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ABSTRACT: Quantum interference in cross-conjugated molecules can
be utilized to construct molecular quantum interference effect transistors.
However, whether its application can be achieved depends on the
survivability of the quantum interference under real conditions such as
nuclear vibration. We use two simulation methods to investigate the
effects of nuclear vibration on quantum interference in a meta-linked
benzene system. The simulation results suggest that the quantum
interference is robust against nuclear vibration not only in the steady state
but also in its transient dynamics, and thus the molecular quantum
interference effect transistors can be realized.

As the size of metal oxide semiconductor field effect
transistors (MOSFET) inches toward the physical limits,

the emerging quantum effect causes trouble in the circuits
design with traditional silicon-based semiconductors. To
overcome this challenge, scientists brought up the idea of
using single molecules1,2 as electronic devices and have made
great efforts in both experimental and theoretical research. The
breakthroughs in scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) facilitate relevant research
activities and provide insight into the transport properties of
the molecular devices when combined with mechanically
controllable break junction (MCBJ) techniques.3,4 In theoreti-
cal studies, the success in nonequilibrium Green’s Function
(NEGF) techniques and density functional theory (DFT)
offers scientist powerful tools for simulating charge transport
through molecular junctions.5 Molecular electronic devices with
unique functions or operating mechanisms are also explored
widely,6−9 among which certain types of molecular structures
have attracted considerable attention from many research
groups.10−18 In these structures, multiple charge-transport
pathways are created by utilizing π-conjugated rings in
molecular junctions. When the pathways are equal, interference
manifests itself in a constructive way and facilitates charge
transport, for example, para-linked benzene. If the phase
difference between the pathways is equal to π, then destructive
interference occurs, which forbids the electrons from passing
through, as exemplified by meta-linked benzene or other cross-
conjugated molecules. The low transmissions caused by phase
cancellation near the Fermi level are well understood.19 Time-
dependent simulations suggest that it requires time for the
electrons from the two paths to reach the electrode where

measurement takes place and the role of quantum interference
(QI) is observed.20 For more complicated molecules, a simple
graphical scheme is proposed to predict the existence of QI-
induced transmission cancellation.10 Theoretical studies on the
conductance of benzene-based molecular devices and extended
structures suggest that QI can be utilized to construct molecular
quantum interference effect transistor (QuIET), in which the
conductance of the molecular device is modulated by
introducing decoherence or elastic scattering.21 Other
researchers tried to control anthraquinone-based molecular
switches through electrochemical reaction or electric field.22−24

Although molecular electronics have great potentials, several
problems have to be tackled before practical application, such as
mass production of single molecular devices, reproducibility of
the electrical contacts, and the conductance measurements.25,26

Great efforts made to solve these problems have resulted in
much progress.27−29 However, one issue has not been
addressed very clearly, namely, the influence from nuclear
vibration on electronics. In the presence of phonons, the
dephasing caused by inelastic scattering may intervene with the
coherent electron transport process and reduce the effective-
ness of the QuIET. Although the influence of the electron−
phonon interactions (EPIs) on quantum electron transport has
been evaluated in previous works,30−32 few were concerned
about the robustness of QI in molecular junctions against

Received: August 22, 2017
Accepted: October 4, 2017
Published: October 4, 2017

Letter

pubs.acs.org/JPCL

© 2017 American Chemical Society 5166 DOI: 10.1021/acs.jpclett.7b02214
J. Phys. Chem. Lett. 2017, 8, 5166−5170

Cite This: J. Phys. Chem. Lett. 2017, 8, 5166-5170

pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.7b02214
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.7b02214
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.7b02214
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.7b02214


nuclear vibration.33,34 The effect of EPI on QI is yet to be
clarified.
To answer this question in this manuscript, Ehrenfest

molecular dynamics (EhMD)35 is carried out on a benzene
molecule with electrodes attached to meta-positions, and the
vibrational effect on the current is examined. The simulation
results are compared and confirmed by another method in
which the nuclear vibrations are accounted for by introducing a
self-energy in NEGF formalism.36−40 Among the two methods,
the Ehrenfest molecular dynamics describes the nuclear
motions explicitly and therefore is more intuitive. The self-
energy treatment of the electron−phonon interaction, on the
contrary, has the advantage of solving both the electrons and
the nuclei quantum mechanically and therefore is expected to
be more accurate. Details of the two methods can be found in
the Supporting Information.
Figure 1 shows the schematic diagram of the system being

