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M
olecular electronics has made
significant advances in recent
years, and molecular systems ex-

hibiting gate effects, rectification, and

switching behavior have all been identified

and studied.1 With such impressive progress

it is becoming increasingly important to un-

derstand the fundamental electron trans-

port properties. Inelastic electron tunneling

spectroscopy (IETS) has become an impor-

tant tool for characterizing molecular junc-

tions because it provides a direct chemical

signature of the molecules in the junction,

and can be compared with theory.2�14 More

importantly, IETS probes electron�phonon

interactions, which are closely related to

carrier dephasing and changes in the con-

tact configuration in single molecule junc-

tions, which are the focus of the present

study. Using a low-temperature STM-break

junction configuration, electron�phonon

interactions in many individual junctions

were measured to determine the reproduc-

ibility and variability of the phonon modes

between junctions, and the dependence of

the phonon modes on the detailed

molecule�electrode contact geometry.

Furthermore, by studying a single molecule

that is covalently bound to two electrodes,

the conductance changes due to individual

phonon modes in the molecular junction

were precisely measured, making it possible

to estimate the phonon damping rates

from the conductance changes.

The dominant transport mechanism in

many molecular junctions is elastic tunnel-

ing, which means that the majority of

power dissipated due to carrier transport

occurs in the contacts. However, inelastic

tunneling is also possible and requires that

some energy is transferred from the carriers

to the molecule. Huang et al.15,16 have mea-

sured the local temperature of molecular
junctions and found that the junction tem-
perature increases at low biases due to
electron�phonon interactions, and eventu-
ally decreases due to electron�electron in-
teractions. In the present study we deter-
mine specific electron�phonon
interactions in a single molecule junction,
and how these modes affect the transport
probability. To achieve this goal, we exam-
ine the conductance of single octanedithiol
molecular junctions over a wide tempera-
ture range to demonstrate that tunneling is
the dominate transport mechanism and
perform IETS on individual junctions at 4.2
K to obtain a chemical signature for the
junction, examine the phonon damping
rates, probe the specific conductance
changes in the molecules under an applied
bias, and explore the effects of junction
configuration on the conductance and IETS
response of the junctions.

To establish the conductance of a single
octanedithiol junction and establish the
charge transport mechanism, we used an
STM break junction technique,17 where an
STM tip is brought into contact with a
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ABSTRACT We study the charge transport properties and electron�phonon interactions in single molecule

junctions, each consisting of an octanedithiol molecule covalently bound to two electrodes. Conductance

measurements over a wide temperature range establish tunneling as the dominant charge transport process.

Inelastic electron tunneling spectroscopy performed on individual molecular junctions provides a chemical

signature of the molecule and allows electron�phonon interaction induced changes in the conductance to be

explored. By fitting the conductance changes in the molecular junction using a simple model for inelastic transport,

it is possible to estimate the phonon damping rates in the molecule. Finally, changes in the inelastic spectra are

examined in relation to conductance switching events in the junction to demonstrate how changes in the

configuration of the molecule or contact geometry can affect the conductance of the molecular junction.

KEYWORDS: molecular electronics · molecular conductance · inelastic electron
tunneling spectroscopy · IETS · break junction
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monolayer of dithiol molecules capable of forming a

Au�S bond between the electrodes and the molecule

and then retracting the tip to observe steps in the cur-

rent versus distance traces, which occur in the tunneling

regime below the conductance quantum, Go � 2e2/h.

These steps, as is shown in Figure 1, have been ascribed

to the presence of molecules between the tip and the

substrate, and a statistical analysis of thousands of

these current versus distance traces yields peaks repre-

senting the most likely conductance of a single mol-

ecule junction.18�23 Break-junction measurements were

carried out in a home-built STM under high vacuum be-

tween 300 and 4 K, and the results demonstrate that

the conductance does not change within this tempera-

ture regime. The average conductance in this regime

was found to be �6.2 � 10�5Go, which agrees well with

the other values found in literature.19,20,24�26 Although

these histograms show pronounced peaks, the features

are quite broad, and it is not possible to discern differ-

ences between one and two molecules in the junction.

However, if a linear bin is used for the statistical analy-

sis, these features become more obvious, but then it is

not possible to resolve the entire range.

