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T
he critical dimensions of semiconduc-
tor devices have decreased exponen-
tially over the past 5 decades, and

production devices now have gate lengths
of less than 50 nm. As the physical dimen-
sions of these devices have continued to
scale-down, the power density has scaled-
up, and heat dissipation is now one of the
most critical problems in conventional elec-
tronics. Meanwhile the field of molecular
electronics has made significant progress in
contacting, measuring, and developing no-
vel electronic molecular devices.1 These
advances have yielded a better understand-
ing of charge transport in molecular-scale
systems and have led to the demonstration
of molecular transistors, diodes, and wires.2

However, even with these improvements,
information about electron�phonon cou-
pling and heat dissipation in single mole-
cule systems with explicit device implica-
tions has been difficult to extract.3 These
issues, compounded with the fact that the
specific configuration and contact geome-
try within a single molecule junction are
typically unknown, has led to the emer-
gence of inelastic electron tunneling spec-
troscopy (IETS) as an extremely important
method for characterizing molecular-scale
devices.4�12 This technique, an all electronic
spectroscopy method, provides a direct
chemical signature of the molecule within
the junction,13 and can provide information
about the contact geometry and molecular
configuration,14,15 the transport pathway,16

the phonon lifetimes within the junction,17

and critically, information about electron�
phonon coupling andpower dissipationwith-
in these devices.18,19 However, to date most
IETS studies performed on single molecules
bound to two electrodes have focused on

simple, small, symmetric molecules.8�10,20,21

These molecules typically have a small num-
ber of vibration modes, and even fewer the-
oretically predicted IET active modes. In this
report, we describe the transport behavior of
a single molecule diode, a molecule with
explicit device implications, to understand
the effects that changes in the elastic trans-
port pathway have on phonon excitation and
inelastic transport channels. Phonon excita-
tion is an extremely important issue in con-
ventional electronics, and understanding the
effects of inelastic transport on molecular
scale devices is of paramount importance
for creating future devices. Interestingly, we
find that although the molecule exhibits a
large rectification ratio in both the low and
high bias regimes at 4.2 K, the asymmetry in
the inelastic current (and IET spectrum) is
much weaker than expected. Although this
finding is contrary to the predictions of a
single-level transport model assuming sym-
metric coupling,18 the results agree well with

* Address correspondence to
yo-asai@aist.go.jp,
lupingyu@uchicago.edu,
nongjian.tao@asu.edu.

Received for review August 10, 2011
and accepted September 20, 2011.

Published online
10.1021/nn2030644

ABSTRACT Designing, controlling, and understanding rectification behavior in molecular-scale

devices has been a goal of the molecular electronics community for many years. Here we study the

transport behavior of a single molecule diode, and its nonrectifying, symmetric counterpart at low

temperatures, and at both low and high biases to help elucidate the electron�phonon interactions

and transport mechanisms in the rectifying system. We find that the onset of current rectification

occurs at low biases, indicating a significant change in the elastic transport pathway. However, the

peaks in the inelastic electron tunneling (IET) spectrum are antisymmetric about zero bias and show

no significant changes in energy or intensity in the forward or reverse bias directions, indicating that

despite the change in the elastic transmission probability there is little impact on the inelastic

pathway. These results agree with first principles calculations performed to evaluate the IETS, which

also allow us to identify which modes are active in the single molecule junction.

KEYWORDS: molecular electronics . STM-break junction . inelastic electron tunneling
spectroscopy . IETS . single-molecule conductance
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a transport calculation based on non-equillibrium
Green's function with density functional theory (NEGF-
DFT), indicating that both the inelastic and elastic
transport processes are sensitive to bias dependent
changes in the electronic coupling.
The field of molecular electronics was originally

ignited by the vision of a single molecule rectifier by
Aviram and Ratner.22 In this scheme, a donor group
and acceptor group were separated by a sigma-
bonded bridge.23 Although this design proved to be
difficult to implement experimentally, in recent years a
variety of molecular rectifiers and diodes have been
demonstrated using Langmuir�Blodgett films,24,25

