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Bose-Einstein statistical properties and condensation of excitonic molecules in CuC1
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A comprehensive investigation of the optical properties of excitonic molecules in CuC1
films is presented and discussed. The experimental work includes resonant two-photon ab-
sorptian (TPA), observations of the resanantly excited biexciton emission, and optical
pump-and-probe studies. The collision braadening of the TPA implies a collision rate
-10 ' sec for the biexcitons, which is sufficiently rapid to establish a quasithermal equili-
brium for the particles on a time scale that is short in comparison with the biexciton lifetime
and the duration of the laser pump pulse. The biexciton luminescence line shapes obtained
with resonant k =0 two-photon excitation have been fitted using a Bose-Einstein thermal
distribution of biexcitons. The chemical potential obtained from the fits goes to zero as the
biexciton density is increased at a fixed lattice temperature or if the lattice temperature is
decreased at fixed density. The sharp luminescence features that are observed at high densi-
ties and low temperatures with single-beam, two-photon excitation are interpreted as result-
ing from a Bose-Einstein —condensed state of the biexcitons at twice the wave vector of the
laser pumping photons. Further evidence for a condensed state is abtained from optical-
probe measurements in which a small number of probe biexcitons is injected into the sam-
ple, with and without the presence of a condensed state produced by an intense laser pump
beam. The luminescence of these injected probe biexcitons is modified in the presence of the
pump beam such that it exhibits the sharp features of the emission from the condensed
state. Measurements of optical gain and stimulated emission in the presence of the pump
beam show that the redistribution of the probe luminescence daes not result from those pra-
cesses, but must involve a preferential redistribution of the probe particles in momentum
space via collisions. Such a redistribution is expected when additional particles are added to
a condensed system of bosons.

I. INTRODUCTION

In a number of wide-band-gap semiconductors,
optical absorption, and luminescence studies have
confirmed the existence of the free biexciton (or ex-
citonic molecule) in the range of intermediate to
high excitation levels. ' The most extensive work has
been carried out on the direct-band-gap material
CuCl in which the biexciton has several remarkable
properties which suggest the possibility of observing
Bose-Einstein statistical behavior of these particles
at high densities and low temperatures. The bind-
ing energy of the CuC1 biexciton is about 26 meV
relative to the lowest exciton state, and it is there-
fore stable up to temperatures on the order of 100
K. Its radius can be estimated from recent theoreti-
cal results to be about 10—15 A; this implies that
biexciton densities on the order of 10' cm might
be achieved without affecting the stability of these

quasiparticles. Recent measurements of the effec-
tive mass of the Z3 exciton yield an effective mass
for the biexciton of about 5.3 free-electron masses,
making it a rather light particle.

Despite their rather short lifetime of —10 sec,
it has been possible to produce biexciton densities in
the (10's—10' )-cm 3range by pulsed-laser excita-
tion, either indirectly using band-to-band or free-
exciton absorption, or by direct excitation of specific
wave-vector states using resonant two-photon ab-
sorption. ' For a particle density n —10' cm, a
Bose-Einstein condensation (BEC) temperature of 25
K for biexcitons in CuC1 can be estimated from the
formula appropriate to an ideal Bose gas,

2/3
h n

2mMk 2 612

where M is the mass of the particles. This expres-
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sion provides a fairly accurate prediction of T,
=3.14 K (Ref. 5) for the superfluid transition in
liquid He in which the effects of interparticle in-
teractions are large. It should also provide a reason-
able estimate of T, for a gas of excitonic particles
that may, in principle, approach much more closely
the properties of ideal bosons than 4He.

Most of the theoretical work concerning biexciton
properties and the possibility of BEC has been re-

viewed and discussed recently by Hanamura and
Haug. ' Calculations for biexcitons in CuC1 in the
Boguliubov approximation show that at a density of
10' cm, 65% of the total molecules would be in
the condensed state for T« T, . Biexcitons in CuCl
have the very useful property that the luminescence
arising from their optical decay can be used as a
probe of their energy distribution. The lumines-
cence spectrum calculated for the condensed phase
{neglecting the polariton dispersion of the final exci-
ton states in the transition) shows a broad sideband
from the uncondensed particles, in addition to sharp
emission lines from the condensed state. ' The width
and intensity of the sideband are determined by in-
teractions between the particles and depend on the
particle density. The width of the sharp line is in-
fluenced by collisions of the exciton in the final
state. It will be shown later, however, that the in-
clusion of the polariton effects for the final exciton
state leads to the conclusion that no sharp emission
line from the condensate should be observed if BEC
occurs exactly at k =0.

Hanamura and Inoue have studied theoretically
the dynamics of BEC taking various initial condi-
tions for the population of biexcitons at T=O and
considering thermalization via biexciton-phonon in-
teractions. They found that the time required for
BEC to occur is comparable with, or longer than,
the biexciton lifetime, so that BEC may be impossi-
ble under normal circumstances. Recently Yakhot
and Levich have considered the possibility of a
nonequilibrium condensation of biexcitons nucleated

by the resonant laser pumping. They showed that
the time for BEC to occur is considerably shortened
if interparticle collisions are taken into account,
since the initial pumped state acts as a nucleation
center. An interesting aspect of this type of conden-
sation, in which the kinetics of the condensation
process result from particle collisions rather than
phonons, is that the condensation occurs at the wave
vector of resonant excitation.

With regard to the experimental problem of
searching for nonclassical statistical behavior of ex-
citons and biexcitons, it is possible to create either
initial "hot"- or "cold"-biexciton distributions by
different modes of laser excitation and to observe
the resulting steady-state or time-dependent energy

distributions of the biexcitons through analysis of
their luminescence as their density and temperature
are varied. As the temperature is lowered from
above T, at a fixed particle density, or as the density
is increased at a fixed temperature by increasing the
rate of laser excitation, the energy distribution
should change from a Maxwell-Boltzmann distribu-

tion to a Bose-Einstein distribution with a finite
chemical potential that approaches zero at T, . An
actual condensation in momentum space would be
indicated by the appearance of a "spike" at k-0 in

the momentum distribution either below a threshold
temperature T, or above a threshold density of par-
ticles. These features would appear at first sight to
be unambiguous indications of quantum-statistical
behavior. There are, however, experimental prob-
lems connected with such a straightforward inter-

pretation of luminescence results, and a brief review

of the previous spectroscopic results reported for
biexcitons in CuC1 is therefore appropriate.

There have been numerous studies of lumines-

cence, hyper-Raman scattering, and two-photon ab-

sorption involving biexcitons in CuCl. In the earli-

est studies of the optical-emission spectra of biexci-

tons produced at twice the wave vector of the in-

cident light by resonant two-photon absorption
sharp emission components were reported that de-

creased rapidly in intensity above 30—40 K, and

they were attributed to BEC of the biexcitons. ' In
addition, sharp emission components were observed
that shifted in frequency as the frequency of the ex-

citing laser was changed, and these were attributed
to a resonant hyper-Raman scattering process in
which two laser photons excite a virtual biexciton
and one photon is reemitted leaving an exciton-
polariton in the crystal. ' Much work has been per-
formed subsequently with more monochromatic
laser sources and faster excitation pulses. It has
been argued by various authors that the sharp
luminescence features which are observed with
resonant excitation result either from the hyper-
Raman scattering or from a "cold gas" of biexci-
tons" ' that radiatively decay before undergoing
thermalizing collisions with phonons or thermalized
excitonic particles. This ambiguity could be avoided
if the biexcitons could be produced by nonresonant
excitation at high enough densities and low enough
temperatures for condensation to occur. Lumines-
cence spectra obtained by laser pumping into the ex-
citon and electron-hole continuum regions have been
measured and fitted to classical thermal biexciton
distributions. ' The effective particle temperatures
observed with nonresonant pumping are higher than
the lattice temperature because of the excess of 30
meV or more per biexciton that must be given up to
the lattice. No evidence has been reported as yet for
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nonclassical behavior of nonresonantly excited biex-
citons.

A complication in interpreting biexciton lumines-
cence data arises from its large radiative decay rate,
estimated to be 10 —10 sec '.' Optical gain and
stimulated emission associated with the biexciton
emission have been measured under conditions of
both resonant' ' and nonresonant' ' excitation.
At the biexciton densities of interest in searching for
Bose-Einstein statistical behavior, the gain is large
enough to cause severe distortions of the intensity
distribution of the luminescence' if care is not tak-
en to miniinize the effects of stimulated emission. It
is also possible that stimulated emission may lead to
threshold effects in the intensities of the sharp emis-
sion components that would otherwise be evidence
for BEC.