Several of the tip retraction curves are shown in Fig-

ure 1b for both the room temperature and 4.2 K case.

In each of these cases, there are obvious steps in the

current around 1 nA; however, the steps that occur at

4.2 K are much longer than those at room temperature

and show more distinct features in the plateau region.

Furthermore, it was much more likely to observe steps

in the retraction curves at room temperature than at 4.2

K, which is likely due to the increased stability and di-

minished drift at low temperature. Approximately 3000

curves were examined for constructing each of the his-

tograms shown in Figure 1c, and the peak widths are

quite similar despite the temperature change (the his-

tograms have been offset for clarity). The temperature

dependence of the conductance of single octanedithiol

junctions have been previously measured in a narrow

temperature range near room temperature with differ-

ing conclusions.24,26 One experiment demonstrated

temperature independent conductance,24 and the

other demonstrated that the conductance followed Ar-

rhenius behavior.26 These discrepancies are likely due

to the two methods probing different molecular confor-

mations. Furthermore, nanopore junctions with several

thousand molecules present have been used for wide-

range temperature dependence studies, and demon-

strated temperature independent conductance.4,27

However, it has not yet been possible to perform a sta-

tistical analysis of thousands of single molecule junc-

tions over a wide temperature range to explore the

temperature dependence of the conductance. The con-

ductance versus temperature is plotted in Figure 1d,

and shows that the conductance is independent of

temperature over a range of �300 K, clearly implicat-

Figure 1. (a) A molecular junction consisting of a single octanedithiol molecule bound to two electrodes. (b) STM break-
junction measurements taken at 300 K (black curves) and 4.2 K (red curves), both show clear steps, but at low temperature
the features are much more distinct. (c) Two conductance histograms constructed from thousands of curves similar to those
shown in panel b. The black histogram is for 300K and the red histogram is for 4.2K. (d) Peak values of conductance histo-
grams taken at several temperatures between 4.2 and 300 K with a bias of 300 mV. The conductance is independent of tem-
perature indicating tunneling behavior for the octanedithiol molecule.
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ing tunneling as the conductance mechanism for oc-

tanedithiol single molecule junctions.

Once the conductance was determined and the

transport mechanism was established, it was possible

to proceed with IETS measurements. In a tunneling

junction with only elastic scattering present, one would

expect the I�V curve to be linear in the low bias re-

gime where the energy levels are far from resonance.

However, when inelastic tunneling pathways associated

with the excitation of phonon modes are opened in

the tunneling junction, nonlinearities occur in the I�V

curve. At low temperatures, the probability of the

phonon modes being excited thermally is extremely

low. But, when the applied bias voltage exceeds V� �

��/e, where � is the frequency of a phonon mode, � is

the Planck constant, and e is the electron charge, the

phonon mode with energy �� can be excited via

electron�phonon interactions.28,29 This excitation of

the phonon modes leads to an additional tunneling

pathway and an increase in the conductance (for mo-

lecular junctions with conductance less than 0.5Go).30

Although additional pathways create nonlinearities

in the I�V curve, it is often difficult to extract specific in-

formation about the energy of the modes and the rela-

tive change in the conductance. Because of this diffi-

culty, it is more common to measure dI/dV versus V

(G�V) where the excitation of an inelastic mode can

be seen as a step, or to measure d2I/dV2 versus V, re-

ferred to as the IET spectrum, where the excitation en-

ergy for the phonon mode appears as a peak or a dip.

These junctions are symmetric, and the excitation of

these modes depends only on the magnitude of the

bias applied across the junction and not on the polar-

ity. Therefore, steps in the G�V traces due to the exci-

tation of phonon modes should be symmetric about

zero bias, and the peaks in the IET spectra should ex-

hibit antisymmetric behavior, that is, d2I(V)/dV2�

�d2I(�V)/dV2.31 As there are a myriad of other pro-

cesses which can cause peaks in the IET spectrum, such

as interference or impurity scattering in the leads,32

only peaks with clearly antisymmetric behavior in the

IET spectra will be identified as phonon modes in the

following discussion.

