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The lifetime of excitons in Cu2O decreases significantly at high gas densities. This effect has been attributed
to an Auger recombination process between two excitons, resulting in a loss rate given by �−1=An, where A is
the Auger constant and n is the exciton gas density. Previous time- and space-resolved photoluminescence
measurements, however, yielded an Auger constant that is orders of magnitude larger than theoretical calcu-
lations. In addition, the experimental Auger constant varied inversely with temperature, in contrast to the
linear-T dependence predicted for direct Auger recombination of two free excitons. To resolve these discrep-
ancies, we propose that excitons form biexcitons that rapidly decay by the Auger process. In this case, the
lifetime of excitons is limited by exciton-exciton “capture” which occurs more frequently at low temperature.

The instantaneous decay rate of excitons due to the capture process is given by 2C̄n where C̄ is a capture
coefficient averaged over orthoexcitons and paraexcitons. Analysis of our photoluminescence data between 2
and 212 K is consistent with a paraexciton capture coefficient that depends inversely with gas temperature.
Detailed analysis of the exciton transients following short-pulse excitation yields a biexciton binding energy �
roughly in the range 8–15 meV and a biexciton Auger rate �A

−1=0.5T ns−1 K−1, where T is the gas temperature.
Due to their short lifetimes, the density of biexcitons is predicted to be considerably lower than the density of
excitons, and it is likely that the ground state of a biexciton is optically inactive. Consequently, it is not
surprising that photoluminescence of biexcitons has not been observed in this crystal. The existence of such
“dark matter” would explain the long-standing difficulties in achieving Bose-Einstein condensation of excitons
in this system.
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I. INTRODUCTION

Excitons in crystals of cuprous oxide �Cu2O� are quite
unique for several reasons: �i� spherical conduction and va-
lence bands with relatively large effective masses produce an
exciton with small Bohr radius �7 Å� and large binding en-
ergy �153 meV�; �ii� the lowest conduction band and highest
valence band in this direct-gap semiconductor have positive
parity, causing long radiative lifetimes of excitons; �iii� exci-
tons in high purity natural-growth crystals display phonon-
limited mean free paths, exceeding 30 �m at 2 K; �iv� the 1s
ground configuration of the exciton splits into ortho �J=1�
and para �J=0� states that have clear photoluminescence sig-
natures. The small Bohr radii of the excitons imply that their
dissociation into an electron-hole plasma would require den-
sities beyond 1020 cm−3. In addition, neither excitonic mol-
ecules nor electron-hole liquid have been observed in this
semiconductor using spectroscopic methods. Consequently,
over a wide range of temperatures and densities, the excitons
are believed to behave as an ideal gas of classical particles.1

Considering these properties, excitons in high-purity
Cu2O crystals would seem to be an excellent candidate for
Bose-Einstein condensation �BEC�.1–8 The predicted critical
density is about 1017 cm−3 at T=2 K, which should be
readily achievable for excitons with microsecond lifetimes.
Unfortunately, BEC has proven to be an elusive goal due to
a strong recombination process that becomes effective at gas
densities above about 1014 cm−3. This undesirable decay
mechanism has been characterized in terms of an exciton
Auger effect.9–15 Basically, when two excitons collide, one
recombines and contributes its band-gap energy towards the

kinetic energies of the remaining electron and hole. The re-
sult is the loss of an exciton accompanied by a heating of the
remaining exciton gas. The theoretical basis for an exciton
Auger process remains uncertain.15 It is clear, however, that
understanding and possibly controlling the density-
dependent exciton lifetimes is essential to producing high
densities of thermalized excitons in Cu2O.

Figure 1�a� shows the primary supporting evidence for an
Auger process. Time-resolved photoluminescence experi-
ments measure the decay of exciton number N�t� following
short optical pulses. At the highest excitation power, the ini-
tial decay rate is nearly 50 times the final decay rate. From
these data and separate measurements of the gas volume, it is
possible to define and determine an exciton Auger constant
A, given by the rate equation

dn

dt
= −

n

�
− An2, �1�

where n is the exciton gas density and � is the impurity-
limited lifetime of the excitons. First experiments of this type
by Warren et al.11 obtained a value Aexpt�10−16 cm3/ns at a
temperature of 70 K. On the theoretical side, Kavoulakis and
Baym �KB� �Ref. 16� considered several Auger decay pro-
cesses and proposed a dominant mechanism involving the
emission of an optical phonon. With a corrected deformation
potential,16 their theory for phonon-assisted Auger recombi-
nation of two excitons in Cu2O predicts a value Aphonon�3
�10−22 cm3/ns at 70 K, which is actually smaller than the
direct �no-phonon� Auger constant Adirect�2�10−21 cm3/ns.
Both theoretical predictions are orders of magnitude smaller
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than measured in the experiments of Warren et al. and
others.10,12,14 Moreover, the theory for both processes pre-
dicts a linear increase in rate with increasing temperature,17

whereas recent data15 indicate an inverse-T dependence.
These huge discrepancies between theory and experiment
have led us to consider a possible mechanism for increasing
the effectiveness of Auger decay: the formation of biexcitons
�two electrons and two holes�.18

Specifically we examine the possibility that two excitons
bind into a biexciton that rapidly decays by the Auger pro-
cess. As with the exciton Auger process, Auger decay of a
biexciton produces a hot e-h pair with the energy gained
from nonradiative recombination of the other e-h pair. Al-
though biexcitons have not been directly observed in Cu2O,
the ground state of a biexciton ��1

+� is not expected to be

visible by either direct or phonon-assisted photolumines-
cence �or absorption� in this forbidden-gap material.19 Thus
the lack of spectroscopic evidence for biexcitons20 in Cu2O
does not disprove their existence. The formation of short-
lived biexcitons would likely explain the difficulty in achiev-
ing BEC of excitons in this crystal.

Our model contains three physical parameters, a capture

coefficient C̄, a biexciton Auger lifetime �A, and a biexciton
binding energy �, all of which must be determined experi-
mentally over a wide range of temperatures and gas densi-
ties. To complicate matters, the exciton gas temperature T
may differ from the lattice temperature TL. There are two
distinct regimes: �i� a “high-TL” range �above about 50 K� in
which the exciton gas temperature equals the lattice tempera-
ture, and the relative densities of ortho- and paraexcitons are
given by the Boltzmann ratio no /np=3e−�/kBT, where �
=12 meV is the ortho-para splitting; and �ii� a “low-TL”
range �below about 20 K� in which the effective temperature
of the gas can easily differ from that of the lattice, and no /np
is not the thermal equilibrium ratio. The basic question is
whether there is a realistic and unique set of values for the
physical parameters that explains the highly nonexponential
exciton decays over the widely varying experimental condi-
tions. For example, we must explain the huge temperature
dependence of orthoexciton decay shown in Fig. 1�b�.

