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A question 

Atomic physics and quantum optics beat  
condensed matter physics ?  

(attributed to Wolfgang Ketterle) 

M. Lewenstein 
SYMPOSIUM: LIGHT & MATTER @ THE QUANTUM LEVEL, 20/10/08 
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Outline 

Introduction 
  microcavity polaritons 
 

Polariton BECs 
   

 
Dynamics of polariton fluids: the TOPO configuration 
 
 
Resonantly driven polaritons 

  - Case of a long living quantum state put in motion 
 

Topological defects 
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High reflectivity 
• normal incidence 
• many periods 
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• “Cavity”  open region (d) in the DBR 
• “Defect”  Transmission increase (R↓) 
•  d=λ/2   Transmission at center of “stop”band 
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• Artificial structures 
• Layers of ~10 nm, with different band gap 
• Quantum mechanical confinement effects  
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Independent particles 
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Strong coupling 
Slow dumping rates  

Oscillations | X, γ〉 ↔ | γ, X〉 

Mode anticrossing    Rabi 
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e.m field 

Index profile 
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Along growth direction (confinement): 

122
−











+≈

γ
γ

M
c

M
cM

X

X
P

2/1

22
0

2
//

22

0

2/1

2
//

2

// 12)( 







+==












+






=

nE
kcEk

Ln
ckE  π

γ

θsin// c
EK


=

Very small in-
plane mass 

 Mγ ≈ 10-5 mo 

X
X M

kkE
2

)(
2
//

2

//


=

MX ~ m0 

0 1 2 3 4 5 6 7

1.58

1.59

1.60

1.61

1.62

1.63

1.64

1.65

1.66

1.67
 

 

En
er

gí
a 

(e
V)

K//(108) cm-1

Kz = 2π/L 

Dispersion relations 

0 1 2 3 4 5 6 7

1.60

1.61

1.62

1.63

1.64

1.65

1.66
 

 

En
er

gí
a 

(e
V)

K//(108) cm-1

En
er

gy
 (e

V)
 

En
er

gy
 (e

V)
 

14 



POLATOM-ESF-ISNP School; Maratea 01/09/2013 15 

C. Weisbuch et al., Phys. Rev. Lett. 69, 3314 (1992) 
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Angle-Resonant Stimulated Polariton Amplifier 
P.G. Savvidis et al. Phys. Rev. Lett. 84, 1547 (2000) 

Reflectivity: 

“pump & probe”  

Gain 700% 

Bosons 

16 
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Atomic BECs 

T 
http://jilawww.colorado.edu/bec/ Cornell group (1995) 
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E.A. Cornell 
W. Ketterle 

C.E. Wieman Rubidium: Science 269, 198 (1995) 
JILA, Colorado 

T 
Sodium: PRL 75, 3969 (1995) 

MIT, Massachusetts 

Bose-Einstein condensation 
in alkali atoms 

http://jilawww.colorado.edu/bec/ 
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Low polariton mass 

“S” shaped dispersion 

Momentum trap kx 

ky 

E 

Lower polariton 
branch 

Upper polariton 
branch 

Semiconductor microcavities 
Strong exciton confinement 

Enhanced electromagnetic field 

Strong light-matter coupling 

Rabi splitting 

New eigenstates 
POLARITONS 

ˆ ˆ ˆ
UPBQ c P d X= ⋅ + ⋅

´
ˆ ˆ ˆ

LPBQ d P c X= − ⋅ + ⋅
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Polaritons 

New eigenstates 
POLARITONS 
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Polaritons 

New eigenstates 
POLARITONS 

ˆ ˆ ˆ
UPBQ c P d X= ⋅ + ⋅

´
ˆ ˆ ˆ

LPBQ d P c X= − ⋅ + ⋅

 photonic content            very low mass 
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Kasprzak et al. Nature, 443, 409 (2006) 

5 K 

Linewidth narrowing 
High occupation of the ground state 
Non Boltzmann distribution 
Spatial coherence 

Momentum narrowing 

Excitation CW laser 1.755 
eV 

BEC of  polaritons 
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J. Kasprzak et al. Nature, 443, 409 (2006) 

R. Balili et al., Science 316, 1007 (2007) 

T ∼ 5 K 
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D. Bajoni et al., Phys. Rev. Lett. 100, 047401 (2008) 

S. Christopoulos Phys. Rev. Lett. 2007, 
G. Christmann App. Phys. Lett.  2008 

T ∼ 300 K 

BEC of  polaritons 
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http://www.youtube.com 

Superfluid flow of  Helium through  
the pores of  a glass  
& Helium fountain 
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       Superfluidity: phenomenology 

N o r m a l   f l u i d S u p e r f l u i d 

sp
ee

d 

sp
ee

d 

Quantum-mechanical particle 
in a circle: orbit =n x λdB 

Appearance of singular regions: 
arrays of vortices 
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28 W. Ketterle, MIT physics annual (2001) 

