
This article was downloaded by: [University of Haifa Library]
On: 13 August 2012, At: 20:27
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Stability of coupled exciton-
electronic complexes in one-
dimensional molecular chain
N. I. Grigorchuk a
a Bogolyubov Institute for Theoretical Physics, 14-b
Metrologichna Str., Kyiv, 03143, Ukraine E-mail:

Version of record first published: 18 Oct 2010

To cite this article: N. I. Grigorchuk (2002): Stability of coupled exciton-electronic
complexes in one-dimensional molecular chain, Molecular Crystals and Liquid Crystals,
385:1, 21-25

To link to this article:  http://dx.doi.org/10.1080/713738790

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages

http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/713738790
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
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STABILITY OF COUPLED EXCITON-ELECTRONIC

COMPLEXES IN ONE-DIMENSIONAL MOLECULAR

CHAIN

N. I. Grigorchuk

Bogolyubov Institute for Theoretical Physics,

14-b Metrologichna Str., Kyiv, 03143 Ukraine,

E-mail: ngrigor@bitp.kiev.ua

The generalized Green functions method is applied to calculate the coupling

energy of three-particle electron-hole complexes in an one-dimensional mole-

cular chain depending on the ratio of electron and hole masses. The problem of

stability of such complexes is discussed.
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INTRODUCTION

Exciton-electronic complexes (EEC) have gained much interest over the
last few decades due to the their important role in the both energy and
charge transport in organic nature [1]. Superradiance of Frenkel exciton in
linear systems [2] and photoinduced absorption in conjugated polymers [3]
are only some of aspects of this deep and interesting problem. Recently, the
exhibition of EEC has been intensively studied for quantum- and low-
dimensional structures (see, e.g., [4,5]), where they becomes more stable,
in part because the reduced dimensionality leads to relatively larger
binding energies. It results, in particular, from the studies of the charged
photoexcitations in thiophene-based molecular semiconductors [6].

It is well known that the complex of Frenkel exciton and electron can
form the coupled states in a molecular crystal [7,8]. The stability of such
states essentially depends on the mass ratio of an electron and hole in the
concrete material. So far, the investigations have been focused mainly on
the semiconductors [9], and less well conducted for organic materials. In
this communication, some results of theoretical study for simple case of an
one-dimensional molecular chain are given.
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MODEL AND METHOD

Let’s consider an one-dimensional periodic molecular chain with one
molecule in elementary cell, and simple nondegenerate bands whose
extrema are located at the center of the Brillouin zone. The excitons are
supposed to be able to perform a Bloch-wave-like coherent motion. Let in
such chain there is also created arbitrarily the charge carrier, which the
energy and wave function can be described within the framework of the
tight binding model. The presence of an extra charge at any site polarizes
the lattice around of itself, and upon excitation, the exciton can trap to its
polarization field and to form the state coupled with it. Consequently, the
interaction of two particles has polarization character and decreases with
distance faster than r�4.

We shall carry out the theoretical study of the problem in the adiabatic
approximation, which implies that the transition frequencies to the states
of exciton-charge complex considerably exceed the phonon frequencies. In
zero approximation, one may consider molecules are fixed in the certain
equilibrium sites, creating the one-dimensional lattice. Let’s neglect the
interaction of both the electron and Frenkel exciton with the lattice
vibrations [10]. Then using the Heitler-London approach, the Hamiltonian
of the system in the notation of second quantization can be written down as
follows:

Ĥ ¼ E0 þ
X

n

DnB̂n þ B̂n þ
X
n 6¼m

MnmB̂þ
n B̂m

þ
X

m

emF̂þ
mF̂m þ

X
n 6¼m

NnmF̂þ
n F̂m þ

X
n 6¼m

VnmB̂þ
n B̂nF̂þ

mF̂ 0
m ð1Þ

where E0 is the energy of the nonexited crystal, DNðemÞ is the formation
energy of exciton (electron) in site n(m) with zero quasi-momentum,
MnmðNnmÞ is the matrix element of resonant interaction, describing migra-
tion of an exciton (electron) between molecules with coordinates n and m,
B̂þ

n ðB̂nÞ are the Bose operators for exciton creation (annihilation), F̂þ
n ðF̂nÞ

are the Fermi operators for electron creation (annihilation), and Vnm is the
matrix element of the interaction potential between exciton and electron.

