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Molecular Diode at Fast Switching on (off) Regime

E. G. Petrov
Bogolyubov Institute for Theoretical Physics, National Academy of
Sciences of Ukraine, Kiev, Ukraine

It is shown that after a sudden change of the voltage bias in device ‘‘electrode–
molecule–electrode’’, only the hopping current components are able to achieve a
great value as compared to the steady current. The effect becomes especially notice-
able at asymmetric coupling of the molecule to each electrode. At such asymmetry,
the molecule exhibits itself as a molecular diode which is kinetically recharged
during the transfer of electrons through a molecule. Just a specific kinetic molecu-
lar charging (at switching on the voltage) and discharging (at switching off the
voltage) become responsible for a formation of switch-on and switch-off currents.

Keywords: charge transmission; kinetic equations; molecular charging; molecular
discharging; tunneling

PACS numbers: 05.30.�d, 05.60.Gg, 34.70.þ e, 73.40.� c

I. INTRODUCTION

Molecular diode is the simplest basic element which performs a trans-
formation of electric signals in molecular circuits. The first model of
molecular diode has been proposed by Aviram and Ratner in the
70th [1]. But, the experimental verification of diode properties has
been only obtained in last ten years [2–5]. It has shown that noticeable
rectification behavior of organic molecules appears at strongly asym-
metric profile of electric potential along the molecule [6,7]. At the same
time, a rectification behavior of single molecules is also caused by a
specific molecular charging which is happen at inelastic electron

The work was supported by special program ‘‘Fundamental Properties of Physical
Systems in Extremal Conditions’’ of NASU.

Address Correspondence to E. G. Petrov, Bogolyubov Institute for Theoretical Phys-
ics, National Academy of Sciences of Ukraine, 14-b Metrologichna str., Kiev, UA-03680,
Ukraine. E-mail: epetrov@bitp.kiev.ua

Mol. Cryst. Liq. Cryst., Vol. 496, pp. 1–15, 2008

Copyright # Taylor & Francis Group, LLC

ISSN: 1542-1406 print=1563-5287 online

DOI: 10.1080/15421400802451337

1

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

05
 0

9 
A

ug
us

t 2
01

2 



transmission through a molecule [8,9]. The charging factor becomes
especially significant at resonant electron=hole transmission. Note,
that the reliable experimental results on molecular conductivity have
been only obtained when a stationary regime of charge transmission is
supported. However, an important information on mechanisms of
chasrge transmission through single molecules and nanomolecular
systems one can obtain studying the current evolution to a steady
state just after alteration of the inter-electrode voltage. In the present
communication, we study the physics of current evolution in a molecu-
lar diode at fast alteration of applied voltage.

II. BASIC EXPRESSIONS FOR A CURRENT EVOLUTION

To understand the physics of current evolution in a molecular device
from its initial value (formed just after a voltage alteration) to its
steady value (formed at t>sst where sst is the characteristic time of
establishment of a stationary charge transmission in the device), we
model a molecular diode as the system ‘‘electrode L–molecule–
electrode R’’ (LMR-system) where only a single electronic level related
to the lowest unoccupied molecular orbital (LUMO), dominates in for-
mation of the current through a molecule. It is supposed that this level
is well separated energetically from the rest empty and filled levels
(cf. Fig. 1). Similar single-level models are often used to clarify the
physics of charge transmission through organic molecules [8–15].

In this communication, we assume a strong Coulomb repulsion
between two extra electrons occupying the molecule. Therefore, in
the voltage region under consideration only neutral (M0) and singly
(M1) charged states of the molecule participate in formation of the cur-
rent. Probability for realization of the noted states is defined through
respective charge molecular occupancies WðM0; tÞ and WðM1; tÞ.
Evolution of the occupancies is determined by hopping transmission
of electrons from the electrodes to the molecular level. [In Fig. 2,
respective contact rate constants are denoted via vr and v�r,
(r ¼ L;R).] General form of kinetic equations for charge molecular
occupancies have been derived in Ref. [9]. For our case of charge
neutral and singly charged molecular states they read

