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We report the observation of resonant Raman scattering in the strong coupling regime for a planar micro-
cavity containing cyanine dy&aggregates. The giant Rabi splitting between the polariton branches, resulting
from the very large exciton oscillator strengths, allows the observation of doubly resonant Raman scattering
where both incident and scattered photons are in resonance with the mixed exciton-cavity-mode states. Under
double resonance conditions the Raman signals are found to be very significantly enhanced, by factors up to
300, relative to noncavity organic films.
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Microcavities (MC’s) strongly modify the spectral and easily achievable for inorganic microcavities since the en-
spatial distribution of photon fields in solid state systems andrgy of optical phonons is much larger than achievable mag-
as a result lead to major changes in the nature and efficiendyjtudes of Rabi splittings” As a result the doubly resonant
of light-matter interaction processes. One of the manifestak@man experiments which have been reported were per-
tions of such modifications is the occurrence of the strongyformed for conditions where either ingoing or outgoing
coupled exciton-photon modes termed cavity polarit’ons.ChanneIS were of pure photon characfer.

. : . . . In the present Rapid Communication, we report the obser-
The _stron_g coupll_ng regime has beer_n achle\(e_:d and studied {htion of resonant Raman scattering in the strong coupling
detail for inorganic semiconductor microcavities at low tem-

: ) ) regime in microcavities containing cyanine dyaggregates.
peratures where the damping of excitons is smaller than th g gcy dyaggreg

L s . ®he giant Rabi splitting allows doubly resonant Raman scat-
characteristic(Rabi splitting of polariton modegusually tering experiments to be performed where the energies of

<10 meV).! Very recently strong coupling has been demon-p ik incident and scattered photons coincide with those of
strated for organic microcavities containing porph§rand strongly mixed exciton-photon states. The double-resonance
cyanine dyes:* Giant Rabi splittings up to 160 meV, result- conditions are probed by tuning of both the angle of detec-
ing from the very large oscillator strengths of the Frenkeltion and the energy of the exciting laser. The difference ob-
excitons in the organic materials, have been reported frorgerved in the width of the Raman profiles in the two cases is
room temperature reflectivity and photoluminescelee)  explained in terms of the respective variations of the ingoing
measurements. The very strong exciton-photon coupling, anand outgoing transmission functions for the two types of
hence high polariton stability, in combination with the small experiment. A strong enhancement of the Raman signal is
polariton density of statsand high phonon scattering rates found by comparison with that observed from the same films
relative to inorganics® are likely to favor the observation of but outside a microcavity.
bosonic nonlinear effects, currently of very high topicality = The microcavity samples used in our investigations were
for inorganic structures. fabricated on a high-reflectivity dielectric Bragg mirror con-
Another class of effects arising due to the novel aspects dfisting of nine alternating/4 pairs of SN, and SiQ (peak
the light-matter interaction in microcavities is the modifica- reflectivity of 98% at 690 nmdeposited on a quartz sub-
tion of the efficiency of Raman processes. Strong enhancestrate. A 180-nm-thick layer of the cyanine dye dispersed in
ments of Raman scattering efficiency due to photon fielda polyvinyl alcohol (PVA) matrix was deposited by spin
confinement have been reported for various kinds of cavitycoating on the dielectric mirror and a silver mirror was then
geometries and materials—for example, for £@licron-  evaporated on the organic film to complete the microcavity.
size dropleté, for liquid benzene in piezoelectrically con- We also studied noncavity PVA matrix films containing cya-
trolled Fabry-Perot cavitie,and for high-finesse Fabry- nine dyes(of the same thickness, 180 nm, as those in micro-
Perot semiconductor microcavities with embedded quantursavitieg spin-coated onto a quartz substrate. Thaggre-
wells in both 11l-V (Refs. 10-12 and II-VI (Ref. 13 mate- gates used in our work have a peak absorption at 1.85 eV
rial systems. In Ref. 10, purely optical enhancement of LO-with linewidth ~50 meV?*® The angle-resolved PL and Ra-
phonon Raman scattering efficiency was reported, whereaman scattering experiments were performed using HeNe and
in Refs. 11-13 polariton-mediated resonant Raman scattetunable cw Ti-sapphire lasers. A projector lamp was em-
ing was discussed in detail. The authors concentrated mostjyloyed for reflectivity characterization. The samples were
on single-resonance experiménts in which evidence for placed in the vacuum space of a cryostat with wide angular
the role of polaritons as intermediate states in the scatteringccess. Experiments were carried out over the temperature
process was presented. By contrast, the conditions for doubhkange 60-300 K. The reflectivity, PL, and Raman signals
resonant Raman scatteriige., when both incident and scat- were detected using a charge-coupled de(@€D) detector
tered photons are in resonance with polariton sjedes not  coupled with a 50-cm single spectrometer.
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FIG. 1. (a) Polariton mode dispersion measured from reflectivity probable'® with the result that the two-peaked spectrum is
(circles and PL(squares and triangles for nonresonant and resonargeen. This is shown in Fig.(d) where a nonresonantly ex-
excitation into the LP branch, respectivelirhe calculated polar- cited PL spectrum at 300 K ardl=25° for the same nega-
iton (uncoupled photon and excitpmlispersion is shown by the tive detuning as Fig.(®), is presented. Two peaks with line-
solid (dashedl lines. (b) PL spectrum recorded @ =25° for non-  widths of about 25LP) and 50(UP) meV are observed.
resonant excitation. Lower and upper polariton peaks are denoted as Additional features appear in the spectrum when resonant
LP and UP, respectively. excitation into the lower polariton branch is employed using

