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A single-molecule junction of 1,4-di(4-pyridyl)benzene (DPB) was prepared in a nano-gap between two Au electrodes using

www.rsc.org/

the scanning tunnelling microscopy-based break junction method (STM-BJ). Electric conductance and current versus bias

voltage (/I-V) measurements during the pulling and pushing processes of DPB single-molecule junctions revealed that high

(H) and low (L) conductance states formed in the both pulling and pushing processes. Analysis of the -V curves based on a

single-level model indicated that the difference in conductivity of the H and L states mainly arises from high and low metal-

molecule electric coupling in the junction. We demonstrated the controllable formation of H and L conductance states by

simply tuning the velocity of electrode displacement in the pushing process. In the pulling process, both H and L states

formed regardless the velocity (v) of electrode displacement, while in the pushing process, H and L states could be selectively

fabricated by using low (v = 16 nm/s) and high (v = 64 nm/s) velocity of displacement, respectively. This study provides a

simple approach to selectively fabricate high and low conductance states by fine tuning of electrode displacement.

Introduction

The understanding of charge transport through a single
molecule plays an important role in building ultra-small
electronic devices.'> To measure the charge transport through
a single molecule connected to two metal electrodes,
nanofabrication methods of mechanically controllable break
junctions (MCBJ) and scanning-tunnelling microscope-based
break junctions (STM-BJ) have been developed.®® In the BJ
methods, a nano-gap is prepared by breaking a metallic point
contact, and a single-molecule junction is fabricated by trapping
a single molecule into the nanogap of the metal electrodes.
Until now, by mechanically tuning the displacement of the
electrodes, the ability to control modulation or switching of
single-molecule conductance has been demonstrated. # 912
Quek et al. ° and Taniguchi®, Kim!! et al. showed reversible
binary switching in single-molecule conductance by
mechanically oscillating an electrode and inducing switching
between two metal-molecule interface structures for 4,4’-
bipyridinel® and 1,6-hexaneditiol.’* Bruot et al. demonstrated
that the orbital energy level(s) of a 1,4-benzenedithiol junction
can be modulated by mechanically pulling and pushing the
junction using a moving electrode.'? Su et al. were able to
mechanically switch conformational states with low and high
electric conductance for single-molecule junctions of
oligosilanes.* Most of the previous studies focused on trying to
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modulate the switching behaviours or the electronic states of
single-molecule junctions with high and low electric
conductance in response to mechanical perturbation.

Here, we focus on the selective fabrication of single-molecule
junctions with high and low electric conductance and report a
facile mechanical approach for controlled formation of high and
low conductance states by simply tuning the velocity of
electrode displacement in the junction. In this study, a single-
molecule junction of 1,4-di(4-pyridyl)benzene (DPB)
sandwiched between a pair of Au electrodes was fabricated
using the STM-BJ method. The DPB single-molecule junction
showed high (H) and low (L) conductance states during both
pulling and pushing of the junction. We demonstrated that the
H and L states can be selectively fabricated using low- or high
velocity electrode displacements during the pushing process,
while both H and L states formed independently of the velocity
of electrode displacement during the pulling process.

Experimental section

Ethanol (as the solvent) and 1,4-di(4-pyridyl)benzene (DPB)
were purchased from Kanto Chemical Co., Inc. and Tokyo
Chemical Industry Co., Ltd., Japan, respectively. The Au(111)
substrate was prepared by thermal deposition of Au (Tanaka
Kikinzoku Kougyou K.K., Japan, purity >99.99%) on mica at 575
K under high vacuum. A sample was prepared by dipping the Au
substrate into a 10 mM DPB ethanol solution. For the current
measurements, we used a scanning tunnelling microscope
(STM) (Nanoscope V, Bruker, Santa Barbara, CA) operating in
air. A current amplifier with gain of 10 nA/V was used. The STM
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tip was prepared by mechanically cutting a Au wire (Nilaco,
Japan, diameter = 0.3 mm, purity >99 %).

