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We propose a kinetic model of formation of the photoinduced
current through a single organic molecule placed between two
metal electrodes. An analytical expression for the combined
thermally activated inelastic and distant elastic interelectrode
currents with participation of the neutral, charged, and
photoexcited states of the molecule is found. The obtained
expression is used for the analysis of a behavior of the current
and the differential conductivity of the molecule depending on
the potential difference applied to the electrodes, as well as on the
frequency of the external electromagnetic radiation. We discovered
a photostimulated effect of switching between the conducting
and low-conducting states of the molecule accompanied by the
variation of its conductivity by an order of magnitude.

1. Introduction

The possibility of experimental investigations of
conducting properties of separate organic molecules
placed between two metal electrodes has opened
new prospects for the following minimization of
electronic circuit components based on the use of
soft-body element basis [1-3]. For today, there have
been synthesized a number of molecular compounds
with specified characteristics able to play a role of
conductors [4], diodes [5, 6], molecular switches [7,
8], transistors [9], and logic and memory units [10,
11]. In this case, the conducting properties of such
structures are controlled with the help of both external
constant electric fields applied to metal contacts and
alternating electromagnetic fields, namely by means
of additional irradiation of the “metal-molecule-metal”
(MMM) system. This irradiation can result in essential
changes of the geometry and electron configuration
of a photosensitive compound, which induces, in
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turn, variations of the conducting properties of a
molecule [12]. Recent experimental investigations of
thin layers of protein molecules have demonstrated
that the influence of electromagnetic radiation in the
optical frequency range can result not only in the
improvement of the conductivity of MMM structures
but also in the appearance of switching effects between
the conducting and nonconducting states of a molecule
[13, 14]. Moreover, a number of molecules display
pronounced diode properties [15-17], where the density
of unidirectional photoinduced current depends on
the potential difference applied to the electrodes,
which was observed in the course of investigations of
derivatives of a cytochrome molecule ¢ [17,18]. When
studying the conducting properties of a pair of «-
spiral peptides with different directions of the dipole
moment simultaneously located on a metal substrate,
it was shown that a direction of the photoinduced
current could be changed by choosing the wavelength
of the external electromagnetic radiation [19]. The
generation of the switching effect directly depends on the
orientation of the dipole moment of each compound of
the pair, which results in the acceleration of the electron
transfer in a specified direction. Similar experimental
results were obtained studying the photoconducting
properties of self-organizing layers of ruthenium-viologen
compounds [20].

Theoretical investigations of the photoconductivity
of organic molecules are mainly based on the use of two
approaches. The first one consists in the application of
the method of nonequilibrium Green function (NGF)
together with the density-functional method applied to
the calculation of the electron structure of a MMM
system. The adaptation of the NGF method to the
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Fig. 1. Molecule placed between two metal electrodes L and R
subjected to the potential difference V'

calculation of the optical properties of MMM-like
structures is presented in [21, 22]. For example,
investigating an azobenzene molecule placed between
two metal microcontacts by means of the NGF method
[23], it was shown that the external photoexcitation
allows one to switch between the conducting and
nonconducting states of the MMM system. In this case,
there can appear two different electron configurations of
the molecule, the switching between which is performed
by means of a monochromatic electromagnetic wave of
a specified frequency. Studies of the photoconductive
properties of an anthracene molecule [24] demonstrated
that ultraviolet monochromatic light could turn two
monomers of the molecule into a dimer. Varying
the light frequency, one can realize the inverse
process. Calculations have demonstrated that the
electroconductivity of a monomer exceeds that of a
dimer by several orders of magnitude, which testifies
to the practical possibility for the use of an anthracene
molecule as a molecular switch.

Another approach to the study of the effect of
electromagnetic radiation on the conducting properties
of separate molecules consists in the development of
quantum-mechanical models that adequately describe
photoinduced electron-transport processes in a system.
A number of models is based on the application of
the Floquet formalism [25,26] that was earlier used for
the description of a behavior of atoms and molecules
in strongly oscillating fields and later on was applied
(together with many-particle approaches) to the study
of electron-transport processes in molecular systems
interacting with metal contacts [27,28].

One more alternative and powerful approach to
the description of transport processes in molecular
nanostructures controlled by external constant and
alternating fields is the method of nonequilibrium
density matrix (NDM). This method allowed one to
describe the electron-transport processes controlled by
external periodic and stochastic fields both in model
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systems and in donor-acceptor complexes [29-31]. It was
also used for the investigation of the conductivity of
separate organic molecules [32,33] placed between two
metal electrodes, as well as for obtaining the expressions
for stationary interelectrode currents through molecular
wires [34, 35]. The NDM method also served as a basis
of the model used to obtain the elastic current through
a molecular wire in the case of the external influence
of laser radiation on the system [36]. The authors have
demonstrated theoretically that the action of a laser
pulse can result in the switching between the conducting
and nonconducting states of the wire.

In the given work, we apply the NDM method to
the study of the formation of the combined thermally
activated inelastic and distant elastic photoinduced
currents through a separate molecule in the ground,
photoexcited, and singly charged states. The main
attention will be paid to obtaining the analytical
expression for the interelectrode current, as well as to
the investigation of the effect of external electromagnetic
radiation on the conductivity of the molecule. In
particular, we will find the conditions, under which
electromagnetic radiation causes the appearance of
the effect of switching between the conducting and
nonconducting states of the molecule.

