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BEC OF POLARITONS -

CHARACTERISTICS:
Solid state system
Disordered environment
Long range spatial coherence
Non equilibrium
Steady state is characterized by incoming
and outgoing flow of particles

Emitted light is linearly related to
polaritons

BEC OF ATOMS

atoms polaritons
m Rb: 104m, 10-4m,
T 107K >100K
N 1014/cm?3 <10!/cm?
t 00 1 ps

FUNDAMENTAI DIFFERENCES:
Condensation in a disordered medium

Interacting Bose gas

Out of equilibrium

Non-isolated system

Sources:  J. Kasprzak er a/ Bose-Einstein condensation of exciton polaritons. Nature 443: 409-414, (2006)
V. Savona et al. Optical Properties of Microcavity Polaritons. Phase Transitions 68 169-279 (1999) and
V. Savona et al. Quantum-Well Excitons in Semiconductor Microcavities - Unified Treatment of Weak and

Strong-Coupling Regimes. Sol. St. Com. 93 733-739 (1995)



EXxciton polaritons

dispersion - energy-wave vector dependence
Exciton dispersion in quantum well
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EXxciton polaritons

dispersion - energy-wave vector dependence
Exciton dispersion in quantum well
hitk=
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EXxciton polaritons

dispersion - energy-wave vector dependence
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Exciton polaritons

dispersion - energy-wave vector dependence

Lower polariton branch energy

In-plane momentumk, ,

Energy

image after: D. Sanvitto et. al.



=Xxciton polaritons

typical experimental setup
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EXxciton polaritons

typical experimental setup

X axis :
I!! emission angle !!!
= polariton momentum
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Exciton polaritons

dispersion shape and detuning
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dispersion shape and detuning

image: K. Lekenta, R. Mirek
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EXciton polaritons

formation of polariton population

non-resonant
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Bose-Einstein condensation of
exciton polaritons nature

J. Kasprzak', M. Richard?, S. Kundermann’®, A. Baas’, P. Jeambrun®, J. M. J. Keeling’, F. M. Marchetti*,
M. H. Szymanska®, R. André’, J. L. Staehli?, V. Savona?, P. B. Littlewood®, B. Deveaud” & Le Si Dang'
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Bose-Einstein condensation of
exciton polaritons

J. Kasprzak', M. Richard?, S. Kundermann’®, A. Baas’, P. Jeambrun®, J. M. J. Keeling’, F. M. Marchetti*,
M. H. Szymanska®, R. André’, J. L. Staehli?, V. Savona?, P. B. Littlewood®, B. Deveaud” & Le Si Dang'

nature
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nature

Bose-Einstein condensation of
exciton polaritons

J. Kasprzak', M. Richard?, S. Kundermann’®, A. Baas’, P. Jeambrun®, J. M. J. Keeling’, F. M. Marchetti*,
M. H. Szymanska®, R. André’, J. L. Staehli?, V. Savona?, P. B. Littlewood®, B. Deveaud” & Le Si Dang'
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QUANTUM CORRELATIONS ON THE
MACROSCOPIC SCALE



QUANTUM CORRELATIONS ON THE
MACROSCOPIC SCALE

——| One body density matrix express the probability amplitude to annihilate a
particle at location r? and to create one at location r

p(r,r’) = (U1 (r)¥(r))

—— for r =, this describes the local density of the system

n(r) = p(r,r) = (¥T(r)¥(r))
. density matrix is normalized, such that the total number of particles is N

[drp(r,r) = N

for a pure state the average is the quantum mechanical expectation

blex )= N/drgdrg...drN\I!*(r, o, T3, ...ty )U(r, ro, ra SEEE



QUANTUM CORRELATIONS ON THE
MACROSCOPIC SCALE

' Bose - Einstein condensation is a phenomenon taking place in momentum space

' The density matrix can be expressed also by the momentum distribution of the

system A A
n(p) = (¥'(p)¥(p))
— the one-body density matrix depend only on the relative distance s = lr?=rl

Below critical temperature the

3 momentum distribution has a

ﬁ singularity forp = 0

il n(p) = Nod(p) + n(p)

= lim p(s) =mng = 40

l §—00 P BT V

=

ﬁ \ , Above critical temperature

Jooy \T S momentum has a smooth distribution

T 0 /and different contributions average
. < - out for large s .
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QUANTUM CORRELATIONS ON THE
MACROSCOPIC SCALE

' The one-body density matrix for a BEC is decaying over a distance given by the
thermal de Broglie length to a finite value determined by the condensate fraction
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QUANTUM CORRELATIONS ON THE
MACROSCOPIC SCALE

— density matrix has finite off-diagonal elements

— referred to as Off-Diagonal Long Range Order (ODLRO)

concept introduced first by Penrose and Onsager in 1956

— can be measured through the first order coherence function

G )= (T
— In normalized form 0
G (r, 1
g me,x!) = il
VGO (r,r)/GO(r' ')

