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ABSTRACT: Fluctuations pose fundamental limitations in
making sensitive measurements, yet at the same time, noise
unravels properties that are inaccessible at the level of the
averaged signal. In electronic devices, shot noise arises from
the discrete nature of charge carriers, and it increases linearly
with averaged current (or applied bias for ohmic conductors)
according to the celebrated Schottky formula. Nonetheless,
measurements of shot noise in atomic-scale junctions at high
voltage reveal signiﬁcant nonlinear (anomalous) behavior,
which varies from sample to sample, and has no speciﬁc trend. Here, we provide a viable, unifying explanation for these diverse
observations based on the theory of quantum coherent transport. Our formula for the anomalous shot noise relies onand
allows us to resolvetwo key characteristics of a conducting junction: The structure of the transmission function at the vicinity
of the Fermi energy and the asymmetry of the bias voltage drop at the contacts. We test our theory on high voltage shot noise
measurements on Au atomic scale junctions and demonstrate a quantitative agreement, recovering both the enhancement and
suppression of shot noise as observed in diﬀerent junctions. The good theory−experiment correspondence supports our
modeling and emphasizes that the asymmetry of the bias drop on the contacts is a key factor in nanoscale electronic transport,
which may substantially impact electronic signals even in incomplex structures.

1. INTRODUCTION
Noise in electronic signals is typically undesired, yet it can be a
source of information on the conducting system by exposing
eﬀects concealed in the time-averaged electric current.1−3 Shot
noise measurements at the mesoscale and nanoscale4,5 reveal
the fractional charge of quasiparticles in many-body systems,6
electron pairing in superconductors,7,8 contributions of
diﬀerent conduction channels to the electronic transport,9−15
the crossover from ballistic to diﬀusive transport,16 the valence
orbital structure at the contact,17,18 activation of vibrations in
molecular conducting junctions,12,19−21 and the onset of spinpolarized transport.22,23
Focusing on the white noise (ﬂat power spectrum)
component, we recall on the diﬀerent noise sources:1,2 The
thermal motion of charge carriers in electronic conductors is
responsible for the Johnson-Nyquist noise,24,25 which is
proportional to the temperature and the linear response
electrical conductance. When a voltage bias is applied across a
conductor, voltage-induced shot noise is activated, and it
dominates over the thermal noise at high bias and low
temperatures. Temperature diﬀerences across a conductor
activate an additional contribution, the recently identiﬁed
“delta-T” noise, which is quadratic in the temperature
diﬀerence.26
Recent measurements of shot noise in atomic-scale junctions
of Au revealed highly nonlinear behavior of the noise as a
© 2019 American Chemical Society

function of bias voltage at high voltage and low temperature,
which varies between samples.27 These observations, as well as
other measurements at elevated temperatures,28,29 are
anomalous in the sense that they do not follow the standard
theoretical prediction (see eq 5 below). We recall that to
derive the standard formulas, the transmission probability of
electrons to cross an atomic-scale constriction is assumed to be
constant (independent of energy and voltage), evaluated at the
equilibrium Fermi energy.2
Diﬀerent mechanisms were suggested to explain the
observation of anomalous shot noise: local heating of
electrons,28 quantum interference due to scatterings with
impurities located at the electrodes at the vicinity of the point
contact,27 and electron−electron and electron−phonon
inelastic eﬀects.29 Correspondingly, recent theoretical works
focused on the behavior of shot noise while taking into account
electron,30−32 and spin33 correlations, as well as inelastic
electron−phonon eﬀects.34−38 Approximately, the impact of
such processes can be captured within the elastic transport
theory by using a voltage, and/or temperature dependent
transmission function.27,28 Nevertheless, a consistent-rigorous
theoretical explanation to the variety of experimental
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Figure 1. An illustrative example of nonlinear shot noise examined in this work, along with a sketch of the mechanically controllable break junction
setup that was used to test our theoretical derivations, with an atomic-scale Au junction zoomed in. When the applied voltage is small, the
assumption of a constant transmission function is justiﬁed (dashed). Under high bias, the energy dependency of the transmission function should
be considered (full). Since the atomic conﬁguration at the junction may be asymmetric, as we illustrate here, the applied voltage may be partitioned
unevenly across the atomic-scale junction.

energy variation of the transmission function at the vicinity of
the Fermi energy.

observations of anomalous shot noise is still missing, even for
the very well-studied metallic Au break junction setup.27−29
The objective of our work is to derive a closed-form formula
for the electronic shot noise in atomic-scale conductors, which
reaches the far from equilibrium (high bias voltage) regime.
Recent studies have put forward complex mechanisms for
explaining observations of anomalous shot noise, e.g., relying
on many body eﬀects. In contrast, here we carefully examine
the analytically tractable problem of elastic conduction in
quantum coherent junctions and bring to light a nonlinear
behavior that builds up far from equilibrium. Our formula for
the high-voltage shot noise takes into account two key factors:
(i) The transmission function varies with energy. This
dependence could stem from diﬀerent underlying microscopic
eﬀects such as the occurrence of electronic resonances or
scattering of carriers at and near the contacts due to defects.
(ii) The bias voltage may drop unevenly on the contacts. This
eﬀect represents, within a single-particle picture, the response
of electrons in the junction to the applied voltage.
While quantum chemistry computations can be readily
performed to take into account the rich electronic structure of
a speciﬁc atomic or molecular junction, as was recently done in
refs 39,40, our goal here has been to portray a more universal
picture of quantum coherent shot noise. Therefore, our
formula for the anomalous shot noise does not assume a
speciﬁc mechanism underlying the energy dependent transmission functionyet it allows us to deduce on fundamental
parameters characterizing the conducting junction.
We report on anomalous shot noise measurements in Au
atomic-scale junctions as sketched in Figure 1, and test our
theory on diﬀerent realizations of these junctions that show
distinct nonlinear trends. By analyzing hand in hand the
diﬀerential conductance and the linear (low bias) region of the
shot noise, we are able to quantitatively reproduce the
experimental results for the anomalous (high bias) shot noise
using our formulation without ﬁtting parameters, and in variety
of junctions construing either a suppression or an enhancement of shot noise at high voltage. The theory−experiment
agreement well supports our physical picture and modeling.
Moreover, our analysis allows us to estimate the lower bound
for the asymmetry of voltage drop on the junction and the

2. METHODS AND RESULTS
2.1. Theory of the Anomalous Shot Noise. From the
theory of coherent elastic transport we derive here a closedform formula for the nonlinear shot noise, given in terms of the
energy dependent transmission function and bias drop
asymmetry. We consider a two-terminal junction under applied
bias voltage Δμ = eV, at a ﬁxed temperature T. Ignoring
decoherence and inelastic processes within the atomic-scale
constriction, the average current is given by the Landauer
formula, which is written in terms of the transmission function
τ(ϵ) with ϵ the energy of incoming charge carriers.
Formally, considering elastic transport of nonintreacting
electrons in a two-terminal junction, the average current is
given by the Landauer formula,
⟨I ⟩ =

2e
h

∞

∫−∞ d ϵτ(ϵ)[f (ϵ, μL , T ) − f (ϵ, μR , T )]

(1)

with the transmission function τ(ϵ). Here, e is the electronic
1
is
charge. The Fermi function f (ϵ, μν , T ) = β(ϵ−μν)
e

+1

evaluated at the chemical potential μν and temperature T
with the inverse temperature β = 1/kBT, where kB is the
Boltzmann constant; and ν = L, R. We denote by μ the
equilibrium Fermi energy.
The corresponding zero frequency power spectrum of the
noise is given by the following:2
S = S1 + S2 ,
S1 =

S2 =

4e 2 ∞
dϵ{f (ϵ, μL , T )[1 − f (ϵ, μL , T )]
h −∞
+ f (ϵ, μR , T )[1 − f (ϵ, μR , T )]}τ 2(ϵ),

∫

4e 2 ∞
dϵ{f (ϵ, μR , T )[1 − f (ϵ, μL , T )]
h −∞
+ f (ϵ, μL , T )[1 − f (ϵ, μR , T )]}τ(ϵ)[1 − τ(ϵ)]

∫

(2)

In this partition of the total noise, S1 includes additive terms in
the left and right metals while S2 collects transport processes
from one terminal to the other. Below we further deﬁne G0 =
2e2/h as the quantum of conductance.
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The transmission function describes the probability for an
incoming electron at a given energy to be transmitted across
the junction. In resonant transport, the transmission function is
peaked at energies of charge-conducting atomic or molecular
orbitals (resonances), and its width reﬂects the hybridization
strength of that state with the electrodes’ frontier states.41
Furthermore, the transmission function may depend on energy
due to quantum interference eﬀects with defects in the
contacts at the vicinity of the atomically deﬁned junction. The
standard assumption of a constant transmission function is
justiﬁed at low bias voltage and under low temperatures. Then,
the transmission function can be approximated by its (ﬁxed)
value at the Fermi energy, see Figure 1.
Our derivation of the anomalous shot noise combines two
elements (Section S1, Supporting Information, SI). First, since
we are interested in high-voltage eﬀects, we take into account
the variation of the transmission function with energy around
the equilibrium Fermi energy μ, see Figure 1. As a simple
approximation, we expand the transmission as a Taylor series
to the lowest order, τ(ϵ) ≈ τ0 + τ′(μ)(ϵ − μ), with τ0 the
transmission probability at the Fermi energy and τ′(μ) =