This paper is organized as follows: In Sec. II we provide
a theoretical basis for the formation and decay of biexcitons.
Section III examines the approach to chemical equilibrium
between excitons and biexcitons, allowing us to analyze the
exciton transients under a biexciton Auger process. In Sec.
IV we explain the experimental methods used to measure the
exciton capture rate and biexciton properties. Noting several
pitfalls that must be avoided in the high-TL measurements,
we report the photoluminescence spectra and spatial imaging
of orthoexcitons at high temperatures. In Sec. V the ortho-
exciton temporal behaviors at high-TL are modeled with

physical parameters C̄�T�, �A�T�, and �. In Sec. VI we ana-
lyze the low-TL decay and buildup of both ortho- and paraex-
citons using three-component rate equations. The consis-
tency of the biexciton model is checked with the high-
temperature data, providing capture and Auger rates over the
temperature range 2–212 K. Section VII gives our summary
and conclusions.

II. BIEXCITON FORMATION AND AUGER DECAY—
THEORETICAL CONSIDERATIONS

What does theory say about the existence of biexcitons in
Cu2O? A variational calculation by Brinkman et al.21 yields a
biexciton binding energy of 3.3 meV. In contrast, Huang22

applied a Feynman’s path-integral approach to the biexciton
problem in general. For an electron-hole mass ratio of
mh /me=0.58 for Cu2O,23 we find that Huang’s Fig. 1 pre-
dicts a biexciton binding energy of ��13 meV. A compari-
son of the variational and path-integral methods for various
direct-gap semiconductors seems to favor the latter approach,
as illustrated in Table 5 of Ref. 24. For example, a variational
calculation predicts a biexciton binding energy of 11 meV in
CuCl, whereas a path-integral calculation yields 30 meV.

FIG. 1. �a� Photoluminescence transients recorded at the center
of an exciton cloud following short optical pulses. Orthoexciton
luminescence at 87 K is collected for three excitation powers, vary-
ing by a factor of about 20 and showing a density dependent decay
rate. At this relatively high temperature, the population of ortho and
para states are determined by Boltzmann statistics, so the data rep-
resent the decay of total exciton numbers. �b� Spectrally and spa-
tially integrated orthoexciton transients showing two different re-
gimes �i� high TL �dots� and �ii� low TL �circles�. Calibration of the
absolute number of excitons in the cloud is described later in this
paper.
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The measured biexciton binding energy in CuCl is 29 meV.
Although these calculations predict the stability of biex-

citons in Cu2O, no spectroscopic proof of biexcitons exists.
In view of this fact, Bassani and Rovere25 considered the role
of electron-hole exchange in the stability of the biexciton in
Cu2O. They calculated an electron-hole exchange correction
of −3.1 meV, although this value likely depends on the ex-
change parameter J used in the study. Applied to the varia-
tional result of 3.3 meV, this implies a biexciton binding
energy ��0.2 meV. If their exchange correction is applied
to �=13 meV from the path-integral method, the predicted
binding energy would be about 10 meV.

We will consider how data such as those in Fig. 1 may be
analyzed in terms of the binding of two excitons into a biex-
citon that rapidly decays by Auger recombination. A short
Auger decay time compared to the binding time means that
the excitons and biexcitons do not in general reach a chemi-
cal equilibrium; therefore the exciton loss rate is governed
mainly by their rate of binding �i.e., “capture”� into biexci-
tons. Considering the high-TL regime in which the ratio of
ortho and para densities is fixed, we define n=no+np as the
exciton gas density and nb as the biexciton density. Follow-
ing a short excitation pulse that produces the excitons, n�t�
and nb�t� are described by two simultaneous rate equations,

dn

dt
= −

n

�
+

nb

�A
− 2C̄n2 + 2C̄n*nb, �2�

dnb

dt
= −

nb

�A
+ C̄n2 − C̄n*nb, �3�

where C̄ is the average capture coefficient defined below, �A
is the biexciton lifetime, � is the impurity-limited lifetime of
an exciton, and nb�0�=0. For nondegenerate exciton and
biexciton ground states,26 the mass-action equilibrium den-
sity is given by

n*�T� =
n2

nb
= �mkBT

4�	2�3/2

e−�/kBT, �4�

where the biexciton mass is assumed to be twice as large as
a free exciton mass m, and � is the binding energy of a
biexciton. A plot of n* for several values of � is shown in
Fig. 2. Equation �3� assumes that the impurity-induced life-
time of biexcitons is much longer than the Auger lifetime �A.

We can estimate the magnitude of the capture coefficient
by noticing that immediately after a strong excitation pulse,

the term 2C̄n2 in Eq. �2� gives the instantaneous decay rate,
similar to the An2 term in Eq. �1�, which was used to deter-
mine Aexpt�10−16 cm3/ns at a temperature of 70 K. �The
factor of 2 arises because, unlike Auger decay, the capture
process does not produce a hot e-h pair that rapidly cools to

an exciton.� Thus 2C̄�10−16 cm3/ns at this temperature. Ne-
glecting backflow due to both biexciton dissociation

�2C̄n*nb� and Auger �nb /�A� processes at 70 K, we find a

scattering cross section 
= C̄ /v=2�10−14 cm2, which is
comparable to 4�aB

2 =6�10−14 cm2, using the exciton Bohr
radius aB=7 Å.

Most important, if biexcitons are energetically stable the
capture coefficient can be much larger than an exciton Auger
constant because A involves recombination in this forbidden

direct-gap crystal, whereas C̄ does not. Unlike the exciton
Auger constant that theoretically increases with increasing
temperature,16 the capture coefficient is expected to decrease
with increasing gas temperature because rapidly moving ex-
citons are less likely to form biexcitons.

Orthoexcitons and paraexcitons are expected to have dif-
ferent capture coefficients due to their spin value. The aver-
age capture coefficient in Eqs. �2� and �3� is defined by

C̄n2 = Cono
2 + 2Copnonp + Cpnp

2. �5�

We expect that biexcitons will be created in their “para-para”
ground state either by the binding of two paraexcitons or by
two orthoexcitons of opposite spin alignment;27 therefore we
set Co=Cp /3 and Cop=0, which yields the more tractable
relation

C̄n2 = Cono
2 + Cpnp

2 = Cp�no
2/3 + np

2� . �6�

For a specific TL�50 K, the ratio no /np is constant during a

luminescence transient, so C̄ and Cp are constants in Fig.
1�a�. At low TL, densities no, np, and gas temperature T
change with time, making the analysis a little more difficult,
as considered in Sec. VI. With these simplifying assump-
tions, only a single capture coefficient Cp�T� is required to
cover the entire temperature range.

How strong is a biexciton Auger decay rate �A
−1�T� and

what is its temperature dependence? We consider here only
the direct process,28 as opposed to the phonon-assisted
process.15 Because the biexciton wave function is unknown,
we cannot directly calculate its Auger decay rate. Neverthe-
less, in order to predict how this rate depends on tempera-
ture, we apply the Auger theory of Kavoulakis and Baym16

FIG. 2. Temperature dependence of the mass action density
n*�T� for several biexciton binding energies 1���20 meV. For
chemical equilibrium the exciton density is larger than the biexciton
density when n* is larger than the exciton density n, which is ini-
tially 1015 cm−3 in our experiments. For �=10 meV, this crossover
occurs around T=20 K.
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to a hypothetical biexciton bound by the van der Waals
�vdW� interaction. In this case, the effective volume of a
biexciton is approximately �Ex /��aB

3 , where Ex=153 meV is
the binding energy of an exciton. The matrix element for the
direct Auger process is given by18

MA � −
4�e2


�K2K · � ��ke

�ke
��

q
�q�uq−K/2

v �uq+K/2
c 	 , �7�

where 
 is the crystal volume, K is the initial center-of-mass
momentum of a biexciton, and ke�−kh are the final mo-
menta of the ionized electron and hole. In Eq. �7� �q is the
Fourier transform of 1s-hydrogenic wave function and up

j is
an atomic wave function with band index j �=conduction or
valence� and momentum p.

