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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@¥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 Cu,O 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 functioepadeas 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.

[. INTRODUCTION the momenta of the recombining exciton and the photon,
allowing excitons of any momentum to luminesce with equal
Cuprous oxide is a long-recognized semiconductor thaprobability. The energy of the emitted photon is the total

has enjoyed renewed interest during the past two decademergy of the exciton less that of the optical phonon. The
due to its perceived promise as a host for a Bose-Einsteiphonon energy is nearly independent of the momentum it
condensate of excitortsThe excitons in CyO are quite Wwas required to accept from the recombining exciton, thanks
simple. The band edges are at zone center and have only tkthe flat dispersion curves of the optical phonons involved.
minimum twofold degeneracy stemming from the electronTherefore, the phonon-assisted luminescence spectra repro-
spin. An electron and a hole bind to form an exciton with theduce the exciton kinetic energy distribution.
unusually high binding energy of 150 meV. More precisely, A common experiment uses the green light from an
150 meV is the binding energy of thes Exciton; one can argon-ion laser to produce electron-hole pairs in,Cu

observe a complete Rydberg series of hydrogenlike states Within. 3 um of the sgrface. _In acrystal at 2. K, these carriers
the electron and hofs combine to form excitons with a quantum yield near 4Dg.

The 1s exciton is split by electron-hole exchange into athe exciton lifetimes remained long at high density, then ex-

. ) : ) . citon densities in excess of ecm® would be readil
singlet and triplet. The singlet state, thg paraexciton, lies y

/ ) o achievable.
12 meV lower than the triplef’;s orthoexciton. Radiative  As the hound state of two fermions, excitons should obey

recombination of the paraexciton is extremely weak. Bose statistics. In thermal equilibrium, we expect the occu-

The band edges in cuprous oxide both have even parityjsation number of the exciton kinetic energy eigenstate with
so the direct radiative recombination of ang &xciton is  energy ¢ to be given by the Bose-Einstein distribution,
dipole-forbidden. The lifetime of a gas of orthoexcitons, in f(g)=14exd (s —u)/ksT]—1}, whereu is the chemical po-
equilibrium at 2 K, against electric-quadrupole radiative re-tential andT is the temperature of the exciton gas. The Bose
combination is~10 us (Ref. 4. The actual lifetime of the statistics of excitons should become noticeable in their equi-
orthoexcitons is limited by their conversion to the paraexci-librium distribution when the exciton density is sufficiently
ton state, which happens in about 3 ns in a crystal at 2 Khigh that the lowe occupation numbers become large
The lifetime of the paraexciton is limited by nonradiative (|u|=<kgT). Based on the density of states for excitons in
recombination at impurities and defects, and can reach seGu,O, the required density is about m? if the exciton
eral microseconds in good sampfes. gas temperature is 2 K.

There are optical phonons which induce a dipole moment Several groups have reported the observation of Bose-
between the bands, making dipole-allowed the recombinashaped distributions of excitons in € when using intense
tion of an exciton through simultaneous emission of a photompulsed photoexcitatiofr.'® There are, however, several prob-
and optical phonon. This phonon-assisted luminescence lems with the interpretation of these distributions as quasi-
still too slow to affect the exciton population dynamics; the equilibrium Bose distributions. The observed distributions
rates are 70/ms for orthoexcitons and 0.14/ms forindicate an effective exciton gas temperature higher than that
paraexciton$. of the lattice, and maintain the characteristic Bose-{iken-

Slow as it is, phonon-assisted luminescence is extremeliaxwellian) shape for only a few tens of nanoseconds after
useful. The optical phonon accepts the difference betweethe laser pulse. We have performed similar experiments un-
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der experimental conditions which allowed an estimate of Il. ANALYTIC MODEL FOR THE STEADY-STATE
the exciton gas density based on the absolute intensity of the ENERGY DISTRIBUTION
photglummescenc]és. In our ex.per_|me-nts, what appeared to Consider a situation in which excitons are being continu-
be highly degenerate Bose distributions were observed, blbtusly created with large kinetic energgbove the range of
the average exciton densities were 100 times below the deré‘nergies observédand then cooling through acoustic-
sities indicated by fitting the spectra to a Bose distribution. hionon emission to the extent possible in their finite lifetime.
Experiments indicate a delnl%lty-dependent ‘annihilatioye assume for now that each exciton cools independently of
process for the orthoexcitois!*” One can envision two  the others, that is, with no elastic collisions to redistribute the
such processest) an Auger process in which two excitons energy. For simplicity, we ignore the spin degeneracy of the
collide and one electron-hole pair recombines, giving theexcitons and assume zero lattice temperature.
band-gap energy to the remaining, ionized, electron and The exciton-phonon interaction can be described by an
hole; (i) spin-flip scattering in which two orthoexcitons ex- isotropic deformation potential for the excitonsH
change angular momentum in a collision, becoming two==V.u, whereu is the displacement field of the lattice.
paraexcitons? Of these mechanisms, only Auger decay re-This interaction, in the limit of vanishing sound velocity,

duces the net number of excited electron-hole pairs. The prqeads to exciton relaxation described by the following differ-
cesses are readily distinguishable by comparing the relativential equatiorf?

intensities of orthoexcitons and paraexcitons. In Sec. VI we

do so and show that the paraexciton numbers are far too ig  E%m? 5 9k Ok

small for spin-flip scattering to be the dominant exciton de- W=W< k W+4kgk) . @
cay mechanism.

In the experiments, three effects appear at about the sanftere,q=|k—p| denotes the crystal momentum of the pho-
excitation intensity: Auger decay reduces exciton yield, thehon emittedm is the exciton effective mass, which is three
exciton kinetic energy distribution no longer resembles aimes the free electron mass= 6.1 g/cni is the density of
Maxwell-Boltzmann distribution, and the apparent excitonCu,O, andr is the exciton lifetime. If Auger decay limits the
gas temperature becomes much higher than that of the latticxciton lifetime, then 7 1=An, where n
(for the common situation of a lattice near 2.Kt is natural = (27%) [g, d3k is the exciton density. We hawmitted
to suppose that the resulting Bose-like distributions may béhe identical-exciton enhancements—the +(d,) Bose
the product of the competition between Auger recombinatiorfactors—from Eq(1) to investigate kinetic effects only, not
and cooling by phonon emission. The aim of this paper is taquantum effects. These factors would have a negligible ef-
examine this hypothesis in detail. fect on the kinetics at the exciton densities with which we are

The following section illustrates this competition by de- concerned.
riving, under a highly simplified model, the steady-state dis- In applying this theory to the experiments which used
tribution of excitons whose lifetime is too short for them to excitation pulses longer than one nanosecond, and crystal
thermalize. Section 1l develops a more complete model ofemperatures near 2 K, we can consider dhiwen steady-
the excitons in C40. Sections IV and V present predictions state exciton distributions because under the model of Eq.
of this model obtained by using a computer to follow the (1) the time required for acoustic phonon cooling to reduce
exciton occupation numbers as a function of time, energythe exciton energy to about 0.2 me¥ K) is only
and spatial position. The model, which ignores the Bose sta-
tistics of the excitons, reproduces most of the experimental wpht 1 05 s
observations made of excitons in LW that have thus far =2752 05 ey '
been explained only in terms of Bose statistics. In Sec. VI, =m 0.2 mev
prior experimental results, including those for resonant exciThe steady-state solution to E@.) is
tation, are interpreted in terms of the present calculations.

