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Crossover in the inelastic electron tunneling
spectra of conjugated molecules with direct
Au-C linksf¥

Enrique Montes, 2* Giuseppe Fotit and Héctor Vazquez 2 *

We use inelastic electron tunneling spectroscopy (IETS) first-principles simulations to identify and characterize
the different vibrational modes of single conjugated molecules bonded to Au metal electrodes. The
molecules are polyphenyls (with 1 to 4 benzene units) bonded to Au via highly conducting direct Au-C
bonds. The short molecule shows near resonant elastic transmission, with a crossover to tunneling for the
longer backbones. The calculated inelastic spectra exhibit dips in the IETS signal of the short molecule and
peaks for the longer molecules. We characterize the symmetry of vibrational modes and scattering states and
discuss the changes with increasing length, where the inelastic signal of different modes can be amplified,
quenched or present a crossover as more benzene units are added to the molecular backbone. This analysis
rationalizes the observed trends as a function of molecular length and illustrates the role of electronic and
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Introduction

In the field of molecular electronics, the use of a single-molecule
as an electronic component has become possible thanks to
the development of sophisticated break junction measuring
techniques’ ™ and theoretical methods.*® This has enabled great
progress in investigating charge transport through individual
molecules.”® The conductance of the molecule strongly depends
on the nature and atomistic structure of the electrodes® and on
the linker groups.® Electrodes connect the molecule to the exter-
nal circuitry and gold (Au) is the most common material used in
the experiments because it is chemically inert and hence easy to
work with under ambient conditions."" Linker groups connect the
molecule to the electrodes mechanically and electronically.'*"*
Binding to the electrodes is often through either donor-acceptor
interaction or covalent bonding. For example, amines'* or
thiols>'® are among the most commonly used linkers in
single-molecule transport studies. However, those linker groups
present a large contact resistance, significantly larger than the
ideal limit for a single channel given by the conductance quantum
(GO - 262/}1).17’18

Direct gold—-carbon (Au-C) bonds were shown to possess
near ideal contact resistance.'®?° In these links, the terminal
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vibrational properties on Au—C bonded molecular junctions.

carbon atoms of the molecular backbone covalently bind to the
electrode terminations, resulting in an electronically transparent
system with minimal contact resistance. These links were first
demonstrated using trimethyl tin-terminated molecules,'* ! where
these end groups cleaved off in situ, resulting in covalent Au-C
bonds. Subsequently, other synthetic strategies were developed
using trimethylsilyl groups®* or the deprotonation of alkynyl groups,
where an open bond is occupied by an Au atom.>® Their conducting
properties have also been further studied theoretically.>*

IETS involves inelastically scattered electrons and is ideally
suited to characterizing the molecular species confined at the
junction.>”?® When the applied bias exceeds the energy of a
certain vibrational mode, tunneling electrons can interact with
this localized mode, which opens new pathways for trans-
mission and results in small changes in the junction conduc-
tance. These inelastic processes can result in peaks or dips in
the second derivative of the current with respect to the applied
voltage (d®1/dv*).>° From a theoretical perspective, analyses of
IETS based on density functional theory (DFT) and the non-
equilibrium Green’s function method (NEGF) provide an
accurate quantitative description at a reasonable computa-
tional cost.*** The strength of the inelastic signal can be
rationalized in terms of propensity rules involving the sym-
metry of the vibrational modes and of the molecular orbitals
close to the Fermi level.**° The inelastic scattering rate for a
given mode A is

4me 2
= (PLIME,|PR)| (1)
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where M Q‘_Ph is the electron-phonon coupling and | ¥ i) are the
scattering states incident from the left and right electrodes.
This expression in the form of a physically transparent Fermi
golden rule®® illustrates that, for each vibrational mode, only
scattering states with certain symmetries can couple. Vibra-
tional modes with out-of-plane symmetry can only scatter
electrons between n and o type channels. On the other hand,
in-plane vibrational modes can only induce transitions between
electronic states of equal symmetry.*®*® These analyses have
been shown to be very useful.*>*°"** Additionally, the symmetry
of vibrational modes (i.e. whether chemically equivalent atoms
in the molecule move in the same or opposite direction along
the mode) has a strong influence on their inelastic signal.**

