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Dynamics associated with Bose-Einstein statistics of orthoexcitons
generated by resonant excitations in cuprous oxide

M. Y. Shen, T. Yokouchi, S. Koyama, and T. Goto
Department of Physics, Tohoku University, Sendai 980-77, Japan

~Received 3 July 1997; revised manuscript received 14 August 1997!

Orthoexcitonic gas in cuprous oxide is generated by one and two photon resonant excitations at different
excitation intensities and at different temperatures between 1.8 and 4.2 K. The experimental results are ana-
lyzed by simulation with a Boltzmann equation. When the exciton density is low, the observed luminescence
is found to originate from a nonequilibrium excitonic gas where the exciton-LA phonon scattering dominates.
When the exciton density is very high, not only the exciton-LA phonon scattering but also the exciton-exciton
scattering is important. The observed luminescence consists of two systems: one is from an exciton system that
is distributed according to the usual Bose-Einstein statistics with chemical potentialm50, while the other is
from excitons with zero kinetic energy. The two systems were found to be in thermal equilibrium. The latter
system might be a form of Bose-Einstein condensation.@S0163-1829~97!05644-0#
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I. INTRODUCTION

The laser cooling and trapping of atoms have recen
resulted in the experimental realization of Bose-Einstein c
densation~BEC! of cold atoms.1 Similar results suggesting
the existence of condensation effects were previously
ported in a paraexcitonic gas of cuprous oxide.2 The research
of the exciton BEC in cuprous oxide began from research
Bose-Einstein statistical orthoexcitons.3,4 Several attempts
have been made to observe the BEC of the orthoexcito
gas4–7 under one-photon excitation. Since the temperature
the orthoexcitonic gas was always higher than the crit
temperature for the BEC, under the one-photon excitat
BEC was not observed. The relaxation of photogenera
electron-hole pairs resulted in a temperature rise of the e
ton gas up to about 100 K, and the density of the orthoe
ton was saturated and always lower than the critical den
for the BEC.5,8 Hence, the BEC of the orthoexciton could n
be realized by the one-phonon absorption method.

We9 have recently created orthoexcitons kept at low te
perature by two-photon resonant excitation. In the case of
two-photon resonant excitation, the temperature of
orthoexcitonic system could be maintained sufficiently lo
which resulted in an exciton density high enough to allow
to study the quantum Bose-Einstein statistical properties
nearly ideal Bose gas.

When the gas is observed on time scales long comp
with the average scattering time of the particles, the kine
energy distribution~Maxwell-Boltzmann, Fermi-Dirac, or
Bose-Einstein! always has a well-defined temperature an
chemical potential. When the definite temperature and
chemical potential are independent of time, the gas is
equilibrium. When the temperature and the chemical pot
tial depend on time, the gas is inquasiequilibrium. When the
gas is observed on a time scale shorter than the particle
tering time, it may not have a definite temperature an
definite chemical potential in the kinetic-energy distributi
because the gas is innonequilibrium. For an ideal Bose gas
when the temperature falls down to a critical temperature,
560163-1829/97/56~20!/13066~7!/$10.00
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chemical potential becomes zero and some of the particle
the gas condense to the ground state. This thermal statis
effect is recognized as a BEC phenomenon.

In this paper, in order to clarify how the exciton gas ge
erated by the two-photon resonant absorption reaches e
librium or quasiequilibrium from nonequilibrium, the orthoe
xcitonic gas in cuprous oxide is generated by one- and t
photon resonant absorption methods at different excita
intensities and at different temperatures between 1.8 and
K. The measured spectra are analyzed by simulation wi
Boltzmann equation. It is found that the dynamics of t
orthoexcitonic gas generated by the resonant excitation
cuprous oxide is mainly related to exciton-LA phonon sc
tering and exciton-exciton scattering. When the orthoexci
density is low, the exciton-LA phonon scattering is found
dominate the dynamics of the orthoexcitonic gas, and a
minescence from the nonequilibrium orthoexcitonic gas
observed, but the temperature and the chemical pote
cannot be defined. On the contrary, when the orthoexc
density is high enough, the exciton-exciton scattering
come so important that the observed luminescence is as
ated with orthoexcitons in a quasiequilibrium consisting
two systems: one following the usual Bose-Einstein statis
with chemical potentialm50, and the other originating from
the excitons at an energy position corresponding to zero
netic energy. Both systems proved to be in thermal equi
rium. The latter system might be a form of Bose-Einste
condensation.

