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ABSTRACT: Charge transport properties of metal−molecule interfaces
depend strongly on the character of molecule−electrode interactions.
Although through-bond coupled systems have attracted the most
attention, through-space coupling is important in molecular systems
when, for example, through-bond coupling is suppressed due to quantum
interference eﬀects. To date, a probe that clearly distinguishes these two
types of coupling has not yet been demonstrated. Here, we investigate the
origin of ﬂicker noise in single molecule junctions and demonstrate how
the character of the molecule−electrode coupling inﬂuences the ﬂicker
noise behavior of single molecule junctions. Importantly, we ﬁnd that
ﬂicker noise shows a power law dependence on conductance in all
junctions studied with an exponent that can distinguish through-space and
through-bond coupling. Our results provide a new and powerful tool for probing and understanding coupling at the metalmolecule interface.
KEYWORDS: Single-molecule junctions, ﬂicker noise, 1/f noise, through-bond coupling, through-space coupling,
density functional theory
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between the electronic transport channel and the mechanical
bond to the electrodes. We ﬁnd that, in tunnel junctions where
two electrodes are mechanically decoupled and electronic
transport is via through-space tunneling, ﬂicker noise power
exhibits a strong dependence on average, individual junction
conductance: noise power scales as G2. This decreases to a G1.7
dependence when we probe a molecular system where both
sides are mechanically bonded to the respective electrodes, but
through-bond electronic coupling is present on only one side.
When single-molecule charge transport is mediated fully by
through-bond interactions on both sides, the scaling diminishes
to G1.1. Finally, for nanoscale gold contacts with G > 4 × G0,
the core of the junction is mechanically and electronically well
coupled, and as a result insensitive to nearby ﬂuctuations in
structure; conductance ﬂuctuates through changes in the
number of channels at the periphery resulting in noise power
that scales as G0.5. This measurement technique thus enables us
to infer the relative contributions of through-space and
through-bond coupling at molecule-metal interfaces, providing
a new and powerful tool for characterizing these interfaces.

or electronic devices based on organic semiconductors, the
interaction of molecular orbitals with electronic states of
the metal dictates the energy level alignment and electronic
coupling, which determine device performance.1,2 The physical
interactions at such interfaces can lead to electronic coupling
that is characterized as either through-bond or through-space.
In the former, the hybridization between molecular orbitals and
electronic states of the metal occurs through a chemical bond,
while in the latter, orbitals responsible for charge transfer do
not participate in speciﬁc bond formation.3 The most important
consequence of this diﬀerence is that conductance in systems
with through-space coupling is generally lower than in those
with through-bond coupling.4−6 As a result, performance of
devices relying on through-space coupling is often limited by
characteristics of the organic−metal interface rather than by the
organic constituents.7
Here, we investigate the characteristics of ﬂicker noise in a
series of nanoscale junctions including gold point contacts and
single molecule junctions.8−13 We ﬁnd that ﬂicker noise
measurements can clearly diﬀerentiate between through-bond
and through-space coupling at the single molecule level. We
ﬁrst show that at room temperature, ﬂicker noise in single
molecule junctions originates from changes in the moleculeelectrode coupling due to electrode atoms switching between
metastable conﬁgurations. We then demonstrate how scaling of
ﬂicker noise with conductance is determined by the relationship
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Figure 1. (A) Schematic for molecular junction conductance measurements. (B) Representative conductance and displacement traces for a single
noise measurement. Inset: The conductance noise power spectral density obtained by taking square of the discrete Fourier transform of the constant
displacement section of conductance trace in B. The dashed line indicates a f−1.4 dependence. (C) Chemical structures of the molecules under the
study. (D) Averaged conductance noise PSDs for all ﬁve systems showing ﬂicker noise along with a line indicating the f−1.4 dependence. Traces are
oﬀset laterally for clarity.

