
PHYSICAL REVIEW B VOLUME 42, NUMBER 13

Picosecond dynamics of degenerate orthoexcitons in CuzO

1 NOVEMBER 1990

D. W. Snoke* and J. P. %olfe
Physics Department and Materials Research Laboratory, Uniuersity ofIllinois, Urbana, Illinois 61801

(Received 18 April 1990)

Previous time-resolved luminescence studies of orthoexcitons in Cu20 have shown a "quantum
saturation" behavior. Basically, it was found that for 10-ns laser pulses, which are comparable to
the exciton lifetime, the exciton-gas temperature rises along the phase boundary for Bose-Einstein
condensation as the density is increased. The microscopic processes that lead to such an unusual

effect remained unresolved. To isolate the various kinetic processes, we have now conducted a
study using 100-ps pulses, which are short compared with the orthoexciton lifetime. Combined
with an increased time resolution, this short-pulse excitation has allowed us to observe some of the
intrinsic rates of thermalization and decay of the orthoexcitons. At low-to-intermediate excitation
levels, the decay of the gas temperature is found to agree with a model of acoustic-phonon emission,
and the deduced exciton-phonon coupling is in basic agreement with that obtained from diffusion

experiments. Another principal result is that the decay time of the gas temperature is significantly
increased with increasing degeneracy, i.e., at high excitation level. After the short excitation pulse
the orthoexcitons follow the Bose-Einstein phase boundary in density and temperature in a way
similar to their behavior during the "steady-state" conditions of the long-pulse excitation. We con-
clude that the temperature rise is not simply due to insufficient thermalization caused by a shorten-

ing of the exciton lifetime; at high density there must be a heating mechanism such as Auger recom-
bination.

I. INTRODUCTION

The semiconductor CuzO presents a beautiful oppor-
tunity to study the thermodynamics of an excitonic gas.
Although it is a direct-gap semiconductor with spherical
bands, the excitons in high-purity samples of CuzO have
a long lifetime' due to the inversion symmetry that makes
direct recombination forbidden to quadrupole order. The
excitons (electron-hole pairs bound by Coulomb attrac-
tion) have relatively small radius (7 A), high binding en-

ergy (150 meV), and a repulsive interaction, which al-
lows them to remain a nearly ideal gas up to high densi-
ties ( —10 cm ).

The luminescence of CuzO has been well studied since
the 1950s. Figure 1 shows a typical luminescence spec-
trum using cw excitation. The orthoexciton direct-
recombination line (labeled Xo) appears at a photon ener-

gy 2.035 eV, the orthoexciton phonon-assisted replica in-
volving the I 3 optical phonon occurs at photon energy
2.020 eV, and the only observed paraexciton replica, as-
sisted by the I

&
optical phonon, appears at 2.011 eV.

Each of the phonon-assisted replicas has a shape given by
n (E)AD (E)f (E), where D (E) is the excitonic density of
states and f (E) is the occupation number, which is sim-
ply exp( E Ikz T) for a cla—ssical gas. Orthoexcitons are
a triplet state analogous to spin 1; paraexcitons are a
singlet state analogous to spin 0. Orthoexcitons have a
short lifetime (r ( 10 ns) due to their down conversion to
paraexcitons. Paraexcitons have lifetimes approaching
microseconds, due to the fact that their direct recombina-
tion is forbidden in Cu20.

Cu20 has attracted interest lately because of its poten-
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FIG. 1. The luminescence spectrum of CuzO taken at low ex-
citation density and low temperature (2 K). The line labeled Xo
is the orthoexciton direct recombination; the phonon-assisted
orthoexciton "replicas" are labeled by the symmetry of the
optical-phonon involved. The direct paraexciton recombina-
tion, X~, is strictly forbidden. "X -I 5" is the paraexciton
phonon-assisted line, which is readily observable in cw experi-
ments due to the long paraexciton lifetime. The ortho direct is
cut off at about

~
of its height; the I, phonon-assisted ortho re-

plica is cut off at about —,
' of its height.

tial for demonstrating inherently quantum e6'ects of
Bose-Einstein statistics. The excitons are bosons under
the condition na &(1, where a is the excitonic Bohr ra-
dius (7 A) and n is the density. At n =10 cm, na is
still only 0.035. For a boson gas, the occupation number
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is predicted to be

f (E)= I/I exp[(E p—, )/ks T]—1 j .

