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Molecular Wires in Single-Molecule Junctions: Charge
Transport and Vibrational Excitations
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We investigate the effect of vibrations on the electronic trans-
port through single-molecule junctions, using the mechanically
controlled break junction technique. The molecules under in-
vestigation are oligoyne chains with appropriate end groups,
which represent both an ideally linear electrical wire and an

1. Introduction

Electrical transport through molecules is a new and interesting
field in physics, combining the physics of molecules with the
concept of quantum transport. In molecules, the importance
of vibrations for electronic processes is well known for optical
excitations and for single-charge transfer processes, but the
steady-state currents flowing in a molecular junction require
new considerations. Still, similar to vibronic sidebands in opti-
cal spectroscopy, side structures to the electronic transitions
are also expected for electrical characteristics.!"?

Experimental investigations on molecular junctions were car-
ried out using the mechanically controlled break junction
(MCBJ) technique. This method allows the formation of stable
symmetric contacts while the molecule is covalently bound to
gold electrodes with adjustable distance. Herein, we report on
the design of the underlying molecules and experimental as
well as theoretical investigations of vibrational traces in the
electronic characteristics of a single-molecule junction. The
molecule of choice was designed in the spirit of forming a vi-
brating molecular wire as an analog to an ideal string. We
chose an oligoyne wire as a string-forming unit (see Figure 1
and refs. [3,4] for synthesis and standard characterization).
Other oligoyne compounds have recently been investigated
with a scanning tunneling microscopy (STM) setup.® Oligoynes
are fully conjugated, essentially linear, and include no aryl
structures as in nearly every molecular wire investigated
before in conductance experiments. The eight-atom carbon
chain characteristic of a tetrayne (without any side groups) is
one of the simplest molecular wires that can be conceptual-
ized. It is fixed in between two platinum(ll) atoms, bearing the
usual thiol end groups, which are the best-established linker
units for forming metal-molecule-metal junctions.” This end
group combination provides a fixed end to the conjugated
wire, both electronically as well as for vibrational standing
waves. Acetyl protecting groups at the utmost ends are well
known as a suitable protecting unit that splits off upon contact
with the gold electrode. The purpose of the phosphine ligands
at the platinum atoms is to stabilize the molecule chemically.
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ideal molecular vibrating string. Vibronic features can be de-
tected as satellites to the electronic transitions, which are as-
signed to longitudinal modes of the string by comparison with
density functional theory data.
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Figure 1. Structure of the molecule under investigation. The conjugated
carbon chain consists of eight sp hybridized atoms and spans two heavy
platinum atoms that are protected by bulky ligands. The thiol-acetyl func-
tional group is cleaved by gold surfaces.

For the experiment carried out here, they are helpful in keep-
ing a sufficient spacing between possible neighbor molecules
and thus for protecting the molecular wires against uncontrol-
led background charges or environmental disorder.
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Vibration in Molecular Wires

The simplest picture of charge transport across conjugated
molecules is resonant tunneling, which predicts that charge
can flow above a certain threshold voltage, when the first mo-
lecular orbital is in the energy window defined by the chemical
potential of the leads and the applied voltage. These electronic
transitions, which are observable as peaks in the differential
conductance dl/dV, are accompanied by vibronic sidepeaks,”®
separated from the electronic peak by the vibrational energies
2hw of the first or higher harmonics in case of symmetric cou-
pling and equal voltage drop at both sides of the contact.”""
In ungated single-molecule junctions (mechanically controlled
break junctions), the electronic threshold often lies at voltages
larger than +0.5 V, which allows complicated processes to be
triggered as soon as current flows. The observation is typically
a broad peak, where vibronic sidebands are smeared out. In
gated devices (which so far have rigid electrodes and typically
not a relaxed metal-molecule-metal junctions), this threshold
can be lowered towards zero volts, and vibrational lines can be
resolved. If the charge degeneracy is lifted and the current
threshold rises beyond a few tens of mV, the sidebands are
blurred, and a broad electronic/vibronic transition is ob-
served.”

To classify the individual vibrational modes we performed
frequency analyses by means of density functional theory
(DFT) based calculations.'*'¥ Herein, we present the results of
the DFT calculations in comparison with experimental data.