2e
2e
1y
i
τ0Δμ + τ′(μ)jjjα − zzz(Δμ)2
h
h
2{
k

|Δμ|
2kBT

then one recovers the linear relation, Sn = 2|Δμ|GF, with the
Fano factor F = τ0(1 − τ0)/τ0 and the electrical conductance G
= G0τ0 For the multi-channel case, F = ∑iτ0,i(1 − τ0,i)/∑iτ0,i
and G = G0∑iτ0,i.
The other two contributions in eq 4 are termed
“anomalous”. When the voltage bias is perfectly symmetric,
the nonlinear shot noise is solely given by Sa, while Sα≠1/2
a
precisely cancels. In contrast, in the case of the asymmetric
voltage drop, both anomalous terms contribute, but Sα≠1/2
a
dominates the noise, as we discuss below. Explicitly,
Sa
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(6)

Equation 4 with the anomalous contributions (6) is a central
result of our work. It is exactto the order of τ′(μ)
considered. Obviously, the anomalous terms are cumbersome,
and to gain insight we simplify these expressions in two
scenarios. First, focusing on the strictly symmetric bias drop
case, α = 1/2, we note that Sa scales as (τ′)2. The leading
anomalous correction at low temperature is cubic in voltage,
and the total noise is as follows:
SΔTμ→ 0 ≈ Sn − G0[τ′(μ)]2

|(Δμ)3 |
6

(7)

In contrast, Sα≠1/2
has terms linear in τ′(μ), which is our
a
perturbative parameter. Therefore, assuming [τ′(μ)]Δμ to be
small, once voltage-drop imbalance is permitted with α ≠ 1/2,
the nonlinear term Sα≠1/2
outweighs Sa, and we obtain a
a
distinct expression for the total shot noise,
1y
i
SΔTμ→ 0 ≈ Sn + 2G0(1 − 2τ0)τ′(μ)jjjα − zzz(Δμ)2
2{
k
2
1y
i
− 2G0[τ′(μ)]2 jjjα − zzz |(Δμ)|3
2{
k

(3)

For simplicity, we consider here a single transmission channel.
Notably, the quadratic (Δμ)2 term appears only if the bias
drops asymmetrically on the contacts.
We proceed and evaluate eq 2, a formally exact integral
expression for the shot noise in coherent quantum conductors2
by using the linear expansion for the transmission function.
Our result, a closed-form expression for the voltage-activated
shot noise at nonzero temperature T and at arbitrary voltage,
can be decomposed into three terms (Sections S2 and S3, SI),
SΔTμ = Sn + Sa + Saα ≠ 1/2

(5)

( ) → 1,

If the temperature is low relative to the bias, coth

In this expansion, the transmission function is assumed to be
linear in energy around μ. Second, the bias voltage is
(possibly) divided asymmetrically at the contacts. This
asymmetry is quantiﬁed by the parameter 0 ≤ α ≤ 1 such
that μL = μ + αΔμ, μR = μ − (1 − α)Δμ. If α = 1/2, then the
potential is symmetrically divided at the electrodes, with μL,R =
μ ± Δμ/2. When α = 1 (0) the bias entirely falls on the left
(right) electrode. The origin of this asymmetry could be
structural diﬀerences in the contact region at the left and right
sides, e.g., the atomic conﬁguration at the contact region could
be somewhat diﬀerent. The parameter α is rooted in manybody eﬀects: The potential distribution across the junction is
generated by the nonequilibrium situation, with charges
reorganized due to bias voltage. Therefore, at high bias the
electric potential in the junction should be determined in a
self-consistent manner.42,43 Here, following other studies, for
example,34 we use a noninteracting electron formalism, but
account for such a many-body eﬀect by introducing the α
parameter that captures the bias drop on the junction, without
performing a detailed self-consistent electronic structure
calculation.
Using these two elements in our modeling, the averaged
charge current is obtained from the Landauer formula as
(Section S3, SI),44
⟨I ⟩ =

Article

(8)

Consistent with our working assumption of slowly varying
transmission function, it is reasonable to neglect the last term
in eq 8. It is signiﬁcant to note that the combination
τ′(μ)(α − 1/2) appears in both the expression for the current
(3) and the noise, and it can be extracted from experimental
data as we demonstrate below. Equation 7 predicts noise
suppression at high bias. Therefore, if we observe an
enhancement of shot noise beyond S n, then we can
immediately conclude that the bias drops asymmetrically on
the junction.
We retain the full temperature dependence of the standard
shot noise contribution Sn in eqs 7 and 8 so as to properly

(4)

The “normal” shot noise is given by the standard formula,2,48
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interpolate the noise formula to the Δμ → 0 limit. When
several channels are involved in the transport process, eqs 3−8
are trivially generalized: since we work under the assumption
of elastic transport, each channel independently additively
contributes.
Altogether, our analytical results illustrate that shot noise
becomes nonlinear at high voltage once we take into account
the energy dependence of the transmission function. Our
results, eqs 3−8, were derived under the ﬁrst-order Taylor
expansion of the transmission function. Complementary
formulas that are based on a quadratic expansion of the
transmission function are also derived (Section S4, SI).
Next, we use simulations and new experimental data to
assess the validity of our analytical results. For simplicity, with
simulations we probe the symmetric setup, α = 1/2, eq 7. The
more rampant situation with bias drop asymmetry, eq 8, is
applied onto experimental data. Additional experimental results
are presented in Section S4, SI.
2.2. Simulations. As a speciﬁc example for an energy
dependent transmission function, we consider a central model
in molecular electronic transport, that is a resonant level with a
single orbital at energy ϵd and a broadening ΓL,R, arising due to
its coupling to the left and right metals,
τ(ϵ) =

Figure 2. Simulations of excess current noise in an atomic-scale
junction with a broad resonance. (a) Lorentzian transmission function
located at ϵd = 0.4 eV with Γ = 0.5 eV. We further present the Fermi
function window at Δμ = 0.5 eV and mark the transmission value at
the Fermi energy, τ0 = 0.61. (b) Current−voltage characteristics using
the transmission function from panel (a). In the main panel we
display the excess current noise based on the numerical integration of
eq 2 with a Lorentzian transmission function (full), constant
transmission expression, eq 5 with τ0 = 0.61 (dashed), and anomalous
shot noise formula, eq 7 (dotted). The vertical dotted line marks the
bias Δμ = 0.5 eV, corresponding to the bias window in panel (a).
Simulations were performed at T = 10 K using a symmetric potential
drop, α = 1/2.

ΓLΓR
2

(ϵ − ϵd) + (ΓL + ΓR )2 /4

(9)

This Lorentzian function can be approximated by the linear
expansion τ(ϵ) ≈ τ0 + τ′(μ)(ϵ − μ) with the following:
τ0

=

τ′(μ) =

ΓLΓR
2

(ϵd − μ) + (ΓL + ΓR )2 /4

,

2(ϵd − μ)ΓLΓR
[(μ − ϵd)2 + (ΓL + ΓR )2 /4]2

Figure 2. Simulations were performed at 10 K, but similar
results were observed for a range of temperatures, T = 0.1−300
K.
In Figure 3, we depart from our working assumptions and
study the case of a narrow resonance, which cannot be
captured by eqs 4−8. Resorting to a direct numerical
simulation of eq 2, we ﬁnd that the excess current noise
increases linearly at low bias, displays a kink around Δμ = 0.2
eV, and approaches saturation around 1 eV. Overall, the noise
is concave in voltage and it is highly nonlinear. At the same
time, the diﬀerential conductance is symmetric in voltage, see
panel (b). These concurrent characteristics for the conductance and the noise were observed in some junctions in the
experimental work of ref 27, as well as in some of our junction
realizations (reported below and in Section S4, SI). They are
reproduced here without the need to invoke many body,
polarization eﬀects that show up as, e.g., a voltage-dependent
resonant level energy, ϵd(V).
2.3. Analysis of Experimental Data. Herein we report on
measurements of shot noise in atomic-scale Au junctions. At
high voltage, the measured noise shows a nonlinear behavior
with no speciﬁc trends and it largely varies between the
inspected junctions. Nevertheless, we demonstrate that our
formulas for the anomalous shot noise quantitatively capture
classes of results from this rich data, thus supporting our
theoretical picture and modeling.
We use the mechanically controllable break junction
technique at cryogenic conditions (4.2 K) to form atomicscale junctions and measure the current and its noise (Section
S5, SI). By repeatedly breaking and reforming the junction, an
ensemble of diﬀerent junction realizations with somewhat
diﬀerent atomic conﬁgurations are assembled. For each newly
formed junction, diﬀerential conductance measurements are