Single-molecule junctions were prepared using the STM-BJ
method as described previously.®1314 Briefly, the electric
current through the junctions was monitored at a fixed bias
voltage of 100 mV during the pulling and pushing modes of the
junction (Fig 1a—c). The STM-BJ conductance measurement was
performed with a signal access module (SAM IIl, Bruker, Santa
Barbara, CA), a piezo driver (E-663 LVPZT-Amplifier, Physik
Instrumente, Auburn, MA) and a data-acquisition-device (NI
PXI-4461, National Instruments, Austin, TX).

|-V measurements of the single-molecule junction were
conducted as follows: First, a Au point contact (< 10 Gy, Gy =
2e?/h, where Gq is the quantum conductance) was made
between the STM tip and the sample surface. Second, the tip
was pulled by 5 nm at a speed of ca. 40 nm/s to break the Au
contact and create a nanogap between the Au electrodes
forming the molecular junction, during current monitoring at a
fixed bias voltage of 20 mV. Third, the tip position was fixed, and
a |-V curve was recorded (Fig. 1c). Finally, the tip was pulled by
15 nm to break the molecular junction in the pulling process. In
a similar manner, a Au point contact (< 10 Gy, Gy = 2e?/h) was
made between the STM tip and the sample surface in the
pushing process. The tip was then pulled by 20 nm to break the
Au contact and create a molecular junction. Next, the tip was
pushed to the sample surface by 15 nm, and the tip position was
fixed. Last, a /-V curve was recorded in the same way as
described for the pulling process (Fig. 1e).
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Fig. 1. (a) Structures of a 1,4-di(4-pyridyl)benzene junction. Red and blue
arrows show the pulling and pushing processes of the junction,
respectively. (b,d) Examples of conductance traces at 100 mV (b) in
pulling and (c) pushing processes. (c,e) Example of /-V curves (c) in the
pulling and (e) pushing process.

Results and discussion

1. Conductance versus tip displacement curve

The results of DPB-single-molecule conductance measurements
are shown in Fig. 2. More than ten thousand conductance
versus tip displacement curves of the single-molecule junction
were measured, and were compiled into two-dimensional (2D)
maps (Fig. 2a,b). The distributions in these maps were
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characterized by curved and linear distributions at the shorter
tip displacement employed (<1 nm) during the pulling and
pushing processes. To analyse the distributions, probable tip
displacements were plotted as a function of logarithmically
binned conductance. For example, the insets of Fig. 2a,b show
displacement histograms within conductance ranges of (a) 10
391%001 G, and (b) 10321 +001 G, for the pulling and pushing
processes, respectively. In the pulling process, the displacement
histogram showed one Gaussian peak, while the pushing
process was characterized by two Gaussian peaks. The analysis
of the displacement histograms was performed for a
conductance range from 1040 to 1029 G, with a bin size of
0.0162 nm for the pulling process and 0.0324 nm for the
pushing process, and every probable displacement was
determined by a Gaussian peak in the distribution (Figs. S1-S4
and Table S1). Fig. 2c,d shows plots of the probable tip
displacements (i.e., the Gaussian peak-positions in the
displacement histograms) as a function of logarithmically
binned conductance. The analysis of the probable
displacements suggested that, in the pulling process, a
conductance state with a G slope of a small absolute value
(dlogG/dz = -1.0 nm™, where G is the conductance and z is the
displacement) is likely to change to another state with a G slope
(dlogG/dz = -2.5 nm1) of a large absolute value for small tip
displacements (z < 0.2 nm, see Fig. 2c). In contrast, two

independent  conductance  states  with exponential
displacement dependence are present in the pushing process
(Fig. 2d).

To determine the probable single-molecule conductance
values of DPB, conductance histograms were constructed from
the conductance versus displacement curves (Fig. 2a,b), not
considering the displacement values. Fig. 2e and Fig. 2f show
the conductance histograms for the pulling and pushing process,
respectively. Each conductance histogram was filled by two
Gaussian distributions (Supplementary information 1), because
the analysis of the probable displacements (Fig. 2c,d) suggests
that two conductance states are present in both the pushing
and pulling processes. Table 1 summarizes the results of the
histogram fitting, in which the peak maxima were determined
to be 0.16 and 0.26 mG, for the low (L) and high (H)
conductance states in the pulling process, respectively, and 0.65
and 1.0 mGy for L and H states in the pushing process,
respectively. The conductance of DPB in the pulling process is in
good agreement with the single-molecule conductance of 0.21
mG, reported previously.'®

2. Current-voltage characteristics

Fig. 3a,b shows 2D histograms of the /-V curves of DPB, which
were built from more than four thousand /-V curves measured
for pulling and pushing processes (Fig. S4). In the single-level
model, /-V characteristic of a single-molecule junction can be
represented by equation (1) (Figs. S5 and S6, Table S2, and
Supplementary information 2).13.16.17

