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SHORT HISTORY OF STRONG COUPLING IN 
SEMICONDUCTORS

1951 Huang : oddziaływanie fali e-m z drganiami 
optycznymi sieci 

(równia Maxwella + klasyczne drgania sieci)

1958 Piekar & Hopfield 
oddziaływanie ekscytonów z promieniowaniem e-m 

(podejście kwantowe)

Polarytony - sprzężone mody fotonu i wzbudzeń 
elementarnych rozprzestrzeniające się w ośrodku z 
zależnym od częstości zespolonym tensorem funkcji 

dielektrycznej

polarytony fononowe
polarytony ekscytonowe
polarytony magnonowe
polarytony plazmowe

przegląd za W.Wardzyński IFPAN 5

1950 Fano - podejście kwantowe
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Figure 4. Calculated reflectivity spectrum for microcavity of
figures 1 and 2 for on-resonance case. The two
coupled-mode polariton dips are superimposed on the
high-reflectivity stop band of the DBR.

The simplest situation which can be treated like this is
a single QW in a microcavity. The coupling between the
exciton and cavity oscillators is described by a 2⇥2 matrix
Hamiltonian:

H =


"e  h�i/2
 h�i/2 "l

�
. (9)

Here, "e and "l are the energies of the exciton and cavity
modes respectively and �i is the vacuum Rabi splitting.
This Hamiltonian is easily diagonalized, to give eigenvalues

"± = "e + "l

2
± [( h�)2 + ("e � "l)

2]1/2. (10)

The coupled oscillator model can readily be used to
calculate microcavity in-plane dispersions [3]. To do this,
the uncoupled exciton and cavity photon energies are made
k dependent according to their dispersions. The polariton
dispersion is then obtained by solving the coupled oscillator
problem for each value of k. Excellent agreement with
measured dispersions from angle tuning experiments can
be obtained.

Figure 5 shows a typical polariton dispersion calculated
in this way, for a structure on resonance at k = 0. Around
k = 0, the polariton mass in both branches is approximately
twice that of the photon. However, since the dispersions
of the photon and exciton are very different, varying k

moves the system away from resonance, with the lower
branch becoming more massive and exciton like, the upper
branch more photon like. Such polariton dispersions were
first measured in angle tuning experiments by Houdré
et al [3] and are discussed in section 6. The strong
in-plane dispersion of the polariton modes gives rise to
a number of interesting phenomena including ‘motional
narrowing’ of the polariton linewidths [10], as discussed

Figure 5. Calculated polariton dispersion up to in-plane
wavevector of 108 m�1. The broken curves show the
uncoupled exciton and photon dispersion curves. The
wavevector region below the broken vertical line can be
probed in angle tuning experiments. For k  106 cm�1

strong exciton–cavity coupling occurs, with characteristic
very small polariton mass of 10�5me . For wavevectors
greater than ⇠2⇥ 107 m�1, the lower-branch dispersion
becomes characteristic of uncoupled exciton states, with a
large mass of ⇠0.25me .

in section 7, and the prediction of inhibited polariton
relaxation [36, 37].

One of the most important modifications to the simple
Hamiltonian given above is the inclusion of some form
of broadening. This is most obviously done by adding
an imaginary part to the exciton and photon energies,
corresponding to a homogeneous, or lifetime, broadening
of the oscillator. For the cavity mode, this is probably
appropriate, as the linewidth is believed to be mainly
homogeneous, originating from the tunnelling decay of the
photon through the mirrors. For the exciton, by contrast,
the dominant broadening mechanism is inhomogeneous,
because of disorder. The inhomogeneous linewidth of a
QW exciton is typically a few meV, while the homogeneous
width is at most a small fraction of an meV. Hence it
is not really appropriate to treat the exciton linewidth
as due to homogeneous broadening. However, this is
frequently done, because a better treatment, as discussed
in section 7, is considerably more difficult. The reason
why some sort of broadening needs to be included is
that the separation of the spectral features is reduced by
the broadening, so the measured splitting at resonance
is less than  h�i [35]. Moreover, as was shown by
Houdré et al [38], the modification to the splitting
is different in absorption, transmission and reflectivity.
If accurate values of  h�i are to be extracted from
experimental data, care is required to account properly for
the broadening.
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Chapter 1

Exciton polaritons

In this chapter we describe the di�erent elements which constitute a semiconductor
microcavity, and how the strong light matter coupling leads to the formation of
“quasi-particles” called exciton polaritons. Examples will be given using a GaAs-
based microcavity, such as the one which is used in the experimental work of this
thesis. However, the concepts developed in this chapter can be applied to all other
direct gap semiconductors, such as GaN or CdTe.

1.1 Excitons in semiconductors

1.1.1 Bulk excitons
In direct gap semiconductors, the promotion of an electron to the conduction band
leaves a hole in the valence band. Coulombic interaction between the oppositely
charged electron and hole leads to the formation of a bound state called exciton. This
elementary excitation appears as a new line in the absorption spectrum, separated
from the band gap E

g

by the exciton binding energy E
b

. The exciton can be seen
as a hydrogenoic quasi-particle, whose binding energy is analogous to the hydrogen
Rydberg energy (although much smaller [35]). Semiconductor excitons are generally
of the Wannier type, meaning that they are delocalized over the whole crystal. The
exciton dispersion is given by

E
X

(k) = E
g

≠ E
b

+ ~2k2

2m
X

(1.1)

where ~k is the momentum of the exciton center of mass. The exciton e�ective mass
m

X

is given by the combination of electron and hole e�ective masses m
e

and m
h

as
1

m

X

= 1

m

e

+ 1

m

h

. In GaAs, the exciton e�ective mass is typically 20 times smaller
than the free electron mass [35].

1.1.2 Excitons in quantum wells
Semiconductor quantum wells (QWs) consist in a thin layer of semiconductor ma-
terial, inserted between an other semiconductor material of higher band gap, e.g.
10nm of In

0.05

Ga
0.95

As inserted in bulk GaAs. Excitations are then confined in
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Figure 1.4: Scheme of the semiconductor microcavity, with one embedded quantum well.
Only a few DBR periods are shown.

cavity photon e�ective mass:

mú
C

= ~k
z

n

c
= hn2

c⁄
0

. (1.4)

For a GaAs ⁄-cavity, with ⁄
0

= 835nm, we find mú
C

= hn

2

c⁄0
≥= 0.2meV · ps2 · µm≠2.

1.3 Strong light-matter coupling in microcavities
1.3.1 Exciton-photon coupling
In the cavity spacer are embedded one or several QWs (see Figure 1.4), whose
excitonic resonance will interact with the microcavity optical mode. As the QW
exciton and the microcavity electromagnetic field are both two-dimensional (2D)
objects, there is a one-to-one coupling, with conservation of in-plane momentum and
energy, between photons ans excitons. As explain in section 1.1.3, there is also a one-
to-one correspondence between the exciton spin and the photon polarization. Light-
matter coupling in the microcavity can thus be modeled by two coupled oscillators
[2]. The light-matter coupling Hamiltonian for a given in-plane momentum k

//

reads
then :

H
0

(k
//

) = E
C

(k
//

)a†
k

//

a
k

//

+ E
X

(k
//
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k

//

b
k

//

+ ~�
2
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k
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k

//

+ a
k

//

b†
k

//

2
(1.5)
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Figure 4. Calculated reflectivity spectrum for microcavity of
figures 1 and 2 for on-resonance case. The two
coupled-mode polariton dips are superimposed on the
high-reflectivity stop band of the DBR.

The simplest situation which can be treated like this is
a single QW in a microcavity. The coupling between the
exciton and cavity oscillators is described by a 2⇥2 matrix
Hamiltonian:

H =


"e  h�i/2
 h�i/2 "l

�
. (9)

Here, "e and "l are the energies of the exciton and cavity
modes respectively and �i is the vacuum Rabi splitting.
This Hamiltonian is easily diagonalized, to give eigenvalues

"± = "e + "l

2
± [( h�)2 + ("e � "l)

2]1/2. (10)

The coupled oscillator model can readily be used to
calculate microcavity in-plane dispersions [3]. To do this,
the uncoupled exciton and cavity photon energies are made
k dependent according to their dispersions. The polariton
dispersion is then obtained by solving the coupled oscillator
problem for each value of k. Excellent agreement with
measured dispersions from angle tuning experiments can
be obtained.

Figure 5 shows a typical polariton dispersion calculated
in this way, for a structure on resonance at k = 0. Around
k = 0, the polariton mass in both branches is approximately
twice that of the photon. However, since the dispersions
of the photon and exciton are very different, varying k

moves the system away from resonance, with the lower
branch becoming more massive and exciton like, the upper
branch more photon like. Such polariton dispersions were
first measured in angle tuning experiments by Houdré
et al [3] and are discussed in section 6. The strong
in-plane dispersion of the polariton modes gives rise to
a number of interesting phenomena including ‘motional
narrowing’ of the polariton linewidths [10], as discussed

Figure 5. Calculated polariton dispersion up to in-plane
wavevector of 108 m�1. The broken curves show the
uncoupled exciton and photon dispersion curves. The
wavevector region below the broken vertical line can be
probed in angle tuning experiments. For k  106 cm�1

strong exciton–cavity coupling occurs, with characteristic
very small polariton mass of 10�5me . For wavevectors
greater than ⇠2⇥ 107 m�1, the lower-branch dispersion
becomes characteristic of uncoupled exciton states, with a
large mass of ⇠0.25me .

in section 7, and the prediction of inhibited polariton
relaxation [36, 37].

One of the most important modifications to the simple
Hamiltonian given above is the inclusion of some form
of broadening. This is most obviously done by adding
an imaginary part to the exciton and photon energies,
corresponding to a homogeneous, or lifetime, broadening
of the oscillator. For the cavity mode, this is probably
appropriate, as the linewidth is believed to be mainly
homogeneous, originating from the tunnelling decay of the
photon through the mirrors. For the exciton, by contrast,
the dominant broadening mechanism is inhomogeneous,
because of disorder. The inhomogeneous linewidth of a
QW exciton is typically a few meV, while the homogeneous
width is at most a small fraction of an meV. Hence it
is not really appropriate to treat the exciton linewidth
as due to homogeneous broadening. However, this is
frequently done, because a better treatment, as discussed
in section 7, is considerably more difficult. The reason
why some sort of broadening needs to be included is
that the separation of the spectral features is reduced by
the broadening, so the measured splitting at resonance
is less than  h�i [35]. Moreover, as was shown by
Houdré et al [38], the modification to the splitting
is different in absorption, transmission and reflectivity.
If accurate values of  h�i are to be extracted from
experimental data, care is required to account properly for
the broadening.
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Figure 1.6: Anticrossing. The energies of the upper (EUP ) and lower (ELP ) polaritons
are calculated using Eqs. (1.14) and (1.15) for a constant exciton energy EX = 1484.5 meV
and a varying cavity energy EC , with a Rabi splitting �R = 3.5 meV. The anticrossing
behavior is characteristic of the strong-coupling regime.

states around k = 0 are closer to the bare cavity dispersion than to the exciton
dispersion. These polaritons have a dominant photonic content C2 > X2. The
contrary picture holds at positive detuning (Fig. 1.7 c). At zero detuning �k = 0
(Fig. 1.7 b), k = 0 polaritons are exactly half-light, half matter.

