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The temperature dependence of the electrical resistivity of granular aluminum films

changes from one regime to another as their superconducting transition temperatures

drop towards absolute zero. In nonsuperconducting specimens we observe the exponen-

tial behavior associated with strong localization. In the other regime the specimens show

a weaker, logarithmic dependence.

PACS numbers: 71.50.+ t, 71.30.+ h, 71.55.Jv

We have made measurements of the electrical
resistance of granular aluminum specimens,
which give information on electron localization
and its relation to the occurrence of superconduc-
tivity. The experiment leads to two related re-
sults. The first is that between the two regimes
of strong localization (characterized by an expo-
nential dependence of resistivity on temperature)
and metallic conduction, there exists an inter-
mediate regime in which the resistivity varies
approximately logarithmically with temperature.
This raises the possibility that such a dependence
may be more general than has recently been
suggested. ' The second result is that a resistive
superconducting transition is observed in the
weak localization as well as in the metallic re-
gimes, but not in that of strong localization.

The specimens are about 1 cm long and 3 mm

wide, and range in thickness between 1 and 10
pm. They were prepared by evaporation of pure
aluminum from an electron-beam source, in a
small amount of oxygen, onto water-cooled glass
substrates. Under these conditions the metal de-
posits in the form of grains surrounded by amor-
phous aluminum oxide. ' At the metal concentra-
tions of our specimens the grain size is about 30
0
A. The superconducting transition temperature
is approximately constant at a little over 2 K for
specimens whose resistivity is between 10 ' and
10 ' Qcm. '

If specimens are prepared with slightly lower
metal fractions a transition region is reached in
which the resistivity rises very rapidly for small
changes in metal content; T, drops abruptly and
then super conductivity disappears. Previous ob-
servations of the heat capacity and also its rela-
tion to the resistive transition4 are well described
by a model of metal grains which are coupled by

Josephson tunneling. " Some details have also
been confirmed by susceptibility measurements. '
The disappearance of superconductivity is attrib-
uted to the lowering of the Josephson coupling en-
ergy and the increase in the electrostatic charg-
ing energy as the oxide thickness between the
metal grains increases. '

The measurement of the electrical resistance
is complicated not only by the existence of super-
conductivity and superconducting fluctuations
which extend to well over twice T„but also by
a large negative magnetoresistance in the normal
state. '" All specimens were measured in fields
up to 9 T. For each specimen with any sign of
superconductivity the value of the normal-state
resistance in zero field, P„, is found by extra-
polation of the high-field part of the curve of R
against H. We assume the dependence in the
normal state to be parabolic for low fields, as is
found to be the case in the absence of supercon-
ductivity, and in the superconducting specimens
at fields high enough to suppress the fluctuations.
At low temperatures and high fields the depen-
dence of resistance on magnetic field is no longer
quadratic, and shows a point of inflection followed
by the onset of saturation. The point of inflection
occurs at successively lower values of H/T for
specimens closer to the regime of strong local-
ization where superconductivity is absent.

In this Letter we present data for five speci-
mens. Their characteristics are shown in Table
I, and their variation of R„against T is shown
in Figs. 1 and 2.

The two specimens No. 3 and No. 6 do not be-
come superconducting down to 1.2 K, nor do they
show any signs of superconducting fluctuations,
which show up as an initial positive magnetoresis-
tance superimposed on the negative magnetore-
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Specimen p«p4. 2

number (0 cm)
T

{pm) (K) Form of B~ vs T

0.04 0.16 6
0.02 0.12 10
0.02 0.10 1
005 3 1
0.3 32 1

1.9
1.8
1.2

Logarithmic
Logarithmic

Exponential
Exponential

sistance seen at higher fields. It can be seen
from Fig. 1(a) that for both of these specimens
R„ follows the relation R„=R,expt(T, /T)'i'].

TABLE I. Characteristics of the speciments. p« is
the resistivity at room temperature, p& &

the resistiv-
ity at 4.2 K. t is the specimen thickness and T, the
temperature at which the resistance has dropped to half
of its maximum value.

This form of the temperature dependence is found
in a wide range of granular metals. '" We refer
to these specimens as being in the exponential
or strong-localization regime.

Two of the specimens (No. 1 and No. 2) have
resistive transitions at 1.9 and 1.8 K, respective-
ly. As can be seen from Fig. 1(b) their tempera-
ture dependence is much weaker than exponential.
Because of its possible relevance to the current
work on localization which we discuss below, we
show in Fig. 2(a) a graph of R„against logT and
note that the relation is close to linear. For the
same reason we also tried R against 1/uT but the
deviation from linearity was greater. If one
forces a fit with R =A+ Br, the value of e
which gives the best fit is about 0.3 for specimen
1 and 0.4 for specimen 2. While the temperature
range is too small to determine the functional
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FIG. 1. The temperature dependence. of the resist-
ance plotted as logR against T ' . (a} Specimens 3
and 6; (b) specimens 1, 2, and 5.

FIG. 2. The temperature dependence of the resist-
ance plotted as R against logT. {a) Specimens 1 and 2;
(b) specimens 5 and 6.
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form uniquely, there is no doubt that the variation
of P„with T is fundamentally different from that
of the specimens in the exponential regime.

A fifth specimen (No. 5) ha, s a resistive transi-
tion at 1.2 K. It is therefore extremely close to
the threshold where superconductivity disappears.
Its variation of A with T is close to but not quite
exponential.

