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We have investigated charge transport in single-molecule junctions using gold nanoelectrodes at room
and cryogenic (10 K) temperatures. A statistical analysis of the low-bias conductance, measured during the
stretching of the molecular junctions, shows that the most probable single-molecule conductance is
insensitive to the temperature as expected for off-resonant coherent transport. Low-temperature currentvoltage measurements show that these junction conformations have a smooth tunnelinglike shape. While
separating the electrodes further we find that, in about one-fourth of the cases, the junction switches in an
abrupt way to a configuration with I-V characteristics exhibiting a gap around zero bias and resonances at
finite bias. The analysis of the I-V shape and of the conductance distance dependence suggests a stretchinginduced transition from the strong to the weak electronic coupling regime. The transition involves a large
renormalization of the injection barrier and of the electronic coupling between the molecule and the
electrodes.
DOI: 10.1103/PhysRevLett.117.126804

Molecular-scale electronics focuses on the investigation
of charge transport through individual molecules.
Experimentally, the question of what is the electrical
conduction through a molecule can be addressed thanks
to the development of methods to physically and electrically contact single molecules, such as the break-junction
(BJ) techniques [1,2]. From a theoretical point of view,
different models have been developed to describe transport
through a molecule either strongly or weakly attached to
electron reservoirs; a unified description capable of describing both regimes, however, is still missing [3,4].
In the strong coupling regime a mean-field description of
the electronic correlation is usually employed, while in the
weak coupling regime electron-electron interactions need
to be considered. Next to the level alignment or injection
barrier, ϵ0 , charge transport in a single-molecule junction at
low temperature is determined by the electronic coupling to
the metallic electrodes, Γ, and the charging energy, U, that
describes the electrostatic energetic cost of placing an
electron on the molecule and is related to electron-electron
interactions. The total electronic coupling Γ is the sum of
the individual coupling of the molecule to the left and to the
right electrodes, Γ ¼ ΓL þ ΓR . It is known that the relative
size of Γ and U determines the transport regime through the
system [3,4]. When U=Γ ≪ 1 the system is in the strong
coupling regime and transport is mainly due to coherent
tunneling while in the opposite limit, with U=Γ ≫ 1, the
system is in the weak coupling regime and transport
proceeds mostly via sequential tunneling [5,6]. Among
single-molecule transport experiments the strong coupling
regime is more common [2,7], while the weak coupling
regime remains less understood and fewer examples are
present in the literature. For example, Danilov et al. [8]
showed that the addition of one methylene unit at each end
0031-9007=16=117(12)=126804(6)

of a linearly conjugated oligo(phenylene-vynilene) dithiol
(OPV3) molecule, changes the transport mechanism from
coherent with a finite zero-bias conductance to incoherent
with Coulomb blockade behavior. In the field of mesoscopic physics the transition from strong to weak electronic
coupling has been observed in transport through inorganic
quantum dots with electrically tunable tunneling barriers
[9] and in carbon nanotubes [10–12].
In this Letter we report on the observation of a transition
from strong to weak electronic coupling in a single-molecule
junction created with the mechanically controlled breakjunction (MCBJ) technique. We study oligo(phenylene–
ethynilene) (OPE3) molecules [13–21] terminated with
acetyl-protected thiol anchoring groups for Au nanoelectrodes [22–24]. We perform low-bias conductance measurements of the OPE3 molecules at room (T ∼ 300 K) and at
cryogenic temperatures (T ∼ 10 K). From current-voltage
characteristics measured at 10 K we find that most of the
junctions have I-V’s with a smooth tunnelinglike shape
typical of coherent transport [25–27], that persists for the full
stretching of the junction until the final rupture is reached. In
contrast, 27% of the molecular junctions show an abrupt
transition from smooth tunnelinglike I-V’s to I-V’s with a
suppression of the current at low bias, typical of weak
coupling and Coulomb blockade [28–31], induced by the
stretching. The results indicate that when separating the
electrodes, the ratio U=Γ can change from small to large
values, thereby modifying the transport regime and the
I-V shape.
Single-molecule junctions are created by repeatedly
forming and breaking a Au wire in the presence of
OPE3, shown in Fig. 1(a). We deposit on a MCBJ sample
a 2 μL droplet of a 1 mmol=L solution of OPE3, dissolved
in dichloromethane (DCM), with the addition of tetra-butyl
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FIG. 1. (a) Schematic illustrations of a Au-molecule-Au junction formed with mechanically controllable break-junction nanoelectrodes (top) and of the sample with the bending mechanism (bottom). (b) Individual conductance versus displacement traces,
recorded in the presence of OPE3, measured at a bias of 100 mV. The blue curves have been measured near the liquid helium
temperature (10 K) and the red curves at room temperature (300 K). The traces have been offset along the x axis for clarity.
(c) Conductance histogram built from conductance traces that contain molecular junctions at both temperatures.

