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The physical system

Distributed Bragg reflector (DBR) planar
microcavity with a few quantum wells (QW)

� Alternate � ��� GaAs/AlAs layers � � DBR

� Cavity layer � � confined photonic mode
delocalized along cavity plane.

� In-plane photonic dispersion:

� � 	�
 �� ��� � �� � 
�� ��� � �

� e and h confined in In � Ga ��� � As QW.

� 2D confinement � � enhances e-h binding

� Excitons � � bosons if � � �� � � ! "#$ % �

� Excitons delocalized along cavity plane.
Flat exciton dispersion: � & 	�
 �(' � &

Exciton radiatively coupled to cavity-photon only : in-plane ) conserved, no coupling

to continuum, vacuum Rabi splitting * + .



The system Hamiltonian
� � ��

� ��� � & � � 	

 �� � 	� � ���

� � � � � � 	� ��� � � �

 � � 	� � � �

� �� 
 � � & 	� �

 �� & 	� �

 � & 	� �

 � & 	� � �

� �� �� � � 	� ��� �

 ��� � 	� � � � � � �� 	� � � �

 � � 	� � � � � �

Single-particle Hamiltonian: � � � �
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� Eigenmodes of � � � � superpositions of exciton
and photon, called polaritons.

� Strong coupling regime ( # $ ' ( & � � ): polaritons
well resolved

� Photoluminescence data: polariton dispersions

� )* 	�
 � and � + * 	�
 �

(figure taken from: Houdré et al., PRL 73, 2043, 1994)



The system Hamiltonian (II)

External potential � & � � 	� � :

� wedging of cavity and/or QW, optical Stark shift of exciton (controlled)

� inhomogeneities in Bragg mirrors, QW interface roughness (disorder)

Exciton-exciton binary interactions:

� experimentally ��� � , qualitative agreement with approximate calculations

External driving field � � 	� � � � :

� in time: monochromatic at � � , pulsed, bichromatic . . .

� in space: plane wave at
 � , optical vortex . . .

Dissipation term � � :

� radiative decay due to coupling to external photons, background absorption

� decoherence and non-radiative recombination of excitons: scattering on phonons, trapping in
localized exciton states

� phenomenological damping rates ( & ' ( �



Experiments on polariton amplification

not into different directions in the k plane.16 However the
high k i polaritons close to vx experience much faster subse-
quent scattering into excitons at even higher k i where they
cannot radiate. The radiative (Gc) and exciton (Gx) scatter-
ing rates then determine how much light escapes at each
angle u , so the PL intensity detected depends on the popula-
tion,

N~u !}PL~u !H 11

uXu2Gx

uCu2Gc
J 5PL~u !~12a1a/uCu2!,

for exciton and photon fractions X ,C . Using the ratio a
5Gx /Gc;0.55, we convert the integrated PL along the
lower polariton branch ~measured over eight decades of in-
tensity! into polariton populations N(u)/Ipump normalized by
the pump intensity in Fig. 3~c!. This value of a is derived
from the ratio of the total exciton linewidth to the cavity
linewidth, consistent with a homogenous exciton broadening
greater than the inhomogeneous linewidth contribution, and
implying fast exciton scattering. Further work to investigate
the influence of localized excitons and dark polaritons is in
progress.

At low powers ~7 W cm22) the spontaneous scattering
rate is low (h) but at higher powers (s) the polaritons
relaxing down the dispersion curve act as a final state popu-

lation to initiate further stimulated scattering into these
states. Such stimulated parametric scattering has previously
been seen as gain in pump-probe experiments,9 and depends
on the bosonic exchange symmetry of the polaritons. Pair
scattering gives equal populations symmetrically either side
of the pump energy. Similar processes have been previously
termed hyper-Raman scattering in studying bulk polaritons
using MW cm22 pulses.17 Additional emission is clearly re-
solved in the vicinity of the pump beam. Pair scattering is
also responsible for this symmetric broadening and for the
two correlated broad shoulders observed at 0° and 35°
which correspond to the optimum phase matching
condition.15

To confirm this parametric scattering process, a weak co-
circularly polarized probe pulse is simultaneously injected
into the k i50 polaritons, dramatically modifying the emis-
sion pattern @Fig. 3~b!#. In contrast to the stimulated scatter-
ing induced by the pump alone, the probe beam now injects
a final state population at a specific angle (u50°) thus in-
creasing the scattering rate according to

dN f inal

dt
}~11Nfinal!3Npump

and provoking gain in the probe direction. The excess energy
and momentum is taken away by a second pump polariton
which is scattered to a higher ‘‘idler’’ angle and here clearly
seen for the first time at u535°. The modified lower branch
PL @d , Fig. 3~c!# shows how the injected probe pulse redis-
tributes the light emitted at each angle. A significant reduc-
tion in the emission ~up to 70%! between 5–15° and 20–30°
~confirmed by direct time-resolved transmission measure-
ments! is caused by efficient probe-induced scattering into

FIG. 4. Integrated lower polariton PL emission vs pump power
at 0°, 35° both with and without the probe pulse. The emission is
normalized to the transmitted probe power, with incident probe
power of 400 m W cm22.

