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Abstract Ab initio molecular dynamics simulations have
been performed of a gold—1,4-benzenedithiol (BDT)—
gold nanojunction under mechanical stress. For three dif-
ferent pulling rates between 10 and 40 m s™, it is found
that the nanowire always ruptures between the second and
third Au atom from the thiol sulfur. Larger rupture forces
and longer extensions are required at higher pulling rates
and vice versa. The electrical conductance was calculated
along a pulling trajectory using the DFT-NEGF method to
study the effect of thermal and stress-induced structural
changes on the electrical transport properties. While the
mechanically induced stretching of the junction is seen to
lower the time-averaged conductance, thermal conforma-
tional changes are capable of altering the conductance by
one order of magnitude. No single geometric quantity
could be identified as the main contributor to the conduc-
tance fluctuations. Small modulations, however, can be
explained in terms of C=C double bond vibrations in the
BDT molecule. The dependence of the conductance on
different geometric variables has further been investigated
systematically by performing constrained geometry opti-
mizations along a number of angle and dihedral coordi-
nates. The largest changes in the conductance are
observed when the Au-S-C angle and the Au-S-C-C dihe-
dral are simultaneously constrained.
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Introduction

Understanding the electron transport properties of a mole-
cule electrically wired to two electrodes is an important step
toward building functional electronic devices based on sin-
gle molecules, e.g., molecular transistors.

A widely used strategy to reliably wire a molecule to the
electrodes is to attach the molecule with two appropriate
terminal groups, such as thiols, that can bond covalently to
the metal electrodes [1-9].

Two kinds of dithiol molecules have been extensively stud-
ied, one of which is the alkanedithiol chain. These molecules
are considered highly insulating because of their large HOMO-
LUMO gap, but they are relatively simple and chemically
inert, which make them a nice model system to test an exper-
imental technique or theoretical method [8]. The second group
of these compounds are dithiols, based on conjugated aromatic
oligomers, such as oligophenyldithiols and oligophenylene-
ethynylenedithiols [7]. The smaller HOMO-LUMO gap and
the possibility of functionalizing these molecules make them
more attractive for potential molecular electronics applications.

The simplest molecule of the latter group, benzenedithiol
(BDT), has been investigated experimentally by scanning
tunnelling microscopy (STM) [10-12] and break junction
techniques [2]. Calculations of the conductance have been
carried out using first principles simulations for the
alkanedithiol [13] and give relatively good results compared
to experiment differing by a factor of 3, while for
benzenedithiol the disagreement is by a factor of 50 [14].
Despite such a big quantitative discrepancy, the simulations
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are able to explain the relevance of the connection of the
BDT molecule to the surface via additional Au atoms and its
influence on the shape of the I-V curve.

Aim and scope of the study

Previous ab initio calculations have shown that mechanical
stretching of thiol-gold contacts can result in monoatomic
gold wires being pulled out of the gold electrodes [15, 16].

This idea has been corroborated in recent experiments in
which an electric current was measured at pulling distances
as large as 1 to 2 nm, i.e., much larger than the BDT
molecule [8, 17].

The effect of the pulling, on the one hand, and the
conformational dynamics, on the other, on the electrical
conductance through BDT attached to one-dimensional gold
wires, however, is still poorly understood.

In this study, the electrodes have the geometry of a 1-D
gold chain that can be considered as already pulled out from
the Au surface by the sulfur atoms, thus ignoring the surface
itself. The emphasis of this work is clearly on unraveling the
influence of conformational changes of the junction and the
mechanical pulling on the conductance. The understanding
gained could be a first step toward developing control
mechanisms (e.g., switching on/off) over a molecular elec-
tronics device in the future, for instance by selectively
exciting certain vibrational modes by infrared radiation.

As for the exact conductance value of Au-BDT-Au junc-
tions, it is commonly believed that DFT considerably over-
estimates this quantity [18-20]. It has been suggested
recently that the GW approximation yields quantitatively
much more accurate results [19, 20]. However, there is also
a wide spread in experimental results ranging from 10™ to
0.5Gy (see [1] and references therein).

