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CHAPTER 5. CONCLUSIONS

The method of quantum-mechanical tunnelling between superconductors
has been applied to the study of aluminium, indium, tin, and lead vapour-
deposited films between 4.24°K and approximately 1.20°K.

Techniques have been developed for the growth of insulating
tunnel barriers, in the form of natural oxides, on the metals tin and
lead. These allcw more flexibility to the type of experiment that may be
performed than was previously possible, when aluminium oxide was the only
reliable barrier material known, because tin and lead have transition
temperatures well above that available to a pumped Heh cryostat. The
current literature suggests that similar advances have been made indepen-
dently in other laboratories. Attempts to prepare a lead single crystal
with a tunnel barrier have been unsuccessful so far.

A cryostat with temperature measgrement and control facilities
has been constructed and appropriate circuitry for continuous plotting of
current-voltage caaracteristics of the tunnel junctions has been assembled.
In addition, a circuit has been available for direct continuous plotting
of the first and second derivatives, dI/dV and d2I/dV2, of the character-
istics. Temperature measurement accuracy, and control, decrease with the
vapour pressure oI the liquid helium. At h.QOK a temperature may be pro-
duced and measured to an accuracy of 25 1 millidegree while at 1.4°k this
has deteriorated o a figure of Lo millidegrees. Temperatures below

l.hoK have been measured on a McLeod gauge and should be accurate to 1
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millidegree though the possibility of a calibration error (not greater
than 10 millidegrees) can not be entirely eliminated. Voltage measure-
ments from which energy gap values are determined are good to better
than 2 percent.

The generally accepted interpretation of ﬁunnelling characteristics
in terms of energy gaps has been critically considered and an attempt has
been made to clarify the relationship between the theoretical formalism
of current superconductivity theory and the observations made in
tunnelling experiments. The semiconductor gap snalogy often used in the
literature has been avoided since it can be a source of gross misunder-
standing.

Considerable advance has been made, it is felt, in following up
the consequences of superconducting energy-gap anisotropy which is known
to exist in real superconductors. It 1s considered to be responsible for
smearing of features in the current-voltage characteristics at temperatures
well below the transition temperature. IExperimental results obtained bear
out this hypothesis.

A detailed fit has been obtained for the temperature dependence
of the energy gap in tin to the BCS theoretical predictions where the
latter have been scaled with the parameters 27 (0) = 1.22 meV and T, =
3.85°K. This corresponds to & relation 24 (0) = 3.68 kyT, as opposed to
the BCS ideal value 2X(0) = 3.52 kpT given in equation (2-40). Tt is
comforting to note the agreement between this limiting value for the
energy gap in tin and that determined by Giaever et al.58 at O.30°K. All
other tin tunnelling curves in the literature known to this author show

rather i{ll-defined features when compared with Figures (4-Tb) and (L4-9)
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of this thesis. The tin films used were quite thin. Under such
conditions anisotropy smearing is minimized. Therefore we conclude
isotropic tin exhibits an energy gap glven by 2ASn(O) =1.22 ¥ 0.02 mev
as T = 0°K is approached.

The energy gap in lead has been observed to deviate at h.2°K by
almost 3 percent above the value predicted by & BCS temperature dependence.
This is seemingly compatible with the treatment of lead within the
strongly-coupled-superconductor theory of Swihart et al.65. There is no
guestion of the reality of the effect because even though voltage measure-
ments are only claimed to be accurate in absolute magnitude to within 2
percent much greaber sensitivity to changes than 2 percent of the total
value is avallable.

Very thin aluminium films heve yielded tunnelling characteristics
with sharp features even at high reduced temperatures — a fact which may
be interpreted as further evidence that anisotropy smearing causes lack
of definition in thicker films. The temperature range available in the
present cryostat has not been sufficient to permit temperature dependence
messurements on the gep in .aluminium.

Agglomeration makes impossible the preparation of very thin films
of indium, tin, and lead on room temperature substrates. Some attempts
at preparing very thin Al-I-M samples on liquid-air-cooled substrates
encountered technical difficulties associated with too-thick aluminium
oxlde barriers. The method is in process of ilmprovement.

Thick films give i1ll-defined results if simple gap information
is required but they do provide a wealth of data on anisotropy of the

energy gap. Its interpretation is non-trivial. Detall is best seen in
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the conductance curves, that is, in the first derivatives of the
characteristics. Values of 24 of 2.46, 2.82 and 3.07 meV have been
tentatively identified in lead, in fair agreement with observations by

6“’83. Values of 20, of l.3h'and 1.00 meV have been seen

other workers
in indium where no other data has yet been reported, while 1.23 and 1.56
meV values for 2/, explain well the results on some tin samples.
Undoubtedly a great many other gaps are present but are not being observed.
The ideal experimental sasrrangement in investigating anisotropy is to use

a single crystal as a member of the sample. Zav&ritskiiSl has already
accomplished this for tin and found a vast number of gaps which show

some correlation to the Fermi surface of tin. Lead is an obvious candidate
for extension of this work.

