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Evidence for Bose-Einstein condensation of excitons in Cn20
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Pulsed-laser excitation of naturally grown crystals of Cu20 produces a dense gas of excitons,
which exhibits Bose-Einstein quantum statistics. Both orthoexcitons and paraexcitons, split by a
12-meV electron-hole exchange energy, are formed. At high excitation levels, the time-resolved
luminescence of orthoexcitons yields a density-temperature relation that follows the phase boundary
for Bose-Einstein condensation, n =CT' ', but no striking evidence for a condensed fraction is ob-
served. We have now measured the time-resolved spectrum of the lower-lying paraexcitons whose
luminescence is 1500 times weaker than the orthoexciton luminescence. At intermediate power lev-

els, the paraexciton distribution is more degenerate than the orthoexcitons. The relative intensities
of the two species indicate that at high excitation levels the paraexciton density exceeds the critical
density for condensation. At these high densities the paraexciton spectrum develops a structure
that cannot be explained in terms of the thermalized Bose-Einstein distribution. Time-resolved spa-
t'al measurements of the luminescence indicate a rapid nondiffusive expansion of the gas at super-
sonic velocities that approach the expected ballistic velocities of the excitons. The rapid transport
and the concurrent changes in the spectral distribution of paraexcitons may be the 6rst observation
of excitonic Bose-Einstein condensation and superfluidity.

I. INTRODUCTIGN

Due to its boson nature and light mass, the exciton
(bound electron-hole pair} produced by photoexcitation
of a semiconductor at low temperatures is a natural can-
didate for observing Bose-Einstein condensation. '

While this fact has been recognized for some time, a clear
demonstration of Bose-Einstein condensation (BEC} of
excitons has not yet appeared. It has been demonstrated,
however, that for semiconductors with sufficiently long
excitonic recombination times, excitons can form a nearly
ideal boson gas that departs from classical statistics and
manifests Bose-Einstein statistics. Bose-Einstein statis-
tics are not normally observed in the indirect-gap semi-
conductors silicon and germanium because at zero stress
the attractive forces between excitons in these crystals re-

sult in condensation of the gas into a fermionic electron-
hole liquid. Nevertheless, by application of appropriate
stress, the liquid binding in Ge can be reduced, and evi-

dence has been reported for mildly quantum statistics of
excitons. Also, direct-gap CuC1 is found to support a
dense gas of strongly bound biexcitons which at high den-

sity appear to exhibit Bose-Einstein statistics.
The best candidate for observing a thermodynamic

condensation of excitons appears to be Cu20, ' which

has a parity-forbidden direct gap —implying relatively

long excitonic lifetimes —and a band structure which re-

sults in repulsive forces between excitons. Indeed, at
high exciton densities, no biexcitons or electron-hole

liquid have been observed for this crystal.
In a previous publication, we reported the creation of

a highly degenerate orthoexciton gas in CuzO, displaying

an average density that is within a factor of 2 of the BEC
critical density. These results were obtained by time- and

space-resolved spectroscopy of the recombination
luminescence, following surface excitation by an intense
10-ns laser pulse. During and after the laser pulse, the
exciton density rises and falls due to the competing gen-

eration, recombination, and expansion processes. From
the earliest measurement times the gas exhibits a well

defined, but time-dependent, temperature. The most in-

teresting observation is that, for over an order of magni-

tude in density, the gas temperature increases and falls in

such a way as to keep the gas paralleling the BEC phase
boundary, n =CT . Nevertheless, we reported no
dramatic evidence for a condensed phase; e.g., a sharp
spike in the 1uminescence spectrum at zero kinetic ener-

gy.
In the present paper, we report new analyses and re-

sults that indicate an actual Bose-Einstein condensation
of the excitonie gas in CuzO. First, we have analyzed the
time-resolved spectra of the orthoexcitons taking into ac-
count the spatial inhomogeneities which must be present
in the gas. We conclude that the orthoexciton gas indeed
has a maximum density about equal to the BEC critical
density. At high densities the spectra exhibit a low-

energy tail which indicates frequent exciton-exciton col-
lisions and possibly interactions with a condensate.
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Secondly, we have succeeded in measuring the time-
resolved photoluminescence of paraexcitons. (The
paraexcitons lie lower than the orthoexcitons by an ex-
change energy of 12 meV, and they have 1500 times
weaker luminescence than the latter. ) From the relative
intensities, we conclude that the maximum density of
paraexcitons is actually higher than the critical density
for condensation. In addition, at moderate excitation lev-

els, the paraexciton spectrum is significantly sharper than
that of the orthoexcitons, indicating that the paraexciton
gas is more degenerate than the orthoexciton gas. At the
highest excitation levels a highly anomalous energy dis-
tribution is observed for the paraexcitons which we asso-
ciate with condensation.

Finally, we have directly measured the spatial expan-
sion of the excitonic gas and find that the expansion ve-
locity is power dependent and, at the highest excitation-
power densities, supersonic. The expansion rate is
greater than that predicted by simple diffusion and may
indicate superfluid transport of excitons. ' The simul-
taneous appearance of all these spectral and spatial
effects provides a compelling case for Bose-Einstein con-
densation.

Before describing these results, we mention some im-

portant aspects of the problem that are not directly con-
sidered here. First is the question of whether the exci-
tons, treated as an ideal Bose gas, have suScient time to
condense into the ground state; that is, can they condense
within the excitonic lifetime? After photoexcitation and
the initial carrier relaxation by optical phonon emission,
the excitons are formed with high kinetic energies. By
computer simulation, we have determined how quickly
the hot gas assumes a degenerate energy distribution. "
These calculations suggest that a macroscopic occupation
of the ground state is possible within the known excitonic
lifetimes. Secondly, what is the source of the tempera-
ture rise in the excitonic gas at high density? It seems
likely that the gas is heated in part by the Auger process,
whereby one exciton recombines giving its recombination
energy to another exciton, which ionizes into an energetic
electron and hole. ' ' A model calculation includ-
ing phonon emission, Auger recombination, and
orthoexciton-to-paraexciton conversion indeed shows a
pronounced temperature rise in the gas at high density
and will be reported in a subsequent paper. In the
present paper we ignore these microscopic kinetic pro-
cesses and simply use the photoluminescence to deter-
mine the density, temperature and volume of the exciton-
ic gas.

