The Role of Charge Localization in Current-Driven Dynamics
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Abstract. We explore the role of charge localization in current-triggered, resonance-mediated, dynamical events in molecular junctions. To that end we use a sim+
–
ple model for a molecular rattle, a Li C9H 9 zwitterion attached between two metal
clusters. By varying the size of the metal clusters we systematically vary the degree
of delocalization of the electronic orbitals underlying the resonant current, and thus
can draw general conclusions regarding the effect of delocalization on dynamical
processes induced by resonance inelastic current in molecular electronics.
In the small cluster limit, we find interesting quantum dynamics in the nuclear
subspace, corresponding to coherent tunneling of the wave packet through the barrier of an asymmetric double-well potential. These dynamics are rapidly damped
with increasing charge delocalization in extended systems.

Introduction

The fundamental and technological implications of synthesizing electronic devices at the molecular scale have
been inspiring progress in molecular electronics for over
a decade. Armed with great ambitions and ingenuity, researchers have made advances towards fabricating fewto single-molecule junctions using a variety of means
such as electromigration techniques,1–4 break junction
methods,5–8 and scanning probe microscopies.9–14 Theoretical progress has been equally intense, with efforts to
understand the basic parameters that dictate molecular
conductivity, including the terminal group tethering the
molecule to the electrode,15–17 the electronic structure of
the molecular backbone,18,19 and the nature of the bond
between the molecule and the electrode surface.20–25
While these efforts have focused on understanding
the static conductivity of the molecular moiety, the importance of current-driven dynamical events has also
been recently demonstrated.1,26–31 Coupling between the
electronic states of the molecule and the continua of
states present in the electrodes results in the formation
of electronic resonances characterized by a finite lifetime and an energy shift. Provided that these resonance
states are energetically close to the Fermi level, they can
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provide a pathway for current transmission at low bias
voltages and contribute to inelastic transport. The possibility of resonant tunneling current inducing large amplitude molecular dynamics, spanning the range from
vibrational excitation to bond breaking and chemical
reaction, has recently been elucidated in several experimental27,30,32–36 and theoretical37–46 studies. In particular,
refs 37–39 illustrate the concept of current-driven molecular machines through the examples of a nano-oscillator 37,38 and a unidirectional molecular rotor,39 whereas
refs 32 and 33 demonstrate current-driven single-molecule surface chemistry in the STM-environment.
The inelasticity of resonance-mediated transport
is governed by the lifetime of the resonance state as
well as the deviation of the resonance state potential
energy surface from the neutral surface morphology. In
the context of molecular electronics, molecule-derived
resonances typically correspond to anionic (electron
conduction) or cationic (hole conduction) states, and
therefore the resonance transport event is described
in terms of charge trapping around the molecule. The
temporary presence of an additional charge modifies the
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potential energy surface experienced by the nuclei, and
the molecule finds itself in an excited configuration on
the charged surface. As a result, the nuclear subsystem
evolves in time on the resonance surface while continuously decaying to the neutral state, subject to the finite
lifetime of the electronic resonance. Qualitatively, the
probability of molecular excitation therefore depends on
competition between the rate of decay of the electronic
resonance state and the timescale of induced motion
the molecule experiences in the excited potential energy surface. Provided large equilibrium displacements
between the neutral and resonant state surfaces, the
resulting dynamics can lead to substantial excitation of
molecular motion.
While the lifetime and equilibrium displacement
of the resonance state are, in principle, unrelated, the
nature of the chemical systems involved implies that
in practice a correlation between the two attributes is
generally expected. In systems where the electrode–
molecule coupling is weak, the lifetimes are long and
the electronic orbitals are typically spatially localized.
In such systems one expects rearrangement of the molecular backbone in the course of the transient charging
event, translating into large equilibrium displacement of
the resonance with respect to the initial state and consequently a substantial probability for energy transfer to
the molecule. At the opposite extreme, where the coupling of the molecular moiety to the electrodes is strong,
the resonance lifetime is expected to be small and the
electronic orbitals are generally delocalized across the
system, giving rise to small equilibria displacements. In
such instances, we expect current-driven dynamics to
be minimal. These qualitative arguments suggest that a
correlation between the interface interaction and the observed dynamics can be identified based on the degree
of charge localization in the junction.
In what follows we provide a direct study of the effect of charge localization in a simple model system,
which exemplifies the basic principles of current-induced dynamics and, in addition, offers rich quantum effects and interesting potential. Specifically, we examine
+
–
a molecular rattle, consisting of a Li C9H  9 zwitterion47
contacted to two Al reservoirs. We begin in the second
section by making use of ab initio electronic structure
calculations to construct potential energy curves for a
series of systems with varying degrees of charge localization on a molecular moiety. The resulting wave
packet dynamics are presented and their quantum nature
is explored in the third section. In the final section we
discuss the connection between the degree of localization of the electronic orbitals in energy and coordinate
spaces, the contact interaction, and the current-driven
dynamics.
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Electronic Structure

