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Auger decay of excitons in Cu2O
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The nonradiative recombination of an exciton due to a collision with another exciton~i.e., Auger recombi-
nation! is the dominant loss mechanism for excitons at high densities in photoexcited Cu2O. The principal
evidence is that~a! the observed lifetime of excitons shortens substantially at high densities, and~b! the exciton
density increases sublinearly with increasing excitation power. To achieve exciton densities at which this
two-body decay process comes into play, the particles are produced within a few micrometers of the crystal
surface using intense pulsed excitation with photon energies well above the semiconductor band gap. In the
past, determination of the ‘‘Auger constant’’A in the two-body decay rate, 1/t5An, was limited by insuffi-
cient knowledge of the exciton densityn. In the present work, we have determined the density of excitons by
~a! measuring their absolute brightness in a calibrated optical system and~b! measuring the expanding volume
occupied by the excitons. The luminescence signal following subnanosecond laser excitation exhibits a decay
rate which is strongly dependent on the particle density. While some modeling is required to determine the
volumes at earliest times, we believe that we have determined the Auger constant to within a factor of 2. The
experimental value,A57310217 cm3/ns, is nearly two orders of magnitude larger than that derived from
spectroscopic analysis. Such a strong Auger decay prevents the gas from achieving average densities in the
quantum statistical regime of an ideal gas.@S0163-1829~99!13239-9#
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I. INTRODUCTION—EXCITONS IN Cu 2O

Cuprous oxide (Cu2O) provided the first convincing evi
dence of excitons in a semiconductor crystal. The fact tha
electron and a hole can bind into a positroniumlike specie
the exciton—was demonstrated through optical absorp
measurements showing a classic Rydberg series of ex
states. Early measurements concentrated on the spe
scopic properties of the exciton. The measured binding
ergy of the exciton is 150 meV, corresponding to a Bo
radius of only about 7 Å.

Photoluminescence experiments show that there
orthoexcitons~angular momentum triplet! and paraexcitons
~angular momentum singlet! composed of spin-1/2 electron
and holes. Due to the parity-forbidden energy gap in Cu2O,
the direct orthoexciton transition is only quadrupole allowe
The paraexciton lies 12 meV lower than the orthoexciton d
to exchange interaction, and its direct transition is forbidd
to high order. Phonon-assisted transitions reveal the kine
energy distributions of both species. The phonon-assisted
diative rate is 500 times larger for orthoexcitons than
paraexcitons.

Excitons act as free particles with a center-of-mass m
mentum and kinetic energy; this has been previously dem
strated in several types of photoluminescence experime
For lattice temperatures above about 30 K, the luminesce
spectra show kinetic-energy distributions of particles ob
ing Maxwell-Boltzmann statistics at or near the lattice te
perature. Also, photoluminescenceimaging experiments di-
rectly measure the macroscopic diffusion and drift
excitons under a variety of conditions.

In the present paper we are concerned with a dens
dependent nonradiative decay process that tends to limi
exciton density, as is apparent in Fig. 1. We use 10-ns pu
of 514.5-nm light from a cavity-dumped argon-ion las
PRB 600163-1829/99/60~15!/10872~14!/$15.00
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which has a 3-mm absorption length in Cu2O,1 to produce a
dense gas of electron-hole pairs. The left-hand inset of Fi
indicates the excitation geometry. The sample is in a 2
liquid helium bath. A 50-mm diameter aperture is lightly
pressed on the sample and a laser beam illuminates thi
gion uniformly. The electron-hole pairs form excitons, a
the G12

2 phonon-assisted orthoexciton luminescence, sho
in the right-hand inset, is proportional to the total number
orthoexcitons in the crystal. The time-integrated lumine
cence ~circles! increases sublinearly as the power is i
creased, showing that a density-dependent recombina

FIG. 1. Time-integrated orthoexciton luminescence result
from a range of intensities of pulsed argon-ion laser excitation. T
curve is the prediction of a model assuming Auger recombina
with the rate determined in this article, scaled to the data. Left in
excitation geometry. Right inset: time-integrated spectrum, for 115

photons per cm2, showing the range of spectral integration used
10 872 ©1999 The American Physical Society
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PRB 60 10 873AUGER DECAY OF EXCITONS IN Cu2O
mechanism begins to limit the exciton density at moder
excitation levels.

In semiconductors where electrons and holes remain
bound in a plasma, one can observe a process in whic
electron recombines with a hole and transfers its band-
energy to another nearby electron or hole. This three-b
process is called Auger recombination. In Cu2O at low tem-
peratures, the excitons are the dominant species, and
density-dependent decay is due to the collision of two ex
tons. One exciton recombines and the other is split into a
electron and hole that carry away the band-gap energy.
lowing Hulin et al.,2 we refer to this two-excitondecay pro-
cess as Auger recombination.

The instantaneous decay rate of excitons due to this t
body decay process is 1/tA5An, whereA is the Auger con-
stant. For steady-state excitation, this process leads to a
linear dependence of exciton density on incident pow
Returning to Fig. 1, the solid curve is the predicted tim
integrated luminescence intensity assuming Auger recom
nation of the magnitude determined in this article.

Because of its effectiveness in limiting exciton densi
and in continuously producing high-energy electron-h
pairs, Auger decay has become central to understanding
behavior of the excitonic gas at high densities, especially
the quest for Bose-Einstein condensation of excitons.

II. RELATION TO QUANTUM STATISTICS

Typical photoluminescence experiments on this sys
employ optical excitation with energies much larger than
band gap, so the electronic excitations must cool towards
lattice temperature by emitting phonons. An important co
sequence of this short-wavelength excitation is that the o
cal absorption length is just a few micrometers, thus the
citons are initially formed within a small volume. This is a
obvious advantage if one wants to study the excitonic ga
high densities.

Figures 2 and 3 show the results of such intense opt
excitation. In Fig. 2 a 250-ps argon-ion laser pulse excites
crystal of mineral Cu2O immersed in a bath of liquid nitro
gen at 70 K.3 Photoluminescence spectra from orthoexcito
are recorded with a time resolution of 400 ps and are
reasonably well by Maxwell-Boltzmann energ
distributions.4 Figure 2~b! shows the effective temperature
the gas determined by these fits. The kinetic-energy re
ation due to acoustic phonon emission has been stu
extensively.5

The experimental spectra undergo a striking transform
tion as the lattice temperature is lowered. Figure 3~a! shows
time-resolved spectra under the same conditions as in Fi
but with a helium bath temperature of 2 K. The spectra
now well described by a Bose-Einstein distribution, as st
ied extensively by our research group6,7 and first reported by
Hulin et al.2 In those previous studies, the densities of ex
tons were obtained by a fit to the Bose-Einstein distributi

n~«!5
g~«!

e(«2m)/kT21
, ~1!

whereg(«) is the density of states for excitons with kinet
energy«. The shape of the spectrum determinesT and m,
and the density follows as the integral ofn(«).
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The resulting plot ofnfit vs T, given in Fig. 3~b!, is similar
to the results reported earlier by Snoke, Wolfe, a
Mysyrowicz,6 and shows a ‘‘quantum saturation’’ near th
predicted phase boundary for Bose-Einstein condensa
Experiments by Gotoet al.8 and Nakaet al.9 find similar
orthoexciton spectra. Furthermore, evidence of a conden
component has been reported by Lin and Wolfe7 for paraex-
citons and by Shenet al.10 for orthoexcitons.

