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Large negative differential conductance
in single-molecule break junctions

Mickael L. Perrin’, Riccardo Frisenda’, Max Koole', Johannes S. Seldenthuis’, Jose A. Celis Gil,
Hennie Valkenier?3, Jan C. Hummelen?, Nicolas Renaud?, Ferdinand C. Grozema?,
Joseph M. Thijssen’, Diana Duli¢"> and Herre S. J. van der Zant'*

Molecular electronics aims at exploiting the internal structure
and electronic orbitals of molecules to construct functional
building blocks'. To date, however, the overwhelming majority
of experimentally realized single-molecule junctions can be
described as single quantum dots, where transport is mainly
determined by the alignment of the molecular orbital levels
with respect to the Fermi energies of the electrodes? and the
electronic coupling with those electrodes®*. Particularly
appealing exceptions include molecules in which two moieties
are twisted with respect to each other®® and molecules in
which quantum interference effects are possible’. Here, we
report the experimental observation of pronounced negative
differential conductance in the current-voltage characteristics
of a single molecule in break junctions. The molecule of interest
consists of two conjugated arms, connected by a non-conju-
gated segment, resulting in two coupled sites. A voltage
applied across the molecule pulls the energy of the sites
apart, suppressing resonant transport through the molecule
and causing the current to decrease. A generic theoretical
model based on a two-site molecular orbital structure captures
the experimental findings well, as confirmed by density
functional theory with non-equilibrium Green's functions
calculations that include the effect of the bias. Our results
point towards a conductance mechanism mediated by the
intrinsic molecular orbitals alignment of the molecule.

Negative differential conductance (NDC), characterized by a
decrease in current with increasing voltage, is a widely used
feature in electronic semiconductor devices. NDC has also been
observed in molecular devices based on self-assembled monolayers
(SAMs) and on single molecules’ 3. In some devices the NDC effect
could be explained by features of the electrodes or the interface®!?,
or by bias-dependent barriers'?, while in others it has been attribu-
ted to intramolecular features such as spin or phonon blockade!!, or
conformational switching!'®. In most cases the NDC effects have
been rather small, and large NDC effects (with a peak-to-valley
ratio exceeding 2) have only been observed in SAMs!'*!%, where
they are due to chemical'® or redox'” reactions inside the SAM or
traps at the electrode interface's.

We investigate an intrinsic and pronounced NDC effect in a
single thiolated arylethynylene molecule with a 9,10-dihydroanthra-
cene core (AH, Fig. 1a)". The molecule is studied using mechani-
cally controllable break junctions (MCBJs), which offer high
electrode stability and fine-tuning of the electrode spacing?. This
control is realized by bending a flexible substrate in a three-point
bending geometry (Fig. 1c). On bending the substrate, the gold

wire deposited on top (see scanning electron microscopy (SEM)
image in Fig. 1d) is stretched until it breaks. The two sides of the
broken wire then act as electrodes, the separation of which can be
adjusted with picometre resolution?!. The molecules were deposited
on the unbroken gold electrodes using self-assembly from a 0.1 mM
solution in dichloromethane for 24 h. The set-up was pumped to a
pressure below 5 x 107® mbar and cooled to a temperature of 6 K,
after which current-voltage (I-V) characteristics were recorded.
For comparison, we also performed detailed studies on a molecule
with an anthracene core, which, in contrast to AH, is fully conju-
gated” (AC, Fig. 1b). For more details about the experimental
procedures, see Supplementary Section IA.

Figure 2a presents a typical I-V curve measured in a device
exposed to a solution of AH (sample A). At low bias, the current
exhibits a pronounced NDC feature: starting from zero bias, the
current initially increases, but, after 60 mV, it sharply decreases.
The I-V characteristic is nearly symmetric around zero bias, with a
similar peak occurring at -60 mV. At higher bias (Fig. 2b), the
current increases again, and the I-V curve has the characteristic
shape corresponding to tunnelling through a single barrier. The
thin black line in Fig. 2b is a fit of the experimental I-V characteristic
to the Simmons model*%.

