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Single-molecule quantum-transport phenomena in break junctions 
 
Pascal Gehring, Jos M. Thijssen and Herre S.J. van der Zant* 
Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands. 
*e-mail: h.s.j.vanderzant@tudelft.nl 
 
Summary 
Quantum aspects of transport through single molecules are observable at room temperature. In this 
Technical Review, we discuss the different processes and energy scales involved in charge transport 
through single-molecule junctions, the resulting electronic functionalities and the new possibilities 
for controlling these functionalities for the realization of nanoscale devices.  
 
 
Key points 

 Single-molecule junctions are model systems for the study of quantum mechanical aspects of 

charge transport at room temperature.  

 There are various break-junction techniques for measuring the conductance of single 

molecules; mechanical break junctions offer excellent statistics, requiring machine-learning 

analysis techniques, whereas electrical break junctions offer superior gate control for 

detailed spectroscopy.  

 By carefully designing molecular junctions, the energetics can be tuned to enable the 

construction of molecular diodes or quantum interference devices with conductance changes 

of several orders of magnitude.  

 Sharp resonances in the electrical conductance of a molecule result in high thermoelectric 

efficiencies, which can be higher than values achieved in bulk materials. 

 The electron spin in molecules can be electrically addressed and has applications in switches 

and qubits. 

 The challenge of this interdisciplinary field is to translate quantum-transport phenomena into 

robust electronic device functionality. 

 
Abstract 
Single-molecule junctions — devices in which a single molecule is electrically connected by two 
electrodes — enable the study of a broad range of quantum-transport phenomena even at room 
temperature. These quantum features are related to molecular orbital and spin degrees of freedom 
and are characterized by various energy scales that can be chemically and physically tuned: level 
spacings, charging energies, tunnel couplings, exchange energies, vibrational energies and Kondo 
correlation energies. The competition between these different energy scales leads to a rich variety of 
processes, which researchers are now starting to be able to control and tune experimentally. In this 
Technical Review, we present the status of the molecular electronics field from this quantum-
transport perspective with a focus on recent experimental results obtained using break-junction 
devices, including scanning probe and mechanically controlled break junctions as well as 
electromigrated gold and graphene break junctions.  
 
[H1] Introduction 
Today’s electronic components comprise nanoscale building blocks with varying functionalities that 
act as conducting interconnects, switches or sensing elements. For almost two decades, researchers 
in the field of molecular electronics have aimed to condense electronic functionalities into single 
molecules by chemical design 1 , 2 . However, before molecular electronic components can be 
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fabricated, the single-molecule building blocks need to be characterized in junctions to understand 
their electronic behaviour. To this end, tremendous advances have been reported and 
reviewed3,4,5,6,7,8,9; for example, single-molecule transistors,10 switches11 and diodes12,13,14,15 have been 
demonstrated. Nevertheless, it is still difficult to experimentally identify the physical mechanisms 
behind these functionalities or how single molecules arrange in an electronic junction; therefore, 
predictions based on existing models for molecular device functionality are often unreliable. The 
realization of functional molecular devices thus requires deeper understanding of the quantum-
transport features and experimental elucidation of the intrinsic structure–property relationships of 
different molecules. In this Technical Review, we assess the recent developments in single-molecule 
electronics and highlight the fascinating quantum-transport properties using recent results from 
break-junction experiments as examples. A brief summary of the computational efforts in 
understanding quantum-transport phenomena using ab initio approaches is provided in the 
Supplementary Information. 
 
A single-molecule junction consists of a molecule connected to two electrodes — one at either end; 
sometimes there is a third terminal (known as the gate electrode) that can shift the electrostatic 
potential of the molecule independently from the potential of the electrodes. Junction fabrication 
involves breaking a conducting wire, and this can be achieved using one of several techniques (Fig. 
1a–c). In a break junction, the conductance along the backbone of the molecule is probed. Thus, we 
do not consider molecules lying on a surface, for which the current flows in the perpendicular 
direction; these are typically studied by means of low-temperature scanning tunnelling microscopy.  
 

The nature of the anchoring determines the electronic molecule–electrode tunnel coupling, i, 
where i is L or R for the left and right electrode, respectively. The total tunnel coupling is given by 

 = L + R. Although the electrons in the electrodes have a continuous spectrum of energy states, on 
the isolated molecule, they occupy a discrete set of levels that, in the junction, are broadened to a 

width of order . This set of levels gives rise to a rich variety of transport phenomena, the 

accessibility of which depends on the energy scales of , kBT (where kB is Boltzmann’s constant and T 
is the temperature) and the energy cost to add an extra charge to the molecule. This latter 

contribution is known as the addition energy, Eadd = 2EC + , where the charging energy EC = e2/2C; 

here, C is the total junction capacitance,  is the quantum level spacing (that is, the orbital 

contribution) and e is the elementary charge. If  is smaller than both kBT and Eadd, Coulomb 
blockade and incoherent transport through two-step single-electron tunnelling prevails — this is the 
weak coupling regime. In the opposite, strong coupling regime, coherent transport is typically 
observed, usually involving off-resonant transport, although for very small molecules, such as H2, 
resonant transport applies, resulting in conductance values close to the conductance quantum16. 
 
A unique aspect of molecular junctions is the interplay between the different energy scales that 
determine the transport characteristics. These energy scales are the electronic coupling (~0.1–

1 meV), the temperature (which varies from 2 eV to 25 meV) and the addition energy (often 
>100 meV). The vibrational and spin degrees of freedom are of special interest, as these features are 
specific to molecular transport and are not easily accessible in transport experiments with other 
systems, such as inorganic quantum dots. For vibrational modes (Box 1), the relevant parameters are 

the mode energy (ħ = 1–300 meV, where ħ is the reduced Planck’s constant and  is the angular 
frequency) and the electron–phonon coupling strength. The latter parameter determines the extent 
to which electron flow is affected by the presence of phonons. As single molecules are floppy 
systems, this coupling can be much stronger than in, for example, crystals and leads to novel 
transport phenomena such as the Franck–Condon blockade of transport (Box 1). 
 
Chemical design offers various ways to incorporate spin degrees of freedom into a molecule. The 
coupling between spin and transport forms an interesting field of research called molecular 



spintronics. Upon the introduction of spin degrees of freedom, additional energy scales must be 
considered, such as the exchange energy between interacting spins, J. Spin-dependent correlations 
between the electrons on the molecules and the conduction electrons in the electrodes can give rise 
to a so-called Kondo peak in the transmission at zero bias; this peak is quantified by a Kondo 
temperature, TK, above which the anomaly disappears. In practice, experimental exchange energies 
and the Kondo temperature vary between a few tenths of a meV to several meV. If the molecule 
exhibits magnetic anisotropy (that is, if the spin has a preferred orientation along an easy axis and 
therefore acts as a miniature magnet), the axial anisotropy parameter, D, may become relevant. This 
parameter can be viewed as a measure for the extent to which the preferred orientation is 
maintained, and the transverse anisotropy parameter, E, is responsible for quantum tunnelling of the 
spin orientation between its up and down state. D is the largest energy scale of the two with values 

<<1 meV, and E is typically in the eV range. The electrodes can also be made of a superconducting 

material, in which case the superconducting gap,  becomes relevant.  
 
Although there are different energy scales associated with the different break-junction platforms 
(Fig. 1a–c) and transport mechanisms (Fig. 1d), it is important to note that there are no sharp 
boundaries between the different regimes. The different single-molecule junctions have distinctive 
properties, which are summarized in Table 1. We begin by describing the break-junction platforms 
used to perform single-molecule conductance measurements before discussing different aspects of 
quantum-transport phenomena, including the single-level model, orbital engineering beyond the 
single-level model, quantum interference effects, quantum thermopower and heat transport as well 
as single-molecule spintronics. We conclude by discussing future research directions. 
 
