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Excitation-induced coherence in a semiconductor microcavity

L. A. Dunbar! R. P. Stanley,M. Lynch! J. Hegarty U. Oesterl€® R. Houdre? and M. llegem$
Physics Department, University of Dublin, Trinity College, Dublin 2, Ireland
2Institut de Micro- et Optdectronique, Ecole Polytechnique, @@ale de Lausanne, CH 1015 Lausanne EPFL, Switzerland
(Received 9 July 2002; revised manuscript received 12 March 2002; published 6 November 2002

We measure the dephasing times of high finesse semiconductor microcavities in the strong coupling regime
using degenerate four-wave mixing. We find that under certain excitation conditieasnormal incidenge
the dephasing time of the lower polariton branch increases with the excitation intensity. This excitation induced
coherence indicates that the lower polariton is acting as a Bose particle.
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In most physical systems, as the density of excitationgluring the growth of the cavity layer which allows the de-
increases, their coherence time decreases due to scatteritigning of the cavity mode across the sanfbhel the experi-
Systems where the opposite occurs are rather unique systemental data were taken close to zero detuning, witgrg
such as superconductors, superfluids, Bose-Einstein condef-Eexc. At zero detunindsee Fig. 1a)], the sample shows a
sates, and lasers. In each case, the increase in coherencdRipi splitting of 4.7 meV and linewidths of approximately
related to the bosonic nature of the excitations which stimu0.4 and 0.2 meV for the upper polariton bran¢fPB) and
lates scattering into the lowest energy state. the lower polariton branckLPB), respectively.

For direct gap semiconductor systems the lowest energy Dephasing times were measured using time integrated de-
states are excitons and their coherence can be probed throug@nerate four-wave mixing in transmission geometry; see
optical experiments such as degenerate four-wave mixingig. 1(b). An argon ion pumped Ti:sapphire laser was mode
(FWM). Excitons in quantum well§QW'’s) have been stud- locked to give pulse widths of 1.1 ps, and split into two
ied in great detail and their dephasing mechanisms are weflulses of equal power. At 1.1 ps these pulses provide enough
established and the following features are universallyspectral width to excite the LPB, but are narrow enough to
observed? (1) the temporal behavior of the four-wave mix- avoid exciting the UPB. One pulse was delayed by a time
ing signal is independent of incident angle, af® the  with respect to the other pulse, and the two beams were then
dephasing rate increases with increasing excitation intensitjocused onto the sample giving a spot of 40 in diameter.

When a quantum well is embedded in a high finesse miThe measured FWM signal is the self-diffracted probe pulse
crocavity, the interaction between the Fabryd®enode and from an intensity grating created by the interference of the
the exciton gives rise to an anticrossing behavior in energy avo pulses. The intensity of the FWM signal depends on the
measured in reflectivity.The coupled excitations, which we strength of thex® nonlinearity, and the coherence of the
will refer to as cavity polaritons, have been the subject ofsystem can be tested by delaying the arrival time of the sec-
much recent researé?.We have studied the coherence of ond pulse. In this setup, the diffracted signal is collected with
cavity polaritons with small in-plane momentutie., k;  an air-cooled photomultiplier tube, and time integrated using
=0) through FWM. We find thafa) the dephasing rate de-
pends on the excitation angle; ati for small anglegvery
close tok;=0) the dephasing rate decreases with increasing
excitation intensity, i.e., we observe excitation induced co-
herence. Not only is the behavior very different to that of
QW excitons, but the increase in coherence with excitation
indicates that bosonic nonlinearities play an important role in™ e} a)
this system. 5ol . .

The paper is laid out as follows. First we describe the 0 ey /
microcavity sample, which is of exceptional quality; then we /
describe the FWM experiment and the variation of the Sample / ky
dephasing time with angle and with intensity. Finally, we
discuss these results and show how the difference betwee Pump
cavity-polaritons and quantum well excitons is related to
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Reflectivity

their energy-momentum dispersion relations. T
The sample used in this study is a strong coupling micro- Probe —
cavity showing the well-known anticrossing behavior. The
sample consists of 2Qfront) and 23.5(back distributed b) ' k,

