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Ultrathin superconducting films of amorphous Mo-Ge ~ere made that remain homogeneous dovrn to
—20 k The expected localization behavior was observed in their resistivity-versus-temperature and sheet
resistance {Ro) data. A systematic reduction of the transition temperature with itlcrcasing Ro was ob-

served for several compositions, consistent ~ith recent theories of localization and Coulomb interaction ef-
fects on superconductivity. Critical-field data provide further tests of these theories.

With the growing understanding of the approach to An-
derson localization, there is now much interest in how local-
1zat1on Bnd thc rclatcd changes 1A thc Coulomb 1ntclRctlon
affect the physical properties of disordered metals. Of par-
ticular interest is the effect on superconductivity, with which
loca11zat1on Bnd 1ncrcRscd Coulomb 1Atclactlons 1nhcIcntly
compete. ' Rcccnt thcor1cs prcdlct that 1A two d1A1cnslons
such competition will sharply reduce the transition tempera-
ture T, with increasing sheet resistance A~. ' Amorphous
supcI'comiuctlng films hold spcc181 1ntcI'cst fol examining
such interplay. Amorphous metals combine microscopic
disorder with homogeneity on the length scales for super-
conductivity (i.e., the superconducting coherence length ().
This leads to considerable simplification of both the theory
and the interpretation of experiment, Additionally, ultra-
thin amorphous films can be made two dimensional (2D)
with respect to both superconductivity and diffusion. In this
paper, we present the results of an experimental study of
superconductivity in ultrathin amorphous Mo-Gc films.
The films exhibit a strong reduction of T, with increasing
R& as expected fron1 theory. Important discrepancies, how-
ever, are observed between the present theory and experi-
ment.

The a -Mo-Ge filn1s we studied were co-magnetron-
sputtered at ambient ten1peratures from single-element
sources. Rapid substrate rotation (300 rpm) during deposi-
tion, with evaporation rates less than one monolayer per ro-
tation, dramatically improved homogeneity and coverage for
ultrathin films. Samples were prepared at various composi-
tions and thicknesses, on different substratcs, and with or
without thin protective layers of a-Ge or a-Si. For films
thicker than about 80 A (Ro ~ 200 0), both the resistivity

p and T, were independent of substrate or the existence of
protective layers. This was not true for the thinner films.
Specifically, Ultrathin samples deposited in the same run on
a -Si3N4 had lower resistivities than those on polished
single-crystal sapphire, indicating more uniform coverage of
a likely smoother surface. The presence of protective layers
also led to lower resistivitics and slightly higher T, 's for the
thinnest films, presumably by the prevention of oxidation or
other chemical interaction. Using the reasonable criterion,
for a given composition, that the best films are those with
the lowest p, a series of "optimized" samples were made on
a -SlsN4 us1ng a 10-A a We ullderlayel, successtvely sPut-

tered Mo-GC, and a 20—254 a -Si overlayer, which was
then oxidized. All films were stable against thermal cycling
and photolithographic processing. Analysis of selected sam-
ples with x rays and transmission electron microscopy.
showed no sign of crystalline inclusions. Tunneling into the,
thinnest films (~100 4) using the oxidized a-Si as the
tunnel barrier showed sharp, single gap structure, no evi-
dence for a proximity layer, and gap values as expected
from weak-coupled BCS theory.

Thc data cons1st of ITlRny runs A1adc ovcI' arl cxtcndcd
period of time. The optimized samples comprise the most
complete data and extend to the highest A~. Resistivity was
measured at 300 K and at the resistive maximum (due to
the presence of superconducting fluctuations) at low tem-
peratures by the van der Pauw technique. Also, for the two
thinnest films, R ( T) was measured up to 77 K, and exhi-
bited the ln(T) dependence expected for 2D localization
and/or interaction effects. 3 Superconducting T, 's were mea-
sured resistively on patterned samples, and were smooth
and well defined. Figurc 1 shows the low-ten1peraturc p vs
Rg fol thc optln11zcd samples. Note that p has rlscn only
about 5o/o by d=40 A, indicating highly uniform films.
Indeed, the behavior of thc rise in p with increasing A~,
even down to 20 A, is consistent with that expected from
localization and interaction effects, with perhaps a small
contribution from boundary scattering. 4 The comparison
with localization and/or interactiorl theory is displayed in
thc inset, which shows the excess conductance 6 G~
= —ARo jRoz vs Ro. As can be seen EGo is constant, in-
dependent of R~ as expected from theory. The magnitude
of AG~ is also reasonable. 5 Hence there is no evidence that
the inherent bulk resistivity of our films is increasing. The
importance of this fact is that the bulk T,o may depend
strongly on p.2 6 Clearly, in studying the dependence of T,
on 8& in thin films it is important to ensure that the bulk
T,o is itself unchanging. The maintenance of a constant
bulk p is a reassuring (if not sufficient) condition that this
1s so. Thc posslb111ty of 1ntclfacc cffccts Bffcctlng T, 1S ad-
dressed below.

As seen in Fig. 2, for each composition there is a marked
and systematic decrease in T, from the bulk value, T,o. For
Rz less than aboUt 400 A, tl1c dccI'case 1A T, 1s 11rlcaI", fo1
larger A~, T, decreases more slowly. Recall that in this ini-
tial linear regime, for a given composition, the data (and
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thus the conclusions) are independent of sample prepara-
tion. A similar depression of T, with increasing Rp in
disordered non-transition-metal films was reported (but not
definitively interpreted) long ago by Strongin, Thompson,
Kammerer, and Crow. Raffy, Laibowitz, Chaudhari, and
Maekawa have reported a reduction in T, with increasing
Rp in a-W-Re alloys. Hence the behavior is apparently
universal.