The nature of IETS features (i.e. whether they are dips or
peaks) depends on the value of elastic conductance. While
electron-vibration interaction opens more possible pathways
for electron conduction, it tends to result in peaks in the
inelastic spectra of low-conductance systems and dips in those
with high transmission. When the conductance is low (usually
in the tunneling limit), the contribution of the additional
inelastic transport channels is usually positive and results in
peaks in d’I/dV®. On the other hand, if the elastic conductance
is already close to the limit of G, per channel, most forward-
scattering states are occupied and backscattering with inversion
of momentum events are enhanced, which leads to reduced
conductance and IETS dips. For a single-level model system, the
transition between these two regimes was predicted at half the
maximum transmission.*®**™*® Experimentally, such dips or
peaks have been measured in single molecule junctions. For
example, for benzenidithiol molecules the conductance could be
tuned by changing the size of the nanogap since this resulted in
different molecular conformations. States with a low conduc-
tance of ~10~> G, showed inelastic peaks, while conformations
with a high conductance of about 0.5 G, exhibited inelastic
dips.*” Similarly, it was shown that pyrazine molecules between
Pt electrodes show two distinct stable molecular states as a
function of the electrode gap, with high (1.0 G,) and low
(0.3 Gy) conductance, and dips and peaks in the inelastic signal,
respectively.”® In another experimental realization, a photo-
chromic azobenzene-based molecule was reported to change
its conformation when exposed to light (cis to trans isomeriza-
tion), resulting in a variation of conductance and a crossover
between dips and peaks in the inelastic signal.*’

Oligophenyls coupled via direct Au-C links have shown
near-resonant transmission for short oligomers, with a cross-
over to tunneling for the longer oligomers.”® Therefore, these
are ideal systems to study the inelastic propensity rules and the
crossover of the IETS signal by simply changing the molecular
length. In this paper we calculate the inelastic spectra of
conjugated units coupled to the electrodes using highly-
conducting Au-C links. We find a rich behavior in which the
short molecule is characterized by dips in the inelastic signal
while longer molecules exhibit peaks. We quantitatively
characterize all relevant vibrational modes by using different
projections and rationalize the findings in terms of inelastic
propensity rules.
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Methodology

Fig. 1 shows the structure of the single-molecule junctions,
composed of polyphenyl molecules with one to four (P1 to P4)
benzene units. These backbones are terminated by a methyl group
on each end which is bonded to a Au electrode via direct Au-C
bonds. We calculate the junction electronic and transport proper-
ties using the SIESTA/TranSIESTA’**' code based on DFT and
NEGF. We use the Inelastica® package to calculate the vibrational
modes, electron-vibration coupling, and IETS spectra. We use a
single-{ polarized basis set for Au atoms, and a double-{ polarized
basis set for C and H atoms. This was checked to provide an
accurate description of the junction electronic structure. All calcu-
lations are performed with the generalized gradient approximation
in the Perdew-Burke-Ernzerhof parametrization.”> The cutoff for
the real space grid is set to 250 Ry, and a k=5 x 5 x 1 Monkhorst-
Pack mesh is used for the sampling of reciprocal space. For
geometry optimizations, the positions of the atoms in the
molecule, the Au adatoms, and the Au first layer are relaxed
until residual Hellman-Feynman forces fall below 0.02 eV A~

The dynamical region for the calculation of electron-vibration
coupling consists of the molecule and the Au tips. IETS signals
were calculated as an average over electron momentum® with a
k-point grid of £k = 10 x 10 x 1, and a modulation voltage
Vims = 5 meV. IETS spectra are calculated as the ratio between
the second and first derivate of the tunneling current () with
respect to the applied bias (V) (d*1/dv?)/(dI/dV). This normal-
ization is done to eliminate the effect of the elastic conductance
and extract the inelastic scattering cross section of each mode.*°
The features of the calculated inelastic spectra and nature of the
relevant vibrational modes discussed here depend weakly on the
choice of tip structure (ESL Section IV).
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Fig. 1 Single-molecule junctions with polyphenyls having one to four
(P1-P4) benzene units connected to Au electrodes via direct Au—C bonds
at each side. C atoms, grey; H atoms, white; Au atoms, yellow.
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Results
Elastic conductance and nature of scattering states

Fig. 2 shows the calculated transmission spectra for all structures
(P1 to P4). We observe a crossover in elastic conductance (trans-
mission at the Fermi level), from a value of 0.9 G, for P1 to 0.05 G,
for P4 (Gpy = 0.9 Gy, Gpy = 0.5 Gy, Gps = 0.1 Gy, and Gps = 0.05 Gy).
These values are representative of a transition from near-resonant
transport for P1 to non-resonant tunneling for the longer mole-
cules. These results reproduce previous studies.”® Fig. 3 presents
isosurface plots of the scattering states at the Fermi energy incident
from below for all four junctions. The real-space representations
show the strong o character of the scattering states in the Au-C
bonds as well as a clear out-of-plane (r) character on the benzene
rings. Since the junction is symmetric (except for small differences
in the atomic positions), scattering states impinging from the other
electrode are almost mirror images of those shown in Fig. 3.