FIG. 3. Contour maps of the DPL spectra vs angle for a 28
W cm22 pump pulse at 16.5° (3). The white line marks the energy
position of the peak PL, while the dotted line is the lower polariton
dispersion. ~a! Spontaneous and self-stimulated PL emission. ~b!

Probe-stimulated PL emission showing the signal gain at 0° and
idler beam at 35°. ~c! Normalized lower branch polariton emission
vs angle with (d) and without probe (h , s) for pump powers 7,
28 W cm22. Angular widths of pump and probe beams also plotted.
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In0.06Ga0.94As QWs in 100-Å GaAs barriers, surrounded by
distributed Bragg reflectors ~DBRs!.9 The sample strip is ori-
ented with the cavity thickness constant in the plane formed
by the incident beams. Figure 2~a! shows the dispersion re-
lation of the two polariton modes with normal mode splitting
of \V;7 meV ~at u50°). The sample is held in a cold
finger, wide field-of-view cryostat at a temperature of 4 K.
Polaritons are resonantly injected by a pulse of light tuned to
match the lower polariton dispersion at 16.5° from a spec-
trally filtered pump pulse ~<30 W/cm2) of 2 meV bandwidth
focused on a 100 mm spot.

We first investigate the scattering mechanisms on the
lower polariton branch by measuring angular-, spin-, and
wavelength-resolved photoluminescence ~PL! over a large
range of angles (655°). Spin-selectivity distinguishes the
fast scattering mechanisms preserving spin polarization,
from slow depolarizing relaxation processes. We use a circu-
larly polarized s1 pump beam for excitation12 and detect
both circular polarizations s1,s2 of the emitted light. We
use the spin notation ~Pump:Detection!5(1:6). Figures
2~b!–2~d! show the emission spectra for polarized PL~1:1!
and depolarized PL(1:2) configurations at udet5250°,
0°, 50° on the same logarithmic scale. The difference
DPL5PL(1:1)2PL(1:2), between the solid and dashed

curves @Figs. 2~e!–2~g!# corresponds to the spin-preserving
part of the scattering, and is dominated by the polarized com-
ponent. Previously it has been shown that for nonresonant
excitation the PL spectrum at T577 K is thermalized and
that absorption spectra are related to the PL spectra through a
Boltzmann factor.13 This picture is very different at the low
T here (kT!\V) when excitation is resonant. Thermaliza-
tion is not achieved and selective energy and momentum
scattering is observed. However no emission is seen at the
upper polariton throughout this regime, demonstrating the
lack of significant carrier heating. The low energy tails of
these excitonlike polaritons match those of a bare 100-Å
In0.06Ga0.94As QW sample @Fig. 2~d!, dotted# and are attrib-
uted to the Urbach tail arising from localized exciton states.14

The fast spin-preserving polariton scattering predominates in
the k i50 region, but only for pump intensities .5 W cm22.
The vertical dashed line is at the energy of elastic pump
scattering, while the dash-dotted line marks the angle-
dependent lower polariton energy. The data show that there
is a pronounced asymmetry of the emission, even at rela-
tively large angles 650° where the exciton and photon are
uncoupled.

For a full picture of the asymmetrical scattering we ac-
quire PL spectra over the whole range of angles and both
(1:6) detection polarizations. Similar spectra are observed
for linear field polarizations. Contour maps of the spin-
preserving emission pattern, DPL(v ,u), at different angles
provide information on the extent of the emission anisotropy
@Fig. 3~a!#. The solid white curve shows the extracted peak
position of the emission at each angle and is blue-shifted by
;0.7 meV as compared to the dispersion relation at low
excitation powers ~dashed line!. The origin of this small
blueshift will be deferred to a more extended publication,
however it is clear that the polariton dispersion has not col-
lapsed and the anticrossing persists.15 Direct transmission of
the pump beam tuned at 1.458 eV is seen at u5116.5°
(3). Figure 3~a! shows the significant difference in the
emission spectra for positive and negative angles. Such an
asymmetrical emission distribution has not to our knowledge
been seen previously from a planar semiconductor hetero-
structure. The asymmetry is due to parametric scattering of
specific polariton pairs, which then rapidly escape from the
microcavity. The off-axis pump pulse breaks the cylindrical
symmetry and the sample remembers this excitation condi-
tion, producing a characteristic signature in the photolumi-
nescence.

