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Two-photon diagnostics of stress-induced exciton traps and loading of 1s-yellow excitons
in Cu2O

N. Naka and N. Nagasawa
Department of Physics, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japa

~Received 29 June 2001; published 31 January 2002!

Two-photon spectroscopy is applied to stress-induced exciton traps for 1s yellow excitons in Cu2O crystals
at 1.6 K. The resonance emission lines associated with orthoexcitons and paraexcitons are used to measure the
shape and depth of the traps for respective species of excitons. The luminescence from paraexcitons shows
well-resolved structure suggesting their drift motion toward the bottom of the trap. The transit time of the drift
is evaluated to be 0.2ms from the peak energy of the structure. This value is comparable to the decay time of
paraexciton luminescence of 0.3ms under 2.4 kbar stress measured by time-resolved spectroscopy. The decay
time under the stress is slightly shorter than that with zero stress (0.6ms), but is enough to establish the
cooling of the paraexciton system.
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I. INTRODUCTION

Since Bose-Einstein condensation~BEC! of excitonic sys-
tems in semiconductors has been proposed, many ex
mental efforts have been devoted to the realization. One
tractive approach is that to make a stress-induced exc
trap in order to capture the excitons, preventing the den
decrease due to the diffusion before the system reaches t
BEC phase. This approach has been tried in Cu2O ~Refs.
1–3! to find some definite signals indicating the exciton
BEC generation at the center of the trap as actually obse
in atomic systems.

Usually, the excitons are loaded in a trap through
dipole-allowed phonon-assisted one-photon absorp
process.1–3 In this case, excess heating due to phonons g
erated simultaneously with excitons may become an esse
factor that prevents the realization of the BEC. We consi
that the heating might be minimized by two-photon loadi
of excitons in the trap.

The above is our motivation of the present work, but t
two-photon excitation has an additional advantage that th
dimensional diagnostics of the trap itself is possible in h
spatial resolution. This is owing to~1! the spatial change o
the two-photon resonance energy of 1s yellow excitons re-
flecting the distribution of the inhomogeneous stress,~2! the
sharpness of the resonance, and~3! the increase of the spatia
resolution by the nonlinearity in degenerate two-photon
citation regime. In the one-photon excitation scheme, on
other hand, the diagnostics is restricted to one-dimens
along the stress and the spatial resolution is lowered, b
because of the continuum absorption of the phonon-ass
band.

We have reported luminescence of orthoexcitons in a t
dimensionally~2D! confined 1D shallow exciton trap unde
two-photon excitation.4 The results suggest that the tempe
ture of the orthoexciton system is kept low when the excito
are directly created at the center of the trap. In this paper
present the experimental results on the paraexcitons in a
confined exciton trap of deeper depth, in order to exam
the feasibility of the two-photon loading scheme for the e
citonic BEC.
0163-1829/2002/65~7!/075209~5!/$20.00 65 0752
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II. EXPERIMENT

The sample was cut from a naturally grown single crys
of Cu2O. The surfaces were oriented along~001!, ~110!, and

(11̄0) crystallographic planes. The orientation was co
firmed by measured polarization characteristics inheren
the two-photon absorption of the orthoexcitons.5

In the present experiment, the primary stress axis w
chosen to be parallel to the@110# crystal axis. In this con-
figuration, the green-orthoexciton states ofG3

1 andG4
1 sym-

metry mix to the yellow paraexcitons ofG2
1 symmetry. On

the other hand, eitherG3
1 or G4

1 state mixes to the paraexc
tons, depending on whether the applied stress is along@100#
or @111#.6 The paraexciton lifetime is expected to be shor
in @110# stress than in@100# or @111# stress. Nevertheless, w
choose the@110# stress configuration to enhance the lumine
cence intensity and to improve theS/N ratio in detecting the
paraexciton signals.

The sample was immersed in liquid helium at 1.6 K.
glass lens of 3.5 mm curvature was pressed against the
surface of a~110! plane of the sample. The contact betwe
the rounded plunger and the flat crystal surface produ
nonuniform strain distribution inside the crystal. Since t
energy of the lowest exciton level decreases with increas
shear strain, a trap center where the excitons feel low
potential energy locates approximately at the point of
maximum shear strain below the contact. In the@110# stress
configuration, we observed that two wells of almost identi
shape were formed near the top surface.7 Figure 1 illustrates
a cross-sectional view of the well in a (110̄) plane: One well
locates behind the other when viewing from this face,
which direction direct recombination of paraexcitons is
lowed. The solid curves schematically show equipoten
contours for the excitons.

