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Microcavity polaritons

GaAs/AlGaAs
based structures
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Cavity polaritons : an exciton-photon mixed state

| polariton > a |photon>

aZ photon part

Properties
Photonic component » low mass (10 > m,)

Short lifetime (1-100 ps) =W dissipative system

Pseudo spin
Sensitivity to magnetic field

[‘ Polariton Interaction » Highly non linear system (Kerr like) ]




Polariton-polariton interaction

Exciton-exciton interaction

Exciton wavefunction:

Spin : electron : +- %2

1
W o rou1y) = TﬁeXp[f Q- (Beret Bpry) ]

heavy hole : +- 3/}

\

\Fl ( |re—rh\)
X — : —
‘?TMDeXp. Nop ,.’

Exciton : J = +- 1 eﬂ, h e “‘h

jz+.2 €lth el{n



Polariton-polariton interaction

Exciton-exciton interaction
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Polariton-polariton interaction

Exciton-exciton interaction
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Exc 1 Exc 1
I (15.0.5)+(15.Q'.5")— (15.0+4.5) + (15.Q' —¢.5)).

Hf;f;f (Q.Q".q9)=(S| 5f><5'|5;>Hdir{ 0.0.q)  Directterm

H(S|SI(S"| S Hoeen Q. Q' . q Exchange of both electrons and holes

+ S an( 8.5".56. S H, 4 (Q.Q".q) | Exchange of electrons

exrzh(s 5".5¢.50H etch (Q.0'.q Exchange of holes

Dominant terms



Polariton spin

E>Spin . electron : +- 1/2} Exciton:J,=+-1 e“, h e “‘h
2

heavy hole : +- 3/
3, =+-2 eM‘h e u,h

I:> Photon have an angular momentum : +- 1

E>Only J=1 excitons are coupled to light

Polaritons have two spin projections:

)2 = +11 g + } 1 pseudospin
Jz = - )

[ 7, One-to-one relationship between
| 7% pseudospin state and polarisation degree



Spin dependant polariton-polariton interaction

Interactions between 2 polaritons with parallel spins :

emih el) eN,h

J=1 J=1

Resonant term

I Interactions between 2 polaritons with opposite spins :

N
0 e“,h elTh eu'h eTTh

N =1 o= J=-2  J=+2

Non Resonant term => much weaker

..... .cavity photon

J=-2°, +J=+2pare exciton
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Wouters, PRB 76, 045319 (2007)
Schumacher et al., PRB 76, 245324 (2007)



Spin dependent polariton-polariton interaction

Parallel spin : resonant process: Strong and Repulsive interaction

Anti-parallel : via dark exciton intermediate states: \Weaker and attractive interaction

(Lo>>layl )

Interactions : a tool to manipulate polaritons
highly non-linear system
spin dependent



Optically induced zeeman shift
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Resonant drive

. Generalized Gross Pitaevskii equation

Emission energy (eV)

\ Upper
% polariton

!
/

/
,/ Photon _
4 Mean field approach

C ) — ()
Interactions

Carusotto, Ciuti, Rev. Mod. Phys. 85, 299 (2013)
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N bosons in interaction in a closed system: Gross Pitaevskii equation

H = Z (p:n + Veat (15 ) Zth (|ry — rj|

i=1 Z%J

Hartree approximation : all particles in the same gquantum state
Neglect correlations

\I’(I‘l,rg, e uy I‘N) = <I>(r1)<b(r2) c e ‘I’(I‘N).

Variational method : minimize energy E, while imposing normalization of f

Approximation : point contact interaction: (rrD# s%( )
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Open system : coupling to a bath

See lecture by Laurent Sanchez Palancia!!

Master equation in Lindblad form
;\ i - ey FaY
p=-= H,p| +Zp
System density operator l non-unitary time evolution

unitary time evolution

(W (r)) =Tr (¥(r)5(t))

ik 0 O (r,t) h° V2 4 Vo(r) [D(r, )|
IiN—wPI(r.1t) = — ‘ext(T )+ G|¥IT,
ot 2m . J
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Resonant drive : Generalized Gross Pitaevskii equation

Emission energy (eV)
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Carusotto, Ciuti, Rev. Mod. Phys. 85, 299 (2013)



Counter propagating polariton fluids in a 1D wire

e 1D subband:
< TE :
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Counter-propagating polariton fluids in a 1D wire
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Two counter propagating polariton fluids

Soliton train

* Interplay between kinetic and
interaction energy
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- V. Goblot et al., PRL 117, 217401 (2016)




Two counter propagating polariton fluids

Soliton train

* Interplay between kinetic and
interaction energy
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Two counter propagating polariton fluids

Soliton train
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Phase twist across the polariton fluid
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Polariton superfluidity

lacopo Carusotto Cristiano Ciuti Alberto Amo Alberto Bramati  Elisabeth Giacobino

- C. Ciuti and I. Carusotto PRL 242, 2224 (2005)

A. Amo et al. Nature Physics 5, 805 (2009)
I C. Ciuti & I. Carusotto, Rev. Mod. Phys. 85, 299 (2013)



Polariton superfluidity

L Ty )= SRV () + g (69 (X0

We need to know the excitation spectrum  of the polariton fluid

For a clear detailed discussion see : B
I https://www.nii.ac.jp/qis/first-quantum/e/forStudents/lecture/



