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Polariton-polariton scattering in semiconductor microcavities: Experimental observation
of thresholdlike density dependence
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Polariton-polariton scattering in semiconductor microcavities has been studied by time-integrated, degener-
ate four-wave mixing using spectrally compressed pulses. We find a thresholdlike behavior for the density
dependence of the scattering rate the lower polariton branch. At low densities scattering is suppressed due
to the small density of final states for the scattering process. At higher denisityeases as excitonlike states
become accessible for the scattering and the scattering strength only depends on the exciton fraction of the
initial states. The threshold density depends on the detuning between the polariton branches. The experimental
findings are in qualitative agreement with calculations using the self-consistent Born approximation.

Semiconductor microcavitiedC’s) provide an interest- In this work we have systematically investigated
ing system to study light-matter interactions in sofidsThe  polariton-polariton scattering using density-dependent, time-
coupling strength between the electromagnetic field and thgtegrated four-wave mixingTI-FWM). TI-FWM is a well-

structure. In the so-called strong-coupling regime the coNgemiconguctor structures. Previously — density-dependent
fined optical modes and the excitons form new eigenstate,

that are termed cavity polaritons. The minimal splitting be—|§WNI has been successfully applied to the study of exciton-

tween these modes, the so-called Rabi splitting, is a measuf&cltion scattering in Iow—dlmenspnaL semiconductors such
of the coupling strength between exciton and photon. Cavit?S duantum wells and quantum wires’
polaritons have been investigated heavily in the past few USing spectrally tailored pulses we were able to study
years using linear spectroscopic techniques such as reflegelectively the polariton scattering in either the lower or up-
tion, transmission, and photoluminescence in both cw anger polariton branch. For the UPB we find a fast dephasing
time-resolved studie’? that is attributed to the effective scattering into excitonic
More recently polariton scattering phenomena in MC’sstates with a large in-plane wave vector. For the LPB we can
have attracted particular attention. Large differences in thejearly distinguish two regimes of the density dependence of
scattering properties of cavity polaritons as compared tOjhe dephasing rate: Below a certain polariton density scatter-
e.g., excitons in quantum wells can be expected because the, is reduced due to the small density of states of lower

dispersion relations of the polaritons are very different from ranch polaritons. Above this density scattering into exciton-
those of bare excitons_in quantum wells due to the Smalike states is possible and the scattering strength increases
polariton mass h~10 °m,). Various spectroscopic tech- P Y 9 :

niques including resonant Raman scattefifigur-wave mix- Both th'e density at which the two regimgs cross over and the
ing (FWM),®~8 and coherent control experimehtsave been  Scattering strength depend on the excitonic fraction of the
employed to study different scattering mechanisms such ditial scattering states.
disorder scatterindf scattering of polaritons by phonons,  The MC investigated in this work contains a single 7-nm-
and polariton-polariton scattering. The experiments revealewide InGa _,As (x=0.14) quantum well at the antinode of
significant differences between the scattering processes m\ GaAs cavity. The togbottom mirror consists of 2123)
the lower(LPB) and upperUPB) polariton branch. For ex- pairs of distributed Bragg reflectors with a reflectivity of
ample, Marieet al. have found that acoustic phonon scatter-99.5%. The wedgelike shape of the sample permitted the
ing in the LPB is suppressed up to a temperature where scatariation of the detuningA=E.—E, between the cavity
tering into the excitonic region of the LPB dispersion curvemode and the heavy-hole exciton mode by changing the po-
becomes possibfeBaumberget al. have shown that most sition of the laser spot on the sample.
scattering mechanisms are inhibited in the LPB resulting in a Degenerate FWM experiments were performed in the
strong suppression of the LPB scattering as compared to tHwo-pulse self-diffracting transmission geométrysing a fs
upB! mode-locked Ti:sapphire laser. In this configuration two
Although many aspects of polariton scattering have al-short pulses having wave vectdeg andk, are focused onto
ready been investigated there is still a lack of detailed exthe same spot on the sample at a small angle and the FWM
perimental studies addressing the role of exciton-exciton insignal is emitted in the directionk2-k, . In our experiments
teraction as a possible scattering mechanism in MC'sthe pulses were collinearly polarized. The FWM signal is
However, in a recent work polariton scattering due tospectrally resolved by a monochromator and detected by a
exciton-exciton interaction has been investigated theoreticharge-coupled device camera as a function of photon energy
cally. This theory predicts a threshold behavior of the homoE and delayr between the two pulses.
geneous broadening of the lower polariton branch as the po- To excite the polariton branches separately the short
lariton density is increased. pulses provided by the fs laser were spectrally compressed to
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FIG. 1. Pump-probe transmission spectra without an additiona!)et':lG' 2. Decay of the FWM signal as a function of the delay

population of the LPB(full line) and with a population ofp Up\év?gn redp;_uls;s for resonant excitation of LIRBI lines) and
~4.2x10"° cm 2 (dashed ling The inset shows the spectral po- ashed line
sitions of the two cavity modes as a function of the sample position.