Such spectra occur only with high-intensity excitation.
low excitation density, the gas quickly cools to the latti
temperature.11 The gas temperature falls more slowly at hig
excitation levels. A key issue is why the gas is warmer
high densities. Of course, the gas is most dense at early t
when it is still cooling. It was first postulated by Mysyrowic
et al.12 that the Auger process acts to heat the gas at h
densities. Simply stated, the hot electrons and holes cre
by Auger decay possess initial kinetic energies approach
1 eV; as they cool, these hot carriers scatter with the rem
ing excitons, thereby heating the gas. This process has
studied theoretically by Kavoulakis, Baym, and Wolfe.13 Its
importance is obvious in Fig. 3~b!: Auger heating is appar
ently preventing the quantum gas from crossing the ph
boundary for Bose-Einstein condensation.

Taken together, the data of Figs. 2 and 3 raise seri
questions about the existence of quantum statistics in th
experiments. Both the 70-K and 2-K data are produced
the same excitation conditions. Consider the spectra a
sampling time of 300 ps. The total luminescence intensi
obtained by integrating over each spectrum are found to

FIG. 2. ~a! Successive orthoexciton luminescence spectra fro
70-K crystal after a 10-nJ argon-ion laser pulse with FWHM of 2
ps. These spectra are well fit by a Maxwell-Boltzmann distribut
with temperatureTeff . ~b! Apparent gas temperature as a functi
of time. The apparent decay time of approximately 400 ps is limi
by the temporal resolution of the photomultiplier tube. The dash
line shows the bath temperature.
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10 874 PRB 60K. E. O’HARA, J. R. GULLINGSRUD, AND J. P. WOLFE
almost identical at this early sampling time (I 70K
50.78I 2K). Also, the fitted temperatures of the gases
considerably higher than the lattice temperatures and
quite similar in magnitude~e.g., 100 K vs 140 K att
5300 ps). If the same number of excitons at the samegas
temperatureare occupying the same volume, we expect th
to exhibit the same statistics. Yet the ‘‘70-K’’ spectrum is
classical distribution, and the ‘‘2-K’’ spectrum is apparen
in the quantum regime!

What are the gas volumes? Unfortunately, they are d
cult to measure directly; however, previous work show
that the diffusivity of paraexcitons decreases with increas
lattice temperature due to more frequent exciton-pho
scattering. Thus, it is reasonable to assume that the gas
ume at a lattice temperature of 70 K will be less than tha
2 K. For our experiment, this would cause a higher deg
eracy in the ‘‘70-K’’ spectrum than in the ‘‘2-K’’ spectrum
contrary to the observations. We conclude from these exp
ments that neither experiment has an average gas de
sufficient to reach the quantum statistical regime.

What, then, is the origin of the quantumlike distribution

FIG. 3. ~a! Successive orthoexciton luminescence spectra fro
2-K crystal, with all other experimental conditions the same as
Fig. 2. The broad peak is phonon-assisted luminescence; the na
peak is direct luminescence. Note the change in vertical scale
tween Figs. 2 and 3 and the spectral shift due to the band-gap
~b! Apparent gas temperature vs the gas density inferred from
spectral shape using Eq.~1!, and allowing for instrumental resolu
tion and Lorentzian broadening of the spectrum. This curve is
rameterized by time, with the dots marking 312 ps intervals. T
maximum temperature coincides with the laser pulse at 0 ps.
dashed line shows the critical density for Bose-Einstein conde
tion for an ideal gas.
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One might postulate that at low lattice temperatures the
undergoes a spatial condensation into high-density drop
similar to the condensation of excitons into electron-h
droplets in Ge and Si. In those cases, however, the c
densed phase had a unique spectral luminescence that
shifted from the exciton line due to the liquid binding e
ergy. In the present case, the low-energy edge of the orth
xciton spectrum is virtually unshifted as the density level
increased into the ‘‘quantum regime.’’ In other words, the
appears to be no binding energy to cause a spatial conde
tion. In a later paper we will study the possibility that th
sharply peaked distributions are due to a combination
many processes: phonon emission, diffusion, and Auger
combination.

Snoke, Wolfe, and Mysyrowicz6 were cautious about re
lying on spectroscopic data to determine the exciton de
ties: they performed time-resolved imaging experiments
estimate the gas volume. Assuming that each photon in
excitation pulse produced one exciton, they concluded
the average density within the measured volumes was in
sonable agreement with the spectroscopically determi
densities. Their estimate, however, did not allow for sign
cant losses due to Auger recombination.

Several attempts have been made to measure the im
tant Auger constantA. The first mention and characterizatio
of this process was by Mysyrowiczet al.,12 who recognized
its role in limiting the exciton densities. Unfortunately, the
estimate,A52310219 cm3/ns, did not allow for the reduc-
tion in exciton density by diffusion, since their experime
predated the first report14 of the unusually high diffusivity of
paraexcitons in Cu2O. Using 100-ps pulses and time
resolved luminescence, Snoke and Wolfe11 observed a
density-dependent decay rate that led to a value ofA
510218 cm3/ns. However, they assumed densities from
quantum statistical analysis of luminescence spectra, wh
are now subject to question. In a quite different set of exp
ments, Trauernicht, Wolfe, and Mysyrowicz15 determined a
value ofA57310217 cm3/ns for paraexcitons confined to
parabolic strain well.16

Our present studies attempt to experimentally measure
elusive Auger constant for orthoexcitons. Our systematic
proach is as follows:~1! calibration of our optical system in
order to measure the total number of excitons from th
brightness,~2! determination of the production efficiency o
the short-wavelength excitation by comparison with reson
volume excitation, and~3! measurement of the gas volum
by luminescence imaging with sufficient time and spa
resolution. We begin with a theoretical description of t
transient behavior of an excitonic gas undergoing Auger
combination and report several new experiments that d
onstrate the general features of this process.

