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Abstract

Properties of the conductance and transport channels of atomic-scale contacts are discussed within the free electron
model. In agreement with recent experiments, we find that, owing to the contribution of evanescent channels, even
when the conductance is close to an integer number N of conductance quanta more than N channels may contribute
significantly to the current. We show that the observation of peaks at integer multiples of G, in conductance histograms
is not a signature of conductance quantization of individual contacts. However, the observed peaks can still be
associated to the quantum nature of electron transport in metallic contacts. © 1999 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The study of the conductance of metallic contacts
of atomic dimensions have been the object of great
interest in the last few years [1,2]. According to the
scattering approach to electric transport, the con-
ductance can be described in terms of a transmission
matrix t, and is given by the Landauer—Biittiker
formula, G= G, tr(11")= G,) ; T; where G,=2¢?/h is
the quantum of conductance and T; are the eigen-
values of #t7. (i.e. transport eigenchannels [3,4]).
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When T;~1, G is simply given by G,N, where N is
the number of propagating channels, and the con-
ductance is then quantized.

In metallic contacts, the behavior of the conduc-
tance with elongation is a stepwise curve. In gene-
ral, the position of the steps changes from one
experiment to another. However, for a wide range
of metals, experimental conductance histograms
obtained from a large series of runs of contact
breaking [1,2,5-8] demonstrate unambiguously the
existence of clear peaks at integer numbers of
2¢%/h. Recent experimental results [9] have shown
that, even when the total conductance is close to
an integer number N of conductance quanta, more
than N channels contribute significantly to the
current. For single atom contacts, the experiments
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together with ‘tight-binding’ calculations [10],
show a direct link between valence orbitals and
the number of conduction channels. As we will
see, this relationship can be understood within a
free electron model in contrast with earlier sugges-
tions [10].

These results raised intriguing questions about
the nature of the observed conductance quantiza-
tion: “What makes atomic-size contacts adopt,
statistically, configurations with nearly integer
values of the conductance?” [9]; “Do conductance
histograms constitute a proof for conductance
quantization?”” [8] ; “Do histogram peaks reflect
general statistical properties of quantum transport
[11] or are they the result of favorable atomic
configurations [8]?”. The aim of this Letter is to
provide theoretical insight into these questions
within a free electron approach.

We will first focus on the conductance of single-
atom contacts. According to the free electron
model [12-14], the main signature of chemical
valence Z in the electrical conduction through
metallic contacts would be the ratio between the
atomic radius R, (the Wigner—Seitz radius) and
the Fermi wavelength A

Ro//p =0.305Z13. (1)

The properties of the electric transport depend,
not only on R,/ but also on the local geometry
of the contact which can be characterized by the
effective opening angle 0 [15] (see Fig. 1a). The
experimental shapes of gold contacts obtained in
a high resolution transmission electron microscope
(HRTEM) [16,17] show typical opening angles of
the order of ~45°60°. In some cases, instead of a
single atom contact, an atomic wire made of a row
of suspended atoms between the two electrodes
has been observed [17,18]. The effective angle 0
should then be close to zero. In Fig. Ib we have
plotted the conductance versus contact cross-sec-
tion A//% obtained for hyperbolic constrictions
with hard-wall boundary conditions for two
different opening angles (see Fig. 1a) 6=0 and 60°
[15] . The corresponding eigenchannel decomposi-
tion for 6=60° is shown in Fig. Ic. A contact
cross-section made of a single atom would have,
in the free electron approach, an effective area
AJ2E = m[(Ry +OR)/As]* where SR/Ap is a ‘soft-wall’
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Fig. 1. (a) Schematic view of the contact models. (b) G/G,
versus A/A% for hyperbolic constrictions, 0=0° (solid line) and
0=060° (dashed line). (c) Transmission probabilities of each con-
ductance eigenchannel for 0 =60° (the degeneracy of each chan-
nel is also indicated ). The shaded regions indicate the effective
single-atom cross-section for typical metals with different
number Z of valence electrons.

(finite work function) correction [19]. The shaded
regions in Fig. 1b indicate the effective atomic
cross-sections for typical metals with different
numbers Z of valence electrons.