Model system and computational details

All ab initio molecular dynamics (MD) simulations were
performed with the SIESTA code version 3.1 [21] using the
PBE functional [22, 23], and DZP numerical basis set. The
temperature was controlled by a Nos¢ thermostat [24] set-
ting the average to 300 K.

The system consisted of a BDT molecule embedded in
monoatomic gold chain of a total length of eight atoms, four
on each side of the BDT molecule. Both ends of the chain
were connected by applying periodic boundary conditions
(unit cell dimensions: 13x13x25 A %) thus forming a quasi-
infinite wire.

For the MD simulation of the mechanical pulling we
employed the following procedure: as the starting geometry
for the MD run, we used the geometry optimized in the
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original simulation box of length 25 A. After each 100 steps
of 0.5 fs, i.e., the total time of 50 fs, the size of the box was
increased by 0.01 A in z-direction.

This amounts to a pulling speed of 20 m s™', which is
low compared to other theoretical studies [1], but much
faster than typical experimental pulling rates of 0.4—
162.5 nm s [25].

We ensured that atomic velocities were continuous be-
tween two pulling steps by always restarting the velocities
from the previous run. This procedure was repeated until
one of the bonds in the system was broken due to the
external force. The rupture force was evaluated from the
derivative of the system’s total potential energy.

In order to study the influence of the pulling rate on the
rupture force, we also carried out analogous simulations,
with 200 and 50 steps in each consecutive run, resulting in
pulling rates of 10 and 40 m s™".

The conductance of the junction was calculated for the
20ms™ run using the TranSIESTA extension to the SIESTA
code [26] which allows electron transport calculations by
combining non-equilibrium Green’s functions (NEGF) with
density functional theory (DFT). The core ideas of the DFT-
NEGF implementation are described in [27]. All conduc-
tance values in this article have been multiplied by a factor
of two as this is the default in TranSIESTA for non-spin-
polarized calculations.

As in the MD runs, the PBE functional and DZP basis set
were employed for the conductance calculations. The con-
ductance calculations were carried out along the trajectory
for the last geometries of each pulling step, i.c., every
0.01 A, from 25.00 A to 30.73 A, where the chain has
ruptured.

The electrodes were constructed as an ideal Au chain,
with equal distance between the Au atoms (2.54 A) attached
to the outermost Au atoms from the pulling simulation. The
x and y coordinates of the chain of the electrode have been
set to the same values as the Au atom coupled to the
electrode. The length of the electrodes was set to 11 atoms,
as this yields the best convergence of the conductance re-
sults. Five gold atoms were defined as the bulk region and
the remaining six gold atoms were added to the scattering
region to screen out the perturbations in the scattering
region.

The conductance G was calculated from the obtained
transmission spectrum using the Fisher-Lee relation and
the Landauer formula [28, 29] in the limit of low bias as

G="T(e)Go (1)

where Gy = 2¢%/h is the quantum of conductance and € is
the Fermi energy. We have compared our results with a 3x3
atoms bulk surface and found that the results for the trans-
mission spectrum at the Fermi level are comparable (give
the same trend) with those obtained by the 1-D chain.
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Results and discussion
Chain stretching and bond rupture

Initially, the system was optimized in the 25 A box, which
was sufficiently small to keep the gold chain in a relaxed
configuration. The average distance between the Au atoms
was 2.526 A, and the angle between the Au atoms in the
chain varied quite significantly from 119.6° to 157.8°. We
could observe, that the BDT molecule was twisted, and the
Au-S-C angles were approximately 120°. Moreover, on
each side of the BDT molecule, two nearest Au atoms were
aligned in a straight line. The optimized structure is shown
in Fig. la.

