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In semiconductor quantum wells embedded in a high finesse microcavity, excitons, which are bound electron-hole
systems, strongly couple to photons, forming mixed quasi-particles called polaritons. Polaritons can be
coherently excited by an incident laser field and detected through the emitted light. Thanks to their excitonic
component, polaritons have binary interactions which can modify their dispersion curve. These properties have
allowed us to demonstrate nonlinear and quantum optical effects in the microcavity emission, and more recently
quantum fluid properties. A semiconductor microcavity polariton fluid, injected by a nearly-resonant continuous
wave pump laser can exhibit collective excitations that deeply modify its propagation. Superfluid behavior of the
polariton fluid is obtained and manifests itself as the suppression of scattering from defects. In other conditions
Cerenkov-like patterns are observed. Microcavity polaritons are thus very good tools for exploring the physics of

non-equilibrium quantum fluids.
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1. Introduction

For more than 10 years, semiconductor microcavities
have raised a growing interest, both for their optoelec-
tronic properties and for their quantum fluid proper-
ties [1]. Semiconductor microcavities are made of one
or several very thin layers of a semiconductor material,
called quantum wells, embedded in a semiconductor
substrate with a different bandgap. On each side of the
substrate, high quality Bragg mirrors are deposited,
forming a Fabry—Perot cavity. The thickness of the
cavity is of the order of one or a few wavelengths.
In bulk semiconductors, optical excitation can generate
excitons, light-mass Bose particles consisting of bound
electron hole pairs. In a quantum well with a thickness
of the order of a few nanometers, the kinetic energy of
the excitons is quantized in the direction perpendicular
to the well, whereas it is free within the plane of the
well. In high finesse semiconductor microcavities, the
large excitonic oscillator strength allows the strong
coupling regime to be reached [2]. As a result, the
degeneracy at resonance between the exciton mode and
the photon mode is lifted and the so-called vacuum
Rabi splitting takes place. The coherent exchange of

energy between excitons and photons can be described
in terms of half-matter half-light bosonic quasiparticles
named polaritons [3].

These composite bosons have very interesting
properties. Due to their photon component, polaritons
with a given transverse wave vector k can be directly
created by an incident laser beam with the appropriate
energy and momentum. For the same reason, the
angular distribution of the emission provides informa-
tion about the polariton population along the disper-
sion curve [4]. The exciton part is responsible for the
coupling between polariton modes via the Coulomb
and exchange interaction, which is at the origin of
optical nonlinear effects. The system has many simi-
larities with an optical parametric oscillator (OPO)
[5,6]. These nonlinearities have allowed to demonstrate
parametric amplification [7,8] and later, optical bist-
ability [9], quantum squeezing [10], generation of
bright correlated beams [11,12].

On the other hand, exciton-polaritons in semicon-
ductor microcavities have for quite some time
appeared as good candidates for Bose—Einstein con-
densation and quantum fluid properties, essentially
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due to their very small effective mass, providing a large
critical temperature for condensation [13-15].
The dispersion of the cavity polariton modes around
k=0 (where k is the wave vector in the plane of the
microcavity), due to the optical confinement along the
z direction, results in a typical polariton effective mass
of the order of 5 x 107> times the free electron mass.
Bose—Einstein condensation under non-resonant
pumping has been reported by several groups [16,17].
In spite of the short polariton lifetime, of the order of
a few picoseconds, polariton-polariton scattering pro-
cesses are fast enough under high excitation to produce
a thermalized polariton gas, even if full thermalization
cannot be achieved with the host lattice. Along the
same lines, vortices [18] and persistent currents [19]
have been observed in these fluids.