Recently, the present authors reported on the
luminescence of biexcitons produced bg resonant ex-
citation at k=O and Zk&, where k& ——4.44)&10
cm ' is the photon wave vector in thin films of
CuC1. Sharp polarized luminescence components
having spatially anisotropic intensity distributions
developed when the laser excitation at 2k~ increased
above a temperature-dependent threshold. The
threshold behavior and anisotropy of these lines and
the absence of a Raman-type shift when the fre-
quency of the pump laser was varied implied that
neither cold-gas emission nor the hyper-Raman pro-

cess can account for them. With k=0 excitation,
the sharp features were not present because of the
selection rules governing the optical decay and the
large wave-vector dependence of the polariton
branches near k=O. The substantial changes that
were observed with increasing k =0 excitation inten-
sity were, however, qualitatively similar to those ex-
pected for the transition from a classical Boltzmann
distribution to a Bose-Einstein distribution with a
chemical potential p approaching zero. It was stat-
ed that these features provided substantial evidence
for the presence of BEC of the biexcitons. 0

Sotome et al. ' subsequently studied the emission
spectrum of biexcitons excited at 2k& in CuC1 films
and concluded that the sharp components are due to
hyper-Raman scattering. They argued that random
strain broadening of the biexciton state in some sam-
ples was responsible for the absence of a shift of the
sharp line when the laser frequency was varied.
Kushida, on the other hand, suggested that the
sharp lines might arise from cold-gas emission, and
that the redistribution of the emission produced by
k =0 excitation results from stimulated emission.

It should be clear from even this brief history of
the biexciton in CuC1, as well as the search for BEC
of excitonic particles in some other semiconductors,
that the observation of changes in luminescence dis-

tribution alone will not be sufficient to establish the
existence of BEC. This is particularly true in the
case of resonant laser excitation of a single band of
biexciton or exciton states. The laser excitation it-
self imparts coherence to the system. If it can be
shown that this coherence is destroyed rapidly by
collisions or other scattering processes at low densi-
ties or high temperatures, but the coherence is stable
at high particle densities and low temperatures, as
we argued in our earlier Letter, then this might be
taken as evidence of a nonequilibrium condensed
state along the lines of Ref. 7, even if it is not an ac-
tual condensation from an initial thermal distribu-
tion. Evidence of a more direct nature, however,
would involve showing convincingly that the uncon-
densed part of the biexciton distribution corresponds
to a Bose-Einstein distribution and/or that addition-
al particles added to the system at other places in
momentum space are preferentially attracted to the
condensed state. It is the purpose of the present pa-
per to demonstrate these properties for biexcitons in
CQC1.

Although we have also studied the biexciton emis-
sion in single-crystal CuC1, all of the results that
will be presented in this paper have been obtained on
evaporated and annealed thin films. The use of such
very thin samples allows the best spatial uniformity
of the optically pumped biexciton density. In addi-
tion, the small dimensions of the excited region min-

imize the effects of stimulated emission at the large
biexciton densities required for BEC to occur.

II. EXPERIMENTAL PROCEDURES

The films of CuC1 that were used in this work
were prepared by evaporating high-purity bulk sin-
gle crystals onto fused-quartz substrates at pressures
-10 Torr. The substrates were held at 120'C
during evaporation and for a subsequent annealing
period of about 4 h. In most cases, the films were
immediately mounted on the cold finger of a cryo-
stat, which was then evacuated. Prior to thermal
cycling of the films, microscopic observation
showed no visible breaks or defects in the films.
After cycling to 4.2 K and back to room tempera-
ture, however, a network of very thin cracks with a
spacing of 50 pm to several hundred inicrometers
was formed by the differential contraction of the
film and substrate. It is likely that most of the
thermal stress in the films was relieved in this way
since the biexciton and exciton energies were quite
reproducible and within -0.2 meV of the values ob-
tained in single crystals of CuC1. The linewidth of
the biexciton two-photon absorption was no more
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than a factor of 2 larger than the best values report-
ed for single-crystal platelets of CuC1, 2 and in some
films linewidths identical to those in single crystals
were observed. The thicknesses of the films, which
were typically in the range 1—4.5 pm, were con-
trolled during evaporation by a quartz-thickness
monitor.

The samples were mounted onto the cold finger of
a variable-flow liquid-helium cryostat with a pinhole
ranging in diameter from 5—100 pm in immediate
contact with the film. The pinholes facilitated the
alignment and precise overlap of the multiple laser
beams and, more importantly, also limited the excit-
ed volume to regions with maximum dimensions as
small as a few micrometers. Although the pinholes
reduce the total luminescence at a given laser-pump
intensity, we found it very important to reduce the
size of the excited region to minimize the effects of
stimulated emission for all directions of propagation
in the film.

The best and most reproducible experimental re-
sults were obtained with fresh samples. Broader
biexciton luminescence and stronger bound-exciton
luminescence and absorption were observed in films
that had been stored for extended periods or repeat-
edly cycled in temperature. The frequent changes of
sample made it impossible to obtain a complete set
of data on one sample, but the basic features of the
experimental results did not vary substantially from
one sample to another.

Two N2 laser-pumped tunable dye lasers of the
Hansch design were used in these experiments.
Both lasers had intracavity-beam-expansion optics
to narrow the linewidths to &0.1 A (0.08 meV for
one laser and -0.1 A for the other). The laser-pulse
duration was 4.5 nsec. Induced absorption and
optical-gain measurements were performed using the
broad luminescence of a pumped dye cell as a probe
continuum. The dye laser of narrower linewidth
was made to lase at two frequencies simultaneously
by placing glass wedges of different wedge angles
over two portions of the grating reflector of the cavi-
ty.2s The difference in the wavelengths of the two
lasing outputs was continuously adjustable by rota-
tions of the wedges. Thus three frequencies were
available for the probe measurements described in
Sec. IV C.

Luminescence and absorption spectra were ob-
tained by use of a 0.75-m scanning monochromator
in various grating orders, with a resolution as low as
0.1 A. Spectra were recorded using either a pho-
tomultiplier tube and gated integrator in the scan-
ning mode or by replacing the output slit of the
monochromator with an intensified semiconductor-
diode —array detector. In the latter mode of opera-
tion the best resolution was -0.25 A.

IV. EXPERIMENTAL RESULTS

Three types of experiments have been performed
on biexcitons in CuC1 films: (1) two-photon absorp-
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FIG. 1. Schematic dispersion curves of the biexciton
I 5 exciton branches in CuCl. Dashed lines labeled f and
b represent the biexciton decay from 2k~ with the emis-
sion of a photon in the forward and backward directions,
respectively. Decays labeled Mq and ML, are from the
thermal distribution of biexcitons, which have average
wave vectors much larger than 2k~ for T) 5 K. Note
that the decay from k=0 to I & L, is symmetry forbidden,
and the decay to I 5 T is expected to be very weak.

III. PROPERTIES OF EXCITONS
AND BIEXCITONS IN CuC1

The lowest-energy exciton states in CuCl are de-
rived from a hole in the upper I 7 valence band and
an electron in the I 6 conduction band. These are a
r, exciton and a I 5 exciton that is higher in energy
because of the electron-hole exchange interaction.
The I 2 exciton is optically inactive. The I 5 state in-
teracts strongly with the electromagnetic field and is
split into longitudinal and transverse branches
separated by 5.7 meV at k =0, as shown in Fig. 1.
The I 2 exciton is at about 3.199 eV at 4 K. The
lowest biexciton level is a totally symmetric state of
spin-paired electrons and holes with a total energy at
k =0 of 6.372 eV, or 3.186 eV per electron-hole pair.

The dispersion curves of the I 5 excitons and the
biexciton have been quite extensively investigated by
means of the hyper-Raman scattering process.
The most extensive measurements extend out to
nearly 10% of the Brillouin-zone-boundary wave
vector and are well fitted by a polariton-dispersion
model that can be used in fitting biexciton-
luminescence data to thermal statistical distributions
in Secs. IV 8 and IV C.
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tion and excitation spectra, (2} luminescence under
various conditions of laser excitation, and (3}
optical-probe and -gain measurements. The results
obtained in each of these experiments yield evidence
in support of Bose-Einstein statistical properties and
condensation of the biexcitons.

X [1 E&2Ip( 1 —R i )( 1 8 ) /a] (2)

This implies that the TPA absorption dip will have
a profile as a function of laser frequency that is pro-
portional to y2 and Ip. However, y2 is intensity
dependent because of collision broadening of the
biexciton state so that Eq. (1) is not exact in our case
at high intensity. In our measurements, the second
term in the brackets in Eq. (2) is less than 0.25 at the
peak of the TPA, so the measured TPA profile is as
close to the true frequency dependence of y2 as pos-
sible, considering this problem.