that the high-bias conductance trace resembles closely the
low-bias one. The conductance plateau contains several
jumps with a change in conductance up to 1 order of
magnitude. Apparently, while separating the electrodes, the
molecule can adapt to the increase in gap size by relaxing
internal degrees of freedom or by changing the anchoring
site on the electrodes, i.e., by jumping from one gold atom
to another [38].
Figure 2(b) displays representative I-V’s recorded during
the breaking process, measured at the positions indicated
by the arrows in Fig. 2(a). The upper curve measured just
after the formation of the molecular junction is asymmetric
with a rectification ratio of about 5 at 1 V. The two middle
I-V’s are almost symmetric and the last I-V, measured just
before the breaking, is again asymmetric. All these I-V’s
show a similar level of current I ≈ 10 nA at 0.5 V. An
asymmetric I-V can be explained by a bias-dependent level
alignment, which can be caused, for example, by a different
binding motif of the molecule to the left and with right
electrodes.
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ammonium hydroxide (TBAH) to promote the hydrolysis
of the acetyl-protected thiol groups [23,32]. The process of
breaking the Au wire in the presence of OPE3 creates two
atomically sharp nanoelectrodes, where the deprotected
thiol-terminal groups can bind to form single-molecule
junctions.
Figure 1(b) shows low-bias conductance vs distance
traces (GðdÞ), measured during the stretching of the
electrodes in the presence of OPE3, at room temperature
and at 10 K. In the region below 1 G0 , the quantum of
conductance G0 ≈ 77.5 μS, the conductance traces show
plateaus, typically at G ≈ 10−4 G0 , attributed to the formation of single-molecule junctions [33–36]. The plateaus
extend for a length of about 1.5 nm after which the
conductance drops to the noise level of the setup
(G ≃ 2 × 10−7 G0 ). To perform a statistical analysis of
the conductance of OPE3 we measured more than 1000
breaking traces at each temperature and we built conductance histograms by selecting the traces that show a
conductance plateau in the region between 10−2 G0 and
10−5 G0 . The logarithmically binned conductance histograms are compared in Fig. 1(c). The histograms show a
clear conductance peak indicating the formation of molecular junctions. We find that the average conductance of
OPE3 at room temperature, defined as the maximum of the
peak, is G ¼ 1.5 × 10−4 G0 , comparable to the value found
in previous studies [16–21,37], and that the peak width
corresponds to 1 order of magnitude. The conductance
histogram, built from low temperature measurements,
shows a similar average conductance value and peak width.
At low temperature we have recorded I-V’s at different
displacements of the electrodes and Fig. 2(a) plots the lowand high-bias conductance trace of junction 1, built from
the I-V’s by performing a linear fit around zero bias and by
dividing the current at 0.9 V by the bias voltage. Both the
low- and high-bias conductance traces show a plateau
around G ≈ 10−4 G0 and an abrupt drop of the conductance
below the noise level (I < 20 pA for a voltage in the range
1 V) at a displacement close to 1.5 nm. It is interesting
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FIG. 2. (a) Low-temperature breaking traces in the presence of
OPE3 constructed from I-V’s at low (blue) and high (orange)
bias. (b) Current-voltage (I-V) characteristics measured during
the breaking event shown in (a). The I-V curves have been shifted
along the y axis for clarity.
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FIG. 3. (a) Low-temperature breaking traces in the presence of OPE3. (b) Current-voltage (I-V) characteristics measured during the
breaking event shown in (a). The I-V curves have been shifted along the y axis for clarity. (c) I-V’s measured at four different positions
close to the switching point. The I-Vs are offset on the y axis for clarity. (d) Differential conductance numerically calculated from two
I-Vs in (c). Note that the conductance vs bias curves are not offset, emphasizing the finite conductance of 7 × 10−5 G0 just before the
switching.

