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Dynamics associated with Bose-Einstein statistics of orthoexcitons
generated by resonant excitations in cuprous oxide
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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 poterti@) 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 condensafi0163-1827)05644-(

[. INTRODUCTION chemical potential becomes zero and some of the particles in
the gas condense to the ground state. This thermal statistical
The laser cooling and trapping of atoms have recentlyeffect is recognized as a BEC phenomenon.
resulted in the experimental realization of Bose-Einstein con- In this paper, in order to clarify how the exciton gas gen-
densation(BEC) of cold atoms: Similar results suggesting €rated by the two-photon resonant absorption reaches equi-
the existence of condensation effects were previously relibrium or quasiequilibrium from nonequilibrium, the orthoe-
ported in a paraexcitonic gas of cuprous oxidéne research Xcitonic gas in cuprous oxide is generated by one- and two-
of the exciton BEC in cuprous oxide began from research 0F)hotor_l.resonant a_bsorpuon methods at different excitation
Bose-Einstein statistical orthoexcitoh$.Several attempts intensities and at different temperatures between 1.8 and 4.2

have been made to observe the BEC of the orthoexcitoniE' The measured_ Spectra are analyzed by simula}tion with a
gad~" under one-photon excitation. Since the temperature o olizmann equation. It is found that the dynamics of the

the orthoexcitonic gas was always higher than the criticaPrthOexc'ton'C gas generated by the resonant excitation in
cuprous oxide is mainly related to exciton-LA phonon scat-

temperature for the BEC, under the _one—photon excnauont ring and exciton-exciton scattering. When the orthoexciton
BEC was not opserved. The relaxation of p.hotogenerate. ensity is low, the exciton-LA phonon scattering is found to
electron-hole pairs resulted in a temperat.ure rise of the eXClyominate the dynamics of the orthoexcitonic gas, and a lu-
ton gas up to about 100 K, and the density of the orthoexCiyyinescence from the nonequilibrium orthoexcitonic gas is
ton was saturated and always lower than the critical dens"%bserved, but the temperature and the chemical potential
for the BEC?® Hence, the BEC of the orthoexciton could not cannot be defined. On the contrary, when the orthoexciton
be realized by the one-phonon absorption method. density is high enough, the exciton-exciton scattering be-
We’ have recently created orthoexcitons kept at low tem-tome so important that the observed luminescence is associ-
perature by two-photon resonant excitation. In the case of thgted with orthoexcitons in a quasiequilibrium consisting of
two-photon resonant excitation, the temperature of thewo systems: one following the usual Bose-Einstein statistics
orthoexcitonic system could be maintained sufficiently low,with chemical potential.=0, and the other originating from
which resulted in an exciton density high enough to allow usthe excitons at an energy position corresponding to zero ki-
to study the quantum Bose-Einstein statistical properties of aetic energy. Both systems proved to be in thermal equilib-
nearly ideal Bose gas. rium. The latter system might be a form of Bose-Einstein
When the gas is observed on time scales long comparetbndensation.
with the average scattering time of the particles, the kinetic
energy distribution(Maxwell-Boltzmann, Fermi-Dirac, or Il EXPERIMENTAL PROCEDURES
Bose-Einsteipalways has a well-defined temperature and a
chemical potential. When the definite temperature and the The cuprous oxide crystal used in the measurements was
chemical potential are independent of time, the gas is iprepared by a floating-zone technique using an infrared im-
equilibrium When the temperature and the chemical potenage furnacé®! In the two-photon resonant excitation, we
tial depend on time, the gas is quasiequilibriumWhen the  used a tunable infrared laser light with a pulse width of 7 ns
gas is observed on a time scale shorter than the particle scathd a repetition rate of 10 Hz from a Solar CF-151M color
tering time, it may not have a definite temperature and aenter laser. The infrared laser beam of 0.1-3 mJ/pulse with
definite chemical potential in the kinetic-energy distributiona cross-sectional diameter of 1 cm was focused through a
because the gas is monequilibrium For an ideal Bose gas, lens with a 150-mm focal length onto a sample immersed in
when the temperature falls down to a critical temperature, théquid helium whose temperature was controlled with a
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FIG. 1. I';, phonon-assisted luminescence spectrum at 1.8 Kat g o I';, phonon-assisted luminescence spectrum at 1.8 K at
a 20 ns delay after the infrared laser light whose power is strongey 5 ng delay after the incidence of an infrared laser light whose
than 1 J/cr per pulse and whose two-photon energy is the same @Bower is 20% of that in Fig. 1 and whose two-photon energy is the

the orthoexcitonic energy. A broken line represents the usual BoS&;me as the orthoexcitonic energy. The spectral resolution is the
Einstein statistics with a chemical potentiat=0 and a temperature o5 as that in Fig. 1.