This occupation number leads to a line shape distinctly
different from the classical line shape. It also leads to a
critical density for Bose-Einstein condensation, given by
n, =gCT, where g is the exciton spin multiplicity and
C =2.612(mks/2m' ) is a constant depending only on
exciton mass m and universal constants.

In a previous publication, we reported the "quantum
saturation" of orthoexcitons in CuzO. In those experi-
ments, the orthoexciton density was increased from very
low density to very high density ( —10' cm ) via excita-
tion of the crystal surface with cavity-dumped Ar+ laser
pulses. The 10-ns pulse lengths are comparable to the
orthoexciton lifetime. At the lowest densities, the exci-
tonic temperature stayed near the lattice temperature
(fixed by immersion in superfluid helium at 2 K), but
when the orthoexciton density came within a factor of 2
of the critical density for Bose-Einstein condensation, the
temperature increased as n, keeping the orthoexcitons
"saturated" at the phase boundary for condensation over
more than an order of magnitude in density variation.
This behavior is shown as the solid dots in Fig. 2. The
orthoexciton kinetic-energy spectrum, obtained from the
phonon-assisted replica line shape, departs from the clas-
sical form and takes on the distinct Bose-Einstein shape
but does not appear to have a significant condensate com-
ponent.

More recently, we have reported the paraexci ton
kinetic-energy spectrum, observed simultaneously with
the orthoexciton spectrum, At intense excitation levels,
the paraexciton spectrum displays a highly anomalous

structure. We simultaneously observed rapid
nondiffusive expansion of the excitons following their
creation at the surface of CuzO. These spectroscopic and
spatial data led us to conclude that the paraexcitons form
a Bose condensate during the saturation of the orthoexci-
tons.

A major question has remained unanswered in the
above work: Why does the excitonic temperature rise in
the way it does with increasing density? Several possibili-
ties come to mind: (1) The exciton lifetime is density
dependent and becomes too short for the excitons to
thermalize to the lattice within their lifetime; (2) the lat-
tice itself is heated due to the high excitation levels; (3) an
Auger two-body recombination process occurs, which
both shortens the particle lifetime and increases the ki-
netic energy of the gas by producing an ionized plasma
component; or (4) there is a quantum eFect that favors an
increase in temperature over Bose-Einstein condensation.

To address these issues, we have performed a series of
experiments using shorter laser pulses (100 ps) and fast
photon-counting time resolution (90 ps). In contrast to
the "long" 10-ns pulse experiments, the gas is observed,
for the most part, after the free carriers are injected by
the 100-ps pulse; hence, the present experiments measure
the relaxation of a highly excited system toward equilibri-
um. We have succeeded in estimating the acoustic-
phonon emission rate and the cross section for Auger
recombination and ionization. We have also found evi-
dence for a time lag in the occupation of low-energy
states, which could help to explain the saturation effect of
the orthoexcitons.

II. THERMALIZATION OF THE EXCITONIC GAS
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FIG. 2. The quantum saturation of the orthoexciton gas in

Cu&O, corresponding to a temperature rise with density,
T~ n '. The solid circles are the temperatures and densities
deduced from fits to the data from long (10-ns) excitation pulses
in Ref. 6. The open circles are the fit temperatures and densities
from the short-pulse (100-ps) data, as discussed in Sec. V of the
text. The data points are connected by a line in order from ear-
liest to latest —the arrows indicate increasing time delay. The
dashed line is the critical density for Bose-Einstein condensation
of orthoexcitons.