2. Results and Discussion
2.1. DFT Calculations

Before discussing the experimental results, we briefly describe
our standard density functional calculations on the geometries
and vibrational spectra of a model junction consisting of the
oligoyne with simplified phosphine ligands and the sulfur
atoms attached to gold clusters at both ends. The goal was to
understand the vibrational properties of the molecules and the
junction and to compute the energies of the vibrational ei-
genmodes. There are 3N—6 normal modes of the N-atom
system, many of them being irrelevant for charge transport.
The main focus shall be on the four energetically lowest-lying
longitudinal modes of the carbon chain, which were resolved
in the experiment (see Figure 2).

The computations include various phosphine ligands [P(p-
tol);, PMe;, PH;], specific contact realizations (on-top position
S—Au, bridge position S—Au,, hollow position S—Aus) as well as
an approximate simulation of mechanical stress by pulling and
pushing the carbon chain (see Supporting Information, Fig-
ure S1). We find that different contact geometries have signifi-
cant influence on the orbital eigenvalues of the underlying
system similar to the observations made in ref. [14]. However,
neither the different types of phosphine ligands nor the vari-
ous contact realizations show relevant impact on the vibration-
al frequencies of the chain. This result justifies a direct interpre-
tation of the measurements since the specific contact geome-
try of the sulfur atoms and the gold leads is an uncontrolled
parameter in the experiment. As a consequence, spontaneous
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Figure 2. Displacement of the carbon atoms in the chain for the four ener-
getically lowest-lying longitudinal modes.

reconfigurations of the contacts should not affect vibronic sig-
natures of the chain in the current-voltage characteristics of
single-molecule junctions.

Table 1 shows the vibrational energies for the fundamental
longitudinal excitation (38 meV) and its higher harmonics as
calculated using DFT. The values for the higher harmonics
follow roughly the simple rule of integer multiples of the fun-
damental oscillation energy, which is well known for a homo-
genous elastic medium. It should be noted that the vibrational
energy of the fundamental transversal stringlike excitation lies
around 6 meV. This energy scale cannot be observed in the ex-
periments.

Table 1. Comparison of the experimentally (MCBJ) and theoretically (DFT)
observed vibrational energies. The first and third harmonic in the experi-
mental data are averaged in energy as they occur in both di/dV curves.

method vibrational energy E,;, [meV]

—— —— ——— — e
DFT 38 80 127 171
MCBJ 36 89 124 167
MCBJ (d=-2A) 46 92 129 167

For further comparison with experimental data, we consid-
ered small distance variations of the junction. We have simulat-
ed strain and compressive strain by parametrically varying the
distance of the two sulfur atoms at both ends of the molecule
and allowing for a geometry relaxation within this constraint.
An increase in this S-S distance, that is, an elongation of the
molecule beyond its equilibrium length, causes a weakening of
the carbon bonds. Consequently, the total energy rises quad-
ratically as the string is stretched (see Figure 3a), while the vi-
brational energies of the longitudinal modes decrease approxi-
mately linearly (see Figure 3b). Compression results in a bend-
ing of the chain in a way that the bond angles but not the
bond lengths between the carbon atoms are altered. There-
fore, the total energy as well as the vibrational energies of the
longitudinal modes are only increased marginally.

2.2. Experimental Data

The interpretation of the I~V characteristics of single molecules
is challenging since the resonant tunneling model is inappro-
priate at high bias voltages. At the onset of charge transport,
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Figure 3. Plot of the calculated total energy and vibrational energies of the
longitudinal modes versus the distance between the sulfur atoms at the two
ends of the molecule.

peaks in dI/dV experience a broadening of about 100 mV. Their
origin can be ascribed to ensemble averaging, unresolved exci-
tations, charge reconfigurations and structural fluctuations of
the molecule." As a result, the resolution of vibrational excita-
tions is only achieved in a small number of sufficiently stable
junctions, in which by chance other instabilities were frozen
out. The yield in generation of long-term stable junctions may
be limited by the rather bulky ligand structure of the molecule
obscuring the linkage groups. According to our experience
with many thiol-acetyl capped molecular rods, the observed
stability can be assigned to covalent sulfur-gold bonds.

Herein, we report on such a stable junction where we mea-
sured the |-V characteristics of the covalently bond molecule
by sweeping a dc voltage from —1.5 to 1.5V at a temperature
of 75K (see Figure 4a). The green curves are the average of
five I-V curves at a fixed electrode separation, both for the up
and down sweeps, while the blue curves are numerical deriva-
tives of the latter, smoothed according to the Savitzky—-Golay
method. A detailed view of the average dI/dV characteristics in
Figure 4b, c clearly shows a sequence of peaks that were fitted
by Lorentzian functions. Similar features occur in both the up-
and down-sweep of the bias voltage, which show a slight shift
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of 24 mV. Besides this “hysteresis”, which occurs in many
single-molecule junctions, we observe a symmetric onset of
the current at 0.8 V. We attribute the first peak to the onset
of charge transport through an electronic level and the satel-
lite peaks to vibrational excitations of the molecule, whereas
the relative distances of the satellites with respect to the elec-
tronic peak are twice the vibrational energies E,;, of the excita-
tions since the bias voltage should drop equally at both ends
of the molecule for such highly symmetric /-V characteristics.