[H1] Single-molecule break junctions  
There are two main break-junction techniques: mechanical and electrical break junctions. 
Mechanical break junctions (Fig. 1a,b) are realized by means of scanning tunnelling microscopy (STM) 
to form a STM break junction (STM-BJ)17,18 or with nanolithography techniques to form mechanically 
controlled break junctions (MCBJs)19,20. In the STM-BJ approach, a metallic tip is usually gently 
pushed onto a metallic substrate on which the molecules are deposited. Upon retracting the tip from 
the substrate, atomically sharp contacts can form, and the conductance (G) of a molecule trapped 
between the substrate and tip is measured as a function of distance (d), resulting in a conductance-
breaking trace. The junction lifetime is limited by the drift in the position of the tip. The STM-BJ 
technique is not to be confused with scanning a substrate, typically at low temperature with a 
defined sample-to-tip distance, to image molecules lying on the surface and perform spectroscopy on 
them.  
 
Breaking traces are also measured in a MCBJ experiment, although the contact geometry is different: 
in this case, bending of the device breaks a conducting wire, which yields an atomically sharp contact 
pair. Just like in STM-BJs, current–voltage (I–V) characteristics and conductance-breaking traces can 
be measured; however, the MCBJ approach enables a more systematic study thereof as junction 
lifetimes are much longer owing to superior mechanical stability (Table 1). Especially at low 
temperatures, the MCBJ set-up is often used to record I–V characteristics and to perform inelastic-
tunnelling spectroscopy of vibrational modes. Both mechanical break-junction methods can be used 
to measure the conductance as a function of time at a fixed distance (sometimes called a blinking 
experiment). In such an experiment, a sudden increase in the conductance signals the trapping of a 
molecule between the two electrodes, but additional information about the junction configuration is 
difficult to obtain. Thus, one has to be cautious in interpreting the data as changes in the contact 
configuration may obscure the interpretation.  
 
Advantages of the STM-BJ technique are its simplicity and the larger dimensions of the source and 
drain electrodes. The larger dimensions enable21, for example, the simultaneous measurement of the 
conductance and force between the two electrodes as well as the incorporation of an 



electrochemical gate22 while the scanning tunnelling microscope tip is covered by an insulating layer. 
Gating in a MCBJ has been demonstrated with an aluminium gate electrode23. The magnitude of 
gate-induced level shifts varies for the different devices (Table 1), with the electrochemical STM-BJ 
(that is, a STM-BJ placed within an electrochemical cell) achieving the largest electrochemical level 
shifts. Although the liquid environment of the electrochemical cell imposes restrictions, working in 
solvents enables the electronic response of molecular junctions to the addition of chemicals to be 
probed in situ. Methods have therefore been developed to fabricate MCBJ junctions that can be used 
to study molecular transport in a solvent by coating the metal electrode with a thin insulating oxide 
layer24,25. In this respect, graphene is an promising electrode option, and the first graphene-based 
MCBJs have been fabricated26,27. 
 
Electrical break junctions (Fig. 1c) are formed by electromigration28, a process in which a voltage is 
ramped across a metallic wire with a small cross section until it breaks, resulting in the formation of a 
nanometre-sized gap between two electrodes. Feedback control29 and self-breaking schemes30 have 
been developed to gain control over this gap size. An advantage of this technique is that the 
junctions can be fabricated directly on a gate dielectric, enabling strong gate coupling. However, 
compared with mechanical break junctions, acquiring statistical information about electrical break 
junctions is much harder. Using this approach, the formation yield of molecular junctions is typically 
low (10%), and because every junction requires a new device to be made, the study of a large 
number of molecular junctions is time consuming. Furthermore, gold electromigrated junctions are 
not stable at room temperature owing to the migration of gold atoms along the electrode surfaces at 
temperatures above ~200 K. Graphene is an alternative electrode material that does not suffer from 
this instability, and (few-layer) nanometre-separated graphene electrodes are made in a process 
similar to that used for gold electromigration. The fabrication technique is often termed 
electroburning as excess carbon atoms are removed in a reaction with oxygen31,32,33 or by sublimation 
under vacuum34. These junctions with graphene electrodes are stable at room temperature, although 
the formation of spurious graphitic islands necessitates control experiments involving gate-
dependent measurements, preferably at low temperatures35,36.  
 
Various anchoring strategies have been used to attach molecules to metallic electrodes37,38, although 
details on the exact contact geometries involved and how they influence transport are still being 
discovered. Strategies can be divided into those based on  physisorption or chemisorption. For gold 
electrodes, thiol anchoring is often used to achieve a strong mechanical, chemisorbed molecule–
electrode connection. Different anchoring positions are possible as the sulfur atoms can bind to gold 
surfaces at adatoms, step edges or hollow sites, each of which exhibits a different mechanical and 
electronic coupling strength (and thus conductance). Other end groups for chemisorption to gold 
include amine, carboxyl, cyano and pyridine groups or direct gold–carbon binding using different 
protocols. Charge transfer across the molecule–electrode interface can lower the orbital levels, 
favouring transport via the lowest unoccupied molecular orbital (LUMO) (for example, when using 
pyridine or cyano groups), whereas thiol end groups connected to gold tend to raise the orbital 
levels, favouring transport mediated by the highest occupied molecular orbital (HOMO). An example 
of a physisorbed contact is through-space tunnelling from the electrode to, for example, the π clouds 
of benzene rings, which may then form an alternative, coexisting route for charge injection. For 
physisorbed systems, charge transfer does not have an important role. For graphene electrodes, 
both physisorption attachment strategies (through π–π stacking) and chemisorption strategies based 
on amide bond formation with carboxyl groups at the graphene edges are used.  
 
To unveil effects associated with small energy scales in a molecule, the best option is an electrical 
break junction owing to the weak coupling, which keeps the linewidth of molecular levels small. A 
further advantage of this technique is gate control, which enables detailed low-temperature 
spectroscopy of magnetic, electronic or vibrational excitations and redox states. However, if generic 
features of a molecule, rather than those of an individual specimen, are of interest, mechanical break 



junctions are the platform of choice. Mechanical break junctions are generally used to study the 
structure–property relationships of a series of molecules. The statistical approach of probing 
different junction configurations and molecular conformations, the possibility of studying the 
interactions with solvents and combining conductance experiments with, for example, simultaneous 
measurements of the force holding the molecular junction together, make this a versatile technique 
for room-temperature studies. In terms of scalability, one should opt for the planar, on-chip 
fabrication break-junction methods, of which wafer-scale fabricated crack-defined break junctions 
are an interesting recent example39. 
 
[H1] Single-level model 
When discussing transport through single molecules, it is necessary to distinguish between coherent 
and incoherent, resonant and off-resonant, and elastic and inelastic transport. Typically, mechanical 
break junctions probe off-resonant, coherent transport with a distance dependence that is 

characterized by the -decay parameter; a smaller  corresponds to more efficient transport. The 
conductance in this regime is independent of temperature as long as the molecular orbital levels are 
sufficiently far away from the Fermi level of the electrodes. This approach works well for small 
molecules (with lengths of 1–3 nm) and relatively large electronic couplings, but as the molecular 
length increases or the coupling strength decreases, there is a crossover to the incoherent, hopping 
regime. Transport in the incoherent, hopping regime is temperature dependent, and, in the case of 
hopping across multiple sites, the conductance increases with a power-law dependence on molecular 
length instead of the stronger exponential dependence in the coherent regime. We discuss below the 
coherent, off-resonant transport regime, two-step hopping and the crossover between the two 
regimes. 
 
