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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.

2. Quantum effects with equilibrium exciton-polariton BEC

 Quantum tunneling problem with exciton-polariton BEC,

* Quantum simulators problem with exciton polaritons
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Quantum Simulators

Lattices of atoms Waveguides and circuits D-Wave machine

| Atomic circuits l l Photonic circuits l lSuperconductorcircuitsl

What is about polaritons?
i) ot
X1001174 " |55ar A
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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).
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Light
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Advantages
* High flexibility to external optical and/or electrical pump
 Low threshold, few mW,
* High nonlinearity: Itis 3 orders bigger than in VCSEL,
* Fast switching (picoseconds) between the states.

Disadvantages

For typically used microcavities Short lifetime — up to tens of ps
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Lattices with Non-equilibrium Condensates

Dynamically stable persistent oscillations

1D periodic condensate lattice
periodic coating

mcoherent pump &

X. Ma,l. Yu. Chestnov, M. V.
Charukhchyan, A Alodjants,
O. A. Egoroy,

PRB, 91, 214301 (2015)

l. Yu. Chestnov, A. V. Yulin,

A. P. Alodjants, and O. A. Egoroy,

PRB, 94, 094306 (2016)
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Bifurcation diagram showing
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Permanent Rabi Oscillations with Exciton Polaritons
Possessing Dynamical PT-symmetry

Sketch | SZ . Yu. Chestnoy, S. S. Demirchyan, A. P.
' | Alodjants, Yuri G. Rubo, A. V. Kavokin,
Scientific Reports Vol.6, p.9551 (2016)

Basic Equations
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PT-symmetry in Optics
Tunnely coupled waveguides

- K, An illustration of PT -symmetric dimer waveguide. The green
| waveguide indicates associated optical loss 7 vhile the red
waveguide involves an equivalent amount of optical gain - 7
Light is transferred from nne waveguide to the other via
evanescent coupling . K
€0 + 1) K
Hamiltonianis H _ | =

K €0 — 19

It is easvy to see that the dimer is PT-invariant: parity switches between the two
waveguides (the diagonal terms in H) while time reversal transforms them back by
complex conjugation so that the combined action of PT leaves Hamiltonian unchanged

Eigenvalues 8:!: — j:\/h'Q — 7,2

The sharp transition from a real to a complex spectrum that takes place at

vp7 = K is coined spontaneous PT -symmetry breaking.
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ow lTh.reshc_)ld'

t [ps] Parameters are: t [ps]
Yx = 0.01ps™,vp = 0.1ps™!, A2 = 2.5meV, v, = 0.003ps™, R, = 0.01 um’*meV
hR, = 0.001ym®meV. P, = 0.02m ?ps ! (magenta curve) P, = 0.035um *ps ' (yellow curve).

Initial conditions are: y(0) = 0, ¢(0) = 1,N(0) = P/~

2

~ o 1 ) '
(¥ —#y) + 5 + 5\/49- s [6 - %(”YP —1x +Py)

..pl-n.

Eigen-frequencies are

Wy, =

characterizing steady-state solutions y = y 0(3“’r and ¢ = ¢ye™'. Physically, Eq. (3) determines frequencies of
upper (w,) and lower (w, ) polariton branches™, measured with respect to the bare photonic frequency wp. In Eq. (3)
we denoted 5§ = yp + 7. In this case, from Eq. (1c) one obtains P,m = ¥yr/R;

px_’YX:’YP'
=10

PT-symmetry condition
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Eigen frequencies w,=tw=+0 —17/4.

R

I_N_ — f)‘ that simply implies the balance between pump and loss rates
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Polarization properties in the presence of magnetic field

Time evolution of the Stokes parameters

David Colas,et al,
Light: Science & Applications (2015)

&

Tg=2m/wg=27m/(wp, — wp_)

b2l g Figure 4. Time evolution of Stokes parameters for A ;=0.2(2, A =0.15(2 for the case of the exciton state
pumping by exciton-exciton scattering (py[N] = p,). The panel (a) shows the behavior of §, (red) and § by (blue)
components, while S, (red) and S (blue) component is shown in the panel (b). The evolution of polarization on
(S s B y)-plane and on Poincare sphere on the time scale of T ; = 27/ wj characterizing permanent Rabi
oscillations beating period is shown in the panels (c,d), respectively. The parameters are the same as in Fig. 1,
excepting P=0.2pum 2 ps ',
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|2 Selected for a Viewpoint in Physics T
PRL 118, 016602 (2017) PHYSICAL REVIEW LETTERS 6 JANUARY 2017

£

Bose-Einstein Condensation of Long-Lifetime Polaritons in Thermal Equilibrium

1.* . 1 1 . . 2 2 ~ e 3
Yongbao Sun, " Patrick Wen,” Yoseob Yoon,” Ganggiang Liu,” Mark Steger,” Loren N. Pfeiffer.”

