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%'e have performed systematic tunneling measurements on two-dimensional quench-condensed films of
Sn and Pb to investigate the destruction of superconductivity by localization effects. With increasing sheet
resistance of the films, the energy gaps and T, 's decrease only slightly, but the gap edges broaden until the

width becomes comparable to the gap. Associated with this broadening are low-temperature finite-

resistance tails in the resistive transitions.

Near the metal-insulator transition, both localization and
interaction effects have a strong influence on the nature of
conduction. ' These effects become even more important as
the dimensionality of the system is reduced. Extensive
transport, magnetotransport, and tunneling measurements
in a variety of three-dimensional (3D), 2D, and 1D samples
have resulted in a comprehensive description of these
phenomena in the normal state. Recently, there has been a
great deal of interest in the role these effects play in the
destruction of the superconducting state of a disordered met-
al. Tunneling studies in 3D granular aluminum samples
close to the metal-insulator transition' showed that the su-
perconducting energy-gap edge broadens, possibly due to
lifetime effects, as the resistivity of the sample increases.
%hen the broadening is comparable to the gap, supercon-
ductivity disappears. In this paper, we report our results on
a corresponding. 2D experiment using very thin quench-
condensed films of tin and lead.

Two-dimensional systems are particularly appealing for
studying localization and interaction effects because it is
now understood that all the electronic states are localized
and that these effects are some~hat independent of the ma-
terial studied, ' depending only on the sheet resistance (Ro)
of the sample. However, this assumption does not seem to
hold for studies of the competition between these effects
and superconductivity. Differences between our results on
quench-condensed films and those of other experimental in-
vestigations on several diverse systems4 have led us to
recognize the distinction between reducing the pair ampli-
tude and reducing the phase coherence in the destruction of
superconductivity. This experiment addresses the latter.

Our earlier tunneling measurements5 on quench-
condensed tin films concentrated on the modification of the
normal-metal density of states due to Coulomb interactions.
In this experiment, we have focused on the changes in the
superconducting excitation spectrum. The films were fabri-
cated as previously described: A film of 99.99% Sn or Pb
was evaporated onto fire-polished glass substrates held
between 1.5 and 8 K. This film straddled four gold contacts

and the aluminum (Al) counterelectrode which was previ-
ously deposited at room temperature and oxidized in air.
Since we were interested in studying films of very high Rp,
it was necessary to work with relatively high-resistance junc-
tions. This was accomplished by oxidizing the Al in air for
20 min to obtain resistances &10000 0 for a 0.25 mm'
junction area. The films were deposited in a low-
temperature evaporator that was immersed in liquid helium.
Cryopumping on the walls of the chamber is expected to
reduce the pressure inside to less than 10 ' torr. These
films become "continuous" at about 50 A, so the high Rp
is probably due to weak coupling between small particles of
clean metal. The sample geometry (inset to Fig. 2) was
chosen to allow four-terminal measurements of both the
junction conductance and the film resistance.

The advantage of this technique is that we were able to
use the same tunnel junction for an entire series of films.
This was possible because the evaporator was designed to al-
low in situ conductance measurements. As a result, after
evaporating and measuring a film, additional material could
be evaporated without formation of an intermediary oxide.
In this way, we studied films that varied over 3 orders of
magnitude in R&.

It is important to consider the significance of the granular
structure for the nature of this investigation. From
numerous localization studies, we now understand that the
relevant length scale is given by the electron inelastic dif-
fusion length, Lt =+Dr„where D is the electron diffusivity
and ~& is the inelastic scattering time. L, is the length an
electron diffuses before experiencing an inelastic scattering
process and, based on previous magnetoresistance measure-
ments, we estimate this length to range from several hun-
dred to about a thousand angstroms for the films under
study. As a result, the electrons actually sample many of
the small particles comprising the film between inelastic
events and average over them. In this sense, the inhomo-
geneities, which are on a scale & 50 A, should not affect
the properties of interest here. Furthermore, it is the in-
elastic length which determines the dimensionality of the
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sample. Since our films are & 100 A thick, they are clearly
two-dimensional under these criteria, as confirmed by mag-

