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Electron transport properties of molecular junctions with anharmonic double-well potentials
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In the present paper, we investigated the electron transport properties of molecular junctions with anharmonic

vibrations described by double-well potentials in the sequential tunneling regime. It was found that the suppres-
sion of the low-bias current caused by strong electron-vibration couplings under harmonic approximation, i.e.,
the Franck-Condon blockade effect, could be lifted in the case of symmetric double-well potentials. The removal
of the Franck-Condon blockade effect is a result of the distribution of the ground vibrational wave function in
the two wells. Such a feature also enables the Franck-Condon blockade effect to be restored by breaking the
symmetry of the double-well potential. We further demonstrated that the special vibrational transition properties
of asymmetric double-well potentials could enable the effective modulation of the charge transport properties of
such molecular junctions in the Franck-Condon blockade region by inducing population in excited vibrational

levels with external fields such as infrared excitation.
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I. INTRODUCTION

Electron transport properties of molecular junctions have
been extensively studied since the pioneering theoretical de-
sign of a molecular rectifier by Aviram and Ratner [1],
which has led to significant development in the field of
molecular electronics [2-8]. In typical molecular junctions,
a molecule, with size at the nanometer scale, is trapped be-
tween metallic electrodes to serve as the conduction/function
unit in the electric circuit. The charge transport properties of
such tiny circuits are related to many factors including the
molecule-electrode coupling condition, molecular conforma-
tion, electronic distributions of the molecule in the junction,
etc., which have been shown to lead to rich functionali-
ties [5-7,9-13].

The electron-vibration coupling effect, which arises from
the interaction between the electronic and nuclear degrees
of freedom, could also have strong influence on the charge
transport properties of molecular junctions [4,14,15]. Such
an effect is especially prominent in the weak molecule-
electrode coupling limit where the electron transport process
is dominated by incoherent sequential tunneling [15-18].
In the sequential tunneling regime, the tunneling electron
could stay on the molecule for sufficiently long time peri-
ods and, consequently, lead to the charging or discharging
of the molecule [4,15]. As a result, the electron transport
process will lead to vibrational transitions that are determined
by the electron-vibration couplings following the Franck-
Condon (FC) principle [15,16,19]. Previously, the influence of
the electron-vibration coupling effect on the charge transport
properties of weakly coupled molecular junctions was system-
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atically studied based on the displaced harmonic oscillators
approximation [16-18,20]. Interesting transport phenomena
such as FC blockade (FCB), which describes the low-bias cur-
rent suppression effect, has been theoretically predicted [16]
and experimentally verified [19,21,22]. The FCB effect is
caused by strong electron-vibration couplings which is pro-
portional to the displacement between the potential energy
surfaces (PESs) of the two charging states involved in the
transport process [19]. If such displacement is much larger
than the zero-point motion of the molecule, it will cause the
overlap between the corresponding vibrational wave functions
of the low-lying vibrational transitions to be negligible. As
a result, the transition rates for the low-energy vibrational
transitions and, consequently, the low-bias currents, will be
strongly suppressed, which then lead to the FCB effect.
Calculations beyond the harmonic approximation have also
been performed previously with the aim of examining the
anharmonic effect on the transport properties [23-27]. No-
tably, most of these studies are based on Morse or Morse-like
potentials, which are quite reasonable because such poten-
tials are more close to the realistic situations in molecules.
In the present paper, we perform theoretical calculations on
the charge transport properties of molecular junctions with
vibrational potentials described by double well (DW) poten-
tials. Such types of potentials are commonly associated with
intramolecular rotational vibrations and can also be found in
molecules with Jahn-Teller effect [28]. We show that the spe-
cial structure of a symmetric DW potential could significantly
reduce the FCB effect expected in harmonic cases under simi-
lar electron-vibration coupling strengths. Further calculations
show that the FCB effect can be restored by breaking the
symmetry of the two wells. Moreover, we demonstrate that
the unique vibrational transition properties of the asymmetric
DW potentials could be applied as an effective way in the

©2021 American Physical Society
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FIG. 1. (a) A schematic model of the molecular junction con-
sidered in the present paper. (b) Schematic diagram indicating the
electron transport process of the molecular junction in the sequential
tunneling regime. The bias coupling constant « has been set to 0.5.
Symmetric molecule-electrode coupling strengths with y5 = y? =
1.0 ueV has been considered in the calculations. (c) The displaced
double-well potentials that are used to describe the electron-vibration
couplings. The initial state |v;) (blue) and the final state |v,) (red) are
centered at —4§/2 and §/2, respectively. The four dotted vertical lines
are at the position where the potential slope is equal to O.

modulation of the charge transport properties of the junction
by applying appropriate external excitations such as infrared
pumping in the FCB regime.

