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Auger decay of excitons in CyO
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The nonradiative recombination of an exciton due to a collision with another exgieonAuger recombi-
nation is the dominant loss mechanism for excitons at high densities in photoexcitgd. Gte principal
evidence is thata) the observed lifetime of excitons shortens substantially at high densitiegh)hé 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 constan®’in the two-body decay rate, 4# An, was limited by insuffi-
cient knowledge of the exciton denstity In the present work, we have determined the density of excitons by
(a) measuring their absolute brightness in a calibrated optical systertbanteasuring 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 valueA=7x10"1" cmP/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
guantum statistical regime of an ideal ge80163-182809)13239-9

I. INTRODUCTION—EXCITONS IN Cu ,0 which has a 3wm absorption length in G®,* to produce a
dense gas of electron-hole pairs. The left-hand inset of Fig. 1

Cuprous oxide (C30) provided the first convincing evi- indicates the excitation geometry. The sample is in a 2-K
dence of excitons in a semiconductor crystal. The fact that aliquid helium bath. A 50um diameter aperture is lightly
electron and a hole can bind into a positroniumlike species—pressed on the sample and a laser beam illuminates this re-
the exciton—was demonstrated through optical absorptiogion uniformly. The electron-hole pairs form excitons, and
measurements showing a classic Rydberg series of excitatle I';, phonon-assisted orthoexciton luminescence, shown
states. Early measurements concentrated on the spectig-the right-hand inset, is proportional to the total number of
scopic properties of the exciton. The measured binding enerthoexcitons in the crystal. The time-integrated lumines-
ergy of the exciton is 150 meV, corresponding to a Bohrcence (circles increases sublinearly as the power is in-
radius of only about 7 A. creased, showing that a density-dependent recombination

Photoluminescence experiments show that there are
orthoexcitons(angular momentum triplgtand paraexcitons
(angular momentum singletomposed of spin-1/2 electrons
and holes. Due to the parity-forbidden energy gap in@u
the direct orthoexciton transition is only quadrupole allowed.
The paraexciton lies 12 meV lower than the orthoexciton due
to exchange interaction, and its direct transition is forbidden
to high order. Phonon-assisted transitions reveal the kinetic-
energy distributions of both species. The phonon-assisted ra-
diative rate is 500 times larger for orthoexcitons than for
paraexcitons.

Excitons act as free particles with a center-of-mass mo-
mentum and kinetic energy; this has been previously demon-
strated in several types of photoluminescence experiments.
For lattice temperatures above about 30 K, the luminescence
spectra show kinetic-energy distributions of particles obey-
ing Maxwell-Boltzmann statistics at or near the lattice tem-
perature. Also, photoluminescenteaging experiments di-
rectly measure the macroscopic diffusion and drift of g 1. Time-integrated orthoexciton luminescence resulting
excitons under a variety of conditions. from a range of intensities of pulsed argon-ion laser excitation. The

In the present paper we are concerned with a densitycurve is the prediction of a model assuming Auger recombination
dependent nonradiative decay process that tends to limit thgith the rate determined in this article, scaled to the data. Left inset:
exciton density, as is apparent in Fig. 1. We use 10-ns pulsaskcitation geometry. Right inset: time-integrated spectrum, fé¢ 10
of 514.5-nm light from a cavity-dumped argon-ion laser, photons per crfy showing the range of spectral integration used.
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mechanism begins to limit the exciton density at moderate
excitation levels.

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

The instantaneous decay rate of excitons due to this two-
body decay process is 4{=An, whereA is the Auger con-
stant. For steady-state excitation, this process leads to a sub-
linear dependence of exciton density on incident power. Tetr
Returning to Fig. 1, the solid curve is the predicted time-
integrated luminescence intensity assuming Auger recombi- 100K +
nation of the magnitude determined in this article.

Because of its effectiveness in limiting exciton density,
and in continuously producing high-energy electron-hole
pairs, Auger decay has become central to understanding the 0K ' . . . '
behavior of the excitonic gas at high densities, especially in 0 Time (ns) 5
the quest for Bose-Einstein condensation of excitons.
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FIG. 2. (a) Successive orthoexciton luminescence spectra from a
Il. RELATION TO QUANTUM STATISTICS 70-K crystal after a 10-nJ argon-ion laser pulse with FWHM of 250
ps. These spectra are well fit by a Maxwell-Boltzmann distribution
Typical photoluminescence experiments on this systenyith temperatureT 4. (b) Apparent gas temperature as a function
employ optical excitation with energies much larger than thesf time. The apparent decay time of approximately 400 ps is limited
band gap, so the electronic excitations must cool towards thiy the temporal resolution of the photomultiplier tube. The dashed
lattice temperature by emitting phonons. An important condine shows the bath temperature.
sequence of this short-wavelength excitation is that the opti-
cal absorption length is just a few micrometers, thus the ex- The resulting plot ofy; vs T, given in Fig. 3b), is similar
citons are initially formed within a small volume. This is an to the results reported earlier by Snoke, Wolfe, and
obvious advantage if one wants to study the excitonic gas dylysyrowicz? and shows a “quantum saturation” near the
high densities. predicted phase boundary for Bose-Einstein condensation.
Figures 2 and 3 show the results of such intense opticdExperiments by Goteet al’® and Nakaet al? find similar
excitation. In Fig 2 a 250-ps argon-ion laser pulse excites aorthoexciton spectra. Furthermore, evidence of a condensed
crystal of mineral CyO immersed in a bath of liquid nitro- Component has been reported by Lin and Wofte paraex-
gen at 70 K Photoluminescence spectra from orthoexcitonsGitons and by Sheet al*° for orthoexcitons.
are recorded with a time resolution of 400 ps and are fit Such spectra occur only with high-intensity excitation. At
reasonab|y well by Maxwell-Boltzmann energy low excitation density, the gas QUICk|y cools to the lattice
distributions? Figure 2b) shows the effective temperature of temperaturé: The gas temperature falls more slowly at high
the gas determined by these fits. The kinetic-energy relaxexcitation levels. A key issue is why the gas is warmer at
ation due to acoustic phonon emission has been studigigh densities. Of course, the gas is most dense at early times
extensively’ when it is still cooling. It was first postulated by Mysyrowicz
The experimental spectra undergo a striking transforma€t al*# that the Auger process acts to heat the gas at high
tion as the lattice temperature is lowered. Figufa 3hows densities. Simply stated, the hot electrons and holes created
time-resolved spectra under the same conditions as in Fig. 2y Auger decay possess initial kinetic energies approaching
but with a helium bath temperature of 2 K. The spectra arel €V; as they cool, these hot carriers scatter with the remain-
now well described by a Bose-Einstein distribution, as studing excitons, thereby heating the gas. This process has been
ied extensively by our research gréumnd first reported by ~ studied theoretically by Kavoulakis, Baym, and Wolfdts
Hulin et al? In those previous studies, the densities of exci-importance is obvious in Fig.(B): Auger heating is appar-

tons were obtained by a fit to the Bose-Einstein distributionently preventing the quantum gas from crossing the phase
boundary for Bose-Einstein condensation.

