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Radiative decay of biexcitons wave-vectdt)( selectively generated in a loi¢-region (0<|K|=<2k) is
studied in CuCl, where &, is the biexciton wave number of degenerate two-photon excitation, and the
bipolariton nature of lonk biexcitons is experimentally demonstrated. All the radiative relaxation channels of
low-K biexcitons are clarified, which dissociate into two lower-branch polaritons and into upper- and lower-
branch polaritons yielding nearly degenerate and nondegenerate pair emission lines, respectively. The three-
dimensional scattering geometry allows for simultaneous observation of both degenerate and nondegenerate
lines. Nearly degenerate two-polariton emissions have larger intensities than nondegenerate emissions. Com-
pletely degenerate emissions frd& 2k, biexcitons have the largest intensity, reflecting singularity of the
joint density of polariton states. These features are in remarkable contrast with the resonant two-photon
absorption process of biexcitons, which shows resonance enhancement not at the degenerate two-photon
energy but at the exciton resonance. In spite of the larger transition probability, nearly degenerate emissions
have a negligible contribution to the emission band arising from thermally distributed biexcitons. The disper-
sion curve of theZ; [(Z3)-exciton lowefuppej-branch polariton is determined from tkedependence of the
emission energies. The observed emission lines are all unambiguously assigned and the relative intensities of
the simultaneously observed lines are compared with a biexciton radiative decay theory based on the bipolari-
ton model. The energy dependence of the transition probability of the observed biexciton radiative decay
channels is quantitatively reproduced by the theory, verifying that the biexciton radiative decay rate is deter-
mined by the exciton components in final-state polarit@tispfield coefficientsthrough the exciton-exciton
Coulomb interaction. The radiative lifetimes &=0 biexcitons are found to be shorter than thoseKof
=2k, biexcitons as expected from the theory. The lifetimes of Kwiexcitons are strongly affected by the
coupling with final two-polariton states, leading to a 20% reduction of the lifetimes compared with the case of
no polariton effects.
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[. INTRODUCTION has undergone several modifications to account for polariton
effects'”1® Another approach is a bipolaritdBP) model*®
The optical processes of biexcitofexcitonic moleculeg  which treats the exciton-exciton interaction rigorously in the
in bulk direct-gap semiconductors are mediated by intermebiexciton formation and dissociation processes. The BP
diate polariton statesThis offers challenging problems be- model involves polariton effects naturally and is considered
cause both exciton-excitdr® and exciton-photon interac- to be the most precise model that is presently available.
tions should be nonperturbatively treated. In terms of the Polariton effects of biexciton optical processes have not
polariton, the problems are restated as follows. Polaritorbeen clearly demonstrated so far. Here we use polariton ef-
eigenstates are coupled harmonic oscillators of electromadects not for the modification of the signal energy, which is
netic and mechanical waves due to resonant light-matter irdetermined by the polariton dispersion and already verified
teraction, but they break down if nonlinearity arises throughin numerous experimentS; 3but for the modification of the
higher-order interactionsIn cavity polariton$ too, this is  signal intensity due to intermediate polariton states, which is
one of the intriguing issuésRecently polariton-polariton in- relevant to Hopfield coefficients, i.e., exciton and photon
teraction through exciton-exciton interaction is actively stud-components in polaritorfsin order to study polariton effects
ied both experimentalfyand theoretically®~*2This interac-  in biexciton optics, there are two important aspects to note.
tion leads to the formation of biexciton bound statesthe  First, the effects manifest themselves in spontaneous pro-
strong interaction limit, not only in bulk semiconductors but cesses and second, biexcitons nkg/=0, whereK,, is a
also in cavity polaritons as identified recentfy:* biexciton wave number, are most suitable to observe the ef-
The conventional theoretical approach to describe théects.
biexciton optical processes is the giant oscillator strength The first important aspect is stated as follows. A variety
(GOS model’®*® which treats the interaction as an optical of attractive optical phenomena associated with biexcitons
transition between the biexciton and exciton states. Théave been reported such as two-photon absorption,
model did not include polariton effects originally and thus stimulated emission®, four-wave mixing?®2’ optical
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bistability?® optical stark shiff® optical soliton nant decay channels into polaritons associated with the
propagatiort’ etc. In these stimulated polariton scattering ground-state exciton.. . .
regimes, the efficiency of the processes is rather insensitive One of the difficulties for testing the theory is the overlap

coefficients combine with the corresponding polariton dendegenerate two-photon excitation of biexcitons is employed,

sity of states. The process that explicitly depends on th(g)oth @ncident and emitt(_ad _polaritons are ground-state exciton
Hg field coefficientspwill be observe%l in¥the E ontaneous?’ ol_antons, th_us _the emIssions tend to_be maske_d by the scat-
scaﬁtering regimé? P tering of the incident light. This is avoided only if the three-

_ o dimensional energy-momentum conservatitnis utilized.
Second, according to the BP model, biexciton states arg, fact, one can observe nearly degenerate polariton emission
more precisely described by bipolaritons if the wave num-ines on both sides of the excitation laser without oveffap,
bersk of the constituent excitons are close to the polaritonas was studied in detail by Vet al*® and by Itoh and
resonancek= /e wr/C, where w7 is an exciton resonant Suzuki*® Since then, however, there has been no more de-
frequency and:, is a background dielectric constant. In this tailed work on these emissions. Completely degenerate two-
respect, biexcitons neat,,—0 are most suitable to study Polariton emissions are the reverse process of degenerate
polariton effectsbipolariton coupling becausé =0 biex- two-photon absorption. To the best of our knowledge, there

citons decay into polaritons that are close to the poIaritor‘1as been no clear observation of them, probably because

Th larit dificati f biexcit h Icgondegenerate excitation of biexcitons is needed as demon-
resonance. Thus potariton modification of bIEXCIIONS SNOUIGyyate i this paper. This process is distinguished from other

be large as expected from the BP model. Further, while highamission processes because it is expected to reflect the van
Km biexcitons suffer from intraband relaxation processes berjove singularity of the joint density of polariton states
fore radiative decay’3* Kn=0 biexcitons are free from (JDP3.**
them because there would be no final state after phonon In this paper, we study two polariton emissions from low-
emission in the biexciton baftland the momentum relax- K, biexcitons in CuCl, involving both upper- and lower-
ation rate by defect scattering is negligibly small owing tobranch polaritons and both one- and three-dimensional
the near-zero momentum. Since the relaxation channels &cattering conditions. Here, “lowK,” stands for [K|
Km=0 biexcitons are limited to radiative decay, polariton <2Ko (“hjglh_ K" for |[Kp|=2ko), where X, (=0.89
effects can be observed without interference with other ef>10° cm ) is the wave number of biexcitons produced by
fects. degenerate two-photon excitation in Cu@learly) degener-
For the two reasons above, the spontaneous decHy;,of ate two—polant_on emissions are_observed bo_th fikopr=0
~0 biexcitons is the key to the understanding of bipolaritonandK_mz 2_k0 biexcitons. From this study we give a compre-
coupling, but their optical processes are not fully explored hensive view of the optical process of optically accessible

In this field, CuCl has been studied in greatest detail as ‘liow—Km Ibiexcitons' andh test .the. radiativg .decay theory by
prototypical material for exciton-polariton and biexciton ng?rrk?u?jy co_mparlngf;t € e_m|SS|0r|1 mterr:sglefs. Sec. 11 is fol
physicé because the ground-state exciton is the nondegeney- e description of experimental methods in Sec. Il is fol-

ate, isotropicZ; exciton, different from other zinc-blende wed by the expenmentgl resul'gs n Sec. lll. In Sec. IllA,
semiconductors having th&,, exciton as the lowest nondegenerate two-polariton emission spectra are presented,
state®3 and the binding energies of the exciton and biexci-Nich are due to the biexciton optical decay into upper- and

’ lower-branch polaritons in the one-dimensional scattering

ton are large €= 200 meV ande™= 32 meV, respec- v, In Sec. Il B o ira of both collisi
tively). In regard to absorption, polarization spectroscopygeome ry. In Sec. » EMISsion Spectra of both CoTlision-

was applied to obtain the two-photon absorption line widthaIIy and Km-seleqtively exciteq biexcitons are presented in
for K,,=0 biexcitons in CuCP where polariton effects are the three-dimensional scattering geometry. Nearly degener-

studied but not pronounced because of the stimulated prd"lte two-polariton emission spectra of bath,~0 andKp,

cess. For radiative decay, emissions from ldy-biexcitons =2K, biexcitons are shown. In Sec. IV, from the emission

in CuCl were observed using degenerate two-photon excit£"€rd1es as a function df,, the polariton dispersion is

tion and theK,, dependence of emission energy was Ob_determmed in a wide energy region to clarify all the radiative

tained by angle tuning of the two beaffsbut the energy decay channels df,,~0 biexcitons. The origins of all the

range studied was not wide and emissions from the exa _miss_ion Iine_s are unambiguously identified. In Se_c. v, th_e
K,=0 biexcitons were not reported iexciton radiative decay theory on the BP model is experi-
m .

