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Single-channel transmission in gold one-atom contacts and chains
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We induce superconductivity by proximity effect in thin layers of gold and study the number of conduction
channels which contribute to the current in one-atom contacts and atomic wires. The atomic contacts and wires
are fabricated with a scanning tunneling microscope. The set of transmission probabilities of the conduction
channels is obtained from the analysis of theI (V) characteristic curve which is highly nonlinear due to
multiple Andreev reflections. In agreement with theoretical calculations, we find that there is only one channel
that is almost completely open.
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Much effort has been devoted in the last decade to
understanding of electron transport processes and mec
cal properties of atomic-sized point contacts and chains
tween metallic electrodes.1 Coherent electron transport i
these nanostructures can be understood in the frame o
scattering formalism. The conductanceG of these nanocon
tacts is given by the Landauer formulaG5G0( i 51

N t i , where
t i are the transmission probabilities for each ofN conduc-
tance channels andG052e2/h is the conductance quantum
For a given contact realization, the conductance channels
in general neither completely open nor completely clos
and the transparencyt i of each channel depends on the m
terial forming the contact,2,3 detailed atomic arrangemen
and applied stress.4 In this report we study the channel tran
parency set$t i% both in gold one-atom contacts and chains
single gold atoms,5 for which theoretical models4,6–9 predict
an almost completely open single channel, and therefo
conductance close toG0.

It is well established that conductance histograms~CH!
show that the conductance of one-atom contacts of gol
close toG0

1 but the values oft i cannot be obtained only
from the measurement of the total conductance. Howe
the marked nonlinearity of the current-voltage characteri
~IV! of superconducting contacts has been exploited to ob
the set of transmission coefficients$t i% of atomic-sized alu-
minum contacts.10 The channel transmission probabilities a
extracted by fitting the measuredIV curve to a sum ofN
independentIV ’s calculated for individual channels with
given transmission probability.11,12 This method was after
wards extended to other superconducting materials, show
that the number of conducting channels contributing to
current in one-atom contacts is limited by the valency of
atom at the contact.2

Gold is not superconducting. However, we take advant
of the superconducting correlations induced in a thin laye
normal metal in contact with a superconductor. The ene
spectrum is modified and a gap is opened at the Fermi
ergy. At low voltages, transport is dominated by Andre
reflection processes which results in nonlinearIV curves.
Here, we use the aforementioned method2,10 to analyze the
transmission coefficients of proximity induced supercondu
ing one-atom contacts and atomic chains of gold.
0163-1829/2003/67~12!/121407~4!/$20.00 67 1214
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The proximity effect has been previously exploited,2,13 to
get information of the$t i% in gold atomic contacts. In the
first experiment2 the IV curves were fitted to a sum of theo
retical IV’s corresponding to BCS superconductors, and
contribution of a single channel in one-atom contacts is
ported. However, the energy dependence of the densit
states and the probability of Andreev reflection at
proximity-induced superconducting contact are blurred w
respect to the BCS model.14 The modifications due to the
proximity character of the superconducting correlations w
taken into account in the later experiment.13 Most of the
experimentalIV’s recorded at the last conductance plate
before contact breaking could be fitted with a single chann
Several channels were necessary to fit theIV curves of some
contacts with conductance smaller thanG0. However, in
these experiments the conductance of the smallest conta
usually much smaller thanG0, being the first peak of the
histogram placed at 0.6G0 and plateaux not nearly flat. Thes
results are not consistent with what has been usually repo
in gold atomic contacts in the normal state.1 Here we report
experiments in which the conductance histograms for pr
imity superconducting gold and normal gold are in rema
able agreement~Fig. 1!. We also study the channel content
chains of gold atoms.