Figure 1.7: Polariton dispersions. Exemples at a negative, b zero and c positive
detuning. The polariton dispersion can be approximated by a parabola in the vicinity
of k = 0. At larger wavevectors, because of the anticrossing, the dispersion of the lower
polariton presents an inflection angle.
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their motion and a small excursion along the vertical axis orthog-
onal to the flow direction.

Remarkably, unlike the observations in refs 6, 21, 22, 26 and 27,
the formation of vortices takes place at a position just upstream of
the defect and not in its wake. Those other works considered a
flow hitting a deep and spatially abrupt potential, but in the
present experiments we optically generate a potential with a
smooth profile and a relatively shallow depth, which therefore

allows the condensate to partially penetrate the obstacle. As a
result, the nucleation of the vortex pair happens upstream of the
barrier, apparently at the position where the local fluid velocity
approaches the sound velocity, which is the usual condition
for vortex nucleation. Note that this condition is satisfied in our
experiment upstream of the defect, and not downstream as in pre-
vious experiments6,22. This remarkable fact is confirmed by the
solution of the time-dependent non-equilibrium Gross-Pitaevskii
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Figure 2 | Effect of the optical barrier on the nucleation of vortex–antivortex pairs. a–e, Snapshots of the real space emission pattern of the polariton fluid
(power of the pulsed laser, Ppulsed¼ 4 mW) hitting an optical defect (blue circle, c.w. laser power Pcw¼ 26 mW) at different times after the pulse. The dark
vertical contour originates from the redshifted region created by the sharp edge of the masked laser spot. The dotted lines show the angle of the shock
waves. f–j, Corresponding interferograms giving the spatial profile of the condensate phase. Vortices are revealed as density minima corresponding to their
core in b–e, and as fork-like dislocations in the interferograms shown in g–j. k–o, Theoretical simulations using the parameters of the experimental images (a–e).
The blue and green arrows indicate the positions of the vortex–antivortex as these are dragged by the fluid. Real-space images are in logarithmic
colour scales.
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Potential landscape

a b
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Figure 1 | Schematic of the experiment. a, Lower polariton dispersion with a red arrow indicating the pulsed laser wave vector. b, Sketch of the bare polariton
potential landscape, strongly modified by both the pulsed laser injecting the polariton flow (almost flat due to saturation effects) and by the c.w. laser giving
rise to the artificial potential barrier.
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Figure 1.6: Anticrossing. The energies of the upper (EUP ) and lower (ELP ) polaritons
are calculated using Eqs. (1.14) and (1.15) for a constant exciton energy EX = 1484.5 meV
and a varying cavity energy EC , with a Rabi splitting �R = 3.5 meV. The anticrossing
behavior is characteristic of the strong-coupling regime.

states around k = 0 are closer to the bare cavity dispersion than to the exciton
dispersion. These polaritons have a dominant photonic content C2 > X2. The
contrary picture holds at positive detuning (Fig. 1.7 c). At zero detuning �k = 0
(Fig. 1.7 b), k = 0 polaritons are exactly half-light, half matter.

Figure 1.7: Polariton dispersions. Exemples at a negative, b zero and c positive
detuning. The polariton dispersion can be approximated by a parabola in the vicinity
of k = 0. At larger wavevectors, because of the anticrossing, the dispersion of the lower
polariton presents an inflection angle.

En
er

gy

II



CONDENSED STATE OF POLARITONS

l Experimental realization:
  

l Disorder in sample
l Different positions will give different interferograms
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& WIRY KWANTOWE !!!
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Observation of  vortices in BEC
Inouye et al, PRL 87, 080402 (2001)

ROZDZIELCZOŚĆ FAZOWA DLA ATOMOWYCH 
KONDENSATÓW



 Czy są inne rodzaje makroskopowych wirów kwantowych ?

INSPIRED BY NATURE

naturalne wiry kwantowe



WIRY KWANTOWE



WIRY W PŁYNACH KLASYCZNYCH - KILKA PRZYKŁADÓW

ŚCIEŻKA WIRÓW VON 
KARMANA image source:http://

www.youtube.com/watch?
v=qpDKRrS9aqE



w obszarze wiru: 

prędkość kątowa, a zatem i rotacja prędkości, zmniejszają się stopniowo wraz z odległością od 
centrum wiru
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WIRY KLASYCZNE

w obszarze wiru: 
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WIRY KWANTOWE



WIRY W STANIE NADCIEKŁYM - DEFEKTY 

WIRY SĄ STANEM WZBUDZONYM UKŁADU (TU: BĘDĄCEGO W STANIE NADCIEKŁYM !)
 mają wnętrze z zerową gęstością cząstek
 kwantowe wiry mają skwantowaną fazę wokół centrum wiru

prędkość cieczy nadciekłej jest 
proporcjonalna do gradientu fazy

Krążenie
 
Γ = v
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C
∫ ⋅dl



reakcja układu na zaburzenie
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 WŁASNOŚCI MIERZALNE EKSPERYMENTALNIE

 We wnętrzu wiru nie ma cząstek (gęstość w centrum wiru jest zero) 

 FAZA: całkowite wielokrotności 2π dookoła centrum wiru

source: E. L. Bolda et al.  Phys.Rev.Lett. 81, 5477 (1998)

ZASADA DOŚWIADCZALNA DETEKCJI FAZY
fork-like 

dislocation

WIRY W STANIE NADCIEKŁYM - METODY OBSERWACJI

dyslokacja 
typu Y



UKŁAD EKSPERYMENTALNY
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Figure 7.9: Experiment: vortex nucleation regime Experimental images for the high
excitation density (Pexc = 2.1mW ) and high fluid velocity. The wavepacket propagates
towards the left, with an initial momentum of 1.2µm�1. The three rows show (I) the
polariton density, (II) the fringes of the measured interferogram, in a saturated color
scale, in order to facilitate the observation of the vortices, (III) the polariton phase. In
the first column (-0.7ps), the phase structure is fully imposed by the excitation pulse,
preventing the formation of vortices. Second column (1.3ps): the polariton wavepacket
starts to feel the e�ect of the obstacle, resulting in a zone of minimal polariton density
in the wake of the obstacle, and a bending of the polariton wavefront. Third column
(3.7ps): nucleation of vortices in the wake of the obstacle. Vortices are indicated with
white markers (� for vortex, + for anti-vortex) on the density plot, and are circled in red
on the fringes and phase plots. Dotted circles indicate short-lived vortices. Fourth, fifth
and sixth columns (from 4.7 to 13.3 ps): motion of the long-lived vortex pair. Previous
vortex positions are indicated with white dots on the density plots, allowing to follow the
vortex motion. Dashed circles in the fifth column (9.3ps) indicate the position of a new
vortex pair which moves on a few microns before disappearing due to the decay of the
polariton population. For the sake of visibility, density values are multiplied by a factor
three in the last density plot.

7.6.2 Vortex nucleation regime
We discuss now the dynamics of the high density regime (corresponding to the time-
integrated image of Fig. 7.5 (d)). Figure 7.9 displays experimental images of (I) the
normalized polariton density, (II) the fringes of the interferogram (in a saturated
color scale, in order to track the fork-like dislocations), and (III) the phase of the
polariton gas, for di erent times after the excitation pulse. The initial wavepacket

INTERFEROGRAM OD KUCHNI

1. mierzymy interferogram
2. numerycznie liczymy FFT (fast fourier transform)

3. otrzymujemy amplitudę i fazę

interferogramamplituda faza

kwantowanie fazy dookoła centrum wiru !
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Superfluidity and turbulence inmicrocavities1

Similarly to conventional superfluids, quantum turbulence2

is expected to appear in microcavities at the breakdown of3

superfluidity35,36. As the sound velocity in the system is decreased,4

hydrodynamic nucleation of quantized vortices occurs when the5

local velocity in the vicinity of the obstacle becomes larger than6

the sound velocity. A ;erenkov regime, accompanied by soliton7

lines, follows when the velocity of the fluid far from the obstacle8

becomes greater than the speed of sound36. A crucial point is that the9

excitation laser imprints its phase on the polariton fluid, preventing10

the formation of non-trivial phase structures such as vortices. To11

overcome this issue, an abrupt switch-off of the excitation laser35 or12

a non-uniform spatial pump profile36 have been proposed.13

In our experiment, we use a 3 ps-long pulse to create a polariton14

wave packet, which can then evolve freely in the microcavity plane15

during the polariton lifetime (measured characteristic decay time:16

� ⇥ 15 ps), providing a sufficiently long time window during which17

quantum turbulence can form. We resonantly inject polaritons in18

the lower polariton branch with an initial in-plane momentum19

imposed by the pump of k⌃ = 1.2 µm�1 (in Fig. 1b the yellow20

circle indicates the pump extension in energy andmomentum).We21

allow the wave packet to scatter on a structural defect of ⇥5 µm22

transverse size (Fig. 1a). We have developed a time- and phase-23

resolved imaging set-up, based on a Mach–Zehnder interferometer24

(see Methods), to observe the dynamics of the scattering on a25

picosecond timescale and track the formation and migration of26

vortices in the turbulent flow. Quantized vortices are characterized27

by a density minimum at the core and a 2⇥-phase rotation28

around the singularity, which results in a fork-like dislocation when29

interference takes place with a plane reference wave16,28.30

As a result of polariton–polariton interactions, resonantly31

pumping the polariton branch strongly modifies the excitation32

spectrum34. These interactions result in a blue-shift of the disper-33

sion curve (interaction energy) and a linearization of the dispersion34

(Bogoliubov spectrum) in the vicinity of the polariton gas. This35

allows one to define a sound velocity cs for the polariton fluid that36

is dependent on the polariton density n, as cs =
⌥
ng/mLP (where g37

is the polariton–polariton interaction constant and mLP the lower38

polariton effective mass), and can therefore be controlled by tuning39

the excitation power. Figure 1c shows the different shapes of the40

lower polariton dispersion (in a parabolic approximation) for a po-41

lariton population at k⌃ = 1.2 µm�1 (corresponding to a flow speed42

of v= h̄k⌃/mLP =1.13 µmps�1). The dispersion curve changes from43

a fully parabolic dispersion in the low-density regime (black curve)44

to a superfluid dispersion (blue curve). On these curves, the injected45

polariton population is indicated by a black dot. In the low-density46

regime (black curve), the possibilities of elastic scattering due to47

disorder (the intersection with the dashed line) form the so-called48

Rayleigh ring in the two-dimensional momentum space. Under49

high excitation density (blue curve), superfluidity arises because the50

dispersion no longer offers the possibility of Rayleigh scattering.51

This prevents any interaction of the polariton fluid with disorder.52

This collapse of the Rayleigh ring has been experimentally demon-53

strated by Amo et al.33. In this case, the Landau criterion is fulfilled,54

as the fluid velocity is lower than the sound velocity. It corresponds55

to a Mach number (defined as the ratio of the fluid velocity v56

over the sound speed cs) smaller than one (v/cs < 1). The red57

dispersion curve depicts a;erenkov regime, where the fluid velocity58

is greater than the sound speed (v/cs > 1). The green dispersion59

curve shows an intermediate regime, corresponding to a Mach60

number of v/cs = 1. In such a case, the dispersion curve is flat on a61

finite distribution of wave vectors, offering a contiguous reciprocal62

space region in which Rayleigh scattering can occur. Using a63

pulsed excitation, we expect to pass through all these regimes (as64

schematically indicated by the black time arrow in Fig. 1c) after the65

polariton injection, leading to an extremely rich dynamics.66
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Figure 1 | Experimental scheme. a, Scheme of the experiment. A polariton
wave packet is resonantly injected with an in-plane wave vector k⌃ in front
of a structural defect on which it scatters. b, Experimental polaritonic
dispersion curve, under non-resonant pumping. The solid line indicates the
theoretical lower polariton (LP) dispersion, and the dashed line the
standard small momentum parabolic approximation of the LP branch.
During the experiment, polaritons are resonantly injected in the lower
polariton branch: the yellow circle indicates the energy and momentum
extension of the pulsed pump. c, Theoretical dispersion curves. Under low
excitation density, the system is in the linear regime and the dispersion is
parabolic in the small momentum approximation (black curve). The
polariton population is given by the black dot, and the intersection of the
dashed line with the dispersion gives the possibility of scattering which
conserves energy. When increasing the pump power, the excitation
spectrum is modified, going from a Čerenkov regime (red curve) to a
superfluid regime (blue curve). The black arrow schematically shows the
time evolution of the dispersion curve during the decay of the
polariton population.

