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Spatial propagation of high-density excitons localized at a stacking disorder plane in BiI3
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~Received 19 February 1998; revised manuscript received 17 August 1998!

We study spatial behavior of heavily excited excitons localized at a two-dimensional space of a specific
stacking fault interface in a layered crystal BiI3 . Pump-and-probe absorption and resonant luminescence
spectra of the exciton states were measured with an intense nanosecond laser not only at the exciting laser spot
but at distant points from the exciting spot by applying space-resolved spectroscopy methods. The blueshift
proportional to the exciton density was clearly observed on the probe absorption spectra even at the distant
points due to high-density excitons flowing out from the exciting spot. The resonant luminescence also shows
the spectral change and anomalous spatial expansion depending on the excitation density. The spatial distri-
butions of the energy shift on the probe absorption and the luminescence intensity were analyzed on the basis
of a two-dimensional exciton-flow model with dissipation processes. The analysis suggests the existence of an
efficient in-phase motion of the exciton polaritons at high density. The results are discussed in terms of a new
phase of the interacting high-density exciton-polariton system.@S0163-1829~98!05344-2#
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I. INTRODUCTION

The nonlinearity of optical responses around the band-
energy in semiconductors provides many interesting phys
descriptions. One of the origins of nonlinear optical r
sponses in materials is a virtual excitation of electronic sta
due to coherent multiphoton transition between the electro
energy levels by intense light field; the other is the ma
body effect among really photoexcited electrons and ho
The optical Stark effect observed in nearly resonant ene
region with respect to exciton states in semiconductors is
of the typical nonlinear optical responses due to the virt
excitation.1 On the other hand, various phenomena due to
many-body effects in excited electronic systems have b
found in GaAs crystals and in quantum-well~QW’s! struc-
tures of GaAs/Al-Ga-As.2–5 In these works the density
dependent spectral changes in absorption lines of excit
i.e., the shifts of the transition energies, spectral line bro
enings, and changes in oscillator strengths, have been
cussed in terms of the phase-space filling, and screening
dielectric exciton gas. In addition, the influence of man
body effects on the relaxation process of the excited st
has been investigated by examining the time-correla
degenerate-four-wave-mixing~DFWM! signals with an ul-
trashort pulse laser.6 In principle, the well-defined exciton
states extend in whole in a perfect crystal. Therefore, in
excited-state physics not only relaxation processes in
time domain but also spatial transport or expansion of e
ton after the photoexcitation are significant. In fact, the s
tial behavior of excitons have been studied in terms of d
fusive expansion in a few bulk semiconductors and Ga
QW’s by space-resolved measurements of luminescenc7–9

by analyzing the spectral line shape,10 and by using a non-
linear optical technique.11 Furthermore, density dependen
of spatial expansion and temporal behavior of excitons
photoexcited carriers in QW’s has been examined.9,12,13 In
Refs. 12 and 13, spatial behavior of excited electrons at h
density has been measured by the pump-probe met
where the increase of the diffusion coefficient is attributed
a driving force by a phonon wind.
PRB 580163-1829/98/58~20!/13835~12!/$15.00
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In contrast with the diffusive process, the spatial expa
sion of excitons at an extremely low temperature has b
thought to be the propagation in a polariton mode, and
propagation velocity of polaritons in GaAs, CuCl, and m
lecular crystals have been measured by the time-of-fli
method and space-resolved measurements using short
lasers.14–17 However, in order to detect the penetrated lig
pulse through crystals near the exciton resonance, specim
would have to be made extremely thin because of very la
extinction coefficients. Thin crystals or quantum wells ca
not, however, avoid the influence of roughness at interfa
and of imperfection in crystals. Therefore, it is difficult t
distinguish the intrinsic properties of excitons in perfe
crystals from extrinsic natures.

Subsequently, a new phase or a condensed state of we
interacting boson systems have attracted much attention f
the viewpoint of coherent and incoherent motions on
basis of the experimental observation of spatial behavio
neutral atom and exciton systems. In Cu2O, an experimental
study of exciton transport has been discussed in terms
excitonic superfluidity,18,19 where it was reported that th
ballistic exciton transport has a velocity close to the sou
velocity asymptotically with increasing excitation densit
This phenomenon has been treated theoretically with con
versial discussion.20–22 Therefore, it is interesting how exci
ton transport phenomena are affected by the excitation d
sity. Experimentally, a system in which high-quali
crystallization is realized and excitons can propagate with
serious dissipation is required for such investigation.

An exciton system excited at a stacking fault interface
BiI 3 would satisfy the above requirements. Figure 1~a! shows
a typical absorption spectrum below a bulk indirect excit
edge in BiI3 . A very sharp line series denoted byP, Q, R, S,
and T from the high-energy side appears depending
samples.23,24 Since theP line appears independently of th
other lines, the origin of theP line has been attributed to
some polytypic stacking disorder25 or some localized state.26

The absorption linesQ, R, S, andT have been ascribed t
the exciton transitions perturbed by a specific stacking fa
which have been called stacking fault excito
13 835 ©1998 The American Physical Society



er
ng
ns

a
hi
;

lk
e
ro
en
e
n
t.
n-
a
n
ric
n
th
u
a

i
er
n
a
e

he
er
ly
ig
on
n
th
ha

e

is
fairly
-

ese
ell-

of
and
ious
nse
in
ht

ton

ase
ak-
de.
ht

nes.
ous
n
ef-

in
a-

ci-
at
the
the
igh-
int
fi-
um
ive
ne
be-

mi-

ents.

th
ends
-
nd
es-
im-
re-

dye
n
d
e
the
all

e

ks
en
ate
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~SFE’s!.23,24,26 The SFE states are characterized by v
large oscillator strengths, and strong Coulomb coupli
namely, a large binding energy. The SFE’s show inte
resonant luminescence. In Fig. 1~b!, a typical luminescence
spectrum is shown for the excitation at a band to band tr
sition energy. The luminescence lines have zero Stokes s
and have a line shape as sharp as the absorption ones
luminescence bandLC is the phonon side band of the bu
indirect exciton.27 The intensity of the SFE luminescenc
becomes stronger by more than one order of magnitude f
R to S and fromS to T as seen in the figure, which has be
explained by an efficient cascade-type relaxation proc
among these states.28 On account of the cascade relaxatio
the population of the lowest lyingT exciton becomes larges
As a result, theT state has a relatively long decay time co
stant 0.8 ns.28 Subsequently, theT luminescence shows
high quantum efficiency very close to unity, which was co
firmed from the measurements of photocalorimet
spectra.29 The results of zero Stokes shift luminescence a
extremely high quantum efficiency in SFE states indicate
realization of a defect-free interface of the stacking fa
plane at which the dissipation processes for the excitons
significantly suppressed.

