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Single-molecule junctions beyond
electronic transport

Sriharsha V. Aradhya and Latha Venkataraman*

The idea of using individual molecules as active electronic components provided the impetus to develop a variety of
experimental platforms to probe their electronic transport properties. Among these, single-molecule junctions in a metal-
molecule-metal motif have contributed significantly to our fundamental understanding of the principles required to realize
molecular-scale electronic components from resistive wires to reversible switches. The success of these techniques and the
growing interest of other disciplines in single-molecule-level characterization are prompting new approaches to investigate
metal-molecule-metal junctions with multiple probes. Going beyond electronic transport characterization, these new studies
are highlighting both the fundamental and applied aspects of mechanical, optical and thermoelectric properties at the atomic
and molecular scales. Furthermore, experimental demonstrations of quantum interference and manipulation of electronic
and nuclear spins in single-molecule circuits are heralding new device concepts with no classical analogues. In this Review,
we present the emerging methods being used to interrogate multiple properties in single molecule-based devices, detail how
these measurements have advanced our understanding of the structure-function relationships in molecular junctions, and

discuss the potential for future research and applications.

used as the functional building blocks in electronic devices!,

researchers around the world have been probing transport
phenomena at the single-molecule level both experimentally
and theoretically”". Recent experimental advances include the
demonstration of conductance switching!?™'¢, rectification!’?!,
and illustrations on how quantum interference effects*-* play a
critical role in the electronic properties of single metal-molecule-
metal junctions. The focus of these experiments has been to both
provide a fundamental understanding of transport phenomena
in nanoscale devices as well as to demonstrate the engineering of
functionality from rational chemical design in single-molecule
junctions. Although so far there are no ‘molecular electronics’
devices manufactured commercially, basic research in this area has
advanced significantly. Specifically, the drive to create functional
molecular devices has pushed the frontiers of both measurement
capabilities and our fundamental understanding of varied physi-
cal phenomena at the single-molecule level, including mechan-
ics, thermoelectrics, optoelectronics and spintronics in addition
to electronic transport characterizations. Metal-molecule-metal
junctions thus represent a powerful template for understanding
and controlling these physical and chemical properties at the
atomic- and molecular-length scales. In this realm, molecular
devices have atomically defined precision that is beyond what is
achievable at present with quantum dots. Combined with the vast
toolkit afforded by rational molecular design?, these techniques
hold a significant promise towards the development of actual
devices that can transduce a variety of physical stimuli, beyond
their proposed utility as electronic elements®.

In this Review we discuss recent measurements of physi-
cal properties of single metal-molecule-metal junctions that go
beyond electronic transport characterizations (Fig. 1). We present
insights into experimental investigations of single-molecule junc-
tions under different stimuli: mechanical force, optical illumina-
tion and thermal gradients. We then review recent progress in
spin- and quantum interference-based phenomena in molecular
devices. In what follows, we discuss the emerging experimental

S timulated by the initial proposal that molecules could be

methods, focusing on the scientific significance of investigations
enabled by these methods, and their potential for future scientific
and technological progress. The details and comparisons of the dif-
ferent experimental platforms used for electronic transport char-
acterization of single-molecule junctions can be found in ref. 29.
Together, these varied investigations underscore the importance
of single-molecule junctions in current and future research aimed
at understanding and controlling a variety of physical interactions
at the atomic- and molecular-length scale.

Structure-function correlations using mechanics
Measurements of electronic properties of nanoscale and molecu-
lar junctions do not, in general, provide direct structural informa-
tion about the junction. Direct imaging with atomic resolution as
demonstrated by Ohnishi ef al.* for monoatomic Au wires can be
used to correlate structure with electronic properties, however this
has not proved feasible for investigating metal-molecule-metal
junctions in which carbon-based organic molecules are used.
Simultaneous mechanical and electronic measurements provide
an alternate method to address questions relating to the struc-
ture of atomic-size junctions®. Specifically, the measurements of
forces across single metal-molecule-metal junctions and of metal
point contacts provide independent mechanical information,
which can be used to: (1) relate junction structure to conduct-
ance, (2) quantify bonding at the molecular scale, and (3) provide
a mechanical knob’ that can be used to control transport through
nanoscale devices. The first simultaneous measurements of force
and conductance in nanoscale junctions were carried out for Au
point contacts by Rubio et al.*>, where it was shown that the force
data was unambiguously correlated to the quantized changes in
conductance. Using a conducting atomic force microscope (AFM)
set-up, Tao and coworkers** demonstrated simultaneous force and
conductance measurements on Au metal-molecule-metal junc-
tions; these experiments were performed at room temperature
in a solution of molecules, analogous to the scanning tunnelling
microscope (STM)-based break-junction scheme® that has now
been widely adopted to perform conductance measurements.
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Figure 1| Probing multiple properties of single-molecule junctions. Beyond the electronic transport that led to their initial interest, recent studies
are beginning to explore the rich physics of metal-molecule-metal junctions through measurements of mechanics, optical effects and thermoelectric
phenomena in addition to demonstrations of quantum mechanical spin- and interference-dependent transport concepts for which there are no analogues

in conventional electronics.

