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4
DETECTION OF VIBRATION MODE

SCATTERING IN ELECTRONIC

SHOT NOISE

Manohar KUMAR, Remi AVRILLER, Alfredo Levy YEYATI,
Jan van RUITENBEEK

Generally, current shot noise is measured at low bias currents, and it reflects the
transmission probability of the electrons. Here we present the first measurement
at bias currents above the phonon energy of the system, i.c. a chain of Au atoms.
The onset of phonon emission processes is signaled by an abrupt jump in differ-
ential conductance. One should expect a sign of this change to be visible in shot
noise. Indeed, a distinct signature in the current shot noise signal is observed due
to inelastic scattering as a linear deviation from the Levitov- Lesovik classical shot
noise. In accordance to recent theoretical predictions the sign of the inelastic signal,
i.e., the signal due to vibration excitations depends on the transmission probability,
becoming negative below a certain transmission value. We argue that the nega-
tive contribution to noise arises from coherent two-electron processes mediated by
electron-phonon scattering and the Pauli exclusion principle.

Parts of this chapter have been published in Physical Review Letters 108, 146602 (2012).
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4.1 INELASTIC NOISE SPECTROSCOPY

THE inelastic interaction of electrons with vibrons leads to abrupt changes in the
conductance. This effect has been studied extensively[1–6]. This technique is

widely used in transport spectroscopies, i.e. point contact spectroscopy (PCS) and
inelastic electron tunneling spectroscopy (IETS). Transport spectroscopy has been
used to identify the nature of the species in the point contact[7–12]. Shot noise, as
the second cumulant of the current, is another fundamental quantity of quantum
transport. Together with conductance spectroscopy noise spectroscopy can help
to characterize in detail atomic and molecular junctions. It can provide valuable
insights in the fundamental nature of the processes taking place in quantum trans-
port. An elusive property in molecular electronics is the lattice temperature of the
molecule in the contact, for which shot noise may provide quantitative informa-
tion. Shot noise S for a single channel conductor is proportional to τ(1−τ), where τ
is the transmission probability of the channel. This noise should also show the sig-
nature of the inelastic electron-phonon interactions. Recently Refs. [13–15] have
predicted the presence of an inelastic shot noise signature of electron-phonon in-
teraction in their studies on a simple model of a molecular junction having single
resonant level, symmetrically couple to both leads, and for weakly interacting con-
duction electrons with a single phonon mode. In case of a small decay rate of the
vibration modes into phonon modes of the leads a non-equilibrium vibron occu-
pation is expected[14, 16–19]. The fluctuations in the non-equilibrium vibronically
excited state affects the dynamics of the traversing electrons. Hence the measure-
ment of this non-equilibrium vibronic population in noise measurement could re-
veal the lattice temperature of the quantum device. Au atomic chains, forming a
simple test bed for the inelastic scattering in conductance, have been used here
as a first test system for inelastic scattering effects in noise spectroscopy. We have
looked into, both, equilibrated and non-equilibrated vibronic interactions on the
conduction electrons in Au atomic chains.

4.2 AU ATOMIC CONTACT FORMATION

GOLD atomic chains were formed at liquid helium temperatures using mechan-
ically controllable break junctions (MCBJ). This technique permits freshly ex-

posing clean Au metal electrodes, which are then pressed gently together such as to
form a cold weld of atomic size. This contact can be repeatedly made and broken
such that the contact changes its cross section atom-by-atom. In the last stages of
breaking Au contacts the atoms have been found to spontaneously arrange into a
linear strand of up to 8 atoms in length. At the start of the experiments the sam-
ple chamber is pumped to ∼ 10−5mbar before cooling down in liquid helium. The
chamber is fitted with active charcoal for cryogenic pumping such that the pres-
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sure in the chamber drops below measurable values when reaching the base tem-
perature, which is between 5 and 8K. Once cold and under vacuum the Au sample
wire is first broken by mechanical bending of the substrate. By relaxing the bend-
ing the broken wire ends can be rejoined and the contact can be adjusted with
sub-atomic precision by means of a piezo-electric actuator[20].