T=9.63 K. A dash-dotted line represents the density of the zero-
momentum excitons, and the linewidth shows the spectral resolu-
tion of the measurement system. A dotted line represents the sum éotted line represents the density of zero-momentum exci-
the broken line and the dash-dotted line. The peak intensities of thtons, and the linewidth shows the spectral resolution of the
broken and dash-dotted curves are adjusted so that the peak of tn@easurement system. The dotted line represents the sum of
dotted curve is fitted to the experimental points. the broken line and the dash-dotted line whose peak intensi-
ties are adjusted to the experimental data. In our previous
vacuum pump and measured with a carbon register. Thevork® we have already argued that the luminescence spec-
emitted light in the direction perpendicular to the infraredtrum may be due to a thermal effect, i.e., the luminescence
laser light was recorded by a charge-couple devi€D)  originates from a quasiequilibrium orthoexcitonic gas, and
system with a spectrum resolution of 0.1 meV. For measurthe dash-dotted part might be associated with the BEC. The
ing the time-resolved luminescence spectra, an intensifiegbgson why the temperatu@.63 K in Fig. ) of the orthoe-
circuit with a gate width of about 15 ns was set inside theygiton is higher than the bath temperat(te8 K in Fig. 1) is
CCD camera. o as follows: When the orthoexciton decays into the paraexci-
In the one-photon resonant excitation, the sample was ®fon, a large number of phonons are generated, making the

cited by a Rhodamine B dye laser with a repetition rate of 7§, +ice tem ;
: perature higher than the bath temperature. In ad-
MHz. The dye laser had a pulse width less than 10 ps and ition to this phonon scattering, an Auger efféatell re-

power of 0.1 nJ/pulse. The emitted light in the direction per—porteol in Ref. 8 can also lead to heating of the crystal.

pendicular to the exciting light was analyzed by a monochro- L :
. . The statistical properties of boson gas change as the den-
mator with a spectral resolution of 0.15 meV and detected by . . o
ty or the temperature changes. A change in the excitation

a streak camera system with a resolution time less than 8 p . :
ps. intensity(i.e., the orthoexciton densityr in the temperature
may help us to clarify how the orthoexciton gas reaches an
equilibrium or a quasiequilibrium from a nonequilibrium.
ll. EXPERIMENTAL RESULTS The luminescence band shape depends on the excitation
power. When the pump power is higher than about half the
pump power in Fig. 1, the spectra can be fitted to a Bose
The circles in Fig. 1 show the luminescence spectrum of aistribution. And when the pump power is less than half the
Cw,0 crystal at 1.8 K at a 20 ns delay after excitation by anpump power in Fig. 1, an obvious small peak or shoulder
infrared laser light whose power is about 1 Jfcper pulse appears at about 0.6 meV above the zero-momentum posi-
on the crystal surface and whose two-photon energy is theélon, as shown in Fig. 2. This structure is caused by exciton-
same as the orthoexcitonic energ¥he main band is asso- phonon scattering; the details will be described later. The
ciated with theI';, phonon-assisted annihilation of the temperature dependence of the luminescence spectrum is
orthoexciton. The shape of the luminescence spectrum preshown in Fig. 3. Except for the temperature, the experimen-
vides a direct wato measure the velocity distribution of the tal conditions are the same as in Fig. 1. As the temperature
nearly-free-exciton gas. The broken line represents the usudkes, the intensity of the higher-energy structure increases in
Bose-Einstein statistié$ of the orthoexciton with a chemi- comparison with that of the sharp peak at the zero-
cal potentialu=0 and a temperature of 9.63 K. The dash-momentum position.

A. Two-photon resonant excitation
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FIG. 3. The temperature dependence offljgephonon-assisted
luminescence spectrum between 1.9 and 4.2 K at a 20 ns delay aft;
the incidence of an infrared laser light whose power is similar to
that in Fig. 1 and whose two-photon energy is the same as th
orthoexcitonic energy. The spectral resolution is the same as that i

Fig. 1.

Figure 4 shows the time-resolved spectra of thg
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FIG. 5. Time-integrated ;, phonon-assisted emission spectra at
4.2 and 1.8 K. The crystal is excited by a Rhodamine B dye laser
light whose photon energy is the same as the orthoexcitonic energy.
The numbers 0,1 .. represent the energy positions of the lumi-
nescences in Figs. 6 and 7.

shown in this figure. The sharp linegexcept for the
5'0202-ev ling originate from cosmic rays. The peak inten-
gity at a position of about 0.6 meV above the zero-
momentum position 2.0202 eV increases in comparison with
that of the sharp peak at the zero-momentum position as the
delay time becomes longer.