Polariton superfluidity

2

Ty ()= RV () + g (x 0y (%9

g(r) : solution of the Gross Pitaevskii equation
Ansatz:
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Polariton superfluidity
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Superfluidity: Landau criterion

interaeting Bosonic condensate : _ -
Gross-Pitaevskii equation ™= ! Ty (x.1)
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C. Ciuti and I. Carusotto PRL 242, 2224 (2005)



Superfluidity: Landau criterion

2
Interacting Bosonic condensate : - KP4+
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C. Ciuti and I. Carusotto PRL 242, 2224 (2005)



Superfluidity: Landau criterion

Interacting Bosonic condensate
Gross-Pitaevskii equation

AE

Ce é
\/
Kk

2
ot
m

Galilean
boost

N—

m—p iy = N? +V(x) (x9

particle interactions
SUPERFLUID

Cs-Vs

 E
C.+Vq AL
o)
Kk

C. Ciuti and I. Carusotto PRL 242, 2224 (2005)



Superfluidity: Landau criterion

2
Interacting Bosonic condensate - _ - 2
=) = +
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Resonantly driven polariton fluid

Non-linear Schrédinger equation

Iﬂy (X,t) = D- .y/2+V(X)+ gJy (x, t){zy (X,t)+ FPé(kPX'WPt)

normal mode
coupling

\ - CW Pump
deca: : pol-pol
Y potential interaction

Transmission experiment

|:>Resonant excitation of the polariton mode

I:> Control of velocity, density and frequency
of the fluid

Resonant excitation




Polariton interactions: superfluidity

Low power
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Polariton interactions: superfluidity

Resonant excitation

Structural
defect as a
probe

Low power High power High power
low momentum high momentum

N

i

Kk

Elastic scattering Superfluid Supersonic
A. Amo et al. Nature Physics 5, 805 (2009)



Organic cavity + pulsed excitation



Beyond superfluidity: hydrodynamic excitations

Ve =V,
AAAA AR RN |:> Inhomogeneous velocity around obstacle

h

Vi =2V¥\‘ v, (r.t) :ENf(r 1)

bb C{J |:> Nucleation of topological excitations

even at V, < C

AR AR RA AR
V. =\,

Pigeon et al., PRB 83, 144513 (2011)




Quantum fluid properties

BN F Bl Density

[ Phase

Ty (xt)= D-ig/2+V(X)+ gy (%) ¥ (x, O+ F, (x)el "

superfluid

interaction

vortex solitons

V/ C L
/S »  Kkinetic

Pigeon et al., PRB 83, 144513 (2011)

Non-equilibrium
Gross-Pitaevskii
equation

4

Transition from superfluid to
vortex emission and soliton
nucleation

Topological excitations
Vortices =) phase dislocation

Solitons =) phase slip



Soliton and vortex streets

v;=0.79 nm/ps
k=0.34 nm-!
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-

Flow

defect

Nardin et al.,Nature Phys. 7, 635 (2011)

See also:
Sanwvitto et al., Nature Phot. 5, 610 (2011



Soliton and vortex streets
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Soliton and vortex streets
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See also Grosso et al.,
PRL 107, 245301 (2011)



Soliton nucleation Role of driven dissipation

nature of the system?

v;i= 1.7 mm/ps

k=0.73 nm1
Higgeed I S Bistability
0 0
E 20 L o0
o)
40 - L 40+

See also:
Nardin et al.,Nature Phys. 7, 635 (2011)

Sanvitto et al., Nature Phot. 5, 610 (2011)
A. Amo Science 332, 1167 (2011)



Optical bistability

gapped spectrum

single pillar
2-4 nm
Wo
HI
I - (+5 il JDn
T Ccw
= Interaction t pUmping
I energy D€cay
Steady state:
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Optical bistability

single pillar gapped spectrum 2 ‘ ‘ ‘
2-4 mm F~
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Wo 2 0 2
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Optical bistabiilty
" H.M. Gibbs et al., PRL 36, 1135 (1976)
] — GsL ] I
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I energy D€cay
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Baas et al., PRB. 70, 161307(R) (2004)
- (k¢ D F ) )F$ $| | Baas et al., PRA 69, 023809 (2004)
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Role of driven dissipation nature of the system? Role of bistability

A tool to manipulate dark solitons and vortices

S. Pigeon and A. Bramati, New Journal of Physics 19, 095004 (2019)



Role of driven dissipation nature of the system? Role of bistability

S. Pigeon and A. Bramati, New Journal of Physics 19, 095004 (2019)



Role of driven dissipation nature of the system? Role of bistability

S. Pigeon and A. Bramati, New Journal of Physics 19, 095004 (2019)



Analogue gravity for quantum fluids of light

H.S. Nguyen et al., PRL. 114, 036402 (2015)

R. Balbinot, et al., Phys. Rev. A 78, 021603 (2008)



Summary

Quantum fluids of light:

Strong non-linearity induced by exciton-exciton interactions
Superfluid - supersonic regimes
Bright and dark solitons, vortices

Optical bistability
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