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M. Lewenstein

SYMPOSIUM: LIGHT & MATTER @ THE QUANTUM LEVEL, 20/10/08

Atomic physics and quantum optics beat
condensed matter physics ?

(attributed to Wolfgang Ketterle)
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WELCOME to the homepage of the 2008 Latsis Symposium at EPFL on
"Bose Einstein Condensation in dilute atomic gases and in condensed matter”

The Physics Nobel Prize in 2001 of Eric Cornell, Carl Wieman, Wolfgang Ketterle and recent publications in Journals such
as Science and Nature have raised expectations in the field of Bose Einstein Condensation (BEC). The Symposium Latsis
EPFL 2008 wishes to gather the experience developed by the " BEC Cold Atom" and the new "BEC Solid State"
Communities. The Participants will have a unique opportunity to exchange ideas and compare findings. This will certainly

lead to an unprecedented leap in BEC research, to the benefit of the two communities.

When: 28-30 January 2008
Where: EPF Lausanne, Switzerland

Observation of Bose-Einstein Condensation Bose-Einstein Condensation

in a Dilute Atomic Vapor of exciton polaritons
Science 1995 Nature 2006
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-

Introduction
microcavity polaritons

Polariton BECs

Dynamics of polariton fluids: the TOPO configuration

Resonantly driven polaritons
- Case of a long living quantum state put in motion
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Laser cavity(l)

Distributed Bragg Reflectors (DBR)
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Laser cavity(ll)

» “Cavity” «===p open region (d) in the DBR
« “Defect” mmmp Transmission increase (RY)
e d=A/2 w==p Transmission at center of “stop”band
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Emitter (1)

Quantum wells

e Artificial structures
 Layers of ~10 nm, with different band gap
« Quantum mechanical confinement effects

e — _E { 72 (nﬂf
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Emitter (1)

Excitons

Independent particles
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Energy
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Exciton-Polariton (1)

é Strong coupling A
< Slow dumping rates

<O0scillations /X, ) < /¥, X)
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Exciton-Polariton (I1)
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Semiconductor microcavities

Light cone

Energy dispersion for a photon in a solid
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Semiconductor microcavities

E
Light in cavity

/ T 1
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Semiconductor microcavities

E m(k)i\/kfucf{wiﬂ
ﬂ ) . y

Light in cavity

same energy
detuning =0
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Semiconductor microcavities

Upper polariton
branch

E

Lower polariton
branch




Dispersion relations
Along growth direction (confinement):
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Strong coupling régime:
observation of the anti-crossing

implies
changing detuning N .photon lifetime longer than
: _ _ ph Rabi period
by moving on &2 =dE, =d eV .exciton damping slower
wedge sample 0" cav than rabi oscillation
T= 5K s | a=80x10¢cm
. N (@QW)=5
> .
- E 10 F
- o
i E 5 F
2 = :
il =
= o 5 L
& Quantum well =
resonance n':’_ |
-10 |
G
- L L : - : . E_-IS N
1.52 1.56 1.60 1.64 15 10 5 0 5 10 15 20
Photon Energy (eV) Cavitv Detunina ImeV]

C. Weisbuch et al., Phys. Rev. Lett. 69, 3314 (1992)
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Angle-Resonant Stimulated Polariton Amplifier

P.G. Savvidis et al. Phys. Rev. Lett. 84, 1547 (2000)

Reflectivity:
“pump & probe”
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Stimulated scattering

El
e = :

Polariton’s dispersion
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Atomic BECs

100 - FFInal state stimulation

fop =—— - Tfixed
exp(gk T’“j—l g 10 N increases:
; 3 1 ]

L S O’lf@f saturation
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Long-range order

Bose-Einstein Condensation of Rb 87
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http://jilawww.colorado.edu/bec/
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Bose-Einstein condensation

in alkali atoms

http://jilawww.colorado.edu/bec/

Absorption

Sodium: PRL 75, 3969 (1995)
MIT, Massachusetts

i—.ﬁ E.A. Cornell
1 & W. Ketterle
- C.E. Wieman

Rubidium: Science 269, 198 (1995)
JILA, Colorado
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Semiconductor microcavities

Strong exciton confinement
Enhanced electromagnetic field

}

Strong light-matter coupling

Upper polariton E

branch

New eigenstates
POLARITONS

QUPB—C P+d-X
Q,LPB— ~d-P+c- X

Rabi sphttmg
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k L ) 2 \/ﬁ NeavLe fr

Low polariton mass

Lower polariton =
branch

“S” shaped dispersion

Momentum trap

Behiif POLATOM-ESF-ISNP School; Maratea 01/09/2013 LA 2




Polaritons

New eigenstates
POLARITONS

QUPB =c-P+d-X
Q’LPB =—d

<— Angle of emission —*

1532
ﬂ- Photon ™. LB
1530 :