Interferometric measurements taken for different delays be- 67

tween the two Mach–Zehnder interferometer arms allow us to 68

retrieve the dynamics of the polariton fluid (each measurement 69

is therefore an integration over multiple experiments at a fixed 70

delay—seeMethods). In Fig. 2awe display the normalized polariton 71

density integrated in the vicinity of the defect (red curve), and 72

compare it to the normalized autocorrelation measurement of 73

the laser (black curve). It shows that a significant fraction of the 74

polariton population is still passing in the vicinity of the obstacle 75

even when the excitation pulse has gone. 76
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HYDRODYNAMIKA NADCIEKŁYCH POLARYTONÓW

CELE:
 ! DYNAMIKA NUKLEACJI WIRÓW!
 ROZDZIELCZOŚĆ PRZESTRZENNA
 ! ROZDZIELCZOŚĆ FAZOWA !

kierunek 
przepływu 
nadciekłej 

cieczy



Eksperyment w wydaniu klasycznym.

Ten sam eksperyment w wydaniu kwantowym :



WIRY W PŁYNACH KLASYCZNYCH

Re =
Fluid _Velocity ⋅Obstacle_diameter

Kinematic_ viscos ity
=
predkosc ⋅ promien

lepkosc

Określa granicę niestabilności między przepływem 
laminarnym i różnymi typami przepływu turbulentnego

PRZEPŁYW LAMINARNY

WIRY STACJONARNE

ŚCIEŻKA WIRÓW BENARD-VON 
KARMANA

WIRY RUCHOME

PRZEPŁYW CAŁKOWICIE 
TURBULENTNY

Re



 SUPERFLUID

 stan nadciekły                           

 konsekwencja stanu kondensatu Bosego - Einsteina w systemie oddziałującym
 dobrze określona faza zadana funkcją falową

 ZDEFINIOWANE DLA PRĘDKOŚCI MNIEJSZYCH OD PRĘDKOŚCI 
DŹWIĘKU

 dla              fale czerenkova - uderzeniowa fala dźwiękowa

NADCIEKŁOŚĆ

(LEPKOŚĆ)
Re =

Fluid _Velocity ⋅Obstacle_diameter
Kinematic_ viscos ity

THE MOST SPECTACULAR 
EXAMPLES

 4He below λ point 
 atomic BECs
 superfluid polaritons 

kryterium nadciekłości Landaua

v < cs

! BRAK LEPKOŚCI !

v > cs

„Gigantyczna fala materii”ψ = Neiθ
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1950s Hall and Vinen 

Abo-Shaeer et al., Science 292, 476 (2001) 
Vortex Lattices in Bose-Einstein Condensates

E. J. Yarmchuk, PRL 43, 1979
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KREACJA WIRÓW W ATOMOWYM BEC

Observation of  vortex dipoles in BEC, Neely et al, PRL 104, 160401 (2010)

Vortex nucleation in a stirred BEC
Raman et al, PRL 87, 210402 (2001)
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Fig. 3 (Color online) (a)
Side-by-side images of a
regular, non-excited BEC and a
turbulent cloud showing the
aspect ratio inversion on the
former case and the suppression
of that inversion in the turbulent
regime. (b) Aspect ratio (ratio
between main axes) of the BEC
and turbulent clouds evidencing
the inversion of the first and
maintenance of the latter

an anisotropic shape (the shape of the confining potential), but it expands and reaches
unitary aspect ratio, does not going beyond. Those facts together let us conclude that
the turbulent cloud keeps a quantum behavior while expanding, though this behavior
is not the expected one for a quantum degenerate bosonic cloud.

In brief, the equation that governs the behavior of a BEC is the Gross-Pitaevskii
equation, given by

[
−!2∇2

2m
+ Vext(r) + U0|!(r, t)|2

]
!(r, t) = i! ∂

∂t
!(r, t), (1)

where −!2∇2

2m is the kinetic energy, Vext(r) is the confining potential and U0|!(r, t)|2
accounts for the interaction energy. In a expanding condensate, Vext(r) = 0 and the
whole expansion is governed by the interplay of kinetic and interaction energies. For a
thermal cloud the kinetic term dominates and since it is isotropic the expansion is also
isotropic. For a BEC we have the other way round behavior: −!2∇2

2m # U0|!(r, t)|2,
which means that the anisotropic interaction energy (coming from the anisotropic
spatial distribution |!(r, t)|2) governs the expansion, giving rise to the aspect ratio
inversion phenomena, one of the strongest signatures of quantum degeneracy in a

E.A.L. Henn et al., J Low Temp Phys 158, 435 (2010) 
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3 Results

3.1 Vortex Nucleation and Emergence of Turbulence

As the oscillations are introduced in the cloud, for small amplitudes of the oscillating
field as well as short excitation periods we observe dipolar, quadrupolar and scissors
modes of the BEC. The importance of this experimental observation is that the ex-
citation of these modes give evidence that our extra field disturbs mechanically the
cloud, changing not only its rest position but also its symmetry axis and shape by
means of changing the trapping frequencies. The condensed and thermal clouds do
not follow these mechanical disturbances in the same way giving rise to a relative
movement between them. That relative movement is a fundamental feature for the
possible mechanism of vortex formation that we briefly discuss below. Increasing
both parameters (time of excitation and amplitude) we start to observe the formation
of vortices. They seem to be formed preferably on the edges of the quantum fluid. The
number of vortices observed grows as a function of the amplitude and/or duration of
excitation. Examples of such regimes are shown in Fig. 2. The formation dynamics of
the vortices as a function of the amplitude of the excitation field has been extensively
discussed in Ref. [25].

When the amplitude and/or excitation time is increased above 160 mG/cm a com-
pletely different regime takes place. We observe an increase in the number of vortices
followed by a proliferation of vortex lines not only in the original plane of the indi-
vidual vortices, but distributed for the whole sample, covering many directions. An
example of such a regime can be seen in the images of the right column of Fig. 3a.

The presence of quantized vortices non regularly distributed along the whole sam-
ple in all directions is quite characteristic of turbulence in the quantum fluid and it is
here taken as evidence for this regime. In fact, our way of nucleating vortices, where
non-equivalent translational and torsional movements of the quantum cloud occur
in different planes of symmetry of the sample, can be seen as analogous to what is
proposed in Ref. [4] for combined rotations.

Fig. 2 Top line: evidences of
scissors modes (bending of the
symmetry axis) after
low-amplitude excitation by the
external magnetic field. Bottom
line: from left to right,
increasing number of vortices
observed in the BEC as the
amplitude of the excitations is
increased. All images taken after
15 ms of free expansion
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to the unobserved axial expansion, which may depend on
the angular momentum of the cloud.

If we account for centrifugal effects and combine
Eqs. (2) and (3), we expect a divergence of the number of
vortices near the trap frequency (dashed line in Fig. 2a).
The deviation of the data from this line suggests that
the condensate did not fully equilibrate with the rotating
drive. Taking into account the critical velocity for vortex
nucleation, yc ! 0.1c [25], we expect the maximum
rotation frequency of the lattice to be VS 2 yc"RTF,
where VS is the frequency of the stirrer moving at
radius RTF. Using the measured number of vortices, we
can invert Eqs. (2) and (3) to derive the lattice rotation
frequency, which is shown in Fig. 2b, along with the
expected value VS 2 2p 3 6 Hz assuming a constant
N . The discrepancy can be partly attributed to loss of
atom number due to heating by the stirrer, which was
up to 30%. We can also derive from these equations the
flow velocity at the edge of the condensate. For a lattice
with 144 vortices, this velocity exceeded the speed of
sound at the condensate center by 40%, in contrast to
a recent suggestion that supersonic rotation speeds are
unattainable [29].

At low rotational velocities, vortices should not be recti-
linear as assumed in many theoretical calculations but bent
[30,31]. Such bent vortices should have lower visibility in
our images due to the line of sight integration across the
optically pumped condensate slice. Figure 5 shows sev-
eral examples. Some appear as vortex lattices with tilted
vortex cores. Other images show structures reminiscent of
half rings and coiled vortices. However, it is not obvious
how some of the observed time-of-flight features are re-
lated to spatial structures in the trapped condensate.

In conclusion, we have identified two distinct mecha-
nisms for vortex nucleation in rotating condensates—

FIG. 5. Three-dimensional structure of vortices. Shown are
several examples of time-of-flight pictures of condensates at low
rotational frequencies, where “smeared-out” vortex cores and
elongated features were observed. The condensate radius was
510 mm.

surface modes and local turbulence. It would be intriguing
to study the vortex phase diagram [32,33] and the role of
the thermal cloud in vortex decay [29].
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their motion and a small excursion along the vertical axis orthog-
onal to the flow direction.