According to the geometry of the molecule, stringlike excita-
tions can be expected to play a prominent role, rather than
side group vibrations. In comparing the experimental data to
our calculations, we find an excellent agreement for the excita-
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Figure 4. Plot of the current / (a) and enlarged details of the differential con-
ductance d//dV for up and down sweep (b,c) versus the bias voltage V. The
dl/dV curves are averaged and smoothed according to the Savitzky-Golay
method.
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tions of longitudinal modes since the corresponding energies
match the DFT-based predictions perfectly (see Table 1).

For further clarification we investigated the behavior of the
excitations under small distance variations of the junction. A
reduction of the electrode spacing by about d=2 A leads to a
shift of the peaks in dI/dV, but the vibrational energies derived
from peak distances are nearly unchanged, with only a small
increase. This behavior could be ascribed to a reconfiguration
of the contact geometry or to a marginal bend of the carbon
chain. Both scenarios keep—according to our theoretical calcu-
lations—the bond lengths constant and therefore the vibra-
tional energies remain unchanged. Also a compression of the
molecule leads to a marginal increase of the vibrational ener-
gies of longitudinal modes. In either case the DFT-based pre-
dictions fit well to our experimental results and support the
observation of longitudinal excitations respectively.

However it remains an open question as to why particular
longitudinal modes are detected. In vibrational tunneling spec-
troscopy, no selection rules based on symmetry are valid. In
the inelastic tunneling (IETS) regime, perturbative propensity
rules instead of strict selection rules are used,"®'® but they can
not easily be transferred to the resonant tunneling regime.

We propose a picture which considers the fundamental pro-
cess of charge flow: one electron tunnels off the molecule to-
wards the drain electrode, leaving a charged cationic state
behind, which is subsequently filled by an electron tunneling
from the source electrode onto the molecule. The charged in-
termediate state will relax into a different geometrical configu-
ration. This viewpoint disregards that tunneling times and re-
laxation times are not clearly separated in our experiment, but
might nevertheless serve as an intuitive picture.

In our type of molecule, the charge will be located in the
conjugated wire, and a missing electron will weaken bonds
and relax the linear conjugated system. Hence, charging and
uncharging will result in a variation of the length of the mole-
cule (at least if no fixed ends are considered). This qualitative
argument may give a hint why the electronic transport couples
most efficiently to the longitudinal modes of vibration. Further
evidence for this conjecture comes from the theoretical analy-
sis of model systems of different sizes (see Supporting Informa-
tion, Figure S2). The highest occupied molecular orbital
(HOMO) in all considered systems is a bonding m-type orbital
which is predominantly located on the carbon chain and con-
tributes to the carbon-carbon triple bonds (see Figure 5). Re-
moval of an electron from this orbital weakens the carbon-
carbon triple bonds and thus is expected to change the bond-
ing distances in the carbon chain. A sudden charging of the
molecule is therefore expected to result in an excitation of lon-
gitudinal vibrational modes. To quantify this effect, we have
optimized the geometry of the cationic molecule and project-
ed the change in geometry compared to the uncharged mole-
cule on the vibrational modes of the uncharged molecule (see
Section 4 for further details). This analysis reveals that within
the energy range of the relevant vibrations, predominantly lon-
gitudinal modes are excited upon charging of the model
system. Furthermore, the longitudinal modes calculated at en-
ergies of 80 meV and 171 meV (see Table 1), respectively, which
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Figure 5. Contour plot of the molecule’s highest occupied molecular orbital
(HOMO) as calculated with DFT. Each of the sulfur atoms is bound to one
gold atom at the utmost ends.

have been assigned to the experimental signatures at 89 and
167 meV, show an increased projection coefficient, thus provid-
ing further support to our assignment. The other two modes
do not show a significant coefficient, which may be attributed
to the simplified model systems used in the analysis. Similar re-
sults are obtained if the changes of the geometries of the neu-
tral and charged molecules are projected on the vibrational
modes of the cationic or anionic molecules.