Bragg reflectofDBR) pairs, AlAs/Aly 1Ga, /As. Bounded by

the DBR’s is a 3/2 cavity containing two 80-A-thick FIG. 1. (a) Reflectivity of the polariton showing a Rabi-splitting
In isGagsAs quantum wells, one placed at each antinode obf 4.7 meV and linewidths of approximately 0.4 and 0.2 meV for
the optical field inside the cavity. The wafer was not rotatedthe UPB and LPB respectivelyb): FWM setup.
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FIG. 2. FWM data taken for a range of optical intensities at an

angle of 1.5° showing an increase in decay time with intensity. The F.|G'.:.3' Dephasing times versus_optu_:al power density. Ther(_e IS
- ) no significant change of the dephasing time of 5 ps up to an optical
second slope has a line for guidance.

power density of 1.4 W ct?, whereupon the polariton shows two
dephasing times. An initial long dephasing tiiiéangles followed
a dual lock-in detection SyStem. The Samp|e temperature Waﬁ/ a shorter dephasing t|n‘(dot9 The shorter dephasing time re-
kept below 20 K in a closed cycle He cryostat. mains constant, within experimental error, at 5 ps.

We measured the FWM signal as a function of delay time

between the two pulses for different angles between the tWeiq s an experimental artifact rather than a real change in
l:_)eams and for various excitation intensities. The deDhas'ngephasing dynamics needs to be ruled out. First we checked
times can be derived from the decay of the FWM signaly a1 the Jaser pulses were stable by replacing the sample with
which follows exp(-2uT;) for a homogeneous Systém, 5 second harmonic crystal. This showed that there was no
whe_reT2 is the dephasing time. double pulsing. Second, detector saturation was eliminated
Izlgure 2 shows the FWM data taken at an angle of abouf,, checking the linearity of the detectors. Attenuating the
1.5°, for a range of optical intensities. Even at these narrowecond harmonic signal with neutral density filters, con-
angles the diffracted signal is still well separated from thegrmeq that the detector response was linear at up to ten times
transmitted pulse beam with the geometry of our setupine maximum measured FWM signal.
Dephasing times of 5 ps are measured up t0 & resonant op- a third possibility is that the decay of the FWM could be
tical power density of 1.4 W cn?. Resonant optical power lengthened if the LPB shifted in energy with time. A shift
densities take into account the spectral overlap of the polarélway from the excitation laser wavelength would give a pro-
iton and Ia_\s_er. At_ higher photon densities the decays Nfonged decay of the FWM signal, while a shift toward the
longer exhibit a single slope. The lower part of the decayjzser could give an enhanced decay. The spectral width of the
stays constant with the excitation density, while the UpPehyise is wide enough to compensate for some movement of
part becomes flatter with increasing excitation density. Inhe | pg. Any significant shift in the LPB at high intensities

order to give a quantitative analysis, we estimated dephasingqouid show up as a change in the amount of the pulse re-
times by fitting the first and last parts of the decay and these

are shown in Fig. 3. At long times all the FWM data show

the same decay time, 5 ps, while at short times the deduced 'E 4 1.5 degrees
dephasing times increase from 7 ps at 2.7 W éito 15 ps at * 3 degrees
6.8 W cm 2. The rise time of the FWM signal also lengthens % | " 4.5 degrees
along with the decays at higher intensities, as expected for a g I Increasing angle
homogeneously broadened systehiThese results show a £ ,'
. . . . <

clear decrease in the dephasing rateady times andhigh S 0.1F :
intensities. & I | X

The excitation induced coherence is only observed at = fg ! ] 1
small angles. If the incident power is kept constant and the f‘ : '| z ¢
angle between the two beams is increased, then the dephas- 2! . £ t
i 3 L4 ‘ L r 4
ing rate becomes faster and the decay becomes monoexpo- 0.01 ¥ . . !
nential; see Fig. 4. For angles above 4° the dephasing rate 20 -10 (]))elay (psl)o 20 30

always increases with excitation intensity, i.e., we get back to
“normal” QW exciton behavior. FIG. 4. FWM signal as a function of angle at an optical power
As mentioned above, dephasing rates normally increasgensity of 10.1 W crii2. At larger angles the FWM signal shows no
with the excitation intensity due to increased collision ratesanomalous behavior as the dephasing rate has decreased with exci-
However, when there is a small angle between the pump angtion, displayed here it is no longer distinguishable from the pulse.
probe, we observe the opposite. Before attributing this bemn contrast, at the smallest angles the dephasing rate has steadily
havior to an excitation induced coherence, the possibility thaincreased with excitation. The double slope can also be observed.