The I i symmetry of the ground state of the biex-
citon imposes selection rules on the one- and two-
beam TPA process. ' We have found these selection
rules to be mell obeyed in the thin films at low
power levels («1 MW/cm ). The TPA disappears

A. Two-photon absorption

The biexciton can be created directly by two-
photon absorption (TPA) at wave vectors in the
range from zero to Zkz, where k& is the photon
wave vector. Measurements have been performed on
thin-film samples using either a one-beam geometry,
leading to biexcitons at 2k&, or a two-beam
geometry in which one photon is absorbed from
each beam to create a k -0 biexciton. The thin-film
samples are ideal for the study of the TPA because
the fraction of incident light absorbed at the peak of
the TPA remains much smaller than unity over the
entire range of incident power levels of interest in
this study. The importance of this feature can be il-
lustrated by considering the general expression for
I,/Ip, the fraction of a single light beam transmitted
through a sample of thickness l in the presence of
both two-photon absorption and a background
linear-absorption coefficient a,

I, (1—Ri)(1—Ri)e
Ip 1+Ny2Ip(1 —R i )(1—e ')/a

Here N is the number of unit cells per unit volume,

y2 is the TPA absorption cross section, and R ~ and
R2 are the reflectivities of the entrance and exit sur-
faces of the film and substrate. If the second term
in the denominator is small compared with unity,
Eq. (1) may be approximated by

I,
Ip

-=(1—R i )(1—R2)e

with opposite circular or opposite linear polariza-
tions of two counterpropagating laser beams. The
single-beam TPA polarization has also been exam-
ined, and it is found that the transition is aBowed in
linear polarization but forbidden in circular polari-
zation. Both the one- and two-beam polarization
dependences of the TPA are in agreement with the
selection rules for excitation of the totally sym-
metric biexciton level. ' At power levels exceeding
about 1 MW/cm, there are large deviations from
these selection rules. These deviations possibly re-
sult from nonlinear interactions between the polari-
tons in the CuC1 leading to depolarization of the
laser beams.

The linewidth of the TPA at the lowest intensities
is somewhat sample dependent; it is as low as 0.15 A
(0.12 meV) or less in some samples and averages
0.25 A (0.2 meV) in the various samples used. This
average width corresponds to a width of 0.4 meV for
the biexciton state, less than a factor of 2 larger than
the lowest width reported in single crystals. It
should be noted that the transmission of the sample
goes to zero at higher photon energies in the region
of the strong I'5 exciton absorption, which shows
that these results are not affected by light leakage
through gapa or irregularities in the films.

At moderate incident intensities (&1 MW/cm )

the TPA displays a marked symmetric broadening
with increasing laser intensity. The origin of this
broadening has been the source of soine controversy
recently. We and others have attributed this ef-
fect to collisions among the biexcitons and excitons
produced by the laser excitation. This interpretation
is supported by a more recent experiment in which

the k -=0 TPA, measured with two weak beams of
different frequencies, is broadened b~ the simultane-
ous pumping of biexcitons at k =2k& by a single in-
tense beam. It is possible that a contrary result ob-
tained by Kuwata et al. can be attributed to a
nonuniform excitation over the thickness of a plate-
let sample. The fact that the transmission at the
center of the TPA remains close to unity in the
films used in our measurements rules out the recent
claim that the broadening merely results from the
nonlinear dependence of I,/Ip on y2(co) in Eq. (1) in
the limit where I,/Ip~0 at the resonance center.

In the presence of collisional broadening caused
by excitonic particles generated by the TPA, the
TPA line shape must be calculated self-consistently
for a particular collision model. Such a calculation
has been done for the case of liquidlike collisions
in which the scattering rate is proportional to the ra-
tio of the mean thermal velocity to the interparticle
separation. The result is a nearly Lorentzian line
shape, although one with reduced absorption far
from the peak absorption frequency. The linewidth
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in this model is predicted to increases as I' and
the absorbed power at the peak of the TPA increases
as I . The observation of a symmetric broadening
of the TPA around a unique center frequency and a
set of line shapes fitted with I.orentzians as a func-
tion of laser intensity have been presented else-
where. A width increasing in proportion to I'
has been observed over more than a factor of 10 in
laser intensity I, in agreement with these predictions.
At intensities higher than a few MW/cm, the TPA
line shape becomes skewed to higher energy. This
effect is not fully understood at present.

Of most importance to the possibility of BEC of
the biexcitons is the fact that the linewidths ob-
tained from these fits correspond to a scattering rate
for the biexcitons that approaches 10' sec ' at the
highest intensities used here. This rate implies that
the biexciton distribution will approach a
quasiequilibrium thermal distribution, possibly at an
effective temperature larger than that of the CuCl
lattice, in a time much shorter than the biexciton
lifetime and the 4.5-nsec width of the excitation
pulse. Considering the rather weak dependence of
the width on laser intensity, this situation should
remain true for the entire range of intensities used in
the present work.

B. Biexciton luminescence

The optical emission resulting from either the ra-
diative decay of the biexciton, or from the resonant
hyper-Raman scattering in which the biexciton is
the intermediate state, has been extensively studied
in single-crystal samples of CuC1. The published re-
sults have varied considerably because such factors
as the excitation intensity, excitation length, detec-
tion geometry, sample condition, and excitation
bandwidth are all of importance in determining the
qualitative character of the observed spectra. It is
quite likely that stimulated emission is responsible
for much of this variability. In order to minimize
such effects, the data presented here were obtained
at power densities close to the threshold of appear-
ance of features indicative of Bose-Einstein statisti-
cal properties of the biexcitons. Also, as mentioned
before, the dimensions of the excitation spot were
held to a minimum consistent with a reasonable
signal-to-noise ratio, and care was exercised to en-
sure that the observed emission originated from the
excitation region only, and not from sample edges or
imperfections.

The general features of the biexciton luminescence
can be illustrated with reference to Fig. 1. In the
luminescence decay process a photon is emitted, and
either a transverse or longitudinal exciton remains.
Thus two bands labeled MT and ML in Fig. 1 are

with (3)

E= ( mg Im» 1)[Eg(0—) —E»(0)—fico],

where c is a constant, T,rf is the effective particle
temperature, mz and m~ are the biexciton and exci-
ton masses, respectively, and Ez(0) and E»(0) are
the energies of the biexciton and exciton states at
k=0. However, Eq. (3) is only an approximation
which becomes completely inadequate for biexciton
wave vectors comparable to kz because of the polar-
iton structure of the transverse exciton. Since these
small wave vectors are of obvious importance in the
present study of BEC, the data have been fitted to
numerical calculations using the general expression

I(co)=cJd k; Jd kff(k;) iMif(k;, kf) i

X5(Eg Ef fico)5(k. —
g
—kf——kq),

where f(k;) is the distribution function for the biex-
citons of wave vector k;, kf is the wave vector of
the remaining exciton, E; and Ef are the initial
(biexciton) and final (exciton) energies, respectively,
and M,f is the matrix element for the transition.
M&f is obtained from the polarization selection rule
for the excitation or decay of the totally symmetric
biexciton state, M&f ~

~ e~ e» ~, where e~ and e» are
the polarization vectors of the photon and exciton.
M,f is given by

My~= (A(co) ) sining (5a)

for the decay to a I'z L exciton, and

Mf = ~A(co)8(kf)+8(co)A(kf)
~

(1+cos P)

(5b)

for the decay to the upper or lower branches of the
I & r exciton. In these expressions (() is the angle be-

observed in the luminescence. Because the effective
mass of the biexciton is larger than the masses of
the longitudinal and transverse excitons by about a
factor of 2, it is clear that the energy of the emitted
photon will decrease as the center-of-mass kinetic
energy of the biexciton increases. This is the feature
that is exploited in order to obtain information.
about the energy distribution of the biexcitons. For
a classical thermal distribution with a mean thermal
wave vector much larger than the wave vector of the
emitted photon, the momentum of the photon may
be ignored. Then it can be shown that the frequency
distribution of the emitted light from the decay to
each exciton branch has the shape of an inverted
Maxwellian, '

I(co)=cE' exp( EIk~ T—,rf),
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A($')=(1 —8' )
(1—8')'+4irP

' 1/2

g )
47rpÃ

(1—8' ) +4mP

(7a)

(7b)

where 8'=Pm/Er for a polariton of energy fico, ET
is the energy of the uncoupled transverse branch,
and

2~P=E,'(0)/E,'(0)—1.
The longitudinal and uncoupled transverse exciton
energies are

k
EL, (k) =EL, (0)+.

