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ince the pioneering work of Reed et al.'
in 1997, the gold—benzenedithiol—
gold (Au—BDT—Au) molecular junction
has been the subject of extensive experi-
mental and theoretical investigations, aim-
ing to understand the basic nature of the
electron transport in a molecular device.? 32
During many years, the reported experi-
mental conductance values vary by almost
4 orders of magnitude from different re-
search groups and are very difficult to be
reproduced by theoretical calculations. One
of the major reasons for such problems is
the lack of detailed information about the
molecular conformation and the contact
geometry in actual junctions.'*3? Although
the atom-resolved observation of the mo-
lecular junction is still out of reach at this
stage, the inelastic electron tunneling spec-
troscopy (IETS) technique can provide ex-
perimentally indirect structural information
through the response of the molecular vibra-
tions.3>3* In recent years, the IETS technique
has been successfully applied to a number of
molecular junctions and proved to be a
powerful tool to verify the actual presence
of the molecule and to extract the geometric
information in the molecular junction.3>~4¢
Although Au—BDT—Au is probably the
simplest and most studied molecular junc-
tion, its IETS spectra have only become
available very recently.*” ~>° There are four
reported IETS spectra with very different
spectral profiles, which were obtained for
junctions made from the electromigrated
nanogap technique*’*° and mechanically
controllable break junction (MCBJ),*84°
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ABSTRACT The gold—benzenedithiol—gold junction is the classic prototype of molecular
electronics. However, even with the similar experimental setup, it has been difficult to reproduce the
measured results because of the lack of basic information about the molecular confirmation inside
the junction. We have performed systematic first principles study on the inelastic electron tunneling
spectroscopy of this classic junction. By comparing the calculated spectra with four different
experimental results, the most possible conformations of the molecule under different experimental
conditions have been successfully determined. The relationship between the contact configuration
and the resulted spectra is revealed. It demonstrates again that one should always combine the
theoretical and experimental inelastic electron tunneling spectra to determine the molecular
conformation in a junction. Our simulations have also suggested that in terms of the reproducibility
and stability, the electromigrated nanogap technique is much better than the mechanically
controllable break junction technique.
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conformations - density functional theory - vibrations

respectively. From these experimental spec-
tra, it can be ensured that there are indeed
molecules within the junction and the mo-
lecule could have very different conforma-
tion in different junctions. But the exper-
iments alone can neither determine the
exact conformation of the molecule inside
the junction nor tell what the structural differ-
ence is among different junctions. The aim of
this study is thus to establish the possible
structure-to-spectrum relationship for the IETS
of the Au—BDT—Au junction and to determine
the exact molecular conformation by compar-
ing theoretical and experimental spectra.
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The simplest model for the IETS of the

molecular junction is to only consider the = ©2011 American Chemical Society

VOL.5 = NO.3 = 2257-2263 = 2011 A@\T/A[\\(J

www.acsnano.org

2257



Wavenumbers(cm'1)

2016

0 403 807 1210 1613
M 1 M T ' T M 1
i T
Q
- ES
—
= w
cr ®
:_ >
o
= |
s
N
2L ~
3 Q
o )
oL > ©
(-
© o
=2 3 °
L g > g
_>, >
A 1 1
0.00 0.05 0.10 0.15 0.20
Voltage(V)

Figure 1. The IETS of the BDT molecule in gas phase. The important vibration modes with considerable intensity are assigned.
The Lorentzian line shape is adopted, and the broadening factor for the calculated spectrum is set to 10 cm ™.

molecule itself, in this case the coupling between the
molecule and the metal contacts is set to be a constant.
This approach was used by Troisi et al.>*~>® and revealed
many interesting features of the IETS. The calculated
IETS spectrum of the BDT molecule is given in Figure 1,
on which the vibrational modes with visible intensity
are identified. It can be clearly seen that the C—H in-
plane bending (y(C—H)) and the C=C in-plane stretch-
ing (v(8a)) modes dominate the spectrum. Several
other modes also have considerable intensity. We will
show here that the presence of an actual metal elec-
trode can have significant effects on the IETS of the
molecular junction.

We have done a systematic study on the IETS of the
Au—BDT—Au junction with many different configura-
tions. Here we will only discuss some basic features of
the IETS and the calculated spectra that are compar-
able with the experimental ones.

