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Two-body decay of thermalized excitons in CyO
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We have examined the decay of thermalized excitons in cuprous oxid®]@und determined their lifetime
against two-body decafi.e., Auger recombination The experiments are conductedTat 70 K with near-
resonant picosecond excitation to ensure a thermal equilibrium between orthoexcitons, paraexcitons, and the
crystal lattice. Time-resolved spectroscopy reveals the gas reaching equilibrium with the lattice temperature in
0.5 ns. The wavelength of the excitation photons and the spatial distribution of the laser beam are selected to
produce a well defined spatial distribution of excitons. Time-resolved photoluminescence imaging measures
the diffusion of excitons. From absolute measurements of the gas volume and the luminescence intensity, we
determine the instantaneous gas density. At high excitation levels, a rapid nonexponential decay of the exci-
tonic gas is observed. The decay curve is well explained by assuming that the local exciton density is governed
by the rate equatiodn/dt= —An?—n/ 7, with an Auger constara=0.6x 10" ¢ c¢cm’/ns and a residual decay
time 7=300 ns. This value of the Auger constant is comparable to that estimated previously for a nonther-
malized exciton gas at a lattice temperature of 2 K, indicating that the Auger lifetime of an exciton is only
weakly dependent on its kinetic energy. The Auger process characterized here defines the practical limits for
exciton densities in cuprous oxide.

[. INTRODUCTION respondingly weak photoluminescence from the excitons.
With focused excitation pulses, it is possible to produce suf-
Photons with energies greater than the energyfgapof  ficiently high densities of excitons that two-body decay pro-
a semiconductor create electron-hole pairs within the absorgesses become dominant.
tion length of the incident light in the crystal. The fate of the = These qualities have promoted the exciton inCwas a
electrons and holes depends upon many factors. Their initialandidate for Bose-Einstein condensati&EC).>~’ Indeed,
kinetic energy is shed by phonon emission, and at suffiit was the search for BEC in GO that revealed the exis-
ciently low temperatures they combine into bound electrontence of an Auger process in this crystallt is widely be-
hole pairs, or excitons. The excitons diffuse out of the initiallieved that the Auger process is the principal process that
excitation volume at a rate dependent on their energy antimits the exciton density, yet a systematic quantitative mea-
mobility. The intrinsic lifetime of an exciton — due to radia- surement of this two-body decay mechanism has proved elu-
tive decay of the electron-hole pair — depends primarily onsive. Recent experiments by our grotipthave concentrated
the crystalline band structure, but the actual lifetime is ofteron measuring this process and found it to be much stronger
limited by electron-hole recombination at defects. than estimated earlier, calling into question the claims of
In the present paper, we examine an important densityquantum statistics of excitons in this semiconductor. The
dependent contribution to the exciton lifetime. This two- present paper puts the absolute measurement of the Auger
body process, known as exciton annihilation or Auger reconstantA on a firmer basis.
combination, involves the collision of two excitons in which  One complication of cuprous oxide is that the excitonic
the nonradiative recombination of one electron-hole paiground state has a large exchange splitting. This interaction
transfers kinetic energy to the remaining electron and hole.causes the 4 state(with spin-1/2 electron and holéo split
The instantaneous Auger decay rate for an exciton equalsto a singlet(the paraexcitonand a triplet(the orthoexci-
An, whereA is the Auger constant andis the density of the ton) lying 12 meV higher. Orthoexciton-to-paraexciton con-
exciton gas. Auger decay is a common process for high dentersion by phonon emission plays an important role in the
sity electron-hole plasmas and in the electron-hole liddid, thermalization of the exciton$°
but this decay route is not common for free excitons because The experimental challenge in measuring the Auger con-
their densities are typically much lower than the plasma denstant is to separate the two-body decay rate fridnthe
sities. Cuprous oxide (GO) is an exception. single-exciton decay raté2) the rate at which the exciton
Compared to excitons in other semiconductors, the excidensity decays due to exciton diffusigB) the orthoexciton-
tons in cuprous oxide are relatively simfl&pherical elec- to-paraexciton conversion rate, afd) the time-resolution
tron and hole bands and relatively large carrier masses prdimits of the laser pulse and photon detection system.
duce an excitonic binding energy of 150 meV and Bohr To overcome these difficulties, we use a lattice
radius of about 0.7 nm. The band structure precludes theemperatur¥ of 70 K (higher than in the experimental at-
formation of biexcitons or electron-hole droplets. Also, cu-tempts at Bose-Einstein condensajiand 6-ps laser pulses.
prous oxide possesses a forbidden direct gap, implying relaAt 70 K, the excitons thermalize within 0.2 ns and
tively long lifetimes against radiative recombination and cor-orthoexciton-to-paraexciton conversion reaches equilibrium
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within 0.1 ns'® A stabilization of the gas temperature during T
the measurement is crucial because orthoexciton decay due 108 4+
to orthoexciton-to-paraexciton conversion may depend on
the gas temperature. For an equilibrated gas, the orthoexciton
signal(what we measupas proportional to theotal exciton
population, allowing a straightforward determination Af
Also, the lifetime of this thermalized orthoexci-
ton/paraexciton system in our sample at 70 K is lomg,
=300 ns, limited by recombination at impurities and
defectst’ This long decay time permits long observation
times for the Auger process.
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We measure the Auger decay rate by observing the decay 10 ; ; ; ; , ;
in exciton density. Ignoring exciton diffusion, the local de- 0 1 2 3 4 5
cay of a single-component excitonic gas with dengity Time (ns)