When the lower polariton branch is pumped by a
resonant laser beam, no spontaneous quantum coher-
ence can be demonstrated, because of the coherence
injected by the laser. However, at high enough densi-
ties, the exciton polariton system has been predicted to
be a quantum fluid, which exhibits collective excita-
tions [20,21]. In this paper, we present a study of the
properties of a polariton quantum fluid injected into
a planar microcavity by a resonant laser. In the
presence of static defects, the response of the system
is modeled using a linearized theory analogous to the
Bogoliubov theory of the weakly interacting Bose gas.
We demonstrate superfluidity using the Landau crite-
rion. When the polariton density reaches a critical
value, the polariton fluid flows without friction and the
usual scattering on defects disappears. This occurs
when the flow velocity imprinted by the exciting laser is
slower than the sound velocity in the polariton
fluid [22]. In the supersonic regime, superfluid propa-
gation is replaced by the appearance of a Cerenkov-
like perturbation produced by the defect. A similar
phenomenology was observed in [23] under a different
pumping scheme, using an OPO configuration. These
new effects are quite similar to the ones observed in
ultra-cold atomic ensembles.

2. Quantum fluid model

In our experiments, in order to probe superfluidity we
study the perturbation that is produced in an optically
created moving polariton fluid when a microcavity
static defect is present in the flow path, as proposed in
[20,21]. This procedure is a direct application to the
polariton system of the standard Landau criterion of
superfluidity [24] originally developed for liquid
Helium and recently applied to demonstrate superflu-
idity of atomic BECs [25,26]. First we present a simple
model for the polariton system, with a Hamiltonian

including the linear exciton photon interaction and the
exciton-exciton interaction [5]. We then write the
Gross Pitaevskii equation, which allows us to predict
the behavior of the polariton fluid in various condi-
tions [20].

Under low excitation, the linear Hamiltonian for
excitons and photons in the cavity is H = ), Hy with

Hy = Ex()b by + Ec(k)ala + % (a};bk + b*kak).

(M

In this equation @ and by are the annihilation
operators for photons and excitons, respectively; k is
the wave vector of excitons and photons in the layer
plane. Because of the translational invariance in the
cavity plane, photons can only interact with excitons
having the same k. The terms Ec(k) and Ex(k) are,
respectively, the cavity and exciton dispersions and Qp
is the Rabi interaction energy between excitons and
photons. The normal modes of Hy that diagonalize the
Hamiltonian are called cavity polaritons. The annihi-

lation operators pg, gx for the lower and upper
polaritons are given by

Pk = Xiby — Cray 2

qx = Crby + Xrax (3)

where X and C, are the Hopfield coefficients [27]
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with 8y = Ec(k) — Ex(k).

In the presence of strong coupling, when the Rabi
frequency Qg is larger than the decay rates of the
excitons yy and of the cavity yc, we write the
Hamiltonian in the polariton basis

Hy = Epp(k) ppx + Evp(k)af ax (6)

where Ejp(k) and Eyp(k) are the lower and upper
polariton dispersions, given by

Ec(k) + Ex(k)
2

— (5B — Etk)) + 2. ()
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The upper and lower branches are separated by an
energy gap that is larger than Qp.
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Figure 1. Theoretical polariton dispersion curves. (a) Green
dotted line: spectrum of excitations under low power non-
resonant pumping for k,=0.3 pm~! (point A). Injected
polaritons can elastically scatter to states with the same
energy, as those indicated by the blue circle. E, is the energy
of the pump beam. Solid line: spectrum of excitations under
strong pumping for the same k. The dispersion curve is blue-
shifted due to polariton-polariton interaction. Injected
polaritons cannot scatter due to the absence of available
final states at the energy of the pump and the system becomes
superfluid. The linear part of the curve (in red) is the result of
strong modifications due to polariton-polariton interaction.
(b) Green dotted line: spectrum of excitations under low-
power non-resonant pumping for larger pump momentum
k,=0.5 pum~! (point B). Solid line: spectrum at high density
for the same k,. The linear spectrum of excitations results in a
sound velocity smaller than the velocity of the fluid and the
Cerenkov regime is reached. (The color version of this figure
is included in the online version of the journal.)