To perform IETS measurements on a single mol-

ecule junction one must first be certain that a mol-

ecule is attached covalently to both electrodes. To

achieve this certainty, measurements were performed

in a manner similar to the conductance experiments de-

scribed above. First, the STM tip is brought into con-

tact with the surface and then retracted. If a molecule

bridges the two electrodes, a step occurs in the current

versus distance trace, but in this case rather than con-

tinuing to retract the tip until the junction breaks down,

the withdraw process is stopped so that the bias can

be swept to record the I�V, G�V, and IET spectra. Fig-

ure 2 shows an example of I�V, G�V, and IETS curves

obtained by averaging 18 curves collected from sev-

eral independent junctions. The I�V curve is not sim-

ply linear, but it is difficult to extract specific informa-

tion from this curve. Figure 2b plots the G�V trace,

Figure 2. An example of IETS measurements and peak assignments: (a) averaged I�V curve from 18 different bias sweeps;
(b) averaged conductance (G) vs bias from the same curves obtained with a lock-in amplifier; (c) IETS obtained by taking the
numerical derivative from panel b (black curve), and phonon modes obtained from a DFT calculation of the molecular junc-
tion used for assigning peaks (red curve).
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which shows more clearly the nonlinearity and fea-
tures due to phonon modes in the I�V curve. The con-
ductance, as shown in Figure 2b, is 4.05 � 10�5Go near
zero bias, but it increases to 4.5 � 10�5Go at 200 mV.
This corresponds to an increase in the conductance of
over 10%, which indicates a substantial contribution of
phonon modes in the conductance as the bias in-
creases. Note also that this conductance value and per-
cent change is also consistent with the histograms
shown in Figure 1c, which were obtained at 300 mV.

Figure 2c shows the IET spectrum obtained by tak-
ing the numerical derivative of the G�V curve in Fig-
ure 2b (black curve). We focus here on the spectrum in
the region below 200 mV as all modes except those for
the C�H stretch are expected to be in this region. To
make assignments of the peak positions, comparisons
were made with a vibrational spectrum obtained from
a DFT calculation using Gaussian 03W33 and the b3lyp/
lanl2dz basis set for the octanedithiol molecular junc-
tion with 1 gold atom attached to each sulfur (red
curve, Figure 2c), and a reported scaling factor of 0.97.34

The red curve was obtained, by counting the number
of vibrational modes in each 2 mV interval, thus creat-
ing an effective density of phonon states. Since related
vibrational modes are often clustered in energy, this
provided a straightforward method of assigning peak
positions. These assignments also correlate well with
theoretical and experimental studies of related
systems.9,10,35�39 The peak near 17 mV, marked with an
asterisk (�), was not assigned because there are a vari-
ety of modes that may occur near this energy, such as a
Au�Au stretch,40 a C�C�C scissor,9 or a (CH2)2 twist;10

this can also be seen from the density of phonon modes
in this region. The mode at 48 mV is likely due to a
Au�S stretch, but it should be noted that the DFT cal-
culation shows that this mode also includes a significant
scissoring motion of the carbon backbone, and as such
this assignment is consistent with previous assign-
ments near this energy.9,39

IETS has previously been performed on oc-
tanedithiol junctions in self-assembled monolayer
junctions,4,36 and in electromigrated junctions.37 Al-
though the experiments presented here are signifi-
cantly different in that it is possible to measure a large
number of single molecular junctions and explore how
energies and intensities can change between junctions
(as is discussed in detail below), these results still pos-
sess similarities and differences with each of these stud-
ies. The resolution of several peaks below 100 mV was
only reported by one group;4 however, that result also
showed significant peaks and dips in the IET spectra,
which are not apparent in this study. Several of the
peaks are similar to those found in either electromi-
grated junctions or in cross-wire systems.36,37 The most
significant difference between these studies is in the
peak at 80 mV due to a C�S stretch which is clear in
both of the previous studies, but is only visible in a few

of the junctions measured, and is not apparent in the

averaged spectra presented here.

Assigning peaks using IETS provides a chemical sig-

nature for the junction, but it is of more interest to dis-

cern how each of these modes affects the total conduc-

tance of the molecular junction. A full treatment of

electron transport in molecules involving

electron�phonon interactions often requires signifi-

cant computational effort. However, theoretical treat-

ments of inelastic tunneling were derived decades

ago,41 and recently similar, computationally inexpen-

sive approaches have been used to describe experi-

mental data using only the transmission function, �, the

electron�hole and external damping rates, �eh and �d,

and the phonon frequency, �, as fitting parameters.30,42

The assumptions for using this simplified model are

that (i) the electron�phonon coupling is weak and (ii)

the density of states of the contacts and the device are

slowly varying near the Fermi energy of the electrodes.

