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Production of 1s quadrupole-orthoexciton polaritons in Cu,O by two-photon pumping
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We have studied the anguldéat 1.8 K) and temperature dependendeom 1.8 to 70 K of the time-
integrated luminescence spectra of drthoexcitons from the yellow series in & arising from resonant
two-photon pumping to both thesland X levels. For resonant pumping to the evel, the direc{denoted as
X,) emission is strongly enhanced at low temperature. It is forward directed, however, with an angular width
substantially larger than the divergence of the excitation beam; excitation tstleeel (which subsequently
decays into a 4 level) results in a more isotropic angular distributionXf emission. The lifetime of th&,
emission resulting from resonant excitation to treldvel at 1.8 K is~2 ns, shorter than the decay time of
thermalized orthoexcitons. The results support the idea that resonant two-photon excitation $olekiel 1
results primarily in a quadrupole-orthoexciton-polariton formation, wheresasx2itation does not. The be-
havior of the phonon-assisted luminescence is essentially independent of the mode of excitation.
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Optical excitation of a high density gas of 1yellow) pump beam. In what follows, we will argue that the en-
excitons in CdO has been a subject of considerable intereshanced forward-directe, emission results from the con-
because of the possibility of achieving excitonic Bose-version of quadrupole orthoexciton-polariton waves into
Einstein condensatiol? Exciton luminescence has been the light at the exiting surface. We view this process as different
primary tool used to probe the nature of the exciton gas. Th&rom the resonant quadrupole second harmonic generation
1s orthoexction luminescence spectrum resulting from onethat was proposédo explain the resonant enhancement of
photon, above-band-gap excitation has been investigated, emission. It is also different from the observation of Froh-
from He to room temperature. The spectrum consists of twdich et al.? who observed “quantum beats” in the time de-
dominant features below 150 K. One is a sharp peak due tpendent decay of the orthoexciton luminescence as a result
direct electron-hole recombination emission, denoteas of the formation of coherent quadrupole-exciton polaritons at
The other is a broader peak associated with a phonorthe entering surface by one-photon resonant pumping.

assisted, electric-dipole radiative transition involvilg, In our experiments, we used the frequency tripled output
longitudinal optical phonons. This peak is denotedXas ©Of a passive-active-mode-locked Nd:YAG laser to pump an
~T5. optical parametric amplifie(OPA) to obtain the necessary

Recently, several studies on resonant two-photon excitdlinable infrared radiation. The OPA output has a pulse width
tion of 1s excitons at low temperatures have beenOf 15 PSs and a repetition rate of 10 Hz. The half width at half
reported®’ The interest was driven by the possibility that a maximum (HWHM) linewidth is ~3.4 meV. The CyO
cooler high-density exciton gas can be produced by resonasaimples were polished natural single crystals. The cryogenic
excitation. Both theX, and X,—T';, emissions were ob- temperatures were produced with a Janis variable-gas-flow
served. A strongly enhancexi, emission was explained as optical cryostat and an accompanying temperature controller.
resonantly enhanced second harmonic generd8btG) by  The infrared laser pulses are 15 ps in length and have an
Shen et al® Further high-resolution two-photon spectro- energy of 60uJ/pulse. They were focused using a 300 mm
scopic studies of orthoexcitons meaK performed by Naka focal length lens onto thfl11] surface of the sample. The
and Nagasawarevealed a suppression of orthoexciton emis-spot size of the laser beam at the sample was abouu#00
sion when the two-photon energy was within a narrow rangerhe emitted light was collected from the opposite surface of
inside the resonance, which they interpreted as a quadrupolRe sample using another lens and focused onto a fiber-optic
polariton effect. bundle, the output of which was coupled to the entrance slit

