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Fabrication of structures at the atomic scale is now possible using
state-of-the-art techniques for manipulating individual atoms',
and it may become possible to design electrical circuits atom by
atom. A prerequisite for successful design is a knowledge of the
relationship between the macroscopic electrical characteristics of
such circuits and the quantum properties of the individual atoms
used as building blocks. As a first step, we show here that the
chemical valence determines the conduction properties of the
simplest imaginable circuit—a one-atom contact between two
metallic banks. The extended quantum states that carry the
current from one bank to the other necessarily proceed through
the valence orbitals of the constriction atom. It thus seems
reasonable to conjecture that the number of current-carrying
modes (or ‘channels’) of a one-atom contact is determined by the
number of available valence orbitals, and so should strongly differ
for metallic elements in different series of the periodic table. We
have tested this conjecture using scanning tunnelling microscopy
and mechanically controllable break-junction techniques™ to
obtain atomic-size constrictions for four different metallic ele-
ments (Pb, Al, Nb and Au), covering a broad range of valences and
orbital structures. Our results demonstrate unambiguously a
direct link between valence orbitals and the number of conduc-
tion channels in one-atom contacts.

The electrical conductance of a quantum coherent structure
accommodating N channels is given by the Landauer formula
G = G, T,, where G, = 2¢*/h is the conductance quantum (e
is the electron’s charge and & is Planck’s constant)*, and T, is the
transmission probability of the nth channel. Measuring the con-
ductance is equivalent to measuring the sum I, T, and gives no
information about the individual T,s. A recently developed tech-
nique based on the nonlinearities in the current—voltage character-
istics (referred to here as IVs) of superconducting constrictions
provides the latter information’. These nonlinearities, called ‘sub-
gap structure’®, are sensitive to the exact values of the individual
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transmissions and can therefore be used as a tool to determine the
channel ensemble, {T,}.

In the ground state of a superconductor, all electrons are paired
and there is an energy gap A for the creation of a quasiparticle
excitation, that is, an unpaired electron. When transferring an
electron between two banks in their ground state, two quasiparticles
are created, one on each bank, and the energy 2A has to be provided
by the voltage source in the circuit. The consequence is that a gap
occurs in the single-electron transport characteristic for voltages
V < 2A/e. In addition, multiple Andreev reflections® are possible,
involving the transfer of m electrons while two quasiparticles are
created. These processes, which have a probability proportional to
(T,)™ for small T,, generate current steps at voltages V = 2A/me
within the gap. This is the origin of the sub-gap structure, the exact
shape of which depends on {T,,}. Several authors’~ have calculated
the current voltage characteristic i(T, V) of a single superconducting
channel with arbitrary T.

We have used various experimental methods to achieve stable
atomic-size contacts: a scanning tunnelling microscope (STM) for
the measurements on Pb (ref. 10), mechanically controllable break
junctions for Nb (ref. 2), and lithographically fabricated versions of
the latter (ref. 3) for Al and Au. Figure 1 shows the typical
development of the conductance G for the four metals as the
contacts are stretched. The total conductance decreases by steps
until the contact breaks. After that it decreases exponentially with
distance, the signature of the tunnel regime. The step heights are in
the order of Gy, while the series of “plateaux” is different for each
individual opening of the contact. It has been shown that the origin
of the steps is in atomic rearrangements''~'* which occur while the
constriction is elongated. The typical value of G at which the contact
breaks, the lengths of the plateaux, and the behaviour within the
plateaux are characteristic of each material. Pb shows plateaux with
negative slope, and an almost continuous decrease of G between
3 Gyand 1 Gy, where the contact usually breaks. Al has plateaux with
positive slope, and breaks at around G, with a jump to G < 0.1 G,.
Nb displays negatively inclined plateaux, smallest contacts with
conductances between 2 G, and 3 Gy, and a jump to a tunnelling
conductance as high as G = G,. For our lithographic Au samples we
obtain less well defined plateaux. The last contact before break
typically has a conductance between 0.3 G, and 0.8 G.

