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Mechanically controlled molecular orbital
alignment in single molecule junctions

Christopher Bruot’, Joshua Hihath? and Nongjian Tao'*

Research in molecular electronics often involves the demon-
stration of devices that are analogous to conventional semicon-
ductor devices, such as transistors and diodes’, but it is also
possible to perform experiments that have no parallels in con-
ventional electronics. For example, by applying a mechanical
force to a molecule bridged between two electrodes, a device
known as a molecular junction, it is possible to exploit the inter-
play between the electrical and mechanical properties of the
molecule to control charge transport through the junction?8.
1,4’ -Benzenedithiol is the most widely studied molecule in
molecular electronics®', and it was shown recently that the
molecular orbitals can be gated by an applied electric field™.
Here, we report how the electromechanical properties of a
1,4’ -benzenedithiol molecular junction change as the junction
is stretched and compressed. Counterintuitively, the conduc-
tance increases by more than an order of magnitude during
stretching, and then decreases again as the junction is com-
pressed. Based on simultaneously recorded current-voltage
and conductance-voltage characteristics, and inelastic electron
tunnelling spectroscopy, we attribute this finding to a strain-
induced shift of the highest occupied molecular orbital towards
the Fermi level of the electrodes, leading to a resonant enhance-
ment of the conductance. These results, which are in agreement
with the predictions of theoretical models™-7'%2, also clarify
the origins of the long-standing discrepancy between the calcu-
lated and measured conductance values of 1,4’ -benzenedithiol,
which often differ by orders of magnitude?'.

We have studied the charge transport properties of gold-1,4'-
benzenedithiol (BDT)-gold junctions using the scanning tunnelling
microscopy (STM) break-junction technique? in high-vacuum con-
ditions at temperatures between 4 K and 300 K. Break-junction
techniques (both STM and a related approach based on a mechani-
cally controlled break junction) have been widely used to create and
study electron transport in molecules*?*. To determine the conduc-
tance of a single BDT molecular junction, we first performed
repeated break-junction cycles, where one electrode is brought
into contact with the other and pulled back while the current is
recorded (Fig. 1la). If a molecular junction is formed during the
stretching process, steps appear in the current versus distance trace,
and by repeating this procedure thousands of times it is possible to
determine the most likely conductance of a single molecule based
on statistical analysis®*. The conductance histograms (Fig. 1b) show
broad peaks near 0.01G, (where G,=2¢*/h), which agree with
previous studies by various groups®!~13. Details of the histogram
distribution are discussed in the Supplementary Information.

At low temperatures, plots of conductance versus electrode dis-
placement often show an increase in molecular conductance
during stretching. We define displacement here as the relative move-
ment of the two electrodes, and define zero displacement as the

point where the conductance drops from G, to the tunnelling
regime for each trace. Some of the junctions yield an increase of
more than one order of magnitude in the conductance upon stretch-
ing, raising the conductance to a few tenths of 1G, before breakdown
(Fig. 1¢,d). Additionally, many of the conductance traces show a small
decrease in conductance before increasing. In total, at low tempera-
ture, ~70% of the conductance versus distance traces have a
plateau region with an increase in the conductance. The conductance
measured at the last stage of stretching is close to the value of
conductance for BDT calculated using theoretical models?!.

The large increase in conductance is counterintuitive, because
increasing the distance between the two electrodes is expected to
weaken molecule-electrode coupling and increase tunnelling dis-
tance, which one would expect to lead to a decrease in conductance
rather than an increase. This observation has been made for alkane-
dithiol junctions”?>2%, We believe that the increase in conductance is
a result of force-induced resonant tunnelling, an effect that occurs
when the weakening of the molecule-electrode coupling causes a
shift in molecular energy level closer to the electrode Fermi
level'*-'7. Theoretical studies'” predict that changing either of the
molecule-electrode contacts in a molecular junction can signifi-
cantly affect the alignment of the molecular energy levels relative
to the electrode Fermi levels, and thus change the conductance. In
the case of a BDT junction, it has been shown that its highest occu-
pied molecular orbital (HOMO)-related states are located far below
the Fermi level in the relaxed configuration?®?”. However, on
stretching the molecular junction, electronic coupling between the
molecule and electrodes decreases, and the HOMO-related states
move up towards the Fermi level, leading to resonant tunnelling.
Therefore, even though the electrodes are being separated during
the stretching process, this shift in the HOMO level causes a sub-
stantial increase in the conductance upon stretching because it
causes a decrease in the tunnelling energy barrier. Several other
theoretical studies have been performed to elucidate the conduc-
tance behaviour of BDT!*16. Although the conductance values
calculated using different theories vary over a large range, the
prediction that the value increases with stretching is robust and
insensitive to the details of the different models!416120,

