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Abstract

Various interaction mechanisms may contribute to the current–voltage (IV) characteristics of a single molecule embedded between
two nano-electrodes. Here, we focus on a microscopic modeling of intramolecular vibrational energy redistribution (IVR) and its influ-
ence on the formation of a stationary current. The computations are based on a generalized master equation approach, restricted to weak
molecule–lead coupling as well as weak IVR-coupling of a primary reaction coordinate to a thermal bath of secondary coordinates. The
pronounced dependence of the IV characteristics on the properties of the reaction coordinate such as its reorganization energy upon
charging of the molecule is demonstrated. Furthermore, the shortcomings of a relaxation time model of IVR are underlined.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Although discussed for more than three decades the
vision of molecular electronics never lost its attraction.
Nowadays individual molecules can be contacted and cur-
rent–voltage (IV) characteristics as well as the related
transport noise can be measured (for a recent overview
see, e.g., [1–4]). While in the early 1990s theoretical activi-
ties have been focused on the pure electronic properties of
such nano-devices it has soon been realized that the molec-
ular vibrational degrees of freedom (DOF) cannot be
ignored [2]. The participation of molecular vibrations turns
charge transmission into an inelastic transport process and
it is responsible for electronic energy dissipation, thus con-
trolling the degree of heat accumulation. To account for
vibrations in the course of charge transmission different
approaches have been suggested. They are based on the
use of rate and density matrix equations [5–8] or on the
scattering formalism reformulated to include vibrational
DOF either in a wavefunction description [9,10] or in the
framework of non-equilibrium Green’s functions [11].
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A first attempt to include non-equilibrium vibrations
has been undertaken in [12]. It was followed by several the-
ories which are strongly influenced by the treatment of
transport properties of mesoscopic solid state structures
in particular semiconductor quantum dots [13–16]. For
example, in Ref. [16] the non-equilibrium behavior of
molecular vibrations in the course of charge transmission
was considered on the basis of a simple relaxation time
model of vibrational energy dissipation. It is the aim of
the present Letter to go beyond this description and to
scrutinize different microscopic models of intramolecular
vibrational energy redistribution (IVR).

IVR represents the fundamental process in which energy
deposited in a particular vibrational coordinate is trans-
ferred into all other coordinates of a polyatomic system
(cf., e.g., [17–19]). After photoexcitation, electron transfer,
and even electron transmission through a molecule embed-
ded between nano-electrodes, selected vibrational coordi-
nates may become excited (in the following called
reaction coordinates). For the case of external voltage
induced charge transmission this has been demonstrated,
for example, in Ref. [20] for single copper phthalocyanine
molecules. Here, signatures have been found of the partic-
ipation of a distinct vibration either of the inner ring of the
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Fig. 1. Energy level scheme for a molecule (M) embedded in between a left
(L) and right (R) nano-electrode. The broken horizontal line represents
the Fermi energy at zero voltage (related to the electronic energy �he0 of the
neutral molecule). The grey areas indicate the Fermi sea of both electrodes
at finite voltage. Thick horizontal lines give the electronic energies of the
molecule involved, complemented by the progression of vibrational levels.
In the center, the energy E1l of the singly reduced molecule is shown (with
vibrational quantum number l and also related to �he0). Left (right) one
finds the energy �he0m of the neutral molecule added to the energy �heLk
(�heRq) of a particular occupied (unoccupied) electron state from the left
(right) lead resulting in the combined energies ELkm (ERqm).
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phthalocyanine macrocycle or related to out-of-plane dis-
placements of particular atomic groups.

If IVR is assumed to be fast compared to the charge
transmission the molecular vibrational DOF can be char-
acterized by an equilibrium distribution with a temperature
T fixed by the environment (case of instantaneous IVR). If
the time scales are comparable one may expect the forma-
tion of a non-equilibrium vibrational distribution, i.e. an
increase of the level of vibrational excitation when the cur-
rent is passing through the system. In the following, we will
investigate how the properties of the used IVR model are
reflected in the IV characteristics. To this end we will focus
on a generic model where a single reaction coordinate is
coupled in a specific way to secondary (reservoir) coordi-
nates. The reaction coordinate participates in the charge
transmission process since its equilibrium position changes
upon charging of the molecule, i.e. the respective potential
energy surface (PES) is different for the neutral molecule
and the molecule with a single excess electron taken.