g(e) Taken together, the data of Figs. 2 and 3 raise serious
@ questions about the existence of quantum statistics in these

experiments. Both the 70-K and 2-K data are produced by
whereg(e) is the density of states for excitons with kinetic the same excitation conditions. Consider the spectra at a
energye. The shape of the spectrum determifeand u, sampling time of 300 ps. The total luminescence intensities
and the density follows as the integral ofe). obtained by integrating over each spectrum are found to be

n(e)= ale—mkT_ 1"
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One might postulate that at low lattice temperatures the gas
undergoes a spatial condensation into high-density droplets,
similar to the condensation of excitons into electron-hole
droplets in Ge and Si. In those cases, however, the con-
densed phase had a unique spectral luminescence that was
shifted from the exciton line due to the liquid binding en-
ergy. In the present case, the low-energy edge of the orthoe-
xciton spectrum is virtually unshifted as the density level is
increased into the “quantum regime.” In other words, there
appears to be no binding energy to cause a spatial condensa-
tion. In a later paper we will study the possibility that the
sharply peaked distributions are due to a combination of
many processes: phonon emission, diffusion, and Auger re-
combination.

Snoke, Wolfe, and Mysyrowi€awere cautious about re-
RRRLLL N BRI B 2L lying on spectroscopic data to determine the exciton densi-
| ties: they performed time-resolved imaging experiments to
estimate the gas volume. Assuming that each photon in the
excitation pulse produced one exciton, they concluded that
the average density within the measured volumes was in rea-
sonable agreement with the spectroscopically determined
densities. Their estimate, however, did not allow for signifi-
cant losses due to Auger recombination.

Several attempts have been made to measure the impor-
tant Auger constarA. The first mention and characterization

107 10’ 10" 102 102_13 of this process was by Mysyrowiat al,'> who recognized
Density Inferred from Spectral Fit (ecm ) its role in limiting the exciton densities. Unfortunately, their
FIG. 3. (a) Successive orthoexciton luminescence spectra from e.stlmate,A.=2><10 1.9 cm3/n§, dl.d notlallow f0|_' the reduc—

o fion in exciton density by diffusion, since their experiment

2-K crystal, with all other experimental conditions the same as in . . . i
Fig. 2. The broad peak is phonon-assisted luminescence; the narrc19vredated the first rep&f’tof the unusually high diffusivity of

é)_araexcitons in &O. Using 100-ps pulses and time-

tween Figs. 2 and 3 and the spectral shift due to the band-gap shifi¢SCIved luminescence, Snoke and Whifeobserved a

(b) Apparent gas temperature vs the gas density inferred from thgens'%‘dependem decay rate that led to a valueAof
spectral shape using Efl), and allowing for instrumental resolu- = 10" '8 cm’/ns. However, they assumed densities from the
tion and Lorentzian broadening of the spectrum. This curve is paduantum statistical analysis of luminescence spectra, which
rameterized by time, with the dots marking 312 ps intervals. Theare now subject to question. In a quite different set of experi-
maximum temperature coincides with the laser pulse at 0 ps. The1ents, Trauernicht, Wolfe, and Mysyrowiczletermined a
dashed line shows the critical density for Bose-Einstein condensasalue of A=7x 101" cmé/ns for paraexcitons confined to a
tion for an ideal gas. parabolic strain welt®

Our present studies attempt to experimentally measure the
almost identical at this early sampling timel elusive Auger constant for orthoexcitons. Our systematic ap-

=0.78,,). Also, the fitted temperatures of the gases ard’roach is as follows(1) calibration of our opti_cal system in _

considerably higher than the lattice temperatures and ar@fder to measure the total number of excitons from their

quite similar in magnitude(e.g., 100 K vs 140 K at brightness(2) determination of the production efficiency of

=300 ps). If the same number' of excitons at the sgae the short-wavelength excitation by comparison with resonant

temperaturare occupying the same volume, we expect theny©/Ume excitation, and3) measurement of the gas volume

to exhibit the same statistics. Yet the “70-K” spectrum is a PY luminescence imaging with sufficient time and space

classical distribution, and the “2-K” spectrum is apparently '€Solution. We begin with a theoretical description of the

in the quantum regime! transient behavior of an excitonic gas undergoing Auger re-
What are the gas volumes? Unfortunately, they are diffi.combination and report several new experiments that dem-

cult to measure directly; however, previous work showed®Strate the general features of this process.

that the diffusivity of paraexcitons decreases with increasing

lattice temperature due to more frequent exciton-phonon Ill. PROPERTIES OF THE AUGER RECOMBINATION

scattering. Thus, it is reasonable to assume that the gas vol- PROCESS

ume at a lattice temperature of 70 K will be less than that at . L .

2 K. For our experiment, this would cause a higher degen-. Fo_r agas of prt_hoexcnons of den;myﬂ a cold Iat_t|ce, a

eracy in the “70-K” spectrum than in the “2-K” spectrum simplified description of their decay is given by a single rate

contrary to the observations. We conclude from these experfdUation,

ments that neither experiment has an average gas density

sufficient to reach the quantum statistical regime. dn n ©

i 1 . N —=———Anr?+G,
What, then, is the origin of the quantumlike distributions? dt T
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FIG. 4. (a) Results of numerically integrating ER) for a sourceG(r,t) which is Gaussian in time, and exponential in space, modeling
the creation of excitons using light with an absorption lerdjth3.0 «m. The four curves correspond to X30'?,1.3x 10'3 1.3x 10", and
1.3x 10 photons absorbed per émThis model assumes a 30% production efficiency,3.5 ns andA=7x10"1" cmi/ns. Inset: the
integral over time and depth into the crystal ofr,t) vs the integral ofG(r,t). (b) Areal density of orthoexcitons determined by
photoluminescence resulting from 0.5-ns argon-ion laser pulses using the geometry of Fig. 1. Absorbed powerxua¥, 1.3
X 10%3,1.3x 10 and 1.0< 10'° photons absorbed per éminset: time-integral of the observed density of orthoexcit@tsy and paraex-
citons(circles.

