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The linear conductance of a molecular conductor oscillating between two metallic leads is investigated
numerically both for Hubbard interacting and noninteracting electrons. The molecule-leads tunneling
barriers depend on the molecule displacement from its equilibrium position. The results present an
interesting interference which leads to a conductance dip at the electron-hole symmetry point that could be
experimentally observable. It is shown that this dip is caused by the destructive interference between the
purely electronic and phonon-assisted tunneling channels, which are found to carry opposite phases.
When an internal vibrational mode is also active, the electron-hole symmetry is broken but a Fano-like
interference is still observed.
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Molecular electronics has received much attention in the
past decade, particularly since it became possible to fabricate devices in which the active element is a single
molecule [1,2]. A fundamental property of molecular conductors is their discrete electronic spectrum. Although the
weak coupling of the molecule to the two metallic electrodes leads to the broadening of the molecular energy
levels, their discrete nature is maintained. Because of the
small size of these molecules, electronic correlations are
dominant and they lead to interesting many-body effects,
such as the Coulomb blockade and Kondo resonance [3].
These effects have been observed experimentally in molecular conductors [4] and other nanostructures [5].
Another interesting property of molecules is their flexible
nature. They have an intrinsic spectrum of internal vibrational modes and, when coupled to the electrodes, some
molecules acquire external vibrational modes as well. The
excitation of one or more of these modes modulates the
electronic energy levels and tunneling barriers between the
molecule and the electrodes or between different parts of
the molecule, thus changing the molecular transport properties. These vibrational effects have been observed in a
number of recent experiments [6,7] and have been the
subject of considerable theoretical investigation [8].
In this work, we study the zero bias conductance of a
molecular conductor model with one relevant electronic
energy level, both with interacting and noninteracting electrons. The molecule is allowed to oscillate between the two
electrodes. This center-of-mass (c.m.) vibrational mode is
treated quantum mechanically and leads to an asymmetric
modulation of the molecule-leads tunneling barriers. The
vibrational excitation is also coupled to the charge on the
molecule. This is due to the fact that the chemical bonds
inside the molecule and the molecule-electrode bonds
depend in general on the molecule’s charge. The results
show an interesting and unexpected conductance cancellation when an odd number of electrons occupy the mole0031-9007=05=95(25)=256807(4)$23.00

cule. It is discussed below that this cancellation is due to
the destructive interference between the purely electronic
and phonon-assisted tunneling channels, which are found
to carry opposite phases [9]. In this case both channels are
elastic. The phonons are virtual, not thermal.
Figure 1 schematically depicts the system analyzed in
this work. The molecule can oscillate between the source
and drain electrodes, thus modulating the tunneling barriers. In our calculations, this modulation and the electronvibration coupling are expanded up to the linear term
[10,11]. The electronic part of the system is modeled using
the Anderson impurity Hamiltonian. The total Hamiltonian
can be written as H^  H^ M  H^ leads  H^ Mleads , where H^ M
is the Hamiltonian of the molecule,
H^ M  Vg n^ d  Un^ d" n^ d#  1  n^ d a  ay   !0 ay a:
(1)
The first term represents the energy of the relevant molecular orbital controlled by the gate voltage, the second
term represents the Coulomb repulsion between the electrons occupying the molecular orbital, the third term couples the vibrational excitation to the net charge on the
molecule (ay and a are the phonon operators), and the
fourth term represents the vibrational energy. H^ leads describes the two leads modeled here as semi-infinite ideal
P
chains, H^ leads  t i cyli cli1  cyri cri1  H:c:,
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FIG. 1 (color online). A schematic of the system studied in this
Letter. The molecule can oscillate between the two leads, thus
modulating the tunneling barriers.
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where dy

