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Configuration and conductance evolution of benzene-dithiol molecular junctions under elongation
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Benzene-dithiol is a prototype molecular junction that exhibits a perplexing conductance behavior. Here we
report density-functional total-energy and conductance calculations during a simulated elongation process,
pulling the electrodes apart from an initial proximal distance, as in related experiments. We find that transfor-
mations between different elongation paths result in ranges of small and large conductances, fluctuations, and
discontinuities. The obtained complex conformational and conductance evolution allows us to account for the

experimental observations.
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Potential nanoscale devices and fundamental questions
about electron transport at the nanoscale have placed trans-
port through individual molecules into the forefront of re-
search interest. Different experimental techniques including
the mechanically controlled break junction'~® and scanning
tunneling microscopy’® have been extensively used to study
the electronic and structural properties of molecular devices.
One of the most notable observations is that the conductance
of many molecular tunneling junctions, especially those
based on 7-conjugated molecules, vary over a wide range.

Benzene-dithiol (BDT), a benzene ring with sulfur atoms
attached at two ends to enable bonding to gold electrodes,
has been studied extensively as a molecular junction. Experi-
ments have reported BDT conductances ranging from the
small 0.0001G,, value of Reed et al.’ to the 0.1G,, data in the
study of Tsutsui et al.'® Furthermore, discrepancies have
been reported with respect to conductance evolution under
controlled increase in interelectrode separation distance. In
particular, while in the study by Xiao et al® repeated
formation and breakup of BDT molecular junctions gave rise
to conductance histograms with distinct conductance peaks
at 0.011G,, 0.022G,, and 0.033G, similar studies by
Ulrich et al.'' and Martin et al.® found no preferred conduc-
tance peaks. A common feature in elongation
experiments,%!112 on the other hand, is the stepwise behav-
ior of the conductance under elongation. These data suggest
that there are more than one possible metastable molecular
configurations and that elongation enforces abrupt transfor-
mations between these configurations, resulting in discon-
tinuous changes in conductance.

The BDT junction has been studied extensively by theo-
retical calculations as well.'”>""Reported values of the con-
ductance also vary widely even for the -equilibrium
configuration?® but the variation largely reflects differences
in the underlying computational approaches. Beyond that, a
number of theoretical studies have highlighted the signifi-
cance of the structural and environmental parameters that
influence the conductance measurements (molecular confor-
mations, crystallographic orientation of the contacts,
etc.).!0-1820-23 Recent studies by Kamenetska et al.'> and
Paulsson et al.?* simulated alkane-based molecular junctions
as the electrodes are pulled apart and offered insights into the
possible processes. In the latter study, finite-temperature
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molecular-dynamics simulations showed variation in con-
ductance traces for different elongation paths. The case of
BDT molecular junctions, however, and the question, how
the competition of different pulling sequences affects the
evolution of conductance remain unresolved.

In this Brief Report, we report the results of density-
functional total-energy and quantum-transport calculations of
BDT molecular junctions under elongation, including a de-
tailed study of the rupture process. We find that, unlike some
alkane-based molecular junctions,'? the BDT conductance is
a strong function of the distance between the gold electrodes.
In addition, two distinct bonding sites lead to very different
conductance variations. Discontinuous jumps of G, reminis-
cent of the experimental steplike behavior, accompany trans-
formations between different elongation paths. Transforma-
tions within the elongation paths also impact rapid changes
in G in certain elongation range. Finally, we find that when
the electrodes are brought closer, interelectrode tunneling is
restored before they eventually crash onto each other.

We start modeling the BDT molecular junction by per-
forming first-principles total-energy calculations to probe the
stability of the BDT molecule between two metallic elec-
trodes. We used the VASP numerical package? with a local-
density approximation exchange-correlation functional,?®
projector-augmented wave potentials,”’ and plane waves as a
basis set. The cutoff is set to 300 eV, and only the I" point is
used for k-point sampling. Energy barriers for switching be-
tween bonding configurations and for the break of the mo-
lecular junction at a particular elongation are calculated us-
ing the elastic band method?® based on experience with other
systems.??3 The periodic cell includes the BDT molecule
and a Au slab up to six layers thick. The BDT molecule
chemisorbs at several sites on the Au(111) surface. Bonding
to the hollow site is energetically preferred over other high-
symmetry structures, namely, the top and bridge configura-
tions. The elongation paths we discuss below include hollow
bonded geometries as intermediate structures. For this rea-
son, even though differences in electrode surface morphol-
ogy and relative interelectrode displacement give rise to sev-
eral different elongation paths in practice, the atomic-scale
details of the elongation sequences we have studied are rep-
resentative and can account for key observed features.

