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Nonlinearities in emission from the lower polariton branch of semiconductor microcavities
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Stimulated scattering of spin-polarized lower branch polarit@® arising from their bosonic character is
reported. The observations are achieved in a microcavity close to zero detuning between the uncoupled exciton
and photon modes, under conditions of circularly polarized resonant excitation into the upper polariton branch.
The key role played by the bosonic nature of the LP states is demonstrated by measurements of the degree of
circular polarization of the emitted ligh®, . At low-excitation densitiesP, » is of the order of 30% in the
whole range of wave vectois<2.1¢* cm™. However, at higher excitation intensitie®, » increases drasti-
cally, up to 80%, for LP’s wittk=0, and is accompanied by the appearance of strong nonlinearities in the LP
emission intensity whilsP remains unchanged for weakly coupled polaritons with10* cm™ 2.
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Semiconductor microcavitie®MC) modify the spectral In this paper, we focus attention on the bosonic properties
and spatial distribution of photon fields and as a resulof the lower polariton(LP) mode in a IlI-V GaAs/AlAs MC
change the nature and efficiency of light-matter interactiorwith zero detuning when the states of the LP branch have
processes. The optical properties of MC’s have attracted krge (50%) excitonic character. Quite recently Le Si Dang
high degree of interest ever since the first observation of thet al® observed superlinear LP emission in the strong-
regime of strong light-exciton coupling in such structutes. coupling regime in 1l-VI MC’s withA=0. They suggested
This regime is realized in high finesse MC’s with quantumthat one possible explanation for this behavior was stimu-
wells (QW) embedded in the active layer when the couplinglated bosonic scattering, favored by the relatively high-
between the MC photofC) and the QW excitorfX) modes ~ €xciton binding energy in CdTe QW's.
exceeds their broadening. The resulting coupled exciton- We investigate here Ill-V MC’s with IfGa _,As QW's
photon system is described in terms of cavity polaritons byPUt, in contrast to previous studié$,’ resonant circularly
analogy to the excitonic polaritons of bulk materiaRecent ~Polarized excitation into the bottom of the upper polariton
studies of nonlinear emission in MC's have been the subjedt/P) branch is employed. We find that the polariton system
of significant new interest and controversy. Superlinear is markedly spin polarized, i.e., the spin relaxation time of

behavior in emission intensity has been observed at the eﬁhe photoexc_itegl pqlaritons exceeds their Iif(_atime_. .Wit.h in-
ergy of the photonlike mode, even in MC's with positive creasing excitation intensity we observe nonlinearities in the

C-X detuningA = Ec— Ey.*® These observations were ini- photoluminescencéPL) intensity which occumnly for the

. . - ajority polarization and occur below the onset of exciton
tially ﬁtmb uted to th‘,e effects of Bose statistics, and ref(_arre leaching. The study of the spin relaxation of photoexcited
to as “boser action.” Such an explanation assumes excitons,

) . . ) UP’s as a function of excitation density enables us to obtain
to be well-defined particles, a questionable assumption fofjes evidence for the bosonic character of the dense LP
the h|gh—eXC|tat|on deq5|t|es .usgd in Ref. 4. In particular, th‘“system in MC'’s with zero detuning.
superlinear growth of intensity in Ref. 4 was preceded by a” The sample under investigation was a double MC struc-
strong decrease of the Rabi splitting indicating the suppresyre grown by metal-organic vapor-phase epitaxy. The Bragg
sion of the strong exciton-photon coupling. As a result altermirrors are composed 0f/4 Al ;Ga, gAS/AlAs layers of
native explanations of these effects were sought: A many2 14.5 and 17.5 pair repeats, respectively, in the upper,
body treatment of the coupled system of QW carriers interintermediate and lower mirrors. Each GaAs cavity contains
acting with the quantized light field was found to reproducethree 10-nm Ig,Ga, o,AS/AlAs QW's. Growth-related non-
well the experimental observation within the framework of auniformities permit tuning of the photon mode energy, moni-
transition from the strong to weak coupling regimes, rathetored by measuring the PL signal from different spots on the
than the occurrence of boser actfon. sample. The regions examined on the sample were deter-
Recently Senellart and Blo€heported the observation of mined by an Al mask deposited on the sample with small
superlinear behavior of the intensity of the photon-like po-20-u diameter holes. The results reported here are obtained
lariton mode in an MC with large negativé-C detuning.  for the case when only one cavity mode has energy close to
These observations were achieved in the range of rather lovthe exciton level. The other photon mode is located 10 meV
excitation powers when the Rabi splitting was unperturbedhigher than the lower UP mode and plays no significant role
The superlinearity was found to become weak with increasin the observed phenomena. The sample was maintained in a
ing excitonic character of LP’s. He cryostat at a temperature 5 K. A tunable Ti-Sapphire laser
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FIG. 3. PL and PLE spectra &/=1100 W/cn?. The arrows

