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Exciton lifetime, Auger recombination, and exciton transport by calibrated differential absorption
spectroscopy in CyO
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Differential absorption spectroscopy shows a characteristic dependence on the density of 1s excitons in
Cuw,O 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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[. INTRODUCTION sorption and the corresponding density of 1s excitons has
been established in a series of pump-probe type experiments.
For several years, GO has been at the center of the In these experiments, the absorption spectrum is measured
research of Bose-Einstein condensati&EC) of excitons.  during or shortly after excitation with an intense laser pulse,
Although several distinct experiments have claimed evidencén @ time scale where the created exciton density is not
for BEC, discussion has always continued whether indeedfluenced by diffusion or recombination. Exciton densities
’ . . 9 Am—3 ;
the observed phenomena could be unambiguously attributedf UP to 10°cm™ were reached by one-photon excita-
to nonclassical statistids® Recently, even older results have tion above the band gap, thus creating free carriers that effi-
been doubted because a well-known exciton loss mechanisrﬁ'e'gtly [e3comb|ne to excitons. Even higher densities up to
namely, the Auger recombination, was found to be two or-0 C¢m ~ were obtained using two-photon absorption of a
ders of magnitude stronger than previously assuhfest terawatt infrared laser pulse at half the 1s exciton resonance
very high densities of excitor@round 167 cm3), this pro-  €Nergy, thus creating a cold exciton population nea®.

cess tends to limit the exciton density to values well below Th€ propagation of excitons through a quasi-one-
the critical BEC threshold. dimensional sample was studied and modeled in the diffusive

The most promising experimental technique for Conden_approximation. While no indications for nondiffusive trans-

sation studies is the analysis of exciton transport. At excito ort were found, we were ab_le to fit valu_es_, for exciton life
. . . fime and the Auger recombination coefficient which show
densities above the condensation threshold, a change in tie L X
. - e that Auger recombination is several orders of magnitude
propagation characteristics from diffusive transport to a bal;

I : ) : . lower than previously assumed.
listic regime has been reportédVhile the interpretation of a It is important to bear in mind that the absolute value of

ballistic transpo_rt_as a Sig” of su_perflu_idity and thus BEC hag;,q Auger coefficient depends linearly on the initial exciton
been doubted, it is certainly an incentive for further researclaensity estimation. As a consequence, special attention has to

ir}tto th(la trznsport properties of a dense nonhomogeneous e paid to the reliability of the exciton density evaluation.
citon cloud.

In the present paper, we measure the density of excitons
as a function of space and time using a previously developed Il. EXPERIMENTAL SETUP
all-optical detection method. This method relies on the fact
that a high density of 1s excitons leads to a change in the
absorption spectrum of GO in the spectral range of thep For pump-probe-type experiments with one-photon exci-
exciton stateS. The relevant processes are exciton-excitontation, excitons were created using a nitrogen-laser pumped
scattering and Coulomb screening by a polarizable excitonye laser at 560 nm with a pulse duration of 5 ns. The maxi-
gas. While no detailed theory of these processes has beemum excitation intensity was 20 MW/émAssuming an ex-
developed, it is assumed that the two species of 1s excitonsiton formation efficiency of one exciton per absorbed pho-
namely, orthoexcitons and paraexcitons, are indistinguishton and a penetration depth of 38n, the maximum exciton
able in this setup and contribute equally to the absorptiomlensity isny=8xX 10'° cm 3. During the short duration of
change. This statement is correct for Coulomb screeninghe exciting laser pulse, spontaneous recombination of single
There might be some spin dependence in Pauli blocking; bugxcitons cannot significantly reduce the total number of par-
since excitons in G0 are small §5~0.7 nm) and because ticles. The postulated high values of the Auger recombina-
we deal with a three-dimensional case, the second contribdion coefficient would lead to an effective exciton lifetime
tion to screening is much smaller than the first ¢see e.g. that is much shorter than the laser pulse; this possibility can
Ref. 10 and references thergin be ruled out by the results from the two-photon excitation

The exact functional relation between the change in abexperiments that used a pulse duration of only 100 fs. Fur-

A. One-photon excitation
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thermore, it would be completely impossible to explain the 100 pm
existence of sufficient exciton densities to produce signifi- s
cant bleaching even after 1 ms as shown later. {

As for surface recombination, assuming an exciton diffu- g
sion velocity below 18 cm/s, only those excitons created in
a volume extending Sum below the sample surface can
reach the surface during the laser pulse. Even if surface re
combination were arbitrarily fast, the maximum error in ini-
tial exciton density does not exceed 20%.