=n(r,t) in Cu,0O is described by the following rate equation: . " .
FIG. 1. Decay of exciton densitiegt) predicted by Eq(3) for

dn/dt=—n/7— An?+G, ) a spatially uniform gas of excitons. The calculations assume an
o Auger constantA=10 ¢ cmPns, a single-particle decay time
wherer is the single-body decay time at low densiyisthe =300 ns, and initial densities\, ranging from 1&%cm® to

Auger decay constant, ard=G(r,t) is the optical genera- 10'%cnr.
tion rate. Experiments create a nonuniform gas of excitons,
and excitons diffuse, so the analysis of the decay processghonon scattering. Therefore, in this section we present a
must take into accounta) spatial inhomogeneity ancb) model that assumes the excitonic gas is thermalized to the
exciton diffusion. lattice temperature, an assumption that is experimentally
To address the spatial problems, we carefully select theerified in the following section.
excitation volume. The wavelength of a picosecond dye laser If the orthoexciton-to-paraexciton interconversion rate is
is chosen to produce an appropriate absorption lehgtid  fast compared to the overall decay rate, we may consider a
an expanded laser beam is apertured and imaged onto a diglate equation like Eq1), wheren represents the total ortho-
shaped area on the crystal surface, in order to produce plus-para exciton density. However, we must consider the
constant density over the excitation area. The analytic fornmeaning ofA in that equation. Conceptually there are three
of the exciton densityi(z,t) in the Auger regime is derived distinct Auger constantsi®®, A°?, and APP, depending on
for this excitation geometry in the absence of particle diffu-the colliding species, orthoexcitoris) or paraexcitons).
sion. We show that at 70 K, the exciton diffusivity is In the experiments described here we cannot isolate the in-
7.6 cnt/s [30 times slower than at 2 KRef. 18] so the  dividual processes because of the fast interconvergkiso
volume expansion of the gas is minimized. For all of thethe weak paraexciton signal is obscured by a much stronger
above reasongapid exciton thermalization, relatively long orthoexciton phonon repliceAt a temperature of 70 K, 71%
single-body decay time, and slow exciton diffusidine mea-  of the excitons are paraexcitons, so the experiments actually
surement of the Auger process is best attempted at the highareasure the combination,
temperature. In Sec. VI we discuss evidence that this process
is not strongly dependent on crystal temperature. A=(0%/n?)A°°+2(0p/n?)A°P+ (p?/n?)APP
This paper is organized as follows. In Sec. Il we describe _ 00 o
a simple but effective model for the Auger decay of excitons =0.084%%+ 0.41A°P+0.51AF, )
produced by near-surface excitation, taking into account thevhere o and p represent the orthoexciton and paraexciton
spatial inhomogeneities in the optical generation rate. In Seelensities anch= o0+ p. In Sec. VI we will comment further
Il we use time-resolved spectroscopy to characterize then the separate processes.
thermalization of exciton energy following picosecond reso-  First consider an excitonic gas that is homogeneous in
nant excitation at 70 K. In Sec. IV we describe the results Ofspace created by an optical pulse that fanction in time.
our time-resolved spatial imaging experiments to determinghe decay of the exciton density from its initial valog is
the diffusivity of the excitons. In Sec. V we analyze the governed by Eq(1) with G=0. The solution is
decay of the exciton luminescence under controlled spatia?

