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peaks in single molecule conductance histograms
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Accelerated molecular dynamics and quantum conductance calculations are employed to shed light

onto the electrochemical properties of the Au|1,8-octanedithiol|Au junction. Widely different contact
geometries with varying degrees of roughness are examined. Strikingly, the two extreme situations
considered in this work, tip-tip and tip—perfect surface junctions, give almost indistinguishable
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conductances. This result contrasts the usual notion that different S-Au bonding geometries combined
with molecular torsions provide the explanation for the experimentally observed sets (low, medium,
high) of conductance peaks. In this work, we provide an alternative explanation for the occurrence of

these sets in terms of the specific anchoring sites of the molecule to the tip, which in turn determines
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1 Introduction

The potential use of single molecules as components of electronic
devices has promoted a profusion of experimental’™® and
theoretical''™"” work. Besides the obvious advantages in
miniaturization of such devices, the chemical versatility of
molecules allows the exploration of new device design methods
based on controlling the function through chemical
tailoring."®>° However, for these desirable goals to be experi-
mentally accessible it is mandatory to solve several problems
such as reliably controlling the coupling to contacts,'””*!
reducing electron-phonon interactions in order to improve
stability,” and design reliable and efficient gating mechanisms
that can control current flow through the molecule in order to
obtain devices that can function as a transistor,”” just to
mention a few.

Concerning the understanding of electronic transport properties
of resistor like devices, the most simple and surprisingly challenging
system appears to be the one formed by an alkanedithiol molecule
trapped between two Au nanotips. The electromechanical behavior
of this system has also shown to be difficult to understand, and the
wide range of disparate results reported in the literature makes this
understanding even harder.”® Depending on the experimental
method employed, repeated conductance measurements show
histograms with more than one peak. This is the case of the
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the interaction of a portion of the carbon chain with the tip.

measurements described in ref. 1, 4 and 24, where three funda-
mental conductance peaks were found. Haiss et al.>* have attributed
the three fundamental conductance contributions to different
molecule-electrode contact geometries, namely a loose contact with
the tip and the surface, thiol adsorption at step edges, and
attachment of both sulfur head-groups to step edges respectively.
While the first type of contact should be favored in the case of the
so-called I(t) type of experiments,® where one of the ends of
the molecule is picked by a STM tip held at a constant distance
from the surface, the other two could arise when a close interaction
of the tip with the surface is allowed, or when the surface shows a
preexisting important number of defects.

In a previous work we have used an accelerated dynamics
scheme to sample the configuration space of the molecular
structure attached to two metallic electrodes in order to study
the dependence of conductance on the distance between the
metallic contacts and the influence of the internal molecular
conformation.?® In the present work we extend this methodology
to study the influence of different structures of the metal
contacts on the conductance.

2 Methodology
2.1 Hyperdynamics

To perform the configurational sampling of the system, the
hyperdynamics (HD) method, as developed by Voter,® was
applied using an in-house developed code. This method allows
an enhanced sampling of molecular configurations (with
barriers of up to 0.25 eV, see ref. 27) to be employed as a basis
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for conductance calculations. We will briefly explain the
hyperdynamics method, by summarizing the main concepts
below. This method accelerates the exploration of a system
undergoing rare events, without losing the main features of its
natural dynamics. The key is to transform the potential energy
surface (PES) of the system V(r) with the addition of a bias
function AV;, as shown in eqn (1).

Vo(r) = V1) + AV(1) (1)

This transformation reduces the energy barriers of the
system, making the escape from trapping minima faster and
allows an efficient sampling of the configuration space in a
reasonable simulation time. However, to recover the average of
any property, such as molecular conductance, the sampled
configuration must be re-weighted using a “boost” factor that
depends on the extent of the applied bias (refer to eqn (2)).

ePAV(r)

where —_— (2)
(P,

(d)y = (Aw(r))y, w(r) =

According to Voter,”® real time can also be recovered
through this re-weighting, but an extra restriction must be
added: the bias must vanish at transition states. However, this
restriction is not required for the calculation of thermodynamic
properties, as it is the case of conductance. Therefore, for any
bias function that allows a good sampling of the PES
(¢.e. maintaining the underlying shape) the re-weighting equations
are usable.