Exciton

e g e — — -
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{ LPB V _ -
1.526- Polariton lifetime: 2-8 ps (at k = 0)

3 2 1 0. 1 2 = 3 PLexperiment
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Polaritons

New eigenstates

POLARITONS photonic content s very low mass
Qs =C-P+d-X [ 2zn* 2
= mkgT
Q’LPB =—d

High condensation temperature

10 K -300 K
composite : : :
BOSONS species atomic gases | polaritons
mass m*/my 10* 107"
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Polaritons
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Polaritons
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Polaritons

vy UPB
Photon,
1,530 -

Exciton

___________________________________________________

Energy (eV)

1,528 -

LPB

1,526 -

K (um™)
@ Low mass (10-° m,) = low density of states

[

27h’
mbk, T

High condensation temperatures
(10 K-300 K)
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Polaritons

.. UPB
Photon ',
1,530 -

Exciton

___________________________________________________

Energy (eV)

1,528 -

LPB

1,526 -

@ Low mass (10> m_) = low density of states

@ Strong non-linearities (% ®) = polariton OPO

|

|deal system to study interacting BEC
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BEC of polaritons
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BEC of polaritons

D. Bajoni et al., Phys. Rev. Lett. 100, 047401 (2008)

oo ) T~5K

(o))
@)
I

a
(@)
I

PL Intensity (arb. units)
S
I

3 Y G . A il
30 |- - . ;
0 I 6 Hm 1 b Emission angle, 6 (degree)
X B 20 -10 0 10 20 -20 -10 0O 10 20 =20 -10 O 10 20

x4
10 fj\/\f%%% - J. Kasprzak et al. Nature, 443, 409 (2006)
X i

1596 1599 1602 1605

1.608
Energy (meV)
. =1.606
:;'

eV

T ~300 K

e
N 2
£ 5
=
2
Z -10 -5 10 15 -15 -10 -5 5 10 15 -10 5 5 10 15
.-E Angle {degrees) Angle (degrees} Angle {degrees}
=
&
E

R. Balili et al., Science 316, 1007 (2007)

(=]

3.58 3.59 360 3.61 3.62
Enerav (e\

S. Christopoulos Phys. Rev. Lett. 2007,
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Superfluid flow of Helium through
the pores of a glass
& Helium fountain
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Superfluidity: phenomenology

Normal fluid Superfluid

Quantum-mechanical particle
In a circle: orbit =n X A4g

Appearance of singular regions:
arrays of vortices
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Lattices of vortices in a BEC

W. Ketterle, MIT physics annual (2001)
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Superfluidity: phenomenology

= Hess-Fairbank effect @ < @, superfluid cannot rotate continuity of
= Quantized circulation @ > @, angular momentum is quantized the phase

vortex formation

polariton BEC polariton BEC
(spontaneous) (stirred)
1 n=2

o 1 Time =40 ps Time =40 ps

1.5

0.0
-20 0 20 -20 0 20
X (1m) X (Hm)
Lagoudakis et al., Nature Phys., 4, 706 (2008) Sanvitto et al., Nature Phys. 6, 527 (2010)
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Superfluidity: definition

= Hess-Fairbank effect @ < @, superfluid cannot rotate
=» Quantized circulation @ > @, angular momentum is quantized

= Persistent currents circulation persists indefinitely

= Frictionless flow no drag on objects traversing the condensate if
‘ dragif V¢ >V, Cerenkov regime
The Landau Criterion

In polaritons in semiconductor
microcavities

POLATOM-ESF-ISNP School; Maratea 01/09/2013 m f\_"_,“




Our experiments: dynamics of the polariton

condensed phase

Polaritons in the OPO regime:

A gquantum state put In motion

=P Creation of polariton fluids with k # 0

=P |nteraction with defects
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GOAL: make polaritons flow and study their excitations

4 )

Creating a polariton fluid at k # 0

| ~ UPB CHALLENGES:
’ Photon i D A _

\ « Kicking an initial polariton momentum
1,530  Limited polariton lifetime (2-10 ps)

Exciton » Laser stray light in actual experiments

G J

Energy (eV)

1,528 -

1,526
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Making polaritons flow: OPO

»p 1,532 - \ UPB
Photon',
3 1,530 1
S .
4 Exciton
L
1,528
1,526
3 2 4 oy > 3
M2 GaAs cavity with one InAs QW km?) Kk + k. = 2k
S i p
Es + E = 2E,

Scattering of pump polariton (k,,, Ey) into a signal (kg, E¢) and an idler (2k -k, 2E-E)
stimulated by final state occupation

Condition on the phase: 2@, = Psignal T Pidler
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Energy (eV)

Making polaritons flow: OPO

1,532 1 |

1,530 -

1,528 4

1,526

Pumping at the inflexion point

Spontaneous parametric scattering

Above a given
threshold

Bosonic system

Stimulated parametric scattering to
-and idler modes
Sawvidis et al. PRL 84 1547 (2000)

Stevenson et al. PRL 85 3680 (2000)

Excitation resonant
with lower polariton
branch at 15.5°

Dispersion relation ks + ki = 2kp
+ : :
pol-pol interactions E +E =2E 10—
S I p 1.452 1.454 1.456 1.458
Energy (eV)

A =
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How can we give a finite velocity to polariton condensates?