_WWðM0; tÞ ¼ �2kf WðM0; tÞ þ kbWðM1; tÞ;
_WWðM1; tÞ ¼ �kbWðM1; tÞ þ 2kf Wð0; tÞ

ð1Þ

where

kf ¼ vL þ vR; kb ¼ v�L þ v�R: ð2Þ

2 E. G. Petrov
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FIGURE 1 LMR-system as a molecular diode with the only frontier molecular
orbital. Current formation occurs through real and virtual population of the
LUMO by the transferred electrons. Before a steady current is established in
LMR-system, the currents ILðtÞ and IRðtÞ through the electrodes remain unequal.

FIGURE 2 Charge hopping transmission in molecular diode with active
LUMO. Electrode-molecule and molecule-electrode rate constants are denoted
via vLðRÞ and v�Lð�RÞ, respectively. Resonant regime is opened when one of
transmission gaps, DELðVÞ or DERðVÞ, vanishes.
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are the charge transfer rates. Molecular occupancies satisfy the
normalization condition

WðM0; tÞ þWðM1; tÞ ¼ 1: ð3Þ

The form of kinetic Eq. (1) is valid if only rate constants vn ¼
vnðVÞ; v�n ¼ v�nðVÞ and, thus, transfer rates kf ¼ kf ðVÞ, kb ¼ kbðVÞ
are time-independent quantities. If the applied voltage is time-
dependent, i.e., V ¼ VðtÞ, then, generally, one have to employ much
more complicated non-Marcovian form of kinetic equations. Below
we consider only the fast voltage alteration. At such switching on
(off) regime, the kinetic equations, Eq. (1) are quite suitable for
description of current evolution. Kinetic theory shows that a current
through each separate electrode r contains direct and hopping compo-

nents so that IrðtÞ ¼ I
ðdirÞ
r ðtÞ þ I

ðhopÞ
r ðtÞ. Direct component is given by

expression I
ðdirÞ
r ðtÞ ¼ IðtunÞ½WðM0; tÞ þWðM1; tÞ� which is identical for

r¼L and r¼R. Such identity is explained by the fact that a direct cur-
rent is formed by the tunneling electrons which do not really populate
the molecule. In line with normalization condition (3), a direct current
is time-independent quantity which is determined by a standard
Landauer expression [6]

IðtunÞ ¼ I0

Z þ1
�1

dE
½ fLðEÞ � fRðEÞ�CLðEÞCRðEÞ

½E� ðEðM1Þ � EðM0Þ�2 þ ½CLðEÞ þ CRðEÞ�2=4
ð4Þ

where fRðEÞ ¼ fexp½ðE� mrÞ=kBT�g�1 is the Fermi distribution func-
tion of the r th electrode (mr is the chemical potential, kB is the Boltz-
mann’s constant, T is the absolute temperature). Width parameters
CLðEÞ and CRðEÞ reflect interaction of the molecule with respective
electrodes. Introduction of the current unit I0 ¼ 2jej=h � 77:6 mA sup-
poses that all energy quantities including the width parameters, have
to be taken in electron-volts. [It is important to note that if more than
one extra electron can occupy the molecule, then a direct current
component becomes dependent on charged state of the molecule (via
molecular occupancies). Formation of such direct current includes
more than one tunnel route. But that more complicated case is beyond
our consideration.]

Sequential (hopping) charge transmission includes a real popu-
lation of molecular level by the transferred electron. This leads to a dif-
ference between the hopping currents related to each electrode.
Following the kinetic approach to description of charge transfer
processes in LMR-system one derives (h is the Planck’s constant)

4 E. G. Petrov
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I
ðhopÞ
L ðtÞ ¼ I0h½vLWðM0; tÞ � v�LWðM1; tÞ�;

I
ðhopÞ
R ðtÞ ¼ �I0h½vRWðM0; tÞ � v�RWðM1; tÞ�:

ð5Þ

It is clear seen that an evolution of each hopping current is governed
by relaxation of charge molecular occupancies to their steady values
WstðMn ; VÞ � WðMn ; t>sstÞ; ðn ¼ 0; 1), formed at given fixed voltage V.
Solving the set (1) at stationary condition _WWðMn ; tÞ ¼ 0, with taken
into account the normalization condition (3) one derives

