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We report on the transient behavior of the second-order optical process in the picosecond time re-

gion in mixed semiconducting crystals. Time-integrated spectra under resonant excitation below the
band gap exhibit "Raman-like" lines associated with localized excitons. However, time-resolved
spectroscopy enabled us to resolve these Raman-like lines into resonant luminescence and Raman
scattering lines. We have found the transformation of luminescence into Raman scattering as a
function of incident frequencies without changing the spectral shape. Furthermore, the intensity ra-
tio between Raman scattering and luminescence was determined for a wide range of the off-
resonance frequency. The result is unambiguously explained by the theory by taking into account
the finiteness of the correlation time of the reservoir. This gives the first experimental evidence for
the non-motional-narrowing effect in the second-order optical process.

I. INTRODUCTION

When the crystal or the vapor is excited by the short
light pulse whose frequency co; is tuned to the transition
frequency coo between a ground and an excited state, the
time response of the secondary emission is governed by
the lifetime of the excited state. This second-order optical
process is interpreted simply by absorption followed by
luminescence. However, when co; is moved away from
resonance, the time the system can spend in its excited
state is limited to the inverse of the frequency difference
6, ' between co; and ~o because of the uncertainty rela-
tion. Such transient behavior of the secondary emission
intensity has recently received considerable interest and
has been both experimentally' and theoretically in-
vestigated by several workers. In an experimental study,
Williams et a/. ' have performed direct measurements of
the time response of the secondary emission in I2 vapor.
They demonstrated that the long-lived exponential decay
was observed when co; was on resonance while the time
response became very fast when co; was slightly moved
off-resonance. Such a transition from resonance fluores-
cence to resonant Raman scattering (RRS) was studied
also theoretically within the framework of the fast modu-
lation limit, i.e., motional-narrowing limit. ' They suc-
ceeded to explain the transition from luminescence into
RRS near resonance. However, these theories indicate
that even at large off-resonance, the luminescence com-
ponent remains constant and the second-order optical pro-
cess does not completely transform into ordinary Raman
scattering (RS). Hence, these studies are not applicable to
the transient and spectral behavior of the second-order op-
tical process in the wide range of co; from resonance to
large off-resonance.

If m; is moved off far from resonance, the time 5, ' be-
comes comparable to the correlation time ~, of the reser-
voir. In this regime, the memory effect of the reservoir
should play an important role during the course of the
dissipative process in the second-order optical process.
Recently, Aihara has developed a theory of transient
behavior of the second-order optical process taking into
account the finiteness of ~, in the dissipative processes.
The concept of the motional narrowing in which the con-
stant rate of the transverse relaxation can describe the re-
laxation phenomena is no more valid in this regime.
Hence, this memory effect can be called a "non-
motional-narrowing effect" due to the finiteness of ~, . He
demonstrated that this effect suppresses considerably the
contribution of the luminescence component at large off
resonance, and revealed the important role of the memory
effect.

In this paper we report the first experimenta1 evidence
for the importance of the non-motional-narrowing effect
when the second-order optical process approaches the
nonresonant regime. The study by time-resolved spectros-
copy was performed on the excitonic system with large in-

hornogeneous broadening in Cd Zn& Te mixed crystals.
The time-resolved spectroscopy enabled us to discriminate
between luminescence and RS components in the secon-
dary emission. The continuous transition of RRS into
resonant luminescence as a function of ~; has been report-
ed in a previous paper. In the present work, however, we
have performed the measurement of off-resonant behavior
in the wide range of 5, . The detailed analysis of the re-
sults allowed us to determine the intensity ratio of
resonant luminescence to the total secondary emission as a
function of 5, . In contrast to the results in I2 vapor, the
observed ratio is unambiguously explained by the theory
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of transient second-order optical process, taking into ac-
count the finiteness of 7;.

In the following section we present the theory for the
transient resonant light scattering, taking into account the
finiteness of r, . We describe our experimental procedure
and results of spectral and temporal behavior of the
secondary emission from the exciton system in
Cd„Zn~ „Te (x =0.32) in Secs. III and IV. In Sec. V we
will analyze the intensity ratio of luminescence to the to-
tal secondary emission as a function of 6, by the theory
of Sec. II. Origin of the phase relaxation process for the
exciton system in the mixed crystal is also discussed on
the basis of the temperature dependence of the intensity
ratio observed.