2. Effective Hamiltonian of the System

In order to study the mechanisms of formation of
a photoinduced current, let us consider a model
system consisting of two metal contacts L and R
and a molecule placed between them (Fig. 1). Let us
assume that the system is exposed to the action of
electromagnetic radiation with frequency . The metal
electrodes will be considered as macroscopic systems
with a quasicontinuous spectrum, whose energies can
be disturbed by neither the molecule nor the external
radiation.

In the framework of the model, the electron is
transmitted between three electron states of the (LMR)
(left electrode — molecule — right electrode) system. In
the ground state, the transported electron is on one of
the electrodes, while the molecule is in the neutral state
|Mo). In the |[M ™) state, the transported electron is on
the molecule, i.e. the molecule is charged and contains
one excess electron. The | M ~*) state corresponds to the
molecule in the photoexcited state, where it goes from
the charged one under the action of electromagnetic
radiation. In this case, the excess electron appears at
a higher molecular orbital.
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The Hamiltonian of the LMR system can be
presented in the following form:

HLMR(t) = Hleads + Hmol + Vleads—mol + ‘/int (t)a (1)

where the first term

Hicads = Z ZErk\rkaﬂrka\ (2)

r=L,R k,o

represents the Hamiltonian of the electrodes (E,k is the
energy of the electron with the wave vector k£ in the
conduction band of the r-th electrode; |rko) corresponds
to the electron state with the spin projection o).

The second term in formula (1) is the Hamiltonian
of the molecule consisting of the purely electron part,
the Hamiltonian of the thermostat, and the operator of
electron-vibrational interaction of the molecule with its
environment, i.e.

Huot = H 4+ Hop + Varvin. (3)

mol

The electron part of the Hamiltonian of the molecule
reads

Hmol = ZEn(V) |n><n|, (4)

where E,, (V) is the electron energy of the molecule in the
neutral (n = M), charged (n = M ~), and photoexcited
(n = M ") states.

It is worth noting that, in the case of the potential
difference V' applied to the electrodes, there takes place a
shift of the electron energy levels according to the linear
law

Ey-(V) = En-(0) — eViy-,

EM—*(V> = EM—*(O) — GV’I']]\J—*, (5)

where Epr-(a7-4)(0) are the electron energies of
the molecule undisturbed by the electric field in
the charged and photoexcited states, correspondingly,
whereas 7y (a-+) denote the factors that determine a
linear shift of the corresponding electron levels of the
molecule under the action of the potential difference V'
applied to the electrodes.

In the presented model, the electron states of the
molecule are related to its vibrational states by means
of the electron-vibrational interaction. Restricting
ourselves to the standard harmonic approximation, we
present the Hamiltonian of the oscillations of nuclei (the
Hamiltonian of the thermostat) and the operator of the
electron-vibrational interaction in the form

1
Hyip = Z hiwx (b;b,\ + 5); (6)
y
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Vel—vib = Z Z Rixnx (b + b)) [n)(n, (7)

n,o X

where w) is the frequency of the A-th normal vibrational
mode, b;\“ and by are the operators of production and
destruction of the A-th vibration, correspondingly, and
Xnx is the constant of the electron-phonon coupling in
the n-th electron state of the molecule.

The influence of an external electromagnetic field on
the molecule is presented by the last term of Hamiltonian
(1). In the dipole approximation, the corresponding
interaction operator has form Vi (t) = —aEq cos Qt,
where [i stands for the dipole moment operator, while
Eq is the vector of the field intensity. It is worth noting
that the point dimensions of molecules amount to several
nanometers, which is much less than the wavelength of
electromagnetic radiation in the case where its frequency
does not exceed 10'® Hz. At such frequencies, the spatial
variation of electric and magnetic fields at a distance of
the order of molecule dimensions is very weak, which
allows one to consider the molecule as a point dipole.

Thus, in the one-dimensional case and the
occupation-number representation, the operator of
interaction of the field with the molecule with regard
for its charged and photoexcited states can be presented
in the following way:

Vint = Z(VM—M—* COSQt’M_><M_* +

o

+ V- s cosQE (M)W (M™]). (8)

In formula (8), V- ar—+ = [Eo| (M~ | 1| M~*) is the
matrix element of the photoinduced transition between
two states of the molecule |M ™) and |M~—*).

3. Kinetics of the Current Formation in the
LMR System

In our model, each of the states of the LMR system
is characterized by the probability of its realization
(population), which we denote by P(My,t), P(M~,t),
and P(M~*,t). Moreover, the current in the system
is formed due to the competition of various electron-
transport processes. Such processes run both at the
electrode-molecule interface (with direct xr(ry, and
inverse X_r(—ryn (0 = M~, M™) interelectrode
transport rates) and inside the molecule between its
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Fig. 2. Kinetic scheme of the formation of a photoinduced current through a molecule placed between two metal electrodes L and R.

E(Mop), E(M~), and E(M~*) are the energies of the molecule in the neutral, charged, and photoexcited states, correspondingly

charged and photoexcited states (with effective direct
kyr-—ap—+ = ky—_a—+(Q) and inverse kyr—«_ - =
kpr—+_ - () rates) (Fig. 2). In addition, there takes
place the distant tunneling of the electron from one
electrode to the other, which results in the formation
of the elastic mechanism of charge transfer in the LMR
system [32,33].