,
(10)

as long as the broadening of the resonance is large and the
resonance is placed aside of the Fermi energy, ϵd − μ ≠ 0. In
fact, the current noise can be evaluated analytically with the
Lorentzian form,34 but here our goal has been to test the
simple formula 7, which should hold for broad resonances. In
simulations we assume perfect spatial symmetry, Γ = ΓL,R and a
symmetric bias drop, α = 1/2. Numerical results (based on the
integral expression, eq 2) are compared to the constant
transmission expression, Sn, and to the anomalous shot noise
closed-form formula, (7).
The excess current noise includes contributions beyond the
T
Johnson-Nyquist thermal noise, STΔμ − SΔμ
= 0. In Figure 2 we
present the excess noise at low temperature using a broad
transmission function centered at ϵd = 0.4 eV; the Fermi
energy is set at zero. Our approach is based on the assumption
that τ(ϵ) slowly varies with energy in the relevant bias window.
The current−voltage characteristics displayed in panel (b) is
quite linear in the full range, which is expected under
symmetric splitting of the applied voltage since ⟨I⟩ =
τ0G0Δμ. The current noise is linear in V at low voltage: The
thermal energy is kBT ≈ 1 meV for T = 10 K, and at low
voltage (here up to 100 mV) the noise follows the simple
formula SΔμ = 2|Δμ|GF, with the Fano factor F. However, at
high bias the current noise, as computed numerically from eq
2, clearly deviates from the linear trend predicted by eq 5,
while eq 7 provides an excellent match up to Δμ ≈ 0.6 eV.
This agreement is substantial given that at this point the bias
window covers a large portion of the transmission function, see
23856
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Figure 3. Simulations of current and excess noise using a narrow transmission resonance. (a) Current−voltage characteristics and the Lorentzian
transmission function (inset), where ϵd = 0.1 eV, Γ = 0.05 eV. (b) Diﬀerential conductance as a function of voltage bias. (c) Excess noise as a
function of voltage bias: (full) simulations with eq 2 are compared to (dashed) the constant transmission expression of eq 5. (d) Diﬀerential excess
noise illustrating nonlinear trends. Simulations were performed at T = 10 K with α = 1/2.

performed before and after noise measurements so as to verify
the stability of the junction.
Shot noise and conductance measurements at low voltage
allow to access the number of conductance channels and their
individual contributions.17 Focusing on the low bias voltage
regime, the conductance and noise data of our Au atomic
junctions is well explained by decomposing the total
transmission into a dominant channel (“1”), along with a
minor contribution from a secondary channel (“2”). The latter
channel possibly results due to direct tunneling of electrons
between the two Au electrodes or minor secondary
contribution from d orbitals.45
The shot noise data collected in our experiments manifest
nonlinear behavior with rich trends. From the ensemble of
experimental results, we present four examples in Figures 4, 5,
6, and 7, showing an enhancement or suppression of shot noise
relative to the linear case. Considering Figures 4−6, these
examples reveal distinctive nonlinear trends. However, we
selected them based on a common characteristic, that the
diﬀerential conductance is approximately linear in the bias
voltage. In this case, on the basis of eq 3, the conducing
junction should be modeled with a certain asymmetry,
α ≠ 1/2, and the corresponding current noise is given by eq
8. In contrast, the case d⟨I⟩/dV ∝ V2, which is analyzed in
Section S4, SI, is presented in Figure 7.
To analyze the data of Figures 4−6, we assume that the
transmission of the dominant channel can be approximated by
τ1(ϵ) ≈ τ0,1 + τ1′(μ)(ϵ − μ). For the secondary channel, it
suﬃces to take into account a constant contribution,
τ2(ϵ) ≈ τ0,2. The charge current, eq 3, follows
⟨I ⟩ =

Figure 4. Suppression of shot noise at high voltage. Measurements
(circle) are compared to a linear ﬁt at low voltage (dashed), and to
the α-anomalous shot noise formula, eq 12 (□) with T = 6 K, τ0,1 =
0.95, τ0,2 = 0.0064, and A = 0.27G0/eV. We further show theoretical
curves using eq 4 (+) as well as (full) simulations based on eq 13. The
parameter A is obtained from the diﬀerential conductance (inset),
with experimental data (full) ﬁtted to a linear line (dotted).

The current noise for setups with α ≠ 1/2 is described by eq 8,
and we concretize this formula here as (including only the
lowest-order nonlinear term),
SΔTμ→ 0 ≈

d⟨I ⟩
1y
i
= G0(τ0,1 + τ0,2) + 2G0τ1′(μ)jjjα − zzzΔμ
dV
2{
k

4kBTτ0, iG0

ÉÑ
ÄÅ
ÑÑ
ÅÅ Δμ
Ñ
Å
ji Δμ zyz
zz − 1ÑÑÑ ∑ τ0, i(1 − τ0, i)
+ 4kBTG0ÅÅÅÅ
cothjjjj
ÑÑ
z
ÅÅÇ 2kBT
2
k
T
ÑÖ i = 1,2
B
{
k
1
y
i
+ 2G0(1 − 2τ0,1)τ1′(μ)jjjα − zzz(Δμ)2
2{
k

2e
2e
1y
i
(τ0,1 + τ0,2)Δμ + τ1′(μ)jjjα − zzz(Δμ)2
h
h
2{
k

and the diﬀerential conductance satisﬁes (Δμ = eV, G0 =

∑

i = 1,2

2e 2
),
h

(12)

Equation 12, which we coin the “α-anomalous shot noise”
formula, is utilized in Figures 4−6 to recreate experimental
data.

(11)
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Figure 5. Enhancement of shot noise at high voltage. Measurements
(circle) are compared to a linear ﬁt at low voltage (dashed) and to the
α-anomalous shot noise formula eq 12 (□), T = 7 K, τ0,1 = 0.96, τ0,2 =
0.013, and A = −0.18G0/eV. We further show theoretical curves using
eq 4 (+), as well as (full) simulations based on eq 13. The parameter
A is obtained from the diﬀerential conductance (inset), with
experimental data (full) ﬁtted to a linear line (dotted).

Figure 7. Anomalous shot noise with a quadratic diﬀerential
conductance−voltage characteristics. Measurements (circle) are
compared to a linear ﬁt at low voltage (dashed) and to the anomalous
shot noise formula eq S19 (□) using T = 6 K and τ0,1 = 0.992, τ0,2 =
0.0010 ± 0.0011 (we used τ0,2 = 0.001). We further show (full)
simulations based on eq 13. Inset: The diﬀerential conductance is
ﬁtted to a parabola with a curvature B = −0.231 G0/(eV)2. This
parameter is substituted into eq (S19) to recreate the shot noise.

ﬁtting the noise to the Johnoson-Nyquist thermal noise
expression. (iii) The nonlinear coeﬃcient to the shot noise,
A ≡ 2G0τ1′(μ)(α − 1/2) is gleaned by ﬁtting the diﬀerential
conductance to a linear function in voltage, see eq 11.
Altogether, we emphasize that these parameters are gathered
from experimental data for the diﬀerential conductance and the
linear shot noise. Next, these parameters are substituted into eq
12, and we test whether this simple formula reclaims
experimental measurements, which in turn justiﬁes our
theoretical modeling.
Figures 4 and 5 exemplify suppression and enhancement,
respectively, of the measured shot noise relative to the linear
(low bias) limit, which is depicted by a dashed line. We ﬁnd
that the anomalous shot noise formula 12 quantitatively
captures these trends in the full range. In both ﬁgures, the
nonlinear factor is approximately A ≈ ± 0.2 G0/eV. This value
justiﬁes ignoring the next nonlinear term in eq 8, which is
proportional to A2(Δμ)3.
So far, we showed that eq 12 very well captures the data,
thus supporting out modeling. Moreover, we can separately
estimate τ′1(μ) and the asymmetry factor (α − 1/2) by working
directly with eqs 4−6. To achieve that, we vary α in the range
0.55−1 while keeping the product A ∝ τ1′ (μ)(α − 1/2) ﬁxed,
at the value dictated by the diﬀerential conductance. This
allows us to estimate the minimal asymmetry in the potential
drop that can recover experimental data for the nonlinear shot
noise, and we ﬁnd that |α − 0.5| ≈ 0.2 typically suﬃces to
explain the measurements. Note that we are unable to
diﬀerentiate α = 0.7 from α = 0.3; i.e., we cannot determine
the direction of the asymmetry. Curves at larger asymmetry,
α ≥ 0.8, collapse on top of each other.
In ref 27, Tewari and Ruitenbeek suggest that the
nonlinearity of shot noise in Au atomic-scale junctions results
from quantum interference of electron waves with (randomly
placed) defects in the metal contacts. Assuming that the

Figure 6. Enhancement of shot noise at high voltage. Shot noise
measurements (circle) are compared to a linear ﬁt at low voltage
(dashed) and to the α-anomalous shot noise formula eq 12 (□) using
T = 6 K, τ0,1 = 0.96, τ0,2 = 0, and A = −0.25 G0/eV. The parameter A
is obtained from the diﬀerential conductance (inset), with
experimental data (full) ﬁtted to a linear line (dotted). This linear
ﬁt is performed between 0 to 140 mV, bounded by the dotted lines.
Beyond that, the anomalous shot noise formula (light squares) indeed
deviates from experimental data. We further show theoretical curves
using eq 4 (+) as well as (full line) simulations based on eq 13.