We start with a typical configuration TT as shown in
Figure 2I, where both sulfur atoms are located at the
top site of two gold electrodes. In this case, the S—S
axis has an angle of 26.8 degree with respect to the
normal of the electrode. We have calculated the energy
profile as a function of the width of the junction. It is
found that the molecular junction becomes stable
when the electrode distance is around 1.21 nm and
the distance between the sulfur atom and the elec-
trode is 0.32 nm. It should be noted that the stable
structure determined for such an ideal system might
not be the one in the real device due to the possible
influences of the temperature and the surroundings. In
addition, the gold surface is assumed to be rigid with-
out geometric fluctuations. The use of IETS is thus
necessary and useful. The calculated IETS spectra of
the TT junction with the width of 1.03 nm, 1.11 nm, 1.19
nm, and 1.27 nm, respectively, are shown in Figure 2II.
One can immediately see that the IETS is very sensitive
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to the change of the electrode distance. It is known that
the vibrational modes at low frequencies in the IET
spectra correspond to the motions of the gold atoms.
When the width is 1.11 nm, the first peak at the low
frequency region becomes relatively weak. Compared
with the spectrum in the gas phase, one can notice that
the S—Au stretching mode shows up at about 0.04 V in
the TT junction and the red-shift of other peaks can also
be observed owing to the influence of the gold elec-
trode. The C—H in-plane bending (y(C—H)) and the
C=C in-plane stretching (v(8a)) dominant in the gas
phase are somehow suppressed in the TT contact
configuration because of the presence of the S—Au
stretching mode. This is a direct result of the competi-
tion between two different pathways: one is through
the S—Au bond, while another is through the C—H
bond close to the electrode bypassing the S—Au bond.
When the S—Au bonding becomes strong, the elec-
trons will prefer to tunnel through the S—Au bond
rather than go though the C—H bond to the electrodes;
consequently, the C—H in-plane bending mode and
the C=C in-plane stretching mode become relatively
weaker.

The junction could also be formed in an asymmetric
fashion and one of the examples is the configuration
BT as illustrated in Figure 2lll, in which one sulfur atom
is located at the top of the electrode and another is at
the bridge of the electrode. Here, the S—S axis has an
angle of 13° with respect to the normal of the elec-
trode. The energy profile of the molecule in the BT
configuration as the function of the junction width is
given in Figure 2lIl. For such a configuration, the steady
point is at the width of about 1.25 nm and the sulfur-
electrode distance becomes 0.31 nm, which are very
similar to the TT configuration. It is also found that the
total energy of the BT junction is only 0.025 eV higher than
that of the TT junction. Therefore, both configurations
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Figure 2. (1) Variation of the total energy of the extended BDT molecule with the TT contact configuration ((a) side view and (b)
top view in the insert) as the function of the junction width; (I1) IETS of the TT junctions with different width, while the intensity
of the peak at low frequency in the purple line is amplified by 10 times to make it visible; (Ill) variation of the total energy of the
extended BDT molecule with the BT contact configuration ((a) side view and (b) top view in the insert) as the function of the
junction width; (IV) IETS of the BT junctions with different width. The Lorentzian line shape is adopted and the broadening

factor for the calculated spectrum is set to 10 cm ™.
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Figure 3. (a) Experimental®’ and (b) calculated IETS spectrum of the BT-S molecular junction with the electrode distance of 1.25
nm. The side view (c) and the top view (d) of the BT-S junction. The Lorentzian line shape is adopted and the broadening factor

for the calculated spectrum is set to 32 cm™".

could occur in reality from the energetic point of view.
The calculated IETS spectra of the BT junction with the
electrode distance of 1.09, 1.17, 1.25, and 1.33 nm are
displayed in Figure 2IV. It is found that the intensity of
the S—Au mode becomes weaker with the increase of
the junction width and the other vibrational modes
gets stronger, in particular, the vibrational mode at
about 0.13 V gradually dominates. By comparing with

LIN ET AL.

the calculated spectra of the TT junctions, it can be
seen that the contact geometry can also have signifi-
cant effects on the IETS spectrum.