II. THEORY

In this section we present the theoretical background
for the transient resonant light scattering with emphasis
on the non-motional-narrowing effect which is caused by
the finiteness of the reservoir correlation time ~, . As
pointed out recently by one of the present authors, the fi-
niteness of ~, gives rise to the reduction of the intensity
ratio of the luminescencelike slow component to the
scatteringlike rapid component. This effect becomes sig-
nificant, especially in the condensed matter with large in-
homogeneous broadening comparable to &, '. The non-
motional-narrowing effect is important even if ~, is much
less than the inverse of the system-reservoir coupling
strength D ', which is the usual motional-narrowing con-
dition. This theory first explained the transition from the
luminescencelike process in the exact resonance to the
scatteringlike process in the far off-resonance. The mixed
crystal with the large inhomogeneous broadening due to
the disorder will be a good example for observing the
predicted non-motional-narrowing effect.

The time dependence of the secondary emission can be
generally expressed by

Xf(cr)cos(b, cr)

XE,f, [—5(t —~/2 —y/26')], (6)

where 6, is the off-resonance frequency, 6 the spectral
width of the incident light, and 5; the inhomogeneous
spectral width. The above equation indicates that the
scat teringlike component, which follows the incident
pulse shape, and the luminescencelike component, which
decays with the lifetime of the excited state, appear. The
luminescencelike part is obtained by

IL(t) =C j dr exp[ —6 2—y(t —r) ] . (7)

The coefficient C in the above equation should be deter-
mined so as to satisfy IL(t »5 ')=I;(t »5 ') and we
find

C=2(6/vr'~ ) f do exp[ —(5;+6 )/4]f(o)cos(b, ,cr) .

Therefore, Eq. (7) becomes

IL (t) =E„f,[—5(t —y/26')]

X f daexp[(y/26) yt —(6;+.6 )/—4]

Xf(o.)cos(A, cr) .

The time-integrated intensity for the luminescence com-
ponent (7) and that for the total secondary emission (6) are
given as follows:

IL ——y
' f do cos(b, ,o)exp[ —(6;+5 )(o/2) ]f(cr),

f(o)=exp[ D—r, [o r—, (1—e ')]I .

Assuming the Gaussian form for both the incident pulse
shape and for the inhomogeneous broadening, we obtain

I;(t)= f do exp[(y/25) —yt (5;—+5 )o l4]

t t
I(t)= f dt, j dt2F;(t, )F;(t2)g(t, t2)— I„,=y ' do. cos A, o.

(10)

X exp[ill;(t2 t ))—
g(o ) =exp(iecr) f(o), .

CJ Si
f(o)=exp —f ds& f ds2(V(st)V(s2))

(2)

(3)

Here, V(t) denotes the system-reservoir interaction in the
interaction picture and we assume the correlation function
has the form

( V(s~) V(s2)) =D exp( —
~
s~ —sz

~
/r, ), (4)

where the correlation time ~, is of the order of the inverse
of the reservoir spectral width and D is the measure of the
system-reservoir coupling strength. With use of the above
form, Eq. (3) becomes

—(y/2)(2t —t )
—t2 )], (1)

where II; is the mean frequency of incident photon, F;(t)
the pulse shape of the incident light, and y

' the lifetime
of the excited state. Within the second comulant, g(t) is
given by the following form:

X exp[ —(y/2)o —(5,'+5')(o /2)']f(o. ) .