We will mainly be interested in the lower polariton.
In the low k range, the dispersion shape of the lower
polariton is parabolic, as shown in Figure 1(a).
A nearly resonant laser with a well-defined energy
and momentum (point A in Figure 1(a)) will mainly
excite polaritons in a single point of this dispersion
curve. Polaritons injected in this way can scatter
elastically to states with the same energy, as the one
indicated by the blue circle.

The Coulomb and exchange interactions
between the carriers gives rise to exciton-exciton
interaction with a Hamiltonian that can be written
as [5,28],

1
Hoxe exe = E Z quit_,_qb]t/_qbkbk’ 8)
k.k'.q

where V, can be expressed as a function of the
quantum well parameters. As long as the nonlinear
terms are small compared with the Rabi splitting Qp, it
is possible to neglect the nonlinear interaction between
the upper and lower branches, which yields non-secular
terms. The two polariton branches are then virtually
decoupled and it is more appropriate to use the
polariton basis. In addition, we consider a close to
resonance excitation of the lower branch by a mono-
chromatic laser field and we will focus our attention on
the evolution of the lower branch polariton. In terms
of the lower polariton operators, the Hamiltonian
is now H=H;p+ Hpp. The free polariton term

is Hip=7Y  Erp(k) p]tpk. The effective polariton-
polariton interaction term is

1
Hpp =5 3 ViPiyaPho—gPkPk ©)
k.k'.q

where V5 is the projection of V, on the polariton basis.
This Hamiltonian gives rise to various types of non-
linear optical effects and to parametric generation. Here
we will concentrate on the effect of this interaction on
the polariton dispersion curve. When the laser intensity
is increased, polariton-polariton interactions increase,
resulting in the polariton dispersion curves being shifted
towards higher energies. This blue shift is due to the
repulsive interactions. Moreover, the dispersion curve
also becomes strongly distorted as a consequence of
collective Bogoliubov-like many-body interactions
[20,21]. The evolution of the polariton wavefunction
Y(x, t) is given by the Gross—Pitaevskii equation

p oW(x, 1) _

ot |:ELP - % + Vdef(x) + gh/f(xa l)|2]‘ﬁ(xa l)

+ Fpei(kprw,,r)e(xfxo)z/zéi (10)

where E; p is the energy of the lower polariton, y is the
decay rate of the polaritons, Vj.p(x) is the potential
that accounts for the defects present in the sample, g is
the polariton-polariton coupling strength proportional
to Vf; ; F, is the pumping term, proportional to the
amplitude of the pump laser field, with wave vector k,
and frequency w),; X is the position of the center of the
Gaussian spot on the sample, with a diameter §,.

In a simplified picture, for a specific density |v.|%,
from parabolic, the dispersion is predicted to become
linear in some k vector range with a discontinuity of its
slope in the vicinity of the pump wave-vector k,, as
shown in Figure 1(@). Under these conditions, a sound
velocity can be attributed to the polariton fluid,

given by:
¢ = gl /m . (11

If the flow velocity v, of the polariton fluid, given
by v, = lik,/m and the frequency of the excitation field
are chosen such that the density giving rise to a
linearized spectrum of excitations results in ¢g > v,,
then the Landau criterion for superfluidity is satisfied,
as shown in [21]. In such a case, since no states are any
longer available for scattering at the frequency of the
driving polariton field, as can be seen in Figure 1(a),
the polariton scattering from the defect is inhibited and
the fluid is able to flow unperturbed.

When a polariton fluid with a higher momentum is
created using a laser beam with a larger incidence angle,
as in Figure 1(b), one can enter a different regime.
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The Bogoliubov dispersion of collective excitations has
a sound-like nature with a sound speed that is now
lower than the flow speed (¢, < v,). For the density at
which a sound velocity is well defined, the spectrum
presents a linearized dispersion together with available
states at the same energy and at lower energies than the
pump. The defect is able to generate collective
Bogoliubov excitations in the fluid. In this case, a
Cerenkov-like density modulation pattern is predicted.
In the next section we show the experimental demon-
stration of these effects.