These initial experiments relied on the so-called static mode
of AFM-based force spectroscopy, where the force on the canti-
lever is monitored as a function of junction elongation. In this
method the deflection of the AFM cantilever is directly related to
the force on the junction by Hooke’s law (force = cantilever stiff-
ness x cantilever deflection). Concurrently, advances in dynamic
force spectroscopy — particularly the introduction of the ‘q-Plus’
configuration® that utilizes a very stiff tuning fork as a force sen-
sor — are enabling high-resolution measurements of atomic-
size junctions. In this technique, the frequency shift of an AFM
cantilever under forced near-resonance oscillation is measured
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as a function of junction elongation. This frequency shift can be
related to the gradient of the tip-sample force. The underlying
advantage of this approach is that frequency-domain measure-
ments of high-Q resonators is significantly easier to carry out with
high precision. However, in contrast to the static mode, recover-
ing the junction force from frequency shifts — especially in the
presence of dissipation and dynamic structural changes during
junction elongation experiments — is non-trivial and a detailed
understanding remains to be developed®.

The most basic information that can be determined through
simultaneous measurement of force and conductance in metal
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Figure 2 | Simultaneous measurements of electronic transport and mechanics. a, A conducting AFM set-up with a stiff probe (shown schematically)
enabled the atomic-resolution imaging of a Pt adsorbate on a Pt(111) surface (tan colour topography), before the simultaneous measurement of
interatomic forces and currents. F,, short-range force. b, Semilogarithmic plot of tunnelling conductance and F, measured over the Pt atom. A similar
decay constant for current and force as a function of interatomic distance is seen. The blue dashed lines are exponential fits to the data. ¢, Structural
snapshots showing a molecular mechanics simulation of a PTCDA molecule held between a Ag substrate and tip (read right to left). It shows the
evolution of the Ag-PTCDA-Ag molecular junction as a function of tip-surface distance. d, Upper panel shows experimental stiffness (df/dz)
measurements during the lifting process performed with a conducting AFM. The calculated values from the simulation are overlaid (dashed black
line). Lower panel shows simultaneously measured conductance (G). e, Simultaneously measured conductance (red) and force (blue) measurements
showing evolution of a molecular junction as a function of junction elongation. A Au point contact is first formed, followed by the formation of a
single-molecule junction, which then ruptures on further elongation. f, A two-dimensional histogram of thousands of single-molecule junction
rupture events (for 1,4-bis(methyl sulphide) butane; inset), constructed by redefining the rupture location as the zero displacement point. The most
frequently measured rupture force is the drop in force (shown by the double-headed arrow) at the rupture location in the statistically averaged force
trace (overlaid black curve). g, Beyond the expected dependence on the terminal group, the rupture force is also sensitive to the molecular backbone,
highlighting the interplay between chemical structure and mechanics. In the case of nitrogen-terminated molecules, rupture force increases from
aromatic amines to aliphatic amines and the highest rupture force is for molecules with pyridyl moieties. Figure reproduced with permission from: a,b,

ref. 36, © 2011 APS; ¢,d, ref. 43, © 2011 APS.

contacts is the relation between the measured current and force.
An experimental study by Ternes et al*® attempted to resolve a
long-standing theoretical prediction® that indicated that both
the tunnelling current and force between two atomic-scale
metal contacts scale similarly with distance (recently revisited by
Jelinek et al*®). Using the dynamic force microscopy technique,
Ternes et al. effectively probed the interplay between short-range
forces and conductance under ultrahigh-vacuum conditions at
liquid helium temperatures. As illustrated in Fig. 2a, the tunnel-
ling current through the gap between the metallic AFM probe and
the substrate, and the force on the cantilever were recorded, and
both were found to decay exponentially with increasing distance
with nearly the same decay constant. Although an exponential
decay in current with distance is easily explained by considering
an orbital overlap of the tip and sample wavefunctions through
a tunnel barrier using Simmons’ model®, the exponential decay
in the short-range forces indicated that perhaps the same orbital
controlled the interatomic short-range forces (Fig. 2b).

Using such dynamic force microscopy techniques, research-
ers have also studied, under ultrahigh-vacuum conditions, forces
and conductance across junctions with diatomic adsorbates such
as CO (refs 40,41) and more recently with fullerenes*?, address-
ing the interplay between electronic transport, binding ener-
getics and structural evolution. In one such experiment, Tautz

and coworkers*® have demonstrated simultaneous conduct-
ance and stiffness measurements during the lifting of a PTCDA
(3,4,9,10-perylene-tetracarboxylicacid-dianhydride) ~ molecule
from a Ag(111) substrate using the dynamic mode method with
an Ag-covered tungsten AFM tip. The authors were able to follow
the lifting process (Fig. 2¢,d) monitoring the junction stiffness as
the molecule was peeled off the surface to yield a vertically bound
molecule, which could also be characterized electronically to
determine the conductance through the vertical metal-molecule-
metal junction with an idealized geometry. These measurements
were supported by force field-based model calculations (Fig. 2c
and dashed black line in Fig. 2d), presenting a way to correlate
local geometry to the electronic transport.