4.2.1 DC CHARACTERIZATION
A first step in characterizing the quality of the junction is taken by recording con-
ductance histograms. Contacts are repeatedly made and broken, controlled by the
piezo voltage that regulates the substrate bending of the mechanically controllable
break junction device. While gently breaking the Au atomic contacts the conduc-
tance of the junction decreases in steps due to the atom-by-atom reduction in con-
tact size. The points of the digitized traces of conductance are collected into a his-
togram and the counts are plotted as a function of the conductance. Conductance
histograms such as shown in figure(4.1 a) are obtained by combining typically 2000
conductance breaking traces. The first peak at 1G0 represents the average conduc-
tance of a contact of a single Au atom in cross section, which has a lot of weight
because of the long atomic chains being formed. This can be seen from the traces
shown in the inset of figure(4.1 a) having long plateaus at 1G0. On these plateaus
the conductance is changing very little while the contact is being stretched. This is
explained by the formation of the long atomic chains and, upon further stretching
the contact, the chains finally break to form clean vacuum tunnel junctions, shown
by the diminishing counts at lower conductance in the conductance histogram.

(a) (b)

FIGURE 4.1: The dc characterization of Au atomic contacts: (a) A conductance histogram recorded for
2000 conductance traces. Typical conductance traces are shown in the inset. (b) A length histogram
recorded for the same conductance traces. The two prominent peaks show the presence of 2 and 3
atom long atomic chains forming predominantly. The inter-peak distance gives the calibration factor
of 1.96V /Å
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In the conductance breaking traces a last conductance plateau near 1G0 sig-
nals the formation of a junction of only a single atom in cross section. The value
of the length of this plateau for several hundreds of breaking cycles is collected
into a length histogram, see figure(4.1 b). The histogram is obtained by combining
2000 traces and recording the length of the conductance plateaux with conduc-
tances between 0.8 and 1.1G0, i.e. in the range of the first conductance peak in
figure(4.1). The length axis is given in units of the voltage on the piezo element,
where the proportionality constant is 1.96 V/Å. The histogram is consistent with
the earlier work of Untiedt et al. [21]. This length histogram shows several peaks
with a separation consistent with the inter-atomic distance in a chain of Au atoms.
The first four peaks can be interpreted as the lengths corresponding to chains of
2, 3, 4 and 5 atoms. Still longer chains have diminished counts and hence are not
always visible in the length histogram.

4.2.2 AC CHARACTERIZATION
The ac characterization of Au atomic contacts has been done using lockin mea-
surements. A small amplitude modulation sine signal of 2mV amplitude and 2.3kHz
frequency is used for these lockin measurements. The electrical circuit used for
the lockin measurement is shown in figure (3.5). Point contact spectroscopy sig-
nals for a perfectly transmitting conductor are expected to show a step down fea-
ture in the conductance at the vibration mode energy. This is a known concept
and has been briefly described in section (3.4.2). In a ballistic conductor, due to
electron-phonon interaction, electrons lose energy by emitting a phonon of en-
ergy ħωkF , and in the process are get scattered backwards. This backscattering
of the traversing electrons is seen as a decrease in the conductance at the finite
voltage Vph = ħωkF [22]. For perfectly transmitting atomic contacts one expects a
similar phenomenon to be seen in their differential conductance measurements.
Having a single s valence orbital and a conductance around 1G0 Au atomic chains
show a nearly perfect transmission. The differential conductance measurement of
figure (4.2) for such a contact indeed shows a step-down feature. The scattering on
the vibration mode is seen typically as a drop of about 1% in the conductance [23].
The point of extremum in the second derivative of the current gives a measure of
the value of this vibronic energy and its amplitudes gives the electron-vibron in-
teraction strength. Although Au atomic chains permit many vibration modes only
the longitudinal mode with the largest moment has a significant cross section for
inelastic electron scattering [1, 24]. The longitudinal character of the mode of the
vibronic signal can be confirmed by looking at figure (4.3). Here, we have mea-
sured the differential conductance for various stages of stretching of the contact.
The second derivative of the current clearly shows a decrease in the vibronic en-
ergy and an increase in the electron-vibron interaction strength. This is in accor-
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FIGURE 4.2: The ac characterization of Au atomic contacts: The differential conductance of a Au atomic
contact (bold curve, left scale) shows a step-down feature at both polarities of the voltage bias. The
second derivative of the current (light curve, right scale) shows a dip and a peak at at these positions, at
±19meV at positive and negative bias voltage. The positions of these extrema correspond to the vibron
energy in the Au atomic contact.

dance with the longitudinal nature and is due to the softening of the interatomic
bond strength upon stretching of the contact. The finite size of the chain, its me-
chanical coupling to the leads and the finite temperature, lead to broadening of the
step feature in the contact. Upon stretching of the contact the corrugation of the
potential seen by the electrons increases which leads to a much sharper change in
the conductance at the vibronic energy [5].

