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ABSTRACT The effect of electron—vibration interaction in atomic-scale junctions with a 1.5 [ Eiociode - Vibrating Molecule - Elecirode

single conduction channel was widely investigated both theoretically and experimentally. 1; =

However, the more general case of junctions with several conduction channels has received very :f d 4 H i I
lttle attention. Here we study electron—vibration interaction in multichannel molecular . ! . I3 l : ,,“" i
junctions, formed by introduction of either benzene or carbon dioxide between platinum % g.s I I !!!!“III i ;
electrodes. By combining shot noise and differential conductance measurements, we analyze § 06 T u“= _i||!l “H“n

the effect of vibration activation on conductance in view of the distribution of conduction g:i' . e i LT
channels. Based on the shift of vibration energy while the junction is stretched, we identify gg Ii Z::; =
vibration modes with transverse and longitudinal symmetry. The detection of different 0.1 channets [
vibration modes is ascribed to efficient vibration coupling to different conduction channels % 5 0 f5 20 25 30 |

according to symmetry considerations. While most of our observations can be explained in view

Junction Index

of the theoretical models for a single conduction channel, the appearance of conductance enhancement, induced by electron—vibration interaction, at high

conductance values indicates either unexpected high electron—vibration coupling or interchannel scattering.

KEYWORDS: molecular junction - electron—vibration interaction - conduction channel - molecular electronics - vibration mode -

electronic transport

n the attempt to control and manipulate

conductance at the atomic scale, great

focus has been given to single-atom and
single-molecule junctions, due to their sim-
plicity in the first case and their structural
versatility in the second. According to the
Landauer picture, electrons are transmitted
across these junctions through a limited
number of conduction channels resulting
from the electronic quantization at the junc-
tion constriction."? The conduction chan-
nels are the eigenstates of the scattering
matrix that relates incoming and outgoing
electronic modes in the junction constric-
tion. Each channel can carry a conductance
of up to 1G, (Go = 2e*/h is the quantum
of conductance). Revealing the distribution
of conduction channels has great impor-
tance for understanding different aspects
of atomic-scale conductance.?~> One of the
most fascinating aspects of such junctions
is the effect of vibrations on electronic
transport properties of these atomic-scale
electromechanical systems. Interestingly,
far from electronic resonance, the activation
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of electron—vibration interactions can either
enhance or suppress the conductance’™°
This phenomenon was widely studied both
experimentally and theoretically in the con-
text of atomic-scale junctions with a single
conduction channel.”®'°~26 However, in the
general case of junctions with several con-
duction channels, the effect of electron—
vibration interaction was never studied in
view of different channel distributions.
When the applied voltage across a mo-
lecular or atomic junction is equal to or
higher than the energy of a certain vibration
mode (eV = Aw), the mode can be excited
by interaction with the conduction electrons.
For weak electron—vibration coupling in the
off-resonance regime, the onset of vibra-
tion activation gives rise to a small inelastic
current, which is manifested as a step in
the measured differential conductance?’-*®
(e.g., Figure 1ab). This interpretation was
verified by vibration energy shifts induced
by isotopic substitution.*®?° The influence
of vibration activation on the conductance
of molecular junctions is widely used as a
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Figure 1. (a, b) Step-like feature in the differential conductance (d//dV) spectrum as a function of bias voltage, observed for
two different Pt/benzene molecular junctions. The onset of vibration is manifested as conductance enhancement in (a) and
conductance suppression in (b). (c) Histogram of conductance enhancement (red) and suppression (green), observed in dI/dV
spectra, as a function of zero-bias conductance for Pt/benzene molecular junctions. Note that overlapping counts appear as

dark green.

characterization tool in the study of charge transport at
the atomic scale. It allows the detection and chemical
recognition of a molecule in the junction and provides
information on the close relation between structure
and conductance.®?°~3¢

When the incoming electrons activate a vibra-
tion mode, the conductance can be either enhanced
or suppressed. The opposite response was observed
in two different conductance limits. Conductance
enhancement is typically found at conductance values
much lower than 1G,.° In the other limit, of conduc-
tance close to 1G,, suppression of conductance is
typically found for junctions that are characterized
by a fully open single conduction channel.”?® Since
in many cases differential conductance is measured in
systems with conductance at one of these two limits,
the effect of vibration activation in the intermediate
range of conductance is not readily accessible.