The first symptoms of bond breaking were observed at
29.4 A. At this point the average length of the Au-Au bond
increased to 2.75 A, and the Au-Au-Au angles straightened
up varying only slightly from 159° to 170° (see Fig. 1b).
The two closest Au atoms (Au’-Au'® and Au'-Au'?, re-
spectively) were no longer aligned along a straight line, as
there is too much strain in the system.

Despite the formal symmetry of the system, pulling-
induced bond breaking only occurs on one side of the
BDT molecule. At a pulling distance of 29.5 A, the Au'*
-Au' bond (see Fig. 1) chain was longer (3.02 A) than
Au'’-Au'! (2.61 A). Therefore one would intuitively expect
the former to break first. However, at 29.6 A, the Au'l-Au!!
distance increased to 3.1 A, while the remaining bonds on

Fig. 1 a Optimized geometry at 25.00 A. b snapshot of the out of plane
distorted structure at 26.76 A. ¢ snapshot of a stretched geometry taken at
29.40 A. d snaphot at 30.24 A, after the Au-Au bond was broken

the right hand side shrunk to the length of approximately
2.6 A. This finally resulted in the rupture of the Au'’-Au"'
bond, while the Au'*-Au'> bond shrunk back to a length of
2.63 A.

The bond rupture was a symmetry-breaking event which
left two Au atoms connected to the right side of BDT
molecule, while the remaining six Au atoms formed a clus-
ter on the left side (see Fig. 1c). Interestingly, out of the
seven Au-Au bonds initially present in the system, the Au'’-
Au'! bond appears to be the weakest one, independent of the
pulling rate. After the rupture of the chain, the two gold
atoms on the right closest to the BDT molecule again form a
straight line with the sulfur atom. What is even more re-
markable is the fact that the gold cluster on the left hand side
of the BDT molecule also contains this part composed of a
straight S-Au-Au configuration.

The external force necessary to break the gold chain was
calculated using the formula:

dE
F__Ea (2)

where E is the potential energy of the system and z is the
length of the periodic box in z-direction. Due to the rela-
tively small number of MD steps for each pulling distance,
the averaged potential energy curve (see Fig. 2, top panel)
displays some local fluctuations. Prior to taking the deriv-
ative (2), we therefore fitted a quadratic function up to a
z-length of 29.5 A, just before the bond rupture point.

— 4 10 m/s ]
= - —— 20mis \
W 2 —— 40m/s

Fig. 2 Top panel: potential energy as a function of box length z for
pulling speeds 10 m s™' (green dotted line), 20 m s (black solid line),
40 m s (blue dashed line) and quadratic fit (red solid line). Second

panel: absolute force calculated from the derivative of the quadratic fit.

Third panel: Au'®-Au'' bond length, d. Bottom panel: C'-S7-Au’
angle, ¢. The vertical dashed lines indicate when the bond length d
reaches 3.2 A, i.e., the rupture point
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As shown in the second panel of Fig. 2, the rupture force
increases with the pulling speed from 2.8 nN for 10 m s to
3.0 nN for 40 m s'. These values are greater than experi-
mentally measured values of the Au-Au rupture force
[30-33]. For single Au-thiol contacts, a force of 1.4 nN
has been measured [30, 31]. When comparing our theoret-
ical results with experimental values it is important to re-
member that the pulling rates in our simulations were
several orders of magniture faster than the experimental
ones.

From the trend observed in our simulations, the rupture
force is expected to decrease significantly if the pulling rate
is further decreased. However, it is impossible to extrapolate
to experimental pulling rates based on the three values
obtained here. Moreover, we need to bear in mind that a
reliable result for the rupture force at a particular pulling rate
requires averaging over a number of trajectories with differ-
ent initial conditions.

It should be noted that a rupture of 1.5 nN, very similar to
the experimental value, was obtained in a previous ab initio
study [15, 16]. However, in these calculations a different
pulling protocol, consisting of a combination of geometry
optimizations and MD, was employed which does not permit
the determination of a pulling rate but would certainly mimick
much slower pulling than otherwise feasible by pure MD.

