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Granular Al films have been measured in a microwave cavity at 9.4 GHz together with

their dc resistance, R(T). The change in resonant frequency is proportional to the num

ber of superconducting electron pairs which is finite above the temperature T,
R(T) t 0. Microwave loss has been identified which appears to be specific to granular
materials and vanishes only well below &, . This is shown to be due to normal conduc-
tion between grains, which upon cooling becomes progressively more Josephson-like.

PACS numbers: 74.30.6n, 74.40.+k, 74.50.+r, 74.70.Nr

The interest in granular superconductors has
increased considerably over the past years. '
More recently, Al samples at the high-resistivity
end, containing 30- to 50-A Al grains and more
than. $0'%%uoA1, 0„have come under focus. For ex-
ample, the 100-A films needed to observe the
Eosterlitz- Thouless transition were granular in
nature. Earlier studies of the resistive transi-
tion used thicker films. ' These, and the more
recent specific heat measurements~ on similar
films, were aimed at understanding how long-
range superconductivity in these materials arises.
A Inodel with an inhomogeneous- distribution of
grain coupling, referred to as percolative, ac-
counts for the smeared and shifted specific-heat
peak. ' On the other hand, renormalization-group
theory for weak and uncorrelated distributions
yields a homogeneous transition. ' If this is not
the case, the experimentally observable transi-
tion can be spatially inhomogeneous. The cri-
teria where one or the other situation prevails
are not well established. '

In the present work we have employed micro-
wave measurements to examine the supercon-
ducting transition in a variety of granular Al
films. The films were sufficiently thin that the
electric fields penetrated the whole sample. Thus
the technique is still useful even if a supercon-
ducting path is established and dc measurements

cease to give information. Our measurements
show that there is a temperature range in which
all the Al metal is superconducting but there does
not exist a uniform phase relation between the
grains.

The experiments were conducted using a Varian
Model-450o electron- spin- resonance spectrom-
eter. The samples were mounted along the axis
of cylindrical TE„microwave cavity operating
near 9.4 0Hz. To minimize losses the films
were positioned with their surfaces parallel to
the microwave magnetic vectors. The microwave
data were taken by locking the klystron frequency
to the cavity. Then the shift in frequency, 4v,
due to the superconductivity of the sample was
measured by recording the output of an attached
Hewlett-Packard spectrum analyzer, as a func-
tion of the applied external magnetic field of the
spectrometer. Simultaneously, the change in q
of the cavity, due to the microwave loss, was
monitored by the change of power reflected from
the cavity. For the range of temperatures re-
ported here the available magnetic field of 6500
Oe was sufficient to induce the normal state.
Therefore the changes due to the superconduct-
ing state would be obtained. The microwave pow-
er was kept low enough so that the data were
power independent.

The dc conductivity was probed by pressing
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FIG. 1. The microwave loss, cavity frequency shift,
and dc resistance, as functions of temperature. The
resistance and loss are normalized to their values in the
normal state and are equated to zero at their lowest
measured values in the superconducting state. The fre-
quency shift from the normal state is normalized to its
largest positive value. The sample parameters are
thickness = 10 000 A, p = 3000 p, & cm (RQ =30 0/Q) .

two contacts on to the film in the cavity and
recording the resistance with a Keithley Model-
616 electrometer. The reliability of the two-
probe dc measurements and the current used
were checked by comparing such measurements
with a four-probe arrangement in separate runs
outside the cavity. The cavity and sample were
immersed in pumped liquid He. Apertures were
provided so that the superfluid He could Qow
freely in and out of the cavity to improve thermal
uniformity. The temperature itself was moni-
tored by a calibrated carbon resistor inside the
cavity sited near the sample, but shielded from
the microwave field. The films of 10000 A thick-
ness were prepared by evaporation of aluminum
in an oxygen atmosphere as described in detail
previously. ' The 100-A -thin films resulted from
flash evaporation. ' The grain size was on the
average 30-40 A in the thick' films and some-
what larger in the thin' films.