It should be noted that in the large off-resonance frequen-
cy where b., is comparable to 7; ', the deviation of f (o)
from the form exp( Dw, o ) due to t—he finiteness of r, in
Eq. (5) causes the reduction of the luminescence fraction.
Since the system cannot stay in its excited state longer
than the 6, ' because of the energy-time uncertainty rela-
tion, the finiteness of ~, takes part in the problem even for
7~ ((D

Now let us consider the microscopic origin of the phase
relaxation for the exciton system in mixed crystals. One
of the possible mechanisms is the exciton-phonon interac-
tion. In this case, the interaction

V(t) =exp(iHpt) V exp( iH pt)—
(Hp is the free part of the exciton-phonon Hamiltonian) is
the function of the Auctuating phonon field and ~, is of
the order of the inverse of the width of the phonon densi-
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ty of states. The other possible dephasing mechanism is
due to the substitutional disorder in mixed crystals. In
this case, V denoted the spatial potential fluctuations and
Ho denotes the exciton Hamiltonian for the perfect crys-
tal. Since Ho does not commute with V, V(t) fluctuates
in time. As a result, the excitons feel the fluctuating envi-
ronment and ~, is of the order of the inverse of the exci-
ton bandwidth. In the case of Wannier excitons with a
large orbital, the fluctuations which the excitons feel are
the spatially averaged ones, so that the fluctuation process
may be approximately regarded as the Gaussian-Markov
process. More rigorous treatment for the Frenkel excitons
based on the coherent-potential approximation has been
performed by one of the present authors.
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III. EXPERIMENT

The experiment was performed by using a synchronous-
ly mode-locked dye laser and a time-correlated single-
photon counting method. The spectral and the temporal
widths of the mode-locked pulse were about 7 cm ' and
10 ps, respectively. The full width at half maximum of
the time response of the measuring system was 350 ps for
the laser pulse. The time resolution of about 50 ps was
obtained for decay curves by using a convolutional
analysis. The secondary emission from the (110) surface
of the crystal was collected by the backward-scattering
geometry. The spectrum was analyzed by a double mono-
chromator equipped with a cooled photomultiplier. The
Cd Zn~ Te crystals used in this work were grown in
Te-excess solution by the Bridgman method. The surfaces
were etched in 20% aqueous solution of NaOH at
50—60'C. The size of the sample was 3.5)&3.0&2.5
mm, so that the thickness was always larger than the
penetration depth of light in the range of the incident fre-
quency under study.
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tion of LOz lines are illustrated for various co s. The de-
cay curve (c) for 16790 cm ' exhibits a single exponential
decay, whereas a short-lived component appears in the de-
cay curves for other frequencies in addition to the long-
lived component. Calculating decay curves by the convo-
lution of a kinetics function with the instrumental

10

FICx. 1. Secondary emission spectra of Cd„Zn~ „Te
(x =0.32) at 1.8 K. Incident frequencies: (a) 19436 cm ', (b)
16833 cm ', (c) 16817 cm ', (d) 16790 cm ', (e) 16702 cm
(f) 16621 cm

IV. EXPERIMENTAL RESULTS 108 O.
Q

0

Figure 1 shows a luminescence spectrum (a) observed
by the band-to-band excitation at 514.5 nm and a series of
secondary emission spectra (b)—(f) by the resonant excita-
tion near the main luminescence bands at 1.8 K. In spec-
trum (a), two main luminescence bands are seen; the X
band (16835 cm ') originates from the mobile excitons
and the localized exciton (LE) band (16790 cm ') ori-
ginates from the excitons localized in the tail state as a re-
sult of random potential Auctuations due to the local
compositional disorder. ' Spectra (b)—(f) represent
secondary emission spectra by resonant excitation in the
vicinity of X and LE bands. The position of co; in each
spectrum is indicated by an arrow. The frequency shifts
of the LO~ and LOz lines from co; are constant and close
to the LO-phonon frequencies of pure CdTe and ZnTe
crystals, respectively. The shift of the TO& line corre-
sponds to TO-phonon frequency of pure ZnTe crystals.
The spectral features seen in this figure resemble those of
RRS by optical phonons. However, a time response of
these lines allowed us to separate the contribution of Ra-
man and luminescence processes to the secondary emis-
sion.

These results are clearly displayed in Fig. 2 where decay
curves of emission intensity monitored at the peak posi-
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FIG. 2. Decay curves of the secondary emission intensities at

the peak position of the LOz lines. Incident frequencies: (a)
16333 cm ', (b) 16817 cm ', (c) 16790 cm ', (d) 16702 cm
(e) 16621 cm '. The open circles represent the convoluted
values.
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+ai ~exp( «rL —z) . (12)

The convoluted values giving rise to the best fits to the ex-
perimental points are shown by open circles in Fig. 2. De-
cay times of 7g, 'TI ], and ~I z of each component derived
from this analysis are summarized in Table I.

