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A B S T R A C T

Two exact identities for the tunnel current through a redox-mediated tunneling contact are obtained. These
identities are valid for arbitrary temperatures, electrodes, strengths of the redox group-electrodes coupling,
interaction of the valence electrons with the phonon modes and values of the Coulomb repulsion U between
electrons at the valence level. They permit to obtain the expression which relates the positions of different
maxima (minima) of a given tunnel current/overvoltage characteristic in the case of the symmetric tunneling
contact defined below or relates the positions of maxima (minima) of two tunnel current/overvoltage char-
acteristics where one of them corresponds to the transposed parameters describing two working electrodes and
their coupling to the redox group. For the symmetric tunneling contacts and under the other general conditions
we also obtain the expression for the position of one of the extremal points of the tunnel current/overvoltage
characteristic. It is shown that this point is the point of the maximum in the case of the redox-mediated tunneling
contacts considered at room temperature within the spin-less model or the model with U= 0. The tunnel
current/overvoltage characteristics are calculated both for the fully diabatic and fully adiabatic limits and it is
shown that the positions of the points of the maxima (minima) are indeed given by the derived expressions.

1. Introduction

The study of the redox-mediated tunneling contacts based on the
single molecule and pioneered by Tao [1] is very important due to their
potential use as the elements of the new molecular electronics [2–8]. It
is connected both with the possibility of the independent variations of
the two potential drops (the bias voltage between the electrodes as the
source-drain voltage and the electrode potential of one of the electrodes
relative to the third electrode as the gate voltage) and the possibility of
the operation in the condensed matter environment at room tempera-
ture (in situ systems). Therefore, a large number of works were devoted
to the experimental and theoretical study of the tunnel current/over-
voltage and the current/bias voltage characteristics (see, e.g., the arti-
cles [4–16] and references therein as well as the recent papers [17–20])
for in situ tunneling contacts. In particular, the use of the electro-
chemical gating permits to reveal such properties as rectification and
amplification of the tunnel current so that, as was first noted in Refs.
[21–23], the redox-mediated tunneling contacts can be considered as
the molecular transistors.

The characteristic feature distinguishing in situ systems from the
vacuum tunneling contacts is the strong interaction of the tunneling

electron with the fluctuation of the polarization of the condensed
matter environment. It is just this interaction which permits the tran-
sitions of the redox group (RG) from the oxidized state to the reduced
one. Therefore, the first theoretical study of the electron tunneling
through a one-level RG [24] was based on the picture of the sequential
electron tunneling consisting in the intermediate electron localization
at the RG after thermal fluctuations and subsequent full relaxation of
the vibrational subsystem corresponding to the fluctuations of the po-
larization of the condensed matter environment. This picture describes
the fully diabatic electron transitions (ETs) (the limit of the weak in-
teraction of the RG with the working electrodes when the RG valence
level moves very fast across the energy window) and was further ela-
borated in Refs. [25–27,9,11,13,16,28]. In particular, the classical rate
equation method was used in [26] for the derivation of the expression
for the tunnel current for the spin-less model and the study of the
current/bias voltage and current/overvoltage relations. This study was
generalized in Ref. [9] where the effect of the Debye screening of the
electrode potential in the tunneling gap was taken into account within
the linear approximation. Effect of the Coulomb repulsion between two
electrons located at the valence orbital of the RG, effect of the asym-
metry of the coupling of the RG with the working electrodes and the
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band structure effect on the tunnel current was studied in Refs.
[11,13,15–16,28]. The classical rate equation method used in this
works is formulated in terms of the rate constants of the non-adiabatic
electron transfer at each working electrode and is valid only in the fully
diabatic limit [29] (see also a more detailed discussion in [16]).

However, the classical rate equation method with the use of the rate
constants of the adiabatic electron transfer was also adopted for the
fully adiabatic ETs (the limit of the strong interaction of the RG with the
working electrodes) in the large number of works (see, e.g., Refs.
[26,21]). This approximation being very clear and physically trans-
parent is not formally correct for the fully adiabatic ETs although it
involves a number of new concepts including the description of the
mechanism of the tunneling of a “boost” of electrons. On the other
hand, in this case the electron jumps between the electrodes are much
faster than the shift of the valence level due to the electron-phonon
interaction so that the electrons “see” the almost fixed valence level of
the RG in this case. Therefore, the resonant tunneling model is a more
appropriate here. Its variant which uses the average only over the
density of the oxidized states of the RG was considered in [30]. How-
ever, as was argued in [26,21], the account of both valence states is
necessary. Later the tunnel current in the strong coupling limit was
calculated based on the simulations of the stochastic motion of the
classical phonon subsystem [31]. A more natural way of the calculation
of the tunnel current for the fully adiabatic limit was suggested in Ref.
[32] where the total steady state current was obtained using the
thermal averaging of the partial tunnel current calculated at a given set
of the phonon coordinates over the Boltzmann distribution of the
phonon coordinates described by the exact adiabatic free energy surface
(AFES) which determines the phonon motion. The dependence of the
tunnel current on the bias voltage, overvoltage, the width of the valence
level of the RG, the reorganization energy was studied and discussed for
arbitrary values of the parameters and arbitrary particular cases
[32–34].