Calculated inelastic spectra

The calculated IETS curves for P1 to P4 are shown in Fig. 4,
where they have been shifted vertically for clarity. There are
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Fig. 2 Calculated elastic transmission spectra for P1-P4.

Fig. 3 Real part of the scattering states at the Fermi level, incident from
below, for P1 to P4.
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Fig. 4 Calculated IETS spectra for the different single-molecule junctions
(P1 to P4). Shaded vertical bars highlight energy regions where the inelastic
signal is positive (blue), negative (yellow), or either, depending on the
molecular length (magenta).

clear differences in the spectra as a function of the number
of rings. For P1 the spectrum shows dips, which are very
pronounced around 55, 120, 155 and 200 meV. For P2 there
are also dips, although they are less intense. However, in the
case of the longer molecules P3 and P4, the inelastic signal
shows peaks and not dips. Although the calculated elastic
spectra are sloped near the Fermi level, IETS does not exhibit
significant differences for positive and negative bias polarities
(ESLt Fig. S9) due to the rather symmetric nature of the
junction, which results in a similar voltage drop across each
metal-molecule interface.

As the number of phenyl units increases, the IETS signal
exhibits three different behaviors, which are seen to also
correlate with the energy of the vibrational modes. In Fig. 4,
these are highlighted by different colors (magenta, yellow and
blue). First, in the higher energy region, between 130 and
210 meV, we observe a crossover in the sign of the inelastic
signal. For P1 and P2 the inelastic signal is negative, while it is
positive for P3 and P4. Second, in the intermediate energy
region, between 50 and 130 meV, we observe a quenching of the
inelastic signal. For P1 and P2 the inelastic signal is negative,
while for P3 and P4 the inelastic signal is damped. Finally, in
the low energy region, up to 50 meV, we observe the emergence
of inelastic peaks. For P1 and P2 the inelastic signal is absent,
while for P3 and P4 the inelastic signal is positive. We analyze
below the nature of the vibrational modes for each energy region
(Fig. 5-7) for the shortest and longest molecules, P1 and P4,
respectively, which allows us to draw the physical picture. Analogous
results for P2 and P3 are presented in ESI} (Fig. S1-S4).

When analyzing the observed trend in the IETS signal as a
function of increasing length, it is useful to consider the
guidelines previously reported in the literature®>***' and men-
tioned above. An inelastic signal can be expected when in-plane
modes couple scattering states of the same symmetry or when
out-of-plane modes couple states of opposite symmetry. Also, as
given by eqn (1) above, for the inelastic scattering rate to be
significant, both left- and right-propagating scattering states

This journal is © the Owner Societies 2019
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Fig. 5 Vibrational modes in the high energy region for P1 and P4.
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Fig. 6 Vibrational modes in the intermediate energy region for P1 and P4.

117-120 meV

9-11 meV 47-49 meV

P1

P1

Fig. 7 Vibrational modes in the low energy region for P1 and P4.

must have significant amplitude in a region of the molecule
where the vibrational mode is active, and it depends also on the
relative motion of atoms in the mode (a symmetric, anti-
symmetric, or asymmetric vibrational mode).** Additionally,
for polyphenyl molecules, where the basic molecular unit
(a benzene ring) is repeated, we find it is important to consider
the pattern of the vibrational mode on each ring. In particular,

This journal is © the Owner Societies 2019

View Article Online

PCCP

we show how when this pattern is repeated on each ring for
longer molecules, a steady increase in the inelastic signal with
molecular length can be expected.

We first discuss the modes which exhibit a crossover from
dip to peak as the number of benzene rings in the molecule is
increased. This means that the inelastic signal associated with
these modes is strong regardless of the number of rings and
that, depending on the elastic conductance,*® dips or peaks
result. We identify three vibrational modes in the high energy
region, at between 140 and 142, 155 and 161, and 197 and
198 meV, exhibiting this crossover (Fig. 4). At these energies,
there are dips in the IETS for P1, which diminish for P2, and
turn to clear peaks of increasing amplitude in P3 and P4. Fig. 5
illustrates two of these modes (between 140 and 142 and 197
and 198 meV). The modes between 155 and 161 meV are shown
in Fig. S1 (ESIt). It can be observed that these vibrational
modes have mainly in-plane character with respect to the
benzene rings, and predominant C-C stretching nature. The
inelastic signal is strong because the in-plane symmetry of
the vibrational modes around the molecular axis allows scatter-
ing between the © (out-of-plane) channels propagating through
the molecular backbone, where the amplitude is significant
(Fig. 3). Importantly, the same pattern in the mode is repeated
in each benzene unit in the longer molecule P4. Also, the
overlap between these states and the deformation potential is
high, which is another important condition to have a strong
inelastic signal. The tilt angle of ~32 degrees between benzene
rings in P2-P4 reduces electronic conjugation across the back-
bone and increases the decay of the scattering states compared
to ring coplanarity.>® However, it is not enough to hinder the
fulfillment of inelastic selection rules involving in-plane modes
and © molecular states.