III. PROPERTIES OF THE AUGER RECOMBINATION
PROCESS

For a gas of orthoexcitons of densityn in a cold lattice, a
simplified description of their decay is given by a single ra
equation,

dn

dt
52

n

t
2An21G, ~2!
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PRB 60 10 875AUGER DECAY OF EXCITONS IN Cu2O
FIG. 4. ~a! Results of numerically integrating Eq.~2! for a sourceG(r ,t) which is Gaussian in time, and exponential in space, mode
the creation of excitons using light with an absorption lengthd53.0 mm. The four curves correspond to 1.331012,1.331013,1.331014, and
1.331015 photons absorbed per cm2. This model assumes a 30% production efficiency,t53.5 ns andA57310217 cm3/ns. Inset: the
integral over time and depth into the crystal ofn(r ,t) vs the integral ofG(r ,t). ~b! Areal density of orthoexcitons determined b
photoluminescence resulting from 0.5-ns argon-ion laser pulses using the geometry of Fig. 1. Absorbed power was 1.331012,1.3
31013,1.331014 and 1.031015 photons absorbed per cm2. Inset: time-integral of the observed density of orthoexcitons~dots! and paraex-
citons ~circles!.
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wheret is the single-particle lifetime,A is the Auger con-
stant, andG is the generation rate in units of orthoexcito
per unit volume per unit time.

We use the Auger constantA, rather than a cross sectio
because the Auger recombination rate can reasonably be
pected to remain finite as the exciton momentum goes
zero.17 Suppose the matrix element for Auger recombinat
is nonzero for two excitons at rest. In contrast to the cas
elastic scattering, the density of final states for the ejec
electron and hole depends little on the initial exciton m
menta. Fermi’s golden rule would yield a finite recombin
tion rate for a gas of excitons at rest. We are also ignor
the dependence ofA on the exciton relative wave vectork.
Because the Bohr radius of an exciton is 0.7 nm, we wo
expect ak dependence ofA on the scale ofk;1.4 nm21.
An exciton with thisk has energy 25 meV, greater than t
energy of most of the excitons in our experiments. We
tempt to measure only the low-k limit of A.

The lifetime t is most likely controlled by the down
conversion of orthoexcitons to paraexcitons, which is p
non assisted and depends on both the gas and lattice
peratures. At early times, the gas temperature is changing
t could vary. We believe, however, that the loss of excito
is dominated by the Auger term at early times. We base
belief on the observation that there is no large increase in
paraexciton luminescence at early times, as would be
case if orthoexciton down-conversion were the domin
nonlinear process.

Assuming thatt is constant, assuming a uniform hom
geneous gas, and neglecting the effects of particle diffus
the transient solution to Eq.~2! with G50 is

n~ t !5
n0e2t/t

11An0t2An0te2t/t
. ~3!

In practice, however, there is a time-dependent genera
rate G(t) corresponding to the optical excitation pulse.
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anticipation of the experimental results to follow, we assu
a Gaussian pulse with a full width at half maximu
~FWHM! of 0.5 ns. The densityn(t) is then calculated by
numerically integrating Eq.~2!. In the calculation,t is taken
to be the measured orthoexciton lifetime at low density,
ns, and we useA57310217 cm3/ns obtained from a late
analysis in this paper~Sec. V!.

When the excitons are generated by light with absorpt
lengthd, the generation rateG also depends on the depth in
the crystal. This can be taken into account by integrating
~2! with G appropriate for each of several depths, and su
ming the results. Results of this simulation are shown in F
4 for four pulse powers. The lowest power produces the b
tom trace, which displays a single-exponential decay of
ns, as predicted forAn0t!1 in Eq. ~3!. The next trace up is
obtained for an order-of-magnitude increase in pulse pow
The overall signal increases by about an order of magnitu
but the early behavior indicates the onset of the nonexpon
tial Auger decay. Increasing the power by another order
magnitude~the third trace!, we see a pronounced effect o
Auger decay at early times and the signal at late times is
increased by an order of magnitude, due to the Auger los
at early times. The top trace continues this trend for an
ditional order-of-magnitude increase in excitation power.

The inset in Fig. 4~a! plots the time-integrated densit
obtained as the excitation power is increased by over f
orders of magnitude. The dependence is linear at low pow
and approaches a square-root dependence at high po
This behavior is a result of the Auger rateAn2 dominating
the n/t rate. The density effectively reaches a steady-s
value during the excitation pulse.18 By settingdn/dt50 in
Eq. ~2! and ignoring the first term on the right-hand side, w
predict a density during the pulse of

n5AG/A, ~4!

explaining the square-root dependence of the peak densit
generation rate.
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10 876 PRB 60K. E. O’HARA, J. R. GULLINGSRUD, AND J. P. WOLFE
Experimental data corresponding to these calculations
shown in Fig. 4~b!. These are the spectrally integrated tim
traces of the phonon-assisted luminescence of orthoexc
in a mineral crystal at a temperature of 2.0 K. An argon-
laser beam (l5514 nm) with a 0.5-ns pulse width fills
50-mm diameter aperture on the crystal~Fig. 1, inset!. The
vertical scale in the figure has been converted to exc
density by using the optical-system calibration described
the next section of this paper.

The data clearly show both the density-independent ex
nential decay at low densities and the more rapid deca
excitons at high densities, in remarkably good agreem
with the simulation in Fig. 4~a!. In the inset of Fig. 4~b!, we
plot the power dependencies of the time-integrated inte
ties for both orthoexcitions and paraexcitons. Both spec
display the sublinear increase in density expected for Au
recombination at high excitation density.

So far we have ignored the paraexcitons. Due to th
slow radiative rate, and the proximity of the paraexciton
minescence to a brighter orthoexciton phonon replica, we
unable to measure the number of paraexcitons at early tim
We can observe the number of paraexcitonsafter the laser
pulse. Figure 5 shows the relative numbers of orthoexcit
and paraexcitons following laser pulses of two differe
strengths. The paraexciton number, like the orthoexc
number, increases sublinearly with laser power@see also Fig.
4~b! inset#. We conclude that paraexcitons do suffer Aug
decay, but it is not immediately clear whether there are A
ger decay events between pairs of paraexcitons, or if or
para Auger decay alone limits the paraexciton density.