indicate the energies used for excitation and detection of the PL.

4 1
Wave vector (10°cm ) polarizations. The intensity of the peak in" polarization,
LP™", is greater than forr—, LP~, implying that the spin-
relaxation time is longer than the lifetime and that the pho-
toexcited gas of polaritons is significantly spin polarized.

dqf o f th lari ThThe behavior of the LP and LP  peaks with increasing
was used for resonant excitation of the polariton states. xcitation density is very different. The ['Ppeak shifts to

FIG. 1. Polariton dispersion obtained from low-excitation angle-
resolved photoluminescence measurements.

(CCD) camera or GaAs photomultiplier. To avoid sample
heating, chopped laser excitation was employed.

The experiments were carried out on several spots on th
sample with Rabi splittind)=5.4+0.3 meV andX-C de-
tuning |A|<0.6 meV. The values of) andA were deter-

rows slightly. By contrast, LP increases slightly sublinearly
in intensity, and displays a much smaller shift in energy but
& stronger broadening.

The behavior of th&=0 LP emission spectra is markedly
. . . ! different from those recorded at largevhere the PL arises
mined from polariton dispersion curves _me.asur.ed by.angl rom the excitonlike polariton states. Reference to Fig. 1
resolved PL spectroscopy at low excitation intensity. Ashows that LPs acquire a dominant exciton characterfor
typical dispersion is displayed in Fig. 1 and shows that the>20_ 25°(k>2.10" cm™1) when the X-C detuning ex-
Xt'g i%%elmg is maximum a®~0 and becomes very small ceeds 2). PL spectra recorded at 25° are displayed in Fig.
ate. ; . N _ . 2(b). They consist of a single line marked For smallw the

Figure 2a) displayso™ ando  polarized PL spectra for o' to o integrated intensity ratio for this lind; /15 is
conditions of resonant excitation into the bottom of the UP - - . x5
branch (> =3°) with o™ polarized light. The PL spectra are very §|m|lar to that for thé(—O' LP peak in Fig. @' How-
recorded atb=0 (with an angular resolution of 0.5°) and V" 'f contrast to the strong mpreasé Gf/1 Lp with W, the

/1y changes only very little.

correspond to the emission of polaritons with wavenumber&tio Ix ,
k<10° cm L. The intensities of the spectra are normalized Fi9ure 2b) shows furthermore that the full width at half

to the excitation poweW. The dominant emission arises Mmaximum of the lineX becomes as great as 3.5 meV at high

from the LP mode. At lowV it is located at 1.449 eV in both W- Such broadening indicates strong exciton-exciton interac-
tion, as expected at high-exciton density,. Indeed, a

