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Inelastic electron tunneling spectroscopy (IETS) measurements are usually carried out in the low-voltage
(“Ohmic”, i.e., linear) regime where the elastic conduction/voltage characteristic is symmetric to voltage
inversion. Inelastic features, normally observed in the second derivative d2I/dV2 are also symmetric (in fact
antisymmetric) in many cases, but asymmetry is sometimes observed. We show that such asymmetry can
occur because of different energy dependences of the two contact self-energies. This may be attributed to
differences in contact density of states (different contact material) or different energy dependence of the
coupling (STM-like geometry or asymmetric positioning of molecular vibrational modes in the junction).
The asymmetry scales with the difference between the energy dependence of these self-energies and disappears
when this dependence is the same for the two contacts. Our nonequilibrium Green function approach goes
beyond proposed WKB scattering theory1 in properly accounting for Pauli exclusion, as well as providing a
path to generalizations, including consideration of phonon dynamics and higher-order perturbation theory.

Rectification effects in molecular conduction junctions have
been of interest both for possible diode device applications of
such junctions2 (where voltage dependence of the donor and
acceptor (contacts) energy levels brings them in or out of
resonance at opposite voltage drop polarities) and because of
the need to understand the bias asymmetry in scanning tunneling
microscope studies of adsorbed molecules3. Current-voltage
(I/V) asymmetry can arise from different electronic structure in
the contacts (peaks in density of states) or from an asymmetric
behavior with respect to bias inversion of the electrostatic
potential distribution across the junction. The latter can be
caused by geometric asymmetry, different coupling strength of
the molecule to the contacts, weak links, and charging.4,5 In
such cases, change of the electronic structure of the molecule
under bias reversal is responsible for the rectification.

In inelastic electron tunneling spectroscopy (IETS), one
follows the onset of inelastic effects on the tunneling current
that are most pronounced in the second derivative of current vs
voltage.6 Here we consider the possible asymmetry of d2I/dV2

under a similar voltage reversal. Note that mechanisms forI-V
asymmetry mentioned above work in the relatively high-voltage
regime (of the order of LUMO-HOMO gap), after essential
current buildup starts. IETS experiments, on the other hand,
are done at much lower voltages in the “Ohmic” (by “Ohmic”,
we designate current-voltage characteristics) regime. Naively
speaking, “Ohmic” behavior would suggest a symmetric signal
in this case. On the other hand, the inelastic character of the
measurement suggests that strict invariance to bias reversal holds
only for the symmetric positioning of the vibrational mode
between the electrodes. Indeed, the simplest picture for the IETS
experiment is just an electron tunneling through a rectangular
barrier and interacting with a phonon (vibration) at some point.
An electron that loses energy (the only possibility at low

temperature) to the vibrational mode will tunnel the rest of its
way at lower energy, thus with lower tunneling probability.
Therefore, the overall tunneling probability for an electron going
from left to right as compared to the opposite direction should
depend on the position of the vibrational mode in the rectangular
barrier. For example, if the molecule is situated closer to the
left electrode, the left-to-right inelastic tunneling probability at
a given energy is expected to be smaller than the right-to-left
transmission probability at the same energy. It should be
emphasized that the mechanism for asymmetry is specific to
the inelastic part of theI/V signal. This mechanism will remain,
and asymmetry can occur in IETS, even when the elasticI/V
behavior is symmetric.

A theory of vibrational mode intensities in IETS signals was
earlier proposed at the level of a WKB scattering approach by
Kirtley and co-workers1. The influence of the Fermi statistics
in the leads (Pauli principle) on the inelastic process was
disregarded in that work; here, we consider it. Our approach
(though not implemented here) can go beyond the second order
of perturbation theory (golden rule) and also makes it possible
to extend the treatment to take into account the influence of
the electronic subsystem on the phonon dynamics and vice versa
(for detailed discussion see Ref 8).

