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Nonlinear paraexciton kinetics in a potential trap in Cu,O under two-photon
resonance excitation
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The nonlinear kinetics of paraexcitons confined in a harmonic trap pOds examined by analyzing
emission spectra under two-photon excitation of orthoexcitons as a function of the excitation power density.
Strong saturation has been observed in paraexciton density without saturation of orthoexciton density. This
indicates the occurrence of two-body collision that works as evaporative cooling process in the trap. We also
show evidence for the direct creation of cold paraexcitons by a two-photon resonance excitation.
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[. INTRODUCTION behavior of the paraexcitons in a trap, i.e., the possibility of
their evaporative cooling. Additionally we show a demon-
The exciton, or bound electron-hole pair, in the semicon-stration of the two-photon resonance excitation of paraexci-
ductor CyO has long been considered as a promising cantons in the trap.
didate for realizing excitonic Bose-Einstein condensation,
due to large(150 meV binding energy, no formation of an
electron-hole droplet or exciton molecule, and the long life- Il. EXPERIMENT
time derived from the forbidden band gapiowever, one . ) )
serious factor that prevents the system from undergoing a A harmonic potential trap was produced by inhomoge-

phase transition is the decrease of density due to diffusion df€0US stress applied to the fLucrystal, as we published

the excitons. To overcome this difficulty, a scheme of three £lsewhere. The magnitude of the stress at the trap bottom

dimensional confinement of the excitons can be introduced@S 2.6 or 2.8 kbar. The stress axis was chosen to be along
It is realized by using a potential trap produced by inhomol110] crystal axis, so as to maximize the paraexciton recom-
geneous straifr® bination rate. An infrared beam of 12 ns duration from a LiF:

More accurately, an electron-hole exchange interactioff°!0r center lasefSolar, CF15p was directed to one side
splits then=1 exciton state into the spin-singlet orthoexci- (110 face of the sample to resonantly excite orthoexcitons or

ton and the spin-triplet paraexciton, with the paraexciton ly-Paraexcitons in the trap. The emission was observed by a

ing lower in energy. The orthoexcitons recombine in a nanocharge-coupled devictCCD) camera(Wright Instruments,

second time scale by a quadrupole transition, whereaQ Andor DU42Q through a monochromatadobin Yvon
paraexcitons have a lifetime as long as submicroseconds fg1R1500, or Jasco CT25Trrom the other(110 face. Al
tens of microseconds because their direct recombination is 1€ SPectra were taken in time-integrated regime.
forbidden to all orders.

Recently, we have succeeded in loading a potential trap
with paraexcitons using downconversion of orthoexcitons Ill. RESULTS AND DISCUSSION

generated by two-photon resonance excitati@ne advan- Displayed in Fig. 1 are emission spectra of the excitons

tage of this method is the capability of injecting excitons at..ootad at a rim of the trap with various excitation power

any location i'.q the trap. Thi_s seleptivg character engbles Prensities with bath temperature of 2 K. The energy corre-
cise observation of the exciton kinetics in the trap in Spat'aggonding to the trap bottom for the paraexcitons is indicated

and spectral domains. Second, the stress in the trap makB p -
. A ’ : . The energy for the orthoexciton trap bottom locates
the direct recombination of paraexcitons weakly allowed to > ot %y b

H (o] —

provide information on the exciton kinetics through the out of this spectral range abp,,=2.028 eV. The two-
emission spectrum. Theoretically, it is also possible to diPPhoton excitation energy was fixed aty,n;=2.031 eV,
rectly excite paraexcitons under stress by two-photorfiPout 2.7 meV(31 K) abovewy,,. The orthoexcitons are
resonancé, which had never been verified experimentally créated ak~0 in momentum space and spatially at a rim of
though. If this new excitation method is demonstrated, thdhe trap, as schematically shown by the inset. They recom-
directly created paraexcitons should be more suited to thBin€ with and without assistance of phonons having almost
study toward Bose condensation than the orthoexcitonflat dispersion(see the right insgt Here we focus on the
paraexciton system generated via downconversion of thkatter or phonon-assisted emission, which reflects the exciton
orthoexcitons. distribution in the momentum space. The sharp peak at

In this paper, we report saturation of paraexciton densityug;mpz wgump— ®phononin the spectrum corresponds to the
versus excitation power density, which suggests new kinetiphonon-assisted emission of orthoexcitonskof 0 at the
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FIG. 2. Emission spectra under two-photon resonance excitation
of orthoexcitons at the trap bottom. Inset: emission intensity vs
excitation density. Solid squares for orthoexcitons and open squares
3.1 6.0 for paraexcitons. The solid curves show results of calculation ex-
plained in the text.

