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strain-induced valley splitting since "twofold de-
generacy" was reported.

V,"e have pointed out that the usual interpretation
of SdH measurements is not valid when the Lan-
dau levels are sharp. As the width of the level
grows, the motion of the Fermi level becomes
less and less pronounced. If just one electron
system has low mobility, the Fermi level will be
fairly constant, so that the usual superposition
of oscillations can be observed. We believe this
is the case in measurements reported on p-chan-
nel Si inversion layers" and on other semicon-
ductor materials. "
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Role of Clusters in the Approach to Localization of Josephson-Coupled Granular Lead Films
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The superconducting properties of thin granular lead films provide evidence for the
existence of clusters which mitigate electrostatic charging effects and allow Josephson
coupling to remain favorable in samples with normal-state sheet resistance near the
maximum metallic resistivity of 30000 0/sq. The disappearance of zero-resistance
transitions together with the precipitous onset of temperature broadening in this range
is therefore most likely associated with the localization of electronic states.

The resistive transitions of thin two-dimension-
al (2D) granular superconducting film typically
exhibit a broadening in temperature' as the nor-
mal-state resistance per square R N approaches
the maximum metallic resistivity' of 30 000 0/sq.
Recent measurements on thin films of Pb, Sn,
and Al also confirm that a transtiion to zero re-
sistance will not occur if Rg" is greater than
30000 0/sq. ' In this report we describe experi-
mental observations on thin (-300A) granular lead
films with R~"s30 000 Q/sq which provide new and
convincing evidence for the presence of clusters4 '
which we shall demonstrate play an important

role in maintaining Josephson coupling across re-
gions of the film containing a relatively large
number of grains. The appearance on the I-V
characteristics of uniformly spaced voltage steps,
separated by twice the energy gap (2d) of lead,
is a direct manifestation of the fact that Joseph-
son phase-slip processes are occurring along the
oxide boundaries separating these macroscopic-
size clusters of grains. Our data show that the
clusters decrease in size with increasing Rg"
and yet remain large enough to mitigate the ef-
fects of electrostatic charging' for films with Rg"
=30 000 0/sq. We argue that the absence of transi-
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tions toward the zero-resistance state above R
= 30000 0/sq together with the precipitous onset of
temperature broadening below this value is most
likely associated with the presence of localized
electronic states on the superconducting clusters
and/or grains.

A reactive ion-beam-sputtering technique, in
which the partial pressure of oxygen could be pre-
cisely controlled, was used to obtain stable films
with R& in the range of 100 to 10' 0/sq. Stripes 2

mm in length by 20 pm wide (100 squares) and
200 pm wide (10 squares) were delineated using
conventional photoresist and etching procedures.
Successively higher normal-state resistances on
the same film could be obtained by heating the
film under an infrared lamp to approximately
60'C, thereby causing an irreversible increase
in the oxide thickness surrounding each grain.

Figure 1 represents a family of curves of the
resistance transitions of the same film (250 A
thickx 200 pm wide) with Rg" ranging from 9.2

(curve a) to 28.3 kQ/sq (curve i,). A typical re-
sistance transition exhibits a pronounced de-
crease in resistance ~R at T = 6.5 K, slightly
less than the bulk transition temperature T„of
the grains, followed by a long resistance tail
heading towards a second transition to zero resis-
tance at T =T,D, the transition temperature of the
two-dimensional film. Because the resistivity of
the isolated metallic grains is insignificant com-
pared to the resistivity of the film () 10 p, Q cm),
it can be argued that the first transition occurs
which the grains are strongly coupled over large
enough regions to short out significant portions
of the sample. '

The distinguishing feature of the family of
curves in Fig. 1 is the linear decrease in dR/R
with increasing Bg". %e interpret this trend as
arising from the fact that the average cluster ra-
dius r, decreases as the grains within a cluster
become more decoupled with increasing oxidation.
Smaller clusters are less effective in shorting
out significant portions of the sample and one
would expect dR/Rp" to be negligibly small when
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FIG. 1. Family of resistive transitions for a film 250

A thick by 200 pm wide showing the resistance per
square as a function of temperature. The monotonically
increasing normal-state resistance per square fR&+
=9.2, 9.7, 11.3, 12.3, 13.3, 15.1, 16.3, 19.5, and 28.3
kQ/sq for (a} -(i}, respectively] were obtained by suc-
cessive anneals as described in the text. Excitation cur-
rents as low as 10 nA rrns at 25 Hz were used to ensure
that the measurements were made in regions in which
the voltage scaled linearly with current. These levels
were well below those currents at which voltage steps
appeared.
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FIG. 2. Current-voltage characteristics at 1.4 K cor-
responding to (a} a film 800 A thick by 20 pm wide by 2
mm long with R&+= 8.1 kQ/sq and (b} the 200-pm-wide
film with resistive transition curve (i) of Fig. 1 where
R~+=28.8 kQ/sq.
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the grains become sufficiently decoupled so that
a cluster becomes equivalent to a few grains. At
low R ", as in curve a of Fig. 1, a giant cluster
forms at T(T„which is as large as the sample
and gives rise to a sudden transition to the zero-
resistance state with hR =R