conditions to determine the Auger constant. Our conclusions noe Y7
are presented in Sec. VI. n(t)= e ()
1+Angr(1—e ")
[l. MODELING AUGER DECAY To see the form of this function, we assum&

. - . =101 cm’ns and plotn(t) in Fig. 1 for initial densities
The principal effect of the two-body collision process is ranging from 1< 10%/cn? to 1x 104¥/cn. No matter how

to reduce the lifetime of the excitonic gas at high densities. ﬁﬁi h the initial densit the instantaneous densitgt) is
secondary effect, which becomes important at low latticebc?un ded by Yo,

temperaturese.g., T=2 K) is the heating of the excitonic
gas due to the kinetic energy produced by Auger events. 1A

However, if the lattice is held at 70 K, the Auger-heating n(t)= T (4)
effect is counteracted by the rapid gas cooling via exciton- el7—1
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This limiting function is plotted as the dotted trace in Fig. 1. T T
In the present example, increasing the initial gas density to
levels higher than about110'/cn® has almost no effect on
the instantaneous densities at times beyond 1 ns.

In a realistic experiment, the optical generation rate is
G(z,t) =Gy(t)exp(=2/), wherezis the displacement normal
to the crystal surface arlds the optical absorption length at
the wavelength chosen. The experiments integrate the lumi-
nescence signal along a direction normal to the surface.

For a §-function excitation pulse, this exponentially de-
creasing generation rate is modeled by integrating the homo-
geneous solution, Eq(3) but with ng(z)=ngexp(=21),
whereng is the initial volume density at the sample surface.
This initial condition yields anareal density of excitons
given as a function of time by
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This equation is plotted in Fig.(8 for A=10 6 cm’/ns
and initial surface densities ranging fromx10'%cm® to
1x10%cm?.

Figure Za) shows that the effect of the exponentially de-
creasing generation function is significant. Unlike the homo-
geneous case, the exciton density integrated along #xés
at a given time continues to increase with increasing power
because, as the density of excitons near the surface saturates,
excitons from less dense regions contribute more effectively
to the spatial integral. This implies that as the generation rate 104 e e g
is increased, the spatial profigz) at a given time becomes 0 25 50 75 100 125 150
broader. The development of this broadening with time is Distance into Crystal (um)
shown in Fig. 2b), which plots Eq(3) at discrete times, with
the initial densityn, proportional to exptz)l). FIG. 2. (a) Decay of the exciton areal densitieg(t) predicted
by Eq. (5) for a spatially varying gas of excitons, produced by an
exponentially decreasing generation rate. The calculations assume
an Auger constantA=10"1% cmf/ns, an absorption length

The choice of excitation wavelength affects both the ex-=25 #m, a single-particle decay time=300 ns, and initial den-
cess kinetic energy imparted by the incident photons to théitiesns ranging from 1&%cm? to 10cnv. (b) Spatial distribution
carriers and the absorption length of the light. We require aiff €xcitons, at various times after creation witfr=10""/cn.
absorption length small enough that densities in the Auger