The direct Auger process is forbidden at K=0 due to band
orthogonality and is allowed only for nonzero kinetic energy.
The k ·p calculation of the band overlap integral
�uq−K/2

v �uq+K/2
c 	�K2 leads to a matrix element MA propor-

tional to K. Since the density of the final states is insensitive
to the initial momentum of a biexciton, the direct Auger rate
at a gas temperature T is proportional to the matrix element
squared:29

1

�A�T�
�

kBT

2−16	
Ex

2 �neffaB
3��kgaB�3


1 + �kgaB�2�6 � �pc�c��pc�v�

meEc�
c Ec�

v �2

, �8�

where kg is defined as Egap=	2kg
2 /2� with a reduced mass of

electron and hole �, the energy denominator Ec�
i is the en-

ergy difference between the i=�6
+ conduction �or �7

+ valence�
band, and the negative parity c� conduction band, which is
0.5 eV higher than the �6

+ conduction band. The matrix ele-
ment of the dipole moment operator is given by �pc�v�c�� /	

=0.13 Å−1.30 The effective density neff is the inverse of the
biexciton volume. Within the vdW-biexciton picture, the pre-
dicted Auger lifetime is about 650 ps at 212 K. This simple
estimate is considerably longer than the 10 ps obtained ex-
perimentally, but the assumptions of a vdW wave function
and the dependence of A on high powers of the Bohr radius
and the dipole transition matrix element introduce many nu-
merical uncertainties.18

Most importantly, Eq. �8� predicts a linear temperature
dependence of Auger rate �A

−1�T�=aT. At zero kinetic energy
there is no Auger recombination of biexcitons due to band
orthogonality. As seen above, the Auger rate increases with
the biexciton kinetic energy, which is proportional to the
temperature of the biexciton gas.

III. CHEMICAL EQUILIBRIUM AND AUGER DECAY—AN
OVERVIEW

The physical parameters Cp�T�, �A�T�, and � cannot be
completely determined solely in the low-TL or high-TL re-
gimes. Both temperature regimes are required. We can un-
derstand the problem by considering a numerical example of
the gas dynamics. Assume a biexciton binding energy �

=10 meV, and a capture coefficient C̄=10−16 cm3/ns at TL
=70 K. How does the biexciton Auger rate affect the particle

decay following an excitation pulse that produces an initial
exciton density n�0�=1015 cm−3 and an initial biexciton den-
sity nb�0�=0?

Consider Eqs. �2�–�4� governing the densities of excitons
and biexcitons, ignoring for the moment the distinction be-
tween ortho- and paraexcitons. In the limit �A

−1=0, the tem-
poral behavior of excitons is given by

dn

dt
= −

n

�
− 2C̄n2 + 2C̄n*nb �no Auger process� . �9�

Equation �4� and Fig. 2 show that the mass-action density at
70 K has the value n*�5�1017 cm−3. Biexcitons in chemi-
cal equilibrium with the exciton gas at n=1015 cm−3 have a
density of nb=n2 /n*�2�1011 cm−3, showing that the exci-
tons are by far the dominant species at this temperature.

Biexcitons are initially formed at a rate of C̄n2

=1014/cm3 ns, implying that chemical equilibrium should be
achieved in less than a nanosecond. For chemical equilib-
rium the last two terms in Eq. �9� �i.e., the formation and
dissociation rates of biexcitons� cancel because n*=n2 /nb,
leaving the excitons to decay with their impurity-induced
lifetime �. This single-exponential decay at t�1 ns is indeed
predicted by numerical solution of the rate equations and is
shown as the light solid line in Fig. 3�a�.

In contrast, at 10 K the mass-action density n* is less than
1012 cm−3 and it continues to decrease exponentially with a
further reduction in temperature. In this case, the dissociation

rate of biexcitons, 2C̄n*nb, is negligible, simplifying the ex-
citon equation to

dn

dt
= −

n

�
− 2C̄n2 �no Auger process� , �10�

which has the same form as that for the exciton Auger decay


Eq. �1��, with the correspondence A→2C̄. Numerical solu-
tion of this equation yields the heavy solid curve in Fig. 3�a�.

If we now increase the Auger rate from zero, the n /�A
terms in Eqs. �2� and �3� become effective. In the limit of

large �A
−1, Eq. �2� becomes dn /dt=−n /�− C̄n2 because the

capture of two excitons is partially counteracted by the cre-
ation of one exciton in the subsequent Auger decay of a

biexciton �−2C̄n2+ C̄n2=−C̄n2�. The dashed curve in Fig.

3�a� represents the solution to dn /dt=−n /�− C̄n2 using the

same value of C̄ and � as in the �A
−1=0 case. Thus, even

without knowing �A, a measurement of n�t� at low tempera-
tures �when n* terms are negligible� provides a value of the
capture coefficient within a factor of 2. A constraint on the
value of the Auger rate is extracted from the orthoexciton
and paraexciton transients, as described in Sec. VI, Appendix
B, and Ref. 31. Because the n* terms do not enter into this
analysis, the biexciton binding energy cannot be determined
from the low-TL data.

One of our principal results is that Cp�T�=c /T with a
“best-fit” capture constant cm= �1.4±0.4��10−14 K cm3/ns
is consistent with our data over the entire temperature range.
Indeed there is only a small range of capture constants that
are in acceptable agreement with all the experimental data.
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Figures 3�b� and 3�c� show fits to the data for the choices
c=2cm at TL=2 K and c=cm /2 at TL=111 K, allowing full
degree of freedom in the other two parameters, �A and �.
Based on such comparisons �including much better fits for
c=cm�, we can confidently restrict the range of capture con-
stants to 0.8cm�c�2cm.

We begin our data analysis at high-TL, using c=cm, and
determine both the biexciton binding energy � and the biex-
citon Auger rate �A

−1=aT. Finally we will demonstrate that
our low-TL data is consistent with all three of these param-
eters �c, a, and ��. First we describe the special features of
the measurements, which involve absolute calibration of ex-
citon number by their luminescence intensity, spatial mea-
surements of the expanding gas volume, and time decays of
both excitonic species under a broad range of conditions.

IV. PHOTOLUMINESCENCE MEASUREMENTS AT
TL�70 K

To create a high density of excitons in a controlled vol-
ume, we optically excite with a cavity-dumped dye laser that
is synchronously pumped by a mode-locked YLF laser. The
system produces 5-ps pulses at a repetition rate of 4.75 MHz
and an average power up to 30 mW, corresponding to about
109 photons/pulse incident on the sample. The full width at
half maximum of the focused beam is about 30 �m, and the
wavelength is adjusted to produce an absorption length in the
sample of about 100 �m in order to minimize the effects of
surface recombination. Each dot in Fig. 4�b� indicates the
selected absorption length ranging from 90 to 130 �m for
each temperature.