rough estimate of ny based onW and a typical exciton
lifetime gives ny of 1.2 to 3.6x10 cm 2 for W=400
—1200 W/cnf. The value ofQ) can be determined directly
from the k=0 LP and UP energy gap. It is important to
determine whether the sample is still in the strong coupling
regime under conditions when the marked broadening of the
X line occurs. To verify this the UP energy was determined
from PL excitation(PLE) spectra of theb=0 LP* peak
recorded with an angle of incidence of the laser beam of 3°.
We observed a shift of 1 meV of the UPmode to lower
energy over the range of powers investigated. In order to
obtain an unambiguous correspondence between the LP
R and UP" mode energies with power, PL spectra were first
80 PZeN recorded at fixedV for a set of excitation photon energies.
1446 1450 1446 1452 Ther_1 the PI'_:E specgtrlém vlvas rE)(I:_ordedd Il‘)(l)_rEdetection a':)th_e P(;_
maximum. Figure isplays an spectra obtaine
Energy (eV) Energy (eV) for W=1100 W/cnt. The UP' line is well resolved in the
FIG. 2. o* and o polarized PL spectra ab=0 (@ and®  PLE spectra up tv=1300 W/cnf, two times greater than
—25° (b) for various densities of* -polarized resonant excitation. the thresholdW for the superlinear behavior in the LP
In (a) the PL intensity is normalized to the laser power and themode intensity. The transition to the weak-coupling regime
numbers in the left column indicate the multiplication factors em-takes place atv>1500-1800 W/cnf when a very narrow
ployed to display ther~ spectra. lasing line appears in the* PL spectra and the UPpeak

PL intensity/ Power
PL intensity
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Exciton density (cm'z) calculations are necessary for quantitative conclusions to be
9 10 reached, we emphasize that the very small change in the LP
o 3?(10 3fX1O energy is strong evidence that the exciton system is repre-
g, (c) ® p sented by well defined quasi-particles in the whole range of
3 0.6} l 1 W<1300 W/cnt. We thus conclude that our experimental
_§ 04 o data show that the observed nonlinearities inltfe" emis-
'g . o o®0 ° X S|on_|nten5|ty take place in th_e strong coupling regime.
§ ool© Y ©co ] Figure 4b) shows that > displays a strong superlinear,
£ o O, - greater than quadratic variation fo/>600—700 W/crh.
(b) | . We interpret this behavior as arising from the polariton den-
> 1004 : @ Lli/" sity at the bottom of the LP branch becoming sufficiently
2 : I// large to cause stimulated scattering into these states due to
2 - their bosonic character.
% 10+ °® 'CC@ LP Further evidence is provided from study of polariton de-
® .’/O od:f polarization during energy relaxation from the=0 UP
g -70 [ states to thé&=0 LP states. It is seen from Fig. 1 that direct
£ /8 : acoustic phonon scattering of photoexcites¢ 0 UP" po-
118 ! 3 laritons to the bottom of the LP branch is not possiti®It
s . .' . oo ' is well established that the UPs scatter first mainly toXhe
S 1454/ (@ o, UP | states with largez>10° cm™ 1,k which then scatter to the LP
> states with smallek.}%!? The energy of acoustic phondhs
& 1452} . effective in polariton scattering is 1-2 meV, close to the
& LP energy difference between the LP states whtk2x 10*
1.450} o 0 o 88 55 P~ ] cm ! andk<10® cm™! (c.f. Fig. ). As a result the polar-

ization degree of the LP emission @& =0,P p=(I,p
=1 p)/(I{p+1.p), is expected to be smaller than that of
Excitation density (W/cm®) LP’s with k=~2.10' cm ,Px. The experimental depen-
dence ofP| p andPy is displayed in Fig. &). It is seen that
FIG. 4. (a) Energies of LP, LP~, and UP" peaks vs the exci- during the scattering process the photoexcit€dpolaritons
tation density(b) Integrated intensities af "~ ando~ LP peaks at undergo marked depolarization. At Iow the degree of po-
k=0. The dotted vertical line indicates the threshold power for thejzrization decreases tBy=0.3 atk~2.10" cm %, i.e., at

nonlinear behavior. The dash line corresponds to the linear deper,ahe bottom of the exciton band. and decreases further to
dence.(c) The degree of polarization for the=0 (LP) and high P_p~0.25 at the bottom of LP branch. However with in-

