PHYSICAL REVIEW B VOLUME 58, NUMBER 20 15 NOVEMBER 1998-II
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We study spatial behavior of heavily excited excitons localized at a two-dimensional space of a specific
stacking fault interface in a layered crystal BilPump-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 sys{&0163-18208)05344-2

[. INTRODUCTION In contrast with the diffusive process, the spatial expan-
sion of excitons at an extremely low temperature has been
The nonlinearity of optical responses around the band-gafhought to be the propagation in a polariton mode, and the
energy in semiconductors provides many interesting physicgropagation velocity of polaritons in GaAs, CuCl, and mo-
descriptions. One of the origins of nonlinear optical re-lecular crystals have been measured by the time-of-flight
sponses in materials is a virtual excitation of electronic statesiethod and space-resolved measurements using short pulse
due to coherent multiphoton transition between the electronitasers:*~*" However, in order to detect the penetrated light
energy levels by intense light field; the other is the many-pulse through crystals near the exciton resonance, specimens
body effect among really photoexcited electrons and holeswvould have to be made extremely thin because of very large
The optical Stark effect observed in nearly resonant energgxtinction coefficients. Thin crystals or quantum wells can-
region with respect to exciton states in semiconductors is ongot, however, avoid the influence of roughness at interfaces
of the typical nonlinear optical responses due to the virtuahnd of imperfection in crystals. Therefore, it is difficult to
excitation! On the other hand, various phenomena due to thelistinguish the intrinsic properties of excitons in perfect
many-body effects in excited electronic systems have beeerystals from extrinsic natures.
found in GaAs crystals and in quantum-wéQW’s) struc- Subsequently, a new phase or a condensed state of weakly
tures of GaAs/Al-Ga-AS™® In these works the density- interacting boson systems have attracted much attention from
dependent spectral changes in absorption lines of excitonfie viewpoint of coherent and incoherent motions on the
i.e., the shifts of the transition energies, spectral line broadbasis of the experimental observation of spatial behavior in
enings, and changes in oscillator strengths, have been digeutral atom and exciton systems. In,Ou an experimental
cussed in terms of the phase-space filling, and screening insgiudy of exciton transport has been discussed in terms of
dielectric exciton gas. In addition, the influence of many-excitonic superfluidity®!® where it was reported that the
body effects on the relaxation process of the excited statdsallistic exciton transport has a velocity close to the sound
has been investigated by examining the time-correlatedelocity asymptotically with increasing excitation density.
degenerate-four-wave-mixinPFWM) signals with an ul- This phenomenon has been treated theoretically with contro-
trashort pulse lasérin principle, the well-defined exciton versial discussioR’~?2 Therefore, it is interesting how exci-
states extend in whole in a perfect crystal. Therefore, in théon transport phenomena are affected by the excitation den-
excited-state physics not only relaxation processes in theity. Experimentally, a system in which high-quality
time domain but also spatial transport or expansion of excicrystallization is realized and excitons can propagate without
ton after the photoexcitation are significant. In fact, the spaserious dissipation is required for such investigation.
tial behavior of excitons have been studied in terms of dif- An exciton system excited at a stacking fault interface in
fusive expansion in a few bulk semiconductors and GaAsBil; would satisfy the above requirements. Figu¢e Shows
QW'’s by space-resolved measurements of luminescEfice, a typical absorption spectrum below a bulk indirect exciton
by analyzing the spectral line shaffeand by using a non- edge in Bik. A very sharp line series denoted ByQ, R, S,
linear optical techniqué&t Furthermore, density dependence and T from the high-energy side appears depending on
of spatial expansion and temporal behavior of excitons andample$>2* Since theP line appears independently of the
photoexcited carriers in QW's has been examin&d-3In other lines, the origin of thé® line has been attributed to
Refs. 12 and 13, spatial behavior of excited electrons at higeome polytypic stacking disord@ror some localized staf@.
density has been measured by the pump-probe methodhe absorption line®, R, S, andT have been ascribed to
where the increase of the diffusion coefficient is attributed tathe exciton transitions perturbed by a specific stacking fault,
a driving force by a phonon wind. which have been called stacking fault excitons
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L AL L L more, it was found from the DFWM measurements in this
system that the phase relaxation of the SFE states has a fairly
long time constant-40 ps which is longer than those ob-
served usually in other exciton systefisThis also implies

that this exciton system has large spatial coherency. These
results show evidently that the SFE states construct a well-
defined energy band in tHespace.

The features of large binding energy and long lifetime of
SFE states allow us to investigate high-density effects and
nonlinear responses. In fact, the SFE system shows obvious
nonlinear responses for intense laser excitation. The intense
excitation effects on the SFE’s were reviewed in detail in
o NS Ref. 33. The optical Stark effect induced by intense light
1.98 1.99 2.00 201 field was observed in this system, indicating that our exciton

Photon Energy (eV) system has a large dipole moméht®>On the other hand, the
real excitation effects on this system show that the increase
in the exciton density brings about line broadening and peak-

SFE's In Bil; at 2 K. Q, R, SandT in (3 are the SFE stategis energy shifts of absorption lines to the higher energy side.

due to another stacking disorder origin. The sharp spectral peaks . . . .
(b) just at the SFE states are corresponding resonant Iuminescenéﬂr;]e high density effect, however, brings about only slight

Lc is the luminescence from the indirect exciton state associated€Crease in the integrated intensities of the absorption lines.

with phononC. It means that the oscillator strength does not show obvious
decrease. Schmitt-Rin&t al. showed that a blueshift on an