The two extremes of thin films showing sharp features in their
characteristics and thick films exhibiting multiple gaps are readily
understood in terms of "dirty"™ and pure superconductors respectively as
discussed by Anderson63.

Second derivatives of the current-voltage characteristics have
been plotted for Al-I-Pb and Pb-I-Pb samples beyond the energy gap edge.
The reflection c¢f the phonon spectrum is present with about the same
resolution as ottained by Rowell and Kbpf67. This is a little remarkable
since the two circuits used are somewhat different. (Rowell and Kopf seem
to measure 34V o - (avy¥3 | 41

a12 a1 ave
measures A°I/dV¢ independently of the value of dI/av.) It seems reason-

whereas the circuit used in this work

able to conclude that this resolution 1s typical of lead under these
conditions and is not the limit of the circuit. Reduction of modulation
amplitude from 00 uV peak-to-peak to 120 uV peak-to-peak reveals no

further detail. It mlight be argued that thermal smearing has an associated
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energy of 100 neV at 1.20K and therefore below 300 uV peesk-to-peak
(that is 110 uV r.m.s.) modulation level no further detail would be
expected. The existence of the gap however reduces the smearing to be
expected in the excited quasi-particles and therefore it will be (con-
siderably) less than kBT. Rowell and Kopf indeed find resolution at less
than kgT in tin and other weakly-coupled superconductors.

Any attempt to improve the lead resolution will have to bear in
mind the followiag considerations. h

When impurities are introduced to a pure material they give s
sharpening of the gap edge (see Figure (4-8c)); they do not however give
a corresponding improvement in the resolution of phonon detail. Quite

o2 has established that when a few percent

the contraxry in fact. Dynes
bismuth is added to lead there is a broadening of the detaills in the
phonon spectrum reflected in the second derivative in accordance with a
rather drastic saift in the phonon frequency distribution.

In very thin films there is strong scattering which causes gap
edge sharpening. Provided the film purity is high there will not be any
broadening of the peaks from phonon frequency spectrum changes. Also the
sharp edge should provide a better-defined reference point for the
positioning of the various contributions to the phonon peaks. Closer
superposition of contributions and hence better resolution would result.
One the debit side, severe scattering may cause phonon lifetime broadening
which might more than cancel out any gain from gap edge sharpening.

Further experiments are planned to measure the second derivatives

of very thin lead films and, if possible, also a single crystal to learn

more about the situation.
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An observed peak in the d°I/dV° trace from a Pb-I-Fb* sample at
a bias of MA?b/e is attributed to two particle tunnelling. Such events
have been used to explain detalls in current-voltage curves below the
main current edge but there are no reports in the literature of such an
event beyond this region. The effect would not be readily apparent
without the second-derivative measurements.

Finally, the DC and AC Josephson effects have been observed in
mary samples. The AC effect was observed before it was first reported in
the literature but quantitative anomalies cast doubt on the interpretation
of the results. Subsequent theoretical developments by other workers
have enabled a reconciliation between the results obtained, and the proper
theory, to be efifected.

In the light of the Investigation described in this thesis it is
now possible to make some suggestions on the matter of what projects might
be pursued with profit in this field.

First ard foremost would be a set of gap determinations made on
the thinnest, electrically continuous films that can be prepared (perhaps
less than 100 § thick). These would give a set of ' isotropic metal™
results which could be unambiguously interpreted and checked against
theoretical precictions such as gap tempersture dependence. An ''isotropic
metal'" bears little more relation to reality than does jellium or nuclear
matter but it gives clear-cut results in & domain where present super-
conductivity theory is expected to be most reliable.

It would be interesting, too, to examine simultaneously the
behaviour of second-derivative curves, in the limit of extreme film thinness,

in the region where they reflect the phonon spectrum. Very small
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crystallites should reduce the phonon mean-free-paths sufficiently to
67

cause lifetime broadening as Rowell and Kopf suggest is present in
their observations on indium. Also, the gap edge might experience further
sharpening in this " very dirty'' superconductor.

Single crystals represent the other extreme —- pure superconductors.
Lead should be guite feasible. Aluminium would require He3 temperatures
but sample fabrication would not seem to pose problems. Thallium,
gallium and mercuxry may represent a challenge. Since mercury is the only
other strongly-coupled superconductor, apart from lead, its study in
single crystal form would prove useful in reaching conclusions on the
relative properties of strongly- and weakly=-coupled superconductors.

Thick films serve to define the range of gaps present but not

much more. A probe metal with a gap larger than that in aluminium at

l.loK is necessary for good determinations.
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