Importantly, all parameters building up eq 12 can be
obtained directly from the experimental diﬀerential conductance and the low-voltage, linear shot noise data: (i)
Focusing on the behavior of the electrical conductance and the
shot noise at low voltage we extract the total zero-bias
conductance G = ∑ i=1,2 G 0τ 0,i, and the Fano factor
F=

∑i = 1,2 τ0, i(1 − τ0, i)
∑i = 1,2 τ0, i

. Under the assumption of two conduction

channels, we use these two mathematical relations and isolate
the individual contributions, τ0,1 and τ0,2. (ii) The temperature
is validated from noise data when approaching Δμ → 0, by
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low-voltage linear limit. Can this gradual deviation from
linearity result from phonon activation? Previous analysis of
electron−phonon eﬀects in current noise of single atomic-scale
junctions showed a distinct kink feature at the threshold
voltage for vibration-mode excitation,20 rather than a gradual
growing eﬀect as we ﬁnd. In addition, for pure Au point
contacts, previous studies identiﬁed phonon density of states
up to 20 meV,46 while we observe deviations from linearity at
higher voltage. We may also consider as the origin of the
anomalous shot noise high-order phonon activation or the very
small but ﬁnite probability to have impurities, such as oxygen
in the junction (with phonons at 100 meV47). However, the
diﬀerential conductance should reveal a parabolic suppression
of conductance in the case of high-order phonon activation,
which is not observed in Figures 4−6. Alternatively, active
phonons due to contamination should be observed in the
diﬀerential conductance curve as steps in corresponding
positive and negative voltage,19 while leading to a clear kink
in the shot noise at similar voltage,20 but these two ﬁngerprints
are not observed here simultaneously. Thus, we conclude that
the phonon activation mechanism is inconsistent with the
diﬀerential conductance and shot noise behavior observed in
Figures 4−6. In contrast, the parabolic conductance
suppression in Figure 7, along with the gradual upward
deviation of the noise from linear dependence on voltage for a
junction with conductance of 0.99 G0 (at this conductance
upward deviation is expected in the noise20) is consistent with
expected observations in the case of high-order phonon
activation. Thus, the contribution of electron−phonon
scatterings to the noise cannot be ruled out as the origin of
nonlinearity in Figure 7.
The nonlinear contribution to the shot noise is substantial in
our junctions, at the level of ∼2 × 10−25 A2/Hz at 0.25 eV, see
e.g., Figure 5. This magnitude agrees with previous measurements of shot noise in Au atomic-scale junctions.27,28 It is
useful to recount factors responsible for this enhanced
anomalous shot noise: First, as can be seen in, e.g., the inset
of Figure 5, while the diﬀerential conductance is a relatively
smooth function, it develops with voltage at the considerable
rate of ∼0.2 G0/eV. Further, the anomalous behavior becomes
pronounced when the channel is open (τ0,i ≈ 1), which is the
relevant case for our Au atomic-scale junctions. In this
situation, the normal shot noise is suppressed due to the
behavior of the Fano factor, which depends on τ0,i(1 − τ0,i),
while the magnitude of the anomalous contribution is
maximizedgiven its dependence on (1−2τ0,i), see eq 12. In
contrast, for junctions supporting half-open channels,
τ0,i ≈ 1/2, we predict that normal shot noise would dominate
the anomalous contribution even at high voltage. However,
this situation is irrelevant for bare Au atomic junctions.
Overall, atomic-scale junctions vary in their transmission
probability and bias drop symmetry given diﬀerences in the
atomic organization in the junction region and the presence of
defects in the metal electrodes at the vicinity of the junction.
The data presented in this paper were selected after ensuring
that the anomalous behavior observed here for shot noise
(white noise) is minimally inﬂuenced by the low frequency 1/f
contribution (Section S6, SI). It would be interesting to
develop an atomistic model, picture the ensemble of
conﬁgurations that are generated in atomic-scale junctions,
and understand their relation to the generated shot noise at
high bias voltage.

transmission function depends on both energy and voltage, the
following formula was developed in ref 27,
S(V ) = 2eG0 ∑
i

∫0

V

dV ′τi(V ′)[1 − τi(V ′)]

(13)

with ∑iτi(V) directly obtained from the diﬀerential conductance data, suggested to follow d⟨I⟩/dV = G0∑iτi(V). We
test this approach on our experimental data by assuming that
only the dominant channel depends on voltage, while τ2 is a
constant. We numerically integrate eq 13 and ﬁnd that this
expression excellently reproduces our measurements. Note that
eq 13 was used to describe deviations from a linear
dependence of shot noise on voltage in ref 27. These
deviations were discussed in the context of interference of
carriers due to scattering from defects near the junction.
However, the derivation of this formula only assumes energy
and voltage dependent transmission, which may arise from
diﬀerent mechanisms besides quantum interference. Nevertheless, the numerical approach [eq 13] (i) builds the noise by
an explicit integration of the transmission function, (ii)
assumes voltage-dependent transmission function, thus including man-body eﬀects at a mean-ﬁeld level within a noninteracting electrons theory. In contrast, our goal here has been
to oﬀer a workable, explicit formula for anomalous shot noise,
which is rigorousderived from the theory of coherent
quantum transport. We emphasize that our analytical formulas
do not contradict the approach taken in ref 27, but by
integrating the noise formula we are able to oﬀer further
microscopic insights. The variation of the transmission
function with energy assumed in our work could be due to
quantum interference eﬀects at the contacts as hypothesized in
ref 27. Asymmetric potential drop on the junction, captured by
the α parameter introduced in our work, may arise from the
electronic response to spatial asymmetry in the structure under
applied bias. Therefore, α may describe electron-interaction
eﬀects within a noninteracting electron picture, similarly to the
voltage-dependent transmission function used in ref 27. While
our analytic approach is limited to certain forms for the
transmission function, it allows us to identify the impact of
voltage drop asymmetry (nonlinear eﬀect) on the transport
behavior.
We now turn to the third experimental set in Figure 6.
Again, we retrieve from the diﬀerential conductance the zerovoltage conductance and the coeﬃcient A ≡ 2τ′1(μ)(α − 1/2).
Here, we ﬁtted diﬀerential conductance data only below 140
mV receiving A ≈ − 0.25 G0/eV; the diﬀerential conductance
displays more complex trends beyond that, which could stem
from the contribution of electron−phonon interaction and 1/f
noise; the latter is discussed in Section S6, SI. We use eq 12
with its parameters retrieved as explained above, and ﬁnd that
we can faithfully recreate noise measurements up to ∼140 mV.
The analysis presented so far is based on the linear
expansion of τ(ϵ) with energy around the Fermi energy. In
Section S4 of the SI we use a quadratic formula for τ(ϵ) and
derive an expression for the shot noise eq (S19), which is
parallel to eqs 6−8. Representative data with a quadratic
diﬀerential conductance vs voltage are displayed in Figure 7.
Similarly to the linear expansion, we achieve in the quadratic
case a very good theory−experiment agreement. Additional
data are presented in Section S4, SI.
The current noise displayed in Figures 4−7 shows a mild
and continuous suppression or enhancement relative to the
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cumulant of charge ﬂuctuations in steady state; a full-counting
statistics analysis recovers all cumulants, and is useful for
characterizing the transport process.48−50 In the context of
molecular electronic junctions, understanding the information
concealed in high order moments of the current51 is left to
future work. Fundamentally, our theoretical analysis and
experimental data can be used to examine the validity of the
so-called thermodynamic uncertainty relation, a dissipationaccuracy (ﬂuctuations) trade oﬀ bound52 in quantum coherent
conductors.53 Finally, temperature diﬀerences across atomic
and molecular junctions introduce an additional source of
ﬂuctuations as was recently revealed in ref 26. The structure of
the transmission function further inﬂuences this type of noise,
which will be analyzed in detail in a separate publication.