In the stacking fault plane, the translational symmetry
maintained in the macroscopic size of at smallest sev
hundreds micrometer and allows a quasi-two-dimensio
motion for the center-of-mass motion of the SFE’s. Kaw
et al. reported that the resonant luminescence of SFE’s
pands much more widely along the stacking fault plane w
the sample is excited with a focused laser spot of a v
small size in area.30 The temporal behavior of the spatial
expanding SFE’s has also been studied by the time-of-fl
measurements.31 It turned out that the observed propagati
velocity 63108 cm/s of the SFE is so rapid that the polarito
picture is suitable. Then, it is not acceptable to attribute
propagation mechanism to the diffusive process which
been widely accepted for the propagation mechanism
other exciton systems in typical semiconductors. Furth

FIG. 1. ~a! Absorption and~b! luminescence spectra of th
SFE’s in BiI3 at 2 K. Q, R, S,andT in ~a! are the SFE states.P is
due to another stacking disorder origin. The sharp spectral pea
~b! just at the SFE states are corresponding resonant luminesc
LC is the luminescence from the indirect exciton state associ
with phononC.
y
,
e

n-
fts
the

m

ss
,

-

d
e

lt
re

s
al
al
i
x-
n
y

ht

e
s

in
r-

more, it was found from the DFWM measurements in th
system that the phase relaxation of the SFE states has a
long time constant;40 ps which is longer than those ob
served usually in other exciton systems.32 This also implies
that this exciton system has large spatial coherency. Th
results show evidently that the SFE states construct a w
defined energy band in thek space.

The features of large binding energy and long lifetime
SFE states allow us to investigate high-density effects
nonlinear responses. In fact, the SFE system shows obv
nonlinear responses for intense laser excitation. The inte
excitation effects on the SFE’s were reviewed in detail
Ref. 33. The optical Stark effect induced by intense lig
field was observed in this system, indicating that our exci
system has a large dipole moment.34,35On the other hand, the
real excitation effects on this system show that the incre
in the exciton density brings about line broadening and pe
energy shifts of absorption lines to the higher energy si
The high density effect, however, brings about only slig
decrease in the integrated intensities of the absorption li
It means that the oscillator strength does not show obvi
decrease. Schmitt-Rinket al. showed that a blueshift on a
exciton transition energy takes place due to high-density
fects especially in a two-dimensional exciton system.5 In the
previous paper,33 we discussed that the peak-energy shift
proportion to the exciton density would be one of the fe
tures in a two-dimensional exciton system.

In our SFE system, it can evidently be said that the ex
ton center-of-mass motion is confined two dimensionally
the stacking fault plane, and the oscillator strength and
binding energy are fairly large. These features lead to
conclusion that the SFE’s are stable even under the h
density condition. Furthermore, from the experimental po
of view, the two-dimensional confinement, the high ef
ciency of the spatial transport, and the almost unity quant
yield of the luminescence would make the quantitat
analysis of the exciton motion along the stacking fault pla
much simple. Thus, we are very interested in the spatial
havior of the SFE’s at high density.

In this paper, we present experimental results of dyna
cal processes of the SFE’s in BiI3 in real space under the
intense laser excitation using space-resolved measurem

II. EXPERIMENTAL METHODS

BiI3 single crystals were prepared by the vapor-grow
method. Since the appearance of the SFE transitions dep
on samples,30 the samples having uniform intensity distribu
tion of the SFE transition lines along the sample plane a
sharp spectral profiles of absorption and resonant lumin
cence lines of the SFE were selected. The samples were
mersed in a superfluid liquid-helium bath and the measu
ments were performed at 2 K.

For the light source to excite heavily the SFE states, a
laser ~Molectron: DL-12! with the spectral width less tha
0.1 meV and the time duration of;6 ns pumped by a pulse
N2 laser~Molectron: UV-14! was used with a repetition rat
;10 Hz; rhodamine B dye of which fluorescence covers
spectral region of the SFE transition lines was used. For
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PRB 58 13 837SPATIAL PROPAGATION OF HIGH-DENSITY . . .
measurements, unless otherwise stated, the wavelength o
laser was tuned to theS absorption line. The output power o
the laser was 231026 J/pulse; this value was rather wea
ened at the sample surface put into the quartz cell of
cryostat through many optical elements.

For space-resolved measurements, the laser beam wa
cused by a lens on the sample surface. The spatial profi
the focused laser beam on the sample surface was nearl
Gaussian shape with 56mm in full width at half maximum.
In order to obtain a high spectral resolution, we used
double-grating monochromator~Jobin Yvon: U-1000!. The
signal was averaged by a boxcar integrator~NF Circuit De-
sign Block: BX-531!.

A. Observation of the space-resolved pump-probe
absorption spectra

The absorption spectra were measured by the pump-p
method both in the usual manner and in a space-reso
regime. The laser beam was used for the pump light, and
fluorescence component from the dye cell was used for
probe light. The probe light having the same time duratio
ns as that of the dye laser pulse was coincided with the pu
light on the sample surface through an optical delay path

For the usual pump-probe method, the pump light w
defocused in order to irradiate the sample surface unifor
and not to be influenced by the spatial distribution of t
pump light intensity, and the probe light was focused to
smaller spot size in part of the surface irradiated by the pu
light; this experimental condition is named ‘‘the uniform e
citation condition’’ in the following. In this work, in addition
to the above-mentioned geometry, we tried to focus se
rately the pump and probe lights to each spot of about 60mm
in diameter on the sample surface, named ‘‘the spa
resolved pump-probe method.’’ Changing the distancer be-
tween the pump and the probe beam positions on the sa
by adjusting finely micrometers at the focusing lenses,
varying the pump light intensity, we measured change in
absorption spectra. In order to vary the pump light intens
the neutral density filters were inserted into the pump be
path. This method gives a spatial resolution up to;50 mm.
The pump light passing through the sample was cut off by
aperture, and only the probe light was led to the monoch
mator.