We have also recorded I-V characteristics at various electrode spa-
cings*. Figure 2c¢,d shows the results for sample A. These figures show
that the NDC feature is tunable by mechanical control of the electrode
distance. This mechanical tuning can be seen most clearly in the I-V
characteristics of Fig. 2c. The NDC feature is very pronounced at
short electrode separation (dy) and remains visible when the electrode
separation increases by more than 1 A. The maximum current
decreases with increasing electrode separation, for both positive and
negative bias voltage. The tunnelling background follows a similar
trend. The inset in Fig. 2b shows the background current as measured
at 1 V as a function of electrode separation. The linear dependence in
this semi-logarithmic plot confirms that the background can be
described by a single tunnelling barrier where the width increases
when increasing the electrode spacing. The peak-to-valley ratio
increases from 3.0 to 7.1 with increasing electrode spacing, while
the peak position shifts slightly outward. Figure 2d presents a
current map in which the electrode spacing is successively increased
and decreased. The total measurement took almost 9 h, and did not
show any significant changes, demonstrating the stability of the NDC
effect. Supplementary Section I.B presents data recorded in a similar
way on two other samples.

In the abovementioned experiments, the electrodes were dis-
placed over about one-tenth of a nanometre without fusing the
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Figure 1 | lllustration of the experiment. a, Structure of a thiolated arylethynylene with a 9,10-dihydroanthracene (AH) core. To emphasize the broken
conjugation of the molecule, the conjugated parts are shown in green, and the non-conjugated parts in red. b, Structure of a thiolated arylethynylene with an
anthracene core (AC). Green bonds indicate that the molecule is fully conjugated. ¢, Layout of the MCBJ set-up. Large vertical green arrows represent the
force applied to bend the sample. Small green arrows illustrate the attenuated electrode displacement as a result of bending. Current through the molecular
junction is recorded upon application of a bias voltage. d, Colourized SEM image of an MCBJ device.

electrodes to study the stability of the junction. To investigate to
what extent the molecular configuration is important for the obser-
vation of NDC, we repeatedly broke and fused the electrodes to
create a new molecular junction in each cycle. While breaking, we
recorded I-V characteristics for increasing electrode spacing®.
This approach thus combines the advantages of spectroscopy of
the molecular levels with a statistical assessment of the variation
in the molecular junction formation. In the following, we will
refer to this method as the ‘I-V breaking series’, that is, the series
of measurements for which the electrodes are fused before each
breaking event. This is to be contrasted to the I-V series described
in the previous paragraphs and presented in Fig. 2, in which the
electrodes are not fused.

Figure 3a presents I-V characteristics measured during a particu-
lar breaking event for increasing inter-electrode spacing. As in
Fig. 2¢, the NDC effect is clearly visible and it persists up to the
largest electrode separation, while the low-bias conductance
changes over several orders of magnitude. By linearly fitting the
current at low bias, a conductance breaking trace can be constructed,
as shown in Fig. 3b. In this plot the electrode displacement is set to
zero at the rupture point of the last metallic atomic contact, for
which the conductance quantization shows up as a plateau at Gy.
With increasing electrode separation, the mono-atomic gold chain
breaks, leading to a drop in conductance and the formation of a
molecular junction. Upon further breaking, the conductance
gradually decreases.

To perform a statistical analysis of the occurrence of NDC, we
measured [-V series during 693 breaking events in total, recorded
in three different samples (see Supplementary Section I.C for
more details). We distinguish three types of series: (1) series
without a molecule (tunnelling I-V characteristics with no plateau
in the conductance trace); (2) series with a molecule but without
NDC (I-V characteristics that show steps, or I-V characteristics

with a plateau in the conductance versus displacement trace) and
(3) series with a molecule and NDC. In 503 cases (72.6% of the
events) no molecule was trapped between the electrodes, but 190
traces (27.4% of all the series) show molecular features. Of these
190 traces, 144 (~75% of the molecular junctions) exhibited
NDC, with peak-to-valley ratios ranging from 1.5 to 15.

Using the same I-V breaking series approach, we performed
measurements on the conjugated AC molecule (Fig. 3c,d).
Figure 3c shows typical I-V characteristics for increasing inter-
electrode spacing. The characteristics are monotonic and do not
show NDC. Looking at the breaking trace shown in Fig. 3d, a
plateau at G, is again visible, followed by a drop in conductance.
A plateau in the conductance trace is then visible, indicating that
a molecular junction has been formed (blue dots). For increasing
displacement a conductance plateau is observed, after which the
conductance drops sharply (red dots). We find that in ~33% of
the breaking traces (510 series in total; three different
samples), molecules are present in the junction. In those 170
junctions, 166 show no NDC. In the remaining four, NDC
is observed.

