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A density-dependent loss of optically inactive paraexcitons is measured as a function of temperature over a
wide range of densities in Cu2O. At low temperatures, the two-body inelastic collision rate stays at a constant
and the extracted collision cross-section diverges. A loss channel cannot be explained classically but is ex-
pected in a quantum-mechanical regime. We discuss the repercussion of this loss on the feasibility of achieving
Bose-Einstein condensation of paraexcitons in Cu2O.
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Recent advances in manipulating atomic gases has led to
a deeper understanding of macroscopic coherent quantum
states. In particular, a smooth evolution between Bose-
Einstein condensation �BEC� and a BCS-type phase has been
investigated experimentally.1,2 Such a progress could be
achieved because well-designed cooling and trapping of at-
oms can eliminate inelastic collision channels in long-lived
atomic states so that interatomic interactions at sufficiently
low temperature are ruled by a constant elastic-scattering
length.

BEC of excitons �“atoms” in semiconductors� and the
crossover from a BEC to a BCS-type phase have also at-
tracted much attention both experimentally and theoretically.
However, the case of excitons is much less advanced.
Exciton-exciton interactions are only partially understood
due to the many-body nature of the elementary excitation3–6

and the added complication of the strong coupling to the
radiation field as well as the lattice environment. The experi-
mental evidence of exciton BEC is still controversial.7–9

A case in point is Cu2O, a priori a favorable direct-gap
material where the lowest lying, tightly bound excitons are
long lived. Much work has been devoted in searching a BEC
phase of 1s orthoexciton �the second lowest energy level� gas
with a density of 1017 cm−3 at 2 K. However, this phase has
been shown to be unattainable by quantitative photon count-
ing emission measurements10–14 that revealed an efficient
two-body collision-induced loss process. The origin of the
density-dependent decay was first attributed to an Auger re-
combination effect,15 a process in which a pair of excitons
disappears in each inelastic collision, giving rise to a single
pair of hot electron-hole free carriers although a theoretical
evaluation reports much smaller loss rates than experiment.16

Later, a theoretical estimate17 showed that inelastic collisions
between pairs of orthoexcitons leading to a conversion into
paraexcitons is more probable than the Auger process. Atten-
tion therefore now focuses on 1s paraexcitons with a negli-
gible Auger coefficient16 and we should study their stability
at high densities as the prime candidate for exciton BEC.

In this Rapid Communication, we report on a systematic
study of an inelastic collision process between 1s paraexci-
tons in Cu2O at low temperatures. These singly degenerate
particles have a pure triplet spin configuration,18 therefore
they are ideal excitons in a sense that they effectively do not
couple with the radiation field. This makes the exciton den-
sity measurements with luminescence difficult. Direct and
quantitative measurements of the paraexciton density can be
performed in a steady-state regime by the excitonic Lyman
spectroscopy.19 The long lifetime of paraexcitons enables us
to vary and probe their density over a wide range by use of a
cw excitation, under complete thermalization with respect to
the lattice. Therefore one can measure the density-dependent
loss rate at low temperature in an equilibrium condition,
which can hardly be obtained by luminescence decay mea-
surements under a pulsed excitation.14 We have discovered a
two-body inelastic collision process with a temperature inde-
pendent rate at low temperature, indicating a diverging cross-
section which cannot be explained by the classical hard-
sphere collision model. Such feature is a clear signature of
the inelastic collision of quantum-mechanical particles. This
process removes excitons and leads to a marked saturation at
high densities. Based on the obtained loss rate at low-
temperature limit, we discuss the feasibility of BEC of
paraexcitons.