The rest of the paper is organized as follows. The the-
oretical model for the molecular junction in the sequential
tunneling regime and the calculation method for the charge
transport properties are given in detail in Sec. II. In Sec. III,
we give the calculation results for molecular junctions de-
scribed by both symmetric and asymmetric DW potentials
and make direct comparisons to the more commonly studied
harmonic potentials (HPs). In this section, we also investigate
the possibility to modulate the charge transport property of
molecular junctions described by asymmetric DW potentials
by introducing external excitations that could lead to signif-
icant population in the excited vibrational energy levels. A
summary of results is given in Sec. I'V.

II. THEORETICAL MODEL
AND CALCULATION METHOD

A. Theoretical model

A schematic representation of the molecular junction and
the corresponding electron transport process are shown in
Figs. 1(a) and 1(b), respectively. We assume that the molecule
was weakly coupled to the source (S) and drain (D) electrodes
with sufficiently small molecule-electrode coupling strengths

yS and yP. The electron transport process is dominated by
sequential tunneling for such junctions. By applying a bias
voltage (V;), a potential window can be opened between the
two electrodes, which can then initiate the transport process.
In the following calculations, we have kept the bias coupling
constant « to be 0.5, which leads to a symmetric bias drop on
both electrodes.

As shown in Fig. 1(b), only two charging states v; ( initial
state) and v, (final state) were considered, which is based
on the assumption that only one spin-degenerate energy level
(can only be occupied by 0 or 1 electron) is involved in the
transport process [17,29]. For the sake of simplicity, we have
also assumed that the conducting level is aligned with the
Fermi energy (E) of the electrodes at V, = 0 V. This ensures
the emergence of an electric current flow as soon as a nonzero
bias voltage is applied.

B. Rate equation method

In the sequential tunneling regime, the charge transport
properties of a molecular junction can be described by the
rate equation method [16,17,27,29]. The time evolution of the
occupation probabilities of the molecule in different levels
(P, which satisfies ), P,, = 1) can be written in the matrix
form as

ap R+T)P 1

=R+ TP, o
with R and T being the tunneling rate matrix and a matrix
describing vibrational decays within a given electronic state,
respectively.

The off-diagonal elements of the tunneling rate matrix R,,,,
with m and n belonging to different electronic states, describe
the transition rates between vibrational energy levels and can
be obtained from Fermi’s golden rule [17,30]. If we assume
the two electronic states involved in the transport process as
the initial (Jv;)) and final (Jvy)) states with the latter contain-
ing one more electron, the tunneling rates between a pair of
vibrational energy levels m and n belonging, respectively, to
|v;) and |vy) can be written as [27]

vS y?
Ryn = an?f(es) + an?f(ED),

R = Fon (1 = (& v >
nm — mn? - € ))+an7(l_f(e ))7 (2)

where

S = Ae — eV, P =Ae— (a — 1)eVy,

fle)=1/(1 + kT, A3)

Here f(e) is the Fermi function of the metallic electrodes,
A€ = €5, — €, represents the energy difference between the
two vibrational energy levels. F,,, and F,,, are the FC factors
which are defined as the square of the overlap integral between
the involved vibrational wave functions for the corresponding
vibrational transitions. All of the other off-diagonal elements
of R are zero. The diagonal elements of R can be obtained as

Kk

Ry = — Z Ry )

kK'=1,N
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The relaxation matrix I in Eq. (1) describes the
intraelectronic-state vibrational decays. In principle, the form
of vibrational relaxations can be derived from first principles,
where the relaxation time would be defined by the inverse of
the diagonal element of the corresponding dissipation rates.
The dissipation rates are defined by the strength of the system-
bath coupling and bath spectral properties. For the sake of
simplicity, in the present paper we assume that the molecule
was coupled to a thermal bath consisting of a whole set of
simple reservoir modes and adopt an ad hoc ansatz to describe
the relaxation processes. In this form, only the off-diagonal
matrix elements corresponding to intrastate relaxations and
the diagonal elements will be nonzero. Consider m and n be-
ing two vibrational energy levels in the same electronic state;
the nonzero elements of I' can be calculated as [16,17,27,31]