II. EXPERIMENTAL PROCEDURE

In these experiments, a high-purity naturally grown
crystal of CuzO is immersed in superQuid He at 2 K and
excited with Ar+-laser light at wavelength 5145 A, which
has an absorption length of 1.6 pm in Cu20. ' Figure 1

shows a level diagram for the excitation and relaxation
processes in this experiment. The laser beam, focused to
produce absorbed powers up to 10 W/cm during 8-ns
cavity-dumped pulses, produces electron-hole pairs with
large kinetic energies (h v E, -0.375 eV), —which
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FIG. 1. Simplified level diagram for Cu20. The vertical axis
is not drawn to scale.

thermalize by emission of phonons and pair into excitons
on a subnanosecond timescale. ' The exciton has binding
energy of about 0.15 eV and a Bohr radius of about 7
A 16

The recombination luminescence of the excitons is col-
lected by a lens and focused onto the entrance slit of a
1-m spectrometer with 0.25 A spectral resolution. By
scanning the magnified image of the excitation spot
across the entrance slit and a crossed slit, we can achieve
1-pm spatial resolution in two dimensions. We achieve
390-ps tiine resolution [full width at half maximum
(FWHM), for a 100-ps mode-locked Ar+-laser pulse] by
focusing the exit slit of the spectrometer to a 100-pm spot
on the photocathode of an RCA 31034A phototube and
by using Tennelec constant-fraction discriminators and
an Ortec time-to-pulse-height converter.

Both triply degenerate orthoexcitons ( I,+ ) and singly
degenerate paraexcitons ('I 2+) are formed by the excita-
tion. Orthoexcitons, with exchange energy 12 meV above
the paraexcitons, ' can decay by conversion to paraexci-
tons and by radiative recombination. Both orthoexcitons
and paraexcitons also decay nonradiatively via an
Auger-like process, as discussed in the following. At the
relevant gas densities of 10' to 10' cm, the excitons
collide with each other many times, so that quasiequili-
brium temperatures and chemical potentials can be
defined. At these densities, the exciton-exciton interac-
tion time is estimated to be on the order of a few pi-
coseconds or less, assuming hard-sphere scattering,
whereas the measured orthoexciton lifetimes are of the
order of one nanosecond. The luminescence spectra
show a well-defined temperature at all observation times.
Due to the rapid collision rate, the paraexcitons and
orthoexcitons should have the same temperature at all
observation times, but in general they have different
quasiequilibrium chemical potentials, since the conver-
sion time between species is slow. We discuss the relative
orthoexciton and paraexciton densities in Sec. VI.

Even though the interaction time is short, the excitons
are still expected to remain bosons in nature, i.e., fulfill
the condition' na &&1. For density as high as 10
excitons/cm, na =0.035 for the excitonic Bohr radius,
a =7A.

The short absorption length of the 5145-A laser light
and the finite diffusion constant of the excitons have the
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FIG. 2. The distribution f (e,a)D(e) for a Bose-Einstein gas,
from Eq. (1) in the text, using a density of states proportional toE', for a three-dimensional gas at constant potential, for three
values of a—= —p/k~ T. Maxwell-Boltzmann (MB) corresponds
to a & 4. The intensities of the distributions at high energy have
been set equal.

effect of inertially confining the excitons to a small
volume. The characteristic exciton-cloud expansion
speeds are on the order of the sound velocity, a few mic-
rons per nanosecond. On the nanosecond timescale of
the laser pulse, the Hat disk of excitons created at the sur-
face simply does not have time to greatly increase its
volume. Looking at very early times thus gives us the
ability to see the gas at very high densities. At times
after the laser pulse, most of the orthoexcitons will have
converted to paraexcitons, which have microsecond life-
times and diffuse deep into the crystal. ' '

Since the phonon-assisted recombination rates of the
excitons do not depend on the exciton kinetic energy, the
phonon-assisted luminescence spectra give the kinetic-
energy distribution of the excitons directly. Quantum
statistics for an ideal or weakly interacting gas of
integral-spin particles predicts the Bose-Einstein distribu-
tion function, with the form

f(e,a)= +
1

e a+a

where e=E/ks—T with F. the exciton kinetic energy, and
a= plksT, —with p the chemical potential of the gas.
For a uniform-density gas at temperature T, a is deter-
mined by the condition

N =g (m /2m h )'~ (ks T) ff (e,a)D (e)de,

where N is the number of particles and D (e } is the densi-
ty of states, proportional to VE' for particles in a
volume V at constant potential energy. In this equation
m is the particle mass and g is the spin multiplicity. For
a ))1, the distribution f corresponds to a classical
Maxwell-Boltzmann distribution, while for a less than 1,
the distribution f departs continuously from its classical
shape. In the limit of a =0, the spectrum exhibits a sharp
peak at E =0 corresponding to Bose condensation. Fig-
ure 2 shows the predicted energy distributions for three
values of a. This logarithmic plot shows that although
the distribution becomes much more peaked as the gas

approaches condensation, the exponential decay of the
high-energy tail depends only on the temperature. For
this reason, the two fit parameters, a and T, are practical-
ly orthogonal.

It is important to consider at this point how the ex-
istence of a condensate would manifest itself in the
luminescence spectral, according to ideal Bose-Einstein
statistics. It is apparent from Fig. 2 that the excited-state
distribution exhibits a peak near zero kinetic energy that
becomes sharper and sharper as a approaches zero.
Thus, a separate peak associated with a condensate at
a=0 cannot be resolved. Once the critical value a=0 is
reached, ' the excited-state distribution can no longer in-
crease. At higher densities, a condensate should manifest
itself as an increase in the peak at a=0, causing the spec-
trum to become still sharper. The exact shape of the
spectrum for the ideal Bose-Einstein condensate depends
on the spectral resolution in the experiment as well as on
any intrinsic spectral broadening in the gas. In principle,
given the spectral broadening, the amount of condensate
can be determined from the spectrum, even though no
separate peak is resolved.

Of course, Eqs. (1) and (2) apply for a weakly interact-
ing gas with a constant volume. In this system the gas
volume is not constant, since excitons are free to diffuse
into the crystal. If the gas is above the critical density for
Bose condensation, possibly with superAuid expansion, it
may not exhibit a spectral peak at zero kinetic energy but
instead take on a finite average momentum. Also, at high
enough densities, particle-particle interactions will cause
an energy broadening of the ground state. Strong repul-
sive interactions in the gas will cause other effects, such
as a phononlike behavior of the dispersion relation at low
energy (see Sec. VI).