In order to derive relations for the nonstationary
interelectrode currents, we use the general expressions

I _r(t)=—eNp(t), Ip_r(t)=eNg(t), (9)

where e > 0 stands for the absolute value of the
electron charge, N 1,(t) represents the evolution of the
number of free electrons with specified spin projection
able to pass from the left electrode to the right one
through the molecule, whereas Ng(t) describes the
inverse transmission process: from the right to the
left. Each of these quantities is determined in terms
of the probabilities P(n,t), (n = My, M—, M~*) of
realization of the states in the LMR system.

In order to investigate the evolution of the quantum
system based on the earlier developed approach [33], one
can obtain a closed system of kinetic equations for each
population of the states of the LMR system, as well as
put down the expression for the evolution of the number
of particles N. r(r)(t) and thus derive the current. In
the case where the molecule interacts with the external
periodic field with frequency {2, the system takes the
form

P(My,t)=—2(Bpr- + By )P(My, t)+Apr- P(M ™t
YAy P(M™*, 1),
P(M™,t) = —(Ap- + knr—— - (Q)P(M ™, t)+
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+Buy- P(Mo,t) + kar—+ - () P(M 7, 1),

PM™ ™ t)=—(Ap—+kpr—_pr- (Q)P(M ™" tH+

+Bp—+«P(Mo,t) + kpr— —p— (Q)P(M™,¢), (10)
where A, = X_rn + X—Rn, Bn = Xin t+ X&n
(n = M~,M~*) characterize the direct and inverse

transitions of the electron between the electrodes and
each of the states of the molecule.

In order to solve the system of kinetic equations
(10), it is necessary to specify the initial conditions of
the system. Let us consider that, before the periodic
electromagnetic field was turned on, the system was
in the stationary state, so that P(n,t = 0) = PT(LSt)7
where n = My, M—, M~*. It is worth noting that
Py(LSt) = PT(LSt)(V) depends on the potential difference
V applied to the microelectrodes and can be obtained
from the solution of the system of stationary equations
at all P(n,t) = 0. That is why the kinetics of current
formation can be studied either under the condition
that the potential difference V' was already applied
to the metal electrodes at the moment of switching
on of the external electromagnetic radiation or under
the condition V' = 0. A detailed investigation of the
processes of switching on and off of currents through a
separate molecule is presented in [37]. We will mainly
concentrate on the study of the effect of electromagnetic
radiation on the current formation and consider that
the potential difference is applied simultaneously with
the beginning of the action of the periodic field, so that
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the initial conditions can be found from the solution
of the system of stationary equations at V = 0, i.e.
P(n,t = 0) = PPV = 0) = s,,. Under such initial
conditions, the solution of the system of nonstationary
kinetic equations (10) takes the form

2
P(n,t) = + >0 exp[-K; 1],

(11)
where B

5V = F"(0)/F2(0),

5 = B ) (K B()lp=—x,) . (G = 1,2), (12)
Ko =1/2[n £/ — 42]. (13)

Formulas (11) and (12) contain the following
notations:

Fl(MO) (8)=sm,8"+ 500 (Ani- + Anputkar- -+

oy =) + S Av- + sy Ap-+]s+

+Ay- Ay« + Ap-ky——m- + Ay k-« -,

Fl(Mf)(S) =sp-8°+[250 Bar- +5ar- (Apr— o +2(By—+

+Bars) + Ear— - () + spr—s Far— e pr— ()] s+
+2 (AI\/[** BM* + (BM* + BM**) kM**—)J\/[* (Q))7

FPM (s) = spp-e 82+ [250 Bar—s + Spr— (Ay-+

+2 (B + Bar—s) +sp-kar— - () +
+har-—ar-«(2)] s + 2(Apr- Bar- o+
+(Bar- + By Far-—nm-+(9)),

Fy(s) = 5% + 215 + 2. (14)

In turn, z; = Ap- + Ay + 2(By- + By-») +
k]y[—_,M—*(Q) —|— kM_*AM_(Q) Ta 29 = AM* AM** +
Ap-kar-—sn- + Ap—w k- wm- + 2[Apy- By +
An—+«Byr- + (Bar- + Buy-) (k- — -« + Ear— =)

Formulas (11)—(14) give a possibility to study the
time evolution of the population of each state of the
LMR system participating in the photoinduced electron-
transport process (PETP), as well as allow one to derive
an analytical expression for the nonstationary current
through a molecule.
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4. Photoinduced Current Through the
Molecule

Nonstationary case

The problem of determination of the nonstationary
interelectrode current substantially differs from the
stationary problem which is first of all related to the
fact that, during the time preceding the formation of
the stationary current, the charge of the molecule can
change and, therefore, the number of electrons escaping
from one electrode can differ from that coming to the
other one [37]. This testifies, in turn, to the necessity of
a separate investigation of both the direct L — R and
inverse R — L currents.

In the case of hopping transmission, the direct and
inverse interelectrode currents through the molecule can
be presented as follows:

7P o(t) = To 27 h(xzar- + Xzars) P(Mo, )+

+1/2(x—m- P(M™,t) = x—pam—~ P(M77,1))],  (15)
II}%CEL( )= —Io2mh[(XrMm- + XrM-+) P(Mo,t)—
—1/2(x=rm~- P(M™,t) + X—ga—+ P(M ™ %,t))].  (16)

In formulas (15), (16), we introduced the quantity
Iy = |e|/mh =~ 77.6 uA, while the probabilities P(n,t)
are determined according to formula (11) together with
relations (12)—(14).