WstðM0; VÞ ¼ kbðVÞ
2kf ðVÞ þ kbðVÞ

;WstðM1; VÞ ¼ 2kf ðVÞ
2kf ðVÞ þ kbðVÞ

: ð6Þ

Let salt be the characteristic time of fast voltage alteration from V ¼ V1

to V ¼ V2. Fast alteration means that sst>>salt. Therefore, if one
describes evolution of the occupancies at t>>salt, then solution of the
set (1) is performed at initial condition WðMn ; t ¼ 0Þ ’WðMn ; t<<saltÞ �
WstðMn ; V1Þwhereas the occupancies theirselve evolve at V ¼ V2. Thus,
the solution to set (1) reads

WðMn ; tÞ ¼WstðMn ; V2Þ þ ½WstðMn ; V1Þ �WstðMn ; V2Þ�e�t=sst ð7Þ

where quantities WstðMn ; VÞ are given by Eq. (6). In fact, the Eq. (7)
describes a relaxation of molecular occupancies in LMR-system from
their steady values existed at V ¼ V1 (i.e., before a voltage alteration)
to the occupancies formed at new voltage V ¼ V2. This relaxation occurs
with the characteristic time

sst ¼ sstðV2Þ ¼ ½2kf ðV2Þ þ kbðV2Þ��1 ð8Þ

III. RESULTS AND DISCUSSION

On the base of derived analytic expressions one can conclude that evol-
ution of the current through the rth electrode is defined by a sum of
tunnel and hopping components,

IrðtÞ ¼ IðtunÞ þ IðhopÞ
r ðtÞ; ðr ¼ L;RÞ: ð9Þ

To specify a tunnel component we use a well known wide-
band approximation [6]. In line with this approximations, the width

Molecular Diode at Fast Switching 5
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parameters CL and CR are energy independent values. This allows us
to reduce Eq. (4) to a much more simple form I

ðdirÞ
L ðtÞ ¼ I

ðdirÞ
R ðtÞ �

IdirðtÞ ¼ IðtunÞ where

IðtunÞ ¼ 2I0
CLCR

CL þ CR
arctan

2DERðV2Þ
CL þ CR

� �
� arctan

2DELðV2Þ
CL þ CR

� �� �
: ð10Þ

[In Eq. (10) we have introduced the transmission gaps DELðVÞ ¼
EðM1Þ � ðEðM0Þ þ lLÞ and DERðVÞ ¼ EðM1Þ � ðEðM0Þ þ lRÞ (cf.
Fig. 2).] Whereas the tunnel current component, Eq. (10) is a time-
independent value, the hopping components, Eq. (5) are also time-
dependent quantities. To analyze evolution of these current
components one has to specify the form of contact rate constants that
characterize a relaxation of occupancies. For the sake of definiteness,
we consider the case of small nuclear displacement. Respective contact
rate constants are obtained in the form [8,9]

vrðVÞ ’
1

�h
CrnðDErðVÞÞ;

v�rðVÞ ’
1

�h
Cr½1� nðDErðVÞÞ�

ð11Þ

with

nðDErðVÞÞ ¼
1

exp½DErðVÞ=kBT� þ 1
ð12Þ

being the electronic distribution function with a voltage controlled
transmission gap. [Note that the gaps for both tunnel and hopping
charge transmission are identical.] When an extra electron occupies
the MO then an energy shift of molecular level is defined by voltage
division factor g [6]. We consider a situation when the left electrode
is held at zero voltage so that lL ¼ EF, lR ¼ EF þ eV where EF is the
Fermi energy for both (identical) electrodes. In this case, one derives
EðM1Þ � EðM0Þ ¼ DEð0Þ þ egV and thus

DELðVÞ ¼ DEð0Þ þ geV;