Figure 2. (A) Two-dimensional histogram of ﬂicker noise power against average conductance in gold point contacts. Line overlaid shows a square
root dependence. Inset: Two-dimensional histogram of normalized ﬂicker noise power (NP) against normalized conductance change (CC) induced
by mechanical oscillation. (B) Two-dimensional histogram of ﬂicker noise power against average conductance in tunnel junctions.

beginning and the end of this “hold” period are selected for
analysis. In order to determine the conductance noise power
spectral density (PSD) for a junction, the conductance
measured during the ﬁxed displacement section of the junction
is analyzed. A discrete Fourier transform of the data is obtained
and squared to get the PSD. A sample PSD measured for a 4,4′di(methylthio)stilbene junction (molecule 1) is shown in the
inset of Figure 1B.5 This type of noise is often called ﬂicker
noise or 1/f noise and its presence in single molecule junctions
has not yet been explained.8−10 In Figure 1D, the conductance
PSD, averaged over hundreds of junctions, are shown for tunnel
junctions, gold point contacts and three molecules considered

In this work, we use the scanning tunneling microscope
based break junction technique (STM-BJ)14,15 to characterize
conductance noise. In this technique, a gold tip is repeatedly
moved in and out of contact with a gold substrate while
conductance of the junction is recorded (see Figure 1A for
schematic). In order to measure the noise, the junction
elongation procedure is paused for 100 ms at a position where
prior measurements indicate that a stable junction is likely to
form (see Figure 1B). During this time, conductance is
recorded at an applied bias of 200 mV using a sampling rate of
100 kHz. Traces that have a conductance within two standard
deviations of the molecular conductance histogram peak at the
B
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Figure 3. (A) Representative tunnel junction conductance traces (from top to bottom) at 300 K (50 mV), 77 K (50 mV), 40 K (50 mV), 5.5 K (400
mV), and 5.5 K (50 mV). (B) Green: Normalized noise power density plotted against temperature (lower axis) at 100 mV bias. Normalized noise
power density at 100 Hz versus bias voltage (top axis) at 300 K (red) and at 5.5 K for junctions with a conductance of 10−3 G0 (blue). Filled shapes
represent the measured values, empty shapes with dashed connecting lines represent the values after background subtraction. Note that for the data
taken at 300 K, background subtraction does not change the values signiﬁcantly. (C) Potential energy proﬁles calculated using a density function
theory approach for a series of three illustrative structures and gold atom movements: (D) Adatom diﬀusion pathway on the close packed (111)
surface from fcc to hcp to neighboring fcc hollow sites (yellow data in C); (E) Dissociation of a ﬁve atom asperity into a four atom pyramid and an
adatom, ﬁrst to an hcp site and then to a neighboring fcc site (blue data in C); (F) Switching of an apical adatom in a ﬁve atom asperity between a
local fcc and hcp sites (black data in C). Curves are oﬀset for clarity; only relative energies within each curve are meaningful.

integrate the PSD from 100 Hz to 1 kHz for every junction
and take this value as the measure of ﬂicker noise a junction
experiences. The 1 kHz upper limit in the frequency range is
chosen because the thermal noise of the current ampliﬁer
becomes comparable to ﬂicker noise at frequencies above this
cutoﬀ. The lower limit is chosen considering mechanical drifts
in the experimental setup; such drifts result in a 1/f 2 frequency
dependence, which become comparable to ﬂicker noise at low
frequencies. In Figure 2A, we make a two-dimensional
histogram of the integrated ﬂicker noise against the average
conductance for 50 000 gold-point contacts. We ﬁnd that the
integrated ﬂicker noise power dips near integer multiple of G0
which is not surprising because junctions with fully open
conductance channels have a transmission that is less sensitive
to junction structure.20 The dips occur at conductance values
that are slightly lower than integer multiples of G0 due to an
eﬀective series resistance caused by scattering centers near the
contact.21 We also note that the noise power scales as G0.5 for
contacts with a conductance greater than ∼4 G0. To probe this
further, we compare the relation between ﬂicker noise and the
change in conductance when we perturb the junction with an
external oscillatory mechanical perturbation (see Figure S3).
