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We discuss the transparency of atom-size superconducting tunnel junc-
tions by comparing experimental values of the normal resistance and
Subgap Structure with the theoretical predictions for these phenomena
by Landauer's formula and Multiple Andreev Reflection, respectively.

Since its invention in the 1960's Point Contact Spectroscopy (PCS) was
always restricted to junctions of relatively large surfaces (compared to for in-
stance the: Fermi wavelength). The reason for this can be found in the fabri-
cation process: in case of the spear-anvil technique the stability of a junction
requires a large surface, and when planar junctions are used the lithographical
lengths are typically 100 nm.

The recently developed Mechanically Controllable Breakjunction (MCB)
extended PCS up to contacts consisting of a single atom. The MCB technique
[1] uses a (superconducting) metal wire which is glued oil a substrate and can
be broken by bending the substrate. Breaking the wire at low temperature and
high vacuum guarantees two atomically clean surfaces. The surfaces can be
brought together again, and the distance can be controlled by a piezoelectric
element. Reducing the piezo-voltage, the surfaces will be pressed together and
a point contact with resistance less than an Ohm can be formed. Increasing
the piezo-voltage results in a smaller point contact, which is eventually reduced
to only a few atoms. In this regime the resistance increases stepwise, since the
contact breaks down atom by atom. It is possible to form a point contact
consisting of only a single atom [2]. The difference between a one atom MCB
junction and a one atom STM junction is the exceptional stability of the former
(better than 10~13m), allowing detailed current-voltage measurements. When
the piezo-voltage is increased still further, a jump to tunneling is observed and
a vacuum barrier is formed between the two foremost atoms. In this case we
have a single atom tunnel junction with a transparency T decreasing with the
width d of the vacuum barrier. These ultra small junctions have been studied
for several properties: resistance per atom, Kondo effect, supercurrent, excess
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current, subgap structure and vacuum tunneling regime[l,2]. Several questions
remain open. In this paper we will discuss two ways of gaining insight in the
transparency T of superconducting atom-size tunneljunctions of Nb and Pb,
applicable in the contact and vacuum tunneling regime, respectively.

i) One atom contact Upon decreasing the junction surface, the last step
before entering the tunneling regime is a contact consisting of a single atom.
The resistance of this contact can be measured and is called Re. A lot of
theoretical work has been done on contacts of dimensions close to the Fermi
wavelength. It is generally accepted that the best theory to describe this regime
is according to Landauer, which expresses the conductance 1/RC of a contact
as a sum of the conduction channel transparancies: l/Re = 2e2/A ]£m Tm =
1/12.9 kn]£^mTm where Tm is the transparency of the m-th channel. We me-
asured for superconducting Nb and Pb contacts Rc = (8 ± 2) kfl. Taking the
measured value Rc ~ 8k£2, £ m Tm ~ 12.9kfi/8kfi ~ 1.6. Clearly, at least two
channels contribute to the current through a single atom of Nb and Pb, and
the transparencies are smaller than 1.
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Figure 1. Current-voltage characteristics of a Nb MCB junc-
tion with Rn — 145AQ, at 1.4K. Subgapcurrents at eV = 2A/n
are clearly visible on the expanded vertical scale of the inset.

ii) Tunneling regime Another way of gaining insight in the transparency of
atom-size junctions is checking the theoretically expected behaviour of Sub-
harmonic Gap Structure with respect to the resistance Rn of an MCB in the
vacuum tunneling regime [3]. A typical I — V curve of a Nb junction with
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Rn = 145 kf2 is depicted in Fig. 1. The superconducting gap is clearly visible
at a bias of 2A = 2.85 meV. Visible in the inset are the subgap current steps
dJn at biases eV = 2A/n for n — 2 and 3. The position of the steps, denned
as the position of the maximum in dl/dV, is constant for the various junc-
tion resistances and dJn is found at 2A/n within 6he experimental accuracy of
5 fiV. Many curves similar to those in Fig. 1 were measured for both Pb and
Nb, for various settings of the vacuum barrier width d. The magnitude of the
current steps at 2A/n decreases rapidly with respect to the step at 2A when
the separation between the electrodes is increased. The systematic variation of
the subgap structure is brought out by the plot in Fig. 2 where we present the
ratio of subgap currents dJnldJn-\ for n=2 and n=3, as a function of 1/Rn-
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Figure 2. Ratio of the subgap currents versus h/(2e2Rn), with
Rn the normal resistance measured far above the gap and h/(2e2)
the quantum resistance. The full line is a fit to the data points
and corresponds to the prediction of MPT and MAR theories.

Here, we anticipate that the current steps dJn scale with the transparency T of
the tunnelbarrier as dJn ~ Tn . The ratio of the steps at 2A/n and 2A/(n — 1)
would therefore scale as dJn/dJn~i ~ T. The normal state resistance is ex-
pected to depend on the same transparency as Rn ~ T"1. An example of the
way in which dJn is extracted from the I — V curve is given in Fig. 1. Rn is
determined from the slope of the line connecting points on the I — V curve at
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eV = ±4A. Some non-linearities in the I—V curve above the gap are taken into
account and lead to small error bars. Fig. 2 is given on a double logarithmic
scale since we cover almost two orders of magnitude in Rn, i.e. Rn ranges from
45 kfl to 1.3 Mfi. A least squares fit of the form dJn/dJn-i = (Ro/RnY gives
p — (1.00±0.05) which is in excellent agreement with the expected dependence
(see below). The constant Ro is found to be (7.9±0.8)kQ which is comparable
to the value of a one atom contact. It is observed that for both Nb and Pb
both dJ^/dJx and dJ$/dJ2 follow the same law. It is generally accepted that
the explanation of the SGS can be found in the theory of Multiple Andreev
Reflection. The theory predicts dJn/dJn-i ~ T, since djn is the current in-
crease where n particles cross the barrier simultaneously, with probability T".
The prefactor of this formula has been calculated recently by Shumeiko and
coworkers [4]: dJn/dJn-i ~ 0.5T for n = 2 and n = 3 and T < 1. If we
compare this to the experimental finding djn/djn-i = Ro/Rn, we can inter-
prete the prefactor Ro, depending on the number of quantum channels that
contribute to the tunnel current. For a tunnel junction, we view the potential
barrier between the two front atoms to be squeezed forming a saddle point in
the center of the junction so that the tunneling is dominated by a single chan-
nel. In this case the Landauer formula allows us to make the identification T —
Rcj/Rn, with RQ = ft/(2e2) = 12.9 kQ. With the experimental observation
dJnjdJn-x = Ro/Rn we obtain dJn/dJn-t = (Ro/RQ)T = (0.61 ± 0.06)T.
This is remarkably close to the theoretical prediction. Hence, in the tunneling
regime conduction is taking place through a single channel, with transparency
dependent on the vacuum barrier width. For Rn between 45 k£2 to 1.3 MQ we
obtain T - 0.3 to 0.01.

Conclusion We have used the Landauer formula, the theory of Multiple
Andreev Reflection and our experimental results to discuss the problem of the
transparency of atom-size superconducting tunnel junctions. We found that in
the contact regime several conduction channels'contribute to the current' with
non-unity transparency, whereas in the tunneling regime a single conduction
channel is present, with a transparency dependent on the normal resistance
Rn-
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