self-assembled monolayers (SAMs),26�28 and in single
molecule devices.29,30 Alternative mechanisms for rec-
tification have also been used to design architectures
for computation.31 Many of the models proposed for
rectification require that charge be delocalized on the
rectifying molecular device. However, rectification is
also possible in a purely tunneling system if the energy
barrier is sufficiently asymmetric.32 In this study, we use
the two molecules shown in Figure 1 panels a and d to
explore the effects of molecular asymmetry on the
conductance and electron�phonon interactions in
single molecule junctions. The first molecule, which
we have previously demonstrated to behave as a
molecular rectifier at room temperature,30,33 is a

dipyrimidinyl�diphenyl diblock system. The dipyrimi-
dinyl block is electron-deficient, and the diphenyl
group is electron rich, resulting in an energy diagram
reminiscent of a classic pn junction. This molecule will
be referred to as the diode molecule throughout the
article. The second molecule consists of a tetraphenyl
block terminated with two thiols. This symmetric mo-
lecule, which differs only in the substitution of the four
nitrogen atoms in the diblock molecule with carbon
atoms, is used as a control system to explore the
differences that can occur in the current inelastic
transport when the molecule is symmetric.

RESULTS AND DISCUSSION

To perform IETS on themolecules of interest, it is first
necessary to demonstrate that the charge transport is
dominated by tunneling. Thus, to begin characterizing
the molecular systems we used a break junction
approach34 to compare the low-temperature (4.2 K)
conductance values of the molecular junctions to the
room temperature values obtained previously.30 The
break junction approach has been described in detail
elsewhere,35,36 but briefly, these measurements are
performed by creating a self-assembled monolayer of
the target molecules on a gold substrate. Then, an
atomically sharp gold wire is brought into contact
with the substrate and withdrawn. A bias is applied

Figure 1. Break junction measurements for the two molecules studied at 4.2 K. (a) Depiction of the diblock molecule that
behaves as a molecular diode. (b) Several examples of conductance traces obtained during break junction measurements.
Gray curve is an example of when no molecules bind to the two electrodes. (c) Conductance histogram constructed from
hundreds of curves similar to those shown in panel b. A clear peak is visible at∼1� 10�4G0. (d�f) plots equivalent to (a�c),
but for the tetraphenyl molecule. The peak in the conductance histogram in panel f is ∼2.5 � 10�5G0.
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between the wire and the substrate and the current
between the two is measured as the wire is withdrawn
from the surface. When no molecules bind between
the tip and the surface a clean exponential decay is
observed as is shown in Figure 1b,e (gray curves).
However, when a molecule is bound between the
two electrodes, clear steps are observed in the current
versus distance trace, and as the separation continues
the current will eventually drop to zero, as is shown
in Figure 1b,e (blue and black curves). By performing
a statistical analysis of hundreds of these curves it is
possible to construct a histogram as is shown in
Figure 1c,f, and to determine the most likely conduc-
tance of a single molecule junction. The conductance
values obtained at 4 K and at 50 mV bias are ∼1 �
10�4G0 for the diblock molecule, and ∼2.5 � 10�5G0

for the tetraphenyl molecule, where G0 = 2e2/h. The
histograms are constructed from 981 curves for the
diode molecule and 165 curves for the tetraphenyl
molecule. These conductance values are similar to
what was previously obtained at room temperature
(see Supporting Information).30 The temperature inde-
pendence of the conductance indicates that the con-
ductance is not thermally activated, and that tunneling
is likely the dominant transport mechanism.
To determine if changes in the inelastic transport

channels depend on changes in the elastic transport, it
is necessary to demonstrate that the elastic transport
channel changes within the energy range of phonons.
Therefore, once the break-junction conductance mea-
surements were performed, it was necessary to char-
acterize the rectification behavior of the two mole-
cules. Although it is in principle possible to measure an
I�V curve of the molecule in question by obtaining
conductance histograms at different biases, even
though the diode molecule is oriented with the dipyr-
imidinyl groups away from the substrate during the
self-assembly process,30 during the break junction
process the molecules can be reconfigured so that
either end is on the substrate electrode, thus adding
additional uncertainty to the measurement. Therefore,
point-by-point conductance measurements are not