The third panel of Fig. 2, the Au'-Au!! distance, d, is
shown for the three trajectories. It can be seen that at
advanced pulling stages, there are large oscillations in d;
values above 3 A are reached without breaking the bond.
According to this observation, we consider the bond to be
broken when the threshold of 3.2 A is crossed.

The size of the box corresponding to the bond rupture is
29.5 A forthe 10 ms™ pulling rate, 29.6 A for 20 ms™ and
30.1 A for 40 m s'. In all cases the mechanism of bond
breaking is the same, the bond connecting the two closest
Au atoms on the left or on the right side of the BDT is
elongated while the other Au-Au bonds shrink slightly.
Subsequently, the bond is broken, and the structure analo-
gous to one shown in Fig. 1c is formed.

The above trend, i.c., that faster pulling results in later
rupture, has also been shown experimentally by Huang et al.
[25]. The reason for this counter-intuitive behavior could be
the following: The optimal geometric position for the C'-S’-
Au’ angle is around 105° as in Fig. lc. This causes the gold
chain to bend, leading to Au’-Au'’-Au'' and Au'’-Au'*-
Au'’ angles smaller than 180°. The gold chain therefore
adopts a zig-zag shape, which is not geometrically optimal,
and breaks upon stretching. When the system is pulled at a
faster rate, the C'-S’-Au’ angle is opened wider allowing
the gold chain to straighten up, and therefore the system
becomes slightly longer before it actually breaks. The evo-
lution of the C'-S”-Au’ angle is shown in the bottom panel
of Fig. 2.
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Conductance calculations

Along the trajectory with a pulling speed of 20 m s,
we have calculated the conductance of the junction
using the DFT-NEGF method. One should keep in mind
that the DFT-NEGF assumes that the system is in a
steady state and that it would have enough time to
relax. Our NEGF calculations consider each trajectory
snapshot separately and thus do not take into account
the time or pulling speed.

The conductance calculated along the trajectory is
shown in Fig. 3 (top panel). We can observe large
variations in the conductance in the course of the trajec-
tory. Initially it varies between 1.0 and 1.5G,, and
reaches values above 1.5G, for box sizes of approxi-
mately 26-28 A. For this period we also observe smaller
fluctuations in the conductance. This is followed by the
period of decreased conductance up to approximately
29 A. Just before the bond is broken, we observe very
low conductance with only small fluctuations around
0.2-0.3 Gy. Finally, the conductance vanishes as the Au-
Au bond ruptures.

A drop in conductance by more than two orders of
magnitude upon stretching by 2.2 A was observed in clas-
sical MD simulations of BDT connected to 3D gold elec-
trodes in combination with an extended Hiickel model for
electron transport [34].

An important observation is that the conductance curve is
not smooth with only small fluctuations, as we might have
expected. Instead, the changes we observe are rather large
and sudden. Therefore we need to assume the conductance
of the system changes very rapidly due to geometric fluctu-
ations, as there are no other factors present that could
influence the conductance.

Length (A)

Fig. 3 Top panel: conductance change along the trajectory. Middle
panel: left (black) and right (red) C-C-S-Au dihedral. Bottom panel:
left (black) and right (red) C-S-Au angle
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Figure 4 shows a conductance histogram obtained by
averaging over two independent trajectories with differ-
ent initial conditions at a pulling speed of 20 m s™. It is
safe to conclude that the distribution is very broad,
assuming values between 0 and 2G,. Any statement
regarding possible peaks would need to be backed up
by better statistics, i.e., a larger number of trajectories,
which is beyond the scope of this article. Please note
that the counts near zero conductance are for configu-
rations after the bond rupture event. A broad distribu-
tion is consistent with the predictions by Andrews et al.
[34] from classical simulations.

The evolution of a selection of Kohn-Sham orbitals
in the vicinity of the Fermi level is shown in Fig. 5.
The question is whether it is possible to rationalize the
variations in the conductance in terms of orbital ener-
gies. We observe that the LUMO energy (red line) re-
mains roughly constant, while the HOMO energy (black
line) gradually increases during the pulling process up
to the rupture point D. The narrowing of the HOMO-
LUMO gap is, however, overcompensated by the de-
creasing energies of HOMO-1 to HOMO—4 (see Fig. 5)
explaining the decrease in conductance as the wire is
stretched (Fig. 3).