III. BOSE-EINSTEIN LINE SHAPE
OF THE ORTHOEXCITON PHONON-ASSISTED

LUMINESCENCE

Figure 3 shows the luminescence spectrum as a func-
tion of time for the case of high-power cavity-dumped
Ar+ laser excitation. Several of these spectra are plotted
logarithmically in Fig. 4. The dashed lines are the best
fits to the distribution f (e, a}D(e) given by Eq. (1). The
logarithmic scale emphasizes the straight-line fit to
the exponential high-energy tail. The most notable
discrepancy between data and theory is the significant ex-
perimental intensity at e(0 (i.e., a "low-energy tail" ).
This tail can be accounted for by convolving f (e,a)D (e)
with a Lorentzian spectral broadening on the order of 0.1

meV, sho~n as the open circles and discussed in Sec. IV.
In each case, including the spectral broadening gives a fit
to a much more degenerate distribution. Specifically,
with broadening, the fits yield values of a in the range
0.001 (o.(0.1 for the orthoexcitons during and immedi-
ately after the excitation. For the spectral resolution
used here, fits with u & 0.001 are essentially indistinguish-
able from a=0, with no condensate fraction added. The
fit of Fig. 4(d) therefore corresponds to a density right at
the critical value for condensation at T =26 K. We cau-
tion, however, that there is a significant uncertainty in
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FIG. 3. Orthoexciton I 3 -phonon-assisted luminescence

spectrum at various times during and after a 10-ns cavity-
dumped Ar+-laser pulse focused on the surface of a Cu20 crys-
tal immersed in liquid helium at 2 K. The peak of the pulse is at
t =9.3 ns. The incident-laser-pulse energy is 0.3 pJ and spot di-

ameter (FWHM) is roughly 10 pm, corresponding to a power
density of roughly 4X 10' W/cm . The spectra are plotted on a
linear intensity scale and normalized to the same peak intensity.
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these small values of a observed at late times because the
fits to these narrower spectra are much more sensitive to
the value chosen for the spectral broadening.

Under these surface-excitation conditions, the exciton
gas actually exhibits a range of densities at any moment
in time, so that it is not clear why a single chemical po-
tential should describe the actual energy distribution.
%e show by modeling in Sec. IV that the a and T ob-
tained from these fits actually give a reasonable approxi-
rnation of these parameters for the region of highest exci-
ton density.

As reported in Ref. 12, the exciton-gas temperature
ranges up to 70 K during the cavity-dumped pulse. The
lattice temperature, however, remains below 15 K, as in-
dicated by the almost negligible band-gap shift of the
spectra. Indeed, a lattice temperature rise of T & 20 K is
expected from the deposited energy and the heat capacity
of Cu20. The establishment of an exciton temperature
difFerent from the lattice temperature is understandable
since the exciton-exciton scattering time is short, on the
order of picoseconds, while the exciton-acoustic-phonon
scattering time is on the order of nanoseconds.

The second significant result is that the orthoexciton
luminescence does not show a sharp peak as expected for
a large condensate fraction; rather the spectrum keeps a
nearly constant shape, i.e., constant a= —p/kr T, as the
gas increases in density and temperature. From Eq. (2)
this implies that the system moves parallel to the Bose-
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FIG. 4. Several orthoexciton spectra of Fig. 3, plotted loga-
rithmically. (a) Time t =3.1 ns. The dashed-line fit to the data
is an ideal Bose-Einstein (BE) distribution with a=0. 1, T=30
K. The open circles are a fit to a BE distribution with
a=0. 1,T=32 K convolved with the spectrometer triangle
function with FWHM =0.5 A=0. 16 meV. No Lorentzian
spectral broadening is seen. (b) Time t =6.2 ns. The dashed-
line fit to the data is an ideal BE distribution with a=0. 15,
T=55 K, assuming no spectral broadening. The open circles
are a fit to an ideal BE distribution with a=0. 1, T =60 K, con-
volved with a Lorentzian with FWHM of 0.1 rneV. (c) Time
t = 15.5 ns. The dashed line is an ideal BE fit with
a=0. 1,T =30 K, with no spectral broadening. The open cir-
cles are a BE distribution with a=0.01,T=40 K, convolved
with a Lorentzian with FWHM of 0.17 meV. Although the
density is lower than in Fig. 4(b), the spectral broadening is
greater. (c) t =18 ns. The dashed line is a fit to an ideal BE dis-
tribution with a=0.03, T =26 K with no broadening. The open
circles are a fit to a BE distribution of a=0.0001,T=26 K,
convolved with a Lorentzian with FWHM of 0.125 meV.
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FIG. 5. The quantum "saturation" of the orthoexciton ener-

gy distribution. The data of Fig. 3 from two times, at very
different temperatures, are plotted on an energy scale normal-
ized by fit temperature. Both curves have the same shape, i.e.,
the same degeneracy a, which is very different from the classical
Maxwell-Boltzmann (MB) distribution.

Einstein phase boundary, n =CT . Figure 5 illustrates
this shape invariance for two quite different temperatures
and densities. One spectrum, taken at t =5 ns, has
n =2 X 10' exciton/cm, T =60 K; the second spectrum,
taken at 15 ns, has n =7X10' excitonslcm, T =30 K.
In this figure, the horizontal energy scale is normalized to
the gas temperature in each case.

IV. LOW-ENERGY TAIL
AND SPECTRAL BROADENING

An interesting result from the orthoexciton phonon-
assisted luminescence is the appearance of the low-energy
tail. The width of this tail is significantly greater than the
spectral slit resolution. Haug and Kranz ' have inter-
preted a similar tail, reported in Ref. 6, as due to interac-
tions with the collective modes of a condensate in a dense
Bose gas. The tail may also be due to collision broaden-
ing. As shown in Fig. 4, the phonon-assisted lumines-
cence spectra agrees with an ideal Bose-Einstein distribu-
tion with a Lorentzian broadening of order 0.1 meV. A
Lorentzian shape is predicted by the basic theory of col-
lision broadening. From the uncertainty principle, the
width, 0.1 meV, corresponds to a collision time of 12 ps.

0
For particles with a hard-core cross section o =m.(7 A),
at T =30 K, densities of 10' to 10' excitons/cm give
classical scattering times, ~=1/no. u, from 3 to 30 ps. In
this estimate, we have used the excitonic Bohr radius as
the representative hard-core radius.

The width of the broadening, however, does not always
correlate with the density. In particular, the broadening
appears more strongly at late times. For instance, in Fig.
4, the maximum of the density corresponds to the spec-
trum of Fig. 4(b), which is fit with an energy broadening
of 0.1 meV. The maximum of the broadening, however,

corresponds to Fig. 4(c), where the density has fallen by a
factor of 3 and the broadening width is 0.17 meV.