preferred for determining the rectification properties
of a molecular junction. As such, we used a modified
technique to obtain I�V curves, which we call “pull-
and-hold”, as is described elsewhere.8,20,36,37 In this
technique the software is modified so that if a step
occurs in the current versus distance trace while with-
drawing the tip from the substrate, the separation
process is automatically stopped and the molecule is
held in place. This allows the I�V curves to be obtained
from a singlemoleculewhere the junction is held in the
same configuration throughout the sweep. Although
there are cases where the junction breaks down even
after the movement is stopped, it is possible to create
a large number of junctions for statistical analysis.
Figure 2a shows an average of 43 out of a total of 85
I�V curves obtained from different junctions by swe-
eping the bias over a (1.5 V range using the pull-and-
hold method to create the molecular junction. In these
wide range sweeps, about 35% of the curves obtained
displayed significant switching behavior, and were
excluded from the average. An additional 15% had
rectification in the opposite direction, likely due to a
molecule oriented in the opposite direction, the remain-
der are included in the average. The rectification ratio at
1.5 V is 2.97( 1.2,which is similar to the valueobtainedat
room temperature. The gray background shows the
standard deviation, and Figure 2b shows an average of
38 I�V sweeps from the tetraphenylmolecule, showing a
clearly symmetric curve in this case. These experiments
demonstrate that the rectification behavior is also tem-
perature independent; however, in order to understand
any differences in the inelastic current it is also necessary
to determine if there is any current asymmetry in the
diode molecule at low biases.
After demonstrating that the conductance and high

bias I�V behavior of the twomolecules is similar at low
temperature to what was previously observed at room
temperature, the low-bias behavior of the two systems
was characterized in order to determine the conduc-
tance asymmetry at low biases, and to explore the
effects of molecular and current asymmetry on the
electron�phonon coupling in a molecular system. The

Figure 2. High-bias I�V characteristics for two molecules. (a) I�V characteristic for diode molecule with large current
asymmetry as a function of bias. (b) I�V characteristic for tetraphenyl molecule; the trace is symmetric about the zero bias.
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combined conductance and IET spectroscopy mea-
surements are summarized in Figure 3a�c. In a purely
elastic tunneling system, with the molecular energy
levels far from the Fermi energy of the electrodes, one
would expect the I�V curve to be linear, and the
conductance to be a constant.38 However, it is also
possible to access inelastic tunneling pathways by
exciting phonon modes within the molecule.39,40 In
this case, when the bias reaches a threshold voltage
|Vω| = pΩ/e, it is possible to activate the phonon mode
with energy pΩ. This process opens a transport chan-
nel in themolecular junction in addition to the primary
elastic pathway, and as such causes an increase in the
molecule's conductance.41 This increase in the con-
ductance causes a small change in the slope of the I�V

curve (Figure 3a), but a clear step in the differential
conductance (G = dI/dV), and antisymmetric peaks in
the second derivative of the current, d2I/dV2. This
second derivative curve is referred to as the IET

spectrum. It should also be noted that activating a
phonon mode depends only on the magnitude of the
bias applied, and not on the polarity of the bias. There-
fore, the features observed in the G�V curve are ex-
pected tobe symmetricwith bias, and the IET spectrum is
expected to be antisymmetric around zero bias.37 This
means that a phonon mode with an energy of 100 mV
will produce a peak at þ100 mV and a dip at �100 mV.
Thus, to be able to clearly identify the antisymmetric
features in the IET spectrum we have plotted d2I(V)/dV2

and �d2I(�V)/dV2 on the same plot throughout. This
comparison allows us to easily identify antisymmetric
features, to compare the peak intensities in the forward
and reverse bias directions, and to identify differences in
the electron�phonon coupling in the two directions.
Identifying antisymmetric features in the IET spectrum is
essential for correctly identifying phonon modes, be-
cause other types of conductance fluctuations can also
yield peaks in the second derivative. However, in these