The decay time rz of the short-lived component is less
than 50 ps, which is our time resolution, whereas that of
the long-lived component ranges from 0.5 to 1.6 ns de-
pending on ~;. We list also lifetimes ~o of localized exci-
ton luminescence monitored at co;, which were determined
by decay time measurements under band-to-band excita-
tion. We find that the values of ~1 &

coincide well with
the lifetimes ~o of the localized excitons at the frequency

Thus, the first component showing exponential decay
(rL&) is due to LO phonon-assisted luminescence from lo-
calized excitons that are selectively excited at co;. Unless
the polariton effect is important, ' a time response of RS
is expected to be as short as the duration of the incident
pulse, whereas that of luminescence shows an exponential
decay. Therefore, the LOz line for 16790 cm ' is due to
the resonant luminescence with emission of LO phonon
from the localized excitons that are created as a real state
at ~;. When co; is decreased from 16790 cm ', the Ra-
man component which exhibits the similar time response
to the incident pulse appears in addition to the lumines-
cence component and a relative amount of RS component
increases. Therefore, we can conclude that the second-
order optical process giving rise to the sharp LOz lines
transforms from resonant luminescence to RRS as a func-
tion of co; without changing the spectral shape.

Further evidence for the separation of Raman and
luminescence components in the decay curves will be
given in "time-resolved spectra" shown in Fig. 3. By fix-
ing co; constant at 16702 cm ', we have measured decay
curves as a function of emission frequencies around the
LOz line. Figure 3 represents "time-resolved" spectra ob-
tained by plotting time-integrated intensities of Raman
(~) and resonant luminescence (0) components of ob-
served decay curves as a function of emission frequencies.

TABLE I. Values of decay times obtained from the best fits
between the experimental curves and convoluted ones and life-
times ~o of excitons measured by the band-to-band excitation.

Incident
frequencies

cm-'

16 833
16 817
16 790
16 702
16 621

(ns)

& 0.05
& 0.05
& 0.05
& 0.05
& 0.05

(ns)

0.50
0.50
0.85
1.50
1.40

~I p (ns)

1.8
2.1

6.2

~0 (ns)

0.40
0.55
0.80
1.45
1.50

response, we have obtained decay times for both com-
ponents. We assumed two exponential functions with ~z
and wL ~

for 16790 and 16702 cm ' and three exponential
functions with ~z, ~L& and 7I z for 16833, 16817, and
16 621 cm '. Hence,

f(t) =a~ exp( —t lr~ )+at ~exp( —t lrt. ~)
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FIG. 3. "Time-resolved spectra" for co;=16702 cm ' at 1.8
K. Time-integrated intensities of Raman (~) and luminescence
{o)components derived from the decay curves are plotted as a
function of emission frequencies. Both sets of lines are to guide
the reader's eye.

The spectrum for Raman component shows three peaks at
the positions of the LO&, TOz, and LOz lines, whereas that
of luminescence component shows two peaks at the posi-
tions of the LO& and LOz lines. Note that the spectral
shape of each line is similar for both components within
our spectral resolution. This spectral feature reflects the
properties of the resonant intermediate state in the
second-order optical process in mixed semiconducting
crystals; the exciton state is more or less localized depend-
ing on exciton frequencies and shows little spectral dif-
fusion so long as the exciton frequency is below the
mobile exciton band. Consequently, the luminescence
process resonant with such excitons preserves the energy
correlation between - incident and scattered photons,
though the phase correlation is lost. Therefore, the
luminescence process and the Raman process, which
preserves the correlation in both energy and phase pro-
cesses, give the same spectral shape. This result confirms
that the sharp LOz line can be resolved into Raman and
resonant luminescence components only by the time-
resolved spectroscopy, and also that the continuous transi-
tion from luminescence into RS occurs without changing
the spectral shape.