These features are more pronounced in longer chains as compared to shorter
chains. For longer chains the effective change in the vibronic energy with stretch-
ing is much larger than for shorter chains. In shorter chains the strong mechanical
coupling of the chain with the leads give rise to a strong broadening of the vibra-
tion resonance due to fast decay into bulk phonons, which smears out the inelastic
signature in the differential conductance. It is also possible to have more than one
vibrational mode coupling to the traversing electrons [24]. In our experiment we
focus on the longitudinal mode coupled to the electrons in the chain. Hence, for
our experimental studies we have pulled Au atomic chains of 3 atoms or longer,
and done all point contact spectroscopy and noise spectroscopy on these.
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(a) (b)

FIGURE 4.3: Stretching dependence of the inelastic electron-vibron interaction energy in Au atomic
contacts: (a) Differential conductance measurement on a 4 atom long Au atomic chain at various stages
of stretching, in steps of 0.2Å. The green curve shows the starting atomic contact configuration and the
red curve shows the final contact, just before breaking. (b) The second derivative of the current shows
the evolution of the vibronic energy upon stretching of the contact.The effective rate of change in the
vibronic energy is 1.9meV/Å. the color code is the same as that for the differential conductance.

4.3 SHOT NOISE SPECTROSCOPY

THE shot noise studies on the Au atomic contacts are done using a low frequency
cross-spectrum analysis technique. The detailed measurement scheme and

circuit diagram is shown in figure (3.8). The noise spectra were recorded in a win-
dow from 250Hz to 100kHz. An example of such spectra is given in figure (4.4 a). At
the low-frequency end of the spectrum one observes an increase in the spectrum
above the white noise level due to a 1/ f -like noise contribution, the amplitude of
which varies between different junction settings, which has been attributed to de-
fect fluctuations in the leads. This part of the spectrum is ignored for the analysis,
but it influences the accuracy of the determination of the white noise power. At
the high-frequency end of the spectrum a roll-off is seen, with a characteristic fre-
quency of about 30kHz that is due to the RC time constant of the stray capacitance
of the leads in combination with the junction resistance. First, the thermal noise
is recorded at zero bias, and after recording noise at several bias settings the zero
bias noise is recorded once more (labeled as 0Vr ). The thermal noise level cor-
responds to a temperature of 6.3K, which agrees within the accuracy of the tem-
perature measurement with a reading of 6.1K, as obtained from a Ruthenium Ox-
ide 10kΩ resistance thermometer. After correction for the roll-off with a single RC
time constant the spectra become white above 10kHz, figure (4.4 b). The thermal
noise (at zero bias) is subtracted, which explains the negative values in the data
fluctuations for the lowest currents. The data points are projected in the form of
a histogram, shown at the right, and the level of white noise is obtained from the
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(a) (b)

FIGURE 4.4: The raw noise data for a Au atomic contact and its analysis: (a) Noise spectra for a Au
atomic chain of ∼ 3 atoms in length having a conductance G = 0.987G0 at a temperature of T = 7.95 K.
The roll off in the spectra is seen at 32.5kHz (b) Noise after subtracting the thermal noise and correcting
for the RC roll off.

center of the histogram for each voltage bias. The points and error bars at the right
indicate the position and accuracy of the noise as determined from a Gaussian fit
to the histograms. The mean noise value is plotted in reduced axis format to ob-
tain the Fano factor, as shown in figure (4.5) (for an explanation of this procedure
see section 3.5.3). The Fano factor calculated from the reduced axis plot for this
contact is F = 0.135±0.004.

