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Relaxation kinetics of excitons in cuprous oxide
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Due to a simple band structure, the excitons in cuprous oxide (Cu2O) are a model system for kinetic studies.
Cuprous oxide appeared to be a host for a Bose-Einstein condensate of excitons, as the excitons showed
transient kinetic energy distributions which matched those expected for a Bose gas near the critical density for
Bose-Einstein condensation. However, recent absolute measurements of the exciton density made it clear that
two-exciton annihilation is limiting the exciton density to far below the quantum density. This paper reconciles
the measured exciton density with the observed exciton energy distributions by using a Boltzmann equation
approach. We include experimentally determined rates for acoustic- and optical-phonon emission, conversion
between exciton spin states, and two-exciton annihiliation, and use recent diffusion-Monte-Carlo estimates of
the exciton-exciton elastic scattering cross section. Many experiments intending to produce a dense exciton gas
in Cu2O used surface photoexcitation, and we found it important to include the resulting spatial inhomogene-
ities in the model by following the exciton occupation numbers as functions ofspaceas well as momentum and
time. A detailed but straightforward numerical integration of the resulting Boltzmann equation does in fact
match the experimental results, without the assumption of quantum statistics for the excitons.
ha
ad
te

y
on
he
ly

s

a

rit

in
re

ci
K
e

se

en
in
to
e
he
fo

e
ee

on,
al

tal
he

it
nks
d.
pro-

an

rs

ex-

ey
cu-
ith

n,

se
ui-

ly
e
in

se-

b-
si-
ns
that

ter
un-
I. INTRODUCTION

Cuprous oxide is a long-recognized semiconductor t
has enjoyed renewed interest during the past two dec
due to its perceived promise as a host for a Bose-Eins
condensate of excitons.1 The excitons in Cu2O are quite
simple. The band edges are at zone center and have onl
minimum twofold degeneracy stemming from the electr
spin. An electron and a hole bind to form an exciton with t
unusually high binding energy of 150 meV. More precise
150 meV is the binding energy of the 1s exciton; one can
observe a complete Rydberg series of hydrogenlike state
the electron and hole.2,3

The 1s exciton is split by electron-hole exchange into
singlet and triplet. The singlet state, theG2

1 paraexciton, lies
12 meV lower than the tripletG25

1 orthoexciton. Radiative
recombination of the paraexciton is extremely weak.

The band edges in cuprous oxide both have even pa
so the direct radiative recombination of any 1s exciton is
dipole-forbidden. The lifetime of a gas of orthoexcitons,
equilibrium at 2 K, against electric-quadrupole radiative
combination is;10 ms ~Ref. 4!. The actual lifetime of the
orthoexcitons is limited by their conversion to the paraex
ton state, which happens in about 3 ns in a crystal at 2
The lifetime of the paraexciton is limited by nonradiativ
recombination at impurities and defects, and can reach
eral microseconds in good samples.5

There are optical phonons which induce a dipole mom
between the bands, making dipole-allowed the recomb
tion of an exciton through simultaneous emission of a pho
and optical phonon. This phonon-assisted luminescenc
still too slow to affect the exciton population dynamics; t
rates are 70/ms for orthoexcitons and 0.14/ms
paraexcitons.6

Slow as it is, phonon-assisted luminescence is extrem
useful. The optical phonon accepts the difference betw
PRB 620163-1829/2000/62~19!/12909~14!/$15.00
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the momenta of the recombining exciton and the phot
allowing excitons of any momentum to luminesce with equ
probability. The energy of the emitted photon is the to
energy of the exciton less that of the optical phonon. T
phonon energy is nearly independent of the momentum
was required to accept from the recombining exciton, tha
to the flat dispersion curves of the optical phonons involve7

Therefore, the phonon-assisted luminescence spectra re
duce the exciton kinetic energy distribution.

A common experiment uses the green light from
argon-ion laser to produce electron-hole pairs in Cu2O
within 3 mm of the surface. In a crystal at 2 K, these carrie
combine to form excitons with a quantum yield near 40%.6 If
the exciton lifetimes remained long at high density, then
citon densities in excess of 1020/cm3 would be readily
achievable.

As the bound state of two fermions, excitons should ob
Bose statistics. In thermal equilibrium, we expect the oc
pation number of the exciton kinetic energy eigenstate w
energy « to be given by the Bose-Einstein distributio
f («)51/$exp@(«2m)/kBT#21%, wherem is the chemical po-
tential andT is the temperature of the exciton gas. The Bo
statistics of excitons should become noticeable in their eq
librium distribution when the exciton density is sufficient
high that the low-« occupation numbers become larg
(umu&kBT). Based on the density of states for excitons
Cu2O, the required density is about 1017/cm3 if the exciton
gas temperature is 2 K.

Several groups have reported the observation of Bo
shaped distributions of excitons in Cu2O when using intense
pulsed photoexcitation.8–15There are, however, several pro
lems with the interpretation of these distributions as qua
equilibrium Bose distributions. The observed distributio
indicate an effective exciton gas temperature higher than
of the lattice, and maintain the characteristic Bose-like~non-
Maxwellian! shape for only a few tens of nanoseconds af
the laser pulse. We have performed similar experiments
12 909 ©2000 The American Physical Society
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12 910 PRB 62K. E. O’HARA AND J. P. WOLFE
der experimental conditions which allowed an estimate
the exciton gas density based on the absolute intensity o
photoluminescence.16 In our experiments, what appeared
be highly degenerate Bose distributions were observed,
the average exciton densities were 100 times below the
sities indicated by fitting the spectra to a Bose distributio

Experiments indicate a density-dependent annihilat
process for the orthoexcitons.9,11,17 One can envision two
such processes:~i! an Auger process in which two exciton
collide and one electron-hole pair recombines, giving
band-gap energy to the remaining, ionized, electron
hole; ~ii ! spin-flip scattering in which two orthoexcitons e
change angular momentum in a collision, becoming t
paraexcitons.18 Of these mechanisms, only Auger decay
duces the net number of excited electron-hole pairs. The
cesses are readily distinguishable by comparing the rela
intensities of orthoexcitons and paraexcitons. In Sec. VI
do so and show that the paraexciton numbers are far
small for spin-flip scattering to be the dominant exciton d
cay mechanism.

In the experiments, three effects appear at about the s
excitation intensity: Auger decay reduces exciton yield,
exciton kinetic energy distribution no longer resembles
Maxwell-Boltzmann distribution, and the apparent excit
gas temperature becomes much higher than that of the la
~for the common situation of a lattice near 2 K!. It is natural
to suppose that the resulting Bose-like distributions may
the product of the competition between Auger recombinat
and cooling by phonon emission. The aim of this paper is
examine this hypothesis in detail.