[H2] Current–voltage characteristics. If the electronic coupling is smaller than the molecular-level 
separation, transport is usually dominated by individual molecular orbitals. In this regime, the single-
level model gives insight into the transport features and is therefore frequently used to interpret 
experimental data. To appreciate this approximation, chemical potential diagrams (Fig. 2a) are 
useful. In a chemical potential diagram, the left and right electrodes are depicted as Fermi functions 

with filled states up to the Fermi energy (F); the rounding off at the Fermi energy indicates finite 
temperature. The energy states of the molecule are shown as a series of levels broadened owing to 
hybridization with the metallic electrodes, to which the molecule is coupled via tunnel barriers. The 

orange line in this figure represents the energy-dependent transmission function, T(), of these 
broadened levels. Note that in a non-interacting system, the single- particle energies are identical to 

the chemical potentials, in which case, these terms can be used interchangeably. T() thus represents 

the probability for an electron injected at energy  at one end of the molecule to be transported to 
the other end. The levels can deviate from those in the gas phase as image charge effects and 
(partial) charge transfer shift them40.  
 

Knowing T(), the current, which is a measure of how many charges are transmitted through the 
molecule per unit time, can be calculated using the Landauer formula. If the electron–electron 
interactions are neglected, the current is given by  

𝐼 =
𝑒

ℎ
∫𝑇(𝜀)[𝑓L(𝜀) − 𝑓R(𝜀)]d𝜀   (1) 

where h is Planck’s constant and fL( ) and fR( ) are the Fermi distributions in the left and right 

electrode, respectively. As a first approximation to describe measured I–V curves only the level 

closest to the Fermi energy of the leads at an energy 0 and with a lifetime broadening is 

considered (Fig. 2b). In this single-level model, using equation 1, the current at low temperatures can 

be calculated analytically when the electrode couplings L and R are assumed to be energy 
independent (the so-called wide-band limit). The current varies stepwise with bias41,42: 

𝐼 = 4
𝐺0

𝑒

𝛤L𝛤R

𝛤L+𝛤R
[arctan (

𝜀0+(1−𝛼)𝑒𝑉

𝛤L+𝛤R
) − arctan (

𝜀0−𝛼𝑒𝑉

𝛤L+𝛤R
)]  (2) 



 

Here, the fit parameters are 0,L andR and the asymmetry parameter  = CR/(CL + CR), where CL and 

CR are the capacitive couplings to the leads; and G0 is the conductance quantum, defined as 2e2/h. In 

the presence of a gate, the gate voltage needs to be added to 0 after multiplication by a `gate 

coupling factor’, and the bias voltage division has to be modified as described in ref.43.  
 
The I–V curves calculated using equation 2 are strongly dependent on the parameters (Fig. 2c–f). The 
I–V curves have an S-like shape with a steep current increase when the electrochemical potentials of 

the electrodes approach the resonant condition with the level at 0 (Fig. 2c). For bias voltages 

exceeding eV = 2 0, the current saturates at 

𝐼sat = 4
𝐺0

𝑒

𝛤L𝛤R

𝛤L+𝛤R
  (3) 

Changing the total tunnel coupling or the ratio of the tunnel couplings (L/R) result in a change in 
this saturation current (Fig. 2d,e). Note that the I–V curve remains symmetric in the latter case. 
Asymmetric, rectifying-like I–V characteristics appear when the capacitive couplings, entering as the 
asymmetry factor, to the two electrodes are no longer equal (Fig. 2f). In the literature, the ratio of 
the tunnel couplings is often used as an estimate for the asymmetry in the voltage drop instead of 
the capacitive coupling. It is, however, useful to distinguish these essentially different couplings: the 
tunnel coupling depends exponentially on the barrier thickness, whereas the capacitances scale with 
the inverse of the barrier thickness for large molecule–electrode separations. For small separations, 
the capacitive interaction may exhibit a peak beyond which it decreases with decreasing 
separation44. Finally, we stress that the situation in a real molecule is more complex than that in the 
single-level model, and self-consistent quantum chemistry calculations are necessary45 to capture the 

contributions of the other levels and the precise shape of T() for the each of the levels involved. 
 
[H2] Level alignment. The single-level model is frequently used to fit I–V data in the strongly coupled 
regime to quantify the level position and broadening. Although the curve shape at low bias (far away 

from resonance) is typically well described, the values of the fit parameters ( 0 and ) have to be 

interpreted with more care: as 0 is extracted from a low-bias I–V curve, it gives only an estimate for 

the real level position. To verify the level position, high bias voltages would need to be applied to 
reach the resonant transport condition. However, it is difficult to reach this condition; bond 
breaking46, Coulomb interactions or instabilities associated with vibrational heating47 or charging of 
the molecule have been proposed as explanations for this difficulty.  
 
One approach to gain additional information about the level alignment is the use48 of transition 
voltage spectroscopy, which can potentially reveal the molecular levels through a common 
procedure applied to Fowler–Nordheim tunnelling. By plotting the measured I–V curve as ln(I/V2) 
versus 1/V, a dip appears, the position of which is related to the level position. The appealing feature 
of this procedure is that the molecular junctions do not have to be in the resonant condition. 
However, an I–V curve of an empty junction yields a similar dip, which may be wrongly interpreted as 
a molecular junction with a particular level alignment. In addition, the voltage profile along the 

molecular junction influences the determination of 0. It is thus necessary to be careful when 

applying transition voltage spectroscopy to experimental data; at most, qualitative information can 
be obtained49. Consequently, other methods that can reveal information about the level alignment 
are being proposed, such as one based on a Taylor expansion of the I–V curve, with the goal to 
discriminate between different transport mechanisms50. An alternative, direct approach to gain 

insight into the 0 and  values is to measure T() directly by using a gate voltage to shift 0 and 

simultaneously record the low-bias conductance. For this approach, an efficient gate is needed to 

span a large energy window in T(). An example is liquid gating in STM-BJs, which has been used to 

map out T() for an energy range of >1.5 eV (ref. 51).  
 



[H2] Incoherent transport. For small , the electron dwell time on the molecule suffices to dephase 
the quantum state and gives rise to incoherent transport. For small molecules with one main (redox) 
site, transport evolves into a two-step hopping process, and the analytical expression of equation 1 
can no longer be used to describe the I–V curves. In this regime, the I–V curves display a gap around 
zero bias with a very low conductance; the step-like increase in current when the level is pushed into 
resonance is still present. There are many examples of such I–V curves in the literature. As these 
junctions are typically made using electromigration, the gate voltage can be used to achieve the 
resonant condition and to reproducibly charge the molecule with an additional electron or hole. The 
crossover between the weakly and strongly coupled regimes remains to be studied in detail, and only 
a few experiments have been performed to probe this intermediate regime. In MCBJs52 at low 
temperatures, a stretching-induced transition from the strong to the weak electronic coupling regime 

has been observed, involving a large renormalization of 0 and . Furthermore, current blockade has 

been reported at room temperature in a STM-BJ study on a cobalt chalcogenide cluster53. Other 
developments include investigations of the inverted Marcus regime54 in transport as well as 
considerations of the importance of nuclear tunnelling even at elevated temperatures55. 
 
[H1] The two-level model  
The single-level model treats the molecular junction as a ‘molecular wire’ characterized by a 

conductance determined by 0 and . No additional electronic functionality, such as rectification, can 

be expected from such a model. To achieve additional functionality, it is necessary to go beyond the 
single-level model and, for example, consider two molecular moieties in series that are weakly 

coupled to each other by a small tunnel coupling,  (Fig. 3a top, right panel). The coupled moieties 

form two levels with an energy separation of 2 The key difference from the single-level model is 
that there is a substantial drop in the applied bias voltage within the molecule, that is, across the 
barrier between the two levels. Consequently, when the bias is increased, the two levels are pulled 
apart owing to capacitive effects, to the extent that at some point they are no longer resonant. The 
current then decreases with increasing bias voltage, resulting in a negative differential conductance.  
 