From our experiments, it is difficult to determine sep
rately the Auger constant for each possible combination
angular momentum states of the colliding excitons. We c
fine ourselves to considering the effect the paraexcitons
have on our attempt to measure the ortho-ortho Auger
combination rate. We assume that the electron-hole p
formed by the laser pulse~and those generated by Aug
recombination! form excitons with random angular mome
tum states, i.e., three orthoexcitons for each paraexciton
the Auger cross-section is independent of the angular
mentum states of the colliding excitons, Auger decay w

FIG. 5. ~a! Areal densities of orthoexcitons~lines! and paraex-
citons ~circles! following 0.5-ns argon-ion laser pulses depositi
931011 ~lower data! and 931013 ~upper data! photons per cm2 in
the crystal.~Error bars that would extend to the bottom of the p
were omitted for clarity.! ~b! The same experiment using 10-n
laser pulses depositing 931011 and 931013 photons per cm2 in the
crystal.
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tend to keep the ortho-to-para ratio approximately 3:1, so
ignoring paraexcitons entirely, we would overestimateA by
25%. If, on the other hand, para-para Auger decay is di
lowed, but ortho-para Auger decay has the same strengt
ortho-ortho Auger decay, the ortho-to-para ratio becom
2:1; we overestimateA by 33%.19 We will continue to ignore
the paraexcitons, and extractA from our experiments as i
ortho-para Auger were forbidden. Future experimental
theoretical work on the dependence of Auger decay on
spin states of the excitons may make it possible to correct
resulting overestimation ofA.

Finally, in this section we consider how the Auger proce

FIG. 6. Result of integrating Eq.~2! using a source with shap
G(r ,t)}exp(2(x21y2)/2s2)exp(2z/d)exp(2t2/2t2), wheres rep-
resents the Gaussian width of the laser spot~dashed line!, d is the
3-mm laser penetration depth, andt5FWHM/2.35 with FWHM
50.5 ns the width of the laser pulse. The solid lines are predic
luminescence intensity att50 andt51 ns. In this simulation, the
spatial FWHM of the luminescence intensity has increased b
factor of 1.5 during the rapid Auger decay before 1 ns.

FIG. 7. Spatial profiles orthoexciton luminescence obser
during a 200-ps argon-ion laser pulse. The profile at right is c
siderably broader than the 25-mm full-width of the laser focus. The
laser focus was moved toward an opaque metal stripe on the cr
surface, indicated by the dark bar. The center and left profiles
respond to increasing obstruction of the laser beam. The lac
signal under the stripe shows that diffusion is not the cause of
extra width of the exciton cloud.
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PRB 60 10 877AUGER DECAY OF EXCITONS IN Cu2O
can affect the spatial distribution of excitons when no ap
ture is used to define the absorption region—i.e., the us
experimental situation. If the Auger decay process is do
nant and the decay rate is shorter than the pulse leng
Gaussian excitation spot,G}exp(2x2/2s2), will produce a
broader distribution of excitons,n}exp(2x2/4s2), due to
the square-root dependence in Eq.~4!. A simulation of this
effect is shown in Fig. 6. In addition, reflections at optic
elements and cryostat windows can degrade the laser b
and cause significant non-Gaussian ‘‘wings’’ in the exci
tion profile. These wings become especially prominent wh
an Auger process is dominant, because the density in
center of the beam is limited more than that in the wings

In an imaging experiment, it is important to distinguis
this ‘‘Auger broadening’’ of the excitation volume from th
effects of excitonic diffusion. Figure 7 shows spatial profil
of the orthoexciton luminescence as the laser beam is mo
closer to a knife edge on the excitation surface, beyo
which no excitation occurs. The broad, oddly shaped profi
are not due to excitonic diffusion at these relatively ea
sampling times. We know this because no signals are
served beyond the knife edge. Instead, the wings in the
citation profile, combined with the nonlinear Auger deca
have produced a broader distribution than that of the exc
tion profile. In Sec. V we show that this effect leads to
apparent rapid expansion of the exciton gas at early tim
when the Auger process affects the spatial distribution
excitons.

Consequently, in the presence of Auger recombinat
the size of the initial exciton cloud is not simply related
the size of the laser spot. Therefore, as part our measure
of the Auger constant, we must measure the spatial distr
tion of the excitons directly. In the next section we consid
the luminescence rates of excitons and describe how we
brate our optical system to measure the absolute numbe
excitons within the field of view.

IV. LUMINESCENCE RATES AND GENERATION
EFFICIENCY

As mentioned earlier, the radiative rate 1/t rad of excitons
in Cu2O is very slow due to the dipole-forbidden direct ga
The actual lifetimet of the excitons is much shorter thant rad
due to nonradiative processes. For the orthoexcitons, the
iting decay time of about 3.5 ns at low density in a hig
purity sample is most likely due to ortho-to-para conversi
For the paraexcitons, lifetimes up to 13ms have been ob
served in mineral crystals.20 We shall see that even this life
time is much shorter than the radiative decay time and
probably determined by nonradiative recombination at im
rities.

Nevertheless, it is the radiative rate 1/t rad that determines
the brightness of the exciton luminescence. The total rat
photon emission fromN excitons is given byN/t rad. While
it is virtually impossible to directly determine the radiativ
lifetime in a forbidden-gap semiconductor, radiative decay
intimately linked with the inverse process, optical absorpt
of the exciton band, which can be measured directly.

Figure 8 shows an optical absorption measurement on
of our mineral samples. There is a narrow absorption line
the energy of an orthoexciton. For light traveling along
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^100& direction, the integral of this direct absorption line
1.8 cm21 meV at 77 K, but only 0.6 cm21 meV at 2 K.
Kreingol’d and Makarov21 explain that the absorbance at lo
temperatures is determined not by the exciton-photon c
pling, but by how fast exciton-polaritons are scattered ou
the polariton states.

To the right of the direct absorption line, higher by th
13.6-meV energy of aG12

2 optical phonon, is the onset of
phonon-assisted absorption band, caused by the optical
ation of an orthoexciton and an optical phonon. The dipo
allowed absorption coefficient is proportional to the squ
root of the exciton kinetic energy«5\v2\vonset, and is
given by

a~«!5~8.061.0!cm21A«/meV, ~5!

where the coefficient is our measured value. Equation~5! is
superimposed on the data of Fig. 8~a!, but is obscured by the
data. The 77-K data in Fig. 8~b! shows a similar band with
threshold energy 13.6 meV below the direct absorption li
This band corresponds to the annihilation of a thermally
cited G12

2 phonon as the orthoexciton is created. The das
line is derived from Eq.~5! taking into account the therma
occupation number ofG12

2 phonons at 77 K, as explained i
the caption.

We mention a couple of practical details: Using a 10-mm
slice of mineral Cu2O, the absorption length for photons
the wavelength of the 514.5-nm argon-ion laser line is fou
to be (3.060.5) mm, in agreement with previous

FIG. 8. The sharp absorption line is due to resonant creatio
orthoexcitons. At2 K a strong absorption band due to creation of
exciton and aG12

2 phonon is observed. If this absorption band
multiplied by f and (11 f ), wheref is the thermal occupation at 7
K of the G12

2 phonon, it fits the Stokes and anti-Stokes absorpt
bands at 77 K~dashed lines! with no adjustable parameters. Th
crystal used was 2.1 mm thick.
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measurements.1 The index of refraction in this region is als
of interest. Karlssonet al.22 report that the index of refrac
tion of Cu2O increases from near 2.6 in the infrared to a pe
of 3.1 at 500 nm. In the region of exciton luminescen
around 600 nm, the index of refraction is 3.0.

