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Exciton lifetime, Auger recombination, and exciton transport by calibrated differential absorption
spectroscopy in Cu2O

A. Jolk M. Jörger, and C. Klingshirn
Institut für Angewandte Physik, Universita¨t Karlsruhe, 76128 Karlsruhe, Germany

~Received 20 July 2001; published 19 June 2002!

Differential absorption spectroscopy shows a characteristic dependence on the density of 1s excitons in
Cu2O at low temperature. The relation between absorption change and 1s exciton density is established and
calibrated using one- and two-photon excitation. The calibrated density evaluation is applied to exciton trans-
port measurements in a quasi-one-dimensional sample geometry. A numerical simulation of the transport yields
extremely long exciton lifetimes of up to 3 ms. The Auger recombination of excitons is almost negligible,
contrary to previous estimates. A deviation of the transport characteristics from the diffusive regime was not
observed.
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I. INTRODUCTION

For several years, Cu2O has been at the center of th
research of Bose-Einstein condensation~BEC! of excitons.
Although several distinct experiments have claimed evide
for BEC, discussion has always continued whether ind
the observed phenomena could be unambiguously attrib
to nonclassical statistics.1–6 Recently, even older results hav
been doubted because a well-known exciton loss mechan
namely, the Auger recombination, was found to be two
ders of magnitude stronger than previously assumed.7,8 At
very high densities of excitons~around 1017 cm23), this pro-
cess tends to limit the exciton density to values well bel
the critical BEC threshold.

The most promising experimental technique for cond
sation studies is the analysis of exciton transport. At exci
densities above the condensation threshold, a change in
propagation characteristics from diffusive transport to a b
listic regime has been reported.1 While the interpretation of a
ballistic transport as a sign of superfluidity and thus BEC
been doubted, it is certainly an incentive for further resea
into the transport properties of a dense nonhomogeneou
citon cloud.

In the present paper, we measure the density of exci
as a function of space and time using a previously develo
all-optical detection method. This method relies on the f
that a high density of 1s excitons leads to a change in
absorption spectrum of Cu2O in the spectral range of thenp
exciton states.9 The relevant processes are exciton-exci
scattering and Coulomb screening by a polarizable exc
gas. While no detailed theory of these processes has
developed, it is assumed that the two species of 1s excit
namely, orthoexcitons and paraexcitons, are indistingu
able in this setup and contribute equally to the absorp
change. This statement is correct for Coulomb screen
There might be some spin dependence in Pauli blocking;
since excitons in Cu2O are small (aB'0.7 nm) and becaus
we deal with a three-dimensional case, the second contr
tion to screening is much smaller than the first one~see e.g.
Ref. 10 and references therein!.

The exact functional relation between the change in
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sorption and the corresponding density of 1s excitons
been established in a series of pump-probe type experime
In these experiments, the absorption spectrum is meas
during or shortly after excitation with an intense laser pul
on a time scale where the created exciton density is
influenced by diffusion or recombination. Exciton densiti
of up to 1019 cm23 were reached by one-photon excit
tion above the band gap, thus creating free carriers that
ciently recombine to excitons. Even higher densities up
1020 cm23 were obtained using two-photon absorption of
terawatt infrared laser pulse at half the 1s exciton resona
energy, thus creating a cold exciton population nearkW50.

The propagation of excitons through a quasi-on
dimensional sample was studied and modeled in the diffus
approximation. While no indications for nondiffusive tran
port were found, we were able to fit values for exciton lif
time and the Auger recombination coefficient which sho
that Auger recombination is several orders of magnitu
lower than previously assumed.