where 7 is the single-particle lifetimeA is the Auger con- anticipation of the experimental results to follow, we assume
stant, andG is the generation rate in units of orthoexcitonsa Gaussian pulse with a full width at half maximum
per unit volume per unit time. (FWHM) of 0.5 ns. The density(t) is then calculated by
We use the Auger constaAt rather than a cross section, numerically integrating Eq2). In the calculationy is taken
because the Auger recombination rate can reasonably be etc be the measured orthoexciton lifetime at low density, 3.5
pected to remain finite as the exciton momentum goes tms, and we usé=7x10"1" cm’/ns obtained from a later
zero!’ Suppose the matrix element for Auger recombinationanalysis in this papefSec. \J.
is nonzero for two excitons at rest. In contrast to the case of When the excitons are generated by light with absorption
elastic scattering, the density of final states for the ejectetbngthd, the generation raté also depends on the depth into
electron and hole depends little on the initial exciton mo-the crystal. This can be taken into account by integrating Eq.
menta. Fermi’s golden rule would yield a finite recombina-(2) with G appropriate for each of several depths, and sum-
tion rate for a gas of excitons at rest. We are also ignoringning the results. Results of this simulation are shown in Fig.
the dependence @k on the exciton relative wave vect@r 4 for four pulse powers. The lowest power produces the bot-
Because the Bohr radius of an exciton is 0.7 nm, we wouldom trace, which displays a single-exponential decay of 3.5
expect ak dependence oA on the scale ok~1.4 nmL. ns, as predicted foAny7<<1 in Eq.(3). The next trace up is
An exciton with thisk has energy 25 meV, greater than the obtained for an order-of-magnitude increase in pulse power.
energy of most of the excitons in our experiments. We atThe overall signal increases by about an order of magnitude,
tempt to measure only the lolwdimit of A. but the early behavior indicates the onset of the nonexponen-
The lifetime 7 is most likely controlled by the down- tial Auger decay. Increasing the power by another order of
conversion of orthoexcitons to paraexcitons, which is phoimagnitude(the third tracg, we see a pronounced effect of
non assisted and depends on both the gas and lattice teruger decay at early times and the signal at late times is not
peratures. At early times, the gas temperature is changing, socreased by an order of magnitude, due to the Auger losses
7 could vary. We believe, however, that the loss of excitonsat early times. The top trace continues this trend for an ad-
is dominated by the Auger term at early times. We base thiglitional order-of-magnitude increase in excitation power.
belief on the observation that there is no large increase in the The inset in Fig. 4a) plots the time-integrated density
paraexciton luminescence at early times, as would be thebtained as the excitation power is increased by over four
case if orthoexciton down-conversion were the dominanbrders of magnitude. The dependence is linear at low powers
nonlinear process. and approaches a square-root dependence at high powers.
Assuming thatr is constant, assuming a uniform homo- This behavior is a result of the Auger raf? dominating
geneous gas, and neglecting the effects of particle diffusiorthe n/r rate. The density effectively reaches a steady-state

the transient solution to Eq2) with G=0 is value during the excitation pul¢ By settingdn/dt=0 in
Eqg. (2) and ignoring the first term on the right-hand side, we
() nee V7 @ predict a density during the pulse of
n(t)= .
1+Angr—Angre U7 n=GIA, (4)

In practice, however, there is a time-dependent generatioaexplaining the square-root dependence of the peak density on
rate G(t) corresponding to the optical excitation pulse. In generation rate.
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FIG. 5. (a) Areal densities of orthoexciton@ines) and paraex-
citons (circleg following 0.5-ns argon-ion laser pulses depositing
9x 10" (lower data and 9x 10 (upper dataphotons per cfin
the crystal.(Error bars that would extend to the bottom of the plot £, 6. Result of integrating Eq2) using a source with shape
were omitted for clarity. (b) The same experiment using 10-ns G(r,t) <exp( (%+y?)202) exp(— Zd)exp(—t¥272), wherea rep-
laser pulses depositing910'* and 9x 10" photons per cfiin the  esents the Gaussian width of the laser qpeshed ling d is the
crystal. 3-um laser penetration depth, and=FWHM/2.35 with FWHM

) ) ) =0.5 ns the width of the laser pulse. The solid lines are predicted
Experimental data corresponding to these calculations angminescence intensity at=0 andt=1 ns. In this simulation, the

shown in Fig. 4b). These are the spectrally integrated timespatial FWHM of the luminescence intensity has increased by a
traces of the phonon-assisted luminescence of orthoexcitomgctor of 1.5 during the rapid Auger decay before 1 ns.
in a mineral crystal at a temperature of 2.0 K. An argon-ion
laser beam X=514 nm) with a 0.5-ns pulse width fills a tend to keep the ortho-to-para ratio approximately 3:1, so by
50-um diameter aperture on the crystélig. 1, inset. The  ignoring paraexcitons entirely, we would overestimatby
vertical scale in the figure has been converted to excitoi25%. If, on the other hand, para-para Auger decay is disal-
density by using the optical-system calibration described ifowed, but ortho-para Auger decay has the same strength as
the next section of this paper. ortho-ortho Auger decay, the ortho-to-para ratio becomes

The data clearly show both the density-independent expa2:1; we overestimaté by 33%1° We will continue to ignore
nential decay at low densities and the more rapid decay ahe paraexcitons, and extraétfrom our experiments as if
excitons at high densities, in remarkably good agreementrtho-para Auger were forbidden. Future experimental or
with the simulation in Fig. ). In the inset of Fig. &), we  theoretical work on the dependence of Auger decay on the
plot the power dependencies of the time-integrated intensispin states of the excitons may make it possible to correct the
ties for both orthoexcitions and paraexcitons. Both speciesesulting overestimation oA.
display the sublinear increase in density expected for Auger Finally, in this section we consider how the Auger process
recombination at high excitation density.

So far we have ignored the paraexcitons. Due to their
slow radiative rate, and the proximity of the paraexciton lu- v

|~

Cu20

—-40 -20 0 20 40
Position, z (um)

minescence to a brighter orthoexciton phonon replica, we are
unable to measure the number of paraexcitons at early times.
We can observe the number of paraexcitoafter the laser
pulse. Figure 5 shows the relative numbers of orthoexcitons
and paraexcitons following laser pulses of two different
strengths. The paraexciton number, like the orthoexciton
number, increases sublinearly with laser pojsere also Fig.
4(b) insef. We conclude that paraexcitons do suffer Auger
decay, but it is not immediately clear whether there are Au-
ger decay events between pairs of paraexcitons, or if ortho-
para Auger decay alone limits the paraexciton density.