Itis interesting to note that the BT junction is capable
of reproducing one of the experimental results for the
Au—BDT—Aujunction. To highlight the good agreement,
the calculated spectrum with the width of 1.25 nm (BT-S)
is shown in Figure 3 together with the experimental

VOL.5 = NO.3 = 2257-2263 = 2011 /ASJ\JV%NQ

www.acsnano.org

2259



Wavenumbers(cm'1)

0 403 807 1210

A GO?OO
-

d2i1dv2(arb.unit)

—_— Q2 ~
s\ = © ®© s
_ g\ g V=2 )
L = . > > Y /
I 2 _ BT-S-R60
< > =&
—_ — 22
g g55
> >
" 1 " 1 " 1 1 T
0.00 0.05 0.10 0.15 0.20 0.25 (d)
Voltage(V)

Figure 4. (a) Experimental®® and (b) the calculated IETS spectra of the BT-5-R60 junction. The side view (c) and the top view (d) of
the BT-S-R60 junction. The Lorentzian line shape is adopted and the broadening factor for the calculated spectra is set to 32 cm ™.

spectrum of Song et al.*’ There are four peaks in the

spectra with the third one dominating, which is attrib-
uted from the C—H in-plane bending modes v(18a)
and v(19a). It can be seen that the C=C stretching
modes v(8a) and v(19a) contribute to the fourth peak,
while the second peak consists of a group of vibration
modes, such as C—C—C bending modes v(6a) and
v(6b), as well as the S—C stretching mode »(5—C).
When the molecule is rotated 60° with respect to the
S—S axis in the BT-S junction, it is found that the
calculated spectrum for this conformation (BT-S-R60)
can reproduce another experimental spectrum also
measured by Song et al. at the same temperature
(4.2 K) with the same technique,®® as demonstrated
in Figure 4a,b. The intensity of the spectral peak in the
experimental spectrum follows the relationship: 1(127)
< 2(97) < 3(141) < 4(199 mV). Our theoretical simula-
tion gives the same trend though there is slight mis-
match in the peak positions. All the vibrational modes
observed in the experiments have been assigned. It
shows that the C=C stretching modes v(8a) and v(8b)
dominate the spectrum. Compared with the IETS spec-
trum for the BT-S junction measured (in Figure 3a),
peak 4 becomes stronger and peak 1 becomes weaker,
which is a direct consequence of the molecular rota-
tion. In general, the C=C stretching modes and C—H in-
plane bending modes at high frequencies seem to
compete to be the dominant contributor. This could be
understood since the IETS is strongly associated with
the pathway of the electron tunneling through the
molecule.®® The BT-5-R60 and the BT-S junctions have
exactly the same molecular structure, junction width,
and contact. The only difference is the mutual orienta-
tion between the molecule and the electrodes. Our
calculation shows that there is almost no barrier for the
BDT molecule to rotate around its S—S axis. It is thus
possible to obtain junctions with different rotation
angles in the experiments. This partially explains why

LIN ET AL.

with the exactly the same experimental technique and
conditions, the generated junctions could have very
different IETS spectra.

With a further rotation of the molecule around the
S—S axis to 90° (BT-S-R90), the calculated spectrum
seems to resemble the experimental spectrum mea-
sured by Tsutsui et al.*® with the break junction tech-
nique. In particular, when the junction width is in-
creased to 1.29 nm, the calculated spectrum for this
widened junction, BT-S-R90-W, is in good agreement
with the experiment, as illustrated in Figure 5a,b. In
comparison with the result for the junction BT-S-R90 in
Figure 5¢, the relative intensity of the S—Au modes
becomes weaker. In general, the spectrum for this
junction shows more structures. We can assign peak
4 to the C=C stretching mode v(8a) and the C—H in-
plane bending mode v(19a). Peak 3 mainly comes from
the C—H in-plane stretching modes including v(18a),
v(19a), and v(18b). In the peak 2, both C—C—Cbending
mode v(6b) and v(6a) can be found. Comparing with
the spectra measured by Song et al. for the junction
made from the electromigrated nanogap technique,*’°
the most significant change is the increasing intensity
of the S—Au mode. This indicates that in this case the
pathway through the S—Au bond is more favorable for
electron transport.