Lattices of  vortices in a BEC 
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       Superfluidity: phenomenology 

Quantized circulation         angular momentum is quantized  cω ω>
continuity of 
the phase 

Hess-Fairbank effect 

vortex formation 
polariton BEC 
(spontaneous) 

Lagoudakis et al., Nature Phys., 4, 706 (2008)  

1n =

polariton BEC 
(stirred) 

2n =

Sanvitto et al., Nature Phys. 6, 527 (2010) 

superfluid cannot rotate cω ω<
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Superfluidity: definition 

Hess-Fairbank effect superfluid cannot rotate cω ω<

Quantized circulation         angular momentum is quantized  cω ω>

Persistent currents circulation persists indefinitely  

Frictionless flow 

The Landau Criterion 

in polaritons in semiconductor 
microcavities 

no drag on objects traversing the condensate if 

drag if       Čerenkov regime 
f cv v<

f cv v>
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Polaritons in the OPO regime: 

A quantum state put in motion 

Our experiments: dynamics of  the polariton 
condensed phase 

  Creation of polariton fluids with k ≠ 0 
 
 
 
  Interaction with defects 
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Part I: Creation of  polariton fluids with k ≠ 0 
GOAL: make polaritons flow and study their excitations 
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Creating a polariton fluid at k ≠ 0 

CHALLENGES: 

• Kicking an initial polariton momentum 

• Limited polariton lifetime (2-10 ps) 

• Laser stray light in actual experiments 
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λ/2 GaAs cavity with one InAs QW 

Scattering of pump polariton (kp, Ep) into a signal (ks, Es) and an idler (2kp-ks, 2Ep-Es) 
stimulated by final state occupation 

idlersignalpump ϕϕϕ +=2Condition on the phase: 

ks + ki = 2kp  

Es + Ei = 2Ep 

Making polaritons flow: OPO 
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Making polaritons flow: OPO 
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Spontaneous parametric scattering 

CW Pump 
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Idler 
Savvidis et al. PRL 84 1547 (2000) 
Stevenson et al. PRL 85 3680 (2000) 

Above a given 
threshold 

Bosonic system 

0.5 W/cm2 

500 

Stimulated parametric scattering to 
signal and idler modes 
at k = 0 

ks + ki = 2kp  

Es + Ei = 2Ep 

Dispersion relation 
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pol-pol interactions 
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line 1

ky 
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How can we give a finite velocity to polariton condensates? 

A pump only OPO takes always place at k=0 

For the TOPO, the initial phase matching conditions 
of the idler determine the final state of the signal 
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Making polaritons flow: TOPO 
The TOPO configuration 

(triggered optical parametric oscillator) 

• CW pump below spontaneous 
stimulation threshold 

• Pulsed probe at a given k 
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Making polaritons flow: TOPO 
The TOPO configuration 

(triggered optical parametric oscillator) 

• CW pump below spontaneous 
stimulation threshold 

• Pulsed probe at a given k 

 

• Triggering of a signal state at k ≠ 0 

• Population at signal state is fed by the 
CW pump due to final state stimulation 
even when the pulse laser is gone! 
(even for nanoseconds) 
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Making polaritons flow: TOPO 
The TOPO configuration 

(triggered optical parametric oscillator) 
• CW pump below spontaneous stimulation 

threshold 

• Pulsed probe at a given k 

 

• Triggering of a signal state at k ≠ 0 

• Population at signal state is fed by the CW 
pump due to final state stimulation 
even when the pulse laser is gone! 
(lasting for nanoseconds) 
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Making polaritons flow: TOPO 
The TOPO configuration 

(triggered optical parametric oscillator) 

• CW pump below spontaneous stimulation 
threshold 

• Pulsed probe at a given k 

 

• Triggering of a signal state at k ≠ 0 

• Population at signal state is fed by the CW 
pump due to final state stimulation 
even when the pulse laser is gone! 
(lasting for nanoseconds) 
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Creating a polariton fluid at k ≠ 0 

CHALLENGES: 

• Kicking an initial polariton momentum 

• Limited polariton lifetime (2-10 ps) 

• Laser stray light in actual experiments 

  
  
  

ks + ki = 2kp  

Es + Ei = 2Ep 

Dispersion relation 
+ 

pol-pol interactions 
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The actual experiment: set-up 

CCD 

Fourier plane 

Lens A 
real space 
imaging 

fA 
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Sample 
(5 K) 
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Time 
integrated 

Time 
resolved 
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The actual experiment: set-up 

CCD 

Fourier plane 

Lens A 
real space 
imaging 

fA 

Lens B 
momentum space 

imaging 

k 

E 

• 2D real space movies 

• 2D momentum space movies 

• Selection in energy 

Sample 
(5 K) 

X 
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Time 
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Time 
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ky 
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Experiment preparation 
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Coexistence of two fluids with different velocities: 
• Steady state CW (pump)  large spot 
• Triggered OPO (signal)  small initial spot k
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Incoherent polariton flow 