To find the energy spectrum of coupled states of two particles it is
necessary to solve the appropriate Schrödinger equation. It is best to do
using the generalized Green functions method for a two-particle problem.
Then we obtain the set of equations for the probability amplitude of two
particles localization on different lattice sites, which has a nontrivial solu-
tion under the condition that

detj~Gr;r0 ðkÞVr0;0 � dr;r0 j ¼ 0: ð2Þ

[142]/22 N. I. Grigorchuk
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Here r ¼ n � m, dr;r0 is the Kronecker symbol, the function ~Gr;r0 ¼ Gr;r0�
Gr;0G�1

0;0G0;r0 is expressed through the usual lattice Green function Gr;r0 of
an unperturbed problem, but excludes the exciton localization on the
charged molecule. It is realized for the case, when the concentration of
excitons and electrons is not so high, that it was necessary to take into
consideration the kinematic interaction, responsible for a strong repulsion
of two particles on the same lattice site

Using the method of the residue theory, the Green function for an one-
dimensional molecular chain can be calculated exactly for any distances
between interacting molecules [11]. However, because the probab-
ility amplitude of exciton and electron localization becomes greatest for
the adjacent sites, such calculation is performed in a most simply way in
the nearest neighbor approximation.

RESULTS AND DISCUSSION

Taking into account only two neighboring molecules, equation (2) reduces
to: ~G	1;0V	1;0 ¼ 1. Let’s introduce now the following notation:

E ¼ Eex�el � D� e;

O	1;0 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

	1;0 þ N2
	1;0 þ 2M	1;0N	1;0 cos ka

q
;

ð3Þ

where Eex�el is the coupling energy of the exciton with the electron to be
defined, k is the component of quasiparticle momentum along the mole-
cular chain, and the lattice constant. Then for the case, when E2 > O2, the
simplest Green function can be obtained in the form

~G	1:0 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E 2 � O2

	1;0

q 1 �
E �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � O2

	1;0

q� �2

O2
	1;0

2
64

3
75: ð4Þ

The matrix element of resonant interaction for structures with one mole-
cule in an elementary cell can be presented for an exciton and electron,
accordingly, as

M	1;0 ¼ d2
exa

�3ð1 � cos2cexÞ; N	1;0 ¼ d2
ela

�3ð1 � cos2celÞ; ð5Þ

where d1 is the dipole moment for the exciton (or electron) transition to the
l-th state, cl is the angle between directions of the molecular chain and of
the dipole moment. Let’s consider for simplicity, that dl are orientated
transversely to the direction of a chain, and the oscillator strengths
ðFex 
 Fel � FlÞ and transition frequencies ðoex 
 oel � olÞ to the l-th
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state are approximately equal. Then for the points of band extrema ðk ¼ 0;
p=aÞ, we arrive finally at the expression for the coupling energy of the EEC:

Eex�el � D� e ¼ V	1;0 þ
1

V	1;0

e2hFl

2a3mhol

� 
2
1

s
	 1

1 þ s

� 
2

ð6Þ

where V	1;0 is the interaction energy between exciton and electron placed
on the lattice sites with numbers 0 and 	1; s ¼ me=mh;me;mh are the
electron and hole masses, respectively. The plus sign in the above equation
is taken for the top of exciton-electronic band, while the minus sign applies
to the bottom of it. The formula (6) is obtained provided that the polar-
ization interaction between an exciton and electron considerably exceeds
their total resonance interaction.

As it is seen from the equation (6) the coupling energy of the EEC is
positive for the wide range of the mass ratio s 2 ½0;1�. Thus, for one-
dimensional molecular chain, under the condition mentioned above, one
can consider the coupled EEC as stable one.

The dependence of the coupling energy of the EEC on the mass ratio s
is given in Figure 1. The calculations were performed with the next para-
meters: V ¼ 400 cm�1, ol ¼ 1015 sec�1, F = 0.1, mh ¼ 10m0, a = 4A.

As it is visible from the figure, the decrease of coupling energy with s is
more smoothly varying for k ! 0. The coupling energy is minimal for small
quasi-momentums, when the hole mass verges towards to the electron one
(that is for the limiting case of positronium atom), and further mono-
tonously grows with increasing the mass difference. In the other limiting
case (hydrogen atom), when the holes mass exceeds considerably the

FIGURE 1 The dependence of coupling energy of the exciton-electronic complex

vs the ratio of effective electron and hole masses in 1D molecular chain.
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electron mass, the coupling energy of an electron and exciton becomes
maximal.
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