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Abstract

Based on theory of intrinsic optical bistability a possible method
has been proposed for experimentally dertermining the exciton-electron
(exciton-hole) coupling constant in a highly excited semiconductor.
Both sign and magnitude of the constant can be determined by mea-
suring the exciton density or the output light intensity versus the

input light intensity.

IN HIGHLY excited semiconductors the inter-
action between different kinds of quasiparticles plays
a very important role in bringing about various novel
phenomena that do not occur at low excitation lev-
els.The exciton-exciton interaction, for example, may
under certain conditions results in effects such as opti-
cal bistability [1-3], polariton dispersion anomalies [4],
self-induced transparency {5|, biexciton formation [6,7],
ect. The knowledge of both sign and magnitude of the
interaction among quasiparticles is needed to guide the
technologists in fabricating devices with necessary prop-
erties. From a theoretical point of view, quasiparticle-
quasiparticle interactions might be analytically calcu-
lated. However, their expressions are much dependent
on calculation framework to be used and on physical
situations to be considered. The interaction among ex-
citons, say, can be derived exactly in the small momen-
tum limit neglecting spins [8,9] or approximately in the
whole range of momentum and of quasiparticle masses
without {10] and with [11] taking spins into account. In
polar semiconductors excitons can couple to each other
by exchanging virtual phonons that requires further cor-
rections [6,7]. Besides, there exists also a lot of fac-
tors which can by no means be accounted for because
of lack of well-developed theoretical tools. So, gener-
ally speaking, theory can hardly provide precise values
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of the interaction between concrete quasiparticles of a
given material under certain circumstances. In this re-
spect, methods for experimentally determining interac-
tion constants seem to be quite helpful. In [12] one of
us has presented a way to determine the exciton-exciton
interaction constant by measuring lower-branches of dis-
persion curves of the giant polariton at different levels
of excitation. This communication attempts to outline
another experimental possibility of determining the cou-
pling constant between excitons and free carriers that
may coexist in a highly excited semiconductor.

Consider a model of a dense system of interacting
electrons, holes and excitons [8]. The latiers are as-
sumed to be resonantly driven by an external classical
and monochromatic field [1-4] with wave vector k, com-
plex amplitudes A&*) and frequency w;. The Hamilto-
nian we shall deal with has the form ( Throughout we
put Planck constant and velocity of light equal to unity
and denote the sample volume by V') [2-5,8] :

H =73 [B.()af o + E.(1)ef & + En(D)hf ] +
1
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where E.(, ») (I) and q) (¢}, A1) stand for energy and an-

nihilation operator of an exciton (an electron, a hole)

with momentum 1; F;, W and U are the Coulomb poten-

tial, the exciton-exciton and exciton-electron (exciton-

hole) coupling constants, respectively; g, labels the light

field-exciton transition matrix element. Applying stan-

dard techniques of Heisenberg equations of motion within
the Hartree-Fock approximation we have arrived at the

following characteristic equation :

I=n[(n-a+C) +1] (2)

In Eq.(2) I, n and A are respectively the dimension-
less normalized input light intensity, exciton density and
light frequency detuning :

Wg? 2
=22 |a®f =22 A=
8]
with ¢ and ~ being the exciton density and damping.

C= %p (4)

with p denoting the electron-hole pair density is a pa-
rameter to be determined as will be described below.
Note that in the absence of free carriers p = 0, or the
same C = 0, Eq.(2) is exactly reduced to that obtained
in [2]. It is easy to prove that the condition for function
n = n(I) to be three-valued, i.e. for the appearance of
optical bistability, reads

A>C+V3 (5)

If A < C + /3, no optical bistability arises since then
n grows monotonically with increasing I. Finally, when
the equality A = C + /3 holds, function n = n(I) will
possess one inflection point during the development of
n versus /.