Realization of this two-level model56 has been demonstrated with a molecule consisting of two 
conjugated groups connected by a non-conjugated core, which provides the internal barrier. This 
structure yields a HOMO and HOMO – 1 separated by 2τ with antibonding and bonding character, 
respectively (Fig. 3a left, bottom panel). The HOMO and HOMO – 1 orbitals can now be transformed 
into a set of equivalent localized molecular orbitals (LMOs) through addition or subtraction, yielding 
a LMO on the left part of the molecule (L-LMO) and one on the right part of the molecule (R-LMO). 
This transformation converts the energy-basis representation of the two-level model into an 
equivalent site-basis representation, which is more intuitive when explaining transport through this 
molecule under the influence of a bias. Analytical results for the two-site model show excellent 
agreement with the experimental I–V characteristics (Fig. 3b). By breaking conjugation in the centre 
of a molecule, a resonant single-molecule tunnel device exhibiting negative differential resistance is 
thus formed, in which the functionality is embodied in its molecular core.  
 
A further application of the two-level model is to introduce an asymmetry in the level positions such 
that the two levels are no longer at the same energy at zero bias. This configuration allows for the 
realization of a diode with very high rectification ratios57. As the two levels are not aligned, the 
system is off-resonant at zero bias and the current is low. When a bias is applied in one direction, the 
levels are pulled further apart, thereby further reducing the current. However, for the opposite bias 
polarity, the two levels move towards each other until they are resonant, leading to a high current. 
This concept was realized experimentally in an asymmetric molecule consisting of two similar 
conjugated halves connected by a non-conjugated bridge. The asymmetry was introduced by adding 
electron-withdrawing fluorine groups to one conjugated half, lowering the energy of its orbitals. 



MCBJ experiments58 confirm the expected behaviour: for one bias polarity the current shows a 
resonant-like peak, whereas for the opposite bias, the current remains low (Fig. 3c).  

 
[H1] Quantum interference  
Quantum interference (QI) describes the interference of wavefunctions of quantum mechanical 
objects, such as particles, photons or electrons. Theoretically, single molecules are ideal hosts for 
interference effects as their molecular structure can be used to guide electrons through different 

paths to control QI. These interference effects provide ways of tuning the T( ) of molecular junctions, 

allowing for the design of molecular switches and enabling highly efficient thermoelectrics (see 
below). 
 
The quantum mechanical wavefunction that describes an electron is complex-valued, that is, it has 
amplitude and a phase. Thus, whenever multiple transport pathways through a molecule contribute 
to electrical transport, QI can occur; constructive QI increases the tunnelling probability through the 
molecule whereas destructive QI blocks electrical transport (Fig. 4a). A notable example of a 
molecule that hosts QI is a single benzene ring. For molecules in which there is a central benzene ring 

with para connectivity, there is a phase difference of 2  for charge passing through the HOMO and 

LUMO orbitals (Fig. 4b). Thus, if both orbitals contribute to transport simultaneously, that is, if the 
Fermi energy is located between the HOMO and LUMO, constructive interference and consequently 
enhanced conductance is observed. By contrast, if the central benzene ring has meta connectivity, 
the HOMO and LUMO orbitals contribute with a phase difference that, for a particular injection 

energy, can reach  and therefore destructive QI occurs with a sharp dip in T( ) (Fig. 4c,d). The 

sharpness of this dip, which is caused by the π system, is in practice attenuated by the conductance 
through the σ bonds. Extending the length of the molecule suppresses the σ-bond conductance. 
 
Direct experimental evidence for this type of QI has been gained from measurements on, for 
example, benzene rings59 and oligo(phenylene vinylene) derivatives60 (Fig. 4b,c). If the central 
benzene ring has para connectivity to the electrodes, the measured conductance is more than one 
order of magnitude higher than the conductance in the analogue with meta connectivity irrespective 
of the connectivity to the anchors61. These connectivity rules have been generalized for polycyclic 
aromatic hydrocarbons: the connectivity of a polycyclic aromatic hydrocarbon to the electrodes 
dictates whether constructive or destructive QI effects occur in the core and thus determines the 
resulting conductance. In the regime in which electron–electron interactions can be neglected, this 
effect can be quantified using magic ratios: the conductance of the same molecule connected to the 
electrodes at different points i–i  and j–j  is given by the ratio of two integers (Mii /Mjj )2, which have 

been calculated for different molecules62. 
 
Another type of QI results from the interference between a delocalized backbone state and a 
localized state that couples to the delocalized state but not to the electrodes (sometimes called a 
stub-structure). Depending on the levels on the backbone and the side group (Fig. 4e), destructive 

interference may suppress the conductance. The resulting T( ) possesses asymmetric features (Fig. 

4f), which have been proposed to be generic for the transmission of cross-conjugated molecules63. 

Interference is a very common phenomenon in optics, wherein a light beam from a collimated source 
can be split and directed along different optical pathways. The interference between the beams 
contains information about their phase difference, which may have been acquired on their way. A QI 
effect analogous to this ‘Mach–Zehnder interferometer’ in optics can be observed in single molecules 
with multiple parallel transport paths. For example, this QI effect is evident upon comparing the 
conductance of a molecule with a single-channel CH2–benzene–CH2 backbone and a molecule with 
two parallel CH2–benzene–CH2 backbones and thus parallel transport pathways64. The conductance 
of the molecule with the parallel backbones was approximately three times that of the single-channel 
molecule and is larger than the value of two classical, parallel channels obtained by Kirchhoff’s law. 



This increased conductance can be attributed to constructive QI. Besides QI in delocalized π systems, 

QI in  systems of saturated silicon-based molecules was recently reported65. 

 
Control of destructive QI through chemical gating has been demonstrated in meta-oligo(phenylene 
ethynylene) derivatives by substituting a nitrogen atom into the central benzene ring66 . Owing to 
cross-conjugation, anthraquinone has a low conductance; however, its oxidation state can be altered 
using an electrical67  or electrochemical68  gate. By adding an extra electron, cross-conjugated 
anthraquinone becomes a linearly conjugated dihydroxyanthracene and destructive interference is 
switched off, leading to an enhancement of the conductance by more than one order of magnitude 

(Fig. 4g). Electrochemical gating has recently also been employed to map T( ) of molecules with 

decreased conductance due to destructive interference.69,70 Another way of QI tuning is the 

mechanical manipulation of π–π stacking71. Furthermore, by stretching or compressing a single 

oligo(phenylene ethynylene)-linked [2.2]paracyclophane molecule, mechanical gating72 was used to 
push the interference dip through the Fermi energy, providing direct proof of the existence of 
interference in a single molecule. 
 
[H1] Quantum thermopower and heat transport  
Thermoelectric effects, which manifest from the interplay between heat and charge currents, have 
gained increasing attention in the field of molecular electronics over the past 10 years. These effects 

offer an alternative way of mapping the T( ) of a molecular junction (see below). The advantage is 

that measurements are recorded under zero-bias conditions; thus, the molecular junction is not 
disturbed by the bias electric field. Moreover, single molecules are predicted to be excellent heat-to-
electricity converters. The efficiency of thermoelectrics is given by the dimensionless figure of merit, 

ZT = ( S2/ )T, where  and  are the electrical and thermal conductivities, respectively, and S = Vth/ T 

is the Seebeck coefficient (often called thermopower), which quantifies the electromotive force (Vth) 

created by a certain temperature bias ( T). Note that  contains contributions from both electrons 

( ) and phonons ( ), and both have to be minimized in order to increase ZT. In bulk 

thermoelectrics, progress in increasing ZT is hampered by the fact that the parameters S,  and  

cannot be optimized independently: a high Seebeck coefficient is accompanied by low , and high  

by high . It will be interesting to investigate if this unfavourable coupling between these quantities 

can be circumvented in single molecules by exploiting QI effects in the electron and phonon channels 

separately with the aim to minimize  and  while increasing S2 (ref. 73).  