In order to explain inverse-exciton series recently Ob_mentally verified with respect to the polariton branches as-

served in CuCl, a rigorous theory of biexciton optical decaysoc'ated with the.ground-state exciton. .ngh .eff|C|ency_ Of.
has been developed on the BP motekhere the radiative degenerate emission processes due to bipolariton coupling is

decay is nonperturbatively treated as the spontaneous, resds© demonstrated and the difference between absorption and

nant dissociation of biexcitons into two polaritons. The rel-EMISSION Processes IS clar|f|ed.. In Sec. Vl’. Wg depen-
evant interaction is the exciton-exciton interaction and theder)ceg, of th? b|exc¢on decaytime IS precisely calculated,
transition probability is determined by the exciton Compo_Whlch is consistent with all the experimental results.

nents in final-state polaritons and by a precise structure of
the biexciton wave function. The theory has been success-
fully applied to the analysis of inverse-polariton series in  We have measured biexciton emissions in CuCl in a low-
CuCl,* but the theory has not been tested for the most domiK ,, region by nondegenerate two-photon resonant excitation

IIl. EXPERIMENT
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FIG. 1. The schematic of the excitatigthick solid arrow of
biexcitons neaK,,=0 and the emissiongdashed arroyvshown
with respect to the biexciton and polariton-dispersion curves. To FIG. 2. The biexciton optical decay into the lower-polariton
show correctly the directions of the polariton wave vectors undeibranch in CuCl under the three-dimensional energy- and
the momentum conservation, the upward arrows are used for botfhomentum-conservation condition. When biexcitons are excited at
excitation and emission processes. The HP@nd UPH) emis- 2k, by degenerate two-photon excitaticiashed arrowsthe LEP
sions are emitted in the observation direction while thel)Pdnd  and HEP linegsolid arrows are observed at a finite angle from the
UP(L) emissions are observed by internal reflection on the baclexcitation beam. The observable decay paths change continuously
surface. with the observation angle.

of biexcitons® In Fig. 1, the schematic of the one- Platelets of CuCl single crystalthickness of 10

dimensional biexciton resonant polariton-polariton scatterin 20 pnm) grown from gas phase are immersed in superfluid

process in the antiparallel excitation case is shown with re- e at 2 K in a sfrain-free condition. Biexcitons &,

— Kk(0) 4 |(0) i i
spect to the dispersion curves of biexcitons and polariton Ki”+k3 " are excited by tuning one beam to energy lower

branches associated with the ground-st&gels exciton in :1”%” tthhee gtﬁ?a?rlﬁriﬁe;goé%z?tonkrsesoir;an:hee?re;%ﬁ] 3&3?3:3{’
CuCl. The intersection of the curves indicates the polarito 9 gy hing

states that satisfy the energy- and momentum—conservatic%Em:6'372 eV, biexciton energy For antiparallel excita-

condition. Biexcitons are resonantly excited via two lower-- " samples are illuminated by counterpropagating two-
' y color beams and emissions are collected on the low-energy

branch polaritons, and the resonant dissociation Processes.ar side as shown in Fig. 4. For collinear excitation

into upper- and lower-branch polaritons and into two lower-gamples are illuminated by collinear two-color beams with
branch po_lantons are Qbser\_/ed. The Iat_ter process can Bfa wave vectorsk(lo) and k(20) (k(10)Hk(20)) at a finite inci-
observed in the three-dimensional scattering geometry as dggnce angle, and emissions normal to the sample surface are
pi'cted for the case of collinear excitation dt@biexcitons in - ¢gjlected on the illumination sidéackward scattering ge-
Fig. 2. ometry). For both excitation configurations, two beams are

The light source is a high-repetition-rate synchronizedsyperposed in a sample both spatially and temporally with
two-color tunable picosecond uv laser as shown in Fig. 3f=200 mm lenses and with an optical delay, respectively,
The high-repetition picosecond pulses are important both foand made left- and right-circularly polarized in a sample to
high spectral resolution and for satisfying the weak-satisfy the polarization selection réiland to avoid single-
excitation condition to avoid higher-order nonlinearities due

to reexcitation of biexciton® The outputs of a cw mode- g LBOKTI) 1082 5w) f

locked YAG (yttrium aluminum garnetlaser and two syn- T—=Vr e ' Ul
chronously pumped dyéRhodamine 6@ lasers are fre- 15WEW) ® 4 -
guency summed in Lil@ crystals to deliver two-color S:‘{r\’,vg(zz% W2SW) b=+
picosecond uv pulses with 375-395 nm tunability, 8 ps du- == . e 30mW (2mW)
ration, 0.05 nm spectral width, 82-MHz repetition, and 30 ER -—

mW maximum average power for each beam. The two lasel — j3°°mw/<)“f>m"lv> m':::i”i

pulses are synchronized within 1 ps. The output power is AA 27T 30mW (2mw)
increased by 15 times that in Ref. 33 by replacing a 9-W Dye(RGE); Gram

YAG laser and a doubling crystal KTIOR®y a 15-W YAG 300mW (100mw)

laser (Spectron and a temperature-controlled L85 crys- FIG. 3. High-repetition synchronized two-color tunable picosec-

tal, respectively. The improvement in the power of the lightond uv laser. The powers are improved from those in the previous
source by more than one order of magnitude is crucial fopaper(Ref. 33 shown in the parentheses. BRF, birefringent filter;
the observation of the low-intensity emissions freip~0  \/2, half-wave plate;—, horizontal polarization®, vertical polar-
biexcitons. ization.
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FIG. 4. Experimental setup with counterpropagating excitation .g
beams and a monochromator system. & x1 - 0.086
> wA x10
beam excitation of biexcitons. The excitation intensity is %
=500 kW/crﬁ. o £ Wﬂ“xso - 0.053
Time-integrated emission spectra are taken through &§ |
50-cm monochromatofChromey with a photomultiplier @ %30
tube at one port as shown in Fig. 4. At the other port of the§- - 0.025
monochromator, emissions are time resolved with a streal N
camera (Hamamatsy and detected with an electrically
cooled Si charge-coupled devi@@rinceton. The time reso- © 0.007
lution of the system is about 20 ps. N
mf (M & - upP =0
Ill. RESULTS 7 LP x3 x30 i
A |
H H i L L L L
A. One-dimensional scattering 314 P ane .04

3.1 3.18 3.20
. L e Photon Energy (eV) &
Figure 5 shows biexciton emission spectra for the wave oy (V)

numbers fromK,=0 to 1.&, by nondegenerate antiparallel  FIG. 5. Biexciton emission spectra for the wave numbers from
two-photon excitation in the one-dimensional scattering geK,,=0 to 0.70 (<10 cm™1). The LP(,H), UP(L,H) emissions
ometry. Fork ,=0, weak emission lines denoted by U-  are fromk{®¥—k{?) biexcitons and theM;, M., EX, LEP, and
per polariton and LP(lower polariton are observed at 3.228 HEP emissions are fromk{”)+k{®) biexcitons. The longitudinal
eV and 3.145 eV, respectively. They are originating from exciton energy is denoted . The emissions labeled by UBP
upper- and lower- branch polaritofidBP’s and LBP’$ split are attributed to polaritons distributed in the upper-polariton branch
from K,,=0 biexcitons. This is the first observation, to the as a result of the intraband relaxation of the UP polaritons.

best of our knowledge, of UP and LP pair emissions from

Km=0 biexcitons in CUCF-B'M.S Their intensities are much Theijr estimated values are larger than previously obséfved
weaker than that of thél emissions observed by degener- pecause the UBP energy is much higher than before. De-
ate two-photon excitation of biexcitotfsnearly by two or-  taied analysis about the width will be given separat8ly.
ders of magnitude. The extremely weak intensity is consid- £q. k Zg 451 10f cm L(=ko), the energies of UR()

m . )

ered to be the reason for the absence of earlier observatioand LPH) are the same as the longitudinal excitomarked
:ﬁ dKlrJnF:i)s Ti';t:g ;r: dmtr?é t&? I%F;sllgeﬁtsiﬁltlé 'tnhtg It_f:qeo L;';’;Id by E|) and M energies, respectively, because biexcitons
P . decay into the bottom of the UBP dispersion curves. Above

LP(L) lines, because degeneracies of the polariton energlqg ko, the line shapes of UR{ and LP{) emissions are
m 1

are lifted forK,,#0 as displayed in Fig. 1. In the present : o . .
configuration, the UR{) and LPH) lines are emitted in the asymmetric and tailing toward higher and lower energies,
i respectively, as shown in the spectrum K;,=0.70

observed direction, while the UP] and LP() lines are in -1 2 )
the opposite direction and observed by internal reflection ot 10° cm™ . This is explained as follows. Fdt,>ko, the
the rear surface. higher-energy laser is tuned near the transverse-exciton en-
The UPH) and LP() lines are pair-polariton emission €9 where the band is nearly flat and intermediate excitons
lines. As their energy difference increases with,, their ~ are excited with a broad wave number range due to the finite
intensities decrease and are not detectable Kge>0.05  Width of the excitation lasers<0.5 me\). Correspondingly,
x10° cm 1. The other pair lines of UR() and LPH) be-  biexcitons are also excited in a broad rangekgf. In addi-
have oppositely withK,,,. This intensity change reflects bi- tion, dE;/dK,, whereE, is the final-state polariton energy,
polariton coupling in the biexciton radiative decay as will beincreases abov& ,=k,, leading to the broad emissions as
discussed in Sec. V. In addition, the UP and LP linewidthsobserved. This character will be displayed in Fig. 14. Actu-
increase as their energy difference increases. Their full widtlally, we further tuned both laser energies to study biexcitons
at half maximum(FWHM) amounts to 3—4 meV at the ob- with K., more than=0.8x10° cm 1, but the features of
served highest UP energy3.25 eV (lowest LP energy emission spectra are not different from thoseKai=0.70
=3.13 eVJ. This mainly reflects the UBP scattering rates. x10° cm™ 2.

045209-4



BIPOLARITON COUPLING IN BIEXCITON OPTICA.. .. PHYSICAL REVIEW B 64 045209

R 1.0_ 1 1 1 1 1 R ) ) ) I ) . ) I ) ) ‘ Lasel:
£ —— 1P _
= z
N~ 1 x| adeaa UP a I
z = |
z M, £
2 05 L -
A= i
o 'g- Laser-2LO -
=] 3]
Z |
é =
g
| é 1 Laser-LQ
0.01 T T T T T T T T T T 53] V\\‘W
-100 0 100 200 300 400
Time (ps) 3 e o
3.14 3.16 3.18 3.20
FIG. 6. Time evolution of UP, LPK,,=0), andM; emissions Energy (eV)
(Km=2ko).