Over a half-dozen different samples were mea-
sured. Typical and reproducible data obtained
for the 10000- and 100-A sheets are shown in
Figs. 1 and 2, respectively. Further character-
ization is given in their figure captions. Their
dc resistive transitions are typical of granular
material of the kind used here and have been re-
ported for several thousand angstroms thick' as

IO- + 0 0 0 0 0
+ +I- 0 LOSS

0LLI

(r) 0.8 — ++
+)+

0.6 — +
O

f SHIFT +
0.4—

LLJ

0.2—

~ ~
~ ~ ~

~ ~
~ Rd

/
/

/
II

*o I I~+
I.9 2.0 2. I 2.2

T(K)

I

2.3
0

1.8
I

2.4

FIG. 2. Same as Fig. 1, except that sample param-
0

eters are thickness= 100 A, p~ 280 pQ cm (R0~ 280
~/ ).

where the supercondueting order parameter is
given by f = (n,)'~' exp(ip). The linear dependence
implies that all the metal has the same supercon-
ducting transition temperature, T, '. A distribu-
tion in T,"s over the sample would yield, by Eqs.
(1) and (2), a concave upward curve of ~v(T).

well as for very thin films. 2'7 In our samples
the microwave absorption drops by no more than
15% over a range where 8' of the change in dc
resistance occurs. Thus, over this range the
microwave penetration depth is about the same
as in the normal state, 30 pm; it is much larger
than the thicknesses of all samples. Therefore,
in this temperature interval, the microwave
electric fields penetrate the films entirely.

We first discuss the observed inductive fre-
quency shift of the microwave cavity. The ex-
tra inductance manifests itself by a frequency
drop when, at fixed temperature, the film be-
comes superconducting upon switching off the
magnetic field. It results from the inductive
loading of the cavity by the inertia of the super-
conducting Cooper pairs against the accelerating
electric field. According to the first London
equation there is a kinetic inductance L, given
by L, ~ =n, 82/I, where n, is the density of su-
perconducting pairs. Thus the cavity shift is
directly proportional to the total number of super-
conducting electrons in the sample:

agT) ~ J„„n,(T)dv. (1)

The shift data of Fig. 1 show a near-linear
region in hv(T); this has important implications.
By Eq. (1) this is what is expected in the high-
frequency limit from a system which follows
BCS or mean-field behavior,

(2)
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Thus all the aluminum particles have a nonzero
Cooper-pair density below T, '. However, at this
temperature and somewhat below, the sample is
still quite resistive. This means that no macro-
scopic, phase-locked, superconducting paths are
yet formed across the sample. Our n, (T) results
confirm directly the assumption of a well-defined
particle transition temperature T, ' made in a re-
cent theory' used to explain specific-heat data by
Worthington, Lindenfeld, and Deutscher. ' Pre-
sumably T, ' can be associated with clusters con-
taining appreciable numbers of tightly coupled
small grains. At lower temperatures, an inverse
shift is superposed onto the inductive one causing
the latter to level off (Fig. 1). In a forthcoming
paper this will be related to the increasing dia-
magnetic response of the sample to microwave
magnetic fields and can be ascribed to progres-
sive phase locking of the clusters below T, '.

The evidence of a nonuniform transition is sup-
ported by our microwave absorption measure-
ments. In the 10000-A-thick sample the decrease
of the absorption occurs over a temperature range
& 0.3 K below T, ', ten times larger than the main
resistive change. The microwave loss can arise
from either electrons in the Al metal grains or
electrons in the oxide barriers between the grains.
From the cavity shift b.v(T) we have just shown
that below T, all the aluminum metal is super-
conducting. The applied microwave quantum is
hv =0.2kT, . For this value, comparing with
microwave absorption data" on bulk clean or
dirty Al superconductors, as well as using the
Mattis-Bardeen BCS electrodynamic theory, "
one finds that the microwave loss due to the alum-
inum should drop in a temperature range of about
0.01 K if it were a uniform superconductor.
Therefore, we conclude that the losses are not in
the metal grains but are due to the poorly conduct-
ing barriers between them. Because the loss is
present in the normal state also, this conclusion
applies to the normal films as well. This micro-
wave loss mechanism in granular metals seems
not to have been discussed before. ' Electron
transmission coefficients computed earlier from
H„measurements led to the conclusion that the
dc conductivity is barrier limited. This agrees
with the present direct microwave evidence. "
The reduction in microwave loss upon cooling
cannot result from hopping processes becoming
slower, because the loss was entirely restored
upon switching the films to their normal state.
The gradual reduction in loss upon cooling is
therefore assigned to lossy junctions which be-