Figure 3 shows the orthoexciton I 3 -phonon-assisted
luminescence spectrum at various times during and after
a high-power, 100-ps mode-locked, cavity-dumped Ar+
laser pulse (h v=2. 41 eV). The laser is focused to a spot
about 20 pm in diameter, producing an incident power
density of about 10 W/cm . The photoluminescence is
selected with a 1-m spectrometer (typical resolution 0.5
A) and detected with a Hamamatsu multichannel plate
phototube with 90-ps resolution (the full width at half
maximum measured with a 6-ps calibration pulse). Time
"t =0" is defined here as the time when the detected laser
signal reaches about 3%%uo of its maximum and corresponds
to the maximum of the measured gas temperature. The
time-resolved spectra show the cooling of the excitonic
gas after its creation with large excess energy
(h v) E,„=0.375 eV).

Figure 4 shows a similar series of spectra for a much
lower power density, obtained by defocusing the laser
spot to about 2 mm. The width of a given spectrum
roughly corresponds to the temperature of the gas at that
instant. These spectra indicate a cooling of the gas that is
much more rapid than in the case of the high-intensity
laser pulse.

Figure 5 shows the effective temperature associated
with the high-energy tail, taken from the best straight
line fit to the spectra on a semilog plot. (For example, see
Figure 8 below )Specifically. , ks T,ff

= I/(dI /dE). —
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FIG. 5. The effective temperature as a function of time for
the two cases of Figs. 3 and 4. The temperature is obtained
from the spectra by the method discussed in the text. The solid
line in the low-density case is the calculated fall in temperature
due to acoustic-phonon emission, as discussed in the text.

photon energy (rneV)
FIG. 3. The Xo-1"3 luminescence spectrum of the orthoexci-

tons at various times during and after a high-power, 100-ps Ar+
laser pulse. Pulse energy is approximately 20 nJ, laser spot size
is approximately 20 p,m. Spectra are normalized to the same

height; relative intensities are plotted in Fig. 9.

In the case of Boltzmann statistics with
I oo E ' y exp( E /ktt T ),—the high-energy limit of

I/(dI/dE) —is exactly k+T In the .low-intensity case
shown, the temperature initially approaches the lattice
temperature with a lifetime of less than 100 ps, close to
the limit of our temporal resolution, and the rate slows as

(la)

where = is the deformation potential, I is the exciton
mass, p is the mass density of the crystal, T is the exciton
temperature, and T„« is the lattice temperature. Using
m =2.7mo for the mass, and:"=1 —2 eV, obtained from
pressure measurements' and mobility measurements, "
this gives

the gas energy decreases.
These low-power thermalization data provide an esti-

mate of the acoustic-phonon emission rate for the exci-
tons. According to deformation-potential theory, the
rate of energy loss by acoustic-phonon emission should be
proportional to T . Specifically, if the theory for elec-
trons is generalized to apply to excitons, the rate of ener-

gy loss per particle is

2 5/2
I „=2.03

™
(k T) ~ (1 —T„„/T),

A4p

I „=0.2 —0. (8meV/ snK )T'y (T —T~,«). (lb)
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photon energy (rneV)
FIG. 4. The Xo-I 3 luminescence spectrum of the orthoexci-

tons at various times during and after a lou-power, 100-ps Ar+
laser pulse. The gas thermalizes to the lattice temperature
much more quickly than in the high-power case of Fig. 3. Pulse
energy is approximately 20 nJ, laser spot size is approximately 2
mm.

At T=100 K, this gives a thermalization time of 10—50
ps. The higher value is consistent with the thermaliza-
tion rate at low excitation power seen in Fig. 5.

To be more quantitative, we have modeled the temper-
ature as a function of time using formula (1). The change
in temperature dT per time step dt is dT=I „(T)dt/ks;
thus T(t) for a given value of I „can be found by numer-
ical iteration. The solid curve in Fig. 5 shows the results
of this model for a gas starting at T =100 K and falling
to a lattice temperature of 2 K, with the coefficient in Eq.
(lb) equal to 0.2 meV/ns K, the lower limit of the
above calculation, indicating ==1 eV for excitons, in
agreement with Ref. 11.