FIG. 7. Emission spectra of CuCl under resonant excitation of
the Z; exciton bandl, andS, lines are from bound excitons, and

In Flg' .5’ M and M.L ernlssmn.lln.es are aI;o observed. M; and M, bands are from biexcitons created by exciton mutual
They originate from biexciton emissions leaving transverse.giisions.

and longitudinalZ3-1s excitons behind, respectively. The
lines marked EX are from the transverse excitons thus gen- B. Three-dimensional scattering
erated. Note thaK,,~0 biexcitons do not decay into such | this section we deal with more complex spectra than in
highk transverse exciton states and the radiative transitionfhe former section, which arise in the three-demensional
into longitudinal excitons are not allowed f&,,=0 biexci-  scattering condition. Before going ko,-selective excitation,
tons from the polarization-selection rule. Therefore, thesea typical spectrum of collisionally excited biexcitons is
emissions come from high;,, biexcitons, which are gener- shown for comparison.
ated by the internal reflection of the beams in the sample
under the collinear excitation condition &f,~=k{®+k{
(Ko is slightly lower thark{®+k{® because of a finite angle ~ Figure 7 shows emission spectra at strong excitation of
between the input and reflected beamBharpness oMy t.he exciton resonance in QuCI. Beside multiple LO Raman
andM_ emission lines assures that the weak excitation conl-'nes and impurity emissiong!,,S, (Ref. 49],  doubly
dition is satisfied? The emissions marked by LEP and HEP peaked,_ broad Smissions fanging from_ 3.16 10 3.17 eV grow
(0) 2 L(0) i quadratically with the excitation intensity. These are the so-
between the two lasers are also freak ™’ + k3 ’ bl_excnons. calledMy andM, bands® which are emissions due to biex-
They are observed separately from the excitation lasers bjion transition to transverse and longitudinal excitons, re-
cause of the finite angle={25°) between the excitation spectively. Because biexcitons are generated by mutual
beams and the observation direction as shown in Fig. 4. Decollisions of excitons, the wave vectork {'s) of biexcitons
tails of these nearly degenerate two-polariton emissions wilkre distributed widely to give rise to broad; and M,
be given in Sec. IlI B. bandst*?*° The tails of the bands toward the lower-energy
Figure 6 shows time-resolved UP and LP emissions atide indicate a biexciton distribution toward the higher-
Kn=0 andM+ emissions aK =2k, (slightly lower than  energy sidelargerK,,). In Fig. 7, no remarkable lumines-
2ko). The time-integrated spectrum for these simultaneouslgence features are found around the two-photon degenerate
observed lines is given in the bottom of Fig. 5. A single energy, 3.186 eV. Minor structures seen around this energy
exponential fit yields decay times of 40—45 ps for UP and LPare due to impurity emissions because they are linearly de-
emissions and 50 ps fdvi; emissions. Since the decay of Pendent on the excitation intensity. When biexcitons are
the M emission lines reflects the momentuphase) relax-  thermally populated in th&, space, nearly degenerate two-
ation time rather than the interband-energy-relaxation fitne, Photon emissions are usually not recognizethteobably be-
the radiative lifetime of=2k, biexcitons is longer than 50 cause of the lower final polariton density of states around the
ps. Actually, the decay time dfl_ emissions, which is con- two-phogcl)n degenerate energy than at the exciton resonant
sidered to show the true radiative dec4js about 55-60 ps  €nergy-*! This will be clarified in Sec. VA. In order to
for the same sample. Fdf,,=0 biexcitons, on the other Observe such emissionk -selective excitation of biexci-
hand, the observed decay time represents the radiative |iféons iS necessary as shown in the following.
time because there exist no relaxation channels except radia-
tive decay. Thus difference in the radiative lifetimes between
Kn=0 andK,,=2k, should be larger than in Fig. 6. This
reflects different optical decay channels between kgyand Figure 8 shows emission spectra from biexcitons excited
highK ,, biexcitons and will be analyzed in Sec. VI. by a single beank{”) resonant with degenerate two-photon

1. Collisional excitation

2. Degenerate collinear excitation
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FIG. 8. Emission spectra of biexcitons created by degenerate G- 9- The schematic of the excitation and emission process for
two-photon excitation with a single beam. The wave numbers of ig- 8. Together withK /=2, biexcitons, |K | =] + k{” = k{”)

biexcitons simultaneously generated are given at the upper righfo biexcitons are generated in the direction parallel to the surface
comer. The HEP, LEPM;, M_, and EX lines are from{K | by internal reflection of the excitation beam. The LEP and HEP

=2k, biexcitons, and the UR(, LP(L), and LLP lines are from lines from the X, biexcitons are observed after internal reflection,
|K | =0 biexcitons. and the LLP line from thé,~0 biexcitons is directly in the ob-
servation direction. The HLPline, which is the conjugate pair of

o ) the LLP, is out of the observation solid angle even after internal
energy, 3.186 eV. Emission spectra are measured in a backgflection.

scattering geometry. In this configuration, biexcitons of
|K =2k, are most efficiently excited from the process of

— 1k (0) 4 1(0) i ~ i i . . L .
Km=ki7+ky", but simultaneousiy, O(Ot))fxtzolgons e  the conjugate pair emissions WP’ and LPH)' of which
also generated from the processkaf=+k; +ki" by the 510 emitted out of the observation direction.
reflection of one of the beams on the rear surface to satisfy

the antiparallel excitation condition with the other beam.
From 2k, biexcitons,M; and EX(Is exciton pair emis-
sions, LEP and HEP pair emissions, add emissions are
generated®*? From K,,=0 biexcitons, UP{) and LP() Figure 10 shows emission spectra from biexcitons excited
emissions, which are due to the dissociation into upper- antly collinear two-color beamghigh-energy lasefHL) and
lower-branch polariton® and LLP emissions, which are due low-energy lasefLL)] in a backscattering geometry. In this
to the dissociation into two lower-branch polaritons close tocase, the processes o ,=k{®+k{® and K,==k{®
the excitation path, are generated. Previotisijthese lines  +k{?) contribute to the biexciton formation. These spectra
were not clearly observed in a single spectrum because thge also asymmetric as explained in Fig. 11, where LLP and
excitation laser power was not sufficient. HLP emissions are observed while LLRnd HLP emis-

The emission spectra are not symmetric with respect t@jons are not. Note that nearly degenerate emissions such as
3.186 eV in Fig. 8: The line symmetric to the LLP line is HLP, LLP, HEP, and LEP lines have a larger bandwidth than

absent, and the sum of the UB(and UP() energies is M and EX lines, reflecting the polariton dispersion curves
6.362 eV in spite of the biexciton energy of 6.372 eV. This iSgnd the excitation laser bandwidth.

because the conjugate polariton pairs to these LLPL)LP(
and UP() lines are emitted out of the observation solid
angle due to the three-dimensional momentum conservation
as shown in Fig. 9. The excitation laser be@mis at a finite Figure 12 shows biexciton emission spectra at an antipar-
incidence angle while emitted light normal to the surface isallel excitation configuration. In this case, biexcitons of
collected. As a result, LLP emissions are observed whildK | =|k{®¥—k{?)|=0 are predominantly excited, and by in-
HLP’ emissions are not. The markdenotes the emissions ternal reflection of the beamk | =2k, biexcitons are also

out of the observation direction. Conventionally, nearly de-generated as shown in Fig. 13. The emission peaks LEP and
generate pair emissions are called HEP and LEP irrespectivdEP between the two lasers are frea2k, biexcitons. The

of the biexciton wave number. For example, in Ref. 38 thebottom figure shows the emissions exactly froiy,| = 2k,

LLP line is referred to as the LEP) line. Since the spectra biexcitons, i.e., completely degenerate two-photon emis-
have contributions from botkK,,=0 andK,=2k, biexci-  sions. They evolve from broad bands into sharp peaks from
tons here, we use HEP and LEP for the emissions fikggn  bottom to top with increasind<,,. As explained in Sec.
=2k, biexcitons, and HLP and LLP froid,,=0 biexcitons. IV B, this feature reflects the finite laser bandwidth and po-

Similar discussions hold also for the UB(and UP() lines,

3. Nondegenerate collinear excitation

4. Antiparallel excitation
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K.© (by internal reflection)
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L b LG
©
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7 LEP
- eex

o, HEP
K= k,@+k,©

in

excitation

Emission Intensity (arb. units)

| FIG. 11. The schematic of the excitation and emission process
L for Fig. 10. Together with|K|=k{®+k{ biexcitons, |K |
=|=k{P5k{?|=0 biexcitons are generated at the anglefrom
L the surface by internal reflection of the excitation beams. The LLP

A - and HLP lines, which are due to emissions at 9@, from the
S RS A A .S AL AN M wave vectors of th&,=0 biexcitons, are in the observation direc-
3.16 3.18 3.20 322 tion while the HLP and LLFP lines, which are the conjugate pairs
Energy (eV) of the LLP and HLP, are out of the observation solid angle. The

o o energies of LEP and LLRPHEP and HLP) lines almost coincide
FIG. 10. Emission spectra of biexcitons created by nondegenety;ith each other, thus the two lines overlap to show the higher peak

ate two-photon excitation with collinear two-color beams. Thentensity than the HEP lines. A double-peak structure of the LEP
wave numbers of biexcitons simultaneously created are given at thges is recognized by a closer look of the lines in Fig. 10.

upper right corner in units of f0cm™1. The spectrun(a) is at a
different excitation/observation angle from the speéta-(f). The

[ =k{9+ Kk piex- o . : ;
HEP, LEPMy, M., and EX lines are fromi n| =Ky "+ k3 biex biexcitons, respectively. These energies deviate far from the

citons, and the UR(), LP(H), HLP, and LLP lines are from : . .
|K /=0 biexcitons. HEP, LEP, and EX are emissions reflected Onobserved UP and LP energies, thus requiring for higher os-

the rear surface, and UB), LP(H), HLP, LLP, andM- are in the cillators to be included in the dispersion curves. Need for
observing direction. ' ' B T such a multiple oscillator model was previously discussed in