A single molecule connected directly to the electro-
des (i.e, with no anchoring groups such as thiols) is
an attractive candidate for the study of electron—
vibration interaction. By changing the interelectrode
displacement in a break junction setup,*” a wide range
of conductance values can be probed®®*° and the
effect of vibration activation can be investigated in
different conductance regimes. In the case of directly
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linked molecules, the bias-voltage window of the mea-
surement is limited by the junction stability at high
current densities. When considering the possible vibra-
tion modes of such a molecular junction, one should
distinguish between the internal vibration modes
of the molecule and vibration modes that correspond
to the motion of the entire molecule with respect to
the electrodes. Due to their lower excitation energy,
the latter modes are more likely to appear in the bias
window accessible in these measurements.23*38 These
vibration modes can be classified as longitudinal or
transverse modes, describing motion along or perpen-
dicular to the junction axis, respectively. The symmetry
of the vibration modes can be determined from the
evolution of vibration energy as a function of applied
tension when increasing the interelectrode displace-
ment. Longitudinal modes are characterized by a
decrease in the vibration energy when stretching
the junction. This response results from weakening
of bonds between the molecule and the electrodes.
Transverse modes, however, are characterized (at a
certain stretching range) by an increase in the vibration
energy due to a larger restoring force.® The classifica-
tion as longitudinal or transverse modes can be useful
since the coupling between vibration modes and
conduction channels is determined by their symmetry.
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According to several calculations in the limit of weak
electron—vibration coupling that take into considera-
tion a single elastic conduction channel as a starting
point, the effect of vibration activation on conductance
depends on the transmission probability of elec-
trons crossing the junction and the symmetry of the
molecule—electrode coupling.'®" 16171972540 \any
of these single-channel models are based on the none-
quilibrium Green function formalism and present a
competition between elastic and inelastic processes."’
For symmetric molecule—electrode coupling, the first
process suppresses the conductance and it is the
dominant effect at a transmission probability 7 > 0.5,
while the second one enhances the conductance and it
is dominantat 7 <0.5 (i.e., a crossoverat 7=0.5).">"" For
an asymmetric coupling to the electrodes, the trans-
mission probability at the crossover is expected to be
lower than 0.5, and it is decreased as the asymmetry
of the coupling to the electrodes increases.*° It is
worth mentioning that the predicted crossover is not
universal,2®*? and it is valid only when the vibration
energy is much smaller than the coupling energy
between the molecule and the electrodes and from
the Fermi energy vs the relevant molecular level
difference. Practically, the crossover was experimen-
tally observed for several molecular junctions,’>84!
indicating that these conditions are valid in these
cases.

Recently, Nakazumi et al. used a single-channel
model to explain the observation of a crossover be-
tween conductance enhancement and suppression by
vibration activation for a certain molecular junction
and the lack of a crossover for a different junction.
According to the authors, the crossover is not apparent
when there are several conduction channels, and
the model cannot be applied in such a case.*’ On the
contrary, a clear crossover was observed in the case of
Pt/H,0 junctions for which more than a single channel
was found experimentally.®® Clearly, the influence
of vibrations on the electronic transport across atom-
ic-scale junctions is far from being well understood in
the general case of junctions with more than a single
conduction channel.

In this paper we focus on molecular junctions with
several conduction channels: Pt/benzene and Pt/CO..
The conditions that lead to conductance enhancement
and suppression are studied. For Pt/benzene junctions,
both conductance enhancement and suppression are
detected throughout the entire range of conductance
values. On the other hand, for Pt/CO, junctions, con-
ductance enhancement is observed mainly below a
conductance value of 0.7G and conductance suppres-
sion is observed mainly above a conductance value of
0.8Gy. These findings are addressed in the framework
of multichannel junctions by differential conductance
and shot noise measurements. Using the models for a
single channel as our starting point, the role of channel
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distribution as well as the experimentally observed
symmetry of different vibration modes is considered.

RESULTS AND DISCUSSION

The conditions for conductance enhancement
and suppression, induced by the onset of vibrations,
are studied by differential conductance (d//dV) measure-
ments, taken on random molecular junction configura-
tions with different conductance values. The junctions
were formed using the mechanically controllable break
junction technique3’ Following the formation of molec-
ular junction,®* the contact is squeezed up to a large
conductance value of ~70G,. Then the electrodes are
pulled apart until a stable contact is formed at a con-
ductance value lower than 1.5G,, which is the typical
conductance of a single Pt atom.?’ At this point the
interelectrode spacing is fixed and a dl/dV spectrum is
recorded while the dc voltage between the electrodes is
swept (for more details see the Methods section).

