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Angular-dependent reflectivity techniques are employed to probe the exciton-polariton states of a semicon-
ductor quantum microcavity. The spectra exhibit marked polarization dependence, with the energies, line
widths, and intensities all differing between transverse-electric and transverse-magnetic polarizations, consis-
tent with the predictions of transfer-matrix simulations. In addition, anomalous narrowing of the spectra on
resonance, broadening of the cavity mode by interaction with exciton continuum states and interaction of the
cavity mode with quantum-well excited-state transitions are repor&al63-182607)52040-4
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Cavity polaritons are the coupled exciton-photon eigenphoton dispersion, by contrast, is not quantized. As a result
states of semiconductor quantum microcaviti@C’s).2=3  the energy of a photon witk,=2#/L and in-plane wave
oscillate between the two polariton modes, before decay oc-
curs through leakage of the photon mode from the cavity. In fic (2_77

L
to investigate polarization-dependent properties of cavity po- . . o
laritons. The reflectivity spectra are found to exhibit markedwheren is the effective refractive index of the QMC af
ergy, line width, and intensity being found between trans-strong in-plane dispersion, which can be characterized by a
verse electrio(TE) and transverse magnet{@M) incident  very small in-plane “mass” of 3<1O‘5m8. Each in-plane
on resonance, interaction with excited quantum weWw) samek; . The resulting cavity polaritons also have strong
levels and broadening of the cavity mode due to absorptioin-plane dispersion, with the dominant contribution arising
dependent studies of QMC's have been reported previouslytrong interaction between the photon and exciton médes.
but with focus on photoluminescence processtand on k; is related to the external angle of incidenéevia k,
laritons in Raman scatterirg. ing 6.° The polariton dispersion and associated phenomena

QMC'’s are designed such that their optical length is ancan thus be studied in angular-dependent experiments. In ad-
excitons in the cavity. The lowest-order photon mode haglane of incidenceand TM (electric vector in the plane of
guantized wave vector along the cavity axis given Kgy incidence optical polarizations experience different reflec-

In the strong-coupling regime the excitations of the systenvectork; in the medium is given by

the present paper angular-dependent reflectivity is employed Elki)= n

polarization dependence, with clear differences in dip enis the photon energy fok,=0. Equation(1) corresponds to
polarizations. In addition motional narrowing of the spectraphoton mode couples only with an exciton state with the
from exciton continuum states are reported. Angularfrom Eg. (1), but with marked perturbation in the region of
enhancements of Raman cross sections and the role of pe-(E/%c)sing and so a particulak, can be selected by vary-
integer or half-integer multiple of the wavelength of QW dition at finite angle, TEelectric vector perpendicular to the
=2m/L, whereL is the length of the cavity. The in-plane tion coefficients and phase deldyfading to polarization-
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~ FIG. 1. Reflectivity spectra at 10 K as a function of angle of . 2. Energy positions of reflectivity dips of Fig. 1 as a func-
incidence for TE(full lines) and TM (dashed lingspolarizations of  ion of 9 andk, . Open symbols, TE; closed symbols, TM polariza-

the incident light. Away from resonance the predominantly cavity(ion The full (TE) and dashedTM) lines are transfer matrix model
and exciton modes are label€iand X, respectively. All spectra s Triangles, upper branch; squares, lower branch.

are on the same vertical scale, with reflectivity values away from

the resonilnt dips al-100%. The zero of reflectivity is indi(o:ated _ The peak positions are plotted in Fig. 2 as a functiom of
for the 19° spectra. Calculated spectra are shown for 19.5°, 50.5 (TE open symbols, TM filled symbolsThe strong shift to
higher energy of the cavity features withis clearly visible,

dependent polariton energies, intensities, and line widths itogether with characteristic anticrossing between the two
the reflectivity spectra, as reported here. modest®° The full (TE) and dashedTM) lines are the re-