Figure 3. Low bias I�V, G�V, and subtracted IET spectra. (a�c) Example of low-bias I�V, G�V, and IET measurements. The
activation of phonon modes causes a change in the slope of the I�V curve (a), causes symmetric, step features in the dif-
ferential conductance (b), and antisymmetric peaks in the IET spectrum (c). (d)Measured I�V curve for the diodemolecule; (e)
measured G�V curve. The I�V and G�V curves are clearly asymmetric at low biases, indicating that rectifying behavior is
possible even at lowbiases. (f) Subtracted IET spectra obtainedby taking thederivative of panel e and subtracting the slopeof
theG�V curve. Blue curve is for positive bias andgray curve is the negative bias region rotated 180�. The phonon features and
intensities are similar despite the asymmetry in the conductance. The black and red curves are the calculated IET spectra
in forward and reverse bias, respectively.
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cases, the features are typically not antisymmetric about
zero bias, and as suchplotting the spectra in thismanner
provides clear evidence of phonon activation. Figure 3
panels d�f show averaged I�V, G�V, and IET spectra
obtained from one junction containing the diode mo-
lecule, and Figure 4 panels a�c show these same curves
for a tetraphenyl junction.
In addition to information about electron�phonon

interactions in a molecular system, the G�V curve also
provides important information about the primary
elastic transmission probability. From the I�V and
G�V curves in Figure 3d,e it is evident that the rectify-
ing behavior in the diblock molecule begins at biases
much lower than previously studied.30 In Figure 3b, it is
apparent that the conductance is asymmetric even at
values as low as 50 mV. Although the current seems to
increase more quickly at high biases (see Figure 2), the
conductance appears to increase linearly in the for-
ward bias direction at low biases (<200 mV). This
conductance behavior at low bias clearly indicates that
the rectification behavior is not dependent on charge
delocalization on the molecule as in the cases of the
original Aviram�Ratner22 model or in the Ellenbogen�
Love31 model. Other models have also predicted reso-
nant tunneling through asymmetric barriers to demon-
strate rectification behavior,32 but the onset for
resonant tunneling in these systems typically requires
higher biases to induce the resonant condition. It seems
that none of these models match the rectification
behavior observed here. As is discussed briefly below,
and in detail elsewhere,42 we attribute this difference in
the conductance in the low-bias region to a change in
coupling to the highest occupied molecular orbital
(HOMO) and HOMO-1 levels of the molecule when the
bias polarity is changed. In particular, clear switching of
the conducting orbital from HOMO to HOMO-1 was
reported above V = (0.4 V.42

As is apparent from the asymmetric G�V curve in
Figure 3e, there are significant bias-dependent changes
to the elastic transmission probability between forward
and reverse bias in the diode molecule. As such, one
may expect to observe changes in the inelastic pathway
as well. Unfortunately, this asymmetric conductance
behavior makes it difficult to discern symmetric step
features in the G�V curve as is anticipated in Figure 3b.
However, upon taking the derivative of the G�V curve
to obtain the IET spectra, clear antisymmetric features
emerge. The gray curve in Figure 3f is the subtracted IET
spectra from thenegative bias region, rotated by 180� in
order to demonstrate the antisymmetric behavior of the
phonon modes. It is worth noting that the phonon
modes occur at the same energies in the forward and
reverse bias direction despite the differences in current
and the inherent dipole of the molecule. This point
indicates that even though the potential profile is
different in the two bias polarities, there is no impact
on the bias required to excite the phononmodes, again

demonstrating that tunneling dominates the transport
behavior. Any significant changes in the inelastic trans-
port pathways would be indicated by a change in the
intensity of the phonon peaks in the IET spectrum.
Therefore, it is necessary to subtract the elastic contribu-
tions from the second derivative in order to directly
compare peak intensities in the IET spectra. As discussed
above, the conductance increase appears to be linear in
the low-bias region, so the G�V curve was fit with a
linear function in both the forward and reverse bias
directions. Then, the slopes obtained from these fittings
were subtracted from the second derivative to yield the
subtracted IET spectra in Figure 3f. The spectra obtained
using this procedure are referred to as “subtracted IET
spectra” in order to avoid confusion with the standard
IET spectrum. Although there are some small asymme-
tries in the intensities of the low-bias modes, the modes
at(190mVappear to benearly identical in both energy
and intensity in forward and reverse bias. These small
variations in intensity were observed in most of the
individual junctions studied, and can even be seen in
the spectra from over 100 averaged curves (see Sup-
porting Information). Although these asymmetries in