The explicit expressions for the tunnel current obtained both for the
fully diabatic [9,11,16,28] and fully adiabatic [32–34] ETs show a
number of the exact identities which connect the tunnel current values
corresponding to different choice of the parameters describing the
tunnel contact. These identities were first presented in [11,32] for the
classical phonon modes and the fully diabatic and fully adiabatic ETs,
respectively. They were generalized in [16] to the case of the asym-
metric tunneling contacts with the asymmetric coupling of the RG to
the electrodes. The first goal of the present paper is the proof of these
exact identities for arbitrary temperatures, arbitrary values of the en-
ergy U of the Coulomb repulsion between the electrons having different
spin projections and located at the valence orbital of the RG, arbitrary
phonon modes and the arbitrary types of the ETs (including the inter-
mediate case between the fully diabatic and the fully adiabatic ETs and
taking into account the possibility of the asymmetric coupling of the RG
to the electrodes) at the working electrodes having arbitrary band
structure. These identities are proved below within the Anderson-Hol-
stein model [35–36] which, in particular, implies the local linear
screening of the RG charge by the harmonic oscillators describing the
fluctuations of polarization of the condensed matter environment
without the account of the effect of the inharmonicity.

The proved identities are important in themselves. However, they
permit us to obtain the expression which relates the positions of dif-
ferent maxima (minima) of a given tunnel current/overvoltage char-
acteristic in the case of the symmetric tunneling contact (the case of the
symmetric coupling of the RG to the electrodes whose bands can be
obtained from each other using a mirror transformation with respect to
their centers) or relates the positions of maxima (minima) of two tunnel
current/overvoltage characteristics where one of them corresponds to
the transformed parameters describing two working electrodes and
their coupling to the RG. As one of the consequences of this relation, we
also obtain the expression for one of the points of extrema ηextr of the
tunnel current/overvoltage characteristic which is valid for arbitrary

conditions mentioned above but for the symmetric tunneling contact.
The derivation of these expressions is the second goal of the present
paper. In the experimental investigation of Tao [1] it was first shown
that the maximum of the tunnel current/overvoltage dependence ηmax

is close to the equilibrium potential of the redox group (i.e., ηmax ≈ 0).
This result was confirmed by the theoretical study of the relationship
between the tunnel current and overvoltage performed in Ref. [26] for
the fully adiabatic limit of the spin-less model within the classical rate
equation method. The dependence of the ηmax on the bias voltage V was
also found out:

= −η γ V ξ(0.5 ) .max (1)

Here the parameters ξ and γ describe the fraction which the overvoltage
and the bias voltage contribute to the shift of the valence level of the RG
due to the interaction of the RG with the electrostatic potential existing
in the tunnel gap and the overvoltage η is determined as the “cathodic”
overvoltage η=φL

0−φL where φL
0 and φL are the “equilibrium” po-

tential of the left electrode and its potential, respectively. Later the
same result for ηmax was reproduced in Ref. [32] for the case of the fully
adiabatic limit within a more consistent approach and in Ref. [9] for the
case of the fully diabatic ETs in the limit of the large reorganization
energy Er of the classical phonon modes of the solvent.

The result presented by Eq. (1) has been supported by a number of
experimental studies. Not only the maximum itself has been observed
but the dependence of the position of the maximum on the bias voltage
has also been investigated (see, e.g., Refs. [37–39,18]). However, in
such experiments it is unknown what a regime of the electron transfer is
at play. Indeed, it may be the fully diabatic, the fully adiabatic or the
intermediate one. We show that, at room temperature, Eq. (1) takes
place within the spin-less model for arbitrary regimes of the ETs but for
the symmetric tunneling contacts. As the illustration of this result we
calculate the tunnel current/overvoltage characteristics in the wide-
band approximation for the spin-less model for both the fully diabatic
and the fully adiabatic ETs and demonstrate that Eq. (1) is valid for
arbitrary strengths of the electron-phonon coupling. Similar calcula-
tions are performed for the case when U= 0 which is the simplest
example of the account of the electron spin projections. We also present
the results of calculations of the tunnel current/overvoltage char-
acteristics for the asymmetric tunneling contacts and show that the
relations between the positions of the points of maxima (or minima) as
well as the relation between the corresponding values of the tunnel
current are fulfilled.

The paper is organized as follows. In Section 2 we describe the
model and present the identities for the tunnel current which are
proved in Appendices A and B. In Section 2 we also derive the ex-
pressions for the points of the extrema of the tunnel current/over-
voltage dependence. In Section 3 we verify the obtained expressions for
the case of the spin-less model within the fully diabatic and fully
adiabatic limits of the ETs. In Section 4 we perform the analogous
checking both for the case of non-zero U in the fully diabatic limit and
for the case when U= 0. The concluding remarks are presented in
Section 5.

2. The model and the identities for the tunnel current

We consider the case when the single-electron energy level spacing
in the RG is sufficiently large so that only one spin-degenerate valence
level of the RG is taken into account. The system is described by a well-
known Anderson-Holstein Hamiltonian [35–36]:
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where εpα are the electronic energies of quasi-particle states ∣pα >of
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