In our previous work we used the bias function proposed by
Hamelberg et al. applied to dihedral angles of the octanedithiol
molecule.”® However, in the present work we use an even
simpler scheme: we apply to dihedrals the bias function given

by eqn (3).
AV(r) = (2 = Y1) (3)

Here the « parameter acts as a “compression factor” of the
PES, by making the energy landscape shallower, while keeping
the positions of local extrema unchanged. The use of this factor
has the consequence of improving sampling, since all energy
barriers are scaled by this factor. This compression scheme has
been successfully used by Becker and Fichthorn® to study
desorption of n-alkanes from the basal plane of graphite. Our
choice is based on the fact that, for enhanced sampling
purposes, we do not need to set the condition that the bias
must vanish at the transition states. Since there are no transi-
tions between the original PES and the biased one during the
simulation, the derivative of the latter remains continuous. The
o factor used here is 0.5.

2.2 Model and simulation set up

To emulate the metal-molecule-metal junctions obtained with
the different experimental methods, we employ an atomistic
model representing an octanedithiol molecule trapped in
between a gold tip-like structure and a gold substrate with
different roughnesses. Concerning the interatomic potentials,
the same semiempirical description as that of our previous
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work”® was used. The molecule-metal interaction was modeled
with the semiempirical potential of Olmos-Asar et al.,** based
on density functional theory (DFT) calculations and a
bond-order Morse-like potential. It is noteworthy that this
potential was developed to simulate the Au-S interaction in
different S and Au coordination environments. The latter is
suitable for simulating the different gold-molecule-gold junction
systems presented in this work. Intra-molecular interactions
within the octanedithiol molecule were represented using the
all-atom optimized potentials for liquid simulations (OPLS-AA)
force field. The parameters were extracted from ref. 27. In the
case of the metal-metal interactions, we used the Second-Moment
Approximation of Tight Binding (SMTB), which takes into account
the many-body character of the metallic bond and has been found
to reproduce most of the characteristic properties of gold. The
parameters of this potential were taken from ref. 31.

In order to explore plausible scenarios representing differ-
ent conditions of the substrate, we used four different types of
tip-substrate metal junctions for our simulations. The tips of
all junctions were built by stretching a 400 atoms gold cube
with fecc structure from two of its opposite faces until rupture at
a rate of 2 A ps~*. To model substrates with a high degree of
roughness, such as those probably formed with the STM break-
junction method, we used a second tip instead of a “tradi-
tional” perfect slab (see Fig. 1a). This yields a configuration
referred to as tip-tip (T-T) junction. For modeling substrate

Fig. 1 Scheme of the atomistic models employed in the present simulations to
represent surfaces with different roughnesses: (a) tip-tip (T-T) junction, (b)
tip—perfect surface (T-P) junction, (c) tip-step (T-S) junction, (d) tip—kink (T-K)
junction. Au atoms are shown in pink, S atoms in yellow, C atoms in blue
and H atoms in white. The upper and bottom layers of Au atoms were kept
fixed during the dynamical simulations. The figures are snapshots taken from
the corresponding simulations. All atoms in the system were included in the
conductance calculations.
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surfaces with a low degree of roughness, such as those probably
involved in the I(t) technique, we used a pristine (111) fcc
surface as a substrate. This configuration is referred to as
tip—perfect surface (T-P) junction (see Fig. 1b). Two additional
systems of intermediate roughness were considered by adding
defects to the perfect (111) surface, namely, a step, referred
as tip-step (T-S) junction (see Fig. 1c) and a kink, referred as
tip-kink (T-K) junction (see Fig. 1d).

To compare the behavior of these different systems, simula-
tions were performed maintaining a gap distance of (10 & 0.2) A
between the two metal contacts. For all the simulations the top
and bottom gold layers of the upper/lower tips/substrate,
respectively, were fixed at their bulk lattice positions. The metal
contacts and the molecule were assembled together and were
allowed to relax during 1 ns at constant temperature (300 K)
using the Ermak algorithm®> with a friction coefficient of
1 ps~'. The latter was the sampling algorithm adopted for all
the simulations presented in this work. All junction systems
were equilibrated at this temperature during 10° HD steps.

At the end of Section 3 we consider another metal-mole-
cule-metal junction constructed by adding to the perfect (111)
surface an island which contains defects as those shown
previously. The conductance in this system was measured at
different tip-surface gap distances.