Figure 4. I�V, G�V, and IET spectrum for the tetraphenyl
molecule. (a) I�V characteristic for a single junction. (b)
Differential conductance obtained with a lock-in amplifier.
(c) Experimental IET spectra for the positive bias (green) and
negative bias (gray) regions, as well as predicted IET spec-
trum from first principles calculations for the positive
(black) and negative (red) bias regions.
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the peak intensity may be due to either effects from the
molecular configuration,43,44 or from the electronic-
vibrational couplings seen in large-scale tunnel junc-
tions,45�47 they do not show consistent asymmetry
across molecular junctions. Furthermore, the asymme-
tries measured are much smaller than expected from
the one-level transportmodel described below. This ob-
servation implies that molecular asymmetry, the inher-
ent molecular dipole, and the magnitude of the current
through the device have little impact on themagnitude of
the inelastic current within the device. The IET spectrum
without any subtraction, as well as the vibration modes
associated with each of the number peaks in Figures 3f
and 4c are provided in the Supporting Information.
The similarity of phonon intensities in forward and

reverse bias indicates that there is no significant
change in the inelastic current even when there is a
large asymmetry in the elastic current. At first glance,
these results seem to be contrary to expectations from
the conventional formula based on a single-level mod-
el, δIinel � T2(1� 2T)≈ T2,18 where δIinel is the inelastic
current and T is transmission probability. Within a
single-level/single-site approximation, T at the Fermi
level (εF) is represented as T= (γLγR)/((εF� εR)

2þ γ2). εR
is an energy level of the bridgemolecule, and the terms
γL and γR are related to the imaginary part of the self-
energy for the left and right electrodes, respectively.
The term γ is an average of γL and γR, that is, (γLþ γR)/
2, which corresponds to the broadening of the energy
level due to coupling to the electrodes. Thus, when the
above T2 dependence is assumed, even a modest 10%
increase in the transmission probability should yield a
∼20% increase in the inelastic current. For the junction in
Figure 3, the conductance change between þ200 and
�200 mV is greater than 50%, indicating that a large
change in the IET peak intensity would be expected.
However, bothexperimentandfirstprinciples calculations
do not yield such a large change in the inelastic current
and IET intensity with a change in the bias-polarity.
To determine how large the subtracted IET intensity

changes should be in this molecular system, we per-
formed first principles NEGF-DFT calculations including
electron�phonon interactions.We adopted the conven-
tional lowest order expansion (LOE) formalism in NEGF-
DFT for inelastic transport.48 We employed the double-ζ
plus polarized (DZP) basis for the atoms in the molecule
and the anchoring S atomswhile using the single-ζ level
(SZP) basis forAuatoms. Theunit cellwas takenasp(4� 4)
with 3� 3 Monkhorst-Pack k point sampling for both the
Green's function andelectron�phonon couplingmatrices.
The frozen phonon approximation was employed, where
only atoms of the molecule (including the anchor atoms)
were relaxed. The details of the settings for the first princi-
ples calculations are given elsewhere.42 In the present cal-
culation,weomitted low-frequencymodes,Ω<150 cm�1,
and focused on well-defined molecular internal modes.
The results of this calculation (see Figure3f) agreewellwith

the experimental results, and indicate that any changes in
the IET intensity will be small, even if there is a signi-
ficant change in the transmission probability of the elastic
current.
To understand why the inelastic current does not

change significantly with a change in the elastic trans-
mission, it is necessary to understand the bias depen-
dence of each of the terms within inelastic current.
When the thermal damping of an excited phonon is
sufficiently fast, the subtracted IET, which is defined as
the second derivative of the inelastic current δIinel by
bias V, is expressed as follows:48

d2(δIinel)
dV2 ¼ M2T

(εF � εR)
2 � γ2

f(εF � εR)
2þγ2g2

d2F

dV2

¼ M2Tχ
d2F

dV2

χ ¼ (εF � εR)
2 � γ2

f(εF � εR)
2þγ2g2 (1)

where M is electron�phonon coupling and F is a
function of bias V and phonon frequency Ω. The term
d2F/dV2 is an antisymmetric function of V and inde-
pendent of the electronic structure. Equation 1 omits
the energy-dependence of the Green's function and
sets it to the value at the Fermi level, εF. We note that if
γL is equal to γR, eq 1 leads immediately to the T2(1 �
2T) relation as given above.18 Now, wewill consider the
ratio: |(d2(δIinel)/dV