We consider the model system shown in Fig. 1, which
consists of a lithium ion attached to a nine-member
carbon ring ion placed between two Al clusters. This
model system was selected based on the anticipation of
interesting dynamics for the lithium atom as it is driven
by the current to tunnel from one side of the carbon ring
to the other. In order to investigate the charge localization effects in this junction, we systematically vary the
size of the metal clusters to develop a series of models
wherein the electronic orbitals are increasingly delocalized. In each case, the initial structure is optimized and
single point energies are calculated for the neutral and
negatively charged states while varying the vertical distance of the lithium atom from the center of the carbon
ring. We use Density Functional Theory (DFT) with a
LANL2DZ basis set48 and the B3LYP exchange-correlation functional.57 The calculations were done using
Q-CHEM V2.0.50
The resulting potential curves for the four different
cluster sizes are shown in Fig. 2. The presence of a gate
voltage is taken into account by adding a linear potential
perpendicular to the ring plane as indicated by triangles
in Fig. 2. For symmetric molecule+clusters junctions,
one expects a symmetric double-well potential energy
curve, where the two minima correspond to the equilibrium position of the Li above and below the plane of the
carbon ring, and the barrier corresponds to the symmetric configuration, where the Li atom is in the center of
the ring. Such symmetric junctions are obtained through
energy minimization in the cases of one, three, and four
atom clusters, and the corresponding symmetric double-

Fig. 1. Illustration of the model system considered, which con+
–
sists of a Li C9H 9 zwitterion attached between two Al clusters
of varying size. Inelastic resonant current gives rise to a rattle
motion, where the Li is threaded back and forth through the
carbon ring. For 1-Al, 3-Al, and 4-Al atom clusters the equilibrium configuration is symmetric, whereas for 2-Al clusters
it is asymmetric.
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Fig. 2. Potential energy curves for motion of the lithium atom
along the axis perpendicular to the plane of the carbon ring
(See Fig. 1) for the neutral (solid curve) and ionic (dashed
curve) states. The size of the cluster corresponding to each set
of curves is indicated by roman numerals. The curves consisting of small triangles denote the molecular potentials with the
application of a 0.25 V gate potential.

well curves are shown in Fig. 2(I), (III), and (IV). In the
neutral state, the barrier to tunneling between the two
minima is ca. 0.7 eV, and the Li ion is localized above
and below the plane with vanishingly small tunneling
probability. In the charged state, the excess electron
localizes partially on the carbon ring, causing an additional repulsion between the atom and the ring and
hence larger equilibrium distances of the lithium atom
from the ring plane. It is the equilibrium displacement
of the resonant, with respect to the initial, state that leads
to large amplitude vibration of the Li–ring coordinate
in the neutral state subsequent to electronic relaxation
of the transient ionic state. This vibrational excitation
results in facile tunneling between the two wells, as discussed in the next section. It should be noted that when
dealing with small clusters of only a few aluminum
atoms, the minimum energy configuration is not necessarily symmetric. For the present model, in the case of
the two-atom clusters, the minimum energy configuration is asymmetric, resulting in asymmetric potential
energy curves, as shown in Fig. 2(II). These effects are
not anticipated in larger cluster systems and in fact are
not observed in the other systems studied here.
Inspection of Fig. 2 shows several trends that agree
with our intuition. In examining the one- and two-atom
clusters, we find that the charged and neutral state
curves differ by a greater amount than in the case of the
three- and four-aluminum clusters. For the smaller aluminum clusters, the minima of the wells are displaced
by greater amounts in the ionic state and the tunneling
barriers increase to a greater extent. These observations

suggest that the excess electron is largely localized on
the carbon ring, giving rise to the greater repulsion. In
the instances of the larger clusters, the potential energy
curves are seen to approach asymptotic forms with
respect to cluster size. The displacements are a factor
of four smaller in the ionic state and the barrier height
increase is similarly about a factor of four less than in
the case of one aluminum atom. In these instances, the
repulsion of the excess electron has a lesser effect on
the lithium since it is more delocalized across the entire
molecule plus clusters junction. For the system at hand,
the limit of a delocalized state, with resultant vanishingly small equilibrium displacement, is attained quickly,
with as small an electrode as a four-atom cluster.
Dynamics