The above phenomena are related to particle scatterings,
which are the decisive feature of exciton dynamics. The scat-

phonon-assisted luminescence at 4.2 K when the crystal igrings occur so fast that a nanosecond system is not suitable
excited resonantly to the orthoexciton energy by two pho+or the study of these scatterings. In the following, a pico-

delay times after the incidence of the infrared laser light are

Intensity

FIG. 4. Time-resolved spectra of tfig, phonon-assisted lumi-
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B. One-photon resonant excitation

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

Figure 5 shows the time-integratdd,, phonon-related
emission spectra at 1.8 and 4.2 K when the crystal is excited
by a Rhodamine B dye laser light with the same photon
energy as the orthoexcitonic energy. Figure 6 shows time
decays of the luminescence at the peak position at 1.8 and
4.2 K, in the lower and upper parts, respectively. The mea-
sured pulse shape of the excitation laser light is shown in the
figure, and the pulse width represents the time resolution of
the system. The luminescence intensities decay single expo-
nentially with the decay times of 1200 and 310 ps at 1.8 and
4.2 K, respectively. No component with the same shape as
the laser pulse is found in the luminescence decay profiles.
This fact shows clearly that the resonant Raman scattering

nescence at 4.2 K at different delay times after the incidence of agomponent~*®is negligible in the emission spectra of Fig.
infrared laser light whose power is similar to that of Fig. 1 and - Raman scattering is a nonlinear optical effect whose decay
whose two-photon energy is the same as the orthoexcitonic energfime is as quick as that of the laser putSé’ Thus, nearly

The spectral resolution is the same as that in Fig. 1. The zero delagero-momentum orthoexcitonic gas with a low density is di-
is the same as that in Fig. 3 of Ref. 9.

rectly generated and then annihilated radiatively wiitfy
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FIG. 6. The upper and lower curves show the time decays of the FIG. 8. (a)
luminescences at the peak energy O in Fig. 5 at 4.2 and 1.8 %) o
1

respectively. The straight lines show _exponential decaYS with 31Qesoived luminescence spectra simulated with a Boltzmann equa-
and' 12,00 ps at 4.2 and 1.8 K, respectively. The dlotted lines are t on including only exciton—LA-phonon interactions at a lattice
excitation light pulses measured, and the pulse width represents ﬂfgmperature of 10 K

time resolution of the system.

Time-resolved luminescence spectra at 4.2 K in one-
hoton excitation by Rhodamine B dye laser ligiih) Time-

. . IV. DISCUSSION
phonon emission. The upper and lower parts of Fig. 7 show

the time responses of tH&;, phonon-assisted luminescence  Exciton-exciton and exciton-phonon scatterings are the
at different energy positions in the 1.8 and 4.2 K spectra/nain processes in the dynamics of ortho_excnons. Exciton-
respectively, of Fig. 5. The corresponding photon energie§Xciton scattering depends on the exciton density. The
are Shown by numbers in F|gs 5 and 7. F|gu(a) &hOWS exciton-exciton Scattenng becomes C]UICker W|th IncreaSIng

the time-resolved luminescence spectra at 4.2 K. The dela§*citon density. The exciton-phonon scattering does not de-
times are shown on the right side of this figure. pend on the exciton density when the exciton density is so

low that the boson effect can be neglectede Eqs(2) and

(3), the matrix elements for the exciton-phonon scattering, in
this pape). In one-photon resonant excitation, the exciton-

phonon scattering may be dominant as the exciton density is
low.'® In strong two-photon resonant excitation, both the

exciton-exciton and the exciton-phonon scattering may be
important.

From the temporal behavior of the luminescence in Fig. 7,
we see that the rise tim@bout 100 psat the shoulder po-
sitions 2, 3, and 4, about 0.6 meV above the zero-momentum

L position 0, is much shorter than th@bout 1000 psat po-
0 1000 2000 sition 1. This may be associated with the orthoexcitons with

Intensity

Time (ps) zero kinetic energy being scattered by phonons to orthoexci-

: T T tons with nonzero kinetic energy and then the scattered ex-
[0 I citons relaxing to a state of lower kinetic energy. Scattering
I A P by LA phonons is much more important than that by other
=y WWMMWW ] phonons. The interaction between the exciton and the TA

2 % B phonon is much weaker than that between the exciton and
2 ENIY ] the LA phonont® The optical-phonon scattering associated