come more Josephson-like, i.e. , a phase relation
between superconducting patches of grains is es-
tablished. The 100-A-thick samples show an even
more gradual reduction than the 10000-A-thick
ones. In the former, the microwave field pene-
trates the sample in the superconducting state en-
tirely. Thus the reduction in loss cannot result
from a reduced skin depth. Although the change
in microwave loss cannot be taken to be propor-
tional to the number of superconducting junctions
(it depends nonlinearly on barrier width), the
mere fact that about 80% of the loss is still pres-
ent when the film's resistance has vanished sug-
gests that non-phase-locked clusters exist well
below T, '. Losses arise also from quasiparticle
tunneling" but these progressively decrease as
T decreases. The uniform-state model does not
seem capable of explaining the shifted peaks in
the specific heat data, 4 whereas the inhomogene-
ous "percolation" of phase-locked bonds can. '
Moreover, as required by the inhomogeneous-
state model, ' the loss becomes small at T = 1.7'K
where the peak in the specific heat occurs (in
samples with p=3000 pQ cm).

The 100-A thin samples (Fig. 2) showed qualita-
tively similar behavior, but the dc transition is
broader and the loss, as already mentioned, more
gradual. The frequency shift curve of the particu-
lar sample shown is more rounded than that of
Fig. 1. However, other thin specimens displayed
a more extended linear region. The measurement
reproduced here is of interest as there is a dis-
tinct tail in b,v(T) extending nearly 0.1 K above
the extrapolated T, '. Because the thickness of
the sample is less than the coherence length one
is tempted to ascribe this tail to low-dimensional
fluctuations in n, . Indeed, the extent of the tail
correlates with the gradual change in Rd, , which
has been explained"" by two-dimensional (2D)
fluctuations. As wv(T) ~(l gl') and P =(g)+6&(t),
above T, ' where (g) =0 the average ( I )12& =( I &ql'),
i.e., fluctuations in n, are observable. This is
analogous to the birefringence measurements of
Courtens near the structural phase transition of
SrTl03 p where such a fluctuation-induced tail ha, s
been reported. " Of course, due to scaling, the
fluctuations exist below T, ' as well and contribute
to the rounded n, curve. The rounding could also
be due to there being a range of T, 's. But the
grain size distribution in the 100-A samples was
similar to that in the 10000-A one where not
much rounding near T, was seen. Thus this ex-
planation is less likely, but it is possible.

Voss, Knoedler, and Horn detected white noise
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at and above the resistive transition of 100-A thin
films. ' In our 10000-A sample such noise, but
with considerably smaller amplitude, was found"
at temperatures where n, ~T, ' —T. In this mean-
field regime, amplitude fluctuations should not be
important. Thus the noise is attributed to phase
fluctuations.

For finite 2D films one expects" a Kosterlitz-
Thouless transition to occur at T,o =T, '/(1 + R&/
23.8 kA). For the films we investigated the re-
sistances R~ were -300 &Q. Thus, for a homo-
geneous sample, T» would be less than 0.1 K
from T, '. Below T» the lossy free-vortex plas-
ma tends to disappear, but since the microwave
losses persist to temperatures well below T»
they cannot be caused by the vortex plasma. On
the other hand, in the experiment of Hebard and
Fiory, ' T, '- T,D =0.5 K. For such large tempera-
ture differences the inhomogeneities governing
the resistive transition should cause minor effects
at T2D.

In summary, we have shown that microwave
measurements of granular aluminum sheets in a
cavity yield directly the number and temperature
dependence of superconducting Cooper pairs. The
method should be generally applicable to thin
films of granular materials or potential molecu-
lar superconductors. In all our granular Al films
we observed large excess microwave loss which
we attribute to lossy oxide barriers between
grains in the normal and superconducting state.
We conclude from our data that there are impor-
tant influences of inhomogeneity on resistive su-
perconducting transitions. They proceed by the
formation of superconducting regions below a tem-
perature T, ' where all the Al metal becomes su-
perconducting. The locking of phases between
grains produces a continuous superconducting path
but only after a somewhat lower temperature is
reached. At still lower temperatures all resis-
tive paths become superconducting and the micro-
wave loss greatly decreases. In the two-dimen-
sional samples the fluctuations in the density of
Cooper pairs may have been observed.
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