Extending the work from metal point contacts, ambient meas-
urements of force and conductance across single-molecule junc-
tions have been carried out using the static AFM mode®. These
measurements allow correlation of the bond rupture forces with
the chemistry of the linker group and molecular backbone.
Single-molecule junctions are formed between a Au-metal sub-
strate and a Au-coated cantilever in an environment of molecules.
Measurements of current through the junction under an applied
bias determine conductance, while simultaneous measurements of
cantilever deflection relate to the force applied across the junction
as shown in Fig. 2e. Although measurements of current through
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such junctions are easily accomplished using standard instru-
mentation, measurements of forces with high resolution are not
straightforward. This is because a rather stiff cantilever (with a
typical spring constant of ~50 N m™) is typically required to break
the Au point contact that is first formed between the tip and sub-
strate, before the molecular junctions are created. The force reso-
lution is then limited by the smallest deflection of the cantilever
that can be measured. With a custom-designed system?* our group
has achieved a cantilever displacement resolution of ~2 pm (com-
pare with Au atomic diameter of ~280 pm) using an optical detec-
tion scheme, allowing the force noise floor of the AFM set-up to
be as low as 0.1 nN even with these stiff cantilevers (Fig. 2e). With
this system, and a novel analysis technique using two-dimensional
force-displacement histograms as illustrated in Fig. 2f, we have
been able to systematically probe the influence of the chemical
linker group*** and the molecular backbone*® on single-molecule
junction rupture force as illustrated in Fig. 2g.

Significant future opportunities with force measurements exist
for investigations that go beyond characterizations of the junc-
tion rupture force. In two independent reports, one by our group*’
and another by Wagner et al.*, force measurements were used to
quantitatively measure the contribution of van der Waals interac-
tions at the single-molecule level. Wagner et al. used the stiffness
data from the lifting of PTCDA molecules on a Au(111) surface,
and fitted it to the stiffness calculated from model potentials to
estimate the contribution of the various interactions between the
molecule and the surface*. By measuring force and conductance
across single 4,4’-bipyridine molecules attached to Au electrodes,
we were able to directly quantify the contribution of van der Waals
interactions to single-molecule-junction stiffness and rupture
force””. These experimental measurements can help benchmark
the several theoretical frameworks currently under development
aiming to reliably capture van der Waals interactions at metal/
organic interfaces due to their importance in diverse areas includ-
ing catalysis, electronic devices and self-assembly.

In most of the experiments mentioned thus far, the measured
forces were typically used as a secondary probe of junction prop-
erties, instead relying on the junction conductance as the primary
signature for the formation of the junction. However, as is the case
in large biological molecules®, forces measured across single-mol-
ecule junctions can also provide the primary signature, thereby
making it possible to characterize non-conducting molecules
that nonetheless do form junctions. Furthermore, molecules pos-
sess many internal degrees of motion (including vibrations and
rotations) that can directly influence the electronic transport™®,
and the measurement of forces with such molecules can open
up new avenues for mechanochemistry®'. This potential of using
force measurements to elucidate the fundamentals of electronic
transport and binding interactions at the single-molecule level is
prompting new activity in this area of research®->*.

Optoelectronics and optical spectroscopy

Addressing optical properties and understanding their influence
on electronic transport in individual molecular-scale devices, col-
lectively referred to as ‘molecular optoelectronics, is an area with
potentially important applications®. However, the fundamental
mismatch between the optical (typically, approximately at the
micrometre scale) and molecular-length scales has historically
presented a barrier to experimental investigations. The motiva-
tions for single-molecule optoelectronic studies are twofold: first,
optical spectroscopies (especially Raman spectroscopy) could
lead to a significantly better characterization of the local junction
structure. The nanostructured metallic electrodes used to real-
ize single-molecule junctions are coincidentally some of the best
candidates for local field enhancement due to plasmons (coupled
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excitations of surface electrons and incident photons). This there-
fore provides an excellent opportunity for understanding the
interaction of plasmons with molecules at the nanoscale. Second,
controlling the electronic transport properties using light as an
external stimulus has long been sought as an attractive alternative
to a molecular-scale field-effect transistor.

Two independent groups have recently demonstrated simulta-
neous optical and electrical measurements on molecular junctions
with the aim of providing structural information using an optical
probe. First, Ward et al.* used Au nanogaps formed by electromi-
gration” to create molecular junctions with a few molecules. They
then irradiated these junctions with a laser operating at a wavelength
that is close to the plasmon resonance of these Au nanogaps to
observe a Raman signal attributable to the molecules®® (Fig. 3a). As
shown in Fig. 3b, they observed correlations between the intensity
of the Raman features and magnitude of the junction conductance,
providing direct evidence that Raman signatures could be used to
identify junction structures. They later extended this experimental
approach to estimate vibrational and electronic heating in molecu-
lar junctions®. For this work, they measured the ratio of the Raman
Stokes and anti-Stokes intensities, which were then related to the
junction temperature as a function of the applied bias voltage. They
found that the anti-Stokes intensity changed with bias voltage while
the Stokes intensity remained constant, indicating that the effective
temperature of the Raman-active mode was affected by passing cur-
rent through the junction®. Interestingly, Ward et al. found that the
vibrational mode temperatures exceeded several hundred kelvin,
whereas earlier work by Tao and co-workers, who used models for
junction rupture derived from biomolecule research, had indicated
a much smaller value (~10 K) for electronic heating®. Whether this
high temperature determined from the ratio of the anti-Stokes to
Stokes intensities indicates that the electronic temperature is also
similarly elevated is still being debated*®>, however, one can definitely
conclude that such measurements under a high bias (few hundred
millivolts) are clearly in a non-equilibrium transport regime, and
much more research needs to be performed to understand the
details of electronic heating.