 
As discussed above, the current through single-molecule junctions can be estimated using the 
Landauer approach. Let us assume a situation in which one electrode is at a higher temperature than 
the other (Fig. 5a). The Fermi–Dirac distribution of the hot electrode broadens more than that of the 
cold electrode, and, consequently, the occupation of higher-energy states in the hot electrode 
increases the tunnelling probability through the single level. The resulting thermal tunnelling current, 
Ith, is proportional to the temperature difference, T = TL – TR (where TL and TR are the temperatures 

of the left and right electrodes, respectively), with Ith = –GS T. Under open-circuit conditions, the 

voltage drop is Vth = –S T. Assuming that T( ) varies slowly on the energy scale of kBT and that 

kBT «  F, the Sommerfeld expansion of equation 1 yields 
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Equation 4 gives an intuitive feeling for the information contained in the Seebeck coefficient; the last 
term in this equation is a measure for the electron–hole asymmetry at the equilibrium Fermi energy. 
A large Seebeck coefficient is achieved when this asymmetry is large, which will be the case if the 
transmission probability possesses sharp transmission features close to the Fermi energy (Fig. 5b). 



Sharp transmission features can arise by reducing the tunnel coupling or by introducing QI 
effects74,75,76, albeit at the expense of reducing the conductance and thus the output power. 

Furthermore, as the sign of the Seebeck coefficient is given by the sign of the slope of T( ) at the 

Fermi energy, it can also be used to determine if transport is dominated by the HOMO or the 
LUMO77. Note that the Seebeck coefficient is independent of the number of molecules probed in 
parallel; however, it is additive for molecules in series. 
 
The thermoelectric properties of numerous different single molecules have been measured using 

STM-BJs, in which a temperature difference T can be obtained by either heating the scanning 

tunnelling microscope tip or the substrate78. The Seebeck coefficient has been extracted from 
thermocurrent79 and thermovoltage80 measurements. Thermoelectric single-molecule measurements 
have also been performed using MCBJs81. The break-junction experiments have verified82 the 
correlation between level alignment, the sharpness of transmission features at the Fermi energy and 
the sign and magnitude of the Seebeck coefficient, as predicted by equation 4 (ref.83). Additionally, 
electron-donating or electron-withdrawing side groups84,85 or anchoring groups86 can shift the HOMO 
or LUMO level position (or an interference dip) with respect to the Fermi energy, which results in a 
change in the Seebeck coefficient. The Seebeck coefficient can also be varied by using metal contacts 
with different work functions87. Furthermore, the sign and magnitude of the Seebeck coefficient can 
be controlled mechanically by pressing molecules with the tip of a scanning tunnelling microscope88 
(Fig. 5c). The level alignment can be changed using an electrical gate, an approach that has been 
demonstrated in gold-based89 and graphene-based90 electromigrated junctions. In the latter, a 
reversal of the sign of the Seebeck coefficient was achieved (Fig. 5d).  
 
A current hot topic is the study of thermal transport effects (that is, thermal conductivity) or the 
interplay between electrical transport and heat transport (that is, the Peltier effect and Joule 
heating) in single-molecule junctions. To this end, ultrasensitive thermometry has been implemented 
into STM-BJs by thermally coupling a resistance thermometer or a thermocouple to the scanning 
tunnelling microscope tip. This set-up enables the measurement of the heat dissipation of single 
molecules owing to Joule heating91 or the conversion of charge current to heat current owing to the 
Peltier effect92. Over the past couple of years, improvements in STM-based nanoscale calometry have 
enabled the study of heat transport through single gold atoms93,94. The same devices could be readily 
used for measuring the thermal conduction in single-molecule junctions. Alternatively, the thermal 
transport behaviour of single molecules can be characterized in their electrical noise spectra under 
thermal biasing. By measuring the electrical noise of H2 molecules and single gold atoms in MCBJs 
under thermal bias, a new form of electrical noise, termed ΔT noise was observed95. This noise, which 
is a result of quantized heat transport, scales with the square of the temperature difference across 
the junction. Thus, this noise could enable the estimation of the temperature drop across molecular 
junctions without the need of sophisticated calometry. 
 
[H1] Single-molecule spintronics  
In spin-based electronics or, in short, spintronics, the electron spin is used as the carrier of 
information instead of its charge. Spintronics traditionally involve the use of semiconductors or 
metals. However, the (magnetic) properties of molecules are more versatile than those of purely 
inorganic materials, opening doors for applications in, for example, quantum technologies96. Here, 
we concentrate on molecular spintronics at the single-molecule level, which is the ultimate step in 
downscaling spin-based devices.  
 
When electronic spin degrees of freedom are relevant to transport, the spin selection rules need to 
be considered. The total spin can change only by ±1/2 in the single-electron tunnelling regime and by 
0, ±1 in the co-tunneling regime, in which, one electron leaves the molecule and is replaced by 
another electron in a single process. For high-spin molecules, similar rules exist for the z component 



of the spin. Transport properties connected to spin degrees of freedom typically manifest as subtle 
features, such as the appearance of (low-energy) magnetic excitations connected to (anti-
)ferromagnetic exchange couplings (Fig. 6a) and Kondo physics with a characteristic conductance 
peak at zero bias (Fig. 6b). In the case of high-spin molecules, additional features may arise as a result 
of magnetic anisotropy in single-molecule magnets97, low-spin–high-spin switching in spin-crossover 
compounds98,99,100, unexpectedly high magnetoresistance effects101 or spin blockade, leading to 
current suppression102 (Fig. 6c). Single-molecule magnets form an interesting family of molecules as 
their anisotropy can lead to non-linear spectroscopic features with respect to the applied magnetic 
field103 (Fig. 6d) or to applications in qubit spin transistors104,105,106.  
 
The Kondo effect deserves special attention as it has been studied in a wide variety of molecular 
compounds. This effect manifests as a zero-bias anomaly in transport and is observed for molecules 
with an odd charge occupation, that is, for molecules with a net spin (Fig. 6b). The first reports of this 
effect date back to early electromigrated molecular transistors107,108. Subsequent work focused on 
mechanical manipulation109  of the Kondo correlations 110  and the interactions with vibrational 
degrees of freedom111. Usually, spins in molecules are introduced with the presence of metal ions; 
all-organic radicals, however, are also magnetic molecules as their partially filled orbitals possess a 
net spin and they have been shown to behave as prototype spin-1/2 systems112,113. An advantage of 
using organic molecules is that the Kondo energy scale is well separated from the charging energy 

and quantum level spacing, kBTK << EC and kBTK << , enabling a detailed comparison with theoretical 
calculations. Not only is the Kondo effect used as a spectroscopic tool to identify the presence of a 
net spin on the molecule, it also enables the study of new phenomena involving many-body charge 
states. In molecular transistors, these phenomena include the observation of the underscreened 
Kondo effect114,115 and singlet–triplet quantum phase transitions116. Further details on the (exotic) 
Kondo physics in molecular junctions can be found elsewhere117,118. 
 
A prototype spintronics application is a spin valve, a device that changes its resistance when the 
relative orientation of the magnetization in the electrodes changes. To realize such a spin-valve-
based molecular junction, ferromagnetic electrodes can be used to contact the molecule, with one 
electrode for spin-polarized current injection and one acting as a spin detector. However, contacting 
individual molecules in combination with using the ferromagnetic materials needed for spin injection 
and/or detection remains challenging. Oxidation of the ferromagnetic material is one of the 
complications as the resulting oxide barriers may substantially lower current levels. Another issue is 
the reliability of the anchoring of the molecules to ferromagnetic materials.  
 