DERðVÞ ¼ DEð0Þ � ð1� gÞeV:
ð13Þ

Here, DEð0Þ is the unbiased transmission gap.
To have at hand a more suitable expression for the hopping current

components we substitute the rate constants, Eq. (11) and the
occupancies, Eq. (7) into the Eq. (5). It yields

6 E. G. Petrov
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IðhopÞ
r ðtÞ ¼ I

ðhopÞ
st ðV2Þ þ ½IðhopÞ

r ð0Þ � I
ðhopÞ
st ðV2Þ�e�t=sstðV2Þ ð14Þ

where the characteristic time

sstðV2Þ ¼
�h

CL½1þ nðDELðV2ÞÞ� þ CR½1þ nðDERðV2ÞÞ�
ð15Þ

is associated with adaptation of the hopping current components to
their common steady value

I
ðhopÞ
st ðV2Þ � I

ðhopÞ
L ðt >> sstðV2ÞÞ ¼ I

ðhopÞ
R ðt >> sstðV2ÞÞ

¼ I0
2pCLCRP

r¼L;R

Cr½1þ nðDErðV2ÞÞ�
½nðDELðV2Þ � nðDERðV2Þ�: ð16Þ

The adaptation starts from initial currents

I
ðhopÞ
L ð0Þ � I

ðhopÞ
L ðt << saltÞ ¼ I0

2pCLP
r¼L;R

Cr½1þ nðDErðV2ÞÞ�

�
X

r¼L;R

Cr½nðDELðV2ÞÞ � nðDErðV1ÞÞ� ð17Þ

and

I
ðhopÞ
R ð0Þ � I

ðhopÞ
R ðt<<saltÞ ¼ �I0

2pCRP
r¼L;R

Cr½1þ nðDErðV2ÞÞ�

�
X

r¼L;R

Cr½nðDERðV2ÞÞ � nðDErðV1ÞÞ� ð18Þ

that are formed just after a sudden alteration of the applied voltage
from V ¼ V1 to V ¼ V2. Therefore, we attribute quantities I

ðhopÞ
L ð0Þ

and I
ðhopÞ
R ð0Þ to the switch-on currents (if V1 ¼ 0;V2 ¼ V) or to the

switch-off currents (if V1 ¼ V;V2 ¼ 0).
Current evolution depends strongly on the transmission gaps,

Eq. (13). When the gap DErðVÞ is positive then an electron tunneling
occurs in off-resonant regime and thus a tunnel current is not large.
As to the hopping current components, they vanish at zero temperature

Molecular Diode at Fast Switching 7
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(since a charge hopping process requires a temperature activation).
Situation changes principally if DErðVÞ � 0. Now a molecular level
becomes resonant to one of the filled electrode’s level. It forms a tunnel
and a hopping resonant charge transmission in LMR-system. Now, an
electron hopping does not require more a temperature activation. Con-
dition DErðVÞ ¼ 0 determines those resonant voltages V ¼ V

ðresÞ
r that

open a resonant regime of current formation. It is not difficult to see that
a resonant regime with the left (right) electrode is happen only at posi-
tive (negative) voltages when V � V

ðresÞ
L ðV � V

ðresÞ
R ) where

V
ðresÞ
L ¼ DEð0Þ

jejg > 0; V
ðresÞ
R ¼ � DEð0Þ

jejð1� gÞ < 0: ð19Þ

Therefore, two voltage intervals are important for the analysis,
0 < V < V

ðresÞ
L and V � V

ðresÞ
L ðat V > 0Þ as well as 0 > V > V

ðresÞ
R and

V � V
ðresÞ
R ðat V < 0Þ.