Figure 1a,b show two examples for di/dV spectra,
measured as a function of voltage across two indepen-
dent Pt/benzene junctions. The onset of vibrations,
indicated by a step-like change in the conductance,
is observed. While in (a) the activation of vibrations
is manifested as conductance enhancement, in (b)
it appears as conductance suppression. The distribu-
tion of spectra with conductance enhancement (red)
and conductance suppression (green) is presented in
Figure 1c as a function of zero-voltage conductance.
The histogram presents measurements taken on 300
independent Pt/benzene junctions.

For the Pt/benzene junctions, both conduc-
tance enhancement and suppression are observed in
the entire range of conductance values, as opposed
to the simple models for symmetric junctions with a
single conduction channel, where conductance en-
hancement and suppression are predicted below and
above 0.5Gy, respectively. In order to understand this
behavior, the number of conduction channels, their
transmission probabilities 7, and possible molecule—
electrode asymmetric coupling need to be considered.
Paulsson et al. showed that in a model that considers a
single transmission channel and asymmetric molecule—
electrode coupling, the crossover between conductance
enhancement and suppression can take place at con-
ductance values lower than 0.5G,.*° Such asymmetry is
expected for Pt/benzene junctions since Pt monatomic
chains can be pulled from the electrodes to form
hybrid structures, in which the molecule is preferentially
bonded to one electrode on one side and connected to a
Pt atomic chain on the other side.>®

The occurrence of conductance enhancement at
relatively high conductance values can be explained
in view of the distribution of conduction channels at
the junction. Theoretical and experimental studies of
transmission probabilities in Pt/benzene junctions**?
reveal up to three conduction channels. The number of
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Figure 2. (a, b) Step-like feature in the differential conductance (d//dV) spectrum as a function of bias voltage, observed
for two different Pt/CO, molecular junctions. The onset of vibration is manifested as conductance enhancement in (a)
and conductance suppression in (b). (c) Histogram of conductance enhancement (red) and suppression (green), observed in
di/dV spectra, as a function of zero-bias conductance for Pt/CO, molecular junctions. Note that overlapping counts appear as

dark green.

conduction channels as well as their transmission is
determined by the specific orientation of the molecule
with respect to the electrode apexes. The total con-
ductance is given by the sum of contributions from
each channel, G = GyXt,, Where 7, is the transmission
probability of the nth channel.? Both the calculated
transmission probabilities and the probabilities found
experimentally by shot noise measurements indicate
the presence of several partly transmitting channels
with comparable transmissions. For Pt/benzene junc-
tions with conductance above 0.5G, the total conduc-
tance is composed of two or three channels, which
often have transmission probabilities smaller than 0.5.
Thus, the appearance of conductance enhancement
at large conductance values is expected. The propen-
sity of benzene to form asymmetric hybrid junctions
with Pt electrodes® and the lack of a dominant con-
duction channel coupled to a vibration mode®® can
explain the detection of conductance enhancement
and suppression throughout the entire conductance
range. In this case the results can be explained
by considering the single-channel models for each
channel independently.

The response of conductance to vibration activa-
tion in the case of Pt/CO, junctions reveals a different
picture (Figure 2). Although there is no sharp value for
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the crossover between curves with conductance en-
hancement and suppression, the former appears
mostly below 0.7Gy, and the latter appears mainly
above 0.8Gy. Interestingly, the observed crossover
takes place at a conductance value higher than the
expected value of 0.5G,, for a symmetric junction
with a single channel. Unlike for Pt/benzene junctions,
we do not have former theoretical or experimental
information about the channel distribution, which
is essential for understanding the interplay between
electronic transport and vibration modes in these junc-
tions. Therefore, we performed shot noise measurements
on Pt/CO, molecular junctions at different conductance
values.