1 efem/kHT
Do = z (W - 8mn>7 ®)

where 7 is the vibrational relaxation time, and §,,, represents
the Kronecker delta. In the simulations, T has been set to 1 ns,
which gives vibrational relaxations faster than the tunneling
rate between the molecule and the electrodes (~2.4 x 108 s~!
for the considered coupling strength of 1 ueV). With such fast
relaxations, the molecule will relax almost instantaneously to
the thermal equilibrium during the electron transport process.
For such equilibrium transport, the charge transport process
is not expected to be significantly affected by the form of
the vibrational relaxations. It is worthwhile to point out that,
if the vibrational relaxation rates are close to or slower than
the tunneling rates, the form in which the relaxations was
incorporated could have significant influence on the charge
transport process.

By solving the rate equations, the current of the molecular
junction can be calculated by summing up the current flow
through one of the electrodes as [17,27]

I=e) > (PR, — P.RS,). (©6)

mei nef

Here RS represents the contribution of the S electrode to the
tunneling rates.

C. Vibrational potentials

In this paper, we mainly focus on the transport properties
of molecular junctions with electron-vibration couplings de-
scribed by displaced DW potentials. Figure 1(c) illustrates two
displaced DW PESs in such a model. We assume that the two
DW potentials have the same shape and differ with each other
only by a displacement of §. The magnitude of the displace-
ment can be considered as a measure of the electron-vibration
coupling strength, similar to the cases of HPs. We also in-
troduced two parameters w; and w; to describe the width of
each well in the DW potential. £ is a parameter describing the
height difference between the two wells. The inclusion of such
parameters enables us to adjust the symmetry of the DW.

In this paper, three types of DW potentials, symmetric DW
potential (SDWP), asymmetric DW potential with different
well widths (ASDWP,,), and asymmetric DW potential with
different heights (ASDWP},) have been investigated. The PES

of the DW potential was defined as [32,33]

Al:(x—xo)z—u)f]2

)
Vix) = o] )
A=) e=x0y—w? | +Ahwi

7
wy

, X < Xp

(N

X Z Xo,

with xy (xo = £6/2 for the two potentials) and A being the
position and height of the energy barrier between the two
wells. In the numerical simulations, A and w have been set to
0.0046 a.u.(125 meV) and 50 a.u., respectively. These param-
eters were chosen in such a way that we can obtain a pair of
characteristic near-degenerate vibrational energy levels below
the energy barrier. Our test calculations for junctions with
displaced SDWPs that support more than one pair of near-
degenerate energy levels (achieved by increasing the barrier
height A) indicates that the general features for the transport
processes are very similar to those obtained with the applied
parameters (details can be found in the Supplemental Mate-
rial (SM) [34]). It should be mentioned that when electronic
orbital degeneracies are involved, the singular coupling limit
instead of the conventional weak-coupling limit has to be
applied [35]. In the present paper, we considered only a single
electronic orbital in the electron transport process and the en-
ergy (near) degeneracies are only associated with vibrational
levels in the anharmonic potentials where the rate-equation
method could still be applied [24]. It is also worthwhile
to mention that pronounced high order tunneling processes
such as cotunneling-assisted sequential tunneling [36] that
are not included in the method used in the present paper
could become important, especially at the strong electron-
vibration coupling limit. However, as discussed by Leijnse
and Wegewijs [36], such higher order processes are closely
associated with the nonequilibrium vibrational distribution in
the junction and the higher order features are not expected to
play a significant role when the vibrational dissipation is fast,
which is the case in our calculations. The other parameters
were kept adjustable to exam the corresponding influence on
the charge transport properties. As a comparison, the com-
monly studied model of displaced HPs were also included in
the calculations. The two HPs were defined as