The number of channels N critically depends
on the symmetry of the contact. In the case of a
single atom contact or an atomic wire, the symme-
try is expected to be essentially cylindrical. In this
case, the expected values for N are 1, 3, 5, 6, ...
(this is imposed by the essential axial degeneracy
[15,20]). Notice that the expected values (see
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Fig. 1) are exactly the same as those deduced from
the experiments® for Au (Z=1, N=1), Al (Z=3,
N=3), Pb (Z=4, N=3) and Nb (Z=5, N=Y)
single atom contacts [10]. For Z=1 (Au) there is
only one propagating (open) channel with G close
to G, independently of 6. In contrast, for Z=3
(Al) both G and N change with 6: for 8~0° there
is only one propagating channel with Gz G, and,
as 0 increases, G increases up to Gr2G, (0~60°)
with one open channel and two degenerate evanes-
cent (tunneling) modes. The estimated free electron
atomic conductances as well as the number of
channels follow surprisingly well the results of
both ‘tight-binding’ and ‘ab initio’ calculations for
Al contacts [21-23].

For larger contacts the conductance depends on
the interplay between electronic and mechanical
properties, and a detailed theoretical description
is a very difficult task. A qualitative picture, how-
ever, can be obtained from a very simple model
system based on the saddle-point-contact model
[24,25]. In this model the constriction geometry is
given by the equipotential surface V(x, y, z)=EFp,
where Ep is the electron Kkinetic energy at the
narrowest part of the constriction. In our case, we
introduce a three-dimensional confining potential
that, in units of Ey, can be expressed in the form:

Vi m v t h2<z> 2
(x, ¥, 2) r/A-HmA T tan 7 (2)
The conduction takes place along the z-direction,
whereas the electrons are confined in the transverse
directions by parabolic potentials. The constriction
geometry as sketched in Fig. 1a looks like a smooth
wide—narrow-wide geometry with ‘elliptical’ cross-
section. d is the constriction length, 4 and A are
the areas of the narrow and wide sections,
T=(Aw/A—1) and n describes the degree of anisot-
ropy [24,25] of the elliptical cross-section®. We
may also define in this case an opening angle 0
given by tan0=\Ay—A4/\Vnd. In the limit

2In the experiments [9,10], channels with a transmission
above 1% are considered as contributing channels.

3 In the case of gold contacts, the experimental conductance
histograms present clear peaks at 1,2, 3, ..., G, [5-7], reflecting
the absence of channel degeneracy. In order to mimic this beha-
vior, we take 7=0.67.

Aw/A>1, T,,, takes the simple form of a Fermi
function:

Tnm:[1+exp<_2n(m_€"m) ﬂl (3)

tan 0

with €,,, =(n+1/2)/\Vn+Vn(m+1/2) (all lengths
are in units of ).

Let us assume that, for small contacts, the
cross-section A4 follows an almost exponential
dependence on the displacement d [26-29]. The
qualitative results will not depend on the exact
dependence, however. In the inset to Fig.2 we
have plotted G versus the elongation d. Except for
the last plateau, the quantum nature of transport
manifests itself as small oscillations (due to the
onset of new propagating channels) superimposed
on an otherwise smooth curve. These tiny oscilla-
tions are enough to give rise to clear peaks in the
histograms: assuming that the actual conductance
can take any value along these curves, we obtain
the conductance histogram showed in Fig. 2.
Despite the simplicity of the model, the histogram
obtained is strikingly similar to experimental gold
histograms [5—7]. Moreover, the number of chan-
nels associated with each conductance value is
consistent with that deduced from experiments on
Au contacts [10].

In summary, the conductance and transport
channels in atomic scale contacts depend not only
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Fig. 2. Conductance histogram obtained from the averaged con-
ductance G/G, versus displacement /A shown in the inset. The
stepped line (right axis) indicates the number of channels con-
tributing to each conductance value.



on the chemical nature of the contact but also on
the local geometry. For large opening angles, tun-
neling of evanescent channels contributes signifi-
cantly to the conductance leading to the smearing
of quantum plateaux and, in general, the histogram
peaks at integral multiples of G, are not a signature
of conductance quantization of individual con-
tacts. However, the observed peaks can still be
associated with the quantum nature of electron
transport in metallic contacts.
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