Our work differs from other treatments?! of the relax- 27%ph’™n —mph?
ation of excitons in C40 in that it includesall of the known = Eon, K O E7k
kinetic effects, including the motion of photoexcited excitons
away from the excitation surface. Previously, Ref. 19 inves-The exponential function is close to 1 except at laveo gy
tigated the relaxation of a spatially homogeneous gas ofioes essentially askt.
long-lived excitons under the influence of elastic scattering If the exciton generation rate is sufficient to maintain a
and LA-phonon emission only. Reference 21 added the efdensity ofn=10"/cn?®, then Auger decay would limit the
fects of radiative recombination, but ignored elastic scatterexciton lifetime to approximately=0.1 ns, given that the
ing. Reference 20 included the effects of Auger decayAuger decay constant is found to e~10 ' cm®/ns in
(though with a rate 100 times lower than what we have resecent experiments'®?® The energy distributionN(e)
cently measuredand optical-phonon emission, but assumed= (27%) [ g, 8(k*/2m— &) dk corresponding to the occu-
that the exciton gas was continuously in internal equilibrium pation numbers predicted in E@) is shown in Fig. 1 for the
and followed only the density and temperature of the gascase ofr=0.1 ns. Equatiori2) resembles the Bose distribu-
The present calculation uses measured values for all the préion at low kinetic energies, but its power-law form decreases
cessegexcept elastic scattering, which we estimate from amore slowly than the Bose distribution at high kinetic ener-
recent theoretical calculatiprand models the geometry of gies(Fig. 1).
surface photoexcitation so as to allow direct quantitative Equation(1) is a very approximate description of exciton
comparison with experiment. relaxation in C4O. Phonon absorption in a lattice at finite

. (2
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17 I I I function of both position and particle momentum. For mo-
E 10 ¢ tion free from external forces, the Boltzmann equation has
N F the form
Q -
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8 1018 S W, W, k)ld®
3 10 3 = 2k [Wp_k 9(X,p) =W, _p 9(x,k)] d°p.
L C Maxwell—Boltzmann
- ~N
1 | 1 | N

0 10 20 We haveomittedthe [1+g] scattering enhancement factor
Exciton Kinetic Energy (meV) for bosons because we are investigating ways in which a
low-density gas may mimic the spectrum of a degenerate
~ FIG. 1. Solid line: Eq. 2, normalized =10"/cn. Dashed  Bose gas. The occupation numbgrsere monitored and the
lines: A nearl_y s_atur_ated Bose-Einstein distribution, and a Maxwe"'ground-state occupation number did not exceed 0.03, except
Boltzmann distribution, both at 60 K. as noted in two exceptional cases presented in Sec. VI.

We can reduce the number of independent variables in
S(X,k). The experiments in Sec. V of this paper filled a 50-
pm-diam aperture placed on the crystal with pulses of
O . . 514.5-nm light from an argon-ion laser, which has an absorp-
reduces the weight in the low-energy peak, as does mclusmﬁon length of about 2.5:m in C,O. Within the disk, the

of elastic scattering. . . ) . .
Most experiments use surface photoexcitation, creating af*clton density depends only on one spatial dimension:

inhomogeneous spatial distribution of excitons. The highefPth into the crystal. We can ignore diffusion across the

exciton density near the surface causes, through Auger gélisk within the 10-ns period of interest, but the excitons can

cay, a shorter exciton lifetime, so the excitons near the surdiffuse several microns into the crystal within this amount of

face have less time to cool. Generally, one can observe onkfme. (The exciton diffusivity® at 2 K is 60 um?/ns.) We

the superposition of exciton distributions at various depthstore the exciton occupation numlz,k,cos6) as a func-

from the crystal surface. This integrated distribution containgdion of distancez from the crystal surface, the magnituklef

both hot distributionglike that in Fig. 3 from excitons near the exciton momentum, and the angldetween the exciton

the surface plus contributions from nearly thermalized exci-nomentum and the surface normal.

tons further into the crystal, which enhance the low-energy

peak. Finally, excitons with kinetic energy greater than that

of an optical phonon have the additional cooling mechanism A. Generation

of optical-phonon emission. This tends to straighten out the o

power-law curve by reducing the occupation numbers of the Above-band-gap excitation produces free electrons and

high-energy states. holes, which most likely form excitons in random spin states
This analytical model shows the tendency of the Augerniformly distributed in momentum space throughout the

and relaxation processes to produce a long high-energy tefirst BrII_Ioum zone. We distribute the initially created exci-

along with a low-energy peak in the kinetic energy distribu-tons uniformly throughout a sphere of momentum space cor-

tions. Moreover, the nonequilibrium distribution has positive'®sponding to exciton kinetic energies less than 39 meV.

curvature at high energies, which is consistent with our specIhose excitons initially formed in higher-energy states

tral data(Fig. 7 in Sec. V, for example A more complete Would emit acoustic and optical phonons at a rate greater
numerical model is developed next. than 500/ns, faster than the time scale we need to follow.

temperature widens the low-energy peak, to at least th
width of a Maxwellian at the lattice temperatu{@.3 meV
full width at 2 K). Allowing for the finite speed of sound

Ill. PROCESSES INCLUDED IN THE NUMERICAL

MODEL B. Acoustic-phonon emission

The Boltzmann equatiofChap. 16 of Ref. 24describes The threel ,; orthoexciton states have a strain Hamil-
the evolution of the particle occupation numhgk,k) as a  tonian of the form®

J
E A+ 26— Eyy— €27 \/§Exy€xy \/§Exy€xz
HorthOZE(Exx+ EyyTt €,,)+ \/§Exy€xy Ezz(_fxx+ nyy_ €2 \/§Exy5yz
\/§Exy5xz \/§Exy5yz EZZ(_EXX_ fyy+2622)
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in the basis of orthoexcitons states that transforms a3herefore, the total optical-phonon emission rate is 0.14
{yz,xz,xy} under rotations in the cubic group. The paraex-+0.18+0.21=0.53 times the LA-phonon emission rate—for
citon feels only the isotropic first term. Reimann and22-meV orthoexcitons. Setting,,=1.2 eV in the model
Syassefl measured the shift in the exciton energies undereproduces this observed ratio between acoustic- and optical-
hydrostatic pressure to determi®=1.68 eV. The shear phonon emission rates.

deformation potentials are best determined from the splitting There is a correction to the deformation potential for pho-
of the orthoexciton line under shear strain. We obtainechons with wavelength comparable to the exciton Bohr
E,,=—-0.29 eV and=,,=0.18 eV by fitting the strain- radius®> We make this correction in approximate form by
splitting data of Water&2° converting the experimentally replacing= by E/[1+ (qay/4)?]? in each phonon scatter-
reported stresses to strains using the elastic compliances iing kernel.

Ref. 30.(Reference 29 does a much more complete analysis
to extract the somewhat larger deformation potentials for the

' D. Conversion between orthoexcitons and paraexcitons
holes alone, rather than for the excitons.