In addition to inelastic electron transitions in the
LMR system accompanied by the real population of the
molecule, there occurs the direct distant tunneling of
the electron between the electrodes with participation
of the so-called virtual states of the molecule. Such a
tunneling makes a contribution to the formation of the
interelectrode current and can be determined in the
framework of the single approach to the description of
kinetic processes in the LMR system developed in [32,
33|. Based on these results, we put down the expressions
for the direct and inverse distant elastic components of
the current:

Ifrpy =l2rh( > QY5 P(nt)+

n=M-—,M—*
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+QL4.R (M07t))7 (17)

I =-l2rh( > Q4. P+
n=M—,M—*

+QR*>L (M()at))7 (18)

where Q(toly = Q(zl\iq) + Qz—>y while Q( (QR—>L>

represent the elastic electron currents frorn the left
(right) electrode to the right (left) one; moreover, each
of them depends on the charge state of the molecule n =

M—, M~*. The direct interelectrode electron current is
determined by the formula
(n) I Trnlrn 2AFER,(V)
=— ———— (arctan ——=—
QLHR 7hTrn+Tra ( Ten +Tre
2AEL,(V
— arctan A) . (19)

FLn + FRn

The inverse current Qgi 1, can be obtained from formula
(19) substituting the indices L for R and is related to

the direct one as %LL . = ngi g+ It testifies to the
fact that the tunneling electron current is formed in
the case of a constant population of the molecule by
an excess electron in each of its states participating in
the electron-transport process [37]. However, it is worth
noting that the tunneling component of the current (17),
(18) depends on the charge state of the molecule due to
the populations P(n,t) that can be obtained from the
solution of the system of kinetic equations (10).

In formula (19), AEL,(V) and AER,(V) represent
the energy gaps between the n-th electron level of
the molecule and the Fermi level of the corresponding
electrode, whereas I'y, and I'p, determine the
broadening of the electron levels of the molecule in its
charged n = M~ and photoexcited n = M ~* states
caused by the presence of metal electrodes and the
environment.

Thus, the total direct and inverse interelectrode
currents through a molecule placed between two metal
electrodes can be presented as the sum of the hopping
and elastic components,

Inr(t) = I} R (t) + If™ 4 (1), (20)
T (t) = IpP () + I" (1), (21)

where the hopping component is calculated with the help
of formulas (15), (16), while the elastic tunneling one is
determined by (17), (18).
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Stationary case

Formulas (20, 21) imply that, in the nonstationary case,
I gr(t) # Ir—r(t). The equality of the direct and
inverse currents is observed only if the stationary mode
is established in the system. In this case, Np_p =
Np_p =const. It is worth noting that the formation
of the stationary current takes place on the time scale
t ~ Ts¢ > TET, Where 7y is the characteristic time of
reaching the stationary mode, and 7gr is the time of
the electron-transport process. Moreover, the approach
to the description of kinetic processes in terms of
the integral populations of each of the states of the
system participating in the ET process supposes that
the kinetic processes aimed at the establishment of the
stationary mode take place on the time scale much
exceeding the time of internal molecular relaxation 7.
The characteristic time of vibrational relaxation for the
majority of molecular structures lies in the range 7 ~
1013 —-107! 5 [38]. That is why, in the framework of our
model, we consider that t > 7., which in turn allows
us to neglect the memory effects related to non-Markov
processes in the system. One more approximation used
in our model is related to the imposition of a certain
constraint on the frequency €2 of the external periodic
field acting on the LMR system. The characteristic times
of electron-transport processes in the system g are
of the order of nanoseconds and higher. That is why,
in order to conserve the time linearity of system (10),
it is necessary that the time scale of the ET process
t ~ mgr > Q7L In other words, a lot of oscillation
periods of the electromagnetic field must pass before the
probability of transition of the system from one state
to another reaches a significant value [39]. Under such
a condition, we can deal with field-average quantities.
Taking into account the above-stated considerations,
one can put down the system of linear kinetic equations
(10) for the investigation of the PETP in the LMR
system.

Thus, in the stationary case, the direct and inverse
currents coincide. Allowing for the fact that now all
P(n,t) = P(St) = const (n = Moy, M—,M~*), one
can obtain the following expression for the hopping
component of the stationary photoinduced interelectrode
current through a molecule placed between two metal
electrodes:

Iftzgdy(v) =Io2mh[(XLm- + XLyv—) Pzﬁzz)_

—1/2 (x—par- PEY + x_par—- PEY)), (22)
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where the quantities

s 1
PJ(\;)) ) [Ani- Ap—« + Apr- k- () +
+AM—* kM—ﬁM_*(Q)]ﬂ

w2
P]$4t_) = B [A]w—* BM* + (BM* +BM**) X

XkM**HM*(Q)L
P — 214, B B B
M—*—B[ M- By + (Bar- + Bag—+) %

X kar-— -+ (Q)]

represent the stationary populations of each of the
states of the LMR system participating in the ET
process and can be obtained from the solution of the
system of stationary equations, i.e. from system (10)
under the condition that all P(n,t) 0. In formula
(23), we introduced the quantity D = Ap;— Apr— +
Ap- (2By-+ + ky—om-(Q) + Ay-- (2Buy- +
kar-—a—-() + 2(By- + Buy—-) (by-—nm—(92) +
kM**ﬁM*(Q)) :