Making use of the above-said behavior of function
n = n(I) we can suggest the following scheme of exper-
iments to determine sign or/and magnitude of C, i.e.,
of the exciton-free carrier coupling constant U (v and p
are assumed already known from other kinds of experi-
ments).
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To get information on the sign of C, i.e., on the qual-
itative character of the coupling constant U/, one first
tunes on purpose the light frequency so that A = /3
(in typical semiconductors v~! is of order of some pico-
seconds yielding w to be about from some tenths to
one meV above the exciton energy level. That does
not violate the resonance regime of the problem under
consideration). Then one should perform the measure-
ment of the (n — I)-dependence. If one observes op-
tical bistability (The (n — I)-characteristics should be
S-shaped. To witness optical bistability one can alter-
natively measure the output-input light intensity char-
acteristics whose shapes when the effect occurs may be
much topologically distinct [13]), then, in accordance
with (5), C is negative, and so is U. In this case one ex-
pects the formation of trions [6]. Otherwise, absence of
optical bistability means the repulsive character of the
exciton-electron (exciton-hole) interaction. It is worth
noticing at this moment that the question of the sign
of the interaction between quasiparticles is often a con-
traversial one. The exiton-exciton interaction can serve
as an example. Its sign is not yet solidly confirmed up to
date. The authors of [8,9,14] claimed that the exciton-
exciton interaction is of repulsive nature, while in [15-
17] the opposite was reported. In ones and the same
materials the interaction might be either attractive or
repulsive depending on two-exciton state spin symmetry
[5,6] and also on exciton momenta , momentum transfer
as well as electron-hole effective mass ratio {10,11]. In
this connection, as discussed in [1] (or in {18] }, studying
optical bistability in the excitonic spectral region {or in
the spectral region of the M-zone corresponding to the
one-photon transition between the exciton and the biex-
citon states) can resolve the principal question of the
sign of the exciton-excioton interaction (or of the differ-
ence between the exciton-exciton and exciton-biexciton
interactions). Obviously, same conclusion can also be
made here regarding the sign of the exciton-electron (or
exciton-hole) interaction.

We now try to propose an experiment to determine
the magnitude of the exciton-free carrier coupling con-
stant. For this aim, one has to sweep the input light
intensity back and forth simultaneously with tuning its
frequency to find the critical value of detuning A = A,
at which the exciton density-light input intensity (or the
output-input light intensity) correspondence is one-to-
one and, more importantly , undergoes one inflection
point. Then, from Eqs.(4) and (5), it immediately fol-
lows :

U=

(A - v3) (6)
This formula helps us to estimate the coupling constant
U.

Before going to conclusion it is worth making a re-

mark concerning the feasibility of the proposed mea-
surement of exciton population n as function of input
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light intensity J. Since n is an internal parameter, it
is difficult to directly measure it. In practice, one mea-
sures the output light intensity I,, but not the exciton
population n in dependence on the input light intensity
I. Furtunately enough, as was proved in the latter cita-
tion of (3] and in [19}, the condition for (see (5)) and the
critical value of detuning (A = A,) of both kinds of opti-
cal bistability characteristics n = n(I) and Ly = Lu(I)
are exactly coincident though their concrete shapes may
differ drastically one from another. As our method of
determining U is based only on the condition (5) and the
critical situation of A = A, it can be performed by ex-
perimentally studying the usually-measured-in-practice
dependence I,y = L (I). As for the precision of the
suggested method, it is premature to say anything be-
cause there exist many other influencing factors that are
still not yet included in our consideration.
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In conclusion, we have exploited optical bistability
as a phenomenum which can be used to determine the
quasiparticle-quasiparticle coupling constant in mate-
rials (see also [1,12,16]). Together with its main ap-
plicability in future all-optical communication process-
ing,optical bistability proves to be a very interesting
phenomenum which will find more and more applica-
tions in different areas of science and life. The simplest
idea spoken out here can of course serve only as a mod-
est suggestion towards better models.
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