CuClI38°152pyt the model was compared with the experi-

lariton dispersion curves, and the broadest structure at th&€nts only in narrow energy ranges of observation. The
bottom is due to the singularity of JDP$The minor struc- Wide energy range of the present observation allows us to
tures seen around 3.186—3.187 eV are due to impurity emiglétermine multiple polariton dispersion curves more pre-

sions because they are present at single-beam excitation wigisely- ) o )
the high-energy laser HL. In order to explain the emission energies from IB8yy-

It is much more difficult to observe completely degenerateli€xcitons, the peak energies of the two excitation lasers and
emissions fronK ,=0 biexcitons, because in order to avoid foUr emission lines are plotted agairi§f, in Fig. 14. The
overlap with pump scattering, the LBP-UBP excitation pathexperlmental_results are o_btalne_d from two samples investi-
should be used, where the generation efficiency of biexcitongated in detail. Polariton dispersion curves are calculated by

and 3.089 eV for the UP and LP emissions frd¢g,=0

is considerably reduced as shown in Sec. VB, a two-oscillator modelZ; andZ, , 1s exciton as follows?®
21,2 2 2
IV. DETERMINATION OF POLARITON DISPERSION fic°k - aisET N azE; R
~— b
E? E{-E? E{-E?

In this section, using the one-dimensional scattering spec-
tra in Fig. 5, the polariton dispersion is precisely determined.
Then, with this dispersion, the emission peaks of the three- (EE—EZ)(E,Z—EZ)

dimensional scattering spectra in Figs. 8, 10, and 12 are pre- :Sb(Ez_ E?)(EZ—E?)’ 2
cisely assigned. T t

_ _ _ HereE; (E.) andE; (E|) are the transversgongitudina)
A. One-dimensional scattering Z; and Z;, exciton energies, respectivelyE{=E,,E;

The observed energies of the UP and LP emissions in Fig=Ez), and a;s and a; are exciton-photon_coupling con-
5 reflect polariton dispersion curves in CuCl. The standardtants. For one-oscillator polariton&| = V1+ ays/e,Er
one-oscillator polariton dispersion cur¢egredict 3.283 eV andE| =1+ a,/e,E, are the longitudinal energies, but in
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IO.(I)87I I 0o Polariton wa\(/)esnumber (106cm'i)0
0.906 | 3.30 i i

1) LpH)

* Experiment
emission energy vs K

~-== polariton dispersion

3.251

Eng)rgy V)
i

Emission Intensity (arb. units)
" 1

" 0051
0.886(2k,)
X

3.10

B v v —— 1 M 4 4 4 1 N
vy | 0.0 o 0.5 61.0 }
1 — —— —— Biexciton wave number K_ (10°cm )
3.16 3.18 3.20 322
Energy (eV) FIG. 14. One-dimensional scattering: The two excitation laser

energies and four emission energies as a function of the biexciton
FIG. 12. Emission spectra of biexcitons created by nondegenemwave numbeiK,, are displayed with experimental resu{tots in
ate two-photon excitation with antiparallel beams. The wave num¥ig. 5, calculated resultsolid curve$ by a two-oscillator Z; and
bers of biexcitons simultaneously created are given at the uppef;, model, and the corresponding polariton dispersion curves
right corner in units of 19 cm 1. The HEP, LEPM+, M, and (dashed curvegs The gradients of the curveslE/dK,,, explain
EX lines are from K | =2k, biexcitons, and the UR( and LPH) broad features of the UP and LP lineska;=0.70x10° cm™ ! in
lines are from/K | = [k{?’— k)| biexcitons. Fig. 5 (see text in Sec. I)l Since the UP and LP lines show the
similar broad features abow€,,=0.5x10° cm™ !, the experimen-
tal points are not reliably obtained in this region.

Eq. (2), E_.<E| andE,>E, because of the polariton cou-
LL HL pling of the two oscillator§Appendix A).
The energies of emitted polaritons as a functioiKgfare
calculated under energy and momentum conservation to fit
the experimental results, witk,, E/, and e, as variable

M, LEP HEP|! EX parameters. The biexciton wave number in the experiment is
/\ A A /\ determined byK,,=k{®—k{?), where the input polariton
S wave numbers ok{?) andk(” are iteratively calculated from
E the dispersion curves assumed with the given pump-laser
energies. The solid curves in Fig. 14 give the best fit, show-
LL ing an excellent agreement between the theory and experi-
\‘i K =1k,@- kO ment. The calculated UP and LP energies are 3.228 eV and
3.144 eV, respectively. Here we employed a quasiparticle
observation N excitation scheme by Taif where the wave number is well
HEP <LEP K~ 2o . defined as a r_eaI value_z and the frequency is a complex value
EX (by internal reflection)  gych that excited particles decay as a function of time. The
- M, M quasiparticle solution of polariton dispersions is insensitive

to damping parameters in the frequency. In this case the
FIG. 13. The schematic of the excitation and emission proces§amping of theZ, , exciton can be set to be zero without
for Fig. 12. Together witHK | =|k{®—k{®|=0 biexcitons,|K x| losing reliability of the flttlng_, glth_ough it is expecte_d to_be
~ |+ k{5 k)|~ 2k, biexcitons are generated in the direction al- around 10 meV** The good fit indicates that a quasiparticle
most normal to the surface by internal reflection of the excitationPicture is adequate for describing the radiative decay of two-
beams to emit HEP, LERVI;, and EX emissions. For the calcula- photon generated biexcitons.
tions shown in Figs. 15 and 16, both wave vectorgkof] = |k{” Parameter values determined from the fitting are listed in
— k| and|K | =2k, biexcitons can be taken to be normal to the Table I1*° For theZ; exciton and biexciton, the values in Ref.
surface without appreciable errors. 21 are usedthe Z, , exciton mass is taken to be the same as
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TABLE |. Parameters used for fitting to the experimental re-

sults. The energy unit is eVE| = (1+ ays/e,)Y?Er and E/ =(1 + Fig8
+ azlep) Y2E, . *  Fig.10(e)
322 « Figl2@|

Parameters ¢, Et E/ E, E; E/ E,

4.3 3.2022 3.21 3.2079 3.267 3.288 3.2896

320+

the Z; exciton and g, is so determined that K3=0.89 g

x10° cm! (Ref. 55. The Z, , exciton parameters angl, oy

here coincide well with the values in Ref. 56. The dispersion g 187
s

curves determined shows that the polariton above 3.228 eV
(the UP energy for th&,,=0 biexcitor) is better described

by the Z, ~1s LBP rather than by th&;-1s UBP. This 3.164
nature is clarified by comparing the magnitudes of fhe
and Z; exciton components in the polaritdeee Eq.(13)].
Details ofZ, , exciton-polaritons will be reported in Ref. 48.

314"

B. Three-dimensional scattering 0.0 ' of1 ' ofz ' 0.8 ' of9 ' 1.0

As seen in Figs. 8 and 10, the LLP and HLP emissions Biexciton Wave Number (10°cm”)
have a much larger intensity than the Wp(and LPH,L)

. S . FIG. 15. Three-dimensional scattering: The energies of polar-
emissions. The biexciton radiative decay theory on the E)fFi)ton emissions from biexcitons as a functionkof, calculated at the

model will be tested by a precise comparison of these emi aser external incidence angfe,=25° and at the normal observa-

sion mtensmgs ,W'th the th(_aory_. For th|s purpose, we shoul ion angle. The calculated curves are labeled by the internal polar-
compare emissions from biexcitons with the same wave VeGon scattering angld, . from K,,. The curves for the conjugated

tor and emitted in the same direction. In this section, Wehair emissiongHLP', LLP’, UP’, LP"), which are symmetric to the
make a precise assignment of all the observed emission linggrves labeled,p=90°, 90° 64( 4= 23°) with respect to 3.186
under the three-dimensional energy-momentum conservatiody, are not displayed because they are out of the observation direc-
law, in preparation for the analysis on the emission intensitytion. Triangles(A) shown experimental resulfsLP, LP(L), UP(L),
in Sec. V. LEP, HEP emissions and the excitation ladef for the degenerate
excitation case in Fig. 8. Squar¢ll) show experimental results
1. Collinear excitation [LLP, HLP, LP(H), UP(L), LEP, HEP, LL, HL] for the nondegen-

The assignment of the emission processes :schematicalf’f::t.e exiitztio” ga;e_ig 4'?9' ? fo thawtdh: 15’.0 fotr. the Sffec.tra
shown in Figs. 9 and 11 for the collinear excitation case iévarié%saeqezl;':‘ e eI:Cit;.%ilonqla?éee:’Sen;’ iggcc':?(n.;;%\fv
confirmed by the following procedure. We have calculated ' aep g gies.

