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The resistance of ultrathin films condensed on low-temperature substrates has been
measured. All of the materials studied (Au, Cu, Al, Sn, and Pb) show a transition from
activated to metallic behavior as the resistance is reduced below 30000 0/U . This re-
sult gives strong evidence in support of the concept of a minimum two-dimensional con-
ductivity. In Pb films with resistance & 30000 0/~, the onset of superconductivity is
marked by an increase in activation energy.

There is growing evidence" that as the resis-
tance of a two-dimensional electron system is in-
creased, for example by reducing the electron
density in inversion layers or by changing topol-
ogy in thin metal films, 4 metallic conduction can-
not persist above a resistance of -0.12e'/h
= 30000 0/Cl. This limit occurs at the Ioffe-
Regel' condition, when the electronic mean free
path is equal to the Fermi wavelength. Above
this limit conduction becomes activated. It is
clear that such a high resistance cannot be
reached in a uniform metal film, where the Fer-
mi wavelength is comparable to the lattice spac-
ing, as even a, poor conductivity of approximately
104 (Q cm) ' would require a film thickness of
less than an interatomic spacing. Hence when
films reach the resistance of 30000 0/D, they
must be nonuniform, consisting of islands con-
nected by narrow constrictions or by tunnel bar-
riers. There has been considerable discussion
concerning the ener gy barriers deter mining this
activated transport. The splitting of energy lev-

els within each island or constriction due to the
size effect may give rise to the activation ener-
gy, "or the charging energy of such small par-
ticles may be dominant. '

In this Letter we present a study of films made
by evaporation of Pb, Sn, Au, Al, and Cu onto a
substrate held near 4.2 K. Such quench-condensed
films show conductivity at a lower average thick-
ness than films of the same materials made at
higher temperatures. Further, in situ measure-
ment of the resistance versus temperature has
allowed us to increase the thickness of the films
progressively until activated conductivity is no
longer observed. This transition from activated
to metallic behavior occurs near a resistance of
30000 0/E. We further observe that in Sn films
the resistance varies as exp(T '), whereas in Au
and Cu it varies as exp(T ')

~ In the latter cases
the extrapolated high-temperature resistance is
close to 30000 0/El. In Pb films we observe
tunneling between superconducting islands in the
activated regime and supercurrents due to Joseph-
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pendence itself is also of some interest, in that
it has been explained' by assuming a relationship
between the diameter (d) of the islands (or parti-
cles in the case of cermets) and their separations„
It follows that if s/d= const, a 1/T' ' dependence
of logR results. While this relationship follows
from the argument that the average density of the
film or cermet must be constant, it is surprising
that this dependence is widely observed, in that
one might expect the current to flow in regions
that do not exhibit average behavior —for example
between large particles which, by chance, occur
closer together than expected.

In the case of Al films (Fig. 3) it is difficult to
decide on the correct temperature dependence al-
though logR vs 1/T' ' seems to be a better fit than
1/T. Extrapolations of the 1/T' ' dependences
are again fairly close to 30000 0/ . However,
Sn films above 4.2 K definitely fit 1/T much more
closely than 1/T' ', and in this case there is no
common extrapolation of the plots for each thick-
ness. From Fig. 1 it can be seen that the Sn film
is more than twice as thick (at a given resistance)
as the Au, Cu, or Al films. Again, in both the Al
and Sn, below -30000 0/Cl the films apparently
become "metallic" in that the temperature depen-
dence of the resistance disappears.

Below 4.2 K, superconducting effects are ob-
served in the Sn film and these are much more
striking in the case of Pb films, as shown in Fig.

FIG 3
y T«2

Res&stance vs 1/T for t).n (open circle ) d
/ for aluminum {squares) and tin (closed circles).

Notice the effect of superconductivity of Sn at 1/T
=0.22 K '.

4. For the thickest Pb film the transition to the
superconducting state is complete and the mid-
point of the transition is at 6.6 K. However for
the film with resistance close to 30000 0/2 the
transition is broadened, especially below its mid-
point, while in the films with resistance near 10'
0/ the resistance first decreases at T, and then
increases at lower temperatures. For higher-
resistance films the activation energy increases
below T„ i.e., the films become move resistive
when superconducting. This behavior can be un-
derstood in a qualitative way by analogy with well-
known superconducting tunneling experiments.
The thinnest films are over 100 A thick (see Fig.
1) and hence, under the assumption that the film
is comprised of individual islands, these are
still superconducting with a T, of 6.6 K since
size effects are not serious within grains of this
size. At T„opening of the energy gap makes it
more difficult to tunnel between islands, as in a
super conductor -insulator —super conductor tunnel
junction at voltages below the gap. Alternatively,
one thinks of the energy gap as an additional mis-
match between energy levels of adjacent islands
applying whether this mismatch is due to a charg-
ing energy or to size quantization. In the lower-
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FIG. 4. Resistance vs 1/T for lead. For resis-
tances greater than 30 Goo 0/CI, the temperature de-
pendence is activated with an increase at T, . Below
30000 0/ "metallic" behavior is observed with super-
conductivity below T, .

describing conduction in either limit should, con-
ceptually at least, be equipped to describe this
transition.

In summary, we have performed resistance
measurements on ultrathin films grown on low-
temperature substrates. The resistance versus
film thickness suggests that these films consist
of metallic islands and that, for thin films, the
conduction is via tunneling. This property makes
this an ideal system to study conduction in two
dimensions. It is observed that the temperature
dependence of the resistance follows an exp(l/
T' ') dependence for Au and Cu, and tends toward
exp(1/T) in the case of Sn. Al lies somewhere
between these two dependences. Although this
temperature behavior is not understood, it is
characteristic of all the materials studied that
for a resistance in the vicinity of 30000 0/E,
the conduction changes from activated to metallic.
In the case of the superconducting materials, the
film displays superconductivity at and below this
critical value of resistance. These'observations
provide strong support for the concept of mini-
mum metallic conductivity in a two-dimensional
system.

We wish to thank P. W. Anderson and D. C.
Licciardello for stimulating discussions concern-
ing these experiments.

resistance films Josephson coupling between is-
lands becomes strong enough for supercurrents
to flow through the film as a whole. For granular
superconductors, Abeles' has pointed out that
this will not happen unless the grains are in inti-
mate electrical contact, which suggests that the
Pb film becomes "metallic" because the islands
begin to touch. Certainly from Fig. 4 it is clear
that in the range of values where the resistance
ceases to be activated (10'—10' 0/CI), the grains
couple together sufficiently strongly to result in
a superconducting film. This observation further
supports the concept of a minimum metallic con-
ductivity.

In passing, we comment that various models
have been proposed for conduction in a localized
or activated regime" and recently much thought
has been directed toward understanding metallic
conductivity" in the strong-scattering regime
(electronic mean free path =a„ the lattice spac-
ing). From Figs. 2 —4 it is clear that experi-
mentally the transition from this metallic behav-
ior to activated is a continuous one and models
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