Concurrently, Liu et al.®* used the STM-based break-junction
technique® and combined this with Raman spectroscopy to per-
form simultaneous conductance and Raman measurements on
single-molecule junctions formed between a Au STM tip and a
Au(111) substrate. They coupled a laser to a molecular junction
as shown in Fig. 3¢ with a 4,4’-bipyridine molecule bridging the
STM tip (top) and the substrate (bottom). Pyridines show clear
surface-enhanced Raman signatures on metal®, and 4,4’-bipy-
ridine is known to form single-molecule junctions in the STM
break-junction set-up®'®. Similar to the study of Ward et al.*,
Liu et al® found that conducting molecular junctions had a
Raman signature that was distinct from the broken molecu-
lar junctions. Furthermore, the authors studied the spectra of
4,4’-bipyridine at different bias voltages, ranging from 10 to
800 mV, and reported a reversible splitting of the 1,609 cm™ peak
(Fig. 3d). Because this Raman signature is due to a ring-stretching
mode, they interpreted this splitting as arising from the break-
ing of the degeneracy between the rings connected to the source
and drain electrodes at high biases (Fig. 3c). Innovative experi-
ments such as these have demonstrated that there is new physics
to be learned through optical probing of molecular junctions, and
are initiating further interest in understanding the effect of local
structure and vibrational effects on electronic transport®.

Experiments that probe electroluminescence — photon emis-
sion induced by a tunnelling current — in these types of molec-
ular junction can also offer insight into structure-conductance
correlations. Ho and co-workers have demonstrated simultaneous
measurement of differential conductance and photon emission
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Figure 3 | Simultaneous studies of optical effects and transport. a, A scanning electron micrograph (left) of an electromigrated Au junction (light
contrast) lithographically defined on a Si substrate (darker contrast). The nanoscale gap results in a 'hot spot’ where Raman signals are enhanced, as
seen in the optical image (right). b, Simultaneously measured differential conductance (black, bottom) and amplitudes of two molecular Raman features
(blue traces, middle and top) as a function of time in a p-mercaptoaniline junction. ¢, Schematic representation of a bipyridine junction formed between
a Au STM tip and a Au(111) substrate, where the tip enhancement from the atomically sharp STM tip results in a large enhancement of the Raman signal.
d, The measured Raman spectra as a function of applied bias indicate breaking of symmetry in the bound molecule. e, Schematic representation of a
Mg-porphyrin (MgP) molecule sandwiched between a Ag STM tip and a NiAI(110) substrate. A subnanometre alumina insulating layer is a key factor

in measuring the molecular electroluminescence, which would otherwise be overshadowed by the metallic substrate. f, Emission spectra of a single
Mg-porphyrin molecule as a function of bias voltage (data is vertically offset for clarity). At high biases, individual vibronic peaks become apparent. The
spectra from a bare oxide layer (grey) is shown for reference. Figure reproduced with permission from: a,b, ref. 56, © 2008 ACS; ¢,d, ref. 62, © 2011 NPG;

ef ref. 65 © 2008 APS.

from individual molecules at a submolecular-length scale using an
STM**. Instead of depositing molecules directly on a metal sur-
face, they used an insulating layer to decouple the molecule from
the metal®* (Fig. 3e). This critical factor, combined with the vac-
uum gap with the STM tip, ensures that the metal electrodes do not
quench the radiated photons, and therefore the emitted photons
carry molecular fingerprints. Indeed, the experimental observation
of molecular electroluminescence of C¢, monolayers on Au(110) by
Berndt et al.®® was later attributed to plasmon-mediated emission of
the metallic electrodes, indirectly modulated by the molecule®. The
challenge of finding the correct insulator-molecule combination
and performing the experiments at low temperature makes electro-
luminescence relatively uncommon compared with the numerous
Raman studies; however, progress is being made on both theoretical
and experimental fronts to understand and exploit emission pro-
cesses in single-molecule junctions®.

Beyond measurements of the Raman spectra of molecular
junctions, light could be used to control transport in junctions
formed with photochromic molecular backbones that occur in
two (or more) stable and optically accessible states. Some common
examples include azobenzene derivatives, which occur in a cis or
trans form, as well as diarylene compounds that can be switched
between a conducting conjugated form and a non-conducting
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cross-conjugated form®. Experiments probing the conductance
changes in molecular devices formed with such compounds have
been reviewed in depth elsewhere’”!. However, in the single-mol-
ecule context, there are relatively few examples of optical modula-
tion of conductance. To a large extent, this is due to the fact that
although many molecular systems are known to switch reliably
in solution, contact to metallic electrodes can dramatically alter
switching properties, presenting a significant challenge to experi-
ments at the single-molecule level.