The relationship between the absorption coefficient a
the radiative decay rate is derived using a detailed-bala
argument. For each photon, the probability of absorption
unit time is given by (c/n)a(«), wherec is the speed of
light andn is the index of refraction. We consider a crystal
equilibrium with thermal radiation. The rate of photon a
sorption per unit volume is thus given by23

c

n
a~«!r~\v! f p~11 f x!,

where f p and f x are the equilibrium photon and exciton o
cupation numbers andr(\v)5n3v2/p2c3\ is the photon
density of states. The rate of luminescence of thermal e
tons is

1

t rad
g~«! f x~11 f p!,

whereg(«) is the exciton density of states.
In thermal equilibrium the absorbance and luminesce

rates must be equal. Also, because both the photons
excitons involved are bosons with total energy\v, we have
f x5 f p51/„exp(\v/kT)21…, implying that

1

t rad
5

c

n

a~«!r~\v!

g~«!
5

n2v2

p2c2\

a~«!

g~«!
. ~6!

The density of states for a free exciton of massm and band
degeneracyg0 is

g~«!5
g0

4p2 S 2m

\2 D 3/2

A«. ~7!

For orthoexcitons in Cu2O, with g053 andm53m0,24 Eqs.
~5–7! yield,

1

t rad
5~7.061.3!3104/s, ~8!

or t rad514 ms, for theG12
2 phonon-assisted orthoexciton lu

minescence. Although we considered excitons in ther
equilibrium with their environment, the radiative rate 1/t rad
is a property of the exciton itself. The detailed balance ar
ment is merely the simplest way to relate the two manifes
tions of the exciton-photon interaction: absorbance and
radiative rate.

We can apply the same relation to the paraexcito
Paraexcitons interact with light only with the assistance o
G25

2 optical phonon, and this paraexciton absorption ban
1500 times weaker than theG12

2 phonon-assisted orthoexc
ton band.25 Using this smallera, the appropriate degenerac
(g051), and the same mass as for the orthoexcitons,
conclude that the radiative lifetime for paraexcitons is a
proximately 500314 ms57 ms.

To check these predictions, we must~a! calibrate our op-
tical system to measure the number of luminescence pho
emitted from a specified volume in the sample, and~b! create
k
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a known number of excitons in a well defined observat
volume. Salient details concerning the overall collection
ficiency of our optical system are as follows~for more detail,
see the Appendix!. Our f /2.5 lens collects a 0.014-steradia
cone inside the material (n53), and we measure a tota
reflective loss of 53% from various optical surfaces. T
combined efficiency of the optical spectrometer, photomu
plier tube, and discriminator is 3.0%. Considering all the
factors, we expect each orthoexciton to contribute

70000/s3
0.014

4p
347%33.0%51.160.3counts/s

to the count rate, integrated over theG12
2 phonon-assisted

spectral line.
Figure 9 illustrates how we produce a known number

excitons in a well defined volume. The exciton density m
be kept low in order to avoid Auger recombination a
maximize the lifetime of the particles. To achieve these c
ditions, a 10-ns dye-laser pulse with a long absorption len
in Cu2O is used to excite an extended volume in the crys
The laser is tuned to a photon energy of 2047 meVl
5605.5 nm) just above the phonon-assisted absorption b
@Fig. 8~a!# so as to produce orthoexcitons with very litt
kinetic energy at the rate of one orthoexciton per pho
absorbed. We confirm the absorption lengtha2151.4 mm
by measuring the intensity of the transmitted laser beam
function of wavelength.

The number of photons absorbed per centimeter per
ond is given byaI (x,t)5aI 0(t)e2ax, where I 0(t) is the
incident photon flux determined from the incident power. F
optical excitation in the phonon-assisted absorption ba
each photon absorbed creates one orthoexciton, so we k
how many excitons are created per second per meter.
collect the orthoexciton luminescence emitted from a sm
region at positionx0 of width Dx, which corresponds to an
image of the entrance slit of our spectrometer on the sam
The total number of excitons created per second in this
gion is aDxI0(t)e2ax0.

The solid curve in Fig. 10~a! shows the cumulative num
ber of orthoexcitons produced in the observation region,
aDxe2ax0*2`

t I 0(t8)dt8. During the 10-ns pulse in the ex
periment, 23107 orthoexcitons are created in this regio
The expected luminescence count rate from 23107 orthoex-
citons is (23107)(1.1 counts/s)52.23107counts/s. We
have used this correspondence to set the right-hand sca

FIG. 9. Experimental geometry used to test our predictions
the exciton luminescence rate and spectrometer efficiency.
dashed box shows the region of crystal from which luminescenc
accepted by the monochromator entrance slit.
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PRB 60 10 879AUGER DECAY OF EXCITONS IN Cu2O
Fig. 10. The measured spectrally-integrated count rates f
orthoexcitons~dots! and paraexcitons~circles! in this region
are shown in the figure.

Figure 10~b! shows the total number of excitons~ortho
and para! as determined from their luminescence intens
The slow decay in exciton number~;20 ns! at later times is
due to an unidentified loss mechanism~perhaps exciton trap
ping! at these low densities. The close correspondence,
ing the pulse, between the cumulative number of absor
photons and the sum of the two exciton species confirms
calibration.

Excitation with shorter-wavelength laser light greatly r
duces the excitation volume and can affect the efficiency
exciton generation. With 514-nm argon-ion laser light, t
2.4-eV photons produce electron-hole pairs with about 1
meV excess kinetic energy. Losses may occur in the for
tion of excitons or due to nonradiative decay at the surfa
For this reason, we have performed experiments to mea
the exciton production efficiencyfor surface excitation, i.e.
the thermalized orthoexciton number per laser photon.
excitation geometry is the same as that shown in the inse
Fig. 1. A 50-mm aperture is attached to the excitation surfa
in order to provide a well defined region of uniform excit
tion. Luminescence is collected through the surface of
sample opposite the aperture.