3. CONCLUSIONS
It is often assumed that deviations from the standard shot
noise formula, eq 5, indicate on the involvement of many-body
eﬀects beyond those accounted for in the quantum coherent
picture, e.g., electron heating or electron−phonon interaction.
However, quantum coherent transport junctions can support
“anomalous” shot noise, an eﬀect that should be assessed
before considering additional, complex contributions.
Revisiting the problem of quantum coherent transport, we
assumed (i) a weakly energy-dependent transmission function
and (ii) a bias drop asymmetry. We then derived a closed-form
formula for the shot noise, which is nonlinear at high voltage.
Based on the demonstrated theory-experiment agreement, we
argue that one should relax the strict assumption of a
symmetric voltage bias drop across the junction, even in the
seemingly simple Au point contact junction.
Our central results, eqs 4 with its limits [eqs 7 and (8)] for
the anomalous shot noise at low temperature illustrate that (i)
in perfectly symmetric junctions the shot noise develops a
cubic contribution at low temperature and high voltage, and
the shot noise is always suppressed with respect to low bias
voltage. (ii) If the contacts are not identical, then the voltage
may be divided unevenly, and a quadratic noise term with
voltage dominates at high bias. This is manifested by either a
suppression or an enhancement of the shot noise relative to the
low bias case, depending on the behavior of the transmission
function around the Fermi energy and the bias voltage
asymmetry.
We derived closed-form formulas for the anomalous shot
noise based on the theory of quantum coherent transport. We
tested our theory on experimentally obtained data of shot noise
in Au atomic-scale junctions and demonstrated a good
agreement, which supports the presented modeling. Our
analysis further allows us to uncover information on the
electronic system: the deviation of the transmission function
from a constant value, and the extent of the bias asymmetry
across the atomic-scale junction.
What did we achieve? Obviously, if τ(ϵ) were entirely
known experimentally, then the electronic current noise could
be obtained directly from a numerical integration of the formal
eq 2. However, as a next kin to the transmission function we
only have an access to the diﬀerential conductance, whose
structure at low temperature allows us to deduce on the
variation of the transmission function with energy. We showed
that based on this information we could explain the behavior of
the nonlinear shot noise. This agreement indicates that the
origin of the anomalous shot noise is the energy dependent
transmission function, which should be taken into account at
high bias, as well as bias drop asymmetry, which cannot be
ignored at high bias voltage, even in incomplex structures. Our
method allows to extract microscopic electronic information
on the junction, the transmission constant τ(μ), its variation
with energy τ′(μ), and the bias drop asymmetryreﬂecting
structural asymmetry. Testing our theory on molecular
junctions is therefore an intriguing future direction.
Beyond the quantum coherent limit, strong electron
correlations, electron−phonon interactions, and other mechanisms for electron scattering should contribute to the
appearance of anomalous noise as suggested in refs 27−29
and other studies. The explorations of such eﬀects in singlemolecule junctions to reveal structural and dynamical
information is left to future work. Shot noise is the second

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.9b06766.
S1. Working formulas; S2. Review of “normal shot
noise”: Constant transmission function; S3. Derivation
of eqs 3−8: anomalous shot noise; S4. Theoryexperiment analysis of other types of junctions; S5.
Experimental procedure; and S6. Estimation of the
contribution of the 1/f noise (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: dvira.segal@utoronto.ca.
ORCID

Dvira Segal: 0000-0002-8027-8920
Author Contributions
§

A.M. and O.S.L. contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
D.S. acknowledges the Natural Sciences and Engineering
Research Council (NSERC) of Canada Discovery Grant and
the Canada Chairs Program. O.T. appreciates the support of
the Harold Perlman family, and acknowledges funding by a
research grant from Dana and Yossie Hollander, the Israel
Science Foundation (grant number 1089/15), and the Minerva
Foundation (grant number 120865).

■

REFERENCES

(1) Reznikov, M.; de Picciotto, R.; Heiblum, M.; Glattli, D. C.;
Kumar, A.; Saminadayar, L. Quantum Shot Noise. Superlattices
Microstruct. 1998, 23, 901.
(2) Blanter, Ya. M.; Buttiker, M. Shot Noise in Mesoscopic
Conductors. Phys. Rep. 2000, 336, 1.
(3) Quantum Noise in Mesoscopic Physics. In Proceedings of the
NATO Advanced Research Workshop; Nazarov, Yu. V., Ed.; Springer:
New York, 2003.
(4) Tewari, S.; Sabater, C.; Kumar, M.; Stahl, S.; Crama, B.; van
Ruitenbeek, J. M. Fast and Accurate Shot Noise Measurements on
Atomic-Size Junctions in the MHz Regime. Rev. Sci. Instrum. 2017,
88, 093903.
(5) Massee, F.; Dong, Q.; Cavanna, A.; Jin, Y.; Aprili, M. Rev. Sci.
Instrum. 2018, 89, 093708.
(6) de-Picciotto, R.; Reznikov, M.; Heiblum, M.; Umansky, V.;
Bunin, G.; Mahalu, D. Direct Observation of a Fractional Charge.
Nature 1997, 389, 162−164.

23860

DOI: 10.1021/acs.jpcc.9b06766
J. Phys. Chem. C 2019, 123, 23853−23862

Article

The Journal of Physical Chemistry C

Phonon Backaction in Atomic Scale Au Junctions. J. Phys.: Condens.
Matter 2016, 28, 495303.
(30) Chen, Y.-C.; Di Ventra, M. Shot Noise in Nanoscale
Conductors From First Principles. Phys. Rev. B: Condens. Matter
Mater. Phys. 2003, 67, 153304.
(31) Kaasbjerg, K.; Belzig, W. Full Counting statistics and Shot
Noise of Cotunneling in Quantum Dots and Single-Molecule
Transistors. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91,
235413.
(32) Miwa, K.; Chen, F.; Galperin, M. Towards Noise Simulation in
Interacting Nonequilibrium Systems Strongly Coupled to Baths. Sci.
Rep. 2017, 7, 9735.
(33) Pradhan, S.; Fransson, J. Shot Noise as a Probe of SpinCorrelated Transport Through Single Atoms. Phys. Rev. B: Condens.
Matter Mater. Phys. 2018, 97, 115409.
(34) Galperin, M.; Nitzan, A.; Ratner, M. A. Inelastic Tunneling
Effects on Noise Properties of Molecular Junctions. Phys. Rev. B:
Condens. Matter Mater. Phys. 2006, 74, 075326.
(35) Haupt, F.; Novotný, T.; Belzig, W. Current Noise in Molecular
Junctions: Effects of the Electron-Phonon Interaction. Phys. Rev. B:
Condens. Matter Mater. Phys. 2010, 82, 165441.
(36) Utsumi, Y.; Entin-Wohlman, O.; Ueda, A.; Aharony, A. Fullcounting statistics for molecular junctions: Fluctuation Theorem and
Singularities. Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 87,
115407.
(37) Asai, Y. Vibronic Spectroscopy Using Current Noise. Phys. Rev.
B: Condens. Matter Mater. Phys. 2015, 91, 161402.
(38) Agarwalla, B. K.; Jiang, J.-H.; Segal, D. Full Counting Statistics
of Vibrationally-Assisted Electronic Conduction: Transport and
Fluctuations of the Thermoelectric Efficiency. Phys. Rev. B: Condens.
Matter Mater. Phys. 2015, 92, 245418.
(39) Kiguchi, M.; Tal, O.; Wohlthat, S.; Pauly, F.; Krieger, M.;
Djukic, D.; Cuevas, J. C.; van Ruitenbeek, J. M. Highly Conductive
Molecular Junctions Based on Direct Binding of Benzene to Platinum
Electrodes. Phys. Rev. Lett. 2008, 101, 046801.
(40) OuYang, B.; Hsu, B. C.; Chen, Y.-C. Quantum Noise of
Current in a 1,4-Benzenedithiol Single-Molecule Junction: FirstPrinciple Calculations. J. Phys. Chem. C 2018, 122, 19266.
(41) Capozzi, B.; Low, J. Z.; Xia, J.; Liu, Z.-F.; Neaton, J. B.;
Campos, L. M.; Venkataraman, L. Mapping the Transmission
Functions of Single-Molecule Junctions. Nano Lett. 2016, 16,
3949−3954.
(42) Christen, T.; Buttiker, M. Gauge-Invariant Nonlinear Electric
Transport in Mesoscopic Conductors. Europhys. Lett. 1996, 35, 523−
528.
(43) Mujica, V.; Roitberg, A. E.; Ratner, M. Molecular Wire
Conductance: Electrostatic Potential Spatial Profile. J. Chem. Phys.
2000, 112, 6834−6839.
(44) Note that in eq 3, the current has an even power, (Δμ)2 term,
i.e., a diode eﬀect is realized upon inversion of V → − V. The reason
for this eﬀect is that in our construction, the nonequilibrium
condition is distinct when applied in opposite directions. For example,
if we set |Δμ| = 1 eV and α = 0.8, in the forward direction μL = 0.8 eV
and μR = − 0.2 eV, while in the backward direction μL = − 0.8 eV and
μR = 0.2 eV. Since the transmission function varies with energy, these
conﬁgurations are distinct, and the forward and backward currents
have diﬀerent magnitudes, ⟨I⟩(Δμ, α) ≠ − ⟨I⟩(−Δμ, α). Only by
switching bias and geometry, which translates into exchanging μL and
μR, one obtains identical magnitudes for the currents, ⟨I⟩(Δμ, α) =
−⟨I⟩(−Δμ, 1−α).
(45) Cuevas, J. C.; Heurich, J.; Pauly, F.; Wenzel, W.; Schon, G.
Theoretical Description of The Electrical Conduction in Atomic and
Molecular Junctions. Nanotechnology 2003, 14, R29−R38.
(46) Khotkevich, A. V.; Yanson, I. K. Atlas of Point Contact Spectra of
Electron−Phonon Interactions in Metals; Springer: New York, 1995.
(47) Thijssen, W H A; Strange, M; aan de Brugh, J M J; van
Ruitenbeek, J M Formation and Properties of Metal-Oxygen Atomic
Chains. New J. Phys. 2008, 10, 033005.