From our experiments, it is difficult to determine sepa-
rately the Auger constant for each possible combination of
angular momentum states of the colliding excitons. We con-
fine ourselves to considering the effect the paraexcitons may FIG. 7. Spatial profiles orthoexciton luminescence observed
have on our attempt to measure the ortho-ortho Auger "€during a 200-ps argon-ion laser pulse. The profile at right is con-

combination rate. We assume that the electron-hole pair§igerably broader than the 26m full-width of the laser focus. The
formed by the laser pulséand those generated by Auger |aser focus was moved toward an opaque metal stripe on the crystal
recombinatiop form excitons with random angular momen- surface, indicated by the dark bar. The center and left profiles cor-
tum states, i.e., three orthoexcitons for each paraexciton. Hespond to increasing obstruction of the laser beam. The lack of
the Auger cross-section is independent of the angular masignal under the stripe shows that diffusion is not the cause of the
mentum states of the colliding excitons, Auger decay willextra width of the exciton cloud.

stripe
|

o
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can affect the spatial distribution of excitons when no aper-
ture is used to define the absorption region—i.e., the usual
experimental situation. If the Auger decay process is domi-
nant and the decay rate is shorter than the pulse length, a
Gaussian excitation spoG«exp(—x%/20?), will produce a
broader distribution of excitong)exp(—x%/40?), due to

the square-root dependence in E4). A simulation of this
effect is shown in Fig. 6. In addition, reflections at optical
elements and cryostat windows can degrade the laser beam
and cause significant non-Gaussian “wings” in the excita-
tion profile. These wings become especially prominent when
an Auger process is dominant, because the density in the
center of the beam is limited more than that in the wings.

In an imaging experiment, it is important to distinguish
this “Auger broadening” of the excitation volume from the
effects of excitonic diffusion. Figure 7 shows spatial profiles
of the orthoexciton luminescence as the laser beam is moved
closer to a knife edge on the excitation surface, beyond
which no excitation occurs. The broad, oddly shaped profiles
are not due to excitonic diffusion at these relatively early
sampling times. We know this because no signals are ob-
served beyond the knife edge. Instead, the wings in the ex- T I I I
citation profile, combined with the nonlinear Auger decay, 2010 2020 2030 2040
have produced a broader distribution than that of the excita- Photon Energy (meV)
tion profile. In Sec. V we show that this effect leads to an
apparent rapid expansion of the exciton gas at ear'y times FIG. 8. The Sharp absorption line is due to resonant creation of
when the Auger process affects the spatial distribution oprthoexcitons. AR K a strong absorption band due to creation of an
excitons. exciton and al’;, phonon is observed. If this absorption band is

Consequently, in the presence of Auger recombinationmU|tip|ied t_)yfand (1+_f)_, wheref is the thermal_occupation at 77
the size of the initial exciton cloud is not simply related to K of the I';, phonon, it fits the Stokes and anti-Stokes absorption

the size of the laser spot. Therefore, as part our measuremelfinds at 77 K(dashed lineswith no adjustable parameters. The

of the Auger constant, we must measure the spatial distribu(Erystal used was 2.1 mm thick.

tion of the excitons directly. In the next section we con&degoo> direction, the integral of this direct absorption line is

N
(@
|

a) crystal at 2K

Aborption coefficient (cm
o
|

o

| | | |
2020 2030 2040 2050

b) crystal at 77K

N
(]

(@]

Aborption coefficient (cm_1)
o
|

the luminescence rates of excitons and describe how we cal "8 el meV at 77 K, but only 0.6 cmt meV at 2 K.

brat_e our o_pt_lcal sys_tem to measure the absolute number reingol’d and Makaro%* explain that the absorbance at low
excitons within the field of view. : . )
temperatures is determined not by the exciton-photon cou-
pling, but by how fast exciton-polaritons are scattered out of
IV. LUMINESCENCE RATES AND GENERATION the polariton states.
EEEICIENCY To the right of the direct absorption line, higher by the
) ) o _ 13.6-meV energy of & ;, optical phonon, is the onset of a
~ As mentioned earlier, the radiative raterl4 of excitons  pnonon-assisted absorption band, caused by the optical cre-
in Cu,O is very slow due to the dipole-forbidden direct gap. ation of an orthoexciton and an optical phonon. The dipole-

The actual lifetimer of the excitons is much shorter thapy  gllowed absorption coefficient is proportional to the square
due to nonradiative processes. For the orthoexcitons, the limot of the exciton kinetic energy=rfiw—fiwgnse, and is

iting decay time of abput 3.5 ns at low density in a high'given by

purity sample is most likely due to ortho-to-para conversion.

For the paraexcitons, lifetimes up to 13s have been ob- a(e)=(8.0=1.0cm L\Je/meV, (5)

served in mineral crystaf.We shall see that even this life- o )

time is much shorter than the radiative decay time and igvhere the coefficient is our measured value. Equatins

probably determined by nonradiative recombination at impuSuperimposed on the data of FigaB but is obscured by the

rities. data. The 77-K data in Fig.(B) shows a similar band with
Nevertheless, it is the radiative rater] that determines threshold energy 13.6 meV below the direct absorption line.

the brightness of the exciton luminescence. The total rate of his band corresponds to the annihilation of a thermally ex-

photon emission fronN excitons is given byN/7,,q. While  citedI';, phonon as the orthoexciton is created. The dashed

it is virtually impossible to directly determine the radiative line is derived from Eq(5) taking into account the thermal

lifetime in a forbidden-gap semiconductor, radiative decay isoccupation number of ;, phonons at 77 K, as explained in

intimately linked with the inverse process, optical absorptiorthe caption.

of the exciton band, which can be measured directly. We mention a couple of practical details: Using a A6+
Figure 8 shows an optical absorption measurement on orgice of mineral CyO, the absorption length for photons at

of our mineral samples. There is a narrow absorption line athe wavelength of the 514.5-nm argon-ion laser line is found

the energy of an orthoexciton. For light traveling along ato be (3.6:0.5) wm, in agreement with previous
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measurementsThe index of refraction in this region is also
of interest. Karlssoret al?? report that the index of refrac-

tion of Cu,O increases from near 2.6 in the infrared to a peak -

of 3.1 at 500 nm. In the region of exciton luminescence, S— f,'m":| ([—

around 600 nm, the index of refraction is 3.0. laser iy -
The relationship between the absorption coefficient and 1"

the radiative decay rate is derived using a detailed-balance
argument. For each photon, the probability of absorption per
unit time is given by ¢/n)a(e), wherec is the speed of
light andn is the index of refraction. We consider a crystal in
equilibrium with thermal radiation. The rate of photon ab- FIG. 9. Experimental geometry used to test our predictions of
sorption per unit volume is thus given By the exciton luminescence rate and spectrometer efficiency. The
dashed box shows the region of crystal from which luminescence is
accepted by the monochromator entrance slit.