2.3 Conductance

The current flowing through the molecule coupled to two
electron reservoirs (leads) was calculated by applying the
Landauer-Biittiker formula.**?* The electronic structure is
represented through the Extended Hiickel Hamiltonian.
Although conductance values may change if a higher level of
theory is employed,*® relative trends are expected to remain the
same. This is because the conductance of the system is essen-
tially determined by the atomic connectivity and bond lengths,
which are outcomes of the molecular dynamics simulation.
The transmission function was obtained from the Fisher-Lee
equation®® as follows:

2

G= %Trmdev+<z>rL<EF>Gdev*(z)ﬂz(EF)) )

where Gge, " is the retarded and advanced green function
matrix for the system. The presence of the leads was modeled
by shifting the onsite atomic orbital energy for those orbitals
that are in direct contact with the leads. This shifting is an
energy imaginary value that enters in the Hamiltonian via the
coupling matrices I'pr(E) for the left and right leads. This
imaginary energy value was fitted to recover the quantum value
for conductance G, = 2¢*/h for a perfect gold atom chain. The
same imaginary value was used for the rest of the calculations.
The details of the shifting procedure are explained in ref. 25
and the resulting conductance values calculated within this
method are in good agreement with experimental data. All
conductance histograms presented in this work are constructed
with 1000 frames taken from the corresponding HD simula-
tions, considering all atoms of the system.
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3 Results and discussion

In ref. 4, the low conductance set of histograms was attributed
to the occurrence of gauche defects in the alkane chain. For this
reason, one hypothesis to be analyzed is whether molecular
twisting is responsible for the occurrence of multiple conductance
values. To analyze the configurational twist of the molecule, two
parameters were defined, evaluated and analyzed: the S-S distance
in the molecule ds g and the dihedral signature (Os). The latter is

1
defined as Og = EZ?:' |0;| where 0; is the ith dihedral angle of

the molecule. In the case of the octanedithiol molecule, the sum is
taken over the seven main dihedral angles (five of these angles are
calculated considering four consecutive C atom groups and two of
them are built taking groups of three C and the S consecutive
atom). Each dihedral angle has a value of +n in the trans
configuration and 0 in the cis configuration. Thus, @g may take
values between 0 and 7 for octanedithiol, corresponding to all cis
(hypothetical) and all trans configurations respectively.

Histograms of @ and ds_g were constructed from the results
of the simulations, yielding the probability distributions shown
in Fig. 2. This figure shows the frequency of occurrence of ds g
and O for the four different types of junction configuration
analyzed here. In the first case, it is found that the most twisted
configurations correspond to the case of the T-K structure,
while the most stretched structure is found in the case of the
T-T structure. Consistent with this behavior, it is found that
significant differences arise between the ds_g distributions for
the T-T and the T-K structures. These differences are not
minor, resulting in ds_g average values of 9.6 A and 11.1 A for
T-T and T-K, respectively. In spite of the differences that arise
in the molecular configurations, the outcome for the conduc-
tance results is remarkably similar for the four geometries
considered, as shown in Fig. 3. Some differences can be found
for the case of the T-K structure, presenting somewhat larger
conductances, but the most probable conductance is barely
distinguishable in the four geometries.

Another factor that is usually mentioned in the literature as
responsible for obtaining different conductances is the coordination
of the S atoms with the Au substrate. According to the results of
ref. 24 more defective surfaces result in larger S-Au substrate
coordinations and thus in larger conductances. Although this trend
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Fig. 2 Probability distributions of the dihedral signature ©s and sulfur—sulfur atom
distances ds_s, as defined in the text, for the four metal junctions shown in Fig. 1.
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Fig. 3 Probability distribution of conductances for the four metal junctions shown
in Fig. 1. It can be seen that the most probable conductance is very similar for the
four geometries considered despite the differences in coordination of the S atom
with the Au surface.

is qualitatively supported by the results of Fig. 3, since the
conductance histograms are slightly shifted following the order
(Grp < Gps < Grx), there is no indication for the occurrence of
significantly different sets of conductances (say low, medium, high)
as found in the experiments.

In our previous work we have shown that some particular
molecular configurations, combined with the arrangement of
the tip, may lead to increased conductance values of the
system.>® To analyze the effect of the molecule backbone-tip
interaction on the conductance, we analyzed a fifth surface
structure, consisting of a tip and a substrate with a small Au
island. This structure results from cutting the first two lattice
planes of a tip, attaching them to a perfect (111) surface and