regime can be achieved, and large enough that the excitont equal to this Rydberg due to central cell corrections.
will not significantly diffuse out of this region during the Also, the lowest-lying exciton statéparaexciton lies 12.0
Auger decay process. To make this choice, we carefully exmeV below the orthoexciton; its binding energy is 151.7
amine the absorption spectrum of LLunear the semicon- meV.
ducting band edge. We choose not to directly pump one of the resonant lines
Figure 3 shows the absorption spectrum of a thinbecause small shifts in lattice temperature would cause an
(50 wm) crystal of CyO at 70 K. The experiment measures undesirable significant change in the absorption length of the
the ratio a/n of the absorption coefficient to the refractive light (and thus the exciton densjtyinstead we pump with a
index by observing the transmission and the spectral spacinghoton energy of 2165 meV, corresponding to a wavelength
between interference fringes. The left scale of the figure canf 572.5 nm, creating free electrons and holes very near the
be converted ter=1/1 by multiplying by the refractive index band edge. Assuming an index of refraction of 3, the absorp-
n~ 3.0 at this wavelengtf® Thedirect creation of an orthoe- tion length at this wavelength is 2am. This value is small
xciton occurs at a photon energy 2025.2 meV and is to@nough to achieve sufficient densities to observe Auger de-
weak to be observed on this scale. The onsets of the phonosay, while it is significantly larger than the mean diffusion
assisted orthoexciton absorption bands are lar  distance of the excitons during their rapid two-body decay,
=2011.6 meV(Stokes and 2038.8 me\Manti-Stokes The  as we will show in the next section.
resonances corresponding to the=2 to n=7 Rydberg To observe the energy relaxation of the excitons produced
states of the excitons are labeled in Figh)3and a fit to the  with this excitation light at 70 K, we switch to a thick min-
peak energies, shown in Fig(c3, yields a Rydberg of 94.7 eral samplga 2.5-mm cube wit(100 faceg and employ
meV and a band-gap energy equal to 2164.9 meV by takinghe experimental setup to be used in our Auger measure-
the n—o limit. Note that the % exciton binding energy is ments sketched in Fig.(d. A cavity-dumped mode-locked
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Ill. THERMALIZATION OF THE EXCITON GAS
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FIG. 4. (a) Excitation geometry, not to scale. The sample sur-
face isnot at a laser beam waist, rather it is in a position where
geometrical ray optics describes the beam w@ll.Dots represent
the phonon-assisted luminescence spectrum of orthoexcitons at 70

50 1 K. The solid curve through the data is a 70 K Maxwelliaashed
trace diminished by the absorption of the luminescence light
2140 2150 2160 2170 through the 2-mm-thick crystal. The dot-dashed line is the absorp-
Energy (meV) _tlon coefficient from I_:lg._ea). A broad e>_<|t slit of the spectrometer
is used for the spatial imaging experiments of Sec. Ill, and the
corresponding spectral acceptance window is shown.
2170 T
52 um in diameter, as verified by spatially imaging the pho-
2160 4. toluminescence. The photoluminescence is passed through a
> - 0.5-m spectrometer with a 1200 lines/mm grating used in
E - first order. The light is detected with a microchannel-plate
% 2150 + photomultiplier, and single-photon counting provides an
5 [ E=E, —E/n° overall time response of 70 ps, the measured full width at
[ E.=21649meV half maximum of the system’s response to the 5-ps laser
2140 E,=94.7meV - pulse. The optical efficiency of this system is calibrated so
L that we can determine the number of photons emitted per
0 5 10 second from the excitation region. This rate is converted to

an absolute number of excitons using the known radiative
Quantum Number n rate for an orthoexcitof:

FIG. 3. (a) Absorption spectrum of a 5@m-thick mineral crys- The dots in Fig. &) show a typical luminescence spec-
tal of C,,O at 70 K. Plotted is the absorption coefficient divided by trum recorded at a time of 0.625 ns after the laser pulse.
the index of refraction of the crystal~3. The onset of the strong Plotted under the data is the absorption cdv@he solid
anti-Stokes phonon-assisted orthoexciton absorption bandhs at cyrve is a fit to the data by a Maxwell-Boltzmann distribu-
=Egap~ 15+ Q21,=(2164.9-139.7+13.6) meV=2038.8 meV. tjon (dashed curvereduced by the wavelength-dependent
(b) Expanded region of photon energy showing the excitonic Ryd-ghsorption of the luminescence light collected through the
berg series and the chosen photon energy for the experiments d@fystal.zo Excellent agreement is obtained for a fit tempera-
scribed in this paper(c) Energy positions of the excitonic absorp- ture T=69 K. Note that neglecting to take the absorption
tion lines superimposed on thent/Rydberg function. The chosen i account causes a narrower emission spectrum than ex-
photon energy for our experiments is at the > level. pected for a Maxwell-Boltzmann distribution at the lattice
dye laser produces 5-ps pulses with energies up to 2.8 nemperature. This effect would become even more obvious at
The pulse repetition time is typically 526 ns. The center ofhigher lattice temperatures. Also indicated in this figure is
the laser beam is selected by a disk-shaped aperture and ptbe spectral acceptance window chosen for the imaging ex-
jected onto the sample surface. The excitation area is a digkeriments described in the next section.