Electronic shot noise in atomic-scale junctions origi-
nates from current fluctuations due to the discrete
nature of the flow of electrons. This noise depends on
the number of transmission channels, N, as well as their
transmission probabilities, 7,.**> For eV > kT, shot noise
is given by S = 2elF, where e is the electron charge,
I is the current, and F = 3N_17,(1 — T)/3N_17, is
the Fano factor. The Fano factor can be extracted from
the dependence of noise on the applied bias current
and provides an independent equation (apart from
G = GoXN_7,,) that depends on the transmission prob-
abilities. Thus, shot noise and conductance measurements
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Figure 3. Channel distribution obtained from shot noise measurements for Pt/CO, molecular junctions. (a) Channel distribution
of junctions that showed conductance enhancement in their d//dV spectrum and (b) conductance suppression, due to vibration
activation. The error bars represent the range of solutions that satisfies the measured conductance and shot noise.**

can be used to analytically find the transmission probabil-
ities for the case of at most two channels. However,
we cannot determine a priori that the number of conduc-
tion channels in Pt/CO, junctions is restricted to two.
We overcome this limitation by relaxing the requirement
for exact determination of the transmission probabilities.
The transmission probabilities of each conduction channel
is then determined with a limited accuracy.* Here, shot
noise measurements were performed along with di/dV
measurements in order to study the relation between
channel distribution and the effect of electron—vibration
interaction.

Figure 3 presents the transmission probabilities of the
three main channels extracted from shot noise measure-
ments for different conductance values of Pt/CO,. The
shot noise results are divided according to junctions that
showed vibration-induced conductance enhancement
(Figure 3a) and suppression (Figure 3b) in the dl/dV
spectrum. We note that the appearance of conductance
enhancement or suppression was found to be correlated
with the classification of the vibration modes as trans-
verse or longitudinal modes, as will be shown. Each
column represents the channel distribution measured
for a single independent junction. The error bars repre-
sent the range of transmission values that satisfy the
measured conductance and shot noise.**

For all junctions that yield conductance suppression
due to vibration activation (Figure 3b), one dominant
channel is clearly observed. This dominant channel has
a transmission probability (7;) larger than 0.5 in the vast
majority of measurements (in two measurements the
range of solutions does not allow determining whether
7, is higher or lower than 0.5). These observations can
be explained by applying the single-channel models to
the dominant channel.*® Accordingly, the active vibra-
tion mode is then coupled to the dominant conduction
channel, and its activation is manifested as conduc-
tance suppression due to transmission probability
larger than 0.5.

Focusing on junctions that showed conductance
enhancement (Figure 3a), we can distinguish between

BEN-ZVI ET AL.

two cases. For junctions 1—23 the conduction channels
are more equally distributed and no clear dominant
channel exists. In these cases all the channels have
transmission probabilities smaller than 0.5. Therefore,
vibration activation is expected to yield conductance
enhancement, regardless of the channel to which it is
coupled. For junctions 24—36 the dominant channel
has a transmission probability larger than 0.5. If we
apply the basic concepts of the single-channel models
to this multichannel case, we can conclude that,
in order to have conductance enhancement by vibra-
tion activation, the vibration is coupled to one of
the secondary conduction channels that have a trans-
mission probability smaller than 0.5. This observa-
tion resembles the case of an aluminum point
contact,” where different vibration modes couple to
different conduction channels, according to symmetry
considerations. %4647

In order to investigate whether conductance en-
hancement and suppression in Pt/CO, junctions with
7; > 0.5 can be a result of the excitation of different
vibration modes, we study the symmetry of these
modes by their response to strain. This is done by
following the vibration energy as the interelectrode
distance is increased.®*° Figure 4a presents a sequence
of dI/dV spectra, showing conductance enhancement
at the onset of vibration activation. Before the next
spectrum was recorded the junction was stretched
by ~0.05 A. Figure 4b shows the d*/dV?, obtained
by numerical derivation of the di/dV spectrum, from
which the energy of the vibration mode (equivalent to
the peak voltage in eV) was extracted and is presented
as a function of interelectrode separation in Figure 4c.
The contact was stretched to an overall distance of
about 0.6 A. Figure 4c shows that the energy of the
examined vibration mode is shifted to higher values as
the contact is stretched. An increase in the vibration
energy, while the junction is stretched, is typical of
transverse modes, i.e.,, a motion of the molecule per-
pendicular to the junction axis.2 A different sequence
of di/dV spectra (Figure 4d) and the associated d?//dV>
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Figure 4. (a) Sequential dI/dV spectra and (b) their numerical derivative (d*//dV?), showing vibration activation manifested as
conductance enhancement. The contact was stretched by increasing the interelectrode separation to an overall distance of
0.6 A between the first (yellow) and the last (red) curve. (c) Vibration voltage (or energy in eV) as a function of electrode
separation. (d) Different sequential d//dV spectra and (e) their numerical derivative (d*//dV?), showing vibration activation
manifested as conductance suppression. The contact was stretched to an overall distance of 0.4 A between the first
(light green) and the last (dark green) curve. (f) Vibration voltage as a function of electrode separation.