195307-2



EXCITATION-INDUCED COHERENCE . .. PHYSICAL REVIEW B 66, 195307 (2002

flected by the sample. The reflected light was measured as (a) Exciton (bare) E T

function of incident power. However there was no change inExcitation k ~0

the fraction of light reflected within experimental error. : k conservation *
This possibility was investigated further by measuring the e 25

reflectivity spectrum of the polariton as a function of incident /{ ” % > f/ I

power. This was done using the laser in the femtoseconc f

mode; the increase in the spectral width enables the reflec _
tivity of both polariton branches to be measured. We ob-
served no shift of the polariton lines with intensity even up to I
the point where the polariton began to collapse, at a resonar

optical power density of 28.3 Wcn?.%° Effects due to  (b) Polariton
higher order chi terms and cascade processes have been rulExcitation k =0
out for two reasons. First, to the authors’ knowledge higher
order terms would only result in faster dephasing rates; see
for example, Ref. 10. Second, although higher order terms

v

k conservation

may interfere with our FWM signal they would also give rise I
to angularly resolved signals, something we do not observe
at the intensities used here. The detection system was max I

mized for the FWM signal and an aperture eliminated the ?
straight through transmission and higher orgeprocesses

(which already have a greater angular separation from the

FWM signal than the through transmissjofdaving ruled

out experimental artifacts, we conclude that the decrease! .
dephasing rate at higher intensities is real. (c) Polariton

Several important experimental observations should pexcitation ku;&O

\j

noted. First, the long dephasing times only occur for small //
angles between the two beams, the angles at which excitatio )
induced coherence is observed are less than 4.5° which is th k conservation
angular linewidth of the LPB. Second, we are still in the _+_

strong coupling regime for the FWM data taken at the high- T E conservation

est carrier density, as it is less than half the resonant optica ?
density at which the polariton begins to collapse. Third, the
same behavior with angle and intensity was observed in

samples of similar quality but with one or three quantum
wells instead of the two for the sample shown here. . T o
The effect of collision broadening on the homogeneous k k 20

linewidth of the LPB was theoretically investigated by Ciuti ! I
et al!* They predicted that, due to the modified dispersion, FIG. 5. (a) The energy-momentum dispersion of the uncoupled
the effect of collisional broadening should be much weakekxciton line.I' is the linewidth of the polariton. Backscattering from
for the LPB exciton than for the QW exciton, up until a k=0 will be small, due to the flat dispersion curye) The energy-
threshold intensity after which LPB collisional broadening ismomentum dispersion of the lower cavity polariton branch. The
enhanced. This is indeed what was observed in our lab angblaritons population when excited lgt=0 is the area shaded in.
elsewheré?13 However, an increase in coherence with in- The steeper dispersion results in almostkagpace for scattering
tensity is totally unexpected. It should be noted that the rewhilst maintaining energy conservatioie) The energy momentum
sults presented here are taken near resonance where no c@fithe lower cavity polariton branch showing the polariton popula-
lisional broadening is predicted below the saturation densit§ion which has scattered tiy#0. These polaritons may scatter
of the polaritoﬁl. bac!< tok;=0 due due to stimulation by occupation, a bosonic be-
The dephasing of excitons has been theoretically treatefavior.
with various levels of complexity ranging from the optical
Bloch equations for a two level system through to the semi- 1 1 1
conductor Bloch equations in the Hartree-Foch limit and be- T_ZZ 2_-|-1+ T_* @)
yond. A simple interpretation does not exist in any these 2
approaches because there are no low order terms which aedhere the factor of 2 comes from the loss in intensity rather
to the coherence of the system. Instead we start from théhan the amplitude. The shorter of these two decay mecha-
two-level approximation, which is often used at low excita- nisms will dominate. The population decdy is probably
tion intensities:* The decay of the coherence of a two level similar to the cavity decay time which is about 10 ps in these
system is governed by the decay of the populafignand  high finesse microcavity sampl&sAt low intensities we
pure dephasing mechanismis such as scattering. The net measure dephasing times of 5 ps, implyinga of about
coherence lifetimd, is thus given by 6—7 ps which is typical of QW excitort&:!’ Thus the
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dephasing time is primarily governed by scatteriimre  systems$??®lending support to our interpretation. However,
dephasing rather than radiative recombinatidpopulation it has been shown that this interpretation of FWM is over
decay. Experimentally, as the intensity increases the measimplified when looking at polaritorfé, and we encourage
sured dephasing time increases. This change cannot be duetgorists to extend the recent body of work with a view
an increase iff;; instead only an increase i will have 10 giving a fuller interpretation of these results.
an appreciable effect on the dephasing rate. We conclude that FWM t7hrough x° is a probe of the coherence of
the effect of increasing intensity is to either inhibit scatterinngIa.”t‘.)n§ rather than the photon field, and this enables us
or to compensate out-scattering with in-scattering. to (_j|s§|ngy|sh be.tween coherence QUe to st|mt_JIated photon
Consider a coherent population of excitons createkl at gm|SS|on(|.e., lasing and cqherence in the polarltqn popula—
=0 [see Fig. Ba)]. Exciton-exciton collisions will scatter the tion. The FWM setup was in the degenerate por)flguratlon, as
excitons away fromk;=0. The energy-momentum disper- described above, an(_dlalthough not dm_act.ly incident we feel
sion is so flat that théq=0 excitons occupy only a small the necessary conditiok=0 was satisfied at an angle
part of the availablék space, so that backscattering frdm around 1.5°. The necessary conservation was broken at
#0 will be small and these excitons will be dephased withlarger anglesk #0, where no anomalous effects were seen.
respect to the original population. This type of scatteringmdeed’ the coherence of the polaritons behaves similarly to