Can we deduct from the shape of the orbitals whether
a particular conformation exhibits high or low conduc-
tance? Figure 6 depicts the HOMO-1, HOMO, and LUMO
for the high conductance geometry A (z = 27.84 A,
G = 1.88Gy) and the neighboring low conductance geom-
etry B (z = 27.87 A, G = 0.16G,). Despite the hugely
different conductance values, the differences in the orbital
shapes are rather subtle. Most notably, for the HOMO of B
the BDT molecule appears to be drained of electron densi-
ty, and the HOMO-1 shows more nodes than for A,
making this channel less efficient.

0.8
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Fig. 4 Conductance histogram averaged over two trajectories at a
pulling speed of 20 m s™' with different initial conditions
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Fig. 5 Kohn-Sham orbital energies for the five highest occupied and
two lowest unoccupied molecular orbitals. The electronic structure at
points A—E is analyzed in more detail in Fig. 6

Figure 6¢c—¢ shows the orbitals at a point just before
(C), during (D), and after (E) bond rupture. Our moti-
vation for analyzing the electronic structure at those
points was to see whether, for instance, the population
of a particular antibonding orbital is responsible for
triggering bond dissociation. As is apparent from
Fig. 6, there is no obvious answer. The order and the
character of the orbitals remain unchanged throughout
the trajectory. In particular, the HOMO and HOMO-1
are both antibonding along the rupturing bond (between
the second and third Au atom from the left). Compared
to points A and B, the HOMO-1 has significantly less
charge density on the gold chain, which might contrib-
ute to the dissociation.

To investigate in more detail the origin of the conduc-
tance fluctuations, we also searched for possible correlations
between geometric changes and conductance variations. As
the total amount of data is rather overwhelming, we decided
to focus our analysis on selected characteristic sections of
the conductance plot.

The first section is for box lengths between 27.43 A
and 27.44 A. It is special, because the dihedral angles
do not change much here and therefore the possible
contributions to the conductance can be narrowed down
considerably. First of all we looked at the C-C bond
vibrations. Each C-C bond in the aromatic ring vibrates
in its own phase, and their influence on the conductance
(if any) must be different. Figure 7 shows the dihedrals
(top panel) together with average C-C bond lengths
(middle panel) and the conductance (bottom panel).
Although to some extent there is correlation between
the total average C-C length, the average value of the
C>-C® and C?-C* bond lengths is seen to match even
better. We can attribute this effect to the m-bonds
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Fig. 6 Isosurface
representation of Kohn-Sham
orbitals HOMO-1, HOMO, and
LUMO at geometries A-E as
defined in Fig. 5

between the C-C, a mechanism that has been discussed
previously in the literature [34-36].

However, the variations in the conductance in this par-
ticular section are minor. Hence we cannot explain the big
and sudden conductance drops we observe during the total
run by only vibrations of the C-C bonds.

To study the dependence of the conductance on geomet-
ric variables more systematically and to find additional
correlations, we carried out two series of constrained geom-
etry optimizations. In one series the angle formed by the
Au-S-C atoms was varied between 90 and 180°. In
another series, the dihedral angle formed by the Au-S-
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00— -
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L 0 +++ ST-CIC2-C3 —
@ E — + ST-C1-C6-C5 J
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=
-

135 - |. = C-C bonds average T
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Length (&)
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Fig. 7 Dihedral angles (top panel), C-C bond averages (middle panel)
and conductance (bottom panel) between 27.43 A and 27.44 A
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C-C atoms was scanned between 0 and 180°. This set
of constraints was chosen due to the fact that the
changes in the geometry in the 1-D Au chain are minor,
and we expect the predominant influence on the con-
ductance to be from the BDT molecule itself and the
Au-BDT interface. The angle and the dihedral scans
were performed for the 27 A box length, because it
displays a high conductance, and therefore we expected
any changes to be amplified and thus more easily
observable.