We can stop the elongation at any point and record the IVs. With
the junction in the vacuum tunnel regime, the IV corresponds well
to the one expected for a single channel as shown for Pb in curve e of
Fig. 2. In the contact regime one observes IVs as depicted in curves a
to d of the same figure. These curves were recorded on the same
sample for different last plateaux before breaking. It is usually
assumed that these smallest stable contacts are one-atom contacts’.
Our present analysis will give further support to this assumption.
The occurrence of IVs with different sub-gap structure for the same
total conductance (see Fig. 2) reveals the importance of the geo-
metrical environment of the central atom for the conduction
properties. In general, the IVs in the contact regime cannot be
described by the single channel theory. We shall assume that the
total current can be decomposed as:

N

(V)= >iT,V) e))

n=1

where i(T,, V) is the current of channel #n. (This approximation is
justified as the multiple Andreev processes do not mix the normal
conduction channels, see, for instance, ref. 15.) The solid curves in
Fig. 2 are fits to the experimental IVs using equation (1), and the
theoretical curves i(T, V) calculated in ref. 8, with the set {T,} and
the number of channels N as fitting parameters. Details of the
analysis are given in ref. 5.

For Pb it turns out that three or four channels contribute to the
total current for the smallest contacts. Despite the fact that more
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than two channels are available, G can be well below 2 G, For larger
contacts with G = 3 G, we find six or more channels. The numbers
N of channels we found at the different plateaux are indicated in Fig.
1. Only channels with a transmission larger than 1% of the total
transmission are taken into account when determining N. Applying
a similar analysis to different metals, we arrive at the important
conclusion that the maximum number of channels N,,,, for the
smallest contacts is characteristic for a given metal. In the IVs of Al
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Figure 1 Typical conductance G as a function of distance, recorded during a
continuous opening of the samples, for four different metals. The distribution of
transmission values {T,} is established by fitting the Vs recorded at each point.
The Pb data have been taken with a STM at 1.5K. For preparing few-atom
contacts with the STM, the Pb tip is indented repeatedly into the Pb sample
surface and finally withdrawn™. For Al and Au we used lithographic break
junctions below 100mK. The initial samples before breaking are suspended
nanobridges made of evaporated thin films with a central constrictions of about
200nm x 200 nm (ref. 3). The Nb data have been measured on a classical break
junction, that is, a notched wire glued on top of a flexible substrate?, at 1.6 K. By
bending the substrate the break junctions are elongated and finally broken. The
opening speeds were in all cases in the range 1-10 pms™. The numbers indicate
the number N of conduction channels in each region. The symbol “=" means that
only a lower bound for V could be determined, because of systematic deviations
from the theory due to a modified quasiparticle density of states (Nb) or because
of experimental scattering (Al) which limits the maximum /N that can be disen-
tangled. Plateaux corresponding to different N are separated by dotted vertical
lines. The horizontal arrow indicates that/V decreases in the tunnel regime. Filled
symbols indicate contact regime, open symbols the tunnel regime. The origins of
the distance axes are arbitrarily set at the points where the contacts break. The
distance scales for Al, Nb, and Au have been extracted from the exponential
distance dependence of the current in the tunnel regime. The distance scale for
the measurements on Pb has been determined using the calibration of the STM
and is consistent with that deduced from the tunnel regime.

smallest contacts we find typically the contributions of three
channels, whereas for Nb we detect five channels. These results
support our initial hypothesis that N, for one-atom contacts is
limited by the number of valence orbitals of the central atom Noy,