Two recent experiments have attempted to overcome this chal-
lenge and have probed conductance changes in single-molecule
junctions while simultaneously illuminating the junctions with
visible light’>7. Battacharyya et al” used a porphyrin-Cg, ‘dyad’
molecule deposited on an indium tin oxide (ITO) substrate to
demonstrate the light-induced creation of an excited-state mol-
ecule with a different conductance. The unconventional transpar-
ent ITO electrode was chosen to provide optical access while also
acting as a conducting electrode. The porphyrin segment of the
molecule was the chromophore, whereas the Cy, segment served
as the electron acceptor. The authors found, surprisingly, that the
charge-separated molecule had a much longer lifetime on ITO than
in solution. In the break-junction experiments, the illuminated
junctions showed a conductance feature that was absent without
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light, which the authors assigned to the charge-separated state. In
another approach, Lara-Avila et al.”? have reported investigations
of a dihydroazulene (DHA)/vinylheptafulvene (VHF) molecule
switch, utilizing nanofabricated gaps to perform measurements of
Au-DHA-Au single-molecule junctions. Based on the early work
by Daub et al.”*, DHA was known to switch to VHF under illumina-
tion by 353-nm light and switch back to DHA thermally. In three
of four devices, the authors observed a conductance increase after
irradiating for a period of 10-20 min. In one of those three devices,
they also reported reversible switching after a few hours. Although
much more detailed studies are needed to establish the reliability
of optical single-molecule switches, these experiments provide new
platforms to perform in situ investigations of single-molecule con-
ductance under illumination.

We conclude this section by briefly pointing to the rapid pro-
gress occurring in the development of optical probes at the single-
molecule scale, which is also motivated by the tremendous interest
in plasmonics and nano-optics. As mentioned previously, light can
be coupled into nanoscale gaps, overcoming experimental chal-
lenges such as local heating. Banerjee et al.” have exploited these
concepts to demonstrate plasmon-induced electrical conduction
in a network of Au nanoparticles that form metal-molecule-metal
junctions between them (Fig. 3f). Although not a single-molecule
measurement, the control of molecular conductance through plas-
monic coupling can benefit tremendously from the diverse set of
new concepts under development in this area, such as nanofabri-
cated transmission lines’®, adiabatic focusing of surface plasmons,
electrical excitation of surface plasmons and nanoparticle optical
antennas. The convergence of plasmonics and electronics at the
fundamental atomic- and molecular-length scales can be expected
to provide significant opportunities for new studies of light-mat-
ter interaction”"’.

Thermoelectric characterization of single-molecule junctions
Understanding the electronic response to heating in a single-mole-
cule junction is not only of basic scientific interest; it can have a tech-
nological impact by improving our ability to convert wasted heat into
usable electricity through the thermoelectric effect, where a temper-
ature difference between two sides of a device induces a voltage drop
across it. The efficiency of such a device depends on its thermopower
(S; also known as the Seebeck coeflicient), its electric and thermal
conductivity®. Strategies for increasing the efficiency of thermoelec-
tric devices turned to nanoscale devices a decade ago®, where one
could, in principle, increase the electronic conductivity and ther-
mopower while independently minimizing the thermal conductiv-
ity®. This has motivated the need for a fundamental understanding
of thermoelectrics at the single-molecule level®, and in particular,
the measurement of the Seebeck coefficient in such junctions. The
Seebeck coefficient, S = —(AV/AT)|,_,, determines the magnitude of
the voltage developed across the junction when a temperature dif-
ference AT is applied, as illustrated in Fig. 4a; this definition holds
both for bulk devices and for single-molecule junctions. If an addi-
tional external voltage AV exists across the junction, then the cur-
rent I through the junction is given by I = GAV + GSAT where G is
the junction conductance®. Transport through molecular junctions
is typically in the coherent regime where conductance, which is pro-
portional to the electronic transmission probability, is given by the
Landauer formula®. The Seebeck coefficient at zero applied voltage
is then related to the derivative of the transmission probability at the
metal Fermi energy (in the off-resonance limit), with,

kT aln(T(E))|

S= omniaE)
3e oE E,

where k; is the Boltzmann constant, e is the charge of the electron,
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T(E) is the energy-dependent transmission function and Ej is the
Fermi energy. When the transmission function for the junction
takes on a simple Lorentzian form®, and transport is in the off-
resonance limit, the sign of S can be used to deduce the nature of
charge carriers in molecular junctions. In such cases, a positive S
results from hole transport through the highest occupied molecu-
lar orbital (HOMO) whereas a negative S indicates electron trans-
port through the lowest unoccupied molecular orbital (LUMO).
Much work has been performed on investigating the low-bias con-
ductance of molecular junctions using a variety of chemical linker
groups®-*¥, which, in principle, can change the nature of charge
carriers through the junction. Molecular junction thermopower
measurements can thus be used to determine the nature of charge
carriers, correlating the backbone and linker chemistry with elec-
tronic aspects of conduction.

Experimental measurements of S and conductance were first
reported by Ludoph and Ruitenbeek® in Au point contacts at
liquid helium temperatures. This work provided a method to
carry out thermoelectric measurements on molecular junctions.
Reddy et al.** implemented a similar technique in the STM geome-
try to measure S of molecular junctions, although due to electronic
limitations, they could not simultaneously measure conductance.
They used thiol-terminated oligophenyls with 1-3-benzene units
and found a positive S that increased with increasing molecular
length (Fig. 4b). These pioneering experiments allowed the iden-
tification of hole transport through thiol-terminated molecular
junctions, while also introducing a method to quantify S from
statistically significant datasets. Following this work, our group
measured the thermoelectric current through a molecular junction
held under zero external bias voltage to determine S and the con-
ductance through the same junction at a finite bias to determine G
(ref. 92). Our measurements showed that amine-terminated mol-
ecules conduct through the HOMO whereas pyridine-terminated
molecules conduct through the LUMO (Fig. 4b) in good agree-
ment with calculations.