We ﬁnd that junctions that are less susceptible to conductance
changes upon mechanical perturbation experience less ﬂicker
noise (see Figure 2A inset).

here (see Figure 1C for structures). At room temperature, the
noise power shows a f−1.4 frequency dependence. The
frequency dependence of ﬂicker noise power is identical in all
ﬁve systems indicating that the source of the ﬂicker noise is
related to the electrodes and not the system bridging the
electrodes. (As detailed in the Supporting Information, Figures
S1 and S2, the observed ﬂicker noise is not due to electronic or
mechanical eﬀects in our setup.)
We hypothesize that ﬂicker noise in all three systems arises
from conﬁguration changes in electrode structure due to
electrode atoms proximal to the junction ﬂuctuating between
metastable positions. As the measured noise shows a clear f−1.4
dependence, we can rule out any suppression in noise due to
quantum interference eﬀects and shot noise.12 Such ﬂuctuations
have been shown to cause two-level conductance ﬂuctuations in
both tunnel junctions and metallic point contacts at temperatures ranging from 7 to 100 K.16−18 We therefore argue that
room temperature ﬂicker noise is a consequence of many
accessible two level conductance ﬂuctuations, with average
switching rates distributed over the measurement bandwidth,
which would result in noise power spectrum with a 1/f n
frequency dependence.19
To verify this hypothesis, we ﬁrst examine the ﬂicker noise in
gold point contacts with conductance ranging from 1 to 10 G0
at room temperature. To quantify noise, we numerically
C
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This is consistent with our hypothesis that ﬂicker noise arises
due to conﬁguration changes in the electrode structure. In
contrast to gold point-contacts, ﬂicker noise in tunnel junctions
that form after the rupture of the gold point-contact show a
diﬀerent relation to average conductance. We measure ﬂicker
noise for 10,000 tunnel junctions with GAVG ranging from 10−4
G0 to 10−1.4 G0 and show a two-dimensional histogram of the
noise power against GAVG in Figure 2B. We observe a clear
quadratic dependence with noise power scaling as G2.
To understand the observed scaling of the noise power, we
consider the impact of ﬂuctuations in metal atom positions in
these junctions. For the case of the tunnel junctions, the
junction gap size eﬀectively ﬂuctuates due to the position of
atoms on either electrode near the area of closest approach
between tip and substrate. Since these tunneling gaps are
probed right after a rupture event, the current is exponentially
sensitive to the overall gap width in general, but also to the
position of just a few metal atoms that eﬀectively deﬁne it, as
would be expected from the atomic resolution in a scanning
tunneling microscope in the regime of an atomically sharp tip.
The conductance of a tunnel junction can be written as G =
Gce−bz = Gce−bz0e−b(z−z0) where b is the decay constant, z is the
eﬀective gap size that ﬂuctuates around a mean value zo and Gc
is a constant. The scale of ﬂuctuations in z is bounded and
independent of the average gap z0, and therefore also of GAVG =
Gce−bz0⟨e−b(z−z0)⟩ with e−b(z−z0)/⟨e−b(z−z0)⟩ describing the ﬂuctuations around GAVG. It then follows that the noise amplitude
(noise in G = GAVG(e−b(z−z0) /⟨e−b(z−z0)⟩)) scales with GAVG and
the noise power scales as GAVG2. This result can be easily
derived under the assumption of Gaussian ﬂuctuations in z (see
the Supporting Information), although it applies to ﬂuctuations
that follow more general distributions. On the other hand, for
the gold point-contact, the conductance scales approximately
with the number of atoms in the junction cross-section area. If
ﬂuctuations are limited to a single atom, then the noise power is
independent of GAVG. However, the entire perimeter is open for
ﬂuctuations. Assuming each ﬂuctuating center is independent,
the number of possible centers will scale with the square root of
the number of atoms in the contact and the noise power scales
as G0.5 as observed for contacts with a conductance greater than
4G0 (see the Supporting Information).
To check further the validity of our model, we measure the
temperature dependence of the ﬂicker noise in tunnel junctions
and gold point-contacts under ultrahigh vacuum conditions.