(Figure 4e) show that the activation of vibration
is manifested as conductance suppression. When the
junction is stretched, the energy of the vibration mode
shifts to lower values (Figure 4f). Based on the observed
shift of vibration energy, we conclude that this vibra-
tion mode has a longitudinal symmetry with respect to
the junction axis. Note that despite the similar energy,
the two modes can be clearly distinguished by their
opposite response to strain.

A direct correlation is found between the symmetry
of the vibration mode and the sign of the conductance
change induced by the vibration activation. We re-
corded five sequences with conductance enhance-
ment, in which the vibration mode was recognized
as transverse, and six sequences that show conduc-
tance suppression, for which the relevant mode was
identified as longitudinal. While d//dV sequences with
conductance suppression and longitudinal symmetry
are always found at conductance values of around
1Gp, di/dV sequences with conductance enhance-
ment and transverse symmetry were found in a wide
conductance range, both below and above 0.5G,,
corresponding to the distribution of conductance
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enhancement and suppression shown in Figures 2
and 3. The conductance suppression resulting from
the activation of the longitudinal mode can be under-
stood in the framework of the single-channel model by
the coupling of the mode to the dominant channel.
The excitation of a transverse mode, on the other
hand, was manifested as conductance enhancement,
indicating that the vibration is coupled to a secondary
channel. However, this scenario leads to an unex-
pected high electron—vibration coupling. While in
similar molecular junctions the change in conductance
at the onset of vibration is on the order of a few per-
cent®***® we find here for the relevant junctions
(index 24—36 in Figure 3a) a step height of 2—36%
with respect to the conductance of the secondary
channel. Such a large inelastic contribution to the con-
ductance is interpreted in the context of single-channel
models as an indication for a significant electron—
vibration coupling. Although we cannot exclude high
electron—vibration coupling in Pt/CO, junctions, it
is unlikely in view of the low coupling found for
the junctions mentioned above. Alternatively, the step
height in the examined case does not necessarily imply
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a strong electron—vibration coupling and multichannel
effects should be considered.

In multichannel junctions, electron—vibration inter-
actions can lead to coupling between channels. The
probability of such a process depends strongly on the
symmetry of the relevant channels and the vibration
mode. Using first-principles calculations and scattering
theory, Kristensen et al. found that vibration activa-
tion can lead to conductance enhancement in a
Pt/H, junction, although this system is characterized
by a single almost fully open channel.*® According to
the authors, transverse vibration modes can couple
between a transmitting s-channel and an otherwise
nontransmitting d-channel. On the other hand, the
symmetry of the longitudinal modes does not allow
such coupling, and therefore the excitation of these
modes results in conductance suppression in accor-
dance with the models for a single channel. In view
of these theoretical findings, the observed conduc-
tance enhancement for Pt/CO, junctions, when 7, > 0.5
(junctions 24—36 in Figure 3a), can result from induced
scattering by the transverse vibration mode between
the dominant channel and a secondary channel,
if these channels have different symmetry. In this
scenario the step height should be considered with
respect to the dominant channel and the change in
conductance is only a few percent, as expected.

CONCLUSIONS

We studied electron—vibration interaction in Pt/
benzene and Pt/CO, molecular junctions, for which
the conductance is carried through several conduction
channels. By combining shot noise and differential
conductance (d//dV) measurements, we find the rela-
tions between the distribution of conduction channels,
the sign of conductance change, and the vibration
mode symmetry. For Pt/benzene junctions the models
for a single channel can be applied to each channel
individually. The appearance of conductance suppres-
sion at conductance values lower than 0.5G, is ex-
plained by the benzene tendency to form asymmetric
junctions with asymmetric molecule—electrode cou-
pling. The observed vibration-induced conductance
enhancement at conductance higher than 0.5G, is

EXPERIMENTAL METHODS

Formation of Molecular Junctions. Both Pt/benzene and Pt/CO,
molecular junctions were constructed using a mechanically
controllable break junction (MCBJ)*” at 4.2 K. A small notch is
cut in the middle of a Pt wire (99.99%, 0.1 mm diameter,
Goodfellow), which is then glued to a flexible and isolated
substrate. A three-point bending configuration in cryogenic
vacuum conditions is used in order to break the wire at the
notch to form an adjustable gap between two ultraclean tips.
A piezoelectric element is used for fine bending of the substrate
in order to control the distance between the electrodes
with sub-angstrom resolution. Before dosing the sample with
molecules, the formation of a clean Pt contact is verified by
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explained by the absence of a dominant channel;
that is, the high conductance value, in some stable
configurations, is composed of two or more conduc-
tion channels with 7 < 0.5.