(SFE'9.232426 The SFE states are characterized by Veryexciton transition energy takes place due to high-density ef-

large oscillator strengths, and strong Coulomb coupling{€cts especially in a two-dimensional exciton sysPehm.the_ _
et® we discussed that the peak-energy shift in

namely, a large binding energy. The SFE’s show intens@'€VIOUS pap : _
resonant luminescence. In Figbl, a typical luminescence Proportion to the exciton density would be one of the fea-
spectrum is shown for the excitation at a band to band trantures in a two-dimensional exciton system.
sition energy. The luminescence lines have zero Stokes shifts [N our SFE system, it can evidently be said that the exci-
and have a line shape as sharp as the absorption ones; fi§® center-of-mass motion is confined two dimensionally at
luminescence bantc is the phonon side band of the bulk the stacking fault plane, and the oscillator strength and the
indirect excitor?’ The intensity of the SFE luminescence binding energy are fairly large. These features lead to the
becomes stronger by more than one order of magnitude fromonclusion that the SFE’s are stable even under the high-
Rto Sand fromSto T as seen in the figure, which has beendensity condition. Furthermore, from the experimental point
explained by an efficient cascade-type relaxation processf view, the two-dimensional confinement, the high effi-
among these staté& On account of the cascade relaxation, ciency of the spatial transport, and the almost unity quantum
the population of the lowest lying exciton becomes largest. yield of the luminescence would make the quantitative
As a result, theT state has a relatively long decay time con-analysis of the exciton motion along the stacking fault plane
stant 0.8 n$? Subsequently, thd luminescence shows a much simple. Thus, we are very interested in the spatial be-
high quantum efficiency very close to unity, which was con-havior of the SFE’s at high density.
firmed from the measurements of photocalorimetric |n this paper, we present experimental results of dynami-
spectre?® The results of zero Stokes shift luminescence andtg| processes of the SFE’s in Biin real space under the
extremely high quantum efficiency in SFE states indicate thentense laser excitation using space-resolved measurements.
realization of a defect-free interface of the stacking fault
plane at which the dissipation processes for the excitons are
significantly suppressed. , _ Il. EXPERIMENTAL METHODS

In the stacking fault plane, the translational symmetry is
maintained in the macroscopic size of at smallest several Bil;z single crystals were prepared by the vapor-growth
hundreds micrometer and allows a quasi-two-dimensionamethod. Since the appearance of the SFE transitions depends
motion for the center-of-mass motion of the SFE’s. Kawaion samples? the samples having uniform intensity distribu-
et al. reported that the resonant luminescence of SFE’s extion of the SFE transition lines along the sample plane and
pands much more widely along the stacking fault plane whesharp spectral profiles of absorption and resonant lumines-
the sample is excited with a focused laser spot of a vergence lines of the SFE were selected. The samples were im-
small size in ared’ The temporal behavior of the spatially mersed in a superfluid liquid-helium bath and the measure-
expanding SFE’s has also been studied by the time-of-flighments were performed at 2 K.
measurements. It turned out that the observed propagation ~ For the light source to excite heavily the SFE states, a dye
velocity 6x 10° cm/s of the SFE is so rapid that the polariton laser (Molectron: DL-12 with the spectral width less than
picture is suitable. Then, it is not acceptable to attribute th®.1 meV and the time duration ef6 ns pumped by a pulsed
propagation mechanism to the diffusive process which habl, laser(Molectron: UV-14 was used with a repetition rate
been widely accepted for the propagation mechanism in-10 Hz; rhodamine B dye of which fluorescence covers the
other exciton systems in typical semiconductors. Furtherspectral region of the SFE transition lines was used. For all

Absorption (OD)

Intensity (arb.units)

Luminescence

FIG. 1. (a) Absorption and(b) luminescence spectra of the
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measurements, unless otherwise stated, the wavelength of the
laser was tuned to th@ absorption line. The output power of
the laser was 210 ¢ J/pulse; this value was rather weak-
ened at the sample surface put into the quartz cell of the
cryostat through many optical elements.

For space-resolved measurements, the laser beam was fo-
cused by a lens on the sample surface. The spatial profile of
the focused laser beam on the sample surface was nearly the
Gaussian shape with 56m in full width at half maximum.

In order to obtain a high spectral resolution, we used a
double-grating monochromat@dobin Yvon: U-1000. The
signal was averaged by a boxcar integratéF Circuit De-
sign Block: BX-531.

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

Absorption (OD)

The absorption spectra were measured by the pump-probe
method both in the usual manner and in a space-resolved
regime. The laser beam was used for the pump light, and the
fluorescence component from the dye cell was used for the
probe light. The probe light having the same time duration 6 L
ns as that of the dye laser pulse was coincided with the pump 1.9850 1.9855 1.9860 1.9865
light on the sample surface through an optical delay path. Photon Energy (eV)

For the usual pump-probe method, the pump light was , L
defocused in order to irradiate the sample surface uniforml% FIG. 2. Curvea ‘T"bsorpt'on spectrum Of thieline in Bil; at 2 K

. . o y only the probe light. Curvels, ¢, andd difference spectra of the
and not to be influenced by the spatial distribution of the? .~ .
T line, i.e., those of the subtracted pumped ones by the umpumped

pump light intensity, and the probe light was focused to Fnes, for the maximum incident laser intendityatr=0, r=0.15

smaller spot size in part of the surface irradiated by the pump, . “ 4 — 0 25 mm respectively. Curvesandf atr=0.15 mm
light; this experimental condition is named “the uniform ex- ¢, the intensitied, /2, andl, /4, respectively. The uppermost ver-

citation condition™ in the following. In this work, in addition .4 spiit shows the slit width. Open circles exhibit each calculated
to the above-mentioned geometry, we tried to focus sepayifrerence spectrum from Eq&) and (3).

rately the pump and probe lights to each spot of aboyt 60
in diameter on the sample surface, named ‘“the spac
resolved pump-probe method.” Changing the distanbe-
tween the pump and the probe beam positions on the samp
by adjusting finely micrometers at the focusing lenses, an
varying the pump light intensity, we measured change in th
absorption spectra. In order to vary the pump light intensity
the neutral density filters were inserted into the pump beal
path. This method gives a spatial resolution upt60 xm.
The pump light passing through the sample was cut off by a

aperture, and only the probe light was led to the monochro . X . )
P ythep 9 More details are also described in our previous papfets.

mator. ! . X
In order to detect the very small change in absorptio The spatial resolution of this system reached up tqu@
:E‘ r the space-resolved spectra, we scanned wavelengths of

Change in Absorption (OD)

eIens. A glass fiber of 20Qum in diameter with a light-
cusing fiber-guide (Nippon Sheet Glass Co., Ltd.:

LFOC Micro Leng at the terminal was attached to a pin
ole on the screen. The pin hole and the light-focusing fiber-
guide efficiently picked up a very small part of the finely
focused luminescence image within300 um in diameter.

he glass fiber led the luminescence light to the monochro-
jnator with very high efficiency and without any deformation
of the spectral shape within the wavelength range concerned.