Remarkably, unlike the observations in refs 6, 21, 22, 26 and 27,
the formation of vortices takes place at a position just upstream of
the defect and not in its wake. Those other works considered a
flow hitting a deep and spatially abrupt potential, but in the
present experiments we optically generate a potential with a
smooth profile and a relatively shallow depth, which therefore

allows the condensate to partially penetrate the obstacle. As a
result, the nucleation of the vortex pair happens upstream of the
barrier, apparently at the position where the local fluid velocity
approaches the sound velocity, which is the usual condition
for vortex nucleation. Note that this condition is satisfied in our
experiment upstream of the defect, and not downstream as in pre-
vious experiments6,22. This remarkable fact is confirmed by the
solution of the time-dependent non-equilibrium Gross-Pitaevskii
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Figure 2 | Effect of the optical barrier on the nucleation of vortex–antivortex pairs. a–e, Snapshots of the real space emission pattern of the polariton fluid
(power of the pulsed laser, Ppulsed¼ 4 mW) hitting an optical defect (blue circle, c.w. laser power Pcw¼ 26 mW) at different times after the pulse. The dark
vertical contour originates from the redshifted region created by the sharp edge of the masked laser spot. The dotted lines show the angle of the shock
waves. f–j, Corresponding interferograms giving the spatial profile of the condensate phase. Vortices are revealed as density minima corresponding to their
core in b–e, and as fork-like dislocations in the interferograms shown in g–j. k–o, Theoretical simulations using the parameters of the experimental images (a–e).
The blue and green arrows indicate the positions of the vortex–antivortex as these are dragged by the fluid. Real-space images are in logarithmic
colour scales.
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potential landscape, strongly modified by both the pulsed laser injecting the polariton flow (almost flat due to saturation effects) and by the c.w. laser giving
rise to the artificial potential barrier.
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Figure 2 | Superfluid regime. (See Supplementary Videos S1 and S3.) Observation of polariton fluids created with a low in-plane momentum of
�0.337 µm�1 (excitation angle of 2.6 �) and an excitation-laser blue-detuning of 0.10 meV with respect to the low-density polariton dispersion (point A in
Fig. 1b). a, Experimentally observed (solid points) and calculated (open points) transmitted intensity (proportional to the mean polariton density) as a
function of the excitation power. b, Relative scattered polariton intensity as a function of excitation density, as calculated (open points) and measured
experimentally (solid points), in an area in momentum space indicated by the yellow rectangle in c-IV, which drops by a factor of four at the onset of the
superfluid regime (red line). c-I–III (c-IV–VI), The experimental near-field (far-field, that is, momentum-space) images of the excitation spot around a
defect for the excitation densities marked in a by coloured rectangles. At low power (c-I) the polariton fluid scatters on the defect, giving rise to parabolic
wavefronts and a corresponding elastic scattering ring (c-IV). At high powers the emission patterns are significantly affected by polariton–polariton
interactions (c-II) and eventually show the onset of a superfluid regime (c-III). In momentum space, the approach and eventual onset of a superfluid
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d-IV: momentum coordinates of the excitation beam.
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Superfluidity of polaritons in semiconductor
microcavities
Alberto Amo1*, Jérôme Lefrère1, Simon Pigeon2, Claire Adrados1, Cristiano Ciuti2, Iacopo Carusotto3,
Romuald Houdré4, Elisabeth Giacobino1 and Alberto Bramati1*
Superfluidity, the ability of a quantum fluid to flow without
friction, is one of the most spectacular phenomena occurring
in degenerate gases of interacting bosons. Since its first
discovery in liquid helium-4 (refs 1, 2), superfluidity has been
observed in quite different systems, and recent experiments
with ultracold trapped atoms have explored the subtle links
between superfluidity and Bose–Einstein condensation3–5. In
solid-state systems, it has been anticipated that exciton–
polaritons in semiconductor microcavities should behave
as an unusual quantum fluid6–8, with unique properties
stemming from its intrinsically non-equilibrium nature. This
has stimulated the quest for an experimental demonstration
of superfluidity effects in polariton systems9–13. Here, we
report clear evidence for superfluid motion of polaritons.
Superfluidity is investigated in terms of the Landau criterion
and manifests itself as the suppression of scattering from
defects when the flow velocity is slower than the speed of
sound in the fluid. Moreover, a Čerenkov-like wake pattern is
observed when the flow velocity exceeds the speed of sound.
The experimental findings are in quantitative agreement with
predictions based on a generalized Gross–Pitaevskii theory12,13,
and establish microcavity polaritons as a system for exploring
the rich physics of non-equilibriumquantumfluids.

Bound electron–hole particles, known as excitons, are fascinat-
ing objects in semiconductor nanostructures. In a quantum well
with a thickness of the order of a few nanometres, the external
motion of the exciton is quantized in the direction perpendicu-
lar to the well, whereas it is free within the plane of the well.
When the quantum well is placed in a high-finesse microcavity,
the strong-coupling regime between excitons and light is easily
reached14, giving rise to exciton–photonmixed quasiparticles called
polaritons, which are an interesting kind of two-dimensional com-
posite boson. Thanks to their sharp dispersion, polaritons have a
small effective mass (of the order of 10�5 times the free-electron
mass) that allows the building of many-body coherent effects, such
as Bose–Einstein condensation15,16, at a lattice temperature of a
few kelvins. Furthermore, their partially excitonic character results
in strong interactions between polaritons, which are expected to
lead to the appearance of superfluid phenomena. Indirect evi-
dence of superfluid motion in polariton systems has recently been
reported through the observation of pinned quantized vortices9,
Bogoliubov-like dispersions10 and pioneering experiments on po-
lariton parametric oscillators11. Despite these remarkable works, a
direct demonstration of exciton–polariton superfluidity is however
still missing. In this Letter, we report the observation of superfluid

1Laboratoire Kastler Brossel, Université Pierre et Marie Curie, Ecole Normale Supérieure et CNRS, UPMC Case 74, 4 place Jussieu, 75252 Paris Cedex 05,
France, 2Laboratoire Matériaux et Phénomènes Quantiques, UMR 7162, Université Paris Diderot-Paris 7 et CNRS, 75013 Paris, France, 3BEC-CNR-INFM
and Dipartimento di Fisica, Universita di Trento, I-38050 Povo, Italy, 4Institut de Photonique et d’Electronique Quantique, Ecole Polytechnique Fédérale de
Lausanne, Station 3, CH-1015 Lausanne, Switzerland. *e-mail: alberto.amo@spectro.jussieu.fr; bramati@spectro.jussieu.fr.

motion of a quantum fluid of polaritons created by a laser in a
semiconductor microcavity.

In our experiments, to probe superfluidity we study the
perturbation that is produced in an optically created moving
polariton fluid when a static defect is present in the flow path,
as proposed in refs. 12, 13. This procedure is a direct application
to the polariton system of the standard Landau criterion of
superfluidity5, originally developed for liquid helium and recently
applied to demonstrate superfluidity of atomic Bose–Einstein
condensates (refs 17, 18). The flow without friction characteristic
of a superfluid is demonstrated in the case of polaritons as a
flow without scattering.

To explore the quantum fluid regime a complete control of three
key parameters is needed: the in-plane momentum of polaritons
(that is, the polariton flow velocity), the oscillation frequency
of the polariton field, and its density. In this respect polaritons
constitute an ideal system from the experimental point of view.
The strength of the polariton–polariton interaction within the fluid
can be controlled through the particle density, which in turn is
changed in a precise way by adjusting the incident laser power. Their
partially photonic character also allows the creation of polariton
fluids with a well-defined oscillation frequency, !p, which is that
of the excitation laser, and with a well-defined linear momentum,
kp, by choosing the angle of incidence ✓p (kp = (!p/c)sin✓p, where c
is the light speed). The possibility of controlling the polariton fluid
oscillation frequency is in stark contrast with equilibrium systems,
such as atomic condensates, where the oscillation frequency of the
condensate is fixed by the equation of state relating the chemical
potential to the particle density3: owing to their relatively short
lifetime (of the order of few picoseconds), the steady state of
an excited microcavity results from the interplay between the
pumping rate and the radiative as well as non-radiative losses.
This feature results in much wider possibilities in the structure
of the system’s spectrum of elementary excitations than in the
equilibrium case12,13,19–22.

In our experiment, a polariton fluid is excited in a micro-
cavity sample (see the Methods section), cooled at 5 K, with a
circularly polarized beam from a frequency-stabilized, single-mode
continuous-wave titanium:sapphire laser. The laser field continu-
ously replenishes the escaping polaritons in the fluid. The beam
is focused onto the sample in a spot of ⇠100 µm in diameter
with angles of incidence between 2.6� and 4.0� (Fig. 1a). The
wavelength of the pump laser is around 836 nm, close to reso-
nance with the lower polariton branch. The images of the sur-
face of the sample (near-field emission) and of the far field in
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Figure 2 | Superfluid regime. (See Supplementary Videos S1 and S3.) Observation of polariton fluids created with a low in-plane momentum of
�0.337 µm�1 (excitation angle of 2.6 �) and an excitation-laser blue-detuning of 0.10 meV with respect to the low-density polariton dispersion (point A in
Fig. 1b). a, Experimentally observed (solid points) and calculated (open points) transmitted intensity (proportional to the mean polariton density) as a
function of the excitation power. b, Relative scattered polariton intensity as a function of excitation density, as calculated (open points) and measured
experimentally (solid points), in an area in momentum space indicated by the yellow rectangle in c-IV, which drops by a factor of four at the onset of the
superfluid regime (red line). c-I–III (c-IV–VI), The experimental near-field (far-field, that is, momentum-space) images of the excitation spot around a
defect for the excitation densities marked in a by coloured rectangles. At low power (c-I) the polariton fluid scatters on the defect, giving rise to parabolic
wavefronts and a corresponding elastic scattering ring (c-IV). At high powers the emission patterns are significantly affected by polariton–polariton
interactions (c-II) and eventually show the onset of a superfluid regime (c-III). In momentum space, the approach and eventual onset of a superfluid
regime is demonstrated by the shrinkage (c-V) and collapse (c-VI) of the scattering ring. d, The corresponding calculated images. Solid dot in c-IV and
d-IV: momentum coordinates of the excitation beam.
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Figure 7.9: Experiment: vortex nucleation regime Experimental images for the high
excitation density (Pexc = 2.1mW ) and high fluid velocity. The wavepacket propagates
towards the left, with an initial momentum of 1.2µm�1. The three rows show (I) the
polariton density, (II) the fringes of the measured interferogram, in a saturated color
scale, in order to facilitate the observation of the vortices, (III) the polariton phase. In
the first column (-0.7ps), the phase structure is fully imposed by the excitation pulse,
preventing the formation of vortices. Second column (1.3ps): the polariton wavepacket
starts to feel the e�ect of the obstacle, resulting in a zone of minimal polariton density
in the wake of the obstacle, and a bending of the polariton wavefront. Third column
(3.7ps): nucleation of vortices in the wake of the obstacle. Vortices are indicated with
white markers (� for vortex, + for anti-vortex) on the density plot, and are circled in red
on the fringes and phase plots. Dotted circles indicate short-lived vortices. Fourth, fifth
and sixth columns (from 4.7 to 13.3 ps): motion of the long-lived vortex pair. Previous
vortex positions are indicated with white dots on the density plots, allowing to follow the
vortex motion. Dashed circles in the fifth column (9.3ps) indicate the position of a new
vortex pair which moves on a few microns before disappearing due to the decay of the
polariton population. For the sake of visibility, density values are multiplied by a factor
three in the last density plot.