The distant elastic component of the current
Igti;ady(V) is determined according to any of formulas
(17) or (18) under the condition that all P(n,t) =
P,SSt) = const (n = My,M~,M~*), the latter can
be found with the help of relation (23). Using new
notations, the total current through a molecule is
presented as follows:

Leady(V) = Ity (V) + Ldaay (V)-

steady

(23)

(24)

5. Transport Rates

In order to investigate the direct (20) and inverse
(21) nonstationary currents, as well the effect of
electromagnetic radiation on the volt-ampere behavior of
the stationary interelectrode current (24), it is necessary
to find expressions for the electron transport rates in the
LMR system. For the hopping rates of electron transfer
between the electrodes and the molecule, we use the
expressions obtained in the approximation of a wide
metal gap [40]. In our notations, the direct and inverse
rates of electron transfer from the left electrode to the
molecule have the form

1
XLM- = ﬁFLM* np(AEpy-),

ISSN 2071-0194. Ukr. J. Phys. 2009. V. 54, N 7

1
XLM-—* = ﬁrLM** np(AEpy-+),

1
X—LM- = ﬁILLM* (1 —=nr(AE_Lp-)),

1
X—LM—* = ﬁF—LM—*(l —np(AE_py-+))-

(25)

Similarly, the rates of electron transfer from the
conduction band of the right electrode to the molecule
are as follows:

1
XRM- = ﬁFRM* nr(AERy-),

1
XRM—=* = }TLFRM**HF(AERM**)’

1
X—RM- = ﬁFRM— (1 - nF(AERM—))v

1
X—RM-* = ﬁFRM_*(l — nF(AERM—*)) .

(26)

In (25, 26), np(AE,,) = [exp(AE.,/kgT) + 17}
represents the Fermi distribution function.

The energy gaps between each of the electron levels
of the molecule participating in the transmission and
the Fermi level of the corresponding electrode are
determined with the help of the relations (see Fig. 2 and
formula (5))

AEpy- v (V) = Ey-u—+)(V) — Er =
=AEpy- (v (0) — eV (),
AEry-(rM—)(V) = Ex- - (V) — (Bp —eV) =

= AEgry-(rm—+)(0) — eV (L = nar-(ar—+)),s (27)
where AELI\/I*(LM**)(O) = EM*(M**)(O) — EF and
AEgy-(rm-+(0) = Ey-(u-+(0) — Ep are the
distances between the corresponding electron level of the
molecule and the Fermi level Er of the electrode in the
absence of the applied electric field.

713



Ya.R. ZELINSKYY, E.G. PETROV

For the rates characterizing photoinduced transitions
inside the molecule between its charged and
photoexcited states, we use the Marcus formulas [41]
extended to the case of an external periodic field. The
technique used for obtaining the analytical expressions
for electron transport rates in the case of an external
periodic field acting on the molecule with the help of the
NDM method is presented in [30]. Based on these results,
one can demonstrate that, in the Bohr approximation
at high temperatures, the direct and inverse transfer
rates between the charged and photoexcited states of
the molecule have the form

kM*HM,* (Q) -

A+ AEy - )+ ()
X eXp( An kg T X

x cosh (hﬂ ()\T;:\TAkEBA;_* - )) 7 -
Eavi- - () = % ’\/%X

X exp (_ e AEi/[/\_:/ii_If . (hQ)2> *

. <hﬂ (ATQ—A TAk?}—* M—>) , (29)

where )\, denotes the reorganization energy, T is
the temperature, kg is the Boltzmann constant, and
AE)  p- stands for the energy gap between the
energies of the molecule in the photoexcited and charged
states. Taking formula (5) into account, we obtain

AEy-+ - = Ey-(V) = Ey-(V) =

= ABEpyp-(0) — eV (mag—+ — 1as- ), (30)

where AEj;- 3—+(0) is the energy difference of the
electron levels of the molecule in the charged and
photoexcited states undisturbed by the electric field.

In order to analyze the direct (28) and inverse (29)
photoinduced rates, we consider the optical frequency
range, in which the electromagnetic wavelength lies in
the interval between 400 and 700 nm which corresponds
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to the photon energies lying between 1.77 and 3.1
eV. In addition, we consider that the electromagnetic
radiation resulting in the transitions of the system
from the charged state |M ™) to the photoexcited one
|[M~*) does not considerably change the center of
mass of the electron density at the molecule. In this
case, M- = np—-+. Lherefore, the energy difference
between the electron energies at the molecule in the
|M~—*) and |M~) states practically does not depend
on the potential difference V' applied to the electrodes
(AEp— p- = AEp—«37-(0)). However, the energies
Ey- (V) and Ep;—+ (V) in formula (5) remain dependent
on V. (The case where the transition of the system from
the charged state of the molecule to the photoexcited
one is accompanied by an essential shift of the position
of the electron density at the molecule, ie. ny— #
Nar—» and AEy—« pr— = AEy— - (V), requires special
investigation and will be considered in subsequent
works).