a tunable Ti-sapphire laséfIn these measurements the laser

Solid symbols in Fig. (&) show the polariton dispersion beam is incident on the sample surface at a particular angle
obtained from the angle-resolved reflectivity measurement®) = 34° [see the Fig. @) insef], and the energy of the inci-
at 300 K (the angle of detectionp, is measured from the dent photons is fixed to the energy of the polariton state at
normal to the sample surfaceA large Rabi splitting() that angle(with k=w/csin®, where w is the photon fre-
=88 meV is deduced from fitting of the dispersion curvequency. Figure 2a) shows a series of spectra recorded at
(solid lineg to a simple two-level exciton-cavity model. T=120 K at various angles of detectio®, under these
From the fitting it is deduced that this particular sample hagonditions of resonant excitatiofthe energies of the PL
a small negative detuniny=E(®=0)—Ex(®=0) of un- maxima are plotted as the open triangles in Fi@) 1Ref.
coupled cavityC) and exciton(X) modes of order 1@. The  18)]. In contrast to the case of nonresonant excitation addi-
same dispersion is also deduced from the PL studipen tional very sharp features are observed in the spectra at 1.698
symbols in Fig. 1a)]. When using nonresonant high-energy and 1.699 eV. Most importantly their energies are indepen-
excitation(with a HeNe laser aE.ne~1.95 €V}, the PL at  dent of the collection angle, with the strongest sharp line
room temperature close b~®, . [P, is determined by occurring at an energy of 73.4 meV below the laser line. The
Ec(®es) —Ex(P,e5)=~0] is observed only from the lower conditions realized in this experiment are shown schemati-
polariton branch since emission from the upper branch igally in the diagram of Fig. 3 by solid arrows.
suppressed due to rapid relaxation of the polaritons to lower- To determine the origin of the sharp peaks, spectra were
energy stated. However, for negative detuning for then recorded for fixed angles of excitation and detection,
d<d,, as the exciton fraction of the lower branch de-but varying the energy of the laser, thus tuning it through
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FIG. 2. (a) and (b) LP emission spectra re-
corded at 120 K for resonant excitation into the
LP branch at®=34°. (a) Detection at G=®
<18°; Ejaser is constant.(b) Detection atd
=09°; E|aser IS varied. (c) Excitation at®~0°
detection at 28« d<32.5° at 300 K;E e iS
constant.
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resonance with the LP branch. Such spectra recordéld at @ _
=120 K are presented in Fig(ld. In this experiment the LP § 1.0¢ ; Z,fotf,un'::;g
PL peak energy is constant, since the angle of detection is s
fixed. By contrast, the energies of the sharp lines superim- ‘g
posed on the much broader PL peak depend strongly on the 2
laser energy. The energy separation between these peaks and S osl
the laser is constant with a separation below the laser line of g
(—)73.4 meV being found for the strongest line. The laser %
tuning experiment is represented in the diagram of Fig. 3 by =
the dashed arrows. §
The constant energy separation from the laser energy, in- z 00 _1‘% 5 0 & 16 24