The sample is a high-quality, natural single crystal of
220 �m thickness with the �100� crystal axis oriented per-
pendicular to the sample main surface. It is placed in a dy-
namic helium flow cryostat. The sample is irradiated with a
cw single-mode dye laser set at 601 nm. The absorbed light
generates 1s orthoexcitons �see the inset of Fig. 1�a�� rather
homogeneously along the excitation direction via the LO
phonon-assisted absorption with the measured small absorp-
tion coefficient of typically �=34 cm−1 at 20 K. The
temperature-dependent absorption coefficient is carefully
measured at each temperature in order to predict the number
and the density profile of orthoexcitons created. A 70% pro-
duction efficiency is adopted from Ref. 10 but its precise
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value does not affect our conclusions �see below�. It is
known that orthoexcitons convert into paraexcitons within a
few nanosecond by a spin-flip process in the range of lattice
temperatures considered here.20–22 In view of the lifetimes of
orthoexciton and paraexciton, ��para�1 �s, see below;
�ortho�1 ns� the ratio of paraexciton to orthoexciton under
quasi-cw conditions is around 103: therefore the exciton
population under our cw excitation regime consists essen-
tially of singly degenerate paraexcitons and the influence of
orthoexcitons in exciton-exciton interactions can be safely
neglected. The mid-infrared probe beam is obtained from a
single-line cw CO2 laser, which can be tuned in discrete
steps in the region of interest, covering most of the 1s-2p
line profile. Changes in the transmitted probe beam on the
order of 10−6 could be detected. A detailed description can be
found in Ref. 19. Figure 1�a� shows typical induced absorp-
tion spectra taken at various lattice temperatures. The maxi-
mum absorbed light intensity is 13 W /cm2, which corre-
sponds to a orthoexciton generation rate of 1.2
�1012 cm−3 /ns. No intensity-dependent change in spectral
profiles is observed, which excludes any heating process due
to the excitation. Reconstruction of the entire absorption line
profile from the limited spectral range of the data allows
extracting the oscillator strength of the transition. Good fits
of the data to theoretical absorption curves are obtained by
assuming that the temperature of paraexciton gas is the same
as the lattice temperatures.

From the induced absorption spectra and the obtained os-
cillator strengths, we calculate spatially averaged paraexciton
densities using the following equation �in SI units�:

n =
�c�0

��

���1s-2p�2E1s-2p
� 	�1s-2p�E�dE , �1�

where �0 is the dielectric constant in vacuum, �� the index of
refraction of Cu2O at around 10 �m, and E1s-2p the 1s-2p
transition energy �128 meV�. We assume the same value
�1s-2p

para =�1s-2p
ortho =3.5
0.3 eÅ �Ref. 23� for the 1s-2p transi-

tion dipole moment of paraexcitons and orthoexcitons. We
note, however, that the binding energy of the paraexciton is
larger than that of 1s orthoexciton by about 10%. As we will
mention later, this point can affect the evaluation of the col-
lision loss rate but will not change our conclusions.

Figure 1�b� shows the paraexciton density as a function of
the generation rate of orthoexcitons at various lattice tem-
peratures. A nonlinear saturation of paraexcitons is seen even
at a density below 1014 cm−3 �the corresponding interexci-
tonic distance is 290 nm, to be compared with the paraexci-
ton Bohr radius of about 0.7 nm�. This saturation in a dilute
situation where 1s paraexcitons dominate the system clearly
indicates the presence of a strong paraexciton-paraexciton
inelastic collision process responsible for a loss of particles.

In order to extract the collision-induced loss rate from the
data, we performed a three-dimensional, explicit numerical
modeling of the nonlinear behavior with the following
coupled rate equations, where no,p=no,p�r , t� is the position-
dependent density of orthoexciton �o� and paraexciton �p�

ṅo = Do�
2no −

1

�op
no +

3

�op
e−	op/kBTnp − 2A�no + np�no

+
3

4
A�no + np�2 + G , �2�

ṅp = Dp�
2np +

1

�op
no −

3

�op
e−	op/kBTnp − 2A�no + np�np

+
1

4
A�no + np�2 −

1

�p
np. �3�

These equations take into account the spatial inhomogeneity
of the excitons and their migration through the sample as
well as the temperature-dependent decay time of paraexci-
tons. Do and Dp are the temperature-dependent diffusion co-
efficients of orthoexciton and paraexciton. Reference 24 re-
ports Dp �see Ref. 25�, and Do=Dp /3 �Ref. 10� is assumed
here. �op is the fast, temperature-dependent orthoexciton-
paraexciton conversion time �see Refs. 14, 21, and 22�, 	op
=12 meV is the splitting between orthoexciton and paraex-
citon levels. G=G�r , t� is the position-dependent generation
rate of 1s orthoexcitons taking into account the beam size of
the excitation beam and the absorption coefficient �. �p is the
temperature-dependent lifetime of 1s paraexcitons in the
low-density limit �shown below�. A is the inelastic collision
coefficient for paraexcitons. Although the collision rate for
orthoexcitons is very small under our moderate cw excita-
tion, for the sake of completeness the same inelastic collision
coefficient A was also introduced for orthoexcitons. Finally,
the third term of the right-hand side of the equations corre-
sponds to a thermally activated up-conversion process from
paraexcitons to orthoexcitons that becomes important at high
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FIG. 1. �Color online� �a� Typical 1s-2p induced absorption
spectra of paraexcitons at various temperatures. The zero levels are
offset for clarity. The absorbed excitation density is 7.4 W /cm2.
Solid circles are experimental data and the discrete spectral values
correspond to the 9P branch oscillation lines of the CO2 laser. Filled
area is the calculated spectrum taking into account the thermal dis-
tribution of the 1s state and the bandwidth of the 2p state. The
oscillatory structure is due to the Fabry-Perot effect on the probe
beam inside the sample. �Inset� Schematic of the corresponding
transition. The size of the closed circles roughly indicates the popu-
lation. �b� Paraexciton density at various lattice temperatures as a
function of the generation rate of 1s orthoexcitons. The generation
rate is known from the absorbed power density and the quantum
efficiency for creation of orthoexcitons. �Inset� Schematic of the
corresponding collision process.
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temperatures �T�40 K�. We numerically integrate the equa-
tions until the system reaches a steady state and we take the
spatially averaged density.26

The decay time of paraexcitons �p is much shorter than
the paraexciton radiative lifetime and can be largely sample
dependent. It is also important to introduce the proper low-
density value of the decay in the numerical modeling. For
this reason, we have also measured the temperature depen-
dence of the paraexciton decay time in our sample at very
low densities. Details of this time-resolved method can be
found in Ref. 19. In order to ensure a low-density and ho-
mogeneous excitation, here we adjusted the excitation wave-
length so that the absorption coefficient was �=5 cm−1. Fig-
ure 2�a� shows a semilog plot of 	�l at lattice temperature
TL=11 K as a function of time for three excitation intensi-
ties. Open circles correspond to an absorbed pump power
density of 0.16 W /cm2 and a generation rate of orthoexci-
tons of 1.5�1010 cm−3 /ns. The absence of a dependent de-
cay when reducing the excitation intensity by a factor 2 and
4 ensures that the low-density limit lifetime of paraexcitons
is indeed measured. By also taking into account the lateral
diffusion, we extract the lifetime of paraexcitons to be
470
12 ns at 11 K. Figure 2�b� shows the temperature de-
pendence of the lifetime of such dilute 1s paraexcitons. The
reduction in the lifetime below 80 K indicates the presence
of capture centers, probably Cu vacancies. The measured de-
cay times are introduced as temperature-dependent param-
eters in the simulations.

Figure 3�a� shows the results of the numerical calculation
for a temperature of 16 K. The inelastic collision coefficient
A was parametrically changed from 1�10−19 to 1
�10−14 cm3 /ns in logarithmic steps. As can be seen, a good
agreement between the calculation and the experiment is
found for A=4�10−16 cm3 /ns. We also performed the cal-
culation assuming a three-body collision process and con-
firmed that it produces much stronger saturation and does not
fit the data. By repeating this best-fit procedure for other
temperatures, we obtained the temperature dependence of the
inelastic collision coefficient A shown in Fig. 3�b�. A striking
feature is the fact that the coefficient A is almost independent
of temperature with an averaged value A=3.7
�10−16 cm3 /ns.