In order to detect the very small change in absorpt
spectra accurately, difference spectra between pumped
unpumped absorption were measured by an alternative d
tion of the probe light in accordance with the pump lig
timing by using a chopper for the pump light and the box
integrator with an alternative mode. More details are
scribed in our previous papers.36,37

B. Observation of the space-resolved luminescence
spectra under the high-density excitation

In order to obtain the space-resolved luminescence s
tra under the high-density excitation, the exciting laser lig
was focused to a small spot of;50 mm in diameter on the
sample surface. The image of the luminescence excited
the laser was enlarged by about ten times with an ana
matic camera lens and was projected onto a screen.
screen was set and was finely adjustable on aXYZstage; the
Z axis was set to be parallel to the optical axis of the cam
the
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lens. A glass fiber of 200mm in diameter with a light-
focusing fiber-guide ~Nippon Sheet Glass Co., Ltd.
SELFOC Micro Lens! at the terminal was attached to a p
hole on the screen. The pin hole and the light-focusing fib
guide efficiently picked up a very small part of the fine
focused luminescence image within;300 mm in diameter.
The glass fiber led the luminescence light to the monoch
mator with very high efficiency and without any deformatio
of the spectral shape within the wavelength range concer
More details are also described in our previous papers.30,38

The spatial resolution of this system reached up to 30mm.
For the space-resolved spectra, we scanned wavelength
the monochromator at each position on the sample. For
spatial distribution of the luminescence intensity, we scan
the position of the screen along theX or Y axes at each
wavelength.

III. RESULTS AND DISCUSSION

A. Space-resolved absorption spectra due
to the pump-probe method

Figure 2 shows the change in absorption by the spa
resolved pump-probe method on theT line in BiI3 at 2 K in
various pumping power at various distances; spectruma is
the T line absorption by only the probe light. The spectru
shows the peak absorption intensity to be;1 in O.D. and
the linewidth ~full width at half maximum: FWHM! to be
;0.3 meV. The spectrab– f ~dots! show difference spectra

FIG. 2. Curvea absorption spectrum of theT line in BiI3 at 2 K
by only the probe light. Curvesb, c, andd difference spectra of the
T line, i.e., those of the subtracted pumped ones by the umpum
ones, for the maximum incident laser intensityI L at r 50, r 50.15
mm, andr 50.25 mm, respectively. Curvese and f at r 50.15 mm
for the intensitiesI L/2, andI L/4, respectively. The uppermost ve
tical split shows the slit width. Open circles exhibit each calcula
difference spectrum from Eqs.~2! and ~3!.
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13 838 PRB 58H. KONDO, H. MINO, I. AKAI, AND T. KARASAWA
of the probe absorption from unpumped ones; for all spec
the pumping laser wavelength was tuned to the higher ly
S line. The spectral change takes place most remarkabl
the pump spot (r 50) as shown by spectrumb in the figure;
here, the incident laser intensity was the maximum one
8.031028 J/pulse for the pump-probe measurements;
value is limited by the maximum power which does not da
age the sample and corresponds to 1.831023 J/cm2/pulse
(I L) at the sample surface by taking the focused laser-s
size and all the reduction factors along the optical path i
account. The difference spectra are characterized by the
energy shift to the high-energy side, line broadening, and
reduction in the absorption cross section. The change d
occur not only at the pumping position but also at the po
tions away from the pump spot byr 50.15 mm~spectrumc!;
the obvious change was detected even at the positionr
50.25 mm~spectrumd! for the maximum excitation inten
sity I L . At a distancer 50.15 mm, the change become
larger with increasing excitation intensity fromI L/4 to I L/2
and I L as seen in spectraf, e, andc in order.

It might be said that a lattice-temperature rise due to
irradiation of the intense pump light brings about some sp
tral change.39 It should take a certain time to detect the spe
tral change due to the thermal effect transported, at the f
est, at the sound velocity to a distant point from the excit
laser spot. The previously obtained sound velocity;105

cm/s in this material40 gives at the shortest a transport tim
;1027 s of the heat between pump and probe points, wh
is much longer than the pump and probe light pulse dura
of 631029 s. As mentioned in Sec. II, the pump and pro
lights were coincided to arrive at the same time on
sample surface within the pulse duration. In fact, the spec
change was not detected when the relative time differe
between the two exceeded the duration. Consequently,
thermal effect does not explain the spectral change. T
this spectral change is brought about by the really exc
high-density excitons propagating with a velocity mu
faster than phonons. Then, we regard the spectral chang
an effect due to the high-density excitons. We analyze
nonlinear spectral responses due to the high-density exc
in detail as follows.

In general, the absorption spectrum of the homogeneo
broadened exciton state interacting weakly with other s
tems is expressed by an asymmetric Lorentzian41 as

a0~\v!5
a0

p

G0/212A0~\v2E0!

~\v2E0!21~G0/2!2
, ~1!

whereE0 is the peak energy of the absorption line,G0 being
the line width~FWHM!, A0 being the degree of asymmetr
anda0 being an absorption cross section proportional to
oscillator strength. The probe spectruma can well be fit by
Eq. ~1! with the valuesE051.98564 eV,G050.27 meV; the
width G0 includes the homogeneous broadening and
from the apparatus function.42

When the SFE states are irradiated by the pump light,
absorption line changes its profile froma0(\v) in Eq. ~1! to
a I(\v) as

a I~\v!5
aI

p

~G01DG!/212AI@\v2~E01DE!#

@\v2~E01DE!#21@~G01DG!/2#2
, ~2!
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where DE and DG are the amount of the change in ea
quantity for the heavy excitation;aI and AI being the indi-
vidual quantities concerned under the condition. The diff
ence spectra are given by

Da I~\v!5a I~\v!2a0~\v!. ~3!

The calculated spectra for various excitation intensities
various distant positions well reproduce the experimen
data~dots! as shown in Fig. 2 by open circles. Each fittin
parameter value is listed in Table I. It is confirmed that t
shift DE and the broadeningDG increase with increasing
incident laser intensity and with reducing distance. Atr 50,
the large blueshift, remarkable broadening, and the sign
cant reduction of the absorption cross section by 26% t
place.