2mL

flakEr(k) =ET(0)+
2m'.

and the coupled transverse branches are solutions
0 39

iiizczkz 4mP=1+
e E 1 (E /Er)—

The parameters used in the present work were ob-
tained from the most extensive and recent hyper-
Raman scattering results: e =5.59, m& ——2.3mo,
ml, =3.14mp mii ——5.29mo, EI (0)=3.2079 eV, and
Er(0)=3.2025 eV. The fits to spectra in the
remainder of this section were obtained by numeri-
cal integrations of Eq. (4) over the biexciton wave

vector k;, and the angle 8 assuming a Bose-Einstein
distribution

f(E; ) = I [exp(E; p)/kii T,ff] 1I
——'—

for the biexcitons.
Two different types of excitation were used, either

two-photon resonant absorption of a single beam
(2k& geometry) or TPA with two counterpropagat-
ing beams (k =0 geometry). In all figures there is a
diagram which shows the detection and excitation

tween the wave vectors of the emitted photon and
the remaining exciton and is given by

k2sjn 8
sin I()= (6)

k; +kz —2k;k&cos8

where 8 is the angle between the biexciton and
emitted-photon wave vectors. The A and 8 coeffi-
cients are the photon and exciton parts, respectively,
of the emitted photon, or of the remaining trans-
verse polariton in the case of emission to the I 5 r
branch

1/2

1+ 4~
1—

geometries. All of the luminescence spectra were
obtained by observing the luminescence from the
surfaces of the films. The two geometries allowed
with single-beam excitation are therefore those in
which the emission is observed through the side of
the film opposite to the excitation surface, where the
emitted photons travel at a small angle to the in-
cident photons, or through the excitation surface,
where the photons propagate nearly antiparallel to
the laser photons. Some spectra were taken with the
sample surface perpendicular to the laser beam, and
the luminescence photons propagated in a small
solid angle centered on the axis of laser propagation;
these setups are referred to as either "forward" or
"backward" detection. A second geometry was used
to minimize the scattered laser light reaching the
detection system by detecting the emitted photons at
an angle of about 90' to the laser beam, which was
incident on the sample surface at an angle of
20'—30 to the normal. Because of the large refrac-
tive index of CuC1 (n-2. 75), the angle between the
wave vectors of the laser and luminescence photons
was about 20', for a "nearly forward" geometry and
160' for a "nearly backward" geometry. Thus all
the luminescence data reported here are for propaga-
tion in directions near to the normal to the film sur-
face and to the axis of propagation of the excitation
beam.

l. Resonant excitation at 2k&

The emission spectra observed with resonant
single-beam excitation at k =2k& have been studied
as a function of sample temperature, excitation in-
tensity, laser frequency, polarization, and detection
geometry. Some preliminary results were presented
briefly elsewhere. Because of the importance of
these results to the question of the existence of BEC,
we present in this paper more extensive data on cer-
tain aspects of the spectra.

The k =2k& spectra observed over a large range
of laser intensities at a sample temperature of 20 K
are shown in Fig. 2. The laser was focused to a di-
arneter of about 50 pm, and Io, the maximum power
density, was a few MW/cm . At low-power densi-
ties, most of the integrated luminescence is in the
broad MT and ML bands. However, at the lowest
intensities, there is usually also a narrow Nz line ob-
servable whose intensity relative to the Maxwellian
bands decreases with increasing sample temperature
and varies among the many sets of data obtained on
numerous samples. At all power densities, all but a
small fraction of the observed luminescence disap-
pears when the excitation laser is detuned from reso-
nance. This implies that the broad Mz and ML,
bands originate from biexcitons that are originally
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the context of the present investigation is the nature
of the process leading to the sharp Nr and Nl. com-
ponents at low temperatures and high excitation lev-
els. Two further properties of the luminescence
spectra that have a bm, ring on this question are the
anisotropy of the luminescence and its dependence
on the frequency of the exciting laser. The depen-
dence of the intensities and polarizations of the NT
and Nl lines on the angle between the incident laser
photons and the luminescence photons is shown in
Fig. 5. The polarization data are corrected for the
fresnel coefficients of the film and the polarization
characteristics of the detection system by observa-
tion of the unpolarized biexciton emission excited by
nonresonant pumping. It is therefore clearly associ-
ated with the resonantly pumped emission, and not
with any effects due to the thin-film geometry as
has been suggested by Kushida. There are two
features of importance in these spectra. First, the
NT and NL emission lines are much reduced in in-

tensity for emission in the forward direction (labeled
0' in the figure). In fact, the residual intensity of NT
may be attributed to backward luminescence reflect-
ed from the surface of the film, although some emis-
sion from an elastically scattered cold-gas com-
ponent cannot be discounted. Second, the NL emis-
sion line is strongly polarized in the plane of scatter-
ing for noncollinear (nearly backward) geometry in
which the emitted phonons propagate outside the

sample at 90' to the incident laser beam. These re-
sults can be accounted for if the Nz and NI, emis-
sion lines originate from biexcitons at wave vector
2k&, at which they are produced. In the forward
direction, the Nr emission from 2k& must be coin-
cident with the pump-laser energy, i.e., a two-photon
reemission. The matrix element for the NL, emis-
sion, M~~ in Eq. (Sa), is proportional to the square of
the component of the polarization of the emitted
photon along the wave vector of the remaining long-
itudinal exciton. This means that in the noncol-
linear emission geometry the NL line must be polar-
ized in the plane of propagation of the pump laser
and the emitted photon, and NL is forbidden in the
forward (0') and backward (180') emission. In Fig.
5, most of the NL line disappears in the lumines-
cence polarized perpendicular to this plane. The
small residual Nq line in this geometry may result
either from light scattered from the thin cracks in
the film, or from a deviation from the normal selec-
tion rules at high biexciton densities.

The dependence of the biexciton emission spectra
on the frequency of the pump laser has been exten-
sively investigated in a number of samples and over
a range of excitation intensities. The results are
dependent on sample history to some extent and are
quite strongly dependent on excitation intensity in
the regime where stimulated emission becomes im-
portant. The spectra shown in Fig. 6 are typical of
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FIG. 5. Anisotropy and polarization of the biexciton
luminescence for 2k~ excitation. Values of 8' shown on
the left are the angles of propagation of the emitted pho-
tons relative to the direction of the incident laser beam
outside the film.
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FIG. 6. Biexciton luminescence decay to the I 5~
branch at T=S K as a function of laser excitation wave-

length for 2k~ excitation. Krypton reference line at
5870.9 A appears in a different grating order.
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moderate excitation levels, Io-l MW/cm, and
fresh CuC1 films. Only the part of the emission to
the transverse branch is shown here since the N~
line is the dominant sharp feature at such intensities.
The wavelength shift of the NT line that is observ-
able in Fig. 6 is about 90% of that of the exciting
laser beam. The intensity of the Nz. line diminishes
rapidly as the laser is detuned from resonance, and it
is unobservable when the excitation laser is detuned
by one to two halfwidths from the TPA resonance,
which corresponds to an offset of about 0.25 A in
Fig. 6. At higher pump intensities, a weak com-
ponent with a hyper-Raman-type shift, equal to
twice the shift of the pump-laser wavelength, is ob-
served for the Nz line. This component remains ob-
servable at excitation wavelengths far from the
center of the TPA resonance, and its intensity under
those circumstances has a marked thresholdlike in-
crease with increasing pump intensity. A plot of the
energy and peak intensity of the NT emission as a
function of laser photon energy is shown for two
laser intensities in Fig. 7. At the higher laser inten-
sity, a hyper-Raman component is observed only on
the high-energy side of the resonance. The fact that
this component is not observed at all on the low-
energy side suggests that it results from a stimula-
tion process that is inhibited by reabsorption from
exciton states populated by the laser pumping when
the laser is tuned below the resonance. At still
higher excitation intensities, well above 10

MW/cm, a very dominant, sharp, and strongly
stimulated NL hyper-Raman line is observed. Typi-
cal spectra of this type obtained at a power density
of about several tens of MW/cm are shown in Fig.
8. The sharp Nr. Raman line should be forbidden in
this geometry and is not observable in the optical
gain spectra presented in Sec. V. This suggests that
it results from stimulated emission in the plane of
the film, and is observed by scattering from the
cracks in the films. The corresponding N~ com-
ponent is very much smaller than NI because of
gain saturation due to a buildup of the population of
excitons on the lower transverse branch. ' Such a
gain saturation would occur for the Nl. line at much
higher power levels because of the rapid decay of
longitudinal excitons to the lower transverse branch.
It is apparent from Fig. 8 that the intensity of the
stimulated Raman component has a very sharp
threshold behavior as the laser intensity is increased.
Near theshold the Nl intensity increases by nearly 2
orders of magnitude when the pump intensity is
doubled. At such high excitation levels, the TPA
also becomes skewed to higher energies. All of the
results presented in this paper were obtained at
much lower excitation levels where the total
luminescence intensity increased smoothly with

pump intensity I, as I' . This dependence on laser

CuCI 4.5p.m film
TL=5K
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FIG. 7. Photon energy and intensity of the Nz line as a
function of the photon energy of the excitation laser for
two laser power levels, 0.4 MW/cm' in (a) and 1

MW/cm in (b). Radii of the circles around each data
point represent the estimated errors in measurement of
the photon energies of the laser and the N~ line. Straight
lines through the data points yield the slopes m in the re-
lationship hv(NT )=m hv(laser).
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FIG. 8. Biexciton emission spectra at T=5 K for 2k~
excitation with the pump laser tuned about 3 meV to the
low-energy side of the TPA resonance. Sharp peak at
3.159 meV has a rapid thresholdlike onset which is indi-
cative of a stimulated Raman decay to the I 5L, branch.
Note the large increase in gain of the detection system
(given in parentheses) as the laser intensity is reduced by a
factor of about 3.
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intensity is in agreement with the predictions of the
collision-broadening model in Ref. 30.