2)V|/|(d2(δIinel)/dV
2)(�V)| based on

eq 1 to understand the magnitude of the rectification
for elastic and inelastic current. Since the second de-
rivative of the function F is antisymmetric for V and
T(V)/T(�V) is larger than 1, the remaining two terms,
the ratio of electron�phonon coupling M(V)/M(�V)
and χ(V)/χ(�V) should be considered.
To estimate the above values, we have to redefine

the parameters M, εR, γL, and γR from the fully first
principle (multilevel and self-consistent) NEGF-DFT
result. Use of the effective molecular projected state
hamiltonian (MPSH) is a convenient way to analyze first
principles results because one can define only the
necessary energy levels.42,49 The terms M, εR, γL, and
γR were calculated in the projected molecular orbital
(PMO) basis. Thus, we focus on the conducting orbital,
jR, which dominates the transmission probability,
because it is the most important orbital for transport.
The details of the effective MPSH method and the
physical meanings are given in the Supporting Infor-
mation. Here, we note only a few important points
about the present single-level model and its param-
eters. First, the coupling terms γL/R are effective cou-
plings between the conducting MO on the bridge
molecule and any electronic states in the electrodes
such as the Bloch and evanescent states, and they in-
clude all of the long-range transfer integrals. The energy
level, εR, also consists of the exact energy-shift due to the
couplings. Hence, the constructed parameters reflect any
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nonequilibrium response of the intrinsic electronic structure

of the entire junction within the DFTmodel. As a result, it
is natural that these terms depend on the bias (and its
polarity) for the diode molecule even though the con-
formation of anchor atoms and electrodes are symmetric
for the left and right sides. The asymmetry due to the bias
polarity for γL and γR comes from an intrinsic property of
the present diblock diode molecule and the adopted
model is distinct from a simple single level (nearest
neighboring) tight-binding model.
In the very low-bias region (<0.3 V), where resonance

with phonon modes occurs, a change of bias polarity
does not necessarily change whether the conducting
MO, jR, belongs to the HOMO or HOMO-1 level. How-
ever,jR spans a sufficiently large rangeof the electron�
phonon coupling to apply conducting MO analysis to
both the elastic and inelastic current. For most of the
IET active modes, M(V)/M(�V) was lower than 1 below
0.3 V (typically 0.9 at V = 0.2 V), although a few modes
were slightly larger than 1. The bias polarity depen-
dence of the conducting MO causes a bias-depen-
dence of the effective electron�phonon coupling. In
the same bias region, we found that χ(V)/χ(�V) is
always lower than 1 (e.g., χ(0.3)/χ(�0.3) ≈ 0.95). This
is because of the asymmetry of the effective coupling
between the conducting MO and the electronic states
in the electrodes (i.e., γ2 > γLγR), as well as the large
bias-polarity dependence of the coupling (γL(V)γR(V) 6¼
γL(�V)γR(�V)) for the present diode molecule. As a
result, these intrinsic (bias-induced) electronic struc-
ture changes in the diblock diode molecule weaken
the expected asymmetry of the inelastic current. We
note that in future works additional corrections such as
the explicit inclusion of the energy-dependence of the
Green's functions, the effects of other PMOs, and the
long-tail of the electron�phonon coupling outside of
the molecule could be considered to provide a more
detailed comparison of the present experimental and
theoretical results.
Additionally, to compare the diode molecule's con-

ductance and inelastic transport behavior with a sym-
metric molecule case we have also included I�V, G�V,
and IET spectra for the tetraphenyl molecule in Figure 4.
Clearly, in this junction the G�V curve shows symme-
tric, step-like features where the phonon modes are
activated. There is still some apparent asymmetry in the

G�V curve for this junction; however, the ratio of the
high conductance value to the low conductance value
at 200mV (1.09) is much smaller than in the diode case
(1.57), and the symmetric phonon features are readily
apparent in this curve. Additionally, it is common to see
some asymmetry in the G�V curves of symmetric
molecules because each junction has a unique back-
ground due to the specifics of the configuration,
contact, and conductance fluctuations due to impurity
scattering in the contacts and interference effects.20,38

Despite these effects it is evident that the IET spectra in
the forward (green curve Figure 4c) and reverse (gray
curve Figure 4c) bias directions are almost identical.
Furthermore, when averaged over a large number of
molecular junctions, the G�V curve in the case of the
tetraphenyl molecule is symmetric, and in the case of
the diode molecule is still asymmetric due to the
inherent current asymmetry in the molecular junc-
tion, demonstrating that the asymmetry in the low-
bias I�V curve is inherent to the diode molecule.
These averaged curves are shown in the Supporting
Information.