For Pt/CO, junctions, vibration-induced conduc-
tance suppression is observed mainly above 0.8G. In
agreement, shot noise measurements reveal that con-
ductance suppression takes place when a dominant
conduction channel exists (r; > 0.5). Furthermore,
when the vibration activation is manifested as con-
ductance suppression, the mode is found to have
longitudinal symmetry, suggesting that the dominant
channel is symmetric with respect to the junction axis.

Conductance enhancement was observed mainly
below 0.7G,. This observation is expected when all
channels have transmission probabilities of 7 < 0.5.
However, focusing on junctions with high conduc-
tance value, shot noise measurements reveal that
vibration activation is manifested as conductance en-
hancement also in junctions with 7; > 0.5, suggesting
coupling of vibration modes to low transmitting chan-
nels (r, or 73). Indeed, we find a different vibration
mode, showing conductance enhancement and
transverse symmetry. Applying the single-channel
models in this case and assuming coupling of
this vibration mode to a secondary channel lead
to an unexpected large change in conductance
with respect to the conductance contribution of
the second channel. Alternatively, the appearance
of conductance enhancement when 7; > 0.5 can be
explained outside the framework of the single-
channel models by scattering between channels
induced by vibration activation, according to sym-
metry considerations.

This work shows that although the single-channel
models can explain a large variety of observations in
multichannel junctions, the effect of vibration activa-
tion on conductance can involve scattering between
channels. In order to have a more comprehensive
understanding of electron—vibration interactions in a
variety of atomic-scale junctions, the development of
models that take into consideration more than a single
conduction channel and account for possible interac-
tions between channels is required.

conductance histograms. The target molecules, namely, ben-
zene (99.97% purity, Sigma Aldrich) and CO; (99.995% purity,
Gas Technologies), are introduced to the junction through
a heated capillary while the sample is kept at cryogenic
temperatures.3* Before insertion, benzene was degassed by
several freeze—pump—thaw cycles. CO, was inserted after the
vacuum system was baked out, evacuated, and dozed, repeat-
edly. Benzene and CO, dozing was controlled by a needle-valve
at the top of the capillary and by the capillary temperature.
After the introduction of molecules, the formation of molecular
junctions is indicated by a significant change in the conduc-
tance histogram and the detection of vibration modes by dif-
ferential conductance measurements. For both Pt/benzene and
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Pt/CO, junctions, the insertion of molecules was repeated
for different samples and different dosing times, resulting in
similar features in the conductance histograms, in very good
agreement with previous results.>

Differential Conductance Measurements. Differential conduc-
tance measurements (d//dV) are performed using a Stanford
Research SR830 lock-in amplifier. The lock-in produces an ac
modulation signal of 1 mVrms at a frequency of 3.777kHz, which
is added to a dc signal.

After squeezing the junction to have ~70Gq, the electrodes
are pulled apart until a new stable contact is formed with a
conductance below the typical atomic conductance of Pt
(<1.5Gp). At this point the interelectrode distance is fixed and a
differential conductance curve is recorded while the dc voltage
between the electrodes is swept. Only spectra showing a clear
signature of conductance enhancement (i.e., as in Figure 1a) or
suppression (Figure 1b) were considered in the analysis.

Shot Noise Measurements. Noise measurements and the de-
termination of channel distribution are done as described in
ref 44. Before and after each set of shot noise measurements a
di/dV spectrum is recorded to confirm that the contact main-
tains its stability during the noise measurement. Only measure-
ments with deviation smaller than 0.04G, in the zero-bias
conductance between the two spectra are considered. di/dV
measurements and shot noise are measured using two switch-
able circuits. When combined with shot noise, d//dV measure-
ments are performed by a lock-in technique realized by a
LabVIEW code. The noise, which is averaged over 5000 noise
spectra, is measured as a function of frequency at different bias
voltage applied to the junction. The transmission probabilities
are obtained using the numerical approach, described in ref 44,
under the assumption of N = 6 channels at the most. This
assumption is easily tested by using N + 1 channels to obtain a
similar solution.
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