The second assumption seems well justified since the

transmission probability indicates the system is far from

resonance. The first assumption implies that mul-

tiphonon processes are rare, and that the phonon

modes have little effect on the elastic component of

the transmission probability, although this seems like a

reasonable assumption for this type of molecular sys-

tem, it may not always be the case, and will be dis-

cussed in greater detail below. We apply this model by

including the first three phonon modes and obtain30,41

where the first term in eq 1 is the same as the Land-

auer expression for the transport, and the second term

is the contribution due to inelastic phonon scattering.

In these equations n	 is the bias dependent phonon oc-

cupation number including nonequilibrium heating,6,43

k is the Boltzmann constant, and T is temperature. n	 is

determined by solving the steady-state rate equation

for each phonon mode.42 Although the application of

these equations to a single phonon mode is straightfor-

ward, summing directly over the phonon modes ne-

glects changes in the occupation due to the presence

of additional phonons. Nevertheless, it provides an in-

sightful estimation of the damping rates in the molecu-

lar junction and allows for a direct comparison be-

tween molecular species. Furthermore, it is also possible

to estimate the total power dissipated in the molecule

by using these fitting parameters, and this application

I ) e2

πp2
τV + 1 - 2τ

4
π ∑

λ

Isym

γehλ

ωλ
(1)

Isym ) e
πp(2eVnλ +

pωλ - eV

exp(pωλ - eV

kT ) - 1

-

pωλ + eV

exp(pωλ - eV

kT ) - 1) (2)
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of the model is discussed in the Supporting Informa-
tion.

Figure 3a reproduces the G�V curve from Figure
2b in the 
150 mV range (red curve). The black curve
is the result of fitting of the first three phonon modes
using eq 1 above, and the graphs have been offset for
clarity. In this fitting � � 4.05 � 10�5, the zero bias con-
ductance extracted by fitting the small bias regime in
the I�V curve, ��/e � 17, 48, and 93 mV, �eh � 3.6 �

107, 2.5 � 107, and 1.4 � 108 s�1, and �d �15�eh, 5�eh,
and 1�eh for each of the three modes, respectively. The
temperature was set to the experimental temperature
of 4.2 K for each of these modes. Finally, the experimen-
tal technique was accounted for by including the AC
modulation of 5 mVrms along with the low-pass filter (3
Hz) of the lock-in amplifier to properly account for the
experimental line-widths. Including these experimental
parameters is extremely important to obtain a proper
fitting because the majority of the line width broaden-
ing in these experiments is due to the experimental
method rather than inherent to the molecular junction
or the local temperature. The fitting with and without
including the experimental broadening is included in
the Supporting Information. Taking the derivative of the
black curve in Figure 3a clearly shows the similarity of

the fitted IET spectrum in both position and relative
peak amplitude to that of the experimental junction
plotted in Figure 3b (red and blue curves are experi-
mental data and black curve is the derivative of the fit-
ted curve). The modes are the same as described above
and shown in Figure 2c.

Using this fitted model it is straightforward to ex-
tract the conductance change due to each phonon
mode, and the conductance change for each of these
conductance steps is 2.9%, 1.0%, and 3.1%, meaning
that the addition of phonon modes significantly alters
the total transmission function of a single molecule
junction. Interestingly, these changes in the conduc-
tance are similar to those found in other alkanedithiol
single molecule experiments, such as propanedithiol7

and pentanedithiol.39 Between these three systems the
transmission probability changes by over 2 orders of
magnitude, and in each of the three cases the tunnel-
ing transversal time is expected to be significantly dif-
ferent. However, the percent change in the conduc-
tance due to the excitation of phonon modes is similar
in each of the cases. This finding suggests that the ratio
�eh/� is similar in all three cases despite the differences
in length and the conductance of the molecules.

Thus far in the analysis we have assumed that the
probability of multiphonon processes is relatively small.
However, this may not always be a valid assumption
even for a simple octanedithiol junction. As is discussed
in detail in the theoretical literature, when the bias
reaches sufficient energy to excite the phonon mode it
is also possible for a carrier to both emit and absorb a
phonon during transport.30,44 This additional pathway
can interfere with the primary elastic transport pathway
and create a decrease in the conductance at the
phonon energy even if the total conductance is much
less than 0.5Go. Figure 4 shows one example where this
may be the case.