The fact that Josephson tunneling occurs be-
tween clusters of grains which can be as large as
the film width is shown convincingly in the I-V
characteristics of Fig. 2(a) for a film one hundred
squares in length (20 pm wide by 2 mm long) with
Rg= 3.1 kQ/sq. This behavior is indistinguishable
from that which would arise by series connection
of discrete Josephson tunnel junctions of uniform
area and nominally uniform critical-current den-
sities. ' An average tunneling resistance (R) be-
tween adjacent clusters is obtained by dividing
the total sample resistance (88 kQ) just below the
b, R feature by the total number (108) of observed
critical currents. The zero-temperature critical
current" I,(0) = Rb, (0)/2(R) = 2.7 pA is somewhat
higher than the range of currents (0.3-1.0 pA)
actually observed. This difference could well be
accounted for by the presence of thermal and ex-
ternal noise which could be suppressing the ob-
served critical currents.

With the wider (200-pm) films, in which the
average cluster size is small compared to the
film dimensions, we usually observed a series-
parallel behavior" characterized by a relatively
small number of steps superimposed on a rising
conductance background. For both the 200- pm
and the 20- pm films, the number of steps de-
creases and becomes washed out as the critical
currents decrease with increasing R " and the
clusters become small compared to the film di-
mensions. All evidence of steps has disappeared
for the highest-resistance data af Fig. 1 (curve i)
as shown in the I-V characteristic of Fig. 2(b)
taken at 1.4'K.

For those samples with R "&30000 Q/sq we al-
ways observed activated behavior with an increase
in activation energy at a temperature T =T„
where the onset of superconductivity occurs. Sim-
ilar behavior has been obtained in quench-con-
densed superconducting films' and in films of
(SN)„and In (Ref. 12) and is clear evidence that
the lead grains remain superconducting in the
strongly activated regime. It is the superconduct
ing coupling betsoeen the clusters (and grains)
and not the superconductivity of the grains which
is quenched at Rg= 30 000 Q/sq.

Abeles' has used an earlier analysis by Ander-
son" to argue that Josephson coupling cannot be

responsible for the superconductivity observed in
granular metals with isolated grains because of
electrostatic charging effects. The reasoning is
based on the observation that, for small enough
capacitance C between grains, the electrostatic
charging energy E,=e'/2C required to transfer
an electron between two neutral grains can ex-
ceed, by a large factor, the Josephson coupling
energy F.J between grains. More detailed analy-
sis" shows that Josephson coupling between
grains with n nearest neighbors is quenched when
a decoupling condition 8, ~nEJ is satisfied, where
n is the number of nearest neighbors. This de-
coupling condition at zero temperature can be
written equivalently as

R "&R~1=net(0)CR, /2e',

where R, =h/e'= 4114 Q and Rg can be thought of
as a maximum Josepkson coupling resistivity for
2D Josephson arrays. We see from this expres-
sion that for strong enough coupling [as measured
by &(0)] and large enough C (as allowed for by the
existence of clusters) Rg' can be greater than the
maximum metallic resistivity of 30000 Q/sq for
2D films. Clearly Rg'depends on the microstruc-
ture of the system and is a fundamental limit to
superconducting coupling only when R is less
than approximately 30000 Q/sq. If we write C
= e,er,d~/d,

„

for the capacitance between clusters
in a 2D array of clusters of radius ~„then we
can estimate the minimum size cluster for R~'
=Rg= 30000 Q/sq which will give rise to resistive
transitions towards zero resistance at T = 0. For
the film in Fig. 1 and the parameters d,„/e1 A,
d~ = 250 A, b, (0) = 1.4 mV, and n = 4 we find r,
=1000 A which is greater than the 250 A and
smaller diameter grains we would expect to find
for this film. "

It is straightforward to show that the decoupling
condition can also be written in the form R
& (—,nP)', .'R, where the damping parameter" is P
= 2mIP'C/y, . Thus the Josephson coupling can
exist at R~"-—30000 Q/sq only if the junctions are
operating well into the undamped regime (P» 1).
For an array of clusters the product RC, and
hence P, is to first order independent of r, We.
conclude from these arguments that the undamped
hysteretic behavior observed so clearly at lower
Rg", and in agreement with estimates of P &100
(R~"&58000 Q/sq for n =4) for the film with I-V
characteristics in Fig. 2(a), is preserved as the
large clusters break up into smaller clusters as
Rg approaches and passes through 30000 Q/sq.

