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1. Engineering Interactions

Photons in planar optical cavity
In the strong coupling regime

—>cavity photons get
“dressed” by excitons :

{

» uzJzPolaritons do interact
With each others

(via Coulomb)

y

Semiconductor quantum well

Polaritons =~ Fluids of
2D interacting photons

e.g. GaAs, CdTe, ZnSe, ZnO etc...
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2. Driven-dissipative nature

Photons in planar optical cavity
In the strong coupling regime

—

Radiative losses

Radiative losses
T =10ps

Input noise / pump
* Laser light
* Thermal light

_ i * EMvacuum
Polaritons do not live long enough . (.)light
to reach thermal equilibrium
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2. Driven-dissipative nature

Photons in planar optical cavity 5
In the strong coupling regime

Radiative losses _ .
Bonus: Direct experimental

T =10ps
/ / access to key observables
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3. Polaritons easily turn quantum degenerate

Ex1: (2006) Driven-dissipative analog of BE condensation [1]

“temperature” / Energy scale for

[1] J. Kasprzak, MR et al. Nature (2006) quantum degeneracy is large and
‘easy’ to reach experimentally
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3. Polaritons easily turn quantum degenerate

Ex1: (2006) Driven-dissipative analog of BE condensation [1]

g(l)(xly;-xl-y) [%]

Belongs to a different
universality class than
equilibrium condensation
[1b,1c]

15
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M density

[1] J. Kasprzak, MR et al. Nature (2006)
[1b] L. M. Sieberer et al., Phys. Rev. Lett. 110 195301 (2013)
[1c] S. Diehl Nat. Physics, News&Views, 11 446 (2015)
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3. Polaritons easily turn quantum degenerate

Ex2: (2009) Superfluidity according to Landau’s criterion [2]

Backscattering Superfluid features captured
(normal flow) by a
\ T ] | of
"y & 3 equation [3]

Obstacle

[2] A. Amo et al. Nature Physics 5, 805 (2009)
[3] I. Carusotto and C. Ciuti Phys. Rev. Lett. 93, 166401 (2004)
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Vortex core 2
Vortex core 1

Ex3: Driven-dissipative quantum hydrodynamics (2008-ongoing) [4]

» Steady-state (SS) quantized vortices [5] Y Fomisl” = . _
* SS Dark and bright solitons [6,7] 3 7 (8 Time {is)
* Quantum turbulence and dynamics [8-10] g 0 ;‘
e Spinor degree of freedom [11,12] < 3
6

[4] I. Carusotto and C. Ciuti, Rev. Mod. Phys. 85, 299 (2013)
[5] K. Lagoudakis, MR et al. Nat. Phys. 4 706 (2008)

[6] A. Amo et al., Science 332, 167 (2011)

[7] M. Sich et al. Nature Photonics 6, 50 (2012)

[8] G. Nardin et al. Nature Physics 7, 635 (2011)

[9] G. Grosso et al. Phys. Rev. Lett. 107, 245301 (2011)

[10] L. Dominici et al. Nat. Comm. 9, 1467 (2018)

[11] R. Hivet et al. Nat. Phys. 8, 724 (2012)

[12] K. Lagoudakis et al. Science 326 974 (2009)3 From [6]
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4. Polaritons also interact with solid-state vibrations

Dispersive coupling with
the thermal bath of
phonons

Heat (Tp) & Polaritons fluid can exchange
heat with a thermal bath at Tp
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phonons

4. Polaritons also interact with solid-state vibrations

Ex4: Use a “cold” gas of
polaritons as a refrigerant [13]

[13] S. Klembt,...MR, Phys. Rev. Lett. 114, 186403 (2015)
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[13] S. Klembt,...MR, Phys. Rev. Lett. 114, 186403 (2015)
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* Interact with the thermal phonons bath
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Intermediate summary

Polaritons...

* Have the kinetic properties of 2D massive particles
* Interact with each others
* Get easily into quantum degeneracy

* arein a driven-dissipative situation Two intrinsically competing features :
* Interact with the thermal phonons bath

Towards thermal equilibrium

Towards a dynamically
stable steady-state



1. Define, measure, and control w, the ratio of thermal-to-
dynamical regime in a polariton fluid

2. « Hybrid » properties of a polariton condensate at the thermal-to-
dynamical crossover (w=1)

Towards thermal equilibrium

Towards a dynamically
stable steady-state
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1. Define and measure
i.e. the ratio of thermal-to-dynamical regime in a polariton fluid

8- A T=150K
| © T=240K

o gl = T=270K
GEJ | A-Measurement)
= 4
-~ i

2.