We now concentrate on the "anomalous" rise in exci-
tonic gas temperature observed at high excitation level.
Do the elevated temperatures in the high-intensity case
come about because of heating of the lattice? The local
lattice temperature can be estimated from the shift of the
exciton line. The band gap of Cu20 is known' to vary
roughly as Eo —bT, where b =0.0015 meV/K. As seen
in Figs. 3 and 4, the low-energy edge varies less than 0.1
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meV, imp ying T& tt ( 15 K. This was true for the pre»-
ously published cavity-dumped Ar+ data, as well. '

This lack of a significant lattice heating is consistent
with the total energy of the laser pulse deposited in the
lattice. Each 100-ps pulse has about 0.01 pJ energy at
5145 A, corresponding to 3X10' photons, each with
0.375 eV excess energy, resulting in about 4X10 ' cal
delivered to the lattice. The heat capacity of Cu20 is
roughly 1.4X 10 cal/g K (T/K) at low temperature, '

and the volume of the excitation region is about 2 X 10
cm, yielding a lattice temperature rise of less than 10 K.
Diffusion of heat away from the excitation region will
reduce this temperature.

For the excitons to establish a temperature well above
the lattice temperature, the interaction time of the exci-
tons among themselves must be short compared to the
acoustic-phonon emission time. How high must the gas
density be to establish such a quasiequilibrium? As seen
above, the phonon emission time is less than 50 ps at 100
K. Estimating the exciton-exciton scattering time as
1/nou, where n is the density, u is the average thermal
velocity, and cr is the scattering cross section, this
gives the constraint on the scattering length
I =(ncr) '&2X10 cm. For o =ma, with a =7 A, the
excitonic Bohr radius, this implies n &3X10' cm . As
discussed in Sec. IV. The densities determined from
spectral fits to the Bose-Einstein distribution clearly meet
this condition. Thermalization times are also affected by
scattering with optical phonons.

The results shown in Fig. 5 give us an important in-

sight into the quantum saturation behavior of the
orthoexcitation gas, which was reported earlier for
steady-state conditions produced by longer (10-ns)
pulses. The reduction in the decay rate of the gas tem-
perature at high density shown in Fig. 5 implies that the
steady-state temperature rise near the phase boundary for
Bose-Einstein condensation is not simply due to
insufficient thermalization caused by a shortening of the
exciton lifetime. There must be an additional heating
process in the gas of excitons at high density. We now
examine one effect that may lead to this heating. '

III. AUGER RECOMBINATION EFFECT

Figure 6 shows the orthoexciton decay rate extracted
from the temporal change in total luminescence intensity
of the data of Fig. 4, at times greater than 300 ps, long
after any generation by the exciting laser pulse. The vert-
ical axis gives the fractional rate of change in total
phonon-assisted orthoexciton luminescence intensity; the
horizontal axis gives the total intensity, multiplied by a
constant to calibrate it to density. This assumes a con-
stant gas volume during the first nanosecond. This as-
sumption is seen to be reasonable in Sec. V, based on the
estimation of density from spectral fits.

As seen in Fig. 6, the decay rate is roughly linear with
density; the slope is 0.8. A linear dependence is expected
for a two-body collision-dependent recombination mecha-
nism. ' We can roughly estimate the cross section for
such a process assuming classical statistics. The rate of
recombination is I ~ =o.z nU, where n is the orthoexciton
density and u =(3k& T/m)'~ is the average velocity. Set-

rntensity (nlrb. un&ts)
1 10

10

I

M

I

0
Density (em-a)

)019

FIG. 6. The decay rate of the orthoexcitons as a function of
their total intensity during a single decay cycle, from the same
data as Fig. 3. The decay rate is found by the instantaneous
change in the luminescence intensity, i.e., ~„=dI/Idt. On the
lower axis, the intensity is converted to density by an overai1
multiplicative factor. The exciton gas density scale is calibrated
by comparison to the density deduced from spectral fits as
shown in Fig. 8(a). The solid line shows the best fit to a straight
line, which has a slope of 0.8.