Figure 3(a) illustrates the conductance traces measured
on junction 2. The low-bias conductance exhibits a plateau
around 10−4 G0 that extends for 1.2 nm, similar to the one
shown in Fig. 2. At 1.2 nm, the low-bias conductance drops
to the noise level, G ∼ 2 × 10−7 G0 , and remains at this
value for the subsequent 1 nm of stretching. In contrast, the
high-bias conductance continues to show a plateau around
10−4 G0 up to 2.2 nm where it drops to the noise level.
Figure 3(b) shows that in the first region, up to 1.2 nm of
stretching, the I-V’s are nonlinear with a tunnelinglike
shape, comparable to the I-V’s of junction 1. The I-V’s are
asymmetric at the beginning of the conductance plateau and
then become more symmetric, as evidenced by the green
curve. From 1.2 nm to the end of the trace, however, the
I-V’s exhibit a different shape, characterized by a gap in the
current at low bias [Fig. 3(b); lower two traces]. At a
threshold voltage of about V ≈ 0.5 V the current
increases in a step-way fashion. Note that the two bottom
I-V’s in Fig. 3(b) present an asymmetry in shape with
similar voltage onsets at positive and negative voltages. On
the other hand, the two bottom I-V’s of Fig. 3(c) have
asymmetric voltage onsets; this can be explained by a
different voltage drop in the molecule at positive and
negative bias, caused for instance by an spatially asymmetric junction configuration or by charging effects (see
Refs. [39,40] for a discussion of the possible sources of
asymmetry in Coulomb blockade (CB I-V’s).
Figure 3(c) illustrates the transition in more detail by
displaying four I-V and dI=dV-V curves measured just
before and after the transition point d0 . Just before the
transition the I-V’s appear smooth and featureless, with a
conductance at 100 mV of 7 × 10−5 G0 . Increasing the
distance by 20 pm results in a dramatic change in the I-V
shape; a suppression of the current at low-bias is observed
and two distinct resonances appear at 700 mV and
−275 mV [as illustrated in Fig. 3(d)]. While the current
and the conductance at low-bias voltages are strongly

reduced after the switch, the current and conductance at
high bias remain approximately the same, as shown in
Figs. 3(a) and 3(c).
To understand the observed change in the shape of the
I-V’s while stretching, we start by comparing the roomand low-temperature conductance histograms of Fig. 1. The
comparison shows that the average molecular conductance
at 10−4 G0 is independent of temperature, a result typical of
off-resonant coherent tunneling through the molecule
[3,41–43]. Moreover, the I-V’s measured on the plateaus
around 10−4 G0 have a smooth tunnelinglike shape, again
consistent with coherent transport and strong moleculeelectrode coupling, i.e., Γ > U [25,27].
In 27% of the molecular junctions we observe a
stretching-induced low-bias current suppression in the
current-voltage curves, as shown for junction 2 in Fig. 3
and for two additional junctions in the Supplemental
Material [44]. Comparing different I-V’s of junction 2
(see also the Supplemental Material) we see that the gap
size depends nonmonotonically on the electrode displacement. Furthermore, the presence in Fig. 3(a) of continuous
regions and jumps in the high-bias conductance trace of
junction 2 point to a scenario where the molecule is still
mechanically connected to both electrodes [45]. From these
observations we conclude that the separation of the electrodes induces rearrangements of the molecule in the metallic
gap, leading to jumps in the current caused by a change in
electronic coupling, a change in level alignment, or a
combination of both. On the other hand, if only one
electrode were to be mechanically connected to the
molecule, one would expect a monotonic decrease in the
current as only the weakest molecule-metal coupling would
be further diminished. The most likely explanation for the
current suppression at low bias is therefore Coulomb
blockade [8,46–48] with the molecule mechanically anchored to both electrodes. The question that arises then is,
what microscopically triggers the transition from coherent
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FIG. 4. Histograms of the level alignment (a) and of the
electronic coupling (b) for the strongly (top) and weakly (bottom)
coupled configuration of junction 2.