decreases the coherence as measured in FWM experimen e cohere_nce _of_the photon field "_1 a laser as one approaches
and increases the linewidth as observed in cw experiment _t‘eshol_d,_ .e., It Increases dramat_|ca||y. Non_degenerat_e f_our-
For cavity polaritons the dispersiisee Fig. &)] is 10° wave mixing at the _so—called magic angle might give similar
steeper than that of bare excitons, with the result that thE:e.SUItS' Al th_e magic "?‘”9'9' energy ahd:on_servauon can
polaritons have almost nospace for scattering while main- sl bi,_z malntamed_ in a polgnton-polanton_ scattering
taining energy conservation. This reduces the effects of colProcess, but, as Giacobino pointed ouk=0 is also a

lisional broadening(There will still be some scattering away magic angle_. . .
from kj=0, e.g., guided modesNow there are two possi- In conclusion we have observed an intensity dependent

bilities. (1) Nonbosonic behavior. The increase in densitymcrease in the coherence time of the LPB using FWM. We

leads to more collisions, exchange, and screening, all 0tFave demonstrated that the excitation induced coherence is

which decrease the dephasing time with intensi) not due to any experimental artifact or a shifting of the LPB

Bosonic behavior. As the density increases the scatteringnergy' For composite particles such as excitons and cavity

awiay fromk 0 can be compensated for by stimulated scatf e B (RS FOE BES B8 SRE RO
tering back to theéy =0 state. The stimulation term depends ' ’

servations indicate that for cavity polaritons at least one can

on the number of states alreadylqt=0; see Fig. 5. Even- reach densities where a dramatic increase of the coherence
tually a condition will be reached where the stimulated scat-

tering dominates over the collisionépontaneoysscatter- time with intensity occurs, which is typical of composite

ing and the coherence time of the system should increas%osons.' We actively encourage theoretical wark ta invespi-
dramatically. If the initial states are &=k #0, then the gate this effect. It remains to be seen whether condensation
. —Kj y

stimulated scattering will cause a relaxatiorkfe=0 and an can be observed in this system.
increase in the dephasing rate as measur&d. athe mecha- The authors would like to thank C. Ciuti for fruitful dis-

nisms of both stimulated scatteriig?! and parametric am- cussions. This work was supported by an Enterprise Ireland,
plification have already been observed in microcavityForbairt basic research grant, Contract No. SC/97/728.