The following section illustrates this competition by d
riving, under a highly simplified model, the steady-state d
tribution of excitons whose lifetime is too short for them
thermalize. Section III develops a more complete mode
the excitons in Cu2O. Sections IV and V present prediction
of this model obtained by using a computer to follow t
exciton occupation numbers as a function of time, ener
and spatial position. The model, which ignores the Bose
tistics of the excitons, reproduces most of the experime
observations made of excitons in Cu2O that have thus far
been explained only in terms of Bose statistics. In Sec.
prior experimental results, including those for resonant ex
tation, are interpreted in terms of the present calculation

Our work differs from other treatments19–21 of the relax-
ation of excitons in Cu2O in that it includesall of the known
kinetic effects, including the motion of photoexcited excito
away from the excitation surface. Previously, Ref. 19 inv
tigated the relaxation of a spatially homogeneous gas
long-lived excitons under the influence of elastic scatter
and LA-phonon emission only. Reference 21 added the
fects of radiative recombination, but ignored elastic scat
ing. Reference 20 included the effects of Auger dec
~though with a rate 100 times lower than what we have
cently measured! and optical-phonon emission, but assum
that the exciton gas was continuously in internal equilibriu
and followed only the density and temperature of the g
The present calculation uses measured values for all the
cesses~except elastic scattering, which we estimate from
recent theoretical calculation! and models the geometry o
surface photoexcitation so as to allow direct quantitat
comparison with experiment.
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II. ANALYTIC MODEL FOR THE STEADY-STATE
ENERGY DISTRIBUTION

Consider a situation in which excitons are being contin
ously created with large kinetic energy~above the range o
energies observed! and then cooling through acoustic
phonon emission to the extent possible in their finite lifetim
We assume for now that each exciton cools independentl
the others, that is, with no elastic collisions to redistribute
energy. For simplicity, we ignore the spin degeneracy of
excitons and assume zero lattice temperature.

The exciton-phonon interaction can be described by
isotropic deformation potential for the excitons,H
5J“•u, whereu is the displacement field of the lattice
This interaction, in the limit of vanishing sound velocit
leads to exciton relaxation described by the following diffe
ential equation:22

]gk

]t
5

J2m2

pr\4S k2
]gk

]k
14kgkD2

gk

t
. ~1!

Here,q[uk2pu denotes the crystal momentum of the ph
non emitted,m is the exciton effective mass, which is thre
times the free electron mass,r56.1 g/cm3 is the density of
Cu2O, andt is the exciton lifetime. If Auger decay limits the
exciton lifetime, then t215An, where n
5(2p\)23*gk d3k is the exciton density. We haveomitted
the identical-exciton enhancements—the (11gk) Bose
factors—from Eq.~1! to investigate kinetic effects only, no
quantum effects. These factors would have a negligible
fect on the kinetics at the exciton densities with which we
concerned.

In applying this theory to the experiments which us
excitation pulses longer than one nanosecond, and cry
temperatures near 2 K, we can consider thedriven steady-
state exciton distributions because under the model of E
~1! the time required for acoustic phonon cooling to redu
the exciton energy to about 0.2 meV~2 K! is only

pr\4

J2m5/2

1

A0.2 meV
'0.5 ns.

The steady-state solution to Eq.~1! is

gk5
2p3r\7n

J2m2t
k24 expS 2pr\4

J2m2tkD . ~2!

The exponential function is close to 1 except at lowk, sogk
goes essentially as 1/k4.

If the exciton generation rate is sufficient to maintain
density ofn51017/cm3, then Auger decay would limit the
exciton lifetime to approximatelyt50.1 ns, given that the
Auger decay constant is found to beA'10216 cm3/ns in
recent experiments.6,16,23 The energy distributionN(«)
5(2p\)23*gk d(k2/2m2«) d3k corresponding to the occu
pation numbers predicted in Eq.~2! is shown in Fig. 1 for the
case oft50.1 ns. Equation~2! resembles the Bose distribu
tion at low kinetic energies, but its power-law form decreas
more slowly than the Bose distribution at high kinetic en
gies ~Fig. 1!.

Equation~1! is a very approximate description of excito
relaxation in Cu2O. Phonon absorption in a lattice at finit
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PRB 62 12 911RELAXATION KINETICS OF EXCITONS IN CUPROUS OXIDE
temperature widens the low-energy peak, to at least
width of a Maxwellian at the lattice temperature~0.3 meV
full width at 2 K!. Allowing for the finite speed of sound
reduces the weight in the low-energy peak, as does inclu
of elastic scattering.

Most experiments use surface photoexcitation, creating
inhomogeneous spatial distribution of excitons. The hig
exciton density near the surface causes, through Auger
cay, a shorter exciton lifetime, so the excitons near the
face have less time to cool. Generally, one can observe
the superposition of exciton distributions at various dep
from the crystal surface. This integrated distribution conta
both hot distributions~like that in Fig. 1! from excitons near
the surface plus contributions from nearly thermalized ex
tons further into the crystal, which enhance the low-ene
peak. Finally, excitons with kinetic energy greater than t
of an optical phonon have the additional cooling mechan
of optical-phonon emission. This tends to straighten out
power-law curve by reducing the occupation numbers of
high-energy states.

This analytical model shows the tendency of the Aug
and relaxation processes to produce a long high-energy
along with a low-energy peak in the kinetic energy distrib
tions. Moreover, the nonequilibrium distribution has positi
curvature at high energies, which is consistent with our sp
tral data~Fig. 7 in Sec. V, for example!. A more complete
numerical model is developed next.

III. PROCESSES INCLUDED IN THE NUMERICAL
MODEL

The Boltzmann equation~Chap. 16 of Ref. 24! describes
the evolution of the particle occupation numberg(x,k) as a

FIG. 1. Solid line: Eq. 2, normalized ton51017/cm3. Dashed
lines: A nearly saturated Bose-Einstein distribution, and a Maxw
Boltzmann distribution, both at 60 K.
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function of both position and particle momentum. For m
tion free from external forces, the Boltzmann equation h
the form

]g~x,k!

]t
1

k•¹g~x,k!

m

5
1

~2p\!3E @Wp→k g~x,p!2Wk→p g~x,k!# d3p.

We haveomitted the @11g# scattering enhancement facto
for bosons because we are investigating ways in whic
low-density gas may mimic the spectrum of a degener
Bose gas. The occupation numbersg were monitored and the
ground-state occupation number did not exceed 0.03, ex
as noted in two exceptional cases presented in Sec. VI.

We can reduce the number of independent variables
g(x,k). The experiments in Sec. V of this paper filled a 5
mm-diam aperture placed on the crystal with pulses
514.5-nm light from an argon-ion laser, which has an abso
tion length of about 2.5mm in Cu2O. Within the disk, the
exciton density depends only on one spatial dimensi
depth into the crystal. We can ignore diffusion across
disk within the 10-ns period of interest, but the excitons c
diffuse several microns into the crystal within this amount
time. ~The exciton diffusivity25 at 2 K is 60mm2/ns.) We
store the exciton occupation numberg(z,k,cosu) as a func-
tion of distancez from the crystal surface, the magnitudek of
the exciton momentum, and the angleu between the exciton
momentum and the surface normal.