crystal

Ca(e)p(ha)fy(1+1),

heref df h ilibri h q . a known number of excitons in a well defined observation
wheretp an Bare the j;lq“"_”;‘mzlp 2°t§’f;‘ an hexcgon OC volume. Salient details concerning the overall collection ef-
cupation numbers anfi(fi ) =n"w/m°c"h is the photon  riency of our optical system are as follovfsr more detail,
density of states. The rate of luminescence of thermal exciz,q o Appendix Our /2.5 lens collects a 0.014-steradian

tons is cone inside the materialn&3), and we measure a total
1 reflective loss of 53% from various optical surfaces. The
—o(e)f (1+1p), combined efficiency of the optical spectrometer, photomulti-
Trad plier tube, and discriminator is 3.0%. Considering all these
whereg(e) is the exciton density of states. factors, we expect each orthoexciton to contribute

In thermal equilibrium the absorbance and luminescence 0.014
rates must be equal. Also, because both the photons and . _
excitons involved are bosons with total enevgy, we have 70000/ %? X 47%X 3.0%=1.1+0.3counts/s
fy="Tf,=1(expfw/kT)—1), implying that
to the count rate, integrated over tlg, phonon-assisted
spectral line.

Figure 9 illustrates how we produce a known number of
excitons in a well defined volume. The exciton density must
be kept low in order to avoid Auger recombination and
maximize the lifetime of the particles. To achieve these con-

1 ~c a(s)p(ﬁw)_ n’w? a(e)
Taa N 9(s)  wchg(e)

The density of states for a free exciton of massind band
degeneracy is

(6)

go [2m|32 ditions, a 10-ns dye-laser pulse with a long absorption length
g(s)=—02<—2) e (7)  in CkO is used to excite an extended volume in the crystal.
4m=\ h The laser is tuned to a photon energy of 2047 meV(
For orthoexcitons in C40, with go=3 andm=3m,,2*Egs. = 605.5 nm) just above the phonon-assisted absorption band
(5-7) yield, [Fig. 8@] so as to produce orthoexcitons with very little

kinetic energy at the rate of one orthoexciton per photon
absorbed. We confirm the absorption length'=1.4 mm
aj:(7-0i 1.3X10"s, ) by measuring the intensity of the transmitted laser beam as a
function of wavelength.
or Taq=14 us, for thel’ |, phonon-assisted orthoexciton lu- ~ The number of photons absorbed per centimeter per sec-
minescence. Although we considered excitons in thermabnd is given byal(x,t)=aly(t)e”**, wherely(t) is the
equilibrium with their environment, the radiative rater}4  incident photon flux determined from the incident power. For
is a property of the exciton itself. The detailed balance argueptical excitation in the phonon-assisted absorption band,
ment is merely the simplest way to relate the two manifestaeach photon absorbed creates one orthoexciton, so we know
tions of the exciton-photon interaction: absorbance and thiow many excitons are created per second per meter. We
radiative rate. collect the orthoexciton luminescence emitted from a small
We can apply the same relation to the paraexcitonsregion at positiorx, of width Ax, which corresponds to an
Paraexcitons interact with light only with the assistance of dmage of the entrance slit of our spectrometer on the sample.
I';5 optical phonon, and this paraexciton absorption band iFhe total number of excitons created per second in this re-
1500 times weaker than tHe;, phonon-assisted orthoexci- gion is aAxly(t)e™ **o.
ton band®® Using this smallew, the appropriate degeneracy ~ The solid curve in Fig. 1@ shows the cumulative num-
(go=1), and the same mass as for the orthoexcitons, wéer of orthoexcitons produced in the observation region, i.e.,
conclude that the radiative lifetime for paraexcitons is ap-aAxe™ *of' _1,(t")dt’. During the 10-ns pulse in the ex-
proximately 50 14 pus=7 ms. periment, 2< 10" orthoexcitons are created in this region.
To check these predictions, we muat calibrate our op- The expected luminescence count rate from1®’ orthoex-
tical system to measure the number of luminescence photoritons is (2<10°)(1.1 counts/sF2.2x 10’counts/s. We
emitted from a specified volume in the sample, éndccreate  have used this correspondence to set the right-hand scale in
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FIG. 10. (a) Line: Cumulative number of dye-laser photons ab- }\)= 514 5nm P
sorbed within the observation region. Dots: time-resolved orthoex- 107 b -
citon luminescence. Circles: paraexciton luminescence scaled by its E .
relative radiative efficiency. The two vertical scales have different C ]
units; the similarity in their ranges is purely coincidental. Collection r T
efficiency is difficult to control, and varies by as much as a factor of r ]
two between experimenté) Total number of excitons observed as 108 L ]
a function of time, compared to the cumulative number of photons §
absorbed within the observation region. C ]
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Fig. 10. The measured spectrally-integrated count rates from Time (ns)
orthoexcitongdoty and paraexcitongcircles in this region
are shown in the figure. FIG. 11. Production of orthoexcitons by photons of different

Figure 1@b) shows the total number of excitoriertho  wavelengths. This experiment used the geometry shown in Fig. 1.
and para as determined from their luminescence intensity.Upper curves show the cumulative number of photons absorbed,
The slow decay in exciton numbér20 n9 at later times is lower curves include a 3.5-ns decay time for the orthoexcitons.
due to an unidentified loss mechanigperhaps exciton trap- Circles denote the instantaneous number of orthoexcitons deter-
ping) at these low densities. The close correspondence, duypoined from thg observed Iuminescencg inter)si.ty. In each case the
ing the pulse, between the cumulative number of absorbel@wer curves will pass through the data if multiplied by 110%, 50%,
photons and the sum of the two exciton species confirms o#"d 30%. respectively.
calibration.

