in
((u') of about 30% in the first few monolayers of
Al or Sn is entirely reasonable, especially when
one considers that the grains composing this new

layer are in mechanical contact with the film be-
low it, and with each other. Of course, as more
metal is added the layers become thicker and
(&u') approaches the bulk value. We believe that
the correlation between the predicted maximum
increase in &~ and that observed in Fig. 3, plus
the discussion above, renders plausible the ex-
planation of the observed increase in && in terms
of changes in the phonon spectrum. Clearly, tun-
neling data showing the low-frequency modes
would offer the conclusive test of the above ex-
planation.

There are also considerable data showing that
thick quenched films' and metal-insulator-metal
layers' have increased transition temperatures.
Again, we believe that it is the'softened phonon
spectrum associated with the porous structure
(characterized by the presence of "internal free
surfaces") of such films that is responsible for
the enhancement. The experimental work of
Hilsch' on thick quenched films gave for Tc(quench)/
Tc(buIk) 2.3, 1.64, 1.26, 1.20, and 1.00 for Al,
Zn, Sn, In, and Pb, respectively, which shows
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roughly the same dependence upon ~ as for the
results shown in Fig. 3. However, the observed
changes are smaller in the case of the thick
quenched films. We al.so mention that even in
films prepared at room temperature and com-
posed of small particles, ~ the "soft phonons" due
to the particle surfaces can explain the increased
Tc

We emphasize that perhaps the most convinc-
ing evidence for the importance of the surface
(or interface) is the layered-film results shown
in Figs. 1 and 2, which shows that it is the pres-
ence of the interface region which causes the
dominant change in T. Thus, whenever a super-
conductor is evaporated, T~ is first increased,
and then as the number of noninterface layers
are increased the average coupling decreases
again.

Finally, one may estimate the maximum value
of T~ obtainable for different materials using
Eq. (1). The estimates for Pb, Nb, V~Si, and
Nb, Sn are 9.2, 22, 40, and 28'K, respectively.
We are now preparing thin V,Si films to see how
close we can come to the theoretical limit of
40'K.
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