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Statistical Approach to Investigating Transport through Single Molecules
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We present a statistical approach that combines comprehensive current-voltage data acquisition during
the controlled manipulation of a molecular junction with subsequent statistical analysis. Thereby the most
probable transport characteristics can be determined. The excellent sensitivity of this impartial approach
to even subnanometer-long molecules is illustrated by benzene-1,4-dithiol and 4,4’’-bis(acetylthiol)-

2,2°,5’,2” -tetramethyl-[1,1°;4°,1"’] terphenyl results.
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The fundamental understanding of charge transport
through single molecules is a key issue in molecular elec-
tronics [1-3]. A number of techniques to contact small
ensembles of molecules have been developed [4-8]. In all
measurements, contact effects have to be considered as
electronic processes are influenced by the microscopic
details of the molecule-metal contacts. It is therefore im-
portant to investigate transport properties of a molecular
junction during formation and breaking. Here, we present a
statistical approach using the mechanically controllable
break-junction (MCBJ) method [9,10] to monitor transport
properties during repeated formation and breaking of a
single-molecule junction.

Our MCBJ system is mounted on a cryostat and operated
under ultrahigh-vacuum conditions. A gold bridge of
length s on a flexible substrate of thickness ¢ (see [11]
for details) is mounted in a bending mechanism (distance
between the supports: L). A force applied on the back side
of the substrate introduces extension which stretches and
finally breaks the constriction, creating two separated elec-
trodes. The ratio r between pushing rod translation Az and
electrode separation Ad is r = Ad/Ah = (6ts)/L?, in our
geometry =~ 2 X 1073, Backbending of the substrate al-
lows the electrodes to be approached with subatomic reso-
lution. Microscopic changes of the tips during breaking
prevent an absolute distance calibration. Instead, a relative
distance calibration can be performed by analyzing the

dependence of the tunneling current I on d: I(d) =

exp(—+/8m,Dp,d/h), with m, the electron mass, and
®,, the work function of gold. Breaking creates two
atomically sharp electrode tips indicated by the observa-
tion of conductance quantization. The molecules possess
two thiol linkers in order to become immobilized on the
metal surface by establishing a covalent S-Au bond. A
droplet of solution is deposited onto the chip and the
solvent immediately evaporates [11]. To prevent cluster-
ing, the concentration is very low (= 10™* mol1~") and the
linker groups are protected by acetyl groups which are
released in situ when establishing contact to the gold
surface. Since the gap distance is set to be larger than the
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length of the molecules, they can bond to one electrode
only. During closing of the junction molecules can bridge
the gap between the electrodes by establishing the second
chemical bond to the counterelectrode, thus forming a
molecular junction.

Figure 1 shows the resistance R of a molecular junction
when approaching the electrodes stepwise under a constant
bias. Initially, the junction is open and molecules are
attached to only one electrode without bridging the gap,
indicated by Teraohm (T()) resistance [Fig. 1(a)]. When
decreasing the electrode distance, a sudden drop in R of at
least 3 orders of magnitude is observed. During further
closing, R is almost constant over a wide range [Fig. 1(b)].
In this intermediate regime, R is about 1 MQ-100 M. If
the junction is closed further, R drops again over 2 orders
of magnitude and a value of the inverse of the conductance
quantum Ry, = 1/Gy = h/4me* = 12.9 k) is measured
[Fig. 1(c)], indicating a closed metal-metal point contact.
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FIG. 1. Closing of a molecular junction (2 mV applied):

(a) Open junction with R >1 T, (b) formation of metal-
molecule-metal junction, and (c) closed metal-metal point con-
tact (QPC) with R < 12.9 k(). The gray curve shows the closing
behavior without molecules.

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.98.176807

PRL 98, 176807 (2007)

PHYSICAL REVIEW LETTERS

week ending
27 APRIL 2007

A subsequent opening cycle exhibits a similar behavior,
again with the appearance of an intermediate regime be-
tween the fully open (R > 1 TQ) and the fully closed
junction (R = R;). The appearance of such an intermediate
regime in the closing and the opening direction strongly
differs from the tunneling characteristic between the elec-
trodes in absence of molecules (dashed line in Fig. 1,
recorded prior to the application of molecules). There-
fore, we attribute this regime to the formation of a molecu-
lar junction in which at least one molecule bridges the gap
between the electrodes. The comparison of similar mole-
cules indicated that very few, ideally individual, molecules
are contacted [7].