S has now been measured on a variety of molecular junctions
demonstrating both hole and electron transport”>. Although
the magnitude of S measured for molecular junctions is small, the
fact that it can be tuned by changing the molecule makes these
experiments interesting from a scientific perspective. Future work
on the measurements of the thermal conductance at the molecu-
lar level can be expected to establish a relation between chemical
structure and the figure of merit, which defines the thermoelec-
tric efficiencies of such devices and determines their viability for
practical applications.

Spintronics

Whereas most of the explorations of metal-molecule-metal junc-
tions have been motivated by the quest for the ultimate minia-
turization of electronic components, the quantum-mechanical
aspects that are inherent to single-molecule junctions are inspir-
ing entirely new device concepts with no classical analogues. In
this section, we review recent experiments that demonstrate the
capability of controlling spin (both electronic and nuclear) in
single-molecule devices®. The early experiments by the groups of
McEuen and Ralph®”, and Park® in 2002 explored spin-depend-
ent transport and the Kondo effect in single-molecule devices,
and this topic has recently been reviewed in detail by Scott and
Natelson”. Here, we focus on new types of experiment that are
attempting to control the spin state of a molecule or of the elec-
trons flowing through the molecular junction. These studies are
motivated by the appeal of miniaturization and coherent trans-
port afforded by molecular electronics, combined with the great
potential of spintronics to create devices for data storage and quan-
tum computation'®. The experimental platforms for conducting
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the spin-dependent transport studies include measurements with
(1) non-magnetic electrodes contacting magnetic molecules, (2)
magnetic electrodes contacting a non-magnetic molecule, and (3)
magnetic electrodes contacting a magnetic molecule.

Experiments with non-magnetic electrodes contacting sin-
gle magnetic molecules in a transistor configuration have shown
a diverse set of phenomena including the demonstration of the
Kondo effect®”%, the observation of negative differential conduct-
ance in electronic transport, as well as the detection and control
of magnetic anisotropy'®'®. In such devices, it was generally not
possible to change the spin state of the molecule under investiga-
tion. However, in a recent work, van der Zant and co-workers were
able to electrically control the spin state of a single-molecule (a
Mn-terpyridine derivative) between a ‘high-spin’ (S = 5/2) and a
‘low-spin’ (S = 1/2) configuration using a gate electrode, as illus-
trated in Fig. 5a'® In crystalline form, the 5d electrons on the
Mn core of these molecules are split by their interactions with
the ligands, favouring the high-spin state. In this experiment, the
authors used the gate electrode to change the charge state of the
ligands, enhancing the ligand field strength and therefore stabiliz-
ing the low-spin state.

In the second type of experiment, Wulfhekel and co-workers'®
probed the dependence of the conductance of a single non-mag-
netic molecular junction on the relative alignment of the tip and
substrate magnetization. Figure 5b shows the schematic for this
STM-based measurement of a phthalocyanine molecule on a Co
island on a Cu(111) substrate probed with a Co-coated tungsten
tip. Here, the authors found significant differences in the differen-
tial conductance of the molecules between the tip and substrate
depending on the relative alignment (parallel or antiparallel) of
the tip and substrate magnetization. Quantitatively, the conduct-
ance with a parallel alignment was found to be ~60% higher on
average than the conductance with an antiparallel alignment.
Combined with theoretical calculations, these differences were
ascribed to spin-dependent hybridization of the molecular orbit-
als with the electrodes. More recently, a direct experimental obser-
vation of the spin-dependent hybridization of C, molecules on a
Cr(001) surface has been obtained using spin-polarized scanning
tunnelling microscopy in combination with scanning tunnelling
spectroscopy'®.

Similar spin-polarized STM measurements with magnetic
electrodes have also been carried out using magnetic molecules.
Generally, in these measurements, differential conductance is
measured as a function of tip-sample bias voltage for differ-
ent relative alignments of the tip and sample magnetization.
For example, Bucher and co-workers recently showed that a
Co-phthalocyanine molecule on a Co surface can either act as a
simple scatterer or as a spin filter, depending on the bias voltage
at which the differential conductance is probed'””. Interestingly,
the spin state of a magnetic molecule can change when it inter-
acts with the electrodes; however, this does not necessarily imply
that its spin-transport properties are lost. In another experi-
ment with a Co-phthalocyanine molecule, Wiesendanger and
co-workers'*® showed that the molecule lost its net spin (and one
electron) due to a strong hybridization of the molecular orbit-
als with the underlying magnetic Fe substrate. Despite this, they
still observed a spin-polarized tunnelling current, which they
attributed to the molecule-substrate coupling'®®. In a more recent
work, Wiesendanger and co-workers were able to spatially visu-
alize spin-split molecular orbitals in a bis(phthalocyaninato)
terbium(111) molecule on a Co surface'®. They again compared
the differential conductance while varying the relative orienta-
tion of the tip and substrate magnetization, but managed to do
so while maintaining subnanometre-scale spatial resolution
(Fig. 5¢).
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Figure 4 | Single-molecule thermoelectric characterization. a, Variation
of thermopower (Seebeck coefficient) as a function of molecular length
in thiol-linked oligophenyl molecules. BDT, 1,4-benzenedithiol; DBDT,
4,4'-dibenzenedithiol; TBDT, 4,4"-tribenzenedithiol. b, Statistically
relevant measurements of the thermopower reveals hole transport for
amines and electron transport for pyridines. Figure reproduced with
permission from: a, ref. 91, © 2007 AAAS; b, ref. 92, © 2012 ACS.