/'(T’ — -

/S 95 93 91 86 78 61 28
! Ground state photonic fraction €72 (%)

yirad (CT2 )+yinr (CT2) w(Tp) is experimentally extracted
and quantitatively understood
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1. Define and measure
i.e. the ratio of thermal-to-dynamical regime in a polariton fluid

Definition of the thermal-to-dynamical interaction rate ratio

w (CT2,TIP)

w (CT2,7IP )=w(CT2,TIP )/ydrad (CT2 )+yinr (CT12)

N W

Thermal equilibrium (W =o0)

- - - Crossover regime (W =1)

1 A : Measurement y

é/
/*/
________________ S
P
=
A * A 4 — ! - .
160 200 240

Phonon Temperature 747 (K)

U

" Dynamical regime (w =0)



2. Condensation properties at the
thermal-to-dynamical crossover




2. Condensation properties at the
thermal-to-dynamical crossover

/(

r
|

Pump power at condensation

threshold Py, (WW)

0 061 1 3
1 | ] |
250 I [
1
200. Condensed | /
1
|
150 | :’
100 o |
—_ /./dON
50 Phose boU™ |
Unco:ndensed
0 . :

160 200 240 280
Phonons temperature (K)

> W



2. Condensation properties at the
thermal-to-dynamical crossover

> W

Unco:ndensed

threshold Py, (WW)
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°

160 200 240 280
Phonons temperature (K)

Pump power at condensation /

w , =~degree of thermalization, is a control parameter of the

phase transition - Hybrid nature of the phenomenon



2. Condensation properties at the
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2. Condensation properties at the
thermal-to-dynamical crossover
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Coherence length decreases for increasing w

- nonequilibrium analog of thermal depletion of the condensate
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2. Condensation properties at the
thermal-to-dynamical crossover

Each point is a measured
condensate phase values
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vortex
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Disconnection of the
noneq. vortex

9 630369 9-6-3023¢619 7%
x (um) x (um)

Thermal destabilization of nonequilibrium vortices




General Summary
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* Half controlled by drive and losses and

* Half controlled by thermalization
* Properties are hybrid as well, with features typical from both realms [13]

[13] S. Klembt,..., MR, Phys. Rev. Lett. 120, 035301 (2018)
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General Summary

Demonstrate and characterize a hybrid quantum phase transition :
* Half controlled by drive and losses and

* Half controlled by thermalization
* Properties are hybrid as well, with features typical from both realms [13]

» w continuously bridges two different universality classes...
how do we make sense of that ? Could it define a new class in itself ?

» What determines the stability of topological excitations at w ~1

» New resources to manipulate heat and work: many-body quantum degrees of
freedom + not constrained by thermal equilibrium [14]
- e.g. performances and resources of a polaritonic engine at finite w~17? [15]

[13] S. Klembt,..., MR, Phys. Rev. Lett. 120, 035301 (2018)
[14]S. Klembt,..., MR, Phys. Rev. Lett. 114, 186403 (2015)
[15] K. Rojan,..., MR & A. Minguzzi, Phys. Rev. Lett 119, 127401 (2017)
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Theory : mean field & thermal noise from phonons

Kinetic term
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Theory : mean field & thermal noise from phonons

" Stochastic dispersive part of the

Kinetic term phonon potential V. (x,?)

losses —_

Static disorder PP interactions
DD-GPE : cendensate dynamics / /
/ /

\ I
iho® = FE(k)]® + U, ® + Vypon® + g|@*®

\

—ih1® +iSn2®

2 2

Incoherent reservoir dynamic

oing = P —ygngr — an

Laser excitation gain



Theory : mean field & thermal noise from phonons

. Phonon potential noise power
| Thermal phonons potential correlator [16] : ' P P

(Vphon (q|| ) t)Vphon (qil ) t’)> = 5‘1" ’Qﬁ 5(t o t,)fqll

{ |
fa, = 2. X5Xg Wiola).¢:)|’Nere(q).¢:)

Frohlich interaction strength

Phonons BE distribution (T)

[16] I. Savenko et al. Phys. Rev. Lett. 110 127402
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Results: Spatial correlations
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Theory : mean field & thermal noise from phonons

Results: Spatial correlations

» Captures the of the
correlation length, with the right
phonons temperature ! Experiment

» Would require beyond mean field to
capture correlations quantitatively




Theory : mean field & thermal noise from phonons

Results: Vortices thermal disconnection
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Theory : mean field & thermal noise from phonons

Results: Vortices thermal disconnection

Tp=250K

|g(1)(X,_y, -X, -y)l

Disconnected
vortex




Theory : mean field & thermal noise from phonons

Results: Vortices thermal disconnection

Tp Theory
1;gK /
L),
/ P )y Y
DD OO

» Captures the

» Would require beyond mean-field to
capture the disconnection temperature




Expt : mean ﬁelm{mal noise from phonons

Spatial correlations
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Spatial correlations
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Expt : mean field &
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Expt : mean field & thermal noise from phonons

Vortex thermal stability analysis
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Semiconductor microcavity

Planar semiconductor microcavity
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