Vi(x) = @@ — x0). ®)
wy

The four types of potentials together with the correspond-
ing wave functions for the first five vibrational energy levels
are shown in Fig. 2. Figure 2(a) shows the usual harmonic
case with evenly spaced energy levels. For the SDWP (w; =
wy = 50a.u., A = 0a.u.), as shown in Fig. 2(b), the most im-
portant change is that the first two vibrational levels (0 and
1) are near degenerate with both levels evenly distributed in
the two wells [32,33]. Moreover, the energy spacing between
vibrational energy levels is no longer a constant as for the HP.
Figures 2(c) and 2(d) illustrate the vibrational energy levels
for the two types of asymmetric DW potentials [33,37,38].
It can be found that breaking the symmetry of the two wells
either by changing the width or height of one well can break
the degeneracy of the first two vibrational levels. Moreover,
the wave functions of these two levels are now each located in
one of the wells instead of the even distributions as in the case

of SDWP.
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FIG. 2. Wave functions and corresponding vibrational energy
levels of (a) harmonic potential, (b) symmetric double-well potential,
in which the mauve circle lines represents the second vibrational
energy level for the sake of distinction, (c) asymmetric double well
potential with w, = 0.80w,, h = 0, and (d) asymmetric double-well
potential with w; = w,, h = 0.10.

With the energy levels and corresponding wave functions
in hand, the FC factors for the vibrational transitions of the
displaced PES model can be conveniently obtained, which
thus enables the calculations of the charge transport properties
by using the rate-equation methods described above.

III. RESULTS AND DISCUSSIONS

In this section, we present the calculation results for the
molecular junctions with the DW potentials. First, the charge
transport properties of the molecular junction with electron-
vibrational couplings described by displaced SDWPs are
investigated and compared to that obtained with the HPs.
The effect of breaking the symmetry of the two wells in
the DW potential is then studied. Taking advantage of the
unique vibrational transition properties of the ASDWPs, we
also discuss the possibility of modulating the charge transport
properties of such molecular junctions by applying external
excitations that could lead to significant populations in the
excited vibrational-energy levels.

A. Transport properties of molecular junctions with SDWPs

The charge transport properties of weakly coupled molec-
ular junctions with electron-vibration coupling described
by displaced HPs have been systematically studied previ-
ously [16,20,25,27,39]. Especially, it has been shown that
increasing the strength of the electron-vibration couplings
(which is dependent linearly on the displacement between
the two potentials as A = §4/w/2h) could lead to increased
vibrational fine structures in the current-voltage (I-V) curves.
Moreover, the FCB effect, where low-bias current was
completely suppressed, can take place with strong electron-
vibration couplings [16,39]. Both features can be found in
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FIG. 3. I-V curves calculated at different displacement (§) be-

tween the PESs of the initial and final states. (a) Displaced HPs,

(b) displaced SDWPs. The insert in (b) is an enlarged view at low
bias voltage.

Fig. 3(a), where we have calculated the I-V curves with in-
creasing 6 for the junction described by the displaced HPs. It
can also be found that a clear FCB effect already started to
take place at § = w;.

Figure 3(b) demonstrates the I-V curves for the molecular
junction described by displaced SDWPs. It can be found that
although the low bias current also decreased with the increase
of the displacement between the two PESs, the strong FCB
effect as observed for the HP case was in fact completely
lifted for displacements up to 2.0w;. A detailed analysis of
the I-V curve in the range of —0.5 V to 0.5 V shows that at
such small bias voltages the current first underwent a decrease
with the increase of the displacement to the width of one
well (nevertheless, it did not reach 0). Further increase of the
displacement to 2.0w; can actually recover the conductivity
to be comparable with that obtained with § = 0.5w;. For the
cases with displacement around 2.0w, it appears that the low
bias current for the corresponding molecular junctions have
reached a plateau with height around half of the saturated cur-
rent. Detailed analysis of the I-V curve (see the SM for details)
shows that the low-bias current first underwent a sharp in-
crease to slightly smaller than half of the saturation current as
obtained at § = 0. This rapid increase is caused by transitions
involving the first two nearly degenerate vibrational levels.
Due to the displacement of the PESs, only part of the wave
functions in one of the two wells has significant contributions
to the charge transport process via the overlaps with the wave
functions of the other state, which gives the near half current.
After the sharp increase, the transition to higher vibrational
levels starts to contribute to the transport process through the
small but nonzero vibrational overlaps, which causes the low-
bias current to gradually increase. The current will eventually
reach the saturated current at sufficiently high bias voltage that
allows all of the vibrational transitions that could contribute
to the transport process into the potential window. As can also
be found in Fig. 3(b), further increasing the displacement to
be larger than 2w; again leads to the FCB effect, which is as
expected because the remaining overlaps of the two SDWPs
were further separated in a manner similar to that of the HPs.
However, the calculation result indicates that the FCB effect
might not be as prominent in molecular systems with SDWPs
than those with HPs even when large nuclear rearrangement
can happen upon electronic transitions. There are also other
changes to the I-V characteristics of the SDWPs, especially
the decreased energy spacing between adjacent current steps.
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(b) (e)

FIG. 4. The FC factors for the displaced HPs (a)—(c) and the
displaced SDWPs (d)—(f). The displacement between the PESs has
increased from O to 2.0w, from top to bottom. /; and /; represent the
vibrational levels of the initial and final states, respectively.