Figure 11 shows the results of these experiments.
compare the luminescence produced by 10-ns laser puls

FIG. 10. ~a! Line: Cumulative number of dye-laser photons a
sorbed within the observation region. Dots: time-resolved ortho
citon luminescence. Circles: paraexciton luminescence scaled b
relative radiative efficiency. The two vertical scales have differ
units; the similarity in their ranges is purely coincidental. Collecti
efficiency is difficult to control, and varies by as much as a facto
two between experiments.~b! Total number of excitons observed a
a function of time, compared to the cumulative number of phot
absorbed within the observation region.
m
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r-
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three different wavelengths. The excitation level is low in
cases, less than 1016 photons absorbed per cm3. The entrance
slit is widened to accept all the luminescence, and the tim
resolved spectra are integrated and converted, using the
bration described above, to a number of excitons. The dat
Fig. 11~a!, obtained for red light (l5604.7 nm), is similar
to that in Fig. 10~a! since the light resonantly creates ortho
xcitons in both cases. The absorption length in this cas
1.5 mm, so we expect that surface effects will be negligi
and, indeed, the orthoexciton signal is close to that expe
if each photon creates one orthoexciton and the orthoe
tons have a 3.5-ns decay time. We conclude that for
volume excitation at 604.7 nm the production efficiency
effectively 100%.

As the laser wavelength is increased to 590 nm in
yellow range, the absorption length decreases to 50mm,

-
its
t

f

s

FIG. 11. Production of orthoexcitons by photons of differe
wavelengths. This experiment used the geometry shown in Fig
Upper curves show the cumulative number of photons absor
lower curves include a 3.5-ns decay time for the orthoexcito
Circles denote the instantaneous number of orthoexcitons d
mined from the observed luminescence intensity. In each case
lower curves will pass through the data if multiplied by 110%, 50
and 30%, respectively.
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10 880 PRB 60K. E. O’HARA, J. R. GULLINGSRUD, AND J. P. WOLFE
and the production efficiency decreases to approxima
50%, as shown in Fig. 11~b!. Finally, we arrive at the argon
ion laser excitation, which produces the luminescence
nals shown in Fig. 11~c!. These data imply a 30% productio
efficiency of orthoexcitons with argon-ion excitation.

V. DETERMINATION OF THE AUGER CONSTANT

The effective volume of the excitonic gas produced
short wavelengths is difficult to measure directly. As pre
ously indicated, the absorption length in Cu2O for the
514-nm argon-ion laser is about 3mm. The highest densi
ties are obtained by focusing the laser beam to its diffrac
limit, without the use of an aperture, so the lateral variat
in excitation density must be taken into account. To obse
the spatial variation of luminescence intensity both latera
and into the crystal, we have devised the crystal shape sh
in Fig. 12. As usual, the exciton cloud is viewed through t
crystal by scanning an image of the crystal across the
trance slit of the spectrometer. The crystal surfaces that w
cut and polished at 45° reflect the luminescence light by t
internal reflection, providing the view at right angles to t
excitation surface~the ‘‘side view’’!. An example of the lu-
minescence intensity is shown in the figure. Only orthoex
ton luminescence was studied in these high-resolution
periments~the paraexciton signal was too weak!.

For these experiments we use a mode-locked cav
dumped argon-ion laser with a pulse width of 0.5 ns. T
pulse repetition rate is 400 kHz and the time-averaged i
dent power is 4 mW. The laser is focused to a full width
half maximum of<10 mm. High-resolution scanning of th
luminescence image is attained by rotating a quartz bl
that is placed in front of the spectrometer slit. With the im
aging lens set atf /8, the spatial resolution of the imagin

FIG. 12. Experimental geometry~not to scale! for Sec. V. Total
internal reflection from the crystal faces at 45° provides spa
profiles of the luminescence, shown at the bottom of the figu
which are orthogonal projections of the orthoexciton density. T
data is taken fort57 ns.
ly
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system is determined to be 6mm by imaging the weak scat
tering of luminescence light from the corner where the 4
surfaces meet. This high resolution is obtained with a narr
entrance slit of the spectrometer (20mm, corresponding to
4 mm on the sample!. The spatial scans are taken with
wide exit slit, corresponding to a spectral range of 2.4 me
The time-resolved photon-counting system has a meas
time resolution of 400 ps.

Spatial scans of the orthoexciton luminescence are plo
in Fig. 13. These close-up scans show the exciton cloud
panding from a FWHM of about 13mm to about 34mm
between 0 and 2.5 ns. The broader scan in Fig. 12 indic
the luminescence profile at 7 ns, under the same experim
tal conditions. The side-view profiles at the earliest tim
were obstructed by slight rounding of the crystal surfaces
the corners, but this later profile shows that the expans
distance into the crystal is approximately equal to the late
expansion distance.

For a diffusion process, we expect the spatial profiles
have the formn(r ,t)5n0exp(2r2/4Dt), whereD is the dif-

l
,

e

FIG. 13. Spatial profiles of orthoexciton luminescence at sev
times after a 0.5-ns argon-ion laser pulse containing 10 nJ
focused to 7 mm FWHM.

FIG. 14. Semilogarithmic plot of the same data set as Fig.
converted to exciton density and fit to Gaussians. Note that
relative intensities are preserved in this plot.
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PRB 60 10 881AUGER DECAY OF EXCITONS IN Cu2O
fusion constant and 4Dt52s2 for a Gaussian distribution
The width of the distribution, therefore, is given bys
5A2Dt. Figure 14 shows fits of the lateral-expansion d
to Gaussian profiles. Note that the scale is logarithmic
that all the signals are plotted with the same gain, and a s
baseline~probably accounting for scattered light! was added
to each Gaussian function. The Gaussian profiles give a
sonable approximation to the data, and the a plot ofs2 vs
time is given in Fig. 15. At the later times, the data fit well
a straight line, giving the diffusion constantD5slope/2
5214 cm2/s.

This value ofD is somewhat smaller than the value
600 cm2/s measured by Trauernicht and Wolfe14 for
paraexcitonsover a much longer time scale. The differen
can be reasonably explained by the fact that orthoexcit
scatter both LA and TA phonons, while paraexcitons sca
LA phonons only.

Extrapolating the straight line back tot50 in Fig. 15, we
obtain a residual widths0

25(6.4 mm)2, corresponding to a
FWHM [2.355s515 mm. Accounting for the spatial reso
lution of 6 mm, this analysis says that the extrapolated i
tial cloud width is approximately 14mm. The measured
FWHM of the cloud distribution at the earliest times is a
tually 1263 mm, in good agreement. According to our ea
lier analysis~Fig. 6!, if the excitons are in the strong Auge
regime at the earliest times, a Gaussian laser spot wi
FWHM of 8 mm would give rise to a cloud of this dimen
sion.

Assuming an optical absorption length of 3mm for the

FIG. 15. Square of the Gaussian width of the exciton cloud
time. The expansion is fit by a diffusivity of 214 cm2/s ~solid line!.