III.1 Switch-on Currents

For description of current evolution at a sudden switching on the volt-
age, one has to set V1 ¼ 0 and V2 6¼ 0. The switching on effect becomes
especially clear if a voltage jump exceeds 0.1 V. Figures 3 and 4 illus-
trate a current evolution at off-resonant and resonant charge trans-
mission, respectively. We have to pay attention on three principal
peculiarities. The first one reflects the fact that a direct (tunnel)
current component does not depend on time being equal to its steady
value. In off-resonant voltage region 0 < V < V

ðresÞ
L (or 0 > V > V

ðresÞ
R )

where V ¼ V2, a tunnel current component at does or does not exceed
the hopping current components. At the fixed transmission gaps,
Eq. (13) this is defined by a concrete temperature (cf. Figs. 3a and
3b). The second peculiarity concerns a large difference between absol-
ute value of the switching on currents I

ðhopÞ
L ð0Þ and I

ðhopÞ
R ð0Þ both at off-

resonant and resonant regimes of charge transmission. This fact is
easy explained on the base of simplified analytic expressions for the
currents. Actually, at voltage alteration of jV2 � V1j ¼ jVj > 0:1 V,
one can set nðDELðVÞÞ >> nðDEð0ÞÞ >> nðDERðVÞÞ (if V > 0) and
nðDERðVÞÞ >> nðDEð0ÞÞ >> nðDELðVÞÞ (if V < 0). It allows us to rewrite
Eq. (16) in much more simple form

I
ðhopÞ
st ’ signðVÞI0

2pCLCRnðDErðVÞÞ
Cr½1þ nðDErðVÞÞ� þ Cr0

ð20Þ

8 E. G. Petrov

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

05
 0

9 
A

ug
us

t 2
01

2 



FIGURE 3 Current evolution in LMR-system during the off-resonant trans-
mission at room (a) and low (b) temperature. The evolution starts just after
an instantaneous rise of the applied voltage from V ¼ 0 to V 6¼ 0. Hopping
and direct (tunnel) electron transmission occurs through the LUMO. The
switch-on hopping current and the steady hopping current drop strongly at
low temperature. Direct (tunnel) current I

ðdirÞ
L ðtÞ ¼ I

ðdirÞ
R ðtÞ ¼ IðtunÞ is time

and temperature independent value. The case of symmetric coupling of the
molecule to the electrodes is presented. No large difference between the
switch-on hopping current and the steady state hopping current. The calcula-
tions are based on Eqs. (10) and (14) at DEð0Þ ¼ 0:3 eV, CL ¼ CR ¼ 5 � 10�5 eV;
V ¼ 	0.5 V; g ¼ 0:5.

Molecular Diode at Fast Switching 9
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FIGURE 4 Evolution of current components in LMR-system just after an
instantaneous rise of the applied voltage from V ¼ 0 to V 6¼ 0. Resonant
regime of transmission through the LUMO is shown for the case of symmetric
(a) and asymmetric (b) coupling of the molecule to the electrodes. At asymmet-
ric coupling, a maximal value of the switch-on hopping current differs strongly
on the steady current. Direct (tunnel) current I

ðdirÞ
L ðtÞ ¼ I

ðdirÞ
R ðtÞ ¼ IðtunÞ is time

and temperature independent value. The calculations are based on Eqs. (10)
and (14) at DEð0Þ ¼ 0:3 eV, CL ¼ CR ¼ 5 � 10�5 eV (a), CL ¼ 3 � 10�3 eV,
CR ¼ 5 � 10�5 eV (b); V ¼ 	 2V, T ¼ 298 K; g ¼ 0:5.
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where one has to set r ¼ L; r0 ¼ R (at V ¼ V2 > 0) and r ¼ R; r0 ¼ L (at
V ¼ V2 < 0). Analogously, setting V1 ¼ 0;V2 ¼ V we derive from
Eq. (17) and (18) the following expression for switch-on currents,

I
ðhopÞ
L ð0Þ ’ I02pCLnðDELðVÞÞ;

I
ðhopÞ
R ð0Þ ’ I02pCRnðDEð0ÞÞ; ðV > 0Þ ð21Þ

and

I
ðhopÞ
L ð0Þ ’ �I02pCLnðDEð0ÞÞ;

I
ðhopÞ
R ð0Þ ’ �I02pCRnðDERðVÞÞ; ðV < 0Þ: ð22Þ

It is not difficult to see that quantity

f ðonÞ
L=R ¼

I
ðhopÞ
L ð0Þ

I
ðhopÞ
R ð0Þ

¼ CL

CR
� nðDELðVÞÞ=nðDEð0ÞÞ if V > 0

nðDEð0ÞÞ=nðDERðVÞÞ if V < 0

�
ð23Þ

varies in wide region dependently on a precise magnitude of the
applied voltage as well as the width parameters. Quantity
fðonÞ

