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It is known that the energy of the lowest electronic transition in the neutral molecules of anthracene, tetracene,
and other polyacenes is blue-shifted in comparison with the corresponding transition energy in univalent molec-
ular ions. This effect in a molecular crystal may be responsible for the attraction between a molecular (Frenkel)
exciton and a charge carrier. Due to this attraction, a bound state of Frenkel exciton and free charge (charged
Frenkel exciton) may be formed [5]. As we demonstrate below, the same mechanism can be responsible for the
formation of a charged biexciton (bound state of two Frenkel excitons and a charge carrier). A one-dimensional
lattice model is used which corresponds to J aggregates and is also a good approximation for quasi-one-dimen-
sional crystals. Calculations are performed for molecular crystals like tetracene, where the exciton band at low
temperature is much narrower than the band of the charge carrier. © 2001 MAIK “Nauka/Interperiodica”.

PACS numbers: 71.35.Aa
Investigations of physical properties of molecular
crystals under conditions where both excitons and
charge carriers are present in a crystal have a long his-
tory (see, e.g., [1]). It was shown, for example, that an
exciton can transfer its energy to a charge, either a
trapped one, causing its detrapping, or to a free one,
which is then excited to a higher conducting state. This
direction of investigations has recently received new
emphasis after high-quality crystals made of various
molecular compounds were grown, and it was shown
that these crystals demonstrate high carrier mobility
[2]. Bandlike motion of delocalized charge carriers has
been clearly observed at low temperatures in molecular
crystals of various polyacenes and oligothiophenes.
One may expect that various effects of exciton–charge
interactions can be investigated in such crystals.

Interaction of a charge carrier with an exciton can
arise due to different physical mechanisms. One of
them is the Coulomb interaction [3] caused by a change
in the polarizability of a molecule upon its excitation.
This interaction decreases with distance r between
exciton and charge carrier as r–4 and is highly anisotro-
pic. Another mechanism is due to the fact that the exci-
tation energy of an ionized molecule may differ from
that of the neutral molecule by some negative value  –∆
(∆ > 0); see, e.g., [4]. This leads to a contact exciton–
charge interaction and to the formation of bound states
of a Frenkel exciton and a free charge carrier [5]. Such
“charged” excitations might be important in applica-
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tions, since the motion of these quasiparticles and,
hence, transport of their energy can be controlled by an
external electric field. In this paper, we demonstrate
that the bound states of two Frenkel excitons and one
charge carrier can also be formed due to the short-range
interaction of the above-mentioned nature. For definite-
ness, we will consider negatively charged biexcitons
formed by two Frenkel excitons and an electron by
invoking experimental data for negative molecular
ions [4].

We consider a one-dimensional lattice with one
molecule in a unit cell labeled index n and introduce

the creation and annihilation operators  and Bn for

excitons and  and cn for electrons. We restrict our-
selves to the case of “heavy” excitons with the energy-
bandwidth much narrower than that of an electron.
According to [2], such a situation takes place, for
example, for singlet excitons in tetracene at low tem-
perature, where the excitonic hopping matrix element
Vexc is about 50 cm–1, whereas the electronic hopping
matrix element V is about 350 cm–1. For such molecular
structures, we can use the adiabatic approximation and
neglect, to the first order, the exciton motion. Such adi-
abatic approximation may be even better for triplet
excitons in molecular crystals, for which the hopping
matrix element is about 5–10 cm–1. Thus, in this
approximation we have to find the solution of a one-
particle Schrödinger equation for an electron moving in
the potential created by two excitons located at two dif-
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ferent sites of the lattice. The Hamiltonian of the sys-
tem can be written in the form

(1)

where we take into account only the nearest-neighbor
interaction, E0 is the energy of an exciton, e0 is the
energy of an electron, V is the electron hopping matrix
element (V > 0), and ∆ > 0 is the exciton–electron inter-
action constant. The wave function has the form

(2)

where |0〉  is the “vacuum” state without any quasiparti-
cles; and excitons are located at the sites n and m. Sub-
stitution of Eqs. (2) and (1) into the Schrödinger equa-
tion H|3〉  = E|3〉  yields the system

(3)

for the energy E and electron amplitudes ψp. It can be
easily solved for any n and m. At p  ±∞, the wave
function ψp decays exponentially ~exp(–κ|p |) and the
energy E is connected with κ by the simple formula

(4)

The parameter κ is determined by the equation

(5)

where N = |m – n|, and ψm = ψn for the even electronic
states and ψm = –ψn for the odd states.
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Dependence of the energy of a charged biexciton on the dis-
tance between excitons. Zero energy corresponds to the dis-
sociated state consisting of the charged and uncharged exci-
tons with infinite distance between them.
For the case N = 1, when excitons are separated by
one lattice constant, these equations are solved explic-
itly to give

(6)

and, hence, the energies of these states are given by

(7)

On the other hand, in the limit of large κN @ 1, each
of Eqs. (5) gives

, (8)

and thus the energy for both types of states becomes

(9)

Due to the degeneracy of these states, this energy coin-
cides with the energy of a partially dissociated state
which consists of a charged exciton (bound state of an
exciton and an electron) and a free exciton separated
considerably from each other. Correction to Eq. (9)
shows exponential dependence of the spectrum on N

(10)

converging to energy (9) from below for the even states
and from above for the odd states. The subtraction of
energy (9) from the one given by Eq. (4) gives the bind-
ing energy of charged biexciton states for finite N.

For estimations, we use typical values V = 300 cm–1

[2] and ∆ = 400 cm–1 (anthracene) and ∆ = 800 cm–1

(tetracene) [4]. The dependence of binding energies
Eb = E(N) – E(∞) on N for tetracene is shown in the fig-
ure. We see from this figure that the even charged biex-
citon states have energies smaller than energy (9) of the
partially dissociated state, whereas the odd states have
energies greater than the energy of the partially dissoci-
ated states. Hence, only even states are stable against
the dissociation into charged and free excitons. Obvi-
ously, corrections to the adiabatic approximation will
destroy the states with large N. The number of states
with small N that can be observed experimentally
depends crucially on the crystal parameters. In particu-
lar, in the case of parameters chosen above, the binding
energy of a biexciton with N = 1 is about .100 cm–1,
which is greater than the width δ of the lowest energy
excitonic resonance δ &20 cm–1 (see, e.g., [6]). The dif-
ferences in binding energies of the states with N = 1 and
2 are about 50 cm–1. Hence, at least these two states
may be observed in spectroscopic experiments. The
states considered must make a contribution to the biex-
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citonic part of all optical nonlinearities, and this contri-
bution is controlled by the concentration of free charge
carriers. The formation of such states should lead to the
dependence of carrier mobility on the exciton concen-
tration in molecular crystals (anthracene, tetracene)
doped with univalent ions and having dark conductivity
and carriers arising due to the injection by means of
field-effect transistors (see [2]).

The theory of charged biexcitons taking into
account the exciton motion will be published later.
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