3. Experiment
3.1. Experimental set-up

Our experiment relies on a microcavity sample, cooled
at SK in which a polariton fluid is excited with a
circularly polarized beam from a frequency stabilized,
single-mode continuous wave titanium:sapphire laser.
The set-up is schematized in Figure 2(a). The sample
used in this experiment is a GaAs microcavity with a
thickness of 2A, and containing three 8 nm InGaAs
quantum wells placed at the maxima of the electro-
magnetic field of the cavity mode. The two Bragg
mirrors forming the cavity are made of alternated A/4
layers of AlAs and GaAs, with reflectivities between
99.85% and 99.95%. The two mirrors form a wedge

(engineered during the microcavity growth), so that the
detuning between the cavity and the exciton frequen-
cies can be varied by moving the laser spot on the
sample. The wedge angle is about 10 °rad, small
enough not to have any effect over the size of the laser
spot. The cavity substrate is polished and allows for
transmission measurements. In the strong coupling
regime, the Rabi splitting is 5.1 meV. The high finesse
of this microcavity (~3000) leads to polariton line-
widths of ~100 ueV at low power excitation.

The laser beam that generates the polaritons is
focused onto the sample in a spot of about 100 um in
diameter. Two angles of incidence will be studied: 2.6°
and 4.0° (Figure 2(b)). The wavelength of the pump
laser is close to resonance with the lower polariton
branch (~836 nm). We choose the excitation point on
the sample so that the cavity-exciton detuning
Wexe — Weqy = —1.1meV. The image of the surface of
the sample (near-field emission) and of the far field in
transmission are simultaneously recorded on two
different high resolution CCD cameras. At low
power non-resonant excitation, the parabolic disper-
sion curve characteristic of the lower polariton branch
can be observed using an imaging spectrometer, as
shown in Figure 2(b).

Three key-parameters of the polariton ensemble,
the oscillation frequency of the polariton field, the
polariton flow velocity, and the polariton density
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Figure 2. (a) Scheme of the experimental excitation and detection conditions. (b) Lower polariton branch dispersion, in the
regime where interactions are negligible, as observed after non-resonant excitation. Points A and B correspond to the two values
of the excitation energy and momentum used in the experiments, k, = 0.34 pm~" and 0.52 um™". (The color version of this figure
is included in the online version of the journal.)
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can be fully controlled by adjusting the laser param-
eters. The polaritons are created with a well-defined
energy /iw,, which is that of the excitation laser. The
polaritons have a well-defined momentum 7k,, given
by the angle of incidence of the laser beam 6, through
k, = wy/csinb,, where c is the speed of light. The
quantum fluid properties of the system critically
depend on the quantity g|y|>, where the particle
density |¥|> can be changed in a precise way by
changing the incident laser power. In this respect,
polaritons constitute an ideal system from the exper-
imental point of view, which allows us to finely tune
the parameters of the polariton fluid to observe the
various regimes predicted by the model.

3.2. Observation of superfluidity

In order to study the propagation properties of the
injected polariton fluid, the center of the excitation
spot is placed on a small defect present in the sample.
Such defects appear in the growth process of micro-
cavity samples and we use these defects to study the
scattering properties of the polariton flow. We first
investigate the situation for a small pump angle of
incidence equal to 2.6°, corresponding to a low in-
plane momentum of k,=0.34 um~'. At low excitation

power (P} =5mW) and quasi resonant excitation of
the lower polariton branch, polariton-polariton inter-
actions are negligible and polaritons can be considered
as independent from each other. In the presence of a
4 um size defect the coherent polariton gas created by
the laser is scattered by the defect and generates a series
of cylindrical waves propagating away from the defect
(Figure 3(a-1)). In the near-field (real space) images,
parabolic-like wavefronts around the defect are
observed, resulting from the interference of the inci-
dent polariton plane-wave with the scattered cylindri-
cal waves. In momentum space, polariton scattering
gives rise to the well known Rayleigh ring that is
observed in the far-field images (Figure 4(a-1)).