A. Generation

Above-band-gap excitation produces free electrons
holes, which most likely form excitons in random spin sta
uniformly distributed in momentum space throughout t
first Brillouin zone. We distribute the initially created exc
tons uniformly throughout a sphere of momentum space c
responding to exciton kinetic energies less than 39 m
Those excitons initially formed in higher-energy stat
would emit acoustic and optical phonons at a rate gre
than 500/ns, faster than the time scale we need to follow

B. Acoustic-phonon emission

The threeG25
1 orthoexciton states have a strain Ham

tonian of the form26

l-
Hortho5J~exx1eyy1ezz!1UJzz~12exx2eyy2ezz! A3 Jxyexy A3 Jxyexz

A3 Jxyexy Jzz~2exx12eyy2ezz! A3 Jxyeyz

A3 Jxyexz A3 Jxyeyz Jzz~2exx2eyy12ezz!
U
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12 912 PRB 62K. E. O’HARA AND J. P. WOLFE
in the basis of orthoexcitons states that transforms
$yz,xz,xy% under rotations in the cubic group. The parae
citon feels only the isotropic first term. Reimann a
Syassen27 measured the shift in the exciton energies un
hydrostatic pressure to determineJ51.68 eV. The shea
deformation potentials are best determined from the split
of the orthoexciton line under shear strain. We obtain
Jzz520.29 eV andJxy50.18 eV by fitting the strain-
splitting data of Waters,28,29 converting the experimentally
reported stresses to strains using the elastic compliance
Ref. 30.~Reference 29 does a much more complete anal
to extract the somewhat larger deformation potentials for
holes alone, rather than for the excitons.!

The scattering kernel for longitudinal-acoustic~LA !
-phonon scattering by excitons is

Wp→k5
pJ2uk2pu

\rsL
FdS p2

2m
1sLuk2pu2

k2

2mD f uk2pu

1dS p2

2m
2sLuk2pu2

k2

2mD ~11 f uk2pu!G ,
where thef ’s are phonon occupation numbers andsL is the
speed of longitudinal sound. The phonon occupation nu
bers are assumed to follow the Planck distribution at
lattice temperature. This means that we neglect any lat
heating or phonon wind effects. This approximation is va
only for excitation densities below about 1016 photons per
cm2.

The scattering kernel for transverse acoustic~TA!
-phonon emission by orthoexcitons has the same form as
for LA-phonon emission, with the sound velocitysL replaced
by sT , and with J2 replaced by the combination of she
deformation potentials8

15 Jxx
2 1 1

2 Jyy2. The emission of TA
phonons is 7% as fast as LA-phonon emission, for ortho
citons with velocity well abovesL .

C. Optical-phonon emission

Excitons with kinetic energy greater than that of
optical-phonon can cool by optical-phonon emission. Th
are three optical phonon energies below 40 meV, the e
modes 3G25

2 , 2G12
2 , and 3G15

2 , which we model with one
mode at an average energyEop515 meV.

Either a deformation potential31 or Fröhlich interaction32

results in an optical-phonon emission rate dominated by
number of available final states:

Wp→k5
8pJop

2 ~k2p!2

\rEop
FdS p2

2m
1Eop2

k2

2mD f op

1dS p2

2m
2Eop2

k2

2mD ~11 f op!G .
The total emission rate of these modes can be estim

from the results of Yu and Shen.32 For orthoexcitons with 22
meV of kinetic energy, Yu and Shen report that the emiss
ratesg of various phonons are in the following ratio:

gLA :g25
2 :g12

2 :g15
2 51:0.14:0.18:0.21.
s
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Therefore, the total optical-phonon emission rate is 0
10.1810.2150.53 times the LA-phonon emission rate—fo
22-meV orthoexcitons. SettingJop51.2 eV in the model
reproduces this observed ratio between acoustic- and opt
phonon emission rates.

There is a correction to the deformation potential for ph
nons with wavelength comparable to the exciton Bo
radius.33 We make this correction in approximate form b
replacingJ by J/@11(qa0 /4)2#2 in each phonon scatter
ing kernel.

D. Conversion between orthoexcitons and paraexcitons

For interconversion between orthoexcitons and parae
tons, we develop the acoustic-phonon-emission model s
gested in Ref. 34. Conversion from theG25

1 orthoexciton to a
G2

1 paraexciton requires reorientation of a spin. If the r
evant Hamiltonian is assumed to involve the local latt
rotation due to a transverse acoustic phonon, then

Wortho,p→para,k5FdS p2

2m
1D2sLuk2pu2

k2

2mD ~11 f uk2pu!

1dS p2

2m
1D1sLuk2pu2

k2

2mD f uk2puG
3

pL2uk2pu
\rsT

whereD512 meV is the exchange splitting between orth
excitons and paraexcitons. The scattering strengthL550
meV is determined from the observed down-conversion r
at 2 K: (0.2960.03)/ns. The possibility of conversion o
orthoexcitons to paraexcitons through collisions is discus
in the concluding section.

E. Auger decay

We take the Auger decay rate to be independent of
relative velocities of the colliding excitons. We follow Ref.
in defining the Auger rate constantA so that the rate of
Auger decay events per unit volume in a gas of densityn is
An2. The rate of change of any exciton occupation numbe
then

]gk

]t
522Angk

because each Auger event destroystwo excitons, recombin-
ing one electron-hole pair and ionizing the other. Estima
of the Auger decay rate within the Bose condensat
literature9,11,17significantly underestimate the actual rate. W
use 10216 cm3/ns for the Auger constantA, a round figure in
the midst of the recent experimental estimates.6,23,35

One difficult question is, ‘‘How much of the band-ga
energy released in an Auger recombination is deposited
the exciton gas?’’ Kavoulakiset al.20 gave this question se
rious consideration. They argued that the electron and h
liberated by Auger decay shed most of their excess ene
into optical phonons. Their argument is based on a comp
son of the calculated exciton-electron elastic-scattering c
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section and the rate of emission ofG15
2 optical phonons

through the Fro¨hlich interaction.
In the present model we put all of the excess energyof the

free carriers into the lattice. We assume that all of the io
ized carriers released by Auger decay rebind to form n
excitons, and we distribute these excitons in the same
that the initially generated excitons were distributed. Each
the four spin states—three orthoexciton states plus one
aexciton state—receives 1/4 of the newly formed excito
The complete effect of Auger decay on the exciton occu
tion numbers is

]gk
ortho

]t
522Angk

ortho1
1

4
An23

~2p\!3

E d3p
,

]gk
para

]t
522Angk

para1
1

4
An23

~2p\!3

E d3p
,

where the integrals overp are over the finite volume of mo
mentum space represented in the computer, andn
5(2p\)23*@3gk

ortho1gk
para# d3p is the total exciton density

F. Elastic scattering

A recent calculation36 uses diffusion Monte-Carlo tech
niques to find thes-wave contribution to the elastic
scattering cross section for excitons composed of equal-m
spin-12 electrons and holes. The results in the low-ene
limit are

sortho-ortho5H 8p~3.8a0!2, G1

0, G15

8p~1.5a0!2, G12 and G25,

sortho-para54p~0.7a0!2,

spara-para58p~2.1a0!2.