spectra accurately, difference spectra between pumped a &

unpumped absorption were measured by an alternative dete le monochromator at each position on the sample. For the

tion of the probe light in accordance with the pump light spatial distribution of the luminescence intensity, we scanned

timing by using a chopper for the pump light and the boxcarthe plosm?hn of the screen along theor Y axes at each
integrator with an alternative mode. More details are gevaveiengtn.
scribed in our previous papet$®’
Ill. RESULTS AND DISCUSSION
B. Observation of the space-resolved luminescence
spectra under the high-density excitation A. Space-resolved absorption spectra due

In order to obtain the space-resolved luminescence spec- o the pump-probe method

tra under the high-density excitation, the exciting laser light Figure 2 shows the change in absorption by the space-
was focused to a small spot 650 um in diameter on the resolved pump-probe method on tidine in Bil; at 2 K in
sample surface. The image of the luminescence excited byarious pumping power at various distances; spectauis

the laser was enlarged by about ten times with an anastighe T line absorption by only the probe light. The spectrum
matic camera lens and was projected onto a screen. Th&hows the peak absorption intensity to bd in O.D. and
screen was set and was finely adjustable ot¥@ stage; the the linewidth (full width at half maximum: FWHM to be

Z axis was set to be parallel to the optical axis of the camera-0.3 meV. The spectra—f (doty show difference spectra
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of the probe absorption from unpumped ones; for all spectra, TABLE I. The best-fitting parameter values in E¢8) and (3)
the pumping laser wavelength was tuned to the higher lyindor each difference spectrum of tfieline in Figs. 4.b—f correspond
Sline. The spectral change takes place most remarkably 4@ the curves—f in Fig. 4, respectively.

the pump spotr(=0) as shown by spectruimin the figure;

here, the incident laser intensity was the maximum one of ~ Distance  Laser  AE AT alag A
8.0x 108 J/pulse for the pump-probe measurements; this r(mm intensity (meV) (meV)
value is limited by the maximum power which does not dam- 0 I, 0.61 0.47 074 025

age the sample and corresponds tox118 3 J/cnf/pulse

: 0.15 I 0.12 0.099 0.89 0.04
(1) at the sample surface by taking the focused laser-spa
. . . ; 0.25 I 0.050 0.037 0.96 0.01
size and all the reduction factors along the optical path intg
account. The difference spectra are characterized by the peek 0.15 /2 0.072-0.042 0.95 0.02
: 0.15 I /4 0.031 0.020 0.97 0.01

energy shift to the high-energy side, line broadening, and the
reduction in the absorption cross section. The change does
occur not only at the pumping position but also at the posi
tions away from the pump spot b= 0.15 mm(spectrunc);
the obvious change was detected even at the position by
=0.25 mm(spectrumd) for the maximum excitation inten-
sity I . At a distancer=0.15 mm, the change becomes
larger with increasing excitation intensity from/4 to I /2 _ _

andl, as seen in spectffae, andc in order. Am(hw)=a(hw) = adfio). @

It might be said that a lattice-temperature rise due to therhe calculated spectra for various excitation intensities at
irradiation of the intense pump light brings about some specvarious distant positions well reproduce the experimental
tral chang€? It should take a certain time to detect the spec-data(dots as shown in Fig. 2 by open circles. Each fitting
tral change due to the thermal effect transported, at the fasparameter value is listed in Table I. It is confirmed that the
est, at the sound VE|0City to a distant point from the EXCitingshift AE and the broadenin@l" increase with increasing
laser spot. The previously obtained sound velociti0® incident laser intensity and with reducing distance.r AtO,
cm/s in this materi4f gives at the shortest a transport time the large blueshift, remarkable broadening, and the signifi-
~10"" s of the heat between pump and probe points, whicleant reduction of the absorption cross section by 26% take
is much longer than the pump and probe light pulse duratioplace.
of 6x 10 ° s. As mentioned in Sec. Il, the pump and probe  The spectral change brought about by the intense laser
lights were coincided to arrive at the same time on theexcitation has been understood by the high-density effects
sample surface within the pulse duration. In fact, the spectradnd the optical Stark effects. For the high-density effects, as
change was not detected when the relative time differencgentioned in Sec. |, Pauli’s repulsion and Coulomb screen-
between the two exceeded the duration. Consequently, thag dominate these effects which give the energy shift, espe-
thermal effect does not explain the spectral change. Thusially on two-dimensional exciton systems. In our SFE sys-
this spectral change is brought about by the really excitedem, the origins of the spectral change have been classified
high-density excitons propagating with a velocity muchinto two: field-induced effects, namely, the optical Stark ef-
faster than phonons. Then, we regard the spectral change f&ts, and mutual interaction due to really excited high-
an effect due to the high-density excitons. We analyze thelensity excitons, i.e., high-density effects. In previous works,
nonlinear spectral responses due to the high-density excitonge have shown that the optical Stark effects bring about
in detail as follows. laser-frequency-dependent transition-energy shifts and a se-

In general, the absorption spectrum of the homogeneouslyous reduction of the absorption cross sectidfr, and the
broadened exciton state interacting weakly with other syshigh-density effects bring about spectral blueshifts without

‘where AE and AT are the amount of the change in each
quantity for the heavy excitatiorg, and A, being the indi-
vidual quantities concerned under the condition. The differ-
ence spectra are given by

tems is expressed by an asymmetric LorentZiais remarkable reduction of the cross sectidrin the space-
resolved regime in this work, at=0, the remarkable shift
ag(hw _@FO/Z”L 2Ao(hw—Eo) (1) and serious reduction of the cross section were observed
0 =

again. Then, the cross section reduction can be regarded as

T (hw—Eg)2+ (/22 _ C
) o i the optical Stark effects. On the contrary, the reduction rates
whereE, is the peak energy of the absorption lifig being  f the cross section at the finite distant points=Q) are