II. EXPERIMENTAL PROCEDURES

The cuprous oxide crystal used in the measurements
prepared by a floating-zone technique using an infrared
age furnace.10,11 In the two-photon resonant excitation, w
used a tunable infrared laser light with a pulse width of 7
and a repetition rate of 10 Hz from a Solar CF-151M co
center laser. The infrared laser beam of 0.1–3 mJ/pulse
a cross-sectional diameter of 1 cm was focused throug
lens with a 150-mm focal length onto a sample immersed
liquid helium whose temperature was controlled with
13 066 © 1997 The American Physical Society
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56 13 067DYNAMICS ASSOCIATED WITH BOSE-EINSTEIN . . .
vacuum pump and measured with a carbon register.
emitted light in the direction perpendicular to the infrar
laser light was recorded by a charge-couple device~CCD!
system with a spectrum resolution of 0.1 meV. For meas
ing the time-resolved luminescence spectra, an intens
circuit with a gate width of about 15 ns was set inside
CCD camera.

In the one-photon resonant excitation, the sample was
cited by a Rhodamine B dye laser with a repetition rate of
MHz. The dye laser had a pulse width less than 10 ps an
power of 0.1 nJ/pulse. The emitted light in the direction p
pendicular to the exciting light was analyzed by a monoch
mator with a spectral resolution of 0.15 meV and detected
a streak camera system with a resolution time less than
ps.

III. EXPERIMENTAL RESULTS

A. Two-photon resonant excitation

The circles in Fig. 1 show the luminescence spectrum
Cu2O crystal at 1.8 K at a 20 ns delay after excitation by
infrared laser light whose power is about 1 J/cm2 per pulse
on the crystal surface and whose two-photon energy is
same as the orthoexcitonic energy.9 The main band is asso
ciated with the G12

2 phonon-assisted annihilation of th
orthoexciton. The shape of the luminescence spectrum
vides a direct way4 to measure the velocity distribution of th
nearly-free-exciton gas. The broken line represents the u
Bose-Einstein statistics4,9 of the orthoexciton with a chemi
cal potentialm50 and a temperature of 9.63 K. The das

FIG. 1. G12
2 phonon-assisted luminescence spectrum at 1.8 K

a 20 ns delay after the infrared laser light whose power is stron
than 1 J/cm2 per pulse and whose two-photon energy is the sam
the orthoexcitonic energy. A broken line represents the usual B
Einstein statistics with a chemical potentialm50 and a temperature
Tex59.63 K. A dash-dotted line represents the density of the ze
momentum excitons, and the linewidth shows the spectral res
tion of the measurement system. A dotted line represents the su
the broken line and the dash-dotted line. The peak intensities o
broken and dash-dotted curves are adjusted so that the peak o
dotted curve is fitted to the experimental points.
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dotted line represents the density of zero-momentum e
tons, and the linewidth shows the spectral resolution of
measurement system. The dotted line represents the su
the broken line and the dash-dotted line whose peak inte
ties are adjusted to the experimental data. In our previ
work,9 we have already argued that the luminescence sp
trum may be due to a thermal effect, i.e., the luminesce
originates from a quasiequilibrium orthoexcitonic gas, a
the dash-dotted part might be associated with the BEC.
reason why the temperature~9.63 K in Fig. 1! of the orthoe-
xciton is higher than the bath temperature~1.8 K in Fig. 1! is
as follows: When the orthoexciton decays into the parae
ton, a large number of phonons are generated, making
lattice temperature higher than the bath temperature. In
dition to this phonon scattering, an Auger effect~well re-
ported in Ref. 8! can also lead to heating of the crystal.