In this report, we report studies of thes brthoexciton  of a half meter Spex SpecOne 500 M monochromator and
luminescence spectra in &b obtained by two-photon reso- detected using a liquid nitrogen cooled charge coupled de-
nant pumping to the §, as well as to the 2levels, over a vice for measuring the integrated luminescence spectrum. A
wide temperature rangérom 1.8 to 70 K. The X, andX,  few measurements of the lifetime of th& emission were
—I';, emissions were observed at all temperatures. The inperformed using either a photomultiplier tugemMT) fol-
tensities of these two peaks are found to have very differeribwed by an oscilloscope or a Hamamatsu streak camera to
temperature dependences that also depend on whethes the detect the signal.
or 2s level was resonantly excited. At low temperature, the When the sample was resonantly excited at 1.8 K using
intensity of theX, line was greatly enhanced when the 1 two-photon pumping at the slorthoexciton energy Npymp
level was resonantly excited. The intense emission was ob=1219.4 nm), we observed a bright red spot at the point on
served to peak strongly in the direction of the pump beanthe crystal surface where the infrard®) beam exited. The
but with a divergence several times larger than that of theed spot became very weak and then invisible to naked eyes
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208 202 200 108 F:Gergzis(e-V-; s 201 the exciton temperature. TH&, phonon-assisted spectrum
S —— . i . is a replica of the kinetic energy distribution of the orthoex-
(a) *,=1219.4nm, T=2K |, =1223.1nm, T=70K () citons. This spectrum could be well fitted with a Maxwell-
° Boltzmann distribution using the cryostat temperature of 70
1 K. This indicates that the orthoexcitons have reached thermal
equilibrium with the lattice and that negligible heating of the
Xy sample occurred as a result of fwo-photon resonant exci-
/ tation. Note that at 70 K, a recombination emission line as-
sociated with the absorption @f;, phonons, denoted a§,
X _oT - +1'1,, is also observed. Also note that two-photon resonant
\ o™ 15 excitation occurs at 1219.4 nm at 2 K, whereas it is at 1223.1
l nm at 70 K, in agreement with the temperature dependence

of the band-gap energy. The sharp peaks superimposed on a
broader band at longer wavelength are thought to be due to

610620630

(e) A, =1151.1nm, T=2K| % =1154.4nm, T=70K (d) 7

PL Intensity (a.u.)

Yo bound excitons on metallic impurities. The spectrum of red
x k- - oTia emissipn cc_)IIec_te(_j from a direction pe_rpe_ndicular to the laser
o Mo 15 /1 beam is quite similar, except that thg line is much weaker.
X T, - We also measured the emission spectra under resonant

two-photon excitation into the < orthoexciton level. A
strong increase in the intensities Xf, and X,—1I";, emis-
sions was again observed under the resonant condition. No
X oT - o181 sharp emission line was observed at tiseeXciton position.
J N [ Figure Xc) and Fig. 1d) show the spectra of th, and
Xo—I'1; lines at 2 and 70 K. The general features of the
spectra shown in Fig.(t) and Fig. 1d) are similar to those
in Fig. 1(@ and Fig. 1b). However, for resonant pumping
FIG. 1. Exciton photoluminescence spectra from a resonantlynto the 2 level, the intensity of theX, emission is much
two-photon excited GO crystal. In all figures X, denotes the \eaker and th&X,—T';, line exhibits a high-energy tail in-
orthoexciton direct quadrupole emissiol,—T';, denotesl'y,  gicating the temperature of thes Excitons was higher in this
optical-phonon-emission-assisted luminescerg; I'y, denotes s The ahove observations suggest that two-photon, reso-
"1, optical-phonon-absorption-assisted luminescente, I'ys de- nantly excited 2 excitons decay rapidly toslexcitons by
notesI';5 optical-phonon-emission-assisted luminescence, Xnd .
some nonradiative process. The excess energy presumably

—I';5 denoted” 5 optical-phonon-emission-assisted paraexciton lu- , . , . .
minescence(@ and (b) involve pumping to a & level; (a) is mea-  90€S into heating the lattice and thermalizes tiseetciton

sured at 2 K and the pumping wavelength is 1219.4(the inset  9as, giving rise to a high energy tail on thg—T'y, line

shows the full-scale specirdb) is measured at 70 K and the pump- shown in Fig. 1c).

ing wavelength is 1223.1 nnfc) and (d) involve pumping to a & To probe the nature of th¥, emission, we measured its

level; (c) is measured at 2 K and the pumping wavelength is 1151.Jangular dependence at 1.8 K under two-photon resonant ex-

nm; (d) is measured at 70 K, and the pumping wavelength is 1154.4itation to the & and X levels. Figure 2 shows the angular

nm. distribution of theX, emission. We see that the HWHM
about the forward direction of th¥, emission under reso-

when the IR beam was tuned off resonance. Through theant excitation to & level is about 15°, significantly larger

polished side surfaces of the crystal, we could also see a raflan the 5° divergence of the IR pump bedwhich was

line traversing the sample along the path of the IR pumgfixed by the focusing optigs In contrast theX, emission