the line width(FWHM), A, being the degree of asymmetry, fajrly small. Since the electric field of the pump laser light
anda, being an absorption cross section proportional to thgjes not exist at+0, the optical Stark effect does not take
oscillator_ strength. The probe spectrantan well be fit by place. Then, the blueshift at-0 originates from the high-
Eq. (1) with the valuesE,=1.98564 eV I'o=0.27 meV; the  gensity effects. Furthermore, the amount of the energy shift
width I includes the homogeneous broadening and thag; — g js one order of magnitude larger than that estimated
from the apparatus fU”Ct'OLP'-_ _ _ for the optical Stark effect from the extrapolation of the off-
When the SFE states are irradiated by the pump light, theagonance excitation in the previous paifeis a result, the
absorption line changes its profile fromy(% ) in Eq.(1)t0  ghifts, even at =0, are attributed to the high-density effects.
a(hw) as Consequently, the energy shift which can be resolved from
the probe spectra with high accuracy is available as a simple
a(hw)= a (Lo+AT)/2+ ZA'[ﬁ“’_(EO”LAE)], ) and significant index for the high-density effects as treated
T [hw—(Eq+AE) 2+ [(Iy+ATI')/2]? later. Correspondingly, the broadening of the line shape is
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FIG. 3. Calibration for the net excitation density VS incident eXCitatiOn density iS Sh|fted for the absolute Value to COinCide W|th
laser intensity(see text The straight line shows the linear corre- (b).
spondence.

increasing density. However,AE for r #0 increases super-

considered to originate from homogeneous lifetime broadentinearly with the increase df, and the increasing rate &ft
ing due to the collision with high-density excitons. Here, thebecomes large with the distance. The observed energy shift
lifetime means the dephasing time of the exciton state in thatr #0 evidently shows the existence of spatial expansion of
true sense. In contrast with the dephasing time, we use “dethe high-density excitons from the exciting laser spot. Fur-
cay time” given from the temporal change in the lumines-thermore, the saturation phenomenon of the excitation-
cence intensity as a time constant of the radiatively or nonedensity dependence of the energy shift &t0 is understood
radiatively dissipating excitons from their band. The by the same origin of the spatial expansion effect as dis-
dephasing time will be discussed later in connection withcussed later.
exciton mean-free-path lengths. In order to clarify the spectral change for the exciton den-

In order to obtain the gquantitative change in the spectraity, the energy shift for the excitation density was also mea-
for the exciton density, the true exciton density must besured under the uniform excitation condition and is shown in
evaluated for the exciting laser light intensity. The excitonFig. 4(b); the pump-light spot size is tuned to2 mm in
density is proportional to the photon number absorbed in theliameter on the sample surface. In this case, the maximum
sample within its lifetime. In general, the absorbed photordensitylyax Was reduced to be-7.5x 10° W/cn? because
number is not proportional to the incident photon numberof the larger spot size, although the crude incident laser in-
because of the change in the absorption intensity under thiensity was increased. The shKE is exactly proportional to
high-density excitation. In this work, the incident laser light the net excitation densitl. The straight line in(b) indicates
is tuned to the peak of the higher lying absorption IBe the linear relation; the straight line i@ is the same one as
When theS line is excited heavily, it shows also the peak in (b) and is depicted for the scale of the net excitation den-
shift and line broadening in the same manner a3.iThe  sity to coincide with that inb) in absolute value. Under this
laser light has a sufficiently narrow wavelength width com-uniform excitation condition, the photocreated excitons exist
pared with the absorption linewidth of tigline, and the with a spatially uniform density in the much smaller area of
wavelength of the laser light was fixed to the usual absorpthe probe-light spot of~60 um, because spatial expansion
tion peak position of thés line. For the calibration of the of the excitons plays a role to make the density homoge-
absorbed photon number under the condition, the transmifeous. For the exciton density under the pulsed excitation,
tance and reflectance of the exciting laser light on the samplene needs to know the exciton decay time. The decay time of
were measured for various incident laser intensities. Thughe T exciton, which is the longest in the SFE states, has
we obtained the true absorbed light intensity, i.e., net excitabeen observed to be 0.8 ns from the measurement of the
tion density as a function of the incident laser intensity asemporal behavior of the resonant luminesceficgince the
shown in Fig. 3, here the straight line shows the linear relaexciting laser pulse duration is about 6 ns much longer than
tion. As expected, the net excitation density becomes not tthe exciton decay time, it can be regarded that the excitation
be proportional to the incident laser intensity in the highercondition is stationary. The stationary condition leads
intensity region. Hereafter, we use the net excitation densitgtraightforwardly to the relation that the exciton density is
I in exchange for the crude incident laser intensity. proportional to the net excitation density As a result, it is

Figure 4a) shows the energy shifAE of the T line at  concluded that the energy shift is proportional to the exciton
various positions with distance as a function of the net density. Hereafter, we introduce the local exciton density as
excitation density ratid/l y;ax , Wherelyax is the maximum  the exciton density of a function of the distancceAccording
net excitation density corresponding Ito; Iyax=1.3X10°  to the above-mentioned result, the siifE at each position
Wi/cn? in the space-resolved regime. The energy shiftr in the space-resolved regime shown in Figa)dis an
AE(0) at the pumping pointr(=0) tends to saturate with amount proportional to the local exciton dengitwatr as
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whered is a spatial decay length. Now, the exciton density
n(r) has a relation to the flow densityr) as follows:

u(r)=(v)n(r), (6)

where(v) is the mean velocity of the exciton flow, namely
the drift velocity. For simplicity, it is assumed that the drift
velocity (v) does not depend on the distance Subse-
guently, the exciton density(r) is proportional tau(r). The
expansion of the spatial distribution of the excitons for each
excitation density can be well fit by E@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 densities,
respectively. The solid lines in Fig. 5 represent the best fits
of Eq. (5) for each excitation densitly. Here, the fitting was
done in the region outside the exciting spot characterized by
aradiusr g, because Eq5) cannot be applied inside the spot
in which excitons are supplied by the laser light. The value

of parameted increases with increasing net excitation den-
FIG. 5. Peak energy shift of tHEline as a function of distance sity as clearly seen in the figure.
r between pump and probe spots for various excitation densities. Furthermore, in order to examine the decay processes of
Solid lines are best-fitted lines by E(p) for each excitation den- the high-density excitons, we evaluate a total number of the
sity; the parameter values dfin Eq. (5) are 0.30, 0.22, 0.16, and excitons in the whole space by integrating the local exciton

