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The theoretical study on the non-Markovian effect in the exciton-phonon system associated with the

transient optical parametric phenomena is presented. It is found that there arises the oscillatory nonlinear-

optical response due to the virtual-exciton relaxation caused by LA and LO phonons. The oscillation due

to LA phonons is much slower than that for the localized=electron-phonon system, which makes its obser-

vation much more possible.
I

%ith the advent of the transient nonlinear spectroscopic
techniques using pulsed lasers, it becomes possible to ob-
serve directly in the time domain the dynamical behavior of
the extremely fast relaxation phenomena in condensed
phases. ' Recently, the present author pointed out that, in
the extremely short-time region comparable to the reservoir
correlation time, the conventional theories using the con-
stant relaxation rates are no longer valid, and predicted that
the transient nonlinear-optical response exhibits the charac-
teristic time variation inherent in the non-Markovian nature
of condensed phases. However, in this work only the local-
ized excitation was concerned, so the characteristic features
inherent in condensed phases were not fully taken into con-
sideration.

The exciton-coherence effect associated with the transient
grating experiments were theoretically investigated by Wong
and Kenkre;4 5 these works are interesting and related to the
non-Markovian problems in a sense that the time depen-
dence of the energy-transfer rate is considered. In these
works, however, the non-Markovian effect associated with
the exciton-phonon interaction is not considered; that is,
the time dependence of the exciton relaxation rate due to
phonons is disregarded.

In this Rapid Communication, we present the theoretical
study on the transient non-Markovian optical parametric
phenomena in an exciton-phonon system, from a fully mi-
croscopic viewpoint of the exciton-phonon interaction. It is
found that there appears an oscillatory behavior with charac-
teristic frequency c0, = Mu'/2h (M is the total exciton mass,
u is the LA phonon velocity, and h is the Planck constant)
in the transient nonlinear-optical response. It is also found
that in polar semiconductors there also appears, in a much
shorter time region, a strong oscillation with the LO-phonon
period. These oscillations cannot simply be interpreted as

quantum beat, but as the non-Markovian effect ~here the
time dependence of the transverse relaxation rates plays the
essential role. To be concrete, they are attributed to the re-
laxation of the virtual exciton with a frequency different
from that for the real exciton, by the order of the inverse of
the observation time. In contrast to the case of the
localized —electron-phonon system, the translational motion
of an exciton and the momentum conservation in the
exciton-phonon interaction play important roles. Especially,
with respect to the exciton-LA-phonon interaction, the
translational motion of an exciton significantly reduces the
above-mentioned characteristic frequency co, in the transient
nonlinear-optical response, so it becomes much easier to ob-
serve the non-Markovian effect in an exciton-phonon sys-
tem than in a localized —electron-phonon system, if tempera-
ture is low enough to be able to neglect the effect due to
exciton relaxation assisted by the LO-phonon absorption.

According to the general formulation of the transient
nonlinear optics, the time-integrated intensity of the signal
radiation for the transient parametric process caused by the
two —short-pulse excitation, is expressed, as a function of a
pulse interval 7, by

p oo

I(r, ) =& dtexp( —2[2S(t —r, ) +2S(r, ) —S(t)]}
(I)

where the unimportant multiplicative factor is omitted. In
Eq. (1), S(t) is the second cumulant defined by

t g

S(t) =„dt&I (tt) (2)

Here I'(t~) is the time-dependent exciton damping rate (in
other words, the inverse of the time-dependent transverse
relaxation time of exciton6); its lowest order is expressed,
with the units of it/2vr = 1, by

I

1(t,)= dt, Re[(V(t, ) V(0))]
sin[a(0) —e(cf) —cu, (cf)]t) sin[a(0) —e(cf)+co„(cf)]t~

e(0) —e(cf) —c0, (cf) e(0) —e(cf)+ o)„(cf)
(3)

In the case of the localized electron-phonon system, 3 V(t)
in Eq. (3) represents the energy change of the excited state
due to phonons, but in the ease of the exciton-phonon sys-
tem V(t) represents the scattering of zero-momentum exci-
ton by phonons. The second line of Eq. (3) is obtained
from the correlation function for V(t) similar to Eq. (36)

r t

of Ref. 3 for which the phonon propagator exp(+iekt) is
replaced by exp(i[+co~(q)+e(0) —e(q)]t}, in order to
take into consideration the center-of-mass motion of an ex-
citon. Here q takes LA- and LO-phonon modes, V~(q) is
the matrix element for the exciton-phonon coupling with
momentum transfer cf (see Ref. 7), iV(cf) is the Bose-
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Einstein distribution function for an exciton, e(g) is the ex-
citon energy, and tv~(g) is the phonon energy. We have
assumed that the matter dimension is much smaller than
the exciting-pulse length, and that the exciton-phonon in-
teraction is small enough to be able to be terminated up to
the second cumulant. It is important to remark that in the
present problem the relevant system is the exciton with zero
momentum, which is directly coupled with a photon, and
both excitons with other momentums and the phonon sys-
tem play the role of the reservoir; in the first line of Eq.
(3), the average ( . ) has been made over the initial dis-
tribution of the reservoir.