ting n equal to the orthoexciton density and I „equal to
the measured decay rate gives a cross section for recom-

0

bination o.„=8A, assuming an average temperature of
20 K during the decay. The two-body recombination
mechanism likely depends on the total exciton density,
however, and not merely on the orthoexciton density. As
shown previously with long pulses, the paraexciton pop-
ulation is comparable to that of the orthoexciton. In the
density range of interest here, the paraexciton density is
expected to be 1 —3 times the orthoexciton density. Using
this range of total densities in the above formula gives a
cross section o ~

=2 —4 A
0

The observed rate is the sum of the two-body decay
rate plus all one-body orthoexciton decay rates. The
orthoexcitons can decay into paraexcitons via an intrinsic
single-phonon emission process' that has rate'
I, =0.3X10 (ns 'K ~ )T ~. Because of the T~n
"saturation" observed in the orthoexciton gas, the T
dependence of the single-phonon down-conversion pro-
cess also implies a decay rate of the orthoexcitons that is
linear with density. The above value for I, , from Ref.
16, is comparable to the decay rates measured here for
the exciton temperatures, e.g., a lifetime of about 200 ps
at 30 K. The exciton temperatures in Ref. 16 were equal
to the lattice temperature, however. If the exciton tem-
perature rises but the lattice temperature remains near 2
K, the model of Ref. 15 predicts that the intrinsic lifetime
should be three times longer, or 600 ps at 30 K. It there-
fore seems likely that the orthoexciton decay rate report-
ed here includes a two-body term with cross section -2
0

A, as well. The orthoexcitons also decay by radiative
recombination and nonradiative recombination at impur-
ities, which are probably much slower processes in these
high-purity samples.
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One possible type of two-body decay process is an
Auger process, suggested by Mysyrowicz, Hulin, and
Benoit a la Guillaume. ' In this process, two excitons
collide and one recombines, giving its gap energy to the
other, which ionizes. Another possible process, suggest-
ed by Mysyrowicz, ' is a collision-induced spin flip of two
orthoexcitons to become two paraexcitons, which lie 12
meV lower by an exchange splitting. Both of these pro-
cesses predict orthoexciton lifetimes inversely propor-
tional to their density; however, the spin-flip process does
not lead to conversion of paraexcitons up to orthoexci-
tons, whereas the ionized carriers produced by the Auger
process reform into both orthoexcitons and paraexcitons.
Direct evidence for an Auger process is found in cw ex-
periments where the long-lived paraexciton species is
dominant. In that case, an anomalously high population
of orthoexcitons is observed, ' whose intensity increases
as the square root of the paraexciton population, as ex-
pected for an Auger generation of orthoexcitons.

The Auger process leads to a heating of the exciton gas
at high density because the ionized carriers can lose their
energy not only to phonons but also to the exciton gas via
collisions. ' We have modeled the dependence of the gas
density and temperature on excitation power, incorporat-
ing an Auger process, phonon-assisted, ortho-to-para
conversion, and optical- and acoustic-phonon emission.
The acoustic-phonon cooling rate measured by this work
is used. This model shows that an Auger process, with a
rate of about that estimated here, can explain the temper-
ature rise up to about 30 K. Above this temperature,
however, optical-phonon emission should produce a
significant cooling, which is not apparent in the data.
These results are planned for publication in another pa-
per.