7.6.2 Vortex nucleation regime
We discuss now the dynamics of the high density regime (corresponding to the time-
integrated image of Fig. 7.5 (d)). Figure 7.9 displays experimental images of (I) the
normalized polariton density, (II) the fringes of the interferogram (in a saturated
color scale, in order to track the fork-like dislocations), and (III) the phase of the
polariton gas, for di erent times after the excitation pulse. The initial wavepacket
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dissipation

pol-pol interactions
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driving field
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ε(k) : parabolic dispersion
n: density of polariton
g: interaction const
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Zastosowania : POLARYTONIKA - optoelektronika 
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Figure 2 | Superfluid regime. (See Supplementary Videos S1 and S3.) Observation of polariton fluids created with a low in-plane momentum of
�0.337 µm�1 (excitation angle of 2.6 �) and an excitation-laser blue-detuning of 0.10 meV with respect to the low-density polariton dispersion (point A in
Fig. 1b). a, Experimentally observed (solid points) and calculated (open points) transmitted intensity (proportional to the mean polariton density) as a
function of the excitation power. b, Relative scattered polariton intensity as a function of excitation density, as calculated (open points) and measured
experimentally (solid points), in an area in momentum space indicated by the yellow rectangle in c-IV, which drops by a factor of four at the onset of the
superfluid regime (red line). c-I–III (c-IV–VI), The experimental near-field (far-field, that is, momentum-space) images of the excitation spot around a
defect for the excitation densities marked in a by coloured rectangles. At low power (c-I) the polariton fluid scatters on the defect, giving rise to parabolic
wavefronts and a corresponding elastic scattering ring (c-IV). At high powers the emission patterns are significantly affected by polariton–polariton
interactions (c-II) and eventually show the onset of a superfluid regime (c-III). In momentum space, the approach and eventual onset of a superfluid
regime is demonstrated by the shrinkage (c-V) and collapse (c-VI) of the scattering ring. d, The corresponding calculated images. Solid dot in c-IV and
d-IV: momentum coordinates of the excitation beam.
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Superfluidity of polaritons in semiconductor
microcavities
Alberto Amo1*, Jérôme Lefrère1, Simon Pigeon2, Claire Adrados1, Cristiano Ciuti2, Iacopo Carusotto3,
Romuald Houdré4, Elisabeth Giacobino1 and Alberto Bramati1*
Superfluidity, the ability of a quantum fluid to flow without
friction, is one of the most spectacular phenomena occurring
in degenerate gases of interacting bosons. Since its first
discovery in liquid helium-4 (refs 1, 2), superfluidity has been
observed in quite different systems, and recent experiments
with ultracold trapped atoms have explored the subtle links
between superfluidity and Bose–Einstein condensation3–5. In
solid-state systems, it has been anticipated that exciton–
polaritons in semiconductor microcavities should behave
as an unusual quantum fluid6–8, with unique properties
stemming from its intrinsically non-equilibrium nature. This
has stimulated the quest for an experimental demonstration
of superfluidity effects in polariton systems9–13. Here, we
report clear evidence for superfluid motion of polaritons.
Superfluidity is investigated in terms of the Landau criterion
and manifests itself as the suppression of scattering from
defects when the flow velocity is slower than the speed of
sound in the fluid. Moreover, a Čerenkov-like wake pattern is
observed when the flow velocity exceeds the speed of sound.
The experimental findings are in quantitative agreement with
predictions based on a generalized Gross–Pitaevskii theory12,13,
and establish microcavity polaritons as a system for exploring
the rich physics of non-equilibriumquantumfluids.

Bound electron–hole particles, known as excitons, are fascinat-
ing objects in semiconductor nanostructures. In a quantum well
with a thickness of the order of a few nanometres, the external
motion of the exciton is quantized in the direction perpendicu-
lar to the well, whereas it is free within the plane of the well.
When the quantum well is placed in a high-finesse microcavity,
the strong-coupling regime between excitons and light is easily
reached14, giving rise to exciton–photonmixed quasiparticles called
polaritons, which are an interesting kind of two-dimensional com-
posite boson. Thanks to their sharp dispersion, polaritons have a
small effective mass (of the order of 10�5 times the free-electron
mass) that allows the building of many-body coherent effects, such
as Bose–Einstein condensation15,16, at a lattice temperature of a
few kelvins. Furthermore, their partially excitonic character results
in strong interactions between polaritons, which are expected to
lead to the appearance of superfluid phenomena. Indirect evi-
dence of superfluid motion in polariton systems has recently been
reported through the observation of pinned quantized vortices9,
Bogoliubov-like dispersions10 and pioneering experiments on po-
lariton parametric oscillators11. Despite these remarkable works, a
direct demonstration of exciton–polariton superfluidity is however
still missing. In this Letter, we report the observation of superfluid

1Laboratoire Kastler Brossel, Université Pierre et Marie Curie, Ecole Normale Supérieure et CNRS, UPMC Case 74, 4 place Jussieu, 75252 Paris Cedex 05,
France, 2Laboratoire Matériaux et Phénomènes Quantiques, UMR 7162, Université Paris Diderot-Paris 7 et CNRS, 75013 Paris, France, 3BEC-CNR-INFM
and Dipartimento di Fisica, Universita di Trento, I-38050 Povo, Italy, 4Institut de Photonique et d’Electronique Quantique, Ecole Polytechnique Fédérale de
Lausanne, Station 3, CH-1015 Lausanne, Switzerland. *e-mail: alberto.amo@spectro.jussieu.fr; bramati@spectro.jussieu.fr.

motion of a quantum fluid of polaritons created by a laser in a
semiconductor microcavity.

In our experiments, to probe superfluidity we study the
perturbation that is produced in an optically created moving
polariton fluid when a static defect is present in the flow path,
as proposed in refs. 12, 13. This procedure is a direct application
to the polariton system of the standard Landau criterion of
superfluidity5, originally developed for liquid helium and recently
applied to demonstrate superfluidity of atomic Bose–Einstein
condensates (refs 17, 18). The flow without friction characteristic
of a superfluid is demonstrated in the case of polaritons as a
flow without scattering.

To explore the quantum fluid regime a complete control of three
key parameters is needed: the in-plane momentum of polaritons
(that is, the polariton flow velocity), the oscillation frequency
of the polariton field, and its density. In this respect polaritons
constitute an ideal system from the experimental point of view.
The strength of the polariton–polariton interaction within the fluid
can be controlled through the particle density, which in turn is
changed in a precise way by adjusting the incident laser power. Their
partially photonic character also allows the creation of polariton
fluids with a well-defined oscillation frequency, !p, which is that
of the excitation laser, and with a well-defined linear momentum,
kp, by choosing the angle of incidence ✓p (kp = (!p/c)sin✓p, where c
is the light speed). The possibility of controlling the polariton fluid
oscillation frequency is in stark contrast with equilibrium systems,
such as atomic condensates, where the oscillation frequency of the
condensate is fixed by the equation of state relating the chemical
potential to the particle density3: owing to their relatively short
lifetime (of the order of few picoseconds), the steady state of
an excited microcavity results from the interplay between the
pumping rate and the radiative as well as non-radiative losses.
This feature results in much wider possibilities in the structure
of the system’s spectrum of elementary excitations than in the
equilibrium case12,13,19–22.

In our experiment, a polariton fluid is excited in a micro-
cavity sample (see the Methods section), cooled at 5 K, with a
circularly polarized beam from a frequency-stabilized, single-mode
continuous-wave titanium:sapphire laser. The laser field continu-
ously replenishes the escaping polaritons in the fluid. The beam
is focused onto the sample in a spot of ⇠100 µm in diameter
with angles of incidence between 2.6� and 4.0� (Fig. 1a). The
wavelength of the pump laser is around 836 nm, close to reso-
nance with the lower polariton branch. The images of the sur-
face of the sample (near-field emission) and of the far field in
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Hydrodynamic nucleation of quantized vortex
pairs in a polariton quantum fluid
Gaël Nardin*, Gabriele Grosso, Yoan Léger, Barbara Piȩtka†, François Morier-Genoud
and Benoît Deveaud-Plédran

Quantized vortices appear in quantum gases at the breakdown of superfluidity. In liquid helium and cold atomic gases, they
have been indentified as the quantum counterpart of turbulence in classical fluids. In the solid state, composite light–matter
bosons known as exciton polaritons have enabled studies of non-equilibrium quantum gases and superfluidity. However, there
has been no experimental evidence of hydrodynamic nucleation of polariton vortices so far. Here we report the experimental
study of a polariton fluid flowing past an obstacle and the observation of nucleation of quantized vortex pairs in the wake of the
obstacle. We image the nucleation mechanism and track the motion of the vortices along the flow. The nucleation conditions
are established in terms of local fluid density and velocity measured on the obstacle perimeter. The experimental results are
successfully reproduced by numerical simulations based on the resolution of the Gross–Pitaevskii equation.

Hydrodynamic instabilities in classical fluids were studied
in the pioneering experiments of Bénard in the 1910’s.
Convective Bénard–Rayleigh flows and Bénard–Von Kár-

mán streets are now well known examples in nonlinear and chaos
sciences1. In conventional fluids, the flow around an obstacle is
characterized by the dimensionless Reynolds number Re = vR/⌫,
with v and ⌫ the fluid velocity and dynamical viscosity, respectively,
and R the diameter of the obstacle. When increasing the Reynolds
number, laminar flow, stationary vortices, Bénard–Von Kármán
streets of moving vortices and fully turbulent regimes are succes-
sively observed in the wake of the obstacle1.

In quantum fluids, such as liquid helium or atomic Bose–
Einstein condensates, quantum turbulence has long been predicted
to appear at the breakdown of superfluidity2–8. In superfluid
systems, the Reynolds number cannot be defined owing to the
absence of viscosity. However, quantum turbulence, in the form
of quantized vortices, appears simultaneously with dissipation and
drag on the obstacle once a critical velocity is exceeded. This critical
velocity is predicted to be lower than the Landau criterion for
superfluidity far from the obstacle, because of a local increase of the
fluid velocity in the vicinity of the impenetrable obstacle2,4,5.

Experimental evidence has been given for the appearance of
a drag force or heat above some critical velocity in superfluid
helium5 and atomic Bose–Einstein condensates9,10. In stirred
atomic gases, vortex lattices appear above a critical stirring
frequency11–13, analogously to the rotating bucket experiments
originally performed with superfluid helium14. Irregular vortex
tangle patterns were also observed under an external oscillating
perturbation, indicating the presence of turbulence in the atomic
cloud15. Finally, vortex nucleation has been reported in the
wake of a blue-detuned laser moving above a critical velocity
through the condensate16,17. However, no experiment has yet
allowed the imaging of the hydrodynamic nucleation mechanism
with phase resolution.

The recent demonstration of superfluidity in an exciton
polariton gas in a semiconductor microcavity18 offers a very
advantageous tool to explore quantum turbulence. Exciton

Laboratoire d’Optoélectronique Quantique, École Polytechnique Fédérale de Lausanne (EPFL), Station 3, CH-1015 Lausanne, Switzerland. †Present address:
Faculty of Physics, Institute of Experimental Physics, University of Warsaw, ul. Hoża 69, 00-681 Warsaw, Poland. *e-mail: gael.nardin@epfl.ch.

polaritons are composite bosons resulting from the strong coupling
between the excitonic resonance of a semiconductor quantum
well and the microcavity electromagnetic field19. Their dual
light–matter nature gives them many advantages. Thanks to a
one-to-one coupling to the extra-cavity field, with conservation
of in-plane momentum and energy, exciton polaritons can
be easily optically injected, manipulated20,21, and detected.
Thanks to their excitonic part, polaritons can interact with
each other, leading to spectacular nonlinear behaviours22. Since
the demonstration of polariton Bose–Einstein condensation23,
numerous experimental and theoretical works have explored the
rich physics underlying the driven-dissipative character of these
non-equilibrium condensates24–27.

In particular, observation of quantized vortices has been
reported in polariton degenerate gases in several configurations.
In a condensed phase, they are the result of the interplay
between the non-equilibrium nature of the condensate and
natural disorder present in the cavity28–30. Quantized vortices
have also been optically imprinted in optical parametric oscillator
(OPO) configurations31,32. On the other hand, frictionless
flow of a polariton wave packet has been reported in a
triggered OPO scheme33, and the superfluid regime has been
demonstrated in a resonantly injected polariton fluid18,34. In
these last papers, depending on the fluid velocity, superfluid or
Éerenkov regimes were observed as the steady polariton flow
scatters on a defect. However, the experimental observation
of the hydrodynamic nucleation of polariton vortices has not
been reported so far.