0.10 mm, respectively, from higher excitation densities. The verti-density for each excitation density. Then, the stationary total
cal broken line denotes the effective pump spot radigs The  exciton numbeN is given as

dotted curve denotes the observed pump laser profile.

sz n(r)dr. 7
AE(r)een(r). (4)

For our system, the integral region is restricted in the two-
dimensional space on the stacking fault plane. Since the local
exciton densityn(r) is proportional to the energy shift
AE(r) at each point as indicated in E@), AE(r) is sub-

Figure 5 shows the shifAE for various net excitation
density as a function of the distanceunder the space-
resolved condition; each exciting power indicated in the fig-_. )
ure is already corrected as the net excitation density in th tituted forn(r) in Eq' (7). In order_to pgrform the calcula.l-
manner described in Fig. 3. Accordingly, Fig. 5 can be re-1oN of Eq.(7), the integrandAE(r) is divided to two parts:

garded as the spatial distribution of the exciton density forAE(r) within 1, of the effective pump spot radius, and

each excitation density. When the excitation density in->E(") which has the analytical form of E¢) in the region

creases, the spatial gradient of the exciton density with re2/ith larger radiusr thanr,. The amount oAE(r) within
b g ty e radiusrg is taken to be a constant valdE(0). Conse-

spect to the distance decreases in absolute value indicatrirréqql | btain th | ber of : 4 .
the additional expansion of the higher density excitons fro ently, we obtain the tota nuT er of excitons in prc_)p,(,)rtmn
to the next quantity using the “integrated energy shift” as

the exciting spot.
As reported in the previous work concerning a time- and

space-resolved luminescence measurement, it was found that

the propagation velocity of the exciton is so fast that the

exciton motion in the real space cannot be explained only by, Eq. (8), the first term expresses the average number in the

the diffusive process but by the polaritonlike ofethe spa- pump spot, and the second term comes from the flowing-out

tial distribution of the high-density excitons shown in Fig. 5 component from the pump spot. Figure 6 shows the inte-

indicates that the high-density excitons expand in the ranggrated energy shifts as a function of the net excitation den-

of ~0.2 mm in radius from the exciting spot. By considering sjty The integrated energy shift, namely the total exciton

their lifetime of 0.8 ns, it fails to treat the propagation nymperN, is proportional to the net excitation density as can

mechanism as diffusive because the obtained parameter vgfa seen in the figure.

ues provide an unreasonably large diffusion constant. The relaxation of the total exciton numbiris generally

So, we try to deal with the spatial distribution of the high- given by the next rate equation as

density excitons as a two-dimensional exciton flow. It is as-

sumed that the excitons flow out in the radial direction sym- dN

metrically with respect to the pump spot and their flow E:_T_H”(t)’ 9

decreases exponentially with distanceThen, the flow den- &

sity of the excitonau(r) is proportional to the quantities as wherel (t) is the supply of excitons by the pump light and
is proportional to the net excitation density,, being the
decay time of the exciton in the whole space. From the sta-

) tionary condition, the left-hand side of E@) becomes zero.
Then, we obtain

NocwrgAE(onwf AE(r)rdr. (8)
o

u(r)mexq;r/d),
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N=1nTex. (10 FIG. 7. Space-resolved luminescence spectra ofTthime in
Since the stationary total exciton numBeéis proportional to  Bil; at 2 K (a) atr=0, and(b) atr=0.075 mm for two different
the net excitation density as seen in Fig. 6, it is concludedXxcitation densitiesA 2.3x 10° W/cn?, and B 7.5 10" W/cn?.
that the exciton decay time,, at high density has a constant The uppermost spectrum {ia) denotes the transmittance spectrum
value independent of the excitation density. By consideringf the T line without pumping. The luminescence intensity scale is
the luminescence quantum efficiency to be unity for thetaken to be compared directly. The vertical split shows the slit
weak excitation, the result of the constant decay time forvidth.
excitation density indicates that heavily excited excitons
have also the same high quantum efficiency. This means thg(obe absorption for the same excitation density; the densi-
they decay radiatively from the band bottomkat0 of the  ties are 2.3 10° W/cn?* for spectraA and 7.5< 10" W/cn
lowest T state without any nonradiative decay to the freefor spectraB. For an excitation density- 2 10> W/cn?, for
carriers and to other trapping or relaxed states everywher@xample, the shift energy at=0 is about a half of that in the
they do. Accordingly, the decrease of the absolute value ofbsorption spectrum. The reason for this is that in the lumi-
the spatial gradient of the local exciton density with increas€scence spectra any radiative processes are superimposed
ing excitation density is not attributed to the increase of thdncluding any energy relaxation processes via scattering and
exciton decay time but to the increase of the drift velocity.trapping. The spectral shapes at the exciting spet{) are
The drift velocity of the exciton flowv) is evaluated from ~Symmetrical and more broadened for heavier excitation, but

the next equation and the fitting valdein Fig. 5, outside the exciting spotr(0.075 mm the shapes have
tails to the low-energy side. For the highest excitation den-
d=(v) Tey- (1)  sity (spectrumA), the peak intensities at=0 andr=0.075

mm does not change a great deal, although the spectral pro-
éiles differ from each other. When the excitation density is
decreased, the decreasing rate of the luminescence intensity
at r=0 is smaller than that at=0.075 mm. The curious
excitation density dependence of the luminescence intensity
will be discussed in connection with integrated intensities
over the whole area on the sample. For the spectral shape, it
is considered that the broadening component comes from the
lifetime broadening due to the scattering by the high-density
excitons, or comes from the broadening due to temporally
The resonant luminescence Bfwas examined in detail inhomogeneous excitation. At=0, the lifetime broadening
under the high density excitation at tBestate in the space- would be predominant, because excitons supplied by excit-
resolved regime. Space-resolved resonant luminescendeg light bring about the broadening due to frequent scatter-
spectra under different excitation densities are shown in Figng with each other. The low-energy tail at the distant point
7 for distances =0 (a), andr =0.075 mm(b). For compari- outside the exciting spot would be caused by any relaxation
son, a transmittance spectrum of tfidine without pump  processes.
light is also shown in Fig. @&). The luminescence peak shifts  In order to know the spatial distribution of tfielumines-
to the high-energy side for high-density excitation. Thecence intensity in the whole spectral region, the lumines-
amount of the peak shifts is smaller than that in the pumpe€ence intensity was measured as a function of distamnte