tunneling to CB transport? or to put in other terms, what
induces charge localization on the molecular bridge?
Just after their formation, the molecular junctions have
smooth tunnelinglike I-V’s indicating that transport is
coherent and the molecule is strongly coupled to the leads
(Γ > U). By stretching the junctions further, the observed
blockaded I-V shape indicates a weak electronic coupling
between the molecule leading to Coulomb blockade effects
(Γ < U). In the CB regime electron-electron interactions
effectively suppress at low-bias transport through the molecule creating a gap in current around zero bias. When a
voltage is applied large enough to move a molecular orbital
in the bias window, the blockade is lifted and current can
flow through the molecule. The voltage needed to include a
level in the bias window is 2 times the level alignment since
the bias voltage drops across two interfaces between
molecule and metal, and thus the voltage gap in the I-V’s
is four times the level alignment. The voltage gap size, in the
case of symmetric coupling [3,27,49], is related to the level
alignment by eV gap ≈ 4ϵ0, where e is the electron charge and
ϵ0 ¼ jEF − ϵHOMO j or ϵ0 ¼ jEF − ϵLUMO j depending on
whether the HOMO or the LUMO is closest to EF , the
Fermi energy of the gold leads.
To get more quantitative information from the data, we
first consider the level alignment or injection barrier. Before
the transition, no resonances are present in the I-V’s within
the bias window of 1 V, indicating that the level alignment is ϵ0 > 0.5 eV. We fit the I-V’s in this regime to the
Breit-Wigner single-level model for transport and extract
the level alignment ϵ0 and the coupling Γ (see
Supplemental Material [44] for the details of the fit and
a similar analysis on two additional junctions). The top
panel of Fig. 4(a) shows that the average level alignment is
around 0.6–0.9 eV, consistent with values previously found
at room temperature [20,21]. For the CB I-V’s we extract ϵ0
directly from the position of the step or linear onset in the
current (ϵ0 ¼ eV gap =4). The bottom panel of Fig. 4(a)
reveals that the level alignment in the CB regime takes

week ending
16 SEPTEMBER 2016

values around 0.1–0.3 eV, indicating a smaller injection
barrier with respect to the strong coupling regime. We do
not include the charging energy in the formula for the
determination of the level alignment, since an analytical
expression that relates the two quantities does not exist
[40]. We notice, however, that by neglecting the charging
energy U, we are overestimating ϵ0 , nevertheless this
overestimation would not change the conclusions of the
Letter.
The top panel of Fig. 4(b) shows the histogram of the total
electronic coupling of junction 2 in the strong coupling
regime extracted from the single-level model fit of the I-V’s.
The average electronic coupling is about 10 meV, again
consistent with previous room temperature measurements
[20,21]. In the case of the CB I-V’s we extract the electronic
coupling from the formula I sat ¼ ðG0 =eÞπΓ, where I sat is the
saturation current at a bias beyond the resonance
(eV ≫ 2ϵ0 þ Γ) [3]; the histogram in the bottom panel of
Fig. 4(b) displays these values showing electronic coupling
around 0.01 meV in this regime. In a many body description
the saturation current is influenced both by the total coupling
and by the charging energy but no analytical formulas exist
for this regime. Thus, the coupling that we find could be
underestimated because of charging effects. A deeper
theoretical analysis would be beneficial to fit the data to
more complicated models, for example by using a selfconsistent formula to include the charging energy U in the
fitting procedure. From the values of the coupling found we
estimate the charging energy U ≈ 5 meV, as discussed in the
Supplemental Material [44].
To summarize, we showed that the transition from strong
to weak coupling is accompanied by a renormalization of the
frontier molecular orbitals’ energies together with a strong
reduction of the electronic coupling between molecule and
electrodes. Similar trends are observed for the other junctions and presented in the Supplemental Material [44]
together with the estimation of the charging energy. From
the present data we cannot draw a definitive conclusion
about the origin of the transition. One possibility is that while
stretching, the molecule binds to the apex gold atoms in the
final part of the breaking trace. In such a configuration a
smaller overlap between the molecule and electrodes may
reduce the screening effects in the molecule [50–52].
Consequently, the electron-electron repulsion increases
and this could suppress the flow of charges at low bias
and drive the transport from coherent to sequential. On
the other hand, other possibilities that can rationalize the
transition are the formation of a polaron [53,54] or the
sudden access to a different charge state of the molecule [55],
that due to its electronic structure could be characterized by a
different transmission and/or transport mechanism.
In conclusion, the experiment presented here shows an
abrupt transition from coherent to sequential tunneling in
an OPE3 single-molecule junction. The stretching-induced
transition is accompanied by a large renormalization of the
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electronic configuration of the molecule implying that
small changes in the junction geometry can have dramatic
effects on the transport at the nanoscale. OPE3 provides a
model system to study this transition in more detail and
theoretical predictions would be helpful to gain further
insights into the long-standing problem of the unification of
strong and weak coupling regimes into the same theoretical
framework.
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discussions and acknowledge financial support by the
Dutch organization for Fundamental Research (FOM),
The Netherlands Organisation for Scientific Research
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