netoresistancc. 6

The resistive transitions for a series of Sn films with R&'s
ranging from 98.0 0/0 to 116.4 kQ/Cl are shown in Fig. l.
In all these measurements, we have measured several re-
gions along each film at several different currents to ensure
that the films are homogeneous over the 1 cm length of the
film and that the resistances are not current dependent. %c
choose to present the data on a logarithmic scale to em-
phasize the sharp onset (which is at approximately the same
T for all except the 116.4-kQ/CI sample), the initial ex-
ponential decrease in resistance, and the appearance of a
long tail which grows dramatically with R&. This means
that the T, of the tin films which do superconduct (defined
as the midpoint) changes by less than 10'/0 over more than

2 orders of magnitude in Rcj.
Since T, is apparently not changing with R&, it is interest-

ing to observe how superconductivity disappears. As R& in-

creases, R(T) below T, develops a long tail where finite
resistance persists. At higher R&, the tail continues to low

temperatures and, with increasing R&, turns around as lo-
calization triumphs. Even in the highest-R~ film shown,
there is a hesitation in the monotonic increase in R, indicat-
ing some remnant of superconductivity. Our tunneling
measurements show the presence of an energy gap over the
entire range of R&. The tunneling data were taken at —1.7
K with the aluminum (Al) in the normal state (a normal-
metal-superconductor tunnel junction) considerably simpli-

fying the analysis. Conductance traces were qualitatively
similar to those already published, except that we investigat-
ed the superconducting gap region with more resolution. In
order to do a quantitative analysis, it is necessary to deter-
mine a normalized superconducting density of states
N, (E)/N„(E). This ratio is given by the ratio of the junc-
tion conductances in the superconducting and normal states
with appropriate thermal factors. Since the logarithmic
corrections to the normal-state density of states due to
Coulomb interactions are significant, especially at low vol-

tages, for most of the range of R& studied, we also mea-

sured the conductance at 6 K. To deconvolve the supercon-
ducting density of states, we assumed that the measured
current could be written in the form'

)Oo I (&)= C„(V) N, (E)[f(E)—f(E+ &))dE

where C„(V) is the normal-state conductance, which is vol-

tage dependent (logarithmic) in this case, N, (E) is the su-
perconducting density of states under study, and f(E) is
the usual Fermi function. For a Bardeen-Cooper-Schrieffer
(BCS) superconductor, N, (E) assumes the form

N, (E)=
+E2 Q2

~here 5 is the energy gap. The deconvolution is then ac-
complished by dividing the conductance measured at —1.7
K (well below the superconducting T, ) by the conductance
measured at 6 K. At low voltages, where thermal effects at
6 K truncate the logarithmic divergence of the corrections to
the conductance, we extrapolated the high-voltage data and
used these values for the division. %e end up with a ther-
mally smeared superconducting density of states of the form

N, (E)= N, (E') [f(E') —f(E+E') j dE' . (1)

The results of such an analysis are shown in Fig. 2, where
we plot N, (E) for (a) a low-Ro film and (b) a high-Ro
film. Although 4 appears to remain constant, the shape of
the curve changes as R& increases. Following the results of
the 3D work, we used a BCS density of states broadened
with a lincwidth I" ~ to fit the data:

1 l
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FIG. 1. Resistive transitions for a series of tin fihns with sheet
resistances: 1, 116400 0/Cl; 2, 47500 0/t3; 3, 38000 0/CI; 4,
27700 0/cl; 5, 16000 0/a; 6, 10500 0/o; 7, 3080 0/0; 8, 98.0
0/CI. Note that T, hardly changes.