A pump only OPO takes always place at k=0

5 K ok For the TOPO, the initial phase matching conditions
of the idler determine the final state of the signal

= o/l e POLATOM-ESF-ISNP School; Maratea 01/09/2013 m 35




Making polaritons flow: TOPO

The TOPO configuration
(triggered optical parametric oscillator)

1,532 - ,  UPB  CW pump below spontaneous
Phetonyy stimulation threshold
S\ .
3 15%- » Pulsed probe at a given k
2
(@)
@ . 3 Exciton
C Lttt Smemeeeoee e .
L
1,528 -
LPB
Pulsed lasel
CW Pump
1,526 S

Dispersion relation ks + ki = 2Kk,

+
pol-pol interactions E, +E = 2E,
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Energy (eV)

Making polaritons flow: TOPO

1,532 \ UPB
Photon
1,530
T Exciton |
1,528 -
LPB
Pulsed lasel
CW Pump
1,526 ignal k#0
1 1 1 1 1
-3 -2 0 1 2 3

Dispersion relation ks + ki = 2Kk,

+

pol-pol interactions E, +E = 2E,

The TOPO configuration
(triggered optical parametric oscillator)

e« CW pump below spontaneous
stimulation threshold

e Pulsed probe at a given k

]

 Triggering of a signal state at k # 0

* Population at signal state is fed by the
CW pump due to final state stimulation
even when the pulse laser is gone!
(even for nanoseconds)
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Energy (eV)

Making polaritons flow: TOPO

The TOPO configuration

1,532 1

1,530

1,528 4

1,526

- \
__________________ R e — — — — ]
\ ’

(triggered optical parametric oscillator)

UPB o CW pump below spontaneous stimulation

threshold
Photon

* Pulsed probe at a given k

Exciton » Triggering of a signal state at k # 0

» Population at signal state is fed by the CW
pump due to final state stimulation

Pulsed lasel .

CW Pump even when the pulse laser is gone!

ignal k#0 (lasting for nanoseconds)

g |
. . y L {400
Dispersion relation E
+

pol

-pol interactions

4200

8140 8142
Wavelength (nm)  PL Intensity (arb. units)
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Making polaritons flow: TOPO

The TOPO configuration
(triggered optical parametric oscillator)

1532 - UPB o CW pump below spontaneous stimulation
Photon threshold

* Pulsed probe at a given k

1,530 - | 1
] Exciton

""""""""" T « Triggering of a signal state at k # 0

Energy (eV)

1,528 4

» Population at signal state is fed by the CW
Pulsed lasel pump due to final state stimulation
CW Pump even when the pulse laser is gone!

1 ignal k :
1,526 ignal k#0 (lasting for nanoseconds)

3 2 1 0 1 2 3 Creating a polariton fluid at k #0
k (um) CHALLENGES:

 Kicking an initial polariton momentum \/

Dispersion relation ke + ki = 2k,
 Limited polariton lifetime (2-10 ps) \/

+
pol-pol interactions E, +E, = 2E,

» Laser stray light in actual experiments \/
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The actual experiment: set-up

Fourier plane

Lens A
real space
imaging

| 1 II!II I I” "I |
TN
LI

resolved

Time

intaarat
LIL] |Lbu| AL
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The actual experiment: set-up

Fourier plane

LT
T

Lens A A
|
ealspace IS

R
QL

Lens B
momentum space
Imaging

« 2D real space movies Time

resolved

* 2D momentum space movies 'g'u':" iy




Experiment preparation

Energy (eV)
T

UPB

TOPO Idle
1.527 CW Pum
- TOPO Signa
| ' | ' | i |
-3 -2 -1 0
-1
K (nm’)

TOPO Idler
(pulsed probe)

TOPO Signal

Coexistence of two fluids with different velocities:

Vv ZEG_E >0 = ° Steady state CW (pump) «——— large spot

 Triggered OPO (signal)

<+—— small initial spot
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Incoherent polariton flow

UPB
Low pump power

o Localization in shallow potential

LPB

* Not well defined k

TOPO Idle . _
CWPump ™. e observation
TOPO Signa energy
Time =0 a5 Time =0 ps

¥ furm)