investigated. A benzene molecule is attached to two electrodes

made of semi-infinite extended alkene chain of equal bond
length through meta-positions. The electrode is chosen so that
the influence of σ tunneling that weakens the destructive
interference can be excluded.41 10 atoms in the benzene ring
colored in red or black are set to be movable, which is a
reasonable simplification because it covers the two complete
paths needed for the destructive QI. To obtain a reliable result,
260 EhMD calculations are carried out independently with
initial velocities set randomly following the Maxwell distribu-
tion at 300 K. Bias voltage is applied exponentially with respect
to time with an amplitude of 0.1 V, that is, V(t) = 0.1 V(1 −
e−t/a), where the time constant a is set to 0.5 fs. Wide-band
limit approximation is adopted to account for the self-energies
due to the electrodes.
In all 260 EhMD trajectories, an overshoot of the current can

be observed in the first few femtoseconds. After that, the
current fluctuates around a certain value due to the nuclear
motion. The red solid line in Figure 2a shows the time-
dependent current in a typical EhMD trajectory. The maximum
amplitude of the oscillations after the overshoot is ∼140 nA,
which is a fairly large value compared with the steady-state
current without nuclear motion (∼1.2 nA). Picking the
coordinates of the nuclei frame by frame from the above-
mentioned EhMD trajectory and fixing them for steady-state
calculations, we obtain the currents in the adiabatic limit. The
results are plotted as the blue dotted line in Figure 2a, with its
magnification shown in the inset. It is found that the steady
-state currents are always quite small (<3.5 nA), revealing the
robustness of the QI against static distortions. The results can

be understood by a simple Hückel model in which the hopping
values are approximately proportional to the overlaps of
adjacent orbitals. When bonds in the benzene ring are distorted
or broken, in many cases, new cross-conjugated structures are
created and the electron transport is still inhibited. In other
cases, it is not until the hoppings are tuned to below 1/10 of
their original values that the destructive QI is effectively
suppressed. Such extent of distortions is almost impossible in
realistic situations. Therefore, the large deviation between the
EhMD and the frame-by-frame steady-state results can only be
attributed to the time-dependent effects of the nuclear motions
rather than the static geometric changes.
To evaluate the influence of the nuclear vibration on steady-

state current, we now focus on the time period after the
overshoot. In the reference system with nuclei being fixed at the
optimized configuration, the average of the current was taken
over the time period of 20−90 fs and gives a result of 1.0 nA.
The same procedure was repeated for each of the 260 EhMD
current trajectories. The 260 average currents have a mean
value of 1.6 nA, which, when compared with the steady-state
current of the fixed nuclei dynamics, has only a small difference.
This difference was further confirmed to be insignificant by a
statistical analysis. First, a bootstrap method was employed to
investigate the reliability of the mean value. An ensemble of
100 000 Monte Carlo resampling gives an estimated standard
error of 0.59 nA, which agrees well with the 0.6 nA difference. A
closer look at the 260 average currents reveals further trends. In
Figure 2b, the raw data were binned into 20 sections to
generate a histogram that approximates a normal distribution
with a coefficient of determination (R2) of 0.944. The standard
error under the normal distribution assumption is 0.59 nA.
Therefore, the conclusion can be made that the destructive QI
in meta-linked benzene system is robust against the nuclear
vibration.

Figure 1. System being investigated is a benzene molecule attached to
two semi-infinite extended alkene chains through meta-positions.
When the nuclei are fixed, the phase difference between the two paths
equals π. The resulting destructive interference prevents the electrons
from passing through the molecular junction. In simulations for
examining the effect of nuclear vibration, 10 atoms in the benzene ring
colored in red or black are set to be movable. The bias voltage across
the device region is 0.1 V.

Figure 2. EhMD simulation results of the meta-linked benzene system.
(a) The red line is the time-dependent current obtained from a typical
EhMD trajectory; the blue dotted line represents the current from
frame-by-frame steady-state calculations with fixed nuclei whose
coordinates are picked from the trajectory mentioned above. The
inset figure shows the same blue dotted line magnified. (b) For each of
the 260 EhMD current trajectories, the average is taken over the time
period of 20−90 fs. After that, the 260 average values of the current are
binned into 20 sections to generate a histogram that approximates a
normal distribution.
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To verify our findings, we carry out simulations on the same
structure but with a different method to account for the nuclear
vibration, that is, quantum mechanically describe the influence
of nuclear vibration on electrons by introducing the self-energy
due to EPI. As in EhMD simulations, phonon modes are
confined to the 10 atoms in the benzene ring for simplicity.
Instead of only considering a free molecule as in works done by
other groups,34 here the phonon modes are obtained by solving
an extended system containing very long electrodes. The EPI
coupling matrices are evaluated through the derivatives of the
Fock and overlap matrices with respect to the normal
coordinates.42 All phonon modes are included in our numerical
calculations except the one with the lowest frequency, whose
characteristic motion time is much longer than that of the
electrons and therefore does not affect the transport process of
the latter.43 Actually, in time-dependent simulations where the
nuclear motions are restricted to the lowest frequency mode, it
is found that the influence of this mode on current is negligible.
For time-dependent simulations with phonon self-energy, the
bias voltage applied is the same as in previous EhMD
simulations. Temperature is set to 300 K for both the electrons
in the electrodes and the phonons in the device region.
For steady-state calculations, the phonon self-energy is