5.0 7.6

1.6 5.1
0 that there is no upconversion of paraexcitons to orthoexci-
T tons at the trap bottom, because no signal is observed at
2.012 2.016 2.020 2.024 wg;m_
Photon Energy (eV) Interestingly, clear difference is seen in the spectral shape

f the paraexciton recombination line under different excita-
lon densities. This suggests that paraexcitons distribute in

ties. Orthoexcitons are created at a rim of the trap with maximumthe tr_ap in a different way dependlng on the exc'ta“or? power
stress of 2.6 kbar, by two-photon resonance excitatiag,, and _den5|ty. As the system is notin complet_e th_ermal equilibrium
denote the exciton energies at the trap bottom and the pumy! 2Ny case, we cannot define the excitonic temperature. In-
spot, respectivelyw°'=w°—wphonon corresponds to the edge of stead, the mean kinetic energy of the exciton systep,

the phonon-assisted band of the orthoexcitons. Left inset: schematic / AE(E)E/JdEI(E) can be a measure of the degree of

illustration of a harmonic potential trap. Right inset: momentum-thermalization, where is the energy measured from the

energy diagram for exciton recombination process at the pump spoQOtential bottom andi(E) is the observed Sp_e'Ct_rE" shape. We
find that E,;, ranges from 5 to 10 K as indicated in the

- figure.
pump spot, where,pono=13.6 meV is the phonon energy. . .
The high-energy tail is due to orthoexcitons at the same lo- This result shows that the excitons cool down toward the

cation but those thermally populating in momentum SpaceIatt|ce more efficiently in lower excitation density than in the

The peak aw?},, ., indicates paraexcitons formed by down- hlgh_er one. Compe_tmg W'th this cooling process, howe_ver,
. pump i . ._heating occurs at high density presumably due to some inter-
conversion of the orthoexcitons at the pump spot. This emis:

sion line is due to directi.e., no phonon-assistdecombi- action (e.g., collision$ between two excitons. This process

nation of paraexcitons, which becomes allowed under stresg be, in principle, described by a Boltzmann equation

in the trap. This process colledts—0 paraexcitons onlv. but including exciton relaxation in real, momentum, and energy
P  Pro P ; Y spaces, but we choose to examine the two-body process in a
reflects the excitonic temperature when the excitons are con- L . . .
. . X simpler situation by selectively creating excitons at the trap
fined in a tragf as will be seen below. CPottom
Both orthpexcnpns and paraexcitons are driven towar Figure 2 shows spectra taken under resonance excitation
lower potential regions by motive force caused by the poten-

. : . at the trap bottomd,m,= @per) » With the excitation power
tial gradient’ This appears as broad features markedAby densityl changed as shown at the left. The spectral shape of

andB below wp,mpandwp,mp, respectively. The low-energy the direct recombination line of paraexcitons is agaite-
edge of B agrees with the paraexciton energy at the trappendent, but no anomalous peakich as that seen in Fig) 1
bottom,w/gmt, whereas the peak éfoccurs relatively higher a5 observed abl.... Therefore, the system is expected to
abovewy = wp o~ ®phonon- ThiS Means that paraexcitons be close to the thermal equilibrium in this case. In fact, the
reach to the trap bottom while orthoexcitons of the shortspectral shape fits to a Maxwell-Boltzmann distribution func-
lifetime decay on the way. Another important point to note istion (assuming thermal equilibrium multiplied by the

FIG. 1. Spectra of orthoexciton phonon-assisted emission an
paraexcitons direct emissiort 2 K with various excitation densi-

@pump
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density of state in a harmonic potential t&p(r) = ar?, No=Gop=1.4% 108x B (1/10 mW)2, (4)

I(E)tdriarlgct:f drS(E— ar?)e—E/kT where g is the two-photon absorption efficiency, and

o \[Ee Fle, (1) Ny Np_2nely (5)
ot Tp Q

wherea represents the force constant of the trap and is typi-
cally 20 meV/mmi for paraexcitons in our experiments. The for paraexcitons, where a,.=(1—7%/2)a=0.8
fit to Eq. (1) gives the temperatur@;;, attached to each x10 7 cm’/s is thenetAuger constant including paraexci-
spectrum. The higher the excitation density becomes, theon rebinding efficiencyy.!! The solution to Eq(5) is ob-
higher the temperature rises. Nevertheless, the system iained as
colder than the cases shown in Fig. 1, for which we obtained