Although experiments with MCBJs have been reported 119 , 120 , 121 , the first experiments with 
ferromagnetic electrodes were performed with electromigrated break junctions using C60 as a 
reference molecule. Since the first study in 2004 (ref.122), subsequent studies have emphasized the 
importance of hybridization of the ferromagnetic substrate states with the C60 molecular orbitals to 
explain the large negative tunnelling magnetoresistance123, the precise electrode–molecule geometry 
and the associated coupling asymmetry 124 . In explaining the electrochemical gate response, 
measurements on a bipyridine derivative also highlighted the importance of the molecule–
ferromagnetic electrode interface125. An intriguing possibility is the observation of spin filtering by 
chiral, nonmagnetic molecules without the need of spin injection126; spin-polarized currents can thus 
be realized without the use of an applied magnetic field. Spin-state detection still requires the use of 
a ferromagnetic tip, as has been reported in a STM-BJ127. 
 
An emerging topic within the field of molecular spintronics is the interplay of molecular spins with 
superconductivity. Superconducting contacts connected to magnetic spins on a molecule may exhibit 
intriguing phenomena associated with the competition between Cooper pairing and Kondo 
screening, which breaks the Cooper pairing and leads to the formation of sub-gap excitations called 
Shiba states128. The first experimental study129 was on C60-based transistors with electromigrated 



aluminium electrodes that displayed the coexistence of Coulomb repulsion, Kondo physics and 
superconductivity over a broad range of electronic coupling strengths. In another study 130 , 
superconductivity was induced in gold by molybdenum rhenium pads through the proximity effect to 
create superconducting nanojunctions. With the insertion of monoradicals, the interplay between 
Kondo screening and Cooper pair correlations was studied and the presence of Shiba states 
identified.  
 
[H1] Conclusion and outlook  
As discussed above, many examples of exciting quantum-transport phenomena have been 
demonstrated. Nevertheless, numerous challenges remain, including furthering understanding of 
how functionality can be built into molecular structure or how it can be optimally exploited. In 
addition, several factors are still poorly understood, including transport in the regime between weak 
and strong Coulomb interactions and the transition from coherent to incoherent transport. 
Moreover, the single-level model is difficult to capture in an experiment. There is thus substantial 
scope for development, and we briefly discuss four research directions that we believe will become 
relevant in the near future.  
 
To develop single-molecule electronics, it is crucial to study key molecules in different measurement 
platforms so that a more complete picture of their properties can be obtained and assessed. As most 
single-molecule measurements are statistical in nature owing to the different molecular 
configurations, a more robust analysis that includes all collected data is needed. Data collection 
should therefore be unbiased and automated; additionally, the full data set should always be 
presented and analysed using an unsupervised approach (see below). Such a robust analysis is useful, 
for example, when reporting on molecular switches. Switching may have several underlying 
mechanisms, some of which are not related to the internal structure of the molecule but could 
instead be attributable to mechanical instability of the junctions or changes in the electronic coupling 
between the molecule and the electrodes131, changes in the electrostatic environment (including the 
substrate)132 or the presence of ions that are needed to stabilize the molecule133. 
 
Although the unambiguous demonstration of molecular functionalities across different experimental 
platforms remains a challenge, the development of new instrumentation has granted researchers 
access to large datasets, which can be evaluated using statistical tools such as machine learning. 
Generally, supervised learning is used when the nature of the desired machine learning model output 
is known, whereas unsupervised learning is used, for example, to detect the underlying (and 
unknown) structures of a given dataset. The unsupervised approach has successfully been applied to 
classify breaking (G(d)) curves and conductance histograms into different clusters according to 
characteristic features134,135,136. These examples highlight the importance of developing sophisticated 
tools to analyse large breaking-trace datasets with the goal to eventually connect the different data 
clusters to different junction configurations and/or geometries. 
 
A promising and emerging research direction is the study of molecule–light interactions to enable 
light to be used to read out or manipulate the state of a molecule. In several studies, the electrical DC 
conductance of a junction has been measured with and without illumination. The challenge of these 
experiments is the variety of competing optoelectronic mechanisms. Non-linear I–V characteristics of 
nanogaps between metallic electrodes can lead to rectification of the AC electric field component of 
the laser light into a DC photocurrent137 — a phenomenon known as optical rectification. Illumination 
can induce geometrical changes in the molecular junctions that alter the conductance. In some metal 
contacts, such as gold, plasmons can be excited by direct illumination138 or by using a grating139,140. 
Plasmon decay can generate hot electrons, making it more difficult to disentangle thermal effects 
from purely optical ones141,142. Moreover, molecules can absorb light or electromagnetic waves at 
other wavelengths, resulting in photon-assisted transport, as recently demonstrated using terahertz 
radiation143.  



 
There is an increasing fascination for how nature exploits charge transport in living organisms, and 
certain biological systems are now known to be efficient conductors of electrical charges, although 
the underlying mechanisms are not clear144. Most experiments have been performed on assemblies 
of biomolecules; single-molecule studies are rare to date. The complexity of biomolecules brings new 
opportunities. For example, a biomolecule may not be conjugated over its entire length. Moreover, 
biomolecules have a high mechanical flexibility, are typically asymmetric with respect to their end 
groups, have backbones that can contain side groups that act as additional anchoring units to the 
electrodes, may possess a chiral structure and can adopt different conformations. Moreover, the 
physical environment (for example, the solvent, pH, ionic strength and temperature) may influence 
the structure of biomolecules and therefore their transport properties. Although DNA has been 
studied in break junctions145, much less is known about amino acids146, peptide chains147,148 or single 
proteins149.  
 
Over the past two decades, the field of molecular electronics has advanced at a steady pace. Further 
progress in using more complicated device structures and analysis methods, and in probing poorly 
explored properties, such as heat and spin transport, molecule–light or molecule–solvent 
interactions, will reveal new quantum phenomena on the single-molecule level and new possibilities 
for molecular device functionality.  
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Box 1 | Vibronic effects 
Electron-transport experiments provide access to the vibrational modes of molecules150. When an 
electron moves through a molecule, it can absorb or release energy to or from the nuclei in the form 
of vibrational quanta, and thus the single-level model is no longer strictly applicable as the level is 
now ‘dressed’ with additional vibrational states. 
 
In the weak coupling limit, the molecule changes its ground-state conformation upon charging or 
discharging. The charging probability now includes a ‘Franck–Condon factor’, which has the form 

|⟨𝜑𝑛|𝜑
′
𝑚⟩|

2
, where is the wavefunction, n and m are the vibrational quantum numbers, and the 

prime denotes the system in the charged state. Part a of the figure shows the Franck–Condon 
mechanism, in which the two parabolas represent the potential along a vibrational coordinate in two 

different charge states (N is the number of electrons on the molecule), the wavefunctions  and  

correspond to the red and green curves, respectively, and R 0 – R0 is the shift in the equilibrium 

position (R0). Electronic transitions are vertical as they are instantaneous on the timescale of nuclear 
motion. This Franck–Condon factor is responsible for additional transport features, such as the 
appearance of additional steps151 in the current–voltage curve and the possibility for a ‘Franck–
Condon blockade’, which suppresses the current (I) at small bias. This phenomenon has been studied 
theoretically152 and has been observed in single-molecule transistors153, as can be seen in part b of 
the figure, which shows an experimental plot of d2I/dV2 as a function of the bias voltage (V) and gate 
voltage (Vg) for an Fe4 complex. At high biases, a harmonic spectrum of equally spaced vibrational 
excitations is observed. 
 