Photoluminescence is detected from the �12
− phonon-

assisted orthoexciton line. For t�1 ns, the orthoexciton
spectra are well described by a Maxwell-Boltzmann �MB�
distribution at the lattice temperature. Earlier results32

showed that on this time scale the paraexcitons have reached
thermal equilibrium with the lattice. Typical orthoexciton
spectra are shown in Figs. 4�a� and 5�a�.

Figure 4 illustrates how the absorption of luminescence
light in the crystal can cause an inaccurate measurement of
the exciton gas temperature. The inset to part �a� shows our
experimental configuration with luminescence light collected
at right angles to the laser beam. Also plotted are the photo-
luminescence spectra for two positions of the laser beam.
The combined fit of the phonon-emission �Stokes� and
phonon-absorption �anti-Stokes� components can be used to
determine the distance of the exciton cloud from the surface
facing the spectrometer. If the exciton cloud is produced
150±10 �m from this surface, the Stokes spectrum shows a
kinetic energy distribution �spectrum A, circles� that is nearly
the same as a Maxwell-Boltzmann �MB� fit �spectrum A�� at
the lattice temperature of TL=120 K.

If the exciton cloud is created 150±10 �m from the op-
posite surface of the sample, the apparent fit temperature is
55 K �spectrum B, dots�. To extract the actual kinetic energy
distribution from the spectrum B, we would need to multiply
it by exp
��h� ,TL�d�, where ��h� ,TL� is the absorption co-
efficient of the crystal, h� is the photon energy, and d
�2 mm is the distance between the exciton cloud and the

FIG. 3. �a� Predicted exciton transients obtained by assuming
the exciton-biexciton equilibrium dynamics. To illustrate the effect

of chemical equilibrium, we have neglected the T dependence of C̄

and choose C̄=10−16 cm3/ns. The solid curves correspond to �A
−1

=0 in low- and high-T limits, where biexcitons and excitons are the
dominant species, respectively. The dashed curve is described in the
text. �b� Best fit to the observed orthoexciton transient at TL=2 K
assuming c=2cm. �c� Best fit to the observed exciton transient at
TL=111 K assuming c=cm /2. The restriction on the main fit param-
eter is deduced from these notable deviations from the experiments.
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collection face. As expected, the result is consistent with the
120-K theory labeled B� in Fig. 4�a�.

Obviously the best procedure is to place the exciton cloud
near the collection surface, which we do throughout the
high-temperature experiments �TL�70 K�. About 150 �m
from the collection surface is optimum for maximizing trans-
mission of the primary cloud with negligible loss of excitons
due to nonradiative surface recombination. Figure 5�a�
shows that the luminescence collected through the nearby
surface yields spectra in good accord with MB functions at
each lattice temperature where only Stokes-line fits are
shown for simplicity. Figure 5�b� shows the measured band-

gap shifts33 as a function of temperature, which is essential
in determining ��h� ,TL�.

“Secondary excitons,” created by absorption of lumines-
cence light, emit a diffuse background of luminescence that
displays a much different temporal character from that of the
“primary excitons.” Fortunately, emission from the second-
ary excitons can be subtracted from that of the primary ex-
citons by employing a procedure that we call “spatial filter-
ing.” By slightly translating the image of the crystal on the
spectrometer slit, we obtain signals “on” and “off” the pri-
mary cloud of excitons. Subtracting “off” from “on” signals,
we observe only the dynamics of the primary �dense� cloud
of excitons. This procedure is essential to a determination of

C̄�T� at TL�70 K because the secondary luminescence is
comparable to, or greater than, the primary luminescence.

The secondary emission is actually useful for determining
the lifetime ��T� of excitons due to nonradiative recombina-
tion at impurities,34 which can vary among samples. The

FIG. 4. �a� Time-integrated luminescence of orthoexcitons at
TL=120 K for the two different excitation positions. The inset
shows a schematic diagram of the collection geometry. For laser
beam path A, excitons are created 150±10 �m from the surface
facing the spectrometer maximizing the primary exciton signal. Ex-
citon luminescence with beam path B is weaker due to absorption in
the crystal. Solid lines labeled A� and B� are classical Boltzmann
fits at TL=120 K with different normalization constants. Multiply-
ing A� �or B�� by the absorption factor exp
−��h� ,TL�d� yields the
predicted spectrum A �or B�, which agrees with the data. �b� The
�12

− phonon-assisted absorption spectra calculated with ��h��
=8�h��1/2 cm−1, where h� is in meV.10 Each dot indicates the exci-
tation energy for a given temperature, chosen to keep an absorption
length d=90–130 �m.

FIG. 5. �a� Normalized time-integrated �12
− phonon-assisted

orthoexciton luminescence at TL=72, 111, and 162 K by near-
surface collection, also using spatial filtering. The solid curves are
corresponding MB functions at the measured bath temperatures. For
an accurate fit to the data and estimate of d, the strong Stokes
absorption band seen in Fig. 4�b� must be accounted for. �b� Red-
shift of the band-gap energy at increasing temperature. The dashed
curve shows a second-order fit with Eo=2034.13 meV and c
=0.0015 meV/K2. The solid curve is our third-order fit �Ref. 33�.
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present experiments are conducted with a high-purity
natural-growth crystal35 that was cut from a sample provided
by the Smithsonian Institute—the same crystal used in Refs.
32 and 36. Figure 6 shows typical impurity-induced decays
at three temperatures in our experimental range, allowing us
to eliminate ��T� as a fitting parameter in Eqs. �2� and �3�.

Also, we must account for the fact that the measured
number of luminescence photons emitted depends on the lat-
tice temperature. The measured radiative rate of an exciton at
TL=2 K is about �12�7�104/s.10 At temperatures above
about 70 K stimulated emission begins to contribute signifi-
cantly, which can lead to an overestimate of the actual num-
ber of excitons. For example, the �12

− optical phonon occu-
pation number f12�TL� at 212 K is about 0.9, causing almost
a factor of 2 increase in the luminescence intensity for a
given number of excitons.

By translating an image of the crystal across the entrance
slit of the spectrometer, the number of excitons being
sampled N�x , t�dx is measured. The photon counting system
has a 70-ps time response and the optical resolution is about

s=3 �m. Figure 7�a� shows “spatial profiles” of the exciton
luminescence for various times after the excitation pulse.
These data are obtained by setting the spectrometer wave-
length on the peak of the orthoexciton line and then scanning
the image of the crystal across the entrance slit of the spec-
trometer. A close look at these data shows that the intensity
at the center of the cloud falls much faster than the intensity
in the tails. This is a signature of a density-dependent capture
effect, the instantaneous decay rate being proportional to the
gas density. A consequence of the inhomogeneous decay rate
is that the width of the spatial distribution �defined by the
standard deviation 
� increases in time—an effect that has
previously been called “Auger broadening.”10,11 In this pa-
per, in view of the new interpretation involving biexcitons,
we use the terminology “capture broadening.”