Using the coefficient A, we can estimate the temperature

dependence or the momentum dependence of the inelastic
collision cross-section �inel. The total collision rate is
�inelvthn=An, where vth=�3kBT /mex is the mean thermal ve-
locity of excitons �mex is the effective mass of a 1s
paraexciton19,27,28�. As can be seen in Fig. 3�c�, a Kth

−1 depen-
dence �or T−1/2 dependence� of the inelastic collision cross-
section �inel is revealed as a function of the mean wave num-
ber Kth=mexvex /�. This is the evidence of a quantum
inelastic collision process: in the fields of nuclear physics
and ultracold atoms, it is well known that in the quantum-
mechanical limit the inelastic-scattering cross-section at low
temperature generally shows a diverging Kth

−1

dependence,29,30 while the elastic cross-section becomes a
constant ��el=4�a2, where a is the s-wave scattering
length�. Quantum effects are expected to be important for
excitons in a wide temperature range since an exciton is a
very light particle with a comparable effective mass the elec-
tron mass at rest. In fact, the temperature at which the ther-
mal de Broglie length becomes comparable to the exciton
Bohr radius aB of the paraexciton is on the order of 103 K.
This means it is essential to treat the collision processes
quantum mechanically at all temperatures. This point applies
to exciton systems in any material.

The main uncertainty in evaluating the value A�4
�10−16 cm3 /ns comes from the adopted values of the 1s-2p
dipole moment and of the quantum efficiency for generating
orthoexcitons. For example, if we assume a 50% quantum
efficiency instead of 70%, a dipole moment of 3 eÅ instead
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A=4�10−16 cm3 /ns gives the best fit. �b� Temperature dependence
of the coefficient A. The coefficient is almost independent of tem-
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2 is also shown.
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of 3.5 eÅ, the coefficient A is reduced by a factor 2. A dipole
moment of 3 eÅ is obtained by adopting a Bohr radius of
6.8 Å for the paraexciton taking into account its larger bind-
ing energy �150 meV instead of 138 meV for the orthoexci-
ton�. Considering all possible errors, we estimate an uncer-
tainty for the value of A to stay within a factor of 3.

A clarification for the surprisingly large “Auger-type” col-
lision coefficient of paraexcitons and the identification of the
final products emanating from the collisions remain a chal-
lenging task.14 We note that the coefficient for orthoexcitons
have been shown to be similar values.10–14 We now consider
the impact of the temperature-independent collision rate on
the feasibility of paraexciton BEC. Considering an exciton
thermalization time on the order of a nanosecond, the non-
linear saturation makes it difficult to reach the phase transi-
tion at 2 K with the critical density of 1017 cm−3. However,
at lower temperatures, where the critical densities for the
phase transition are on the order of �1014–1016 cm−3�, the
inelastic scattering becomes insignificant, making the con-
densation possible. We intend to cool the sample with a 3He

cryostat or a dilution refrigerator and trap the gas of excitons
inside the crystal to induce this phase transition. A very high-
purity sample and the enhancement of paraexciton-TA pho-
non interactions by applying strain fields24 would be benefi-
cial for cooling the exciton gas below 100 mK.

In conclusion, we have observed a quantum-mechanical
inelastic collision process of optically inactive 1s paraexci-
tons in Cu2O. A characteristic, temperature-independent in-
elastic collision rate leading a strong divergence of the col-
lision cross-section was revealed using the excitonic Lyman
spectroscopy. The microscopic mechanism of the large cross-
sections of paraexcitons and the final products of the paraex-
citon collision are open to be made clear. A rigorous treat-
ment of the many-body correlation in the electron-hole
system could provide a clue to solve the problem.

This work is partly supported by the Grant-in-Aid for Sci-
entific Research on Innovative Areas “DYCE” �Grant No.
20104002� of MEXT, Japan.