As the laser intensity is increased, polariton-
polariton interactions increase, resulting in a dramatic
change in the polariton flow. The situation is shown in
Figure 3(a-1T) and 3(a-11I) for the real space images of
the polariton fluid. The parabolic interference wave-
front disappears, corresponding to the disappearance
of the waves scattered by the defect, as predicted by the
model. This superfluid regime is first reached in the
center of the Gaussian excitation spot for the excita-
tion density corresponding to Figure 3(a-II). As the
intensity of the excitation laser is increased further, the
superfluid condition extends to the rest of the spot

(a-llly

(b-llN)

Figure 3. Observation of polariton fluids created with a low in-plane momentum of 0.34 pm™" (excitation angle of 2.6°), and an
excitation laser blue-detuned by 0.10 meV with respect to the low density polariton dispersion (point A in Figure 2(b)). Panel (a)
depicts the experimental near field images of the excitation spot around a defect for increasing excitation densities. At low pump
power P (a-I, Pr) the polariton fluid scatters on the defect giving rise to parabolic wavefronts. At higher power the emission
pattern is significantly affected by polariton-polariton interactions (a-II, Pyp =4Pp) and eventually shows the onset of a
superfluid regime (a-1I1, Py = 20P). Panel (b) shows the corresponding calculated images. (The color version of this figure is

included in the online version of the journal.)
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Figure 4. Observation of polariton fluids created in similar excitation conditions as Figure 3. Panels (a-1)~(a-1V) depict the
experimental far field, i.e. momentum space images of the excitation spot around a defect. At low power (a-I) the polariton fluid
scatters on the defect giving rise to the usual Rayleigh elastic scattering ring. At high powers the approach and eventual onset of a
superfluid regime is evidenced by the shrinkage (a-1I) and collapse (a-III, a-1V) of the scattering ring. Panel (b) shows the
corresponding calculated images. (The color version of this figure is included in the online version of the journal.)

(Figure 3(a-1II)). The non-uniformity in the excitation
spot creates a gradient in the polariton concentration
that could induce a flow towards the outside of the
spot, as in polariton condensates. However, in our
case, the main flow direction is induced by the velocity
imprinted by the laser excitation, and no effect of an
additional flow is observed.

Simulations [21] based on the solution of polariton
non-equilibrium Gross—Pitaevskii equation (10) are
shown in Figures 3(b-1) to 3(b-1II). The calculations
have been performed by adjusting the values of g and
[¥|?> around the experimentally estimated values and by
fitting the size and depth of the defect. An optical
defect with a depth of 1 meV was assumed in the
model, and was found to correspond to experimental
observations. The polariton density |y|> is obtained
from the experimental emitted intensity and g is
estimated from the aperture of the Cerenkov fringes
as discussed below. In these figures, one can see a very
good agreement between the observed effects and the
theory.

The dispersion curve in the presence of a strong
laser illumination cannot be recorded because the stray
light from the laser prevents the detection of the
polariton photoluminescence with the spectrometer.
However, a detailed study of the far field emission
allows us to check that the observed effect is not a mere
suppression  of the scattering due to the

renormalization of the dispersion curve by the blue
shift. In Figure 4 we show the scattered light recorded
in the far field for increasing intensities of the pump
laser in the upper panel and the corresponding
simulations obtained from the model in the lower
panel. It can be seen that at low intensities, the laser
spot lies slightly inside the Rayleigh ring, since the laser
energy is above the dispersion curve (Figure 4(a-1)).
When the intensity is increased, the dispersion curve
undergoes a blue shift towards higher energies, and the
laser spot now lies on the ring, which has shrunk
slightly (Figure 4(a-11)).