If the coupling is intermediate, tunnelling processes via a virtual state on the molecule (see part c of 
the figure) are accompanied by a vibrational excitation or de-excitation. Such changes open 
additional transport channels for the electrons that can be accessed only when the bias voltage 
exceeds the energy difference between the two vibrational states and lead to an increase in the 
transmission. This phenomenon is visible as a peak in d2I/dV2 (see part c of the figure, lower panel), 



enabling the identification of vibrational frequencies — a procedure known as inelastic tunnelling 
spectroscopy154. In the very strong coupling regime, emission of vibrational modes can increase 
backscattering, thereby impeding the current beyond a bias threshold rather than increasing it. 
Reviews on the experimental features and modelling approaches can be found in ref.155 and ref.156, 
respectively. 
 

L and R, chemical potentials of the left and right electrodes, respectively; N orbital level on the 

molecule; , frequency; e, elementary charge; ħ, reduced Planck’s constant. Part b of the figure is 

adapted with permission from ref.153, American Chemical Society. 

 

 
 
Fig. 1. | Measurement techniques and transport regimes. a, b | Two examples of mechanical break 
junctions. Part a shows a scanning tunnelling microscope break junction (STM-BJ). Part b shows a 
mechanically controlled break junction (MCBJ). To determine the conductance of single molecules, a 
bias voltage (V) is applied to the junction and the resulting current is measured. The black arrows 
illustrate the direction of mechanical movement. c | Electromigrated (EM) break junctions offer gate 
control (where Vg is the gate voltage) at the expense of collecting multiple-configuration statistics. d 
| Summary of the transport regimes and energy scales at low temperatures (here, a few Kelvin). 
Whether a certain transport phenomenon can be observed in an experiment mainly depends on the 
ratio between the tunnel coupling, Γ, and the addition energy, Eadd (here, a few hundred meV). The 
accessible tunnel coupling is dictated by the measurement method. Additional energy scales include 

vibrational energies (ħ , where ħ is the reduced Planck’s constant and  is the angular frequency), 

exchange (J), axial (D) and transversal (E) anisotropy energies, the Kondo temperature (TK) and the 
superconducting energy gap (Δ). EB, electroburning. Part a is adapted with permission from ref.157, 
Elsevier. Part b is adapted from ref.56, Springer Nature Limited. Part c is adapted with permission from 
ref.158, RSC. 
 

 



 
Fig. 2 | Single-level model in the coherent transport regime. a | Chemical potential landscape of a 
molecular junction at zero bias. The density of states of the metal is assumed constant, and the 
occupation probability is given by Fermi–Dirac statistics (the blue shaded area depicts the occupied 

states). The probability that an electron with energy  transmits the molecule is given by the 

transmission function, T( ) (shown in orange). The transmission often resembles the local density of 

states between the two electrodes; however, there may be resonances in the local density of states 
that are almost completely decoupled from the electrodes and hence do not show up in the 

transmission. The orbital closest to the Fermi energy, F, often dominates the transport 

characteristics (indicated here by the green dashed lines with a Lorentzian peak shape as a first 
approximation of the transmission). b | In the single-level model, the current (I) through a junction is 

estimated using the orbital level ( 0) closest to F and the total tunnel coupling  where  = L + R 

and L and R are the tunnel couplings between the orbital and the left and right electrode, 

respectively. c | I–V (where V is the bias voltage) curves for L = R = 10 meV for different values of 0 

(see inset; the dashed line corresponds to F = 0). There is a low current at low bias with a differential 

conductance 
d𝐼

d𝑉
≈ 𝐺0𝑇(𝜀F) (where G0 is the conductance quantum). At a bias of eV = 2 0 (where e is 

the elementary charge), the current saturates to a level determined by the tunnel couplings 

(equation 3). As 0 approaches F, the zero-bias conductance increases and there is an earlier current 

onset. d | By reducing  T( ) becomes sharper (inset) as  equals the full width at half maximum of 

the Lorentzian transmission peak. The constant current level at high bias is reduced and there is a 

smaller step in current at eV = 2 0 (here, 0 = –0.2 eV). e | Making  asymmetric reduces the 

amplitude of T( ) and the saturation current (calculated here for 0 = –0.2 eV and  = 10 meV) . Note 

that the I–V curves are still symmetric. f | Making the capacitive coupling asymmetric (CL and CR are 



the capacitive couplings for the left and right electrodes, respectively) results in asymmetric, diode-

like I–V characteristics (equation 2, calculated here for L = R = 10 meV and 0 = –0.5 eV). 

 
 

 
Fig. 3 | The two-level model. a | The energy-basis (top, left panel) and site-basis (top, right panel) 

representation of the two-site model are equivalent. The energy gap 2  (where  is the tunnel 

coupling) between the highest occupied molecular orbital (HOMO) and HOMO – 1 (bottom, left 
panel) can be interpreted as the energy difference between a bonding and antibonding state that 
result from the hybridization of two localized molecular orbitals (LMOs) (bottom, right panel). These 
LMOs are localized on the left (L) and right (R) halves of a single molecule owing to broken 
conjugation in the molecular backbone. As an example, the HOMO and HOMO – 1 orbitals and 
corresponding L-LMO and R-LMO of 9,10-dihydroanthracene are shown. Moving from one 
representation to the other corresponds to a basis transformation; calculations in these bases are 
equivalent and yield, for example, the same current–voltage characteristics. b | Negative differential 
resistance (NDR) behaviour of 9,10-dihydroanthracene molecules. The two-site model can be used to 
fit the experimental data. The two sites in series representations (insets) provide an intuitive 
explanation for the observed NDR. At zero bias, the two sites are resonant and tunnelling between 
them is possible. By applying a high bias voltage, the two sites detune, reducing the tunnel coupling 
and consequently the current through the junction. c | Diode-like behaviour in a DPE-2F molecule. 

The on-site energies of the left ( 1) and right ( 2) LMOs (that is, the energies needed to put an 

electron into these LMOs) are different owing to functionalization of one of the subunits; therefore, 
at zero bias, transport is blocked (bottom, left panel). The level alignment can be tuned by applying a 
bias, which results in alignment and an increase in current) (right panel) or misalignment depending 

on the sign of the bias voltage. 0, energy of the orbital closest to the Fermi level ( F). L and R, 

tunnel couplings to the left and right electrodes, respectively. Parts a and b are adapted from ref.56, 
Springer Nature Limited. Part c is adapted from ref.58, CC-BY-3.0. 



 
 

 
Fig. 4 | Quantum interference in molecular junctions. a | Quantum interference occurs when the 
transmission through different molecular orbitals are combined (here, the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)). As contributions from 
different orbitals have amplitude and phase, they interfere constructively or destructively. b | 
Amplitude and phase of the transmission through the HOMO and LUMO of para-oligo(3)-
phenylenevinylene (OPV3). c | Amplitude and phase of the transmission through the HOMO and 

LUMO of meta-OPV3. d | Calculated transmission function (T( )) through the π systems of meta-

OPV3 and para-OPV3. e | Interference between a direct transmission path (through a delocalized 

orbital with energy 0, red states) and a transmission path via a pendant state (a localized orbital with 

energy p that couples to the delocalized orbital but not to the electrodes, green state).  is the 

tunnel coupling between the delocalized states, * is the tunnel coupling between the delocalized 

and localized states, and L and R are the tunnel couplings to the left and right electrodes, 

respectively. f | T( ) with asymmetric features. Direct transmission through the backbone (dotted 

line) or a localized state (dashed line) give rise to transmission resonances. The interference between 

the pathways results in a transmission dip in the total T( ) (solid line). g | Destructive quantum 

interference strongly suppresses conductance (G) in cross-conjugated anthraquinone. Destructive 
quantum interference can be switched off by reducing the molecule through electrochemical gating 
or by changing the pH of the solution, leading to the formation of linearly conjugated 

dihydroxyanthracene. , energy; F, Fermi energy; G0, conductance quantum. Parts b–d are adapted 

from ref.60, CC-BY-2.0. Part f is adapted from ref. 159, Springer Nature Limited. Part g is adapted with 
permission from ref.68, Wiley-VCH. 