The highly spin-polarized emission from the lower polar-
iton branch seen for udet.0, indicates the specific fast intra-
branch scatterings that occur after resonant excitation. For
positive angles the dispersion relation provides ideal energy-
momentum conditions for intrabranch polariton pair scatter-
ing @Fig. 2~a!#. This process preserves the polariton spin
which is excited by the circularly polarized pump. On the
other hand at negative angles udet,25° only a small
amount of spin-polarized polariton emission emerges be-
cause intrabranch parametric scattering is suppressed by the
imposed dispersion relation. All pairs of polariton-polariton
scatterings for which energy and momentum is conserved
can occur from the reservoir of polaritons injected by the
pump. This restricts polariton scattering into only k states
which lie along a radial line defined by the incident kp , and

FIG. 2. ~a! Lower ~dot-dashed! and upper ~solid! polariton dis-
persion relation. The resonantly tuned pump pulse injected at 16.5°
produces parametric scattering shown by arrows. Dotted line marks
elastic pump scatter. ~b!–~d!: PL spectra at 250°, 0°, 50° for both
(1:6) polarization configurations. The pump power is 22
W cm22. Bare QW PL also shown in ~d!. ~e!–~g!: Spin-preserving
PL emission extracted from ~b!–~d!.
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Pump at ”magic angle”:

� 	�
 � � 
 � � � � 	 � � � 
 � � process is resonant

� probe at
 � � parametrically amplified

� idler generated at
 � � 
 �

Analog atomic matter wave amplification exp’ts:

(M. Kozuma, Science 286, 2309, 1999)

BEC atom lasers (8–11) demonstrated thus far

rely on changing the internal spin state of the

atoms, and this can be thought of as a passive

matter-wave polarizer. What is lacking in this

otherwise complete group of passive atom-op-

tic elements are active ones.

An atom-light interaction that holds the key

to the development of such an active element

was recently observed. This process, called su-

perradiance (12), occurs when a nonspherical

condensate is illuminated by off-resonant laser

light. Spontaneous emission initially causes at-

oms to scatter randomly into various momen-

tum states. These scattered matter waves inter-

fere with the condensate, forming a moving

matter-wave grating that further scatters the

laser beam. Because the condensate is not

spherical, specific matter-wave gratings grow

and become dominant (12). The spontaneous

emission process (normal Rayleigh scattering)

gives way to a coherent process whose rate

grows as the depth of the matter-wave grating

increases. The process is self-amplifying be-

cause every scattered photon creates another

recoiling atom that increases the amplitude of

the matter-wave grating. This can be thought of

as a stimulated matter-wave generator, in anal-

ogy with parametric generation in optical laser

systems. However, because the process starts

from spontaneously generated noise, the phase

of the atomic grating is not controllable. Fur-

thermore, there has been no experimental evi-

dence as to whether this superradiant element

maintains the long-range coherence properties

of the condensate.

Here we report the first demonstration of an

active, phase-coherent, matter-wave amplifier

(13). Instead of relying on spontaneously gen-

erated noise, we established a small, coherent

atomic seed in the BEC in a high momentum

state using optical Bragg diffraction (5). The

superradiance effect was used solely as a gain

medium. Clear evidence of the increase in the

population of the seed matter wave was ob-

served. We verified that the phase of the am-

plified matter wave was locked to that of the

injected seed, using a new type of Mach-

Zehnder interferometer (7).

The experiment was performed with a

condensate of ;2 3 105 87Rb atoms formed

in a dc magnetic trap (14) with a standard

evaporation technique (2). We first trapped

about 109 atoms in an ultra–high vacuum cell

using a double magneto-optical trap (15). The

atoms were then transferred into a dc mag-

netic trap and were further cooled by radio

frequency–induced evaporation. We created

a BEC in the 5 S1/2, F 5 1, m 5 21 state, in

a trap with a radial gradient, axial curvature,

and a bias field of 1.75 T/m, 185 T/m2, and

1024 T, respectively. The condensate in such

a trap is highly elongated. After forming the

BEC, we turned off the magnetic trap and

waited long enough that the magnetic fields

decayed completely away. We then applied

superradiance or Bragg laser pulses or both

(Fig. 1A). Both the superradiance pulse

(pulse A in Fig. 1A) and the Bragg pair pulse

(pulses B and C in Fig. 1A) were derived

from an optically amplified, grating-stabi-

lized diode laser. The spatial mode of the

laser was purified by passing it through a

single-mode optical fiber, and the intensity

at the exit of the fiber was actively stabilized.