It is important to bear in mind that the absolute value
the Auger coefficient depends linearly on the initial excit
density estimation. As a consequence, special attention h
be paid to the reliability of the exciton density evaluation

II. EXPERIMENTAL SETUP

A. One-photon excitation

For pump-probe-type experiments with one-photon ex
tation, excitons were created using a nitrogen-laser pum
dye laser at 560 nm with a pulse duration of 5 ns. The ma
mum excitation intensity was 20 MW/cm2. Assuming an ex-
citon formation efficiency of one exciton per absorbed ph
ton and a penetration depth of 35mm, the maximum exciton
density isnX5831019 cm23. During the short duration of
the exciting laser pulse, spontaneous recombination of sin
excitons cannot significantly reduce the total number of p
ticles. The postulated high values of the Auger recombi
tion coefficient would lead to an effective exciton lifetim
that is much shorter than the laser pulse; this possibility
be ruled out by the results from the two-photon excitati
experiments that used a pulse duration of only 100 fs. F
©2002 The American Physical Society09-1
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thermore, it would be completely impossible to explain t
existence of sufficient exciton densities to produce sign
cant bleaching even after 1 ms as shown later.

As for surface recombination, assuming an exciton dif
sion velocity below 105 cm/s, only those excitons created
a volume extending 5mm below the sample surface ca
reach the surface during the laser pulse. Even if surface
combination were arbitrarily fast, the maximum error in in
tial exciton density does not exceed 20%.

The probe beam was the spontaneous emission of a
cuvette that was quenched to about 3 ns length and optic
delayed to arrive during the pump pulse. The sample wa
polished Cu2O platelet of 50mm thickness on a sapphir
support. It was cooled in a liquid helium~LHe! exchange gas
cryostat. The platelet was cut from the same naturally gro
Cu2O single crystal as all subsequent samples. This sam
was selected by the linear absorption spectrum, showing
np exciton series up to then59 state. Even though th
sample was glued to a sapphire support, no strain-indu
effects such as line shift or increased 1s absorption w
observed.

B. Two-photon excitation

Experiments using a two-photon excited exciton popu
tion were performed in the ENSTA in Palaiseau~France!. A
three-stage optical parametrical amplifier~OPA! was pumped
by 30 fs, 100mJ, 800 nm pulses from the second stage o
chirped-pulse amplification laser system. The OPA was tu
to a central wavelength of 1270 nm and delivered pulse
40 mJ pulse energy and a duration of 100 fs at a repetit
rate of 10 Hz. These pulses were split into two counterpro
gating beams and circularly polarized. Optical delay lin
were used to guarantee simultaneous incidence of b
pulses on the sample surface.

Part of the 800 nm stray light from the OPA was focus
inside a 3 mmSuprasil glass in order to create a short wh
light continuum. It was transmitted through the excit
sample volume under a small angle and collected onto
entrance slit of a grating spectrometer.

The sample was a chemically polished free platelet w
50 mm thickness held at eitherT52 K or 6 K in LHe ex-
change gas.

Assuming an exciton formation efficiency of one excit
per two absorbed photons, the exciton density can be
culated from the differential equation for two-photon a
sorption

dI

dx
52aI 2bI 2. ~1!

Neglecting the one-photon absorptiona in the infrared spec-
tral range, the solution of Eq.~1! is

I ~x!5
I 0

11bI 0x
, ~2!

where I 0 is the incident intensity. At a laser-pulse ener
of 20 mJ in 100 fs and a spot diameter of 0.1 mm,I 0
52.531012 W/cm2. The average density of the 1s excito
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created in the sample volume between depthsx1 andx2 mea-
sured from the surface, thus neglecting the regions near
surface where loss mechanisms might intervene, results f
an integration of Eq.~2! to

nX5
tpulsebI 0

2

\v1~11bI 0x1!~11bI 0x2!
, ~3!

where\v152.033eV is the energy of the resonantly creat
excitons andtpulse is the pump-laser pulse duration. For o
density evaluations, we used values ofx151 mm and
x2549 mm, thus neglecting the influence of the volum
within 1 mm from the sample surface. The two-photon a
sorption coefficient has been estimated from the infra
pump-laser transmission tob50.001 cm/MW.

In order to rule out any possible oversight of Aug
recombination, the differential absorption spectrum w
recorded with a time-delayed probe pulse up to 15 ps a
the exciton creation. During this time, no significant d
cay of the induced absorption was detectable. Assumin
worst-case error of one order of magnitude, this observa
alone gives an upper limit for the Auger coefficient
A510217 cm3/ns.