Sotome et al. ' have reported data on CuCl films
in which they observe substantial shifts of the TPA
resonance compared to single crystals, and they also
find an additional peak when the laser is tuned off
the resonance that they interpret as a phonon-
assisted TPA induced by strains in the film. We
have not found measurable shifts of the TPA ( & 0.5
A) in our samples, but we have occasionally ob-
served this additional peak in some samples.

Two possible origins of the sharp emission lines
which could account for their intensity and tempera-
ture dependence, as well as their anisotropy, are a
Bose-Einstein —condensed component of the biexci-
ton distribution at the wave vector of the laser
pumping or the stimulated hyper-Raman scattering.
A third possibility that has been discussed previous-
ly'0 ~ 4' involves a cold gas of very-low-energy biex-
citons which have suffered some sort of dephasing
by collisions, but which do not thermalize with oth-
er excitonic particles or with the lattice. This possi-
bility can apparently be rejected under the condi-
tions of nearly steady-state excitation used in the
present experiments. It is apparent from the aniso-
tropy and polarization data of Fig. 5 that such a
cold-gas distribution must be very anisotrolnc and
centered around the pumping wave vector 2k&. At
moderate excitation levels, the emission data of Figs.
2—4 show that most of the emitting particles are in
the thermalized distribution, which would coexist
with such a cold gas in the steady state, regardless of
how the therrnalized biexcitons are produced by the
resonant pumping. In the absence of quantum at-
traction due to the Bose nature of the particles any
collisions of newly created biexcitons should scatter
them predominantly into the thermal distribution,
not into some separate cold distribution.

The distinction between stimulated hyper-Raman
scattering and BEC at the pump wave vector is dif-
ficult to make in a conclusive fashion on the basis of
the evidence presented so far. Both processes result
from the presence of a coherent biexciton field at
2k&, so that the anisotropy of the emission would be
the same. There is the possibility that stimulated
hyper-Raman scattering might account for the in-
crease in the relative intensities of the sharp com-
ponents with increasing excitation level. However,
the Rarnan components that we have observed at
higher excitation intensities, such as those in Fig. 8,
have a much more rapid threshold behavior than
does the N~ line in Fig. 2.

In principle, the behavior of the sharp lines when
the laser is tuned off the TPA resonance peak
should provide a basis for distinguishing between
luminescence from a condensed state and stimulated

hyper-Raman scattering. The small observed shift
of the Nr line in Figs. 6 and 7(a} is difficult to ac-
count for in terms of Raman scattering. The fact
that the Nq component is only observable over a
very small range of laser frequencies centered on the
TPA resonance, together with the small ratio of the
Nz. shift to the laser shift, can be accounted for if
the residual width of the TPA is due at least partly
to an inhomogeneous broadening of the exciton and
biexciton levels. This is illustrated in Fig. 9 where it
is assumed that the exciton energy in a particular re-
gion of the sample is shifted by an amount b, from
the mean value E~. The local biexciton energy
would be shifted to the same side of its mean value
E~ by 2h, since it is reasonable to assume that any
inhomogeneous change of the biexciton binding en-

ergy would be negligible. It is clear from Fig. 9 that
the Nr luminescence frequency vz from this region
of the sample would shift by the same amount as the
shift of the laser frequency, which is close to the ob-
served shift in Fig. 6. On the other hand, an
analysis of the effects of such inhomogeneous
broadening on the Raman scattering shows that a
Raman shift equal to twice the laser shift should
occur at least when the laser frequency is tuned
beyond the halfwidth of the TPA resonance, and
this is not observed. However, the observation of
clearly defined stimulated hyper-Raman com-
ponents at much higher excitation levels still leaves

hvar = Eb-E„+Q

FIG. 9. Schematic energy-level diagram of biexciton
and exciton levels for small wave vectors assuming inho-

mogeneous broadening. E~ and E~ are the most probable
energies of the biexciton and exciton states (dashed lines)

at 2k~ and -3k~, respectively. Crystal ground state is
denoted by g. An assumed shift of the exciton energy in
some particular region or regions of the sample is given

by h. This leads to a shift of 2h in the biexciton energy.
Resonant TPA and N& emission photon energies shift by
an amount h.
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some doubt as to how conclusive the data of Figs.
2—6 are in substantiating the origin of the NT line,
even at the lower excitation levels. The results of
the probe experiment described in Sec. V are far
more convincing in this respect.

CuCI 4.5pm film
TL =25K

2. Resonant excitation at k =0

If biexcitons are produced at or near k =0 using
two counterpropagating laser beams, their direct op-
tical decay is highly constrained by selection rules.
Their decay to the lower transverse branch is a two-
photon reemission process that recreates the original
laser photons, just as was the case for the forward
emission from 2k&. Their decay to the longitudinal
branch is forbidden by the selection rule that leads
to Eq. (Sa), and the matrix element for their decay
to the upper transverse branch is expected to be
small. Thus no sharp line emission is possible in the
region of the MT and Ml bands. This allows a de-
tailed study to be made of the distribution of
thermalized biexcitons as a function of particle den-

sity and temperature without the necessity of sub-
tracting intense sharp features from the observed
spectra.

Representative data obtained at three tempera-
tures, 5, 25, and 35 K, are shown in Figs. 10—12.

5.l70 3.I65 3.I60
photon energ y (ev)

FIG. 11. Same as Fig. 14, only for a lattice tempera-
ture Tl. ——25 K.

Tg=25 K
CuCI 4.5pm film ~~=0

co 0

F nip

The biexcitons were produced by two counterpro-
pagating laser beams tuned 2 A to either side of the
TPA so that neither beam could produce biexcitons
at 2k&. The spectra were detected with an
intensified-diode array that allowed subtraction of
some minor, broad background emission produced
independently by each laser beam. A 100-pm
pinhole was placed over the sample, and the laser
beams were defocused in order to observe the emis-
sion from a uniformly illuminated region. The la-
beled intensities on the left of each spectrum corre-
spond to the intensity of one of the two laser beams,

0

I

3.l70 3.I 65 3.I 60
photon energ y (ev)

FIG. 10. Luminescence spectra of biexcitons excited at
k -0 at Tl. ——5 K for three laser intensities. Open circles
are fits to the data (solid lines) using Eq. (4) with the ef-
fective temperature T,ff and chemical potential p given
beside each trace. Calculated spectrum for a Maxwell-
Boltzmann distribution (p= —oo) is shown for the upper
trace (dashed-dotted line) using the same values of
T,ff=25 K as was used for p =O. Note the intensity scale
changes given on the far right of each trace and the laser
intensities on the left.
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FIG. 12. Same as Fig. 14, only for a lattice tempera-
ture T& ——35 K. Distribution in this case is indistinguish-
able from a classical one at all intensities up to the max-
imum Io.
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FIG. 13. k=O biexciton emission at T=25 and 5 K
for a sample and excitation conditions in which reabsorp-
tion of the M~ band was minimal. Open circles are fits to
the spectra using Eq. (4). The upper trace was taken at a
much lower laser power density than the lower trace.

These calculated particle densities increase mono-
tonically, although in a sublinear fashion, with the
intensity of the attenuated laser beam. Such a sub-
linear behavior is not particularly surprising since
the increase in the TPA linewidth due to collisions,
and possibly a decrease in the biexciton lifetime with
increasing density, could cause such a behavior. For
the maximum laser intensities at both temperatures
(0.1Ip at 5 K and Ip at 25 K) the calculated biexci-
ton density in the thermal distribution is about
5)&10' cm . This agrees reasonably well with es-
timates based on the absorbed laser power, the excit-
ed sample volume and a biexciton lifetime of the or-
der of 1 nsec.

Because the measured spectra are time integrated
over the duration of the excitation pulse, the biexci-
ton density is not constant. This means, of course,
that the chemical potentials must vary during the
time of observation, and the values fitted to the data
must be regarded as approximate indications of the
degree of nonclassical behavior of the biexciton
thermal distribution. In any case, it has been found
that whenever

~ p ~
&k+T,rr, the calculated spectra

deviate quite drastically from a classical distribu-
tion, and the trend of the data is unambiguous in
this respect.

C. Optical probe measurements

One of the distinctive properties of a condensed
system of bosons is that if additional particles are

which was reduced from the maximum value of
Ip-1 MW/cm using neutral density filters. The
intensity of the other laser was fixed at a value close
to Ip.

The spectrum obtained at each temperature and
excitation intensity was fitted to a luminescence dis-
tribution calculated by computer using Eq. (4). At
T=5 K, only the values of the effective particle
temperature T,g, the chemical potential p, and a
constant scale factor were variable parameters. At
higher temperatures the spectra were shifted by an
amount equal to the shift of either the TPA reso-
nance or of the Nr line observed with k =2k' exci-
tation at each temperature. A Gaussian broadening
was included in the computed distribution to allow
for the combined instrumental and intrinsic
broadening of the luminescence. The halfwidth of
this resolution function was determined from the
width of the Nr emission component observed with
single-beam excitation.