There are three possibilities for collisions between ortho
citons depending on the relative orientations of their inter
angular momenta, labeled by the symmetry designation
the product state of the two orthoexcitons.

In our simulations, we uses550 nm2'4p(2.8a0)2 in-
dependent of the spin states of the colliding excitons. T
effect of reducing the elastic-scattering cross section to z
is shown in Sec. V.

The contribution of elastic scattering to the Boltzma
equation involves all scatterings from initial momentap and
p2 into final momentak andk2:

]g~k!

]t
5

2s

pm~2p\!3E E d3p2 d3p d~p21p2
22k22k2

2!

3@g~p!g~p2!2g~k!g~k2!#, ~3!

where k25p1p22k, and s is assumed independent o
up2ku. We reduce the collision integral to an integral ov
the magnitudes of the exciton momenta by replacingg(p),
g(p2), and g(k2) in Eq. ~3! by their angular averagesgk ,
gp2

, andgk2
. Under this approximation,
w
ay
f
r-

s.
-

ss
y

-
l

of

e
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]g~k!

]t
5

8ps

km~2p\!3 E E
p21p2

2
.k2

@gpgp2
2g~k!gk2

#

3min~p,p2 ,k,k2! p dp p2 dp2 . ~4!

Physically, the approximation randomizes the directions
those excitons which are going to collide,before the colli-
sion.

The rate of elastic scattering isn2sDv, whereDv is the
relative velocity averaged over all pairs of excitons. With t
choices of parameters we have made, there are 3.6 el
collisions per Auger recombination in a Maxwell-Boltzman
distribution at 2 K.

With our model we find that, during the excitation puls
and near the excitation surface, elastic collisions bring
local exciton distributions close to a Maxwellian shap
Deeper into the crystal and at later times, the local distri
tions are sufficiently different from Maxwell-Boltzmann dis
tributions to require a full nonequilibrium treatment.

IV. RESULTS FOR SHORT PULSES

Orthoexciton luminescence spectra resulting from hig
intensity excitation with sub-nanosecond laser pulses h
been thoroughly studied in Ref. 11, which used 100-ps-w
argon-ion laser pulses focused to a diameter of 20mm, pro-
viding a peak incident power density of 108 W/cm2 (3
31016 photons/cm2 per pulse!. This would result in 1020

photons absorbed per cm3 near the sample surface. To sim
late this experiment, we assume that 30% of the absor
photons form orthoexcitons and 10% form paraexcito
consistent with the yield reported in Ref. 6 and a rand
distribution of spin states. We model the laser pulse a
Gaussian, 100-ps wide at half maximum intensity, produc
excitons in a spatial distribution proportional to exp(2z/d),
whered52.5 mm is the absorption length of the laser ligh

Figure 2~a! displays the results of the simulation at va
ous depthsz, at the time 200 ps after the center of the ge
eration pulse. Losses to Auger recombination were most
vere near the surface where the density was highest.
reduction in the peak density is the reason that the width
the exciton density profiles in Fig. 2~b! is so much greater
than the absorption lengthd. In the ;200 ps between the
exciton generation and the sampling time of Fig. 2~b!, Auger
decay has reduced the exciton density to roughly (A3200
ps)215531016/cm3. Notice that at this time the density o
excitons at the surface is approximately 1023 times the time-
integrated density of photons absorbed. Auger decay
makes the mean exciton kinetic energy higher near the e
tation surface, as can be seen in Fig. 2~a!, by creating new
hot excitons.

Surface recombination is not included in this model, bu
certainly present in the real system. In order for surface
combination to destroy excitons, excitons must diffuse to
surface. The diffusivity of hot excitons is limited b
acoustic-phonon emission toD5v2t/3'10 mm2/ns ~from
Fig. 13 later in this paper!. The diffusion length for the time
shown in Fig. 2 is thenA4Dt'3 mm so the exciton distri-
bution cannot be seriously affected by surface recomb
tion.
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12 914 PRB 62K. E. O’HARA AND J. P. WOLFE
FIG. 2. ~a! Simulation results for the energy distribution of o
thoexcitons at discrete depthsz into the crystal, ranging~top to
bottom! from 1 mm to 25mm in steps of 4mm. The time is 200 ps
after absorption of 331016 photons per cm2 from a 100-ps pulse.
~b! Dashed curve: generation profile exp(2z/d) for laser light with
an absorption length of 2.5mm. Solid curves: exciton densitie
versus depth into the crystal.

FIG. 3. Our observed orthoexciton luminescence resulting fr
a focused 150-ps pulse from which at least 1015 photons were ab-
sorbed per cm2. Time relative to the center of the pulse is indicate
The luminescence was collected using a microchannel plate ph
multiplier with uncalibrated sensitivity, so the vertical axis cann
be converted to an areal density of excitons. Solid curves: the
over depthz of the simulation results in Fig. 2~a!. Dashed curves:
fits of the data to Eq.~5!. The fitting parameters were~a! Q573 K
and a50.12, and~b! Q546 K anda50.08. The vertical place-
ment of all these curves is arbitrary.
The observed luminescence is spatially integrated o
the inhomogeneous exciton gas. Figure 3 compares the
of the distributions in Fig. 2~a! with experimental spectra
This experiment of ours was intended to produce conditi
similar to those used in Ref. 11. The argon ion laser w
focused to a spot which was at most 34mm wide at half-
maximum intensity. Laser pulses containing 12 nJ with
150-ps width produced a peak incident power of at leas
3106 W/cm2.

Both the experimental and numerical distributions can
reasonably well fit to theshapeof a Bose distribution:

N~«!5
aA«

expS a1
«

kBQ D21

. ~5!

It is important to note that in these fits the three parame
are allowed to vary independently; the prefactora is not
determined by the exciton density of states as it would b
we were fitting to a real Bose distribution. The paramet
obtained from fitting the data are given in the caption to F
3. The best parameters for fitting thesimulation results in
Fig. 3 are less degenerate~have largera): ~a! Q552 K and
a50.63, and~b! Q530 K anda50.37.

In order to compare the model with this experiment
various excitation levels, we must take into account that
effective size of the exciton cloud increases along all th
dimensions as the excitation level is increased.16 Assuming a
Gaussian laser spot of diameterD, the exciton-generation
profile is exp@28(x21y2)/D22z/d#. We extend the numerica
calculations outlined in Sec. III to three spatial dimensio
by usingq[z18d(x21y2)/D2 in place ofz. The change of
variable interferes with our modeling of exciton diffusio
but there is little time for exciton diffusion in these shor
pulse experiments, so we ignore exciton diffusion for th
case only. Figure 4 compares the model and experime
results for excitation intensities varying over a factor of 10
Agreement is good overall.

Before turning to longer excitation pulses, we menti
that if we do include the identical-particle enhancements@1
1g# to the scattering kernels, the simulation produces res
which are visibly indistinguishable from those in Fig. 3.