FIG. 16. Effective volume, as defined by Eq.~11!, of the exciton
cloud vs time. The fit is the sum of two exponentials, given by E
~13!. The fast exponential rise is probably limited by our timin
resolution.
a
d

all

a-

s
r

-

a

excitation light, Auger broadening would produce an init
half width at half maximum~HWHM! of 4 mm. Thus the
cloud is not far from hemispherical initially~the lateral
HWHM is 661 mm), and the data at late times in Fig. 1
shows virtually the same HWHM for front and side views
the cloud. We therefore assume that for times later than
ns, the cloud volume is proportional tos3, using the mea-
sured laterals. This function is plotted on a logarithmic
scale in Fig. 16.

The data reveal two regimes: during the first 0.5 ns a ra
apparent expansion occurs, followed by the normal diffus
at later times. Over the range of observation, these regi
can be empirically represented by exponential functions w
time constants of 0.3 and 3.9 ns. The rapid rise ins3 at early
times may be associated with the Auger broadening ef
described earlier, or could represent enhanced particle tr
port during the hot initial stages of the gas. Note, howev
that the initial time constant~0.3 ns! is approximately equa
to the time resolution of the photon-counting system, so
physical processes are actually more rapid than this m
sured value.

At each point in the inhomogeneous particle distributio
Eq. ~2!, the differential equation describing two-body deca
holds. To relate this model to experimentally measured qu
tities, we integrate over space. For an exciton densityn(r ,t),
the total number of excitons isN(t)5*n(r ,t)d3r , where the
integral extends over the half space beginning with the cr
tal surface. LettingI denote the corresponding spatial int
gral of the generation rateG, Eq. ~2! yields

dN~ t !

dt
52

N~ t !

t
2AE n2~r ,t !d3r 1E G~ t !d3r ~9a!

52
N~ t !

t
2A

N~ t !2

V~ t !
1I ~ t !, ~9b!

where the last equation defines aneffective volumeof the gas

V~ t !5

S E n~r ,t !d3r D 2

E n2~r ,t !d3r

. ~10!

For a Gaussian distribution of particles,

n~r ,t !5
2N~ t !

~2ps2!3/2
e2r 2/2s2

,

integrating over the half space we find,

V~ t !522.27s3. ~11!

This effective volume must be used to determine the Au
constantA.

The solution to the differential equation, Eq.~9!, includ-
ing this volume function may now be written@assuming con-
stantt and I (t) a d function at timet0#

N~ t !5
N0e2(t2t0)/t

11AN0E
t0

t

e2(t82t0)/t/V~ t8!dt8

. ~12!

s

.
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10 882 PRB 60K. E. O’HARA, J. R. GULLINGSRUD, AND J. P. WOLFE
The integration could be performed analytically if 1/V(t)
were a sum of exponentials. This is a good approximation
seen in Fig. 16, where the empirical curve is

1

V~ t !
5

exp~2t/0.30 ns!

12000 mm3
1

exp~2t/3.9 ns!

23000 mm3
. ~13!

We use this approximation in the integral in the denomina
of Eq. ~12!.

We obtainN(t), the total number of orthoexcitons, b
integrating the luminescence signal both over space and
ton energy, then using our optical system calibration to c
vert the rate of luminescence counts to the number of or
excitons. Time-resolved spectra are recorded with 300-mm
entrance and exit slits on the spectrometer, and the spect
integrated signals are plotted in Fig. 17. During the initia
ns, the decay rate decreases with increasing time as exp
for a density-dependent decay process. The solid curve
fit to Eq. ~12!. N0 was fixed at 3.53109 which is the number
of photons absorbed from the laser pulse times our meas
30% orthoexciton production efficiency. The other para
eters were allowed to vary, resulting in the best-fit para
eters:

t05~0.2460.10!ns,

t5~3.2460.10!ns,

andA5~6.661.0!310217 cm3/ns.

An alternative analysis to determine the Auger constan
to solve Eq.~9b! for A:

A5
V~ t !

N~ t !S 21

N~ t !

dN~ t !

dt
2

1

t
1

I ~ t !

N~ t ! D . ~14!

The approach is to use the experimental values
N(t), V(t), I (t), anddN(t)/dt, and simply plotA(t). The
functional form for I (t) is taken from a record of the lase
profile, recorded in the same spectrometer with the sa
time-resolution as the luminescence. We normalizeI (t) to
3.53109, determined from the laser pulse energy and
measured 30% orthoexciton production efficiency. Even

FIG. 17. Number of orthoexcitons, determined from lumine
cence intensity, vs time after a 10-nJ laser pulse. The fit is Eq.~12!
with A56.6310217cm3/ns.
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ter smoothing the data points, the derivative ofN(t) shows a
lot of scatter, so we fit the data to a smooth function and
its derivative fordN(t)/dt. The fit is shown in Fig. 18~a!.
Figure 18~b! is a plot of Eq.~14! using this function. We see
that in the region where the Auger decay rate is domina
and the generation is mostly over, i.e., between 1 and 3 nA
is quite stable and takes on the value of (7.560.5)
310217 cm3/ns.

VI. CONCLUSIONS

The values of the Auger constant derived from these t
methods of analysis average to 7310217cm3/ns. Giving
consideration to possible systematic errors and to the lim
of our simple model, we trust this measurement to be wit
a factor of two of the Auger constant for orthoexcito
orthoexciton collisions defined bydno /dt52Ano

2 .

-

FIG. 18. ~a! The same data as in Fig. 17, now shown with
smooth approximant for use in Eq.~14!. The lower curve is the
detected laser pulse shape.~b! The Auger constantA determined
from Eq. 14 and the data in Figs. 16 and 17, plotted as a functio
time. Error bars are one-s uncertainties derived from uncertaintie
in the measured quantities entering into Eq.~14!. At late times,
uncertainty in 1/t dominates. To the extent that our model describ
the physical system, this determination ofA should be independen
of time. The transient behavior before 1 ns may not be physic
meaningful, due to the finite time resolution and its effect on o
determination ofV(t).
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This Auger constant is two orders of magnitude larg
than previous estimates.26 The previous experiments eithe
utilized continuous excitation without taking into accou
spatial diffusion12 or they assumed densities given by spe
troscopic fits to quantumlike energy distributions.11 Our
value agrees well with that determined by Trauerni
et al.15 for paraexcitons confined to a strain well, an expe
ment in which both volume excitation was employed a
spatial distribution of the gas was determined.

There is, however, other experimental evidence t
orthoexcitons and paraexcitons display significantly differ
Auger decay rates: Lin and Wolfe7 found that, while the
orthoexciton signal followed the 10-ns laser pulse shap
early times, the decay of the paraexciton luminescence
considerably slower. If the orthoexcitons and paraexciton
that experiment are occupying the same volume, then
Auger cross section for paraexcitons must be sma
Kavoulakis and Baym17 have pointed this out and prese
theoretical arguments that the Auger decay for paraexci
should be considerably slower than that for orthoexcito
While we cannot clearly see a fast decay of the paraexci
in our present experiments~Fig. 5!, we do see that the num
ber of paraexcitons after the laser pulse increases nonline
with laser power. We conclude that paraexcitons are not
mune to Auger losses.