These experiments on molecular and tunnel junctions have
advanced our understanding of spin-dependent electron trans-
port. The electronic spins in these molecules are often strongly
coupled to the electrodes, and thus controlling them has proved
challenging. The stronger the coupling, the shorter the spin-
relaxation and coherence times, and therefore devices where the
electronic spin state of a molecule can be controlled may prove
challenging for applications. Nuclear spins — especially when
embedded in a molecule — in contrast, are very weakly coupled to
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Figure 5 | Addressing electronic and nuclear spins. a, Scanning electron microscope image of an electromigrated Au junction with an AL,O, gate used

to study the effect of gating on the spin ground state of a single-molecule magnet (structure and spin states on the right). The voltage on the gate
electrode allows for switching between the high- and low-spin states (S.) in the molecule by altering the charge state of the ligands. The structure of

the Mn-terpyridine derivative used in this study is shown the upper right panel. b, Schematic representation of magnetization orientations (top panels)
for phthalocyanine molecules on Co islands probed by a Co-coated tungsten STM tip. The measured differential conductance (bottom) shows clear
differences in the transport characteristics depending on the relative alignment of the tip and Co island magnetization. ¢, Experimentally measured spin
polarization and schematic representation of spin splitting (top panels) in a single-molecule magnet on a Co surface. The real-space measurements of
differential conductance at the energies corresponding to the spin polarizations visualize the identical spatial characteristics of the spin-split orbitals
(bottom). Scale bar, 1nm. d, Schematic of a single-molecule magnet in a transistor-configuration set-up, indicating the easy axis of the Tb atom nuclear
spin (top). The bottom panel shows multiple differential conductance sweeps (gate voltage = -0.9 V, source-drain voltage = 0 V), measured by varying the
magnetic field (B). The abrupt changes in the conductance of the molecule at characteristic values of the magnetic field (arrows indicate the field-sweep
direction) are due to the switching of the Tb magnetic moment. Figure reproduced with permission from: a, ref. 104, © 2010 ACS; b, ref. 105, © 2011 NPG;

¢, ref. 109, © 2012 NPG; d, ref. 110, © 2012 NPG.

the environment, and thus have longer coherence times. However,
this weak coupling of the nuclear spin to its environment also
makes it extremely challenging to manipulate. In a recent work,
Vincent et al. demonstrated a new approach to reading the nuclear
spin of a terbium atom in a bis(phthalocyaninato)terbium(11r) sin-
gle-molecule device''’. Figure 5d shows the electronic transport
measurements in a transistor configuration that the authors used to
not only demonstrate a new technique for reading out the nuclear
spin, but also to report its long lifetime (tens of seconds), as deter-
mined from analyses of spin relaxation dynamics. Experiments
and techniques described here are improving our understanding
of magnetic properties at the single-molecule level and are helping
to develop practical ways to manipulate spins. These latter aspects
could be useful in implementing single-molecule memory, logic
and potentially quantum-logic circuit elements.
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Quantum interference

We conclude this Review with a section highlighting another purely
quantum mechanical aspect of charge transport through single-
molecule junctions — quantum interference — that arises due
to the wave nature of the electrons when the device length scale
becomes comparable to the electronic phase coherence length. This
length-scale criteria is already satisfied by mesoscale devices, as evi-
denced by experiments demonstrating the Aharonov-Bohm effect
in metal rings three decades ago''. Experiments at the molecular
level are not, however, merely a simple extension of such measure-
ments down to the atomic scale; instead, they provide new insights
and methods towards controlling charge transport at the level of the
wavefunction through chemical design and, potentially, through
electrical control. For example, quantum interference effects can
dramatically lower the conductance of a cross-conjugated (or a
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meta-terminated) molecule when compared with the linearly conju-
gated (or para-terminated) analogue**. From a chemical perspec-
tive, this can be intuitively understood in analogy to the electronic
effect of a substituent at meta- and para- positions on chemical reac-
tion rates, as characterized by the Hammett constants''?. Formally,
the reduced conductance of cross-conjugated molecular junctions
is due to an anti-resonance in the junction transmission function'®.
Controlling the position of this anti-resonance, relative to the elec-
trode Fermi level could open up a pathway to create a quantum
interference-controlled molecular switch with a potentially large
on/off ratio*'". It has also been proposed that one could toggle
between a conjugated and cross-conjugated molecular junction
through a chemical or conformational change''*''s. Technologically,
the discrete energy levels in a molecular junction can allow for inter-
ference effects to be preserved even at high temperatures. Thus the
ability to control interference effects encoded in the chemical struc-
ture of a molecule will enable novel functionality that can operate at
room temperature.