PRB 61 TWO-BODY DECAY OF THERMALIZED EXCITONS IN CyO 8219

' 'Fie'm'néﬁt frolrﬁ 1500 1 (a)
last pulse I

1000 +

-30.0
- Remnant 1

500 +

Intensity (arb. units)

Intensity (arb. units)
2
o
[l
T

-100 -50 0 50 100

(b) ons 4

150

2000 2010 2020 2030 2040

Energy (meV)
85 ||||MB|F
[ o it
[ (0) ——- 70K Bath ]
80--Jf ]

75 - J@f‘f#,
By N

00 04 08 12 16 20 FIG. 6. () Time-resolved spatial profiles of the orthoexciton

luminescence produced in a disk-shaped region of the crystal. The

shapes of the early-time profiles agree well with the theoretical
FIG. 5. (a) Time-resolved luminescence spectra of orthoexcitonsform given by Eq.(6). (b) Dots are an expanded view of the profile

following a 5-ps laser pulse depositing X0’ photons/pulse. att=10 ns. The data require a “disk” component and a “back-

Solid curves are Maxwell-Boltzmann distributiond) The tem-  ground” component, as described in the text. Solid curve is the

peratures of those Maxwell-Boltzmann distributions as a function ofcomposite fit.

time. The time scale is greatly expanded compared to later time

plots in this paper. The excitons reach thermal equilibrium with the IV. DESCRIBING THE EXCITON PROFILE

lattice within about 0.5 ns.
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The spatial distribution of excitons is observed by scan-
ning an image of the luminescent exciton cloud across the

vertical entrance slit of the spectrometer. Time-resolved spa-

) Figure 3a) ShOV‘_’S hOW the spectrum changes at varioug;q, profiles are shown in Fig.(6). In principle, the intensity
times after the excitation pulse. Note the scale changes. Theyssing through a narrow slit that is translated across a uni-

uppermost data are an average over many time channeﬂ§rm|y illuminated disk of radiuRR is given by
showing on an expanded intensity scale the remnant signal

from the previous laser pulse. The solid curves are fits to I =19y1—(Xx/R)2. (6)
Maxwellian distributions corrected for absorption. In Fig.
S.(b)’ the resulting fit tempe_ratu_res are plptted as a function Oell at early times. Figure (6), however, shows that this
time. Most of the excess kinetic energy imparted by the Iasendisk luminescence” is riding on top of a significant “back-
photons is lost within the 50-ps response time of our detecground” luminescence.

tion system. The exciton gas temperature is withiK Qf the The background luminescence originates from two
bath temperature after only 0.5 ns. The asymptotic fit ttmMsoyrcesya) excitons remaining from the previous pulse and

perature of the excitonic gas is about 68 K, close to the 70 Kp) excitons produced by diffuse wings in the laser profile.
bath temperature shown as the horizontal dashed line in Figrhe latter contribution, which rises in time with the laser

5(b). We conclude that, for the purposes of the present workpulse, is most likely due to a low density of excitons created
the kinetic energies of the excitons are in thermal equilib-by scattered and multiply reflected laser light. The back-
rium with the lattice. ground luminescence from these two sources is more promi-

}I’he observed luminescence profiles fit this function very
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FIG. 8. (a) Square of the width of the Gaussian broadening
convolved with the disk function. Data are taken at low excitation
-100 -50 0 50 100 level, 2.9<10° photons/pulse, and the straight line givés
Position x (um) =7.6 cnt/s. (b) Apparent rapid diffusion following the pulse at
high excitation level, 5.% 10° photons/pulse. In fact, the rapid ini-
FIG. 7. Time-resolved spatial profiles from Figlah normal- g rise in o2 is due to the density-dependent Auger lifetime of the

ized to the same height, showing the excellent fits to the diskgas, not diffusion. The late-time expansion slope is the same as in
+ background function. The disk radius is unchanging in these fitspart ().

but the broadening of this function gives the diffusion distance of
the excitons plotted in the next figure.