The full lines represent model calculations as explained in the texSXperiment. When only the LPB is excitétlll lines) the

The dotted lines are the calculated energies of the uncoupled excl -~ WM signal shows a nearly exponential decay that
ton and photon modes. strongly depends on the excitation intensity at higher excita-

tion. The decay time, which is inversely proportional to the

a width of ~1.6 meV using a grating and a slit. Transmission homogeneous_ Iinewidth for dominantly homogeneously
experiments have been performed using the spectrally brodd oa_dengd microcavity samples; is optalned from expo-
fs pulses as a light source. In all experiments the sample Wé}fgélal fits to the data gt I_onger delay times. It decreases from
kept in superfluid helium at a temperature of 2 K. TPPBQG.Q ps for an incident power oPo=100 uW to
Figure 1 shows the transmission spectr(full line) of 7o ~1.8 ps forP=18P,. However, as can be seen from
the microcavity sample close to resonance. The two polaritofh€ figure, the decay time shows only a weak intensity de-
modes can be well resolved, because the Rabi splitting dpendence at low excitation intensities.
(=3.8 meV is significantly larger than the linewidths of the ~ The differences in the decay of the FWM signal may be
two modestFWHM=1.0 meV for the LPB and 1.2 meV for explained by the different scattering channels accessible for
the UPB, respectively The two cavity polariton modes the polaritons. The incident laser pulses create polaritons in
show a clear anticrossing as the position of the laser spot &€ MC with well-defined in-plane wave vectors that can be
varied across the sample, as shown in the inset of Fig. 1. wealculated from the angle of incidence. Subsequently, two
have fitted the experimental data using a standard couple@plaritons with wave vectors kg,kg) (|ko|=|ko|~5
two-level exciton-photon modésolid lines in inset'®Inthe X 10° m™! in our experimentscan be scattered into differ-
model the cavity polariton wave function is written as a lin- ent states having wave vectoils,K"). If the LPB is excited
ear combination of the exciton and photon wave functiongesonantly these final states are limited to the lower branch.
(IX) and|C), respectively. |P)=ax|X)+ ac|C). The un-  As will be discussed below this intraband scattering depends
coupled photon and exciton energi@®tted lines in ins@t  characteristically on the polariton density and the exciton
and the Hopfield coefficientsay and arc) that give the ex-  fraction of the lower branch polaritons. In constrast, polari-
citon and photon fractions of the mixed-particle states, retons that are selectively excited in the UPB can scatter into
spectively, were calculated from the spectral positions of thdinal states both on the UPB and the LPB. Scattering into
polariton modes. excitonlike states with largfk| on the LPB dispersion curve
To ensure that under the excitation conditions used in thés strongly favored in this case because the density of these
FWM experiments the strong-coupling regime is preservedstates is much larger than the density of coupled polariton
we also monitored the transmission of a weak broadbangtates. This effective scattering mechanism leads to the faster
probe beam while a population of lower branch polaritonsdephasing of the UPB as compared to the LPB. In the fol-
was excited by a resonant pump beam. Even for the highe4dwing we shall focus on the detuning dependence and the
polariton densities used in the FWM experiments we clearlyexcitation density dependence of the TI-FWM decay rate for
observe the two polariton branches with no significant shiftselective excitation of the LPB. The excitation density
of the spectral lines as shown in the probe transmission spebas been calculated from the absorbed average power density
trum (dashed ling in Fig. 1 for an excitation ofnp~4.2  P,, which we deduced from the incident intensigy by
X 10'° cm~2 polaritons in the LPB/ P,=AP;. The absorptior has been obtained directly from
The decay of the TI-FWM signal at a detuning®f0 as  reflectivity measurements b&=1—R, whereR is the re-
a function of the delay between the pulses is shown in Fig. 2flectivity at the energy of the lower polariton branch. The
When only the UPB is exciteddashed ling the TI-FWM  transmissionT has been neglected here because in the ex-
signal decays rapidly, independent of the cavity detuningperiment it was a factor 0£10 2 smaller tharR.
and a comparison with the autocorrelation signal of the two Figure 3 shows the decay raje= 1/TI|5PB as a function of
exciting pulses shows that the decay of the FWM signal irthe polariton density for different detuning&Note that for
this case is limited by the length of the exciting compressedlarity we have subtracted a constant, density-independent
pulses even for the lowest excitation intensities used in thealuey,~0.1 ps®. Two different density regimes display-
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FIG. 3. Decay rate of the FWM signal for resonant excitation of  FIG. 4. Experimental FWM decay ratddots, left axi$ and
the LPB as a function of polariton density fae=—0.3, 2.4, and 4.1  calculated scattering broadenitfgll line, right axis as a function
meV corresponding to an excitonic admixture |efy|>~0.5, 0.8,  of polariton density for a detuning df~2 meV.
and 0.9. The symbols correspond to the experimental data; the full

lines are linear fits. The inset shows a closeup of the main figure fo 2_ 1 ko4l k2| k'i2 2
small polariton densities. The lines are again linear fits. kl:)'<P'<’|V|Pkopko>| =layl*l @il ax |(Xka/|V|XkOXkO)|