Capture broadening is characterized by plotting 
2 as a
function of time, shown in Fig. 7�b�. During the first 50 ns or
so, a rapid nondiffusive expansion in the cloud width is
caused by a stronger recombination in the center of the cloud

FIG. 7. �a� Time-resolved spatial profiles at TL=212 K. These
are well described by 2D Gaussian distributions shown as the solid
curves. The capture process is most effective at the center of the
distribution, causing an apparent expansion �“capture broadening��
that modifies the effective volume of the exciton cloud. �b� The
square of the Gaussian width as a function of time for TL=72, 111,
162, and 212 K. The capture broadening is significant for t
�50 ns. The late-time expansion is caused by exciton diffusion.
The solid curves are parametric fits to the data given by 
2�t�=
o

2

−ae−bt−ce−dt. �c� Normalized spatial profiles, superimposed by cor-
responding Gaussian fits at TL=72 K for t=0 and 50 ns.

FIG. 6. Luminescence decays of the low-density gas giving the
impurity-induced recombination times ��T� at TL=72, 111, and
212 K.
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as biexcitons are formed and decay. At t�100 ns the in-
crease in cloud size has a diffusive form 
2�t�=2Dt. The
observed diffusion constants are consistent with earlier
measurements.36 The experimental data clearly demonstrate
that the capture broadening is more significant at lower tem-
peratures. The spatial profiles are well approximated by
Gaussian distributions throughout the expansion process;
therefore the measured standard deviation 
�t� �and its coun-
terpart normal to the excitation surface� may be used to pa-
rametrize the effective volume V�t�. The shape of the exciton
cloud normal to the excitation surface is shown in Appendix
A, along with a quantitative analysis of V�t�.

To better understand why it is so important to account for
the capture-broadening effect, consider Fig. 7�c�. Spatial pro-
files at TL=72 K for t=0 and 50 ns are normalized to the
same height. Neither the intensities at the peak of the distri-
bution nor the total integrated intensities are measures of the
effective gas densities, n�t�=N�t� /V�t�. Both N�t� and V�t�
must be measured.

V. EXCITON/BIEXCITON KINETICS AT TL=72–212 K

Consider first the high-TL regime �above about 50 K� in
which the exciton kinetic energies reach thermal equilibrium
with the lattice on a subnanosecond time scale. At observa-
tion times greater than a nanosecond the ratio of ortho- and
paraexcitons is determined by Boltzmann statistics at the lat-
tice temperature. Thus at a given temperature the total exci-
ton number N�t� can be determined from the orthoexciton
number No�t�, which is obtained from the spectrally and spa-
tially integrated luminescence. With the measured initial ex-
citon number N�0�, the effective volume V�t�, and the re-
sidual decay time �, the “local” rate equations �2� and �3�
become

dN

dt
= −

N

�
+

Nb

�A�T�
− 2

C̄�T�
V�t�

N2 + 2C̄�T�n*Nb, �11�

dNb

dt
= −

Nb

�A�T�
+

C̄�T�
V�t�

N2 − C̄�T�n*Nb, �12�

where C̄�T�=Cp�T��No
2 /3+Np

2� /N2. Note that C̄�T� has a
slightly different T dependence from Cp�T�=cm /T due to an
additional temperature dependence stemming from No /Np
=3e−�/kBT. With these equations, we can predict the total ex-
citon number N�t� for various choices of capture coefficient

C̄�T�, Auger lifetime �A�T�, and biexciton binding energy �

which determines n* from Eq. �4��.

Figure 8�a� shows a comparison of the biexciton model

based on Eqs. �11� and �12�� to the observed temporal decay
of orthoexcitons at 111 K. The parameters producing the
heavy solid curve are our “best fit” parameters �subscripted
“m”� that are consistent with data at temperatures between 2
and 212 K. The other curves show how the predictions
change when �A

−1 or � is changed by a factor of 2, fixing the
other two parameters to the best-fit values.

In Fig. 8�b� we fix the best-fit value of the capture coef-
ficient and plot the fitted �A

−1�T� for several values of �. Only

FIG. 8. �a� Exciton transient at 111 K superimposed by the best
fit �heavy solid curve� with Cp=0.9�10−16 cm3/ns, �Am

−1

=55.5 ns−1=amT, and �m=10 meV. The solid curves are generated
by varying � by factor of 2 larger and smaller while keeping other
parameters fixed. Similarly, the dashed curves are obtained by
changing �A

−1. Two curves nearly overlap for 2�Am
−1 and 2�m. �b� T

dependence of �A
−1 for �=1, 5, 10, 15, and 20 meV. For Cp given

above, ��10 meV yields �A
−1=aT. The fits �solid curves� are em-

pirically determined with a Tb form. �c� T dependence of Cp�T� for
a=am /5 �dots�, am /3 �squares�, and 5am �triangles� for TL�70 K.
Compare each with the 1/T dependence of Cp�T� �solid line� ob-
tained with am=0.5 ns−1 K−1 �circles�.
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�=10 meV supports the linear dependence predicted in Sec.
II and corresponds to �A

−1=0.5T ns−1 K−1 
the heavy solid
line in Fig. 8�b��. Varying the capture constant over the range
0.8cm–2.0cm discussed in Sec. III, we find a linear-T depen-
dence in �A

−1�T� for values of � between about 8 and
15 meV, which we take as the uncertainty in �.29

Figure 8�c� shows the temperature dependence of Cp�T�
for several values of a in �A

−1=aT. For a=0.1 ns−1 K−1 a
nearly linear temperature dependence in Cp�T� is obtained. In
addition to yielding large uncertainties in the fitted param-
eters of � and Cp, the resulting Cp is also inconsistent with
the observed reduction in capture broadening at higher tem-
peratures �see Fig. 7�. Finally, the best-fit parameters,
�Am

−1 �T�=0.5T ns−1 K−1=amT and �m=10 meV, correspond to
the near 1 /T dependence in Cp�T�, as shown by the open
circles in Fig. 8�c�. In this plot we have included data at low
T, which uses these same parameters, as explained in the
next section.

Figure 9 shows exciton transients at TL=72 and 212 K,
bracketing our high-T range. The initial decay rates are pri-
marily due to the exciton capture and biexciton Auger re-
combination processes. As the density falls, the instanta-

neous decay rate depends on the combined effects of
biexciton dissociation and Auger decay. With �Am

−1 �T�
=0.5T ns−1 K−1 and �m=10 meV, we fit the exciton tran-

sients by only adjusting C̄�T� 
or equivalently Cp�T�� from
TL=72 to 212 K. The solid curves in Fig. 9 are excellent fits
to the experimental N�t�. The fits for TL=72 and 212 K yield

average capture coefficients of C̄�72 K�=0.6

�10−16 cm3/ns and C̄�212 K�=0.1�10−16 cm3/ns. As dis-
cussed in Sec. II, these results correspond to paraexciton cap-
ture coefficients of Cp�72 K�=1.2�10−16 cm3/ns and
Cp�212 K�=0.4�10−16 cm3/ns, showing a nearly inverse-T
dependence of Cp. The Cp’s obtained here are about 35%
lower than given by the overall best-fit value Cp�T�=cm /T,
indicating the uncertainties in Cp over the wide temperature
range.