We recorded noise for over 450 atomic configurations formed using 5 differ-
ent Au wire MCBJ devices. For each configuration we recorded 25 bias voltage
settings in steps of about 1mV. We discarded those data for which the scatter in
the reduced-axis plot is larger than 3% and those for which the measured thermal
noise at the end of the measurement series differs by more than 2% of the starting
value. The scatter is mostly due to contributions of 1/ f -noise interfering with the
white spectrum. Changes in thermal noise may result from changes in the resis-
tance of the contact. Figure (4.6) shows the results for the Fano factor for many
such atomic chains as measured for bias voltages below 10mV, and plotted against
the conductance as done for instance by Kumar et al. [25]. Most atomic chain
junctions have a conductance slightly below 1G0, but somewhat smaller values fre-
quently occur because of scattering on defects in the leads [26]. All data in figure
(4.6) fall close to the black solid line, which is the expected dependence for a single
conductance channel, as given by equations (1.28) and (1.27). This clearly shows
that Au atomic chains agree with a model of single-channel Landauer conductors.
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FIGURE 4.5: Determination of the Fano factor from shot noise measured on an Au atomic contact: The
mean noise value as obtained from figure (4.4 b) represented in a reduced axis plot. From the slope of
this reduced axis plot we obtain a Fano factor of F = 0.135±0.004.
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FIGURE 4.6: Fano factor plot for Au atomic contacts: Noise measurements on over 450 atomic config-
urations formed using 5 different Au wire MCBJ devices. Here we are showing the Fano factor obtained
on all these contacts1. The Fano factors for all atomic contacts lie on the line F = 1− τ, i.e. on the
theoretical limit of minimum Fano factor that is attained only for a single spin-degenerate Landauer
conductor.
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4.4 INELASTIC VIBRONIC SCATTERING IN NOISE

THE inelastic scattering on vibron modes is seen as a drop of about 1% in the
conductance measurements. For Au chains these vibration modes can attain

values between about 10mV and 20mV, which varies due to the softening of the
bonds with the applied strain in the atomic wire [24], as was discussed in sec-
tion (4.2.2). For such systems inelastic scattering should also affect shot noise.
Most noise measurements on atomic and molecular conductors have been fo-
cused on the low bias regime. Here we will look into the noise above the vibronic
energy of the Au atomic chain. Figure (4.7a) shows the differential conductance
and noise measurement for a Au atomic chain of 4 atoms long. The differential
conductance shows the step down feature at the vibronic energy as expected. The
second derivative shows a peak and dip feature at about 20mV in both negative
and positive bias regime, giving the vibronic energy of the atomic chain. Figure
(4.7b) shows the noise power w.r.t. the bias voltage upto 28mV. The small curva-
ture at low bias voltage below 3mV is due to the crossover from thermal noise to
non-equilibrium noise. Above 3mV the noise power closely follows the expected
linear dependence. The red curve is a fit to equation(1.28) and gives a Fano fac-
tor F1 = 0.020± 0.002, which agrees with the zero bias conductance G = 0.98G0

for a single conductance channel, within the accuracy of 1% in G [27]. Above
20mV we observe a sudden kink in the noise signal, which matches the energy
of the vibration mode seen in figure (4.7a). If we take the slope above the kink
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FIGURE 4.7: Inelastic scattering in conductance and noise in a Au atomic contact: The differential con-
ductance (left axis) measurement and its derivative (right axis) on a 4 atom long Au atomic chain. The
second derivative was computed numerically. The peak at 20.0±0.4mV signals the onset of scattering
by a vibration-mode. (b) Shot noise as a function of bias for the same atomic contact as in (a). The
red curve is a fit to the equation(1.28) upto 20mV. The Fano factor F1 = 0.020± 0.002 agrees with the
conductance of G = 0.98G0 in (a). The broken red curve is an extrapolation of the fit. The green line is
linear fit for the data above 20mV.
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to define a modified Fano factor F2 the relative change in Fano factor is given as
δF /F = (F2−F1)/F1 =±0.90. We interpret this kink as evidence of an inelastic scat-
tering contribution to shot noise. This interpretation was further tested, and the
results are shown in figure (4.8).

Figure (4.8) shows data for seven different chain configurations, plotted as Y (V )
vs. X (V ). For G close to 1 G0 (lowest curves) we find a positive correction above the
kink. Note the curve with G = 1.00G0, which shows zero noise (F = 0) until a kink
appears when reaching the vibration mode energy. Remarkably, for G < 0.95G0 the
correction above the kink has the opposite sign. The observed dependence is lin-
ear in X (V ), above and below the kinks, within the experimental accuracy. In some
cases we observe a second kink at still higher bias voltages (not shown here), but
for the moment we limit attention to the first kink only.