To gain insight into how the conduction channels are actually
built up from the atomic orbital structure we have constructed a
model of a one-atom constriction using an atomic orbital basis'®"".
In references 16 and 17 it is explained in detail how the theoretical
{T,} can be obtained, and how the different atomic orbitals at the
central atom contribute to each conduction channel as a function of
the atomic arrangement of the contact. Of course, the detailed
atomic positions of the atoms in the experiments are unknown and
quantitative comparison with theory is difficult. However, it turns
out that the basic predictions of the model, in particular the number
N of conduction channels, are independent of the exact geometry
chosen for the calculation. Figure 3 illustrates schematically the
main results of our theoretical analysis for a one-atom contact
between two closed packed pyramids (Fig. 3a) for Al (left) and Pb
(right), for which one s orbital and three p orbitals have to be
considered: due to the coupling of the central atom with its
neighbours, the isolated atom’s energy levels (thick vertical bars in
Fig. 3b and c) broaden to form a continuous local density of states
(LDOS) in the neck (Fig. 3d and e). The central atom has less
neighbours than an atom in the bulk material, and therefore the
bands are narrower than deep inside the perfect crystal (Fig. 3b and
¢). In the neck geometry, the central-atom p, orbital (z is the
transport direction) splits off from the p. and p, orbitals and
hybridizes with the s orbital, building a channel of mixed sp,
character. The actual transport properties of the atomic contact
are determined by the T, values at the Fermi level Ex which we
determined self-consistently by imposing local charge neutrality
(Fig. 3fand g)'*".

For the perfectly ordered Pb contact the main predictions are: (1)
three channels have a significant T, around the Fermi energy, the
fourth one having T, < 10’ (not visible in Fig. 3); (2) the total
transmission is close to 2.5 around Ep, (3) there is one mode which is
widely open for a broad energy range, and (4) the second transmis-
sion eigenvalue is two-fold degenerate and has a smaller value
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Figure 2 Measured current-voltage characteristics (plotting symbols) of five
different configurations of a Pb sample at 1.5 Kusing STM, and best numerical fits
(lines). Curves a-d have a very similar total transmission, close to 1.4; curve e has
been taken in the tunnel regime. The individual channel transmissions obtained
from the fits are: curve a, T, = 0.955, T, = 0.355, T, = 0.085, 7, = 0.005; curve b,
T,=089, T7,=036, T,=0.145 T,=0.005; curve c, T,=0.76, T, =0.34,
T,=027,T,=0.02;curved, T, =065, T,=0.34,T,=0.29, T, =0.12; curve e,
T =0.026. Voltage and current are in reduced units. The measured supercon-
ducting gap was A/e = 1.37mV.
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around Ep The widely open channel can be identified with the
symmetric combination of s and p,. The two degenerate modes
mainly correspond to the p orbitals perpendicular to the z direction.
The degeneracy of the p,, p, modes is due to the symmetry of the
perfectly ordered model geometry and is lifted when disorder is
introduced. Furthermore, disorder slightly reduces the T, of all
channels without altering the gross features'.

These predictions are in good agreement with our experimental
observations: smallest Pb contacts just before breaking most fre-
quently have a G between 1 G and 3 G,. The decomposition usually
results in three or four channels, where the T, of the fourth one, if
present, is usually smaller than 0.03. We do not find last plateaux
before breaking with only one or two, or with five, channels.
Typically the analysis of the last plateau yields one well transmitted
mode with T, > 0.6 and two smaller non-degenerate ones with
T, < 0.4. We attribute the lack of degeneracy and the smaller T s to
an asymmetrical environment around the central atom in the
experimental contacts.

The case of Al is qualitatively similar because the relevant orbitals
are of the same nature. However, the energy difference between the
atomic s and p levels is smaller than in Pb. Furthermore, there are
only three valence electrons and therefore Ey is lower. Our model
predicts again three open channels for a perfect neck-shaped one-
atom contact with a total conductance close to G,. Experimentally,
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Figure 3 Localized orbitals model for electrical conduction through one-atom
contacts. a, Model geometry. b-g, Schematic development of the atomic valence
levels (thick vertical bars in b and ¢) into bulk conduction bands (b and ¢) for Al
and Pb. The panels d and e depict schematically the local density of states
(LDOS) in eV at the central atom of the model geometry. The global energy
dependence of the transmission coefficients T, is shown in f and g. The dotted
lines indicate the position of the Fermi level. The sp, mode is the best transmitted
mode for both materials. The p, and p, modes are degenerate due to the
symmetry of the model geometry. The indicated energy differences between the
atomic s and p levels are those used to fit the bulk band structure.
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we obtain a last plateau with G, = G,, decomposable into three
channels’. The case of an Al atom sandwiched between two flat
surfaces has already been treated with density functional'® and other
ab initio calculations'®, which predicted G = 2 G,.