In summary, a comparison of the measurements conducted on
the two molecules reveals two distinct differences. First, the evol-
ution of the conductance for increasing electrode distance is
gradual for AH, spanning a wide range of conductances, whereas
for AC a clear step is observed. Second, the statistics show that
the NDC effect is very prominent in AH (75% where a molecular
junction is formed) and almost absent in AC (2%).

To gain more insight into the origin of the NDC effect, we also
investigated AH using density functional theory (DFT) and the
non-equilibrium  Green’s  function  formalism  (NEGF).
Calculations were performed for the molecule in the gas phase
using the Amsterdam density functional (ADF) quantum chemistry
package with the GGA exchange-correlation functional and the
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Figure 2 | NDC effect: mechanical tunability and stability. a,b, Typical /-V characteristic for low bias (a) and the full bias range (b). The black line is a fit to
the Simmons model, with an electrode spacing of 11.0 A. ¢, Low-bias /-V characteristics for increasing electrode separation. d, Map of |-V characteristics
recorded from left to right while repeatedly increasing and reducing the electrode spacing. The spacing is relative to do, the electrode separation at which the
NDC feature is most pronounced. The /-V traces shown in ¢ are recorded at the positions marked by the coloured lines in d.

triple-£ plus polarization basis set’>?. For details concerning the
DFT calculation and the estimation of the parameters, see
Supplementary Section ILB. Previous studies show that, for this
molecule, transport is dominated by the highest occupied molecular
orbital (HOMO) as it is closest to the Fermi energy (eg)*’; the lowest
unoccupied molecular orbital (LUMO), on the other hand, is
located ~2.5 eV above €p. Inspection of the spectrum reveals that
the HOMO and HOMO-1 are nearly degenerate (with an energy
spacing A = 18 meV) and that they have bonding/antibonding char-
acter?®. This directly reflects the chemical composition of the AH
molecule, which consists of two conjugated arms, connected by a
non-conjugated segment (Fig. 1a). To see this, we transform the
HOMO and HOMO-1 into an equivalent set of localized molecular
orbitals (LMOs)” by addition and subtraction. This leads to one
LMO located on the left half of the molecule and the other on the
right half, as shown in Fig. 4a. The two LMOs can be viewed as
two units in series, which are weakly coupled. Transport through
the molecule can therefore be described using a model consisting
of two sites, coupled to each other via a small coupling parameter
7 (Fig. 4b). This intersite coupling can be estimated from the
energy difference A between the HOMO and HOMO-1, which is
obtained from DFT as 7=9.1 meV. The tunnel coupling of each
site to its lead is characterized by T

The NDC effect can be readily explained from such a two-site
model”?8-3%, At zero bias, the two sites are in resonance with each
other and the conductance is high (Fig. 4b). Upon application of
a bias voltage V, however, the energies of the two sites shift in
opposite energy directions due to the Stark effect (Fig. 4c). DFT
calculations in the presence of an electric field across the

molecule show that a fraction « of the bias drops inside the
molecule. When the two LMOs shift apart and aeV > 27, the
current is substantially suppressed and the NDC feature sets in.
For this two-site model, the current through the two-sites system
can be calculated analytically using NEGF (see Supplementary
Section ILA, where we also show that the analytical I-V is
reproduced by DFT + NEGF calculations). In Fig. 4d we show an
experimental -V characteristic from which the background
current has been subtracted and one calculated using the analytical
expression of the two-site model. The excellent agreement supports
the use of this model to describe transport through AH. Note that
similar ab initio calculations on AC do not show an NDC effect,
as expected from its conjugation, which extends across the
whole molecule.

