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ABSTRACT

A new mechanism of charge transmission through a metal—molecule—metal junction is suggested that is based on optical driving of electronic
transitions in the neutral and singly charged molecular state. The effects of strong electron vibrational coupling, intramolecular vibrational
energy redistribution, and molecular de-excitation caused by electron—hole pair formation in the leads are taken into account. It is shown that
current suppression due to the Franck—Condon blockade can be overcome by opening new transmission channels via photoexcitation.

Understanding the details of charge transport through nano-
structures is of tremendous importance for technological
realization of molecular electronic devices.!?> Current flow
through single or composite metal or semiconducting nano-
particles has been intensively investigated (see, e.g., ref 3).
While in these structures the electronic spectrum dominates
the transport with only marginal contributions from lattice
motions (phonons), nuclear rearrangement (NR) during
charge transmission may strongly influence the transport
through metal—molecule—metal junctions.* Here, the elec-
tronic levels are “dressed” by vibrational states and the
resulting spectrum may depend considerably on the actual
electronic state. In terms of the associated electron-vibrational
dynamics, this implies that a pronounced nonequilibrium
vibrational distribution within the electronic states may be
established in the stationary regime of current flow. This
triggers novel effects such as the Franck—Condon blockade,
i.e., the suppression of current flow at low bias voltages.’
The shape of the distribution which is established and thus
the current—voltage (/V) characteristics not only depends on
NR but also on the time scale of intramolecular vibrational
energy redistribution (IVR).

The interaction with external electromagnetic fields could
provide a means to control the current flow in metal—
molecule—metal junctions, a topic that is moving into the
realm of experimental realization.” Theoretical studies based
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on a tight-binding model including the coupling to a
continuous-wave radiation field predicted effects such as
coherent current suppression and nonadiabatic electron
pumping.® Laser pulses accounted for in such model Hamil-
tonians have not only proven to yield an efficient and robust
current switching but at the same time operate on a time
scale of a few hundred femtoseconds.>!” A coupling to a
radiation field in the optical range including photon emission
via recombination has been considered in refs 11, 12 within
a HOMO—LUMO scheme and in ref 13 using energies and
matrix elements from a many-body calculation. On the other
hand, optical excitation of charge transfer states may lead
to an additional driving force for current flow.!?

In this contribution we discuss the IV characteristics of
single-molecule charge transfer subject to the combined
influence of continuous-wave photoexcitation of electronic
transitions and strong NR of a molecular reaction coordinate
whose nuclear wave packet dynamics is damped due to IVR.
Using a master equation approach developed previously,®!'
we demonstrate that the Franck—Condon blockade can be
overcome due to the opening of new transmission channels
that are robust with respect to molecular de-excitation caused
by electron—hole pair formation. The paper is organized as
follows. In the next section, we will discuss the model for
incorporating nuclear rearrangement and introduce the
spectral density of vibrational wave function overlap as the
central quantitiy for characterization of electron-vibrational
coupling. Subsequently, the rate equations are introduced and
the working equation for the calculation of the current is
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Figure 1. Schematic view of possible charge transfer (solid arrows)
and photoinduced (dashed arrows) transitions. Upper panel: ground-
and excited-state electronic configurations in a HOMO—LUMO
scheme referring to the neutral and singly charged molecule. Lower
panel: electron-vibrational state manifolds for the neutral (light grey
boxes, N = 0) and charged (dark grey boxes, N = 1) states in the
electronic ground (Ng) and excited (Ne) configurations. Lead
electron energies are shown before (k) and after (kg) charge
transfer. The model assumes a symmetrically applied voltage V,
and the respective positions of the lead’s chemical potentials are
indicated. Note that not all channels of the upper panel are open in
the lower configuration.

given. This is followed by a presentation of numerical results
and a summary.

Nuclear Rearrangement. We consider the neutral (N =
0) and the singly charged (N = 1) state of a molecule
attached to a left (X = L) and a right (X = R) lead. The
cationic state N = —1 is assumed to be energetically well
separated and thus negligible, see also ref 13. Both charging
states are further characterized by two electronic configura-
tions, that is, the ground state with energy fey, and the first
excited state with energy heye (see Figure 1). Charge transfer
between the neutral and singly charged states is due to the
couplings Vy (Oa, 1b; Q) (a, b = g, e) as indicated by solid
arrows in Figure 1. Note that we combine the electronic
energy of the neutral molecule with the continuum of lead
electron energies for a given k-vector into the energy Aey,.