creates an electron with spin  in the molecule, t0
is the hopping parameter between the molecule and the first
site of each lead, and  is a parameter that carries the
dependence of t0 on the molecule displacement from its
equilibrium position x^ (note the opposite signs in this
dependence for the two leads). This displacement can be
written in terms of the phonon operators as x^  a  ay .
The total Hamiltonian is invariant under the particle hole
and (a ! a) transformation. In the results shown, unless
otherwise stated the following set of parameters was used:
U  1:0; t0  0:2; !0  0:2 ,while  and  were varied
[12]. The value of !0 was fixed since its increase or
decrease would simply produce the opposite effect of increasing or decreasing  and/or .
Using the Keldysh formalism [13], the zero bias and
zero temperature conductance can be written as G 
2e2 2
2
2
h jt Glr F j F  , where Glr is the Green function
that propagates an electron from the left to the right lead
and F  is the density of states in the leads at the Fermi
level. Note that at zero bias only elastic processes can be
observed. The Green functions are calculated using exact
diagonalization supplemented by a Dyson equation embedding procedure (ED  DE) [14].
It is useful to start by studying briefly the model when
the tunnel barriers do not depend on the vibrational excitation   0. This was previously studied using numerical renormalization group (NRG) techniques [15]. In
this case, the model can be mapped into an effective elec~
tronic Hamiltonian with renormalized parameters [U
2
2
2
0
0
~
~
U  2 =!0 , V g  Vg   =!0 , and t / t exp 2!2 ]
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FIG. 2 (color online). (a) NRG and (b) ED  DE results for G
as a function of Vg in the Kondo regime for   0 and increasing  (=!0  0:0, 0.4, 0.8, and 1.2).

  0, a conductance dip is obtained when an odd number
of electrons occupy the molecule. Figure 3(b) provides the
average occupation hnd i of the molecular orbital where it
can be clearly seen that the charging behavior is almost the
same in both cases. Note that for   0, the usual Friedel
2
sum rule [17] G  2eh sin2 2 hnd i is not satisfied and this
can be an indication of a non-Fermi liquid behavior.
Figure 3(c) shows the conductance in the absence of
Coulomb repulsion U  0: the same effect is obtained
as for the case   0. The conductance cancellation does
not depend on the electron-electron interaction, which
agrees with the qualitative explanation presented below.
Figure 4 shows G as a function of Vg for different values
of . The dip becomes more pronounced as  increases,
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[15,16]. Figures 2(a) and 2(b) show the results in the
interacting electrons case obtained using ED  DE and
NRG, respectively. For weak electron-phonon coupling,
the standard Kondo resonance is obtained with renormalized parameters. For strong electron-phonon coupling, the
‘‘charge Kondo effect’’ is obtained. Note that the results
obtained using ED  DE are very similar to the NRG
results, clearly capturing the essence of the problem.
Since NRG methods cannot be applied to the c.m. oscillations studied here, and ED  DE appears equally accurate, the results presented below were obtained using this
last technique.
Figure 3 contains the main results of this work.
Figure 3(a) shows the conductance in the interacting electrons’ case. For   0, the conductance simply shows a
Kondo resonance peak with reduced width. However, when
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where cyli (cyri ) creates an electron with spin  at site i in
the left (right) lead. t is the hopping amplitude in the leads
and the energy scale t  1. H^ Mleads connects the molecule to the leads,
X
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FIG. 3 (color online). (a) G vs Vg in the Kondo regime for  
0 (solid line) and   0:4 (dashed line),   0:2 in both cases.
In the first case, the usual Kondo peak is obtained. In the second
case, a conductance dip is obtained. (b) Average occupation for
the same set of parameters. Note that the charging behavior is
almost the same in both cases. (c) G vs Vg in the absence of
Coulomb repulsion (U  0), for   0 (solid line) and   0:4
(dashed line),   0:1 in both cases. The dip is also obtained in
this case; thus the physical mechanism behind this effect does
not depend on the electron-electron interaction.
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FIG. 4 (color online). G as a function of Vg in the Kondo
regime for   0:4 and   0:15, 0.20, and 0.25 (dashed, dotted,
and solid lines, respectively). The dip becomes more pronounced
as  increases. The inset shows the convergence of the results
with the maximum number of phonons (Nph ). Note that the
qualitative effect of the conductance cancellation is preserved
all the way down to Nph  1.