Since the switching of atoms between metastable positions is a
thermally activated process, at suﬃciently low temperatures,
single two-level conductance ﬂuctuations should be discernible.
We show, in Figure 3A, sample conductance versus time traces
measured for stable tunnel junctions at temperatures ranging
from 5.5 to 300 K. Flicker noise is clearly visible at room
temperature but decreases substantially upon cooling. At 40 K,
single two-level conductance ﬂuctuations are visible; at 5.5 K,
no noise is seen. To quantify this result in a statistically
signiﬁcant way, we collect conductance-time traces for over
10000 diﬀerent tunnel junctions at each temperature. We
obtain the noise power density at 100 Hz, instead of
numerically integrating up to 1 kHz because the electronic
and mechanical noise features appear in the spectrum at low
temperatures due to suppressed ﬂicker noise. We normalize this
by GAVG2 to remove the conductance dependence and plot the
result averaged over 10000 traces against temperature in Figure
3B. We see that the ﬂicker noise power decreases rapidly with
decreasing temperature attaining the experimental noise ﬂoor

below 40 K. We take the average of the values obtained below
40 K as representative of the experimental noise ﬂoor and
subtract this from measurements at higher temperatures and
higher voltages. An exponential decrease in noise down to 40 K
with increasing inverse temperature (1/T) is visible in Figure
3B. Such a decrease is typical for a thermally activated two-level
systems.22 Furthermore, we observed a strong bias voltage
dependence of ﬂicker noise in tunnel junctions at 5.5 K but not
at 300 K (see Figure 3A and 3B).23 As detailed in the
Supporting Information, the observed voltage dependence can
be ﬁt with a model where bias voltage electrostatically lowers
the potential barrier for the two-level ﬂuctuations (see also
Supporting Information, Figure S4A).24 Taken together, these
experimental results show clearly that ﬂuctuations in the
position of atoms on the electrodes cause the observed ﬂicker
noise. More importantly, the activation energies for these
ﬂuctuations have a broad energy distribution as they are
observed within the experimental bandwidth over a wide
temperature range.
To get more insight into the kinetic processes that can result
in such ﬂuctuations in the junction, we use density functional
theory (DFT) based calculations, as implemented in the VASP
package,25−28 to simulate the potential surface for atomic-scale
ﬂuctuations in gold asperities (as detailed in the Supporting
Information). We ﬁrst consider the diﬀusion of an adatom on a
close-packed (111) surface. The fcc hollow site is most stable
for the adatom. Diﬀusion from one fcc hollow site to another
goes through a metastable hcp hollow site. As shown in Figure
3C, we ﬁnd a primary barrier of 0.14 eV (fcc to hcp) and a
secondary barrier of 0.09 eV (hcp to fcc) for this diﬀusion path
that is illustrated in Figure 3D. This shows that in the simplest
geometry considered, there are two accessible states that have
diﬀerent lifetimes. Since we expect the experimental tip and
substrate structures to be more complex with additional
roughness, we also explored the aﬃnity of the adatom to
other local clusters. For example, Figure 3E shows that an
adatom is bound to a site adjacent to a four-atom pyramid.
Once bound, ﬂuctuations away from this state are controlled by
a relatively large barrier (0.4 eV) while the barrier for return is
rather small (0.04 eV). Furthermore, the calculations show that
the speciﬁc size of these barriers depends on the cluster
geometry and the neighboring structures. This example
suggests a physical mechanism for the ﬂuctuations in Figure
3A that appear as spikes (yellow trace measured at 77 K),
having asymmetric lifetimes for the two states involved. Finally,
with the idea that rather sharp asperities can survive longer at
the lower temperatures probed here, we show an example of an
adatom ﬂuctuating at the tip of such an asperity (Figure 3F),
where the forward barrier is about 0.05 eV and the reverse
barrier is less than 0.03 eV. The reduced energy scale follows
from the lower overall coordination of the atoms involved.