The laser beams were detuned from the

5 S1/2, F 5 1 3 5 P3/2 F9 5 2 transition by

D/2p 5 22 GHz, had an intensity of 3

mW/cm2, and were applied along the axial

(long) direction of our cigar-shaped conden-

sate. The intensity was determined experi-

mentally from the measured 5.6-kHz two-

photon Rabi oscillation frequency of the

Bragg beams (7). Although the rate of spon-

taneous emission from such a beam is only

0.05 ms21, the noise floor of our optical

amplifier caused this rate to be much higher.

We measured the spontaneous emission rate

to be ;1 ms21 by fitting the decay of atoms

in the condensate under normal Rayleigh

scattering.

When only beam A was applied, the re-

coiled-atom growth rate from superradiance

was (12)

dNj

dt
5 F 3

8p
RN0Vj sin2uj 2 LjG ~Nj 1 1!

(1)

N0 is the initial number of atoms in the conden-

sate and Nj is the number that recoiled into the

jth mode. R is the single-atom Rayleigh scatter-

ing rate (proportional to the laser intensity), uj is

the angle between the polarization of the inci-

dent light and the direction of light emission, Vj

is the solid angle for light emission, and Lj is the

loss term arising from the coherence time of the

atomic grating. Because of the BEC aspect ratio,

the dominant phase-matched grating causes

photons to backscatter, and these atoms thereby

acquire a momentum of 2\k through superradi-

ance. The choice of applying the laser along the

axial direction only supports this single superra-

diance mode. Applying a single pulse A 500 ms

after turning off the magnetic trap, when the

BEC was still well elongated (Fig. 1B), resulted

in the coherent buildup of the matter-wave grat-

ing because of spontaneous superradiance, and

caused 62% of the atoms to be scattered into this

u2\k. momentum state.

In order to make a matter-wave amplifier,

we must suppress this spontaneous superra-

diance. That is, only an injected seed matter

wave should be amplified. To do this, we

increased the time before applying pulse A

after extinguishing the trap in order to change

the aspect ratio of the condensate. The con-

densate profile became more spherical be-

cause of the mean-field–driven expansion,

and thus there was less of a preferred grating

direction. When we applied pulse A 1.8 ms

after extinguishing the magnetic trap (Fig.

1C), the coherent buildup of atoms in the

u2\k. state was greatly suppressed (the con-

densate aspect ratio was reduced by a factor

of 2, decreasing the gain term in Eq. 1 by a

factor of 4).

Coherent Bragg diffraction created the

small matter-wave seed that was used to test the

amplification process. The Bragg pulse was

formed by a pair of linearly polarized, counter-

propagating laser beams of slightly different

frequencies (5). The frequency difference be-

tween the two laser beams was chosen to fulfill

a first-order Bragg diffraction condition that

changes the momentum state of the atoms with-

out changing their internal state. In our case, the

atoms acquired a kinetic energy of 4 Er (Er '
h 3 3.8 kHz is the 87Rb single-photon recoil

energy), and the necessary relative detuning

was Dv/2p 5 15 kHz. Figure 1D shows the

result of diffracting 6.5% of the atoms into the

Fig. 1. (A) Direction
along which the elon-
gated condensate is
illuminated by the su-
perradiance (pulse A)
and Bragg (pulses B and
C) beams. (B through
E) Absorption images
showing the atomicmo-
mentum distribution 20
ms after the condensate
was exposed to various
laser pulses. The 20-ms
time of flight ( TOF) al-
lows the momentum
states enough time to
separate completely in
space. For these images,
the width of the field of
view is 940 mm by 350
mm, and the duration of
pulse A is 520 ms.
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The polariton Gross-Pitaevskii equation
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Differences with ordinary GPE:

� driving and dissipative terms: system is out of equilibrium

� two coupled Bose fields with different mass: cavity-photonic " � and excitonic " &

Homogeneous case � � � & � � , monochromatic plane-wave excitation � � 	� � � �� � �$# �% &(' # � �) &+* .

Look for plane-wave stationary solutions of the form: " & � � 	� � � �� "-, , & � � # �% & ' # � �) & * ,

.///
0 ///

1
2 � & 	�
 � � � � � � ! ( � � 3 " , , & 3�
4 "-, , & � # $ "-, , � � �

2 � � 	 
 � � � � � � ! ( 4 "5, , � � # $ " , , & � � � � �
is the equation of state: oscillation frequency not fixed by 6 � 6 	 � � but tunable with � � .



The equation of state

Equation of state relates internal intensity � ��� � � ��� �	� to incident one 
 � � �� � �� .