The Letter is organized as follows: after introducing the
respective Hamiltonian for the system left electrode-mole-
cule–right electrode (LMR system) in Section 2, the deriva-
tion of generalized master equations for the populations of
the different molecular electron-vibrational states is briefly
sketched in Section 3. Concentrating on the case of weak
molecule–lead coupling numerical results highlighting the
influence of different IVR mechanisms on the IV character-
istics are discussed in Section 4. A summary is given in the
final Section 5.

2. Model for the molecule–lead system

In the following, we will introduce a rather general model
[21] which should facilitate the consideration of a variety of
even complex situations. The initial application in Section 4
will focus, however, on simple cases which may serve for
future reference. Let us consider a molecular system charac-
terized by different adiabatic electronic states, /a, describ-
ing the neutral as well as the charged system, that is its
different redox states [22]. A specific realization of these
states may incorporate the effects of an applied voltage V

and of the electrode’s polarization, i.e. it can be assumed
without restriction that these states have been determined
in a self-consistent quantum chemical calculation. The
number of excess electrons (holes) is specified by N (N =
. . .,�1,0,1, . . .). To each of these states belongs a manifold
of vibrational states, val, resulting in an electron-vibra-
tional spectrum �h�al = �h�a + �hxal with electronic energy
�h�a (minimum of the related PES plus vibrational zero-point
energy) and vibrational energy �hxal (starting at zero, see
also Fig. 1). These adiabatic molecular states are coupled
via transfer integrals to the leads which will be labeled by
X (=L, R). Transfer integrals of the type VX(a(N + 1),
b(N), X) describe the capture of an excess electron with
energy �hX from lead X, thereby moving the molecule from
an N-fold to an N + 1-fold charged state. The reverse pro-
cess is characterized by VX(a(N�1), b(N), X). The descrip-
tion of the leads assumes continuous electronic energies
based on the introduction of the respective density of states
NXðXÞ.

Next we assume that only a subset of the vibrational
DOF is involved in the charging and discharging processes
(the reaction coordinates) which are denoted as q = {qj}.
Although a more general description is possible, for the
present purpose it is sufficient to restrict the model to har-
monic normal mode vibrations. In fact the vibrational
states introduced above (cf. Fig. 1) shall belong to the reac-
tion coordinate. All remaining DOF, Z = {Zn}, shall also
be harmonic with frequencies xn. If the molecule–lead sys-
tem is studied in the liquid phase the number of these coor-
dinates becomes large otherwise it may be rather restricted.
Nevertheless, we suppose that they form a thermal environ-
ment with a continuous density of states. Notice, that such
a system–bath like separation is well known from the the-
ory of donor–acceptor electron transfer [19,23]. In this con-
text usually different models are discussed: in the most
simple case the coupling between both subsets of DOF is
of the bilinear type, �qjZn, i.e. the reaction coordinates
couple linearly to all bath coordinates. A more general type
of interaction Hamiltonian may include nonlinearities in
the reaction coordinate as well as in the bath coordinates.

In the following, we will consider models where the sys-
tem–bath coupling is linear with respect to the Zn. Further-
more, we neglect a possible coupling among the electronic
states. For this model the following matrix elements of the
system–bath coupling potential can be introduced using the
reaction coordinate wavefunctions:

V ðal; am; ZÞ ¼
X
n

mnðal; amÞZn. ð1Þ

Here, the matrix elements mn(al, am) define the strength of
transitions among the reaction coordinate’s states. In the
usual treatment of system–bath coupling [19] the bath
coordinates enter via their thermal equilibrium correlation
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functions as well as associated spectral densities (they will
be specified in the following section). To conclude we
emphasize that the restriction to a coupling linear in the
bath coordinates is motivated by the desire to keep the
model simple. Higher-order contributions could easily be
incorporated with the main effect of different temperature
dependences of the relaxation rates [19].