GOCCSAuat27 A
E-BC-C-C-Sat27 A
14 |EB-Bcccsa2shi
—: C-S-Auat27 A

0 50 100 150 200
Angle (¢)

Fig. 8 Conductance of singly constrained geometries at a z length of
27 A (black: C°-C'-87-Au’ dihedral, red: C°-C®-C'-S’ dihedral,
purple: C'-S7-Au’ angle) and 25 A (blue: C°-C°-C'-S7 dihedral),
respectively



J Mol Model (2013) 19:4173-4180

4179

The changes in the conductance with respect to the con-
straints are shown in Fig. 8. Although relatively large
changes can be seen for the C-C-S-Au dihedral and C-S-
Au angle curves, their magnitude is still too small to explain
the very low values occuring over the trajectory.

We only observe differences in the conductance of less
than 40 % compared to the optimized geometry, whereas the
changes reaching 80 % are observed in the MD run. There-
fore, we conclude that a concerted motion of several geo-
metric quantities is necessary to induce the extreme changes
in the conductance seen in the trajectory.

For this reason, we performed additional geometry opti-
mizations with two degrees of freedom constrained, namely
the Au-S-C angle and the Au-S-C-C dihedral.

Note that these are the same constraints as described
above, except this time both angle and dihedral were
constrained at the same time. We also changed the range
of the scan to better match the range observed in the trajec-
tory. The results are shown in Fig. 9.

The conductance changes in the plot from approx 0.5 to
1.8 Gy. This can explain the significant changes in the con-
ductance during the MD trajectory. The plot allows us to
draw more general conclusions as well.

For smaller values of the Au-S-C-C dihedral angle we
can observe better conductance, while larger dihedrals are
seen to lower the conductance. The energetic minimum for
this dihedral, lies in the 10-20° range, i.e., in the high
conductance region.

The energetic minimum of the Au-S-C angle (at approx-
imately 125°) also corresponds to a maximum of conduc-
tance. However the situation is reversed when the dihedral
angle increases, and we observe better conductance for the
angle of 105°.

This observation has two implications. Firstly, the system
in relaxed configuration displays good conductance. But
secondly, it shows how moderate geometric changes can
significantly change the conductance. Furthermore, it is

o
% a7 I & I & k"
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important to realize that in these doubly constrained optimi-
zations, only one side of the Au-BDT-Au junction is fixed,
while the other is free to relax. The effects seen in Fig. 9 are
expected to be amplified if both sides are constrained
simultaneously.

Although it would be theoretically possible to carry out
such quadruply constrained optimizations, this is beyond the
scope of the present paper.

Conclusions

We have performed ab initio molecular dynamics simulations
of a BDT molecule embedded in a one-dimensional gold
chain at different pulling rates. In all cases, the gold
chain was broken in the same place. However, rupture
was seen to occur later for faster pulling speeds.

For the trajectory with a 20 m s pulling rate, we have
computed the conductance as a time-dependent signal along
the run.

It was attempted to correlate the dynamical conductance
fluctuations observed with geometric quantities. Minor
modulations have been found to be due to C-C bond vibra-
tions in the m-system of BDT.

Systematic investigations of the influence of geometric
parameters on the conductance have been carried out by
scanning selected bond and dihedral angles in constrained
geometry optimizations.

We conclude that the observed large fluctuations in the
conductance cannot be explained simply by a single
parameter.

We have obtained evidence through doubly constrained
geometry optimizations that simultaneous changes in the
Au-S-C angle and Au-S-C-C dihedral can have a major
impact on the conductance. To fully explain the observed
conductance time signal, however, a concerted motion of
multiple degrees of freedom is necessary.
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Fig. 9 Conductance of double constrained geometries in a 2-D (leff) and 3-D (right) representation
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