Blan=2, K- Np(0)e V7
Solid and open squares in the inset are spectrally inte- t)= p , (6)
grated intensity of the orthoexciton and paraexciton signals, P 1+(anet/Q)Np(0)rp(l—e‘”Tp)

as a function ofl. For paraexcitons, the temperature-

depgndent fraction of excitons ozccuEp/)&/i?g the-0 state  with initial paraexciton numbeN ,(0)= N, given by Eq.(4).

relative to the total number{/dEEe”~"&") has been cor- Since we measured spectra in time-integrated regime, the

rected usingr = Ty;; . Therefore, the plotted values representtime integration of Np(t), (Q/anedIN[1+a,Ny(0)7,/Q]

total number of excitons of respective species in the trap, ighould be compared with the experimental data.

relative scales. The orthoexciton numiés shows a qua- The solid curves in the inset are calculated results with

dratic dependence as is expected for the two-photon excitdd =3x 106 cm® assuming no expansion of the exciton

tion process. On the other hand, the paraexciton nuier cloud at early times during which the two-body process is

is sublinear td. dominant!? The absorption was evaluated to be 0.1% (
Similar saturation in paraexciton density has been well=10"%) over the well for an incidence power of 10 mW. The

known in the one-photon excitation regifiéthe coupled  calculation reproduces the data quite successfully. Our rough

rate equations estimate of the density,’610"%cm?, at early times is about
1/30 of the critical density for condensation at 2 K.
dNg N, aNf, If one-half of the paraexcitons taking part in the two-body
TR ;p*‘ 20" ) collision are all ionized, they should rebind into orthoexci-

tons with some probability by spin randomization. This is not
the case of our observatigin). Alternatively, there can be an
_ p 3) elastic collision without ionization in which one paraexciton
Nt T T goes across the trapping wall 6f17 K with carrying away

the kinetic energy from the other paraexciton cooled and left
account for this behavior, whef@ is the generation rat€) in the trap. The hot paraexcitons away from the trap cannot
is the effective volume of the exciton cloud, ang,=3 ns  emit light due to the forbidden nature under zero stress and
is the downconversion rate which dominates the orthoexcitomimic the nonradiative Auger loss anethJ/Q, This process
decay at low temperaturésThe paraexciton lifetime, has  certainly reduces the temperature of trapped excitons like the
been measured as 0/@s in our trap The nonlinear terms  evaporative cooling process, but does not account for the
of N, stand for theAuger process in which two paraexci- density-dependent heating. If a very small fraction of collid-
tons collide, one recombines liberating the band gap energing paraexcitons release band gap energies by their nonradi-
with the other being ionized and then rebinding into anative recombination and if the energies are shed to the rest of
orthoexciton. paraexcitons, one decaying paraexciton can warm up a large

However, situations here are quite different from those imumber of paraexcitons to the rim of the trap, causing the
one-photon regime in the following point§) no saturation density-dependent heating. Therefore, the system tempera-
in orthoexciton intensity is seeriji) no upconversion of ture is most likely to be determined by the competition be-
paraexcitons into orthoexcitons occurs, diid) the excita-  tween this heating and cooling by elastic collision without
tion is not cwt° ionization.