Figure (4.9) shows the position of the steps in the differential conductance
against the observed position of the kink in the reduced-axis plot. The kink po-
sition in the shot noise is obtained by extrapolating the linear deviation in shot
noise due to inelastic scattering and the fit to the equation(1.28). The intersection
of these two extrapolated lines gives the position of kink in the shot noise. The
derivative of the symmetrized differential conductance curve gives the vibron en-
ergy of the Au atomic contact. The difference between the position of the vibron
energy in the differential conductance and its symmetric part is incorporated in
the error analysis of the vibron energy.2 The uncertainty and the scatter in the
mode energy are due to the difficulty of removing the contributions by conduc-
tance fluctuations from the differential conductance. Despite the large uncertain-
ties, a clear trend is observed and the data lie close to the line 1:1. This observation
provides strong support for the interpretation of the kink in the noise data as being
due to inelastic scattering on vibration modes of the system.

The relative change in the Fano factor for a set of about 120 measurements is
shown in figure (4.10), plotted as a function of the transmission probability τ. For
τ close to 1 exclusively positive values for δF /F are found, while for τ < 0.95 only
negative values occur, confirming the trend observed in figure (4.8).

While the effect of inelastic scattering on vibration modes in atomic-size sys-
tems has been extensively analyzed theoretically [4, 23, 28, 29] the generalization
of these studies to noise properties has only recently started [13–15]. Most of these
studies are based on a minimal model corresponding to a single resonant molecu-
lar level Ed coupled to the left and right leads by tunneling rates, ΓL and ΓR , inter-
acting with a localized vibration mode with frequency ω0 and a coupling parame-
ter λ. This model, schematically depicted in the inset of figure (4.10), is adequate

2Asymmetric coupling in the atomic chain with the leads could also give rise to asymmetry in the dif-
ferential conductance.
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FIGURE 4.8: Kink in shot noise for a range of transmission values of Au atomic chain: In this reduced
axis plot the data below the vibron energy are described by a linear dependence (fitted with a solid
line up to the kink, and extrapolated by a dashed line). The slope of this line gives the Fano factor.
The transmission probability obtained from the conductance is shown as a label to each curve. Above
the phonon energy a new linear dependence is observed. The kink is towards higher slope when the
transmission probability τ is close to 1. For τ below 0.94 we observe a reduced slope.

FIGURE 4.9: Correlation between the position of the kink in shot noise and the vibron energy measured
using second derivatives of the current: The phonon energy as observed in the differential conductance
plotted as a function of the position of kink in the shot noise. The line shows the expected 1:1 relation.
Red and black points are for positive and negative kinks, respectively.
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FIGURE 4.10: Distribution of the observed change in the Fano factor at the kink, plotted as a function
of the conductance. The points are obtained for different realizations of Au atomic chains. For conduc-
tance (i.e. transmission ∼ τ) close to 1 we find exclusively positive values for δF /F . Below a cross over
regime near G = 0.95G0 only negative values are observed. The curves are obtained from the theory of
[13–15], for fixed values of the inelastic scattering strength λ. Inset: The top part illustrates the atomic
chain configuration and the vibration mode involved in the scattering. The lower part sketches an ex-
ample of a two-electron process giving rise to reduction of the Fano factor: two electrons injected from
the left lead at different energies tend to compete for the same outgoing state after the emission of a
phonon (see section (A.2.2) for further explanation)

for representing a nanosize junction in the regime ΓL,R Àω0 .

The effect of the phonon mode in the electronic noise properties has been an-
alyzed up to second-order in λ, which is reasonable when the step in the conduc-
tance due to inelastic scattering is at most a few percent, see figure (4.7). When the
energy dependence of the transmission can be neglected, τ(E) ' τ(0), the analysis
simplifies, and for the zero temperature and positive voltages, the inelastic correc-
tion to the noise becomes [13].