Transmitted intensity 
 � � � � � �� � � �� :

� optical limiting for � ��� � ) * 	�
 � �

� optical bistability for � �� � )* 	�
 � � . Dashed branches � � unstable.
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FIG. 6: All curves are drawn as a function of the position (x,
y) in the transverse plane. a) and b): nonlinear energy shift
proportional to the gaussian intensity distribution of the ex-
citation spot and linear shift due to the cavity wedge, for two
positions of the spot on the sample: X=245 µm et X=180
µm (X=0 corresponds to zero exciton-cavity detuning). c)
and d): reflectivity for the parameters of a) and b) respec-
tively. The reflectivity resonance is obtained when the non-
linear shift compensates exactly for the linear shift, i.e. at
the intersections between the two curves of Fig. a) and b).
The low-intensity resonance (a straight line) can be seen on
the edge of plot d). The e) and f): near field images of the
spot for the parameters of a) and b) respectively, obtained by
convolution of the reflectivity with the intensity distribution.
They are to be compared with the first two pictures in Fig. 5.
Note that the low-intensity resonance region of plot d) is not
visible in plot f) since the local intensity is very low. The
unshifted resonance is at X=270 µm.

count. The excitation spot is discretized into small spots
with different local excitation densities and local cavity
thicknesses. The pixels are assumed to be uncorrelated
to each other. For each spot we compute the reflectiv-
ity from (15). This is the simplest possible treatment,
which includes neither the transverse mode structure of
the microcavity [15] (since it is based on a plane-wave
approximation), nor the effect of diffraction. However it
gives a good qualitative understanding of the shape of
the absorption region.

At low intensity, the resonance region is found to be a
straight line, as observed in the experiments. The results
at higher intensity with the experimental parameters of
Fig. 5 can be seen in Fig. 6 for two different positions
of the excitation spot. The main resonant region can be
seen near the center of the spot ; depending on the posi-

tion of the spot, its shape is that of a crescent, a ring or
a dot, in good agreement with the experimental results.
The shape of the resonance region can be understood as
resulting from exact compensation between the nonlin-
ear energy shift due to the intensity variations, and the
linear energy shift due to the cavity thickness variations.
The results of Fig. 6 are in good agreement with the first
two pictures of Fig. 5 that correspond to the same pa-
rameters. The blinking of the dark absorption dot as a
whole in the bistable region cannot be reproduced by our
model, because it is linked to the spatial coherence over
the size of the dot (i.e. the size of the polariton mode),
while in our model there are no spatial correlations be-
tween the pixels used in the calculation.

FIG. 7: Upper figure: reflected intensities (in arbitrary units)
as a function of the spot position on the sample (the origin of
the axis is arbitrary), for several values of the input power Iin:
1, 2, 3, 4, 5 and 6 mW. The laser wavelength is 831.32 nm,
resonant with the lower polariton at δ = 1.5 meV. Bistability
appears at Iin=2.8 mW. Lower figure: hysteresis cycle for
the curve Iin = 6 mW. The two curves correspond to the two
directions for the scan of the spot position on the sample.

(Exp’t: A. Baas et al., PRA 69, 023809, 2004)



Bogoliubov theory

Field variation from stationary state: � �
� � �� � & 	� � � � �� � � 	� � � � �� � �& 	� ��� � �� � �� 	� � � � ��

Linear response to weak perturbation: ! ��* �
�
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� � �
� � .

Bogoliubov matrix:
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Eigenvalues of � give Bogoliubov mode frequencies ��� ) * 	�
 � and �� + * 	 
 � .

Particle- and hole-like � branches symmetrical under 
 � � 
 � � 
 and � � � � � � � .

Mode dispersion depends on interaction energy� �  ! � � 3 "-, , & 3� and on pump frequency � � .



Approximate analytical results

Interaction energy� �  ! � � 3 " , , & 3� % � + * � � ) * � � only LP effectively excited

Parabolic approximation for low
 : � )* 	 
 �(' 
 � � � � ) *

�� )* 	�
 ��� � � � 	�
 � 
 � � � � � � 2 � � �  ! � 	�
 � 
 � ��
� � )*

� � � 4 2
	�
 � 
 � ��

� � ) *

� � � 4
� ! (

where effective detuning � � � � � � � ) * 	 
 � � � � �  ! .

Different regimes depending on sign of � � and on value of� �  ! .

With respect to standard Bogoliubov:

� tilting term 	�
 � 
 � � � � � due to flow velocity

� detuning term due to effective detuning � �



Bogoliubov dispersion (I) : resonant case � ��� �
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� � ��� � at inversion point A on hysteresis curve

� Particle- and hole-like 	 branches touch at ) �

� Standard Bogoliubov dispersion tilted by 
 �

� Linear regime �� � � � : almost parabolic LP po-
lariton dispersion

� Interaction energy �� � and sound velocity
�� � �� � ��� �� increasing from top to bottom

� Group velocity ��� ���� � � � 	 �� . In particular, � � �

changes sign when �� � � � (Landau criterion).