The probe beam was the spontaneous emission of a dy 4
cuvette that was quenched to about 3 ns length and opticallyyised pump laser
delayed to arrive during the pump pulse. The sample was a
polished CyO platelet of 50um thickness on a sapphire FIG. 1. Experimental setup for the transport measurements.
support. It was cooled in a liquid heliutbHe) exchange gas
cryostat. The platelet was cut from the same naturally growigreated in the sample volume between depthandx, mea-
Cu,0 single crystal as all subsequent samples. This sampRured from the surface, thus neglecting the regions near the
was selected by the linear absorption spectrum, showing theurface where loss mechanisms might intervene, results from
np exciton series up to the=9 state. Even though the an integration of Eq(2) to
sample was glued to a sapphire support, no strain-induced 5
effects such as line shift or increased 1s absorption were Ny = Tpuisé3|o
observed. X haw(1+ Bloxy) (1+ BloXy)

w probe beam (monochrome)

()

wherefiw;=2.033eV is the energy of the resonantly created

excitons andr, s is the pump-laser pulse duration. For our
Experiments using a two-photon excited exciton popula-density evaluations, we used values »f=1 um and

tion were performed in the ENSTA in Palaised@rance. A  x,=49 um, thus neglecting the influence of the volume

three-stage optical parametrical amplifi@PA) was pumped  within 1 um from the sample surface. The two-photon ab-

by 30 fs, 100uJ, 800 nm pulses from the second stage of asorption coefficient has been estimated from the infrared

chirped-pulse amplification laser system. The OPA was tunegump-laser transmission =0.001 cm/MW.

to a central wavelength of 1270 nm and delivered pulses of In order to rule out any possible oversight of Auger

40 uJ pulse energy and a duration of 100 fs at a repetitiorrecombination, the differential absorption spectrum was

rate of 10 Hz. These pulses were split into two counterproparecorded with a time-delayed probe pulse up to 15 ps after

gating beams and circularly polarized. Optical delay lineshe exciton creation. During this time, no significant de-

were used to guarantee simultaneous incidence of botbay of the induced absorption was detectable. Assuming a

pulses on the sample surface. worst-case error of one order of magnitude, this observation
Part of the 800 nm stray light from the OPA was focusedalone gives an upper limit for the Auger coefficient of

inside a 3 mmSuprasil glass in order to create a short whiteA=10"1" cm®/ns.

light continuum. It was transmitted through the excited

sample volume under a small angle and collected onto the C. Transport measurements

entrance slit of a grating spectrometer.
The sample was a chemically polished free platelet with For the transport measurements, a long crystal rod was

50 um thickness held at eithéf=2 K or 6 K in LHe ex- prepared with a square cross section of 100 side length
change gas and a length of about 3 mm. The rod was glued to a sapphire

Assuming an exciton formation efficiency of one exciton support. The pump laser was focused onto the polished abut-

per two absorbed photons, the exciton density can be cafi-ng face. The probe beam was a weak continuous-wewg

culated from the differential equation for two-photon ab—dye laser beam trar)smltted perpendlcqlarly through_ the
sample at a variable distance from the excited surface. Figure

B. Two-photon excitation

sorption 1 gives a schematic of the experimental idea. The sample
di was held at various temperatures betw@eK and 30 K in a
= A 2, (1)  LHe exchange gas cryostat.