dependent of laser energy and angle of detection, provides
strong evidence that the sharp features arise from an inelastic AE,, (meV)
scattering process—namely, Raman scattering. Further evi- FIG. 4. Resonant Raman profiles relative to the double-
dence to support this conclusion is presented in Fi{g).2 resonance condition obtained using angtecles and laser(tri-
The figure shows polariton emission spectra recorded at higangles tuning. The lines show the curves calculated using equation
temperature 300 K under conditions of resonant excitatiofior Raman efficiency presented in text.
into the LP branch a®~0° at an energy of 1.707 eV. Here
PL emission is now observed at energies up to nearly 8@re resonant with the polariton dispersion curves. Based on
meV above the excitation energy, due to the large thermahese results, we now plot the resonant Raman profiles
energy of equilibrium polaritons at 300 K. Surprisingly, a shown in Fig. 4, where the intensity of the Raman features is
relatively weak sharp feature is observed at 1.781 eV—i.eplotted as a function of the energy differenc&Hpg) be-
at an energy+73.4 meV above the laser energy. This sharptween the observed Raman signal and the energy for which
feature arises from anti-Stokes Raman scattering, the phon@xact double resonance is obtained. The circles represent the
population being sufficient at 300 K to allow the anti-Stokesresults of Fig. 2a) when the ingoing channel is held constant
companion of the Stokes features observed at lower temperand the outgoing channel is probed by tuning the detection
ture in Figs. 2a) and 2b) to be detected. The combination of angle. In contrast, for Fig.(B), where the laser energy is
the results in Figs. @), 2(b), and Zc) thus provides firm tuned(triangles in Fig. 4 both ingoing and outgoing reso-
evidence for the attribution of the sharp features observed tBance conditions are changed. It is notable in Fig. 4 that the
Raman scattering processes. Raman profile for the case of angle tuning is broader
It is important to note that in contrast to inorganic micro- than that where the laser energy is varied. The observed
cavities where strong coupling effects are only easily obdifference can be easily understood on the basis of
served aff <100 K due to the small exciton binding energies@ simplified analysis using the expression for the cross
and Rabi splittings, the polaritons in organic structures aréection of polariton-mediated Raman scatterihg>°
stable at room temperature and above. This high-temperaturgyoi* TiPphononl s -Here T; and T are transmission func-
stability permits the observation of the anti-Stokes resonarfions for the incident and scattered photons, respectively.
Raman process in a strongly coupled microcavity. PphononiS the probability of phonon-mediated scattering be-
Comparison of the above results with Raman spectra medween initial and final polariton states, proportional to their
sured from a noncavity sampl®VA film containing cya- exciton fractions. Here the scattering process is treated as the
nine dye shows very close agreement between the energiggsult of three successive stepg:transmission of a photon
measured in the two cases. The two peaks discussed aboW#o the sample and conversion to a polarit@i), phonon-
and many other Raman featur@nergies in the range from mediated scattering from one polariton state to another, and
tens to hundreds of mévirom the monomer vibrational (i) subsequent propagation and transmission of the scattered
modes of cyanine dyes are discussed elsewhere in thegolariton and conversion to an external photon.
literature'® Here we only present detailed results for the In the case of angle tunirlgrig. 2(a)], T; is held constant
strongest Raman features. while Ts and P,0n0n @re varied. Over the range of angles
As clearly seen in Figs.(@) and 2b) the intensities of the studied, the change imr,, due to the change iR nonon iS
Raman signals depend strongly on the relative energies aelatively small [Pypnonod @ =21°)~1.4P 500 P=0°)],
the polariton PL features and the Raman lines. In both Figsand thus the angle tuning can be considered effectively as a
2(a) and 2b), the Raman intensities are maximum when thefilter function (corresponding to the polariton transmission
lines are in resonance with the polariton emission peaks. Ifunction being scanned in energy, leading to a variation in
Fig. 2(a), the excitation is in resonance with the polaritonthe conversion efficiency of the scattered polariton into an
branch at 34°. Thus for detection at 10.5° where the Ramagaxternal photon. The Raman profile in this case is thus de-
intensity is maximum, both incident and scattered photoriermined mainly by the variation afs(AEpR). In the case of
energies coincide with specific lower polariton branch statedaser tuningP ,,on0n 1S constant since the same two polariton
and thus the double-resonance condition is achieftked  states are always probed. However, bdfhand T are var-
thick arrow in the diagram of Fig.)3Similarly for Fig. 2b),  ied. In this case, both incident and scattered photons are fil-
where the laser energy is tuned, the maximum in Ramatered by the polariton transmission functions. The profile ob-
intensity is found when both the laser and scattered photortsined from the laser tuning experiment is thus proportional
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to TS(AEpR) X Ti(AEpR). To describeT(AEpg) we have The cavity-induced enhancement of the efficiency of the
used Lorenzian functions. In order to fit the experimentalRaman scattering observed in our experiments is particularly
results, Lorenzians with full widths at half maximum interesting for investigations of nonlinear Raman processes.
(FWHM) of 16 and 18 meV were employed fdg andT;,  Recent studies of resonant Raman scattering in conjugated
respectively. The results of the fitting are shown by the lineyolymer thin films have exhibited nonlinear character under
in Fig. 4. The magnitude of the fitting parameter faris in high-power pulsed laser excitatiéhAlthough the threshold
good agreement with the width of the PL detected at small for nonlinear Raman gain was about one order of magnitude
(=15 meV), providing confidence in the procediffelt is  |arger than that for spectrally narrowed emission, the slope of
also notable that to obtair) a good fit tq the 'Raman profile inthe Raman amplification was significantly steeper. The
the case of the laser tuning a larger linewidth Torof 18  strong enhancements of Raman efficiencies found in the