In Fig. 3 we illustrate, for the data of Fig. 1,
52
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FIG. 3. Plot of the temperature ratio T2n/T«vs 8&+
for the sequence of resistance transitions depicted in
Fig. 1. Estimates of T2D were made using a 1% of R~+
criterion (triangles) and extrapolations with power-law
fits (squares) . Comparison with the Kosterlitz- Thou-
less prediction (solid line) is made by assuming the
mean-field transition temperature T,o =T«.

the rapid onset of temperature broadening as Rg"
increases towards 30000 Q/sq by plotting the tem-
perature ratio T,D/T„vs Rg . As the zero-re-
sistance transition temperature T» is well below
the 1-K limit of our pumped helium cryostat we
found it necessary to estimate T,n using a 1/p of
Rg" criterion' (triangles of Fig. 3) and by extrap-
olations based on power-law fits' of the form R
=R,(T/T» —1) to the low-temperature resistive
tails (squares of Fig. 3). Irrespective of the
method we use to estimate T,D, the data of Fig. 3
reveal a precipitous onset in temperature broad-
ening at R& =12kQ/sq. This behavior is in strik-
ing contrast to the smooth variation (solid line of
Fig. 3) predicted by applying the Kosterlitz-Thou-
less notions of a vortex-antivortex dissociation
transition to this thin-film system. '

In conclusion, it is reasonable to assume that
the precipitous onset in the resistive transition
broadening at R& -—12 kQ/sq is due to the appear-
ance of localized states which limit the range of
superconducting coupling to scale lengths, or
cluster sizes, less than the sample dimensions.
Accordingly, we would expect that in the range
determined by 12 SR~"~30 kQ/sq transitions to
zero resistance do not occur and that the resis-
tance below T = 1 K would flatten out" and per-
haps even start to increase. For films with R

& 30 kQ/sq, we have measured over thirty samples
and never seen any evidence of a broad resistive
transition heading towards zero resistance. It is
clear that the Josephson coupling between grains

breaks down at R~"=30 000 Q/sq independently of
the value of Rg' (which we have shown is greater
than 30000 Q/sq for our ion-beam-deposited gran-
ular lead films) and is therefore concomitant with
the localization of the sing1. e-particle electronic
wave functions at each tunneling site. ' In retro-
spect this connection should not seem surprising
when one realizes that the pair and single-parti-
cle tunneling probabilities through the same oxide
barrier are essentially equivalent. " We suspect
that the distribution of grain sizes and integrain
coupling strengths which favor the formation of
superconducting clusters in this inhomogeneous
system must be taken into account in order to
understand in detail the mechanisms by which the
strength and range of superconducting coupling
are affected by the increasing localization of the
electronic wave functions as Ag" increases
through the maximum metallic resistivity of
30 000 Q/sq.
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been corrected to take account of the sharply
dropping production rate as a function of bean en-
ergy

Table I gives the nominal energies quoted in the
paper and the corresponding corrected incident
and cross-section-averaged beam energies. The
resulting shift puts the observed peak in the &

spectrum closer to the projectile velocity and
thereby strengthens the proposal that it is due to
the existence of a projectilelike object after the
collision. An important consequence of these
new energies is to make the cross section exceed
the predictions of the models described in the
Letter by a factor of 5-10 at the lower beam en-
ergies.

LOW-ENERGY PION PRODUCTION AT O' WITH
HEAVY IONS FROM 125 to 400 MeV/NUCLEON.
W. Benenson, G. Bertsch, G. M. Crawley,
E. Kashy, J. A. Nolen, Jr. , H. Bowman, J. G.
Ingersoll, J. O. Basmussen, J. Sullivan,
M. Koike, M. Sasao, J. Peter, and T. E. Ward

[ Phys. Rev. Lett. 43, 683 (1979)].

TABLE I. The corrected beam energy (in units of
MeV/u) and its average value in the targets as com-
pared to the nominal values cited in the paper.

Nominal Corrected Average in the target
beam energy beam energy NaF Cu U

The incident beam energies cited were not cor-
rected for energy loss in the beam transport sys-
tem. Recent range measurements have shown
that these corrections are substantial. Also, the
average beam energies in the targets should have

125
150
200
250
400

101+5
130+4
182+ 3
235+ 3
388+ 2

80+ 10
110~ 7
164+ 8
219+ 5
383+ 3

~ ~ - 118+7
~ ~ ~ 172+ 8

214+ 5 226+ 5
377+ 3 381+3
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