Ken West,3 David W. Snoke,z'f and Keith A. Nelson' 10

Ga As microstructure

Substrate DBR QWs DBR | e
4 £ V K‘
¢ 4 y 2 z

‘ ! Excitation beam
ViV

Intensity profile

-2

Polariton lifetime is about of 270 ps at resonance 0 0.5 1 1.5

E(k”)—EO (meV)

Pgg 443 mW
Tbath = 125 K
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Current activity with polaritons in semiconductor structures

Polariton lifetime is less than 10 ps, Polariton lifetime is 270 ps at resonance,
PRL 118, 016602 (2017)

>> 7

therm

Tlifetime

z-lifetime — " therm

Condensed matter
physics with BEC
(equilibrium)

phase transitions
in two dimensions

R. Eastham, P. B. Littlewood, PRB 64, 235101(2001);
. Kavokin, et al,, Phys. Lett. A 306, 187 (2003);
Kasprzak, et al, Nature, 443, p. 409 (2006)

R. Balili, et al, Science , 316, p.1007 (2007)
O.L. Berman, et al, PRB, 77, 155317 (2008)
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Josephson junction Problem at Finite Temperature

Josephson junctions in atomic BEC at (T=0)

Anthony J. Leggett , Rev. Mod. Phys. 73, 307 (2001)
Oliver Morsch, Markus Oberthaler, Rev. Mod. Phys., Vol. 78 (2006)

Josephson junctions in non-equilibrium Exiton-polariton BECs

|. Aleiner, B. Altshuler, Y. Rubo, Phys. Rev. B 85 (2012).

M. Abbarchi, et al. Nat. Phys. 9, 275 (2013).

K. Lagoudakis, et al, Phys. Rev. Lett. 105, 120403 (2010).

L. Dominici, et al, Phys. Rev. B 78 (2008).

M. Borgh, J. Keeling, J. & N. Berloff, Phys. Rev. B 81 (2010).

What is happen at equilibrium and

Thermal at relatively high temperatures ?

~'e activation

M. E. Lebedev, A Kavokin, A. Alodjants,
et al, Scientific Reports, 2017

®
o)

Dissipative tunneling problem

A. Larkin, &Y. Ovchinnikov.
Sov. JETP Letts., issue 37/7, p. 322 (1983).
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Non-Standard Bose-Hubbard model

Hamiltonian

A " 5 AP . 8
H = SR+ 908) — S @l + )

2 2
T renn %, e
—5 (4 DI, + i3l + il + i, +7(L1 U3 + 40T s + P3P1%),
Definitions T'=3(y4+ —7--)i C=3(va+ +7——- —274-); G=p_ — py — 2T

A= (V44 +7--+67:-);

G, (r) = =P, (—x) are symmetrical and anti-symmetrical wave functions respectively

‘ .= 0.12} —,,
Coupling coefficients are o
® pak= p—
’:rzj:gfq)f(l)fd;l?,}‘.] = {+‘_} =
0.08}
0.06 — j" 3
0 1 5 3
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Mapping to Spin Model

Transformations for Pseudo-spin S  and Qb Phase
j

A

Sy =

>

]

>

™

Spin Hamiltonian

with a = A —C =

N
<

1 .
)(LTLZ‘*"LH.*‘)
I ~s s .
'3("}LL2—*L1L2)
1 -

3( ;Lz—tTtl)

H = O"S'; +ﬁ‘§? 1 ng

Cost function  “Kinetic energy
Hamiltonian Hamiltonian

V4

974 >0, B=TN+G>0 8=2C>0
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Mapping to Quantum Phase

Transformations for pseudo-spin S, and gb Phase

: d "
Ny —scosq)—sm(pl—:p S\ =sSiNQ +CoS O — a0’ S. =—iw,
¢ ¢

where s=N /2

Quantum phase Hamiltonian

1> d
H= —(a—Bsi d(¢ (f ssin2¢ —Bsing) 0 —Bscos @ — ﬁs sin” (,f) ﬁSLOS 1)
. . d*¥
Schrodinger equation o T +(E-V(z))¥ =0.
az-
| n
with “mass” m = —
2a

(A2 =A(1 —A))sn?z — Acng

and moving in potential  Vj(z) = d112-

¢
d <=/ Is ph jabl
an )\/1 A sin s phase variable
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Effective Quantum Phase Potential

x 10° s \ = () e \ =025 — — —A=05 —A=09
25¢
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>O 1 \ I
0.5 \~_ /
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l:] = asg +ﬁ‘§$ B BSA‘

Cost function  “Kinetic energy”

Phase Diagram

Hamiltonian Hamiltonian
2
| | Second order
phase transition
3
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< 1t Qv
\ _ 2B
0.5} © aN
I | First order
0 phase transition
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Boundary condition



International Workshop Physics of Exciton-Polaritons in Artificial Lattices,
IBS Center for Theoretical Physics of Complex Systems,

Daejeon, South Korea, May 15 -19, 2017

Quantum - Classical Phase Transitions

2" order 1nd order
13} \ v 3
N 13 7.5} \ 12
12 i \ g 12 N\ " 1
% Pt _ \ S 10
11 " A\ " 1: 7 ; * L/
(.% 1t : . . U)E 6.5 o4 0o 08
<< 0.9 A
6 5
0.8 | q
0.7k . . Tc- . . 5 5Ll ) ngin‘ TL ETrr)a »
008 01 012 014 0.16 01 011 012 0.13 0.14
TIT, T/T,
Ty, = aN/2rkp 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 To = 7ps.
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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
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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.

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

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.

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.

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.
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