PHYSICAL REVIEW B VOLUME 61, NUMBER 11 15 MARCH 2000-I

In-plane propagation of excitonic cavity polaritons
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By exciting resonantly a microcavity with a pulsed laser beam, we have observed the in-plane propagation
of excitonic cavity polaritons over distances much greater than the wavelength. The initial in-plane wave
vector is conserved during the propagation, showing that it is a good quantum number for cavity polaritons.
The polariton group velocities were measured as a function of both the in-plane wave vector and detuning.
Propagation is faster for negative detunings where the polaritons have a light effective mass. The observations
are in good agreement with a simple two-oscillator model.

Physicists were very enthusiastic when they could reproi.5 ps long pulses with a repetition rate of 82 MHz. The laser
duce in semiconductor microcavitfethe strong coupling re- beam is focused on a spot of about At waist by a lens of
gime between light and matter predicted by QEDantum 35 mm diameter and 80 mm focal length. The emission from
electrodynamics theoyyand usually observed in atomic the sample is collimated by the same lens in a parallel beam
physics? One of its most spectacular manifestations is thewhich is then focused with a times 4 magnification on the
anticrossing between the exciton and cavity modesre-  vertical entrance slit of a spectrograph. The output slit of the
sulting in Rabi oscillations between the new eigenstates o§pectrograph is replaced by the p®n wide horizontal en-
the system(termed cavity polariton® However, the main trance slit of a streak camera that makes a time to vertical
difference between strong coupling in atomic and semiconeisplacement conversion so that with a charge-coupled de-
ductor physics is the delocalized nature of the eigenstates,
which have in-plane dispersion curves due to the two- x (um)
dimensional translational invariance in the layefthe sym- 200 100 0
metry of the interacting system leads to a one-to-one corre- o —+
spondence between a polariton wave vector in the cavity and
the direction of the emitted photon. This allows one to ob-
serve the polariton dispersion curve using angle resolved
photoluminescence and reflectivity experimetits.

In our experiment, we have evidenced a new manifesta-
tion of this in-plane dispersion, namely, the propagation of
the polaritons in the plane of the microcavity. Since they are
created resonantly by a short laser pulse, they are quantum __ 50+
wave packets propagating with a group velocity given by the
expression
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wherek, is the polariton in-plane wave vector a&dk,) its
energy. Due to the strong dispersion of the polariton
energy">"8this velocity is many orders of magnitude larger
than the bare exciton one. Moreover, as a consequence of the
mixed state nature of the polariton, the group velooiyis

expected to depend strongly on the detuningetween the FIG. 1. Propagation in the horizontal direction of the secondary
cavity and exciton energies¢ Eco—Eyp) and on the inci-  emission source as observed on the streak camera after resonant
dent angled; . excitation of the lower branch polaritons€ —10 meV and 6,

Our experiment uses a standard time-resolved lumines=7°). (a) corresponds to the global emission without angular se-

cence setufiFig. 1). The excitation source is a Ti-Sa mode lection, (b) to an angular selection close t06; and(c) close to; .
locked laser which delivers nearly Fourier transform limitedinserted is the geometry of the experimental setup.
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FIG. 3. Group velocity of the resonantly excited lower branch
1004 polaritons as a function of the detuning for different incident angles
6,. The points are the measured values #Hr=7.8° (H), 6,
=6.2° (#),ands,=4.3° (A). The solid, dashed, and dotted lines

FIG. 2. Propagation in real space of the secondary emission o .
. orrespond to the group velocities calculated for the previous
source as observed on the streak camera for several detunings. The S .
) . X o angles. The dashed-dotted line is the calculated velocity for the
diaphragm is close to the reflection and=7.8°.

transmitted beam through the GaAs substrate and &ith7.8°.