The Auger rate can be characterized by a scattering c
section, sA , from the correspondence 1/tA5nsAv5An,
giving sA5A/v. If we assumev5106 cm/s for excitons at
T530 K, we find sA5700 Å 254p(7.5 Å )2. For com-
parison, the Bohr radius of an exciton in Cu2O is approxi-
mately 7 Å.

We claim to measure an exciton decay rate that is dep
dent on the exciton density, i.e., 1/t5An. There is, however,
a secondary effect of Auger recombination that could furt
shorten the exciton lifetime. Some of the band-gap ene
which is released in each Auger recombination, appear
kinetic energy in the exciton gas.11,12 The higher kinetic en-
ergy of the excitons could lead to a shorter lifetime throu
mechanisms other than collisions with other excitons.
example, one might consider ortho-para conversion to be
source of the rapid decay of orthoexcitons at early tim
Snoke et al.27 characterized this process as ak-dependent
process, which would lead to a more rapid orthoexciton
cay at early times when the kinetic energy distributions
broad. However, there is no evidence of a strong increas
the paraexciton population when the orthoexcitons exhib
density-dependent decay, which would be a consequenc
this process.

The unexpected strength of two-exciton Auger decay
Cu2O puts severe limits on the densities attainable w
pulsed laser excitation. This limitation of the gas dens
coupled with the heating of the gas by the energy release
Auger recombination, makes prospects for Bose-Eins
condensation in Cu2O seem unfavorable. However, orthoe
citon kinetic energy distributions which are closely fit b
saturated Bose-Einstein distributions, as one would expe
the critical density for condensation, have been seen m
times.2,6–12 The orthoexciton distributions created for th
work also appeared to be nearly saturated Bose distribut
with temperatures on the order of 30 K, but the maximu
r
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measured exciton density was 231017/cm3, which is near
the critical density for condensation at 2 K.

With the knowledge that the Auger recombination rate
as large as what one might expect for elastic scattering r
between excitons~seesA three paragraphs above! we hesi-
tate to assume that the exciton gas is in quasiequilibr
with a well defined thermodynamic temperature. If the gas
not in quasiequilibrium, one should not interpret the kinet
energy distribution as an equilibrium distribution at som
effective gas temperature. We have turned instead to con
ering the exciton gas as a completely nonequilibrium syst
Work is in progress to model the evolution of the excit
gas, accounting for phonon emission, Auger recombina
and heating, ortho-para conversion, and spatial diffusion
hopes of reconciling the suggestive spectral shapes with
measured densities.
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APPENDIX: COUNTING EXCITONS IN THE LAB

Our goal is to measure the exciton density, the numbe
excitons occupying a certain volume. The radiative rate
rived in Sec. IV gives the photon flux produced by a giv
number of excitons. In this section we estimate the efficien
with which we count these photons, using the optical syst
diagrammed in Fig. 19.

The collection lens is a 90-mm fixed-focusf /2.0 camera
lens. Focusing the luminescence on the monochromator
trance slit requires moving the lens further from the sou
than its design working distance. The most restrictive ap
ture is then the 28-mm-diameter aperture on the cryostat
of the lens, which is 70 mm from the luminescence, givi
an effective aperture off /2.5. The cone of light accepted b
this lens has a half angleu5tan21(1/5). Snell’s law reduces
the cone of acceptance inside the crystal tou8
5sin21@(1/n)sinu#. The solid angle, inside the cuprite, of th
collected light is then

Vcollection5E
0

2p

dfE
0

u8
sinu,du

'pu82'pu2/n2'p/~52n2!50.014.

FIG. 19. Typical experimental arrangement, with transmiss
efficiencies of the various components~measured using 633 nm
He-Ne laser light!. The counting efficiencyh defined in the text is
the product of all the efficiencies to the right of the sample.
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The efficiency of the monochromator is measured in c
junction with that of the photo-multiplier tube~PMT! and
associated electronics. Typically, the combined efficienc
1.8% forE vertical, 4.2% forE horizontal, using the mono
chromator in second order at 610 nm. The efficiency w
checked at least every six months, since the PMT degra
with age and with use.

We assume that photons reflected from each optical
face are not re-reflected in such a way as to be coun
Combining the reflective losses with the monochromator
PMT efficiencies results in a counting efficiencyh which is
typically 1%. The conversion from number of orthoexcito
to PMT count rate is

Vcollection

4p

h

t rad
'0.8 counts per second per orthoexciton.

The front slit of the monochromator~typically 100 mm
wide! admits only a portion of the image of the excito
cloud. The magnification factor between the exciton cloud
the crystal to its image on the monochromator entrance
5.4, so a typical 100-mm-wide entrance slit admits photon
from a 19-mm-wide section in the sample. Of the photo
that enter the monochromator, the rear slit allows only th
with energy in a certain range to fall on the photocathode
the PMT. We have a monochromator with focal lengthf
51 m using a grating with line spacingd5833 nm in or-
derm52 and with an angle 2f59.8° between incident and
diffracted beams. A back slit widthw will pass photons with
wavelength in a rangedl ~wave number in a rangedn)
given by
n
Th
ain

in
n

. B

ys

. B
-

is

s
es

r-
d.
d

n
as

e
f

dl

l
5

dn

n
5

1

2

w

f
AS 2d cosf

ml D 2

21.

For the case ofhn52024 meV ~l5612 nm! and w
5100 mm, this formula predictsd(hn)50.09 meV and we
have measuredd(hn)50.08 meV.

When recording time-resolved luminescence, we accum
late photon counts resulting fromNpulses'106 laser pulses;
typically one photon is counted for every 103 laser pulses.
Each counted photon increments one counter in an arra
counters, based on the time between the laser pulse an
luminescence photon detection. To record a time-resol
spectrum, this process is repeated for the set of wavelen
we wish to sample. Thus each counter represents the num
of luminescence photons counted within an energy ra
d(hn), within a time rangedt, accumulated overNpulsesrep-
etitions of the experiment.

The results of a time-resolved luminescence experim
can be put into a canonical form by dividing the final val
in each counter byNpulses, by dt, and byd(hn). The result
is the number ofcounts per second per meV per laser pu
collected from the sample. The spectra in Figs. 2 and 3 h
been treated in this way. The integral over theG12

2 phonon-
assisted line in Fig. 3~a! at 0.3 ns is 0.93108 counts per
second, indicating that at this instant there were

0.93108cps4S Vcollection

4p

h

t rad
D51.13108orthoexcitons

in view of the spectrometer.
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