When the laser intensity is further increased, the
behavior is different. The scattering ring observed at
low density collapses (Figure 4(a-III) and 4(a-1V))
confirming that scattering of the polariton fluid by the
defect is inhibited. The laser spot stays on the ring
while it collapses, indicating a major deformation in
the shape of the dispersion curve. This disappearance
of the scattering ring occurs at the same intensity as the
one for which the parabolic fringes disappear, and can
be attributed to the onset of the superfluid regime. The
simulation obtained with the model and shown in the
lower panel, Figure 4(b-1) to (b-1V) are in very good
agreement with the observed patterns. In the next
section, the observation of Cerenkov waves and the
measure of the speed of sound further confirm the
behavior of the quantum fluid.
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Figure 5. Cerenkov regime. Observation of a polariton fluid
created with k,=0.52 pum~! (angle of incidence of 4.0°) and
an excitation laser blue-detuned by 0.11 meV with respect to
the low density polariton dispersion corresponding to point
B in Figure 2(b). Panel (a) shows the experimental near-field
images of the excitation spot around a defect, for increasing
excitation densities. At low power the emission is character-
ized by parabolic wavefronts around the defect in real space
(a-1). As the excitation density is increased (by a factor of 10),
the onset of polariton-polariton interactions leads the system
to the Cerenkov regime (c; < v,) characterized by linear
wavefronts in real space around the defect (a-II). Panel ()
shows the corresponding calculated images. (The color
version of this figure is included in the online version of
the journal.)

3.3. Supersonic regime

In this section, we study the behavior of polaritons
created with a higher momentum, which is expected to
exhibit a supersonic regime predicted in Section 2.
A polariton fluid with a higher momentum is created
using a laser beam with a larger incidence angle, of 4.0°,
which corresponds to a wave number of 0.52pum™ ",
shown in point B in Figure 2(b), and to a flow speed
that is larger than the sound speed (v, > ¢y).

At low pump power (Figure 5(a-I)), the Bogoliubov
excitations are similar to single-particle ones, and the
parabolic-shaped modulation is observed, as in
Figure 3(a-I). When the laser intensity and thus the
polariton density is increased, the polariton waves are
still scattered by the defect (Figure 5(a-1I)), and one
observes interference wave fronts between the incom-
ing and scattered polariton waves. As explained above
(Figure 1(b)), the calculated spectrum of excitations at
high density presents a linearized dispersion, corre-
sponding to a well-defined sound velocity, together
with available states at the same and lower energies

than the pump. In this case, the defect is able to
generate collective Bogoliubov excitations in the fluid.
The excitations generate a Cerenkov-like density
modulation pattern with characteristic straight wave-
fronts in the real space images (Figure 5(a-II)).
A similar density pattern was observed in atomic
BECs propagating against the optical potential of a
localized defect at supersonic velocities [29]. The
calculated images also reproduce these observations
as shown in Figure 5(b-1) and 5(b-II).

The observation of the linear Cerenkov-like wave-
fronts in Figure 5(a-11) is a direct indication of the
existence of a well-defined sound speed in the system.
The angle of aperture 26 of the wake profile enables the
precise measurement of the sound speed in the sys-
tem, given by sinf =¢;/v,. In the conditions of
Figure 5(a-IT) we find ¢, = 8.1 x 10°ms~'. With the
use of Equation (11) the polariton-polariton coupling
constant 7ig can be estimated, being of the order of
0.01 meV pm?, which is consistent with previously
predicted values on the exciton-exciton interaction [30].

4. Conclusion

We have presented a comprehensive set of experiments
in different excitation configurations showing evidence
for polariton superfluidity in the sense of flow without
scattering when traversing an obstacle. Our results
under CW resonant excitation can be well described by
the Landau model of superfluidity, with the existence
of a critical flow velocity for the onset of perturbations
in the fluid. Our observations pave the way towards the
investigation of a rich variety of quantum fluid effects
associated with the non-equilibrium nature of the
microcavity polariton system [31].

For example, the fine control of the size and initial
state of the polariton condensates through the resonant
optical excitation, enables us to address other ques-
tions, such as the formation of Josephson oscillations
[32] or the formation of quantized vortices in these out-
of-equilibrium systems.
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