C. Transport measurements

For the transport measurements, a long crystal rod
prepared with a square cross section of 100mm side length
and a length of about 3 mm. The rod was glued to a sapp
support. The pump laser was focused onto the polished a
ting face. The probe beam was a weak continuous-wave~cw!
dye laser beam transmitted perpendicularly through
sample at a variable distance from the excited surface. Fig
1 gives a schematic of the experimental idea. The sam
was held at various temperatures between 2 K and 30 K in a
LHe exchange gas cryostat.

The pump laser was an excimer laser pumped dye la
with 10 ns pulse duration at a wavelength of 555 nm. Typi
excitation intensities reached 30 MW/cm2.

The probe laser was an argon-ion laser pumped tun
cw dye laser. It was tuned to several wavelengths in
spectral range of thenp excitons and was filtered to an in
tensity well below the mean pump-laser intensity.

It has to be noted that in this particular sample geome
the effect of an increased surface recombination canno
distinguished from a merely intrinsic recombination, becau

FIG. 1. Experimental setup for the transport measurements
9-2
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EXCITON LIFETIME, AUGER RECOMBINATION, . . . PHYSICAL REVIEW B 65 245209
the exciton detection integrates over the complete cross
tion of the crystal rod. Since we find a total exciton lifetim
of up to several milliseconds, we can safely neglect t
eventual contribution.

III. EXCITON DENSITY CALIBRATION

The differential absorption was spectrally integrated o
variousnp exciton lines and plotted against 1s exciton de
sity. The resulting curves as shown in Fig. 2 for a 35mm
sample fit very well to a phenomenological description of
form

~Dad! int~nX!5
ac

11nc /nX
, ~4!

wherenX is the 1s exciton density,nc is a critical density for
the respectivenp exciton resonance, andac is a saturation
parameter. One- and two-photon excitation experiments g
good agreement for the critical densities, within an error

FIG. 3. Fit of the critical densitync
(n) for n52, . . . ,6 to a Mott

criterion.

FIG. 2. Fit of Eq.~4! to the 2p-5p exciton lines, for one-photo
experiments with an effective pumped thickness of 35mm. The 5p
line is in saturation for almost all densities; its lower value is due
the lower oscillation strength of the 5p exciton line.
24520
c-

s

r
-

e

e
-

terval not exceeding a factor of 2. The one- and two-pho
excitation experiments are independent. Especially the
ond kind produces volume excitation with only marginal i
fluence of surface recombination, and negligible Auger
combination even if one assumes the highest postula
values of the Auger coefficient. Therefore the absolute val
of the exciton density are correct within half an order
magnitude.

The critical or Mott densitync
(n) for the differentnp lines

is expected to be related to the radiusan of the np excitons
following

nc
(n)5an

235FaBS 3

2
n221D G23

. ~5!

Here,aB is the Bohr radius of thenp excitons, and the rela
tion betweenan andaB holds for hydrogenlike p states.

FIG. 4. Solution of the diffusion equation with finite excito
lifetime and Auger recombination. Att50, nX(0,0)51019 cm23

at the excited surface andnX50 in the volume. Simulation
parameters: exciton lifetimetX5100 ms, Auger coefficient
A52310223 cm3/ns, diffusion coefficientD520 cm2/s.

FIG. 5. Differential absorption as a function of time fo
T52 K ~left! and T530 K ~right!. The curves for different dis-
tance from the excited surface as given in the plot~in mm! are set
off vertically for clarity. The minimum of differential absorption
shifts to later times with increasing distance and broadens con
erably. At T52 K, the propagation is noticeably faster~note the
different scales on the abscissa!.

o
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A fit of this equation~Fig. 3! yields aB51.7(2) nm and
nc}an

22 . The value ofaB agrees reasonably with the a
cepted value of 1.1 nm for p-type excitons. This fit represe
another independent verification of our exciton density e
mate within a factor of 4.

IV. TRANSPORT EXPERIMENTS

A. Numerical simulation of diffusion

The diffusive propagation of excitons can be describ
with a diffusion equation of the form

]nX

]t
52D

]2nX

]x2
, ~6!

whereD is the diffusion coefficient. This equation assum
that the mean free path of the excitons is short in compar
with the volume of the crystal, and that the diffusion coef
cient D is independent from the density. In a superfluid co
densate, these approximations are expected to break do

Additionally, a finite exciton lifetime leads to losses fo
lowing ktnX ~wherekt

215tX is the exciton lifetime!; Auger

FIG. 6. Comparison of experimental data and numerical sim
lation at T530 K. Simulation parameters wereD50.5 cm2/s, A
510224 cm3/ns, andt52 ms. The respective distancex of the de-
tection ~probe! spot to the excited surface is given in the plots.