(7) Ronen, Y.; Cohen, Y.; Kang, J.-H.; Haim, A.; Rieder, M.-T.;
Heiblum, M.; Mahalu, D.; Shtrikman, H. Charge of a Quasiparticle in
a Superconductor. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 1743−
1748.
(8) Zhou, P.; Chen, L.; Liu, Y.; Sochnikov, I.; Bollinger, A. T.; Han,
M.-G.; Zhu, Y.; He, X.; Bozovic, I.; Natelson, D. Electron Pairing in
the Pseudogap State Revealed by Shot Noise in Copper Oxide
Junctions. Nature 2019, 572, 493−496.
(9) van den Brom, H. E.; van Ruitenbeek, J. M. Quantum
Suppression of Shot Noise in Atom-size Metallic Contacts. Phys.
Rev. Lett. 1999, 82, 1526.
(10) Ludoph, B.; van Ruitenbeek, J. M. Conductance Fluctuations as
a Tool for Investigating the Quantum Modes in Atomic-Size Metallic
Contacts. Phys. Rev. B: Condens. Matter Mater. Phys. 2000, 61, 2273.
(11) Djukic, D.; van Ruitenbeek, J. M. Shot Noise Measurements on
a Single Molecule. Nano Lett. 2006, 6, 789−793.
(12) Ben-Zvi, R.; Vardimon, R.; Yelin, T.; Tal, O. Electron-Vibration
Interaction in Multichannel Single-Molecule Junctions. ACS Nano
2013, 7, 11147−11155.
(13) Chen, R; Matt, M; Pauly, F; Nielaba, P; Cuevas, J C; Natelson,
D Shot Noise Variation Within Ensembles of Gold Atomic Break
Junctions at Room Temperature. J. Phys.: Condens. Matter 2014, 26,
474204.
(14) Karimi, M. A.; Bahoosh, S. G.; Herz, M.; Hayakawa, R.; Pauly,
F.; Scheer, E. Shot Noise of 1,4-Benzenedithiol Single-Molecule
Junctions. Nano Lett. 2016, 16, 1803.
(15) Mohr, M.; Jasper-Toennies, T.; Weismann, A.; Frederiksen, T.;
Garcia-Lekue, A.; Ulrich, S.; Herges, R.; Berndt, R. Conductance
Channels of a Platform Molecule on Au(111) Probed With Shot
Noise. Phys. Rev. B: Condens. Matter Mater. Phys. 2019, 99, 245417.
(16) Chen, R.; Wheeler, P. J.; Natelson, D. Excess Noise in STMStyle Break Junctions at Room Temperature. Phys. Rev. B: Condens.
Matter Mater. Phys. 2012, 85, 235455.
(17) Vardimon, R.; Klionsky, M.; Tal, O. Experimental Determination of Conduction Channels in Atomic-Scale Conductors Based
on Shot Noise Measurements. Phys. Rev. B: Condens. Matter Mater.
Phys. 2013, 88, 161404.
(18) Vardimon, R.; Yelin, T.; Klionsky, M.; Sarkar, S.; Biller, A.;
Kronik, L.; Tal, O. Probing the Orbital Origin of Conductance
Oscillations in Atomic Chains. Nano Lett. 2014, 14, 2988.
(19) Tal, O.; Krieger, M.; Leerink, B.; van Ruitenbeek, J. M.
Electron-Vibration Interaction in Single-Molecule Junctions: From
Contact to Tunneling Regimes. Phys. Rev. Lett. 2008, 100, 196804.
(20) Kumar, M.; Avriller, R.; Yeyati, A. L.; van Ruitenbeek, J. M.
Detection of Vibration-Mode Scattering in Electronic Shot Noise.
Phys. Rev. Lett. 2012, 108, 146602.
(21) Cho, D.; Shekhar, S.; Lee, H.; Hong, S. Nanoscale Mapping of
Molecular Vibrational Modes via Vibrational Noise Spectroscopy.
Nano Lett. 2018, 18, 1001−1009.
(22) Burtzlaff, A.; Weismann, A.; Brandbyge, M.; Berndt, R. Shot
Noise as a Probe of Spin-Polarized Transport Through Single Atoms.
Phys. Rev. Lett. 2015, 114, 016602.
(23) Vardimon, R.; Klionsky, M.; Tal, O. Indication of Complete
Spin Filtering in Atomic-Scale Nickel Oxide. Nano Lett. 2015, 15,
3894−3898.
(24) Johnson, J. B. Thermal Agitation of Electricity in Conductors.
Nature 1927, 119, 50−51.
(25) Nyquist, H. Thermal Agitation of Electric Charge in
Conductors. Phys. Rev. 1928, 32, 110−113.
(26) Shein-Lumbroso, O.; Simine, L.; Nitzan, A.; Segal, D.; Tal, O.
Electronic Noise due to Temperature Difference in Atomic-Scale
Junctions. Nature 2018, 562, 240−244.
(27) Tewari, S.; van Ruitenbeek, J. Anomalous Nonlinear Shot
Noise at High Voltage Bias. Nano Lett. 2018, 18, 5217.
(28) Chen, R.; Wheeler, P. J.; Di Ventra, M.; Natelson, D. Enhanced
Noise at High Bias in Atomic-Scale Break Junctions. Sci. Rep. 2015, 4,
4221.
(29) Stevens, L. A.; Zolotavin, P.; Chen, R.; Natelson, D. Current
Noise Enhancement: Channel Mixing and Possible Nonequilibrium
23861

DOI: 10.1021/acs.jpcc.9b06766
J. Phys. Chem. C 2019, 123, 23853−23862

Article

The Journal of Physical Chemistry C
(48) Lesovik, G. B. Excess Quantum Shot Noise in 2D Ballistic
Point Contacts. JETP Lett. 1989, 49, 592.
(49) Levitov, L. S.; Lesovik, G. B. Charge Distribution in Quantum
Shot Noise. JETP Lett. 1993, 58, 230.
(50) Levitov, L. S.; Lee, H.-W.; Lesovik, G. B. Electron Counting
Statistics and Coherent States of Electric Current. J. Math. Phys. 1996,
37, 4845.
(51) Reulet, B.; Senzier, J.; Prober, D. E. Environmental Effects in
the Third Moment of Voltage Fluctuations in a Tunnel Junction. Phys.
Rev. Lett. 2003, 91, 196601.
(52) Barato, A. C.; Seifert, U. Thermodynamic Uncertainty Relation
for Biomolecular Processes. Phys. Rev. Lett. 2015, 114, 158101.
(53) Agarwalla, B. K.; Segal, D. Assessing the Validity of the
Thermodynamic Uncertainty Relation in Quantum Systems. Phys.
Rev. B: Condens. Matter Mater. Phys. 2018, 98, 155438.

23862

DOI: 10.1021/acs.jpcc.9b06766
J. Phys. Chem. C 2019, 123, 23853−23862

Supporting Information: Origin of the
Anomalous Electronic Shot Noise in
Atomic-Scale Junctions
Anqi Mua,† Ofir Shein-Lumbrosoa ,‡ Oren Tal,‡ and Dvira Segal∗,†
†Department of Chemistry and Centre for Quantum Information and Quantum Control,
University of Toronto, 80 Saint George St., Toronto, Ontario, Canada M5S 3H6
‡Department of Chemical and Biological Physics, Weizmann Institute of Science, Rehovot,
Israel
E-mail: dvira.segal@utoronto.ca
a

A.M. and O.S.L. contributed equally to this work

S1. Working formulae
S2. Review of “normal shot noise”: Constant transmission function
S3. Derivation of Eqs. (3)-(8): anomalous shot noise
S4. Theory-experiment analysis of other types of junctions
S5. Experimental procedure
S6. Estimation of the contribution of 1/f noise

S1

S1

Working formulae

To make our analysis self-contained, in this Section we describe our modeling and theoretical
expressions. This information is partially included in the Method section of the main text,
but we repeat it here for completeness. We consider coherent, elastic transport of electrons
in a two-terminal junction. The metals include collections of noninteracting electrons with
occupation numbers following the grand canonical ensemble; the Fermi function f (, µν , T ) =
1
eβ(−µν ) +1

is evaluated at the chemical potential µν and temperature T with the inverse

temperature β = 1/kB T ; ν = L, R. Below we denote by µ the equilibrium Fermi energy.
Ignoring decoherence and inelastic processes within the constriction, the average current is
given by the Landauer formula,
2e
hIi =
h

Z

∞

dτ () [f (, µL , T ) − f (, µR , T )] .