Excitation with shorter-wavelength laser light greatly re-three different wavelengths. The excitation level is low in all
duces the excitation volume and can affect the efficiency otases, less than ¥photons absorbed per éniThe entrance
exciton generation. With 514-nm argon-ion laser light, theslit is widened to accept all the luminescence, and the time-
2.4-eV photons produce electron-hole pairs with about 100esolved spectra are integrated and converted, using the cali-
meV excess kinetic energy. Losses may occur in the formabration described above, to a number of excitons. The data in
tion of excitons or due to nonradiative decay at the surfacefFig. 11(a), obtained for red light X=604.7 nm), is similar
For this reason, we have performed experiments to measute that in Fig. 10Qa) since the light resonantly creates orthoe-
the exciton production efficiencfor surface excitation, i.e., xcitons in both cases. The absorption length in this case is
the thermalized orthoexciton number per laser photon. Th&.5 mm, so we expect that surface effects will be negligible
excitation geometry is the same as that shown in the inset aind, indeed, the orthoexciton signal is close to that expected
Fig. 1. A50.um aperture is attached to the excitation surfacef each photon creates one orthoexciton and the orthoexci-
in order to provide a well defined region of uniform excita- tons have a 3.5-ns decay time. We conclude that for this
tion. Luminescence is collected through the surface of thevolume excitation at 604.7 nm the production efficiency is
sample opposite the aperture. effectively 100%.

Figure 11 shows the results of these experiments. We As the laser wavelength is increased to 590 nm in the
compare the luminescence produced by 10-ns laser pulsesyallow range, the absorption length decreases tou#0,
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FIG. 13. Spatial profiles of orthoexciton luminescence at several
times after a 0.5-ns argon-ion laser pulse containing 10 nJ and
' | ' | y T ' focused to 7 um FWHM.
—-100 0 100
Position (um)

Luminescence

system is determined to be gm by imaging the weak scat-
FIG. 12. Experimental geometiyot to scalg for Sec. V. Total  tering of luminescence light from the corner where the 45°
internal reflection from the crystal faces at 45° provides spatiasurfaces meet. This high resolution is obtained with a narrow
profiles of the luminescence, shown at the bottom of the figuregntrance slit of the spectrometer (20m, corresponding to
which are orthogonal projections of the orthoexciton density. The4 um on the sample The spatial scans are taken with a
data is taken fot=7 ns. wide exit slit, corresponding to a spectral range of 2.4 meV.
The time-resolved photon-counting system has a measured
and the production efficiency decreases to approximatelyime resolution of 400 ps.
50%, as shown in Fig. 1l). Finally, we arrive at the argon-  Spatial scans of the orthoexciton luminescence are plotted
ion laser excitation, which produces the luminescence sigin Fig. 13. These close-up scans show the exciton cloud ex-
nals shown in Flg 1(1:) These data ImpIy a 30% production panding from a FWHM of about 13m to about 34um

efficiency of orthoexcitons with argon-ion excitation. between 0 and 2.5 ns. The broader scan in Fig. 12 indicates
the luminescence profile at 7 ns, under the same experimen-
V. DETERMINATION OF THE AUGER CONSTANT tal conditions. The side-view profiles at the earliest times

The effective volume of the excitonic aas produced b were obstructed by slight rounding of the crystal surfaces at

short wavelenaths is difficult to measure g'rectllj As pre .Ythe corners, but this later profile shows that the expansion
wavelengtns 1S difficult & ure di y. PreVI* jistance into the crystal is approximately equal to the lateral

ously indicated, the absorption length in LQu for the expansion distance

514-nm argon-ion laser is about Am. The highest densi- For a diffusion process, we expect the spatial profiles to

ties are obtained by focusing the laser beam to its diffractiorp.'ave the form(r ,t) = noexp(—r24Dt), whereD is the dif-
limit, without the use of an aperture, so the lateral variation ' 0 '

in excitation density must be taken into account. To observe
the spatial variation of luminescence intensity both laterally
and into the crystal, we have devised the crystal shape shown 107 E
in Fig. 12. As usual, the exciton cloud is viewed through the F
crystal by scanning an image of the crystal across the en- C
trance slit of the spectrometer. The crystal surfaces that were -
cut and polished at 45° reflect the luminescence light by total
internal reflection, providing the view at right angles to the
excitation surfacdthe “side view”). An example of the lu-
minescence intensity is shown in the figure. Only orthoexci-
ton luminescence was studied in these high-resolution ex- 105 L
periments(the paraexciton signal was too weak F
For these experiments we use a mode-locked cavity-
dumped argon-ion laser with a pulse width of 0.5 ns. The Lo
pulse repetition rate is 400 kHz and the time-averaged inci-
dent power is 4 mW. The laser is focused to a full width at
half maximum of<10 wm. High-resolution scanning of the
luminescence image is attained by rotating a quartz block FiG. 14. Semilogarithmic plot of the same data set as Fig. 13,
that is placed in front of the spectrometer slit. With the im-converted to exciton density and fit to Gaussians. Note that the
aging lens set at/8, the spatial resolution of the imaging relative intensities are preserved in this plot.

Excitons per micron

-40 -20 O 20 40 60
Position (um)
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excitation light, Auger broadening would produce an initial
half width at half maximumHWHM) of 4 um. Thus the
cloud is not far from hemispherical initiallythe lateral
HWHM is 61 um), and the data at late times in Fig. 12
shows virtually the same HWHM for front and side views of
the cloud. We therefore assume that for times later than 0.5
ns, the cloud volume is proportional t°, using the mea-
sured lateralo. This function is plotted on a logarithmic
scale in Fig. 16.

The data reveal two regimes: during the first 0.5 ns a rapid
apparent expansion occurs, followed by the normal diffusion
at later times. Over the range of observation, these regimes
FIG. 15. Square of the Gaussian width of the exciton cloud vsC@n be empirically represented by exponential functions with

time. The expansion s fit by a diffusivity of 214 &fs(solid ling.  fime constants of 0.3 and 3.9 ns. The rapid rise-frat early
times may be associated with the Auger broadening effect

fusion constant and Bt=2g?2 for a Gaussian distribution. described earlier, or could represent enhanced particle trans-
The width of the distribution, therefore, is given hy  Port during the hot initial stages of the gas. Note, however,
= /2Dt. Figure 14 shows fits of the lateral-expansion datathat the initial time constan(.3 ng is approximately equal
to Gaussian profiles. Note that the scale is logarithmic and® the time resolution of the photon-counting system, so the
that all the signals are plotted with the same gain, and a smaRhysical processes are actually more rapid than this mea-
baseline(probably accounting for scattered lightas added ~Sured value. . _ o
to each Gaussian function. The Gaussian profiles give a rea- At €ach point in the inhomogeneous particle distribution,
sonable approximation to the data, and the a plot-divs Eq. (2), the d|ffere|_1t|al equation des_,crlblng two-body decay,
time is given in Fig. 15. At the later times, the data fit well to Nolds. To relate this model to experimentally measured quan-
a straight line, giving the diffusion constam=slope/2 lities, we integrate over space. For an exciton demgtyt),
=214 cnt/s. the total number of excitons N(t)= fn(r,t)d%r, where the
This value ofD is somewhat smaller than the value of integral extends over the half space beginning with the crys-
600 cnf/s measured by Trauernicht and Wdffefor tal surface. Letting denote the corresponding spatial inte-
paraexcitonsover a much longer time scale. The differencedral of the generation ratg, Eq. (2) yields
can be reasonably explained by the fact that orthoexcitons