.
to-
t
m

FIG. 4. Observed orthoexciton luminescence spectra co
sponding to the excitation conditions of Fig. 3 in Ref. 16. Las
energies are 0.05, 0.5, and 5 nJ in a 180-ps-FWHM pulse. Lu
nescence is collected from a region much larger than the excita
spot. Thin curves: results of the numerical simulation described
the text. All six simulations are scaled by the same factor.
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V. RESULTS FOR LONG PULSES

Experiments using longer (;10 ns! laser pulses have pro
duced the orthoexciton spectra that most closely resem
saturated Bose distributions9 and paraexciton spectra th
have been interpreted as a fully saturated Bose distribut
plus a Bose condensate.12 In our simulations, the longe
pulses provide ample time for a fraction of the excitons
cool, so the model predicts quite a sharp low-energy pea
the exciton distributions even during the laser pulse. For
simulation results presented here, we use the Gaussian
eration profile with full width at half-maximum intensit
equal to 7.0 ns, shown as the dashed line in Fig. 5.

FIG. 5. The cavity-dumped laser pulse shape used to prod
the data in this section, measured with the same photon-coun
system that collected the exciton luminescence. The trace sh
here is not visibly affected by the transit time spread of the pho
collection system. The dashed curve is a Gaussian with 7-ns
width.

FIG. 6. ~a!,~b! Simulation results for the energy distribution
depthsz51,5,9,13,17,21, and 25mm into the crystal.~c! Exciton
densities versus depth into the crystal. The time is 4 ns after
creation of 831014 excitons per cm2 with a 7-ns pulse.
le

n,

in
e
en-

Figure 6 presents the exciton distributions resulting fro
the creation of 831014 excitons per cm2, chosen to match an
experiment in which 231015 photons were absorbed pe
cm2. The excitons were created in an exponential distrib
tion penetrating 2.5mm deep into the cuprous oxide. Th
distributions shown are for the time 4 ns after the center
the generation pulse.~The exciton densities are lower than
Fig. 2 because the excitation intensity was ten times hig
in that case.!

As we found in the preceding section, the excitons n
the surface have a much wider~hotter! energy distribution
than those deeper in the crystal. The Auger process in
dense near-surface region is acting to heat the gas loc
The observed exciton distribution is again a sum over t
spatial inhomogeneity.

These longer pulses create a situation similar to the dri
steady state considered in Sec. II. At the time shown in F
6, the excitation pulse is still creating new hot excitons a
driving Auger decay, especially near the excitation surfa
Also present are those older excitons that have manage
avoid Auger collisions, and these have had ample time~sev-
eral nanoseconds! in which to cool to near the lattice tem
perature.

Exciton diffusion is apparent in the right-hand portion
Fig. 6~c!, especially in the paraexcitons. Excitons with velo
ity nearsL have mean free paths of tens of microns.25 Mov-
ing for 4 ns at the thermal velocity at 2 K, an exciton w
have traveled 20mm by the time shown in Fig. 6.

Surface recombination, which we have not included in
model, certainly reduces the exciton density near the sam
surface. Supposing a rather large surface recombination
locity s'105 cm/s and the exciton density in Fig. 6, surfa
recombination could destroy excitons at a rates n'3
31012/(cm2 ns). However, surface recombination destro
excitons at a rate linear in the exciton density, while Aug
recombination is proportional to density squared, and b
are most effective near the excitation surface. Under inte
excitation, Auger recombination dominates. In Fig. 6, f
example, Auger decay is destroying excitons at a rate o
31013/(cm2 ns).

Theory is compared with experiment in Fig. 7. In th
experiment, the argon-ion laser pulses filled a 50-mm aper-
ture placed on the sample, providing a well-defined area
uniform excitation. The luminescence was collected usin
calibrated photon-counting system. With no adjustment
the parameters, the model predicts an evolving shape of
orthoexciton distribution quite close to what is observed.

The dashed curves are Bose-shaped distributions, Eq.~5!,
with the two parametersQ anda adjusted to fit the experi-
ment. If we broaden the curves given by Eq.~5! by the spec-
trometer resolution function and by the Lorentzian broad
ing suggested by the direct luminescence line, and replic
the curve for each phonon-assisted luminescence line,
the fit to the data is fairly good at energies up to 2025 me
~See Fig. 1 in Ref. 16, for example.! The prime difficulty
with the explanation of the data in terms of a Bose distrib
tion is that the fit distribution implies large exciton occup
tion numbers, which in turn imply an exciton density mu
higher than that indicated by the exciton luminescence int
sity. For example, if the shape of the dashed curve in F
7~b! is interpreted as an equilibrium Bose distribution, it im
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plies a peak exciton density of 1019 orthoexcitons per cm3. If
this density holds through a 2-mm layer near the surface, w
should see an areal density of excitons of 231015 orthoex-
citons per cm2, while experimentally we see only 1% of tha
density. The actual Bose distributions should be 500 tim
higher than the dashed curves.

The experimental data presented here reveal an impo

FIG. 7. Luminescence spectra recorded 0, 4, and 8 ns afte
center of a 10-ns laser pulse from which the sample absorbe
31015 photons per cm2. The right-hand scale is set using the ra
for orthoexcitonG12

2 -phonon-assisted luminescence and the are
the excited surface from which luminescence was collected.
left-hand scale is set using the rate for paraexcitonG25

2 -
phonon-assisted luminescence.~The luminescence bands beginnin
at 2014 and 2023 meV are additional phonon-assisted or
exciton luminescence replicas.! Solid curves: simulation results as
suming the creation of 631014 orthoexcitons and 231014 paraex-
citons per cm2 by a Gaussian generation pulse with full width 7 n
Dashed curves: fits to the Bose shape, Eq.~5!, displaced vertically
for clarity.
s

nt

characteristic of the orthoexciton spectrum: at high energ
there is a distinctly positive curvature on a semilogarithm
plot. This feature is more apparent in the present data tha
earlier publications due to the larger range of energies sh
here. The positive curvature is a signature of the nonequ
rium nature of the system as predicted in the analytic the
of Fig. 1 and the simulations in Fig. 7.

Figure 8 compares widths of the orthoexciton and para
citon distributions given by the same simulation, at the tim
4 ns after the center of the laser pulse. The paraexciton
tribution is significantly more narrow than the orthoexcito
distribution because the paraexcitons are generally older,
thus cooler. The orthoexciton-to-paraexciton conversion r
is 0.3/ns in a crystal at 2 K, so within a 7-ns pulse many
the orthoexcitons have become paraexcitons. Both spin s
have their lifetimes shortened by Auger decay, but seve
microns deep in the crystal, where the density is low, p
aexcitons are the more abundant species~see Fig. 6! and
these paraexcitons have had several nanoseconds in whi
cool.

The actual elastic-scattering cross section for excitons
cuprite might be quite different from the theoretical estima
we used here, so we also present results of a model withno
elastic scattering between excitons. Comparing Fig. 9 whe
2

of
e

o-

FIG. 8. Simulation results from Fig. 7~b! on a linear scale. The
horizontal arrows show full widths at half maxima.