 
 

 
Fig. 5 | Thermoelectric effects in molecular junctions. a | Level diagram showing the creation of a 
thermal current, Ith, when one side of the junction is heated (depicted by the broadened, red Fermi–

Dirac distribution). b | Different ways to increase the Seebeck coefficient, S (where S ∝ T (ε)/T(ε), 

and T( ) is the transmission function), in molecular junctions (right panels). As S depends on the local 

slope of T( ) (left panels) at the Fermi energy ( F), it can be increased by moving resonances closer to 

F (top panels), by reducing the tunnel coupling (middle panels) or by introducing sharp resonance 

features (bottom panels). These enhancements are depicted as the transition from the blue to the 
green points. c | Mechanical control of thermoelectricity. The conductance (G, top, left panel) and S 
as a function of mechanical deformation of a Sc3N@C80 molecule measured using a scanning 
tunnelling microscopy break junction (right panel). The incorporation of Sc3N clusters leads to an 

additional resonance close to F; the position of this resonance can be tuned by compressing the 

molecule. d | Gate control of thermoelectricity in molecular junctions. Comparison of experimental 
and calculated gate-dependent G (left panel) and thermovoltage (Vth, right panel) of a C60 molecule 
contacted with graphene electrodes. G0, conductance quantum. Part c is adapted from ref.88, 
Springer Nature Limited. Part d is adapted from ref.90, ACS. 
 
 



 
Fig. 6 | Spin-dependent effects in molecular junctions. a | The left panel shows inelastic co-

tunnelling, a second-order process involving a ground state with chemical potential (N) and an 

excited state at chemical potential (N). Inelastic co-tunnelling occurs when the energy difference 

 =  (N) –  (N) is supplied by the applied bias voltage (V) and results in a region with finite 

differential conductance (red shaded area in the middle panel) inside the Coulomb-blocked regime 
indicated by the white regions outside the hourglass defined by the black lines. In this plot of the 
differential conductance as a function of gate voltage (Vg) and V, these black lines indicate the onset 
of the sequential tunnelling contribution to the current; the red lines correspond to the onset of that 
of the excited state. Co-tunnelling spectroscopy can be used to analyse the ground and excited 
states. For example, a transition between a spin-1/2 ground state and a spin-3/2 excited state is 

shown (right panel). There is three-fold splitting (red lines) starting at eV =   (where e is the 

elementary charge) at zero magnetic field (B) owing to the transitions to the excited multiplet. The 
ground-state doublet at B = 0 yields a sloped line (blue) starting at V = 0 due to Zeeman splitting. b | 
The Kondo effect (left panel) originates from the formation of a many-body spin singlet between the 
spin residing on the molecule and the conduction electrons, leading to screening within the Kondo 

length  (that is, formation of a ‘Kondo screening cloud’). These Kondo correlations result in a 

resonance in the density of states of the system pinned to the Fermi energy ( F). Thus, a peak in the 

differential conductance around zero bias can be observed (red line in the plot of dI/dV, right panel) 
if the molecule is occupied by an odd number (N) of electrons (that is, with a total spin of 1/2). c | 
Spin-blockade in the single-electron tunnelling regime. If the ground-state transition is spin forbidden 
(that is, if |SN+1 – SN| > 1/2, where S is the spin angular momentum) transport at low V is blocked for 
all values of Vg (the dotted lines denote conductance steps completely suppressed by spin blockade). 



The blockade can be lifted if either a spin-allowed excited state can be accessed through V (red solid 
lines) or if an external magnetic field is used to induce a spin transition of the ground state (right 
panel). d | Application of single-electron tunnelling spectroscopy to identify single-molecule 
magnetic behaviour. The left panel shows the energy needed to align a spin along certain directions 
in a single-molecule magnet using an external magnetic field. The right panel shows that the energy 

shift of charge degeneracy points depends on the angle ( ) between B and the easy axis.  

 
 
  



 
Table 1 | Comparison of break-junction techniques  
Break junction Multiple 

configuration 
statistics? 

Low-bias 
junction 
lifetime 

Operation temperature Electrode 
configuration 

Gate 
(level shifts) 

Main 
operation 

modesa  

STM-BJ Yes <0.1–10 s Room temperature Asymmetric Electrochemical 
in liquid 

(±0.75 eV) 

G(d)b, I–
V(d,t), F(d) 

MCBJs Yes >100 s 0.1–300 K  Symmetric Solid state 
(±0.05 eV) 

G(d)b, I–
V(d,t), 
IETS(d) 

Electromigrated 
break junctions 

No Days  Gold: <200 K 

 Graphene: 0.1–
300 K 

Symmetric Solid state 
(±0.25 eV) 

I–
V(Vg,B,T,t) 

MCBJ, mechanically controlled break junction; STM-BJ, scanning tunnelling microscopy break 
junction. aThe operating modes include conductance (G) versus displacement (d) measurements; the 
measurement of current–voltage (I–V) characteristics either during stretching as a function of d or 
time (t) for a fixed distance, in which the capture of a molecule appears as a sudden increase in G; 
the simultaneous measurement of force (F) versus d; and inelastic-tunnelling spectroscopy (IETS) 
measurements, which are typically performed at low temperatures. For electromigrated junctions, 
detailed spectroscopy as a function of gate voltage (Vg), magnetic field (B) and temperature (T) is 
used. bOwing to the drift in the tip position in STM-BJ set-ups at room temperature, special care has 
to be taken to probe the full stretching of the molecule. In some cases, G(d) curves show only a very 
limited displacement range (which is not related to the molecular length even when correcting for 
the ‘snap-back’ effect, which for gold electrodes in both mechanical break junction set-ups adds 
~0.5 nm to the displacement axis), making it more difficult to establish the molecular configuration.  
 
 
Glossary terms 
 
Coulomb blockade 
Phenomenon in which the Coulomb interactions on a molecule in a junctionare strong enough to 
prevent electrons from entering or leaving the molecule. 
 
Incoherent transport 
Transport in which the electronic wavefunction is perturbed (typically by the electrostatic field of the 
nuclei). 
 
Coherent transport 
Transport in which the electronic wavefunction is not perturbed by the environment.  
 
Off-resonant transport  
Transport via a molecular orbital with a chemical potential that does not lie between those of the left 
and right electrode. 
 
Resonant transport 
Transport via a molecular orbital with a chemical potential that lies between those of the left and 
right electrode.  
 
Superconducting gap  
Minimum excitation energy for electrons in a superconductor 
 
Physisorption 
Coupling between a molecule and a solid through van der Waals interactions. 



 
Chemisorption 
Coupling between a molecule and a solid through chemical bonding. 
 
Orbital levels  
Chemical potentials associated with the addition or removal of an electron to or from molecular 
orbitals. 
 
Chemical potential 
Energy difference between a molecule with a particular orbital filled by an electron and the same 
molecule in which that orbital is empty.  
 
Fermi energy 
Chemical potential (of the electrodes) at zero absolute temperature. 
 
Fowler–Nordheim tunnelling 
Tunnelling process in which electrons are extracted from a metal using a strong electric field.  
 
Proximity effect 
Phenomenon in which the proximity of a superconductor induces superconductivity in a material 
which by itself in not superconducting.  
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