Instead of applying constant voltage to determine the
conductance of a molecule [5,8], we are interested in
studying the transport properties over a voltage range in
which we can probe the first molecular orbitals (typically
0.5-3.0 V). Therefore, we continuously acquire current-
voltage curves (/-V) during stepwise closing and opening,
corresponding to different microscopic configurations of
the molecular junction. Starting from an open junction with
molecules attached to only one electrode [Fig. 2(a)], a
current in the sub-picoampere (pA) range is measured.
When decreasing the distance between the electrodes, an
abrupt jump to stable and reproducible /-V curves is ob-
served. Now, the current flow is in the nanoampere (nA)
range and the /-V curves exhibit a nonlinear behavior
[Fig. 2(b)], which shows the characteristic signature of
the particular metal-molecule-metal system under investi-
gation. During further closing, the /-V characteristics are
maintained over a range that is in good agreement with the
length of the intermediate regime observed during closing
or opening under a constant bias [Fig. 1(b)]. Beyond this
region, a sudden jump to much higher currents in the
microampere (nA) range occurs where the /-V character-
istics are linear, indicating a closed metal-metal junction
[Fig. 2(c)]. At this stage, the direction of electrode motion
is reversed and a subsequent opening cycle is performed
accordingly. This closing-opening procedure is repeated
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FIG. 2. Schematics of the junction with corresponding I-V
curves (experimental data): (a) Open junction with molecules
attached so far to one electrode only, (b) metal-molecule-metal
junction, and (c) a closed metal-metal contact.

several dozen times. Owing to the above-mentioned duc-
tility induced drifts in the electrodes, we control the junc-
tion via the resistance measured rather than via Ah. This
automated measurement procedure provides objectivity to
the investigations, and the entity of all data represents a
reliable basis for statistical analysis. To determine, for
example, the number of molecules captured in the junction,
conductance histograms at any arbitrary voltage can be
extracted from huge data sets. Thereby, the most probable
I-V characteristics in the ensemble of all measured curves
can be identified.