The elongation of the BDT junction is of particular inter-
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FIG. 1. (Color online) Equilibrium configurations of a Au-
BDT-Au junction for various interelectrode separation gaps. Two
elongation paths are shown as discussed in the text.

est in this work. Starting with the equilibrium configuration
of the BDT junction for a certain interelectrode distance, we
enlarge the dimension of the supercell in the direction of the
junction by 0.2 A and then relax the structure to the new
equilibrium. Because of the shallowness of the barriers be-
tween bonding configurations, stretching and/or squeezing
leads back to bonding at the hollow site. When starting at the
top bonding site, the molecule slid to hollow sites that are
not directly opposite to each other, with the molecule tilted
away from 90°. Thus we were able to get two distinct elon-
gation paths, hereafter referred as Path 1 and Path 2. Several
snapshots are shown in Fig. 1. The total energy versus con-
tact separation is plotted for the two paths in Fig. 2(a).

Pushing the electrodes toward each other makes the en-
ergy first increase and then decrease drastically below the
contact separation of 6 A for both adsorption configurations.
When the contacts are very close to each other so that metal-
metal bonds begin to form, the BDT junction crashes causing
a dramatic decrease in the total energy. We find that the
junction configuration with BDT in upright position bridging
both electrodes is the energetically favorable configuration
for the contact separations from 7 to 10 A. However, when
the BDT junction breaks, the molecule tends to be in the flat
configuration with the molecule parallel to the contact sur-
face.
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FIG. 2. (Color online) (a) Total energy of the Au-BDT-Au de-
vice versus the contact separation for the two paths. (b) Conduc-
tance versus electrodes separation for the two paths.

We examined more closely the stability of the molecular
junction at elongations larger than 10 A, i.e., the regime
when the rupture of the junction occurs. We found that such
structures are metastable. An energy barrier is present for the
bond to the exfoliated Au atom to break, with the Au atoms
relaxing back to the surface and the molecule either remain-
ing upright or folding back to a flat position on the surface of
the other electrode. The value of the barrier for rupture is
larger than 1.3 eV at 9.7 A and gets smaller at longer elon-
gations, being only 0.15 eV at 11.3 A, suggesting that at
finite temperatures the junctions would break spontaneously
at elongations larger than 10—10.5 A. The mechanical pull
that is applied in the experiments described above can, in
principle, cause breaks at even smaller separations.

Using the information from the total-energy calculations
of the equilibrium configurations for the two elongation
paths, we studied the variations in the transport properties of
the junction. Specifically, for every atomic configuration
along the elongation path we computed transport character-
istics such as transmission probability coefficients and con-
ductance using the “source-and-sink” method (see Ref. 19
for details). Figure 2(b) shows the conductance for the two
paths at zero bias. We note that there are both similarities and
differences in the conductance evolution of the two paths.
First, at the separations less than 6 A, the conductance in-
creases rapidly in both cases. This increase mainly results
from direct tunneling from one contact to the other when the
atomic orbitals of two electrodes start overlapping. Second,
the conductance is low for elongations when the molecular
junctions are stable, up to 10 A, and rises sharply in the
metastable regime (elongations >10 A). Finally, at large
electrode separations, when the metastable junction is about
to break, the conductance decreases as the molecule starts to
detach from one of the electrodes.

Figure 3 shows the distance between one of the BDT
sulfur atoms and the nearest three surface gold atoms (Aul,
Au2, and Au3) plotted versus contacts separation. As the
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FIG. 3. (Color online) Distance between one of the BDT sulfur
atoms and three nearest surface gold atoms. The BDT junction is
elongated along the Path 1. The insets show the change in the trans-
mission function when the S-Aul bond length is increasing (9.4 and
11.0 A, transmission peaks shift toward the Fermi energy) and
when it is decreasing (11.2 and 11.6 A, transmission peaks shift
away from the Fermi energy).

junction is elongated along the Path 1, all three S-Au bond
lengths stretch. After 10.75 A, the S-Au2 and S-Au3 bond
lengths continue increasing monotonically whereas the
S-Aul bond length gets shorter, gradually attaining its equi-
librium value, suggesting that Aul peels off the surface and
creates a bridge as seen in Fig. 1. The variation in the S-Aul
bond length around 11—12 A amounts to a “struggle” be-
tween the molecule and the electrode for possession of Aul.
The slight oscillation in the S-Aul bond length seen in Fig. 3
between 11 and 12 A is in fact responsible for the rapid
changes in conductance seen in Fig. 2(b), as illustrated in the
insets of Fig. 3: in that short interval the peaks in the trans-
mission function shift alternately to higher and lower ener-
gies, corresponding to alternate shorter and longer S-Aul
bond lengths.