meV had to be used. This is consistent with the increase qf esent work suggest very interesting possibilities for inves-
tr]let: L Imerwdth (\j/Vlth(I?tholt:)ﬁerl\)/ed Sue to tr:e strondger rtnr:)'(mhg tigations of organic microcavities under resonant pulsed ex-
gnglsscawy mode wi € broader exciton mode at Nign€lyiiation. The high potential of such experiments is further

As discussed above, the modification of light-matter inter-zﬁg&o;tjsegiégizd that emission frofnaggregates can

actions achieved in microcavities is expected to lead to sig- In conclusion, doubly resonant Raman scattering medi

nificant enhancement of Raman efficiencies compared to the

same films outside a microcavity. To investigate this we re—ateOI by polariton states has been observed in organic semi-

corded Raman spectra from noncavity PVA films Containingconductor microcavities with active regions formed from

cyanine dyeJ aggregates using Ti-sapphire laser excitation)-299regated cyanine dye molecules. The Raman process is
tuned to an energy close to that used in the experimenﬂgentlf_led as arising from inelastic light scattering mvc_;lvmg
above. The Raman scattering efficiency in the microcavitie¥ibrational modes of thel aggregates. The Raman signals
(characterized by a fines@~50) under double-resonance from the microcavities have been found to be up to 300 times
conditions was found to be about 300 times larger than thagtronger than for the same organic layers outside a cavity.
for the noncavity sample. The enhancement of the Ramamhe present results point the way to possibilities for the in-
efficiency depends on the relative location and spatial extentestigation of nonlinear Raman processes in strongly
of the active media and the maximum of the photonic field incoupled microcavities using high levels of resonant pulsed
the structure. Enhancements up to* Mere reported for laser excitation.
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