A laser beam from a color-center laser~Solar, LF151! was
directed to the (11̄0) face, penetrating the equivalent po
tions of the two wells. The duration and the repetition rate
the laser light were 12 ns and 400 Hz, respectively. T
emission was collected from the other (110̄) face and intro-
duced to a high-dispersion monochromator~Jobin Yvon,
©2002 The American Physical Society09-1
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THR1500!. To obtain the time-resolved emission spectra
gated ICCD camera system~LaVision, PicoStar HR12! with
a 25 cm monochromator~Jasco, CT-250T! was used. The
geometry of the excitation and observation was kept
same as the time-integrated measurement.

III. RESULTS AND DISCUSSION

Figure 2 shows time-integrated emission spectra
orthoexcitons and paraexcitons under fixed pressure to
plunger at 1.6 K. The lowest trace shows the emission sp
trum when the excitation light was adjusted to the tw
photon resonance energy of the 1s orthoexcitons at the

FIG. 1. Schematic view of equipotential curves in a sam
having a Hertzian contact to a rounded plunger at the top. The s
maximum, i.e., the trap center, is located inside the crystal be
the contact.

FIG. 2. Time-integrated spectra of phonon-assisted (Xo-G3
2),

direct (Xo) emission of orthoexcitons, and direct emission
paraexcitons (Xp). Respective curves were obtained by select
pump at small spots under different magnitudes of the stress.
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center. The structures labeledXo andXo-G3
2 are due to di-

rect and phonon-assisted emission of the orthoexcitons
spectively. A small peak at the high-energy side ofXo-G3

2

corresponds to the resonance emission of paraexcitonsXp,
which becomes slightly allowed by the mixing effects
mentioned in Sec. II. This observation tells us that parae
tons are surely generated by downconversion of resona
produced orthoexcitons.

Emission spectra at less stressed regions were suc
sively obtained in the following procedure: the photon e
ergy of the incident light was increased so as to pu
orthoexcitons at the rims of the each trap@i.e., at two points
per one well when viewing from~001! face#, and then the
position of the focusing spot was shifted downward un
these two spots merge into one below the trap center. A
determining the locationz of the excited spots by the vertica
position of the luminous spot measured from the trap cen
corresponding spectrum was taken. The procedure was
peated until the two-photon energy reached to the orthoe
ton resonance under zero stress.

The vertical entrance slit of the monochromator provid
spatial integration of the emission in the plane including
primary stress axis and the laser beam path. This means
the monochromator collects the luminescence from the re
nantly excited excitons at the pump spot as well as that fr
drifting ones, provided that the excitons can drift from t
initial pump spot to the center of the trap.

As seen in the figure, the intensity of theXo line depends
on the two-photon excitation energy, or the position of t
excitation spot.8 This is presumably caused by the compe
tion between decreasing excitation volume toward the t
center and increasing SHG signal intensity by relaxation
the selection rules for the quadrupole-SHG process.

The potential gradientF52dE/dz for the orthoexcitons
is estimated from the shift of the resonance energydE and
that of the positiondz. We certified thatF increases toward
the trap but turns to decrease in the periphery of the t
center, forming a harmonic potential well for orthoexciton
The energy shift of theXo-G3

2 band is consistent with the
positions of theXo line. In a similar way, one can estimat
the potential gradient for paraexcitons from the positions
the Xp line.

Solid dots in Fig. 3~a! are measured paraexciton energ
as a function of the stress. The magnitude of the stress
calibrated by the energy positions of theXo line shown by
open dots. Since the Hertzian contact stress is nearly unia
along the primary stress axis except for the region above
trap center~where the hydrostatic stress dominates!, we re-
ferred to the uniaxial theory9,10 in the calibration. This theory
has successfully explained the results of Raman scatte
measurements for orthoexcitons under uniaxial stress a
@110# axis.

Solid curves in the figure are calculated orthoexciton
ergies for the@110# stress configuration~see the Appendix!.
With 0.4 kbar stress, luminescence from three orthoexc
branches is observed.6 This is caused by the thermal popul
tion between the relevant sub-levels.