The scattering kernel for longitudinal-acoustit.A) For interconversion between orthoexcitons and paraexci-
-phonon scattering by excitons is tons, we develop the acoustic-phonon-emission model sug-
gested in Ref. 34. Conversion from thg; orthoexciton to a
722k p| p2 2 ', paraexciton requires reorientation of a spin. If the rel-
k=T o 5(—+SL|k—p|——)f|kp evant Hamiltonian is assumed to involve the local lattice
pSL 2m 2m . .
rotation due to a transverse acoustic phonon, then
2 2
p
+6 ﬁ_sdk_p'_% (1+fkp|)}a 2 2

p
o PA=sLk=pl=5 ] (1+fjp)

Wortho,pﬂ parak — [ )

where thef’s are phonon occupation numbers agdis the

speed of longitudinal sound. The phonon occupation num-
bers are assumed to follow the Planck distribution at the
lattice temperature. This means that we neglect any lattice

p2 k2
+ 5(E+A+SL|k—p| —ﬁ) fk—p}

2
heating or phonon wind effects. This approximation is valid > 7Lk —p]
only for excitation densities below about *f@hotons per hpst
cn?.

The scattering kernel for transverse acoustitA) WhereA=12 meV is the exchange splitting between ortho-
-phonon emission by orthoexcitons has the same form as thgkcitons and paraexcitons. The scattering strerigth50
for LA-phonon emission, with the sound velocity replaced ~MeV is determined from the observed down-conversion rate

by sr, and with E? replaced by the combination of shear at 2 K: (0.29-0.03)/ns. The possibility of conversion of

deformation potentialg =2 + Eyy?. The emission of TA orthoexcitons to paraexcitons through collisions is discussed

phonons is 7% as fast as LA-phonon emission, for orthoexi the concluding section.
citons with velocity well aboves, .

E. Auger decay

C. Optical-phonon emission We take the Auger decay rate to be independent of the
Excitons with kinetic energy greater than that of anrelative velocities of the colliding excitons. We follow Ref. 6

optical-phonon can cool by optical-phonon emission. Therd" defining the Auger rate constar so that the rate of

are three optical phonon energies below 40 meV, the eigl’ﬁ."“g]er decay events per unit volume in a gas of densiy
modes 31“2‘5 2Fl—2 and 3rl—5 which we model with one An°. The rate of change of any exciton occupation number is

mode at an average energy,=15 meV. then
Either a deformation potentiior Frahlich interactiori?
results in an optical-phonon emission rate dominated by the 99k 5
number of available final states: ot AN
8wE§p(k— p)? p? k2 because each Auger event destroys excitons, recombin-
Wpﬁk=T ) ﬁﬂLEop— ﬁ)fop ing one electron-hole pair and ionizing the other. Estimates
PEop of the Auger decay rate within the Bose condensation
p2 K2 literature"**1significantly underestimate the actual rate. We
+0| 5 Bopm 5 (1 fop) |- use 10 ® cm®/ns for the Auger constar, a round figure in

the midst of the recent experimental estim&t&s>°

One difficult question is, “How much of the band-gap

fro;h$é0:2éjglzflgz ;?]f grf]eg,%?:soi g?hdoeesxgi?gngiviﬁt'zn;ate&ergy released in an Auger recombination is deposited in
the exciton gas?” Kavoulakist al?° gave this question se-

meV of klnetl_c energy, Yu and Shen report t_hat th(_a ?m'ss'or}ious consideration. They argued that the electron and hole
ratesy of various phonons are in the following ratio:

liberated by Auger decay shed most of their excess energy
o into optical phonons. Their argument is based on a compari-
YLA Y25 Y12: V15— 1:0.14:0.18:0.21. son of the calculated exciton-electron elastic-scattering cross
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section and the rate of emission of; optical phonons dg(Kk) 87wo
through the Frhlich interaction. ot km2ah)? J J [9p9p,~ 9(K) Gk, ]
In the present model we put all of the excess enerfghe b2+ p2=k2
free carriersinto the lattice. We assume that all of the ion-
ized carriers released by Auger decay rebind to form new Xmin(p,ps,.K,. k) pdp p,dp,. (4

excitons, and we distribute these excitons in the same w hvsically. th L domi he directi f
that the initially generated excitons were distributed. Each o ysically, the approximation randomizes the directions o
pjose excitons which are going to collidegeforethe colli-

the four spin states—three orthoexciton states plus one par-
aexciton state—receives 1/4 of the newly formed excitons>'O"

The complete effect of Auger decay on the exciton occupa- 1 Ne rate of elastic scattering "“5‘74"’ whereAv is the
tion numbers is relative velocity averaged over all pairs of excitons. With the

choices of parameters we have made, there are 3.6 elastic
ag"“ho otho. L o (27h)3 collisions per Auger recombination in a Maxwell-Boltzmann
=—2Ang T+ ZANX distribution at 2 K.

& f d3p With our model we find that, during the excitation pulse
and near the excitation surface, elastic collisions bring the

agpe 1 (2mh)? :cj)cal ex_citonhdistributilonsd clolse to_a Maﬁwellliar: dsha%e.
&t =—2Ang +ZAn % eeper into the crystal and at later times, the local distribu-

f 3 ’ tions are sufficiently different from Maxwell-Boltzmann dis-
P tributions to require a full nonequilibrium treatment.

where the integrals over are over the finite volume of mo-
mentum space represented in the computer, and IV. RESULTS FOR SHORT PULSES
= (27h) ~3[[ 392"+ gP*? d3p is the total exciton density.

Orthoexciton luminescence spectra resulting from high-
intensity excitation with sub-nanosecond laser pulses have
) o been thoroughly studied in Ref. 11, which used 100-ps-wide

A recent calculatio?f uses diffusion Monte-Carlo tech- argon-ion laser pulses focused to a diameter of2®, pro-
nigues to find theswave contribution to the elastic- viding a peak incident power density of LONV/cn? (3
scattering cross section for excitons composed of equal-masgq i6 photons/cr per pulsé. This would result in 18
s_pi_n-% electrons and holes. The results in the low-energy,hotons absorbed per @mear the sample surface. To simu-
limit are late this experiment, we assume that 30% of the absorbed

87(3.80)2 T phot(_)ns form orthogxcitons and _10% form paraexcitons,
s T consistent with the yield reported in Ref. 6 and a random