vice (CCD) camera, we get the emission intensity as a funcwave vector as the excitation wave vector. Furthermore, the
tion of wavelength and time. The time resolution is about 2.5race stays nearly on a straight line, meaning that the velocity
ps. When the structure, is resonantly excited, we mask this constant and that the movement continues in the same
laser reflection on the sample surface, gssm4 mmwide  direction(if the direction of the movement was changed, the
mask. If we want to observe the horizontal movement of thevelocity in thex direction would decrea$eSince we mask
excited spot on the sample, we open the entrance slit of thine reflected beam, we can note that most of the measured
monochromator to the maximum and turn the grating to thentensity is due to polaritons that have experienced small
zero order so that we get on the monitor the emission intenmomentum scattering.
sity as a function of the horizontal position on the sample ( In Fig. 2, we show the evolution of the propagating trace
axis) and time. In fact, we measure the projection of the(for 6~ — 6;) with the detuning. The slope of the trace re-
excited spot movement on theaxis. corded by the CCD measures the group velocity of the po-
The studied sample is ® GaAs microcavity containing laritons. The trace is oblique for large negative detunings
an Iny osGay 9sAS 8nm thick quantum well located at the an- (cavitylike polariton$, which is the sign of a large velocity,
tinode of the electromagnetic field. The Bragg reflectors ar@and becomes progressively vertical when the detuning in-
made of 24 (substrate sideand 20 (air side pairs of creases. After calibrating the relation between the displace-
AlAs/ Al 1Ga, /As quarter wavelength layers, giving a cavity ment on the sample and the number of pixels on the streak
photon lifetime of nearly 6 ps. The sample is maintained at a&amera, we have calculated the measured polariton velocity
temperature of 8 K. All the experiments were done in theas a function of the detuning and the incident anglé; as
low excitation regime, with polariton density between shown in Figs. 3 and 4.
108 cm 2 and 18 cm 2. When exciting the structure above  The theoretical curves plotted on the same figures are cal-
the cavity stop-band, one can see the luminescence peaks @flated from the polariton dispersion curves. The incident
the lower and upper polariton modes whose energies varlaser beam, making an anglg with the normal to the
along the sample as in previous papetsshowing a Rabi sample, creates polaritons whose wave vektois equal to
splitting of about 3.45 meV. The quality of the structure isthe projection on the plank;; of the incident wave vector
evidenced by the spectral width of the lower mode, which isk; :
0.2 meV when the mode is cavityliked¢- —10 meV) and .
0.7 meV when the mode is excitonliké{ +4 meV). kp=kij=kisin6; . 2
The experimental procedure is the following: We reso-

nantly excite the lower polariton mode by looking at the ax10°k "
emission spectrum with the monochromator working at first )

order. Then we turn the grating at zero order to observe the 5 3x10°F .
time evolution of the luminescence spot as shown in Fig. 1. 2

We see two symmetric traces. The major one corresponds to é 2x10°F 1
the propagation in the same direction as the incident beam. 2

The smaller one goes backward. If we select the polariton 3 x10°r ]
in-plane wave vector by inserting an 8 mm diameter dia- ° . . .
phragm in the collimated beam, we see that the trace propa- 0,0 40x10° 80x10°  1.2x10°
gating in the forward direction corresponds to wave vectors Tk e ’
close to the reflection of the lased — 6;) and the back- P

ward one to wave vectors in the opposite direction-@;). FIG. 4. Variation of the lower branch polariton group velocity

The trace in the forward direction is more intense than all theas a function of the in-plane wave vectgyfor §= —10 meV. The
others. This shows that most of the polaritons keep the sammints (line) are the measuregtalculated values.
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As long as these polaritons are not scattered, they propagate
in a straight line with a velocity given by the expressidn

In a two-oscillator modet;*! the lower polariton energy
Ei(kp) is given by

Ec(ky) — Ey(ky) 12+ Q3
El(kp):Ex<kp>ZEc<kp>_¢[ c(kp) 2( I+ Ok

()
where (g, is the Rabi splitting ande,(k,) and E¢(k,) the
exciton and cavity energies. The exciton energy dispersion is
parabolic:E,(Kp) =Exo+ ﬁ2k§/2Mx whereM, is the exciton
effective mass. The cavity mode energy is given by the ex- FIG. 5. Temporal evolution of the secondary emission with dif-
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pression ferent angular selection conditior{s) without diaphragm and laser
mask (full lines), (b) with laser mask and without diaphragm
£2K2c2 (dashed lines (c) with a diaphragm on the upper part of the elastic
Ec(ky) = E§0+ 2p , (4) ring (dotted lineg. The arrows indicate the peak due to the laser
Nt reflection and scattering by the sample surface.
whereng is the effective refractive index of the cauvity. iton wave function|L ) can be expressed as a linear com-