1) = et - a)F{tan -1 [“EVF_ ‘E] + tan-1 [(1 - “;ev h E]}
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Fig. 2. (a,b) Two-dimensional (2D) histograms of conductance
versus tip displacement curves measured during (a) pulling and (b)
pushing processes of the junctions at the bias voltage of 100 mV.
Linear x-bin sizes of 0.0162 nm for (a) and 0.0324 nm for (b) were
used. The log-scaled y-bin size of Alog(G/G,) was 0.0202 for both (a)
and (b). Each 2D histogram was built from 12,359 conductance
traces. We defined the tip displacement as the displacement from
the tip position at the conductance of 0.014 G,. Insets are
histograms of tip displacement at the conductance of (a) 103-21+001
Gy and (b) 10321001 G, The linear bin size is 0.0162 nm. (c,d) Plots
of conductance versus probable tip displacement constructed from
the data in (a) and (b). The probable tip displacements within
certain conductance ranges (log(AG/G,) = 0.0202) were obtained as
Gaussian peaks in the displacement histograms (For instance, see
insets in (a) and (b)). In (b), the displacement histogram shows two
Gaussian peaks, and two probable displacements were plotted for
each conductance window. (e,f) Conductance histograms for (e)
pulling and (f) pushing processes, which are compiled using that
data in (a) and (b). A log-scaled bin size of Alog(G/G,) = 0.0167 was
used. Each histogram was fitted with double-Gaussian curves. The
fitted results are indicated by the yellow and orange curves (i.e.,
high (H) and low (L) states, respectively).

Equation (1)

where =g+, a =g/l

Here, € represents the energy difference between the Fermi
level of the electrode and the resonance level of the molecule,
and Iy represents the electric coupling between the molecule
and the right (left) electrode. Each measured /-V curve in both
pulling and pushing modes (Fig. 3a,b) was fitted with equation
(1), and the € and I values were determined. We found that in
all cases, the parameter a was almost 0.5 (i.e., I = IR) (Fig. S8),

and therefore, in the analysis and discussion on the

This journal is © The Royal Society of Chemistry 20xx
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metal-molecule electric coupling in the following sections, we
implicitly consider that = I + . Fig. 3c-f shows histograms of
€ and I values. The histograms were fitted by two Gaussian
distributions, because the analysis of the conductance versus
tip displacement curves (Fig. 2) revealed that two conductance
states are present during the pulling and pushing processes. The
summary of this fitting is presented in Table 1. For both pulling
and pushing processes, the H states show larger I" and ¢ values
compared to those of the L states. This result indicates that the
higher conductance of the H states arises from the larger metal-
molecule electric coupling I, since zero bias conductance can be
described as 7{E=0) = I?/(r?+&%) (Supplementary information 2).
In general, molecular orientation, rotation, substrate
morphology such as (100) and (111), or stepped surface could
potentially influence the molecular junction-conductance. For
pyridine-based analogue molecules such as bipyridine and
pyridine show H and L states depending on the molecular
orientation in the junctions, and the H state can transform into
the L state during pulling of the respective junctions.1%13 This
conductance behaviour is quite similar to that of the pyridine-
based DPB studied here. In the H state of the pyridine-based
analogue molecules, the molecule has a tilted orientation and
the m-electrons in the pyridine ring can form m-type bonds with
the Au electrode,'%13.18 which results in large metal-molecule
electronic coupling (). In contrast, in the L state, the molecule
has an upright orientation and the lone pair of the N atom forms
o-type N-Au bonding with low metal-molecule electronic
coupling (1).

In contrast to the pulling process, in which the H state of DPB
can transform to the L state along with the displacement of the
electrode, the H and L states of DPB independently formed in
the pushing process (Fig. 2d). Analysis in the /-V curves of DPB
in the pushing process revealed that the H and L states showed
similar £ (¢= 1.0 and 0.9 eV (Table 1)). These results suggested
that two independent metal-molecule interface structures with
substantial differences in electric coupling (I = 23 and 13 meV
(Table 1)) formed in the pushing process of DPB.