. . . o experimental resultfLEP, HEP, LP(H), UP(L), LL, HL] for the
the emission energy as a function K§f, at fixed incidence

. . . . . antiparallel excitation case in Fig. 3.
and observation angles using the polariton dispersion deter- P g- a3

mined in Sec. IVA. Given the two laser energie§’ and . : . oo

E(ZO) and the external incident angfe,, the wave vectors of Thus, polarltons_ emitted in the direction normal to the
low-K,, biexcitons and the energies of polariton emissionsg""lmple surface is at the anglgps from K,
normal to the surface, i.e., LLP, HLP, UPH), and

LP(L,H) emissions are calculated as follows. Oops=90°* 6. (6)
For the external incidence angk,, the internal inci-
dence angl#), is obtained from When the two laser energies are degenerif@k{”), the

. . wave vectors of lowK,, biexcitons are parallel to the surface
$iN fex=N(E)sin i . 3 and polariton emissions at the andlg,.=90° are observed
Here, the refractive indem(E) is taken to be a constant, the (6a=0°) as shown in Fig. 9. Figure 15 shows the calculated
value at 3.186 eV. Then, for the polariton wave numbersemission energy as a function of biexciton wave number at
k(10)=k(E(lo)) and k(20)=k(E(20)), low-K,, biexcitons of the anglesf,,,s of 0°, 180°, 90°, and 90 44 with the ex-
ternal (experimentgl incidence angled.,=25°. The curves
K= V(KD)2+ (k) 2= 2kPkPcog 26;,) (4)  denoted by 90° and by 96°64 (64=23°) explain the spec-
tra in Figs. 8 and 1@), respectively. The wave vectors of
are generated by internal reflection. The deviation amgle highK,, biexcitons simultaneously generated are given by
of K., from the sample surface, as shown in Fig. 11, is obK,,=k{?+k{®), and the energies of HEP and LEP emissions
tained from normal to the surfaceé,s= 6;,) are also displayed in Fig.
15. The experimental points given by the filled triangles and
Kmcosfg= (k{+k{)sin oy, . (5)  squares agree very well with the calculated curves.
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angle 6,,=30° of the lasers with the bandwidths of 0.5 meV.

From Fig. 15, it is confirmed that the LLP, LP), and
UP(L) lines in Fig. 8 and the HLP and LP( lines in Fig.

PHYSICAL REVIEW B 64 045209

320+ : : : : : —t 12 culated width, partly because of the contribution from the
HL finite solid angle of observation, which is estimated to be
._J./// about 0.8 meM(FWHM for +2.5°), and partly because of
3.19 - o Fiol2 cmission the elastic scattering of higKr, l.)iexcitons?3 which ob-
o . F'g.121 8 S scures an initially sharp .cﬁstrlbutlon of Fhe biexciton wave
0} LEP 18.1. laser £  vector to cause an additional broadening of the emission
85 318 ‘-\.\_\ i width.
L% } LL % We can compare the intensity ratio betwédn and LEP,
-4 HEP lines if highK, biexcitons are generated evenly in both
3.17- E —_— A Fig.12 FWHM directions by internal reflection. This condition is considered
\ - to be satisfied because there is no reason for asymmetry. If
II not, they cannot be compared as they are sincdthemis-
3.16 T —_— 0 sion is in the backward direction and the LEP and HEP emis-

sions are in the forward direction.

FIG. 16. The energies of the HEP and LEP emission lines V. ANALYSIS ON BIEXCITON EMISSION INTENSITY
(circles @), the energies of the excitation lasers HL and LL
(squared), the full widths at half maximum of the HEP and LEP
lines (trianglesA) taken from Fig. 12, and the calculated emission
energy (solid curve$ and width (dashed curveat the incidence

A. Comparison with biexciton radiative decay theory

The strength of polariton effects is scaled by the polariton
parameter Q,23' defined by #Q,=(a,/e,)YEns
~\2AMWE, ., whereE, is thenth exciton energy and (%)
is its longitudinal-transverse splitting. This gives the polar-
iton Rabi frequency, i.e., the splitting energy at the intersec-
tion of photon and exciton branchék=\s,E;</c. Since

10 come from polaritons emitted in the same direction and)  for the ground-state exciton in CuCl is largek (¥,
from biexcitons of the same wave vector.

2. Antiparallel excitation

~224 me\} than the biexciton binding energyel=32
meV), a perturbative treatment on the exciton-photon inter-
action is not appropriate but the BP modethould be ap-

The observed emission energies for the antiparallel exciplied for the biexciton optical decay in CuCl especially for a
tation case in Fig. 12 are explained by the calculation asow-K,, region. This is usually the case for other bulk direct-
follows. For the internal incidence anglg, , the wave num- gap semiconductors too. In this model, the biexciton reso-
ber of highK,, biexcitons is obtained by nant dissociation into two polariton eigenstates is rigorously
treated and is interpreted to be mediated by the exciton-
exciton attractive Coulomb interaction. The radiative transi-
tion probability of biexcitons of E,,,K,) into polaritons of

Since the wave vector is almost normal to the surface, Weg, k,) and €,,k,) is expressed by-*° (see Appendix B
can readily obtain the energies of HEP and LEP emissions at

the exit angle off,,=0°. Further, we can estimate the
widths of emission lines from the excitation laser bandwidth,

Km=V(KP+k$)2c0g 6, + (KO — k) 2sirf 6, (7)

Y(Km, k1) xp(ky,Ko)ler - €2

. . . 2
=0.5 meV, and the polariton dispersion curves as follows. m
For K=k, +k, and w,= w;+ w,, the relationAK = Ak, X|By1s(k1)Bis(kz) €™ | dRW(R)| , (10
+Ak,=(dk; /dw;—dk;/dw,)Aw, holds. If Gaussian . .
shapes are assumed for the two excitation pulses with th¥n€rep(ki ko) is the JDPS given by
same widthsA wg, the emission line widtiA w is calculated 1
as Kqi,ky)= 11
p(Ky,Kz2) dE, N (12)
dk®  dk9\ Ao dk,  dk, 0801t 02)
AK#')):< 1 _ 2 ) O, (8) 1 2
do;  dwy/ |2 with the internal scattering angle (6= 6,+ 6,) betweerk,
© andk,, 6, ,is the angle betweeky , andK ,, |e;- &,|? is the
A= AKp © polarization factor given by 4+ cos6,}” By, is the Hopfield
CTTdk, dk, |- coefficient that represents thes Exciton component in the
do,  dw, polariton?1732¢™M is the biexciton binding energy, antl(R)

is the biexciton envelope wave function. Note théf
Here, the factor 32 is needed in the absorption process= s in Sec. IV. Equation(10) is a special case of E¢3)
because the molecule distribution is proportional to the prodin Ref. 39: OnlyC, 4(0)=[dRW(R) is taken into account
uct of two Gaussian beanhg(w)!,(w). Figure 16 shows the with the approximate biexciton wave function of
results of calculation in reasonable agreement with the ex¥ (R) ¢15(r1) ¢1s(r2), Wheree is the envelope wave func-
perimental widths. The observed width is larger than the caltion of theZ;-1s exciton, andK,, andk; are taken to be zero
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[C11(k)=C14(0),eM(k)=€"(0)] because they are much Lo————"t— L
smaller than the inverse radius of the biexciton wave -~ (@) 8+6,=m7
function®* The biexciton translational motior,,, affects £ oIBBI’
the radiative decay rate for the much higeg-region than N;% N
the present region of observation as shown in Fig. 5 of Ref. m =
33. The polarization factor, which comes from the spin struc- .05 ué
tures of excitons, has not been included previotisiybe- g 2
cause it is not needed for the analysis on the emission pro- 3 a
cesses in the one-dimensional scattering geometry. -
The biexciton emission intensity is obtained as 0.0 0
(K E) < T(EDKEY(Kim ka), (12 10 2
where the factor ok3 comes from the solid angle of obser- §
vation andT(E,) is the transmissivity of the sample given E -
by 4n(E,)/[1+n(E;)]?>. For the calculation, the two- i— Ng
oscillator polariton dispersion determined in Fig. 14 is used 0.5 Lo
and B4 is evaluated by the Hopfield theory generalized to 3 o
multiple-branch polaritorté®’ such that the modification by g n
the Z, , exciton is included. The explicit form d&, includ- g
ing the Z, , exciton reads g
H0-0 LA LA L LA R R AL R B L R B 0
ag | V2 X2 3.12 3.14 3.16 3.18 3.20
. S 1s
Bs(k)=i —) > Energy (eV)
€p 1-Xis
1 FIG. 17. (a) The biexciton radiative transition probability as a
X P p 1721 function of the emitted polariton enerdthick solid curveg on the
1+ ﬁ(l_ X2 )2+ _Z(l_ X2)~2 antiparallel emission condition af; + 6,= 7 with K, varied from
€b €p —2Kkq to 2kq for LBP-LBP and from—0.8%, to 2k, for UBP-

(13 LBP, due to the transition matrix elemel;(k;)B1s(ky)|? (thin
where X;s=E(k)/E4s and X,=E(k)/Ez. This form is re- solid curve$ and the joint density of polariton statep
duced to the well-known form for the one-oscillator =21/(dE,/dk,+dE,/dk,) (dashed curvgs(b) The correction fac-

casé718in the limit of a;=0. tor (thick solid curve for the detected emission intensity due to the
sample transmissiorT;(E) (thin solid curve, and due to the solid
1. K,-selective excitation angle of observatiorkf (dashed curve

Figure 17 shows the respective contributions of the fac-
tors in Eq.(12) to the emission intensity, calculated at the servation is the same as in Fig.(bY. Note that the matrix
fixed scattering angle af= 7 with the biexciton wave num- element|BB|? is almost constant in the energy range of
ber varied aroun,,~0. The correction by theki factor 3.17-3.202 eV. This means that it is practically impossible
comes from the mode density within a fixed, finite solid to identify the contribution of the Hopfield coefficient8@|
angle of observation in the experiment. Here, we do not conformula as long as the observation is limited to the LBP-
sider damping of polaritons during the propagation in aLBP channels as has been done previously.
sample, which should cause a significant decrease in the The results of calculation with all the contributions to-
emitted photon intensity as the energy approaches the exajether in Eq(12) are shown by the solid curves in Fig. 19 in
ton energy, 3.202 e¥>° A few percent correction of the comparison with the experimental results. Note that there are
emission intensity by the photon energy is also neglected. Ago free fitting parameters used for the calculation, and that
shown by the thick solid curves in Fig. &J, without the the curves close to 3.202 eV cannot be directly compared
correction factor, the intensityyt<p|BB|?) is largest at the with the experimental results since the damping is omitted.
degenerate two-polariton emission energy 3.186 eV andhe filled circles in Fig. 16) shows the intensity ratios of
shows wide resonance behavior reflecting the large-polaritothe LLP and LPL) emissions and of the HLP and LR}
Rabi splitting# 5. This is in remarked contrast with the emissions in Figs. 8 and 10, taken from the results on four
two-photon resonant absorption intensity, which shows a@amples. The open triangles and filled circles in Figbl9
sharp resonance enhancement at the exciton efergy. show the intensity ratios of the HEP, LEP, ald; lines in