3. Master equations, current formula, and rate expressions

There exist different approaches to compute the IV

characteristics of single molecules. Here, we focus on
the derivation of general master equations for the elec-
tron-vibrational state populations Pal(t), which can easily
be used to calculate the stationary current I at an applied
voltage V (cf., e.g., [7,15]). This has the advantage that
one avoids the calculation of off-diagonal density matrix
elements which are not needed for the stationary current
[14].

The general strategy of this approach has been detailed
previously (see, for example, [6,19,24]). It is based on a pro-
jection superoperator extracting the populations, Pal(t), of
interest. In the present situation one has to include the
many-electron statistical operators bW L and bW R describing
the stationary non-equilibrium state of the left and the
right lead at the applied voltage, respectively [7,8,14].
Moreover, the thermal equilibrium statistical operatorbRvib of the bath DOF enters. The projection superoperator
then takes the form P . . . ¼

P
al
bW altrf bPal; . . .g, wherebPal projects onto the electron-vibrational state with quan-

tum numbers al. The overall statistical operator readsbW al ¼ bW L
bW R

bRvib
bPal. Finally, the trace is defined with

respect to all molecular states including those of the ther-
mal bath vibrations and of the electronic states of both
leads. The form of bW al indicates that the approach will
be based on expansions with respect to the molecule–lead
coupling and with respect to system–bath IVR coupling.
In contrast, the electron-vibrational coupling for the reac-
tion coordinate is treated non-perturbatively.

After application of the projection operator to the total
non-equilibrium statistical operator, P bW ðtÞ, it is a stan-
dard procedure to obtain the Nakajima–Zwanzig identity
for this projected quantity and to arrive at the generalized
master equation oPalðtÞ=ot ¼

P
bm

R
dsKal;bmðsÞPbmðt � sÞ

(see, e.g., Ref. [19]). The central advantage of this
approach lies in the fact that the memory kernel, Kal,bm(s),
can be formulated using different types of couplings with-
out being restricted to a low-order perturbation expansion.
Instead, partial summations are possible (for more details,
see Refs. [7,25]). In order to compute the stationary
current we have to solve the generalized master equation
in the limit t ! 1 resulting in 0 ¼

P
bmKal;bmðx ¼ 0Þ

Pbmðt ! 1Þ. The expression includes the zero-frequency
component of the Fourier-transformed kernel Kal,bm(x)
which has the form Kal;bmðxÞ ¼ �dal;bm

P
c;j6¼a;lKal!cjðxÞþ

ð1� dal;bmÞKbm!alðxÞ. A more explicit expression for the
kernel is given by
Kal;bmðxÞ ¼ �i trf bPalVeGðxÞV bW bmg ð2Þ
with eG denoting the Green’s superoperator defined by the
complete Liouvillian L [26]. Although the whole treatment
does not include the separation of L into a zero-order part
L0 and the perturbation V, the form of P, i.e. the separa-
tion of the equilibrium statistical operator bW bm suggests the
concrete form of V as mentioned above.

The stationary current is obtained by calculating the
number of electrons moving, for example, through the left
lead [7,15]. Since we focus on the case of weak molecule–
lead coupling the direct lead–lead charge transmission
can be ignored and we have

I � IL ¼ 2jej
X
aðNÞ;l

X
bðNþ1Þ;m

kðmol–leadÞ
L;aðNÞl!bðNþ1ÞmPaðNÞlðt!1Þ

� 2jej
X
aðNÞ;l

X
bðN�1Þ;m

kðmol–leadÞ
L;aðNÞm!bðN�1ÞlPaðNÞmðt!1Þ. ð3Þ

The populations follow from a solution of the generalized
master equations and the kðmol–leadÞ

L denote transfer rates
due to the coupling between the molecule and the left lead,
only.