(S1)

−∞

The corresponding zero frequency power spectrum of the noise is given by 1

S = S1 + S2
Z
4e2 ∞
S1 =
d{f (, µL , T )[1 − f (, µL , T )] + f (, µR , T )[1 − f (, µR , T )]}τ 2 (),
h −∞
Z
4e2 ∞
S2 =
d{f (, µR , T )[1 − f (, µL , T )] + f (, µL , T )[1 − f (, µR , T )]}τ ()[1 − τ ()].
h −∞
(S2)

In this partition of the total noise, S1 includes additive terms in the left and right metals while
S2 collects transport processes from one terminal to the other. The transmission function
τ () is energy dependent; voltage and temperature dependency, rooted in many-body effects,
are sometimes phenomenologically introduced into the transmission function—though not
in our work.
To derive the standard result for the shot noise, one assumes a constant transmission
function. In this work, we write down a Taylor expansion for the transmission function,
S2

performed around the equilibrium Fermi energy µ,

τ () ≈ τ (µ) +

dτ
( − µ).
d µ

For simplicity, we denote τ (µ) by τ0 and τ 0 (µ) ≡

dτ
.
d µ

(S3)

Another central ingredient of our

work is that we allow the applied potential to drop asymmetrically around the equilibrium
Fermi energy,

µL = µ + α∆µ,
µR = µ − (1 − α)∆µ,

(S4)

with 0 ≤ α ≤ 1; when α = 1/2, the potential bias is partitioned symmetrically at the two
ends.
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Review of “normal shot noise": Constant transmission function

Let us now review the standard, ‘normal’ shot noise expression, which is used to fit experimental observations of shot noise at low voltage. Equations (S1)-(S2) can be simplified if
τ () is assumed a constant. This assumption is justified at low bias voltage. Then, e.g., the
width of resonances (responsible for charge transport through the conductor) is considerable
relative to the bias window and the transmission function can be approximated by its (fixed)
value at the Fermi energy. Making this critical assumption, the averaged current under a
P
∆µ i τ0,i , with the power noise 1,2
finite voltage reduces to hIi = 2e
h
T
S∆µ
= 4kB T G0

X
i


+ 2∆µ coth

2
τ0,i

∆µ
2kB T
S3


G0

X
i

τ0,i (1 − τ0,i ).

(S5)

Here ∆µ = eV is the chemical potential difference due to the bias voltage V , G0 = 2e2 /h
is the quantum of conductance. The current and the power noise may include contributions
from multiple channels, with τ0,i the transmission probability of the ith channel evaluated
at the Fermi energy µ. Eq. (S5) is well known; we retrieve it in Sec. S3 as a special limit of
a more general expression.
Low bias measurements of shot noise in atomic-scale and molecular junctions agree well
with Eq. (S5), see for example Refs. 3–6 Specifically, when the temperature is low relative to
|∆µ|
) → 1, and we get
the bias, coth( 2k
BT

T →0
S∆µ
= 2|∆µ|GF.

Here, F =

P

i τi (1

− τ0,i )/

P

i τ0,i

is the Fano factor, G = G0

(S6)

P

i τ0,i

stands for the electrical

conductance. The noise (S6) is linear in voltage. Therefore, nonlinearity of the shot noise
at high voltage corresponds to an ‘anomalous’ behavior. Since hIi = GV and ∆µ = eV , we
T →0
= 2e|hIi|F .
can organize Eq. (S6) in its familiar form as S∆µ

We now consider a junction at equilibrium, ∆µ = 0. Eq. (S2) then reduces to the
Johnson-Nyquist thermal noise,

T
S∆µ=0
= 4kB T G,

with the electrical conductance G =

2e2
h

R

(S7)


dτ () − df
. Note that we can also approach the
d

equilibrium limit from Eq. (S5) and arrive at a corresponding result. Nevertheless, Eq. (S7)
holds without assuming a constant transmission function.

S4

S3

Derivation of Eqs. (3)-(8): anomalous shot noise

We begin with the calculation of the current (S1) using the transmission function (S3), and
the chemical potential (S4),
Z
2e ∞
I =
d [f (, µL , T ) − f (, µR , T )] [τ0 + τ 0 (µ)( − µ)]
h −∞
Z ∞
1
2e
2e 0
d [f (, µL , T ) − f (, µR , T )] [ − µL +  − µR + ∆µ(2α − 1)]
=
τ0 ∆µ + τ (µ)
h
h
2
−∞



1
2e
=
τ0 ∆µ + τ 0 (µ)(∆µ)2 α −
,
h
2
where we used the relation µ = (µL + µR )/2 + ∆µ

1
2


−α .

We examine next the behavior of shot noise under high voltage; we assume that there is
no applied temperature difference. We begin by evaluating S1 in Eq. (S2) using the linear
expansion for the transmission function, Eq. (S3). For convenience, we assume a single
channel. We omit the prefactor

4e2
h

and re-install it only at the end of our derivation,

∞



∂fL
∂fR
2
d −kB T
− kB T
× [τ0 + τ 0 (µ)( − µ)] .
∂
∂
−∞

Z
S1 =

(S8)

Here, fν = f (, µν , T ), ∆µ = µL − µR , µL = µ + α∆µ, µR = µ − (1 − α)∆µ and T = TL = TR .
Explicitly,
Z

S1

∞

(



∂fL
τ02

∂fL
∂fL
=
d (−kB T )
+ 2τ0 τ (µ)( − µ)
+ [τ 0 (µ)]2 ( − µ)2
∂
∂
∂
−∞
)


∂fR
2 ∂fR
0
0
2
2 ∂fR
+ (−kB T ) τ0
+ 2τ0 τ (µ)( − µ)
+ [τ (µ)] ( − µ)
.
∂
∂
∂
0
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We now evaluate the different terms,
Z

∞

d(−kB T )τ02

I1 ≡
Z−∞
∞

∂fL
= kB T τ02 ,
∂

∂fL
d(−kB T )2τ0 τ 0 (µ) [ − (µL − α∆µ)]
∂
Z−∞
Z ∞
∞
∂f
∂fL
L
d(−kB T )2τ0 τ 0 (µ)( − µL )
=
+
d(−kB T )2τ0 τ 0 (µ)α∆µ
∂
∂
−∞
−∞

I2 ≡

I3

= 2kB T τ0 τ 0 (µ)α∆µ,
Z ∞
∂fL
≡
d(−kB T )[τ 0 (µ)]2 [ − (µL − α∆µ)]2
∂
Z−∞
∞

 ∂fL
=
d(−kB T )[τ 0 (µ)]2 ( − µL )2 + 2α∆µ( − µL ) + α2 (∆µ)2
∂
−∞
2 2 2
π kB T
+ kB T [τ 0 (µ)]2 α2 (∆µ)2 .
= kB T [τ 0 (µ)]2
3

(S10)

Summing up these integrals, along with the corresponding contributions from the right side,
we get

S1 = 2kB T τ02 + 2kB T τ0 τ 0 (µ)∆µα − 2kB T τ0 τ 0 (µ)∆µ(1 − α)
2 2


T
π 2 kB
+ 2kB T [τ 0 (µ)]2
+ kB T [τ 0 (µ)]2 α2 (∆µ)2 + (1 − α)2 (∆µ)2 .
3

(S11)

Next, we evaluate S2 in Eq. (S2). Under bias voltage it can be organized as

S2 = coth

∆µ
2kB T

Z

∞

d [fL () − fR ()] [τ0 + τ 0 (µ)( − µ)][1 − τ0 − τ 0 (µ)( − µ)].

−∞

(S12)
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The integral can be evaluated exactly using the following relations,
Z ∞


∆µ
∆µ
coth
d[fL () − fR ()]τ0 (1 − τ0 ) = τ0 (1 − τ0 )∆µ coth
,
2kB T
2kB T
−∞

Z ∞
∆µ
coth
d[fL () − fR ()](1 − 2τ0 )τ 0 (µ)( − µ)
2kB T




 −∞

 


Z ∞
1
∆µ
1
0
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coth
(1 − 2τ0 )τ (µ)
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∆µ
2kB T
2
2
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∆µ
1
0
coth
(1 − 2τ0 )τ (µ) α −
(∆µ)2 ,
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2
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2
1
∆µ
1
0
2
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coth
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∆µ + α −
∆µ
2kB T
2
2
−∞
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2
2 2 2
1
1
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T
π
k
B
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coth
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I4 ≡
I5 ≡
=
=
I6 ≡
=

Overall, we get

S2 = τ0 (1 − τ0 )∆µ coth

− coth

∆µ
2kB T




1
+ coth
(1 − 2τ0 )τ (µ) α −
(∆µ)2
2
#

2
2 2
T
1
1
π 2 kB
(∆µ)3 .
+ (∆µ)3 + α −
(S14)
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3
12
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2kB T
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2kB T
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Combining S1 [Eq. (S11)] and S2 , we get the voltage-activated anomalous shot noise,
T
S∆µ
= 2kB T τ02 + 2kB T τ0 τ 0 (µ)∆µα − 2kB T τ0 τ 0 (µ)∆µ(1 − α)
2 2


π 2 kB
T
+ kB T [τ 0 (µ)]2 α2 (∆µ)2 + (1 − α)2 (∆µ)2
+ 2kB T [τ 0 (µ)]2
3





∆µ
∆µ
1
0
+ coth
(1 − 2τ0 )τ (µ) α −
(∆µ)2
+ τ0 (1 − τ0 )∆µ coth
2kB T
2kB T
2
"
#



2
2 2 2
∆µ
π
k
T
1
1
B
− coth
[τ 0 (µ)]2 ∆µ
+ (∆µ)3 + α −
(∆µ)3 .
(S15)
2kB T
3
12
2

4e2
we obtain Eqs. (4)-(6) in the main text. It is significant to
h
note that this result is exact in ∆µ, to the order of τ 0 (µ) considered.
Multiplying it by 2G0 =
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Theory-experiment analysis of other types of junctions

So far, our focus has been on junctions whose transmission function can be approximated
by the expansion (S3) around the Fermi energy. This expansion leads to a differential
conductance that is linear in voltage. In this section, we consider an alternative form for the
transmission function, relevant for a complementary class of junctions,
1
τ () ≈ τ0 + τ 00 (µ)( − µ)2 .
2