The pump laser was an excimer laser pumped dye laser
Neglecting the one-photon absorptiarin the infrared spec- With 10 ns pulse duration at a wavelength of 555 nm. Typical

tral range, the solution of Eq1) is excitation intensities reached 30 MW/ém
The probe laser was an argon-ion laser pumped tunable
lo cw dye laser. It was tuned to several wavelengths in the
1(x)= 1+—ﬂ|o><’ () spectral range of thap excitons and was filtered to an in-

tensity well below the mean pump-laser intensity.
where |4 is the incident intensity. At a laser-pulse energy It has to be noted that in this particular sample geometry,
of 20 wJ in 100 fs and a spot diameter of 0.1 miy, the effect of an increased surface recombination cannot be
=2.5x10'? W/cn?. The average density of the 1s excitons distinguished from a merely intrinsic recombination, because
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n, em®) lifetime and Auger recombination. At=0, ny(0,0)=10"° cm 3

_ o at the excited surface andy=0 in the volume. Simulation
FIG. 2. Fit of Eq.(4) to the 2p-5p exciton lines, for one-photon parameters: exciton  lifetimery=100us, Auger coefficient
experiments with an effective pumped thickness ofi@8. The 5p  A=2x10"23 cmd/ns, diffusion coefficienD =20 cn¥/s.
line is in saturation for almost all densities; its lower value is due to
the lower oscillation strength of the 5p exciton line. terval not exceeding a factor of 2. The one- and two-photon
] o excitation experiments are independent. Especially the sec-
the exciton detection integrates over the complete cross segpg kind produces volume excitation with only marginal in-
tion of the crystal rod. Since we find a total exciton lifetime fiyence of surface recombination, and negligible Auger re-
of up to several milliseconds, we can safely neglect thigompination even if one assumes the highest postulated

eventual contribution. values of the Auger coefficient. Therefore the absolute values
of the exciton density are correct within half an order of
I1l. EXCITON DENSITY CALIBRATION magnitude.

The differential absorption trally intearated ; The critical or Mott densit)nf:”) for the differentnp lines
ihe ditierential absorption was spectrally integrated ovety expected to be related to the radajsof the np excitons
variousnp exciton lines and plotted against 1s exciton den'following
sity. The resulting curves as shown in Fig. 2 for a @&

sample fit very well to a phenomenological description of the

3 -3
form nM=a, %=|ag 2nz—l) (5
a . . .
(Aad)iy(ny) = S — (4) Here,ag is the Bohr radius of thap excitons, and the rela-
1+nc/ny tion betweera,, andag holds for hydrogenlike p states.
whereny is the 1s exciton density, is a critical density for ”o
. . . . 14 .
the respectivenp exciton resonance, araj. is a saturation 8.0 oo 1
parameter. One- and two-photon excitation experiments give  ,, l:- 0.9
good agreement for the critical densities, within an error in- (R SR S U 1.5 (0.8
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FIG. 5. Differential absorption as a function of time for
T=2 K (left) and T=30 K (right). The curves for different dis-

10 2 3 4‘1 5 é tance from the excited surface as given in the gilotmm) are set
quantum number off vertically for clarity. The minimum of differential absorption
shifts to later times with increasing distance and broadens consid-
FIG. 3. Fit of the critical densityl(cn) forn=2,...,6 toaMott erably. At T=2 K, the propagation is noticeably fast@rote the
criterion. different scales on the absci$sa
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FIG. 6. Comparison of experimental data and numerical simu- FIG. 8. Same comparison as in Fig. 6 fb=6 K. Simulation
lation at T=30 K. Simulation parameters we@=0.5 cnf/s, A  parameter =20 cnt/s, A=10"** cm’/ns, andr=150 us.
=10 2% cn/ns, andr=2 ms. The respective distangef the de-
tection (probe spot to the excited surface is given in the plots.  losses lead to a termni. Additional surface recombination
has been neglected for the reasons cited above. The resulting
A fit of this equation(Fig. 3) yieldsag=1.7(2) nm and complete differential equation reads
ncocagz. The value ofag agrees reasonably with the ac-
cepted value of 1.1 nm for p-type excitons. This fit represents ang D Ny ke AR 7
another independent verification of our exciton density esti- Tt D 2 T A ™
mate within a factor of 4.
The solution of Eq. 7 is plotted in Fig. 4 for typical param-