N(E, 1)=Re, E=E'- ir .iE'-~' '

To do the fit, wc allowed I and 5 to vary, but observed that
the value of 5 did not change more than +1.5'/0 over the
entire R& range studied. Typical best fits are shown as solid
lines in Fig. 2. As expected, at low Ro, (1) and (2) provide
an excellent description of the data and, although the quali-

ty of the fit deteriorates at higher R&, there is still good
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FIG. 3. Plot of the lifetime broadening factor, 2I, as a function
of sheet resistance for a series of tin films. Solid line is least-

squares fit to the data. For comparison, the value of 5 for these
films is 0.74 20.1 meV.
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FIG. 2. The density of states deconvoluted from conductance
data for (a) a 541.7-0/a tin film and (h) a 9933-0/a tin film. The
solid lines are the best fit curves obtained using a BCS density of
states broadened by the indicated value of I for each case. Inset
shows the sample geometry.

agreement in the gap region at 9933 0/a. We have noticed
that the data tend to faB below the fit between 1 and 3 mV
and that this deviation becomes more pronounced as 8& in-

creases. The same effect was present in the 3D data.
Although we do not show the data, very similar results were
obtained for Pb as well.

The values of I obtained from this fitting procedure on
data from two different series of films show a linear depen-
dence on R& as seen in Fig. 3. If, as suggested in Ref. 2,
the energy broadening is caused by inelastic electron-
electron scattering processes, which are enhanced at low
electron diffusivity (D), we should be able to estimate the
scattering rate (I/r, ) using 21 = AE f/r, At 1083—0 0/C.l

this yie1ds a rate of 2.3 x 10" sec '. For order-of-
magnitude comparison, we also estimated I/r, using the
previously measured9 inelastic e-e scattering rate in Mg and
the observed linear dependence of ~& on D and found
1/r, =1.9&&10" sec ' at these temperatures. The agree-
ment is surprisingly good since we are comparing a magne-
toresistance determination of ~, in Mg with a tunneling

determination of ~& in Sn, but it gives us added confidence
in our picture of inelastic electron-electron scattering caus-

ing the lifetime broadening. Furthermore, an extrapolation
of the plot in Fig. 3 implies that 2I will be equal to the gap
at —50000 Q/Cl, about where we observe that the system
sho~s localized behavior below T, . Additional evidence for
this picture comes from measurements of the temperature
variation of I . Although the results are not yet complete,
we find that I increases substantially with increasing T up to
T„where we can no longer measure it using this technique.

Our observation of a constant T, and 5 is different from
some previous investigations4 of the impact of disorder on
2D superconductivity. In these studies it was found that
there was a substantial reduction in T, and 5 with increas-

ing R&, and no superconductivity gradually disappeared as

T, and 6 approached zero. Here we believe we are address-

ing a rather different question: What happens to supercon-
ductivity when the microscopic superconducting coupling
strength is not changing, but small microscopic regions are
being decoupled from each other T It is interesting that, in
this situation, superconductivity disappears at the point
where strong localization begins to dominate and Coulomb
interaction effects become very important. This occurs at
10000—20 000 0/0 regardless of the material studied.
Therefore, we think we are truly investigating the details of
the competition between superconductivity (when the
electron-phonon coupling is unchanged) and localization.

In principle, all 2D states are localized, but only weakly so
at low Rp. At finite temperature, inelastic scattering events
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delocalize the electrons on a length scale given by the in-
elastic scattering length. %e estimate that the localization
length and the coherence length are comparable in the re-
gion of 10000-20000 0/CI. This gives us further confi-
dence that we are observing the intrinsic struggle'0 between
localization and superconductivity.

In summary, we have studied the nature of the destruc-
tion of superconductivity in 20 films of Sn and Pb as a
function of increasing 8&. This has been accomplished by

systematic R(T) and tunneling measurements on quench-
condensed films. %e find that T, and 4 remain almost un-
changed up to 10000 0/CJ. The data can be best described
by a decreased lifetime of the pairs and quasiparticles due to
inelastic scattering. This is manifested as a temperature-
dependent broadening of the density of states, similar to
that observed in 3D. As the disorder increases, the
broadening becomes comparable to the energy gap, localiza-
tion wins out, and the material no longer superconducts.
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