The statistical properties of boson gas change as the
sity or the temperature changes. A change in the excita
intensity~i.e., the orthoexciton density! or in the temperature
may help us to clarify how the orthoexciton gas reaches
equilibrium or a quasiequilibrium from a nonequilibrium
The luminescence band shape depends on the excita
power. When the pump power is higher than about half
pump power in Fig. 1, the spectra can be fitted to a B
distribution. And when the pump power is less than half t
pump power in Fig. 1, an obvious small peak or should
appears at about 0.6 meV above the zero-momentum p
tion, as shown in Fig. 2. This structure is caused by excit
phonon scattering; the details will be described later. T
temperature dependence of the luminescence spectru
shown in Fig. 3. Except for the temperature, the experim
tal conditions are the same as in Fig. 1. As the tempera
rises, the intensity of the higher-energy structure increase
comparison with that of the sharp peak at the ze
momentum position.
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FIG. 2. G12
2 phonon-assisted luminescence spectrum at 1.8 K

a 20 ns delay after the incidence of an infrared laser light wh
power is 20% of that in Fig. 1 and whose two-photon energy is
same as the orthoexcitonic energy. The spectral resolution is
same as that in Fig. 1.
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Figure 4 shows the time-resolved spectra of theG12
2

phonon-assisted luminescence at 4.2 K when the cryst
excited resonantly to the orthoexciton energy by two p
tons. The excitation power is similar to that in Fig. 1. T
delay times after the incidence of the infrared laser light

FIG. 3. The temperature dependence of theG12
2 phonon-assisted

luminescence spectrum between 1.9 and 4.2 K at a 20 ns delay
the incidence of an infrared laser light whose power is similar
that in Fig. 1 and whose two-photon energy is the same as
orthoexcitonic energy. The spectral resolution is the same as th
Fig. 1.

FIG. 4. Time-resolved spectra of theG12
2 phonon-assisted lumi

nescence at 4.2 K at different delay times after the incidence o
infrared laser light whose power is similar to that of Fig. 1 a
whose two-photon energy is the same as the orthoexcitonic en
The spectral resolution is the same as that in Fig. 1. The zero d
is the same as that in Fig. 3 of Ref. 9.
is
-

e

shown in this figure. The sharp lines~except for the
2.0202-eV line! originate from cosmic rays. The peak inte
sity at a position of about 0.6 meV above the zer
momentum position 2.0202 eV increases in comparison w
that of the sharp peak at the zero-momentum position as
delay time becomes longer.

The above phenomena are related to particle scatteri
which are the decisive feature of exciton dynamics. The s
terings occur so fast that a nanosecond system is not sui
for the study of these scatterings. In the following, a pic
second system is used to study the scattering dynamics.

B. One-photon resonant excitation

We directly generated nearly zero-momentum orthoex
ton gas by one-photon resonant excitation as we did not h
a tunable infrared picosecond pulsed laser with a nar
spectral width. The one-photon absorption was elect
quadrupole allowed and electric-dipole forbidden, and he
high-density orthoexciton gas was not generated. The t
resolution, however, was greatly improved.

Figure 5 shows the time-integratedG12
2 phonon-related

emission spectra at 1.8 and 4.2 K when the crystal is exc
by a Rhodamine B dye laser light with the same pho
energy as the orthoexcitonic energy. Figure 6 shows t
decays of the luminescence at the peak position at 1.8
4.2 K, in the lower and upper parts, respectively. The m
sured pulse shape of the excitation laser light is shown in
figure, and the pulse width represents the time resolution
the system. The luminescence intensities decay single e
nentially with the decay times of 1200 and 310 ps at 1.8 a
4.2 K, respectively. No component with the same shape
the laser pulse is found in the luminescence decay profi
This fact shows clearly that the resonant Raman scatte
component12–16 is negligible in the emission spectra of Fig
5. Raman scattering is a nonlinear optical effect whose de
time is as quick as that of the laser pulse.16,17 Thus, nearly
zero-momentum orthoexcitonic gas with a low density is
rectly generated and then annihilated radiatively withG12