In this Article, we make use of a polariton fluid to demonstrate
the nucleation of quantized vortex pairs in the wake of an
obstacle. High-resolution experimental snapshots of the polariton
fluid density and phase allow the imaging of the nucleation
mechanism and the migration of the vortices in the microcavity
plane. The nucleation conditions are analysed in terms of the local
fluid velocity and sound velocity on the obstacle perimeter, and
qualitatively reproduced using numerical simulations based on the
resolution of the generalizedGross–Pitaevskii equation.
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Figure 3 |Vortex dynamics. Experimental images of the scattering of the polariton wave packet on the structural defect (the position of which is indicated
by a green circle). The wave packet propagates towards the left with an initial momentum of 1.2 µm�1. The three rows show a, the polariton density, b, the
fringes of the measured interferogram, in a saturated colour scale to facilitate the observation of the vortices, and c, the polariton phase. First column
(�0.7 ps): the phase structure is fully imposed by the excitation pulse, preventing the formation of vortices. Second column (1.3 ps): the polariton wave
packet starts to feel the effect of the obstacle, resulting in a zone of minimal polariton density in the wake of the obstacle and a bending of the polariton
wavefront. Third column (3.7 ps): nucleation of vortices in the wake of the obstacle. Vortices are indicated by white markers (⇥ for vortex, + for
anti-vortex) on the density plot and are circled in red on the fringes and phase plots. Dotted circles indicate short-lived vortices. Fourth, fifth and sixth
columns (from 4.7 to 13.3 ps): motion of the long-lived vortex pair. Previous vortex positions are indicated by white dots on the density plots, allowing one
to follow the vortex motion. Dashed circles in the fifth column (9.3 ps) indicate the position of a new vortex pair which moves only a few micrometres
before disappearing because of the decay of the polariton population. For the sake of visibility, density values are multiplied by a factor three in the last
density plot. The average excitation power is 4 µW µm�2. This figure corresponds to Supplementary Movies SM1 (fluid density) and SM2 (fluid phase).

is attributed to the microcavity wedge, which provides a global
potential gradient towards this direction. It is also interesting to
note the additional vortex pair created at a delay of 9 ps (visible
in the fifth column, dashed circles). This pair propagates only a
few micrometres and then disappears in the noise due to signal
decay. It does not allow one to define a shedding frequency, as this
latter is expected to depend on the fluid density2,3, which varies with
time in our experiment.

Determining experimental conditions for vortex nucleation
To determine the nucleation conditions in terms of polariton den-
sity and fluid velocity, we performed the same experiment with dif-
ferent excitation angles and powers. In theoretical predictions2,4,36
different flow regimes are observed, depending on the Mach num-
ber. Turbulence is expected in the wake of the obstacle when the
local velocity on the perimeter of the impenetrable obstacle becomes
supersonic. The original work of Frisch et al.2 also predicts that
this critical velocity is attained on the obstacle perimeter when
v/cs ⇠ 0.4 far from the defect, in a homogeneous and steady flow.
In our case, it is not possible to use such a criterion, as we have a
finite-size, time-dependent population, andmost likely a penetrable
obstacle. The onlyway to determine the experimental conditions for
vortex nucleation is therefore to look at the local fluid velocity and
sound velocity on the obstacle perimeter.Whereas the fluid velocity
vector field can be directly extracted from the polariton field phase
gradient, the local speed of sound can be obtained from the density
map (seeMethods for details). It is therefore possible to estimate the
value of the localMach number v/cs on the obstacle perimeter along

the dynamics. These values, computed in the area delimited by the
plain white square in Fig. 3a, are displayed in Fig. 4b (red curve). It
shows that a value of v/cs ⇠ 1 is obtained on the obstacle perimeter
at the onset of the vortex nucleationmechanism.

Reducing the excitation angle, we have probed different wave-
packet momenta, and observed the nucleation of vortices in the
wake of the obstacle down to a critical initial fluid momentum
of 0.6 µm�1. Below this characteristic momentum, the wave
packet passes the obstacle without any visible perturbation (see
Supplementary Fig. S1). The values of the Mach number on the
obstacle perimeter for this regime are plotted in blue in Fig. 4b,
for comparison with the vortex nucleation regime. They show
that the flow remains mostly subsonic during the major part of
its dynamics. Finally, we have also varied the average excitation
power and observed a threshold (at 0.04 µW µm�2) under which no
vortices are nucleated in the wake of the obstacle. Instead, parabolic
backscattering standing waves are visible on the polariton density
maps (see Supplementary Fig. S2), and a Rayleigh ring is visible
in the Fourier plane, as shown in Fig. 2b. This corresponds to a
standard elastic scattering process, where the flow is supersonic,
as the polariton density—and consequently the sound velocity—is
very low. In this low-density limit (also called the linear regime), the
interaction energy is negligible with respect to the kinetic energy.

Insights from numerical simulations
These three behaviours—vortex pair nucleation for a 1.2 µm�1

momentum wave packet, almost unperturbed flow in a 0.6 µm�1

momentum wave packet and standard Rayleigh scattering in the
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is clearly evidenced. Moreover, because of the linear polarization
splitting, the multistability region can be asymmetric with respect
to �pump = 0, favouring one or the other spin orientation. The
symmetry of the multistability cycle is tuned by rotating the linear
polarization axis of the excitation beam (see the Methods section).
The multistability gap can be displaced to regions of elliptical
polarization (see Fig. 4b). The tunability of the multistability
holds great promise for the development of spin-dependent
optoelectronics devices.

To characterize the complete polariton spin state, we measure
the three Stokes parameters (see Supplementary Information). We

are then able to track the trajectory of the pseudospin vector in the
Bloch sphere during themultistability cycle, as shown in Fig. 5. One
easily identifies the features of multistability. The experiment starts
at the ⇥� pole of the sphere, where the pseudospin vector is pinned
before jumping abruptly close to the D+ state. A wide precession
towards the H state is then observed before the second jump to
the ⇥+ pole occurs (arrows). On the backward path, the third
jump brings the pseudospin farther from the D+ state, producing
a gap in the precession trajectory (purple circle in Fig. 5). Then
the pseudospin precesses towards the V state and finally jumps
down to the ⇥� state.
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Spontaneous formation and optical manipulation
of extended polariton condensates
E.Wertz1, L. Ferrier1, D. D. Solnyshkov2, R. Johne2, D. Sanvitto3, A. Lemaître1, I. Sagnes1,
R. Grousson4, A. V. Kavokin5, P. Senellart1, G. Malpuech2 and J. Bloch1*
Cavity exciton-polaritons1,2 (polaritons) are bosonic quasi-
particles offering a unique solid-state system for investigating
interacting condensates3–10. Up to now, disorder-induced local-
ization and short lifetimes4,6,11 have prevented the establish-
ment of long-range off-diagonal order12 needed for any quan-
tummanipulation of the condensatewavefunction. In thiswork,
using a wire microcavity with polariton lifetimes much longer
than in previous samples, we show that polariton condensates
can propagate over macroscopic distances outside the excita-
tion area, while preserving their spontaneous spatial coher-
ence. An extended condensate wavefunction builds up with a
degree of spatial coherence larger than 50% over distances 50
times the polariton deBrogliewavelength. The expansion of the
condensate is shown to be governed by the repulsive potential
induced by photogenerated excitons within the excitation area.
The control of this local potential offers a new and versatile
method to manipulate extended polariton condensates. As
an illustration, we demonstrate synchronization of extended
condensates by controlled tunnel coupling13,14 and localization
of condensates in a trapwith optically controlled dimensions.

Modern semiconductor technology allows the realization of
nanostructures where both electronic and photonic states undergo
quantum confinement. In particular in semiconductor microcavi-
ties, excitons confined in quantum wells and photons confined in
a Fabry–Perot resonator can enter the light–matter strong coupling
regime. This gives rise to the formation of cavity polaritons, mixed
exciton–photon states that obey bosonic statistics2. The polariton
dispersion presents a sharp energyminimum close to the states with
zero in-plane wave vector (k = 0) with an effective mass m⇤ three
orders of magnitude smaller than that of the bare quantum well
exciton. Recently, polariton Bose–Einstein condensation3–10 (BEC)
and related effects such as vortices15,16 or superfluid17–19 behaviour
have been reported at unprecedented high temperatures. As a result
of their finite lifetime, cavity polaritons are a model system to in-
vestigate dynamical BEC (refs 20,21), also referred to as a polariton
laser effect, with a technological control of the resonator geometry
and the polariton lifetime. In previously reported polariton laser
systems, the cavity lifetime and the photonic disorder prevented
the build-up of extended condensates needed for the realization
of polariton circuits22,23. The measured coherence length ranged at
best from 10 to 20 µm (refs 4,6,11,24), a few times the polariton
thermal de Broglie wavelength.

Here, we report on the spontaneous formation of extended
polariton condensates with a spatial coherence extending over 50
times the thermal de Broglie wavelength. These condensates, made
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Figure 1 | Cavity polaritons confined in a microwire cavity. a, Scanning
electron micrograph of the array of cavity wires. b, Emission of a single wire
as a function of detection angle, in a linear coloured scale, measured below
threshold (P= 0.2Pth): such far-field measurements give direct information
about the polariton distribution in k
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. Also shown
with white lines are the uncoupled exciton and photon dispersion and the
1D polariton sub-bands. Notice that because of strain, these sub-bands are
linearly polarized (parallel or perpendicular to the wire as indicated). The
polariton population is broadly distributed along the observed sub-bands.
c, Emission intensity measured on the whole wire and integrated over all k
values as a function of the excitation power. The excitation range for the
appearance of one (respectively, several) polariton condensate is indicated
by the letter i (respectively, ii). For b and c, L

x

= 3.5 µm and � = �3 meV.

of a quantum degenerated light–matter state, are strongly out of
equilibrium, thus deeply differing from atomic BEC. Spatial control
of such extended condensates is demonstrated, opening the way to
a new range of physical phenomena. A large Rabi splitting (15meV)
microcavity of high optical quality is used, with a cavity photon life-
time of around 15 ps, at least 5 times larger than in previous reports
of polariton condensation (see the Methods section). To manipu-
late the condensate wavefunctions, we use one-dimensional (1D)
cavities defined by 200-µm-long microwires with a width of be-
tween 2 and 4 µm (Fig. 1a). Such a small transverse wire dimension
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Cavity exciton-polaritons1,2 (polaritons) are bosonic quasi-
particles offering a unique solid-state system for investigating
interacting condensates3–10. Up to now, disorder-induced local-
ization and short lifetimes4,6,11 have prevented the establish-
ment of long-range off-diagonal order12 needed for any quan-
tummanipulation of the condensatewavefunction. In thiswork,
using a wire microcavity with polariton lifetimes much longer
than in previous samples, we show that polariton condensates
can propagate over macroscopic distances outside the excita-
tion area, while preserving their spontaneous spatial coher-
ence. An extended condensate wavefunction builds up with a
degree of spatial coherence larger than 50% over distances 50
times the polariton deBrogliewavelength. The expansion of the
condensate is shown to be governed by the repulsive potential
induced by photogenerated excitons within the excitation area.
The control of this local potential offers a new and versatile
method to manipulate extended polariton condensates. As
an illustration, we demonstrate synchronization of extended
condensates by controlled tunnel coupling13,14 and localization
of condensates in a trapwith optically controlled dimensions.