For negative bias voltages, the peaks in di/dV show equal
behavior but are less pronounced. Further vibrational modes
are likely to be excited but might not be resolved properly.
This could cause an enhancement of the peak broadening in
the vicinity of longitudinal signatures. From the electronic
structure and vibrational spectra of the calculated model sys-
tems, we presently cannot fully exclude that at least one mo-
lecular orbital of the molecule might also give rise to a satellite
peak in the differential conductance. However by comparison
of the underlying peak widths, the scaling of the vibrational
energies and the drastic increase in current beyond 1.3V, we
have strong evidence that all the satellites in di/dV can be at-
tributed uniquely to vibrational signatures.

3. Conclusions

It has been shown that charge transport through single mole-
cules is accompanied by internal molecular vibrations that can
be accessible by means of the mechanically controlled break
junction technique. The molecule under investigation was
chosen as a rodlike oligoyne in order to establish well-defined
vibrational modes for further investigations of inelastic pro-
cesses. The experimental data show strong indications for the
observation of vibrational features as peaks in di/dV at a tem-
perature of 75 K. The measured vibrational energies are in ex-
cellent agreement with density functional calculations for the
four energetically lowest-lying longitudinal modes of the
carbon chain. Some unresolved issues concerning peak widths
and resolution of the excitations have been discussed.

The results should be further supported and verified by
changing the molecules’ chain length synthetically so that the
vibrational frequencies are altered analogously. Work is under-
way in this direction.

Methods

Theoretical investigations were performed based on density func-
tional theory (DFT) using the TURBOMOLE package (version 5.7).1""
The exchange-correlation functional due to Becke and Perdew
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(BP86)**2" was used in combination with the standard TZVP
(triple-zeta valence plus polarization)?? Gaussian basis sets from
the TURBOMOLE basis set library. The platinum and gold atoms
were treated using effective core potentials. The resolution of the
identity (RI) technique was used throughout.”” The BP86 function-
al is known to predict useful vibrational frequencies for com-
pounds involving transition metal atoms.?**! The molecule and
gold clusters were first optimized separately and then combined in
a model junction. Each fully optimized structure—given by an ar-
rangement of gold clusters representing the leads and the cova-
lently bound oligoyne—was then subjected to a frequency analy-
sis. The vibrational normal modes were visualized with the Molden
program.”® To analyze which of the vibrational modes are likely to
be excited during the electron transport through the molecule, the
change in molecular geometry of a model system upon charging
was calculated and this geometry change was projected on the vi-
brational normal modes of the uncharged molecule as well as on
the vibrational modes of the charged molecule. The projection was
done by solving the linear system Qx=Ag for x, where Q is a
matrix with the normal modes in terms of atomic displacements in
the columns and Ag is the vector containing the differences in
atomic positions between the uncharged and charged molecules.
Large entries in the coefficient vector x thus identify those normal
modes which are related to the change in geometry when charg-
ing the system and which may thus be excited upon charging of
the molecule.

Investigations on charge transport were performed utilizing the
mechanically controlled break junction (MCBJ) technique. Struc-
tured by electron-beam lithography, a 100 nm thick gold bridge
with a lateral constriction and electrical contacts were evaporated
on a flexible isolating substrate (200 um phosphorous bronze
coated with 4 um polyimide). A part of the polyimide was removed
by reactive ion etching so that the constriction becomes freestand-
ing (see Supporting Information, Figure S3). The sample was
mounted in a three-point bending mechanism which is driven by a
linear motor and a differential thread. An applied mechanical force
causes an elongation of the gold bridge until it finally breaks at its
narrowest point. The hereby created atomically sharp tips serve as
separated electrodes which have proven to be ideal for controlled
immobilization of single molecules. The experimental setup al-
lowed for formations of long-term stable contacts and manipula-
tions of the contact configuration upon variation of the electrodes’
spacing with an accuracy of the order of one angstrom under ul-
trahigh-vacuum conditions in a temperature range from 8 to
300 K279 A detailed discussion of the mechanism and the fabrica-
tion of the substrates has been published elsewhere.2"! The mole-
cules are applied in tetrahydrofuran solution onto an open junc-
tion. After evaporation of the solvent in a dry nitrogen flow, the
vacuum chamber is evacuated. As the gold electrodes are ap-
proached, a sudden lock-in behavior to a plateau of nearly con-
stant conductance is indicative for a molecule bridging the gap be-
tween the tips (see Supporting Information, Figure S4). At this
point, the substrate is cooled down by liquid helium and I/V char-
acteristics of single molecules can be recorded by a source-mea-
sure unit.
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