Let us find the conditions for the maximal
influence of electromagnetic radiation on the conducting
properties of the molecule. ith regard for the structure
of the rates (28) and (29) and the fact that cosh(z) =~
1/2 exp[z] at & > 1 and cosh(x) &~ 1/2 exp[—z] at z <
1, we obtain the approximate expression for the direct
rate of transition between the charged and photoexcited
states of the molecule:

2

T | Var- p—~

ky- () — ——————
wr=—n=+(Q) 2h AT\ kg T

X

e <_ A+ ABEy—e ar— — hQ)2> . (31)

AN kT

From (31), one can see that the rate ky—_ 3/—+(Q)
reaches its maximum in the region where A, +
AEy -y~ =~ h2. In order to find approximate
expressions for the inverse rate of the photoinduced
process, let us consider two limit cases: A\, < AFEy;—« -
and A, > AFEp;—« 3r-. In the first case,

2
k- - () = = Vs |

— X
2h AT N\ kg T

v onr (BB — hQ)?
eXP An kg T &

(32)

and the rate reaches its maximum at AE;—« j— =~ hS.
In the second case,

2

Fenr—e - (Q) ~ ™ | V- -

— X
2h AT N kg T
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(A — hQ)2> | (33)

xexp (_ An kT

and the rate differs from zero only at A, =~ hQ.
It is worth noting that, both at A\, <« AFEp;—« -
and at A\, > AFEp-«p—, the direct and inverse
rates coincide, which can be seen from (31)-(33).
That is, one can consider that kj;-_p—+(Q) =
Ey——p-(©) = x(). In the case where A\, =
AEp-+ -, the inverse photoinduced rate decreases
with the frequency according to the exponential law
kpr—e_pr— ~ exp[f(hQ)Q/él)\r kgT] and is practically
equal to zero in the optical wavelength range. That
is why, for estimations and numerical calculations, we
consider the case where A\, < AE -« 37—

6. Stationary Interelectrode Current in the
Case of Resonance Transmission

In order to analyze the volt-ampere behavior of the
stationary interelectrode current, it is worth noting that,
according to the diagram presented in Fig. 2, there exist
two types of resonance electron transmission through a
molecule. The first one is realized in the case where the
electron energy level in the charged state of the molecule
coincides with the Fermi level of the right (V' > 0) or
left (V' < 0) electrode. The second type takes place
in the case of the coincidence of the electron energy
level in the photoexcited state with the Fermi level
of the corresponding electrode. The resonance potential
differences can be found with the help of the relations

Viw =AELa(0)/(le[n;), (n=M", M), (34)
at V > 0 and
Vi :AERn(O)/(|e|(1_nj)) ,(V”L:M_7 M_*)7 (35)

at V. < 0. Let us consider each mode of electron
transmission through the molecule and find the
approximate expressions for the stationary current.

In the case of pre-resonance transmission, where 0 <
V| < Vip, r=L,R; n =M, M *) and taking into
account that the Fermi distribution function ng(e) ~ 1
at ¢ < 0 and np(e) ~ 0 at ¢ > 0, the populations
Py =1, PEY ~ 0, PSY. 2 0. Therefore, I'%, (V) ~
0 according to formula (22). Thus, in the pre-resonance
mode, the current through the molecule is formed only
due to the elastic mechanism; moreover, the charged and
photoexcited states of the molecule practically play no
role in the electron transmission.

At Vopr- < |V| < Vyppr-+, the resonance transmission
is realized with participation of the molecular energy
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level in the charged state. Moreover, the approximate
expressions for the electron populations in the case of a
positive potential difference V' > 0 and a negative one
V' < 0 have the form

1 Try- Cpa—- + FRM**)_i_

(st)
PMo ~ DL[ K2

Tpym-~+Tr -+ +Tra—-
AT (@),

sty o 2 Ty Cpar—++Tra—)
P~ 5 = x(€),

. 2 Tpa
P~ 5o SRS X(@) (V2 0) (36)
and

st I ' Tom-Try—~ | T+ TRy

st) . 2 |'ry-Tryu—~ | T'rym-
PMND_R|: 2 = X(@Q))

. 2 Tpnr
PEY. b % X(Q) (V <0). (37)

In (36), (37), we introduced the notations

Ty e + Ty T e + 2T 0

DLE|:( LM : RM )+X(Q)] (TR s LM )+

n (Crav- +2Tpa-) x(2)
h

and

_ Trom-Try—+ | 2T py- Ty~
Dp = 2 + =

+

(Cop- +2Tga- +Tra—) x(9)
- )

(38)

The hopping component of the stationary interelectrode
current in the case of the positive and negative
potential differences applied to the electrodes will have,
respectively, the form

Ihop

steady(v) ~ 10277 |:FLM* PIE;B) — I/QFLMf*:| s

hop
Isteady

(V) ~ —Io’]T |:FLM_P]$;E) =+ ]-—‘L]W_* P]St,)*:| . (39)
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Fig. 3. Establishment of the stationary mode for the direct and
inverse interelectrode currents and the populations of each of the
states of the LMR system (inset). The calculations were performed
based on formulas (20)—(21) and (11) at the following parameters:
AEp-(0) = AEgRy-(0) = 025eV, AE;,,—(0) =
AERpy—-+(0) = 1.7 eV, Ty~ = Tiry— = 0.05eV , A = 04
eV, T -+ =Tpp—+ =5 x107% eV