Bogoliubov dispersion (II) : non-resonant case � ��� �
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� Branches stick together

� Imaginary parts split, dynam. instability if� �  ! � ( .

Optics 	 
 parametric instability. Quantum fluids 	 
 modulational instability



Response to weak, point-like, static defect

�
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� Induced perturbation � �

 � � 	 ��� � � �
��

� Bogoliubov modes at� � resonantly excited: C̆erenkov emission of propagating
sound waves

� Damping of sound waves over a length scale � � �� � � � � � � .

� Excitation of non-resonant modes: localized, not propagating perturbation

� Disordered ensemble of defects: similar ) -space pattern with speckle-like intensity
modulation due to polaritonic coherence.



The resonant Rayleigh scattering (RRS)
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� � Scheme of RRS process

Experimental set-up � �
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We report on the nonlinear laserlike emission from semiconductor microcavities in the strong cou-
pling regime. Under resonant continuous wave excitation we observe a highly emissive state. The energy,
dispersion, and spatial extent of this state is measured and is found to be dispersionless and spatially
localized. This state coexists with luminescence that follows the usual cavity-polariton dispersion. It
is attributed to the amplification of luminescence by a parametric gain due to cavity-polariton scatter-
ing. Despite the resonant excitation at 1.6 K, we observe no sign of Bose-Einstein condensation nor
Boser action.

PACS numbers: 71.36.+c, 42.50.–p, 42.70.Nq, 71.35.Lk

A quantum well in a semiconductor microcavity exhibits
rich physics when the coupling between the cavity pho-
ton and the quantum well (QW) exciton is in the strong
nonperturbative regime [1,2]. The resulting collective ex-
citation, known as a cavity polariton (CP), is a composite
boson and has the potential to produce collective behav-
ior such as Bose-Einstein condensation (BEC) as observed
in atomic systems. The experimental observation of the
energy-momentum (E-k) dispersion of the CP has been es-
sential in understanding the physics of CP’s [3]. The form
of the dispersion determines both the density of states and
CP-CP scattering channels allowed by energy and momen-
tum conservation. The CP dispersion is mainly photonlike

and has a curvature 10
4 times greater than that of a QW ex-

citon, while CP-CP interactions are excitonlike. The large
elastic mean-free path implied by their dispersion has led
many to search and claim quantum effects [4–10]. Unique

to this system is the possibility to engineer the dispersion
by changing the photon-exciton detuning. Although the
linear properties [low intensity photoluminescence (PL),
resonant Rayleigh scattering] of CP are more involved than
that of a bare QW exciton, the physics is unambiguous:
This is well explained by the properties of the CP’s as the
elementary excitations of the system. However, some non-
linear phenomena, in particular, the laserlike nonlinear
emission observed under both nonresonant and resonant
(this paper) excitation has been the subject of considerable
debate. The main mechanisms used to explain such non-
linear emission in this system have been the Boser effect
[4] and, more recently, boson assisted stimulation [10], as
well as BEC and biexciton effects. The Boser effect is
the stimulated scattering of bosons into their ground state
when the ground state occupancy is greater than unity. For
CP the scattering could be mediated by phonons (Boser) or
by the CP themselves (Baser). Part of the problem is that
some previous experiments dwelt on the energy spectrum
of the emission, neglecting the dispersion which is fun-
damental to the nature of CP; other experiments neglect
spatial effects. We will show that a complete view is nec-
essary to distinguish between competing theories.

This paper presents novel results on the superlinear
emission of semiconductor microcavities in the strong
coupling regime. The novelty lies in the ability to simul-
taneously measure the energy, momentum, and spatial
extent of the nonlinear emission. Among the wealth of
phenomena we observed, the most significant is the coex-
istence of an intense spectrally narrow but dispersionless

nonlinear emission line along with emission that follows
the CP dispersion curve.

The experimental setup is shown in Fig. 1. It consists
of a tunable Ti:sapphire laser beam impinging at the edge
of a f�2 lens. The beam is focused to a 100 mm spot on
the sample at an incidence angle of 10

± and the same lens
is used to collect the light emitted from the sample. To
diminish the thermal load the exciting beam is modulated
with a duty factor of 10

23. The measurements are per-
formed with an incident average intensity of 0.1 W cm22

or below. The collected light either forms an image of the
far field pattern on a visualization screen or is coupled
into a 1 m monochromator. A movable diaphragm af-
ter the collection/excitation lens allows spectral measure-
ments to be taken as a function of the emission angle. In
all cases, the excitation is resonant with the lower cavity-
polariton branch and the sample temperature is between

FIG. 1. Far field emission pattern setup.
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states ~cavity polaritons! are a perfect 2D system and the 2D
dispersion curve exhibits a significant curvature. It is there-
fore expected, and indeed observed that scattering events oc-
cur on the quasielastic ring of resonantly excited states,
showing the coherent and noncoherent effect of the micro-
scopic exciton disorder and its anisotropy.