Since the exciton decay time,, has been obtained to be 0.8
ns at low density limit and is assumed to be constant for th
excitation density, the drift velocityv) is evaluated from
1x10" cm/s to 410" cm/s for the lowest to the highest
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
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T T T T T superlinearly for the net excitation density as also gauged
from Fig. 8. As the total exciton number has been evaluated
Bil; 2K . from the integration of the energy shift in the space-resolved
pump-probe spectra, we obtain each integrated luminescence

: 1.6x10° W/em®

3 . 9.4x10° W/em? intensity for every respective excitation density integrating
I ¢ ¢ 56x10° Wem? ] the intensity distribution over the whole area in the two-
L b d : 2.8x10* W/em® | dimensional spac®. Figure 9b) shows thus obtained inte-

e : 1.4x10° w/em? grated luminescence intensity as a function of the net exci-
I f:3.5%10° Wem® 1] tation density. The intensity is almost proportional to the net

. excitation density. This result implies that the luminescence
quantum efficiency in the whole area does not change with
increasing excitation density. Then, from the fact that the
1 quantum efficiency of theT state is unity for weak
excitation?® it can be said that the expanding excitons at
high-density decay only through the radiative transition at
- f M“\\\M‘“‘ somewhere along the stacking fault plane with unity quan-
0 . tum efficiency.
o Lo ! e The time- and space-resolved measurements of the reso-
0 0.1 02 0.3 04 nant luminescence under the weak excitation condition
Distance r (mm) . . .
showed that the luminescence expands spatially as a ripple
FIG. 8. Space-resolved luminescence intensity of THme vs  ON the water surfac¥ that is, the expansion of a large ma-
distancer for various excitation densities in the same scale. jority of the SFE’s is not diffusive but ballistic as a polariton
mode. As shown in Figs. 8, and 9, the spatial expansion of
the luminescence was certainly enhanced under the intense

radial direction; the intensity for every radial direction is excitation. Thus. we infer that a ballistic flow mechanism
symmetric with respect to the exciting point. Since the spec; redominétes in,the expansion of the SFE polaritons under
tral profile of theT luminescence changes for the excitation P P P

density and the distance, the slit width was sufficiently Wld-the h'gh. density excitation. SO.’ In ordgr to analyze the spatial
. . distribution of the heavily excited luminescence, we assume
ened to cover the whole spectral region of Thine for any X . I .
o o . . that the exciton polaritons contributing to the luminescence
excitation densities in order to obtain the whdldumines-

. : : . . flow out concentrically in the two-dimensional space from
cence intensity. Thus, we defined the “local Iumlnescence{he exciting point
intensity” as the space-resolved luminescence intensity in This assumptibn leads to the result that the dissipation-
the whole spectral region of thE line. Figure 8 shows the : L
spatial distribution of the local luminescence intensity for:/ii‘:‘ﬁ Ez\i’:]gdic;gizze;;g itrr:etk:gvr?arji;O(;i;[ggti:)ar\dlérlhdelfet?onrze i%\l
various excitation densm(_as. In this figure, each intensity IS rder to clarify the spatial dissipation of the.luminescer,we
plotted in the same and linear s_cale. As gxp_ected, th_e Igm low, we define the “radial luminescence intensit(r) as
nescence expands more for higher excitation densny int o i’ntensit intearated alona the circle with radius
several tenths mm region. It should be noted that the incre- y 9 9

ment of the intensity ratios at largemwith increasing exci-

05

Luminescence Intensity (relative scale)

27
tation density becomes obviously larger than that at smaller F(r)zf L(r)yrd@=2azrL(r), (12
r, that is, the higher the excitation density is increased, the 0
more the luminescence expands. L(r) being the local luminescence intensity at a position

Figure 9a) shows the excitation-density dependence ofyit distancer. Thus, we can treat the real-space distribution

the local luminescence inten.sitylat:O. The _intgnsity ha; @ of the luminescence by the simple intensityr) instead of
clear tendency to saturate with the net excitation density. Op ).

the contrary, the intensity at largerbecomes to increase Figure 10 shows the radial luminescence intensity for

various excitation densities. If the decay time of the exciton
were infinite, i.e., no dissipation process existed, the function
F(r) would be independent af giving a horizontal line in
Fig. 10. On the other hand, for the infinitesimal decay time,
the exciton would not be propagated, affr) would give
only the spatial form of the luminescence source, i.e., the
exciting laser profile. In practice, when the decay timegis

a constant and finite value, and on the assumption that the
velocity v of the exciton propagation along the radial direc-
tion is independent of, F(r) will decrease exponentially

i o 10° 10 with r giving a straight line in the figure with a gradient

L Il L
107 10 10° 10
Net Excitation Density (W/em?)

Luminescence Intensity at r=0 (arb.units)

Net Excitation Density (W/cmz)

Integrated Luminescence Intensity (arb.units)

—1/¢:

FIG. 9. (a) Luminescence intensity of thEline atr =0, and(b) F(r)yxexp —r/&) (13
the integrated luminescence intensity as a function of the net exci-
tation density. Each straight line denotes the linear relation. where the attenuation lengthis given as
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FIG. 11. Relative exciton density vs distanrceCurvea is that
FIG. 10. Radial luminescence intensity vs distanéer various  from the luminescence intensity of tfidine, the same as traeein
excitation densitiegsee text The straight lines show the fit by Eq. Fig. 10. Curves andc are that from the peak energy shift of tfie
(13) for the attenuating luminescence. The broken line is the excitline for different excitation densities, the same as the maximum and
ing laser trace. the minimum excitation densities in Fig. 7, respectively. Cuhie
the trace of the luminescence intensity for the weak excitation limit.
§= U Tex- (14) quently, the large gradient component would exhibit the ex-
citons experiencing scattering processes giving a smaller

As seen in Fig. 10, the profilE(r) in the smallr near the Mca" velocity.