The dashed curve is the calculated paraexciton energy
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TWO-PHOTON DIAGNOSTICS OF STRESS-INDUCED . . . PHYSICAL REVIEW B65 075209
FIG. 3. ~a! Paraexciton energy level as a fun
tion of the magnitude of the@110# stress, which
was deduced from the energy level of the ortho
xcitons. Solid curves are calculated orthoexcit
energies using Eqs.~A1!–~A3!. The dashed line
and dotted line correspond to paraexciton lev
under @110# and @100# uniaxial stress, respec
tively. ~b! Spectra of the direct emission o
paraexcitons (Xp) in an expanded energy scale
The solid dots correspond to the energy level
the paraexcitons at the excitation spot. The lo
energy tail is due to drift of paraexcitons int
lower potential regions.
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function of the stress, which has not been reported as fa
we know. It is clear that the measured paraexciton ener
~solid dots! are well reproduced by the calculation. The e
ergy shift is smaller compared to the@100# case ~dotted
curve! but a shallow trap for paraexcitons is still formed
the stress higher than about 2.3 kbar. The depths of the
in the present conditions are estimated to be 4.3 meV~50 K!
and 1.6 meV~19 K! for orthoexcitons and paraexcitons, r
spectively.

Displayed in Fig. 3~b! are reproductions of the emissio
spectra of paraexcitons shown in Fig. 2 in an expanded sc
The sharp peaks marked by solid dots areXp at the excita-
tion spots. At the low-energy side, additional structure
pears. The energy position corresponds to the energy
paraexcitons at the trap center. The intensity increases a
pump spot approaches to the trap center~from upper to lower
curves!.

These features do not contradict with the occurrence
the drift of the paraexcitons. For the drift to take place,
transit timet5z/Fm, should be shorter than the exciton life
time, wherem is the exciton mobility. As an example, let u
consider the case ofz50.13 mm. Since the change of th
stress during the travel is small, we take the mobility,m
;23106 cm2/eV s,2 corresponding to the stress of 2.3 kb
at the midpoint of the travel. UsingF;0.03 eV/cm from
the spectroscopic data shown above, one obtainst;0.2 ms.
This is shorter than the lifetime 0.5ms of paraexcitons in a
trap in high purity crystals reported in the literature.2 How-
ever, the exciton lifetime is known to be strongly depend
on the sample quality, excitation level, and applied stre
Therefore, we must know the paraexciton lifetime in t
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presently used sample for quantitative discussion.
Figure 4~a! shows examples of time-resolved emissi

spectrum at 25 ns and 1ms delay after the laser pulse. Th
gate width was chosen to be 1ms. The conditions were
almost the same as the above measurement except tha
plied stress and two-photon energy were slightly decrea
to 2.4 kbar and 2.029 eV, respectively. The trap center w
directly pumped. The apparent difference between the sp
trum at 25 ns delay and the lowest two curves in Fig. 2 is d
to the difference in the spectral resolution. In the tim
resolved spectrum, the phonon-assisted band of paraexc
~Xp-G5

2) is slightly seen owing to the improvement of th
S/N.

Plotted in Fig. 4~b! is the integrated intensity of theXp
line as a function of time. It was found thatXp shows much
slower decay than luminescence associated with orthoe
tons. The initial decay witht trap50.3 ms and subsequen
slower decay were observed.

Similar double exponential decay was also reported
high-density excitation in the one-photon regime.1 The rea-
son has not been given, but the orthoexciton decay is kno
to slow down by Auger process in which two paraexcito
collide to form an orthoexciton. In the present experime
orthoexcitons show a fast decay indicating that paraexc
density is not so high as the Auger process becomes sig
cant. The reason why the paraexcitons exhibit a double
ponential decay is not clear at the moment. Nevertheless
estimated transit time is shorter even than the faster de
time t trap.

As another example, let us consider the case
z50.25 mm. The exciton lifetime is expected to be long
9-3
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in less stressed regions. Therefore, the upper bound of
lifetime of excitons in a trap should be given by the dec
time under zero stress.

Figure 5~a! shows the spectrum ofXp-G5
2 band with zero

stress applied to the sample. Note that the direct recomb
tion of paraexcitons (Xp) is forbidden under zero stress, a
confirmed by the spectrum. Figure 5~b! shows emission in-
tensity ofXp-G5

2 band as a function of time. The decay w
again composed of two parts with the initial decay time
t free50.6 ms. Accordingly, it is reasonable to assume th
the paraexciton decay ranges fromt trap(50.3 ms) to t free
depending on the locations in the trap.