IV. BOSK-EINSTEIN ENERGY DISTRIBUTION

Figure 7 shows three time-resolved orthoexciton spec-
tra, as in Fig. 3, but plotted logarithmically. The spectra
are fit to an ideal Bose-Einstein distribution
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time of thermalization, i.e., about 1 ns.
The chemical potential p, plotted in Fig. 8(c), saturates

at about —0.2k&T. The gas remains saturated at this
value beyond a nanosecond, at which time the intensity
becomes too low for good fits. This quantum saturation
behavior was also found in the experiments using 10-ns
cavity-dumped pulses. The open circles in Fig. 2 show
the fit temperature and density for the short-pulse data of
Fig. 8. The arrows indicate the direction of time in the
short-pulse experiment. As seen, the behavior closely fol-
lows the quasi-steady-state, long-pulse case, except early
in the pulse when the gas has not yet cooled to reach the

n (E)=D(E)f (E) o- E'~ lt exp[(E —p) Ikz T)]—l ], 'g1000--
t~900 ps

drawn as the dashed lines. The fits are quite satisfactory
except for the significant luminescence present at E &0,
i.e., a low-energy tail. As we previously found, this tail
can be mainly accounted for with a Lorentzian broaden-
ing of the spectrum. Also, the luminescence spectrum is
expected to represent a range of gas densities and temper-
atures. A continuous variation of density and tempera-
ture is found to give a luminescence spectrum that is very
similar to that of a homogeneous Bose-Einstein gas with
single (average) density and temperature. The fits here
to a spectrum with single p and T are quite successful.

Figure 8 contains the time evolution of p and T ob-
tained from fitting the data of Fig. 3 to the simple Bose-
Einstein distribution n (E). Also plotted as a function of
time is the density deduced from the fitted p and T values
via the formula N = fD(E)f (E)dE. The density de-

duced from the fits follows closely the total luminescence
intensity data, plotted as the open circles in Fig. 8(a).
The agreement implies that the volume of the observed
region of gas does not change significantly during the
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FIG. 7. The orthoexciton luminescence spectra from the data
of Fig. 3, plotted semilogarithmically at three times, fit to the
ideal Bose-Einstein distribution n (E)=f(E)D(E). The dashed
lines are the best fit in each case, with the values of T and
a= —p/k~T shown. The two parameters are nearly orthogo-
nal; the value of T is constrained by the straight-line fit to the
high-energy tail. The fitted spectrum in each case is convolved

0
with a triangle function of width 0.5 A to take into account the
spectrometer resolution.
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FIG. 8. The thermodynamic parameters of the gas as de-
duced from the spectral fits to the data of Fig. 3. The density
n« in (a) is obtained from the fitted values of T and p shown in
parts (b) and (c). As seen in part (a), there is a strong correlation
between the fit density and the total phonon-assisted orthoexci-
ton luminescence intensity.

phase boundary.
The fact that the gas shows the same saturation behav-

ior as in the long-pulse case, even well after the short
laser pulse, clearly indicates that the Bose-Einstein shape
of the orthoexciton energy distribution seen in quasi-
steady-state conditions with long-pulse excitation ' does
not depend fundamentally on the presence of the laser
field. Instead, it depends only on the total exciton density
at a given point in time.

V. LOW-ENERGY STATE FILLING

The scattering of particles into low-energy states in-
cluding the ground state is critical for Bose-Einstein con-
densation. We therefore examine more closely the popu-

0
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~ ~ et+ ~ ~ ~~ ~ 0 ~ s ~ ~ & s -o~-
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t |.Ps)

FIG. 9. (a) Dashed line: The total phonon-assisted orthoex-
citon luminescence intensity as a function of time, for the high-
density data of Fig. 3. Solid line: The intensity of the low-
energy tail (2.018&Eph t &2.020 eV) of the phonon-assisted
luminescence. Small dots: The total intensity of the orthoexci-
ton direct-recombination line as a function of time. All three
curves are normalized to the same peak intensity. The latter
two correlate with each other in time in showing a delay in
reaching their peak. (b) Dashed line: The total phonon-assisted
orthoexciton luminescence intensity as a function of time, for
the Ion-density data of Fig. 4. Solid line: The intensity of the
low-energy tail (2.018 & Ephptzz & 2.020 eV) of the phonon-
assisted luminescence. A time delay to the peak intensity from
low-kinetic-energy states is also seen in the low density data. (c)
Solid curve: Phonon-assisted luminescence at exciton kinetic
energy 2.9 meV, for the high-density data of Fig. 3. Small dots:
The low-intensity data of Fig. 4 at the same exciton kinetic en-

ergy.
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cx: 1/T3/2 (2)