1 perfect correlations correspond to g(l)(r, ri=1

— higher order coherence further characterize the state and distinguishes it
from a thermal mixture



ORDER PARAMETER AND
CONDENSATE WAVE-FUNCTION

—| Applying field operator to BEC where the ground state is macroscopically

populated
Z ¢i(r)a; = ¢o(r)ao + Y _ ¢i(r)a;
condensate % non-condensed part
U(r) = ¢(r) + 6¥(r) For a pure BEC the field operator
s described by a wave-function
h(r) = v/ Nogo(r) thus a classical object
(r) = [(r)|e
off-diagonal density -
diagonal therm - density coherence

' Condensate wave-function is therefore the order parameter of the normal to
condensed phase transition



ORDER PARAMETER

zero before the phase transition and becomes
determined after phase transition

g"(r,r'T.t)=(y *(r,T,H)yY ', 1.1))

(density matrix)

FIRST ORDER CORRELATION FUNCTION

1" =)
Phase coherence!!! Dt Eom
spatial and temporal: condensate
"Giant matter wave"

¢ Coherence In time

| during the phase
¢ Long-range order = spatial .
1 transition
coherence

interference !!



ability to form interference fringes

Interference between two atomic BEC

M. R. Andrews et al., Science 275, 637 (1997)



more advanced experimental setup

EXCITATION MICROSCOPE OBJECTIVE
& l;ulqe d OR @ for spatial imaging
‘ @ condensate sizes from a few

¢ Cw -
to hundreds of pm

& Non-resonant excitation

Sample cooled to max. 40 K
- typically 4.2K

[aser

TIME INTEGRATED
IMAGING :

MEASUREMENT OF
TIME DYNAMICS : Streak

b
& ps resolution rcqulrccl to camera M
. I\Y

capture the condensate dynamics

Disorder

Different spots on the sample give
different images corresponding to single
or multiple localized condensates

Y



—Xciton polaritons

more advanced experimental setup

MICROSCOPE OBJECTIVE

EXCITATION OFE O
Pulsed OR ; for spatial imaging
g Cw & condensate sizes from a few

itati to hundreds of um
5' Non-resonant excitation dred m

Sample cooled to max. 40 K

jm & typically 4.2K
\

Laser

TIME INTEGRATED
IMAGING :

___________________

MEASUREMENT OF
TIME DYNAMICS :

9 ps resolution required to
|

capture the condensate dynamics i M =
- |

Streak
camera

time spatial
coherence colicrelss



=Xxciton polaritons

first order correlation function
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Spatial coherence

more advanced experimental setup Operation principle

Stabilised Michelson interferometer

@ MIrror- mirror conﬁguranon Mirror 1 arm Mirror 2 arm Interferogram

@ mirror - retroreflector

g Mirror arm Retroreflector arm Interferogram
configuration




exciton-polariton condensed state

Experimental realisation:

Mirror arm real space

Disorder in the sample
Ditterent positions will give
different interferograms

Retroreflector arm
real space

Interferogram

images: K. Lagoudakis, EPFL



Modified Michelson interferometer
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Proof of long-range coherence



detected in the interferogram

Interferogram

images: K. Lagoudakis, EPFL



Phase detection of polariton condensate
Phase singularity

Fork-like dislocation in the
interferogram Is a signature
of a quantum vortex
with 27 phase shift.

Phase extractiliem
procedure - off-axes digital
holography

Interferogram (high-passed) FFT absolute value FFT phase
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Classical vortices

classical vortices

Many examples of vortices in nature (tornados, whirlpools etc.)




Jupiter

13.07.2017

NASA opublikowata
seri¢ pierwszych takich
zdjec Jowisza. Fotografie
wykonata bezzatogowa
sonda Juno, wystrzelona
kilka lat temu. Przeleciata
ona w odlegtosci
zaledwie kilku tysiecy
kilometrow od planety.

Wiece|: htip://
wiadomosci.gazeta.pl/
wiadomoscl

Antycyklon o srednicy wigkszej
niz Srednica Ziemi



classical vortices

A vortex is a spinning, often turbulent, flow of fluid.
Any spiral motion with closed streamlines is vortex flow.

Physical properties are determined by
classical statistical mechanics

Lack of fluid at vortex core
No quantisation of any physical quantity
Vortices are unconstrained

Vortices can have different sizes



Classical vs Quantum vortices

classical vortices

Vorticity in the classical vortex region
@@=V X7V =0

Angular velocity, thus a curl of a velocity change gradually with increasing the
distance from the vortex



Irrotational flow

continurty equation

Time-dependent Gross - Pitaevskii equation describes the zero-temperature properties
ol a BEC:

9, h?

iho b (r,t) = =5 =V P(r,1) + V(£)9(r, ) + Vol (r, ) *¢(x, 1)

multiply the time-dependent GPE with ’(P* and using

Vi = V(" Vi + V)

leads to:
O P+ 5=V (VY + $TY) = 0
ot 2mi 2
comparing with the continuity equation: velocity field of the condensate:
0 __h PVY + VYT



Irrotational flow

velocity field of the condensate:

h Y*Vi +pV*
2mi |22

N —

using WV (fe'?) = e’V f + fiVpe'®
condensate flows with particle velocity

e —h—Vﬁ fundamental equation defining
m relation for the superfluid velocity
with the phase gradient !