VI. RESULTS AT LOW TEMPERATURES „TL=2–14 K…

The weak paraexciton luminescence becomes observable
for experimental temperatures between 2 and 14 K. We in-
crease the repetition rate by a factor of 2 to 9.5 MHz in order
to improve the signal-to-noise ratio. The excitation wave-
length is adjusted to 576 nm, producing an absorption length
in the sample of about 85 �m. For these temperatures the
slower phonon-assisted down-conversion rates make the
analysis more complicated, although the up-conversion of
paraexcitons to orthoexcitons is negligible. Photolumines-
cence of ortho- and paraexcitons are detected from the �12

−

phonon-assisted orthoexciton line and �25
− phonon-assisted

paraexciton line, respectively. The paraexciton signal is 500
times weaker than that of orthoexcitons at the same density.
The methods used to detect the weak paraexciton lumines-
cence are described in Ref. 32.

Because the biexciton dissociation is negligible, the three-
component gas system is described by the following rate
equations:

dno

dt
= −

no

�
+

3

4

nb

�A
− 2Bno

2 − Dno − 2Cono
2,

dnp

dt
= −

np

�
+

1

4

nb

�A
+ 2Bno

2 + Dno − 2Cpnp
2,

dnb

dt
= −

nb

�A
+ Cono

2 + Cpnp
2, �13�

where D is the phonon-assisted down-conversion rate and B
is the density-dependent spin-flip constant.37 Note that if
dno /dt and dnp /dt are added the above simultaneous equa-
tions reduce to Eqs. �2� and �3� with n*�T�=0. In this model
we assume that an orthobiexciton formed by the ortho-ortho
capture quickly decays into a lower-lying parabiexciton by
the internal mutual spin flip �Bneff�,38 where neff is the in-
verse of the biexciton volume, as discussed in Sec. II.

We have previously measured the down-conversion rate
D�TL� at each lattice temperature and low excitation levels,32

eliminating it as a fit parameter. A newly introduced param-

FIG. 9. Temporal behavior of the excitons at �a� TL=72 K and
�b� TL=212 K. In both cases, solid curves are generated by Eqs.
�11� and �12� using V�t� from Eqs. �A6� and �A7�.
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eter in Eqs. �13� is the spin-flip scattering coefficient B that
converts two orthoexcitons into two paraexcitons with large
kinetic energy. We use a theoretically calculated value of B
�2�10−16 cm3/ns.18,37 Using �A�T� determined in the pre-
vious section, the only variable fitting parameter is the
temperature-dependent capture coefficient Cp�T�. We find
that the mutual spin-flip rate Bno hardly affects the value of
the capture coefficient Cp�T�.29

One of the complicating factors in the low-temperature
experiments is that the exciton gas temperature T at times up
to a couple nanoseconds varies significantly from the lattice
temperature TL. Because the capture coefficient depends on
the gas temperature, we must extract the instantaneous T
from the time-resolved luminescence spectra. The inset in
Fig. 10 shows time-resolved orthoexciton spectra at a lattice
temperature of TL=2 K for several time delays. Notice that
the orthoexciton signal is observed even at 50 ns, despite its
short �3 ns� lifetime against down-conversion to paraexci-
tons. We believe that this effect is direct evidence for regen-
eration of orthoexcitons by Auger decay of biexcitons. The
biexcitons are formed by capture of long-lived paraexcitons.

The biexciton Auger process also heats the exciton gas at
early times. Figure 10 shows the effective gas temperature of
the orthoexcitons at TL=2 K, obtained from MB fits to the
time-resolved luminescence spectra for 2 mW �triangles� and
20 mW �circles� excitation powers. The solid curves are phe-
nomenological fits with a double exponential function, show-
ing a slightly slower gas thermalization at higher excitation
level.

At 2 K the effective volume of the gas expands much
more rapidly than in the high-temperature cases of Secs. IV
and V. Figure 11 shows the observed 
2�t� at 2 K for 2- and
20-mW excitation powers. The superimposed curves are
phenomenological fits with a sigmoidal form. The solid
�dashed� line corresponds to the predicted gas expansion due
to orthoexciton �paraexciton� diffusion, given by 2Dt. In

Cu2O, the paraexciton diffusion constant Dp is known to be
larger than the orthoexciton diffusion constant Do.10 Under
20-mW excitation level, for several nanoseconds after the
pulse, the width of the orthoexciton profile expands faster
than its diffusion limit 2Dot due to the density-dependent
capture broadening. For t�40 ns, however, the “orthoexci-
ton” expansion is close to that predicted by the “paraexciton”
diffusion constant, implying that the regenerated orthoexci-
tons are produced by Auger decay of biexcitons created from
the faster moving paraexcitons. The apparently fastest inter-
mediate expansion, actually larger than both 2Dot and 2Dpt,
connects the two regimes.18 The density-dependent increases
in 
2 are not actually due to transport but to an apparent
expansion from the capture broadening that is most pro-
nounced at high densities.

We assume that the volume occupied by orthoexcitons is
approximately the same as that of paraexcitons, due to rapid
down-conversion and regeneration. The effective volume
V�t� is again calculated by considering both lateral and depth
distribution �see Appendix A�. We numerically solve Eqs.
�13� describing the three-component gas system to fit both
observed ortho- and paraexciton numbers at a given tempera-
ture and excitation power. A simultaneous fit to the ortho and
para transients determines the capture coefficient Cp�T�
=3Co�T� governing the initial rapid exciton loss and produc-
ing the pronounced regeneration tails at later times. Note that
the numerical simulation must take into account the time-
dependent capture coefficient Cp�T� because the gas tem-
perature is a function of time, T�t�, as shown in Fig. 10.

Figure 12 shows �a� the observed No�t� for orthoexcitons
and �b� the simultaneous Np�t� for paraexcitons. Superim-
posed on these data are the numerical solutions to Eqs. �13�
�heavy solid curves� at 2 K for two different excitation lev-
els. Assuming previously determined �A

−1 �2 K�=1 ns−1, the

FIG. 10. Inset shows the orthoexciton kinetic energy distribu-
tions for several times after the laser pulse at TL=2 K. A MB fit to
each luminescence spectrum yields an exciton gas temperature that
is plotted as a function of time. By using this with exciton volume
expansion, we can infer the gas-temperature-dependent capture co-
efficient at low TL.

FIG. 11. Expansion of the orthoexciton gas represented by 
2�t�
for two excitation levels, 2 mW �triangles� and 20 mW �circles� at
TL=2 K. The solid �dashed� line is the predicted expansion due to
�ortho-� paraexciton diffusion. The data clearly indicate that the
capture broadening is stronger for 20-mW excitation. The explana-
tion for complicated behaviors in the orthoexciton expansion is
given in the text. The solid curves are phenomenological fits to the
data.
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analysis yields a fit parameter of Cp �2 K��6.5
�10−15 cm3/ns when the gas temperature equilibrates with
the lattice temperature.39

The dashed curves in Fig. 12�a� are the predicted numbers
of biexcitons for 2 and 20 mW. The dash-dotted curves in
part �b� correspond to the paraexciton buildup if no density-
dependent process �Auger� were active. Most significantly, if
there were no Auger regeneration of excitons the ratio of
ortho-to-para numbers would approach 3e−�/kBT�10−30 at
2 K, which is many orders of magnitude smaller than the
ratio observed in Fig. 12 �see also Sec. III and Fig.17 in
Appendix B�. The low-TL data do not independently deter-
mine the Auger constant a, but nonzero a is required. Spe-
cifically, unacceptable fits to the data in Fig. 12 are obtained
if a�0.4 ns−1 K−1. Fits to the low-TL data, however, provide
no upper bound to a. �Infinite a mathematically corresponds
to the exciton Auger process.�

The late temporal behavior of orthoexcitons follows that
of biexcitons, which in turn is determined by the capture of

paraexcitons—the dominant species. This behavior is de-
scribed by the steady-state solution of Eqs. �13�:

Dno =
3

4

nb

�A
=

3

4
Cpnp

2. �14�

Consistent with this prediction, the late-time decay rate of
both orthoexcitons and biexcitons is twice as fast as that of
paraexcitons, which is limited by an impurity-limited recom-
bination rate �−1. The down-conversion rate D�TL� at each
temperature is measured at the lowest excitation level,
0.2 mW, and is represented by the light line in Fig. 12�a� for
2 K.