In the case of post-resonance transmission where the
Fermi level of the right (at V' > 0) or left (at V <
0) electrode reaches the electron energy level of the
molecule in the photoexcited state, one can demonstrate

that the approximate formulas for the quantities P](\;B),

P]St,), and P]St,)*, as well as for the hopping component

hop

of the stationary current I (V), are as follows:

steady
1 [Tay-Tra—r  Trae +Tpi-
P(st) ~ RM R M R M RM 0
Mo DLL |: K2 + i X( ) ’
2 [Trym-Try—+ Trpy-+Tr0a—+
P(it} ~ LM R M LM LM 0
M DLL hg h X( ) ?
S 2 Tryv-Toyr—  Trom— +T0p—+
P(bt) ~ RM L M L M L M Q
M—* DLL |: h2 i X( ) )
(V>0) (40)
and
1 ive-Tov-—+  Troyp-+Tra—
P(st) LM L M LM RM Q
Mo DRR h2 + h ( ) )
S 2 F'ev-Troyv—+  Try- +Tryu—+
P(st) ~ RM L M RM RM 0
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2 |\ Tim-Try—~ | Trv- +Tra—-

(st)
PM** ~ Dgrr B2 A X(Q>
v <o), (1)

where the quantities Dy, and Drg are determined with
the help of the relations

Drr =Try-Try-+ /B2 + 20 pag-T g+ /02 +
+(TCra- +4Tpp- + 40 par— + Trar—)x(€2) /At
+2T ,y-Cpas—- /12,

Drr =Tra-Toar—+ /W + 20y -Trag—+ /24
+(Cop- +4Cra- + 4T gas—+ + Tppr— )x () /At

42T gar-Trp—+ /B2, (42)

Respectively, the approximate expressions for the
hopping component of the stationary current, where
V| > Vips (r =L, R), are as follows:

Ift?sgdy(v) ~Ilop2n(Lpp- +Tpa—-) Pﬁz), (V >0),
I;?;dy(v) ~—Iom (Lpa- PJ(\;E) + T+ J(\;t,)*),
(V < 0). (43)

7. Discussion and Basic Results

The analytical expressions for the direct and inverse
nonstationary photoinduced currents (20), (21) together
with formula (11) for the integral populations of
each state of the LMR system participating in the
PETP serve as a basis for the investigation of
evolution processes in the system. Figure 3 presents the
temporal evolution of the direct I, r(t) and inverse
Ig_,1(t) interelectrode currents, as well as the electron
populations P(n,t) (n = My, M~, M~—*) of each state of
the LMR system taking part in the ET process. One can
see that, on the time scale preceding the establishment of
the stationary mode in the system, the direct and inverse
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Fig. 4. Volt-ampere characteristic of the current at various

frequencies of electromagnetic radiation. In the inset — populations

of each of the states of the LMR system participating in the PETP

depending on V. The calculations were performed with the use of

formulas (23)—(24) at the same parameters as in Fig. 3

currents differ Iy, g(t) # Ir—r(t). As was mentioned
earlier, such a difference in the behavior of the current
is, first of all, related to the processes of “detachment”
of a part of electrons running from one electrode to the
other to charge the molecule.

The establishment of the stationary mode in the
system is accompanied by a variation of the integral
populations that reach there stationary values (the same
way as the current itself) at ¢ ~ 7o > TpT, (75t is the
characteristic time of reaching the stationary mode).

In what follows, we consider the stationary case and
analyze the way, in which the frequency of the external
electromagnetic radiations ) influences the volt-ampere
characteristics of the stationary interelectrode current,
as well as the conductivity of the molecule.

In the stationary mode, I, g(t > 1) = Ip—r(t >
TeT) = Isteady(V), that is why the current can be
calculated with the help of formula (24) together with
(17) and (22). Figure 4 shows the I(V) characteristic
of the current at various frequencies of the external
electromagnetic radiation €2, as well as the behavior of
the populations P(n,t) (n = My, M~, M~*) depending
on V in a wide range of potential differences applied to
the electrodes (see the inset). The figure demonstrates
the switching effect between the low-conducting and
conducting states of the molecule caused by an increase
of the frequency of the periodic field. As was already
noted, the basic influence of the electromagnetic
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Fig. 5. Hopping component (V), distant elastic component

of the potential difference applied to the metal electrodes. In
M07 M_7 M_*)

depending on V. The calculations were performed with the use

the inset — electron populations P(n,t) (n =
of formulas (23)—(24) at the same parameters as in Fig. 3

radiation on the current formation in the LMR system
is due to photoinduced transitions between the charged
and photoexcited states of the molecule controlled by the
direct (28) and inverse (29) rates. Such transitions result
in a change of the electron population of the molecule
and thus can affect its conductivity. According to the
approximate formula (32), the inverse (direct) rate at
Ar K AE -« pr— will be maximal only if AEy—- 3- =
hQ, so that ™ ~ & | Vi p-> VAT A kg T. In
this case, the population of the photoexcited state of
the molecule Pp;-- is the highest one, which can be
seen both from the approximate formulas (40) and (41)
and from Fig. 4. Moreover, the current is low, and the
molecule is in the low-conducting state. With increasing
the field frequency, where AQ) > AFE;-« -, there
takes place an abrupt (exponential) decrease of both the
direct kpr- _a—~(Q2) and inverse kp;—-_ - () rates.
In turn, it results in a reduction of the population of
the photoexcited electron level of the molecule and,
therefore, in an increase of the current. This situation
is demonstrated in Fig. 5 (see the inset), where one
can also see the volt-ampere behavior of the total
current Isieady (V'), as well as the I(V') dependence of the
elastic I§!,,, (V) and inelastic Ishtzgdy(V) components
of the current. In this case, the electron population
of the molecule in the photoexcited state is inessential