FIG. 9. The luminescence spectrum from Fig. 7~b! compared
with a model which includesno elastic scattering between exciton
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PRB 62 12 917RELAXATION KINETICS OF EXCITONS IN CUPROUS OXIDE
Fig. 7~b!, we see that elastic scattering does noticeably e
out the nonequilibrium energy distribution. On the oth
hand, we see that a cross section on the order of 502

~enough for three to four elastic collisions per Auger dec
collision! does not have a dramatic effect on the energy d
tributions.

Comparison of model and experiment for a wide range
excitation intensities in Fig. 10 shows good agreemen
spectral shapes and agreement within a factor of 2
intensity—without adjustment of any parameters. The ov
all agreement gives us confidence in our assertion that
quantum statistics of the exciton gas is not important
understanding the experimental results.

A considerable fraction of the laser pulse energy goes
the lattice, so we must consider the possibility of local latt
heating. We know, however, that the local lattice tempe
ture does cool to near the 2-K bath temperature between

FIG. 10. Luminescence spectra recorded after the sample
sorbed 431013, 431014, and 431015 photons per cm2. Thin
curves: simulation results appropriate to these excitation levels
n
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y
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f
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pulses, because we have observed orthoexciton distribut
below 3 K several tens of nanoseconds after the laser pu
Thus we need consider only the energy of a single la
pulse.

Suppose all the energy absorbed from each laser puls
converted directly into lattice heat, with the distribution
heat determined by the optical absorption length. To de
mine an upper bound to the lattice heating, we ignore dif
sion of heat during the tens of nanoseconds of interest.
specific heat of Cu2O at low temperatures is37 cvr536T3

J m23 K24 so the local lattice temperature can be found
setting the local density of absorbed energy equal
*cvr dT58.9T4 J m23 K24. The resulting curve of maxi-
mum possible lattice temperature versus laser power app
as the dashed curve in Fig. 11. This curve is certainly
overestimate of the lattice heating because over a 10-ns
riod ballistic phonons would travel 40mm, greatly lowering
the energy density.

If all phonons left the surface ballistically, the vibration
energy density would correspond to the effective tempe
tures shown as the dotted curve in Fig. 11. Thus the bro
curves give the predicted limits for lattice heating. Obvious
the apparent exciton gas temperatures cannot be entirely
to local lattice heating. The numerical model, which ignor
lattice heating, cannot be quantitatively accurate at the h
est excitation intensities shown. Yet, this model expla
most of the apparent exciton gas temperature by insertin
high mean energy the excitons which we assume form fr
the electrons and holes released in Auger decay events.

To facilitate comparison with earlier work in Cu2O, we
present in Fig. 12 a temperature-density plot of the result
the simulation of a very intense 7-ns excitation pulse.~The
simulation created;1020 excitons per cm3, integrated over
the pulse, near the excitation surface. The instantaneous
citon density is much lower, due to Auger decay during t
pulse.! For the exciton distributions at each instant in tim
we associate a temperatureQ by fitting the spatially inte-
grated orthoexciton distribution to Eq.~5!. For the density
we use the maximum local density, that near the excitat
surface. The curves marked with dots and circles in Fig.
indicate these maximum densities.

We now compare the exciton densities predicted by

b-

FIG. 11. The maximum apparent temperaturesQ obtained by
fitting experimental spectra to Eq.~5!. The solid curve is the maxi-
mum Q from fits to the numerical simulations. The broken curv
bound the possible local lattice heating by the laser pulse.
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12 918 PRB 62K. E. O’HARA AND J. P. WOLFE
model ~and consistent with luminescenceintensities! with
those derived from fits to the spectralshapesalone. That is,
we interpret the fit to Eq.~5! as a fit to a quasiequilibrium
Bose distribution, and estimate the orthoexciton den
through

n5
1

~2p\!3E d3k

expS a1
«

kBQ D21

, ~6!

where «5k2/2m. The paraexciton density is estimated
assuming the paraexcitons fill the same volume as the or
excitons. Under this assumption, the ratio of densities is
same as the ratio of numbers, which can be determined f
the ratio of luminescence intensities. This method was u
to analyze experimental spectra8–15 before the absolute exci
ton luminescence rates were published. The justification
this procedure was that~a! excellent fits to Bose distribution
were obtained, and~b! the exciton densities determined fro
the Bose fits were consistent with the density ofphotons
absorbed~that is, ignoring losses to Auger decay!.

The curveso-o andp-p in Fig. 12 represent the results o
this procedure. One would conclude that the orthoexci
density remains very close to the critical density for Bo
Einstein condensation, but never exceeds it. This effect,
viously called ‘‘quantum saturation,’’ is an artifact of fittin
the results of our explicitlynon-quantum numerical simula
tion.

VI. DISCUSSION

In this section we consider the experimental evidence
Bose effects in excitons in Cu2O in light of our present re-
sults.

FIG. 12. Traces in density-temperature space for simulation
sults appropriate for absorption of 1017 photons per cm2 from a 7-ns
argon-ion laser pulse. The curves with circles use the fit temp
ture Q from Eq. ~5! and the local density at the excitation surfac
The traces cover times from 6 ns before to 18 ns after the cent
the excitation pulse, with one circle every nanosecond. The cu
o-o andp-p useQ also, but the density is estimated by interpreti
the shapes of the spectra as quasiequilibrium Bose distributi
The dashed lines are the critical densities for Bose-Einstein con
sation of an ideal gas in equilibrium at temperatureQ.
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A. Exciton superfluidity?

There have been reports of superfluid transport of ex
tons after intense above-band-gap photoexcitation. In
first report,38 the exciton density profiles were measured a
function of depthz from the excitation surface. After intens
excitation, the FWHM of these profiles increased linea
with time at a rate greater thansL .

We have seen that Auger decay can rapidly increase
FWHM of the exciton profile~see Fig. 2! during and soon
after the excitation pulse. Auger decay does not increase
width of the exciton cloud directly; it decreases the ma
mum density so that the full width at half-maximum dens
is larger, mimicking a rapid gas expansion. This effect
short-lived, ending as soon as the density has dropped to
point that Auger decay is no longer the dominant dec
mechanism. The model developed in this paper predicts
sentially diffusive growth of the exciton cloud beyond 2
mm depth; and thus offers no explanation for the appare
ballistic motion over 100mm deep into the crystal seen i
Ref. 38. The continued rapid expansion may be due
phonon-wind effects.39

More recently,40 excitons have been observed to mo
across a 2-mm sample at 95% the speed of sound. The e
tons were created by 10-ns pulses of doubled YAG la
light, with 1017 photons per cm2, similar to the situation
considered for Fig. 12. By 20 ns after the excitation pul
the exciton density is predicted to be 1015/cm2, which is well
below the critical density for Bose-Einstein condensation
the 2-K lattice temperature used in Ref. 40. Therefore, we
not expect that quantum statistics is important for these
periments.

Again, phonon-wind effects have been proposed as
mechanism which moves the exciton packet at nearly
speed of sound,41 an explanation that does not depend
Bose statistics of the excitons. We point out that the exci
mean free path against LA-phonon emission is quite large
excitons moving near the speed of sound~see Fig. 13!. Such
long mean free paths have been confirmed by measured
citon diffusivities,25 and may be a large part of the explan
tion of how these classical exciton packets can travel ma
scopic distances in Cu2O with so little dissipation.

e-

a-
.
of
es

s.
n-

FIG. 13. ~a! Mean time before a LA-phonon scattering event
a function of exciton velocity for excitons in Cu2O at 2 K. ~b! The
corresponding mean free path.
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B. Condensed paraexcitons?