Figure 18 shows the respective contributions in Bd) Figs. 1@a), 10(b), and 12. As proved in Sec. IV, these emis-
to the emission intensity, calculated at the fixed biexcitonsion lines are from biexcitons with the same wave vector and
wave number ofK | =2k, with the scattering anglé var-  emitted in the same directidfl. Therefore their intensities
ied. The matrix elemenfthick solid curve shown in Fig. are proportional to the values normalized by the biexciton
18(a) is the same as that in Fig. &, and the JDPSthin density and are directly comparable with E§2). The ex-
solid curve$ depends on the internal scattering angléhe  perimental results are quantitatively reproduced by the
correction factor by the transmission and solid angle of obtheory, thus the biexciton radiative decay theory on the BP
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FIG. 18. (a) The transition matrix elemenBs(k;)B15(k2)|?
(thick solid curve, the joint density of polariton statep
=1/|dE, /dk; —cos6dE,/dk,| (thin solid curve} as a function of
the energy of polaritons emitted from biexcitonskof=2ko with  the emitted polariton energy fdt,,~0 biexcitons. Solid curves:
the internal polariton scattering angfevaried from O tow. Here,  cajculated results witl; + 6,= 7 (antiparallel emission condition
6= 06,+ 0, and 6,= ,ps. The joint density of polariton states cal- 55 the biexciton wave number is varied frdfp,= —2k, to K,
culated withd=0 (dotted curvepis also shown for comparisotb) =2k, for LBP-LBP and fromK ;= —0.8%, to K ,= 2k, for UBP-
The polarization factofe; - &,|*=1+cos'6 (thick solid curve, and | gp_ Filled circles @): experimental results in Figs. 8 and 10.
6, (thin solid curvg and 6, (dotted curvg as a function of the  gpen triangles 4): experimental results magnified ten times. The
polariton energy. error bars indicate uncertainty in estimation of the frequency-
integrated intensities. The relative intensity of the LP(LP(H)]
line with respect to that of the LLIFHLP) line is plotted with the

latter intensity normalized to the calculated value. The deviation of

polarlton and bl_exc!ton states is the same for bOth C_aICUIathe experimental point from the curve at 3.155 eV is partly due to
tions, the result in Fig. 1®) shows a much larger intensity at the underestimation of the HLP intensity in Fig.(f)) where the

3.186 eV than in Fig. 1@). Th_'s difference comes from the ) pine is overlapped with the laser scatterifit]-). (b) The biex-
JDPS. In Fig. 1f), two polaritons are emitted in the same cjion emission intensity as a function of the emitted polariton en-
direction, showing the van Hove singularity =0 with  ergy for K,,~2k, biexcitons. Solid curves: calculated results at
Km=2ko in Eqg. (11).**** Note that this singularity does not Kk _=2k, (0.885<10° cm 1) as 6, is varied from 0° to 180°.
affect the two-photon absorption &f,,= 2k, biexcitons®? Filled circles @): experimental results in Fig. 12. Open triangles

In the calculations in Fig. 19, errors caused by the ap{A): experimental results in Figs. (& and 1b), where theM
proximations of(a) = (antiparallel scatteringand (b) emissions are in the observing direction while the HEP and LEP
Kn=2k, are smaller than the error bars in the experimentakmissions are observed after internal reflection on the rear surface,
data (uncertainty in estimation of the emission area inten-so that the HEP and LEP intensities are corrected with the reflec-
sity). In Fig. 194a), the errors from the antiparallel approxi- tivity. The relative intensity of the LEMPEP) line with respect to
mation are within a few percent of that of a precise calculathat of theMy line is plotted. The vertical axes i@ and (b) are
tion with 64. In Fig. 19b), the experimental results for Fig. scaled in the same unit such that the calculated intensity is mutually
12 (filled circles are on the condition 06=0 with K ,, var- compared. For botlﬁa}) a.md (b), the calculatgd r.esults. at 3.17 eV
ied, while the calculated results are on the conditiorkgf ~ Ccorrespond tMy emissions fromK =2k, biexcitons in a back-
— 2k, with @ varied. But both results can be mutually com- SCaténing geometry.
pared since the JDPS with=0 (dotted curvesare not much
different from that withé varied (thin solid curves in Fig. 19(a), the LP() intensities around 3.14 eV are smaller than
18(a), and the polarization factor gives a less than 10% dif-the calculated values as shown by the open triangles. This
ference between 3.18 eV and 3.192 eV in Fig(bl8 may partly come from the approximation in E4.0), where

To be strict, there are appreciable differences between thidae biexciton wave function is modeled by an envelope func-
experiment and theory both in Figs.(@Pand 19b). In Fig.  tion ¥(R) as explained in Appendix B. In Fig. 19, the

Energy (eV)

FIG. 19. () The biexciton emission intensity as a function of

model is experimentally verified.
Although the transition matrix element between two-
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increase of the observed emission intensity toward 3.186 e
is less pronounced than the theoretical curve. This differenc
comes partly from the finite laser widths, which are not con-

sidered in the calculation. Actually the emission intensity is a

value integrated over the emission width, which smooths ou

the divergence at the degenerate energy. As pointed out i
Sec. IV B, the elastic scattering of biexcitons should also be

responsible for the broadening of the emission lines, and thu
for the difference heré®

2. Collisional excitation

As shown in Figs. 17-19, nearly degenerate emissions art
more efficient processes than nondegenerate emission

around theM+ energy (=3.17 eV} when biexcitons are

K -selectively excited. This raises a question as to why
nearly degenerate emissions are absent for collisionally ex:

cited biexcitons in Fig. 7 in spite of their higher emission
efficiency. In order to clarify this quantitatively, the calcula-
tion of the emission spectrum is performed for biexcitons
distributed in a wide wave-number region as follows. When

biexcitons are distributed isotropically at a fixed wave num-
berK,, (on the sphere of the radids,,), the emission spec-
trum observed from one direction (&ppendix O
dé,
l(Km’El)Md_El
y kisin 1(1+cos6)|B1s(k1)Bys(kp) Wy 1Cq 4|
dE; dE, )
d_kl _d_|(2COS
(19
_dk;, (1+¢0860)[B14(K1)B1s(Kp) Wy 1Cq 4| (15

~dE; dE; 1 dE, 1

di, k; T dk; K

wherek, is the projection ok; ontoK,,, andW, ; andC, ;
are generalized forms of™ and fdRY(R) in Eq. (10),
which are both defined in Appendix B. Here only the trans-
verse excitoricoupled with the photonis taken into account
as the final state. Then, the total emission spectrum for
biexciton distribution functiorf (K,,,) is obtained by

F(E)=f dK ol (K, E) (K K2, (16)
For simplicity, we take (K,,,) =1 (constantand the integra-
tion is made fromK,,=0 to 10x10° cm 1. In the above
equation, thek dependences diV; ; and C, ; should be in-
cluded, different from the case fét,,~0 in Eq.(10). The
explicit forms ofW, 3(k; —k;) andC, ;(k,—k;) are givenin
Appendix B. ForC,;, however, we assum&, ;=1 (con-
stan) since the biexciton wave function is not precisely
known. This is equivalent to the assumption that the size o
the biexciton wave function is much smaller thak }/ This
approximation will result in an appreciable difference for
K,>5x10° cm ! but within a factor of 2 Figure 2@a)
shows the calculated result fér(E) together with the re-
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FIG. 20. (a) Top: the calculated emission spectriitE) using
Eq. (15 of biexcitons distributed homogeneously in the band from
Kn=0 to 10x10° cm 1. The transition into the longitudinal exci-
ton is not considered. Bottom: the calculated emission spectrum
I (K, ,E) of biexcitons distributed isotropically at the fixed wave
number of K,=0, 0.1, 0.3, 0.6, 09, 2, 4, 6, 8, and 10
x10° cm™ L. (b) Results of calculation using E(L7), i.e., without
the matrix element, joint density of polariton states, and polariza-
Kon factor.

spective contribution$(K,,E) from K,,=0, 0.1, 0.3, 0.6,
0.9, 2, 4, 6,8, and 201° cm™ 1. Since internal reflection
and relaxation of the final excitons are not taken into ac-
count, the spectrum above 3.186 eV is unrealistic but it helps
to see the relation between tMeband energy and the exci-
ton energy. The asymmetry of the spectr&fE) is caused

by the increase in the biexciton energy wih,, as seen in
the blue shift of the center of th€K,,,E) spectra. As op-
posed to the larger transition probability demonstrated in Fig.
19, the emission intensity around the degenerate energy is
negligibly small in Fig. 20a). This is because the effects of
the initial biexciton density of stateé((%) and the final po-
lariton density of statesdk,/dE;) are superior to the effects
of the matrix element |BBWd?) and the JDPS
[1/dE; /dk;— (dE,/dky)cosd], which becomes significant
only in the case of=0 andK =2k, (i.e.,k;=Kk5). This is
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Energy (eV) FIG. 22. The LP emission intensity as a function of energy for

FIG. 21. Top: the calculated emission spectra of biexcitons havEhe experimentdots in Fig. 5 and the calculatiofsolid curves by

. L - ) Eq. (19). The calculated results are normalized appropriately to fit
Ing Boltzrr_wanr_l dlstr_lbut|ons OT_S’. 10, 20, and 40 K. Bottom: the with the experimental results. The error bars indicate uncertainty in
M+ band in Fig. 7 is compared with the calculated spectrumirfor S ; . o

—20 K estimation of the frequency-integrated intensities. Also shown are
B ’ the corresponding biexciton densiy,(K,,) (dashed curveand the

. . . . . . . 2
already evident from Figs. 10 and 12: if the emission inten— 1 ooo" intensity per biexciton densiyK . E1)T(E1)k; (dotted

sities normalized by the bandwidthE are compared, the curve.