Figure 13 shows the observed exciton transients at 14 K.
The paraexciton capture coefficient at the equilibration tem-
perature is found to be Cp �14 K�=1.4�10−15 cm3/ns. The
predicted biexciton transients �not shown� are similar to
those in Fig. 12. Again, the predicted biexciton numbers at
late times are over an order of magnitude lower than corre-
sponding orthoexciton numbers.

Figure 14 shows the temperature dependence of the para-
para capture rate Cp�T�np �dots� for our 2–212-K tempera-

FIG. 12. �a� Orthoexciton transients at TL=2 K. The fits �heavy
solid curves� are produced by considering Figs. 10 and 11. The
predicted biexciton transients for 2 and 20 mW are plotted as the
dashed curves. For the lowest excitation level of 0.2 mW, the
down-conversion rate is measured to be about 0.3 ns−1 �solid line�.
�b� Corresponding paraexciton transients, superimposed by simulta-
neous fits �heavy solid curves�. The dash-dotted curves are obtained
if no density-dependent process is assumed. Note the linear vertical
scale in part �b�.

FIG. 13. �a� Orthoexciton transients at TL=14 K. The fits are
obtained with the same method as in Fig. 12. The measured down-
conversion rate is about 1.3 ns−1. �b� Corresponding paraexciton
transients. The late orthoexciton temporal behaviors results from the
biexciton Auger process.
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ture range calculated with np=1015 cm−3. The dash-dotted
line is the best fit assuming Cp�T�=cm /T given by

Cp�T� �
�1.4 ± 0.4� � 10−14

T�K�
cm3/ns. �15�

Also shown are the temperature dependence of the biexciton
Auger rate �A

−1�T�=Aneff=aT �solid line� and dissociation
rate Cp�T�n*�T� �dashed curve� using Cp given by Eq. �15�.
We emphasize that a single set of values �cm ,am ,�m
 for the
fit parameters with the T dependences shown in Fig. 14 ex-
plains the observed exciton transients at 2–212 K. The sta-
tistical uncertainty is stated in Eq. �15�. An overall system-
atic uncertainty of a factor of 2 in the calibration of exciton
density leads to a factor of 2 systematic uncertainty in Cp.

A theoretical calculation of the capture coefficient is be-
yond the Born approximation because the interaction is
strong enough to develop the bound state of two excitons.
We may compare this process with a simple two-particle
scattering to form a bound state, considering the phase-shift
method.40 For low-energy scattering to form a bound state,
the total cross section due to only s-wave scattering is given
by


 =
2�	2/mr

E − Eb
, �16�

where mr is half of the exciton mass �reduced mass of two
scattering particles� and Eb=−�	2 /2mra

2� is the binding en-
ergy of the final state. In this case the scattering length a is
effectively the size of the bound state. The capture cross
section derived from the measurement at TL=2 K is about an
order of magnitude larger than the cross section given by Eq.
�16�, implying that higher-order partial waves may contribute
for some specific resonance conditions. Also the temperature
dependence of the measured capture cross section 

�T�

=Cp�T� /v� is T−3/2, rather than T−1 in Eq. �16� for the high-
temperature limit. Obviously, further understanding of the
capture process would benefit from an advanced calculation
incorporating a four-particle picture of the biexciton wave
function.

VII. SUMMARY AND CONCLUSIONS

A density-dependent lifetime of excitons in Cu2O has se-
verely limited exciton-gas densities in attempts to achieve a
thermodynamic Bose-Einstein condensation of excitons. The
possibility of Auger recombination between two colliding
excitons has been previously examined both experimentally
and theoretically; however, the experimental lifetimes are far
shorter than predicted by the existing theories.

In view of this puzzle we have examined the possibility
that Auger recombination is enhanced by the formation of
biexcitons. We have modeled the densities of orthoexcitons,
paraexcitons, and biexcitons by three simultaneous rate
equations. The model contains three physical parameters: the

exciton-exciton capture coefficient C̄ 
or Cp from Eq. �6��,
the biexciton Auger recombination rate �A

−1, and the biexciton
binding energy �. The dynamics of these particles naturally
falls into two regimes: a low-temperature regime �where the
three species are far from thermal and chemical equilibrium�
and a high-temperature regime �where excitons and biexci-
tons are rapidly thermalized�. Correspondingly, we have ex-
amined the exciton photoluminescence transients for lattice
temperatures TL=2–14 K and TL=72–212 K.

Several notable complications affect the measurement of

the average capture coefficient C̄. �i� Absolute calibration of
exciton densities is required, taking into account the stimu-
lated emission of phonons at high temperatures. �ii� Above
TL�50 K a fraction of the luminescence from decaying ex-
citons is reabsorbed by the crystal, producing a secondary
source of low-density gas with much different temporal be-
havior. �iii� The capture rate depends on gas temperature,
which differs significantly from the lattice temperature at
TL�20 K. �iv� To determine absolute gas density it is essen-
tial to measure the effective volume of the gas, which re-
quires controlling the absorption length of the laser and ac-
counting for “capture broadening” of the exciton cloud.

The Auger decay of biexcitons is simpler than for two
excitons because it does not depend on the gas density nb; it
depends on the biexciton wave function, which is unknown
at present. In the limit of strong Auger decay of biexcitons,
the density dependence of the exciton lifetime is primarily
due to the capture rate. For initial exciton densities of about
1015 cm−3, exciton capture is the primary contributor to its
initial decay rate at all temperatures, although ortho-para
down-conversion competes with this process at low tempera-
tures. Theoretically the biexciton Auger rate is expected to
take on a linear dependence, �A

−1=aT, a relationship that is
observed for binding energies in the range �=8–15 meV.
Our best-fit parameters are �A

−1=0.5T ns−1 K−1, �=10 meV,
and Cp= �1.4�10−14 cm3/ns K� /T.