There has been a report of Bose-Einstein condensatio
paraexcitons in Ref. 12, which used above-band-gap ex
tion with 10-ns pulses and a uniformlystrained Cu2O
sample. The principal evidence for Bose-Einstein conden
tion of paraexcitons was spectra showing paraexciton di
butions approximately one-half as wide as the simu
neously observed orthoexciton distributions. A similar ra
of widths, however, is seen in Fig. 8 to follow from th
known relaxation processes of an exciton gas well below
quantum density.

The data of Ref. 12 differ from that shown here primar
in the relative numbers of orthoexcitons and paraexcit
observed. Specifically, Ref. 12 reports that the density
paraexcitons greatly exceeds that of orthoexcitons shortly
ter intense excitation (831016 photons/cm2).

Figure 14 presents the results of some of our attempt
reproduce the observations reported in Ref. 12. When
formly filling an aperture on the crystal surface with th
green excitation light, we find results similar to those in S
V both with and without stress applied. For Fig. 14~c!, we
removed the aperture and collected luminescence from
edge of the sample. Edge collection accepts luminesce
from the entire volume of the sample. Under these con

FIG. 14. Observed areal densities of excitons following 7
argon-ion laser pulses from which the sample absorbed 1016 pho-
tons per cm2. ~The peak at 30 ns is due to a secondary laser p
with about 1% the intensity of the main pulse.! ~a! Densities ob-
served by collecting luminescence from the center of the 50-mm
aperture used to define the excitation area, with the sample und
stress.~b! Densities observed in the excitation area, in a sam
under 0.7 kbar uniaxial compressive stress along@110#, based on
luminescence collected along@11̄0#. Only the lowest of the three
strain-split orthoexciton states is included in the orthoexciton nu
ber. ~Correction for polarization and anisotropy of the strain-sp
luminescence lines has been performed.! ~c! Relative densities ob-
served by imaging an edge of the Cu2O sample onto the monochro
mator, thus collecting edge-scattered luminescence which sam
excitons throughout the sample.
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tions, the relative amount of paraexciton luminescence
greater, but not so great as reported in Ref. 12.

We see from Fig. 14 that determining the ratio of orth
excitons to paraexcitons from the ratio of their luminescen
intensities requires control of the collection geometry and
the shape of the laser spot. In particular, if the excitat
pulse has a low-level spatial component outside the m
focal spot, the excitons produced in this broader region w
not be subject to strong Auger decay. The low-density
gions will emphasize paraexciton over orthoexciton lumin
cence.

Figure 15 shows our present attempt to compare exp
ment and theory under spatially controlled conditions. Lig
collection is directly through the sample. The upper parts
Fig. 15 are results for a low-density exciton gas, which in
experiment was created using 590-nm light with an abso
tion length of 50mm in Cu2O. The laser photons in the
10-ns pulse create orthoexcitons, and these orthoexci
convert into paraexcitons with a decay time of 3 ns. T
paraexcitons decay very slowly. The slight decrease in nu
ber of visible paraexcitons in Fig. 15 is consistent with d
fusion of the excitons out of the observed volume of crys

The lower parts of Fig. 15 are for the higher excitatio
level (231015 photons absorbed per cm2) which we have
been discussing through most of this section. The fast de
of excitons through Auger decay is obscured by the 7
width of the excitation pulse. This situation is closer to
driven steady state, in which the local exciton densityn is
related to the instantaneous creation rateG of excitons by the
laser throughn5AG/A. The ratio of paraexciton density t
orthoexciton density decreases with increasing excitation
tensity, as has been reported before.17
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FIG. 15. ~a! Observed areal density of excitons resulting from
10-ns dye laser pulse from which 931011 590-nm photons were
absorbed per cm2. ~b! Results from our numerical simulation of th
experiment of~a!, assuming 50% production efficiency for ortho
excitons by 590-nm light~Ref. 6!. ~c! Experimental results of a 7-n
argon-ion laser pulse from which 231015 were absorbed per cm2.
~d! Simulation of the experiment of~c!, assuming 30% production
efficiency for orthoexcitons, and 10% for paraexcitons.
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12 920 PRB 62K. E. O’HARA AND J. P. WOLFE
The model predicts excess orthoexcitons at late time
Fig. 15~d!. These orthoexcitons are created from t
electron-hole pairs liberated from paraexciton Auger dec
Orthoexcitons created in this way have been seen in a
fined exciton gas.42 In this experiment, however, diffusio
for 30 ns has spread the paraexcitons beyond the
mm-diam excitation area, thus reducing the paraexciton d
sity. The late-time orthoexciton number, proportional to t
square of the paraexciton density, is very sensitive to
difference between the experiment and our one-dimensi
model.

We have so far assumed that Auger decay of both or
excitons and paraexcitons is the principal loss mechanism
these carriers. If instead we assume that the dens
dependent orthoexciton decay rate is due tospin-flip
scattering18 (o1o→p1p), the result shown in Fig. 16 is
obtained. For this figure only, we have restored the identi
particle enhancement factors in the scattering kernels,
cause under these assumptions the paraexciton occup
numbers reach 100 at the time shown. We neglected ela
collisions between excitons. The paraexciton intensity wh
should be expected from the products of spin-flip scatter
~dashed line! is far larger than observed in experiment. T
Auger mechanism, on the other hand~Fig. 7!, accounts rea-
sonably well for both orthoexciton and paraexciton inten
ties.

C. Nonthermal distributions from resonant excitation

Although the magnitude of Auger decay in Cu2O prevents
a condensate from forming through exciton thermalizati
one can put a ‘‘condensate’’ in place through resonant e
tation. All that is required is a sufficiently strong narrow
band laser source. We put the word ‘‘condensate’’ in quo
because the excitons created directly in low-energy st
with high occupation numbers are not in equilibrium wit
nor have they condensed from, a thermal distribution of
citons.

FIG. 16. Luminescence spectrum 4 ns after center of a 10
laser pulse from which the sample absorbed 231015 photons per
cm2. Dashed curves: ortho- and paraexciton luminescence expe
if spin-flip collisions were the only interaction between exciton
Under this~unrealistic! assumption, the paraexciton density wou
be greater than the critical density for Bose-Einstein condensa
in
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Recent experiments14,15 have used two-photon excitatio
resonant with the orthoexciton electric quadrupole transiti
These experiments use surface photoexcitation by 7-ns in
red laser pulses with a quoted energy density near 1 J/2

~Ref. 15!. The quoted excitation depth for these conditions
50 mm ~Ref. 14!. Defining the two-photon absorption coe
ficient b by

dI

dz
52bI 2,

where I is the photon flux, we infer thatb'1 cm/MW for
the conditions used in Refs. 14 and 15. The excito
generation profile matches the laser absorption profile:

G~z,t !52
1

2

dI

dz
5

1

2

b@ I 0~ t !#2

@ I 0~ t !bz11#2 , ~7!

where I 0(t) is the photon flux at the sample surface. No
that the effective depth of excitation changes asI 0(t) rises
and falls through the laser pulse.