The experiments were carried out on a QNREefs. 3, 8,  sults of transfer matrix reflectivityTMR) simulationg as a
and 9 consisting of a one wavelength) GaAs cavity sand- function of 6. A very good fit to experiment is found. In the
wiched between 20 period/4 Aly,4{Ga gAs-AlAs Bragg fits the excitons are modeled as Lorentz oscillators, with the
reflectors. The upper and lower Bragg mirrors wprandn cavity length, the unperturbed exciton energy and the exciton
doped, respectively. The cavity contains three 100-A wideoscillator strength varied to give the best agreement with
Ing 15a s AS QW's in its central region. White light illumi-  experiment! The TE-TM splitting for6>0 arises from the
nation from a projector lamp, with angular spread ®°, was slightly different phase shifts and penetration of the optical
employed. The reflected light was dispersed by a gratingnodes into the Bragg mirrors for the two polarizations. For
spectrometer, and detected by a Ge photodiode. cavity and mirror layers of width exactly and\/4, respec-

A series of reflectivity spectra at 10 K is presented in Fig.tively, the calculated TE-TM splitting is only 0.2 meV at
1 as a function o#, for both TE(full lines) and TM (dashed 60°. However, adjusting the mirror lengths to be 099
lines polarizations. The overall features for the two polar-gives TE-TM splittings in good agreement with experiment
izations are very similar. At lowd the cavity mode is ob- over the whole range of (Fig. 2).
served stronglylabeledC), with a very weak exciton feature The reduction of the intensity of the cavity dips in TE
(X) to higher energy. With increasing (and hencek,) the  polarization with increasing, relative to those in TM, is
cavity dip moves to higher energy as expected from(@y. also reproduced well by the TMR simulations, as seen in Fig.
As it moves towards the exciton feature, the exciton gains irl, where calculated spectra are compared to the experimental
intensity due to mixing with the cavity mode, until at data at 19.5° and 50.32 The physical origin of the TE
resonanck at ~30°, the two features have equal integratedreduction can be understood from an analytical model that
intensity® Increasingg further leads to additional shift of the takes into account multiple reflections from the distributed
cavity to higher energy with consequent weakening of theBragg reflectof DBR) mirrors. Under resonance conditions,
exciton dip. It is notable that with increasiry the spectra neglecting absorption, the reflection coefficient from a
exhibit increasingly polarization dependent properties: thérabry-Perot cavity is given bR=[(r;—r,)/(1—rqr,)]?,
TM dips are observed to higher energy than in TE, withwherer, andr, are amplitude reflection coefficients from
splitting between the two of 1.5 meV at 60°, the TE dipsthe upper and lower mirrors, respectivéfyThis expression
become progressively weakéry a factor of 1.5 relative to shows that the reflectivity on-resonance is governed by the
TM at 609, and the TM dips become broader than those indegree of balancing of the upper and lower mirror reflectivi-
TE (by 0.3 meV at 50f. ties, with the minimumR (zerg occurring whenr;=r,.
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FIG. 3. Polariton line widths as a function éf Triangles, upper FIG. 4. As Fig. 3, but for separate spot showing resonance be-

branch; squares, lower branch; open symbols, TE; filled symbol§W . L
o . . . een the cavity mode an 1-HH2 TM),
TM polarization. The decrease in lower branch line width from 1836°(TE) y d the transition at 54TM)

to 30° arises from motional narrowing as resonance is approache
The increase of upper branch line width beyond resonance at

~39° is due to absorption by exciton continuum states and the peakannot be accounted for within the TMR model, where on-
at 43—47° arises from interaction between the cavity mode and theesonance linewidths are expected to be the average of off-
E1-HH2 exciton state. resonance line widths.

The motional narrowing theory of polariton line widths,
éiescribed in Ref. 3, by contrast, provides a natural explana-
tion for the narrow on-resonance linewidth. The essential
point is that on-resonance polaritons have strong dispersion
in k space as discussed in the Introduction and seen in Fig. 2.

integgge(air;]GaAg m;lthe.top ;nirror has a higher reflectfion The marked dispersion corresponds to a very extended wave
coefficient than the first interface (GaAspAGa sAS) Of  fnction in real space, which averages strongly over the dis-