Using this model current suppression has been demon-
strated in ref 5 for applied voltages smaller than Ejp + Ao
Here, E1p = h (€1, — €0g) — Uo, With yo being the equilibrium
chemical potential of the leads and Ao denotes the nuclear
reorganization energy upon charging. This Franck—Condon
blockade of current flow is due to the small overlap Drog.ly 10,0
of those vibrational wave functions of the neutral as well as
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the charged molecule whose energy is smaller than 4,9 (Iyne.O
are the vibrational states for charging state N, electronic state
a, and vibrational state w). Unless IVR is rapid, the
Franck—Condon blockade is connected to a pronounced
nonequilibrium distribution across the vibrational levels.®

NR is not only a consequence of charging but nonequi-
librium vibrational distributions are independently obtained
by optical excitation from the electronic ground to the first
excited state, as shown by the dashed arrows in Figure 1.
This opens new photoinduced charge transfer channels where
a particularly interesting situation occurs if the combined
energy hey, belongs to a lead electron deep in the Fermi-sea
such that hexe & €1, In this case, optical excitation moves
the neutral molecule into its excited state and charging of
the molecule in its electronic ground state becomes possible,
i.e., 0e — lg. Because a rather large set of the fiex. may be
involved, a multitude of vibrational levels of the electronic
ground state of the charged molecule will be populated. In
the stationary case, this nonequilibrium population acts back
via discharge on the stationary vibrational level populations
of the neutral molecule in its electronic ground state via 1g
— Og. As will be shown below, the nonequilibrium popula-
tion that is established by this mechanism in the neutral
ground state allows overcoming of the Franck—Condon
blockade.

The shifted oscillator model provides a reasonable descrip-
tion for electron-vibrational coupling in molecules.!> Here
the electronic energies hey, are “dressed” by the following
potential energy surfaces (PES) for nuclear motion along
some reaction coordinate Q having frequency wyip:

Uno(Q) =, (Q — Qy,) /4 (1)

Notice that for simplicity we assume the vibrational fre-
quency to be state independent. The coupling to a charge
transfer or optical transition is quantified by the PES shift
QOnq. The reorganization energies are

Avtany = R0 (Opr — Ony)'/4 2)

Their values can be used to identify reaction coordinates out
of the many molecular nuclear degrees of freedom. The
mutual shifts of the PES also define the related Franck—Condon
factors. Within the rate description given below, the
Franck—Condon physics is conveniently expressed via the
spectral density of vibrational wave function overlap (SDVO)

Stanp( @ w)zz O(w — ('UMa/A) o(@— waQ'EkMay'XNbv 0
v
3)

where Wy = uwyi, for the present model. This function is
shown in Figure 2 for the cases considered below. It nicely
demonstrates that effective transitions are restricted to a
narrow range in the (w, @) plane. Of course, the actual shape
of the SDVO not only depends on the PES shifts but would
also reflect differences in vibrational frequencies of the
electronic states. In passing, we note that the definition of
the SDVO is straightfowardly extended to the multimode
case. It is to be expected that, with increasing number of
modes having different frequencies, the sharp features in
Figure 2 are smeared out.
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Figure 2. Contour plot of the SDVO, eq 3, vs w and @ assuming a Lorentzian type broadening by 0.3wy;,. For the minima of the PES
chosen as Qo = 0, Qpe = 4, Q1 = 6, and Q. = 2, the SDVOs correspond to optical excitation (a), charging from the electronic excited

into the ground state (b), and discharge between the ground states (c).

Rate Equations and Current Formula. The theoretical
analysis of the radiation field driven charge transmission
through a single molecule has to account for NR of the
reaction coordinate as well as IVR due to their coupling to
the remaining bath modes. The latter are assumed to have
negligible reorganization energy upon charging and optical
transition. In the terminology of solid-state theory, strong
electron—phonon coupling has to be combined with a proper
description of nonequilibrium phonon distributions. At
present, both effects cannot be tackled either by applying
time-dependent DFT or nonequilibrium Green’s functions.?
An appropriate tool, however, are generalized rate equations
governing vibrational distribution functions. Respective rate
expressions can be deduced from the general master equation
kernel:%14

Kyt D =tr{XTy T, W)y, ) )

where the trace is defined in the total space of lead—molecule
states, WM(,,, is the initial statistical operator of the whole
system (at given applied voltage) referring to a particular
electron-vibrational state, and Ty, projects on the final
electron-vibrational state. The transfer superoperator 7(t, f)
contains all effects of interest and will be calculated
employing perturbation theory.