3. Selective fabrication of the high and low conductance states
To obtain further insight into the nature of the observed H and
L states, the conductance behaviour of our junctions was
studied using various velocities (v) of tip displacement (v = 16,
32, and 64 nm/s) (Fig. S9). Fig. 4 shows 2D histograms of the
conductance versus tip displacement curves for the pulling and
pushing processes, measured at the velocity of 64 nm/s. By
comparing the results obtained at v = 16 nm/s (Fig. 2a,b) with
the 2D histograms at v = 64 nm/s (Fig. 4c,d), one can see that
the conductance behaviour is obviously dependent on the
velocity in the pushing process (Figs. 2b and 4d), while the
conductance behaviour is almost independent on the velocity
in the pulling process (Figs. 2a and 4c). Fig. 5a,b shows
conductance histograms constructed from the data measured
atv =16 and 64 nm/s. The shape of the conductance histograms
in the pushing process is apparently dependent on the velocity
(Fig. 5b), which is in contrast to those in the pulling process (Fig.
5a). With the same procedure adopted in the conductance
analysis in Fig. 2e,f, the histograms were fitted by two Gaussian

J. Name., 2013, 00, 1-3 | 3
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distributions, corresponding to the H and L states (Fig. S10). In
the pulling process, the areas of the two Gaussian distributions
(i.e., the H and L states) remained almost constant regardless of
the operation of different velocities of tip displacement (Fig. S10
and Table 2). In sharp contrast, the Gaussian area of the H state
became ca. 1.9 times smaller at v = 64 nm/s compared to that
at v = 16 nm/s in the pushing process (Fig. 5c,d). In this mode,
the ratio of the areas of the Gaussian curves representing the H
state relative to the L state is 0.3 at v = 16 nm/s, while the area
ratio is 1.1 at v =64 nm/s (Fig. 5e). This result indicates that one
of the two conductance states in the pulling process can
selectively form by tuning the velocity of tip displacement.

In a similar manner to the case of the pulling process, in
pushing mode, H and L sates can arise from difference in the
metal-molecule bonding, such the as - and ©- bonding types
described above (Figs. S11 and S12, Supplementary information
3). In contrast to the pulling process, one of the two ends of the
molecule is free from bonds in the pushing process (Fig. 1a), and
structural relaxation at the interface between the molecule and
the Au surface can play a role in junction formation in the
pushing process. For example, the diffusion constant of Au
atoms on Au surfaces is around 0.9 nm?/s at 300 K, according to
a previous report,’® which means that during a typical tip
displacement of the order of 1 nm at v = 16 nm/s, Au atoms at
the metal-molecule interface can diffuse on a surface of ca.
0.056 nm?2 (= 0.237 nm x 0.237 nm). This scale is comparable to
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Fig. 3. (a,b) 2D mapping of the /-V curves of the DPB-single-
molecule junction during the pulling and pushing processes, which
were constructed from 6983 and 4064 I-V curves, respectively. A
linear x bin size of 7.81 mV and a linear y bin size 0.391 nA are used.
(c-f) Histograms of the energy differences (E,) and the electronic
coupling (/) in the pulling process (c,d) and the pushing process
(e,f). A linear bin size of 0.05 eV is used for (c,e) A logarithmic bin
size (Alog(l)) of 0.04 is used for (d,f). The yellow and orange
Gaussian curves correspond to the L and H states, respectively.
Blue and red lines are the total Gaussian curve.
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the size of one Au atom (ca. 0.3 nm). Therefore, lower velocities
we investigated, the metal-molecule interface structure can be
subject to relaxation, which can cause change in the single-
molecule conductance.
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relative to the L state is plotted as a function of the velocity of tip
displacement (see also Fig. S10).

This journal is © The Royal Society of Chemistry 20xx



ysical Chemistry Chemical Phys

Journal Name

Conclusions

In summary, we revealed the single-molecule conductance
states of DPB in the pulling and pushing processes of a junction
built using the STM-BJ method. Two states with high and low
electric conductance were identified for both processes. The
high conductance state predominantly formed in the pulling
process. In contrast, the high conductance state in the pushing
process was selectively fabricated when the velocity of tip
displacement was fast. This study reports a simple mechanical
approach to tune single-molecule conductance.

Process State G/mG, ¢&/eV r/meV a
Pulling H 0.26 1.1 14 0.5
L 0.16 0.8 8 0.5

Pushing H 1.00 1.0 23 0.5
L 0.65 09 13 0.5

Table 1. List of conductance, g, I, and « values of the H and L states for
pulling and pushing processes. Each value was determined from the
peaks in the histograms of Fig. 2e,f and Fig. 3c-f.

16 nm/s 32 nm/s 64 nm/s
Pulling 0.63 0.72 0.68
Pushing 1.13 0.74 0.33

Table 2. List of Gaussian area ratios of the H state relative to the L state
represented (see Fig. 5 and Fig. S10).
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