*gonokami@ap.t.u-tokyo.ac.jp
1 C. A. Regal, M. Greiner, and D. S. Jin, Phys. Rev. Lett. 92,

040403 �2004�.
2 M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F. Raupach,

A. J. Kerman, and W. Ketterle, Phys. Rev. Lett. 92, 120403
�2004�.

3 J. Shumway and D. M. Ceperley, Phys. Rev. B 63, 165209
�2001�.

4 S. Okumura and T. Ogawa, Phys. Rev. B 65, 035105 �2001�.
5 M. Combescot, O. Betbeder-Matibet, and R. Combescot, Phys.

Rev. B 75, 174305 �2007�.
6 C. Schindler and R. Zimmermann, Phys. Rev. B 78, 045313

�2008�.
7 D. W. Snoke, J. P. Wolfe, and A. Mysyrowicz, Phys. Rev. B 41,

11171 �1990�.
8 E. Fortin, S. Fafard, and A. Mysyrowicz, Phys. Rev. Lett. 70,

3951 �1993�.
9 L. V. Butov, A. C. Gossard, and D. S. Chemla, Nature �London�

418, 751 �2002�.
10 K. E. O’Hara, J. R. Gullingsrud, and J. P. Wolfe, Phys. Rev. B

60, 10872 �1999�.
11 D. W. Snoke and V. Negoita, Phys. Rev. B 61, 2904 �2000�.
12 J. T. Warren, K. E. O’Hara, and J. P. Wolfe, Phys. Rev. B 61,

8215 �2000�.
13 Y. Liu and D. W. Snoke, Solid State Commun. 140, 208 �2006�.
14 J. I. Jang and J. P. Wolfe, Phys. Rev. B 72, 241201�R� �2005�;

74, 045211 �2006�. In these papers, the authors suggest that
paraexcitons convert to invisible biexcitons, based on assump-
tions such as a T1 temperature dependence of the Auger decay
rate of biexcitons. Accordingly, they claim a T−1 dependence of
the density-dependent decay rate of paraexcitons, which is in-
consistent with our current results. We observed no significant
change in the decay rate between 5.1 and 30.5 K �see Fig. 1�b��.

15 A. Mysyrowicz, D. Hulin, and C. Benoit A La Guillaume, J.
Lumin. 24-25, 629 �1981�.

16 G. M. Kavoulakis and G. Baym, Phys. Rev. B 54, 16625 �1996�.

17 G. M. Kavoulakis and A. Mysyrowicz, Phys. Rev. B 61, 16619
�2000�.

18 R. J. Elliott, Phys. Rev. 124, 340 �1961�.
19 K. Yoshioka, T. Ideguchi, and M. Kuwata-Gonokami, Phys. Rev.

B 76, 033204 �2007�.
20 J. I. Jang, K. E. O’Hara, and J. P. Wolfe, Phys. Rev. B 70,

195205 �2004�.
21 J. S. Weiner, N. Caswell, P. Y. Yu, and A. Mysyrowicz, Solid

State Commun. 46, 105 �1983�.
22 D. W. Snoke, D. P. Trauernicht, and J. P. Wolfe, Phys. Rev. B 41,

5266 �1990�.
23 T. Tayagaki, A. Mysyrowicz, and M. Kuwata-Gonokami, J.

Phys. Soc. Jpn. 74, 1423 �2005�. In this paper, a 1s-2p transition
dipole moment of 4.2 eÅ was reported. We estimate its error to
be 
0.6 eÅ. Here we added nine data sets to the four sets in this
paper, and did more careful analyses, therefore the reliability is
better.

24 D. P. Trauernicht and J. P. Wolfe, Phys. Rev. B 33, 8506 �1986�.
25 Using the diffusion coefficients D reported in Ref. 24 here is

valid since our sample is from the same “boule” as in Refs. 8
and 24, and the quality of the samples is similar judging from
the lifetime of paraexcitons at low temperatures. In addition, we
avoided experiments below 4 K, where the exciton-phonon scat-
tering rate rapidly decreases and thus D can be sensitive to the
impurity concentration, making it difficult to extract universal
results.