For Nb one-atom contacts, N, = 6 as the density of states
around Ej is mainly determined by the contributions of one 5s and
five 4d orbitals. The model calculations for Nb yield five channels
with non-vanishing T, (ref. 16) adding up to G = 2.8 G, again in
agreement with the experimental findings (see third panel of Fig. 1).
The experimental determination of {T,} is less precise than for Pb
and Al, because the quasiparticle density of states for Nb differs
slightly from the one used for calculating the i(T, V). (Deviations of
the quasiparticle density of states from the case considered in the
theory mostly affect the shape of the current steps around
V = 2A/me but not the current values in between. Therefore the
analysis with the unmodified density of states is still possible.) An
additional difference from the Pb and Al case is observed in the
tunnel regime: for Nb contacts just after breaking, three channels
contribute to the tunnel current. With increasing distance between
the electrodes, one channel becomes dominating.

The cases discussed so far correspond to superconducting ele-
ments having several valence orbitals per atom. A crucial test for the
validity of our analysis would be provided by monovalent metals
like Au and Na. They can be described by a single s orbital, and the
model predicts a single channel with T=1 for a one-atom
contact'®"” in accordance with calculations based on molecular
dynamics simulations®. As these monovalent metals are not super-
conducting, our method of characterizing channels is not directly
applicable. However, a small piece of normal metal in good contact
with a large piece of a superconductor develops a gap in its
quasiparticle density of states’’. The lithographic mechanically
controllable break junction technique’ allows for the fabrication
of a constriction where the central region consists of Au atoms,
embedded in a superconducting Al environment. Using shadow
evaporation through a suspended mask we evaporated 400-nm-
thick Al electrodes separated by a 50-nm-wide gap, which is filled
with a 20-nm-thick Au layer deposited at a different angle under the
same vacuum. The large asymmetry in thickness limits the influence
of the normal metal on the quasiparticle density of states. As
depicted in the lowermost panel of Fig. 1, we find indeed that the
smallest Au contacts accommodate one single channel, contrary to
the results for the sp-like and transition metals. However, we usually
measure transmission values significantly below one. As for the
other metals we interpret this reduced T with respect to the model
predictions as arising from disorder in the contact. Our Au samples
are presumably more prone to disorder because of the very small Au
layer thickness. Considering that the accuracy in determining {7} is
also limited because of the modified quasiparticle density of states,
the single channel fit is still very satisfactory in the case of Au.

We draw two conclusions from our results. First, they provide
clear evidence that the smallest contacts produced by the different
experimental techniques are indeed one-atom contacts, as N never
exceeds Ny We stress that in these experiments a single atom
determines a macroscopic quantity, that is, the total conductance of
the macroscopic circuit in which it is embedded. The current which
an one-atom contact can sustain can be as large as 100 pA,
corresponding to the very large current density of 10" Acm™
This large current is carried by a small number of conduction
channels. Second, the ensemble of our experimental results shows
unambiguously that the conduction channels in an atomic contact
are determined by the chemical nature of the central atom. As a
crude rule of thumb, the number N of active channels corresponds
to the number of valence electrons. This essential fact cannot be
understood within a free electron model. Only a microscopic model
that takes into account the atomic orbital structure as well as the
local atomic geometry can fully explain the conduction properties
of these contacts. We expect that these concepts will be applicable, in




slightly modified version, to conduction through clusters of atoms
and molecules. O
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The critical temperatures of (Ln;_,M,),CuQ, superconductors’, in
which Ln** (La and other lanthanides) and M** (Ca, Sr, Ba) cations
are randomly distributed amongst the ‘type A’ lattice sites, are
known to depend on the doping level, x, and the mean A-site
cation radius, (r,) (refs 2, 3). Here we show, by studying series of
compositions with the same doping level and (r,), that the critical
temperature decreases linearly with increasing A-site disorder, as
quantified by the variance in the distribution of A-site cation
radii. From this, we are able to show that, in the absence of
disorder, the critical temperature should increase quadratically
with (r,) for superconductors containing a single CuO, layer. Our
results therefore show that the critical temperature is very
sensitive to lattice strains, as has also been shown for the metal
to insulator transition temperature in the magnetoresistive
(Ln;-,M,)MnOs perovskites®.