FIG. 7. Same comparison as in Fig. 6 forT515 K. Simula-
tion parameters:D58 cm2/s, A510223 cm3/ns, andt53 ms.
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losses lead to a termAnX
2 . Additional surface recombination

has been neglected for the reasons cited above. The resu
complete differential equation reads

]nX

]t
52D

]2nX

]x2
2ktnX2AnX

2 . ~7!

The solution of Eq. 7 is plotted in Fig. 4 for typical param
eters.

B. Experimental results

Figure 5 gives the differential absorption as a function
time at different distances from the excited surface, aT
52 K ~left! andT530 K ~right!. The probe laser was tune
to \v52.1677 eV in the 4p resonance. Exciton transp
over distances up to 0.8 mm at 30 K and 1.2 mm at 2 K is
clearly visible. The propagation is faster by about an orde
magnitude atT52 K.

By comparing the experimental results with the simu
tion of diffusive transport, the exciton lifetime as well as th
diffusion and Auger coefficients can be determined. The c
bration function@inverse of Eq.~4!# is applied to the mea-
sured differential absorption for different distancesx, yield-
ing the time-resolved exciton densitynX(t). The initial
exciton densitynX(x50,t50) is calculated from the ab

- FIG. 8. Same comparison as in Fig. 6 forT56 K. Simulation
parametersD520 cm2/s, A510223 cm3/ns, andt5150 ms.

FIG. 9. Same comparison as in Fig. 6 forT52 K. Simulation
parametersD540 cm2/s, A55310223 cm3/ns, andt5150 ms.
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EXCITON LIFETIME, AUGER RECOMBINATION, . . . PHYSICAL REVIEW B 65 245209
sorbed pump energy as justified by the investigations in S
III above. A first guess of the excitonic lifetimet can be
obtained as an exponential fit to the density decrease at l
times t. The diffusion coefficientD influences prominently
the arrival time of the maximum for large distancesx, and
the Auger coefficientA has a pronounced effect only on th
high densities observed at small distancex and small timest.

Figures 6–9 compare the fitted simulations to experim
tal data for four different temperatures. Simulation para
eters have been chosen so as to fit the set of all dista
equally well. It is observed that the diffusion constant
creases as expected with decreasing temperature, where
Auger recombination has only little influence for all tem
peratures. The exciton lifetime decreases by an order of m
nitude at low temperature compared toT530 K.

V. DISCUSSION

The agreement between experimental data and calcu
diffusion in Figs. 6–9 is equally good for all temperature
The reported diffusion coefficient is lower by about an ord
of magnitude than the accepted value.11 The temperature de
pendence nearly agrees with the reportedT23/2 behavior. An
effective exciton temperature higher than the lattice temp
ture cannot explain this difference because excitons
known to thermalize on a nanosecond time scale with
lattice. Moreover, the relative difference between the latt
and exciton temperatures should diminish with increas
temperature. Possible reasons for the discrepancy of the
solute values might be nonspecular scattering of exciton
the sample surfaces or strain-induced TA-phonon s
tering.11

The value of the Auger coefficientA is smaller by severa
orders of magnitude than both the previously accepted v
of A510218 cm3/ns ~Refs. 12,13! and the value reported
by Wolfe et al.7,8 of A510216 cm3/ns. Recent calculations14

show that the Auger recombination rate should indeed
come negligible given a long paraexciton lifetime. The dom
nant loss process for orthoexcitons is thus not exciton a
hilation by energy transfer to another exciton, but rath
conversion of two orthoexcitons into two paraexcitons
particle exchange. This process conserves the total num
of excitons but decreases the orthoexciton number and
the photoluminescence intensity. It is favored by the fact t
the ortho-para splitting is close to an LO-phonon energy
that a biexciton state with vanishing binding energy15 may
act as a virtual, resonant intermediate level.