i.e., as the average number of phonons in the ground state
increases. The inset shows the results obtained by truncating the phonon Hilbert space at a different maximum
number of phonons (Nph ). In all the calculations, Nph 
7 was used unless stated otherwise. The qualitative effect
of conductance cancellation is obtained all the way down
to Nph  1, allowing us to study larger clusters and reduce
size effects to intuitively understand the origin of the dip.
In Fig. 5, an explanation of the conductance dip is
presented. The reasoning starts by noting that H^ Mleads in
Eq. (2) can be rewritten as a sum of two channels contributing to the overall molecule-leads connection. The first
P
term, t0  dy cl0  dy cr0  H:c:, represents the purely
electronic tunneling between the molecule and the two
P
electrodes. The second term, t0 a  ay   dy cr0 
dy cl0  H:c:, represents a phonon-assisted tunneling
channel, i.e., the electron absorbs (emits) a phonon upon
entering the molecule and then emits (absorbs) a phonon
upon leaving. Note that both channels are coherent and
elastic. The number of phonons in the system does not
change. Figure 5(a) shows a schematic of the two channels.
These channels were studied separately by keeping only
the relevant term in H^ Mleads . The conductance and the
phase carried by each channel were calculated. Figure 5(b)
shows the conductance of the separate channels.
Figure 5(c) contains the conductance when both channels
are active, i.e., when both terms are included in H^ Mleads .
Figure 5(d) shows the phase difference between the two
channels. Note that for Vg  U=2, the conductance of
each of the channels is 2e2 =h and the phase difference is ,
leading to a perfect cancellation in the overall conductance
[9]. This interference effect is independent of the electronelectron interaction and, thus, the cancellation should still
be present for U  0 as already shown.
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FIG. 5 (color online). (a) A schematic representation of the
two conductance channels, the purely electronic tunneling represented by the two upper arrows and the ‘‘phonon-assisted
tunneling’’ channel represented by the two lower arrows.
(b) Partial conductance when only one of the channels is active.
The dotted line shows the conductance of the first channel GE ,
while the dashed line shows the conductance of the second
channel GI . (c) G when both channels are active. (d) Phase
difference  of the two channels. Note that for Vg  U=2,
   and GE  GI  2e2 =h, thus leading to a perfect cancellation in the overall conductance. (  0:2,   0:4.)

The stability of the dip is tested by adding an internal
vibrational mode which leads to the symmetric modulation
of the tunnel barriers to the leads (breathing mode). To
account for this mode, the following terms were added to
the Hamiltonian: H^ 0  0 1  n^ d b  by   !00 by b 
P
t0 0 b  by   dy cl0  dy cr0  H:c:, where the first
term represents the electron-phonon coupling, the second
term represents the breathing vibrational energy, and the
third term represents the subsequent modulation of the
tunnel barriers. The results are shown in Fig. 6. When
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FIG. 6 (color online). The solid line shows G when a breathing
vibrational mode is active (no c.m. motion). The particle-hole
symmetry is broken as expected and no conductance dip is
obtained. The dashed line shows G when both breathing and
c.m. vibrational modes are active. The combined effects of the
two modes lead to a Fano-like interference. The breathing mode
parameters used are 0  0:2, !00  0:3, and 0  0:3.
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cancellation would best be observed on a broad conductance peak such as the Kondo peak, which is broader than
the resonant tunneling peak.
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FIG. 7 (color online). (a) Convergence of G with the size of
the exactly solved cluster L. The solid line, dashed line, and the
circles show the results obtained using L  3, 7, and 11, respectively. In the three cases, Nph  3 was used. (b) The real and
(c) imaginary parts of the isolated cluster Green function glr that
propagates an electron from the left to the right ends of the
cluster (L  3 and Vg  U=2). Note that both parts are equal
to zero at the Fermi level (located at !  0:0). Thus, the origin
of the conductance dip can be traced back to the exactly solved
cluster.   0:2 and   0:4 in the three figures.

only the internal mode is active (solid line), the electronhole symmetry is broken but no dip is observed. This
agrees with previous results [18] obtained using NRG
calculations. In the case where both vibrational modes
are active (dashed line), the dip appears. The combined
effect of conductance cancellation and electron-hole asymmetry leads to a Fano-like interference.
The finite-size effects on the results are shown in
Fig. 7(a), where the convergence of the conductance with
the size of the exactly solved cluster is presented. Note that
increasing the cluster does not change the qualitative effect
of the conductance dip. Moreover, the origin of the conductance dip can be traced back to the exactly solved cluster by studying the Green functions before the embedding
process. Figures 7(b) and 7(c) show the real and imaginary
parts of the Green function glr that propagates an electron
from the left to the right end of the cluster for   0 and
Vg  U=2. Both parts are zero at the Fermi level ! 
0. For   0 (not shown here), glr has a pole at the Fermi
level and the system is perfectly conducting. When  is
turned on, the pole splits into two, one below and one
above the Fermi level thus causing the zero conductance.
In conclusion, the zero temperature electron transport
through a molecular conductor with center-of-mass motion
was studied numerically for interacting and noninteracting
electrons. The results present an interesting conductance
dip when an odd number of electrons occupy the molecule.
It is argued that this dip is caused by the destructive
interference between the purely electronic and phononassisted tunneling channels, which were found to carry
opposite phases. When an internal vibrational mode is
also active, the particle-hole symmetry is broken but a
Fano-like interference is still obtained. The conductance
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