608 616 624 632 605 610 615 620
Wavelength (nm)

beam. under resonant excitation to thes Zevel shows a more iso-
Figure Xa) shows the spectrum of light emitted from the tropic distribution.
red spot. A thin CyO crystal platele{~0.4 mm thick was We have also measured the temperature dependence of 1

used for these measurements so the effect of reabsorption @nthoexciton luminescence from 2 to 53 K. Figure 3 shows
the spectral shape could be minimized. One sees from Fighe temperature dependence of the integrated intensity of the
1(a) that theX, emission line has a linewidttl meV, much X, and X,—I';, emissions for resonantslexcitation. Be-
narrower than the-3.4 meV linewidth of the IR pumping tween 2 and 20 K, the phonon-assisted luminescence de-
beam, and its integrated intensity is much stronger than thgreases as a function of increasing temperature, reaching a
I';, optical phonon-assisted recombination luminescenceninimum around 20 K and then starts to increase exponen-
line, denoted asX,—I',. As shown in Fig. 1b), the X, tially with temperature. The temperature dependence of the
emission line becomes much weaker at 70 K while ¥age  phonon-assisted emission obtained by two-photon resonant
—I', line becomes much stronger and broader. The broadexcitation to the 8 level was also similar. In both cases, the
ening of theX,—1I';, line is associated with an increase in temperature dependence is similar to that obtained by one-
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FIG. 2. Angular distribution of the ratio of th&, emission

intensity to theX,—I';, emission at 2 K. The hollow circles denote
two-photon resonant excitation to thes level. The stars denote 0 2000 4000 6000 8000 10000
two-photon excitation to thelevel. The dotted line is a theoret-
ical fit. The solid diamonds represent the measured divergence of
the laser through the optical components. We took the angular dis-
tribution of theX,—1I';, emission intensity as a calibration in mea-
suring the angular distribution ok, emission intensity for two-
photon excitation to bothdand X levels.

Time (ps)

FIG. 4. Time dependence of th& emission arising from two-
photon resonant excitation toslevel in CuO at 1.8 K. The dots
denote the time response of the pumping beam, while the solid line
denotes the time response of tkg emission.

photon above band gap excitation and can be explained using
a para-ortho two-level modél. o o o

The temperature dependence of ¥gline, however, de- The lifetime for theX, emission under 4 excitation is
pends on whether it was obtained using two-photon resonafound 2 ns, as shown by the solid line in Fig. 4, which is
excitation to the & or 2s level. Under two-photon resonant Much shorter than the decay time of orthoexciton photolumi-
excitation to the & level, theX, emission intensity decreases N€scence at 10-8 K, resulting from one-photon above band-
dramatically as the temperature increases. A 100-fold in9aP excitationt? The resolution of the detection system used
crease is observed within an interval of 20 K. The temperaiS ~200 ps, as shown by the response of the system to the
ture dependence can be well fitted witfi a2 form. For the ~ €xcitation beam(dotted ling. The lifetime of theX,—I';
case of & excitation, thex, emission intensity also increases &1dX, émissions under2excitation measured with a PMT

with decreasing temperature. However, it does not show thiollowed by a fast oscilloscope, is on the order of 10 ns
dramatic increase at low temperatures. consistent with the reported decay time for thermalized

orthoexcitong?
0 10 20 30 40 50 60 We now discuss the origin of the intense and forward-
T oot O Phinen directed X, emission observed at low temperature. Shen
2.5x106 |l erany 12-5%108 et al? attributed it to the resonantly enhanced quadrupole-
o second-harmonic generation. The large resonant enhance-

12.0x105 ment was attributed to the narrow linewidth of tkgline at
low temperature. Our data do not support a simple SHG
Jisx10s T model. First, the divergence of th&, emission is too large.
If it were an SHG beam, it should have essentially the same
divergence as the fundamental beam. We also did not ob-
serve Maker fringes when the sample was rotated. Second,
conventional SHG cannot explain the temperature dependent
behavior of theX, emission an&,—I';, emissions as shown
in Fig. 3. The linewidth of the orthoexcitom(T) is propor-
Howe-ne-dex 0.0 tional to 1/@”"— 1), where @ is equal to 220 K. When the
lattice temperature T is much lower than 220 K,
Y(T2)/y(T,) is proportional toe(?T2=¥T1)  The intensity of
the X, emission should then decrease much faster than the

FIG. 3. Temperature dependence of the integrated intensity opbservedT ~ ¥ behavior. Third, the lifetime of conventional
Xo emission an@(o—riz emission arising from two_photon reso- SHG Should be essentia”y the same as the pulse W|dth Of the
nant excitation to the dlevel. The stars are for thé, emission and ~ €xcitation beam. Our observation shows that the lifetime of
the hollow circles are for th&,—I';, emission. The dashed and X, emission under 4 excitation is 100 times longer than the
solid lines are fit4see text excitation beam.
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The shorter lifetime, forward-directed character, andemitting an acoustic phonon, or creating two paraexcitons,
strongly enhanced amplitude at low temperature indicate thady annihilating two orthoexcitons with opposife.® Either
the X, emission obtained by two-photors Excitation is also  process predicts an ortho-para down-conversion Rte
different from hot luminescence, which tkg emission from  «T32 which is consistent with reported experimental
2s excitation displays. The angular distribution of the emis-results'? When the para to ortho up-conversion rate and the
sion from thermalized orthoexciton is governed by a selecCintrinsic decay rate of ortho and para excitons is much
tion rule resulting from the quadruople matrix element. Wegmajler tharD, the total density of the orthoexcitons is pro-
find the following expression for the poIarization—averagedportiona| to 1D which follows from solving the steady-state
direct decay rrlatrix element forslorthoexcitons in an arbi- 4¢e equationg. Considering that the integrated phonon-
trary directionk(6, ¢) assisted emission intensitwhich samples orthoexcitons in