My intensity is larger than the intensity of nearly degenerate The piexciton population density is proportional to the

emissions owing to the concentration of final polariton den'two-photon absorption intensity. For the two-input laser

sity of states. Note that in Fig. 19 the emission intensitie§)aams of energiei(lo) and E(ZO) satisfying E, = E(lO)

integrated over the total bandwidth are analyzed on the con; —(0) I S

dition of fixed AK,, in both theory and experiment. +EL", the biexciton density is given By
It is readily shown that the simple calculation without the Nin(K ) 111, T(ESO) T(ED)

matrix elementincluding the polarization factprand JDPS

gives little difference from the rigorous calculation above. |le|2|QlS|2

Figure 2@b) shows the results with the integrand in E§5) T C0) > T C0) >

as a constant, i.e., by only taking account of the distribution |Es— BB B3V 11

of the emission energgfinal polariton density of statess 2

follows. X , (18

" | dRY(R)

wherel 15 is the polarization decay rate of tlg-1s exciton,
andl; andl, are the intensities of the two excitation beams.

) , Here I'ys can be neglected because it is less than 0.1
Although I (Ky,E) are different between Figs. @) and  10\/5859 1 ayoid divergence in the numerical calculation,

20(b), F(E) are almost identical. The difference is found I',. is taken to be 0.03 meV. In Eq18), the polarization

only around the degenerate energy in the magnified scale B ior is omitted because of the one-dimensional excitation

1000 times.
; . geometry @=).
Figure 21 shows the result for a Boltzmann distribution of ™ 4 Jpserved emission intensity in Fig. 5 is calculated

f(Ky) =exd —(K2/2M ) /kgT] with T=20 K and!(K,,E) with Egs.(10) and (18) as

using Eq.(15), in fair agreement with the experimental re-

sults given in Fig. 7. To conclude, the correction by polariton (K E1) < Np(Km) ¥(Km k) T(Ep)KS. (19
effects BB formula) for the M-band spectra from thermally 5
distributed biexcitons can be safely neglected for most of thd? ¥(Km K1), p(ky,kp)*1vg(ky) +vg(kz)] and [e;- e

cases. This justifies previous simple analysesvbbands 2 (@ntiparallel scattering whereuy is the polariton group
without the matrix elemerft velocity. The experimental result to be compared with this

formula is the LP emission intensity in Fig. 5. The UP emis-
sion intensity is not suitable because UBP’s are subject to
relaxation into LBP’s during propagation to the surf4te,
Figure 5 shows that the UP and LP emission intensitiesequiring an additional factor in the analysis. Figure 22
decrease as their energy difference increases. In order to eshows the LP emission intensity as a function of energy for
plain this behavior quantitatively, both biexciton generationthe experiment and the theory with E(L9). The theory
and biexciton radiative decay processes should be treatedproduces the experimental results fairly well. For a more
precisely including polariton effects. precise analysis, Eq19) should be slightly modified to in-

dk,
|(Km,El)°<d—El- (17

B. Two-photon absorption and two-photon emission
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clude the effect of how large is the contribution of the ob- ¢4 — L

served emission channel in the total radiative decay channel _ I
calculated in Sec. VI, and the experimental intensity should-é 0.8- |
be corrected about fluctuations in the excitation laser powers= ™
on tuning the energies and in alignment accuracy to overla@

the two beams. 2 0.6+ -
An apparent difference between the absorption and emis 3 — LBP+LBP

sion processes should be noted. The absorption process t§ ,,1 | 7777 LBP+UBP ||

Eq. (18) is most efficient when one of the excitation lasersis™> | | 7777 LBP +LE

at the exciton resonanééwhile the radiative decay process & | sum

by Eq. (10) is most efficient at the degenerate two-photon g 02 i

energy, 3.186 eV. The different energy dependence betwee™ A

the induced absorption and spontaneous emission process (.04-------==" - -\T"T"'."‘T"‘.'"."". ______ |

shown by Egs.(18) and (10) is due to the difference 0.0 0.2 0.4 0.6 0.8 1.0

in the measured quantitiés. In both processes, the Biexciton wave number K, (10°cm™)

transition probability between the initial and final states _— -
s expressed by the same ansifon matix element, o S ¥ e o o P
e, €,B15(K1)B1s(ky) €™ ARV (R)|?, as in Eq.(10). In the b

Ll SN . . . .. +LBP), lower- and upper-branch polaritond BP+UBP), and
emission process of biexcitons, the time-integrated mtensﬂyower_branch polaritons and longitudinal excitoh®P+LE), cal-

normalized by the biexciton density is obtained. This is pro-., .24 with Eq(15). In Fig. 5, LEP-HEP and-EX emissions
portional to the quantum efficiency of the biexciton-to- are from the LBP-LBP channel, LP-UP emissions from the LBP-

polariton transitionthe polariton numbers;=n;=1), thus  ygp channel, anti1, emissions from the LBP-LE channel.
the original|BB| formula is retained. In the absorption pro-

cess, on the other hand, there are two input beams of comoefficients including th&, , exciton are usefEq. (13)] and
stant flux densitie$; andl, (W/cn?), and the intensities of B1s(ky) for LBP+LE is taken to be unity, wherk, is the
the transmitteddiffracted beams are normalized byl , to wave number of longitudinal excitons. Compared to the cal-
yield the x® formula as in Eq(18). In this case the polar- culation with the one-oscillator model, the LBRIBP chan-
iton number densityn; is not unity but is given byn;  nelis significantly modified’ but the totaK , dependence is
=ljlojv4(k)) (cm™3), wherew; is the energyJ) of a single  not altered qualitatively since the contribution of this channel
polariton andv 4(k;) is the polariton group velocitycm/s. is much smaller than that of the LBR.BP channel. The
Due to the dispersion afy(k;), the resonance denominators decay rate has a local maximum kt,= 2k, because the
of the B coefficients are canceled and replaced by those hayeint density of polariton states has a singularity in the path
ing a sharp exciton resonance as described in Ref. 65.  of K, =k,+k, as discussed in Sec. %.The experimental
observation of the shorter decaytirflarger decay rafefor
VI. WAVE-NUMBER DEPENDENCE OF BIEXCITON Km=0 than forKy,=2k, in Fig. 6 is reproduced by the
RADIATIVE LIFETIME calculation.
) ] ] o If there are no polariton effects, biexcitons decay into a
In order to explain the dynamical behavior of biexcitonsfia nortion of the exciton dispersion for ai,, leading to
observed in Fig. 6,_ the blexcno_n_ radiative c_it_acay rate is calihe absence of th&,, dependence of the radiative decay
culated by integrating the transition probability over all pos-rate |n this case the value of the decay rate should be almost
sible radiative decay chann&ss follows(Appendix O: equivalent to those foK,>1.2x1¢f cm ! in Fig. 23. In
the presence of polariton effects, by contr&st,=0 biexci-
tons decay into strongly coupled polariton states with a de-
cay rate 1.25 times larg€20% reduction in the decay time
—Ej)ler- &% Bis(ky)Bag(kp)|? (200 than in the case of no polariton effects, as evident from the
ley €/2|Bya(ky)Bra(k)|? difference betweei,=0 andK,>1.2x 10° .c:m‘l in Fig.
ocJ dk, 1 st M/ P1st 72 ’ 23. The larger decay rate is due to the high efficiency of
ﬁ i+ﬁ i degenerate two-polariton emissionskgt=0 and this is the
dk; k;  dk; k, very effect of bipolariton coupling. Here both Hopfield coef-
(21)  ficients and JDPS are responsible for the larger decay rate,
whereK, is taken along the axis andk, is thezcomponent  while the increase of the decay ratekat,= 2k, is mainly
of k;. Decay channels involved are LBRBP, LBP+UBP,  due to the singularity of the JDPS.
and LBP+LE, where LE represents a longitudinal exciton. The observed decay time is consistent with the estimate
Recently found channels into the higher polariton branchefrom the two-photon absorption width &t,,=0.3! The K,
are omitted because of their negligibly small inten§#ffhe  dependence of a biexciton decay rate is also calculated in
polarization factore;- e,|? is 1+cosd for LBP+LBP and  Ref. 31 on an exactly solvable BP model. The results in Fig.
LBP+UBP and siRd for LBP+LE.’ 23 are slightly different from Fig. 9 of Ref. 31, where the
Figure 23 shows the calculatdd,, dependence of the decay rate oK,,= 2k, biexcitons is larger than that d&€,,
relative radiative decay rate. Here, the generalized Hopfielé=0 biexcitons. This is because in Ref. 31 the polarization