IV. TRANSPORT EXPERIMENTS eters.
A. Numerical simulation of diffusion B. Experimental results
_The diffusive propagation of excitons can be described Figure 5 gives the differential absorption as a function of
with a diffusion equation of the form time at different distances from the excited surface Tat
=2 K (left) and T=30 K (right). The probe laser was tuned
any 9Ny to Aw=2.1677 eV in the 4p resonance. Exciton transport
ot —DTXZ , (6) over distances up to 0.8 mm at 30 K and 1.2 mn2 & is

clearly visible. The propagation is faster by about an order of

whereD is the diffusion coefficient. This equation assumesmagnitude aff =2 K. _ _ _

that the mean free path of the excitons is short in comparison BY comparing the experimental results with the simula-
with the volume of the crystal, and that the diffusion coeffi- tion of diffusive transport, the exciton lifetime as well as the
cientD is independent from the density. In a superfluid con-diffusion and Auger coefficients can be determined. The cali-

densate, these approximations are expected to break dowriration function[inverse of Eq.(4)] is applied to the mea-
Additionally, a finite exciton lifetime leads to losses fol- Sured differential absorption for different distanoesyield-

lowing k,ny (Wherekf:rx is the exciton lifetimg Auger mg_the time_—resolved excitor_1 densityy(t). The initial
exciton densityny(x=0t=0) is calculated from the ab-
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FIG. 7. Same comparison as in Fig. 6 fo= 15 K. Simula- FIG. 9. Same comparison as in Fig. 6 fbr=2 K. Simulation
tion parametersD =8 cn?/s, A=10 2 cm?/ns, andr=3 ms. parameter® =40 cnf/s, A=5X 10 2 cm?/ns, andr=150 us.
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sorbed pump energy as justified by the investigations in Sediciency of 1 which was previously reported by several
Il above. A first guess of the excitonic lifetime can be  groups!®!’ The known exciton dynamics does not propose
obtained as an exponential fit to the density decrease at largy other efficient recombination channel for free carriers
timest. The diffusion coefficienD influences prominently pesides exciton formation and relaxatidn.
the arrival time of the maximum for large distancesand Our measurements give clear evidence that Auger recom-
the Auger coefficienfA has a pronounced effect only on the pination is a negligible exciton loss mechanism even at den-
high densities observed at small distan@nd small times.  sjties in the 18 cm™2 range. The orthoexciton loss observed
Figures 6-9 compare the fitted simulations to experimenyy |yminescence is explained by conversion into the paraex-

tal data for four different temperatures. Simulation param-iion state. It seems reasonable that a small and electrically
eters have been chosen so as to fit the set of all distanc

fRutral particle like the 1s exciton, not even having a dipole
equally well. It is observed that the diffusion constant in- P ! g P

i . rﬂoment, shows a very small Auger scattering rate. This re-
creases as expected with decreasing temperature, whereas gu‘l?t is in accordance with recent work by Denev and

Auger recombination has only little influence for all tem- 19
; o noke.
peratures. The exciton lifetime decreases by an order of mag- . . .
A further ortho-para relaxation mechanism is phonon

nitude at low temperature comparedTe 30 K. o . S ;
P P emissiort®2! Since phonons do not primarily interact with

the spin this process is relatively slow. Therefore it may
V. DISCUSSION dominate at low densities, while the spin-exchange process

The agreement between experimental data and calculatt%fpends on the square of the exciton density and should

e 2T : erefore dominate at high densities.

diffusion in Figs. 6—9 is equally good for all temperatures. The ob d iton lifeti h litativel d
The reported diffusion coefficient is lower by about an order € observed exciton Tleime Shows qualitatively good.
of magnitude than the accepted valtid@he temperature de- agreement W_'th the temperature depgndencze and t'he mini-
pendence nearly agrees with the repoffed”? behavior. An UM in luminescence quantum efficierfy? The life-
effective exciton temperature higher than the lattice temperdiMme change follows the temperature dependence of the
ture cannot explain this difference because excitons ar@fthoexciton-paraexciton conversion. At low temperature,
known to thermalize on a nanosecond time scale with théhe conversion from ortho- to paraexciton is frozen; the gen-
lattice. Moreover, the relative difference between the latticeerated excitons predominantly remain in the orthoexciton
and exciton temperatures should diminish with increasingtate and decay with the orthoexciton lifetime. At higher
temperature. Possible reasons for the discrepancy of the atgmperature around 15 K, orthoexciton to paraexciton down-
solute values might be nonspecular scattering of excitons aonversion is efficient, and the observed lifetime is the
the sample surfaces or strain-induced TA-phonon scatparaexciton lifetime. At still higher temperatures of 30 K and
tering* more, thermal paraexciton to orthoexciton up-conversion