In the stationary (nonequilibrium) regime, the generalized
master equation for the electron-vibrational state populations,
P9 (), can be written in the following form:

Pty (@) = Z J 4@ P @)k, (@, @) (5)
Nb

with the inverse lifetime being 7y, '(w) = Sw f d@
kya—np(@, @). Notice that this general form accommodates
not only the situation of a single reaction coordinate but also
the case of many-coupled nuclear coordinates forming a
continuous distribution in w. The rates, ky;,—np follow from
the zero-frequency Fourier-transformed general master equa-
tion kernels and account for transitions among different
electronic levels with vibrational continuum @ and @,
respectively, as well as for vibrational relaxation within an
electronic state (for details, see ref 14).

Within second-order perturbation theory, all interstate rates
can be expressed in terms of the SDVO defined in eq 3.
Assuming weak molecule—lead coupling together with a
broadband approximation, one can introduce the frequency-
independent level broadening ' = 27 NMVI?> with mean
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DOS of the leads, N, and the mean transfer coupling V. This
gives the charging rate as:>%!4

Koo, @)=

4TS, (o, w)XzL Silt€1p0,+ T =)~ 119) (©)
Here, fr denotes the Fermi function and puy is the chemical
potential of lead X under applied voltage. The rate k{pol; e
(o, w) of discharge is obtained by replacing fr by 1 — f¢ in
the charging rate. The rate for optical excitation with a
monochromatic field takes the form

k2 (@, @) = 2 Sye (@, D)@y — €y — @+ D, 7)
@)

where Er = dE is the Rabi energy (transition dipole moment
d times field strength E). For simplicity, we assumed that
the Rabi energy does not depend on the charging state. The
line shape of optical transition is given by the Lorentzian
L(w, y) = yln(w?* + y?). The photon energy hwy is assumed
to be resonant to a vertical Frank—Condon transition. It is
straightforward to extend the present description to the case
of different excitation energies and transition dipole mo-
ments, e.g., by applying two fields. Finally, radiative and
nonradiative decay is considered via

Kies (0, @) = I'geeSye g0, @) (8)
Intrastate transitions due to IVR will be described by a
bilinear coupling model for the interaction between the
reaction coordinate and the bath modes. In this case, the rate
of IVR is determined by the reservoir spectral density taken
at Wyin, J = J (wyip) (assumed to be state-independent).®!%15
The total stationary current can be obtained from the rate
expressions describing the molecule—lead coupling as well
as from the level populations, P§Y (w), as

L= hz Toa—1p T 110—0p) )
a,b=ge

In the present form, it allows for the investigation of the
separate contributions due to the partial currents Iy, —;, and
I ,—o» describing charging and discharge of the molecule,
respectivly (cf. Figure 1).

Optical Field Control of Current Flow. Photoinduced
charge transfer will be studied for the case of a single reaction
coordinate with frequency w.i, = 10I", weakly coupled to a
bath at low temperature (kg7 = 0.5AI") and for Ejo = 40hT".
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Figure 3. (a) Total current I, eq 9, vs applied voltage and external
field strength (r4ec = J = 0). (b) Stationary vibrational populations
in the electronic ground state of the neutral molecule, Pog,, for Eg
= 1AT". (solid line: 4 = 0, dashed line: u = 1, dashed—dotted line:
u =2, dotted line: x = 3; Inset: u = 4...7 from bottom at V = 0).

The PES shifts are given in the caption of Figure 2 and
correspond to the following reorganization energies: Adog 1,
= QOF, iOg,Oe = /11g,1e = 40F, and AOe,lg = lOe,le = 10TI.