Unlike tunnel junctions, gold point contacts do not exhibit
any two-level conductance ﬂuctuations at 77 K under 100 mV
bias voltage implying that atomic ﬂuctuations that alter junction
structure have substantially increased activation energies.
Increasing the bias voltage, however, does result in two-level
conductance ﬂuctuations in gold point contacts at 77 K (see
Supporting Information, Figure S4). We do not attempt to
distinguish between local heating and electrostatic eﬀects of
bias voltage induced increase in ﬂicker noise for these pointcontacts. However, we note that the room temperature ﬂicker
noise at 50 mV in atomic contacts is greater than the noise at
77 K at a 400 mV bias voltage (see Supporting Information),
D
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Figure 4. (A) Conductance histograms of molecule 1, molecule 2, and molecule 3. Inset: sample traces. (B−D) Two-dimensional histogram of
normalized ﬂicker noise power against average junction conductance for molecule 1 (B), molecule 2 (C), molecule 3 (D). Dotted contours represent
ﬁts to the bivariate normal distribution.

while the local electronic temperature in 3 G0 to 5 G0 gold
point contacts has been shown to increase by 300 K under 300
mV bias voltage at room temperature.29 This means that bias
induced local hot electron population can be achieved at the
apex without elevating the lattice temperature signiﬁcantly,
possibly because the electron−electron scattering length is
smaller than electron−phonon scattering length in gold.30
We now turn to single molecule junctions and examine
ﬂicker noise characteristics of three molecular systems, 4,4′di(methylthio)stilbene (molecule 1), 3,4′-di(methylthio)stilbene (molecule 2) and 2,9-dithiadecane (molecule 3) at
room temperature. Molecules 1 and 2 are synthesized as
described previously5 and 3 is obtained from Alfa-Aesar and
used without further puriﬁcation. Molecule 1 forms stable Au−
single-molecule−Au junctions through Au−S donor−acceptor
bonds with a conductance around 1.3 × 10−3 G0 as shown in
Figure 4A in agreement with previous measurements.5
Molecule 2 also forms single-molecule junctions that are
mechanically anchored through two Au−S donor−acceptor
bonds. However, at the meta-linker, through-bond conduction
is suppressed due to destructive interference eﬀects since the
orbital that dominates transport in these systems, the highest
occupied molecular orbital (HOMO), does not have any
weight on the meta-linker.31,32 As a result, charge transfer is
mediated by through-space interaction on the meta-side, and
through-bond at the other which reduces the conductance to
1.6 × 10−4G0.5 Molecule 3 is an alkane terminated with
methylsulﬁde linkers that conducts by through-bond tunneling
via its σ-system. Its conductance is peaked around 3.1 ×
10−4G0, signiﬁcantly smaller than that of 1 where the π-system
mediates the charge transport.
To examine the noise in these systems, we measure the
conductance of more than 10,000 stable junctions for each
molecular system at a 200 mV bias voltage. For the noise
analysis, we follow the same procedure illustrated in Figure 1,
parts B and C at room temperature and calculate the noise
power between 100 Hz and 1 kHz for each junction by
numerically integrating the PSD. In Figure 4B−D, we show a
two-dimensional histogram of integrated ﬂicker noise power
normalized by GAVG against GAVG for 1, 2, and 3. We see that
the normalized ﬂicker noise power in 1 and 3 is insensitive to
junction conductance, while that of 2 correlates strongly with
junction conductance. Quantitatively, the noise power in 1 and
3 scales with G1.1 and G1.0 respectively. In 2, the noise power
scales with G1.7, which is interestingly close to the results of the
tunnel junctions (see Supporting Information and Figure S5 for

analysis details). As shown in the Supporting Information,
Figure S6, for two additional molecules, we ﬁnd that throughbond coupled molecular junctions show a noise power scaling
close to G1.2, while for junctions with one through-bond and
one through-space coupling, it scales with G1.7.