The spectral change brought about by the intense la
excitation has been understood by the high-density effe
and the optical Stark effects. For the high-density effects
mentioned in Sec. I, Pauli’s repulsion and Coulomb scre
ing dominate these effects which give the energy shift, es
cially on two-dimensional exciton systems. In our SFE s
tem, the origins of the spectral change have been class
into two: field-induced effects, namely, the optical Stark
fects, and mutual interaction due to really excited hig
density excitons, i.e., high-density effects. In previous wor
we have shown that the optical Stark effects bring ab
laser-frequency-dependent transition-energy shifts and a
rious reduction of the absorption cross section,34,35 and the
high-density effects bring about spectral blueshifts witho
remarkable reduction of the cross section.33 In the space-
resolved regime in this work, atr 50, the remarkable shift
and serious reduction of the cross section were obse
again. Then, the cross section reduction can be regarde
the optical Stark effects. On the contrary, the reduction ra
of the cross section at the finite distant points (rÞ0) are
fairly small. Since the electric field of the pump laser lig
does not exist atrÞ0, the optical Stark effect does not tak
place. Then, the blueshift atrÞ0 originates from the high-
density effects. Furthermore, the amount of the energy s
at r 50 is one order of magnitude larger than that estima
for the optical Stark effect from the extrapolation of the o
resonance excitation in the previous paper.34 As a result, the
shifts, even atr 50, are attributed to the high-density effect
Consequently, the energy shift which can be resolved fr
the probe spectra with high accuracy is available as a sim
and significant index for the high-density effects as trea
later. Correspondingly, the broadening of the line shape

TABLE I. The best-fitting parameter values in Eqs.~2! and ~3!
for each difference spectrum of theT line in Figs. 4.b–f correspond
to the curvesb–f in Fig. 4, respectively.

Distance Laser DE DG a I /a0 AI

r ~mm! intensity ~meV! ~meV!

b 0 I L 0.61 0.47 0.74 0.25
c 0.15 I L 0.12 0.099 0.89 0.04
d 0.25 I L 0.050 0.037 0.96 0.01
e 0.15 I L/2 0.072 0.042 0.95 0.02
f 0.15 I L/4 0.031 0.020 0.97 0.01
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PRB 58 13 839SPATIAL PROPAGATION OF HIGH-DENSITY . . .
considered to originate from homogeneous lifetime broad
ing due to the collision with high-density excitons. Here, t
lifetime means the dephasing time of the exciton state in
true sense. In contrast with the dephasing time, we use ‘
cay time’’ given from the temporal change in the lumine
cence intensity as a time constant of the radiatively or n
radiatively dissipating excitons from their band. Th
dephasing time will be discussed later in connection w
exciton mean-free-path lengths.

In order to obtain the quantitative change in the spec
for the exciton density, the true exciton density must
evaluated for the exciting laser light intensity. The excit
density is proportional to the photon number absorbed in
sample within its lifetime. In general, the absorbed pho
number is not proportional to the incident photon numb
because of the change in the absorption intensity under
high-density excitation. In this work, the incident laser lig
is tuned to the peak of the higher lying absorption lineS.
When theS line is excited heavily, it shows also the pea
shift and line broadening in the same manner as inT. The
laser light has a sufficiently narrow wavelength width co
pared with the absorption linewidth of theS line, and the
wavelength of the laser light was fixed to the usual abso
tion peak position of theS line. For the calibration of the
absorbed photon number under the condition, the trans
tance and reflectance of the exciting laser light on the sam
were measured for various incident laser intensities. Th
we obtained the true absorbed light intensity, i.e., net exc
tion density as a function of the incident laser intensity
shown in Fig. 3, here the straight line shows the linear re
tion. As expected, the net excitation density becomes no
be proportional to the incident laser intensity in the high
intensity region. Hereafter, we use the net excitation den
I in exchange for the crude incident laser intensity.

Figure 4~a! shows the energy shiftDE of the T line at
various positions with distancer as a function of the ne
excitation density ratioI /I MAX , whereI MAX is the maximum
net excitation density corresponding toI L ; I MAX 51.33105

W/cm2 in the space-resolved regime. The energy s
DE(0) at the pumping point (r 50) tends to saturate with

FIG. 3. Calibration for the net excitation density vs incide
laser intensity~see text!. The straight line shows the linear corre
spondence.
n-
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increasing densityI . However,DE for rÞ0 increases super
linearly with the increase ofI , and the increasing rate ofDE
becomes large with the distance. The observed energy
at rÞ0 evidently shows the existence of spatial expansion
the high-density excitons from the exciting laser spot. F
thermore, the saturation phenomenon of the excitati
density dependence of the energy shift atr 50 is understood
by the same origin of the spatial expansion effect as d
cussed later.

In order to clarify the spectral change for the exciton de
sity, the energy shift for the excitation density was also m
sured under the uniform excitation condition and is shown
Fig. 4~b!; the pump-light spot size is tuned to;2 mm in
diameter on the sample surface. In this case, the maxim
densityI MAX was reduced to be;7.53103 W/cm2 because
of the larger spot size, although the crude incident laser
tensity was increased. The shiftDE is exactly proportional to
the net excitation densityI . The straight line in~b! indicates
the linear relation; the straight line in~a! is the same one a
in ~b! and is depicted for the scale of the net excitation d
sity to coincide with that in~b! in absolute value. Under this
uniform excitation condition, the photocreated excitons ex
with a spatially uniform density in the much smaller area
the probe-light spot of;60 mm, because spatial expansio
of the excitons plays a role to make the density homo
neous. For the exciton density under the pulsed excitat
one needs to know the exciton decay time. The decay tim
the T exciton, which is the longest in the SFE states, h
been observed to be 0.8 ns from the measurement of
temporal behavior of the resonant luminescence.28 Since the
exciting laser pulse duration is about 6 ns much longer t
the exciton decay time, it can be regarded that the excita
condition is stationary. The stationary condition lea
straightforwardly to the relation that the exciton density
proportional to the net excitation densityI . As a result, it is
concluded that the energy shift is proportional to the exci
density. Hereafter, we introduce the local exciton density
the exciton density of a function of the distancer . According
to the above-mentioned result, the shiftDE at each position
r in the space-resolved regime shown in Fig. 4~a! is an
amount proportional to the local exciton densityn at r as

FIG. 4. Peak energy shift of theT line as a function of the
excitation density~a! at various distances in the space-resolved
gime, and~b! for the uniform excitation condition~see text in de-
tails!. The net excitation densities in~a! and~b! are depicted by the
ratios of the excitation densities to the maximum ones, respectiv
The straight lines in~b! as well as in~a! indicate the linear depen
dence of theDE for the net excitation density; for that in~a!, the net
excitation density is shifted for the absolute value to coincide w
~b!.



-
g
th
re
fo
in
r

at
om

n
t

th
b

5
ng
ng
n
v

h-
as
m
w

s

ity

ly
ift

ch

,
es,
fits

by
ot
lue
n-

s of
the
ton
tal

o-
ocal
t

-

d

on
s

the
out
te-
en-
on
an

d

ta-

tie

d
rt

13 840 PRB 58H. KONDO, H. MINO, I. AKAI, AND T. KARASAWA
DE~r !}n~r !. ~4!