The broadening of the luminescent disk, as characterized
by the Gaussian widthr, is plotted as a function of time in

nent at late times because Auger recombination has reduc&dd- 8. At an excitation level of 2:910" photons per pulse
the number of excitons in the high-density disk region. TheFig. 8@a] the data are fitted very well to the fore?= o}
long (2 mm) vertical slit, chosen to safely include the entire +U§, where gy=4.7 um equals the optical resolution of
excitation disk, also captures a large amount (40®) of  the system, andr§=2Dt represents the diffusion of exci-
this background. tons. We measurB=7.6 cnf/s. It is now obvious why the
The analysis of disk and background components is illusehoice of a lattice temperature of 70 K is important; at 2 K,
trated in Fig. 6b), recorded at 10 ns after the laser pulse. Thethe diffusion constant is 600 &fs® Such rapid expansion
background is well modeled by a broad Gaussian distribuwould hardly allow a constant-volume experiment.
tion, exp(—x2/20§). Both components are convolved with a At a higher excitation level of 5 10° photons per pulse,
much narrower Gaussian, exp?/20%), that accounts for a rapid rise inr-? appears at early time, as shown in Fig)8
our spatial resolution and the diffusion of excitons out of theThis fast increase in width is better understood as a fast
excitation region. The radius of the disk is precisely deter-decreasen heightof the distribution, due to Auger decay.
mined by early-time and by low-density profilésoth giving  Despite our best efforts to create an exciton distribution with
R=26+1 um) so the diffusive broadening can be confi- sharp boundarie@n the x-y plane the distribution will have
dently extracted. Figure 7 shows excellent fits to the data aome wings due to laser spot imperfections, the finite nu-
all measurement times. As with the spectral data, the uppemerical aperture of the laser beam, and normal diffusion of
most trace is an average over many time channels prior to thexcitons. While these broadening influences are small, the
pulse and shows the remnant exciton cloud 524 ns after thieigh-density exciton gas in the center of the region decays
previous laser pulse(Note the low intensity. The disk-  quickly through Auger decay, making these wings relatively
shaped cloud rises to its peak intensity in 50 ps and decaywore prominent, and the best-fit larger. Once the initial
more slowly due to recombination and diffusion of excitonsdistribution has settled down, the excitons are observed to
out of the excitation region. diffuse withD=7.6 cnf/s as in the low-density case.
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The region of the excitation area least affected by the [ ' ' ' '
optical resolution and diffusion is that at the disk’s center, [ (@ o 28nJ
r=0. Therefore, to minimize the effects of diffusion and ool b e g-gfanJ |
wings in the excitation distribution, we choose to extract the E ol 21N 3
exciton areal density here,(r=0), as a function of time.
Then we will use this information to determine the Auger
constant.

Rather than try to select the center of the excitation region
with optical masking, we chose to extract the areal density at
r=0 from our time-resolved slit scans of the entire excita-
tion region. The slit scans are quite well fitted by the “broad-
ened disk” plus the “background” components described 10° +
above, so ifN is the number of excitons in the “broadened Lot ' : L '
disk” then the areal density at the center of the disk is

105 1

Areal Density (Excitons/um?)

N 2/ 2
Na(r=0)= —(1—e R727%), 7
ar=0)= —m5(1-e 727 7)
. L . o 1081 &
The equation above is simply the convolution of a two- g
dimensional disk with a Gaussian, evaluated at the origin. a
[]
S 10° ¢
V. MEASUREMENT OF THE AUGER DECAY RATE Lu;
AT 70 K 2
& 10* 4
Having chosen experimental conditions where thermaliza- %
tion effects and shape changing effects are minimal, we pro- 2

ceed to a measurement of the Auger rate. The signal at the 108 +
center of ourR=25 um disk is nearly independent of the
edge effects(i.e., diffusion, so this measurement corre-
sponds to the one-dimensional model leading to(Bg.Our
principal results are shown in Fig. 9. The dots are the areal Time (ns)
densities calculated from our time-resolved slit scans using
Eq. (7).