A high value ofA would lead to an almost instantaneo
density drop, given the observed densities; assum
A51017 cm3/ns, at a density ofnX51017 cm23 the initial
effective lifetime would be 1 ns only, contrary to our obse
vations. As noted before, the fit value ofA scales with the
absolute exciton density. Thus, the maximal uncertainty
the absolute exciton density of a factor of 4 limits the er
of A to the same factor of 4, incommensurable with the
viation of several orders of magnitude with respect to ear
estimates. The correct order of magnitude of the exciton d
sity was verified by the Mott fit~Fig. 3!.

The density calibration assumed an exciton formation
24520
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ficiency of 1 which was previously reported by seve
groups.16,17 The known exciton dynamics does not propo
any other efficient recombination channel for free carri
besides exciton formation and relaxation.18

Our measurements give clear evidence that Auger rec
bination is a negligible exciton loss mechanism even at d
sities in the 1018 cm23 range. The orthoexciton loss observe
in luminescence is explained by conversion into the para
citon state. It seems reasonable that a small and electric
neutral particle like the 1s exciton, not even having a dip
moment, shows a very small Auger scattering rate. This
sult is in accordance with recent work by Denev a
Snoke.19

A further ortho-para relaxation mechanism is phon
emission.20,21 Since phonons do not primarily interact wit
the spin this process is relatively slow. Therefore it m
dominate at low densities, while the spin-exchange proc
depends on the square of the exciton density and sh
therefore dominate at high densities.

The observed exciton lifetime shows qualitatively go
agreement with the temperature dependence and the m
mum in luminescence quantum efficiency.20,22 The life-
time change follows the temperature dependence of
orthoexciton-paraexciton conversion. At low temperatu
the conversion from ortho- to paraexciton is frozen; the g
erated excitons predominantly remain in the orthoexci
state and decay with the orthoexciton lifetime. At high
temperature around 15 K, orthoexciton to paraexciton dow
conversion is efficient, and the observed lifetime is t
paraexciton lifetime. At still higher temperatures of 30 K a
more, thermal paraexciton to orthoexciton up-convers
opens an additional recombination channel for the parae
tons, which leads to a slightly reduced lifetime.

From our data, no deviation from classical transport c
be inferred, even though atT52 K the exciton density ex-
ceeds the critical density for BEC of an ideal gas, which
nX51017 cm23 for paraexcitons. Other groups have report
a characteristic change in transport properties for compar
excitation conditions.1–3,23–25The low value of the diffusion
coefficient raises the suspicion that the sample was slig
strained, which might inhibit the formation of a condensa

The lack of the observation of nonclassical propagation
our experiments could also be explained by a certain frac
of excitons in a fast-moving condensate which crosses
detection spot within a few hundreds of nanoseconds,
fast for our detection system to resolve. The simulations
Figs. 6–9, however, seem to account for all created excito
If the eventual condensate comprises only part of the cre
excitons, uncertainties in the absolute density calibrat
could overestimate the density in the remaining diffus
cloud, covering the fact that a large fraction of the crea
excitons are missing. Current estimates of the conden
fraction are of a few percent.26,27

Another possibility is that excitons in a Bose condens
state might no longer contribute to screening. It is, howev
not obvious from first principles whether a condens
should be more or less efficient in screening compared
classical gas.28
9-5
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VI. CONCLUSIONS

Our measurements give no indication of a nonclass
superfluid transport, even under excitation conditions wh
other groups reported ballistic transport. It is possible t
fast ballistic transport of only part of the created excito
remains invisible in our experiments, with the noncondens
fraction showing classical diffusive transport. An increase
the pump power and an improved detection system co
reveal the existence of this ballistic part. A comparison of
optical measurements as shown here and the electrical
of Refs. 1–3 on one and the same sample are planned
will give decisive evidence of the nature of the transport.18
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The Auger coefficient has been demonstrated to be c
siderably smaller than previously reported. In particular,
find exciton lifetimes oft5150 ms atT52 K and at densi-
ties around 1017 cm23; at T515 K, the exciton lifetime
reachest53 ms.
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