In other words, the intensity of luminescence from low-
energy states at a given time is expected to be proportion-
al to I, , /T, where I„, is the total exciton lumines-
cence intensity. The fact that the total number of parti-
cles in low-energy states has nearly the same temporal be-
havior for both the high and low excitation level in Fig. 9
is therefore an interesting coincidence, considering the
different time dependences, I„,(t) and T(t) in these two
cases. The overall orthoexciton intensity l„,(t) falls
much faster in the high density case, but the temperature
falls much more slowly, suppressing the number in low-

lation of these states.
Figure 9(a) shows a comparison of the temporal behav-

ior of three selections of the orthoexciton luminescence,
for the high-intensity excitation data of Fig. 3. The
dashed line is the total orthoexciton phonon-assisted
luminescence intensity, which is proportional to the total
number of orthoexcitons. The small dots are the total
orthoexciton direct-recombination intensity, and the
solid line is the luminescence from the low-energy
tail (2.018(E„h„,„(2.020 eV) of the phonon-
assisted orthoexciton line. The orthoexciton direct-
recombination intensity is not plotted before t —300 ps
because it is obscured by the high-temperature tail of the
phonon-assisted line. As seen in this figure, the direct-
recombination intensity shows the same temporal behav-
ior as the intensity of the low-energy exciton lumines-
cence. This is not surprising, since the no-phonon direct
recombination line only samples low-energy states
(k=k h„,„) due to momentum conservation. The in-

teresting result, however, is the time lag between the peak
in total luminescence and the peak of the low-energy
luminescence, roughly 0.6 ns. Basically, these data indi-
cate that significant time is required for the gas to relax
into low-energy states. A similar time lag between the
peak of the phonon-assisted luminescence and the peak of
the direct-recombination luminescence also occurs in the
long-pulse case.

Figure 9(b) shows a similar comparison for the low-

intensity excitation data of Fig. 4. The dashed line is the
total orthoexciton phonon-assisted luminescence intensi-
ty and the solid line is the luminescence from the low-

energy tail of the phonon-assisted orthoexciton line. The
low-energy states in this case show almost the same time
lag in filling as in the high-density case, about 0.8 ns. On
the other hand, the population of high-kinetic-energy
states decays more rapidly in the low-intensity case, cor-
responding to a quicker thermalization, as discussed in
Sec. II. Figure 9(c) shows a comparison of the temporal
behavior of the phonon-assisted luminescence intensity
obtained by sampling a higher kinetic energy, for both
the high- and low-intensity cases.

The population of the low-energy states is directly re-
lated to the temperature of the gas. If the gas were
simply classical with a Boltzmann occupation
exp( E/k~ T), then —the fraction of particles in a spectral
region dE near E =0 would be equal to

f= (dE)'~ exp( dE/ks T )dE/J—E ' exp( —E/ks T )dE
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FIG. 10. Solid lines: The ratio of Io, the intensity of lumines-

cence from low-energy states (2.018 &Eph t &2.020 eV), to I,
the total phonon-assisted luminescence intensity, as a function
of time for the two cases shown in Fig. 9(a) (high power) and

Fig. 9(b) (low power). Dashed lines: A/T' ' in each case,
where T is the spectral fit temperature and A is a constant fixed

by equating A/T' ' to Io/I at t =2 ns in each case. For
Maxwell-Boltzmann statistics, I„/I is proportional to 1/T

energy states until late times.
While the high gas temperatures at high density tend

to suppress the number of particles in low-energy states,
the increased quantum degeneracy at high density tends
to increase the fraction of excitons having energy near
the ground state. In the following, we attempt to quanti-
fy these effects of temperature and quantum statistics on
the number of particles in low-energy states.