In the language of quantum mechanics of open systems, the
physics of asymmetry in electron transmission probability
expresses itself through the energy dependence of the corre-
sponding self-energies. As an example, let us consider a single
molecular site represented by a single level coupled to the left
and right (L and R) contacts and to the local phonon. The
Hamiltonian (p ≡ 1) is then

HereE0, εk, ω0, Vk andM are, respectively, the electronic site
energy, the electronic energy levels in the metal (i.e., leads),
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the phonon frequency, the coupling between electrode and
molecular electronic levels, and the vibronic coupling energy.
The operatorsĉ† andd̂k

† create electrons in the molecular level
and in the electrode k-states, whileâ† creates a phonon.

In the lowest order, the lesser and greater self-energies due
to coupling to the phonon are8

Here D0
<,> and G0

<,> are zero-order (in electron-phonon
interaction) Green functions

where (K ) L, R)

and where for simplicity, we have neglected the real part of the
retarded self-energy due to coupling to the contacts as well as
the retarded self-energy due to electron-phonon coupling. Using
eq 3 in eq 2 yields (in the noncrossing approximation7) the
phononic addition to the lesser and greater Green functions

which in turn provides the inelastic current8

The first term in the curly brackets in eq 7 is responsible for
the current atV ) µL - µR > 0, while the second term
contributes atV < 0. This contribution to the current is due to
inelastic scattering, and it goes to zero when there are no
inelastic effects in the junction.9

It is evident from eq 7 that asymmetry in the inelastic current
(as well as in its second derivative) may be caused by the
difference in the energy dependence ofΓL andΓR in the range
between the chemical potentials. Note that the elastic part of
the current, whose integrand is proportional toΓL(E)ΓR(E), is
symmetric in this case. Since the inelastic signal in IETS
experiments is usually much smaller than the elastic contribu-

tion, the asymmetry of eq 7 is most readily observed in the
second derivative of current vs voltage rather than in theI-V
characteristic. Equation 7 yields

in addition to smooth background terms. Here,

whereη is the voltage division factor.10 Below, we setη ) 0.5
so as not to confuse the asymmetry effect under consideration
with the one caused by an asymmetric electrostatic potential
profile across the junction. SinceFph(ω) is highly localized near
ω0, it will determine the voltage dependence of d2I/dV2

according to eq 8. The second derivative will have two peaks
at V ) (ω0, with widths defined byγph. Their heights will be
determined byΓL(EF ( ω0/2)ΓR(EF - ω0/2) at V ) (ω0 so
that different energy dependences of the self-energies indeed
lead to asymmetry of the IETS signal under voltage reversal.

In the spirit of the simple picture of electron tunneling through
a rectangular double-barrier potential, we assume an energy
dependence of the retarded self-energy due to coupling (its
imaginary part) to contacts in the form

Disregarding the possible difference betweenUL and UR, a

Figure 1. d2I/dV2 vs V calculated for the zero-temperature lowest-
order result from eq 7. Same energy dependence for both self-energies,
gap widthsLL ) LR ) 1 Å (a), and STM-like setupLL ) 11 Å, LR )
1 Å (b).
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different dependence on energy ofΓL and ΓR is seen to arise
from different gap widthsLL and LR that exist if the mode
associated with the vibrational energy exchange is not positioned
in the barrier geometric center. Other models for energy
dependence ofΓK, e.g., the Newns-Anderson model,11 will
similarly lead to asymmetric behavior for similar reasons.

In what follows, we demonstrate this behavior in simple
model calculations for a junction characterized by a single
molecular site between the electrodes. d2I/dV2 is obtained
numerically from the functionI(V) calculated using the proce-
dure described in Ref 8. The model parameters areE0 ) 1 eV,
EF ) 0 eV, ω0 ) 0.1 eV,M ) 0.3 eV, andγph ) 0.001 eV.
The parameters that determine self-energy (eq 10) areAK ) 1
eV andUK ) 1 eV (K ) L, R), andLR ) 1 Å, LL is chosen to
be 1 Å for the symmetric case and 11 Å for the asymmetric
(STM-like) setup3. Figure 1 shows the zero-temperature lowest-
order result for d2I/dV2 vs V calculated from eq 7. It is seen
that the STM-like geometry (Figure 1b) indeed gives an asym-
metric IETS signal. It should be emphasized that asymmetry is
predicted not only for STM-like setups, but also for junctions
with overall symmetric structures when the relevant vibrational
modes are not positioned symmetrically between the electrodes.