In the following, we will concentrate on rates k(mol–lead)

being of second-order with respect to the molecule–lead
coupling and rates k(IVR) being of second-order with
respect to the chosen IVR coupling mechanism. Mixed
types of processes do not appear at this level of approxima-
tion. The calculation of the respective rates is straightfor-
ward. Here, we only quote the results (for details, see
[25]). The molecule–lead coupling rates are also known
from the literature (cf. Ref. [14,16]) and read (note
e(al, bm) = e(al) � e(bm))

kðmol–leadÞ
aðNÞl!bðN�1Þm ¼

4p

�h2
jhvaljvbmij

2

�
X
X

NXðeðal; bmÞÞjV Xða; b; eðal; bmÞÞj2

� ½1� fFð�heðal; bmÞ � lXÞ�. ð4Þ

Here, the charging of the molecule in state /b corresponds
to the presence of N � 1 excess electrons. The rate de-
scribes single electron outflow. If /b refers to N + 1 excess
electrons and if the e(al, bm) are replaced by their negative
values as well as 1 � fF by fF the resulting rate describes
single electron injection. Each rate is proportional to the
vibrational wavefunction overlap expression (Franck–Con-
don factor) and contains the Fermi functions at the respec-
tive chemical potential lX. According to our second-order
calculations the bath coordinates do not enter the rate
expressions, Eq. (4). If the latter are thermally averaged
over the initial vibrational states and are summed up with
respect to the final vibrational states, standard rates of mol-
ecule–lead charge transfer in the weak-coupling limit are
obtained [7].

In the limit of weak system–bath coupling the second-
order form of Eq. (2) with respect to V(al, am; Z), Eq.
(1), can be used to compute the respective relaxation rates
kðIVRÞ
al!am entering the generalized master equations. Noting
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that the bath modes have been assumed to be a set of inde-
pendent harmonic oscillators one obtains the following
expression (whose general structure is well known [19]):

kðIVRÞ
aðNÞl!aðNÞm ¼ jmðal; amÞj2ð½1þ nðeal;amÞ�Jaðeal;amÞ

þ nðeam;alÞJaðeam;alÞÞ. ð5Þ

The derivation makes the additional assumption that the
separation mn(al, am) = kan · m(al, am) in Eq. (1) is valid.
Further we have introduced the spectral densities JaðxÞ ¼
2p

P
nk

2
andðx� xnÞ, where the eal,am are transition frequen-

cies between the molecular electron-vibrational levels and n

denotes the Bose–Einstein distribution function.
The rate expressions introduced so far are rather gen-

eral. The k(mol–lead) may account for a specific density of
states of the leads and for an energy dependence of the
transfer integrals, whereas k(IVR) may include very different
IVR mechanisms according to the actual coupling model.
Moreover, all expressions are valid for an arbitrary charg-
ing state of the molecule.

4. Numerical results for transitions between neutral and

singly charged molecular states

The following discussion will be restricted to current for-
mation through the molecule limited to its neutral, i.e.
N = 0-state and its singly charged (reduced) state N = 1
(denoted as /0 and /1, respectively, excited electronic states
of the molecule are neglected). The effect of current rectifi-
cation is also outside the scope of the present discussion,
and we assume symmetric contacts. Moreover, the so-
called broad-band approximation is introduced replacing
NXðXÞ and VX(a, b, X) by mean, i.e. frequency-indepen-
dent values �N and �V which are further specified to transi-
tions between the neutral and singly charged molecule.
Finally, for the purpose of investigating the principal
effects of IVR, it is sufficient to work within the approxima-
tion of a symmetrically applied voltage (the molecular lev-
els are shifted by the applied voltage like the energy of a
point charge positioned in the center between both leads),
i.e. we set lL = l0 + |e|V/2 and lR = l0�|e|V/2 (l0 is the
chemical potential of the leads at V = 0).