This behavior is diScult to explain if the low-energy
tail is simply due to collision broadening. On the other
hand, a tail may also be generated from interactions with
condensate collective modes. These should be much
stronger than excited-particle interactions due to the
coherence of the excitation modes. One can postulate
that the late-time spectra include a condensate com-
ponent that, though small, leads to a large broadening in
addition to the collision broadening. Although the fits
give values of a slightly different from zero, part of the
orthoexciton gas may be condensed but obscured due to
spatial integration of luminescence, as discussed in Sec.
V. The interaction may also be with a condensate in the
paraexciton species, even if the orthoexcitons do not con-
dense.

Another possibility is that a small hot lattice region
could explain the late-time appearance of the low-energy
tail. Because the phonons emitted by the carriers in the
thermalization process take some time to convert to low-
energy acoustic phonons, the lattice may have a time lag
in its thermal expansion. One can imagine that the
volume of the exciton gas includes a small hot spot with
red-shifted luminescence spectrum, contributing to a
low-energy tail. From the intensity of the tail, the exci-
tons in a hotter region must comprise less than 10%%uo of
the total gas.

Additional information concerning the interpretation
is obtained from the orthoexciton direct-recombination
line. Because no phonons participate in this process, only
states with near-zero momentum (i.e., k=k „„,„) are
observed. Figure 6 shows the orthoexciton direct-
recombination line at three different times. During the
laser pulse, the direct line exhibits a broadening to up to
a width of 0.15 meV. This broadening is comparable to
that observed for the orthoexciton phonon-assisted line.
Its symmetric shape, indicated by the dashed Lorentzian
fit, argues for interactions within the gas and is not what
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2032.8 2033.3 20M.8
photon energy (meV)

FIG. 6. Orthoexciton direct-recombination luminescence
(quadrupole line) under somewhat lower-power conditions than
Fig. 3, at three times. The line shows a broadening during the
laser pulse consistent with the low-energy tail on the phonon-
assisted luminescence. The dashed curve on the early-time data
is a fit to a Lorentzian with half width 0.1 meV.
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third dimension is unavoidable.
Figure 8(a) shows a simple model of the temperature

and density variation as functions of the distance x from
the surface, at a given time during the excitation. The lo-
cal gas density n is assumed to decrease away from the
surface with the diff'usive form n =n,„exp( —x ). Spa-
tial profiles of the luminescence (see Fig. 16) display a dis-
tribution qualitatively similar to this at later times in the
expansion process. The temperature is assumed to have
the form

T =T,„exp( —x /1. 5)+ T„«,

t (ns)
FIG. 7. Dashed curve: The total I 3 -phonon-assisted

orthoexciton luminescence vs time for the same excitation con-
ditions as the data of Fig. 6. Solid curve: The luminescence of
the "low-energy tail" (E &2020 meV) of the phonon-assisted
line. Dotted curve: The total orthoexciton direct luminescence
vs time. All three curves are normalized to the same height.
The low-energy tail and the direct-recombination luminescence
show a correlation.

is expected from a small region of red-shifted lumines-
cence. After the laser pulse the direct line narrows to its
intrinsic (low-density) width of 0.04 meV. At very late
times, a broad red-shifted component of the direct recom-
bination line does appear. Since the gas volume at these
times is very large, a red shift may come from impurity-
induced band-gap fluctuations in the bulk.

The total integrated signal of the direct line is relative-
ly higher than that of the phonon-assisted line at later
times. Figure 7 shows (a) the total (i.e., spectrally in-
tegrated) phonon-assisted luminescence intensity, (b) the
total direct luminescence, and (c) the total intensity of the
"low-energy tail" of the phonon-assisted luminescence
for the orthoexcitons as functions of time during the laser
pulse. The total intensity of the low-energy tail correlates
in time with the direct-recombination line. Since the
direct line involves only low-momentum states, it is not
surprising that its total intensity shows the same tem-
poral behavior as the low-energy tail. This correlation in
time is hard to reconcile with the view of the low-energy
tail as due to a region of lattice red shift, since there is no
reason for the total direct recombination to be enhanced
due to a small hot lattice region. Indeed, the late-time
growth of the low-energy tail may be evidence for the col-
lective modes theoretically predicted for a Bose-Einstein
condensate.

V. EFFECTS OF SPATIAL INHOMOGENEITIES

Surface excitation produces an excitonic gas that has a
range of densities and temperatures. The laser pro61e is
approximately Gaussian, introducing spatial inhomo-
geneity along the surface. Also, the gas diS'uses from the
extremely dense region near the surface to zero density
deep inside the crystal. Spatial selection of the lumines-
cence over two dimensions is accomplished by the imag-
ing method described above, but spatial integration in the

which gives temperature proportional to n at high
densities, in agreement with the observed n ~ T satura-
tion, and falls to the lattice temperature at low densities.
Given this form of density and temperature variation, a
spatially integrated spectrum is calculated by assuming a
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FIG. 8. (a) Model of a possible exciton density and tempera-
ture distribution as a function of distance away from the sur-
face. T is proportional to density to the —, power at high densi-

ties, and falls to the lattice temperature of 2 K well inside the
crystal. The minimum a is at the surface and equals 0.098,
determined by the best fit to spectrum in (c). (b) Another possi-
ble exciton density and temperature distribution as a function of
distance away from the surface. The minimum a, at maximum
density, is found in this case to be 0.025. (c) Solid line: the same
data as Fig. 4(c). Open circles: The luminescence spectra from
summing a number of local spectra over the distribution of (a),
assuming that the spectrum at all densities is a Bose-Einstein
distribution. The overall spectrum .is convolved with a
Lorentzian of half width 0.125 meV.
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Bose-Einstein spectrum of the form D(e)f (e,a) at each
value of x. The fit parameters are now n, „and T,„ in-

stead of n and T as in the previous fits. The circles in Fig.
8(c) show the integrated spectrum calculated from the
spatial distribution of Fig. 8(a) and convolved with a
Lorentzian broadening of width 0.125 meV. The fit to
the data of Fig. 4(b) (solid line) is quite good. In this best
fit, the local a increases from 0.098 at the surface to
infinity inside the crystal. The temperature at the surface
is 75 K.

Figure 8(a) corresponds to the case of zero heat con-
ductivity, with temperature depending only on the local
density. Figure 8(b) shows a similar model, but with con-
stant temperature, corresponding to the case of infinite
heat conductivity. The true distribution presumably lies
between these two extremes. The density variation in
Fig. 8(b) has the same form as in Fig. 8(a). In this case
the best fit for a;„is 0.025, and the temperature is 50 K.
The agreement of the spectrum calculated from this mod-
el to the data of Fig. 4(c) (not shown because it overlaps
the previous fit) is also quite good.

