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FIG. 3 Integral muon rate as a function of minimum pulse height (in p.e.)
required of all three PMTs. Filled circles show experimental results, solid
line shows Monte Carlo predictions if the Greenland ice has peak optical
absorption length of 25 m (identical to laboratory ice). Dotted lines show
Monte Carlo predictions for peak absorption lengths of 18 m and 12 m. The
error bars show only statistical uncertainties in the observed rates and in
the Monte Carlo rates.

observed presence of impurities in the butyl acetate used) would
tend to reduce the predicted Monte Carlo rates, so our results
should be regarded as a lower limit to the optical clarity of the
ice. It should also be pointed out that the large absorption length
implied by these results indicates that PMT size, rather than the
optical quality of the ice, will be the limiting factor for a real
neutrino detector: this is because for a smaller PMT, loss of
light due to angular spread of the Cerenkov cone outweighs the
loss of light due to optical absorption of the ice. Finally, because
the ionic purity and particulate concentration of the Greenland
ice are comparable to those measured for distilled water, it is
not surprising that the optical properties of the two substances
are also comparable. Trodahl and others® have studied the
diffusive transport of light through bubbly sea ice and conclude
that the optical absorption length at a wavelength of 500 nm
must be at least 10 m; as this ice contains brine pockets and
algae, the pure ice found in the interior of Greenland or Antarc-
tica should be much better for our purposes.

We find these results very encouraging, and are planning more
extensive experiments at the South Pole during the coming
austral summer (November 1991-January 1992), in particular
the operation of one or two strings, each with four 20-cm-
diameter PMTs at a depth of ~1 km, where the ice is expected
to be bubble free’. Assuming that these tests are successful, we
then hope to begin construction and installation of full-size
strings of twenty 20-cm-diameter PMTs in the succeeding season
(1992-93). In addition, as part of this year’s work, we will be
investigating the possibility of using our detection technique to
construct muon detectors able to operate in conjunction with
South Pole Air Shower Experiment, an existing air-shower array
at the South Pole'®. The large effective muon-sensitive area of
a PMT at shallower depths suggests that good muon coverage
could be achieved with only a small number of drilled holes. [
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The superconducting energy
gap of Rb.C,,
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THE discovery of superconductivity in potassium-doped Cg, (ref. 1)
has been followed by an intense effort to understand the physics
and chemistry of metal-doped fullerene solids”'>. Experimental
studies of alkali-metal-doped Cg, have now provided insight into
the structure”'® and the coherence length and penetration depth®
of the superconducting phase. No measurements of the super-
conducting energy gap (A) have, however, been reported. The BCS
theory of superconductivity'®, which has been used to interpret
much of this experimental work>**~"*, predicts (in the limit of
weak coupling) that the reduced energy gap 2A/kT_ has a material-
independent value of 3.53. Values in excess of 3.5 define strong
coupling, and thus provide insight into the nature of the pairing
mechanism. Here we describe the measurement of A for single-
phase superconducting Rb;Cg, by tunnelling spectroscopy using a
scanning tunnelling microscope. We obtain a value of A at 4.2 K
of 6.6+ 0.4 meV, corresponding to a reduced energy gap of 5.3.
This is significantly larger than predicted by BCS theory, but
similar in magnitude to values found for high-temperature copper
oxide superconductors'®. Our finding of strong coupling in Rb;Cg,
suggests the need for caution in using standard BCS theory to
interpret superconductivity in metal-doped Cg,.

Tunnelling spectroscopy has been one of the most successful
techniques used to probe conventional metal and alloy super-
conductors'®, In particular, tunnelling spectra can provide
values for both the energy gap A and the electron-phonon
spectral function a’F(w), where o is a measure of the coupling
and F(w) is the phonon density of states. To obtain a clear
value for A by tunnelling, it is essential to prepare a uniform
insulating barrier between the superconductor and metal junc-
tion. As the Cy, superconductors have short coherence lengths*
and as the samples are inhomogenous, we expect that planar
junctions might show significantly broadened gap features (even
for the ideal BCS case). We have therefore used a low-
temperature scanning tunnelling microscope (STM) to make
point junctions with a sharpened metal tip. Point tunnelling
spectroscopy has been used to measure A in a variety of super-
conducting materials, including pure metals'®, organics'’ and
oxides'®, and the values of A determined by this technique for
conventional superconductors are comparable to those obtained
with planar junctions.