To better understand the evolution of the conductance increase
under stretching conditions we created many molecular junctions
and studied the current-voltage (I-V), conductance-voltage
(G-V) and inelastic electron tunnelling spectroscopy (IETS) charac-
teristics while gradually stretching and compressing the junctions®.
Figure 2 shows an example of one junction in which the I-V,
G-V and IETS curves were recorded while the electrode displace-
ment was changed in ~0.01 nm increments. After the junction
was formed (region I in Fig. 2a), an initial increase in conductance
was noticed as the electrodes were separated by a small distance
(region II). To avoid breaking the junction and to explore the
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Figure 1| Changes in conductance of BDT due to stretching. a, Schematic of a molecular junction (top). Schematic energy diagram (bottom) showing how
the energy of the HOMO changes relative to E¢ of the electrodes as electrode separation increases. b, Characteristic conductance histograms at room
temperature (black) and 4.2 K (red). Histograms offset for clarity. ¢,d, Plots of conductance (in units of G) versus electrode displacement measured at 4.2 K.
For some junctions the conductance increases with displacement (c), whereas for others the conductance-displacement curves are either flat or bowl-shaped
(d). Different colours in ¢ and d represent different junctions, and the traces have been offset for clarity.

reversibility of this feature, the direction of movement was then
reversed, and electrode displacement was decreased (region III,
shown in blue). The separation of the electrodes was then increased
again (region IV, shown in black) to ensure the reproducibility of the
conductance behaviour. The ‘bowl’-shaped conductance behaviour
shown in Fig. 2a is characteristic of the force-induced resonance
predicted by theory?®?. Tt suggests that when the junction is com-
pressed the BDT molecule is tilted between the electrodes, which
causes an increase in conductance due to lateral w-electron coupling
between the molecule and electrodes”?. When the junction is
stretched, however, electronic coupling between the molecule and
electrodes is reduced, causing a shift in the HOMO level towards
the Fermi energy of the electrodes, and a corresponding increase
in conductance. The change in conductance is fully reversible,
and the force-induced increase in conductance is apparent in the
initial stretching (region II) and extends even further after the
retrace is completed (region IV).

We also recorded both the conductance G and the inelastic elec-
tron tunnelling (IET) as a function of bias voltage V at several differ-
ent displacements during the compression and extension cycles.
The G-V spectra reveal significant, continuous and fully reversible
changes during the compression and extension cycles. When the
junction is extended (positions 1 and 8 in Fig. 2ab), the G-V
curve is highly asymmetric, but this asymmetry decreases as the dis-
placement decreases (Fig. 2d). Because the molecule is symmetric,
the asymmetry in the G-V curves must be due to asymmetric
contacts formed between the molecule and the two gold electrodes.
The two contacts are in series, so one expects that the weaker of the
two will be stretched more, which leads to even more asymmetry
in the contacts, and explains the increase in asymmetry with
electrode separation.

The most obvious change in the IET spectra during the stretch-
ing and compressing cycle is the change in the vibration mode at
+14 mV (Fig. 2c). The amplitudes of this low-frequency mode
change continuously with displacement, becoming asymmetric as

the junction is extended and more symmetric as the junction is
compressed (Fig. 2e). This mode could be due to either the collective
motion of BDT with respect to the gold electrodes®>° or to gold-
gold bonds in the contact®'. The observed change in the +14 mV
mode demonstrates that a strain is being applied to the molecular
junction, and that the stretching/compression takes place primarily
at the molecule-electrode contact. As is predicted theoretically'*-17,
this change in the contact decreases the coupling between the mol-
ecule and the electrode, and shifts the HOMO level towards the elec-
trode Fermi level, causing an increase in molecular conductance.
Although there is a systematic change in the peak amplitude, the
change in the peak frequency (position) is less obvious because it
is relatively small and may be obfuscated by the peak width in
most cases®>*2. However, obvious changes in peak frequency have
also been observed in some junctions (for example, the mode
around 40 mV in Fig. 3d).

The conductance, symmetry of the G-V curves and low-
frequency vibration mode in the IET spectrum all change continu-
ously and reversibly upon repeated stretching and compressing of
the molecular junction. These observations indicate that the
increase in G at the end of the stretching cycle is not due to large
and abrupt changes in the molecule-electrode contact geometry,
as is seen in other systems®, but is instead due to a gradual and
reversible stretching of the bond at the contacts. Large abrupt
atomic rearrangements at the contacts can also be observed,
which is, however, much different from the continuous changes dis-
cussed above. Figure 3 shows two BDT junctions undergoing abrupt
configuration changes during stretching. The first junction showed a
clear plateau, and the stretching process was stopped at position 1 to
begin recording the I-V, G-V and IETS characteristics (Fig. 3a-d).
Upon further stretching of the junction a clear and gradual increase
in conductance is observed, together with an increase in the asym-
metry of the G-V curve. However, when the junction is stretched to
a distance of ~0.23 nm, close to the size of a gold atom, the conduc-
tance drops abruptly to a value below the initial conductance at
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Figure 2 | Differential conductance and IETS of BDT junctions as a result of stretching and compressing. a, Plot of conductance G versus electrode
displacement for a junction during repeated stretching and compressing at 4.2 K. b, Differential conductance curves (G versus V) for positions 1-8 in a.