The experimental setup consists of a Ti:sapphire laser
beam impinging at the edge of a f /2 lens ~Fig. 1!. The beam
is focused on the sample with an incidence angle of 9° and
angular aperture of 1°. The same lens is used to collect the
light emitted from the sample. The spot is 100 mm in diam-
eter and impinging intensity is kept at a low value of 100
mW/cm2. The collected light either forms an image of the far
field pattern on a visualization screen ~Fig. 1! or is coupled
into a monochromator. The screen is located either in front
of or behind a beam splitter when the exact backscattered
direction is observed. A movable diaphragm after the
collection/excitation lens allows spectral measurements to be
taken as a function of emission angle. In all cases, the exci-
tation is resonant with the lower cavity-polariton branch and
the sample temperature is between 1.5 and 4.2 K.

The sample consists of a high finesse microcavity formed
from GaAs/AlAs distributed Bragg reflectors ~21, 24 pairs
front and back, respectively! around a 2l GaAs cavity con-
taining three In0.04Ga0.96As quantum wells, one at each cav-
ity antinode. The sample has a Rabi splitting energy of 5.1
meV and linewidths in the 100 meV range.20 The cavity-
exciton detuning varies from 18 to 24 meV ~negative for
cavity energies smaller them the exciton! as a function of
sample position due to a designed variation in the cavity
length. Angular measurements show the now-standard
cavity-polariton dispersion curve. The quality of the sample
is such that disorder plays a small role in the spectral prop-
erties of this system.

Figure 2~a! shows the far-field image of the microcavity
emission and scattered light as a function of angle. The ex-
citation laser spot is in resonance with the lower polariton
branch. In this image, a narrow ring of resonantly scattered
light can be seen showing some structure along the ring. The
exciting beam covers a finite range of incidence angles larger
than the cavity-polariton angular width. A neutral density
filter has been used to reduce the intensity of the reflected
spot in Fig. 2~a!. A dark arc in the reflected beam can be
seen. It coincides with the ring of RRS, and represents the

polariton as it would be seen in reflectivity. Careful investi-
gations show the following: ~i! The scattered ring is only
observed when resonantly exciting the lower polariton
branch and for all accessible negative and positive detunings
up to d512.5 meV. ~ii! At negative detunings, it conserves
the linear polarization of the incident photon. ~iii! The inten-
sity variations along the ring resemble speckle features. They
are very sensitive to any variation in position, angle, or
wavelength of the laser. ~iv! The emission is spectrally iden-
tical to the laser. ~v! The intensity of the ring is strongly
temperature dependent. At higher temperatures ~20 K! the
intensity vanishes and the ring becomes a featureless ring of
unpolarized light. ~vi! Due to the limited dynamic range of
the camera, other effects are not visible in the figure, which
will be discussed below.

There is PL inside the circle. The PL is nonresonant with
the laser, shows the same linewidth as the lower polariton
branch, changes wavelength as a function of observation
angle, and follows the cavity-polariton dispersion curve.14

Although the unambiguous proof of coherence can only be
done by interferometric methods,21 the presence of speckle
@Fig. 2~a!# is already a very good indication of the coherence
of the elastic ring. We can therefore explain features ~i!

FIG. 1. Far field emission pattern setup, screen ~a! is used in
most measurements, screen ~b! is used for backscattering measure-
ments.

FIG. 2. Far field image observed before the beam splitter @screen
~a!, Fig. 1# under resonant excitation of the lower cavity polariton
branch for ~a! a detuning of 22.5 meV. Note the elastic Rayleigh
arc of circle, its speckle, the attenuated specularly reflected spot,
with the absorption beam appearing as a dark arc against an undi-
minished, nonresonant, reflected beam; ~b! a detuning of 11 meV,
T54.2 K. In both cases the intensity emission profile on the Ray-
leigh circle vs the azimuthal angle is plotted above ~counted from
the backscattering direction!. The large fluctuations present in ~a!

and not in ~b! are due to speckle effect. The continuous line in ~a! is
a guide to the eye. ‘‘Spurious’’ beams found on all images originate
from reflection on cryostat windows.
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Microcavity polariton dynamics in real and reciprocal space 4
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Figure 3. As Fig.1, but with a point defect on the left side of the excitation leading to polariton
scattering.

for propagation directions parallel or orthogonal to the initial polarization. This observation
has a simple explanation in the polarization dependence of the photon mode energy for non-
zero in-plane momentum, which is due to Maxwell’s boundary conditions at the dielectric
interfaces of the Bragg mirror, that are different between TM polarization, i.e. polarization
along the in-plane propagation direction, and TE polarization, orthogonal to the propagation
direction. Accordingly, the polaritons are split for each k 6= 0 into two non-degenerate modes
with polarizations along and orthogonal to k [5]. As a consequence, the initial polarization is
not an eigenstate of the polaritons of skew propagation directions, and a polarization beating
with the beat period Tp = h∆p given by the polarization splitting ∆p(|k|) occurs in these
directions. In the measured data, this beat period is larger than the polariton lifetime, so that
only less than half of a beat period is detectable, having Tp = 47 ± 5 ps, from which we
deduce a TE-TM mode splitting of about 88 ± 10 µeV, comparable to the calculated value of
about 100 µeV in a similar MC [5].