It is worthwhile to mention the origin of the second
luminescence component with decay time of ~Lz. The rel-
ative amount of this component in the decay curve be-
comes larger when co; is decreased. The time-integrated
intensity of this component as a function of emission fre-
quencies around the LOz line gives a broad background
spectrum instead of the sharp line. Therefore, this is due
to the background luminescence which is not directly re-
lated with the resonantly excited excitons. [See spectra
(b), (c), and (f) of Fig. 1.]

We briefly discuss the different behavior of the TOz
line in "time-resolved spectra. " The TOz line is observed
in the "Raman spectrum" while it is not observed ''n

"luminescence spectrum. " When co; is decreased at 16621
cm ', we see the TOz line being comparable to the inten-
sity of LOz line in time-integrated spectrum (f) in Fig. l.
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The time response measured at this frequency revealed
that the Raman component is dominant in the LO2 line of
spectrum (f). Therefore, these results suggest that TO
phonon scattering is more enhanced in the Raman process
than in the luminescence process. We know also that the
intensity of the LO phonon sideband of exciton lumines-
cence is much larger than that of the TO phonon sideband
in II-VI semiconductors. The exciton-LO phonon interac-
tion is "forbidden" Frohlich type, whereas the exciton-TO
phonon interaction is allowed deformation type. Conse-
quently, the different type of interaction between excitons
and optical phonons is responsible for the enhancement of
TO phonon scattering in the first-order Raman process. '

V. DISCUSSIONS

A. Intensity ratio

How the intensity ratio between Raman and lumines-
cence components varies with an off-resonance frequency
6, is of interest, because this would give evidence of the
memory effect of reservoir. Figure 4 represents the ratio
of the resonant luminescence intensity to the total emis-
sion intensity (a sum of RS and resonant luminescence in-
tensities) as a function of co;. The intensities were deter-
mined from the time integration of each component of the
decay curves. The intensity ratio at 1.8 K shown by open
circles is almost unity for 16730&co; & 16800 cm ', and
it decreases sharply in the range where 16 680
&~; &16730 cm '. We should especially note that the
ratio exhibits the gradual decrease even at large off-
resonance frequency (cu; & 16680 cm ').

The decrease in the intensity ratio near the X band
(co; & 16830 cm ') is interpreted in terms of the spectral
diffusion; when co; is tuned in the vicinity of the X band,
a broad luminescence band (denoted by a star in Fig. 1),
which is the LOz phonon side band of localized exciton
luminescence, is observed below the LO2 line. Since the
exciton state is mobile in this frequency region, resonantly
excited excitons are effectively transferred to the tail state
to be localized. ' Therefore, the large fraction of the

luminescence process loses the energy correlation as well
as the phase correlation between incident and scattered
photons. If we plot the intensity ratio of luminescence,
including the nonresonant luminescence to the total secon-
dary emission shown in Fig. 4 by triangles, we find that
this ratio is almost unity near the X band. This confirms
that the second-order optical process in this region of ~;
is the luminescence process, though the spectral diffusion
dominantly occurs.