In the intermediate energy range we identify two modes
whose inelastic signal quenches as the molecular length
increases. Between 57 and 58 and 117 and 120 meV, dips in
the IETS are clearly visible in the P1 spectrum. For P2 they
are less pronounced but already start to disappear at those
energies. These dips are completely quenched in the P3 and P4
junctions. The vibrational modes involved are shown in Fig. 6.
Noticeably, the mode patterns in P4 do not represent repeti-
tions of patterns in P1. The vibrational modes show both
in-plane and out-of-plane character in the benzene rings, as
well a strong ¢ component in the spatial region of the Au-C
bonds (see Fig. 3 and also ref. 20).

Finally, in the low energy region, we identify two modes whose
IETS signal grows as the number of benzene rings in the molecule
is increased. These are the modes between 9 and 11 and 47 and
49 meV, shown in Fig. 7. These vibrational modes mainly have out-
of-plane character with respect to the benzene rings. We see that
these vibrational modes involve carbon atoms in all rings and that
the pattern in the longer molecules (e.g. P4 in Fig. 7) is a repetition
of that on P1, so that longer molecules having more benzene units
can be expected to show a stronger inelastic signal, as is the case.
Additionally, at low energies (<20 meV) there are a few additional
features associated with the movement of electrode Au atoms
hybridized with molecular orbitals at each end.***'

Phys. Chem. Chem. Phys., 2019, 21, 1564-1571 | 1567
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So far, we have determined the nature of the vibrational
modes by visual inspection (Fig. 5-7). In order to provide a
quantitative analysis, we consider the components of each
vibrational mode in the planes of the benzene rings, in the
directions perpendicular to the rings, and in the direction of
the Au-C bonds. We calculate the different projections as the
amplitude squared of the mode in the different directions
weighted by the number of atoms involved in each region (ESL,
Section SII). In this way, the magnitude of the projections can
increase with the length of the molecule, reflecting the larger
region involved in the inelastic signal as more rings are added.
For in-plane (out-of-plane) projections, we consider the planes
defined by each benzene ring (perpendicular to each ring)
individually. For projections onto the Au-C bonds, we consider
the axes connecting both pairs of atoms. These projections enable
us to quantitatively characterize the nature of the vibrational
modes (Table 1).

Together with this mode characterization, calculation of
inelastic rates y, allows us to quantify the scattering states
|1 ) involved in the inelastic amplitude of each mode. The
calculated projections and inelastic signal are shown in Fig. 8
for P1 and P4. The top panel shows the IETS signal on an energy
grid (solid lines) as well as the scattering rates 7y, (eqn (1)) of

Table 1 Magnitude of the in-plane, out-of-plane, and Au—-C projections
for selected vibrational modes. Colors denote the energy ranges of Fig. 4
and 8

Projections
Energy System In-plane Out-of- Au-C
(meV) plane
P1 2.07 4.93 0.00
P2 2.10 12.56 0.20
9-11 P3 241 24.79 0.26
P4 2.57 35.96 0.04
P1 0.05 9.64 0.00
P2 0.19 19.56 0.00
47-49 P3 0.27 29.47 0.00
P4 0.43 39.39 0.00
P1 2:99 0.14 1.74
P2 0.29 5.93 2.25
57-58 P3 10.75 6.23 1.31
P4 29.20 7.85 0.20
P1 0.31 0.97 0.52
P2 8.30 0.39 0.32
117-120 P3 23.85 0.59 0.09
0.43
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each vibrational mode A (vertical bars). The result of eqn (1)
accurately predicts the inelastic signal of the junctions studied
in this work, except for some modes of P2, where proper
sampling of reciprocal space is important. In the second to
fourth panels we show the projections of the in-plane, out-of-
plane and Au-C contributions, respectively, of each vibrational
mode. Analogous projections for P2 and P3 are presented in
the ESIt (Fig. S5 and S6). Additionally, the magnitude of the
projections for the vibrational modes shown in Fig. 5-7 is
presented in Table 1.