Each orthoexciton is created with momentum equal to t
of the pair of photons absorbed,k/\533107/m. An excita-
tion intensity of 1 J/cm2 results in the resonant absorption
1021 photons per cm3 near the excitation surface. Even in th
presence of Auger decay, this excitation intensity should p
duce at least a temporary exciton density on the orde
AG/A'1017/cm3. This density of excitons, all in states wit
momentum close to that of the absorbed photons, implie
high occupation number in those states. Despite the h
occupation numbers in this scenario, we continue to ign
all the identical-particle scattering enhancements as we a
our numerical model to this type of experiment.~The com-
puted occupation numbers for the zero-momentum state
not exceed 0.16.!

The evidence for effects of Bose statistics in Ref. 15 w
that the low-energy peak in the orthoexciton distributi
lasted longer in a sample at 2 K than in a sample at 4 K. The
argument was that in the warmer crystal, broadening of
resonant absorption line had substantially reduced the t
photon absorption coefficient, resulting in much lower ex
ton densities.

However, the rate at which orthoexcitons with veloci
less than the sound velocity are scattered by phonon abs
tion is approximately

J2m3sL

4pr\4

16

exp~2msL
2/kBT!21

1S 8

15
Jzz

2 1
1

2
Jxy

2 D m3sT

4pr\4

16

exp~2msT
2/kBT!21

,

where the energies 2msL
2 and 2msT

2 ~numerically 8 K and 0.8
K! are the approximate energies of the phonons required
energy and momentum conservation. In a 2-K lattice, t
rate is 0.4/ns, while in a 4-K lattice it is 2.2/ns.~The fact that
low-energy excitons absorb acoustic phonons faster in a
lattice than in a 2-K lattice was confirmed by additional e
periments in Ref. 15.!

Figure 17 shows what we would predict for the expe
ments described in Refs. 14 and 15. Given the intense p
and short absorption length predicted for the experimen
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the 2-K crystal, our model predicts that Auger decay sho
produce a very hot gas of excitons. In this case it seems
understanding of the experimental situation is incomple
However, we note that the hottest observed spectra do
semble our predictions for 8 ns after the pulse center, w
the excitation intensity has fallen by a factor of 37.

Note that the peak near zero kinetic energy remains str
despite Auger decay. The spatial inhomogeneity of exc
tion is important here because toward the end of the la
pulse, the effective absorption profile Eq.~7! extends deep
into the crystal. The low-energy peak in the spatially in
grated spectrum becomes indistinct about 10 ns after the
ter of the 7-ns-wide pulse.

To generate Fig. 17~b! for two-photon excitation of a
crystal at 4 K we have assumed, following Ref. 15, that th
absorption coefficient is greatly reduced. Thus the exci
density is very low and there is no elastic scattering betw
excitons and no Auger decay. Now only phonon absorpt
erodes the low-energy peak, but in a 4-K lattice phonon
sorption is faster than at 2 K, and the peak disappears in
17~b! about 4 ns after the center of the excitation pul
These lifetimes are qualitatively similar to those reported
Ref. 15.

VII. CONCLUSIONS

The discovery that the Auger decay process for excit
in cuprous oxide limits the average exciton density to val
well below the quantum density has forced a reinterpreta
of the ubiquitous Bose-like energy distributions observed
high excitation densities. Calibrations of the average exc
gas densities revealed that they rarely exceeded 1% of
critical density for Bose-Einstein condensation. In this pap
we have attempted to understand the quantumlike en
distributions as thenonequilibrium distributions resulting
from known energy-relaxation processes. The principal
sults can be seen in Fig. 7, which shows the temporal e
lution of the energy distribution during and after a 7-ns la

FIG. 17. ~a! Numerically predicted orthoexciton distributions
the times indicated relative to the center of a 7-ns-wide pulseI (t) of
sufficient intensity to create 331018 orthoexcitons per cm2, all with
initial energy 0.013 meV in a lattice at 2 K.~b! As ~a! but with the
orthoexcitons created at very low density in a lattice at 4 K. N
the different selection of times. The distributions have been con
luted with a triangle with FWHM 0.15 meV to match the spect
resolution of Refs. 14 and 15, but the effects of the 15-ns exp
mental time resolution havenot been applied here.
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pulse with photon energy above the band gap. A model
cluding Auger recombination, optical- and acoustic-phon
emission, orthoexciton-to-paraexciton conversion, and e
tic scattering accounts for the unusual Bose-like distributio
remarkably well. Even the intensities of the luminescen
spectra are predicted within experimental uncertainty. In
dition, the ratio of orthoexciton and paraexciton densities
closely simulated by the model, as shown in Fig. 15. Fina
the observed narrowing of the paraexciton line compared
that of the orthoexcitons is accounted for in the model,
seen in Fig. 8.

A key aspect of this theory is accounting for both t
energetics and spatial distributions of the exciton gas. In
der to achieve high densities of excitons, near-surface p
toexcitation is used. The resulting inhomogeneous excita
profiles are incorporated in the model. We find that the lo
exciton energy distributions depend strongly on the dista
from the crystal surface, and thesumof these distributions
~corresponding to the optical collection! produces the Bose
like peaks at low energy in the composite spectrum. An
parent fast expansion of the gas within about 20mm of the
crystal surface is predicted~Fig. 2!; in fact, the effect is due
to fast Auger decay near the surface rather than a rapid tr
port of excitons. We have not attempted to incorpor
phonon-wind effects that could provide a long-lived drivin
force following the excitation pulse.

For direct comparison to the model calculations, we ha
employed a well characterized excitation geometry. A 5
mm-diam aperture is pressed against the sample surface
the laser light is adjusted to fill this hole uniformly. We hav
independently checked the extinction length of the light a
have used calibrated optics and electronics to measure
absolute emission strength of the luminescence light, dire
gauging the number of excitons emitting per unit area.

Finally, we have applied our theoretical model to rece
experiments usingresonantexcitation of excitons. In these
cases, calibrated exciton densities are not available, bu
have simulated the results for plausible conditions. With
tense two-photon excitation, it seems quite possible to cre
excitons in low-energy states with occupation numb
greatly exceeding unity. Of course, the result is not a th
modynamic condensation, but this seems a fruitful path
observation of quantum effects.

We now realize that a clear imperative for any experime
tal attempt to form a Bose-Einstein condensate is a quan
tive measure of the particle density. This implies regulat
the spatial distribution of the excitation, accounting for ex
tonic diffusion, and measuring the absolute luminescence
tensity emitted by the exciton gas. There remains a wealt
information reported in the literature on excitons in cupro
oxide, but interpretations based on a spectroscopic meas
ment of density are highly questionable. The strong Au
decay process implies that a thermodynamic condensatio
excitons in cuprous oxide is far more difficult than prev
ously thought.
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