We have also considered a model with density propor-
tional to x exp( —x ), possibly corresponding to the case
of drift away from the surface or rapid surface recom-
bination. The assumed temperature variation has the
form as in Fig. 8(a). Again, using n,„adnT,„as ad-
justable parameters, a good agreement is obtained with
the spectrum.

We conclude that different spatial models give about
the same luminescence spectrum as long as they have
similar average properties. The n, „obtained from fits of
these models to the data is about the same as the density
obtained from the fit assuming a homogeneous gas. We
can therefore use the values for density and temperature
obtained from the homogeneous fits with confidence that
they represent the average properties of the gas.

VI. HIGHLY DEGENERATE
PARAEXCITON LUMINESCENCE

We have concluded above that the orthoexciton gas is
either extremely close to condensing or possibly has a
small condensed fraction. What about the paraexcitons?
One expects that the photoexcitation and thermalization
processes create orthoexcitons and paraexcitons in the
3:1 ratio of their spin degeneracy. The paraexciton band
lies 12 meV lower and has longer intrinsic lifetime, how-
ever, so that down conversion of orthoexcitons quickly
produces a gas dominated by paraexcitons. The intercon-
version rate is known to be a few nanoseconds, which is
the principal loss mechanism of the orthoexcitons. Since
the paraexcitons have only one spin state instead of three,
they may reach higher levels of quantum degeneracy, de-
pending on the speed of the interconversion process com-
pared to the volume expansion rate.

Due to the spin selection rule, the radiative efficiency
of the paraexciton phonon-assisted luminescence is less
than the main orthoexciton phonon-assisted line by a fac-
tor of 1500+300, so that when time-resolved data is
taken at roughly equivalent para and ortho densities, the

paraexciton luminescence is nearly impossible to see.
(Previous studies of paraexcitons have integrated the
luminescence over times comparable to their mi-
crosecond lifetime. Here we have no such luxury, be-
cause the near-critical densities exist only for a few
nanoseconds due to the rapid particle diffusion after the
laser pulse. ) The situation is exacerbated by the close
proximity of an orthoexciton phonon-assisted line. How-
ever, by integrating over long periods (roughly two hours)
with high laser-pulse repetition rate ( —I MHz), we have
been able to observe the paraexciton spectrum during the
pulse.

Figure 9 shows the orthoexciton and paraexciton
luminescence spectra, taken at the same time during
moderate-power laser excitation. The two spectra are
normalized in intensity and plotted with the same energy
scale. The paraexciton spectrum has had a baseline sub-
tracted. The paraexciton distribution is clearly much
narrower than the orthoexciton spectrum, as indicated by
their half widths (dotted lines). If we make the reason-
able assumption that both species of excitons have the
same temperature, as expected in this dense gas with pi-
cosecond collision times, then the narrower paraexciton
line shape implies that the paraexcitons have greater de-
generacy. The orthoexciton line shape yields a=0.31
and T=26 K at this time. The fit to the paraexciton
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FIG. 9. The orthoexciton (I 3 -phonon replica) and paraexci-
ton (I 5 replica) spectra at the same time during a laser pulse
with incident power =5X10 W/cm, corresponding to the
data of Fig. 10(c). The half widths are shown by the dotted
lines. The paraexciton luminescence has much smaller half
width, indicative of a more degenerate paraexciton distribution.
The orthoexciton spectrum is fit to a BE distribution with
a =0.31 and T =25 K, and the paraexciton spectrum is fit to a
BE distribution with a=0.031 and T =25 K.
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spectrum in Fig. 9, shown as the dashed line, has been ob-
tained by fixing the temperature to T =26 K and varying
a. In this case, the paraexciton distribution is best fit by
a Bose-Einstein distribution with a =0.031.

In addition to fitting the spectral distributions, there is
another method of estimating the density of the paraexci-
ton gas. One can deduce the absolute ratio of orthoexci-
tons to paraexcitons by comparing their total lumines-
cence intensities at the same time. The volumes of the
ortho and para components are found to be the same (see
below) so that their relative densities may be ascertained.
This method relies on a previous calibration of the radia-
tive strengths of the various exciton lines. '

Figure 10 shows the total I 3-phonon-assisted orthoex-

citon luminescence and the total I ~-phonon-assisted
paraexciton luminescence as functions of time, for several
difFerent excitation-power densities. These data are all
taken with approximately the same laser power but
difFering spot sizes, so the uncertainty in the power densi-
ty is about a factor of 2. The paraexciton intensity has
been multiplied by a factor of 1500 (the relative lumines-
cence strength) and corrected for different spectrometer
slit width and integration time. The ratio of ortho and
para intensities in this figure therefore corresponds to the
ratio of their densities. Notice that in all cases the
orthoexciton-to-paraexciton ratio is much greater than
expected from a simple Boltzmann population,
exp( —5/ka T) = 10 ' to 10 . This is due to the
density-dependent Auger-like process discussed in the
following.

Figure 11 shows the orthoexciton and paraexciton den-
sities during the peak of the laser pulse for the four laser
powers shown in Fig. 10. The orthoexciton densities
have been deduced from fits to the phonon-assisted spec-
tra at the peak intensity. For example, the density deter-
mined from the orthoexciton spectrum of Fig. 9 corre-
sponds to the point of maximum intensity in Fig. 10(c),
and the second-highest power in Fig. 11. The spectra of
Fig. 10(a) are nondegenerate so the spectral fit gives only
an upper bound on the density. A lower bound on the
density is obtained by comparison of the laser excitation
power. The paraexciton density in each case is obtained
by multiplying the lower bound of the orthoexciton den-
sity by the paraexciton-to-orthoexciton intensity ratio
shown in Fig. 10.

As seen in Figs. 10(a)—10(c), as the excitation energy
density is raised, the paraexciton density decreases rela-
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FIG. 10. The relative number of paraexcitons and orthoexci-
tons during laser pulses at several power levels, based on the to-
tal integrated luminescence of the two species. The paraexciton
intensity is multiplied by 1500 to indicate the relative densities
of the two species. As seen in this figure, the ratio of paraexci-
tons to orthoexcitons decreases as density increases except at
highest densities, shown in Fig. 10(d).