(S16)

We again allow the voltage bias to drop asymmetrically around the equilibrium Fermi energy,
µL = µ + α∆µ, µR = µ − (1 − α)∆µ, with 0 ≤ α ≤ 1. Using the Landauer formula we obtain
the averaged charge current as,
"
#

2
2 2
T
2e
e 00
π 2 kB
1
1
hIi = τ0 ∆µ + τ (µ) ∆µ
+ (∆µ)3 + α −
(∆µ)3 .
h
h
3
12
2

(S17)

We now assume that the temperature is low relative to the bias voltage and derive the
differential conductance,
dhIi
dV

T →0

"

2 #
3G0 00
1
1
= G0 τ0 +
τ (µ)
+ α−
(∆µ)2 .
2
12
2

(S18)

By fitting the differential conductance to a parabola we obtain the curvature B ≡ 23 G0 τ 00 (µ)[1/12+
(α−1/2)2 ], with

dhIi
|
dV T →0

= G0 τ0 +B(∆µ)2 . Note that the quadratic term in

dhIi
dV

is sustained

even when α = 1/2.
Repeating the procedure of Sec. S3, we derive a closed form formula for the current noise

S8

using the transmission function (S16). Here, we present only the low temperature limit,

T →0
S∆µ




∆µ
=
+ 2G0 τ0 (1 − τ0 )∆µ coth
2k T
"
# B


2
τ 00 (µ) 1
1
+ 2G0 (1 − 2τ0 )
+ α−
|(∆µ)|3
2
12
2
4G0 kB T τ02

(S19)

It is significant to note that the curvature B, which determines the nonlinearity of the differential conductance, dictates the anomalous component of the shot noise. Nevertheless, in
the present model, Eq. (S16), we cannot in practice determine the extent of bias asymmetry
α.
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Figure S1: Anomalous shot noise with a quadratic differential conductance-voltage characteristics.
Measurements (◦) are compared to a linear fit at low voltage (dashed) and to the anomalous shot
noise formula Eq. (S19) () using T = 7 K, τ0,1 =0.99, τ0,2 =0.00. We further show (full) simulations
based on Eq. (13). (a) We fit the differential conductance data (full) to a parabola (dotted) within
the region -200 to 120 mV and get the curvature B = −0.826 G0 /(eV )2 , which is substituted into
Eq. (S19) to reproduce the nonlinear shot noise (b), showing an excellent agreement. Results from
the nomalous shot noise formula outside the proper fitting window are further displayed in the main
plot (light ).

We illustrate the analysis and the validity of Eq. (S19) on experimental data of shot noise
in Au atomic junctions. Besides results in the main text, Figure S1 displays data for which
the differential conductance is approximately quadratic around zero voltage (inset), which
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Figure S2: Anomalous shot noise with a possible quadratic differential conductance-voltage characteristics. Measurements (◦) are compared to the anomalous shot noise formula Eq. (S19) ()
using T = 6 K, τ0,1 =0.984, τ0,2 =0.0018. We further show (full) simulations based on Eq. (13). Inset:
We fit the differential conductance (full) to a parabola (dotted) and get the curvature B = −0.169
G0 /(eV )2 , which is substituted into Eq. (S19) to reproduce the nonlinear shot noise.

make it suitable for the present analysis. Following our procedure, we extract the curvature of
the parabola B from the differential conductance and employ it in Eq. (S19) to generate the
current noise. In Fig. 7 (main text), the quadratic behavior of the differential conductance
with voltage extends up to 200 mV, and the noise is indeed well reproduced throughout the
whole range. In contrast, in Fig. S1, the quadratic behavior only extends up to 120 mV,
beyond which deviations show; in accordance, we properly capture the experimental data
for the shot noise up to this voltage. Remarkably, in Fig. S1 the nonlinear (cubic) term
almost immediately dominates at low voltage, since the curvature is quite large. Finally,
Fig. S2 displays differential conductance data that does not show a definite quadratic trend
(extending the experiment to higher voltage could strengthen this model). Nevertheless, we
test the quadratic formula on this data and show that we qualitatively capture the overall
trend of the experimental shot noise, observing an enhancement of noise relative to the low
bias case.
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Experimental procedure

Formation of Au atomic Junctions. The mechanically controllable break junction technique 7 in cryogenic temperature is used to form Au atomic junctions. A gold wire (99.99%,
0.1 mm diameter, Goodfellow), with a partial cut in its center is attached to a flexible and
insulating substrate. This structure is placed in a vacuum chamber, pumped to 10−5 mbar
and cooled to 4.2 K. The sample is then bent by a piezoelectric element. As a result, the
wire is stretched and gradually thinned until a contact with only few atoms down to a single
atom in its cross-section is formed between the two wire segments. To measure conductance
and noise across the formed atomic junction, the two wire segments are used as electrodes.
Repeated squeezing of the electrodes against each other, followed by stretching the reformed
contact is used to obtain new atomic junctions. This procedure allows the characterization
of an ensemble of atomic junctions with different structures.
Differential Conductance Measurements. Differential conductance vs. voltage measurements (dhIi/dV vs. V ) are conducted via a standard lock-in technique, using a Stanford
Research SR830 lock-in amplifier. A DC bias voltage signal from a National Instruments
(NI) PCI-6221 DAQ card is modulated by an AC voltage produced by the lock-in amplifier
(1 mV rms at about 3.33 kHz). The resulting current across the sample is amplified by a
current preamplifier (SR570) and sent back to the lock-in to extract the corresponding signal
at the frequency of the applied AC modulation. Differential conductance measurements are
performed before and after each set of noise measurements in order to verify that the contact maintained its stability during the noise measurement by comparing the two differential
conductance spectra.
Shot Noise Measurements. Noise measurements are performed on the atomic junctions using a dedicated circuit. 8 To measure noise on atomic junctions, the sample is disconnected from the conductance measurement circuit and connected to the dedicated circuit
using switches. The sample is current-biased by a Yokogawa GS200 SC voltage source connected to the sample through two 0.5MΩ resistors located in proximity to the sample. The
S11

resulting voltage noise is amplified by a custom-made differential low-noise amplifier and
analyzed via a NI PXI-5922 DAQ card, using a LabView implemented fast Fourier transform analysis. For each stable atomic junction, noise measurements are conducted at a set
of different bias currents, where at each bias 3,000 measurements of noise spectra are taken
and averaged.
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Estimation of the contribution of the 1/f noise

At high voltage, other noise sources could contribute to the anomalous behavior. Specifically,
the 1/f noise grows quadratically with voltage, and its contribution could become significant.
As representative examples, in Figs S3 and S4 we display the power spectra of the noise
corresponding to Figs. 4 and 6 in the main text. At low frequency, the power spectra shows
the 1/f noise. The white noise component, which comprises the thermal noise and shot noise
is taken in the region f ≈ 1 × 105 Hz.
We assess the contribution of the 1/f component in an approximate manner as follows.
First, at each applied voltage we subtract the mean white noise value, to identify the ‘pure’
1/f contribution. Next, plotting this data on a log-log scale, we extract the power α,
S(f ) = Sc /f α , with Sc a prefactor, which depends on the applied voltage.
Performing this analysis on the data presented in Fig. S3, we obtain the exponent, which
somewhat varies with voltage, α = 1.5 − 1.7. Since we are interested in the contribution of
1/f noise at high voltage, we use α = 1.66 at 200 mV. To extract Sc at 200 mV we focus on
the low frequency region, and use e.g. the measured value of S(f = 5000 Hz)=2.3 × 10−17
V2 /Hz and the calculated power α = 1.66. This results in Sc ∼ 3.2 × 10−11 V2 /Hz. We can
now estimate the contribution of the 1/f noise at higher frequencies, in what we identify as
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Figure S3: Power spectra for different applied voltage. The red region marks the portion of the
noise used in the shot noise analysis, leading to Fig. 4 in the main text.

Figure S4: Power spectra for different applied voltage. The red region marks the portion of the
noise used in the shot noise analysis, leading to Fig. 6 in the main text.
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white noise, say at f = 9 × 104 Hz,

S(f ) = Sc /f α
= 3.2 × 10−11 × G2 × (9 × 104 )−1.66 = 1.03 × 10−27 A2 /Hz,

(S20)

where we used G = 0.95 G0 . The anomalous noise presented in Fig. 4 reaches 2 × 10−25
A2 /Hz at high voltage, and we conclude that the 1/f noise contributes less than 1% to this
value.
A similar analysis is performed on the power spectra in Fig. S4, which corresponds to
Fig. 6 in the main text. Here, at 240 mV we obtain the power α ∼ 1.7 and the coefficient
Sc = 2.66 × 10−9 V2 /Hz, which leads to the residual 1/f noise S(f = 1.6 × 105 Hz)∼
2.08 × 10−26 A2 /Hz, using G=0.96 G0 . In contrast to the former example where the 1/f
noise is negligible, here we estimate that the 1/f noise contributes ∼10% to the noise at
high voltage, beyond 200 mV. However, in all other cases we confirmed that the 1/f noise
level was minor, less than 3%, and that the anomalous noise examined was indeed white
with negligible frequency-dependent contributions.
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