(K= [ dhadioa(K ks —k) o = By
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factor e, - &,|? is taken as a constant, not as-tos¢. The  branch polaritonsLBP’s), are observed for biexcitons both
calculation ofl" (K ;) on LBP+LBP with |e;-e,|>=1, which  atK,=0 andK =2k in the three-dimensional scattering
corresponds to the polariton polarizations vertical to thecondition. Their intensities are larger than those of nonde-
plain made fromk,; andk,, reproduces almost the sardg,  generate polariton emissions simultaneously observed, such
dependence as in Fig. 9 of Ref. 31. The factor of?6os as upper- and lower-branch polarit@dBP-LBP) pair emis-
comes from the polarizations parallel to the plane.Kdt  sions and lower-branch polaritoM() and transverse exci-
=0, |e,-&|?=2 because the angle betweenk, andk, is  ton (EX) pair emissions. Completely degenerate emissions,
always 180°. For highelK,,, the cod¢ factor reduces which are the reverse process of degenerate two-photon ex-
I' gp.Lep(Km) becaused<180° in average. citation of biexcitons, from R, biexcitons show the largest
The K., dependence of the biexciton absorption width isintensity because of the van Hove singularity of the joint
reported in Ref. 68, where the width Kt,=2k, is larger  density of polariton states.
than atk,,=0 by a factor of 3. This is a trend opposite to the  The relative intensities between LBP-LBP and UBP-LBP
present observation and theory, where the radiative lifetimemissions and between LBP-LBP akt}-EX emissions are
atK.,=2k, is longer than aK,=0. In our observation, this rigorously compared on the condition of fixed biexciton
experimental fact is confirmed by several samples. The reawave vectors, showing good agreement with the biexciton
son for the apparent inconsistency is explained as followstadiative-decay theory based on the BP model without any
The absorption width is determined by the phase-relaxatiofree fitting parameters. Thus the theory is finally verified
time rather than the radiative lifetime, thus including notexperimentally for all the polariton branches associated with
only the radiative-relaxation contribution but also intraband-both ground- and excited-state excitons. The results for the
scattering contributions. Fat,,= 0, the latter effects can be exciton excited states are already reported separ&dlge
neglected, but fork,,=2k, or higher wave numbers, a theory depicts that the biexciton radiative-decay rate is de-
sample-dependent elastic scattering rate affects the absorigrmined by the biexciton wave function and the exciton
tion width. Similarly, the decay time d¥1; emissions gives components in final-state polaritons through the exciton-
the phase-relaxation time as demonstrated in Ref. 33. Fa@Xxciton interaction, thus it depends explicitly on the Hopfield
example, it is reported that the decay time\f emissions B coefficients(exciton componenjsThe emission efficiency
ranges from 30—67 ps in different sampféssuggesting is largest when the energies of two-polariton emissions are
sample-dependent phase-relaxation times of biexcitonglegenerate and have a broad resonance feature as a function
Four-wave mixing experiments also show shorter phaseof the signal polariton energy. This behavior comes from the
relaxation times foK ,,= 2k, than foer:o_66 Therefore in  Hopfield coefficient, which shows that the exciton compo-
Ref. 68 it is most likely that the width of thek3 biexciton ~ nent is widely distributed in the polariton branches as large
gives a larger value than the true radiative width. as =224 meV (the vacuum Rabi splitting energy for the
Biexcitons are weakly interacting bosons with the possi-ground-state exciton in CuLldue to the strong exciton-
bility of Bose-Einstein condensatiofBEC), but there has photon coupling? This resonance behavior is in remarkable
been no definite evidence so far although several signatur@®ntrast with the two-photon resonant absorption process,
are observe®® The shorter radiative lifetime fd€,,=0 than  the efficiency of which has a sharp resonance enhancement
for higherK,, implies that conditions for BEC of biexcitons at the exciton energ¥, not at the degenerate two-photon
are severer than previously expected. Note that the BEC wignergy. This is due to the additional enhancement of the
be monitored by the increase of the UP and LP emissiofnput polariton density determined by the polariton group
intensities forK,,=0 biexcitons. In particular, since the Velocity*>®
characteristics of the LP emissions will not be affected by the The radiative lifetimes oK,=0 biexcitons are found to
dense population of excitons and biexcitons because of itge shorter than those of hidky, biexcitons. This is due to
photonlike character, the LP emissions will give the clearesthe high efficiency of (nearly degenerate two-polariton

signature of the BEC. emissions folK ;=0 biexcitons. The result is reproduced by
theK,, dependence of the biexciton radiative lifetime, calcu-
VIl. CONCLUSIONS lated by integrating the transition probabilities over all the

radiative relaxation channels experimentally identified. The

The radiative transition channels &f-selectively ex- result of calculation shows that polariton effects reduce the
cited biexcitons in CuCl are systematically studied fromlifetime of K,,=0 biexcitons by 20% from the case of no
Kn=0 toK,,=2kg, and theK,, dependence of all the relax- polariton effects.
ation channels involving the upper- and lower-branch polari- In spite of the high efficiency of the degenerate-emission
tons is clarified in both one- and three-dimensional scatteringrocess, it is proved that for collisionally excited biexcitons
geometries. The upper- and lower-branch polarittfBP  the degenerate-emission lines are absent andvthieand
and LBP pair emissions are observed in the range from 3.12lominates in the emission spectra. This assures that for most
eV to 3.25 eV and the polariton-dispersion curves are preef the cases the emission spectra from thermally distributed
cisely determined in this range. The two-oscillator polaritonbiexcitons can be analyzed without the transition matrix el-
dispersion including th&; , exciton is essential for the cor- ement, but only with the initial biexciton and final polariton
rect description of the radiative-decay channels. density of states.

Nearly degenerate two-polariton emissioft$.P, LLP, The high efficiency of the degenerate emission process is
HEP, LEB, which are due to the decay into two lower- important because it is quite an effective parametric down-
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conversion process, the efficiency of which is enhanced byient (ns exciton componenf? and W; i(=En—Eis—Ejs)
both bipolariton coupling and a large size of the biexcitonis the Coulomb interaction between theand js excitons.
wave function[ fdRW(R) in Eq. (10)].*° This process will The projection of the biexciton wave function onto exciton
offer an attractive system for quantum opfftin view of  excited states reads

quantum-mechanical properties of polaritt$ and en- K —K

tangled photon pairs due to the exciton-exciton Coulomb ( 1 Z)ZJ dRdrdr,T* (R,r1,12) i(11) y(r2)

correlation’® M2
The present experimental results show a clear evidence Ky~ ks
that nearK,,=0 biexcitons behave as bipolaritons, i.e., un- xel—2—R (B3)

derlying polariton states determine the lifetime of n&ayg . . . S
=0 biexcitons. In this context, the term “bipolariton” does where ¢y IS thg ns exciton wave function. The biexciton
wave function is expressed by

not refer to the internal structure of the biexciton wave func-
tion. So far it has been difficult to tell polariton modification _
in the biexciton internal structure its€fwhich is a delicate T(R,ry,r) =2, > Ci(K)gi(r1) ¢j(ro)e R, (B4)
problem even for the present BP model because the biexciton Wk

wave fUnCtion iS not preCisely knOWI"I. Further inVeStigation For biexciton emissions into the ground_state exciton po_

of K~0 biexcitons and rigorous comparison with theories|aritons [Eq. (15)], the following approximate expressions
are necessary to reveal the influence of the light on the veryg)q:

internal structure of the biexciton wave function. 5
o
V(Km:El):_h p(Ky,kp)|er- e
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=T(R r rs), B6
APPENDIX A (R)a(r1) a(r7) (86)
: — kq—k
From the simple algebra of Eg&l) and (2), Cl,l( k12 kZ) :f dR¥*(R)e 12 ZR, (B7)
1 s
EZ =5 EI2+E/ 2 \/(E[Z— E/2 2+4% E2E2|. Wy 1= En(K ) — E1s(Kq) — Eqo(K>)
b 2 2
Al f% kg + Ky
(AL = E(Kp=0)+ —gi 2 — Ey(ky=0)
Thus, the longitudinal energies_ | for the two-oscillator 1s
polariton dispersion are shifted from the one-oscillator cases ﬁzki h2k§
ELi- _M_Els(kzzo)_ZMls
APPENDIX B o hPky kol 69
=—€€ - —

The full expressions of the biexciton radiative-decay M5
theory are given in Ref. 39 and the angle dependence iwhere M5 is the Is-exciton mass. This form foW, ; is
given in Ref. 17 as summarized below. The transition ratejiven in Ref. 31.

for biexcitonsK ,,— polariton pairk,+k, (E,=E;+E,) is Further, for the emissions froilk,,~0 biexcitons such as
given by nearly degenerate polariton emissidiisy. (10)], all the k
o dependences can be neglected such that
V(KmaEl):Tp(klkaHel'eZ|2
5 Cl’l:j dR\If*(R) (Bg)
X |§]: Bi(kp)Bj(ko)W; ;Cii| , (Bl gng
wherep is the JDPS given by Wy = — €™, (B10)
1
p(kqi,ky)= dE dE. (B2 In fact, thek dependence oV, ; gives a correction of 1% in
d& —Eco the transition rate fofK | <2k,.
dk; dk; In the approximation of paralleld=0) and antiparallel
with the internal scattering anglé betweenk; and k,, (#=) emissions (one-dimensional scattering conditjon

le;-e,|? is the polarization factor given by -Acogd for  [Eq.(19)], the polarization factofe, - €,|? can also be set as
transverse excitons, B, is the generalized Hopfield coeffi- a constant.
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APPENDIX C yielding Eq.(21). In the spherical coordinate witk,,| k, and

The integration of Eqs(14), (15), and(21) is performed the polar angle, , betweenk , andky ,
as follows. In the cylindrical coordinate witK |k, and
F(K1.ko) =€ e)%Bis(ky)Bis(ka) |2,

( 1 2) | 1 2| | lS( 1) 15( 2)| F(Km)“f kiSInBldﬁldkld(ﬁﬂEm—E)F

X J'd k?sing,F
=27 | 40 dE, ok,

dk, Ak, ok,

DK | dhadoaK ks ko)

X 6(Enm—E1—Ep)F(ky,ky)

- [ Kk koo EIF (ki Kk Csing,F
=2wf doj———, (C2
dE; dE,
S(E,—E) —— ———C0S60
—om| kdEdk " —F i, dk,
JE
K,

where 8= 6+ 0,. This gives the same result as EG1). In
F the case of antiparallel emissiong= ),

dE, ok, dE, dk,
dky ok, dky ok,

:2wf k,dk,
:

HEm 8, T oyl

(C3

F
=2n f [ S — (CD)
Zﬁ i +E i where AQ=2x[d#;sin 6, (the solid angle of observatipn
dk; ky  dk; kp andu, is the polariton group velocity.
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