At each temperature and laser intensity the calcu-
lated distribution was fitted to the Ml. -band com-
ponent of the emission, and the values of effective
particle temperature T,ff, and chemical potential p
so obtained are indicated in the figure. In most
cases, the Mz band falls below the calculated distri-
butions to a varying degree dependent on excitation
intensity and sample temperature. This is the result
of a reabsorption of the Mr light by transverse exci-
tons produced either by decay of the biexcitons or
more directly by absorption of the incident laser
beams in the tail of the free-exciton line. This effect
is particularly pronounced in the relatively thick
(4.5-pm) sample used for these measurements in or-
der to obtain the optimum signal-to-noise ratio at
the lowest intensities. In a thinner sample, excited
by circularly polarized beams of identical frequency,
spectra were observed in which both the Mz and ML
bands could be well fitted by a single distribution
with p =—0. This is shown in Fig. 13 for sample tem-
peratures of 5 and 25 K. The shift of the Mr band
to higher photon energies in the trace for T=5 K
where p=0, results from the shift of the biexciton
distribution function to lower energies where the fi-
nal excitons in the optical decay lie on the knee of
the transverse exciton branch.

As the excitation intensity increases at each sam-
ple temperature, the chemical potential approaches
zero, and the effective particle temperature increases
because of heating by the optical pumping. A parti-
cle density n can be calculated from p and T,gf by
integrating over the thermal distribution using the
well-known formula

E1/2
n= (2M) i f dE.

exp[(E p) Ikz T] 1— —
(9)
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probe 2kp~

added to the system they will be preferentially at-
tracted into the condensed state, which would nor-
mally have negligible statistical weight in the limit
of classical behavior. Experiments designed to
search for such an effect are very simply devised be-
cause of the flexibility of the available methods of
optical creation and detection of biexcitons. Howev-
er, the possible influence of nonlinear optical effects,
optical gain, stimulated emission, and particle heat-
ing by the optical excitation must be considered
carefully in evaluating the results of such measure-
ments.

The experimental approach that has been most
successful for biexcitons in CuC1 is indicated in Fig.
14, which shows a portion of the exciton and biexci-
ton dispersion curves for small wave vectors. An in-
tense pump beam with a frequency v2 tuned to the
center of the TPA creates biexcitons at 2k&. Two,
much weaker, counterpropagating probe beams with
frequencies v&

——v2+b, v and v3 ——v2 —b,v create biex-
citons only near k=0 by the simultaneous absorp-
tion of one photon from each beam. The magnitude
of the detuning hb, v of the probe beams is 1.64
meV; this is too large compared with the TPA

linewidth for any measurable excitation of biexci-
tons at 2k~ by either probe beam alone. The probe-
induced luminescence in the absence of the pumping
at 2k& (referred to hereafter as "two-beam spectra")
is therefore due to biexcitons scattered from k-0
into a thermal distribution as was discussed in the
preceding section. In order to detect the probe-
induced luminescence in the presence of the much
stronger emission due to the pump beam (referred to
as "three-beam spectra"), the probe beam at frequen-

cy v3 is mechanically chopped, and the luminescence
is synchronously detected using the add-subtract
mode of a computer-controlled multichannel
analyzer interfaced to the intensified-diode-array
detector" which was used for these measurements.
The luminescence was observed in the nearly back-
ward configuration, relative to the pump beam at v2

so that a strong, sharp N~ component was observ-
able in the pump-induced biexciton emission.

Data obtained at a sample temperature of 25 K
are shown in Fig. 15. When the pump beam is not
present the probe luminescence line shape indicates
the expected thermal distribution of biexciton ener-
gies (middle trace on the left). In the presence of the
pump, the probe emission is strongly redistributed; a
sharp line appears at the position of the Nr line, and
the decay to the longitudinal branch is sharpened
and shifted slightly to higher photon energies (to the
left in the figure). The synchronously detected spec-
trum contains no biexciton emission features when-
ever either probe beam is blocked. Thus the ob-
served features must be attributed solely to the k =0
probe excitation. If the intensities of the pump and
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FIG. 14. Schematic exciton and biexciton dispersion
curves showing biexciton excitation and radiative decay
processes near k =0. Geometry for the pump and probe
experiment is shown in the inset at lower left; v~ and v3

are the frequencies of the counterpropagating probe laser
beams, v2 is the intense resonant pump laser beam, L is
the detected luminescence in the nearly backward direc-
tion relative to the pump beam, and B is the biexciton.
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FIG. 15. Biexciton luminescence at T=25 K for exci-
tation and detection conditions described in Fig. 17 and
the text. Traces labeled probe (no pump) and probe (with

pump) were obtained with synchronous detection with the
chopping of one of the probe beams.
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probe beams are lowered by a factor of 2, the redis-
tribution is still present, but a smaller fraction of the
probe emission appears in the X~ line, which is also
relatively reduced in the pump-induced lumines-
cence. Because of signal-to-noise limitations it was
not possible to extend these measurements to much
lower pump intensities without also increasing the
ratio of integrated probe emission to integrated
pump emission. Spectra analogous to those in Fig.
15, only for a sample temperature of 5 K, were re-
ported previously " and will not be repeated here.

We have performed this probe experiment at a
number of sample temperatures up to 60 K and over
a range of probe emission intensities for a fixed
pump intensity. Spectra similar to those in Fig. 15
were obtained at temperatures up to 40 K whenever
the integrated probe emission intensity is a few per-
cent or less of the integrated pump intensity. Typi-
cal results at several temperatures are shown in Fig.
16. In each case, the integrated probe-induced emis-
sion is the same to within the experimental uncer-
tainty, with or without the pump beam. This im-

plies that the observed changes in the chopped com-
ponent of the luminescence result from a true redis-
tribution of the emission from probe-excited biexci-
tons, and not from changes in the pump lumines-
cence caused by the presence of the probe excitation.

The character of the three-beam spectra changes
markedly when much larger probe excitation inten-
sities are used. This is illustrated in Fig. 17 where
the three-beam spectra at T=5 K are presented for
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FIG. 16. Probe luminescence in the presence of the
resonant pump beam at several sample temperatures.
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FIG. 17. Chopped-probe-beam luminescence in the
presence of the resonant pump beam with Io 1

MW/cm . Intensity of each probe beam in trace (a) is 5
times larger than its intensity in (b).

two different intensities of the probe beam at v3
differing by a factor of 5. At the lower intensity,
which is similar to that used for the data of Figs. 15
and 16, a peak is observed at the Nq line. At this
position in the trace for the higher v3 intensity there
is, however, a dip corresponding to a reduced, or
even negative (phase-reversed), chopped lumines-
cence component. This effect undoubtedly does not
result from a decrease in the probe-excited emission
at NT, but from a small reduction of the intense NT
emission line excited by the pump laser. Such
behavior is clearly not anticipated for a condensed
system of ideal bosons in which all supplementary
particles added to the system should be scattered
into the condensed state, thereby increasing the XT
emission until, perhaps, the density of k =0
excited-probe biexcitons becomes comparable to the
density at 2k&.

Although these effects at high-probe-power levels
have no conclusive explanation at this time, we have
performed another type of probe experiment that
yields rather similar results and suggests a possible
cause for the high-probe-intensity data of Fig. 17.
In this latter experiment, a weak chopped probe
beam tuned close to the Z3 exciton absorption line
at about 3.205 eV creates excitons, a fraction of
which combine to form biexcitons, although at a
somewhat higher effective temperature than in the
k =0 probe experiment. In the presence of resonant
pumping of biexcitons at 2ko, the emission induced
by these probe particles is again modified. At the
very lowest probe intensities small positive peaks
can be observed in the chopped luminescence com-
ponent, which might be attributed to a quantum at-
traction of probe particles into the condensate.
However, over most of the range of probe intensities
the X~ signal is predominantly negative and often
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asymmetric, and at large probe intensities it becomes
quite large compared with the integrated probe
emission measured in the absence of the pump. This
signal corresponds, in fact, to a reduction of up to
20%%uo in the Nr component due to the pump excita-
tion. We attribute this to a scattering of the
pumped biexcitons away from 2k& by the hot inject-
ed probe particles. Within the framework of a con-
densed state at 2k&, one could account for this
behavior on the basis of a heating of the biexciton
distribution and a consequent reduction in the con-
densed fraction of biexcitons. It is apparent from
the fits to the data of Figs. 10 and 11 that the effec-
tive particle temperature also increases with increas-
ing resonant excitation. This effect could possibly
account for the dips observed at higher probe
powers in Fig. 17, and the observed asymmetries in
the NT signal could be due to a very slight shift of
the TPA resonance by the local heating of the sam-
ple.

The simplest explanation of the three-beam data
of Figs. 15 and 16 is the attraction of the probe par-
ticles into the 2ko pumped state via interparticle col-
lisions or phonons. Nevertheless, some test experi-
ments have been performed in order to examine the
possibility that optical gain and stimulated emission
are the cause of the luminescence redistribution.
For highly excited optical systems, these two pro-
cesses are related, but not necessarily in a simple
way because of several complex factors; a few of
these factors are gain saturation, geometrical effects,
and density-dependent collision rates and quantum
efficiencies. We have therefore examined these two
possibilities separately.