L=R ¼ fðonÞ
L=RðVÞ can be large (at V > 0) or small (at V < 0) both at sym-

metric and nonsymmetric coupling of the molecule to the electrodes
(i.e., at CL ¼ CR and CL 6¼ CR, respectively). The third peculiarity
refers to a ratio between the switch-on currents and the steady cur-
rent. Let, for instance, an applied voltage be positive and CL � CR.
In this case, the ratio of a maximal switch-on current to a steady hop-
ping current reads

fðonÞ ¼ I
ðhopÞ
L ð0Þ
I
ðhopÞ
st

¼ 1þ CL

CR
½1þ nðDELðVÞÞ�: ð24Þ

In contrast with quantity fðonÞ
L=R (which is large even at CL ¼ CR) the

ratio (24) depends strongly on relation between the width parameters.
If CL ¼ CR then the fðonÞ is equal to 2 and 3 (at off-resonant and res-
onant transmission regimes, respectively). But, the ratio becomes
large at CL=CR >> 1. Thus, the quantity like fðonÞ can be employed as
the characteristic of switching on effect in a molecular diode. It is
important to stress that the effect appears only at asymmetric coup-
ling of the molecule to the electrodes (compare Figs. 4a and 4b). Note
also, that a tunnel current component as well as a steady hopping cur-
rent component alternate insignificantly even though one of the width
parameters (the CL in our case) increases strongly. At the same time,
the condition Cr=Cr0 >> 1; ðr0 6¼ rÞ, leads to large switching on effect at
V > 0; r ¼ L; r0 ¼ R or V < 0; r ¼ R; r0 ¼ L:

Molecular Diode at Fast Switching 11
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Let a voltage bias drop suddenly from V1 ¼ V to V2 ¼ 0 so that the
establishment of steady current in LMR-system is achieved at ident-
ical chemical potentials of the electrodes, i.e., at lL ¼ lR ¼ EF. Due
to such regime of transmission a common current, Eq. (9) does not con-
tain a distant (tunnel) current component. As to the hopping current
components I

ðhopÞ
L ðtÞ and I

ðhopÞ
R ðtÞ, they evolve to a common value

I
ðhopÞ
st ¼ I

ðhopÞ
st ðV2Þ ¼ 0. Figure 5 manifests a current behavior at sym-

metric (panel a) and asymmetric (panel b) coupling of the molecule
to the electrodes. At symmetric coupling, an absolute value of switch-
ing off current I

ðhopÞ
L ð0Þ coincides with the I

ðhopÞ
R ð0Þ whereas at strong

asymmetric coupling there is a dramatic difference between the noted
currents. One can also indicate a switch-off effect which lies in the fact
that one of the switch-off currents (the I

ðhopÞ
L ð0Þ in our case) exceeds

strongly a steady current I
ðhopÞ
st ¼ I

ðhopÞ
st ðV1Þ formed at V1 ¼ V. [Com-

parison of Fig. 4b and Fig. 5b shows that I
ðhopÞ
st ðV ¼ 2VÞ � 10nA and

I
ðhopÞ
L ð0Þ � �70 nA.] All noted peculiarities can be explained on the

base of analytic expressions

I
ðhopÞ
L ð0Þ ’ �I02pCLULRðVÞ;

I
ðhopÞ
R ð0Þ ’ I02pCRULRðVÞ; ðV > 0Þ; ð25Þ

and

I
ðhopÞ
L ð0Þ ’ �I02pCLURLðVÞ;

I
ðhopÞ
R ð0Þ ’ I02pCRURLðVÞ; ðV > 0Þ; ð26Þ

[Eqs. (25) and (26) follow from respective Eqs. (17) and (18) at
V1 ¼ V;V2 ¼ 0 and jV1 � V2j > 0:1 V.] In Eqs. (25) and (26), we have
introduced the factor