= m ] with phonon absorption can be neglected because the num-
— (‘) — ‘10'00' R ber of optical phonons is very small at this low temperature,
Time (ps) and the optical-phonon scattering associated with phonon

emission can also be neglected because of the small kinetic
FIG. 7. The time decay curves of the luminescences with theenergy of the exciton in comparison with the optical-phonon
different energies labeled in Fig. 5. The upper and the lower curve€nergy. Thus we take into account only the LA-phonon scat-
show the decay at 4.2 and 1.8 K, respectively. tering. In this scattering, both the momentymand the en-
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The first and second terms stand for the phonon emission,
and the third and fourth terms stand for the phonon absorp-
tion. E (=1.8eV) is the deformation potential, i.e., the
effective change in energy per unit strasris the LA phonon
velocity, V the crystal volumep the density of cuprous ox-
e ide, f the average occupation number of excitons with mo-

g mentum 7k, and F, the average occupation number of

v 1 phonons with momenturfig. As the exciton density in one-
7 ] photon excitation is low, thef(+1) in Egs.(2) and(3) can
be approximated to be unity in the calculatiGn.

If we choose the lattice temperature as 10 K, the exciton
density distributions calculated from Ed.) can be shown in
ol . ] Fig. 8b) as a function of the kinetic energy. From the fact

0 20 40 60 that the calculated spectf&ig. 8b)] are similar to the ex-
p (eVio) perimental spectréFig. 8@)], it is concluded that the LA-
phonon scattering is very important in the case of one-photon

FIG. 9. The solid curve represents the kinetic energy of theexcitation.
exciton Ee,= p®/2m,,, wherep is the momentum of the exciton, It is difficult to know in detail the local lattice temperature
andm,, is the exciton mass. The broken curve represents the LAhacause many phonons may be generated by the orthoexci-
phonon energ¥, , =sp, wheres is the velocity of the LA phonon, - ton decay into the paraexciton and the local lattice tempera-
andp=7k is the momentum of the LA phonon. The two curves y,re may be higher than the bath temperature. The local tem-
cross at an energy position of about 0.6 meV. perature may depend on the time elapsed after the pulsed

) _ light excitation. In our previous work,the excitonic tem-
ergy E should be conserved. The solid and broken lines oherature decreased from 194 K with increasing time. The
Fig. 9 show the kinetic energies of the exciton and the LAchange of the local lattice temperature may explain the slight
phonon,E¢, andE, 4 , respectively, as a function of the mo- gisagreement between FiggaBand &b). Simulated spectra
mentump. The conservation rule holds at about 0.6 meVat (different lattice temperatures show that exciton—LA-
(the across point of the two curyesvhich agrees with the  phonon scattering becomes more frequent with an increase in
experimental results in Figs. 2, 3, 4, and 5, i.e., the energyhe |attice temperature. Thus, from the fact that the lumines-
difference between the peak and the high-energy side bangence decay time of the zero-momentum orthoexciton is 310

The details of the LA-phonon scattering procedure argys at 4.2 K and 1200 ps at 1.8 K as shown in Fig. 6, it is
clarified by simulation with a Boltzmann equatiShThe  syggested that the lifetime is mainly determined by the LA-
time derivative of the exciton numberwith energye, due phonon—exciton scattering.
to the LA phonon emission and absorption is given by the  Therefore, the above analysis leads to the conclusion that
Boltzmann equation: some of the nearly zero-momentum excitons created by the
resonant photon absorption are scattered to non-zero-
momentum excitongwith the average kinetic energy of
about 0.6 meVY by the LA phonons, and then the exciton
system reaches thermal equilibrium.

If the exciton-exciton scattering occurs frequently, a qua-
siequilibrium state is reached within the lifetime of the
orthoexcitons. Here we take only the elastic exciton-exciton
scattering process into account. Snoke and co-workased

1.5 T T T T T T

E (meV)

dn(Sk) 27V
dt :7(277)3fd3q|Mk+q,q|2n(8k+q)

T V
X (e yq—ex—hvq)— ReE n(ey)

X f d3q|Mk,q|25(8k_8k7q_ﬁVq)

2@ V 3 , )
+7(ZT)3 f d°q|My_q 4l *n(ek—q)

20 V
><6(sk_q+ﬁvq—sk)—7wn(sk)
XJ d3CI|M&’q|25(8k+ﬁvq—8k+q), (1)
where
E%
|Mk,q|:—2psv(1+fk—q)(1+|:q)- 2
hE%q

|Mll<,q|:m(1+fk*q)FQ' (3)

a Boltzman equation similar to E¢l) to simulate the effect

of elastic carrier-carrier scattering on the kinetic-energy dis-
tribution. They found that a washing out of sharp features in
the kinetic-energy distribution occurs on time scales of
scores ofr. Here, 7 is the average time of the carrier-carrier
collision. 7can be estimated with the classical rate formula
for hard spheres as