δS I ' e2

h

(
λ

Γ

)2

τ2 {
2(1−τ)(1−2τ)eV + (8τ2 −8τ+1)(eV −ħω0)θ(eV −ħω0)

}
(4.1)
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where the transmission probability at the Fermi energy is given by τ= 4ΓLΓR /(E 2
d +

Γ2) with Γ = ΓL +ΓR . This expression clearly predicts a crossover from a positive
to a negative correction in the noise as the transmission is reduced from the uni-
tary limit. A positive correction due to inelastic scattering giving additional shot
noise, such as observed for τ close to 1, is quite intuitive. However, a negative cor-
rection such as observed for lower transmission values cannot be understood in
simple terms. Eq.(4.1) indicates that the crossover from positive to negative cor-
rection is predicted at τ± = 1/2±1/2

p
2. The higher crossover point, relevant for

the present data set, is τ+ ' 0.854. The microscopic processes contributing to in-
elastic noise in Eq.(4.1) can be classified into one-electron and two-electron pro-
cesses, i.e. δS(i n) = δS(i n)

1e +δS(i n)
2e (see section(A.2.2)). While δS(i n)

1e scales as τ2 and

is thus always positive, the two electron contribution δS(i n)
2e scales as {−8τ3(1−τ)}

and thus it is always negative[13]. This behavior can be qualitatively understood as
arising from the Pauli principle as illustrated by the diagram in the inset of figure
(4.10). In this diagram two electrons are injected from the left lead with energies E
and E −ħω0 within the interval (−V /2,+V /2). If the higher energy electron emits
a phonon it would tend to occupy the same outgoing state as the other electron.
This process would thus be blocked at perfect transmission. Additionally, this pro-
cess tends to reduce the noise by narrowing the energy distribution of the outgo-
ing electrons. The solid curves in figure (4.10) show the calculated dependence of
δF /F as a function of τ for two fixed choices of electron-vibron scattering strength
λ. The variation of the data can be largely attributed to variations in λ for different
chain configurations. There appears to be a trend of λ growing when τ decreases
below 1. The crossover in the data to negative values for δF appears at higher τ
than expected. The fluctuations in the background of the differential conductance
indicate that our assumption of an energy independent transmission may need
to be relaxed. Such energy dependence modifies the theory for inelastic scattering
but may also affect the linearity of the Fano plots directly, i.e. the usual elastic com-
ponent of the noise. We have used the measured differential conductance curves
to estimate the size of this energy dependence, and have calculated the bias de-
pendence of the noise numerically. Figure (4.11) shows fits to representative data
sets (see also sections (A.3.1) and (A.3.2)). It demonstrates that the curves can be
correctly described with reasonable values for the parameters, and that the cor-
rections due to the energy dependence of τ to the elastic noise are modest in these
cases (see Appendix (A.2.2)).

We also looked into the symmetry of the position of kink in noise and the rela-
tive change in the Fano factor due to inelastic scattering w.r.t. bias voltage polarity.
Figure (4.12) shows a noise measurement for both bias polarities on a Au atomic
contact and a Au-O-Au molecular junction. The elastic Fano factors F1 for positive
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FIGURE 4.11: Theoretical fit of the shot noise data taking energy dependence into consideration: The
fits of the theory include the energy dependence of the transmission as estimated from the d I /dV
signals (full curve). The broken lines show the linear extrapolation of the zero-bias curve. The values
for the zero-bias transmission τ and the inelastic scattering strength are (from top to bottom): τ= 0.669,
λ= 0.35Γ; τ= 0.818, λ= 0.20Γ; τ= 0.956, λ undetermined; τ= 0.981, λ= 0.11Γ ; τ= 0.998, λ= 0.08Γ.

and negative biases are equal within the experimental error. However, the devi-
ation in noise due to inelastic scattering is different for the positive and negative
bias regimes. Also, the kink positions at positive and negative biases for both con-
tacts are different3. This may be attributed to an asymmetry in the coupling factor
for the atomic chain with the left lead and right lead, ΓL 6= ΓR . It is interesting to
note that in case of the Au-O-Au chain the inelastic correction in noise is positive
for τ as low as 0.91. For Au atomic contacts a negative correction in noise is seen
for τ < 0.95. We do not have enough data to identify the cross over regime for
Au-O-Au, but our limited data suggests that the cross over may shift somewhat for

3The kink in noise for Au-O-Au is seen at ν+ = 12.7mV and ν− = 11.76mV. This is quite a low energy,
which is to be associated with the Au-O-Au atomic chain structure. The derivative of the differential
conductance of this particular contact shows extrema at 59meV and 9meV. The high energy mode is
related to the presence of a light element in the chain. An example of the differential conductance
and its derivative for Au-O-Au is shown in figure (??). The inelastic scattering in noise shown in (b) is
related to a vibronic mode involving Au atoms, not just oxygen.
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(a) (b)