In order to reproduce the observed phenom@nand(ii), The mechanism of the downconversion of the orthoexci-
we should remove the rebinding termaNS/ZQ in Eq.(2).  tons to paraexcitons has not been fully clarified, but it seems
Then considering the duration of the laser pulse, which ighat emission of acoustic phonons is involved in the process.
comparable tor,, but much shorter tham,, we separately Due to the energy-momentum conservation during the con-
use the Egs.2) and (3) for different temporal ranges. version process, the kinetic energy of paraexcitons becomes
Namely, we assume a steady-state condition for orthoexcifinite. On the other hand, if one could generate paraexcitons
tons during the laser pulse and have a transient equation falirectly using the paraexciton resonance, the initial kinetic
paraexcitons after the laser pulse. This leads to quadratienergy of the paraexcitons is close to zero. The difference in
dependence of the orthoexciton number the kinetic energy may affect the two-body collision rate
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This means that no real orthoexcitons exist in the trap and
that the exciton system consists @hly paraexcitons. The
- T o 1 two-photon resonance Raman scattering of paraexcitons is
5 F Fa o] unlikely because it is a higher order process.
3 (e gt In addition to the paraexciton emission line, we observed
=t 1 more or less peak ateZ as marked by solid dots. The inten-
R sity of this peak for the excitation below the orthoexciton
Detuning-(meV) resonance is four orders of magnitude weaker than that for
” o the orthoexciton resonance excitation. When the stress is re-
@ Opott Dpott moved, the paraexciton emission line disappears while this
f= 3 peak remains. From these facts, we attribute this peak to be
> phonon off-resonant SHG scattering associated with the orthoexci-
2 tons.
A Under the excitation close to the paraexciton resonance
= (2w;=2.020 eV), this scattering component overlaps the
a . paraexciton emission line. The inset in Fig. 3 shows the in-
. o 20 (eV) . . ot
PC_.’ tensity of the peak as a function of the two-photon excitation
= 2028 energy in this region. The base line is due to the scattering
i A 5005 component at 2>i_, Which_ is not spectrally distinguished
A 5055 from the paraexciton luminescence near the resonance. We
] i > 005 have found a slight resonance @f,,,. The observed en-
s 2021 hancement is about factor of 2.
A 2020 We also measured the incident power dependence of the
- A 2015 paraexciton emission intensity. It showed no saturation in our
. 015 excitation range. This can be due to the quench of the two-
0 body interaction at low density. Namely, because of the 1/10
| 1 1 | 1 . . . .
201 02 203 204 paraexciton density of that in the orthoexciton resonance ex

Photon Energy (V) citation, the t\_/vo—body collision merely occurs qnd quadrfatic

dependence is brought about, as seen in the inset of Fig. 2.
o ) ) . Nevertheless, there still be a possibility that the two-body

FIG. 3. Emission spectra of orthoexcitons and paraexcitons in g o 41ing is suppressed under this novel excitation regime. For
trap with maximum stress of 2.8 kbar. The two-photon excnatlonthe production of a large number of paraexcitons by the two-

energy was changed from orthoexciton to paraexciton resonanﬁ?)hoton resonance, another external perturbation such as a

Inset: paraexciton emission intensity as a function of detuning fro . I .
p , ) magnetic or electric field may be necessary to increase the
o - The dotted curve is to guide the eye only. o o
two-photon transition probability.

although the Auger process is to be independent of the exci-

ton kine_tic en_erg)]/.3 Fur_ther_mor_e, the selective Crgation of IV. CONCLUSION
paraexcitons is appealing in view of the separation of the . . o . )
para-para collisions from ortho-para or ortho-ortho colli- We examined nonlinear kinetics of paraexcitons in a trap

sions, which is difficult in the exciton gas with a mixture of by analyzing density-dependent emission spectra under two-
the different Spin states and may provide new information or’photon excitation of orthoexcitons. When the orthoexcitons
the paraexciton collisional interaction. In order to examine@re created selectively at the trap bottom, the paraexciton
this possibility, we measured emission spectra with variouéemperature is lower than the case of injection at the rim.
tWO_photon excitation energieguz ranging from orthoexci- However, the temperature is raised under strong excitation.
ton resonance to paraexciton resonance. The spectral resofyccording to our interpretation, heating by the usual Auger
tion was lowered so as to detect the weak signals. process and evaporative cooling procésghout ionizatior)
Figure 3 shows emission spectra thus obtained. The strorgPMmpete in the trap. Furthermore, as a new excitation method
peak at 2.028 eV under the resonance excitation of th€f cold paraexcitons, we have observed two-photon reso-
orthoexcitons (2;=2.028 eV) is the direct emission line of Nance to paraexcitons.
the orthoexcitons at the trap bottom. The phonon-assisted

band also appears neax‘g;n, showing the presence of the
real orthoexcitons. Paraexcitons are generated through the
downconversion of the orthoexcitons, and their direct emis- We would like to thank K. Tomihisa and T. Saké&kokyo
sion line appears abp;,- Instruments, Ing.for the use of the Andor CCD camera. This

A striking feature was found under the excitation belowwork was partially supported by The Mitsubishi Foundation
the orthoexciton resonance ¢2<2.025 eV): the phonon- for Scientific Researches and a grand-in-aid for scientific re-
assisted band of the orthoexcitons was not observed whereasarch from The Ministry of Education, Science and Culture,
the paraexciton line appeared with considerable intensityapan.
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