The refractive indexng; is an average, over the spatial pination of the excnon and photon wave functions,
extension of the optical cavity mode, of the layer refractive

indices at the polariton energy-(1.472 eV). Since, to our ||_k >=Ck |(:k >+Xk | X >, (5)
knowledge, the refractive indices of GaAs and AlAs have not

been measured at 10 K, we consider in first approxmaﬂorwhereck (xk ) is the cavity weightexciton weight of the
that the low temperature value is equal to the high one at Bolarlton state. Using the polariton group velocity definition

lower energy corresponding to the band gap variation be¢1) together with the energy dispersi¢8) we find
tween these two temperaturésSo we take the following

values:ngaae=3.57 (Ref. 13 at 1.455 eV and 100)Knajas vg(Kp) =XE vx(Kp)+CE ve(ky), (6)
=2.965(Ref. 14 at 1.38 eV and 300)Kand a linear inter- P P
polation for A ;Ga, As. The spatial extension of the optical whereuv,(k;,) andv(k,) are the group velocities of the un-
mode is calculated as in Refs. 15 and 16 by taking intacoupled cavity and exciton modes. Though photons are not
account the effective ordeng; of the cavity mode. Averag- massive particles, the cavity energy dispersidh can be
ing the refractive index(z) of the structure over the field approximated, fok,<2/L., by
extension givesig=3.32. A more rigorous determination of
the cavity mode dispersion using a transfer matrix method
for the whole structuré gives approximately the same
value. The group velocities calculated with this refractive
index are plotted in Figs. 3 and 4. The agreement with thevhere M =n%E/c? is a kind of effective mass of the
experimental velocities is goodhe uncertainty on the ex- cavity photon M,=3x10"°mq in our casg!® The polar-
perimental values is about 10% iton mode still has a parabolic energy dispersion at sigall
One should also consider the part of the incident beanwith an effective massM, varying betweenM. and
which is transmitted by the microcavity and goes through theM, (M,~0.3m). For example, in Fig. 4, corresponding to
substrate. Since the opposite face of the substrate is not pahe case of a cavitylike polaritons&—Qg), the linear
ished, a reflection of the beam by this face is excluded. Howvariation of the group velocity with the wave vector leads to
ever, the scattering of the beam by the GaAs substrate would parabohc dispersion curve with an effective mddg
give a trace on the CCD camera with a velocity in the =3.2x10 °mj, very close to that of the cavity photon. We
direction given byv;=csiné/nny wheren andng are the  are then faced with quasiparticles whose mass can be varied
refraction and group optical indices of GaAs. For an incidenty four orders of magnitude just by varying the detunifig.
angle ¢;=7.8° and usingny,=5.1"* we find v,=2.24 Finally, we would like to discuss an important aspect of
X 10° cm/s. This value is dlfferent from the experimental our observations, namely, the conservation of the polariton
ones(Fig. 3 and does not vary with the detuning, excluding in-plane wave vector during all its propagation. In Fig. 5 we
this interpretation. Furthermore, we have done the experishow the temporal evolution of the secondary emission at
ment on a microcavity grown on ax210%m 3 p-doped  negative detuningd=—5 meV) with different angular se-
substrate. Although the beam transmitted through the sublections on another sample. The decay time of the secondary
strate is attenuated by at least a factor of 10 on this satfiple,emission is 7.5 ps, which is close to the calculated photon
we still see the propagation of the emission source, thus conifetime in this structure. Also reported is the temporal evo-
firming our previous analysis. lution of the emission from the upper part of the elastic ring
Let us note that the polariton group velocity) can be (polaritons with kpzkiu).20 The comparison between these
expressed as a linear combination of the exciton and cavitgpectra indicates that most of the emission arises from po-
velocities. Using a simple two-oscillator modef. the polar-  laritons that have not been scattered: the intensity on the

2k2
c( kp) Ec0+ 2|\/| (7)
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elastic ring is indeed four orders of magnitude smaller tharthe fact that the resonantly excited polaritons have a small
that recorded at the reflection. This is not surprising at negawave vector €10°cm ?) and a large wavelength
tive detuning (photonlike polariton where scattering is (=8um). Thus, they are little scattered by the quantum well
strongly reduced due to the weak exciton part in the polarinterface rugosity whose typical lengths are close ton

iton wave function. When the detuning is increased, botHurthermore, due to the cavity coupling, the density of states
elastic and inelastic scattering should become more efficieds small, which makes the scattering to other states at the
since the exciton weight increases. But, as seen in Fig. 2, w@ame energy less efficiefitLet us note that similar long

do not observe a break in the ballistic propagation of thedephasing times have been observed by Cassaias’
polaritons when the detuning is increased: the excited polari¢l0se to the anticrossing.

tons propagate ballistically during their lifetime, thus con-  we would like to thank V. Thierry-Mieg for the growth
serving their in-plane wave vector. This is an important re-of the sample and J. M. Gerard, C. Tanguy, |. Sagnes, Allok-
sult of this paper. As previously proposed by WhittakerRudra, J. L. Oudar, L. C. Andreani, and G. R. Hayes for
et al,'® Savonaet al,?! and Baumberget al,?? it is due to  fruitful discussions.
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