As an illustrative example for our approach, Fig. 3(a)
shows an extensive data set of 1500 /-V curves acquired at
300 K using 4,4”’-bis(acetylthiol)-2,2°,5°,2” -tetramethyl-
[1,1°;4°,1°] terphenyl [TPDT; see inset of Fig. 3(a)]. The
data set contains 25 opening and closing cycles. Linear
characteristics representing metal-metal contacts are ex-
cluded. Figure 3(a) shows three distinct sets of -V curves:
S1, S2, and S3. The transport properties are not influenced
by the measurement protocol, e.g., different reversal crite-
ria for the electrode movement. The current histograms
extracted at =0.4 V [Fig. 3(b)] indicate that the majority of
I-V curves is located in set S1. Figure 3(c) shows a subset
of S1 in which the electrode distance was varied in incre-
ments of 7.5 pm. The current depends exponentially on the
distance between the electrodes indicating tunneling. By
contrast, the sets S2 and S3 can be attributed to a metal-
molecule-metal junction [Fig. 3(a)]. Within these sets, a
few special I-V curves can be found that exhibit stochastic
switching [12] between the two traces shown in Fig. 3(d).
Using our approach, we are able to monitor the entire
spectrum of /-V curves during the formation and breaking
of a molecular junction and to determine objectively the
most probable transport characteristics. The stochastic
fluctuations in the molecule-metal contact do not relax
over time but disappear at lower temperatures as it can
be seen in results on the benzene-1,4-dithiol (BDT). This
prototypical molecule is of fundamental interest as it is one
of the simplest molecules consisting of a conjugated sys-
tem that is strongly coupled via two tunneling barriers to
metallic leads. The pioneering experimental work was
conducted by Reed et al. [13], using the MCBJ technique
with a manually notched wire covered by a self-assembled
monolayer of BDT molecules. This work triggered many
theoretical investigations [14—16]. Depending on the vari-
ous approximations and models, the calculated conductan-
ces often differ from the experimental data [8,13,17]. In
our measurement, the Au-BDT-Au system is cooled down
to low temperatures after having reached the intermediate
regime of the closing trace at room temperature. This
procedure causes the electrodes to be withdrawn due to
thermal expansion Ad = (5-10) nm for AT = 250 K],
resulting in a breaking of the molecular junction. Now,
starting again with an open junction, /-V curves are ac-
quired using the statistical approach. Figure 4(a) shows a
set of I-V raw data curves for BDT taken at 250 K repre-
senting several dozens of curves acquired at each electrode
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position. The slight asymmetries of the raw data disappear
when plotting all curves measured in the regime of cumu-
lative occurrence and creating their envelope (gray area).
Between 100 and 250 K, the molecular junction can be
opened and reformed for many cycles. In contrast, at 50 K
[Fig. 4(b)], data acquisition is only possible for a few
cycles at each position because the junction becomes in-
stable. For both data sets, two peaks in the plot of the
differential conductance (Gpy;) vs voltage are present. At
250 K, they are located at approximately —0.5 V and
+0.4 V, defining a conductance gap 2 A ,q of 0.9 V. At
50 K [Fig. 4(b)], 2 A onq is on the order of 0.6 V. Such a
significant shift of 300 mV for AT = 200 K cannot solely
be explained by freeze-out of vibrational modes. Instead a
different charge transfer from the metal to the molecule
resulting in an altered charging energy can shift the reso-
nant molecular energy levels and thus the conductance gap.
Furthermore, different atomistic configurations of the
molecule-metal contact at various temperatures can also
lead to such an effect. In Fig. 4(b), the current signal above
+0.6 V and below —0.6 V reveals significantly more
noise, which is inherent to the metal-BDT-metal system.
This is found to be very similar to the data presented in [15]
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for V= +3.0 V. At 300 K, in contrast to [13], we were not
able to establish a metal-BDT-metal junction prior to a
metal-metal contact when performing /-V curves, even for
samples that formed molecular junctions at lower tempera-
tures. This could be due to the mentioned ductile response
to deformation of the gold electrodes, which is more
pronounced at higher temperatures and exceeds obviously
a critical value for the subnanometer-long BDT (S-S dis-
tance: 0.627 nm) under such high electric fields of about
1.4 X 10° V/m. Though on the first sight, our findings
look similar to [13], several strong differences should be
stressed: First, the voltage scale is substantially reduced,
with a conductance gap of 0.3 V (1.4 V in [13]), and a
stability region limited to =1.2 V (x5 V in [13]). No
further steps were observed within the voltage window
available. The conductance values beyond the first current
step, although recorded at different temperatures, are rather
similar, 70 nS compared to 45 nS [13]. Compared to
theoretical results [14—16] both experimental values are
2 to 3 orders of magnitude lower. However, the overall
shape of the I-V characteristics reveals a pronounced con-
ductance gap and fluctuations for a certain threshold volt-
age [16] similar to the experimental results.
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FIG. 4. I-V and Gp-V characteristics of BDT measured at
(a) 250 K and (b) 50 K. The gray area in (a) shows the envelope
of all curves measured.

For much smaller voltages, resistance histograms can be
acquired even at 300 K. Figure 5 shows histograms (100
opening and closing cycles) measured at a voltage of 5 mV
in the absence of molecules and in the presence of BDT
molecules. For creating histograms, all the curves mea-
sured during opening and closing cycles were taken into
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FIG. 5. Resistance histograms taken at 300 K for 100 closing
and opening cycles in the absence of molecules (gray dashed
line), and in the presence of BDT molecules.

account and no artificial selection of curves exhibiting
plateau formation was made. A peak in the resistance
spectrum around 260 M() appears when BDT molecules
are captured in the junction. The peak is broad because of
variations in the microscopic details of the molecular
junction due to repeated opening and closing.

In summary, we have presented a novel statistical ap-
proach for the investigation of charge transport through
single-molecule junctions during repeated formation and
breaking. The approach monitors the full spectrum of
transport properties of different microscopic configura-
tions. The entity of the data acquired is used for subsequent
statistical analysis which therefore introduces impartiality
to the measurement. Thereby the most probable character-
istics and the variations can be determined. The excellent
sensitivity to even subnanometer-long molecules is dem-
onstrated by measurements of charge transport through a
single benzene-1,4-dithiol molecule.
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