all momentum statgsis much smaller than the integrated
direct emission(which only samples orthoexcitons in low
(1) momentum statgs we can approximate the number of

where 8 and ¢ are Eular rotation angles with and ¢ mea- orthoexcitons mvolvgd in the polariton process as the total
number of orthoexcitons at low temperature. This can ap-

sured from cube axes. Incorporating Snell’'s refraction law, = . Zap
the intensity variation of theX, emission within =20° proximately explain th& ~*'“ temperature dependence of the

around thg111] axis is negligible, as shown by the dotted o €Mission in our two-photon resonant case.

M occod 6+ co 20+ Sin? 6 cof 2+ Sirt 20 sint 2 ¢,

line in Fig. 2. The angular dependence of tkg emission Qualitatively, once_excitons are created by absorbing two
resulting from 2 excitation matches the theory within the Photons at some point along the path of the fundamental
scatter of our data. beam, a polariton wave packet propagates inside the crystal

Our observations are more consistent with the interpretawith a group velocity 4(w) along a direction fixed bi(w),
tion thath emission under 4 excitation arises from a reso- where k(w) = kaum’{w)- Due to the strong dispersion for

nant two-photon creation of excitons via the second-ordequadrupme polaritons in GO, the wave packet will spread
dipole terms in the interaction Hamiltonian, which, in turn, during propagation, which results in an effective lifetime for
resonantly gradrupole couple to light via polariton formation.the X, emission. If the dephasing time is faster than the
The enhanced forward-directéq, emission results from the dispersion-induced pulse width, the lifetime of tkg emis-
conversion of coherent orthoexciton-polariton waves intosjon will be dominated by the former. In our case, the thick-
||ght at the exiting surface. HOWeVer, rather than the incom'ness of the Samp|@5 mn") is too |0ng to probe the propa-
ing beam decomposing into the two exciton polaritongation time of the polariton. The dephasing time for
branches at the entering surfatas in the one-photon, orthoexciton polaritons is,,=24/I' =2 ns, wherel'=6.5
quantum-beat experiments of Frohlietal), the IR beam 1077 eV from the literaturé. This explains the shorter life-
acts as a source for the continuous generation of excitogme of theX, emission observed undes Excitation.
polaritons as it traverses the sample. In summary, we have observed orthoexciton lumines-
The broadening of the angular distribution in the forwardcence over a wide temperature range arising from two-
direction could be caused by small-angle, elastic-scatteringhoton resonant excitation to botls and % levels. The
of t_h_e exciton, the ‘fme_chanical” part to the polaritc_m. Im- rapid increase in the intensity of thé¢, emission from &
purities and vacancies in the crystal serve as elastic scattegycitation at low temperature, its shorter lifetime relative to
ing centers for the excitons. Assuming the distance betweeggressed orthoexcitons, and its forward-directed character
impurities or vacancies is, on the average, large compared e interpreted in terms of resonant exciton creation, which
the Bohr radius of the excitons, the dominant scattering progypsequently couples to light via polariton formation. It is
cess would be associated with the strain field and the ass@pinted out that this is not resonant second-harmonic genera-
ciated deformation potential and should lead to small anglgio i the conventional sense. None of these features is ob-
deflections. Multiple scattering of excitons during the polar-ggrved for theX,, line under two-photon excitation to thes2

iton propagation through the crystal could be considered as &ate which is consistent with this explanation.
random walk process ifl (where@ is now the angle between

the pumping beam and observation directjamhich results We would like to acknowledge the help of J. Ma, X. Du,
in a Gaussian distribution of thé, emission intensity. and J. Y. Wu with our experiments at various stages. We

The decrease of th¥, emission with increasing tempera- would also like to thank P. Auvil, D. Snoke, J. Wolfe, and K.
ture can be accounted for by an increase of the ortho to parfa. O’Hara for helpful discussions on the interpretation of our
down-conversion rate as a function of temperature. Theoretdata. This work received core and facility support from the
cally, ortho to para down-conversion mechanisms were atNorthwestern Materials Research Center under NSF Grant
tributed to either ortho down conversing to paraexciton, byNo. DMR-9632472.
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