Square of Gaussian width,

Time (ns)

scatter both LA and TA phonons, while paraexcitons scatter M: _ N(t) _Af n2(r,t)d3r+f G(td3 (93
LA phonons only. dt T

Extrapolating the straight line back te=0 in Fig. 15, we )
obtain a residual widthr3= (6.4 wm)?, corresponding to a _ N@® N

FWHM =2.355r=15 um. Accounting for the spatial reso- T A V(t)

lution of 6 wm, this analysis says that the extrapolated ini-
tial cloud width is approximately 14um. The measured
FWHM of the cloud distribution at the earliest times is ac-

+1(t), (9b)

where the last equation defineselifective volumef the gas

2
tually 123 um, in good agreement. According to our ear- (f n(r,t)d3r)
lier analysis(Fig. 6), if the excitons are in the strong Auger V()= . (10)
regime at the earliest times, a Gaussian laser spot with a f n2(r t)yd3r
FWHM of 8 xm would give rise to a cloud of this dimen- '
sion. . C .
Assuming an optical absorption length of @m for the For a Gaussian distribution of particles,
e _ 2N 2,
§ n(r.t)= 21312 '
2 (270°)
i 10° 4 integrating over the half space we find,
g V(t)=22.270"°. (11)
% 10* 3 This effective volume must be used to determine the Auger
2 constantA.
Rl The solution to the differential equation, E®), includ-
- ing this volume function may now be writt¢assuming con-
Time (ns) stantr andI(t) a 6 function at timet,]
FIG. 16. Effective volume, as defined by Ha1), of the exciton Noe™ ()7
cloud vs time. The fit is the sum of two exponentials, given by Eq. N(t)= t . (12
(13). The fast exponential rise is probably limited by our timing 1+ANOJ e~ (" “W/Tv(t)dt!
resolution. to
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Q
The integration could be performed analytically ifvV{t) ~ L i
were a sum of exponentials. This is a good approximation, as "o
seen in Fig. 16, where the empirical curve is Z o
< ol %o 4
1  exp—t/0.30 n3 exp—t/3.9n < ©
_ o . 3, o 33 (13) 5 ™ % U
V(t) 12000 um 23000 um @
o Q o)
We use this approximation in the integral in the denominator N o
of Eq. (12). % °
We obtainN(t), the total number of orthoexcitons, by < 0 ©
—

integrating the luminescence signal both over space and pho- T T
ton energy, then using our optical system calibration to con- 0 2 4 6
. Time (ns)
vert the rate of luminescence counts to the number of ortho-
excitons. Time-resolved spectra are recorded with 360- FIG. 18. (a) The same data as in Fig. 17, now shown with a
entrance and exit slits on the spectrometer, and the spectraliynooth approximant for use in E¢l4). The lower curve is the
integrated signals are plotted in Fig. 17. During the initial 4detected laser pulse shap®) The Auger constanf determined
ns, the decay rate decreases with increasing time as expecteém Eq. 14 and the data in Figs. 16 and 17, plotted as a function of
for a density-dependent decay process. The solid curve istane. Error bars are one-uncertainties derived from uncertainties
fit to EqQ. (12). Ny was fixed at 3.X% 10° which is the number in the measured quantities entering into Efi). At late times,
of photons absorbed from the laser pulse times our measurethcertainty in 1+ dominates. To the extent that our model describes
30% orthoexciton production efficiency. The other param-the physical system, this determinationfdshould be independent
eters were allowed to vary, resulting in the best-fit paramof time. The transient behavior before 1 ns may not be physically
eters: meaningful, due to the finite time resolution and its effect on our
determination ofV(t).
to=(0.24+0.10ns,

ter smoothing the data points, the derivativeNgt) shows a

7=(3.24=0.10ns, lot of scatter, so we fit the data to a smooth function and use
e its derivative fordN(t)/dt. The fit is shown in Fig. 1&).
andA=(6.6=1.0x10 ' cm®/ns. Figure 18b) is a plot of Eq.(14) using this function. We see

) ] ) _that in the region where the Auger decay rate is dominant,
An alternative analysis to determine the Auger constant ignq the generation is mostly over, i.e., between 1 and Ans
to solve Eq.(9b) for A: is quite stable and takes on the value of (Z(®5)

V([ -1 dN@t) 1 It X 10" cm/ns.

ATNOIND dt 7 TN

The approach is to use the experimental values of
N(t), V(t), I(t), anddN(t)/dt, and simply plotA(t). The The values of the Auger constant derived from these two
functional form forl(t) is taken from a record of the laser methods of analysis average tox20 ’cm®/ns. Giving
profile, recorded in the same spectrometer with the sameonsideration to possible systematic errors and to the limits
time-resolution as the luminescence. We normali@ to  of our simple model, we trust this measurement to be within
3.5x10°, determined from the laser pulse energy and oul factor of two of the Auger constant for orthoexciton-
measured 30% orthoexciton production efficiency. Even aforthoexciton collisions defined kyn,/dt=—AnZ.

(14
VI. CONCLUSIONS
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This Auger constant is two orders of magnitude larger e

optical

than previous estimaté8.The previous experiments either path ayostat o) <conning
utilized continuous excitation without taking into account S g mirrors
spatial diffusiont” or they assumed densities given by spec- \_ - H - 0 i :ZZZZ\ filter
troscopic fits to quantumlike energy distributioisOur 75% 15% \ 110 v
. . . 95%  90% 92% = - - = °|[ [Monochromator
value agrees well with that determined by Trauernicht 0% 0%
88%  85% (pain) o o

et al!® for paraexcitons confined to a strain well, an experi- 0% 15%

men_t In _Wh_'Ch _bOth volume excitation was employed and FIG. 19. Typical experimental arrangement, with transmission

spatial distribution of the gas was determined. efficiencies of the various componentsieasured using 633 nm
There is, however, other experimental evidence thaHe-Ne laser light The counting efficiency; defined in the text is

orthoexcitons and paraexcitons display significantly differenthe product of all the efficiencies to the right of the sample.