Figure 5 shows the shiftDE for various net excitation
density as a function of the distancer under the space
resolved condition; each exciting power indicated in the fi
ure is already corrected as the net excitation density in
manner described in Fig. 3. Accordingly, Fig. 5 can be
garded as the spatial distribution of the exciton density
each excitation density. When the excitation density
creases, the spatial gradient of the exciton density with
spect to the distance decreases in absolute value indic
the additional expansion of the higher density excitons fr
the exciting spot.

As reported in the previous work concerning a time- a
space-resolved luminescence measurement, it was found
the propagation velocity of the exciton is so fast that
exciton motion in the real space cannot be explained only
the diffusive process but by the polaritonlike one.31 The spa-
tial distribution of the high-density excitons shown in Fig.
indicates that the high-density excitons expand in the ra
of ;0.2 mm in radius from the exciting spot. By consideri
their lifetime of 0.8 ns, it fails to treat the propagatio
mechanism as diffusive because the obtained parameter
ues provide an unreasonably large diffusion constant.

So, we try to deal with the spatial distribution of the hig
density excitons as a two-dimensional exciton flow. It is
sumed that the excitons flow out in the radial direction sy
metrically with respect to the pump spot and their flo
decreases exponentially with distancer . Then, the flow den-
sity of the excitonsu(r ) is proportional to the quantities a

u~r !}
exp~2r /d!

r
, ~5!

FIG. 5. Peak energy shift of theT line as a function of distance
r between pump and probe spots for various excitation densi
Solid lines are best-fitted lines by Eq.~5! for each excitation den-
sity; the parameter values ofd in Eq. ~5! are 0.30, 0.22, 0.16, an
0.10 mm, respectively, from higher excitation densities. The ve
cal broken line denotes the effective pump spot radiusr 0 . The
dotted curve denotes the observed pump laser profile.
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whered is a spatial decay length. Now, the exciton dens
n(r ) has a relation to the flow densityu(r ) as follows:

u~r !5^v&n~r !, ~6!

where^v& is the mean velocity of the exciton flow, name
the drift velocity. For simplicity, it is assumed that the dr
velocity ^v& does not depend on the distancer . Subse-
quently, the exciton densityn(r ) is proportional tou(r ). The
expansion of the spatial distribution of the excitons for ea
excitation density can be well fit by Eq.~5! with only one
parameterd; the values ofd for every excitation are 0.30
0.22, 0.16, and 0.10 mm from higher excitation densiti
respectively. The solid lines in Fig. 5 represent the best
of Eq. ~5! for each excitation densityI . Here, the fitting was
done in the region outside the exciting spot characterized
a radiusr 0 , because Eq.~5! cannot be applied inside the sp
in which excitons are supplied by the laser light. The va
of parameterd increases with increasing net excitation de
sity as clearly seen in the figure.

Furthermore, in order to examine the decay processe
the high-density excitons, we evaluate a total number of
excitons in the whole space by integrating the local exci
density for each excitation density. Then, the stationary to
exciton numberN is given as

N5E n~rW !drW. ~7!

For our system, the integral region is restricted in the tw
dimensional space on the stacking fault plane. Since the l
exciton densityn(r ) is proportional to the energy shif
DE(r ) at each point as indicated in Eq.~4!, DE(r ) is sub-
stituted forn(r ) in Eq. ~7!. In order to perform the calcula
tion of Eq. ~7!, the integrandDE(r ) is divided to two parts:
DE(r ) within r 0 of the effective pump spot radius, an
DE(r ) which has the analytical form of Eq.~5! in the region
with larger radiusr than r 0 . The amount ofDE(r ) within
the radiusr 0 is taken to be a constant valueDE(0). Conse-
quently, we obtain the total number of excitons in proporti
to the next quantity using the ‘‘integrated energy shift’’ a

N}pr 0
2DE~0!12pE

r 0

`

DE~r !r dr . ~8!

In Eq. ~8!, the first term expresses the average number in
pump spot, and the second term comes from the flowing-
component from the pump spot. Figure 6 shows the in
grated energy shifts as a function of the net excitation d
sity. The integrated energy shift, namely the total excit
numberN, is proportional to the net excitation density as c
be seen in the figure.

The relaxation of the total exciton numberN is generally
given by the next rate equation as

dN

dt
52

N

tex
1I n~ t !, ~9!

whereI n(t) is the supply of excitons by the pump light an
is proportional to the net excitation density,tex being the
decay time of the exciton in the whole space. From the s
tionary condition, the left-hand side of Eq.~9! becomes zero.
Then, we obtain

s.

i-
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N5I ntex. ~10!

Since the stationary total exciton numberN is proportional to
the net excitation density as seen in Fig. 6, it is conclud
that the exciton decay timetex at high density has a consta
value independent of the excitation density. By consider
the luminescence quantum efficiency to be unity for
weak excitation, the result of the constant decay time
excitation density indicates that heavily excited excito
have also the same high quantum efficiency. This means
they decay radiatively from the band bottom atk.0 of the
lowest T state without any nonradiative decay to the fr
carriers and to other trapping or relaxed states everywh
they do. Accordingly, the decrease of the absolute value
the spatial gradient of the local exciton density with incre
ing excitation density is not attributed to the increase of
exciton decay time but to the increase of the drift veloci
The drift velocity of the exciton floŵ v& is evaluated from
the next equation and the fitting valued in Fig. 5,

d5^v&tex. ~11!

Since the exciton decay timetex has been obtained to be 0
ns at low density limit and is assumed to be constant for
excitation density, the drift velocitŷv& is evaluated from
13107 cm/s to 43107 cm/s for the lowest to the highes
excitation densities in Fig. 5. Thus, the drift velocity in
creases with increasing excitation density.