T=—, (4)

wheren is the densityp is the average velocity estimated
from the excitonic temperature, awdis the scattering cross
section whose radius is about twice the Bohr radius of the
exciton?’ In the case of Fig. 1n is estimated to be
~10® cm?® and the temperature is about 10 K, as in our
previous work® The exciton-exciton collision timer esti-
mated from Eq.(4) is only several picoseconds. Therefore,
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the excitonic system can quickly reach a quasiequilibriunorthoexciton gas generated by resonant excitation in cuprous
made up of two states: excitons following the usual Bose-oxide. Nearly zero-momentum orthoexcitons can be directly
Einstein statistics with chemical potentjal=0, and the en- generated by both two-photon and one-phonon resonant ab-
ergy state corresponding to zero kinetic energy. sorptions. The two-photon resonant excitation can generate
On the one hand, the probability of the resonant two-high-density orthoexcitons and allow us to study their quan-
photon absorption is proportional tol’f/, whereTl is the  tym statistics. The one-photon resonant excitation can only
homogeneous width of the orthoexciton energy. This widthyenerate low-density orthoexcitons, but this method allows
increases as the lattice temperature riseBhus the photo- s 1o study the fast processes associated with reaching ther-
generated orthoexciton density becomes lower as the lattigg) equilibrium. Some of the nearly zero-momentum orthoe-

temperature rises. On the other hand, the nonradiative cofi:ons generated are scattered by LA phonons to finite-

vers_ion rate f;,‘;r_” the orthoexciton to the parez‘g?XC‘_tO” is Pr'%momentum excitons whose average kinetic energy is about
portional toTZin the low-temperature rangé:*This pro- 0.6 meV. When the density of the orthoexciton is low, the

cess means that the dens.|ty of the orthoexciton becomees‘xciton-exciton scattering is not frequent, and hence, the ex-
lower as the temperature rises. Therefore, the orthoexcitor

densityn in the case of Fig. 4 at 4.2 K is lower than that in citon gas cannot reach even quasiequilibrium in a time range
the case of Fig. 1 at 1.8 K. even .under a similar excitationOf several hundred picoseconds. In this case, a small peak or

power. Thus in Fig. 4, the exciton-exciton scattering is notShOUIder is observed at a position of 0.6 meV above the

fast enough to allow the orthoexciton system to reach a quat&r0-momentum position in the luminescence spectra. When

siequilibrium. As a result, the small peak or shoulder ath€ density of the orthoexciton is very high in two-photon
about 0.6 meV above the zero-momentum position is obf€Sonant excitation at 1.8 K, the exciton-exciton scattering is
served. so frequent that the orthoexciton gas can reach a quasiequi-
Taking into account the effects of the temperature depentibrium where the chemical potential and the temperature are
dence of the two-photon absorption probability, the converdefinable. The luminescence band consists of two states: one
sion rate from the orthoexciton to the paraexciton, and théollows the usual Bose-Einstein statistics with the chemical
orthoexciton—LA-phonon scattering, it is understood that inpotential =0, and the other is located at an energy state
Fig. 3, as the temperature rises, the intensity of the peak arorresponding to zero kinetic energy. The latter state lasts a
shoulder increases in comparison with that of the sharp pealew tens of nanoseconds after the excitation laser pulse, and
at the zero-momentum position. lasts longer when the density is higher. This is not expected
The appearance of the small peak or shoulder means thafassically, and hence, gives strong evidence that the two
the exciton system has not reached quasiequilibrium yet. exciton systems are in thermal equilibrium. Thus the latter
Comparing Fig. 4 of the present paper with Fig. 3 in Ref.state might be attributed to Bose condensed excitons, and
9 of our previous work, we notice that in the case of highjyminescence study by two-photon resonant absorption at

exciton density(the latter figurg _the zero-kinetic-energy low temperatures may provide an interesting way to study
component lasts more than 30 ns in contrast to about 20 ns {,se.Einstein condensation of orthoexcitons in cuprous ox-
the case of lower exciton densitthe former figur¢ This

fact is contrary to what one would expect classically, and
hence it gives us strong evidence that the two components in
Fig. 1 are associated with two exciton systems in thermal
equilibrium. Therefore we think that the zero-kinetic-energy
component in Fig. 1 might be a form of the Bose-Einstein
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