The current-driven dynamics in a general quantum junction can be computed within the scattering theory of refs
26, 24, where an open system nonequilibrium solution
of the electronic dynamics is combined with a realistic
solution of the time-dependent Schrödinger equation
for the nuclear subspace, taking into proper account
the coordinate-dependence of the electronic relaxation
rate. Here, however, our interest is in exploring general
trends, rather than in providing an accurate description
of a specific junction. We therefore adopt the simplest
model that is capable of extracting the essential physics.
As such, we consider the model of Menzel and Gomer52
and Redhead53 (MGR), which has been widely applied to
the description of substrate-mediated photochemistry.51
Within this model, observables are computed through
a lifetime-averaging procedure that neglects the coherence effects and assumes that the electronic relaxation is
independent of coordinates. Thus, the initial wave function (a vibrational eigenstate of the neutral state Hamiltonian or a thermal average thereof) is instantaneously
promoted to the charged state potential energy surface,
allowed to evolve for a time τR, and then instantaneously
returned to the neutral state surface. Once results have
been collected over a sufficiently large range of τR values,0 # τR # τmR , τmR & τ , where τ is the resonance lifetime, the τR-dependent observables O(τR) are incoherently averaged over τR to yield the observable of interest
O(τ) = τ–1 ∫ dτRexp(–τR/τ)O(τR). A second average over
the Boltzmann distribution of the initial vibrational levels of the lithium atom is performed if the parent state is
a thermal average. In the present study the initial states
are generated by direct diagonalization of the ground
state Hamiltonian, written within a discrete variable
representation,55 and the wave packet propagation on
the two coupled states is carried out using the split operator technique.54 The observable of interest here is the
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Fig. 3. The probability density in the raised well of the doublewell potential as a function of time for one-atom clusters,
where the initial vibrational level is u = 4 (solid), u = 6 (dotted), u = 8 (dashed), and u = 12 (dot–dashed). The results for
u = 4 have been scaled by a factor of 6. The inset shows the
long time revival dynamics of the vibrational wave packet for
an initial vibrational state u = 10.

Fig. 4. Boltzmann averaged probability densities in the raised
well of the double-well potential vs. time at a temperature
600 K. (a) One-atom clusters, (b) three-atom clusters, and (c)
four-atom clusters.