Although both the electromigrated nanogap and
the mechanically controllable break junction techni-
ques can not guarantee production of the junctions of
the same property, the electromigrated nanogap
seems to be a better one in terms of reproducibility,
since the difference in the products is mainly the
rotation angle as revealed by our simulations pre-
sented here. By simply changing one structural para-
meter, we find it impossible to reproduce another
experimental IETS spectrum from the mechanically
controllable break junction technique.*® With the ex-
perience we have gained from the simulations of
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Figure 5. (a) Experimental*® and (b) the calculated IETS spectra of the BT-5-R90-W junction with the width of 1.29 nm, in
comparison with that (c) for the BT-S-R90 with the width of 1.25 nm. The side view (d) and the top view (e) of the BT-S-R90-W
junction. The Lorentzian line shape is adopted and the broadening factor for the calculated spectra is set to 32 cm ™’
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Figure 6. (a) Experimental*® and (b) calculated IETS spectra of the TT-S-R90-N junction with the width of 1.07 nm, in
comparison with that (c) for the TT-S-R90 with the width of 1.25 nm. The side view (d) and the top view (e) of the TT-S-R90-N
junction. The Lorentzian line shape is adopted and the broadening factor for the calculated spectra is set to 32 cm ™’

different junctions, we could identify a junction that
can give the [ETS spectrum in good agreement with the
experiment, as illustrated in Figure 6a,b. This junction is
of a TT type as shown in Figure 2I, but is rotated with a
90° around the S—S axis and has a width of only 1.07 nm,
which is about 0.18 nm narrower than the normal BT-S
junctions. Such a narrow junction, TT-S-R90-N, has a
quite different spectral profile. The four major peaks in
the experiment obeys the order 1(35) > 2(81) > 3(153) >
4(207 mV), which is completely reversed in comparison
with the experimental result measured by Song et al.>°
For the TT-S-R90-N junction, the S—C stretching mode
becomes an important contributor to peak 2, which
implies that the major transport pathway goes through
the sulfur atom to the electrode. A comparison with the

LIN ET AL.

spectrum of the TT-S-R90 in Figure 6¢ shows that the
larger bond length of S—Au results in weaker intensity
from the S—Au vibration modes. It again indicates that
the S—Au distance can significantly influence the
intensity of the S—Au stretching mode in the IETS
spectrum.”’

Our simulations have now successfully reproduced
all four available experimental spectra and revealed
the detailed structural information of different devices.
It is known that these four experimental spectra were
generated from devices made by two different experi-
mental techniques, namely the electromigrated nano-
gap*”*® and mechanically controllable break junc-
tion.”®* QOur calculations seem to suggest that the
electromigrated nanogap technique is a better technique
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in terms of reproducibility. It is found that although the
two IETS spectra from the electromigrated nanogap
technique have quite different profiles, the devices
have almost identical structure and can only be dis-
tinguished by the molecular rotation angle along the
S—S axis. This technique seems to favor the molecule
binding to the two electrodes asymmetrically (the top
and the bridge sites, respectively) in all the devices.*”>°
On the other hand, the mechanically controllable break
junction technique*®“® is not capable of accurately
determining the bonding site and the contact geome-
try. The two IETS spectra of the junctions made by the
mechanically controllable break junction technique
are found to be associated with two very different

THEORETICAL METHOD

Our calculation scheme is based on our early developed
quantum chemical approach for the electron transport in
molecular junctions,m'51 in which the effects of the vibronic
coupling are treated analytically based on a harmonic approx-
imation and Green's function approach.®*' Our method
has been shown to be particularly useful for the modeling
of IETS.87*3°7 Since the calculated spectra can often accu-
rately reproduce their experimental counterparts, it thus
becomes a powerful means to reveal detailed structural
information that is inaccessible in experiments, for instance
the molecular conformations inside the junction,3®*° the
molecule—metal contact structures,*' the intermolecular
interaction,’? the effect of the environment,*® and the switch-
ing mechanism.*?

In the simulations, 12 gold atoms are used to represent each
electrode with a fixed Au—Au bond of 2.88 A. The molecule was
first optimized in the gas phase, then connected to the two gold
electrodes through the end sulfur atoms. Different contact
configurations including the top, the hollow, and the bridge
sites have been considered. For each contact configuration, the
electronic structure and the vibrational frequencies of the
extended molecule at different electrode distance have been
calculated. The distance between the end sulfur atom and the
electrode is adjusted by changing the width of the junction. The
geometry optimization, the vibrational frequencies, and the
electronic structure of the junctions are calculated at the B3LYP
level with LanL2DZ basis sets as implemented in Gaussian 03
program.>® All the IETS calculations are carried out with the
QCME program.>?
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