B. Space-resolved luminescence spectra under
the high-density excitation

The resonant luminescence ofT was examined in detai
under the high density excitation at theS state in the space
resolved regime. Space-resolved resonant luminesc
spectra under different excitation densities are shown in
7 for distancesr 50 ~a!, andr 50.075 mm~b!. For compari-
son, a transmittance spectrum of theT line without pump
light is also shown in Fig. 7~a!. The luminescence peak shif
to the high-energy side for high-density excitation. T
amount of the peak shifts is smaller than that in the pum

FIG. 6. Integrated energy shift of theT line vs net excitation
density@see text and Eq.~8!#. Straight line denotes the linear rela
tion.
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probe absorption for the same excitation density; the de
ties are 2.33105 W/cm2 for spectraA and 7.53104 W/cm2

for spectraB. For an excitation density;23105 W/cm2, for
example, the shift energy atr 50 is about a half of that in the
absorption spectrum. The reason for this is that in the lu
nescence spectra any radiative processes are superimp
including any energy relaxation processes via scattering
trapping. The spectral shapes at the exciting spot (r 50) are
symmetrical and more broadened for heavier excitation,
outside the exciting spot (r 50.075 mm! the shapes have
tails to the low-energy side. For the highest excitation d
sity ~spectrumA!, the peak intensities atr 50 andr 50.075
mm does not change a great deal, although the spectral
files differ from each other. When the excitation density
decreased, the decreasing rate of the luminescence inte
at r 50 is smaller than that atr 50.075 mm. The curious
excitation density dependence of the luminescence inten
will be discussed in connection with integrated intensit
over the whole area on the sample. For the spectral shap
is considered that the broadening component comes from
lifetime broadening due to the scattering by the high-den
excitons, or comes from the broadening due to tempor
inhomogeneous excitation. Atr 50, the lifetime broadening
would be predominant, because excitons supplied by ex
ing light bring about the broadening due to frequent scat
ing with each other. The low-energy tail at the distant po
outside the exciting spot would be caused by any relaxa
processes.

In order to know the spatial distribution of theT lumines-
cence intensity in the whole spectral region, the lumin
cence intensity was measured as a function of distancer in a

FIG. 7. Space-resolved luminescence spectra of theT line in
BiI 3 at 2 K ~a! at r 50, and~b! at r 50.075 mm for two different
excitation densities:A 2.33105 W/cm2, and B 7.53104 W/cm2.
The uppermost spectrum in~a! denotes the transmittance spectru
of the T line without pumping. The luminescence intensity scale
taken to be compared directly. The vertical split shows the
width.
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radial direction; the intensity for every radial direction
symmetric with respect to the exciting point. Since the sp
tral profile of theT luminescence changes for the excitati
density and the distance, the slit width was sufficiently w
ened to cover the whole spectral region of theT line for any
excitation densities in order to obtain the wholeT lumines-
cence intensity. Thus, we defined the ‘‘local luminescen
intensity’’ as the space-resolved luminescence intensity
the whole spectral region of theT line. Figure 8 shows the
spatial distribution of the local luminescence intensity
various excitation densities. In this figure, each intensity
plotted in the same and linear scale. As expected, the lu
nescence expands more for higher excitation density
several tenths mm region. It should be noted that the in
ment of the intensity ratios at largerr with increasing exci-
tation density becomes obviously larger than that at sma
r , that is, the higher the excitation density is increased,
more the luminescence expands.

Figure 9~a! shows the excitation-density dependence
the local luminescence intensity atr 50. The intensity has a
clear tendency to saturate with the net excitation density.
the contrary, the intensity at largerr becomes to increas

FIG. 8. Space-resolved luminescence intensity of theT line vs
distancer for various excitation densities in the same scale.

FIG. 9. ~a! Luminescence intensity of theT line at r 50, and~b!
the integrated luminescence intensity as a function of the net e
tation density. Each straight line denotes the linear relation.
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superlinearly for the net excitation density as also gau
from Fig. 8. As the total exciton number has been evalua
from the integration of the energy shift in the space-resolv
pump-probe spectra, we obtain each integrated luminesc
intensity for every respective excitation density integrati
the intensity distribution over the whole area in the tw
dimensional space.43 Figure 9~b! shows thus obtained inte
grated luminescence intensity as a function of the net e
tation density. The intensity is almost proportional to the n
excitation density. This result implies that the luminescen
quantum efficiency in the whole area does not change w
increasing excitation density. Then, from the fact that
quantum efficiency of theT state is unity for weak
excitation,29 it can be said that the expanding excitons
high-density decay only through the radiative transition
somewhere along the stacking fault plane with unity qu
tum efficiency.

The time- and space-resolved measurements of the r
nant luminescence under the weak excitation condit
showed that the luminescence expands spatially as a ri
on the water surface,31 that is, the expansion of a large ma
jority of the SFE’s is not diffusive but ballistic as a polarito
mode. As shown in Figs. 8, and 9, the spatial expansion
the luminescence was certainly enhanced under the int
excitation. Thus, we infer that a ballistic flow mechanis
predominates in the expansion of the SFE polaritons un
the high-density excitation. So, in order to analyze the spa
distribution of the heavily excited luminescence, we assu
that the exciton polaritons contributing to the luminescen
flow out concentrically in the two-dimensional space fro
the exciting point.

This assumption leads to the result that the dissipati
less flow decreases to the inverse of the radial distancer
with being propagated in the radial direction. Therefore,
order to clarify the spatial dissipation of the luminescen
flow, we define the ‘‘radial luminescence intensity’’F(r ) as
the intensity integrated along the circle with radiusr :

F~r !5E
0

2p

L~r !r du52prL ~r !, ~12!

L(r ) being the local luminescence intensity at a positi
with distancer . Thus, we can treat the real-space distributi
of the luminescence by the simple intensityF~r ! instead of
L(r ).

Figure 10 shows the radial luminescence intensity
various excitation densities. If the decay time of the excit
were infinite, i.e., no dissipation process existed, the funct
F(r ) would be independent ofr giving a horizontal line in
Fig. 10. On the other hand, for the infinitesimal decay tim
the exciton would not be propagated, andF(r ) would give
only the spatial form of the luminescence source, i.e.,
exciting laser profile. In practice, when the decay timetex is
a constant and finite value, and on the assumption that
velocity v of the exciton propagation along the radial dire
tion is independent ofr , F(r ) will decrease exponentially
with r giving a straight line in the figure with a gradien
21/j:

F~r !}exp~2r /j!, ~13!

where the attenuation lengthj is given as
i-
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j5vtex. ~14!

As seen in Fig. 10, the profileF(r ) in the smallr near the
exciting spot shows a rise. For largerr than;0.1 mm,F(r )
can be divided into two steps: the first step where it can b
to an almost flat straight line with a small gradient in abs
lute value, and the second step with a large gradient in
solute value as shown in Fig. 10. The flat region is m
lengthened with increasing excitation density. The gradi
of each intensity is equal to each other for the various e
tation densities. At largerr or for weaker excitation density
another attenuation process appears with a larger gradie
absolute value as also shown by the other lines in the fig
The rising component in the smallr seems to grow with
increasing excitation density beyond the exciting laser s
region; in the model the rise appears within the source reg
of the laser spot. Such a rising component suggests that
luminescent transport processes exist in that area beyon
source region including the relaxation processes from
higher SFE level via the higher intraband state.