FIGURE 4.12: Inelastic noise for both bias polarities: The noise is measured in both bias polarity regime.
(a) Au atomic chain with a conductance of G = 0.94G0. The Fano factor was calculated using the re-
duced axis plot, giving Fano factors for positive bias of F1 = 0.044 and F2 = 0.057, and for negative
bias F1 = 0.040 and F2 = 0.043. (b) Noise measured on a Au-O-Au atomic chain with a conductance
of G = 0.911G0. The Fano factors for positive bias are F1 = 0.091 and F2 = 0.138 and for negative bias
F1 = 0.098 and F2 = 0.25.

various realizations of atomic chains. The few high bias measurements obtained
for the Au-O-Au system are consistent with our observation of a kink in the noise
at the vibron energy (see figure (4.9)). The relative change in Fano factor at positive
bias and at negative biases are different in the two examples shown and this could
be due to asymmetric coupling of the atomic chains to the leads contact [30]. The
differential conductance curve for the Au-O-Au chain shows signatures of at least
two vibrons due to gold and oxygen in the chain. It would be worthwhile to inves-
tigate the coupling of both vibronic signals to the traversing electrons using noise
spectroscopy, but this must await the completion of a set-up for higher bias noise
measurements.

4.5 NON-EQUILIBRIUM VIBRONIC SIGNATURES IN NOISE

THE inelastic interaction of the electrons with local vibron (vibrons localized
within the chain) depends on the electron tunneling rate Γ, the vibronic en-

ergy ħω0, the electron-vibron coupling strength λ, and the vibron relaxation rate
η. Depending upon the interplay between these parameters different atomic con-
tacts show different strengths of inelastic signatures in shot noise. As an example,
the dependence on λ/Γ is illustrated in figure (4.10). The inelastic signals can be
broadly classified in two groups: those for equilibrated vibrons with ηÀ λ2ω0/Γ
and those for non-equilibrated vibrons with η ¿ λ2ω0/Γ. The experimental re-
sults and the analysis shown above have been assumed to be in the equilibrated vi-
bron limit. The traversing electron dissipates energy into a localized vibron mode
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(a) (b)

FIGURE 4.13: The non-equilibrium vibronic interaction in noise: (a) The ac conductance characteri-
zation of the atomic contact showing the differential conductance (black curve) and its derivative (red
curve). The dashed line shows the position of the vibron energy i.e. ±10meV. (b) The inelastic shot
noise spectroscopy of the Au atomic contact. The black solid line is the fit of equation(1.28). The exper-
imental data points shows the non linear deviation above V ≥ 9.10meV.

but due to the strong relaxation rate the localized vibron mode decays into bulk
phonon modes before a new scattering event takes place. Hence, even at V >ħω0,
the local vibron mode is in equilibrium. In this case the interaction of the travers-
ing electrons with the vibron states in equilibrium gives a correction to the noise
(either positive or negative correction) that is linear in the voltage, as seen in fig-
ures (4.7 and 4.9).

Now let us consider the non-equilibrated case. When the relaxation rate of
the local vibrational mode is low the electron-vibron interaction creates a non-
equilibrium vibron population in the local vibrational states. Atomic chains are
coupled well to the leads and hence local vibrational mode decays into bulk phonon
modes. We tried to decouple an atomic chain by stretching the contact. Careful
stretching of the contact either results in the pulling of a new atom into the con-
tact or in stretching of the atomic bonds. With the MCBJ set up one can stretch the
atomic contact with sub-Ångstrom precision using a piezo element. We formed a
fresh atomic contact and performed high bias noise spectroscopy on the contact.
Once the contact was showing a regular linear deviation in the noise above the vi-
bron energy, the contact was stretched carefully to reduce its vibrational energy
to 10meV, see figure (4.3). Once the differential conductance shows a clear vibron
feature new inelastic noise spectroscopy on the contact was done. Figure (4.13)
shows one example of the results. The differential conductance and its numerical
derivative show a virbron energy at ±10meV for positive and negative bias. The
shot noise measurement on the contact shows a non linear deviation above V ∼ 9
meV. This observation is in contrast with the measurements shown in figure (4.7).