Fig. 5. Time evolution of the probability density associated
with vibrational wave function u = 14 after propagating on the
ionic potential for τR = 60 fs.
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probability of finding the system in the raised well of the
double-well model as a function of time subsequent to
the resonance electron scattering event.
The above scheme was applied to the four sets of potentials shown as solid curves in Fig. 2, corresponding to
the four junctions of Fig. 1. In order to focus on the effect of charge localization in physical space, artificially
disentangled from the effect of the resonance lifetime,
we fix the latter parameter at a representative value of
60 fs in all calculations. In realistic junctions, this parameter depends sensitively on the interface interaction
and its effects are thus entangled to a certain extent with
those of charge localization. Often it varies over 1–2 orders of magnitude within a single junction.37
The results of the dynamical simulations for the
one-, three-, and four-atom cluster junctions are shown
in Figs. 3 and 4. While calculations were also performed
for the two-atom cluster junction, it is clear that the
initial vibrational level required to observe appreciable
interwell tunneling in this junction is much larger than
the range of vibrational levels that are thermally accessible at the temperatures considered. We first remark,
Fig. 4, that the interwell tunneling probability is orders
of magnitude lower for the three- and four-atom cluster
junctions than for the one-atom cluster case. This result
illustrates the sensitivity of the mechanism to the differences between the neutral and charged state surfaces
and hence to the charge localization. A reduction in the
equilibrium displacements by a factor of four has the
effect of damping the interwell tunneling by orders of
magnitude.
The dynamics for the one-Al atom cluster junction,
corresponding to spatially-localized electronic orbitals,
are of greater interest and more transparently capture
the quantum nature of the double-well problem. In order to understand the thermally averaged probabilities
of Fig. 4a, we first consider the initial-state-resolved
results for vibrational levels u = 0 to u = 15, a selection
of which is illustrated in Fig. 3. For each of the parent
vibrational levels considered, the probability begins to
build up in the raised well of the double-well potential
within ca. 50 fs and remains constant for several tens of
femtoseconds. The initial build up of probability density
can be attributed to the motion of a high energy portion
of the wave packet upon relaxation to the neutral surface.
The resonant electron scattering event transfers sufficient energy from electronic into vibrational degrees of
freedom for a portion of the thus populated wave packet
to penetrate the interwell barrier. As evidenced by the
evolution of the wave packet in Fig. 5, this portion of
the wave packet traverses the barrier region and subsequently shuttles between the two wells on a timescale
of ca. 250 fs, exhibiting quasi-periodic motion. The
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strong anharmonicity of the potential gives rise to rapid
dephasing, on a timescale of 8–10 periods. Since coherence (within the complete electronic vibrational space)
is maintained in the present model, the wave packet undergoes a characteristic revival phenomenon, where the
initial motion is reconstructed, subsequent to which the
periodic interwell shuttling is reinstated.
The trends in our simulations for the lithium threading through the carbon ring fit the general conjecture
presented at the outset of this work with regard to the effects of charge localization. When we allow for a greater
degree of charge localization on the molecular moiety
of the junction, we find amplified dynamics. This extreme corresponds readily to the case of weak coupling
of the molecule to the electrodes and is expected, e.g.,
in the fullerene-bases junctions of refs 1 and 56 and to
certain STM experiments.14,32,33 Here large equilibrium
displacements allow for greater inelasticity of the resonant current, leading to events such as desorption and
reaction. As the size of the aluminum clusters increases,
charge delocalization is enhanced and the dynamics
are suppressed. The connection here is with the case
of strongly coupled junctions, the familiar examples of
which are organic molecules attached to gold electrodes
via a sulfur group.
Conclusions

One goal of the study discussed in the previous sections was to gain an understanding of the role of charge
localization in resonance scattering through molecular
junctions. We found that localization has a substantial
impact on scattering dynamics and provides a general
guideline for anticipating dynamical events in the device environment. Our study focused on a simple model
of a Li+C9H9– molecule attached to two aluminum clusters. By varying the size of the aluminum clusters we
systematically varied the degree of delocalization of the
orbitals that dominate the current, and hence the extent
of inelasticity.
More generally, one expects the degree of delocalization in molecular junctions to be controllable through
choice of the contact groups that link the molecular
moiety to the electrodes, as well as by choice of the substrate. Thus, the classic choice of a sulfur atom to link
an organic molecule to gold electrodes optimizes the
charge delocalization and results in good conductivity
and at most minor current-driven dynamics. Substitution of the S-atom by an N-atom, for instance, would
give rise to enhanced dynamics. Likewise, we expect
silicon-based molecular junctions to offer enhanced
charge localization and opportunities for current-driven
dynamics as compared to the conventional metal-base

molecular electronics. While construction of the junction to enhance charge localization is desired for applications such as current-driven molecular machines, its
construction to enhance charge delocalization is desired
for the development of stable junctions with good conductance.
Our model system deliberately (and artificially) focused on the role of charge localization alone. In realistic junctions modification of the linking groups or the
substrate changes also the resonance lifetime. The latter
parameter has a more complex effect, since a longer
lifetime increases the probability of current-driven dynamics per resonant event but decreases the probability
of excitation of the resonance (that is, the resonant portion of the current).
A second goal of this study has been to explore the
+
–
Li C9H  9 zwitterion as a potential molecular rattle, a
prototype for a current-triggered molecular machine
with the general advantage of being individually-driven
in the dry state. By contrast to the current-driven molecular machines explored in previous work,37–39 where
the nuclear motion could be understood classically, the
rattle exhibits purely quantum effects in the nuclear subspace. In particular, tunneling through the barrier corresponding to the planar configuration is triggered by the
resonance inelastic electron tunneling event, resulting
in coherent wave packet oscillations at a period corresponding to the barrier crossing time. Substantial anharmonicity gives rise to rapid wave packet dephasing, on
the timescale of ca. 10 cycles, with revivals occurring on
a ca. 10 times longer timescale. Whereas the short time
threading of the Li atom through the ring, corresponding to the early wave packet vibrations, is expected also
in the molecular junction analog with sufficient charge
localization, the long time coherent motion is clearly a
feature of the small cluster model, and would be damped
due to vibrational relaxation in more extended systems.
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