2
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ay

FIG. 5. Time-integratedG12
2 phonon-assisted emission spectra

4.2 and 1.8 K. The crystal is excited by a Rhodamine B dye la
light whose photon energy is the same as the orthoexcitonic ene
The numbers 0,1, . . . represent the energy positions of the lum
nescences in Figs. 6 and 7.
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56 13 069DYNAMICS ASSOCIATED WITH BOSE-EINSTEIN . . .
phonon emission. The upper and lower parts of Fig. 7 sh
the time responses of theG12

2 phonon-assisted luminescen
at different energy positions in the 1.8 and 4.2 K spec
respectively, of Fig. 5. The corresponding photon energ
are shown by numbers in Figs. 5 and 7. Figure 8~a! shows
the time-resolved luminescence spectra at 4.2 K. The d
times are shown on the right side of this figure.

FIG. 6. The upper and lower curves show the time decays of
luminescences at the peak energy 0 in Fig. 5 at 4.2 and 1.8
respectively. The straight lines show exponential decays with
and 1200 ps at 4.2 and 1.8 K, respectively. The dotted lines are
excitation light pulses measured, and the pulse width represent
time resolution of the system.

FIG. 7. The time decay curves of the luminescences with
different energies labeled in Fig. 5. The upper and the lower cu
show the decay at 4.2 and 1.8 K, respectively.
w

,
s

ay

IV. DISCUSSION

Exciton-exciton and exciton-phonon scatterings are
main processes in the dynamics of orthoexcitons. Excit
exciton scattering depends on the exciton density. T
exciton-exciton scattering becomes quicker with increas
exciton density. The exciton-phonon scattering does not
pend on the exciton density when the exciton density is
low that the boson effect can be neglected~see Eqs.~2! and
~3!, the matrix elements for the exciton-phonon scattering
this paper!. In one-photon resonant excitation, the excito
phonon scattering may be dominant as the exciton densi
low.18 In strong two-photon resonant excitation, both t
exciton-exciton and the exciton-phonon scattering may
important.

From the temporal behavior of the luminescence in Fig
we see that the rise time~about 100 ps! at the shoulder po-
sitions 2, 3, and 4, about 0.6 meV above the zero-momen
position 0, is much shorter than that~about 1000 ps! at po-
sition 1. This may be associated with the orthoexcitons w
zero kinetic energy being scattered by phonons to orthoe
tons with nonzero kinetic energy and then the scattered
citons relaxing to a state of lower kinetic energy. Scatter
by LA phonons is much more important than that by oth
phonons. The interaction between the exciton and the
phonon is much weaker than that between the exciton
the LA phonon.18 The optical-phonon scattering associat
with phonon absorption can be neglected because the n
ber of optical phonons is very small at this low temperatu
and the optical-phonon scattering associated with pho
emission can also be neglected because of the small kin
energy of the exciton in comparison with the optical-phon
energy. Thus we take into account only the LA-phonon sc
tering. In this scattering, both the momentump and the en-

e
K,
0
he
the

e
s

FIG. 8. ~a! Time-resolved luminescence spectra at 4.2 K in on
photon excitation by Rhodamine B dye laser light.~b! Time-
resolved luminescence spectra simulated with a Boltzmann e
tion including only exciton–LA-phonon interactions at a lattic
temperature of 10 K.
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13 070 56M. Y. SHEN, T. YOKOUCHI, S. KOYAMA, AND T. GOTO
ergy E should be conserved. The solid and broken lines
Fig. 9 show the kinetic energies of the exciton and the
phonon,Eex andELA , respectively, as a function of the mo
mentump. The conservation rule holds at about 0.6 m
~the across point of the two curves!, which agrees with the
experimental results in Figs. 2, 3, 4, and 5, i.e., the ene
difference between the peak and the high-energy side b

The details of the LA-phonon scattering procedure
clarified by simulation with a Boltzmann equation.18 The
time derivative of the exciton numbern with energy«k due
to the LA phonon emission and absorption is given by
Boltzmann equation:

dn~«k!

dt
5

2p

\

V

~2p!3 E d3quMk1q,qu2n~«k1q!