We will now use the above theoretical results to analyze
certain features of the experimental data of Refs. 3 and 11.
The key data are conductance traces as a function of elonga-
tion. First, we note the theory predicts that truly stable BDT
molecular junctions exist in the range of electrode separation
of 7-10 A (Fig. 4), which is consistent with the fact that in
both experiments, in a single trace, a steplike behavior in the
conductance occurs for elongations in the range 3—6 A, af-
ter which, the molecular junction breaks.

The most notable feature of Fig. 4 is that conductance of
BDT junction depends strongly on both the bonding configu-
ration and the separation between the electrodes. This strong
dependence, especially the fact that the conductance of a
single BDT molecule does not decrease monotonically as a
function of electrode separation rules out the possibility that
the experimental conductance traces correspond to the junc-
tion capturing one molecule, then dropping it, then capturing
another molecule and so on. The only possible explanation is
that, in the initial step of the trace when the electrodes are
brought to close proximity, several BDT molecules are cap-
tured and the observed conductance steps correspond to
dropping one molecule at a time.
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FIG. 4. (Color online) The zoom in of the calculated traces for
the elongation range 6—11 A: total energy (top) and conductance
(bottom).

When the electrodes are in close proximity, BDT mol-
ecules are more likely to be captured as in Path 2, which is
favored by as much as 1 eV. However, one or more mol-
ecules may be captured at longer effective electrode separa-
tions of 8-9.5 A as in Path 1. At room temperature, even
those that are initially bonded as in Path 2, may switch to
Path 1 during elongation because the barrier for the switch is
small. Thus, the molecules being dropped during the run are
more likely, but not exclusively, those in Path 1. We note that
from about 8.7—-9.7 10\, the conductance of BDT molecules
in Path 1 is relatively constant at slightly over 0.01G,,. Thus,
if the BDT molecules that are dropped during an experiment
are primarily along Path 1 in the 8.7-9.7 A stretch, distinct
peaks in the conductance histogram would appear at mul-
tiples of about 0.01, as in the experiments of Ref. 3. If on the
other hand, during the elongation process one ends up with a
substantial number of molecules bonded as in Path 2, or
possibly other paths, the conductance steps from dropping
individual molecules would span a wide range from 0.01 to
0.1, perhaps more, without distinct peaks in the conductance
histogram as in the data of Ref. 11.

As noted above, there are several factors that can affect
the numbers and characteristics of the bonding geometries
under elongation. Such factors include, for example, finite-
temperature effects or the existence of different electrode
morphologies. Though it is impractical for first-principles
calculations to cover all the possibilities, our results provide
guidelines to understand how these factors might control
conductance traces. In particular, annealing may favor trans-
formations between pulling paths, resulting thus in changes,
some of them abrupt, in the conductance. On the other hand,
rounder, sharper, or rougher tips might allow more contact
geometries and larger variation in junction transport proper-
ties.

One of the interesting questions related to the elongation
is the structural conformation of the BDT-electrodes inter-
face as the BDT junction begins to rupture. The authors of
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Refs. 3 and 11 report that the BDT junctions can be elon-
gated by 3—6 A and suggest a hypothesis that such stretch-
ing results from pulling the Au atoms of the electrodes rather
than stretching the BDT molecule. As discussed in the pre-
vious paragraphs, the experimentally measured conductance
steps are attributed to the elongation range of 7—11 A. The
results of the total-energy and conductance calculations sug-
gest that pulling of gold atoms out of the contacts does occur
when elongating the junction. However, it does not occur
within the elongation range of 7—11 A but rather when the
contacts are even further retracted. This regime constitutes
metastable bonding with a small energy barrier. It can poten-
tially be reached experimentally at very low temperatures
with very slow pulling of the electrodes. The results of the
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calculations predict that, if elongation more than 11 A were
achieved, a sudden rise in the conductance would be ob-
served.

In conclusion, we have presented a systematic first-
principles study of BDT molecular junctions under an elon-
gation process. Using density-functional total-energy and
quantum-transport calculations, we investigated both the dy-
namical and transport properties of BDT molecular junc-
tions. We find that the conductance of the BDT junction de-
pends strongly on both the separation between the contacts
and the trapping configuration of the BDT molecule. Finally,
we find that the stretching of the junction results from pull-
ing the gold atoms out of the electrodes accompanied by a
sudden rise in the conductance.
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