FIG. 11. The maximum density of the orthoexcitons and
paraexcitons for the four laser-pulse powers shown in Fig. 10.
The orthoexciton density is estimated from the spectral fit at
maximum intensity; the paraexciton density is set equal to the
orthoexciton density multiplied by the intensity ratio from Fig.
10. The solid and dashed lines indicate the approximate critical
densities for the paraexcitons and orthoexcitons, respectively,
based on the fit temperature from the orthoexciton spectra. As
seen in this figure, the paraexcitons exceed critical density dur-
ing most of the saturation of the orthoexcitons; at the highest
powers, they are nearly an order of magnitude above critical
density.
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tive to the orthoexciton density. This behavior is expect-
ed when Auger nonradiative recombination due to col-
lisions is taken into account. In this process, which has
been observed' ' to occur in Cu20 with a cross section
of 1 —2 A, two excitons collide and one recombines, giv-

ing its energy to ionizing the other. As in the laser-light
generation process, the excited electrons and holes re-
form as excitons with random spin, presumably yielding
three orthoexcitons for every paraexciton. At high densi-
ties when this process dominates the lifetime, one there-
fore expects that the orthoexciton density will approach
three times the par aexciton density. In the low-to-
intermediate-density regime, this model works well; at
the highest densities, however, the paraexciton density
suddenly increases relative to the orthoexciton density
[see Fig. 10(d)], indicating a new channel of
orthoexciton-to-paraexciton conversion.

The anomalous rise in the paraexciton population rela-
tive to that of the orthoexcitons corresponds to a condi-
tion where the paraexciton density greatly exceeds the
critical density for condensation. The dashed lines in

Fig. 11 give the predicted critical density for the orthoex-
citons, as determined from the spectral-fit temperature at
each time and Eq. (2). From this equation, the predicted
critical densities for paraexcitons at the same time and
temperature lie a factor of three lower than the dashed
curve. As seen in this figure, the paraexciton density
exceeds the critical density at all times during the
orthoexciton "saturation" just below its critical density.
At the highest power density, the paraexciton density
exceeds that necessary for condensation by nearly a fac-
tor of S.

We now examine whether there is evidence for a con-
densed fraction in the paraexciton spectra. Indeed, we
find that the paraexciton spectra in this high-density case
become anomalous. Figure 12 shows the paraexciton
luminescence spectrum as a function of time under high-
power excitation conditions ( -5 X 10 W/cm ), the same
data as used in Fig. 10(d). Superposed on the same ener-

gy scale is the orthoexciton phonon-assisted luminescence
under the same conditions. Because of the high repeti-
tion rate, a small amount of excitons from the previous
laser pulse are present at the start of the laser pulse. The
"t =0" spectra show the para and orthoexciton lumines-
cence from the prior pulse. (The paraexciton spectrum at
t =0 has peak intensity a factor of 4 less than the peak in-
tensity at 3.9 ns, and 50 times less than the maximum in-
tensity at t = 11.7 ns. ) Both the paraexcitons and
orthoexcitons have a T =2.7 K Maxwell-Boltzmann dis-
tribution. As the density increases, the paraexciton line
becomes narrower than the orthoexciton line, indicative
of higher degeneracy as already discussed. The orthoex-
citon spectrum is well fit at all times to an ideal Bose-
Einstein distribution with rising and falling temperature.
At the peak densities, however, the paraexciton spectrum
does not fit either a classical or an ideal Bose-Einstein dis-
tribution, but instead shows a high-energy bump, or
cutoff.

The anomalous bump in the paraexciton distribution
could be viewed as a blue-shifted component of the
luminescence spectrum. Indeed, Moskalenko et al.

have predicted a blue shift for the condensed or nearly
condensed paraexciton species due to the repulsive in-
teractions of the excitons. The blue shift for paraexcitons
is predicted to be much greater than that of the orthoex-
citon species. Moskalenko et al. predict that the blue
shift increases linearly with density. The energy position
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FIG. 12. The spectral data corresponding to Fig. 10(d). Solid
curves: the paraexciton phonon-assisted luminescence at vari-
ous times during and after a cavity-dumped 10-ns Ar+-laser
pulse exciting Cu20 at 2 K. The spectra show an unusual high-

energy bump, or cutoff, during the times of highest density. The
large signal at short wavelength is due to the low-energy tail of
an orthoexciton phonon-assisted replica. Dashed curves: The
orthoexciton phonon-assisted luminescence under the same ex-
citation conditions, normalized to the same height and plotted
on the same wavelength scale as the paraexciton luminescence.
Both the orthoexciton and the paraexciton spectra fit a
Maxwell-Boltzmann distribution with T=2.7 K at t =0, but
they take on very different shapes at later times, until well after
the laser pulse.
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FIG. 13. A possible explanation of the bump in the paraexci-
ton spectra. The dashed line indicates the energy of an exciton
which couples directly to the ground state via a longitudinal
acoustic phonon.
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of the observed bump, however, is relatively independent
of time and excitation power.

One may immediately speculate that this highly anom-
alous energy distribution of the paraexcitons is associated
with Bose-Einstein condensation. The additional
"bump" in the spectra suggests a condensate into a state
with nonzero momentum. Why is the energy fixed at
about 1 meV? This energy may be related to the intrinsic
energies of the lattice phonons. One possibility involves
the longitudinal acoustic phonons in Cu20. As shown in
Fig. 13, the linear dispersion of the longitudinal acoustic
phonons in Cu20, A'ai=kuk with v =4.5X10 cm/s,
crosses the quadratic dispersion of the excitons at an en-

ergy of about 0.7 meV. Nonequilibrium phonons flowing
from the excitation spot can impart their momentum to
the gas, which, if superfluid, would take on a rapid ballis-
tic transport. Due to the linear excitation spectrum at
low energies, the superfluid component would not lose
this energy rapidly.

An interesting possibility is that the orthoexciton
down-conversion process "seeds" the condensed fraction
at finite velocity. The upper edge of the bump [i.e., the
apparent energy cutoff at 2011.8 meV in Fig. 14(a)) lies 88
cm ' below the ground state of the orthoexcitons, which
is the energy of a I 5 optical phonon in Cu20. This points
to the process of the orthoexciton ground state emitting a
single 88-cm ' I

& optical phonon to convert to the
paraexciton state, as shown in Fig. 15. We can check this
possibility by comparing the orthoexciton "ground state"
luminescence intensity to the intensity of the paraexciton
"bump" luminescence as a function of time. Figure 14(b)
shows the laser intensity, the luminescence intensity for
the orthoexciton tail and the paraexciton high-energy
bump as functions of time. The solid line in Fig. 14(b)
gives the time dependence of the intensity of the orthoex-
citon low-energy tail, shown as the shaded region in the
orthoexciton spectrum in Fig. 14(a); the dashed line in
Fig. 14(b) gives the intensity of the bump in the paraexci-
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FIG. 14. (a) Orthoexciton and paraexciton spectra from Fig.
12 at t =11.7 ns. The time evolution of the shaded regions are
compared in part (b), where the solid curve is the luminescence
from the orthoexciton low-energy tail [shaded area in the upper
spectrum of (a)]. The dashed curve is the luminescence from the
paraexciton bump [shaded area in the lower spectrum of (a)] for
the data of Fig. 11. Dotted curve: the laser intensity as a func-
tion of time during the excitation. The paraexciton high-energy
cutoff does not correlate with the laser light but does correlate
with the orthoexciton low-energy states.
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FIG, 15. Possible down-conversion process in Cu~O: a single
88-cm ' phonon emitted from the zone center of the orthoexci-
ton band. Such a process could "seed" the paraexciton distribu-
tion at the 1-meV (8-cm ') high-energy cutoff in the paraexciton
spectrum.
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ton spectrum, shaded in the paraexciton spectrum in Fig.
14(a). The dotted line is the laser power versus time. The
appearance of the bump in the paraexciton spectrum
correlates in time with the ground state orthoexciton
luminescence in showing a time lag to its maximum.
This gives indirect support to the idea that the paraexci-
ton population is seeded at high density by down conver-
sion from the orthoexciton ground state.