In the following, we present the numerical results for A~
exciton of CdS, as a typical example. For simplicity, only
1S exciton is considered. In Fig. 1, we show the time
dependence of the exciton damping rate V(t); we clearly
find the oscillatory behavior. This means that I should not
be regarded merely as constant except in the long-time limit
much larger than this oscillation period. In other words, the
transverse relaxation time Tz( = I ) periodically varies
with time. This phenomenon is closely related to the energy
dependence of the self-energy of the relevant system, which
plays an essential role in the formation of the Raman-like
component in the resonant light scattering spectrum and
also in the unification of the resonant —Rayleigh-type optical
mixing and the resonant coherent anti-Stokes Raman
scattering. 9 In the present transient problem where the
dynamical behavior of the system is of interest, the concept
of the time-dependent exciton damping rate is more ap-
propriate to describe the non-Markovian property.

We are now in a position to consider what determines the
oscillation period in Fig. 1. As stated before, the non-
Markovian effect is caused by the memory effect of the
reservoir in the short-time region which is comparable to
the reservoir correlation time 7,. An equivalent statement
in the present case is that this effect is due to virtual zero-
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momentum exciton with an energy range of the order of the
inverse of the observation time. The parabola in the insert
in Fig. 1 is the exciton dispersion curve, and the slope of
dashed lines is associated with the magnitude of the sound
velocity. As is shown in this figure, a virtual exciton (A)
with energy larger than Mu'/2 is scattered to the real exci-
ton states by emitting or absorbing a phonon. The virtual
exciton (8), especially with energy Mu'/2, plays the
predominant role because of the large final density of states
for this process. The oscillation in Fig. 1 corresponds to this
virtual-exciton energy. For the present example, this oscil-
lation period is about 43 psec, which is much longer than
the period in the case of a localized electron, so the obser-
vation of the non-Markovian effect in an exciton-phonon
system is quite within the bounds of possibility.

The numerical result for the integrated signal intensity ex-
pressed by Eq. (1) is shown in Fig. 2(a); we observe the de-
viation from simple exponential decay, which reflects the
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FIG. 1. The time dependence of the exciton damping rate I.
The abscissa is normalized by the inverse of the LO-phonon angular
frequency co&o which is about 17 fsec for the present example. The
ordinate is normalized by cuLo. The temperature is set at kT/
coLo=0.02. The hyperbola in the inserted figure represents the ex-
citon dispersion curve, and the slope of dashed lines is associated
with the LA-phonon velocity. The oscillatory behavior is due to LA
phonons.

FIG. 2. (a) The dependence. of the integrated signal intensity I
on exciting-pulse separation v, . The abscissa is normalized by the
inverse of the LO-phonon angular frequency 0)Lo. The temperature
is set at kT/coLo=0. 02. The oscillatory behavior is due to LA pho-
nons. (b) The display of —

2
I"(r, )/I'(7, ) as a function of

exciting-pulse separation 7, . The ordinate is normalized by coLo.
The thin solid curve is the same as the curve in Fig. 1.
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FIG. 3. The time dependence of the exciton damping rate I.

The abscissa is normalized by the inverse of the LO-phonon angular
frequency o)Lo. The ordinate is normalized by eoLo. The tempera-
ture is set at kT/cuLo ——0.02. The oscillatory behavior is due to LO
phonons.

FIG. 4. The dependence of the integrated signal intensity I on
exciting-pulse separation v, . The abscissa is normalized by the in-
verse of the LO-phonon angular frequency coLo. The temperature is
set at kT/coLo 0.02. Th——e oscillatory behavior is due to LO pho-
nons.

oscillatory time dependence of the exciton damping rate
shown in Fig. 1. To see this oscillation more clearly, we
show —TI"(r,)/I'(r, ) in Fig. 2(b). It should be noted
that this curve is similar to that of the time dependence of
the exciton damping rate I shown in Fig. 1. This is be-
cause, in the case that the exciton-phonon interaction is not
very strong, the integrated intensity given by Eq. (1) is ap-
proximated by

pao
I(r, ) —

J dt exp —2 dttI(tt )' (4)

It is important to remark that the abscissa in Fig. 2 is not t
but v„so we can obtain information on the time depen-
dence of the exciton damping rate without measuring direct-
ly the time dependence of the signal intensity. This is the
distinctive advantage of the transient parametric effect over
the usual linear method using only a single pulse. We
should also remark that in Fig. 2 (b) the oscillation is
stronger than that in Fig. 1; this difference is due to the fact
that in Eq. (1) the reservoir correlation between the dif-
ferent time segments separated by two excitation pulses, is
taken into consideration.

In the much shorter time region where the inverse of its
time scale is comparable to the LO-phonon energy, we ob-
serve the non-Markovian effect due to LO phonons. The

exciton damping rate Iand the integrated signal intensity
I(r, ) are shown in Figs. 3 and 4, respectively. From Fig. 3,
we observe that I oscillates very strongly with the LO-
phonon oscillation period (0.11 psec for the present exam-
ple), and takes even negative values. This implies that in
the ultrashort-time scale comparable to the LO-phonon os-
cillation period, 1 no longer has the meaning of the relaxa-
tion rate. This strong non-Markovian character is caused
by the strong Frohlich-type exciton-LO-phonon iriteraction.
From Fig. 4, we observe the strong oscillation in I(r, ) re-
flecting the time dependence of I shown in Fig. 3. In cori-
trast to the case of the localized-electron-phonon system in
which the decay of the oscillation is mainly associated with
the width of the phonon density of states, the decay of the
oscillation in the present case is associated with the recoil
motion of an exciton.

In conclusion, we investigated the transient non-Mar-
kovian behavior in the exciton-phonon system associated
with the two-pulse optical parametric effect. The results are
attributed to the dynamical behavior of the virtual-exciton
relaxation caused by LA and LO phonons. The effect due
to the finiteness of the excitation pulse duration and the po-
lariton effect will be presented in a forthcoming paper.
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