F. Elastic scattering

Oortho-orthg= 1 0 I'ss distribution of spin states. We model the laser pulse as a
8m(1.5,)2, T, and I'ys, Gaussian, 100-ps wide at half maximum intensity, producing
excitons in a spatial distribution proportional to exq(d),
T ortho-parc 41(0.7a,)?, whered=2.5 um is the absorption length of the laser light.
Figure 2a) displays the results of the simulation at vari-
ffpara-para:877(2-130)2- ous depthg, at the time 200 ps after the center of the gen-

o o eration pulse. Losses to Auger recombination were most se-
There are three possibilities for collisions between orthoexyere near the surface where the density was highest. The
citons depending on the relative orientations of their internaledyction in the peak density is the reason that the width of
angular momenta, labeled by the symmetry designation ofe exciton density profiles in Fig.(8 is so much greater
the product state of the two orthoexcitons. ). than the absorption lengtth. In the ~200 ps between the
In our simulations, we use=50 nnf~4m(2.8a9)% in-  exciton generation and the sampling time of Figh)2Auger
dependent of the spin states of the colliding excitons. Th%ecay has reduced the exciton density to rougtiy 00
effect of reducing the elastic-scattering cross section to zergs)~1=5x 10/ cn?. Notice that at this time the density of
is shown in Sec. V. _ , excitons at the surface is approximately $@imes the time-
The contribution of elastic scattering to the Boltzmanniniegrated density of photons absorbed. Auger decay also
equation involves all scatterings from initial momeptand  mgakes the mean exciton kinetic energy higher near the exci-
p2 into final momente andk: tation surface, as can be seen in Fi¢g)2by creating new
29(K) > hot excitons.
CALY 7 d3n, d? 241 n2_K2_K2 Surface recombination is not included in this model, but is
3 P2 d°p 6(p°+p3 2) ; :
ot mm(2mh) certainly present in the real system. In order for surface re-
X[9(p)g(p2) —g(k)g(ky)],

3) combination to destroy excitons, excitons must diffuse to the

surface. The diffusivity of hot excitons is limited by
where k,=p+p,—k, and o is assumed independent of acoustic-phonon emission @ =v?7/3~10 um?/ns (from
|[p—k|. We reduce the collision integral to an integral over Fig. 13 later in this papgr The diffusion length for the time
the magnitudes of the exciton momenta by replaaip), shown in Fig. 2 is then/4Dt~3 um so the exciton distri-
g(p,), andg(k,) in Eq. (3) by their angular averages,, bution cannot be seriously affected by surface recombina-
Op,» andgy,. Under this approximation, tion.
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FIG. 2. (a) Simulation results for the energy distribution of or-
thoexcitons at discrete deptizsinto the crystal, rangingtop to
bottom) from 1 um to 25um in steps of 4um. The time is 200 ps
after absorption of % 10'® photons per cffrom a 100-ps pulse.
(b) Dashed curve: generation profile exj#{d) for laser light with
an absorption length of 2..xm. Solid curves: exciton densities
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FIG. 3. Our observed orthoexciton luminescence resulting fro
a focused 150-ps pulse from which at least®ghotons were ab-
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FIG. 4. Observed orthoexciton luminescence spectra corre-
sponding to the excitation conditions of Fig. 3 in Ref. 16. Laser
energies are 0.05, 0.5, and 5 nJ in a 180-ps-FWHM pulse. Lumi-
nescence is collected from a region much larger than the excitation
spot. Thin curves: results of the numerical simulation described in
the text. All six simulations are scaled by the same factor.

The observed luminescence is spatially integrated over
the inhomogeneous exciton gas. Figure 3 compares the sum
of the distributions in Fig. @) with experimental spectra.
This experiment of ours was intended to produce conditions
similar to those used in Ref. 11. The argon ion laser was
focused to a spot which was at most a4n wide at half-
maximum intensity. Laser pulses containing 12 nJ with a
150-ps width produced a peak incident power of at least 5
X 10° W/cn?,

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

ae

;{ e
exp a+ kB®
It is important to note that in these fits the three parameters
are allowed to vary independently; the prefactoiis not
determined by the exciton density of states as it would be if
we were fitting to a real Bose distribution. The parameters
obtained from fitting the data are given in the caption to Fig.
3. The best parameters for fitting tls@mulationresults in
Fig. 3 are less degenerdteave larger): () ® =52 K and
a=0.63, and(b) ®=30 K anda=0.37.

In order to compare the model with this experiment at
various excitation levels, we must take into account that the
effective size of the exciton cloud increases along all three
dimensions as the excitation level is increa¥e8issuming a
Gaussian laser spot of diamet®r the exciton-generation
profile is exp—8(*+y?)/D?>—2zd]. We extend the numerical
calculations outlined in Sec. Il to three spatial dimensions
by usingq=z+ 8d(x?+y?)/D? in place ofz. The change of
variable interferes with our modeling of exciton diffusion,

N(e)= ®)

-1

rTbut there is little time for exciton diffusion in these short-

sorbed per cfh Time relative to the center of the pulse is indicated. pulse expenr_nents, so we ignore exciton diffusion f‘?r this
The luminescence was collected using a microchannel plate phot&-ase only. F'QU“? 4 _Compfi_res the ,mOdeI and experimental
multiplier with uncalibrated sensitivity, so the vertical axis cannot "€Sults for excitation intensities varying over a factor of 100.
be converted to an areal density of excitons. Solid curves: the sufigreement is good overall.

over depthz of the simulation results in Fig.(8). Dashed curves:
fits of the data to Eq(5). The fitting parameters wefa) ® =73 K
and «=0.12, and(b) ®=46 K anda=0.08. The vertical place-

ment of all these curves is arbitrary.

Before turning to longer excitation pulses, we mention
that if we do include the identical-particle enhancemefts
+g] to the scattering kernels, the simulation produces results
which are visibly indistinguishable from those in Fig. 3.
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10% - Figure 6 presents the exciton distributions resulting from
. the creation of & 10* excitons per crfy chosen to match an
5 105 L experiment in which X 10™ photons were absorbed per
0 cn?. The excitons were created in an exponential distribu-
£c 102 L tion penetrating 2.5um deep into the cuprous oxide. The
2 4 E distributions shown are for the time 4 ns after the center of
as 1F the generation puls€The exciton densities are lower than in
5 10 ¢ Fig. 2 because the excitation intensity was ten times higher
3 0 - in that case.

10 As we found in the preceding section, the excitons near

-10 0 10 20

Time (ns) the surface have a much widémotten energy distribution

than those deeper in the crystal. The Auger process in the
FIG. 5. The cavity-dumped laser pulse shape used to producdense near-surface region is acting to heat the gas locally.
the data in this section, measured with the same photon-countinfhe observed exciton distribution is again a sum over this
system that collected the exciton luminescence. The trace showspatial inhomogeneity.
here is not visibly affected by the transit time spread of the photon  These longer pulses create a situation similar to the driven
collection system. The dashed curve is a Gaussian with 7-ns fubteady state considered in Sec. Il. At the time shown in Fig.
width. 6, the excitation pulse is still creating new hot excitons and
driving Auger decay, especially near the excitation surface.
Also present are those older excitons that have managed to

Experiments using longer10 ng laser pulses have pro- avoid Auger collisions, and these have had ample tises-
duced the orthoexciton spectra that most closely resembfral nanosecongisn which to cool to near the lattice tem-
saturated Bose distributichsind paraexciton spectra that Perature. _ _ _
have been interpreted as a fully saturated Bose distribution, EXCiton diffusion is apparent in the right-hand portion of
plus a Bose condensate.n our simulations, the longer Fig. 6(c), especially in the paraexcitons. Excitons with veloc-
pulses provide ample time for a fraction of the excitons toity nears, have mean free paths of tens of micrénsfov-
cool, so the model predicts quite a sharp low-energy peak iH'g for 4 ns at the thermal velocity at 2 K, an exciton will
the exciton distributions even during the laser pulse. For th&ave traveled 2um by the time shown in Fig. 6.
simulation results presented here, we use the Gaussian gen-Surface recombination, which we have not included in the
eration profile with full width at half-maximum intensity model, certainly reduces the exciton density near the sample
equal to 7.0 ns, shown as the dashed line in Fig. 5. surface. Supposing a rather large surface recombination ve-
locity s~10° cm/s and the exciton density in Fig. 6, surface
recombination could destroy excitons at a rager~3
. ] X 10'%(cnm? ns). However, surface recombination destroys
a) orthoexcitons b) paraexcitons excitons at a rate linear in the exciton density, while Auger
- per cm  per meV per cm per meV recombination is proportional to density squared, and both
1 t=4ns t=4ns are most effective near the excitation surface. Under intense
T ] excitation, Auger recombination dominates. In Fig. 6, for
example, Auger decay is destroying excitons at a rate of 2
1 . x 10Y% (cn? ns).