The calculation in Fig. 4d takes the two sites to be in resonance
with the Fermi energy at zero bias and assumes the voltage drop
across the electrode-molecule tunnel barriers to be symmetric
over the junction, as this matches the observed I-V characteristics
of more than half of the I-V breaking series. In the remaining
measurements (see Supplementary Section IL.D for more details
and the statistics) the I-V characteristics show a gap at low bias.
The presence of a gap can be explained by the sites being slightly
off-resonant with the Fermi energy at zero bias. Our experiments
therefore allow for quantification of the level alignment in a statisti-
cal way. If we assume a symmetric division of the applied voltages
across the contacts, we find that the misalignment ranges from
0 to 225 meV. We further note that the NDC feature is also
reproduced when considering more detailed quantum chemistry
calculations involving the full self-energies of the metal electrodes
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Figure 3 | I-V breaking series on AH and AC. a,c, |-V characteristics recorded during one breaking event on AH (a) and AC (c). b,d, Breaking traces
showing the low-bias conductance versus electrode displacement obtained by a fit on each |-V characteristic in an -V breaking series recorded on a junction
exposed to AH (b) and AC (d). Coloured arrows indicate the location in the breaking trace at which the -V characteristics in a and ¢, respectively, are
recorded. Insets: possible junction configurations, as obtained from molecular dynamics simulations.
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Figure 4 | Two-site model. a, The left and right LMO obtained by taking the sum and the difference of the HOMO and HOMO-1 (Supplementary Fig. 4).

b, The LMOs are each located on one side of the molecule, so the junction can be modelled by two sites in series, left and right, coupled by 7. The sites are
coupled to the leads by I'. In the strong-coupling regime, transport through the molecule is coherent. Due to the symmetry of the molecule, the two sites, at
€_and eg, are in resonance at zero bias and the conductance is high. ¢, Upon application of a bias, the sites are pulled off resonance by aeV, where a is the
fraction of the voltage drop occurring inside the molecule. Although 7 does not change significantly as a function of bias voltage, the off-resonance condition
leads to a reduction of elastic transport through the molecule, lowering the conductance of the junction. d, Background-corrected I-V characteristics recorded
on sample A with a fit to the two-site model using a = 0.74, =241 meV and I" =10.2 meV. To match the absolute values of current, a prefactor of
7.2%107° was used.
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and with a potential difference applied on the gold electrodes using
the BAND package®! (Supplementary Section IL.C).

An intriguing aspect of the experiment is the gradual decrease of
the conductance with increasing electrode separation, without the
presence of clear conductance plateaux. Conductance histograms
for AH at room temperature do indicate conductance plateaux
below 1 x 107° G, (refs 24,28), which are not accessible in our exper-
iments. It is important to realize that there is a distinct difference
between the AH and AC molecules. AC is a rigid molecule,
whereas AH can bend in the middle because of the broken conju-
gation. Molecular dynamics (Supplementary Section III) simu-
lations confirm this and show that the junction evolves differently
for the two molecules during breaking. AC, being rigid, remains
in a planar configuration during the stretching of the electrodes,
as illustrated in the inset of Fig. 3d. AH, on the other hand, shows
a gradual evolution from a bent geometry (Fig. 3b) to a more
planar configuration for larger separations. During this process, par-
ameters 7, I' and «, which determine the conductance, gradually
change (Supplementary Section ILE). In particular the variation
of 7 may explain the gradual conductance decrease.

We finally note that AH is a symmetric molecule, so the two sites
are on resonance with each other at zero bias. Introducing an asym-
metry into the molecule can shift the sites apart, significantly chang-
ing the behaviour of the device. For example, if at zero bias the left
site is higher in energy than the right site, a negative bias voltage
would only pull them further apart (compare with Fig. 4d). They
would therefore never move into resonance and the current
remains low. At positive bias, on the other hand, they would align
at a particular bias, increasing the current dramatically until the
bias is so large that they are pulled off resonance again and the
current decreases. This difference in behaviour at positive and nega-
tive bias means that such a molecule acts as a rectifier. We note here
that unlike most reports on single-molecule diodes®**, this rectifi-
cation is also present in the case of symmetric couplings to the
leads. DFT + NEGF calculations on a particular asymmetric AH
derivative (Supplementary Section ILF) indeed confirm this rectify-
ing concept, with rectification ratios on the order of 400. Our find-
ings thus show that the intrinsic molecular structure can introduce
more complex molecular functionality, which may also contain
multiple weakly coupled sites.
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