The Rb;C,, samples were prepared by methods described in
detail elsewhere'?. Briefly, purified and dried Cq, was reacted
with RbHg in a 1:3 ratio at 200 °C for 8-72 h. After this initial
reaction, the superconducting fraction determined from shield-
ing measurements was typically >35%. The resulting powder
was then ground, pressed into a pellet, and sintered at 200 °C
for 3-12 h. Diamagnetic shielding measurements made on these
sintered pellets show that the superconducting fraction can
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333

© 1991 Nature Publishing Group



LETTERS TO NATURE

approach 100% of the sample volume. After characterization of
a sintered pellet by magnetic susceptibility, it was mounted on
the STM sample stage in an inert atmosphere glove box, and
then transferred to the STM where it was contained in a vacuum
chamber. Isolation of the sample is essential in these studies,
as alkali-metal-doped C,, decomposes on exposure to air and
moisture'®. The point junction was formed by mechanically
moving a sharpened Pt-Ir alloy tip to the RbsCs, pellet surface
and then tuning the junction resistance with a piezoceramic
positioner. Current against voltage (I- V) curves were recorded
digitally using custom-built electronics under computer
control. The sample temperature was actively controlled for
T>42K.

The diamagnetic shielding curve for a typical Rb,Cg, sintered
pellet used in this study is shown in Fig. 1. The T, of this sample
is 29 K and superconducting fraction is >60%; the large shield-
ing fraction demonstrates that the sample is a bulk superconduc-
tor. After mounting a pellet in the STM, we recorded room-
temperature I-V curves to verify that the sample was metallic;
that is, that it had not decomposed and become semiconduct-
ing'®. The STM was then cooled to 4.2 K and tunnelling spectra
were recorded at different locations on the sample. An I-V
curve recorded at 4.2 K on a high-quality sample is shown in
Fig. 2a. This curve has a distinct zero-current regime about V =0,
and conductance sets in sharply at ~+6 mV. These features in
the [-V data are the characteristic signature of the supercon-
ducting energy gap. The gap structure was observed in most of
the I-V curves recorded at different locations on several high-
quality samples. Occasionally we did not observe a gap; we
believe, however, that such results are due to sample
inhomogeneities (Z.Z. and C.M.L., unpublished data). An
important observation is that the gap structure observed in
Fig. 2a smears and then disappears as the sample temperature
is increased above T (Fig.2b, c¢), and furthermore, that this
structure then reappears when the sample is again cooled below
T.. As the gap structure is detected reproducibly below T, in
high-quality superconducting samples, but disappears above T,
it is clear that it can be assigned to the superconducting energy
gap of Rb;Cq.

We have quantitatively analysed the magnitude of A by calcu-
lating the conductance, dI/dV, as a function of voltage, since
dI/dV is proportional to the density of states. The conductance
data determined from the I-V curves show a gap in the density
of states around V =0 and conductance peaks at the gap edges
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FIG. 1 Temperature dependence of the magnetization, M, obtained for a
3.1-mg Rb;Cqq sintered pellet. The curve was recorded by cooling in zero
field to 5 K and subsequent warming in a field of 5 Og; 7,=29 K. The sample
was prepared by heating a pressed pellet of RbsCsy powder for 3h at
200 °C; the powder was first reacted at 200 °C for 72 h.
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(Fig. 3). These key features agree qualitatively with our expecta-
tions based on the low-temperature BCS expression for the
energy gap, dI/dV =eV/[(eV)*—A?]"? although the quanti-
tative fit of this expression (solid curve, Fig. 3a) to our
experimental data is not ideal. We note that the value of A
determined from this fit, 6.8 meV, is significantly larger than
that predicted by BCS theory, 4.41 meV. Deviations from the
ideal BCS expression are often observed in tunnelling measure-
ments'* and could be due to inhomogeneity in our polycrystal-
line samples, or to broadening caused by inelastic scattering or
strong coupling effects'®'”. In addition, it is important to recog-
nize that it is not known whether or not these new superconduct-
ing materials should show an ideal BCS energy gap, although
BCS behaviour has been implicitly assumed in many analyses
of experimental data™*°'3, To determine more accurately the
value of A for Rb;Cgy, we account phenomenologically for
deviations from the ideal BCS expression (Fig. 3a) by allowing
for broadening as suggested by Dynes and coworkers: dI/dV =
Re[|eV —il'|/((eV —il')*—A%)'?], where I' is the broadening
term®®. Using this modified expression, we obtain good fits to
our experimental d1/dV data with A=6.6 meVand I'=0.6 meV
(Fig. 3b). It is apparent from such fits that we have observed a
‘BCS-like’ energy gap in Rb;Cgq, and that the magnitude of A
is substantially larger than predicted by weak-coupling BCS
theory.