From the gradients of the attenuation processes in Fig.
we obtain two values for the attenuation lengthj: j52.3 and
0.17 mm for the small and large gradients, respectively.
discussed before, the decay timetex in this system can be
regarded to be constant in the whole area for any excita
density, i.e.,tex50.8 ns. Furthermore, by using the grou
velocity of the exciton polaritonvg563108 cm/s for the
velocity v in Eq. ~14!, the attenuation lengthj is evaluated to
be 4.8 mm. This value is close to that obtained from
small gradient line with a difference only by factor 2. Th
leads to the conclusion that the flat component in Fig.
predominantly comes from the exciton polaritons with t
group velocity transported without suffering from serio
scattering as also discussed in the next subsection. Su

FIG. 10. Radial luminescence intensity vs distancer for various
excitation densities~see text!. The straight lines show the fit by Eq
~13! for the attenuating luminescence. The broken line is the ex
ing laser trace.
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quently, the large gradient component would exhibit the
citons experiencing scattering processes giving a sma
mean velocity.

C. Discussion

We have obtained the information on the spatial distrib
tion of the SFE’s at high density by intense laser excitat
from the space-resolved transition spectra. However, the
sults show different aspects between the pump-probe abs
tion and the luminescence spectra. In this subsection,
discuss the mechanisms which govern the spatial expan
or transport of the excitons at high density comparing
results of the two kinds of experiments.

Figure 11 shows the spatial distribution of each excit
density in logarithmic scale; curvea is the T luminescence
intensity excited with the maximum laser intensity, which
the same as curvea in Fig. 8, curvesb and c are the peak
energy shift of the pump-probe absorption, and are the s
as the upper most and the lowest curves in Fig. 5, resp
tively, and curved is the luminescence distribution in th
low-density excitation regime, where a cw He-Cd laser w
an average power of 50 mW was used for the exciting li
source.30 The heavily excited luminescence distributiona ex-
pands more largely thand for the weak excitation. We have
described that the integrated luminescence intensity is in
portion to the excitation density as shown in Fig. 9~b!, and
the quantum efficiency of the luminescence is unity. Fro
these results, the expansion of the spatial distribution of
luminescence intensity for the heavy excitation indicates t
the ratio of the number of luminescent excitons at a posit
to that of the total excitons in the whole area changes
pending on the excitation density. As readily understood
curved for the weak excitation limit, the local luminescenc
intensity is simply proportional to the exciton density at ea

t-

FIG. 11. Relative exciton density vs distancer . Curvea is that
from the luminescence intensity of theT line, the same as tracea in
Fig. 10. Curvesb andc are that from the peak energy shift of theT
line for different excitation densities, the same as the maximum
the minimum excitation densities in Fig. 7, respectively. Curved is
the trace of the luminescence intensity for the weak excitation lim
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position. On the other hand, for the high-density excitati
the distribution of the local exciton density gives curveb as
well as curvec in Fig. 11, since the peak energy shift
proportional to the local exciton density as mentioned befo
However, luminescence distributiona is different from curve
b of the local exciton density, although both of the excitati
densities fora andb are almost equal. This discrepancy b
tween their spatial distributions at high density implies th
the local luminescence intensity is not proportional to
local exciton density, and the more the density increases
more the ratio of the nonluminescent excitons at the posi
increases. This means that a fairly large portion of hig
density excitons expand nonradiatively to the larger dist
area, and emit light there resulting in curvea.

It can be said that the luminescence intensity is prop
tional to a number of the excitons atk.0 in the exciton
band, from which the radiative transition can occur. On
other hand, the higher density excitation constructs the e
ton population at largerk, which is responsible for the
energy shift of the probe spectra and does not ma
contribute to the luminescence process. Consequently,
discrepancy of curvea from curveb comes from the incre-
ment of the exciton population atkÞ0. Subsequently, the
discrepancy of curveb from curved is clearly understood a
follows. The spatial distribution of the luminescence inte
sity under the weak excitation limit is determined by intrins
propagation and dissipation mechanisms depending on
lattice temperature and the degree of completeness of
translational symmetry of the stacking-fault plane. On
other hand, for the high-density excitation, an efficient tra
port mechanism begins to function giving the wider spre
ing of the local exciton density. Then, it is expected that
lower the excitation density is reduced, the closer the spa
distributions of the local exciton density becomes to the
minescence distributions of the weak excitation limit. In fa
the peak shift distribution curvec for the lowest excitation in
Fig. 5 is close to curved in Fig. 11.

We have introduced two analogous parameters for the
citon dissipation processes: the decay lengthd in the energy-
shift distribution on the pump-probe spectra, and the atte
ation lengthj in the luminescence-intensity distribution. W
have treated the decay lengthd5^v&tex as a function only of
the excitation densityI and not to depend on the coordinat
r and spatially changing densityn. This treatment is, of
course, not accurate, because the dissipation rate depend
only on the initial excitation density but on the local excito
density n itself, and on the space coordinates implicit
through n. However, the fact that the simplified treatme
reproduces well the experimental result implies that m
heavily excited excitons transport themselves with higher
ficiency resulting in the increase ofd with increasing excita-
tion density. Anyway, the lengthd is an index indicating the
area in which the excitons at high density interact with ea
other.

On the other hand, the meaning of the attenuation len
j5vtex is relatively clear and quantitative. As already me
tioned, our SFE system has a luminescence quantum
ciency of unity, giving only one decay mechanism on t
luminescence intensity, i.e., the radiative decay process
,
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the rate 1/tex. Therefore, it can be said that excitons flo
with one effective velocity in the area describable with
attenuation length.

In the first region fitting in the one flat line in Fig. 10, th
velocity of the exciton flow has been evaluated to be close
the group velocity of the exciton polaritons for which an
serious dephasing or slowing-down mechanisms do not
erate. This region lengthens with increasing excitation d
sity, and the length of the region is roughly equal to t
quantity d for higher excitation densities; the indexd indi-
cates an area within which the excitons are at high densit
should be noted that the valuej52.3 mm will be connected
with the dissipation rate of such motion of the luminesce
excitons aroundk.0, and does not correspond to the dec
lengthd which exhibits the inverse of a gross dissipation ra
of the total excitons along the expanding path. Then, it c
be said that the high-density effect in this region is char
terized by the reduction of the dissipation rate of the lum
nescent excitons, i.e., excitons atk.0. This suggests that th
interaction of the high-density excitons brings about an
crease in the coherency of the excitons around the band
tom. In addition, the increase ofd with increasing excitation
density would come from the increase in the contributi
from the excitons in the coherent state.