Study of a series of (Lng;M,3)MnOj; perovskites in which the
mean A-site cation radius {r,) was held constant has showed* that
the metal—insulator transition temperature T,, decreases linearly
with the statistical variance ¢* in the distribution of A-site radii’,
0> = (r2) — (r,)’. The hole-doped (Ln,_,M,),CuO, superconductors
are similar to the above perovskites in that the doping level and
lattice effects are controlled by the Ln>* and M*" cations at the A-sites,
which in this case are adjacent to two-dimensional CuO, perovskite
layers. Many compositions with the ‘optimum’ doping level
x = 0.075, which maximizes the superconducting critical tempera-
ture T, in the (La;_,Sr,),CuOy, system®, have been reported, and the
variation of T. with {r,) for series of (Lag 9,551 ¢75-xBa),CuQ, (ref. 7)
and (Laggys—,LNn,Srg075),CuO, (Ln = Pr, Nd, Sm, Eu)**® com-
positions are shown in Fig. 1. Systematic changes with a maximum
T. at{r,) = 1.22 A are observed, but T, is not uniquely determined
by (ra) at the given doping level.

To determine whether T, is sensitive to A-site disorder, we
have prepared three series of (Laggs-ANd/Srg975--4Ca,Bay,),CuOy
compositions with the fixed x = 0.075 doping level (Table 1).
Values of {r,) and ¢ were calculated from reported ionic radii for
nine-coordination’. Initially, 15 compositions were prepared with
(rA) =1.223 A, the value for (L30‘9258r0A075)2CuO4 (thef =g= h=0
composition). The A-cation size disorder varies between

Table 1 Properties of three A,CuOQ, series with fixed mean A-site radius

A-site composition Lo Te
(A%) (K)
(ra) = 1.212 A series
Lap gegNdo026Ca0 075 0.0000 316
Lao gssNdo.057Ca0.069Ba0.006 0.0006 29.4
Lagg2sNdo100Ca0.061Ba0o1a 0.0012 271
Lao 781N do144Ca0,053Ba0.022 0.0019 23.0
(ra) = 1.223 A series
Lao 25810075 0.0006 325
L@ 925Sr0.060Ca0.008Ba0.007 0.0009 30.0
L2 925Sr0.045Ca0.017Ba0 013 0.0012 285
La0.9255r0.030C80.025B80.020 0.0015 270
Lao925Sr0.015Ca0.033B@0.027 0.0019 24.0
L2 925510.008C@0.037B20.030 0.0020 235
Laog25Ca0.041B0.034 0.0022 20.0
Lao 900Ndo.025Ca0.037Ba0 038 0.0025 20.5
Lao g75Ndo 050Ca0.032B80 043 0.0029 18.0
La gsoNdo075Ca0.028B80.047 0.0033 16.0
Lao s25Ndo100Ca0.023B20.052 0.0036 -
Lao 00N do.125Ca0.019Ba0 06 0.0040 -
La 775Ndo150Ca0.014Bao.osi 0.0043 -
Lap 750N do175Ca0.009Ba0 066 0.0047 -
Lap 725N do 200Ca0 005Ba0.070 0.0050 -
(ra) = 1.232 A series
Lao 9258r0.019Ba0.056 0.0035 32.0
La0.921Nd0.004ST0.018Ba0.057 0.0036 317
La0.906Ndo.019810.013Ba0.062 0.0039 311
Lao.888Ndo.037Sr0.007B@0.0s8 0.0043 30.0
Lag gssNdo.0s8Ba0.075 0.0047 29.0

Here 07 is the cation size variance, and {a) is the fixed mean A-site radius. A dash in the
rightmost column indicates that superconductivity was not detected.
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Figure 1 Plot of T, for previously reported (Lngg25Mo 075):.CuQ4 materials®’€ against
average A-cation radius ().
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