Auger decay rates: Lin and Wolfdound that, while the

orthoexciton signal followed the 10-ns laser pulse shape at

early times, the decay of the paraexciton luminescence waseasured exciton density was<40'/cm®, which is near

considerably slower. If the orthoexcitons and paraexcitons ithe critical density for condensation at 2 K.

that experiment are occupying the same volume, then the With the knowledge that the Auger recombination rate is

Auger cross section for paraexcitons must be smalleras large as what one might expect for elastic scattering rates

Kavoulakis and Bayr{ have pointed this out and present between excitongseeo, three paragraphs abovere hesi-

theoretical arguments that the Auger decay for paraexcitonite to assume that the exciton gas is in quasiequilibrium

should be considerably slower than that for orthoexcitonswith a well defined thermodynamic temperature. If the gas is

While we cannot clearly see a fast decay of the paraexciton80t in quasiequilibrium, one should not interpret the kinetic-

in our present experimentgig. 5), we do see that the num- €nergy distribution as an equilibrium distribution at some

ber of paraexcitons after the laser pulse increases nonlinearfféctive gas temperature. We have turned instead to consid-

with laser power. We conclude that paraexcitons are not im€fng the exciton gas as a completely nonequilibrium system.
mune to Auger losses. Work is in progress to model the evolution of the exciton

The Auger rate can be characterized by a scattering crodfts, accounting for phonon emission, Auger_recqmbmathn
section, o, from the correspondence 7= noav=An and heating, ortho-para conversion, and spatial diffusion, in

giving oA=Alv. If we assumes=10F cmis for excitons at hopes of reconciling the suggestive spectral shapes with our

T=30 K, we findo,=700 AZ=4m(7.5 A)2. For com- 'Tcasured densities.
parison, the Bohr radius of an exciton in LQuis approxi-
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shorten the exciton lifetime. Some of the band-gap energy,

which is released in each Auger recombination, appears as

kinetic energy in the exciton gd$?The higher kinetic en- APPENDIX: COUNTING EXCITONS IN THE LAB

ergy of the excitons could lead to a shorter lifetime through

mechanisms other than collisions with other excitons. For Our goal is to measure the exciton density, the number of

example, one might consider ortho-para conversion to be thexcitons occupying a certain volume. The radiative rate de-

source of the rapid decay of orthoexcitons at early timestived in Sec. IV gives the photon flux produced by a given

Snoke et al?’ characterized this process askalependent number of excitons. In this section we estimate the efficiency

process, which would lead to a more rapid orthoexciton dewith which we count these photons, using the optical system

cay at early times when the kinetic energy distributions arediagrammed in Fig. 19.

broad. However, there is no evidence of a strong increase in The collection lens is a 90-mm fixed-focti®2.0 camera

the paraexciton population when the orthoexcitons exhibit dens. Focusing the luminescence on the monochromator en-

density-dependent decay, which would be a consequence tfince slit requires moving the lens further from the source

this process. than its design working distance. The most restrictive aper-
The unexpected strength of two-exciton Auger decay irture is then the 28-mm-diameter aperture on the cryostat side

Cuw,0O puts severe limits on the densities attainable withof the lens, which is 70 mm from the luminescence, giving

pulsed laser excitation. This limitation of the gas density,an effective aperture df/2.5. The cone of light accepted by

coupled with the heating of the gas by the energy released ithis lens has a half angie=tan 1(1/5). Snell’s law reduces

Auger recombination, makes prospects for Bose-Einsteithe cone of acceptance inside the crystal

condensation in GID seem unfavorable. However, orthoex- =sin Y{(1/n)sin g]. The solid angle, inside the cuprite, of the

citon kinetic energy distributions which are closely fit by collected light is then

saturated Bose-Einstein distributions, as one would expect at

the critical density for condensation, have been seen many 27 0 .

times?®12 The orthoexciton distributions created for this Qcoliection™ Jo d‘f’jo sing,de¢

work also appeared to be nearly saturated Bose distributions

with temperatures on the order of 30 K, but the maximum ~ 10" %~ wh%In*~ 1/(5%n?)=0.014.



10 884 K. E. O'HARA, J. R. GULLINGSRUD, AND J. P. WOLFE PRB 60

The efficiency of the monochromator is measured in con- SN Sv 1w [[2dcose)\?
junction with that of the photo-multiplier tubéPMT) and N~ 327 (T) -1.
associated electronics. Typically, the combined efficiency is

1.8% forE vertical, 4.2% forE horizontal, using the mono- For the case ofhr=2024 meV (\=612 nn) and w
chromator in second order at 610 nm. The efficiency was_ ;4 um, this formula predictsS(h») =0.09 meV and we
checked at least every six months, since the PMT degradq.gave meaéured(hv)=0.08 meV.

with age and with use.

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

When recording time-resolved luminescence, we accumu-
late photon counts resulting froMd,ses~ 10° laser pulses;
@pically one photon is counted for every 3lGser pulses.

ach counted photon increments one counter in an array of
counters, based on the time between the laser pulse and the
luminescence photon detection. To record a time-resolved
spectrum, this process is repeated for the set of wavelengths
Qeotioction 7 we Wis_h to sample. Thus each counter represents the number
———— ——~0.8 counts per second per orthoexciton.  of luminescence photons counted within an energy range

47 Trad 8(hv), within a time rangest, accumulated oveN,,sesrep-

The front slit of the monochromatatypically 100 xm  €litions of the experiment. . .
The results of a time-resolved luminescence experiment

wide) admits only a portion of the image of the exciton b : cal f by dividing the final val
cloud. The magnification factor between the exciton cloud in°a" P€ put Into a canonical form by dividing the final value

the crystal to its image on the monochromator entrance wa €ach counter bilp,ses by &t, and byS(hv). The result
5.4, s0 a typical 10gsm-wide entrance slit admits photons 'S the number otounts per second per meV per laser pulse

from a 19um-wide section in the sample. Of the photons collected from the'sample. The_ spectra in Figi. 2 and 3 have
that enter the monochromator, the rear slit allows only thos@€€n treated in this way. The integral over fhg, phonon-
with energy in a certain range to fall on the photocathode oftSSisted line in Fig. @) at 0.3 ns is 0.810° counts per

the PMT. We have a monochromator with focal length ~Second, indicating that at this instant there were

=1 m using a grating with line spacind=833 nm in or-

derm=2 and with an angle 2=9.8° between incident and . Qcollectionl _ .
diffracted beams. A back slit widtv will pass photons with 0.9x 10cps: ( AT Tad L1x10orthoexcitons
wavelength in a rangé\ (wave number in a rangév)

given by in view of the spectrometer.
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