13, Scmitt-Rink, D. S. Chemla, and D. A. B. Miller, Adv. Phys, Nelson, Jr., G. Khitrova, and H. M. Gibbs, Phys. Rev. L&§.
89 (1989. 5170(1997).
2J. ShahUltrafast Spectroscopy of Semiconductor and Semicon-°R. Houdfe J. L. Gibernon, P. Pellandini, R. P. Stanley, U.
ductor Nanostructureslst ed.(Springer, Berlin, 1996 Oesterle, C. Weisbuch, J. O'Gorman, B. Roycroft, and M. II-
3C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys. egems, Phys. Rev. B2, 7810(1995.
Rev. Lett.69, 3314(1992. 10A. J. Fischer, D. S. Kim, J. Hays, J. J. Song, D. B. Eason, J. Ren,
4G. Khitrova, H. M. Gibbs, F. Jahnke, M. Kira, and S. W. Koch, J. F. Schetzina, H. Luo, and J. K. Furdyna, Phys. Rev. Z&t.
Rev. Mod. Phys71, 1591(1999. 2368(1994.
SR. Houdre R. P. Stanley, U. Oesterle, and C. Weisbuchyamo-  'C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani, and P.
scale Linear and Nonlinear Opticedited by M. Bertolotti, C. Schwendimann, Phys. Rev. 58, 10 123(1998.

M. Bowden, and C. SibilidSpringer-Verlag, New York, 2001 12| 'A. Dunbar, M. Lynch, A. L. Bradley, J. F. Donegan, J. Hegarty,
5The variation of the cavity thickness over the spotsize is negli- R. P. Stanley, U. Oesterle, R. Houdimnd M. llegems, Phys.
gible. Status Solidi A190, 435(2002.
"The data also shows an anomalous bump at high intensities ne&fT. Baars, M. Bayer, A. Forchel, F. Sdlea and J. P. Reithmaier,
—5 ps; +5 ps is where the slope changes and it may be that Phys. Rev. B61, 2409(2000.
these two effects are linked. 4y, Benisty, J. M. Geard, R. HoudrgJ. Rarity, and C. Weisbuch,
8M. Kira, F. Jahnke, S. W. Koch, J. D. Berger, D. V. Wick, T. R. Confined Photon SystenSpringer, Berlin, 1998 Chap. 3.

195307-4



EXCITATION-INDUCED COHERENE . .. PHYSICAL REVIEW B 66, 195307 (2002

15G, R. Hayes, S. Haacke, M. Kauer, R. P. Stanley, R. Hqudre ovskii, M. S. Skolnick, D. M. Whittaker, and J. S. Roberts, Phys.

Oesterle, and B. Deveaud, Phys. Re\va® 10 175(1998. Rev. B62, 16 247(2000.
18, Honold, L. Schultheis, J. Kuhl, and C. W. Tu, Appl. Phys. Lett. 22G. Messin, J. Ph. Karr, A. Baas, G. Khitrova, R. Hoydre P.
52, 2105(1988. Stanley, U. Oesterle, and E. Giacobino, Phys. Rev. L&ff.
171, Schultheis, J. Kuhl, A. Honold, and C. W. Tu, Phys. Rev. Lett.  127403(2001.
57, 1797(1986. 24\M. Kuwata-Gonokami, S. Inouye, H. Suzuura, M. Shirane, R.
8R. Houdre C. Weisbuch, R. P. Stanley, U. Oesterle, P. Pellandini, Shimano, T. Someya, and H. Sakaki, Phys. Rev. [7t.1341
and M. llegems, Phys. Rev. Lef®3, 2043(1994). (1997.
¥Le Sj Dang, D. Heger, R. André~. Boeuf, and R. Romestain, 2°C. Cuiti, P. Schwendimann, B. Deveaud, and A. Quattropani,
Phys. Rev. Lett81, 3920(1998. Phys. Rev. B62, 4825(2000.
20 p_ senellart and J. Bloch, Phys. Rev. L&2, 1233(1999. 26C. Cuiti, P. Schwendimann, and A. Quattropani, Phys. Re§3B
2lF. Boeuf, R. AndreR. Romestain, Le Si Dang, E. @&ne, J. F. 041303(200)).
Lampin, D. Hulin, and A. Alexandrou, Phys. Rev.@, 2279  2’P. N. Butcher and D. Cottefthe Elements of Nonlinear Optics
(2000. 2nd ed.(Cambridge University Press, Cambridge, 19%haps.

223, J. Baumberg, P. G. Sawvidis, R. M. Stevenson, A. |. Tartak- 6 and 7.

195307-5