Modern semiconductor technology allows the realization of
nanostructures where both electronic and photonic states undergo
quantum confinement. In particular in semiconductor microcavi-
ties, excitons confined in quantum wells and photons confined in
a Fabry–Perot resonator can enter the light–matter strong coupling
regime. This gives rise to the formation of cavity polaritons, mixed
exciton–photon states that obey bosonic statistics2. The polariton
dispersion presents a sharp energyminimum close to the states with
zero in-plane wave vector (k = 0) with an effective mass m⇤ three
orders of magnitude smaller than that of the bare quantum well
exciton. Recently, polariton Bose–Einstein condensation3–10 (BEC)
and related effects such as vortices15,16 or superfluid17–19 behaviour
have been reported at unprecedented high temperatures. As a result
of their finite lifetime, cavity polaritons are a model system to in-
vestigate dynamical BEC (refs 20,21), also referred to as a polariton
laser effect, with a technological control of the resonator geometry
and the polariton lifetime. In previously reported polariton laser
systems, the cavity lifetime and the photonic disorder prevented
the build-up of extended condensates needed for the realization
of polariton circuits22,23. The measured coherence length ranged at
best from 10 to 20 µm (refs 4,6,11,24), a few times the polariton
thermal de Broglie wavelength.

Here, we report on the spontaneous formation of extended
polariton condensates with a spatial coherence extending over 50
times the thermal de Broglie wavelength. These condensates, made
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Figure 1 | Cavity polaritons confined in a microwire cavity. a, Scanning
electron micrograph of the array of cavity wires. b, Emission of a single wire
as a function of detection angle, in a linear coloured scale, measured below
threshold (P= 0.2Pth): such far-field measurements give direct information
about the polariton distribution in k

y

space because the emission angle ✓ of
a polariton state with energy E is linked to k
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by Esin(#) = ¯hck
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. Also shown
with white lines are the uncoupled exciton and photon dispersion and the
1D polariton sub-bands. Notice that because of strain, these sub-bands are
linearly polarized (parallel or perpendicular to the wire as indicated). The
polariton population is broadly distributed along the observed sub-bands.
c, Emission intensity measured on the whole wire and integrated over all k
values as a function of the excitation power. The excitation range for the
appearance of one (respectively, several) polariton condensate is indicated
by the letter i (respectively, ii). For b and c, L

x

= 3.5 µm and � = �3 meV.

of a quantum degenerated light–matter state, are strongly out of
equilibrium, thus deeply differing from atomic BEC. Spatial control
of such extended condensates is demonstrated, opening the way to
a new range of physical phenomena. A large Rabi splitting (15meV)
microcavity of high optical quality is used, with a cavity photon life-
time of around 15 ps, at least 5 times larger than in previous reports
of polariton condensation (see the Methods section). To manipu-
late the condensate wavefunctions, we use one-dimensional (1D)
cavities defined by 200-µm-long microwires with a width of be-
tween 2 and 4 µm (Fig. 1a). Such a small transverse wire dimension
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Cavity exciton-polaritons1,2 (polaritons) are bosonic quasi-
particles offering a unique solid-state system for investigating
interacting condensates3–10. Up to now, disorder-induced local-
ization and short lifetimes4,6,11 have prevented the establish-
ment of long-range off-diagonal order12 needed for any quan-
tummanipulation of the condensatewavefunction. In thiswork,
using a wire microcavity with polariton lifetimes much longer
than in previous samples, we show that polariton condensates
can propagate over macroscopic distances outside the excita-
tion area, while preserving their spontaneous spatial coher-
ence. An extended condensate wavefunction builds up with a
degree of spatial coherence larger than 50% over distances 50
times the polariton deBrogliewavelength. The expansion of the
condensate is shown to be governed by the repulsive potential
induced by photogenerated excitons within the excitation area.
The control of this local potential offers a new and versatile
method to manipulate extended polariton condensates. As
an illustration, we demonstrate synchronization of extended
condensates by controlled tunnel coupling13,14 and localization
of condensates in a trapwith optically controlled dimensions.

Modern semiconductor technology allows the realization of
nanostructures where both electronic and photonic states undergo
quantum confinement. In particular in semiconductor microcavi-
ties, excitons confined in quantum wells and photons confined in
a Fabry–Perot resonator can enter the light–matter strong coupling
regime. This gives rise to the formation of cavity polaritons, mixed
exciton–photon states that obey bosonic statistics2. The polariton
dispersion presents a sharp energyminimum close to the states with
zero in-plane wave vector (k = 0) with an effective mass m⇤ three
orders of magnitude smaller than that of the bare quantum well
exciton. Recently, polariton Bose–Einstein condensation3–10 (BEC)
and related effects such as vortices15,16 or superfluid17–19 behaviour
have been reported at unprecedented high temperatures. As a result
of their finite lifetime, cavity polaritons are a model system to in-
vestigate dynamical BEC (refs 20,21), also referred to as a polariton
laser effect, with a technological control of the resonator geometry
and the polariton lifetime. In previously reported polariton laser
systems, the cavity lifetime and the photonic disorder prevented
the build-up of extended condensates needed for the realization
of polariton circuits22,23. The measured coherence length ranged at
best from 10 to 20 µm (refs 4,6,11,24), a few times the polariton
thermal de Broglie wavelength.

Here, we report on the spontaneous formation of extended
polariton condensates with a spatial coherence extending over 50
times the thermal de Broglie wavelength. These condensates, made
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Figure 1 | Cavity polaritons confined in a microwire cavity. a, Scanning
electron micrograph of the array of cavity wires. b, Emission of a single wire
as a function of detection angle, in a linear coloured scale, measured below
threshold (P= 0.2Pth): such far-field measurements give direct information
about the polariton distribution in k

y

space because the emission angle ✓ of
a polariton state with energy E is linked to k

y

by Esin(#) = ¯hck
y

. Also shown
with white lines are the uncoupled exciton and photon dispersion and the
1D polariton sub-bands. Notice that because of strain, these sub-bands are
linearly polarized (parallel or perpendicular to the wire as indicated). The
polariton population is broadly distributed along the observed sub-bands.
c, Emission intensity measured on the whole wire and integrated over all k
values as a function of the excitation power. The excitation range for the
appearance of one (respectively, several) polariton condensate is indicated
by the letter i (respectively, ii). For b and c, L

x

= 3.5 µm and � = �3 meV.

of a quantum degenerated light–matter state, are strongly out of
equilibrium, thus deeply differing from atomic BEC. Spatial control
of such extended condensates is demonstrated, opening the way to
a new range of physical phenomena. A large Rabi splitting (15meV)
microcavity of high optical quality is used, with a cavity photon life-
time of around 15 ps, at least 5 times larger than in previous reports
of polariton condensation (see the Methods section). To manipu-
late the condensate wavefunctions, we use one-dimensional (1D)
cavities defined by 200-µm-long microwires with a width of be-
tween 2 and 4 µm (Fig. 1a). Such a small transverse wire dimension
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edge of the gap and for three particle densities. It illustrates
this progressive change in the GS spatial shape. Let us underline
that even weak nonlinearities, corresponding to energy shifts
of a few tens of microelectronvolts, produce significant changes in
the density profile. The right part of the image corresponds to a
larger energy, and results in shorter localization length. In
this case, the shape of the GSs is not significantly affected by the
ratio aN

V0
.

We have also computed the GS profile, considering a more
realistic Gaussian barrier instead of a delta potential. We found
that the GSs solutions arise from the coupling of localized states
on each side of the potential: this coupling leads to the formation
of an anti-symmetric anti-bonding state S1 and a symmetric
bonding state S2. The panels of Fig. 2b,c (respectively d,e) show
examples of calculated eigenfunctions in real (respectively

reciprocal) space in the case of weak interaction regime
(aNooV0). For a weak potential (Fig. 2b,d), the anti-bonding
state S1 is observed in the gap, while for larger potential value
(Fig. 2c,e), the symmetric bonding-state S2 dominates. The
symmetric and anti-symmetric character of the wavefunctions is
illustrated in Fig. 2f. When interactions are increased in the
model, the envelope spatial shape of these localized states varies
with the ratio aN

V0
in the same way as discussed above.

Condensation in bound GS states under cw excitation. Let us
address cw excitation conditions where polaritons are excited
non-resonantly using a single-mode cw laser tuned typically
100 meV above the bottom of the polariton lower branch. We
consider the case where the laser spot is centred onto a barrier
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Manipulation of nonlinear waves in artificial periodic structures leads to spectacular spatial

features, such as generation of gap solitons or onset of the Mott insulator phase transition.

Cavity exciton–polaritons are strongly interacting quasiparticles offering large possibilities for

potential optical technologies. Here we report their condensation in a one-dimensional

microcavity with a periodic modulation. The resulting mini-band structure dramatically

influences the condensation process. Contrary to non-modulated cavities, where condensates

expand, here, we observe spontaneous condensation in localized gap soliton states.

Depending on excitation conditions, we access different dynamical regimes: we demonstrate

the formation of gap solitons either moving along the ridge or bound to the potential created

by the reservoir of uncondensed excitons. We also find Josephson oscillations of gap solitons

triggered between the two sides of the reservoir. This system is foreseen as a building block

for polaritonic circuits, where propagation and localization are optically controlled and

reconfigurable.
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circuits,14 and highly efficient sources of entangled photon
pairs.15

The polarization-controlled X-NOR gate is the only spin-
optronic device concept which has been realized experimen-
tally already.16 It consists of a semiconductor microcavity in
the strong-coupling regime optically excited by two linearly
polarized light beams incident at the opposite oblique angles
!see Fig. 1"a#$. The device operates due to elastic polariton-
polariton scattering which changes distribution of the exciton
polaritons on the so-called elastic circle, i.e., the circle in the
reciprocal space corresponding to the constant energy, equal
to the energy of the pump beams. It has been demonstrated
experimentally that polaritons are scattered preferentially at
the right angle in this configuration "i.e., in the directions
which are characterized by in-plane wave vector components
orthogonal to those of the pump beams17#. Moreover, the
scattering only takes place if two pumping light beams are
colinearly polarized. On the other hand, if the polarizations
of two incident beams are orthogonal, the scattering van-
ishes. This surprising experimental observation has been
theoretically reproduced in Ref. 16 using the spin dependent
Gross-Pitaevskii "GP# equations, which describe the en-

semble of exciton polaritons by a single spinor wave func-
tion. Being a powerful tool for numerical modeling of the
coherent polariton dynamics, GP equations account for
polariton-polariton scattering in all orders assuming contact
interactions described by two phenomenological constants !1
and !2 which characterize the scattering of polaritons with
parallel and antiparallel spins, respectively. GP equations do
not provide information on the probabilities and polarization
selection rules of each individual scattering act and, while
the agreement between simulation and experiment is excel-
lent, the physical reasons of the unusual characteristics of the
polariton X-NOR gates remained obscure.

The goal of this paper is to describe the most important
features of polariton logic gates in terms of the spin- and
angle-dependent scattering of exciton polaritons. We show
that the peculiar nonuniform distribution of the polaritons on
the elastic circle observed in Refs. 16 and 17 is due to the
diffraction of scattered polaritons on the grating created by
two pump pulses.