The BEC behaves like a perfect fluid and can be described by the local density and
local velocity only.

The flow of the BEC is rotation-less, as long as phase contains no singularity, as e.g. in a
vortex.



Irrotational flow - current density

Superfluid velocity:
h superfluid velocity is therefore a gradient of
= _n—zv a scalar thus super-flow is irrotational
Vv =10
s - p A
w=VXyv=—VXVepp=0
m

since the net current of particles equals a density times a velocity:

7(r) =nev

current density defines the number of particles flowing per unit area per second:

j(r)= %noVQ



Quantum vortices in superfluid

phase singularities

Considering the flow along a closed tube. Circulation:

= fvdl fvfudl /va¢=0
A

The circulation must vanish for a non-singular phase.

The motion of the condensate must be irrotational - as if a superfluid could
not be put into rotation.

If we allow for phase singularity !

I — j{vdl j[wdl = (g — 1) = mﬁ - 17%

total phase difference, A@ , phase winding, of the wave-function on going
around the path and returning to the initial point must be equal to 2]



Quantum vortices in superfluid

phase singularities

Macroscopic rotation of a superfluid is impossible.

But a vortex in the form

nh 1
m 2mr
satisfies the irrotational condition: { x v = ()

vector in the azimuthal direction

/ In polar coordinates

A% e¢

In the vicinity of the vortex core:

S e — h—) e Ah 7

m =V XVvV=—VXVo=z—I-0(p)
m m

p = (x,y)

In a rotating condensate, macroscopic rotation is build up from a vortex array.



Quantum vortices in superfluid

phase singularities

Vs A

>
p

Azimuthal velocity of a vortex. The velocity field for a normal rotating
fluid behaves like a rigid body, where the azimuthal velocity increases linearly with increasing
distance from the symmetry axis. A superfluid shows a non-intuitive velocity pattern, where
the azimuthal velocity diverges for decreasing distance from the rotation axis. In order not to
let the kinetic energy of the system diverge, the density of the superfluid must go to zero for
p— 0.



Quantum vortices in superfluid

structure of a single vortex

In cylindrical coordinates:  )(r) = f(p, z)eilso

G-P equation takes the form:

5 I e i hol 5
Kinethic energy due to the azimuthal h2[2
velocity field of a vortex 2mp?
Cross over between small and large 5 h? S
distance behaviour, thus size of a vortex: 2meE2 e

kinethic energy equals interaction strength

Healing Ieng;hr:v \/ 2

2mUgn



Quantum vortices in superfluid

structure of a single vortex

;hlgh Al e

Density profile of a vortex. Shown are the density profiles for the system
without a vortex (I = 0), and for a singly and doubly charged vortex (I = 1,2). The short-
range behavior is given by f o p!, while the asymptotic behavior of the wave function always
approaches the wave function of the unperturbed system. The cross over between the short-range
and the long-range behavior takes place around the healing length p = &.



Quantum vortices in superfluid

phase singularities

Size of the vortex core - the
particle density has to increase
from zero to the bulk value over
the distance given by the healing
length:

T h
€ i V2mE;n:

In atomic BEC the size
depends on the atom size

~ 108cm = |04um

P (kW/cm2)

Vortex core radius (um)

0 1 12 g
Signal intensity (arb.units)

D. Krizhanovskii, et al. Phys. Rev. Lett. 3, 126402 (2010)



Quantum vortices - summary

phase singularities > response of the system to the perturbation

VORTICES ARE THE EXCITATIONS OF THE SYSTEM
zero particle density in the vortex core
quantum vortices have a quantized phase
o =2m- [ phase winding is quantized
— h g . . .
v =— V¢ velocity of the superfluid is
m proportional to the phase gradient

¢ - topological vortex charge



Quantum vortices

characteristics
Scalar quantum fluid vortices
Full Vortices Half Vortices
Phase shift: 21 T
Polarisation rotation: 0 T
Density @ core: Minimum Minimum in o+
Maximum in ¢ -
Quantum numbers: m=1,2, ... (k, m)=(£l2,+"2)
Observation: Superfluids High T
Condensates superconductors
Superconductors  |Exciton-polaritons

Exciton-polaritons

K. Lagoudakis et al., Nat. Phys. 4, 706 (2008)




Phase detection of polariton condensate
Modified Michelson interferometer

field: OT

6+ polarization G- polarization
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