The optical gain caused by the pump excitation
was measured directly with a chopped, broadband
probe beam produced by emission from a dye cell.
This cell is pumped by the same N2 laser that excites
the dye laser used for the resonant pump beam. The
pump and probe beams were counterpropagating, so
that the gain in the direction of the backward emis-
sion is measured. In that direction, which is nearly
identical to the direction of the emission observed in
Figs. 15—17, the NT emission has a maximum in-
tensity and NI is forbidden.

Typical data obtained at several sample tempera-
tures are shown in Fig. 18, where the pump intensity
Io is the same as that used in the probe experiments.
Similar data were obtained over a large range of
temperatures and probe intensities. ' For the data
of Fig. 18 the probe intensity within the bandwidth
of the NT line is comparable to the Nr emission ex-
cited by the pump, and the gain of 23% at the Nr
position at T=5 K is the largest that we have mea-
sured. It decreases somewhat at lower probe intensi-
ties and is considerably smaller at higher tempera-

I I
i

I I I I
i

I I I I
l

I I I

CU CI

fdic

.9 p m film

—
I 0==-

O

O

~~
CL
O

—3.I695 eV

3.I7I6 eV

5K

25K

30K

—3.I729 eV

0.5- ~3.I 752 eV

3.I 70 3.I 65 3.I60
photon energy {eV)

FIG. 18. Optical gain of a broadband probe beam
propagating in the backward direction relative to a
resonant pump beam with intensity Io-1 MW/cm.
Gain scale on the left and photon energy scale are ap-
propriate to the T=5 K trace. Traces for other tempera-
tures have been shifted along the horizontal axis to align
the Ez. components, and along the vertical direction to
avoid overlap. Dashed line in each trace corresponds to a
gain of unity (no net amplification).

tures. For example, the gain measured for the Nr
line under the conditions of the higher pump power
of Fig. 11 is 10%%uo over the full thickness of the film.
The probe emission travels, on the average, half the
thickness of the excited region, so the pmbe amplif-
icatio would be even smaller. We conclude that the
effects of amplification of the probe emission would
be to cause a very small Nz peak in the three-beam
spectra, but it could not account for the much more
extensive redistribution of the emission evident in
Figs. 15 and 16. Amplification would also not con-
serve the integrated probe emission since some of
the chopped luminescence intensity would be sup-
plied by the pump beam through its amplification of
the probe emission.

Stimulated emission of the probe biexcitons
caused by the more intense pump-induced lumines-
cence could, in principle, account for the lumines-
cence redistribution. However, the nearly two-
dimensional excitation geometry in these films
would favor stimulation in the plane of the film
where the excitation length of several tens of mi-
crometers would lead to a more rapid growth of
photon flux than in the direction normal to the film.
Since probe photons emitted in the plane of the film
would not be directly observable in our nearly back-
ward experimental geometry, this stimulated emis-
sion mechanism would also not conserve the in-
tegrated probe emission intensity. Furthermore, be-
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V. DISCUSSION

The development of a quasistable condensed state
in a system of excitonic particles is contingent on
the production of an appropriately large particle
density and the existence of thermal-relaxation pro-
cesses that are rapid enough to achieve a thermal
equilibrium distribution of particle energies on a
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FIG. 19. Chopped-probe luminescence at a sample
temperature of 5 K. In the lower trace, a pump laser
beam with an intensity about an order of magnitude
greater than the detected NT luminescence is present at
the NT frequency.

cause of the polariton dispersion, Nz emission in. the
plane of the film occurs at a photon energy about
0.5 meV higher than in the backward direction.
While a weak shoulder is often observed in our emis-
sion data at such an energy, it accounts for only a
small fraction of the Nz component in the three-
beam and pump luminescence data.

Experimental verification that stimulated emis-
sion cannot account for the redistribution of probe
luminescence has been obtained in a variation of the
probe experiment in which a pump beam is tuned
not to the biexciton TPA but to the wavelength re-
gion of the biexciton emission. In this way, any
stimulated emission of probe biexcitons caused by
pump photons can be examined without the pres-
ence of any biexcitons created by the pump. The
two-beam and three-beam probe emission obtained
in such an experiment at T=5 K with the un-

chopped pump laser tuned to the NT emission line
are shown in Fig. 19. In this case, the pump intensi-

ty is about an order of magnitude larger than the Nr
emission observed with resonant pumping. In the
three-beam trace only some residual noise due to the
pump laser is observed at the position of the Nr
line, and there is no detectable redistribution of the
probe emission. This shows that the stimulation ef-
fect is not the cause of the NT feature or of the
luminescence redistribution in Figs. 15. and 16.

time scale substantially shorter than the particle life-
time. The possibility of achieving these conditions
for biexcitons in CuCl, and the characteristics of the
condensed state, depend not only on the properties
of the biexciton itself, but they may also be influ-
enced by the existence of stimulated emission and
the coherent mode of creation of the biexcitons with
resonant laser excitation. These factors are dis-
cussed below in light of the current knowledge of
the properties of biexcitons and excitons in CuCl.

A. Biexciton density

For resonant two-photon excitation at 2k~, the
biexciton density p~ can be estimated from the rela-
tion p~ =r)Items/E d, where Ir is the laser intensity,
t) is the fraction of laser power absorbed in a thick-
ness d of the sample, rz is the biexciton lifetime,
and E =6.372 eV is the biexciton energy at k -0.
The primary cause of uncertainty in making such an
estimate is the large variation in the lifetime rs ob-
tained from the various experiments that have been
reported. The main factors which might cause such
variations are a density-dependent decay rate due to
stimulated emission, Auger decay, or reformation of
biexcitons from excitonic decay products and a pos-
sibly sample-dependent nonradiative decay due to
defects or surfaces.

The longest reported biexciton lifetime of about
3 X 10 sec was obtained by monitoring the
luminescence decay at a low biexciton density in
bulk single crystals. Lifetimes of (2—3)X10
sec have been measured from the luminescence de-
cay using resonant excitation with very intense ( & 10
MW/cm~) picosecond sources in bulk CuCl (Ref.
46) and thin platelet samples. An intermediate
value for rz of about 10 sec has been obtained
from induced absorption measurements fitted with a
model using exciton and biexciton decay rates and
the recombination of excitons to form biexcitons.
The 4.5 X 10 -sec-long excitation pulses used in the
present experiments were not suitable for a lifetime
measurement in the evaporated-film samples. How-
ever, the luminescence quantum efficiency of the
films was quite similar to that of single-crystal CuC1
platelets and bulk samples measured under very
similar conditions. It is therefore reasonable to take
a value rs =10 sec for the purposes of estimating
the biexciton density for excitation conditions such
that there are no noticeable indications of stimulated
emission in the biexciton luminescence. At an inten-
sity It —1 MW/cm, the absorbed fraction measured
in experiments similar to those in Fig. 4 with
d-10 cm is g-0.25. The estimated biexciton
density is p~ ——2.5&10' cm . The condensation
temperature at this density is about 11 K. Consider-
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ing the uncertainties in estimating the biexciton life-
time and the laser intensity, which is a temporal and
spatial average over the 5)(10 -sec pulse width
and over the focal region, this value of T, is in
reasonable agreement with the experimental results,
which indicate the presence of a condensed state at
temperatures up to 40 K at laser intensity levels of
several MW jcm .

B. Thermal relaxation

Interparticle collisions and interactions with pho-
nons both play a role in establishing the kinetic ener-

gy distribution of the biexcitons. At the highest
biexciton densities produced in the present work,
mean collision times on the order of a picosecond
may be inferred from either the impact-parameter
model or from the "cage" model, which is prob-
ably more appropriate to the highest densities en-
countered in these experiments. Since the biexci-
ton lifetime and the exciting laser-pulse width are
2—3 orders of magnitude longer, a quasiequilibrium
thermal distribution of particle energies exists even
without complete thermalization with respect to the
lattice, so that the effective temperature of this dis-
tribution is higher than that of the lattice. The fits
to the luminescence data of Figs. 10—13 suggest
that this is the case for lattice temperatures below
15—20 K. The effective particle temperatures also
depend strongly on excitation level at these lower
temperatures.

At lattice temperatures above 20 K, the fitted par-
ticle temperatures tend to follow closely the lattice
temperature, which suggests that the rate of equili-
bration with the lattice becomes comparable to the
biexciton decay rate. Similar conclusions have been
made from recent measurements of the lumines-
cence line shapes in single-crystal platelets of
CuCl.