Before analyzing the experimental ratio of the intensity
on the basis of the theory for the resonant second-order
optical process, we define a resonance frequency ~0. In a
previous paper (Ref. 3) we took the peak frequency of the
LE band as the resonance frequency. However, for the
following reasons, we adopt the frequency of the mobile
exciton, 16835 cm ' as the new definition of the reso-
nance frequency. First, the detailed analysis of LE and X
bands based on the temperature dependence of lifetimes
allowed us to conclude that both the X band and LE band
originate from intrinsic excitons, though we assigned the
X band as the impurity-related luminescence in the previ-
ous paper. Second, the variation of Raman intensity with
co; does not exhibit a peak at the position of the LE band.
In Fig. 5, time-integrated intensities of Raman (~) and
resonant luminescence (0) components are plotted as a
function of co;. We find that the Raman intensity in-
creases when cu; approaches the X band and it exhibits a
maximum at —16820 cm '. It is better to discuss the
resonant behavior on the basis of the Raman cross section
which is corrected with the absorption coefficient, since
the Raman cross section shows more clearly an enhance-
ment when co; resonates with an intermediate state of the
second-order optical process. We tried to measure the ab-
sorption coefficient in the range of X and LE bands. Un-
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FIG. 4. Intensity ratio of luminescence to total secondary
emission in the LO& line as a function of incident frequencies
and off-resonance frequencies. 0, 1.8 K; ~, 14 K. Q represents
the intensity ratio including nonresonant luminescence. Error
bars are indicated by a vertical line if they are larger than the
open circle. Curve a is the best-fitted curve to the open circles.
See text for curves b and c.
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FICr. S. Secondary emission intensities of Raman and
resonant luminescence components as a function of cu;. Time-
integrated intensities of each component were determined from
the decay curves at co s. ~, Raman component; 0, resonant
luminescence component.
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fortunately, however, we could not determine the correct
absorption coefficient around the X band because of the
strong absorption of light. Nevertheless, the observed ab-
sorption spectrum qualitatively shows that the optical ab-
sorption increases largely near the X band without exhib-
iting a peak at the LE band. Therefore, it is reasonable to
conclude that the resonant intermediate state in our sys-
tem is not the state located at the LE band but the state at
the X band. Since we could not determine the exact posi-
tion of the resonance frequency from the resonant
enhancement of the Raman intensity, we take the peak
position 16 835 cm ' of the X band as the resonance fre-
quency coo. The ambiguity of about 10 cm ' exists for
this determination of coo. We put an off-resonance fre-
quency b,, =coo —co; on the upper abscissa of Fig. 4. As
mentioned before, the rapid decrease of the resonant
luminescence intensity above the peak position of the LE
band is due to the increase in the spectral diffusion be-
cause of the weak localization. ' In this frequency range
where the exciton energy approaches the effective edge for
the transfer, the activation energy of the localized state
becomes very small as discussed in Ref. 9.

B. Theoretical analysis

In what follows, we will analyze the intensity ratio on
the basis of the theory taking into account the non-
motional-narrowing effect. The ratio II /I„, will be cal-
culated from Eqs. (10) and (11) in Sec. II with adjustable
parameters of r, and I"=D ~, . I corresponds to the
transverse relaxation rate in the motional-narrowing limit.
It is noteworthy that in the limit where w, =0, this theory
gives the same result as the calculation in the motional-
narrowing limit by Mukamel et al. , which succeeded to
interpret the experimental results of the I2 vapor system. '

The theoretical curve calculated by ta'king y
' —1 ns,

5; —37 cm ', 6-7.5 cm ' for the present experiments is
shown by a solid line (curve a) in Fig. 4. The best fit be-
tween the theoretical curve and the experimental points
(open circles) is obtained by choosing r, = I )& 10 ' s and
I '=5&10 ' s. If we choose ~, =2 5X10 ' s and
I ' = 1 & 10 ' s, the fit is also well within the experi-
mental accuracy. ' However, if we take ~, =0, which is
the case of the motional-narrowing limit, we could not at-
tain the best fit for any value of I . This is shown by the
dashed line (curve b) in Fig. 3 for I '=1&&10 s. The
significant discrepancy is seen at 6, &130 cm . We
should note that the ratio in the motional-narrowing limit
ceases to decrease at large off-resonance, whereas that for
~,&0 continues to decrease. Moreover, if we reduce the
value of ~, to zero, keeping the value of I ' fixed at
5 & 10 ' s, the contribution of the luminescence com-
ponent increases drastically as shown in Fig. 4 by the
dash-dotted line (curve c). These results demonstrate that
the memory effect of reservoir depresses considerably the
luminescence process in the regime where 6, ~ 130 cm
In this regime, the system cannot stay in its excited state
during a time longer than 1/2nch, =4&10 ' s because
of the uncertainty relation between energy and time.
Therefore, the memory effect due to the finiteness of
~, —1&10 ' s, i.e., non-motional-narrowing effect, plays

a very important role, even if ~, is much shorter than
I ', y ', and 5 '. To find this effect, the measurement
of off-resonant behavior in this regime is quite important;
this is clearly demonstrated in the present study.