The curves show clear, reversible changes in asymmetry as the mechanical force changes. ¢, IET spectra (dzl/dV2 versus V) also show reversible changes.
Both the G-V curves and the IET spectra are offset for clarity. d,e, Plots of rectification ratio at V= 0.2 V (d) and peak height ratio for the +14 mV mode (e)
versus electrode displacement. Red curves are fits to guide the eye. See Supplementary Information for all G-V curves and IET spectra for this junction,

including the assignment of vibration modes to the observed peaks.

position 1. This sudden change in conductance is also accompanied
by a sudden change in the symmetry of the G-V curves. Upon
further stretching the conductance, the asymmetry increases again
for a similar distance of ~0.23 nm before the junction finally
breaks down.

There is also a sudden switch* in the conductance of the second
junction at a displacement of 0.14 nm (Fig. 3e). The conductance
increases upon further stretching until breakdown when the junc-
tion is stretched to ~0.27 nm. Again, the G-V curves show large
and abrupt changes associated with the switch (Fig. 3f). These
data further confirm that the continuous changes in the conduc-
tance, G-V curves and IET spectra shown in Fig. 2 are due to con-
tinuous stretching in the molecule-electrode contacts rather than
any sudden changes in the geometry.

The IET spectra for the first junction show a large increase in the
peak amplitude and a change in the line shape of the modes between
0.1 and 0.2 V as the junction elongates and conductance increases
(Fig. 3c,d). These modes are due to benzene ring vibrations
(Supplementary Table SI1). Although this change in the IETS

peaks could be caused by other factors, such as dipole coupling®,
it is consistent with the theory of IETS peaks near resonance,
which predicts an increase in the amplitude and the development
of a derivative-like feature'*%%”. This resonant enhancement may
also explain the systematic increase in the IETS peak amplitude
shown in Fig. 2. A much larger increase in the IETS peaks is
shown in Supplementary Fig. S5, where the transport is brought
closer to resonance upon stretching than the junctions shown in
Figs 2 and 3.

So far, we have demonstrated that conductance can increase with
stretching of a BDT junction. When this increase occurs, it is
accompanied by a continuous increase in the asymmetry of the
G-V curves, a change in amplitude of the low-frequency vibration
mode, and a change in the IETS peak amplitude and line shape.
These points demonstrate that the conductance increase is due to
continuous stretching in the molecule-electrode contact, and
support the model of a force-induced shift in the molecular
orbital. However, to fully demonstrate the emergence of a resonant
tunnelling feature during elongation, it is also important to show
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Figure 3 | Conductance switching behaviour of two BDT junctions. a, Plot of conductance G versus electrode displacement showing switching and
increasing conductance behaviour. b, Differential conductance (G-V) curves at the four different positions indicated in a: the curve at position 3 is clearly
more symmetric than at position 2. ¢,d, IET spectra at positions T and 2 (¢) and 3 and 4 (d) in a, showing that changes in the conductance lead to changes in
the intensity and shape of the peaks. IET spectra are plotted on the same scale and are offset for clarity. e, Plot of conductance versus displacement for a
different junction, showing the conductance first decreasing and then increasing after a switching event. f, G-V curves from positions 1 and 2 in e. All

measurements performed at 4.2 K.
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Figure 4 | Exploring the energy levels of a molecular junction. a, Plot of conductance versus electrode displacement of a BDT junction at 4.2 K recorded
with the junction being stretched and compressed much faster than the plots shown in Figs 2 and 3. The conductance decreases when the junction is
compressed, and then increases to a relatively high value when the junction is stretched. b, Plots of current | versus bias voltage V at the three positions
indicated in a, recorded with V being swept much faster than the plots shown in Figs 2 and 3. Thin lines are fits to the data. ¢, Plots of In(I/VZ) versus 1/V

for three different values of the displacement (based on fits to the I-V curves

in b). The height of the barrier that electrons have to tunnel through is

determined by the transition voltage, which is the voltage corresponding to the minimum of each plot (indicated by arrows). The height of the barrier

decreases as the molecule is stretched.

that the energy levels of the molecular system change upon stretch-
ing. To explore this possibility we performed stretching/bias sweep
measurements in which the bias was swept quickly and the tip was
moved quickly (rather than the slow bias sweeps used to obtain the

38

high-resolution G-V and IET spectra described above); this allowed
the junction to reach much higher conductance values before break-
down (Fig. 4a). Upon stretching, the current increases nonlinearly
with bias for higher values of the bias (Fig. 4b), and as the junction
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is stretched the increase becomes even more prevalent, indicating a
change in the proximity of the energy of the HOMO level to the
Fermi energy of the electrodes.
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