The solid lines in Fig. 10 show the ratio of the low-

energy orthoexciton intensity, Io, divided by the total
orthoexciton phonon-assisted intensity, I„„asa function
of time. The "high-power" curve corresponds to the data
of Fig. 9(a), smoothed considerably, and the "low-power"
curve corresponds to the data of Fig. 9(b), also smoothed.
The dashed line in each case is 1/T, the classical low-
energy fraction from Eq. (2), using the spectral fit temper-
atures Th. is is multiplied by a constant to equal Io/I„,
at late times, because at t =2 ns the energy distribution is
Maxwell-Boltzmann in both cases.

In the high-power case, the actual low-energy occupa-
tion is about a factor of 2 above the classical expectation
during the whole time the gas is saturated near the Bose-
Einstein condensation phase boundary. This factor of 2
corresponds to a =0.2 for an ideal boson gas, as shown in
the theoretical calculation of Fig. 11. This value of n is
in rough agreement with the saturation value of a in Fig.
8(c). In the low-power case, the gas is also initially sa-
turated at the Bose-Einstein phase boundary but becomes
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classical much sooner.
This analysis of the low-energy population supports the

conclusions drawn from the spectral fits in Sec. IV, that
the orthoexciton gas quickly establishes a quasiequilibri-
um temperature and chemical potential in the quantum
degenerate regime, very near to Bose-Einstein condensa-
tion. A similar analysis using the population of low-
energy states to check the quantum statistics was report-
ed in Ref. 6.

VI. CONCLUSION

The two principal results of this study involve the cool-
ing of the exciton gas following its creation with large ki-
netic energy. First, at low excitation power, the decay of
the gas temperature —as determined from the high-
energy tail of the luminescence spectrum —follows the

FIG. 11. The ratio of the population of low-energy states to
total population as a function of normalized chemical potential,
a= —p!k&T, for three temperatures. The function plotted is

g (P 7)—[(dg)3/2/(E(dE —P'1/kT ] ]/ J [dye 1l2/(e(E —
P llkT) ]]

The dashed line at a=0.2 corresponds to an enhancement of
the ratio Io/I„, by about a factor of 2, which correlates the
data of Figs. 10 and 8(c),

expectation for acoustic-phonon emission. Second, at
high excitation level, the rate of cooling is markedly
slower.

A slower cooling rate at high density may come about
in part because of collision processes (e.g., Auger recom-
bination and/or possibly ortho-para conversion) that
raise the kinetic energy of the gas. Further evidence for a
two-body recombination process is the nearly linear
dependence of the orthoexciton lifetime on the gas densi-
ty.

Another striking observation is the quantum saturation
effect. For times up to a nanosecond following the laser
pulse, the ideal Bose-Einstein distribution fits the spectra
well. During its relaxation after a short pulse, the gas ex-
hibits a saturation at the Bose-Einstein-condensation
phase boundary, as was previously seen in near steady-
state conditions with longer excitation pulses. A strong
correlation of the fitted density values and the lumines-
cence intensity indicates that little volume expansion
occurs, at least at early times, in contrast to the fast ex-
pansion observed at t ) 10 ns in the long-pulse experi-
ments.

Observation of the time-dependent population of states
with low kinetic energy also shows the quantum satura-
tion effect. Within our measurement resolution of about
100 ps, the gas quickly establishes a quasiequilibrium
temperature and chemical potential governed by the
quantum statistics of a nearly ideal gas. Comparison of
spectral fit temperature and the low-kinetic-energy popu-
lation indicates that at high density the gas remains
saturated at a=0.2 up to about 1.4 ns.

The unusual kinetics of the orthoexcitons are inherent-
ly related to the kinetics of the paraexcitons. The two-
component nature of the exciton gas is the subject of fur-
ther experiments and theoretical modeling.
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