Theory is compared with experiment in Fig. 7. In the
experiment, the argon-ion laser pulses filled a &50-aper-

0 5 0 5 ture placed on the sample, providing a well-defined area of
Exciton kinetic energy (meV) uniform excitation. The luminescence was collected using a
calibrated photon-counting system. With no adjustment of
the parameters, the model predicts an evolving shape of the
orthoexciton distribution quite close to what is observed.

The dashed curves are Bose-shaped distributions(SEq.
with the two parameter® and «a adjusted to fit the experi-
ment. If we broaden the curves given by ES). by the spec-
trometer resolution function and by the Lorentzian broaden-
ing suggested by the direct luminescence line, and replicate
the curve for each phonon-assisted luminescence line, then
the fit to the data is fairly good at energies up to 2025 meV.

— 1 1 (See Fig. 1 in Ref. 16, for examp)eThe prime difficulty
30 with the explanation of the data in terms of a Bose distribu-
tion is that the fit distribution implies large exciton occupa-

FIG. 6. (a),(b) Simulation results for the energy distribution at tion numbers, which in turn imply an exciton density much
depthsz=1,5,9,13,17,21, and 2&m into the crystal(c) Exciton higher than that indicated by the exciton luminescence inten-
densities versus depth into the crystal. The time is 4 ns after th&ity. For example, if the shape of the dashed curve in Fig.
creation of 8< 10'* excitons per criwith a 7-ns pulse. 7(b) is interpreted as an equilibrium Bose distribution, it im-

V. RESULTS FOR LONG PULSES

16 15
110 T 4x10

N
|

-
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Orthgexcntons 751 012 I : : : : I
per cm  per meV 2
a) Ons E 10" f t=4ns
i g ~ —
‘ N Jy0m NE -
Poroex(zzltons h E . orthoexcitons
per cm per meV ] : - paraexcitons
- - 1011 g L
~ u Q
10" <—orthoexcitons RN -
4 1010 0 : : : . :
{k—poroexcitons E 0 5
102 L | ) ! ) L] Exciton Kinetic Energy (meV)
410" FIG. 8. Simulation results from Fig.(f) on a linear scale. The
b) 4ns horizontal arrows show full widths at half maxima.
N 3 10" characteristic of the orthoexciton spectrum: at high energies
) ] there is a distinctly positive curvature on a semilogarithmic
1 plot. This feature is more apparent in the present data than in
AN 310 earlier publications due to the larger range of energies shown
. ] here. The positive curvature is a signature of the nonequilib-
10" N 1 e rium nature of the system as predicted in the analytic theory
N 310 of Fig. 1 and the simulations in Fig. 7.
2 b o ] Figure 8 compares widths of the orthoexciton and paraex-
10 : ' : ' : — citon distributions given by the same simulation, at the time
<4 10" 4 ns after the center of the laser pulse. The paraexciton dis-
c) 8ns tribution is significantly more narrow than the orthoexciton
- distribution because the paraexcitons are generally older, and
410" thus cooler. The orthoexciton-to-paraexciton conversion rate
\ 3 is 0.3/ns in a crystal at 2 K, so within a 7-ns pulse many of
] the orthoexcitons have become paraexcitons. Both spin states
‘\ 410" have their lifetimes shortened by Auger decay, but several
v 3 microns deep in the crystal, where the density is low, par-
10"3 1 aexcitons are the more abundant specg=e Fig. 6 and
\ 310 these paraexcitons have had several nanoseconds in which to
o2 | \ | cool. _ _ _ _ _
2010 ' 2070 ' 2030 : The actual elastic-scattering cross section for excitons in

Photon Energy (meV)

cuprite might be quite different from the theoretical estimate
we used here, so we also present results of a modelmnaith

FIG. 7. Luminescence spectra recorded 0, 4, and 8 ns after thelastic scattering between excitons. Comparing Fig. 9 with

center of a 10-ns laser pulse from which the sample absorbed 2
X 10 photons per ch The right-hand scale is set using the rate
for orthoexcitonI';,-phonon-assisted luminescence and the area of
the excited surface from which luminescence was collected. The
left-hand scale is set using the rate for paraexcitbps-
phonon-assisted luminescen€€he luminescence bands beginning
at 2014 and 2023 meV are additional phonon-assisted ortho-
exciton luminescence replicasolid curves: simulation results as-
suming the creation of 8 10* orthoexcitons and 2 10** paraex-
citons per crf by a Gaussian generation pulse with full width 7 ns.
Dashed curves: fits to the Bose shape, &. displaced vertically

for clarity.

plies a peak exciton density of ¥orthoexcitons per cfa If

this density holds through a 2m layer near the surface, we
should see an areal density of excitons of 20*° orthoex-
citons per crf, while experimentally we see only 1% of that
density. The actual Bose distributions should be 500 times
higher than the dashed curves.

Orthgexcitons
per cm  per meV

1103
12
Paraexcitons E 10
per em? per meV ]
_- 10M
13 .
10 diom
10‘2 I ! | I | ! ]

2010

2020 2030
Photon Energy (meV)

FIG. 9. The luminescence spectrum from Figb)7compared
The experimental data presented here reveal an importamith a model which includeso elastic scattering between excitons.
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10 OK' vy
1012 103 1014 1078 10162 1017
E o Photons Absorbed per cm
10" o
© 3 FIG. 11. The maximum apparent temperatugobtained by
NQ i fitting experimental spectra to E(p). The solid curve is the maxi-
E 102 mum O from fits to the numerical simulations. The broken curves
5 3 bound the possible local lattice heating by the laser pulse.
L ]
€ 10" pulses, because we have observed orthoexciton distributions
= below 3 K several tens of nanoseconds after the laser pulse.
§ ] Thus we need consider only the energy of a single laser
£ 10" - pulse.
o 3 Suppose all the energy absorbed from each laser pulse is
- converted directly into lattice heat, with the distribution of
s heat determined by the optical absorption length. To deter-
107 4 mine an upper bound to the lattice heating, we ignore diffu-
sion of heat during the tens of nanoseconds of interest. The
. specific heat of GO at low temperatures36c,p=36T2
107 4 Jm 3K~ * so the local lattice temperature can be found by
3 setting the local density of absorbed energy equal to
. fc,pdT=8.9T* Jm 3K~*. The resulting curve of maxi-
10 3 mum possible lattice temperature versus laser power appears
] as the dashed curve in Fig. 11. This curve is certainly an
o 1 overestimate of the lattice heating because over a 10-ns pe-
107 4 riod ballistic phonons would travel 4@m, greatly lowering
Wl the energy density.
2010 2020 2030 If all phonons left the surface ballistically, the vibrational
Photon Energy (meV) energy density would correspond to the effective tempera-