The value of the Auger coefficiertis smaller by several opens an additional recombination channel for the paraexci-
orders of magnitude than both the previously accepted valumns, which leads to a slightly reduced lifetime.
of A=10 ¥ cm’/ns (Refs. 12,13 and the value reported From our data, no deviation from classical transport can
by Wolfe et al.”® of A=10"1¢ cm®/ns. Recent calculatiols  be inferred, even though dt=2 K the exciton density ex-
show that the Auger recombination rate should indeed beceeds the critical density for BEC of an ideal gas, which is
come negligible given a long paraexciton lifetime. The domi-ny=10" cm™ 3 for paraexcitons. Other groups have reported
nant loss process for orthoexcitons is thus not exciton annia characteristic change in transport properties for comparable
hilation by energy transfer to another exciton, but ratherexcitation condition$-3?*=2*The low value of the diffusion
conversion of two orthoexcitons into two paraexcitons bycoefficient raises the suspicion that the sample was slightly
particle exchange. This process conserves the total numbstrained, which might inhibit the formation of a condensate.
of excitons but decreases the orthoexciton number and thus The lack of the observation of nonclassical propagation in
the photoluminescence intensity. It is favored by the fact thabur experiments could also be explained by a certain fraction
the ortho-para splitting is close to an LO-phonon energy anaf excitons in a fast-moving condensate which crosses the
that a biexciton state with vanishing binding enérgsnay  detection spot within a few hundreds of nanoseconds, too
act as a virtual, resonant intermediate level. fast for our detection system to resolve. The simulations in

A high value of A would lead to an almost instantaneous Figs. 6—9, however, seem to account for all created excitons.
density drop, given the observed densities; assumindf the eventual condensate comprises only part of the created
A=10" cm’/ns, at a density ohy=10" cm 2 the initial  excitons, uncertainties in the absolute density calibration
effective lifetime would be 1 ns only, contrary to our obser-could overestimate the density in the remaining diffusive
vations. As noted before, the fit value Afscales with the cloud, covering the fact that a large fraction of the created
absolute exciton density. Thus, the maximal uncertainty oexcitons are missing. Current estimates of the condensate
the absolute exciton density of a factor of 4 limits the errorfraction are of a few percet:?’
of A to the same factor of 4, incommensurable with the de- Another possibility is that excitons in a Bose condensed
viation of several orders of magnitude with respect to earliestate might no longer contribute to screening. It is, however,
estimates. The correct order of magnitude of the exciton demot obvious from first principles whether a condensate
sity was verified by the Mott fitFig. 3. should be more or less efficient in screening compared to a

The density calibration assumed an exciton formation efclassical gag®
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VI. CONCLUSIONS The Auger coefficient has been demonstrated to be con-
iderably smaller than previously reported. In particular, we
ind exciton lifetimes ofr=150 us atT=2 K and at densi-
ies around 18 cm™3; at T=15 K, the exciton lifetime

reachesr=3 ms.

Our measurements give no indication of a nonclassic
superfluid transport, even under excitation conditions wher
other groups reported ballistic transport. It is possible tha
fast ballistic transport of only part of the created excitons
remains invisible in our experiments, with the noncondensate
fraction showing classical diffusive transport. An increase of
the pump power and an improved detection system could We thank Dr. G. Kavoulakis for very fruitful discussions
reveal the existence of this ballistic part. A comparison of theand Prof. Dr. A. Mysyrowicz for critical and stimulating dis-
optical measurements as shown here and the electrical onegssions and for allowing us to access the laser infrastructure
of Refs. 1-3 on one and the same sample are planned aid Palaiseau. A.J. acknowledges financial support by the
will give decisive evidence of the nature of the transpbrt. Deutsche Forschungsgemeinschatt.
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