Once the rates of IVR have been specified, the stationary
solution of the generalized master equation can be deter-
mined. We note that in the limit t ! 1 the solution of
the generalized master equation coincides with that of the
ordinary master equations (without memory) using as rate
constants the Fourier-transformed memory kernels at zero-
frequency. Therefore, ordinary master equations are solved
numerically for large t. Then, the obtained values of elec-
tron-vibrational level populations Pal (a = 0, 1) are used
to calculate the stationary current according to Eq. (3).
Besides the individual Pal, below, we will also discuss the
overall population of the neutral state P 0 ¼

P
lP 0l and of

the singly charged state P 1 ¼
P

lP 1l.
Two limits are of interest: the case of a unique IVR

rate characterized by a single relaxation time and the
case of instantaneous IVR. In the former case one has
to replace kðIVRÞ

al!am by fth(�hxal)/sIVR, where fth denotes
the thermal distribution with respect to the reaction
coordinate states and sIVR is the unique vibrational
life-time. This results in the well-known relaxation time

approximation: ðoPal=otÞIVR ¼ �1=sIVR � ðPal � fthð�hxalÞP
mPamÞ. The second limiting case of instantaneous IVR

assumes fast vibrational relaxation on the time-scale of
charge transmission and is introduced by setting Pal(t) =
fth(�hxal)Pa(t), i.e. the vibrational equilibrium distribu-
tions and the electronic populations are separated.
Accordingly related rate equations are obtained for the
overall electronic state populations Pa(t) [7].

Let us specify the model parameters used in the subse-
quent computations. We will exclusively concentrate on
the low temperature case with kBT = 1 meV. For the con-
tacts we take the values �N=�h ¼ 10=eV and �V ¼ 10 meV.
This yields a level broadening [7], C ¼ p �Nj�V =�hj2, of about
3 meV and a stationary current below 100 pA (a current
between 0.1 and 0.2 nA has been reported, for example,
in Ref. [20]). Both numbers indicate that we indeed work
in the limit of weak molecule–lead coupling. The electronic
reference energy of our considerations is the energy needed
to singly charge the molecule in relation to the Fermi
energy. We set �he10 � l0 = 100 meV resulting in IV charac-
teristics with finite values of the current just at finite values
of the applied voltage. The reaction coordinate is consid-
ered in harmonic approximation with vibrational energy
�hxvib = 50 meV (representing an average of what has been
reported in Ref. [20]). A further important parameter of the
description is the relative displacement between the PES
which belongs to the neutral molecule and the one referring
to the molecule with a single excess electron attached.
Within the harmonic description and by changing from q

to the dimensionless coordinate Q (given as the sum of
the harmonic oscillator annihilation and creation opera-
tors) the neutral molecule PES is written here as U0(Q) =
�hxvib(Q + 2 g0)

2/4. In the singly charged case we have the
same PES but with g0 replaced by g1. (The dimensionless
coupling constants g0 and g1 determine the actual shift with
respect to the origin according to �2g0 and �2g1, respec-
tively.) Thus, Dg = g1 � g0 is a measure of the nuclear rear-
rangement upon charging of the molecule. The quantity
Ek = �hxvibDg

2 is known as the reorganization energy. We
will consider Dg = 1 and 3 resulting in Ek = 50 and
450 meV, respectively.

For the following discussion, we apply the general cur-
rent formula, Eq. (3), to the present model. Let us separate
the stationary distributions Pal into the overall electronic
state population Pa and the (normalized) non-equilibrium
vibrational distribution fal = Pal/Pa. Concentrating on
the case V > 0 it follows that:

I / P 0

X
lm

f0ljhv0ljv1mij
2fFð�hxvibðm� lÞ � DELÞ; ð6Þ

where the factor two from spin degeneracy is neglected
(spinless model) and we introduce DEL = |e|V/2 + l0��he10.
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A finite current appears if DEL > �hxvib(m�l) with the first
contribution occurring for DEL > 0 (at m = l).