Figure 4b is an average of 10 G�V curves obtained
from the junction shown in Figure 4a. The G�V curve
is symmetric below 150 mV, and the most obvious fea-
tures in this regime are the local conductance minima
near 
120 mV. The corresponding IET spectrum is
shown in Figure 4c (red curve) along with the IET spec-
trum that was shown in Figure 3b (gray curve) for com-
parison. Although the peak intensities are considerably
different for the two spectra, the first two peaks occur at
similar energies while the third feature appears as a
dip in the red curve and a peak in the gray curve. While
there are a few possible explanations for such a fea-
ture in the IET spectrum, which cannot be ruled out,
the symmetry of this feature in the G�V plot indicates
that the effect is energy dependent, and the similarity in
the energy of the dip feature in this IET spectrum to
peaks in the IET spectrum of the other junctions pre-
sented suggests that it is due to a phonon mode. The
differences in peak shape at this energy in the IET spec-
tra demonstrate that the specific configuration of a

Figure 3. Fitting of IET spectrum of a single molecule junc-
tion. (a) Conductance (G) versus bias (V) curve averaged from
18 individual traces (red and blue curve) and fitted G vs V
trace using the model in ref 30 (black curve), and including
the effects of the AC modulation and low-pass filters from
the lock-in amplifier. The data were offset for clarity. (b) IET
spectra obtained from the part a. The red curve is the direct
IET spectra, and the blue curve is �d2I(�V)/dV2, which is
plotted to demonstrate the symmetry of the phonon modes
with bias. The black curve is the derivative of the fitted G�V
curve in part a.
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junctionOeither the contact geometry or the molecu-

lar configurationOcan drastically influence the effects

that phonon activation has on the molecular

conductance.

In conjunction with these decreases in the conduc-

tance at defined energies, several other interesting fea-

tures can be observed in individual G�V traces. Figure

4d shows two consecutive G�V traces obtained from

the junction in Figure 4a, but which were not included

in the average of Figure 4b. The most striking feature

between these two curves is the switch in the conduc-

tance from a lower state to a higher state. The switch is

quite clear in the G�V curve which is inset in Figure

4d. This behavior appears to be the switching of a single

molecule junction into a higher conductance state

rather than the attachment of a second molecule within

the junction. The primary reason for this conclusion is
that the features in both of the G�V curves (Figure 4d)
and IET spectra (Figure 4e) are very similar. If a second
molecule had bound between the tip and the substrate
it is unlikely that the two molecules would have ex-
actly the same configuration, and the G�V trace should
have become an average of the signature of each of
the molecules. A second reason is that shortly after the
return sweep the junction broke and the conductance
dropped to zero; again it is unlikely that two molecular
junctions would break simultaneously.

Upon closer inspection of the IET spectrum for these
curves, it is apparent that although the general fea-
tures are similar there are significant variations in the
absolute positions of the peaks in the two curves. It has
been previously demonstrated that changes in the con-
ductance of a single molecule junction can shift the en-
ergy of a peak in the spectrum to higher energies, and
significantly alter the shape of the IET spectrum.7 How-
ever, in this case the general features of the spectrum
remain the same, and while the peak at �170 mV is
shifted to a higher energy, the peak at �120 mV has
shifted to a lower energy implying a small reorganiza-
tion of the entire junction structure. These changes in
the spectrum demonstrate how sensitive the conduc-
tance value is to small changes in the junction configu-
ration. In this case, although the general features of
the junction remain constant, small shifts in the loca-
tions of certain modes, indicating a change in the junc-
tion configuration, can change the conductance of the
junction by approximately a factor of 2.