Figure 2 demonstrates the same effect when the Newns-
Anderson model is used for the contact self-energies

with K ) L, R. We chooseVL
2 ) VR

2 ) 0.25 eV2, WL ) WR )
0.25 eV,ER ) 0 eV, andEL ) 0 eV in the symmetric case

(Figure 2a) andEL ) 0.4 eV in the asymmetric case (Figure
2b). Equation 8 is used in this calculation.

Finally, we investigate trends in the IETS asymmetry as a
function of junction geometry and mode energy. Figure 3a
shows the zero-temperature lowest-order result for ratio of|d2I/
dV2| at V ) +ω0 to V ) -ω0 (ω0 ) 0.1 eV) as a function of
the vibrational mode position in the junction. Equation 7 is used
in calculations. Self-energy is taken in the form of eq 10 with
the parameters of Figure 1. It is seen that stronger asymmetry
in the position of the vibrational mode gives a more asymmetric
IETS signal. Figure 3b shows the same ratio as a function of
vibrational mode frequency forLR ) 1 Å and LL ) 11 Å.
Higher-mode frequency leads to stronger asymmetry because
of a more pronounced energy loss by the electron in the inelastic
tunneling process.

We are not aware of systematic experimental efforts to study
the phenomenon discussed above, but such experiments are
obviously desirable. In a conclusive experiment, one should be
able to associate observable IETS signals with vibrations that
are known to be positioned asymmetrically in the junction and
at the same time to verify that the regular I/V characteristic of
the junction is itself symmetric. Also, it will be useful to be
able to physically invert the molecular positioning in the junction
(rather than to just reverse the potential bias) to distinguish the
effects discussed in the work from possible extraneous small
amplifier effects.

In conclusion, we have demonstrated within a simple model
a possible mechanism for asymmetry in molecular IETS spectra

Figure 2. d2I/dV2 vs V calculated for the zero-temperature lowest-
order result from eq 8, Newns-Anderson model.EL ) ER ) 0 eV (a),
EL ) 0.4 eV, andER ) 0 eV (b).

ΓK(E) ) {V2
K

WK x1 - (E - EK

2WK
)2 |E - EK

2WK
| < 1

0 otherwise

(11)

Figure 3. IETS asymmetry as a function of geometry and mode
frequency. Zero-temperature lowest-order result from eq 7 calculation.
(a) Ratio of|d2I/dV2| at V ) +0.1 V toV ) -0.1 V as function of the
vibrational mode position,LL/(LL + LR). Vibrational mode frequency
is ω0 ) 0.1 eV. (b) Ratio of|d2I/dV2| at V ) +ω0 to V ) -ω0 as a
function of the vibrational mode frequency,ω0. Vibrational mode is
positioned atLL ) 11 Å, LR ) 1 Å.
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under voltage reversal. In contrast to the usual asymmetry of
current-voltage characteristics, explained in terms of an asym-
metric electrostatic potential profile across the junction at volt-
ages of the order of the HOMO-LUMO gap, IETS experiments
are done at much smaller biases. Within our nonequilibrium
Green function approach, different energy dependences of the
retarded self-energy associated with each molecule-contact
coupling are identified as the possible cause of IETS asymmetry.
The effect disappears when this energy dependence is the same,
ΓL(E) ) λΓR(E). Finally, it should be pointed out that while we
have used a simple model to demonstrate the origin of asym-
metry in IETS signals, the NEGF theoretical framework de-
scribed above can be used as a quantitative theoretical tool for
realistic situations and can be extended to higher-order effects
in electron-phonon interaction.
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