An increased down-conversion rate would help to ex-
plain both the saturation of the orthoexciton density at
n, (T) and the rise in the paraexciton-to-orthoexciton ra-
tio at high excitation levels, seen in Fig. 10(d). But why
would this I 5-phonon down-conversion process be
enhanced at high density? One consideration is that the
occupation numbers of the paraexciton states are high
when the paraexcitons are above the critical density, and
any states with occupation number above unity will
enhance the interconversion processes into these states.
Also, the paraexciton bump may indicate an increase in
the population of the orthoexciton ground state; indeed,
the orthoexcitons may be partly condensed as indicated
by the degenerate fits and the low-energy tail.

The question remains whether the bump at high energy
corresponds to a ballistic motion of excitons. As men-
tioned above, it is expected that a condensate moving at
finite velocity will experience greatly reduced scattering
with lattice phonons due to the coherent quantum nature
of the system, i.e., a superAuid flow of excitons. ' '

With this impetus, we have examined the spatial expan-
sion of the exciton gas as a function of excitation density.

VII. NONDIFFUSIVE EXPANSION
OF THE EXCITONIC GAS

orthoexcitons and paraexcitons, normalized in intensity,
at three different times during and after an intense laser
pulse. The luminescence in each case is spectrally in-

0
tegrated over a range of 15 A. The paraexciton spatial
distribution has had the broad distribution remaining
from the previous laser pulse subtracted. A width 5 is
defined for each distribution which is the distance from
the surface to the inner half-maximum intensity. In the
case of simple diffusion, neglecting surface recombina-
tion, the distribution should be Gaussian at all times with
half width 5=(2.77Dt)'~ where D is the diffusion con-
stant. As seen in this figure, the orthoexcitons and
paraexcitons have about the same volume at all times.
This does not necessarily mean that the orthoexcitons
and paraexcitons have the same diffusion constant. A gas
dominated by paraexcitons produces orthoexcitons by the
Auger process, so at later times in the expansion process
the distribution of orthoexcitons is partly due to a local
generation of orthoexcitons within the paraexciton gas.

Figure 17 shows the width b, of the orthoexciton distri-
bution as a function of time during and after the laser
pulse for several laser-power densities. At the lowest ob-
served densities, the behavior is diffusive with diffusion
constant about 700 cm /s (neglecting the effect of surface
recombination, which is discussed in the following). This
compares to the measured diffusion constant for paraex-
citons of 600 cm /s at T =2 K.' In fact, the lattice tem-
perature determined from the late-time paraexciton spec-
tral distribution is about 4 K, indicating that the pho-
toexcited crystal is hotter than the 2-K bath temperature.
The measured D at 4 K is only 200 cm /s, and falls
roughly as T ' at higher temperatures.

160
As seen in Fig. 11, at high powers the paraexcitons

have an average density above the critical density for
Bose-Einstein condensation. This is true even well after
the laser pulse, since the paraexcitons have much longer
lifetime than the orthoexcitons and the temperature is
falling quickly. If the paraexcitons are condensed, is
there any evidence for superAuid transport? Fast trans-
port rates are predicted for Bose-condensed excitons. '

Figure 16 shows the spatial distribution of both the
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FIG. 16. Solid curves: the paraexciton spatial distribution
for three times during and after the laser pulse. The early-time
paraexciton distribution, remaining from the previous laser
pulse, has been subtracted. x =0 corresponds to the crystal sur-
face. Dashed curves: the orthoexciton distribution at the same
times.

FIG. 17. Supersonic transport of the excitons at high power.
The distance 6, measured from the surface to the innermost
half maximum of the spatial distribution, for the orthoexcitons
as a function of time for several laser-power densities. Open tri-
angles: pulse energy/area =10 ' pJ/pm'. Solid squares: pulse
energy/area = 1.5 X 10 '

pJ/pm . Solid triangles: pulse
energy/area =5X10 ' pJ/pm'. The dashed line has slope
given by the average longitudinal acoustic-phonon velocity in

Cu20, 4.5X10 cm/s. The solid curve is equal to &2.77Dt,
with D =600 crn /s, previously measured (Ref. 18) for paraexci-
tons at T=2 K. The dotted line labeled I, gives the total
luminescence at the surface of the crystal as a function of time,
which roughly follows the laser intensity.



11 182 D. W. SNOKE, J. P. WOLFE, AND A. MYSYROWICZ 41

At high powers, the distribution expands more rapidly,
with a ballistic character. For the highest excitation level

(15-pm laser spot, 5X 10 W/cm ) an expansion velocity
of 6.5 pm/ns=6. 5X 10 cm/s is observed. This is faster
than the longitudinal acoustic-phonon speed of 4.5
pm/ns. This supersonic velocity is comparable to the
group velocity of excitons at the anomalous bump in the
paraexciton spectrum, v =10 pm/ns. An exact equality
is not expected, of course, since the spatial distribution
has contributions from excitons in excited states as well

as those in a condensed fraction. Also, the dispersion re-
lation of the condensed gas may be significantly modified
as in Fig. 13. Nevertheless, the observation of a power-
dependent ballistic or driftlike motion, which is superson-
ic at the highest levels, provides a compelling argument
for a nonclassical transport.