tures shown as the dotted curve in Fig. 11. Thus the broken
urves give the predicted limits for lattice heating. Obviously
the apparent exciton gas temperatures cannot be entirely due
to local lattice heating. The numerical model, which ignores
lattice heating, cannot be quantitatively accurate at the high-
Fig. 7(b), we see that elastic scattering does noticeably evesst excitation intensities shown. Yet, this model explains
out the nonequilibrium energy distribution. On the othermost of the apparent exciton gas temperature by inserting at
hand, we see that a cross section on the order of 50 nrrhigh mean energy the excitons which we assume form from
(enough for three to four elastic collisions per Auger decaythe electrons and holes released in Auger decay events.
collision) does not have a dramatic effect on the energy dis- To facilitate comparison with earlier work in G0, we
tributions. present in Fig. 12 a temperature-density plot of the results of

Comparison of model and experiment for a wide range othe simulation of a very intense 7-ns excitation pulSée
excitation intensities in Fig. 10 shows good agreement irsimulation created-10?° excitons per cry integrated over
spectral shapes and agreement within a factor of 2 inhe pulse, near the excitation surface. The instantaneous ex-
intensity—without adjustment of any parameters. The overc¢iton density is much lower, due to Auger decay during the
all agreement gives us confidence in our assertion that theulse) For the exciton distributions at each instant in time,
quantum statistics of the exciton gas is not important forwe associate a temperatu@ by fitting the spatially inte-
understanding the experimental results. grated orthoexciton distribution to E¢5). For the density

A considerable fraction of the laser pulse energy goes intave use the maximum local density, that near the excitation
the lattice, so we must consider the possibility of local latticesurface. The curves marked with dots and circles in Fig. 12
heating. We know, however, that the local lattice temperaindicate these maximum densities.
ture does cool to near the 2-K bath temperature between laser We now compare the exciton densities predicted by our

FIG. 10. Luminescence spectra recorded after the sample a
sorbed 4<10%, 4x10' and 4x10Y photons per cfh Thin
curves: simulation results appropriate to these excitation levels.
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FIG. 12. Traces in density-temperature space for simulation re- FIG. 13. (a) Mean time before a LA-phonon scattering event as
sults appropriate for absorption of Yhotons per cifrom a 7-ns  a function of exciton velocity for excitons in GO at 2 K. (b) The
argon-ion laser pulse. The curves with circles use the fit temperacorresponding mean free path.
ture ® from Eq. (5) and the local density at the excitation surface.
The traces cover times from 6 ns before to 18 ns after the center of
the excitation pulse, with one circle every nanosecond. The curves
o0-0 andp-p use® also, but the density is estimated by interpreting  There have been reports of superfluid transport of exci-
the shapes of the spectra as quasiequilibrium Bose distributionsons after intense above-band-gap photoexcitation. In the
Th(? dashed I.ines are the critipgl Fjensities for Bose-Einstein condefjjyst report?g the exciton density profiles were measured as a
sation of an ideal gas in equilibrium at temperatére function of depthz from the excitation surface. After intense

excitation, the FWHM of these profiles increased linearly
model (and consistent with luminescendetensitie with  with time at a rate greater tham .
those derived from fits to the spectstiapesalone. That is, We have seen that Auger decay can rapidly increase the
we interpret the fit to Eq(5) as a fit to a quasiequilibrium FWHM of the exciton profile(see Fig. 2 during and soon
Bose distribution, and estimate the orthoexciton densitysfter the excitation pulse. Auger decay does not increase the
through width of the exciton cloud directly; it decreases the maxi-
mum density so that the full width at half-maximum density
1 is larger, mimicking a rapid gas expansion. This effect is
=5 3J , (6) short-lived, ending as soon as the density has dropped to the

(27h) exp(a+ _)_1 point that Auger decay is no longer the dominant decay

A. Exciton superfluidity?

n

d3k
&
ks® mechanism. The model developed in this paper predicts es-
sentially diffusive growth of the exciton cloud beyond 20-

where e =k?/2m. The paraexciton density is estimated by #M depth; and thus offers no explanation for the apparently
assuming the paraexcitons fill the same volume as the orthdllistic motion over 10Qum deep into the crystal seen in
excitons. Under this assumption, the ratio of densities is th&ef. 38. The continued rapid expansion may be due to
same as the ratio of numbers, which can be determined frophonon-wind effect§?
the ratio of luminescence intensities. This method was used More recently’® excitons have been observed to move
to analyze experimental spedr® before the absolute exci- across a 2-mm sample at 95% the speed of sound. The exci-
ton luminescence rates were published. The justification fotons were created by 10-ns pulses of doubled YAG laser
this procedure was théa) excellent fits to Bose distributions  light, with 10'” photons per ¢ similar to the situation
were obtained, antb) the exciton densities determined from considered for Fig. 12. By 20 ns after the excitation pulse,
the Bose fits were consistent with the densitypdfotons  the exciton density is predicted to be'¥@n?, which is well
absorbedthat is, ignoring losses to Auger degay below the critical density for Bose-Einstein condensation at
The curves-o andp-p in Fig. 12 represent the results of the 2.K |attice temperature used in Ref. 40. Therefore, we do

this procedure. One would conclude that the orthoexcitor st expect that quantum statistics is important for these ex-

density remains very close to the critical density for Bose'periments.

Einstein conde“nsation, but never e>'<,c.eeds it _This effe.ct_, Pr€- again, phonon-wind effects have been proposed as the
rr:zursé);lfl?s”%? oﬂlrj?a?(t;?zit?;tct)jrr:ztlljoanr;tulr?] ?}T}gg':g‘; gnqtlj:gg mechanism which moves the exciton packet at nearly the
tion speed of sounét an explanation that does not depend on
' Bose statistics of the excitons. We point out that the exciton
mean free path against LA-phonon emission is quite large for
V1. DISCUSSION excitons moving near the speed of SOL_(BeIe Fig. 1R Such
long mean free paths have been confirmed by measured ex-
In this section we consider the experimental evidence fociton diffusivities?® and may be a large part of the explana-
Bose effects in excitons in GO in light of our present re- tion of how these classical exciton packets can travel macro-
sults. scopic distances in GO with so little dissipation.
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FIG_' 14. Observed areal de_nsmes of excitons follgé/vlng 7-ns FIG. 15. (a) Observed areal density of excitons resulting from a
argon-ion laser pulses from which the sample absorbed fdtfo- 10-ns dye laser pulse from whichxal0: 590-nm photons were

tons per crA. (The peak at 30 ns is due to a secondary laser pulsé - . .
with about 1% the intensity of the main pulséa) Densities ob- absorbed per cfn (b) Results from our numerical simulation of the