(PI(;Q ~ 0.0015) and the molecule is in the conducting

state.
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Fig. 6. Differential conductivity of the molecule as a function of
the potential difference applied to the electrodes. The calculations

were performed at the same parameters as in Fig. 3

Figure 6 shows the differential conductivity g(V) =
dlsteady/dV as a function of the potential difference V/
applied to the electrodes at various frequencies of the
electromagnetic radiation. In the figure, one can observe
an abrupt rise of the conductivity of the molecule with
increasing 2, which indicates the possibility to use the
molecule as a molecular photoswitch.

The calculations have also demonstrated that the
further increase of the frequency does not result in the
rise of either the current or the differential conductivity
testifying to the independence of these quantities on
the frequency of the electromagnetic field at AQ >
AFE )« p-- It is caused by the fact that, at high field
frequencies, the photoinduced rates rapidly tend to zero
due to their structure.

8. Conclusions

The main goal of the work consisted in the investigation
of the influence of external electromagnetic radiation
on the conducting properties of a separate organic
molecule placed between two metal electrodes. For
this purpose, we considered a model of the formation
of a photoinduced current through the molecule with
participation of its neutral, charged, and photoexcited
states. Under the condition of fast internal molecular
relaxation in the system, we put down the system of
linear kinetic equations (10) for the integral populations
of each of the states of the LMR system taking part
in the electron transmission. Based on the solution of
this system (11)—(13), we derived analytical expressions
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for the nonstationary direct (20) and inverse (21)
photoinduced interelectrode currents, which allowed us
to investigate the evolution processes in the LMR system
stimulated by the external electromagnetic radiation.
On the time scale much exceeding that of electron-
transport processes in the system, the current reaches its
stationary value. That is why the rest of the work was
devoted to the research of the behavior of the stationary
interelectrode current (24) depending on the potential
difference applied to the metal electrodes. In this case,
the main attention was paid to the study of the influence
of electromagnetic radiation in the optical wavelength
range on the formation of the I(V') characteristics of the
current, as well as the search for the conditions, under
which such an influence on the conducting properties
is the most considerable. It was demonstrated that
the external electromagnetic radiation can result in
the appearance of the switching effect from the low-
conducting state to the conducting one (Fig. 4). It was
also shown that the conductivity of the molecule can be
changed by an order of magnitude (Fig. 6). The latter
fact testifies to the possibility of using the molecule as
a molecular switch, whose conducting properties can
be controlled due to the irradiation of the molecule
by monochromatic light. Such effects were repeatedly
observed experimentally [13,14], though the application
of our model to the description of photoconducting
properties of specific organic molecules requires the
additional investigation.

The work was partially supported by the
program “Nanostructured systems, nanomaterials, and

nanotechnologies” (project No. 3/08-N).
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®OTOIHAYKOBAHUN CTPYM YEPE3 IIOOJIUHOKY
MOJIEKYJTY

A.P. Beaincoxuti, E.I. ITempos
PezwowMme

3anponoHOBAHO KiHETUYHY MOJeIb (HOpMyBaHHs (DOTOIHIYKOBaA-
HOT'O CTPYMY U€pe3 OKPEMY OPraHidHy MOJIEKYJLY, PO3MIIIEHY MixK
IBOMa METAJIEBUMH €JIEKTPOJIaMU. 3HAM/IEHO aHAJITUYHHUI BUpPa3
715t KOMOIHOBAHOI'O TEPMIYHO-aKTHUBOBAHOT'O HEIIPYXKHOI'O Ta U~
CTAHI[IHOTO MPY?KHOI'O MiXKEJIEKTPOHOI'O CTPYMIB 32 y4acTi Heii-
TPAJILHOIO, 3aPsiJIXKEHOr0 Ta (pOTO30YI2KEHOI'0 CTaHIB MOJIEKYJIH.
Ha ocHoBi ofepzkaHoro BUpa3y MpoBeAEHO aHaJjIi3 HOBEIIHKU CTPY-
My Ta audepeHIiiiHol IPOBiIHOCTI MOJIEKYIU Bif, Pi3HUIL IIPUKJIa-
JIEHUX J10 €JIEKTPO/IiB MOTEHIiaJIiB, & TAKOXK BiJl 4aCTOTH 30BHIIII-
HBOI'O €JIEKTPOMATrHITHOIO BUIIPOMiHIOBaHH:A. BusijieHo ¢orocTu-
MyJIbOBaHUN e(DEKT NMEPEKJIIOYEHHsSI MiXK MPOBIHUM Ta cJ1aborpo-
BITHUM CTaHaAMH MOJIEKYJIH, SIKUU CyIIPOBOJZKYETHCS 3MiHOIO IIPO-
BiTHOCT] MOJIEKYJIM HA HOPSIOK BEJIUTUHH.
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