Figure 3a shows the IV characteristics as a function of
the Rabi energy; the used value for Ex corresponds to field
strengths of ~10° V/cm (intensity range of some GW/cm?)
for Al' ~ 1 meV and if the transition dipole moment lies in
the range of a few Debye. For this special choice of I', the
vibrational frequency would be equal to 10 meV, i.e., in a
range as observed in previous low-temperature experiments
(see, e.g., ref 4). In the absence of optical excitation, the
current is exponentially blocked up to lelV = 100AI", which
is a consequence of the small Franck—Condon overlap
entering the rates via the SDVO, cf. Figure 2b. The current
increases to its asymptotic value if lelV/2 approaches Eo +
A1g0e = 130RI". Notice that the steplike structure would give
rise to a sequence of equidistant peaks in the conductivity
similar to what has been observed previously.*

The current blocking is removed if ground—excited state
transitions are driven by an external field. A detailed analysis
shows that, for the given parameters, the transfer channel
from the optically excited neutral molecule corresponding
to k-states deep in the Fermi-sea via the ground state of the
charged molecule and back to the ground state of the neutral
molecule is responsible for overcoming the Franck—Condon
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Figure 4. Total currents, eq 9, for Eg = Al and J = 0, rgec = 0,
full line; J = I, rgec = 0, dashed line; J = 0, rgee = 100T,
dash—dotted line. The case of no optical excitation (Er = J = rgec
= 0) is shown as a thin solid line.

blockade (cf. Figure 1). The channel involving optical
excitation of the charged molecule is of minor importance.
Analyzing the total current in terms of the partial currents
according to eq 9, we find that /i, is dominated by og—i,
over the whole interval in Figure 3 except the low-voltage
high-Rabi energy range where the contributions from /pe—c
and /o1, become comparable.

The role of the reaction coordinate can be discussed with
the help of the SDVO introduced in eq 3. For the given
temperature, the neutral molecule is initially in its vibrational
ground state. Because of the form of Sy, (w, @) (cf. Figure
2a), optical excitation populates vibrational levels in the
excited-state around v = 4. The SDVO for charging from
this state, Soei, (@, @) (cf. Figure 2b), favors transitions from
o = 4wy, to @ = 2w.ip. The rate for subsequent discharge
is proportional to Sige (w, @), which, according to Figure
2c, is large for transitions from w = 2w.p to @ =
2wyip...4w.ip. Although the detailed form of the vibrational
distributions depends on all possible channels according to
eq 5, this estimate already indicates that, in the regime of
stationary current flow, the reaction coordinate is kept in a
nonequilibrium state. This can be seen from Figure 3b for
the case of the largest Rabi energy of panel a. Notice further
that the distribution tends to become similar among the
lowest states for large bias voltages where all possible
channels contribute, as there are no restrictions concerning
energy conservation. This is also the limit where optical
excitation is less important.

So far we have considered neither IVR nor radiative or
nonradiative decay, and the question arises whether the
suggested current switching is robust with respect to these
processes. In Figure 4, we show the IV characteristics for
different values of the IVR coupling strength, J, the decay
rate, rge, and for a large Rabi energy. While the optical
switching of the current survives IVR strength up to J =
0.1T...0.3T, an increase to J = I'" apparently leads back to
Franck—Condon blocking. Here, / = I' approximately
corresponds to the case of instantaneous IVR on the time
scale of charge transmission, where all vibrational population
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is in the ground state. Comparison with the Egx = 0 limit
shows that rapid IVR even delays the appearance of the
current but at the same time leads to a more rapid switch-on
behavior. Interestingly, at large voltages, the current for
strong IVR exceeds that of the weak IVR case. Analysis
shows that this is due to a more efficient transfer from the
state lyop0lhs compared to the case of population distribution
over several vibrational states (cf. Figure 3b). In contrast,
optical switching is rather robust with respect to the increase
of the decay rate rqe.. This is a consequence of the fact that,
within the present model, Kis) merely maps the excited-
state distribution onto the ground state according to
Syene(w, @). Finally, we note that the /V curve for J =T’
and rgec = 100I" is almost identical to the J = I' and rgec =
0 case, that is, IVR dominates the shape of the IV
characteristics for the present model.

Summary. In conclusion, we have demonstrated photo-
induced current switching of single-molecule charge transfer
in the low-voltage regime where the Franck—Condon
blockade due to strong nuclear rearrangement would other-
wise be effective. The used generalized master equation
approach provides the flexible frame not only for adoption
to specific molecular systems but also for an extension to
include, for instance, higher-order rates combining direct
charging and discharge of the molecule with its optical
excitation or accounting for coherent photon-assisted charge
transmission.
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