In summary we have performed STM break-junction
experiments to determine the conductance properties
of octanedithiol molecular junctions over a temperature
range from 4.2 to 300 K, and the temperature indepen-
dence of the conductance suggests tunneling behav-
ior as is expected for this molecule. Once the conduc-
tance and transport mechanism was known, IETS
measurements were performed on individual junctions
to obtain a chemical signature of the molecular junc-
tion, to elucidate the electron�hole damping rates, and
to determine the effects of electron�phonon interac-
tions on molecular conductance. We also explored cer-
tain cases where decreases in the conductance were
observed in single molecule junctions. These observa-
tions demonstrate that electron�phonon coupling can
contribute significantly to the total conductance of a
molecular junction, and that the specific configuration
of the molecular junction can affect how a phonon
mode changes the conductance. Finally, we observed
a case where conductance switching occurred in a
single molecule junction, in this case the change in con-
ductance was approximately a factor of 2, and although
the general features of the spectrum were the same be-
fore and after switching, the specific energies at which
features occurred could shift to either higher or lower
energy.

Figure 4. Phonon features in individual junctions. (a) Current vs distance
trace for the junction shown in parts b�e. The bias was swept at various lo-
cations along the plateau region. (b) Average of 10 G�V curves from the
junction shown in part a. There are clear decreases in the conductance of
this junction with minima at �|120 mV|. (c) The red curve is the IET spec-
trum obtained from part b. The gray curve is the same IET spectrum exam-
ined in Figure 3b. The locations of features in these two curves are similar,
but the peak in the gray curve at 93 mV is seen as a dip in the red curve. (d)
Two consecutive bias sweeps from the junction in part a. The features of
the G�V curve are reproducible, but there is a clear switch in the conduc-
tance during the first sweep (black curve). The blue arrows indicate the di-
rection of the bias sweeps, and the red arrow indicates the switching event.
The inset shows the I�V curve. (e) The IET spectra from the two curves in
part d. Although the general features of the two curves are similar, there are
clear differences in the energies of certain peaks which can be either blue-
or red-shifted after the conductance change as is indicated by the red and
blue lines.
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EXPERIMENTAL DETAILS
Sample Preparation. Octanedithiol samples were prepared by

immersing a gold substrate in a �1 mM solution of octanedithiol
in toluene for 3�4 h. The gold substrates were prepared by ther-
mal evaporation of 130 nm of gold (99.9999% purity, Alfa Ae-
sar) on a freshly cleaved mica surface (Ted Pella, Inc.). Prior to im-
mersion in the octanedithiol solution the substrate was annealed
in a hydrogen flame for approximately 1 min. Once the sub-
strate was removed from the solution it was promptly placed in
the homemade STM head along with a newly cut gold tip
(99.998% purity Alfa Aesar). The system was then placed in a he-
lium Dewar cryostat (Janis Research Company). The STM cham-
ber was place under a vacuum of 2 � 10�6 Torr before any cryo-
gens were introduced to the system. Once the system stabilized
in temperature to �4.2 K, break junction and IETS measure-
ments were performed. Break-junction measurements at higher
temperatures were collected by heating the STM head via a re-
sistive heater in the sample chamber, and room temperature
measurements were performed in vacuum prior to cooling the
STM.

Break-Junction and IETS Measurements. Break-junction measure-
ments were performed using LabView software and a National
Instruments data acquisition card (PCIe-6289) for controlling the
high-voltage piezo and bias drivers which were designed and
built in-house, as well as for monitoring the current. The break-
junction measurements were performed using the tip�substrate
current as the feedback signal, and driving the tip into the sub-
strate until the current amplifier (10 nA/V) saturated, after which
the tip was withdrawn and the resulting current versus distance
trace was recorded. Approximately 3000 cycles were recorded
for each bias and temperature prior to constructing the histo-
grams. Each histogram was constructed by binning the current
versus distance traces on a logarithmic scale, and adding curves
to the histogram using an automated algorithm that rejected
curves that exhibited spikes in the current or long decay times.
Each of the histograms is constructed from �60% of the col-
lected data for a specific bias.

IETS measurements were performed in a similar method as
the break-junction measurements, except that the program was
set to stop automatically if a plateau occurred in the current ver-
sus distance trace. Once the tip withdraw was stopped, the bias
was swept over a 
400 mV range. The current was then re-
corded directly from the current amplifier, and the G�V curves
were obtained using a standard lock-in amplifier technique.45 A
4.33 kHz AC signal of 5 mVrms was added to the bias for the
lock-in amplifier (5110 Princeton Applied Research). The IET spec-
tra were obtained by taking the numerical derivative of the
G�V curves and smoothing the data using a Savitzky�Golay
filter.
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