The different electron transport behaviors for the molecular
junction with the SDWPs is clearly caused by the special prop-
erties of the vibrational structures of the PES. The reduced
spacing between the current steps is a result of the more com-
pacted energy levels of the SDWPs. The removal of the FCB
effect at displacement up to 2.0w; can be understood by the
changes to the FC factors as shown in Fig. 4, where we have
plotted out the two-dimensional FC matrix for the I; — 1
vibrational transitions. /; and /; represent the vibrational levels
of the initial and final states, respectively. The Z axis (F?)
is the square of FC factors. As can be found in Figs. 4(a) to
4(c), increasing the displacement for the displaced HP model
could strongly suppress the FC factors for the low-lying vibra-
tional transitions. At § = 2.0w;, almost all of the transitions
between the first ten vibrational levels in the two states are
completely suppressed, which is responsible for the strong
FCB effect shown in Fig. 3(a). In contrast, the vibrational
transitions for the SDWPs with the same displacements are
still active, as shown in Figs. 4(d) to 4(f). Especially, the FC
factors for the 0-0 and O-1 transitions still have relatively large
values and remain open for the electron transport. Such differ-
ent effects of increasing the displacement on the FC factors is
attributed to the special distribution of the wave function of the
ground vibrational state for the SDWPs. The even distribution
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FIG. 5. I-V characteristics for the molecular junctions described
by ASDWPs. (a) ASDWP,, with different decreasing widths (w,) to
one well. (b) ASDWP,, with different heights (k) to one well. § has
been set to 2w in (a) and (b). I-V curves obtained with increasing §
for ASDWP,, with w, = 0.80w; and ASDWP,, with 2=0.10 a.u. are
shown in (c) and (d), respectively.

ensures that even with relatively large displacement, the wave
functions of the two electronic states still have significant
overlaps. As a result, the FCB effect was suppressed at rel-
atively large displacements in the displaced SDWP model.
As we mentioned, further increasing the displacement of the
SDWP model will lead to a HP-like decrease to the FC factors
of the low-lying transitions and eventually will again cause
the FCB effect as shown in Fig. 3(b).

B. Transport properties of molecular junctions with ASDWPs

As shown in Fig. 2, breaking the symmetry of the two
wells in SDWPs could affect the vibrational structures of the
resulting PESs. As a result, the removal of the FCB effect
as observed for the molecular junction with SWDPs could
also be affected. To examine such effect, we carried out
calculations with molecular junctions described by ASDWPs
with displacement large enough (§ = 2w;), which can cause
significant FCBs in junctions with HPs [as shown in Fig. 3(a)].
Both two types of ASDWPs, ASDWP,, and ASDW,,, were
considered. The calculated I-V curves for these two types of
ASDWPs with increasing asymmetries are shown in Figs. 5(a)
and 5(b), respectively. It is clear that the current suppression
starts to take place with the increase of the asymmetries of
the PESs in both cases. For the strongly asymmetric cases
of wy, =0.80w; and # = 0.10, the FCB effect was almost
completely restored. We also investigated the influence of
the displacement § on the electron transport properties of the
two types of ASDWPs. The calculation results are shown in
Figs. 5(c) and 5(d), respectively. It can be found that the vari-
ation tendency of I-V curves of both ASDWP,, and ASDWP,,
are similar to that of the junction with HPs shown in Fig. 3(a).

The similarities between the electron transport properties
of the junctions with ASDWPs and HPs can be understood

245411-5
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(a) ASDWP,,, (w; = 0.80w;) (d) ASDWP,, (h = 0.10)

FIG. 6. The FC factors for the displaced ASDWP,, with w, =
0.80w; (a)-(c), and ASDWP,, with 2 = 0.10 a.u. (d)—(f).

from the vibrational wave functions of the ground level in the
ASDWPs. As can be found in Figs. 2(c) and 2(d), breaking
the symmetry of the two wells can break the degeneracy of
the first two levels and, more importantly, make the ground
vibrational level to be confined in one well instead of the
even distribution in the two wells as found for the SDWPs.
At low temperatures such as considered in the present paper,
only the transition from the ground level to the final state will
contribute significantly to the electron transport properties,
which thus leads to the HP-like behaviors. Figure 6 shows the
FC matrix of the two types of ASDWPs with increasing dis-
placements. As can be clearly seen from Figs. 6(b), 6(c), 6(e),
and 6(f), the FC factors for the 0; — [, transitions undergo
similar trends with those of the HPs [Figs. 4(b) and 4(c)] and
were completely suppressed at larger displacements and, thus,
lead to the FCB effect.