Considering a bilinear coupling between a single har-
monic reaction coordinate q and a thermal reservoir of
secondary coordinates Zn the matrix element in the
mode-coupling potential Eq. (1) entering the rate formula,
Eq. (5) are specified to the simple expression m(al, am) =
Æval|q|vamæ (a = 0, 1). As a result the rate of IVR takes
the form kðIVRÞ

al!am ¼ dm;lþ1ðlþ 1ÞnðxvibÞJaðxvibÞ þ dm;l�1l½1þ
nðxvibÞ�JaðxvibÞ. The two values, J0(xvib) and J1(xvib), of
the spectral densities represent parameters of the theory
regulating the strength of IVR. Moreover, they determine
the life-time sa1 of the first excited vibrational state due
to spontaneous transition to the ground state according
to 1/Ja. For the used values of �hJa varying between 0.01
and 10 meV the life-time covers the range between 65 ps
and 65 fs.

Fig. 2 displays the IV characteristics for a rather modest
reorganization energy of 50 meV and for different strengths
of IVR, together with the curve for instantaneous IVR. Let
us start with the case of instantaneous IVR, where for the
chosen low temperature (kBT = 1 meV) the distributions
fal are reduced to dl,0. The current starts to flow (for
V > 0) if DEL becomes larger than zero. The channel for
the transition of the neutral molecule (being in its vibra-
tional ground state) into the vibrational ground state of
the charged molecular state is open. For small reorganiza-
tion energies Æv00|v10æ represents the largest overlap integral
(only somewhat below 1), and this channel dominates the
IV characteristics (cf. Eq. (6) and Fig. 2). Increasing V fur-
ther the second channel opens if DEL > �hxvib, and so on.
Overall the IV characteristics reflects the distribution of
Franck–Condon factors |Æv00|v1mæ|2.

Changing to finite vibrational relaxation times the full
distribution of the vibrational levels of the neutral state,
f0l, contributes and a finite current appears for all terms
Fig. 2. IV characteristics for a bilinear coupling model of IVR at
kBT = 1 meV and for Ek = 50 meV (Dg = 1). Full line:
�hJ0 = �hJ1 = 0.01 meV, dashed line: �hJ0 = �hJ1 = 0.1 meV, dashed-dotted
line: �hJ0 = �hJ1 = 1 meV, dotted line: instantaneous IVR (nearly equivalent
to the case with �hJ0 = �hJ1 = 10 meV, other parameters see text).
with l = m in the estimate of the current presented in Eq.
(6). For the parameters of Fig. 2 there is no change for
the first channel. But increasing V the following channels
contribute less effective due to the small Franck–Condon
factor. This observation is in line with the behavior of the
stationary populations Pal shown in Fig. 3 versus applied
voltage. Increasing V increases the population of higher
vibrational levels until the lowest 4 levels in this example
are almost equally populated. At larger V (V > 0.6 V in
the present model) various channels are opened for charge
injection and the resulting redistribution due to IVR causes
this rather homogeneous population in the stationary
regime. We also stress that the same IV characteristics are
obtained for a somewhat increased molecule–lead coupling
if at the same time the strength of IVR is also increased
(increasing the molecule–lead coupling by a certain factor
via an increase of the broadening C requires a similar
increase of the IVR rate via an increase of the spectral den-
sities Ja). Therefore, changing to a current of above 500 pA
b

Fig. 3. Stationary electron-vibrational state populations P0l (a) and P1l

(b) versus applied voltage (parameters correspond to those used in Fig. 2,
case �hJ0 = �hJ1 = 0.1 meV). Full line: l = 0, dashed line: l = 1, dashed-
dotted line: l = 2, dotted line: l = 3. The upper dotted curves in (a,b)
correspond to the overall population (P0 and P1).
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the IV curves of Fig. 2 (below that of instantaneous IVR)
would correspond to Ja-values between 0.1 and 10 meV
(vibrational life-times of 6.5 ps down to 65 fs). Apparently,
the behavior displayed in Fig. 2 should be also observable at
somewhat higher values of the current (as long as it is guar-
anteed that one remains in the limit of weak molecule–lead
coupling and of singly charged molecular states).