3d~«k1q2«k2\nq!2
2p

\

V

~2p!3 n~«k!

3E d3quMk,qu2d~«k2«k2q2\nq!

1
2p

\

V

~2p!3 E d3quMk2q,q8 u2n~«k2q!

3d~«k2q1\nq2«k!2
2p

\

V

~2p!3 n~«k!

3E d3quMk,q
1 u2d~«k1\nq2«k1q!, ~1!

where

uMk,qu5
\J2q

2rsV
~11 f k2q!~11Fq!, ~2!

uMk,q8 u5
\J2q

2rsV
~11 f k2q!Fq . ~3!

FIG. 9. The solid curve represents the kinetic energy of
exciton Eex5p2/2mex, wherep is the momentum of the exciton
andmex is the exciton mass. The broken curve represents the
phonon energyELA5sp, wheres is the velocity of the LA phonon,
and p5\k is the momentum of the LA phonon. The two curv
cross at an energy position of about 0.6 meV.
f

y
d.
e

e

The first and second terms stand for the phonon emiss
and the third and fourth terms stand for the phonon abso
tion. J (51.8 eV) is the deformation potential, i.e., th
effective change in energy per unit strain,s is the LA phonon
velocity, V the crystal volume,r the density of cuprous ox
ide, f k the average occupation number of excitons with m
mentum \k, and Fq the average occupation number
phonons with momentum\q. As the exciton density in one
photon excitation is low, the (f 11) in Eqs.~2! and ~3! can
be approximated to be unity in the calculation.18

If we choose the lattice temperature as 10 K, the exci
density distributions calculated from Eq.~1! can be shown in
Fig. 8~b! as a function of the kinetic energy. From the fa
that the calculated spectra@Fig. 8~b!# are similar to the ex-
perimental spectra@Fig. 8~a!#, it is concluded that the LA-
phonon scattering is very important in the case of one-pho
excitation.

It is difficult to know in detail the local lattice temperatur
because many phonons may be generated by the ortho
ton decay into the paraexciton and the local lattice tempe
ture may be higher than the bath temperature. The local t
perature may depend on the time elapsed after the pu
light excitation. In our previous work,9 the excitonic tem-
perature decreased from 10 to 4 K with increasing time. The
change of the local lattice temperature may explain the sl
disagreement between Figs. 8~a! and 8~b!. Simulated spectra
at different lattice temperatures show that exciton–L
phonon scattering becomes more frequent with an increas
the lattice temperature. Thus, from the fact that the lumin
cence decay time of the zero-momentum orthoexciton is
ps at 4.2 K and 1200 ps at 1.8 K as shown in Fig. 6, it
suggested that the lifetime is mainly determined by the L
phonon–exciton scattering.

Therefore, the above analysis leads to the conclusion
some of the nearly zero-momentum excitons created by
resonant photon absorption are scattered to non-z
momentum excitons~with the average kinetic energy o
about 0.6 meV! by the LA phonons, and then the excito
system reaches thermal equilibrium.

If the exciton-exciton scattering occurs frequently, a qu
siequilibrium state is reached within the lifetime of th
orthoexcitons. Here we take only the elastic exciton-exci
scattering process into account. Snoke and co-workers19 used
a Boltzman equation similar to Eq.~1! to simulate the effect
of elastic carrier-carrier scattering on the kinetic-energy d
tribution. They found that a washing out of sharp features
the kinetic-energy distribution occurs on time scales
scores oft. Here,t is the average time of the carrier-carri
collision. t can be estimated with the classical rate formu
for hard spheres as

t5
1

nsv
, ~4!

wheren is the density,v is the average velocity estimate
from the excitonic temperature, ands is the scattering cross
section whose radius is about twice the Bohr radius of
exciton.20 In the case of Fig. 1,n is estimated to be
;1018 cm3 and the temperature is about 10 K, as in o
previous work.9 The exciton-exciton collision timet esti-
mated from Eq.~4! is only several picoseconds. Therefor
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56 13 071DYNAMICS ASSOCIATED WITH BOSE-EINSTEIN . . .
the excitonic system can quickly reach a quasiequilibri
made up of two states: excitons following the usual Bo
Einstein statistics with chemical potentialm50, and the en-
ergy state corresponding to zero kinetic energy.