For the most important modes (Table 1), the inelastic
contribution is overwhelmingly determined by just the single
most conducting scattering state in both left- and right-
propagating directions. The states are shown in Fig. 3 imping-
ing from below (for states incident from above, the pattern is
mirrored around the center of the molecule, given the almost
equal potential drop towards both electrodes due to the almost
symmetric interface geometry). Since both states are of equal
(m) symmetry, selection rules determine that in-plane atomic
displacements in the vibrational mode generate the inelastic
signal. In addition, since left- and right-incident scattering
states are approximately mirror images of each other, the
relative displacement in the vibrational mode of equivalent
atoms at each interface (with respect to the approximate center
of symmetry of the molecule) is important. Modes where these
equivalent atoms move in opposite directions tend to be active.
Modes where this displacement is in synchrony tend to
be dark.*?

In the higher energy region, vibrational modes have a strong
inelastic signal; dips for the shorter molecules crossing over to
peaks for the longer ones. In this energy range, vibrational
modes are seen to have mostly in-plane character and the value
of the in-plane projection increases linearly with the number
of benzene rings, in agreement with our previous analysis,
showing that the pattern of the vibrational mode, repeated
with molecular length (Fig. 5 and Fig. S1, S2, ESI{), leads to a
stronger inelastic signal.

In the intermediate energy region, the character of active
modes changes as more rings are added. In particular, we did
not find a repeating pattern and in this energy range modes for
longer molecules are essentially new modes, different from
those of P1. This is the only energy region that keeps an important
Au-C contribution that decreases with the number of benzene
rings. Importantly, for the longer molecules, the displacement of
equivalent atoms in the junction along the modes is in the same
direction, which quenches the inelastic signal.**

Finally, in the low energy region, vibrational modes are dark
for the shortest molecule P1, and the signal emerges as the
length increases to P4. At these low frequencies we find most
modes have important out of plane contributions, related to the
movement of the C backbone, but also other components as well.

In both the high and the low energy regions we find modes
where the vibrational pattern on each ring is repeated as the
length of the molecule is increased, the in-plane projection
increases linearly with the number of benzene rings and
chemically equivalent atoms move in opposite directions

This journal is © the Owner Societies 2019
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Fig. 8 Top panel: IETS signal with scattering rates for active vibrational modes for P1 and P4. Second, third, and fourth panels: in-plane, out-of-plane,
and Au-C projections, respectively. Shaded vertical bars highlight low (blue), intermediate (yellow), and high (magenta) energy regions.

showing that these vibrational modes are active.** Additionally,
the in-plane character implies that both left and right scatter-
ing states can be of m symmetry, which decay slowly with
molecular length. Thus, as the (active) vibrational pattern is
repeated with more benzene rings from P1 to P4, the decay of ©
electronic states is low, and overall the inelastic signal
increases with length. At low energies, the in plane component
is smaller and so is the IETS signal.

Local and semi-local functionals in DFT are known to lead to
errors in the position of molecular frontier levels and under-
estimation of the gap at the junction. These result in calculated
elastic conductance values that generally exceed the measured
results.®® In the oligophenyls studied here, the near-resonant
regime of P1 is well described by DFT but calculations over-
estimate conductance for longer molecules.” In particular, for
P2 calculations yield 0.5 G,, the value predicted for a single
level with symmetric coupling to undergo a dip to peak
transition.*® However, the measured conductance is 0.1 G,
suggesting that peaks in the IETS will be observed in experi-
ments already for this backbone length.

Conclusions

In conclusion, we have carried out first-principles calculations
of IETS to investigate and characterize the trends in the
inelastic spectra of highly conducting conjugated molecules
with covalent Au-C bonds. The elastic conductance changes
from near-resonant to the tunneling limit as the molecular
length increases from one to four phenyl units, making these
molecules an ideal test bed to investigate the onset of inelastic
signal. We observed a negative to positive crossover of the

This journal is © the Owner Societies 2019

inelastic amplitude with increasing length for the highly
energetic active C-C stretching modes. We also found that
modes with a strong Au-C contribution and electronic coupling
between both electrodes were quenched.

As the number of benzene monomers was increased, we
observed the negative to positive crossover of the inelastic
amplitude for the highly energetic active C-C stretching modes,
the quenching of modes with significant Au-C components,
and the emergence of an inelastic signal from in-plane motions
of the carbon backbone. We rationalized and quantified these
findings by considering the nature of the vibrational modes
and electronic scattering states involved. By simply increasing
the number of benzene rings, we were able to tune the inter-
play between electronic structure and vibrational modes. Our
work presents physical insight into these rich phenomena,
predicted here for this class of molecules with highly-
conducting Au-C bonds.
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