. ) o . . i
served by collecting luminescence from the center of theu60- experiment of(a), assuming 50% production efficiency for ortho

aperture used to define the excitation area, with the sample under ne(%(cnor_ls by 590-nm lightRef. 6)3 © Expserlmental results of a 7-ns
- . - . argon-ion laser pulse from which>210™ were absorbed per ém
stress.(b) Densities observed in the excitation area, in a sample

under 0.7 kbar uniaxial compressive stress alpht0], based on (d) Simulation of the experiment dt), assuming 30% production

luminescence collected aloridg10]. Only the lowest of the three efficiency for orthoexcitons, and 10% for paraexcitons.

strain-split orthoexciton states is included in the orthoexciton num-

ber. (Correction for polarization and anisotropy of the strain-split tions, the relative amount of paraexciton luminescence is

luminescence lines has been performéd. Relative densities ob- greater, but not so great as reported in Ref. 12.

served by imaging an edge of the fQusample onto the monochro- e see from Fig. 14 that determining the ratio of ortho-

mator, thus collecting edge-scattered luminescence which samples,citons to paraexcitons from the ratio of their luminescence

excitons throughout the sample. intensities requires control of the collection geometry and of
the shape of the laser spot. In particular, if the excitation
pulse has a low-level spatial component outside the main

B. Condensed paraexcitons? focal spot, the excitons produced in this broader region will

There has been a report of Bose-Einstein condensation ¢t be subject to strong Auger decay. The low-density re-
paraexcitons in Ref. 12, which used above-band-gap excit3ions will emphasize paraexciton over orthoexciton lumines-
tion with 10-ns pulses and a uniformlgtrained Cu,0  C€nce. _
sample. The principal evidence for Bose-Einstein condensa- Figure 15 shows our present attempt to compare experi-
tion of paraexcitons was spectra showing paraexciton distrilent and theory under spatially controlled conditions. Light

butions approximately one-half as wide as the simulta.collection is directly through the sample. The upper parts of

neously observed orthoexciton distributions. A similar ratio'9- 1> are results for a low-density exciton gas, which in the

of widths, however, is seen in Fig. 8 to follow from the gxperiment was created using 590-nm light with an absorp-

known relaxation processes of an exciton gas well below th lon length of 50um in C'“bo.' The laser photons in th_e
. 0-ns pulse create orthoexcitons, and these orthoexcitons
guantum density.

. . . convert into paraexcitons with a decay time of 3 ns. The
. The data. of Ref. 12 differ from thaF shown here p“mﬁ“'y araexcitons decay very slowly. The slight decrease in num-
in the relative numbers of orthoexcitons and paraexciton

e X er of visible paraexcitons in Fig. 15 is consistent with dif-
observed. Specifically, Ref. 12 reports that the density ofgjon of the excitons out of the observed volume of crystal.

paraexcitons greatly exceeds that of orthoexcitons shortly af- The |ower parts of Fig. 15 are for the higher excitation
ter intense excitation (8 10'° photons/crf). level (2x 10'° photons absorbed per &nwhich we have
Figure 14 presents the results of some of our attempts tgeen discussing through most of this section. The fast decay
reproduce the observations reported in Ref. 12. When uniof excitons through Auger decay is obscured by the 7-ns
formly filling an aperture on the crystal surface with the width of the excitation pulse. This situation is closer to a
green excitation light, we find results similar to those in Secdriven steady state, in which the local exciton densitis
V both with and without stress applied. For Fig.(@4 we related to the instantaneous creation @tef excitons by the
removed the aperture and collected luminescence from thiaser througm=/G/A. The ratio of paraexciton density to
edge of the sample. Edge collection accepts luminescenagthoexciton density decreases with increasing excitation in-
from the entire volume of the sample. Under these conditensity, as has been reported befbfe.
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Paraexcitons Orthoexcitons Recent experiment$!® have used two-photon excitation
per cm” per meV per cm” per meV resonant with the orthoexciton electric quadrupole transition.
E . d10M These experiments use surface photoexcitation by 7-ns infra-
Ill ! 3 red laser pulses with a quoted energy density near 12)/cm
10 L i 1 (Ref. 15. The quoted excitation depth for these conditions is
E :\l 410 50 um (Ref. 14. Defining the two-photon absorption coef-
o E ficient B8 by
14 1 |
10 E | i 10" dl B|2
Eol I E —=—pI5
C o I ] dz
f | . .
10" 3 ' | h 10 wherel is the photon flux, we infer thgB~1 cm/MW for
E I 310 the conditions used in Refs. 14 and 15. The exciton-
L : ] generation profile matches the laser absorption profile:
10'“ &l N N . | L
2010 2020 2030 1dl 1 Blot)]?
Photon Energy (meV) G(z,t)=— = (7)

2dz 2[lg(t)Bz+1]?"

FIG. 16. Luminescence spectrum 4 ns after center of a 1O-n§vherel (t) is the photon flux at the sample surface. Note
laser pulse from which the sample absorbed1®'® photons per 0 P P '

cn?. Dashed curves: ortho- and paraexciton luminescence expectégat the effective depth of excitation changeslgg) rises

if spin-flip collisions were the only interaction between excitons.and falls through_the _Iaser pulse._

Under this(unrealisti¢ assumption, the paraexciton density would ~ E@ch orthoexciton is created with momentum equal to that

be greater than the critical density for Bose-Einstein condensatiorP the pair of photons absorbekd//i =3 10°/m. An excita-
tion intensity of 1 J/craresults in the resonant absorption of

The model predicts excess orthoexcitons at late times if0°* photons per crhnear the excitation surface. Even in the
F|g 1E(d) These orthoexcitons are created from thePresence OfAUger decay, this excitation intenSity should pro-
electron-hole pairs liberated from paraexciton Auger decayduce at least a temporary exciton density on the order of
Orthoexcitons created in this way have been seen in a conlG/A~10"/cn?. This density of excitons, all in states with
fined exciton ga&? In this experiment, however, diffusion Momentum close to that of the absorbed photons, implies a
for 30 ns has spread the paraexcitons beyond the 5@d¥Ngh occupation number in those states. Despite the high
wm-diam excitation area, thus reducing the paraexciton derPccupation numbers in this scenario, we continue to ignore
sity. The late-time orthoexciton number, proportional to theall the identical-particle scattering enhancements as we apply
square of the paraexciton density, is very sensitive to thi®ur numerical model to this type of experimefithe com-
difference between the experiment and our one-dimension&uted occupation numbers for the zero-momentum state do
model. not exceed 0.16.