exciting spot shows a rise. For largethan~0.1 mm,F(r)
can be divided into two steps: the first step where it can be fit C. Discussion

to an almost flat straight line with a small gradient in abso- \we have obtained the information on the spatial distribu-
lute value, and the second step with a large gradient in aliion of the SFE’s at high density by intense laser excitation
solute value as shown in Fig. 10. The flat region is morefrom the space-resolved transition spectra. However, the re-
lengthened with increasing excitation density. The gradiensults show different aspects between the pump-probe absorp-
of each intensity is equal to each other for the various excition and the luminescence spectra. In this subsection, we
tation densities. At larger or for weaker excitation density, discuss the mechanisms which govern the spatial expansion
another attenuation process appears with a larger gradient or transport of the excitons at high density comparing the
absolute value as also shown by the other lines in the figureesults of the two kinds of experiments.
The rising component in the small seems to grow with Figure 11 shows the spatial distribution of each exciton
increasing excitation density beyond the exciting laser spotlensity in logarithmic scale; curve is the T luminescence
region; in the model the rise appears within the source regiointensity excited with the maximum laser intensity, which is
of the laser spot. Such a rising component suggests that nothe same as curva in Fig. 8, curvesb andc are the peak
luminescent transport processes exist in that area beyond te@ergy shift of the pump-probe absorption, and are the same
source region including the relaxation processes from thas the upper most and the lowest curves in Fig. 5, respec-
higher SFE level via the higher intraband state. tively, and curved is the luminescence distribution in the
From the gradients of the attenuation processes in Fig. 10ow-density excitation regime, where a cw He-Cd laser with
we obtain two values for the attenuation lengtré=2.3 and  an average power of 50 mW was used for the exciting light
0.17 mm for the small and large gradients, respectively. Asource®® The heavily excited luminescence distributimex-
discussed before, the decay timg in this system can be pands more largely thaa for the weak excitation. We have
regarded to be constant in the whole area for any excitatiodescribed that the integrated luminescence intensity is in pro-
density, i.e.,7,=0.8 ns. Furthermore, by using the group portion to the excitation density as shown in Figb)9 and
velocity of the exciton polaritor g=6X 10® cm/s for the the quantum efficiency of the luminescence is unity. From
velocityv in Eq.(14), the attenuation lengthis evaluated to  these results, the expansion of the spatial distribution of the
be 4.8 mm. This value is close to that obtained from thduminescence intensity for the heavy excitation indicates that
small gradient line with a difference only by factor 2. This the ratio of the number of luminescent excitons at a position
leads to the conclusion that the flat component in Fig. 1Go that of the total excitons in the whole area changes de-
predominantly comes from the exciton polaritons with thepending on the excitation density. As readily understood, in
group velocity transported without suffering from seriouscurved for the weak excitation limit, the local luminescence
scattering as also discussed in the next subsection. Subsetensity is simply proportional to the exciton density at each
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position. On the other hand, for the high-density excitationthe rate 1#.,. Therefore, it can be said that excitons flow
the distribution of the local exciton density gives cutves  with one effective velocity in the area describable with an
well as curvec in Fig. 11, since the peak energy shift is attenuation length.

proportional to the local exciton density as mentioned before. In the first region fitting in the one flat line in Fig. 10, the
However, luminescence distributieris different from curve  velocity of the exciton flow has been evaluated to be close to
b of the local exciton density, although both of the excitationthe group velocity of the exciton polaritons for which any
densities fora andb are almost equal. This discrepancy be-serious dephasing or slowing-down mechanisms do not op-
tween their spatial distributions at high density implies thaterate. This region lengthens with increasing excitation den-
the local luminescence intensity is not proportional to thesity, and the length of the region is roughly equal to the
local exciton density, and the more the density increases, tHguantity d for higher excitation densities; the indekindi-
more the ratio of the nonluminescent excitons at the positioifates an area within which the excitons are at high density. It
increases. This means that a fairly large portion of high-Should be noted that the valide=2.3 mm will be connected

density excitons expand nonradiatively to the larger distantith the dissipation rate of such motion of the luminescent
area, and emit light there resulting in curae excitons aroundk=0, and does not correspond to the decay

It can be said that the luminescence intensity is proporlengthd which exhibits the inverse of a gross dissipation rate

tional to a number of the excitons &t=0 in the exciton of the. total eXC|tons along .the eXpaT‘d'”g path.. Then, It can
band, from which the radiative transition can occur. On thebe.SaIOI that the hlgh_-densny effgct_ln t.h's region 1S chara_c-
other hand, the higher density excitation constructs the excit—erlzeOI by the red_uct|on O.f the d|55|pafuon rate of the lumi-
" o . nescent excitons, i.e., excitonskat 0. This suggests that the
ton populgtlon at largek, which is responsible for the; interaction of the high-density excitons brings about an in-
energy shift of the probe spectra and does not mainlyeaqe in the coherency of the excitons around the band bot-
contribute to the luminescence process. Consequently, gy |y addition, the increase dfwith increasing excitation
discrepancy of curva from curveb comes from the incre-  gensity would come from the increase in the contribution
ment of the exciton population &+ 0. Subsequently, the fom the excitons in the coherent state.
discrepancy of curve from curved is clearly understood as  |n the second region of the other inclined line in Fig. 10,
follows. The spatial distribution of the luminescence inten-the exciton flow shows a different velocity with a smaller
sity under the weak excitation limit is determined by intrinsic value exhibiting more frequent scattering or trapping pro-
propagation and dissipation mechanisms depending on thsesses. The obtained attenuation length0.17 mm for the
lattice temperature and the degree of completeness of threecond region in curve and curvec in the figure is close to
translational symmetry of the stacking-fault plane. On thethe values 0.1-0.3 mm of the decay length Then, it is
other hand, for the high-density excitation, an efficient transconsidered that, in such a region, the luminescent excitons
port mechanism begins to function giving the wider spreadbegin to obey the same dissipation mechanism as that of the
ing of the local exciton density. Then, it is expected that thenonradiative excitons &+ 0. Thus, it is concluded that the
lower the excitation density is reduced, the closer the spatidligher density excitons bring about an increase in the num-
distributions of the local exciton density becomes to the lu-ber of excitons propagating coherently with the velocity near
minescence distributions of the weak excitation limit. In fact,the exciton-polariton group velocity around the bottleneck.
the peak shift distribution curvefor the lowest excitation in 1S suggests that a part of the high-density excitons are in
Fig. 5 is close to curvel in Fig. 11. an in-phase motion. _ , _
We have introduced two analogous parameters for the ex- Concerning the conspicuous behavior of the SFE’s at high

citon dissipation processes: the decay lerdjih the energy- ?nensrllt);} €., t?ﬁ :n;]pr;ﬁse Tc;ﬂon, \)/(veitcgn %?rt 'nJlorTrat'n?ntr?n
shift distribution on the pump-probe spectra, and the attenu-, ean-iree-paih lengths of the excilons directly 1ro N
ation length¢ in the luminescence-intensity distribution. We d_ephas_lng measurements on this exciton system. AS men-