On the one hand, the probability of the resonant tw
photon absorption is proportional to 1/G2, where G is the
homogeneous width of the orthoexciton energy. This wi
increases as the lattice temperature rises.21 Thus the photo-
generated orthoexciton density becomes lower as the la
temperature rises. On the other hand, the nonradiative
version rate from the orthoexciton to the paraexciton is p
portional toT3/2 in the low-temperature range.22,23 This pro-
cess means that the density of the orthoexciton beco
lower as the temperature rises. Therefore, the orthoexc
densityn in the case of Fig. 4 at 4.2 K is lower than that
the case of Fig. 1 at 1.8 K, even under a similar excitat
power. Thus in Fig. 4, the exciton-exciton scattering is n
fast enough to allow the orthoexciton system to reach a q
siequilibrium. As a result, the small peak or shoulder
about 0.6 meV above the zero-momentum position is
served.

Taking into account the effects of the temperature dep
dence of the two-photon absorption probability, the conv
sion rate from the orthoexciton to the paraexciton, and
orthoexciton–LA-phonon scattering, it is understood that
Fig. 3, as the temperature rises, the intensity of the pea
shoulder increases in comparison with that of the sharp p
at the zero-momentum position.

The appearance of the small peak or shoulder means
the exciton system has not reached quasiequilibrium yet

Comparing Fig. 4 of the present paper with Fig. 3 in R
9 of our previous work, we notice that in the case of hi
exciton density~the latter figure!, the zero-kinetic-energy
component lasts more than 30 ns in contrast to about 20 n
the case of lower exciton density~the former figure!. This
fact is contrary to what one would expect classically, a
hence it gives us strong evidence that the two componen
Fig. 1 are associated with two exciton systems in therm
equilibrium. Therefore we think that the zero-kinetic-ener
component in Fig. 1 might be a form of the Bose-Einste
condensation.

V. SUMMARY

It was found that the exciton–LA-phonon and excito
exciton scatterings are fundamental in the dynamics
n
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orthoexciton gas generated by resonant excitation in cup
oxide. Nearly zero-momentum orthoexcitons can be direc
generated by both two-photon and one-phonon resonan
sorptions. The two-photon resonant excitation can gene
high-density orthoexcitons and allow us to study their qu
tum statistics. The one-photon resonant excitation can o
generate low-density orthoexcitons, but this method allo
us to study the fast processes associated with reaching
mal equilibrium. Some of the nearly zero-momentum ortho
xcitons generated are scattered by LA phonons to fin
momentum excitons whose average kinetic energy is ab
0.6 meV. When the density of the orthoexciton is low, t
exciton-exciton scattering is not frequent, and hence, the
citon gas cannot reach even quasiequilibrium in a time ra
of several hundred picoseconds. In this case, a small pea
shoulder is observed at a position of 0.6 meV above
zero-momentum position in the luminescence spectra. W
the density of the orthoexciton is very high in two-photo
resonant excitation at 1.8 K, the exciton-exciton scatterin
so frequent that the orthoexciton gas can reach a quasie
librium where the chemical potential and the temperature
definable. The luminescence band consists of two states:
follows the usual Bose-Einstein statistics with the chemi
potentialm50, and the other is located at an energy st
corresponding to zero kinetic energy. The latter state las
few tens of nanoseconds after the excitation laser pulse,
lasts longer when the density is higher. This is not expec
classically, and hence, gives strong evidence that the
exciton systems are in thermal equilibrium. Thus the lat
state might be attributed to Bose condensed excitons,
luminescence study by two-photon resonant absorption
low temperatures may provide an interesting way to stu
Bose-Einstein condensation of orthoexcitons in cuprous
ide.
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