During the travel over about twice the distance as
former case,F andm also change. Namely,F has the maxi-
mum value nearz50.1 mm whilem is lower at more highly
stressed regions. Nevertheless, the drift speed is given b
product ofF and m, and does not largely differ during th

FIG. 4. ~a! Time-resolved luminescence spectra under resona
excitation at the center of the trap, produced by 2.4 kbar stress~b!
Intensity of the paraexciton emissionXp as a function of time. The
range of the spectral integration is indicated by the horizontal ar
in ~a!.
07520
he
y

a-

f
t

e

he

travel. Usingz50.25 mm and relevant approximated valu
at the midpoint (F50.02 eV/cm and m53
3106 cm2/eV s), the transit time is 0.4ms, comparable to
the lifetime.

The above considerations lead us to conclude that par
citons can drift from the rim to the center of the trap. T
slight increase of the drift component from upper to low
trace in Fig. 3~b! suggests that the number of cold paraex
tons increases as the pump spot moves in. This means
the two-photon loading scheme is useful for creating su
cold paraexcitons near the trap center. Recently, Sch
et al. theoretically discussed the trapping kinetics toward
BEC of excitons in a shallow potential well in Cu2O.11 Their
approach should be applicable to our deeper well.

In our experiments, the maximum density of the exci
tion is limited to avoid the radiation damage on the crys
surfaces. If more effective means to increase the numbe
excitons at low temperature was developed, the BEC m
be realized along the present scenario.

ce

w

FIG. 5. ~a! Time-resolved luminescence spectrum under z
stress at 25 ns delay with 1ms gate width.Xo-G4

2 andXo-G5
2 are

phonon-assisted bands of orthoexcitons involving phonons ofG4
2

and G5
2 symmetry, respectively.~b! Decay of the phonon-assiste

band of paraexcitons (Xp-G5
2) under zero stress.
9-4
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IV. CONCLUSION

We performed luminescence spectroscopy on 1s yel
excitons in a strain-induced trap in Cu2O at 1.6 K in two-
photon excitation regime. It was proved that paraexcitons
generated via cold orthoexcitons pumped by the two-pho
resonance. The Hertzian contact stress along@110# axis was
found to create potential traps for orthoexcitons and para
citons. The direct and phonon-assisted emission of
paraexcitons was observed under the resonant two-ph
excitation of 1s orthoexcitons. The drift of the paraexciton
was studied in the spectral domain. The transit time is c
sistent with the measured decay time of the emission of
paraexcitons.
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APPENDIX: EXCITON ENERGY SHIFT UNDER †110‡
STRESS

Orthoexciton levels under@100# and @110# uniaxial stress
have been experimentally obtained by Raman scatte
measurement.9 The energy shift as a function of the magn
tude of the@100# stress was explained by using Pikus-B
strain Hamiltonian for stress-dependent valence band s
ting. Analyzing the@100# data with an assumption that th
spin-orbit splittingD8 is 74 meV,12 Waterset al. obtained
exchange energyJ and deformation potentialsa,b. Informa-
tion on the shear deformation potential,d, is not obtained
from the analysis of@100# data. Trebinet al. later proposed a
theory which covers@100#, @111#, and @110# cases.10 Using
matrices~14! and Table III of Ref. 10, we obtained the e
plicit forms for energy shifts of three orthoexciton branch
under uniaxial@110# stress of magnitudeT:
B
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3
1

110
5hT1

2J

3D8
~e23 f !T2

1

2D8
~e213 f 2!T2, ~A1!

E
G

4
1

110
5hT1

2J

3D8
~e13 f !T2

1

2D8
~e213 f 2!T2, ~A2!

E
G

1
1

110
5hT2

4Je

3D8
T2

1

2D8
~e213 f 2!T2, ~A3!

and the paraexciton energy

Epara
1105hT2

1

2D8
~e213 f 2!T2, ~A4!

where h5a(s1112s12),e53b(s112s12), and f 5
2(A3d/2)s44 with cubic elastic compliance constant
s11,s12, ands44. G i

1( i 51,3,4) in the subscript of orthoex
citon energy denotes the symmetry of the relevant state.

Since paraexciton levelshift under@110# stress has no
been taken up so far, we calculated paraexciton energy u
Eq. ~A4! with parameters determined by Trebinet al. The
values used in the calculation are listed in the second colu
of Table I, in comparison with those by Waterset al. in the
third column.

TABLE I. Parameters used in the stress calculation.

parameters values values

h 20.64 20.50 meV/kbar

e 7.9 5.8 meV/kbar

f 22.6 meV/kbar

D8 128 74 meV

J 218.0 222.7 meV

aFrom Ref. 10.
bFrom Ref. 9
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