26 See supplementary material at http://link.aps.org/supplemental/
10.1103/PhysRevB.82.041201 for typical results.

27 M. Jörger, T. Fleck, C. Klingshirn, and R. von Baltz, Phys. Rev.
B 71, 235210 �2005�.

28 J. Brandt, D. Fröhlich, C. Sandfort, M. Bayer, H. Stolz, and N.
Naka, Phys. Rev. Lett. 99, 217403 �2007�.

29 L. D. Landau and E. M. Lifschitz, Quantum Mechanics, 3rd ed.
�Pergamon, New York, 1985�.

30 E. P. Wigner, Phys. Rev. 73, 1002 �1948�.

YOSHIOKA et al. PHYSICAL REVIEW B 82, 041201�R� �2010�

RAPID COMMUNICATIONS

041201-4

http://dx.doi.org/10.1103/PhysRevLett.92.040403
http://dx.doi.org/10.1103/PhysRevLett.92.040403
http://dx.doi.org/10.1103/PhysRevLett.92.120403
http://dx.doi.org/10.1103/PhysRevLett.92.120403
http://dx.doi.org/10.1103/PhysRevB.63.165209
http://dx.doi.org/10.1103/PhysRevB.63.165209
http://dx.doi.org/10.1103/PhysRevB.65.035105
http://dx.doi.org/10.1103/PhysRevB.75.174305
http://dx.doi.org/10.1103/PhysRevB.75.174305
http://dx.doi.org/10.1103/PhysRevB.78.045313
http://dx.doi.org/10.1103/PhysRevB.78.045313
http://dx.doi.org/10.1103/PhysRevB.41.11171
http://dx.doi.org/10.1103/PhysRevB.41.11171
http://dx.doi.org/10.1103/PhysRevLett.70.3951
http://dx.doi.org/10.1103/PhysRevLett.70.3951
http://dx.doi.org/10.1038/nature00943
http://dx.doi.org/10.1038/nature00943
http://dx.doi.org/10.1103/PhysRevB.60.10872
http://dx.doi.org/10.1103/PhysRevB.60.10872
http://dx.doi.org/10.1103/PhysRevB.61.2904
http://dx.doi.org/10.1103/PhysRevB.61.8215
http://dx.doi.org/10.1103/PhysRevB.61.8215
http://dx.doi.org/10.1016/j.ssc.2006.06.037
http://dx.doi.org/10.1103/PhysRevB.72.241201
http://dx.doi.org/10.1016/0022-2313(81)90057-0
http://dx.doi.org/10.1016/0022-2313(81)90057-0
http://dx.doi.org/10.1103/PhysRevB.54.16625
http://dx.doi.org/10.1103/PhysRevB.61.16619
http://dx.doi.org/10.1103/PhysRevB.61.16619
http://dx.doi.org/10.1103/PhysRev.124.340
http://dx.doi.org/10.1103/PhysRevB.76.033204
http://dx.doi.org/10.1103/PhysRevB.76.033204
http://dx.doi.org/10.1103/PhysRevB.70.195205
http://dx.doi.org/10.1103/PhysRevB.70.195205
http://dx.doi.org/10.1016/0038-1098(83)90588-4
http://dx.doi.org/10.1016/0038-1098(83)90588-4
http://dx.doi.org/10.1103/PhysRevB.41.5266
http://dx.doi.org/10.1103/PhysRevB.41.5266
http://dx.doi.org/10.1143/JPSJ.74.1423
http://dx.doi.org/10.1143/JPSJ.74.1423
http://dx.doi.org/10.1103/PhysRevB.33.8506
http://link.aps.org/supplemental/10.1103/PhysRevB.82.041201
http://link.aps.org/supplemental/10.1103/PhysRevB.82.041201
http://dx.doi.org/10.1103/PhysRevB.71.235210
http://dx.doi.org/10.1103/PhysRevB.71.235210
http://dx.doi.org/10.1103/PhysRevLett.99.217403
http://dx.doi.org/10.1103/PhysRev.73.1002