()
ing a thresholdlike changeover can clearly be distinguished. . h ok K hat th )
In both regimes the decay rate is approximately proportionaY"It !Pk>_ ax| X +,0‘C|Ck>j Nc_)t_et at t, e scattering param-
to the density as indicated by the lines that are linear fits t&t€" in Eq.(2) contains an implicit density dependence. Thus
the experimental data. However, in the low-density regiméh_e polarlton—polarlt_on scattering increases with increasing
the slope that is a measure of the scattering strength is sigidth of the Lorentziany. At low densitiesy is small, there-
nificantly smaller than in the high-density regime. The slopg©€ Only scattering within the polaritonic part of the LPB
increases with increasing detuning or, which is equivalentd'Spers'O” relation is allowed. The small density of states in

increasing exciton fraction of the lower polariton branch. Atthis region results in a small scattering strength. As the po-
the same time the threshold density at which the crossovafiton density is increased the Lorentzian gets smeared out.
between the two regimes occurs decreases from 1 When the scattering broadening becomes comparable to the
%10 cm 2 at A~0 to 0.3x10%° cm2 at A~4 mey. Width of the lower polariton band\E, pg final states with
These threshold densities are below the saturation density §1'9€|k| become accessible by the scattering process, and the
the strong-coupling regime reported in the litera®f&: scattering strength increases due to the large density of states
Thus the change in the scattering strength is not related to t8 the excitonic part of the dispersion curve and the larger
onset of the weak-coupling regime. As discussed above wexciton fractions of the final states. ASE pg decreases
can clearly observe the coupled modes in the spectra even When the LPB dispersion becomes more and more excitonic,
these polariton densities. It should also be noted that thE1€ treshold density is reduced with increasing detuning. At
saturation densities given in the literature have been obtaind]€ Same time the scattering strength in the low-density re-
for nonresonant excitation conditions. In that case the stron§/Mme increases. It has recently been shown theoretically that
coupling is destroyed already at moderate densities due '€ Scattering broadening in the LPB is reduced by as much

efficient scattering with free carriefs. as a factor of the order of the inverse polariton mass for an
The density dependence of the decay rate can be writteff€al MC with negligible density-independent broaderfifg.
as However, in real structures the finite magnitude of the
30
¥(Np) = Yo+ ¥ppNp, 1)
where y, is the density-independent part of the decay rate 251
and the scattering paramefer =
A 201
RS2
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detuning (meV)

describes the strength of the polariton-polariton scattering.

The polariton-polariton scattering is due to the Coulomb in- FIG. 5. LPB scattering parametefp vs cavity detuning. The
teraction, in particular to the interexciton exchan$y® inset shows the scattering parameter vs the square of the exciton
which only acts on the excitonic parts of the cavity polari-fraction of the initial scattering stat¢s;° 4. The lines are guides to
tons. Thus, the matrix element in E@) can be reduced to the eye.
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density-independent part of the homogeneous linewidtha!%|*<1 of the initial states. The detuning dependence of
leads to a significant increase of the scattering in the low-, . as obtained from a linear fit to the density-dependent
density regime and a softening of the threshold. We havejecay rates is shown in Fig. 5. In the excitonic limik (
solved EqQ.(2) numerically usingy, as obtained from the o0, |a>k(0|4_)1) the scattering strength approaches a constant
experiment. As can be seen in Fig. 4 there is a reasonab|g,| e of yep~27 cnf/s. This value agrees very well with
qualitative agreement between the calculated homogeneoyse scattering strength of bare excitons reported in the
linewidth and the experimental scattering rates. In part'culafiterature.”'“The inset of Fig. 5 showspp plotted vs| al)<<0|4

the threshold density and the relative slopes in the two re; : . . .
from which an approximately linear relation can be seen.

gimes are well reproduced in the model. However, there is . , o ) ;
significant difference in the absolute magnitude of the scatzggs't;]l thglz;rli?gr;d:cn:;!cgrilr:mI;ttrr; ﬂtza;isﬁiecsar?t? not influ-
tering broadening that is most likely related to the assump- P 9 9 9 Y-
tion made in the model of an ideal two-dimensional confine-  We gratefully acknowledge fruitful discussions with C.
ment disregarding localization due to disoréer. Ciuti and his critical reading of the manuscript. This work
Above the threshold density the scattering strengithis  has been supported financially by the Deutsche Forschungs-

still reduced by the detuning-dependent exitonic admixtureggemeinschaft and the State of Bavaria.
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