the bottom mirror.. Wi.th incrgasing, riincreases to 99% at 5 qer potential in the QW. As a result, the normally domi-
50.5° for TE polarization, whilst for TM, decreases to 97% nant disorder broadening of the exciton component of the
at 50.5°, the variations being governed mainly by the in-pojariton is strongly reduced on resonance, thus explaining
creasgdecreaskof reflection coefficient at the first interface the reduction of the observed line width below both of the
in TE (TM) polarization, as predicted by the Fresnel rela-off-resonance linewidths. The upper branch line width in the
tions of classical optics.By contrastr, shows a much 18-30° range shows a small decrease as resonance is ap-
weaker dependence on the external anglsince light is proached. However, on resonance its line width~id.5
incident on its first interface at a much lower angle due totimes greater than that of the lower branch, as observed pre-
refraction at the first air-QMC interface. The increasea pf viously, the extra broadening usually being attributed to ad-
for TE polarization thus leads to further unbalancing of theditional interaction with exciton excited statés®?
cavity for finite 4, whereas TM moves closer to balance, The importance of exciton excited and continuum states
explaining qualitatively the reduction of the intensity of the in determining polariton line widths is demonstrated conclu-
TE dip relative to that in TM with increasing. sively by the line-width behavior of the upper branch for
The line widths(full width at half maximum of the po- ~ >30°, which increases strongly to a value-e8 meV até
lariton dips are plotted as a function 6fin Fig. 3. The data ~40°. This is followed by a peak in line width #=45°,
are presented for the upper branch as triangles and for thafter which the width returns to the approximately constant
lower branch as squares for both TE and TM polarizations/alue of ~3 meV, very much greater than the unperturbed
(open and filled symbols, respectivelyAt low angle the cavity width of 1.4 meV. In addition, the TM line width is
lower (upped branch is predominantly cavitiexcitonlike,  greater than that for TE, except in the region of the peak at
while at high angle the reverse holds with the loweppe) ~45°, by an amount that increases with angle-t0.3 meV
branch being mainly excitofcavity)like. It is notable that at 55°.
the lower branch linewidth decreases from 1.4-1.5 meV at The marked increase in line width from 30 to 40°, fol-
17-20° to only 1.05 meV at resonance-a80°. The value lowed by saturation at 40° arises from increasing absorption
on-resonance is below the line widths of either the cavityat the increasingly cavitylike upper branch when the cavity
(1.4 meV) or exciton(2 meV) off-resonance. This narrowing mode moves into the excited and continuum states of the

Even though the upper and lower DBR’s have the sam
number of pair repeats, they are unbalancedd&at0 (r;
~98%, r,~96% from TMR calculations since the first
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excitonlike lower modé® Such additional absorption leads from 50 to 60° corresponding again to a separation between
to a decrease of cavity finesse and broadening of the cavitywodes of~18 meV. This energy is very close to the calcu-
mode. Indeed, we are able to explain the increased averaggted separation of 17.6 meV of the=1 heavy hole ton

line width of the “cavity” modé'® for §>40° compared t0 =1 electron(E1-HH1) andn=2 heavy hole tm=1 elec-

its value atd=18° if we include a QW absorption coefficient tron (E1-HH2) transitions of the QW. We thus ascribe the
of 6x10° cm™* in the TMR simulations, close to that ex- increased line width at 46° to interaction of the cavity mode
pected for the continuum absorption of a 100 A wide QW. yith E1-HH2, the normally forbiddeiE1-HH2 being made

The greater line width of the TM spectra compared to thos‘%veakly allowed by electric fieldsF) from the p-n doped
for TE has been predicted previou¥hand is reproduced by Bragg mirrors2°

our TMR simulations? It arises from the decreasing reflec- In conclusion, polariton spectra from QMC’s have been

tivity of the Bragg mirrors in TM polarization a8 is in-  shown to exhibit marked polarization dependence. Clear dif-
creased, as discussed in the analysis of the relative intengisrences between polariton energies, intensities, and line
ties. The decreasing reflectivity leads to reduction of cavityyidihs in TE relative to TM polarization have been found
finesse and hence additional broadening at high Elngle. and are well accounted for by transfer matrix simulations. In
Finally we explain the peak in line width at46°. The  aqgition, motional narrowing of the polariton spectra, and

TE spectrum at 46° in Fig. 1 shows that the peak is due to thgyeraction of the cavity mode with exciton continuum states,
presence of a poorly resolved additional feature. The energyng with QW excited state transitions, have been demon-
separation between the modes at 45-47° is 18 meV. Thgated.

observations are supported by the data in Fig. 4 for a separate
spot with cavity 8 meV to lower energy than for Figs. 1-3; We thank L. C. Andreani and A. V. Kavokin for very
the peak in line width is again observed, but now in the rangdelpful discussions.
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