Nanocontacts are produced by pressing two wires cro
wise against each other. The wires are used as electrod
place of a tip and sample of a scanning tunneling mic
scope. The separation and contact size between the wire
be controlled with the piezoelectric positioning system t
microscope. The advantage of using two crossed wires is
possibility of selecting the position of the point contact alo
both wires using the coarse lateral displacement capabilit
the microscope, allowing for the exploration of point co
tacts at different spots along the wires. The wires~0.25 mm
diameter! are made of bulk lead and are in the first prepa
tion step covered by thermal evaporation with a thick lay
of lead ~900 nm at a rate of 0.8 nm/s!. This thick layer of
lead provides a clean surface. A thin layer of gold~28 nm,
rate of 0.1 nm/s! is then evaporated on top of the Pb laye
The lead and gold deposition sequence is performed with
breaking the vacuum in the chamber (,1026 mbar), thus
preventing the presence of oxide at the Pb-Au interface
©2003 The American Physical Society07-1
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ensuring good electrical contact between both layers.
substrate is at a temperature of 80 K during film depositi
One-atom contacts are fabricated by slight indentatio
(,3 nm) and subsequent retraction of the electrodes.
ther retraction results in contact breaking and a jump to
tunneling regime. Experiments are done at 1.8 K. Dur
nanocontact pull-off, the conductance trace is steplike~see
Fig. 1!. This characteristic behavior has been shown to
due to the mechanical processes that take place during
tact breaking;15 conductance plateaus corresponding to e
tic deformation stages and sharp conductance change
lated to sudden rearrangements of the atoms in the narro
part of the nanocontact.

For gold nanocontacts in the normal state, the last c
ductance plateau before contact breaking is close toG0 and
corresponds to the smallest possible contact: a one-atom
tact. Despite the inherent variability of the exact conducta
trace during contact pull-off, it has been shown in seve
experiments that the CH over a large number of con
breaking realizations displays peaks at conductance va
that are characteristic of the chemical nature of electrod1

CH in gold nanocontacts have a characteristic first peak
conductance close toG0. We show in the inset of Fig. 1 a
comparison between CH obtained for bulk gold tips in t
normal state and in proximity induced superconducting g
nanocontacts. Due to the presence of excess current in
IV’s of superconducting nanocontacts, it is necessary to m
sure the differential conductance at a fixed bias voltage w
aboveD/e, whereD is the energy of the superconductin
gap. The remarkable agreement between both CH’s supp
the validity of our analysis also for atomic-sized contacts
gold in the normal state. The low value of the conductance
the first peak in the conductance histogram in Ref. 13 w
probably due to enhanced elastic scattering related t
sample preparation method.

We show in Fig. 2 representativeIV curves recorded at a
one-atom contact, in an atomic chain and in the tunne

FIG. 1. Differential conductance at a bias voltage of 10 mV
proximity-induced superconducting gold contact during pull-o
One-atom contact formation~left! and atomic chain~right!. The
length of the conductance plateau indicates that a chain longer
five atoms is formed. Inset: conductance histograms of gold in
normal state~bottom! and proximity superconducting~shifted up-
wards 10 000 counts!.
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regime, up to a voltage 2D0 /e, whereD051.40 meV is the
bulk superconducting gap for lead. We show both the m
suredI-V curves~symbols! and theoretical fitting~lines!. The
theoreticalIV’s in the contact regime are calculated by so
ing the time-dependent Bogoliubov de Gennes equati
within the scattering formalism.11,16This method requires the
knowledge of the Andreev reflection amplitude of probabil
@a(E)# at the contact, where the voltage drops.a(E) can be
computed if the normal and anomalous Green functions
known.16 In the tunneling regime, theIV’s are calculated by
the usual convolution of the densities of states at both s
of the barrier.17

As both Au-Pb electrodes are only very weakly coupled
the weak link, to calculate the density of states and the A
dreev reflection amplitude of probability, we model our sy
tem as two independent normal-superconducting~NS! struc-
tures and solve self-consistently the Usadel equations.14,18

Usadel equations provide a quasiclassical description of
Green functions of a superconductor in the dirty limit,
which electronic transport is diffussive. Elastic impurity sca
tering is included in the Born approximation and is chara
terized by a mean free pathl ~or a diffusion coefficientD
5vFl /3). A description based on Usadel equations was
cently used to explain theIV curves of lead nanostructure
under the influence of a magnetic field and proximity effe
providing excellent quantitative agreement with experim
both in the contact and tunneling regimes.19,20