In the above analysis, we assumed the radiative lifetime

y
' —1 ns. In our sample, however, the lifetimes vary

from 0.4 to 1.4 ns for 6, &100 cm ', and they become
constant at 1.5 ns for 6, ~ 100 cm. We have calculated
the intensity ratio, changing a value of y

' in order to
find out whether the ratio in the range of 6, & 100 cm
is sensitive to the value chosen. We have found that it
remains approximately unity in this range, even if we
change y

'
by an order of magnitude. The ratio is also

insensitive to the values of I and ~, as shown by curves a
and b of Fig. 4. Consequently, this weak dependence on
the values of I and y for 6, & 100 cm ' is due to the fact
that near resonance the dominant process of the second-
order process is the luminescence process and the memory
effect does not play an important role.

C. Origin of I and ~, : temperature dependence

We now discuss the physical origin of ~, and I in the
exciton system in mixed semiconducting crystals. There
are two possible mechanisms for the relaxation process in
the intermediate state: the exciton scattering by acoustic
phonons and that by randomly fluctuated potentials in
mixed crystals. The transverse relaxation by the former
mechanism is strongly temperature dependent. The relax-
ation rate I" due to the exciton scattering by acoustic pho-
nons increases more than one order of magnitude between
1.8 and 14 K, so that the intensity ratio should change
significantly with the temperature. To investigate the
temperature variation, we have performed the same kind
of experiments at higher temperatures. The ratio mea-
sured at 14 K is illustrated by solid circles in Fig. 4. It is
found that the temperature dependence of the observed in-
tensity ratio between 1.8 and 14 K is weak at 6, &60
cm '. ' The parameters I and w, that give the best fit
between the experimental points at 14 K and the theoreti-
cal curve are I ' —8& 10 ' s and wc ——1& 10 ' s,
respectively. In making this fit, we shifted coo towards the
lower frequency by an amount of 5 cm ' which corre-
sponds to the decrease in the band gap at 14 K. In con-
trast to the theoretical estimate of the scattering rate by
acoustic phonons, the value of I" decreases within a factor
of 2 between 1.8 and 14 K. Therefore, the acoustic pho-
non scattering is ruled out as the dissipative process in the
intermediate state.

On the other hand, the scattering by randomly fluctuat-
ed potentials should be the dominant relaxation process in
the exciton system at the low temperature in A 8& „C
mixed crystals. Since the large number of atomic sites are
included inside the Bohr radius of an exciton (ao —60 A),
the random distribution of site energy causes the phase
randomization, i.e., dephasing. Thus, a coherent exciton
for the instant of a pulse excitation loses its phase
memory as time goes on. In this case, ~, is determined by
the bandwidth of excitons in the presence of potential
fluctuations for a weakly localized exciton or by the width
of potential fluctuations for a strongly localized exciton.
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Both energies are thought to be of the order of the width
of inhomogeneous broadening ( —37 cm '). This value is
close to the value of 1/2vrcr, ( —53 cm ') for
~, =1/10 ' s that is given by the best fit in Fig. 4
(curve a). Therefore, it is reasonable to conclude that the
exciton damping of our system at low temperatures arises
from the random potential fluctuations.

A slight decrease of I" at higher temperature is inter-
preted in terms of the decrease in localization; since the
phonon-assisted transfer of excitons between random po-
tential wells increases at elevated temperature, the poten-
tial fluctuations which excitons see are depressed. There-
fore, I due to the exciton damping by the randomly fluc-
tuated potentials should be decreased at higher tempera-
ture.

The observed intensity ratio between Raman and lumines-
cence components has been analyzed by the theory consid-
ering the finiteness of the correlation time for phase fluc-
tuations of an exciton due to the randomness. In spite of
the simplified model, we have found that the observed ra-
tio in the wide range of 6, is unambiguously explained by
this theory; this provides evidence for the importance of
the non-motional-narrowing effect in the second-order op-
tical process. This non-motional-narrowing effect should
be generally seen in the off-resonance regime in the
second-order optical process of the various systems in va-
por and solids. It is also noted that this effect leads us to
natural understanding of the continuous transition from
luminescence in the resonant case to ordinary RS in the
far off-resonance case.
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