ULRðVÞ ¼
CLnðDELðVÞÞ � CRnðDEð0ÞÞ

CL½1þ nðDELðVÞÞ� þ CR
: ð27Þ

Expressions (25)–(27) show that quantity

fðoff Þ
L=R ¼

I
ðhopÞ
L ð0Þ

I
ðhopÞ
R ð0Þ

�����
����� ¼

CL

CR
: ð28Þ

varies in wide region dependently on a precise magnitude of the
applied voltage as well as the width parameters. Quantity fðoff Þ

L=R
becomes large at strong coupling asymmetry (i.e., at CL >> CR) inde-
pendently on the voltage polarity. Note that a ratio of maximal

12 E. G. Petrov
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FIGURE 5 Evolution of current components in LMR-system just after an
instantaneous drop of the applied voltage from V 6¼ 0 to V ¼ 0. Resonant
regime of transmission through the LUMO is shown for the case of symmetric
(a) and asymmetric (b) coupling of the molecule to the electrodes. At asymmet-
ric coupling, a maximal value of the switch-off hopping current differs strongly
on the steady current formed at V ¼ 	 2 V. Direct (tunnel) current
I
ðdirÞ
L ðtÞ ¼ I

ðdirÞ
R ðtÞ ¼ IðtunÞ is completely absent. The calculations are based on

Eqs. (10) and (14) at DEð0Þ ¼ 0:3 eV, CL ¼ CR ¼ 5 � 10�5 eV (a), CL ¼ 3 � 10�3

eV, CR ¼ 5 � 10�5 eV (b); T ¼ 298 K; g ¼ 0:5.
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switch-off current (the jIðhopÞ
L ð0Þj in a given case) to steady current

I
ðhopÞ
st ¼ I

ðhopÞ
st ðV1 ¼ VÞ is also determined through Eq. (28) and can be

large. At last, one has to pay attention that independently on the sign
of starting steady current I

ðhopÞ
st ðV1 ¼ VÞ the current I

ðhopÞ
L ðtÞ is negative

while the current I
ðhopÞ
R ðtÞ is positive. This fact indicates that switch-off

currents I
ðhopÞ
L ð0Þ and I

ðhopÞ
R ð0Þ reflect a starting kinetics of molecular

discharge. [If LMR-system exhibits itself as a molecular diode, one of
the switching currents exceeds strongly the second one, cf. Fig. 5b.]

IV. CONCLUSIONS

Based on the simplest model of system ‘‘electrode L-molecule-electrode
R’’ (LMR) we show analytically that at a sudden alteration of applied
voltage from V1 to V2, the currents I

ðhopÞ
L ðtÞ and I

ðhopÞ
R ðtÞ through

respective electrodes (cf. Fig. 1) do not coincide for as long as the
charge transmission process in a molecular diode remains transient.
Steady current I

ðhopÞ
st is formed only at t >> sst where quantity sst is

the time that characterizes the establishment of stationary electron
transmission in LMR-system. At symmetric coupling of the molecule
to the electrodes, the switch-on (-off) currents I

ðhopÞ
L ð0Þ and I

ðhopÞ
R ð0Þ

appearing just after a sudden voltage alteration from V1 ¼ 0 to
V2 ¼ V 6¼ 0 (or from V1 ¼ V 6¼ 0 to V2 ¼ 0), do not strongly differ from
steady current I

ðhopÞ
st formed at V 6¼ 0. But, if the noted coupling is

strongly asymmetric, then diode properties of the molecule embedded
between the electrodes, become significant so that one of the switch-on
or switch-off currents (I

ðhopÞ
L ð0Þ or I

ðhopÞ
R ð0Þ) exceeds noticeably the I

ðhopÞ
st

(cf. Eqs. (24) and (28) at CL >> CR as well as Fig. 4b and Fig. 5b). This
effect may be very important in molecular electronics where single
molecules are assumed to use as basic functional elements. It follows
from the results presented in a given communication, that it is desir-
able, where possible, to avoid the use strongly asymmetric contacts of
molecular diode with the leads.
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