The two NS are assumed to be equal and consist of a d
normal layer with thicknessdN which is bounded at one en
by vacuum and joined to a dirty semi-infinite superconduc
at the other. Note that the diffussive description is expec
to be valid in the casedN! l . The Green functions that ar
relevant to calculate the IV curves are the ones at

f

an
e

FIG. 2. Main figures show theIV curves corresponding to th
tunneling regime~b!, a single-atom contact@bottom curve in~a!#
and an atomic chain@top curve in~b!#. The curve corresponding to
the atomic chain has been displaced for clarity. Experimental res
are shown by symbols and theoretical fittings by solid lines. T
transmissions obtained in the contact regime areT150.995~single
atom! andT50.96 ~chain!. Inset in~a! shows the density of state
used to calculate the theoretical curves—see text. Inset in~b! shows
the derivative of the experimental~the one with noise! and calcu-
lated tunneling curves.
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vacuum-bounded edge of the normal layer. The proxim
effect is also affected by the existence of a barrier at
interface as quasiparticles normally reflected do not cont
ute to it. In a diffusive system, the mismatch between
characteristic parameters~conductivity and diffusion coeffi-
cients! of the normal and superconducting metals leads to
effective barrier for the quasiparticles. It can be describ
through the parameterG5(DS /DN)1/2sN /sS . In our model
we assume G51 and a vanishing resistance of th
interface.21 With these assumptions, the superconducting c
relations in the normal metal are described byD0 and the
value of dN /jS , where jS is the coherence length of th
superconductor. In the atomic chain and one-atom con
the transmission channels set enters also as fitting pa
eters. A similar model was used by Scheeret al.13 in the
description of Au contacts with superconductiviy induced
proximity effect. In their case, however, the mismatch p
rameterG was also used as a fitting parameter.

Solid lines in Fig. 2 show the calculatedIV which for the
same sample fitting parameter,dN /jS50.81, best fit both the
curves in the tunneling and the contact regime. Assuming
nominal thicknessdN528 nm it corresponds to a superco
ducting coherence lengthjS534 nm, in good agreemen
with the values obtained in Refs. 19 and 20.

The tunneling regimeIV curve, plotted in Fig. 2~b!, shows
a gap smaller thanD0 and a bump characteristic of N
structures.22 It is however poorly fitted,23 which means that
the density of states used, shown in the inset of Fig. 2~a!,
does not agree completely with the experimental one.
source of disagreement in the fitting can be better unders
by looking at the derivative of the experimental and theor
ical tunnelIV curves, shown in inset in Fig. 2~b!. The theo-
retical curve shows an asymmetric peak at the gap wh
decays slowly as the energy increases and results from
one in the density of states. This asymmetric peak struc
is characteristic of the diffusive regime for parameters t
give gaps in the normal metal much smaller thanD0. The
peak in the experimental curve is more symmetric. Mo
rounded peaks~and tunneling curves with a bump more sim
lar to the one obtained experimentally! can be obtained for
much smaller values ofdN /jS . In the diffusive regime, the

*Present address: Theoretische Physik, ETH-Ho¨nggerberg, CH-
8093 Zürich, Switzerland.
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gap induced in the spectrum of the normal metal decrea
with dN /jS . Lower values of the fitting parameter induc
gaps with values much closer toD0 and could not explain the
strong reduction of the gap found experimentally and wo
give worse fits.

Scheeret al.13 also found disagreement in the fit of th
tunneling conductance and related it to the nondiffusive ch
acter of the samples, being the conditiondN! l not fulfilled.
The proximity effect is a consequence of the coherent su
position of Andreev reflection and is strongly influenced
the length of the path that the electron travels between
dreev reflection processes. Thus, the energy dependen
the induced pair correlations is very sensitive to the degre
disorder in the normal metal and the shape of the spect
differs considerably in the clean and dirty limits.14,22,24We
have also tried, without success, to fit the experimen
curves assuming that there is no disorder, the transport in
electrodes being ballistic, instead of diffusive.22,24–26As con-
cluded by Scheeret al.,13 we think that the lack of good
fittings in the tunneling regime is due to transport in the go
layer being in the weakly disordered regime, instead of in
diffusive or clean limits.

Given the uncertainty in the density of states, the accur
with which the channel transmission set is obtained in
contact regime is slightly reduced, compared to the o
done in BCS superconductors. The single-atom curve ca
reasonably well fitted with a very open channel with tran
missionT150.995. The chain is reasonably well fitted by
single channel with transmissionT50.96. This result is rep-
resentative of the general behavior that we observe thus
firming that one widely open channel is responsible for
conduction in single-atom gold contacts, in agreement w
theoretical predictions.6–9
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