CW Pump 
TOPO Signal 

TOPO Idler 
LPB 

UPB 

real space momentum space 

Low pump power 
• Localization in shallow potential 

• Not well defined k 
observation 
energy 
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Coherent polariton flow 

CW Pump 
TOPO Signal 

TOPO Idler 
LPB 

UPB 
High pump power (blueshift) 

observation 
energy 
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Coherent polariton flow 

CW Pump 
TOPO Signal 

TOPO Idler 
LPB 

UPB 

real space momentum space 

High pump power (blueshift) 
• Unperturbed flow: no expansion 

• Well defined k 

• 1.7 µm/ps 
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Part II: Interaction with defects 

GOAL: study the excitations of the polariton fluids 
via interaction with defects 
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Pump polaritons 

Signal polaritons 

Interaction with small defect 

real space momentum space 

• The defect is observed through the 
Čerenkov waves present at the 
pump state 

• Signal fluid 
       no scattering with the defect 

      well defined momentum 
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 Polaritons allow for the dynamical study of their condensed state 

 TOPO configuration: 

 creation of long lived polariton fluids with well defined k 

 

 Linear dispersion    created by interactions 

 

 Observation of Čerenkov shock waves 

 

 Friction-less motion when passing through a defect 

 Superfluidity 

Summary 
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Dynamics of a polariton condensate 
transistor switch 
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1. Motivations 

 

1. Motivations 

 

2. Sample and previous work 

 

1. Motivations 

 

2. Sample and previous work 

 

3. Experiments 

 

 

1. Motivations 

 

2. Sample and previous work 

 

3. Experiments 

 

4. Theory and simulations 
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Motivations 
On the polaritronic technolog y… 

3 

Bose-Einstein condensates as a tool for technological development 

Why use polaritons? 

 Coherence 

 Superfluid character 

 Spin properties 

52 
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Motivations 
On the polaritronic technolog y… 

 Optical gates 

53 
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Motivations 
On the polaritronic technolog y… 
 Optical amplifiers 

54 
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Motivations 
On the polaritronic technolog y… 

 Spin-switches 

55 
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Motivations 
On the polaritronic technolog y… 

 Transistors 

56 
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Motivations 
On the polaritronic technolog y… 
 Circuits 

57 



POLATOM-ESF-ISNP School; Maratea 01/09/2013 

Motivations 
On the polaritronic technolog y… 
 Circuits 

58 
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Motivations 
On the polaritronic technolog y… 

Reducing the dimensionality by patterning the microcavities  

Ballistic transport without energy loss 

X 
E. Wertz et al., Nat. Phys. 6, 860 (2010) 

Wire microcavities 

Very long polariton effective lifetimes  

Propagation of  condensates over macroscopic distances  

Manipulation of  condensates using repulsive local 
potentials by photogeneration of  excitons 

Superfluid character: 

High lateral speed of  propagation 

59 
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 Optical amplifiers: E. Wertz et al., PRL 109, 216404 (2012)  

61 

Below threshold 
δ = - 3 meV 

Above threshold 
δ = + 3 meV 

Above threshold 
δ = 0 meV 
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Experimental setup 
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Experiments: pulsed exitation 
     time-integrated 
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By… T.C.H. Liew, School of  Physical and Mathematical Sciences, Nanyang Technological University, Singapore 
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Experiments – S only at Pth 
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Experiments – S only at 10.5Pth 
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Energy and Intensity decay dynamics 
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Experiments – S @ 7.2Pth & G @ 1.8Pth  
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Experiments – S @ 7.2Pth & G @ 9.0Pth  
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Energy and Intensity decay dynamics 
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Energy decay dynamics: Simulations 

74 

1.8Pth 

PS=Pth 

PS=10.5Pth 
PG=0.4Pth 
PS=7.2Pth 

PS=1.7Pth 



POLATOM-ESF-ISNP School; Maratea 01/09/2013 

O
pt

im
iz

at
io

n 
of

 th
e 

de
vi

ce
 

75 

S ↔  G = 60 µm 
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Long lived ON (tdown):   
 Optimal power = 7 Pth 

Fast response (tup):  
 Optimal power ≥ 7 Pth 
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S ↔  G = 60 µm 

S 

G 

TON 

TON  minimum 80 ps 

vP  ∼ 1.1 µm/ps 

Optimal Gate power  0.6 Pth 



POLATOM-ESF-ISNP School; Maratea 01/09/2013 

Summary 
 Full dynamics study for the ON/OFF states of  an all-optical polariton 

condensate transistor switch, which is promising for high-speed inter-chip 
and intra-chip communication for core-based integrated circuits.  

 The results are interpreted as a result of  polariton condensate 
propagation and energy relaxation in a dynamic potential due to the exciton 
reservoir, which can be optically controlled. 
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For ballistic propagation          quasi-resonant excitation 
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