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International  Laboratory 
«Light-Matter Coupling in Nanostructures»   Problems Under Discussion

1. Non-equilibrium effects with exciton-polariton BEC

• Exiton-polaritons in 1D potentials ;

• Permanent Rabi oscillations  with exciton-polaritons and polariton

laser with  dynamical parity-time (PT) symmetry. 

• Quantum simulators problem  with  exciton polaritons
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• Quantum tunneling problem with exciton-polariton BEC,

2. Quantum effects with equilibrium exciton-polariton BEC



Quantum Simulators 

Lattices of atoms              Waveguides and circuits                          D-Wave machine

Atomic circuits  Superconductor circuitsPhotonic circuits
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What is about polaritons?
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J. J. Hopfield, Phys. Rev. 112 (5), 1555–1567 (1958),

V.M. Agranovich, JETP 37, 430 (1959),

L.V. Keldysh, et al., JETP, 36, 1193 (1968).

1. It is necessary to achieve strong coupling; 

2. It is not necessary population inversion 

Non-Equilibrium Exciton-Polariton BEC
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Polariton Laser – New Quantum Source of Light

• High flexibility to external  optical and/or electrical  pump

• Low threshold, few mW,

• High nonlinearity:  It is 3 orders bigger than in VCSEL,

• Fast switching (picoseconds) between the states.

For typically used microcavities Short lifetime – up to tens of  ps

Advantages

Disadvantages
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Lattices  with Non-equilibrium  Condensates 
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1D periodic condensate lattice Dynamically stable persistent oscillations

X. Ma,I. Yu. Chestnov, M. V. 

Charukhchyan,  A Alodjants, 

O. A. Egorov, 

PRB,  91, 214301 (2015)

Bifurcation diagram showing 

the formation of the loops at BZ 

edge for fixed value of potential 

depth

I. Yu. Chestnov, A. V. Yulin, 

A. P. Alodjants, and O. A. Egorov,

PRB, 94, 094306 (2016)

� We use Wouters model of coupled 

GPE + reservor



Excitonic Field

Photonic  Field 

Excitonic Reservoir Particle Number 

Stimulated scattering from reservour

Pump

Permanent Rabi Oscillations with Exciton Polaritons
Possessing   Dynamical PT-symmetry 

Sketch 

Exciton Reservour

Basic Equations
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PT-symmetry in Optics
Tunnely coupled waveguides

An illustration of PT -symmetric dimer waveguide. The green 

waveguide indicates associated optical loss while the red 

waveguide involves an equivalent amount of optical gain - . 

Light is transferred from one waveguide to the other via 

evanescent coupling .

Hamiltonian is =

Eigenvalues

The sharp transition from a real to a complex spectrum that takes place at
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Rabi Oscillations Below Threshold  

Eigen-frequencies are 

PT-symmetry condition
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Rabi Oscillations above threshold 

PT-symmetry
condition

Eigen frequencies 
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Polarization properties in the presence of magnetic field
Time evolution of the Stokes parameters
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David Colas,et al, 

Light: Science & Applications (2015) 



Advantages
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Ga As microstructure  

Polariton lifetime is about of 270 ps at resonance



2

Coherent and 

Nonlinear Optics 

(non-eqilibrium)

Condensed matter 

physics with BEC 

(equilibrium)

High           nonlinearity

Coherence  and 

Superfluidity,

Vortices and 

Vortexes,

Solitons, etc. 

phase transitions 

in  two dimensions
(3)
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Current activity with polaritons in semiconductor structures

τ ≤lifetime thermT τ >>lifetime thermT

Polariton lifetime is 270 ps at resonance, 

PRL 118, 016602 (2017)
Polariton lifetime is less than 10 ps, 
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Josephson junction Problem at Finite Temperature 
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Josephson junctions in non-equilibrium Exiton-polariton BECs

What is happen at equilibrium and 

at relatively high temperatures ?  
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Dissipative tunneling problem
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Non-Standard Bose-Hubbard model

Definitions

Hamiltonian 

are  symmetrical  and anti-symmetrical  wave functions respectively

Coupling coefficients are

Standard model 
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Mapping to Spin  Model
Transformations for  Pseudo-spin         and       Phase 

j
S φ

Spin Hamiltonian

with                                                             , 

Cost  function 
Hamiltonian

“Kinetic energy”  

Hamiltonian
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Mapping to Quantum Phase 
Transformations  for  pseudo-spin         and       Phase 

j
S φ

Quantum phase  Hamiltonian

/ 2s N=

Schrodinger equation 

where 

and moving in potential  

with “mass” 

where and Is phase variable



Effective Quantum Phase Potential 

Diagram of  potential energy landscape 
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Phase Diagram 
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First order 

phase transition 

Second order 

phase transition 

Cost  function 

Hamiltonian

“Kinetic energy”  

Hamiltonian

Boundary condition



Quantum – Classical Phase Transitions
2nd order 1nd order 

A
ct

io
n

 

Is temperature of blue shift

For    narrow band   semiconductors  phase transition temperature is  0,5 – 2 Kelvins !

It is less that temperature of condensation , and 
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PT’s in the Presence of Dissipation
Normalized phase difference as a function of time Effective potential vs phase parameter z



Conclusions
We propose a physical mechanism which enables permanent Rabi oscillations in driven-

dissipative condensates of exciton-polaritons in semiconductor microcavities subjected to 

external magnetic fields.

We have shown that the transition between thermal activation (classical) and tunneling

(quantum) regimes for quantum simulators exhibits universal features of the 1st and 2nd

order phase transition depending on the PEL for two polariton condensates.

International Workshop  Physics  of  Exciton-Polaritons in Artificial Lattices,   

IBS Center for Theoretical Physics of  Complex Systems, 

Daejeon, South Korea,  May 15 - 19 ,   2017

For polariton condensate in the lattice we demonstrate stable macroscopic oscillations,

akin to nonlinear Josephson oscillations, between different spectral components of the

polariton condensate in the momenta space

In the presence of dissipation the relative phase of two condensates exhibits non-

equilibrium PT from the quantum regime characterized by efficient tunneling of polaritons to 

the regime of permanent Josephson or Rabi oscillations, where the tunneling is suppressed,

respectively. 

We consider finite temperature effects in a non-standard Bose-Hubbard model for an exciton

polariton Josephson junction that is characterised by complicated potential energy 

landscapes (PEL) consisting of sets of barriers and wells. 
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