C. Influence of external excitation on the transport properties
of molecular junctions with ASDWPs

An interesting feature that can be found from Fig. 6 is
that the FC matrix is in fact quite different from that of the
HPs, except the 0; — [ transitions. Unlike in the case of the
HPs where the FC factors for all the low-lying transitions
are suppressed at large displacement, there are still many
active transitions in the ASDWPs. Especially, a very strong

1072 HP (5 = 1.5wy) (b),  x102 ASDWP, (6= 20wy, h = 0.10)
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FIG. 7. I-V curves of (a) HP in the case of § = 1.5w; (b) ASDWP
in the case of § = 2.0w;, h = 0.10.

1; — Oy transition can be found for the case of § = 2.0w;.
Normally, such transitions will not have large contributions to
the current of the junctions due to the small populations of
the excited vibrational energy levels (normally caused by the
fast vibrational decay rates). However, the special transition
properties indicate that the electron transport property of the
corresponding molecular junction could be affected if such
excited levels become involved in the transport processes. One
possible way to achieve such a goal is to introduce external
excitations such as infrared radiation. To investigate such an
effect, we then performed model calculations by introducing
a constant pumping rate from the ground vibrational level
to the first excited vibrational level for molecular junctions
described both by the HPs and ASDWPs in the interesting
FCB regime.

The simulation results obtained by increasing the pumping
rate from O to be equal to the bare tunneling rate of y are il-
lustrated in Figs. 7(a) and 7(b), respectively. Figures 7(c)-7(f)
show the populations of the first two vibrational levels in each
electronic states of the two types of PESs without [(c) and (d)]
and with [(e) and (f)] external excitations. As can be found
from Fig. 7(a), introducing such an excitation source only has
a minor influence of the I-V curves of the molecular junction
described by the HPs. Such behavior is as expected because
the transitions from the first excited vibrational level are also
strongly suppressed in the FCB regime. As a result, even if the
excited level was populated, as shown in Figs. 7(c) and 7(e),
the electric current will not change at low bias voltages. In
contrast, increasing the pumping rate can lead to significant
enhancement of the low-bias current and the removal of the
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FCB effect. The increased current is a joint result of the
increased population in the excited vibrational energy level
[Figs. 7(d) and 7(f)] and the large transition probability of the
1; — Oy transition. Such interesting results indicate that the
electron transport properties of the molecular junctions with
ASDWPs could be effectively modulated by suitable external
excitations in the FCB regime.

IV. SUMMARY

In this paper, we studied the electron transport properties of
a molecular junction described by DW potentials. It is found
that the FCB effect caused by strong electron-vibration cou-
pling in molecular junctions with HPs would be suppressed in
junctions with SDWPs. Further calculations show that break-
ing the symmetry of the SDWP could restore the FCB effect.
Such interesting transport phenomena are related to the unique
vibrational structures of the DW potentials. In the case of
SDWPs, the low-lying levels have even distributions in the
two wells. Such a special structure ensures that the overlaps of
the wave functions for the low-lying vibrational transitions in
the SDWP cases do not undergo the monochromatic decrease

with the increase of the displacement between the shifted
PESs as experienced by the HP models. As a consequence, the
low-lying transitions still have significant contributions to the
electronic transport process which led to the suppressed FCB
effect. Such a feature is broken in ASDWPs due to the asym-
metry of the two wells, which then leads to the restoration
of the FCB effect. Taking advantage of the unique vibration
transition properties of the ASDWPs, we showed that the
electron transport properties of molecular junctions with such
potentials can be effectively modulated in the FCB regime
by introducing external excitations. The results obtained in
the present paper not only supplied a detailed analysis on
the special transport properties of molecular junctions with
DWPs, but also offered a viable way to control the transport
properties of molecular junctions, which could be helpful for
the design of functional molecular devices.
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