Another interesting aspect is the influence of macroscopic defects in the MC on the
otherwise ballistic and isotropic propagation of the polaritons. We have selected here two
examples for illustration. Firstly we show in Fig. 3 the influence of a point-like scatterer,
displaced about 15 µm left from the origin. After the polariton wave has reached the scatterer,
the scattered and original waves interfere, giving rise to an interference pattern according
to their path and hence phase difference. The interference is possible due to the coherent
propagation of the polaritons. Secondly, we demonstrate in Fig. 4 the influence of a horizontal
line-defect, that constitutes a binding potential for the polaritons and consequently forms a
wave-guide for the polaritons along the defect extension. The experiment shows that while
outside of the acceptance angle of the waveguide, the polaritons escape the defect and show a
normal propagation, the waveguide-mode of vertical extension of about 3 µm is propagating
along the waveguide with a constant mode size. The origin of such defects extended along the
[110] direction of the GaAs crystal structure are strain-relaxation processes due to the lattice
mismatch of about 0.2% of AlAs, which accumulate dislocations along steps [6].

5. Momentum-space dynamics: Static disorder

We now want to investigate the momentum-space dynamics. In ideal planar microcavities (i.e.
having in-plane translational invariance), polaritons are eigenstates of k, and there should be
no such dynamics at all. However, the translation-invariance is broken in real structures by
a variety of processes. We distinguish here the static, structural disorder, which leads to a
k scattering without breaking the temporal coherence, and the dynamical disorder by e.g.
phonons, which leads to k scattering destroying the temporal coherence.

(taken from: W. Langbein, proceedings of ICPS 26, 2002)

Discard incoherent photoluminescence by spectral selection of coherently emitted intensity at � �



Far-field emission pattern (I): resonant case � �� �

Linear regime:

� peak at
 � due to unscattered light

� resonant Rayleigh scattering (RRS) ring

Nonlinear regime, � ��� �� :

� RRS ring transformed into � -like shape

� lobes touch at 
 � , low-
 lobe ( � branch)
more intense than high-
 lobe ( � branch)

Nonlinear regime, � ��� �� :

� Landau criterion predicts superfluidity

� lobes disappear, much weaker emission



Far-field emission pattern: non-resonant case � � �� �

Case � � � � :

� gap appears in between the two lobes

Case � � � � :

� lobes are pushed closer

� enhancement of RRS intensity in merging re-
gion around 
 � .

� precursor of parametric instability.



Near-field emission pattern: resonant case � �� �

Linear regime:

� diffused light has parabolic wavefronts

Nonlinear regime, � ��� �� :

� sound waves form C̆erenkov cone.
Its aperture: �� � � � �, ��� �

� parabolic precursors ahead

Nonlinear regime, � ��� �� :
� localized perturbation

� system superfluid: fluid flows around impurity
without dissipation

The polariton fluid is moving to the right



Conclusions

A novel quantum Bose gas : exciton-polaritons in a semiconductor microcavity

� Disadvantages:
– polaritons have finite lifetime, mostly due to extrinsic effects:

� radiative decay of cavity-photon through cavity mirrors

� absorption and dephasing due to sample imperfections
– little is known about exciton-exciton scattering physics

� Good points:
– New physics: driven-dissipative Bose system intrinsically out of equilibrium

– Long-range coherence imprinted by driving laser. No need for complicate cooling procedure.

– Exciton-exciton interactions are important� �  ! ' (

– External trapping potential applicable

– Exciton and photon spin degrees of freedom

– Easy in-situ diagnostic through emitted light:

� real- and
 -space intensity distributions, higher-order correlation functions

� time evolution with streak cameras (ps resolution).



Future developments
� Calculations have been performed for realistic experimental parameters for III-V

semiconductor microcavities. How to take advantage of larger vacuum Rabi
splitting of II-VI microcavities ?

� What is the best way of applying an external trapping potential to polaritons ?

� Better characterization of exciton-exciton interactions, in particular for different
spin states: first experimental results available, but not yet fully understood

� Physics of inhomogeneous systems: oscillation modes in external potential