On the leading edge of the excitation light pulse,
the thermal distribution must build up from the ex-
citation near k =0. The additional energy required
to scatter the resonantly created biexcitons into the
states of much higher wave vectors in the thermal
distribution must come from collisions with biexci-
ton decay products or phonons. Observations of the
time dependence of the NT line and the broad MT
and ML bands were performed in the course of this
investigation. There was no noticeable difference
between them on a time scale of about 10 sec,
which is the limit of the time resolution of the pho-
tomultiplier tube and electronics. This result im-.
plies that the buildup of the thermal biexciton distri-
bution occurs on a time scale that is short compared
to the laser excitation pulse, and the narrow and
broad luminescence components are emitted simul-

taneously. In summary, it is apparent that relaxa-
tion processes, particularly collisions, are sufficient-
ly rapid to allow a quasiequilibrium to develop for
nearly all of the duration of the laser excitation
pulse.

C. Stimulated emission

A, I,g(v)

SmhVn ts
(10)

In this expression, n=2 75 is the.refractive index of
CuC1, A, is the wavelength, and v is the frequency of
the emission. Strictly speaking, I, is the single-
mode light intensity, but it will be taken here to be
the total intensity since the total stimulated emission
rate is the sum over all radiation modes in the ab-
sence of saturation effects. In order to obtain the
absolute maximum stimulated emission rate we as-
sume that all of the absorbed laser power is reemit-
ted by biexcitons, so that I,=qI0-2.5 X 10'
W/cm2. This is equivalent to assuming a unit quan-
tum efficiency for the biexciton emission so that t,
is the biexciton lifetime, t, —10 sec. An average
value of g(v)-10 ' sec at the peak of the NT line
is estimated from the frequency distribution of the
luminescence in Figs. 2—4. The resulting stimulated
emission rate is 8'=5X10 sec '. This is a factor
of 5 larger than the assumed spontaneous decay rate

which suggests that stimulated emission could
be a factor in reducing the biexciton lifetime and
distorting the luminescence distribution, but only at
the highest excitation intensities.

The unsaturated optical gain coefficient at the
peak of the XT or NL line may be estimated in a
similar fashion from the expression

A thorough treatment of stimulated emission for
the case of biexcitons is clearly beyond the scope of
this discussion; the anisotropy of the emission, the
dependence of emission frequency on exciton wave
vector, the longitudinal-transverse exciton splitting,
and the geometry of the sample and excitation con-
ditions lead to a very complex problem in the most
general case. It is, however, possible to make some
rough estimates of the effects of stimulated emission
in order to verify that it is not the cause of the ex-
perimental results that are attributed to the existence
of a condensed state of biexcitons, and that it does
not seriously affect the biexciton lifetime at the
power densities used in this investigation.

The simplest approach to the problem is to write
the radiative transition rate in terms of the spon-
taneous emission lifetim. e t„a normalized shape
function g(v), and the average biexciton emission
intensity I„in the excited region of the sample, 9
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Nsl, g(v)
(11)

8~n ts

where Ez is the number of biexcitons at k =2kp. It
is assumed for this estimate that the exciton popula-
tion in the terminal states of the NT emission is
negligible; the effect of this assumption is to overes-
timate the gain coefficient. In this case, the ap-
propriate g(v)-SX10 ' sec is estimated from the
calculated width of the emission in the NT line,
which is broadened not only by the anisotropic emis-
sion frequency, but by biexciton and exciton col-
lisions, and inhomogeneous broadening. For a biex-
citon density at k=2kp of 10' cm, as would be
the case if about 10—40% or so of the biexcitons
were emitting from 2kp we obtain y-4&& 10 cm
The measured optical gain in Fig. 16 is given by
exp(yt), where t is the thickness of the excited region
of the sample. The maximum measured gain of 1.23
corresponds to y-=0.2X10 cm ', a factor of 20
smaller than the estimate from Eq. (11), assuming
t -1pm for the effective excitation length.

It is possible that this difference is partly the re-
sult of gain saturation due to a buildup of the popu-
lation of excitons in the terminal states for the Nz
emission. However, it is also likely that the radia-
tive quantum efficiency of the biexciton is consider-
ably less than unity, possibly as low as 10%. This
statement is based on a comparison between the in-
tegrated intensity of the detected luminescence,
corrected for the total detection efficiency, and the
absorbed laser light at the peak of the TPA. In that
event, the spontaneous radiative decay time t, may
be longer than the 10 sec that we have assumed,
and the emission intensity I, would be lower. As a
result, the estimated gain coefficient would be closer
to the rather small measured value, and the stimu-
lated emission rate, which is proportional both to I,
and t, ', would be considerably reduced. This is
consistent with the observations that evidence of
stimulated emission is found at laser intensities
above 5—10 MW/cm, considerably larger than
those used for most of the experimental results re-

ported here. Stimulated emission should first occur
in or near the plane of the film because the dimen-
sion of the excited region is largest there. The angu-
lar dependence of NL, and Nz emission given in Eqs.
(Sa) and (Sb) show that the Nz emission is slightly
more intense than Nl at 90' to the excitation laser
beam. However, scattering processes rapidly deplete
the population of the longitudinal exciton branch at
temperatures below about 50 K, so that the gain of
the NL component will not saturate as quickly as
that of NT. ' This undoubtedly explains the sudden
appearance of a stimulated Nl Raman component
in Fig. 12 at very high power levels, whereas no NT

component is visible.
Of most importance to the question of the ex-

istence of a condensed state of biexcitons is the fact
that these estimates of stimulated emission rates
lend support to the experimental evidence that the
luminescence redistribution at high densities and
low temperatures is not simply the result of stimu-
lated emission. For this to be true, the stimulated
emission rate must be comparable to the collision
rate so that a large fraction of the biexcitons injected
at k=0 or k=2kp decay radiatively before being
scattered into the thermal distribution. This would
require an emission rate from 2kp alone approach-
ing 10"—10' sec ', about 2 orders of magnitude
larger than the estimate from Eq. (10).

D. Effects of the resonant excitation

The presence of anisotropic sharp lines with
k=2k~ excitation, and the lack of such features
with k=0 excitation can be accounted for on the
basis of a Bose-Einstein —condensed state only if the
wave vector of the condensate is the same as that of
the state populated by the laser pumping. There are
several reasons why this situation is likely. With
k =0 excitation no net momentum is transferred to
the biexcitons, whereas with the single-beam
geometry a momentum of 2k& per particle is im-

parted by the excitation process. The energy separa-
tion between k=0 and k=2kp is about 15 pV,
several orders of magnitude smaller than AT, rr for
the biexcitons. The excess energy associated with a
condensed state at k=2kp is therefore negligible.
The direct relaxation between 2kp and k =0 states
by the emission of an acoustic phonon is not possi-
ble because the biexciton and acoustic-phonon
dispersion curves intersect only at a wave vector
q-3.5)& 10 cm '; this is about an order of magni-
tude larger than 2kp. Higher-order processes, in-
volving multiple phonons, or phonons plus particle
collisions, are required for lattice-induced relaxation
of a condensate at such a small wave vector. It is
therefore not unreasonable that a condensate at a
small, finite wave vector should be stable for time
intervals on the order of the 10 -sec biexciton life-
time.

The presence of the laser pumping of biexcitons
into a state of nonzero wave vector leads to a
steady-state population there that is far above the
thermal-occupation level even in the presence of the
large scattering rates of about 10' sec ' inferred
from the broadening of the TPA. This laser-
induced coherence may serve to nucleate a condensa-
tion at the pumping wave vector ' since the time of
formation of the BEC should be considerably short-
ened by stimulated scattering of particles into the
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pumped state. This possibility leads naturally to the
question of whether the energy of the condensed
state can also be selected by the laser excitation. Ex-
perimentally, such a situation may result in a shift
of the narrow emission components as the laser fre-
quency is varied. It is not clear at this time whether
the small shifts in the Nr emission shown in Figs. 6
and 7 or the hyper-Raman effects observed at higher
laser intensities could be manifestations of such an
effect. Optical probe measurements like those in
Sec. IVC as a function of excitation wavelength
may provide evidence regarding this question.

VI. CONCLUSIONS

Several features of the optical properties of biexci-
tons in CuC1 can be explained in a direct way if it is
assumed that a Bose-Einstein —condensed state ex-
ists at high biexciton densities and at sample tem-
peratures as high as 40 K. Two experimental results
give the most direct support for this conclusion.
First, nonclassical energy distributions of the biexci-
tons have been observed which can be well fitted in
the framework of the ideal-Bose-gas model. Values
of the chemical potential that go to zero at the
highest densities are deduced from a line-shape
analysis of the biexciton luminescence. Further-

more, the expected trend is observed, namely, a gra-
dual evolution towards a classical statistical regime
if the particle density is decreased or if the lattice
temperature is increased. Second, a redistribution of
injected probe particles is observed, which verifies
the property of quantum attraction of particles into
the condensed state. Other features of the biexciton
emission that are also consistent with these con-
clusions are the appearance of sharp, anisotropic,
and polarized emission lines at high excitation levels
and low temperatures. In addition, the available evi-
dence concerning particle densities, effective tem-
peratures, and collision rates implies that the re-
quirements necessary for the existence of SEC are
satisfied for the conditions of resonant excitation
used in this work.
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