A non-linear deviation in the noise above the vibronic energy has been pre-



4.5. NON-EQUILIBRIUM VIBRONIC SIGNATURES IN NOISE 75

{{4

(a) (b)

FIGURE 4.14: Evidence for non-equilibrium inelastic correction in noise: The normalized inelastic
noise is plotted w.r.t. powers of the normalized bias voltagei.e.(V /Vph )x , for x = 1, x = 2, x = 3, x = 3/2
and x = 4. The non-equilibrium noise shows a quadratic behavior above the vibron energy. The red
line is a linear fit for the quadratic dependence.

dicted by several groups [14, 16–19]. The expected leading power varies between
V 3/2[16], V 2 [14], V 3 [18], and V 4[17, 19], independent of the details of the system.
We define the normalized inelastic excess noise as:

Si n(V ) = (SV (V )−Se (V ))/S(0) (4.2)

where Se (V ) is the low-bias fit to Lesovik-Levitov equation(1.28) and S(0) is the
thermal noise. In figure (4.14) we have plotted the inelastic noise Si n(V ) w.r.t. pow-
ers of normalized bias voltage i.e.

(
V /Vph

)x where x is the power indicated in the
plot. The inelastic shot noise plot shows a good linear dependence for x = 2. All
data sets that show non-equilibrium vibronic corrections in the noise shows pow-
ers x = 2.0±0.1. The experimental evidence clearly shows the feedback of the vi-
bron fluctuations on the charge statistics of the traversing electrons. The noise
increases quadratically due to this effect, which appears to agree with the predic-
tions by Haupt and Novotny and coworkers [14]. However, the information on the
actual relaxation rate of the vibron is only very indirect and it is too early to make
a full comparison of the theory with the experiment.

In some of the experiments only weak non-linearities are seen above the vibron
energy and sometimes slight non-linearities are seen at higher bias too. The sec-
ond kink in the noise is perhaps related to the higher order of the vibron scattering
process.
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4.6 CONCLUSION
The inelastic interaction of the traversing electrons with the localized vibrons shows
up as a jump in the differential conductance measurements. This jump in the dif-
ferential conductance can be positive or negative, depending on the interplay be-
tween the opening of an inelastic channel and the availability of the final states in
the lead. This gives rise the a cross over between positive and negative inelastic
corrections in the conductance at τ= 0.5. A related effect was predicted for noise.
The noise is expected to show two cross over regimes, at τ1 = 0.15 and τ2 = 0.85, for
a model system having a single conductance channel. For 0 ≥ τ ≤ 0.15 the noise
should show a positive inelastic contribution, for 0.15 ≥ τ ≤ 0.85 it should show a
negative inelastic contribution, and for 0.85 ≥ τ≤ 1 again a positive inelastic con-
tribution to the noise. Here we have investigated the cross over regime at τ= 0.85.
The inelastic correction to the noise is seen as a positive or a negative linear de-
viation from the classical Lesovik-Levitov expression, depending on the transmis-
sion probability (τ). We have proposed that the negative correction to the noise
can be interpreted as a two-electron effect. The cross-over in the sign of the noise
correction is seen at a slightly higher value than expected, namely at 0.95. The pa-
rameters in the model used in the theory of inelastic correction in noise are the
tunneling rate Γ, the vibronic energy ħω0, the electron-vibron coupling strength λ,
and relaxation rate η. The cross over point does not depend on these parameters,
but a shift can be found when we relax the assumption that τ is energy indepen-
dent.

Due to the fast relaxation rate of vibrons in Au atomic chains the local vibron
occupation is in equilibrium with the bulk phonons. This results in the linear de-
pendence of the inelastic noise w.r.t. to bias voltage. In some cases where we
stretched the atomic chain we have observed non-linear deviations in the noise
above the vibron energy. This inelastic correction in noise shows a quadratic de-
pendence upon normalized bias voltage (V /Vph). This non-linear dependence in
noise of atomic chain is quite critical to the state of stretching of chains. These
effects should be more clearly pronounced in noise spectroscopy on Pt-D2-Pt or
Au-O-Au systems, where the vibrons of the molecular species are more decoupled
from the bulk phonons. The non-linear dependence of the noise is due to non-
equilibrium vibron fluctuations in the atomic chain. The non-equilibrium vibron
produces a back action in the charge counting statistics, which could give valu-
able information about the phonon statistics in the molecular electronics. This
can be further exploited for the determination of the lattice temperature in molec-
ular junctions under applied bias.
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