The lowest excitation level, 2:910° photons absorbed
per pulse, corresponds to an areal density of absorbed ph
tons equal to 1.510' photons/crfi. The initial lumines- 4.8x10°1" cm/ns for the high, medium, and low excitation lev-

B . . 2 . .
cence brightness indicates x30" exc'tonS/C'ﬁ linclud- s, respectively(h) Dots show the areal density decay at the high-
ing both orthoexcitons and paraexcitons, and correcting fogst excitation level on an expanded time scale. Dashed curves are
reabsorption of luminescence and for the finite spectral acyredictions for the designated valuesffand the solid curve rep-

ceptance depicted in Fig(#)]. We trust the calibration of yesents the best-fit value of the Auger constant,16 %7 cm®/ns.
our spectrometer and optical collection system to within a

factor of 2, but of course at most one exciton can be create
for each photon absored, while our calibration and the ob
served luminescence indicate 1.5 excitons per photon a
sorbed. We will present and analyze the experimental resul
in terms of excitonsobserved knowing that the observed
numbers are overestimates, and return to consider this SY§
tematic error at the end of the analysis.

The lowest excitation level in Fig.(8 produced an initial
density distributiomng exp(—2/25 wm), where the observed

. - . _ 5 . . .
Itgrlrlnnegcetr;]ce i |nd|catt|-:‘315f—|:1..0><alolth e>(<jC|tons/ crf I?It_h medium-power measurements have a higher confidence
ially. On the time scale of Fig.(8), the decay rate of the level. In each case, the single-particle decay time is taken to

gxcitons appears to be nearlyf:xponential. However, the in'be 300 ns, as determined from low-power experiments. From
tal decaylrate Is about (40 .ns5 and the rate approaches oo data, our best estimate of the Auger constant is
(300 ns) - at long times, which is the decay rate we mea-

sure in very low-density exciton gasses. Two-body decay is

already effective at this low initial density. A=0.6x10"'® cm’/ns (8)
As the excitation level is raised to 4A0® pho-

tons/pulse, the decay rate &1 ns quickens to about with uncertainty dominated by the uncertainty in initial ex-

(6 ns) !, forty times larger than the single-particle decay citon density. If the initial density were a factor of 2 lower

rate. As predicted in the calculations of Fig. 2, two-body(the uncertainty in this type of calibratipnthe value ofA

FIG. 9. (a) Decay of the luminescenae, at the center of the
disk profile for three different excitation levels. The rapid decay at
high density is due to the two-body decay process. The solid curves
8re fits to the areal density formula, E&), with A=6.5, 5.5, and

gecay is strongly governing the loss of excitons. For the
highest excitation level of 5:210° photons/pulse, the Auger

Sffect isl immense. The decay rate &t1 ns is about

ns) -.

The solid curves in Fig. @) are best fits of Eq(5) to the
ata, yielding Auger constantsA=6.5, 5.5, and
4.8x 1017 cm’/ns for the high, medium, and low excitation
levels, respectively. Therefore, over two orders of magnitude
in density, a consistent value &fis obtained. The high- and
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would increase to 1:210 ¢ cm®ns. This number relies on are nearly equal and indeed independent of or weakly depen-

our density calibration, and the error bars reflect our confident on temperature.
dence in this measurement. Figu®)2demonstrates the sen- Let us emphasize at this point that our détag., Fig. 9
sitivity of the excitonic decay curves to the Auger constant.unequivocally show a decay rate that depends on the density
of the exciton gas. This statement could not be made for
experiments at a lattice temperatue20K because the ki-
netic energy of the orthoexcitons was also changing signifi-

As mentioned earlier, the Auger rate may depend uporantly during the nonexponential decay process. At all exci-
whether the colliding particles are orthoexcitons or paraexcifation levels in our present experiments) the average
tons. The relation between the overall Auger rate, which wekinetic energy of the excitons over the measurement period
measure, and the individual rates is given by E2).for a  is effectively unchanging antb) the diffusion of excitons
thermalized gas of excitons. Because the density ratio oput of the initial excitation volume is minimal.
orthoexcitons to paraexcitons in thermal equilibriuaip How do these results impact the conclusions of previous
=3 exp(-12 meVkgT), decreases rapidly with tempera- work in this area? In order to produce high excitation densi-
ture, the paraexciton-paraexciton contribution would domi-ties (typically Go=10?° photons absorbed per énper n3
nateA at lower temperatures. Below about 15 K, however,many experiments have been performed with tightly focused
the above function foo/p is not applicable because the Ar’ pulses with 10-ns pulse length and/3n absorption
orthoexciton- to-paraexciton conversion rate decreases witlghgth. An Auger constant of 3610~ '" cm’ns implies that
temperature and the photoexcited orthoexcitons do not readfie density achieved in such a pulse, neglecting diffusion, is
thermal equilibrium with paraexcitons during their lifetirtfe.
Below 15 K, the orthoexciton single-body decay time is de-
termined by orthoexciton-to-paraexciton conversion. Nmax= VGo/A=1.3x10'® excitons/cm 9