II. POLARITON X-NOR GATE IN THE SPONTANEOUS
SCATTERING REGIME

Polarization selection rules in the course of polariton-
polariton scattering have been analyzed in our recent
publication.18 We have shown that a single spontaneous scat-
tering act of two identically linearly polarized exciton polari-
tons results in two weakly polarized polariton states having
their preferential polarization in the plane orthogonal to the
polarization plane of two initial states. This small preferen-
tial polarization of the final states may be amplified in the
case of stimulated scattering. On the other hand, no signifi-
cant angular dependence of the scattering amplitudes has
been found for the realistic microcavity structures within this
model. This result is in apparent contradiction with the
experiments17 and the Gross-Pitaevskii model.16 Having in
mind that the GP equations implicitly account for polariton-
polariton scattering in all orders, the only possible explana-
tion of this contradiction is that the experimentally observed
strong angular dependence of the scattered polariton popula-
tion is due to the processes involving two or more polariton
scattering events.

To start we note that there is no process which could
break the cylindrical symmetry of the microcavity potential
acting upon exciton polaritons under weak excitation "i.e., if
pump-induced blueshift of the excited states is small com-
pared to the disorder potential in the sample#; however, when
the pump power is sufficiently large, the pump beams them-
selves provide the symmetry-breaking effect. This effect can
be described as an appearance of a pump-induced transient
grating on which the polaritons diffract from the elastic
circle "EC# to off-branches19 shifted in the reciprocal space
by the grating vector ""k1−k2#, where k1,2 are the in-plane
wave vectors of excitation beams !see Fig. 1"a#$. The transi-
tions to the off-branches do not conserve energy so that they
must be accompanied by processes which restore the energy
conservation within time inversely proportional to the energy
mismatch, according to the uncertainty relations. There is a
rich variety of processes which may restore the energy con-
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FIG. 1. "Color online# "a# Scheme of the polariton dispersion in
the two-dimensional reciprocal space and scattering of counter-
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Conclusions
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Imaging PL of the mesa along the slit

of the monochromator (x).
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the trap. When an eigenstate was found, fine tuning of the
excitation position and incidence angle was made in order to
maximize the coupling between the pump and the eigenstate,
by maximizing the coherent emission intensity. We made
sure that this fine tuning did not affect the shape of the state.
The light transmitted by the polariton mode was then col-
lected using a 0.5 NA microscope objective and imaged on a
CCD. Depending on the position of the imaging lens, real or
reciprocal space images could be obtained. The reference
arm was sent to a telescope for beam enlargement and wave-
front tuning, and interfered with the signal on the CCD. A
slightly different incidence angle was used for the signal and
the reference, in order to provide straight interference
fringes. After a numerical Fourier transform of the interfero-
gram, we were able to differentiate the interference term
from the continuous part !see Appendix A for more details".
Using off-axis filtering,20 we could then keep the interference
term only, and extract the amplitude and phase of the polar-
iton states.

This phase and amplitude extraction procedure is demon-
strated in Figs. 2!a"–2!c", for the ground state !n=1,m=0" of
the trapped lower polariton. Figure 2!a" presents the result of
the interference of the real-space coherent emission with the
reference beam. The extracted amplitude and phase of the
wave function are presented in Figs. 2!b" and 2!c", respec-
tively. The phase gradient induced by the incidence angle
difference between the signal and reference arms can be de-

duced from this measurement, as the phase is supposed to be
constant for this ground state. This phase gradient was then
used as a reference for all the further measurements, as they
share the same experimental setup alignment.

IV. DESCRIPTION OF THE CONFINED STATES
AND RESULTS

The confined states can be labeled in a circular basis by
two quantum numbers !n ,m" with n=1,2 ,3 , . . . and m
=0,1 ,2 , . . .. In polar coordinates !r ,!", n gives the number
of lobes of the wave function in the radial direction. For a
perfect cylindrical symmetry, there are, for a given quantum
number m, two degenerate "m states which undergo a phase
rotation of e"im! in the azimuthal direction. However, due to
the ellipticity of the trap !see inset of Fig. 3 for a picture of
the mask used for the photolithography of the mesas", these
+m and −m states will no longer be the eigenstates of the
trap. Let us consider the expression of the confinement po-
tential as V!r ,!"=V0+#V!r ,!". In the circular basis, the an-
gular perturbation #V!!" will provide coupling terms be-
tween states $m and $m!. The characteristic coupling energy
is given by the perturbation matrix elements Wm,m!, whose
azimuthal component are given by

Wm,m!!!" = #$m$#V!!"$$m!% =& #V!!"ei!m!−m"!d! !1"

which is nothing but the Fourier transform of the angular
variation in the potential with respect to the transform vari-

FIG. 1. !Color online" !a" Scheme of the microcavity sample
with mesa !not to scale, only a few DBR pairs are shown". !b"
Spatially resolved photoluminescence spectrum of the polaritons
confined in a mesa of 10 %m mean diameter, under nonresonant
pumping. Energy is plotted with respect to the bare exciton energy
!Ex=1.484 eV". Discrete confined states are visible for lower !be-
low Ex" and upper !above E−Ex=1.5 meV" polariton branches. !c"
Scheme of the homodyne detection setup. BS stands for beam split-
ter, M for mirror, L for lens, and PH for pinhole.

FIG. 2. !a" Real-space coherent emission of the !a" !n=1,m
=0" lower polariton state in a 10 %m mean diameter mesa, inter-
fered with the reference beam. !b" Amplitude and !c" phase of the
state wave function, extracted using off-axis filtering. !d"–!i" same
as !a"–!c", but for the !n=1,m=1" doublet state. For this !n=1,m
=1" doublet state, the phase-gradient reference used is the one that
provides a constant phase for the !n=1,m=0" state, as it is theo-
retically expected to be constant. In !f" and !i", a clear &-phase shift
is visible between the two lobes, indicating that the two lobes of the
wave function are of opposite sign. The combination of the ampli-
tude and phase information provides a full information on the con-
fined polariton wave function. Interferograms and amplitude pat-
terns are in a linear gray scale from minimal !black" to maximal
!white" intensity. Phase patterns are in a linear gray scale from 0
!black" to 2& !white".
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4!k" and 4!l" !odd" and !m"-!n" !even". We have used the
parameters measured in the inset of Fig. 3 for defining the
confinement geometry. There is an excellent qualitative
agreement between these analytical solutions and the experi-
mentally observed patterns for both the phase and the ampli-
tude. It can be observed that the nodal lines of the wave
functions follow confocal ellipses !!=constant" and hyperbo-
las !"=constant".

We mentioned above that according to our description of
the coupling between states using the Fourier transform of
the elliptical confinement, we expect a coupling between m
=0 and m= #2 states. It means that m=0 states patterns
should also be affected by the ellipticity of the trap. This
qualitative alteration can be observed on the amplitude and
phase structures of the !n=2,m=0" state presented in Figs.
4!e" and 4!f". The perturbation can be again well reproduced
with the analytical solutions of Mathieu equations #Figs. 4!o"
and 4!p"$.

Eventually, the experimental and theoretical patterns for
the !n=2,m=2" doublet are presented in Figs. 4!g"–4!j" and
4!q"–4!t", showing again an excellent agreement between ex-
periment and theory.

Solving the wave equation on the elliptical domain also
allows to obtain a theoretical energy spectrum. The most
straightforward physical approach is to describe the system
with the time-independent Schrödinger equation.9 The eigen-
values k of Eq. !3" are related to the physical parameters by
k2= 2m!E

$2 , where m! is the effective mass of the polariton and
E is the eigenenergy with respect to the bottom of the con-
finement potential. However, using these physical param-
eters, the experimental spectrum cannot be satisfactorily re-
produced. This is probably due to the two following reasons:
first, with the Dirichlet condition, we have assumed an infi-
nite potential barrier created by the trap whereas the effective
confinement potential for the lower polariton is finite, on the
order of 3 meV; second, the effective mass of the polariton
depends of the detuning of the given polariton mode with
respect to the excitonic resonance and is therefore different
for each confined polariton mode. Another more complicated
approach, consisting in first solving the Maxwell equation to
find the confined optical modes and then strongly coupling
these modes to the exciton,8,27 would allow to overcome the
issue of the variable effective mass, but not of the finite
potential boundary, which would require to use the evanes-
cent radial Mathieu functions !RMF" of the second kind Kem
and Kom. Nevertheless, without going further into the physi-
cal modeling of the system in order to obtain absolute values
for the eigenenergies, we can learn qualitative information
about the splitting between even and odd states with respect
to the quantum numbers !n ,m". The computation of the RMF
!see Fig. 7 and Appendix B" indicates that for a given n, the
energy splitting between even and odd states is higher for
m=1 than for m=2. Using the values for the elliptical axes a
and b measured from the inset of Fig. 3, we find through the
computation of the RMF a splitting of 48 %eV for the !n
=1,m=1" doublet and of 31 %eV for the !n=1,m=2" dou-
blet. These values are in very good agreement with the mea-
sured values !%50 %eV and %30 %eV, respectively". An-
other qualitative information !also visible in Fig. 7" is that
for a given order m, the energy splitting between even and
odd states is increasing with n.

We would like to mention another category of wave func-
tions that we can excite in the mesas. The energy splitting
between even and odd wave functions being on the order of
the state linewidths, it is possible, by pumping at an interme-
diate energy, to excite a combination of the two split states,
and therefore overcome the #m splitting !the resulting com-
bination is therefore not an eigenstate of the elliptic trap".
The kind of superposition will depend on the excitation con-
ditions. An excitation focused on the mesa will excite both
+m and −m states, from which the interference pattern will
be locked by the position of the laser. This has been used to
control the resulting wave-function pattern that features &2m&
lobes.11 On the other hand, an excitation beam with finite
incidence angle, focused on the side of the mesa, can be used
to create pure +m or −m states.28 The emission patterns ob-
tained using these specific pumping conditions are presented
in Figs. 5!a"–5!c" for a superposition of !n=1,m=1,e" and

FIG. 4. Real-space experimental images !obtained by the same
method than for Fig. 2" of the amplitude and phase of the #!a" and
!b" #!n=1,m=2,o" state, #!c" and !d"$ !n=1,m=2,e" state, #!e" and
!f"$ !n=2,m=0" state, #!g" and !h"$ !n=2,m=2,o" state, and #!i"
and !j"$ !n=2,m=2,e" state !Ref. 26". The phase-gradient reference
used is the one that provides a constant phase for the !n=1,m=0"
state of the trap. Amplitude patterns are in a linear gray scale from
minimal !black" to maximal !white" intensity. Phase patterns are in
a linear gray scale from 0 !black" to 2& !white". Last two columns:
corresponding amplitude and phase structures obtained from the
analytical solutions of the wave equation. The boundary conditions
are given by the Dirichlet condition !see Appendix B" on the ellip-
tical domain defined by the values measured in the inset of Fig.
3!b". The amplitude structures are given by the absolute value of the
wave function. For the phase structures, black is plotted for the
negative parts of the wave function and white for the positive parts.
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AMPLITUDE & PHASE OF CONFINED STATES

@ resonant excitation
Experiment:
Interferogram

Amplitude Phase
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PODSUMOWANIE FIZYKI POLARYTONOWYCH KROPEK 
KWANTOWYCH:

  PEŁNA WIZUALIZACJA FUNKCJI FALOWEJ 

MOŻLIWA MODYFIKACJA I BEZPOŚREDNI WPŁYW NA STANY 
ZWIĄZANE