While a finite relaxation time leads to a decrease of the
current independent of V if the reorganization energy is
small, in the case of a larger reorganization energy as dis-
played in Fig. 4 finite relaxation time results in an increase
of the current for voltages below 1 V. In this voltage region
f0l already becomes finite for excited vibrational levels thus
leading to a larger resulting current than in the case of
instantaneous IVR where f0l = dl,0. We also underline that
the relaxation time model leads to a deviation from the
used microscopic model if larger reorganization energies
VOLTAGE (V)

VOLTAGE (V)

a

b

Fig. 4. IV characteristics for a bilinear coupling model of IVR at
kBT = 1 meV and for Ek = 450 meV (Dg = 3). (a) Full line:
�hJ0 = �hJ1 = 0.01 meV, dashed line: �hJ0 = �hJ1 = 0.1 meV, dashed-dotted
line: �hJ0 = �hJ1 = 1 meV, dotted line: instantaneous IVR (nearly equivalent
to the case with �hJ0 = �hJ1 = 10 meV). (b) Full line identical with dashed-
dotted line of (a), other lines: relaxation time approximation with 1/
sIVR = J. Dashed line: J = 1 meV, dashed-dotted line: J = 10 meV (other
parameters see text).

(kBT = 1 meV, Ek = 450 meV). Full lines: �hJ0 = �hJ1 = 0.01, 0.1, 1 meV
(from above to below), dashed line: �hJ0 = 1 meV, �hJ1 = 0.01 meV, dotted
line: �hJ0 = 0.01 meV, �hJ1 = 1 meV.
are considered (cf. Fig. 4b) The IV characteristics for elec-
tronic state dependent IVR is given in Fig. 4 as well.

Comparing the overall populations P0 and P1 drawn in
Fig. 3 (small reorganization energy) with those for larger
reorganization energy (not shown) the behavior versus
voltage is not so different. In particular, in the limit of a
large applied voltage one obtains P0 � P1 � 0.5 (the popu-
lation of the electronic two-level system becomes well bal-
anced). The molecule attached to the two electrodes
appears in a mixed state of the neutral molecule and the
charged molecule with nearly equal probability.

The non-equilibrium character of the open molecular
state is also underlined in Fig. 5 displaying the mean num-
ber of vibrational quanta excited in the molecule at a finite
voltage. As it has to be expected this number becomes par-
ticularly large for weak IVR. In the opposite case vibra-
tional excitation of the active mode is redistributed
among other modes resulting in an overall vibrational heat-
ing of the molecule.

5. Conclusion

The present Letter discusses in detail the influence of the
concrete mechanism of intramolecular vibrational energy
redistribution (IVR) on the current–voltage (IV) character-
istics of a single molecule embedded between two nano-
electrodes. These studies have been motivated by previous
predictions that a vibrational heating upon charge transmis-
sion through a single molecule may represent a crucial
mechanisms influencing the current formation and even
destroying the molecular system by bond-breaking and dis-
sociation [2]. Our computations have been based on a gener-
alized master equation approach but were restricted to a
weakmolecule–lead coupling aswell as aweak IVR coupling
mechanism.We also stress again that the used single reaction
coordinate model does not represent an oversimplification
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but agrees with respective experimental data [20]. The
obtained IV characteristics should in principle allow for
rather clear conclusions on the type of IVR operating in a
given molecular system (for example by detecting the
slope of the current versus the applied voltage). Shortcom-
ings of a relaxation time model of IVR have also been
demonstrated.

Moreover, our calculations demonstrate the misleading
nature of the following argument: to get the characteristic
time for the transmission of a single electron through a mol-
ecule attached to two leads one may divide the elementary
charge by the actual value of the current (sct = e/I). This
yields about 1 ns for a typical current of 100 pA in our cal-
culations. So, one expects an effect of non-equilibrium vibra-
tions only for rather long vibrational relaxation times much
larger than 10 ps. However, it could be demonstrated here
that the IV characteristics deviates from the case of instanta-
neous relaxation even if the characteristic time of vibrational
relaxation is around 1 ps or less. Thus, in any realistic situa-
tions one has to use the complete electron-vibrational distri-
bution function when calculating IV characteristics.
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