Fig. 4 Scheme of the tip-molecule-substrate configuration used to analyze the
effect on the conductance of the site of attachment of the molecule to the tip.
The figure shows the geometry of the closest approach between the tip and the
surface. The other configurations, presented below in Fig. 5, were obtained by
retraction of the tip.
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allowing for relaxation. This configuration is shown in Fig. 4,
and can be expected to occur very often in STM break junctions,
right after the rupture of the metal-metal bridge that is formed
upon contact between the STM tip and the surface. The tip was
positioned at 4 A from the surface, and one of the ends of the
molecule was set in contact with one of the upper planes of the
tip, as shown in the figure. Different accelerated molecular
dynamics runs were performed at different heights, obtained by
lifting the tip. Fig. 5 contains cloud plots obtained at different
retractions of the tip, reported in the legend of the figure. It is
found that at short distances the carbon chain of the molecule
somehow adheres to the tip. Upon tip retraction, the carbon
chain detaches from the tip and finally stays nearly perpendicular
to the surface. The corresponding conductance distributions are
shown in Fig. 6. Dramatic changes are found in the conductance
in the first retraction step, where the carbon chain is close to the
tip surface (in the present case for distances ranging between 4.8
and 6.3 A). The proximity between the chain and the tip allows
direct tunnelling of the electron from the tip to the carbon chain
leading to higher conductance. For distances larger than 6.3 A, the
conductances distribution remains roughly unaltered, and its
most probable values stay close to those already discussed in
Fig. 3. The occurrence of two well defined peaks at 4.8 and 6.3 A is
related to the anchoring of one of the S atoms to relatively stable

L ]

e ¥

Fig. 5 Cloud plots obtained from the superposition of frames stemming from
runs with the system depicted in Fig. 4. Green clouds correspond to the position
of Catoms of the hydrocarbon chain, yellow ones to S atoms and pink ones to Au
atoms. The tip—surface distances were in the increasing order of 4.8, 5.3, 5.8, 6.3,
7.3,7.8,87,9.2 and 9.7 A, respectively, as shown within each subfigure.

Phys. Chem. Chem. Phys, 2013, 15,1526-1531 | 1529


http://dx.doi.org/10.1039/c2cp43811a

Downloaded by Osaka University on 21 January 2013
Published on 22 November 2012 on http://pubs.rsc.org | doi:10.1039/C2CP43811A

Counts

Conductance (log(G/Gy))

Fig. 6 Probability distribution of conductances corresponding to different
tip-substrate distances for the system shown in Fig. 4 and 5. For short
distances, where the carbon chain is close to the tip surface high average
conductances are obtained. For distances larger than 6.3 A, the conductances
distribution remains around conductance averages close to those already shown
in Fig. 3. The occurrence of two well defined peaks at 4.8 and 6.3 A is related to
the anchoring of one of the S atoms to relatively stable adsorption sites on the
tip. This allows a close contact between the carbon chain and the tip which
increases the conductance of the system.

adsorption sites on the tip, mainly defined by the sequence of lattice
planes. This anchoring allows close contact between the carbon
chain and the tip increasing conductance as described above.

Thus, the present results suggest that the occurrence of sets
of conductances (low, medium, high) may be related to specific
anchoring sites on the tip. While this could seem questionable
on the basis of the argument that the orientation of the lattice
planes on the tip should be at random on a statistical basis, this
is not so. Molecular dynamics simulations have shown that
when a tip is in contact with a surface, the former tends to
“copy” the structure of the latter. For example, Table 1 of ref. 36
shows that when a (110) oriented tip interacts with a (111)
surface, up to four layers of the tip may ‘“copy” the structure of
the substrate. This effect may be even stronger for a
disordered tip.

A comment must be added when a quantitative comparison is
attempted between present results and experiment. The present
theoretical results should, in principle, be valid for experiments
performed under vacuum, while experiments are usually per-
formed in air or in the liquid phase. These different conditions
represent very different situations for electron tunnelling. For
instance, in ref. 24, the reported value of the slope din(Z)/ds
(I - tunnelling current, s - absolute tip sample separation) is
(10 £ 1.5) nm ™', resulting in an effective barrier of the order of
1 eV. However, experiments in UHV for an Au(111) surface yield
barriers of the order of 3.6 eV.”” Whatever the reason for the
relatively low values obtained for the measurements in air or in the
liquid phase, this will result in an increased penetration of
the electrons in the gap. Thus, the effect of increased conduc-
tances will probably be observed in experiments at larger distances
than those predicted from the present calculations.
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4 Conclusions

In the present work we have used accelerated molecular
dynamics simulations along with quantum conductance calcu-
lations to analyze the conductance of an alkanedithiol molecule
confined in a metal-metal gap.

It is found that the (average) molecular configuration and
the type of contact of the molecule with the surface plays a
minor role in determining the conductance of the system.

On the other hand the anchoring sites of the molecule to the
tip define the interaction of a portion of the molecule with it,
playing the predominant role by keeping the carbon chain in
close contact to the tip, thus increasing conductance.
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