Prior experiments in our group have provided mixed con-
clusions about the Auger decay of paraexcitons ip@Cat
low temperatures. Lin and Woftereported a slow decay of
paraexcitons following a 10-ns Arlaser pulse. More recent
work!! also shows a slow decay after the pulse, but the small
paraexciton intensities indicate that the paraexcitons do in- tmin=(An) " 1=0.013 ns. (10)
deed suffer from Auger decay. O’Hara and Wéffdave
recently calculated the thermalization of orthoexcitons an
paraexcitons, including the known rates of phonon-excito
scattering, orthoexciton-to-paraexciton conversion, and sp
tial diffusion, and their results using®®=A°’=APP are in
agreement with the experimental results of Ref. 11.

An important issue is the temperature dependence of th
two-particle decay process. Unlike elastic scattering, we d
not expect the Auger rate to have the fonfw v, wheren is

VI. CONCLUSIONS

and that the effective lifetime of the excitons during the
pulse is

ﬂn fact, the distributions of excitons and their lifetimes are
dnore complicated than indicated in this simple estimate due
to diffusion and the effect of Auger decay on the spatial
distribution, as indicated in Sec. Il. A computation that takes
'@to account all of these factors will be reported in a later
aper?> Nevertheless, the simple estimate above shows that
he Auger constant is effective in preventing densities of
the density,o, the Auger cross section, andthe particle 1019_1920/ °”.‘3 that_ were re_poryed_ _earher In the context of
velocity. Auger decay is different from elastic scattering in Bose .E|nste|n statistics. |t'IS significant t'hat the temperature
Iused in the present experimeiit=70 K, is comparable to

that the density of final states is not proportional to the initiath A duced t i inth i . i
velocity of the particles. The ionized electron and hole can € /Auger-induced temperatures In those earlier experiments,

reach a large volume of phase space because they share nglﬁkmg the present measurements all the more relevant. The

amount of kinetic energy equal to the band gap. This argut\’vo'bOdy decay process—Auger recombination—is a pow-

ment suggests that the Auger constant may be relatively in(grful limiting process that makes the thermodynamic conden-

dependent of the initial velocity of the excitons and thusSaton of excitons in GO a remote possibility.
relatively independent of temperature. In conclusion, we have measured a strong two-body de-

An earlier experimentRef. 11 estimated the two-body cay rate for excitons in cuprous oxide at 70 K. At moderate

decay of orthoexcitons at 2 K under quite different excitation©*C/ton densities the two-body decay rate in,Ous strong

conditions than the present experiments. A 200-ps green |éa_nough to compete with other kinetic processes, and pro-

ser pulse with absorption length of m was focused to a vides important constraints on the achievable densities of
10-um spot. The kinetic energy of the orthoexcitons varied.exc'tons' The corresponding Auger-heating effect plays an

considerably during the measurement, and a rapid excitoﬁnportant role in the thermalization of the kinetic energy of

diffusion had to be taken into account in estimating the eX_excitons, which we believe is the key to understanding the

citon density. A 2 K the orthoexciton-to-paraexciton conver- quantumlike energy distributions at high densities, the sub-
sion time is 3 ns, leaving only a 0.2 to 3 ns time window for/eCt of a subsequent paper.
observation of the two-body decay process. The result was
A=7%1.x10"% cmfins, which is nearly identical to the

value we measure for thermalized excitons at 70 K. Since the
relative orthoexciton and paraexciton populations are chang- This work was supported by the National Science Foun-
ing radically over this wide temperature range, these twalation Grant No. DMR92-07458 and by the MRL Laser

results suggest that the individual Auger decay constants Laboratory under DOE Grant No. DEFG02-96ER45439.
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