In order to understand this result, we consider the simplest
model for transport in a single-molecule junction33 where
conductance is determined by the energy level alignment of the
conducting orbital with the electrode Fermi energy (ΔE) and
its electronic coupling to the electrodes (Γ). While both play a
role, the coupling Γ is strongly inﬂuenced by electrode
structure, binding geometry and conformational changes in
molecular structure.34−38 In particular, Γ changes appreciably
for diﬀerent tip structures on the electrodes,35 so ﬂuctuations in
the Au atoms between metastable positions in the electrode will
result in a change in the junction conductance. For a throughbond coupled molecule, we can assume that ﬂuctuations in Γ
are independent of Γ as there is a mechanical constraint that
maintains the electrode-molecule separation. For a throughspace coupled molecule, ﬂuctuations in Γ are proportional to Γ
because Γ decreases exponentially with the distance between
the molecule and the electrode site (see Supporting
Information). With these assumptions, it can be analytically
shown that the ﬂicker noise power in a molecular junction with
through-bond coupling at both ends scales with average
conductance of the molecular junction explaining the behavior
of 1 and 3. In contrast, for a molecular junction with throughspace coupling at both ends, ﬂicker noise power scales with the
square of average conductance (see Supporting Information for
analytic derivation). This is what we obtain experimentally for
the tunnel junctions, a through-space coupled system.
Molecule 2 is a hybrid system with both through-bond and
through-space coupling. For such a system, it is not possible to
obtain an analytical expression for the relation between noise
and conductance. Through a Monte Carlo simulation, we ﬁnd
that the noise scaling in this hybrid system is determined by the
linker that controls the junction-to-junction variations in
conductance (see Supporting Information, Figure S7).
Speciﬁcally, if through-space coupling has a larger variation,
the noise scaling is closer to that of a tunnel junction, while if
the through-bond coupling has a larger variation, the noise
scaling is closer to that of a through-bond coupled junction.
Interestingly, if through-space and through-bond couplings
have the same distribution, the scaling exponent turns out to be
1.5 regardless of the mean through-space and through-bond
coupling. This is intuitive as through-space coupled molecular
E
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junctions exhibit a broader distribution of conductance
compared with the through-bond coupled junction as can be
seen in Figure 4A. The example of 2, with a scaling exponent
1.7, must have a distribution of through-space coupling that is
wider than that of through-bond coupling.
In general, we note that there can be other aspects of the
junction structure that ﬂuctuate and contribute to noise,
possibly leading to changes in both Γ and ΔE, including
rotational degrees of freedom of the molecule or the linker
attachment itself and changes to the local electrostatic potential
that aﬀect ΔE. For molecules 1 and 2, the twisting of molecular
backbone is hindered by the presence of CC double bond in
stilbene backbone so that internal rotations do not contribute
to noise.39 Although rotations about the Au−S−C torsion angle
are possible, the activation energy is very small40 and thus the
conductance changes due to these rotations would only be seen
at frequencies higher than our instrument bandwidth. Indeed,
measurements of a control molecule that does not accommodate changes to the Au−S−C torsion angle (see Supporting
Information Figure S8) show that noise power scales as G1.2,
consistent with the results of molecule 1. Breaking and
reattachment of the Au−S donor−acceptor bond, with an
energy around 0.6 eV could contribute to the measured
noise.22,40 However, as detailed in Supporting Information, we
do not ﬁnd any evidence of reattachment within the 100 ms
time-scale of the measurement. Finally, we note that linkers can
switch between metastable binding sites on the electrode.37
Since this can be modeled as a change in Γ for the junction, it
does not yield a separate source of noise for the molecular
junctions.
In conclusion, we show that the ﬂicker noise observed at
room temperature in molecular junctions, gold point-contacts
and tunnel junction is due to many two-level positional
switching of electrode atoms. We demonstrate how the
character of the electronic coupling in single-molecule junctions
determines the ﬂicker noise-conductance relation. Speciﬁcally,
we show that through-bond coupling leads to linear noiseconductance relation, while through-space coupling results in
quadratic one. This gives us ability to distinguish between
through-space and through-bond coupling at metal−organic
interfaces without referring to electronic structures.
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