included at two levels with different accuracy of approximation.
Self-consistent Born approximation (SCBA) is an approach that
includes the effect of nuclear vibration as self-consistently
evaluated self-energies and hence is more accurate. However, it
is also more computationally expensive. To reduce the cost, the
SCBA self-energy can be approximated by its lowest order
expansion (LOE) with respect to coupling strength.39

Comparison of the currents between different approaches
suggests that LOE is good enough for the system of interest.
For self-energies due to the electrodes, we adopt the wide-
band-limit (WBL) approximation, which assumes that the line
width function of the electrode does not change with energy.
Steady-state calculations beyond the WBL approximation are
also carried out for comparison. In all situations, we confirm
that the influence of the nuclear vibration on steady-state
current is insignificant. For example, the inclusion of the LOE-
type phonon self-energy only slightly enhance the steady
current from 1.2 to 2.8 nA. For reference, under the same bias
voltage, the steady-state current of the para-linked benzene
system is 6400 nA. This conclusion is consistent with ref 34, in
which similar results are given by calculations on model system
at SCBA level as well as on real system at LOE level. It should
be pointed out that destructive interference manifest itself as a
transmission dip in the energy gap of the extended π system.
Higher bias voltage may get channels far away from the dip
involved in the electron transport and weaken the phase
cancellation. To prevent this from happening, the bias voltage
should be confined to a reasonably low value. Detailed
information can be found in the Supporting Information, in
which we show that the current of meta-linked benzene system
is still three orders of magnitude smaller than that of the para-
linked case when bias voltage is raised to 0.5 V.
Figure 3a shows the comparison of the time-dependent

currents between the self-energy method (red dotted line) and
a typical trajectory from previous EhMD calculations (green
line). During the first few femtoseconds, a big surge of the
current driven by the bias voltage can be observed in both
cases. The overall patterns of the time-dependent currents are
quite similar, with only minor difference in their maximum
values. After that, the current in the self-energy method reaches

its steady state of 2.8 nA in tens of femtoseconds, while it keeps
oscillating in the EhMD trajectory. This deviation is caused by
the explicit inclusion of nuclear motion in EhMD and the fact
that the current in self-energy method is an averaged
expectation value. As shown in Figure 2 previously, when
statistics are considered, the averaged current of all EhMD
trajectories is 1.6 nA, which is still a quite small value compared
with the constructive QI case. More interestingly, the times for
the currents to reach their maximum values in the two methods
are almost the same (∼1.3 fs). This is very crucial for the
dynamics of the meta-linked benzene system, because it
represents the time for charge carriers to travel at the Fermi
velocity from the converging point of the two paths to the
electrode where measurement takes place.20 The consistency
between the two methods in both steady state and transient
dynamics verifies the reliability of our findings in EhMD
simulations. Further comparison between the time-dependent
current with self-energy of EPI and the one in which the nuclei
are fixed shows that the two curves are aligned perfectly with
each other, as shown in Figure 3b. The oscillations of currents
do not even show any observable phase difference. Therefore,
the conclusion can be made that the dynamical features of the
QI in meta-linked benzene system are not affected by nuclear
vibration either. This will be of great importance in the
development of future QuIETs.
In summary, we use two simulation methods to evaluate the

influence of nuclear vibration on electron transport through a
meta-linked benzene junction. The results suggest that the
destructive QI can still effectively inhibit the electric current in
the presence of nuclear vibration at room temperature.
Moreover, time-dependent simulations show that QI not only
survives the nuclear vibration at steady state but also affects its
transient dynamics little. Through exploring the robustness of

Figure 3. (a) Comparison of the time-dependent currents between the
phonon self-energy method (red dotted line) and a typical trajectory
from previous EhMD calculations (green line). (b) Time-dependent
current through the electrode of the meta-linked benzene system with
and without phonon self-energy. The red dotted line represents the
current with phonon self-energy, and the green line is the result
obtained from calculations with fixed nuclei.
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QI against nuclear vibration, we demonstrate the practicability
of QuIETs.
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