Recently, Maekawa and Fukuyama (MF) theoretically
studied the effects of localization on 2D superconductors. '

I.O,

0.8

~ 0.6

0 g

o- MoGe:

a= 16% Ge
& = 2I%6e
0 -" 25% Ge
&=31/oGe

0.2

400 800
Rp(Q)

I

I 200 l 600

FIG. 2. (T, /T, o) vs Ro for various compositions, with fit to
theory. Values of T,o are 7.6, 7.2, 6.8, and 5.8 K for increasing Ge
content.

FIG. 1. Low Tp vs Rt3-(and d) for optimized samples, with es-

timated boundary scattering effects. Inset shows 5 Gp vs Rp with

(ARo /Ro) = [p(bulk) —p(Ro)]/p(Ro)

The first term is due to the reduction of the density of
states (correlation gap precursor) and the second is a (ver-
tex) correction to the electron-electron interaction. Note
that for our values of ((o/l), the second term is the
predominant contribution to the reduction in T, . This ver-
tex correction reflects an exchange correction to the electron
screening, which is affected by the anomalous diffusion
present in disordered metals. This reduction in screening
enhances the renormalized Coulomb interaction parameter
p. ', thereby reducing the BCS coupling constant. To com-
pare our results with theory we determine the product gaol

from the critical-field slope of our bulk (thick) samples
[((0)= 45 A]. Makin the reasonable assumption for the
mean free path I —4 (roughly an interatomic distance),
the only remaining parameter is the effective coupling con-
stant gtN(0), which is expected to be of order unity. Fig-
ure 2 shows the fit to the data. The fit gives a reasonable
value for gtN(0) of about 0.6. This interpretation implies
that the change in p,

' dominates the reduction of T, . Note
that the rate of the T, depression increases with increasing
Ge content. Finally, note that as Rp increases, the data de-
viate from theory, and there is no evidence for the predict-
ed reentrant behavior. Thus, at least within this framework,
the data suggest that higher-order (positive) corrections are
required in the theory for large Rp. Note that we cannot
absolutely rule out possible influences of interface (i.e.,
proximitylike) effects on T, due to the protective layers
used with the thinnest samples. However, for such effects
to account for the observed discrepancy with theory, it is
necessary that such effects increase T,—an unlikely but re-
markable result if true. If such interface effects reduce T„
then in our fit to theory we have overestimated gtN(0). It
is worth pointing out that the measured T, reduction is
roughly an order of magnitude greater than that expected
from the Kosterlitz- Thouless transition. '

Because of its intrinsic interest and as a further test of the
theory, we also studied the perpendicular upper critical-field
H,2(T) behavior of selected samples. Again, if one is to
separate out effects on H,2(T) due to localization and in-
teraction effects from those resulting from gross structure in
the film, as in granular or percolation systems, sample uni-
formity is relevant. The data are shown in Fig. 3 along with
fits (dashed lines) to the standard GLAG (Ginzburg, Lan-
dau, Abrikosov, and Gor'kov) theory. " The prediction of
the theory of Maekawa, Ebisawa, and Fukuyama" (MEF) is
shown in the inset for the same four samples. Within the
MEF theory, once gtN(0) is determined by fitting the T,
data, H,z(T) is completely determined, thus providing a
consistency check on the theory. Note that both the nega-
tive curvature near T, and critical-field slope at T, grow with
decreasing T, (increasing R ~ ) . Furthermore, the slopes at
high field decrease slightly. Clearly, the data progressively
deviate from the GLAG result. The deviations at high field
are qualitatively different from the MEF theory as well.
Some caution is required in this conclusion. As shown by
the uncertainty bars on the data, the resistive transitions of
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FIG. 3. Upper critical-field data, with GLAG fits (dashed lines).
Inset sho~s MEF theory for same samples.

FIG. 4. Low-field critical-field slope, with theory (no free param-
eters). Error bars due to rapid rollover of H, 2(T) with increasing

0, not from an uncertainty in measurement,

the thinnest films broaden substantially at high field, mak-
ing a precise determination of H, 2(T) difficult. Such
broadening is to a large extent expected due to intrinsic
fluctuation effects (field-enhanced fluctuation conductivity
above the transition, and the vortex lattice melting below). ts

Nevertheless, the discrepancy seems to be qualitatively real.
An improved theory incorporating fluctuation and localiza-
tion on an. equal basis will be required before a quantitative
test of the theory will be possible.

Therefore we looked at the critical-field slope at T„where
we can better avoid the problem of large fluctuations. The
data are shown in Fig. 4, along with the prediction of MEF,
using the identical parameters found to fit T, vs R~ curves.
Note that the data agree well with the theory for the same
range of A~ as the T, fit. Hence the T, and the low-field

H, 2 data can be interpreted self-consistently.
In conclusion, using carefully prepared ultrathin amor-

phous superconducting films, we have found that the super-
conducting transition temperature of the films decreases
rapidly with increasing sheet resistance. The results are in

general agreement with recent theories of localization
and/or interaction effects in homogeneous 2D superconduc-
tors and demonstrate that the effects of disorder on super-
conductivity are dramatic, even in the weakly localized re-
gime. Discrepancies with theory are found, however, which
suggest that important corrections to the present theory are
required at high magnetic fields and as one enters the more
strongly localized regime.
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