We therefore find from a number of independent experiments
that A(4.2 K)=6.6+0.4meV, that A becomes smaller as the
temperature is increased (while remaining below T.), and that

400 — T

200 - N

—200 8

400 + b B

Tunnelling current (pA)
(W]

-200

~400 |

=20 0 20 40

-40

Bias voltage (mV)
FIG. 2 Plots of / (pA) against V (mV) obtained on sintered pellet samples
with a Pt-Ir alloy tip. The sample temperature in & b and ¢ was 4.2, 15

and 30 K, respectively. The samples for b and ¢ were different from that
in a

NATURE - VOL 353 - 26 SEPTEMBER 1991

© 1991 Nature Publishing Group



LETTERS TO NATURE

m 7

=

e

3

=

-

@ 9

©

=

o)

—

8

3 25 ‘ x :

= b

©
20 .
1.5 .
1.0 -
s i
0.0 -
“40 30 20 10 0 10 20 30 <0

Bias voltage (mV)

FIG. 3 Plots of d//dV against voitage (mV) for RbsCep at 4.2 K. The experi-
mental data for conductance (solid circles) were calculated numerically from
the /-V data in Fig. 2a. a The data are fitted with the expression d//dV =
eV/[(eV)? — A%]*'? (solid curve) with A=6.8 meV. b, The data are fitted with
the expression d//dV =Rel[|eV —iT|/((eV —iT?-A%*?] which includes
broadening by T'. The values of A and I' are 6.6 and 0.6 meV, respectively.

no energy gap is observed for T =30 K. At present we do not
have sufficient data to determine whether A(T) for Rb;C¢, has
a BCS-like temperature dependence, although it is clear that
the energy gap does not persist above T.. We believe that our
most important finding is that the value of the low-temperature
reduced energy gap for Rb;Cqy, 24/ kg T, = 5.3, is significantly
larger than the weak-coupling prediction of 3.53. Our data thus
show that the coupling, presumably to phonons, is fairly strong
in the alkali-metal-doped Cg4, superconductors. In previous
studies of strong-coupling superconductors it has been noted
that low-frequency phonon modes affect A more than high-
frequency vibrations'’?'. Hence, it is interesting to speculate
whether, in this molecular-based superconductor, C¢,-Cy inter-
molecular modes give rise to the strong coupling determined
from our tunnelling studies.

Most of the experimental data for alkali-metal-doped Cg,
superconductors have been interpreted in terms of BCS theory
with variations in T. determined by the density of electronic
states at the Fermi level>*%3, It is apparent that these analyses
should at least be re-scaled by the value of A measured experi-
mentally. In addition, if T, is indeed determined solely by the
density of states at the Fermi level, we expect that the value of
A found here for Rb;Cg, will be representative of Cg, supercon-
ductors in general. It will therefore be interesting in future to
investigate both the energy gap in K;Cq and the electron-
phonon spectral function for the alkali-metal-doped C, super-
conductor.
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Visible light emission due to
quantum size effects in

highly porous crystalline silicon
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LiGHT-emitting devices based on silicon would find many applica-
tions in both VLSI and display technologies, but silicon normally
emits only extremely weak infrared photoluminescence because of
its relatively small and indirect band gap'. The recent demonstra-
tion of very efficient and multicolour (red, orange, yellow and
green) visible light emission from highly porous, electrochemically
etched silicon® has therefore generated much interest. On the
basis of strong but indirect evidence, this phenomenon was initially
attributed to quantum size effects within crystalline material®, but
this interpretation has subsequently been extensively debated. Here
we report results from a transmission electron microscopy study
which reveals the structure of the porous layers that emit red light
under photoexcitation. Our results constitute direct evidence that
highly porous silicon contains quantum-size crystalline structures
responsible for the visible emission. We show that arrays of linear
quantum wires are present and obtain images of individual quantum
wires of width <3 nm.

The current interest in fabricating low-dimensional semi-
conductor structures relies upon quantum size effects which can
greatly alter the properties of bulk semiconductors and have,
thereby, given rise to a new generation of electronic devices. It
has recently been suggested®* that certain types of porous silicon
can show two-dimensional carrier confinement and constitute
a crystalline quantum wire array. Many workers, however, have
interpreted data on porous silicon in terms of a crystallinity that
deteriorates with increasing porosity and decreasing dimension-
ality’. There has even been speculation that porous silicon
contains an amorphous phase in its as-anodized state®. It is,
therefore, important to distinguish between these possibilities
and to determine the origin of the light emission.

Porous silicon is affected by atmospheric impregnation at
room temperature'®, and all characterization techniques need
to take this into account. Highly porous silicon is also fragile
and very chemically reactive (L.T.C., unpublished data). Pre-
vious transmission electron microscope (TEM) studies''™** have
successfully revealed the morphology of low- to medium-
porosity layers in specimens prepared by sequential mechanical
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