These results show that the value of T, is a sen-
sitive measure of how close a specimen is to the
exponential regime. The resistivity is a less
reliable indicator. This is presumably so, in

part, because the resistivity depends more strong-
ly on minute details of the specimen preparation,
such as small variations of the substrate tem-
perature and the residual gas pressure.

The close agreement of the temperature depen-
dence of the normal-state resistance of our weak-
ly localized specimens with the logarithmic form
leads us to consider two interpretations. First
of all, a logarithmic behavior is not expected for
systems that are manifestly three-dimensional.
The specimen thicknesses are more than two
orders of magnitude larger than the grain size
and all other relevant microscopic lengths. How-

ever, the specimens may be just above the perco-
lation threshold so that they would contain chains
of grains in quasimetallic conta. ct (i.e. , either
with real metallic connections or with thin insulat-
ing barriers with negligible activation energy).
The chains will form a network with many cross
connections between the parallel paths. In that
case the system can be described as being neither
one-dimensional nor three-dimensional. The
problem of defining dimensionality is well known

in percolation theory, "where the concept of
"fractal" dimensionality" has been introduced
for such cases. Indeed, one study has shomn that
the fractal dimensionality of the infinite cluster
in a three-dimensional system at the percolation
threshold is equal to two. " A detailed theory of
localization incorporating the per colation aspects
has yet to be developed.

The second interpretation of the logarithmic
temperature dependence, taken together with the
similar forms found not only in tmo-dimensional
systems" but also in one-dimensional wires, " is
that it is of greater generality than is suggested
by the recent theories' and applies regardless of
dimensionality. A similar temperature depen-
dence had been reported earlier for another sys-
tem" that appears to be unquestionably three-
dimensional and that is not open to the complica-
tions just discussed. It should also be noted that

in our granular specimens, and perhaps in others,
the localization arises primarily from the Cou-
lomb interaction and not from the disorder in the
lattice potential which is the basis of Anderson
localization.

The relation between super conductivity and
localization has been explored by Dynes, Qarno,
and Howell in two-dimensional discontinuous
metal films. " They concluded that a resistive
transition exists only when the specimens are
metallic, i.e., when the temperature coefficient
of resistance in the normal state is not negative.
In contrast, all the specimens which we have
described in this Letter have a negative tempera-
ture coefficient of resistance.

A most interesting question arising from this
work is whether superconductivity can exist in a
system in which the electrons are truly localized
at absolute zero. If the logarithmic (or some
even faster) variation of resistance with tempera-
ture were to continue as T approaches zero this
mould indeed be the case. An alternative explana-
tion of the comparatively weak temperature de-
pendence of the normal-state resistance of our
superconducting specimens is that there are
metallic threads running from one end of the
specimen to the other. In that case the resistance
would reach a limiting value as T goes to zero.

We have already noted earlier' that the conduc-
tivity can be expressed as &= & + &, exp[-(T, /
T)'i'], where v„ is a temperature-independent
(metallic) component of the conductivity. How-
ever, the observation of such a dependence (in
a limited temperature range) is not conclusive
proof of metallic paths in parallel with activated
ones. An effective-medium model of highly elon-
gated metallic ellipsoids immersed in a medium
having the exponential temperature dependence
also leads to this form over part of the tempera-
ture range. "

We are now extending our measurements to
lower temperatures to explore this question fur-
ther and to look for signs of saturation of the re-
sistance. So far it seems clear, in any case,
that the existence of superconductivity is intimate-
ly related to electron localization, and is a par-
ticularly sensitive indicator of its presence.
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technical help of G. Hughes. The research mas
supported by the National Science Foundation
under Grant No. DMR-78 24213 and by the Rutgers
University Research Council. Helium gas was
supplied by the U. S. Office of Naval Research.
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Nonmetallic Conduction in Electron Inversion Layers at Low Temperatures
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We have measured the resistance of electron inversion layers in Si metal-oxide-semi-
conductor field-effect transistors at low temperatures (-50 mK) and low electric fields
(-O.l V/m). At iow values of Ro we observe logarithmic dependences of the resistance
on both temperature and applied electric field which scale only on A~. We observe a
gradual transition to an exponential dependence at &z &10 kO. The logarithmic depend-
ences agree qualitatively but not quantitatively with current theories of localization.

PACS numbers: 73.40.Qv, 73.25.+ i

A number of recent experimental and theoreti-
cal papers have addressed the subject of electron
transport and localization in a quasi two-dimen-
sional (2D) system. ' ' We report measurements
of the electrical conductivity of electron inver-
sion layers in silicon metal-oxide-semiconductor
field-effect transistors (MOSFET's) at low temper-
atures and compare them with recent theoretical
ideas and experimental results on metal films. '
Our measurements show that at sheet resistances
R& -10 kg/Cl there is a smooth and gradual cross-
over from an exponential to a logarithmic depen-
dence on temperature and applied electric field.
Similar to the previous observations of Dolan and

Osheroff, ' we see no evidence for true metallic
behavior below 10 kQ/ . ln addition, our results
show that these effects scale only with R~ of the
inver sion layer.

Our measurements were performed on n-chan-
nel MOSFET's fabricated on (100) and 111) sur-
faces of p-type silicon with peak mobilities of
-2000 cm'/V sec at 4.2 K. The Si electron inver-
sion layer is a 2D electron gas whose density is
determined by the applied gate voltage. Also the
mobility can be varied by applying a substrate bi-
as which moves the electron wave function closer
to, or further away from, the Si-oxide interface.
This system has been extensively studied by a
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