k=2.4x10* cm (X) lower branch polariton states. The upper . o .
scale shows the egtiznated exciton deFr)1$ity per (¥ text and R?a?. creasingW thf polarization raticP, p changes io 0.fcorre-
11). qundlng tol | p~8l p) and becomes much Iarg.er.thﬁ’a,
which changes only very weakly. Such a drastic increase of
becomes unresolvable in PLE. For different spots on thd®_p indicates strongly the enhancement of scattering into
sample the lasing energy changes from 1.4510 to 1.4522 elP™ states relative to LP, and demonstrates clearly the ap-
and is determined by the energy of the uncoupled photopearance of new mechanisms favoring scattering into the
mode(similar to earlier observations of Refs. 6 and Bhis  LP™ states. Such non-linear behavior, favoring strongly just
regime is beyond the scope of this paper. one sense of circular polarization fer=0 polaritons cannot
Figure 4a) shows that the shift of the UPand LP arise from the nature of the scattering mechanism alone dis-
modes withW is opposite in sign but similar in magnitude, regarding stimulation effects: phonon scattering which must
indicating a reduction of the Rabi splitting for the” polari-  proceed via highk exciton states which have only small po-
tons. Q" decreases from 5.4 to 3 meV, with most of the larization ratio is spin independent, whereas exciton-exciton
decrease occurring fowwv>800 W/cm 2 due to exciton- scattering although likely to favor the photoexcited po-
exciton interactions. A simple estimateshows that the ex- larization, should also lead to a highly polarizek
citon broadening of 3.5 meV itself is expected to lead to a~2.10" cm™! population, which is not observed. An addi-
relatively small, 0.7-0.8 meV, decrease @f The stronger tional enhancement of the scattering into'LRith smallk is
observed reduction of the CPUP* splitting is thus prob- most likely due to final state stimulation, arising from the
ably due to a decrease of oscillator strength for majouity, Boson character of the polaritons when the filling of 'LP
excitons. The surprisingly large difference in the shifts of thestates exceeds one. Such stimulation is expected to have a
LP* and LP  peak positions with W in Fig. (@) should be marked threshold character and to increase strongly with fi-
noted. Coulomb screening at high density is expected tmal state filling, as observed.
cause a similar quenching of Rabi splitting for both polariza- Thus, the polarization selective measurements that dem-
tions. We believe there are two likely reasons for this behavenstrate the superlinearity of only thke=0 LP* line inten-
ior. Firstly, phase space filling and hence the correspondingity provide strong evidence that the nonlinearities observed
change of the LP energy will be greater #t thanX™ and in the strong-coupling regime are connected to the coherence
secondly stronger optical transitions from exciton to singletof dense bosonic LP states. We also emphasize that although
biexciton states foX* thanX ™~ are likely. Although detailed the effects occur at high density they do not arise from
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stimulated emission of photons; lasing at the energy of thé&P states wittk>10* cm™ 1. Such behavior provides strong
uncoupled photon mode is seen, but only at higher densitgvidence that the nonlinearities arise from stimulated scatter-
still when the system moves into the weak-coupling regimeing into spin-polarized states at the bottom of LP branch, the
In conclusion, by employing resonaat™ excitation into  Stimulation arising as a result of the bosonic character of the
the upper polariton branch we have found long polaritonPolariton states. We stress that the use of circularly polarized
spin-relaxation times in MC'’s with zen§-C mode detuning. €Xcitation and detection techniques play a key role in the
Weak excitation with polarized light results in 30% polariza- Success of this work; they enable the population of the ma-
tion of lower branch polaritons with<3.1¢" cm 1. With  IOrity Spin species to be probed directly, whilst study of the
increasingW we have observed a superlinear increase in th&MnOrity species provides simultaneous information on non-
emission from LP states witk<10° cm™ L. We have dem- Stumulated scattering processes.
onstrated that these phenomena occur in the strong coupling We are thankful to M. Bayer, L. V. Butov, A. Forchel, N.
regime from a combination of PL and PLE measurementsA. Gippius, L.V. Keldysh, and S. G. Tikhodeev for fruitful
No superlinearities occur in the PL from the bottom of thediscussions. Financial support from INTAS, RFBR, and
LP branch ino~ polarization, nor for either polarization for EPSRC is gratefully acknowledged.
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