Nondiffusive motion of excitonic matter has been pre-
viously observed for electron-hole liquids in Ge and Si
and for free excitons in CdS.3 In those cases, near-sonic
velocities were clearly attributed to drift motions of
electron-hole droplets in a "wind" of ballistic phonons.
Anisotropic clouds of electron-hole droplets in Ge pro-
vided graphic proof of this phonon-wind mechanism. 3'

In those experiments, however, the drift was strictly lim-
ited to subsonic velocities. Such velocity-saturation be-
havior (actually at the transverse phonon velocity) has
been clearly observed in silicon. Therefore, the super-
sonic transport velocities observed here for the degen-
erate excitons in Cu20 are quite novel, suggesting that
the damping of the exciton motion by phonon emission is

greatly reduced.
Proper interpretation of the anomalous transport must

take into account the lifetimes of the excitons. Recom-
bination at the crystal surface can affect the spatial distri-
bution of the excitonic gas and lead to apparently faster-
than-diffusive motion. For example, surface recombina-
tion velocities of 2 X 10 cm/s for photoexcited carriers in
Si led to driftlike temporal behavior ' with apparent
drift velocities of about 2 X 10 cm/s. While some degree
of surface recombination is inevitable in the expansion in

Cu20, this effect cannot explain all of the data. First, the
observed expansion at high powers is faster than expected
for surface recombination, even in the case of infinite
surface-recombination velocity (boundary condition n =0
at x =0.) In that case, the solution of the diffusion equa-
tion by the method of images in one dimension gives the
analytic form of the spatial distribution as

n ccxt ~ exp( x l4Dt), —

with half width b. =(7.45Dt)' where D is the diffusion
constant. Thus, this extreme case of infinitely fast surface
recombination leads to an increase in b by (7.45/2. 77)'~,
or only about 60%. Two other observations argue that
surface recombination does not explain the observed rap-
id expansion: (1) the high-power expansion appears to be
linear with time over the observed range, rather than pro-
portional to t'~; (2) the expansion velocities depend on
excitation power, and the low-power data shows diffusive
expansion with D about equal to that measured for
paraexcitons, without recourse to surface recombination

effects. At high power, the measured expansion velocities
are close to the calculated ba/listic velocities in the gas.

At this stage, we have considered only some of the sim-
ple aspects of the expansion processes. In fact, the tem-
perature of the two-component gas may be inhomogene-
ous, and this can affect the overall transport, although
the gas has cooled significantly at the times when super-
sonic velocities are observed (e.g., 25 ns in Fig. 17.) Also,
the larger densities at the surface lead to shorter lifetimes
which will modify the distribution from that expected for
simple diffusion or drift. In addition, the orthoexcitons
and paraexcitons should have quite different phonon-
scattering times.

VIII. SUMMARY AND CONCLUSIONS

In a previous publication, we analyzed the photo-
luminescence spectra of orthoexcitons with the simple
distribution of an ideal Bose gas, given by f (e,a)D(e).
The analysis showed a quantum saturation of the gas
with a =0. 1 over a wide range of densities. In this paper
we have taken into account spectral broadening due to
interactions between particles and to spatial inhomo-
geneities. The occurrence of a low-energy tail in the
spectrum at high gas densities is a clear indicator of par-
ticle interactions. This feature can be accounted for by
incorporating a Lorentzian broadening with a value close
to that expected from interparticle collisions. When this
interaction broadening is included, the spectral fits yield
nearly zero chemical potentials, indicating that at high
excitation levels the orthoexciton gas is right at the phase
boundary for Bose-Einstein condensation. To determine
the effect of spatial inhomogeneities in the gas density
and temperature, we have summed local Bose spectra
over a range of densities and temperatures. This compos-
ite spectrum fits the experimental spectrum well and indi-
cates that the region of maximum gas density is very
close to condensation. At high excitation, the orthoexci-
ton gas seems to be pinned at the phase boundary.

Given this quantum saturation of the orthoexcitions,
we have observed the much weaker photoluminescence of
the lower-lying paraexcitons. At intermediate excitation
levels, the paraexciton distribution is narrower than the
corresponding orthoexciton distribution, indicating that
the paraexcitons are more degenerate. This observation
is not surprising, considering the three-times-smaller spin

multiplicity of the paraexcitons and their rapid genera-
tion by down-conversion of orthoexcitons. Indeed, a
determination of the relative intensities of orthoexcitons
and par aexcitons indicates that the paraexciton gas
reaches or exceeds its critical density at these excitation
levels. As the excitation level is raised further, the
paraexciton spectrum exhibits an anomalous non-ideal-
gas shape. A distinct spectral bump, or cutoff, is ob-
served at about 1 meV above zero kinetic energy. At
these high excitation levels, the total intensity of the
paraexciton luminescence increases relative to the
orthoexcitons. The position of the spectral bump in the
paraexciton spectrum suggests a couple of interpreta-
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tions. It is separated from the bottom (zero kinetic ener-

gy) of the I &-orthoexciton replica by the energy of a I s

optical phonon, suggesting that the paraexciton gas is
"seeded" by interconversion of orthoexcitons with the
emission of this optical phonon. The enhancement of this
process at high particle densities may be caused by an in-
creased population of the zero-energy orthoexcitons (i.e.,
due to condensation) and the degenerate final-state popu-
lation of excitons.

A second consideration is that the paraexciton bump
appears close to the energy where the longitudinal
acoustic-phonon dispersion crosses the single-particle ex-
citon dispersion curve. This suggests that absorption of
acoustic phonons leaving the excitation region may cause
the paraexcitons to form a condensate with nonzero
momentum.

Evidence for ballistic propagation is found in the time-
resolved spatial profiles of the exciton gas. In contrast to
classical diffusion, the expansion rate is found to increase
with excitation level, and at the highest powers the ex-
pansion velocity is close to the ballistic velocity of exci-
tons with 1-meV kinetic energy. The observed expansion
rate greatly exceeds that expected for diffusion, even at
the large diffusion constant previously measured for
paraexcitons at low gas densities. Of course, this is hard-
ly a simple diffusion process described solely by exciton-
phonon collisions, as in the low-density case. At high
densities the particle lifetimes are density dependent,
which can alter the spatial distributions. And, at least
during the excitation pulse, the gas temperature and the
lattice temperature are significantly different. Neverthe-
less, these first experiments show a nondiffusive transport

of the exciton gas at near-ballistic velocities, which, to-
gether with the time-resolved spectral information, pro-
vide a compelling case for Bose-Einstein condensation
and excitonic superfluidity.

One of the most interesting theoretical aspects of this
system is the role of interactions in the condensation pro-
cess. Aside from the simple collisional broadening, we
have ignored the presence of interactions in the spectral
analysis. At the highest experimental densities, the exci-
ton gas is approaching the region where it may not be
considered an ideal gas. As previously mentioned,
na =0.04 for n = 10 /cm and a =7 A, and the interac-
tion energies should be a few Kelvin in this density range.
The thermodynamics of the quantum exciton gas (e.g.,
heat capacity and the nature of the phase transition)
remains as an intriguing problem.
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