. ‘ tioned in Sec. |, the time-of-flight measurements in this ex-
have treated the decay lengtk (v) ¢, as a function only of

h itation densi d d q h di citon system have given the average group velocity of exci-
the excitation density and not to depend on the coordinates, polaritonvg~6><108 cm/s for a low-density limif*

r and spatially changing density. This treatment is, of pegjges, the dephasing tirffg of the exciton state has been
course, not accurate, because the dissipation rate depends ggtsined to be more thas 10 ps even for the maximum
only on the initial excitation density but on the local exciton excitation density in this work from the time correlated
density n itself, and on the space coordinates implicitly prwM measurement€. From these values, the mean free
throughn. However, the fa_ct that the smphﬂgd treatment path of the excitoh (=v4T,) is evaluated to be-60 um in
reproduces well the experimental result implies that moreyhich the exciton is propagated without scattering. When we
heavily excited excitons transport themselves with higher efapply the drift velocity(v)~1x 10" cm/s instead of , from
ficiency resulting in the increase dfwith increasing excita- the pump-probe measurements as a velocity of excitons at
tion density. Anyway, the lengtl is an index indicating the high density, the mean free pdihbecomes at least 1 um.
area in which the excitons at high density interact with each The average exciton density=N,/wd? is estimated to
other. be (5—8)x 10" cm™ 2 for every excitation density by using
On the other hand, the meaning of the attenuation lengtthe value of the spatial decay lengtion the assumption that
E=v 74 IS relatively clear and quantitative. As already men-all photons absorbed in the sample are transformed into ex-
tioned, our SFE system has a luminescence quantum efféitons,N,,sbeing the absorbed photon number. This density
ciency of unity, giving only one decay mechanism on theprovides an average distance between excitons te 4@ A,
luminescence intensity, i.e., the radiative decay process wittvhich should correspond to a mean-free-path length in a free
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gas and is much shorter than the above-obtained values of this system. Integrating the local exciton density estimated
the mean-free-path length. Consequently, this result leads from the spectral shift over the whole area, we obtained the
to the conclusion that the high-density excitons in this systesult that the total number of excitons is proportional to the
tem must be in the in-phase collective motion without mutualnet excitation density, i.e., net absorbed photon number per
collision. unit area. This result indicates that the decay time of the
Recent experiments concerning the Bose-Einstein corexcitons in the whole area is constant and independent of the

densation in excitonic gases provide some controversial digxcitation density, although the distribution of excitons ex-
cussion based on the spatial propagation of interacting bosgrands more with increasing excitation density. Accordingly,
systems in some new phase. For instance, in the phase tife average velocity, i.e., the drift velocity of the exciton
excitonic superfluidity, the exciton should be transportedflow, is to increase with increasing excitation density.
without attenuation as exemplified experimentally in The luminescence spectra under the same intense laser
Cu,0.181% As can be seen in Fig. 10, the spatial profiles ofexcitation shows a similar change as in the pump-probe spec-
the heavily excited photoluminescence show the regiortra accompanying the asymmetric tail to the low-energy side
growing with excitation density with very small attenuation. due to some relaxation processes. However, the space-
In such a region, the high-density effect bringing about theesolved luminescence measurements give different spatial
peak energy shift is remarkable, and the propagation velocitintensity distribution from that of the energy shift in the
of the excitons is estimated to be comparable with the groupump-probe spectra, although the integrated total lumines-
velocity of the exciton-polariton mode. This characteristiccence intensity in the whole area is in proportion to the ex-
spatial behavior of the high-density excitons or exciton-citation density again as seen in the pump-probe spectra. The
polaritons shows a possibility of a new phase of interactingliscrepancy between the two distributions comes from the
exciton polaritons. Then, it is much more interesting to ex-difference of the number of excitons contributing to the lu-
amine temporal behavior of our SFE’s at high density in theminescence process and the spectral shift; the former is rep-
real space. Space- and time-resolved spectroscopic experesented by those aroukd=0 and occupies only a part of
ments in the picosecond time domain are in progress in thithe total excitons, and the latter includes those in the total
system. band region includingk#0 suffering any dissipation pro-

cesses. We analyzed the luminescence intensity distribution

on the basis of the two-dimensional exciton-polariton flow.

IV. CONCLUSION From the decrease in the intensity withthe two-step dis-

We have observed directly the spatial propagation ofipation process was resolved by using the other parameter
SFE’s at high density along the two-dimensional stackingg the attenuation length. In the first step region providing a
disorder plane in By applying the space-resolved spectros-'arger value of¢, the luminescent excitons flow with a very
copy methods. The intense laser excitation brings about sigarge velocity compared with the group velocity. This
nificant change in the absorption spectra, i.e., blueshift an@rea increases with increasing excitation density. In the sec-
broadening, due to the interaction of the high-density exciond step region, the attenuation lengttbecomes close to
tons. The shift energy is proportional to the exciton densitythe value of the decay length, indicating the luminescent
under the spatially uniform excitation condition. The space-€Xcitons to be governed by the same dissipation mechanism
resolved pump-probe absorption under high-density excita@s on the total excitons in this region. The fact that the decay
tion also shows the spectral change even at the points mot@ngth d increases with increasing excitation density in the
than 0.2 mm away from the exciting laser spot. The spatialegion with a large value of the attenuation lengtsuggests
distribution of the energy shift corresponding to the localthe existence of an in-phase motion in a new phase of the
exciton density was plotted as a function of distandeom  high-density SFE’s. The in-phase motion was examined by
the exciting position for various excitation densities. In thisestimating the mean-free-path lengths from the exciton den-
exciton system, the propagation mechanism is not characte$ity, the velocity of the exciton flow, and the dephasing time.
ized by diffusive one but by ballistic flow. From this fact, we
adopted the high-density exciton flow in the two-dimensional
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