We have so far assumed that Auger decay of both ortho- The evidence for effects of Bose statistics in Ref. 15 was
excitons and paraexcitons is the principal loss mechanism dhat the low-energy peak in the orthoexciton distribution
these carriers. If instead we assume that the densitjasted longerin a samplé¢ 2K than in a sample at 4 K. The
dependent orthoexciton decay rate is due dpin-flip argument was that in the warmer crystal, broadening of the
scattering® (o+o—p+p), the result shown in Fig. 16 is resonant absorption line had substantially reduced the two-
obtained. For this figure only, we have restored the identicalPhoton absorption coefficient, resulting in much lower exci-
particle enhancement factors in the scattering kernels, bdon densities.
cause under these assumptions the paraexciton occupationHowever, the rate at which orthoexcitons with velocity
numbers reach 100 at the time shown. We neglected elastless than the sound velocity are scattered by phonon absorp-
collisions between excitons. The paraexciton intensity whicHion is approximately
should be expected from the products of spin-flip scattering

=253
(dashed lingis far larger than observed in experiment. The =TS 16
Auger mechanism, on the other haffg. 7), accounts rea- 4mph* exp2ms/kgT)—1
sonably well for both orthoexciton and paraexciton intensi- 3
ties. LB +1:2 ) msy 16
15722 279 4mph* exp2msi/kgT)— 1"

C. Nonthermal distributions from resonant excitation where the energiesnisz_ and 2m§ (numericaly 8 K and 0.8

Although the magnitude of Auger decay in {uprevents K) are the approximate energies of the phonons required for
a condensate from forming through exciton thermalizationgnergy and momentum conservation. In a 2-K lattice, this
one can put a “condensate” in place through resonant excirate is 0.4/ns, while in a 4-K lattice it is 2.2/ he fact that
tation. All that is required is a sufficiently strong narrow- low-energy excitons absorb acoustic phonons faster in a 4-K
band laser source. We put the word “condensate” in quotedattice than in a 2-K lattice was confirmed by additional ex-
because the excitons created directly in low-energy statgseriments in Ref. 15.
with high occupation numbers are not in equilibrium with,  Figure 17 shows what we would predict for the experi-
nor have they condensed from, a thermal distribution of exments described in Refs. 14 and 15. Given the intense pulse
citons. and short absorption length predicted for the experiment in
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a) 2K lattice b) 4K lattice pulsg with photon energy _above t_he band gap. A_model in-
10— 105 cluding Auger recombination, optical- and acoustic-phonon

emission, orthoexciton-to-paraexciton conversion, and elas-
tic scattering accounts for the unusual Bose-like distributions
remarkably well. Even the intensities of the luminescence
spectra are predicted within experimental uncertainty. In ad-
dition, the ratio of orthoexciton and paraexciton densities is
closely simulated by the model, as shown in Fig. 15. Finally,

the observed narrowing of the paraexciton line compared to

per meV
&

2

Orthoexcitons per cm

O+ 1 0 — that of the orthoexcitons is accounted for in the model, as
0o 1 2 3 4 o 1 2 3 seen in Fig. 8.
Exciton Kinetic Energy (meV) A key aspect of this theory is accounting for both the

energetics and spatial distributions of the exciton gas. In or-
the times indicated relative to the center of a 7-ns-wide pilgeof der tq aghleye high densities (.Jf e?(CItOﬂS, near-surfacg pho-
sufficient intensity to create:810'® orthoexcitons per cfy all with toexcitation Is used. The resultlng mhomoggneous excitation
initial energy 0.013 meV in a lattice at 2 Kb) As (a) but with the prof_lles are mcorpor_atec_;l in the model. We find that th_e local
orthoexcitons created at very low density in a lattice at 4 K. Note®XCiton energy distributions depend strongly on the distance
the different selection of times. The distributions have been convoffom the crystal surface, and ttsamof these distributions
luted with a triangle with FWHM 0.15 meV to match the spectral (corresponding to the optical collectioproduces the Bose-
resolution of Refs. 14 and 15, but the effects of the 15-ns experilike peaks at low energy in the composite spectrum. An ap-
mental time resolution haveot been applied here. parent fast expansion of the gas within about2® of the
crystal surface is predictedig. 2); in fact, the effect is due
to fast Auger decay near the surface rather than a rapid trans-
the 2-K crystal, our model predicts that Auger decay shoulgort of excitons. We have not attempted to incorporate
produce a very hot gas of excitons. In this case it seems oyhonon-wind effects that could provide a long-lived driving
understanding of the experimental situation is incompleteforce following the excitation pulse.
However, we note that the hottest observed spectra do re- For direct comparison to the model calculations, we have
semble our predictions for 8 ns after the pulse center, wheemployed a well characterized excitation geometry. A 50-
the excitation intensity has fallen by a factor of 37. pum-diam aperture is pressed against the sample surface and
Note that the peak near zero kinetic energy remains stronthe laser light is adjusted to fill this hole uniformly. We have
despite Auger decay. The spatial inhomogeneity of excitaindependently checked the extinction length of the light and
tion is important here because toward the end of the lasdiave used calibrated optics and electronics to measure the
pulse, the effective absorption profile EF) extends deep absolute emission strength of the luminescence light, directly
into the crystal. The low-energy peak in the spatially inte-gauging the number of excitons emitting per unit area.
grated spectrum becomes indistinct about 10 ns after the cen- Finally, we have applied our theoretical model to recent
ter of the 7-ns-wide pulse. experiments usingesonantexcitation of excitons. In these
To generate Fig. 1B) for two-photon excitation of a cases, calibrated exciton densities are not available, but we
crystal @ 4 K we have assumed, following Ref. 15, that the have simulated the results for plausible conditions. With in-
absorption coefficient is greatly reduced. Thus the excitoriense two-photon excitation, it seems quite possible to create
density is very low and there is no elastic scattering betweeexcitons in low-energy states with occupation numbers
excitons and no Auger decay. Now only phonon absorptiorgreatly exceeding unity. Of course, the result is not a ther-
erodes the low-energy peak, but in a 4-K lattice phonon abmodynamic condensation, but this seems a fruitful path for
sorption is faster than at 2 K, and the peak disappears in Figabservation of quantum effects.
17(b) about 4 ns after the center of the excitation pulse. We now realize that a clear imperative for any experimen-
These lifetimes are qualitatively similar to those reported intal attempt to form a Bose-Einstein condensate is a quantita-
Ref. 15. tive measure of the particle density. This implies regulating
the spatial distribution of the excitation, accounting for exci-
VII. CONCLUSIONS tonic diffusion, and measuring the absolute luminescence in-
] ~tensity emitted by the exciton gas. There remains a wealth of
The discovery that the Auger decay process for excitongnformation reported in the literature on excitons in cuprous
in cuprous oxide limits the average exciton density to valuegyide, but interpretations based on a spectroscopic measure-
well below the quantum density has forced a reinterpretatiopnent of density are highly questionable. The strong Auger
of the ubiquitous Bose-like energy distributions observed afjecay process implies that a thermodynamic condensation of

high excitation densities. Calibrations of the average excitoRyxcitons in cuprous oxide is far more difficult than previ-
gas densities revealed that they rarely exceeded 1% of thq,sly thought.

critical density for Bose-Einstein condensation. In this paper,
we have attempted to understand the quantumlike energy
distributions as thenonequilibrium distributions resulting

from known energy-relaxation processes. The principal re-
sults can be seen in Fig. 7, which shows the temporal evo- The authors thank J. R. Gullingsrud, who developed an
lution of the energy distribution during and after a 7-ns laseralternative Monte-Carlo implementation of this simulation

FIG. 17. (a) Numerically predicted orthoexciton distributions at
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