In the second region of the other inclined line in Fig. 1
the exciton flow shows a different velocity with a small
value exhibiting more frequent scattering or trapping p
cesses. The obtained attenuation lengthj;0.17 mm for the
second region in curveb and curvec in the figure is close to
the values 0.1– 0.3 mm of the decay lengthd. Then, it is
considered that, in such a region, the luminescent excit
begin to obey the same dissipation mechanism as that o
nonradiative excitons atkÞ0. Thus, it is concluded that th
higher density excitons bring about an increase in the nu
ber of excitons propagating coherently with the velocity ne
the exciton-polariton group velocity around the bottlene
This suggests that a part of the high-density excitons ar
an in-phase motion.

Concerning the conspicuous behavior of the SFE’s at h
density, i.e., the in-phase motion, we can get information
mean-free-path lengths of the excitons directly from t
dephasing measurements on this exciton system. As m
tioned in Sec. I, the time-of-flight measurements in this e
citon system have given the average group velocity of ex
ton polariton vg;63108 cm/s for a low-density limit.31

Besides, the dephasing timeT2 of the exciton state has bee
obtained to be more than;10 ps even for the maximum
excitation density in this work from the time correlate
DFWM measurements.32 From these values, the mean fre
path of the excitonl I(5vgT2) is evaluated to be;60 mm in
which the exciton is propagated without scattering. When
apply the drift velocitŷ v&;13107 cm/s instead ofvg from
the pump-probe measurements as a velocity of exciton
high density, the mean free pathl I becomes at least;1 mm.

The average exciton densityn̄.Nabs/pd2 is estimated to
be (5 – 8)31012 cm22 for every excitation density by using
the value of the spatial decay lengthd on the assumption tha
all photons absorbed in the sample are transformed into
citons,Nabsbeing the absorbed photon number. This dens
provides an average distance between excitons to be;40 Å,
which should correspond to a mean-free-path length in a
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gas and is much shorter than the above-obtained value
the mean-free-path lengthl I . Consequently, this result lead
to the conclusion that the high-density excitons in this s
tem must be in the in-phase collective motion without mut
collision.

Recent experiments concerning the Bose-Einstein c
densation in excitonic gases provide some controversial
cussion based on the spatial propagation of interacting bo
systems in some new phase. For instance, in the phas
excitonic superfluidity, the exciton should be transpor
without attenuation as exemplified experimentally
Cu2O.18,19 As can be seen in Fig. 10, the spatial profiles
the heavily excited photoluminescence show the reg
growing with excitation density with very small attenuatio
In such a region, the high-density effect bringing about
peak energy shift is remarkable, and the propagation velo
of the excitons is estimated to be comparable with the gr
velocity of the exciton-polariton mode. This characteris
spatial behavior of the high-density excitons or excito
polaritons shows a possibility of a new phase of interact
exciton polaritons. Then, it is much more interesting to e
amine temporal behavior of our SFE’s at high density in
real space. Space- and time-resolved spectroscopic ex
ments in the picosecond time domain are in progress in
system.

IV. CONCLUSION

We have observed directly the spatial propagation
SFE’s at high density along the two-dimensional stack
disorder plane in BiI3 applying the space-resolved spectro
copy methods. The intense laser excitation brings about
nificant change in the absorption spectra, i.e., blueshift
broadening, due to the interaction of the high-density ex
tons. The shift energy is proportional to the exciton dens
under the spatially uniform excitation condition. The spa
resolved pump-probe absorption under high-density exc
tion also shows the spectral change even at the points m
than 0.2 mm away from the exciting laser spot. The spa
distribution of the energy shift corresponding to the loc
exciton density was plotted as a function of distancer from
the exciting position for various excitation densities. In th
exciton system, the propagation mechanism is not chara
ized by diffusive one but by ballistic flow. From this fact, w
adopted the high-density exciton flow in the two-dimensio
space for the analysis of the energy shift distribution. T
spatial distribution of the local exciton density can be w
described by only a conveniently introduced parameterd,
the decay length, for the exciton flow, which increases w
increasing excitation density. For the maximum excitat
density, the decay length gives the average velocity^v& of
the exciton flow only one order of magnitude smaller th
the group velocityvg of an exciton-polariton mode observe
it
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in this system. Integrating the local exciton density estima
from the spectral shift over the whole area, we obtained
result that the total number of excitons is proportional to t
net excitation density, i.e., net absorbed photon number
unit area. This result indicates that the decay time of
excitons in the whole area is constant and independent of
excitation density, although the distribution of excitons e
pands more with increasing excitation density. According
the average velocity, i.e., the drift velocity of the excito
flow, is to increase with increasing excitation density.

The luminescence spectra under the same intense l
excitation shows a similar change as in the pump-probe sp
tra accompanying the asymmetric tail to the low-energy s
due to some relaxation processes. However, the sp
resolved luminescence measurements give different sp
intensity distribution from that of the energy shift in th
pump-probe spectra, although the integrated total lumin
cence intensity in the whole area is in proportion to the e
citation density again as seen in the pump-probe spectra.
discrepancy between the two distributions comes from
difference of the number of excitons contributing to the l
minescence process and the spectral shift; the former is
resented by those aroundk.0 and occupies only a part o
the total excitons, and the latter includes those in the to
band region includingkÞ0 suffering any dissipation pro-
cesses. We analyzed the luminescence intensity distribu
on the basis of the two-dimensional exciton-polariton flo
From the decrease in the intensity withr , the two-step dis-
sipation process was resolved by using the other param
j, the attenuation length. In the first step region providing
larger value ofj, the luminescent excitons flow with a ver
large velocity compared with the group velocityvg . This
area increases with increasing excitation density. In the s
ond step region, the attenuation lengthj becomes close to
the value of the decay lengthd, indicating the luminescent
excitons to be governed by the same dissipation mechan
as on the total excitons in this region. The fact that the de
length d increases with increasing excitation density in t
region with a large value of the attenuation lengthj suggests
the existence of an in-phase motion in a new phase of
high-density SFE’s. The in-phase motion was examined
estimating the mean-free-path lengths from the exciton d
sity, the velocity of the exciton flow, and the dephasing tim
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