CONCLUSIONS

In summary, we have explored both the high and
low-bias conductance behavior of a single molecule
diode at cryogenic temperatures. We have shown that
the conductance displays clear asymmetry even at
biases below 200 mV, that the onset for rectification
begins near zero bias, that the transport mechanism is
dominated by tunneling, and that despite the asym-
metry in the I�V and G�V characteristics at low biases,
the IET spectra is antisymmetric with similar phonon
energies and intensities in the forward and reverse bias
directions. Although contrary to expectations, this
result matches well with first principles calculations,
and is due to bias-dependent changes in the coupling
between the conducting molecular orbital and the
electrodes. This finding demonstrates that bias-depen-
dent asymmetry in the electronic coupling is important
for both elastic and inelastic processes in the present
diblock diode molecule, and that bias dependent
changes in the electronic structure should be taken
into account for asymmetric systems. Furthermore, the
IET spectra agree qualitatively with spectra predicted
from first-principles calculations.

EXPERIMENTAL DETAILS
Sample Preparation. The diode molecule and the symmetric

tetraphenyl molecule were synthesized according to a reported
procedure.33 SAMs were prepared on a gold substrate then
transferred to a cryostat for measurements. In the tetraphenyl
case, deprotection of the two symmetric trimethylsilylethyl
groups was carried out in a single step using tetrabutylammo-
nium fluoride as the cleaving reagent in an argon purged,
distilled tetrahydrofuran (THF) solution that contained 50 mM

of the target molecule and an immersed gold substrate pre-
pared using the procedure described below and left overnight.
After assembly, the substrate was rinsed successively with THF,
hexane, and isopropyl alcohol and dried with nitrogen after
each rinsing step.

The SAM of the diode molecule was prepared in two steps.
The first step deprotected the cyanoethyl group using sodium
ethoxide as the cleaving reagent in argon-purged, distilled THF.
Then, a gold substrate was immediately immersed in the
solution and left overnight. After the formation of the SAM,
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the gold substrate was rinsed thoroughly with THF and then
with isopropyl alcohol. For the second deprotection step, the
sample was transferred into an argon-purged THF solution to
remove the protecting group using the same procedure as
described above for the tetraphenyl molecule. This second
deprotection reaction lasted over 7 h, after which the gold
substrate was rinsed with hexane and ethanol several times and
the residual solvent removed by blowing with nitrogen.

The gold substrates were prepared by the thermal evapora-
tion of 130 nm of gold (99.9999% purity, Alfa Aesar) on a freshly
cleaved mica surface (Ted Pella, Inc.). The substrates were an-
nealed in a hydrogen flame for approximately 1 min prior to SAM
formation. After SAM formation and after being rinsed and dried,
the substratewas placed in thehomemadeSTMhead alongwith a
newly cut gold tip (99.998% purity Alfa Aesar). The system was
then placed in a heliumDewar cryostat (Janis Research Company).
The STM chamber was place under a vacuum of 2 � 10�6 Torr
before any cryogens were introduced to the system. Once the
systemstabilized in temperature to∼4.2K, break junction and IETS
measurements were performed. Room temperature measure-
ments were performed in vacuum prior to cooling the STM.

Break Junction and IETS Measurements. Break junction measure-
ments were performed as described in detail previously,36 and
briefly above. The histograms are constructed by plotting each
conductance versus distance trace in log scale and binning into 400
equally spaced compartments on the conductance axis and adding
the resulting single curve histogram to the composite histogram.

IETS measurements were performed in a similar method as
the break junctionmeasurements, except that the programwas
set to stop automatically if a plateau occurred in the current
versus distance trace. Once the tip withdraw was stopped, the
bias between the two electrodes was swept, the current
measured with a standard current amplifier, and a lock-in
amplifier was used to measure the differential conductance,
as has been described in detail previously.36,50 The IET spectra
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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