At the most fundamental level, chemical structure controls
interference effects in molecular junctions. Thus a molecular struc-
ture with two equivalent pathways for conduction should show an
increase in conductance when compared with a similar molecule
with only a single conduction pathway; this might be imagined
as having two resistors in parallel as opposed to a single resistor.
Although Kirchoff’s law for conventional electronic circuits pre-
dicts a doubling of conductance in such cases, constructive inter-
ference effects could, in theory, result in an increase of a factor
of four or larger'”. Although conceptually simple, the chemical
synthesis of stable molecules with multiple conductive backbones
is highly challenging. In a recent experiment, we investigated the
conductance superposition law in single-molecule junctions with
two parallel paths for conduction to probe constructive interfer-
ence effects®. Figure 6a shows the chemical structures of two of
the molecules investigated, consisting of either one or two ben-
zene units bonded together cofacially by a common linker on each
end. The conductance measurements showed an enhancement by
a factor of ~3, larger than what would be predicted from Kirchoft’s
law. However, even in this simple case, we did not observe a factor
of four increase reported in the constructive interference in metal
rings because of subtleties that were evident from calculations of
the transmission probabilities through these systems demonstrat-
ing that molecular junctions cannot simply be treated as a scaled-
down version of mesoscopic devices.

One hurdle in probing transport through single-molecule junc-
tions that show destructive interference effects is that their low-
bias conductance is very small. Providing convincing evidence
that molecular junctions do form by simply measuring current
through these junctions is not sufficient as the through-space
component of the current can be larger than the through-‘bond’
component'?. Force measurements can provide especially useful
information in such cases because they probe junction mechanics
independent of conductance. We have recently used this approach
to measure conductance and force through two molecules that
have linkers at either meta- or para- positions. These measure-
ments were carried out with two stilbene derivatives* terminated
with methyl sulphide linkers®. Although the para-terminated
stilbene was known to conduct well, destructive quantum inter-
ference effects were expected to yield a low- or non-conducting
junction in the meta-terminated case. From simultaneous force
and conductance measurements, we were able to obtain evidence
for junction formation in the force signature despite the lack of
conductance in the meta-terminated stilbene. This experiment
showed that destructive quantum interference is not quenched in
single-molecule circuits of these molecules, even at room temper-
ature and in ambient conditions.
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a, Conceptual sketches (M, molecular backbone; L, chemical linker) and
chemical structures of two molecules (S, yellow; Au, gold; C, grey; H,
white) used to experimentally probe the role of constructive quantum
interference in molecules with parallel conductance pathways. If the
molecular circuit was a conventional macroscopic device, a doubling

of the conductance for the molecule with two parallel paths would be
predicted compared with the molecule with the single pathway. However,
the conductance is tripled due to the interplay of constructive quantum
interference with the complex transmission characteristics of electronic
transport in single-molecule junctions. b, Measured conductance
(dl/dV) versus bias voltage for a cross-conjugated (AQ-MT) and linearly
conjugated molecule (OPE3-MT) across hundreds of /(V) measurements.
The sharp dip in the conductance near zero bias results from an anti-
resonance in the transmission spectrum and provides evidence for
destructive interference in the cross-conjugated molecule. Figure
reproduced from: a, ref. 26, © 2012 NPG; b, ref. 25, © 2012 NPG.

The signature for destructive interference in molecular junc-
tions is the anti-resonance in the transmission probability
through the junction; this can, in principle, be probed by measur-
ing the differential conductance of the junction as a function of
applied bias voltage. Although this has not been achieved so far
in a single-molecule junction where the conductance signal-to-
noise ratio can be quite small, Guédon et al. were able to show
evidence for a transmission anti-resonance in a junction com-
posed of about 100 molecules®. They used a conducting AFM
technique'” to measure the differential conductance of molecular
junctions in a series of anthraquinone derivatives that were either
cross-conjugated or linearly conjugated (Fig. 6b). They observed
that the conductance of the cross-conjugated molecular junc-
tion was two orders of magnitude lower than that of the linearly
conjugated one, even though the difference in their HOMO and
LUMO energies was almost the same. Furthermore, the differ-
ential conductance measured through the cross-conjugated sys-
tem showed clear evidence for an anti-resonance, with a sharp
dip in the differential conductance close to zero-bias, as shown in
Fig. 6b. Although these devices could not be gated electrically in
these experiments, the results show that a shift in molecular anti-
resonance in such a system by ~0.5 V would yield a two-order-
of-magnitude increase in conductance. In contrast, gating the
linearly conjugated device by a similar amount would not show
a significant change in conductance. These experiments demon-
strated the potential for quantum interference-based devices that
function at room temperature.
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Summary

From its conception as a path to miniaturize conventional elec-
tronic components, to its role in creating new paradigms for
quantum mechanically dictated devices, metal-molecule-metal
junctions have consistently provided a remarkably fertile platform
to study physical phenomena at the molecular scale. Emerging
experimental techniques are enabling previously unachievable
investigation of a variety of interesting properties, and their cor-
relations, in single-molecule junctions. At the same time, these
techniques are continuing to improve our understanding of the
structure-function relationships and design principles for the
realization of molecular-scale devices. Together, these develop-
ments are bringing us closer towards the overarching ambition to
build, control, and use functional material and devices from the
bottom up.

Received 22 October 2012; accepted 22 April 2013;
published online 5 June 2013
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