Our experiments and analyses, coupled with existing
theories for Auger recombination, indicate that BEC of exci-

FIG. 14. Temperature dependence of the para-para capture rate
Cp�T�np �dots� assuming np=1015 cm−3 for T=2–212 K. The low-
temperature data points are obtained by setting T=TL. The capture
coefficient is approximately proportional to 1/T in our observation
range. The dash-dotted line is obtained using Eq. �15�. The solid
line �dashed curve� corresponds to the temperature dependence of
the Auger decay rate �A

−1 �dissociation rate� from our analysis.
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tons is inhibited by their rapid formation of short-lived biex-
citons. Our analysis also explains why biexcitons have not
been observed in this crystal. Due to rapid Auger decay the
predicted biexciton densities are well below those of exci-
tons for a broad range of temperature and excitation power.
On top of this, the radiative decay rate of the ground-state
�para-para� biexciton in this forbidden-gap semiconductor is
expected to be extremely small. Perhaps parabiexciton ab-
sorption may be observable under external stress or magnetic
field. If excited-state orthobiexcitons could be created by
two-photon excitation, they may decay by the spin-flip pro-
cess, creating observable paraexcitons as a byproduct.
Clearly there remain interesting theoretical and experimental
challenges to understanding the binding and kinetics of biex-
citons in Cu2O.
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APPENDIX A: MODELING THE VOLUME EXPANSION

To obtain the effective volume V�t� for the expanding
nonuniform exciton cloud of local density n�r , t�, we inte-
grate over spatial inhomogeneities. In Eqs. �11� and �12�, the
effective volume V�t� is defined by

V�t� =

� n�r,t�d3r�2

� n2�r,t�d3r
. �A1�

In order to determine the effective volume V�t�, one must
observe the spatial distribution of excitons as a function of
time, both laterally and along the laser beam, as shown in
Figs. 7 and 15. As illustrated in Fig. 7�a�, the lateral distri-
bution of excitons in the xy plane is well characterized by
two-dimensional �2D� Gaussian distributions,

n�x,y,t� =
N�t�

2�
2�t�
e−�x2+y2�/2
2�t�. �A2�

In Fig. 7�b� we plot 
2�t� at each temperature, superim-
posed by solid curves that are phenomenological fits of the
form 
2�t�=
o

2−ae−bt−ce−dt. The fits take into account the
nearly spatially invariant background signals, partly from the
remnant excitons created by previous pulses but mostly from
the secondary luminescence. Note that the capture broaden-
ing is more significant at lower temperatures.

Figure 15 shows the depth distribution of the exciton
cloud as a function of time after the pulse. Initially the depth
profile along the z direction is described by a single expo-
nential determined by the absorption length d of the laser. If
the shape of depth profile remained constant, then the exci-
ton density would be given by

n�x,y,z,t� =
N�t�

2�
2�t�d
e−�x2+y2�/2
2�t�e−z/d, �A3�

and Eq. �A1� would yield an effective volume given by
V�t�=8�
2�t�d. However, the density-dependent capture
process significantly affects the shape of the depth profile. In
order to model the depth profile most simply we assume that
a biexciton mostly decays through the Auger process, regen-
erating one exciton, as in Eq. �12�.41

Consider first the case in which a reduction in the surface
density due to lateral expansion is neglected, i.e., set 
�t�
=
�0�. The depth profile as a function of time becomes

Nz�t� =
Nz�0�e−t/�

1 + C̄�T�Nz�0���1 − e−t/��/4�
2�0�d
, �A4�

where the effective volume V�t�=4�
2�0�d is obtained by
substituting N�0�e−z/d
�Nz�0�� for N�0�. In Fig. 15�a�, corre-

FIG. 15. �a� Simulation of the depth profiles along the laser
beam direction �z�, taking into account the measured lateral expan-
sion at TL=111 K. The dashed line corresponds to the 200-ns depth
distribution excluding the lateral expansion, which affects the cap-
ture rate and thus the parametrization of the exciton effective vol-
ume. �b� Experimentally measured depth profiles at TL=125 K. The
excitation energy is set to 2070 meV corresponding to the absorp-
tion length of 100 �m. The inset is a schematic diagram of the
depth profile measurement.
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sponding to TL=111 K, the dashed curve shows a simulation
of the exciton depth distribution at t=200 ns due to the cap-
ture process, assuming no lateral expansion. The spatial dis-
tribution is far from a single exponential because there is
stronger exciton capture near the surface. After 200 ns, the
calculated decrease in the number of excitons at the surface
�z=0�, where the exciton loss mechanism is strongest, is al-
most two orders of magnitude.

In our experiment, however, we must also account for
lateral expansion 
�t� due to the capture broadening and dif-
fusion. We replace 
�0� by the time-dependent 
�t� deter-
mined by the fits in Fig. 7�b�. Now the functional form of the
modified depth distribution is given by

Nz�t� =
Nz�0�e−t/�

1 + �
0

t

dt�C̄�T�Nz�0�e−t�/�/4�
2�t��d
. �A5�

In Fig. 15�a�, solid curves show the calculated depth distri-
butions as a function of time for TL=111 K. Figure 15�b� is
a plot of the observed depth distributions at TL=125 K where
the initial absorption length was set to 100 �m. The simula-
tion qualitatively explains the observed depth profile of Fig.
15�b� quite well.

After considering both lateral and depth distributions, the
calculated effective volume V�t� is given by15

V�t� = 4�
2�t�d

1 + ��t���ln
1 + ��t��
2


1 + ��t��ln
1 + ��t�� − ��t�
, �A6�

where ��t� is defined by

��t� = �
0

t


C̄�T�N�0�/4�
2�t��d�e−t�/�dt�. �A7�

In Fig. 16 we plot the effective volume V�t� as a function
of time at each temperature. As expected from Fig. 7�b�, the
effective volume change becomes larger as the temperature
decreases, due to the capture broadening. The effective vol-
ume given by Eqs. �A6� and �A7� reduces to V�t�
=8�
2�t�d as ��t� approaches 0, corresponding to no
density-dependent decay process.

APPENDIX B: AUGER DECAY AND REGENERATION

In Sec. III we discussed the interplay of Auger recombi-
nation and the approach to chemical equilibrium. In view of
the density-dependent decay rate, it is appropriate to ask how
we can distinguish between an Auger process �either exciton
or biexciton� and the approach to chemical equilibrium of an
exciton-biexciton gas.

An answer to this question lies in the population dynam-
ics of ortho- and paraexcitons. The heavy solid curve in Fig.
17 shows the decay of orthoexcitons at 8 K when the biex-
citon Auger process is included, as determined by the nu-
merical solution to Eqs. �13�. If the biexciton Auger terms
are excluded �i.e., �A

−1=0�, the orthoexciton density drops
much more rapidly—shown by the light solid curve—
because nearly all the orthoexcitons rapidly down-convert to
paraexcitons at this temperature. Including the Auger pro-
cess, on the other hand, regenerates both orthoexcitons and
paraexcitons, as seen in the data �e.g., Figs. 12 and 13�. The
long-lived paraexcitons produce the biexcitons through the
capture term Cpnp

2, which in turn causes the long tail in the
ortho transient. Ortho regeneration is the signature of an Au-
ger process.

FIG. 16. Effective volume, as defined by Eqs. �A6� and �A7�, as
a function of time at TL=72, 111, 162, and 212 K. In each case the
experimental inputs are 
�t� and d�t�. The resulting curves, espe-
cially at t�50 ns, show that the capture broadening is stronger at
lower temperatures.

FIG. 17. Impacts on the ortho- and paraexciton densities caused
by the biexciton Auger decay for TL=8 K. The ortho �para� densi-
ties are plotted with solid �dashed� curves. For simplicity, we as-
sume T=TL in the simulations. The heavy curves are generated
using our best-fit parameters. The light curves correspond to the
equilibrium exciton-biexciton population dynamics without Auger
decay of biexcitons.
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systematic error bars.
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