]
L R OO

.II I— T, “I " ';ﬁ“, 1y HHF? ‘i':'_. [y

W oowmoo@m om0 0 2 ] "is 1 a5 0 05 1 1.5
X ) ki i}
real Space momentum space
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Coherent polariton flow

High pump power (blueshift)
UPB

LPB

TOPO Idler" . :
CW Pump e observatign

TOPO Signa energy
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Coherent polariton flow

High pump power (blueshift)
- » Unperturbed flow: no expagsion
« Well defined k
__ 20
, « 1.7 umlps £
TOPO Idler _ = 10! o®
CW Pump observatign S 9 o0e- 200’ .
i ener = __Time (ps)
TOPO Signal gy = 05 - e (ps) 40

1600

1400

- 11200

41000

4300

600

-a0 -BC -40 -20 ] 20 40 [N 0
e
X ) K ipm™)

real space momentum space
Bt s POLATOM-ESF-ISNP School; Maratea 01/09/2013
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GOAL: study the excitations of the polariton fluids
via interaction with defects
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Interaction with small defect

v Pump polaritons

* The defect is observed through the
Cerenkov waves present at the
pump state

Signal polaritons
» Signal fluid

no scattering with the defect
well defined momentum

Time =0 25 Time =3 ps

IQDDD

~1000
= 1500

4300

<1000 4600

~400

40 A0 20 A0 00 0 20 30 40 Teo s 0o ns 1 s
X (ur ™)
real space momentum space
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» Polaritons allow for the dynamical study of their condensed state
» TOPO configuration:

v' creation of long lived polariton fluids with well defined k
» Linear dispersion =P created by interactions

> Observation of Cerenkov shock waves

» Friction-less motion when passing through a defect

v’ Superfluidity

+ﬁ e POLATOM-ESF-ISNP School; Maratea 01/09/2013 LA



Dynamics of a polariton condensate
transistor switch

Polariton
condensate

s POLATOM-ESF-ISNP School; Maratea 01/09/2013 LA =
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Theoty and simulations
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Motivations

On the polatitronic technology...

Bose-Einstein condensates as a tool for technological development

v' Coherence v (T, t)

v’ Supetfluid chatacter

v' Spin properties

v
Why use polartitons?
species atomic gases | polaritons
mass m*/my 10*
Bohr radius 10~A 104/
A at T, 10°A 104A
T, < 1K
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Motivations

\u
a .
) . SG()Mm
Ti-Au —_—
Contact
v’ Optical gates priro
3 InGaAs
QWs —~a I-GaAs
04
. ) ]
£ : y 000 e o n-Mirror
E-mo- ||| 0,074
2 150 | /T=10K T=10K |
k= || Pump Power | 4 o4 | Pump Power
200 1.2 kWiem’ 780 mW/em®
............. 4
E a5 5 1 o 3 s 020002 04 06 0.8 1.0 U-py;
Voltage (V) Valtage (V) Ge Conracf g;ﬁ::::te
week endin
PRL 101, 266402 (2008) PHYSICAL REVIEW LETTERS 31 DECEMBER 2008

Optical Bistability in a GaAs-Based Polariton Diode

Damnele Bajoni,* Elizaveta Semenova, Aristide Lemaitre, Sophie Bouchoule, Esther Wertz, Pascale Senellart,
Sylvain Barbay, Robert Kuszelewicz, and Jacqueline Bloch’

EH“M POLATOM-ESF-ISNP School; Maratea 01/09/2013 LA s




Motivations

(c)

6 T T T
2 50 b
L) 4t 4
- 5
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Motivations

On the polartitronic technology...
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Motivations

Reducing the dimensionality by patterning the microcavities

Wire microcavities

Very long polatiton effective lifetimes

Propagation of condensates over macroscopic distances

Manipulation of condensates using IEPUISiVe local
potentials by photogeneration of excitons

Superf]uzd character:
High Iateral speed of propagation

Ballistic transport without energy loss
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Sample and previous work
(b)

(@) : 162,
Non-resonant 1.60
Excitation
1.58
31 =
Polariton = : 2,
Condensate S = 5 ¥
B ky g  Jm
W Y i

—
T
\
\
\
1 3 X
A
\
\
\

1.52

T
A
| \
\
\
\

T

1.50

1.48

:

Reflectivity

m H@‘M POLATOM-ESF-ISNP School; Maratea 01/09/2013 M’ 62

\II\H\H \( I INOMA |



Sample and previous work
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Experimental setup
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Expertiments: pulsed exitation
time-integrated
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Simulations - Gross—Pitaevskii Equation




Experiments — S only at P,
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Energy and Intensity decay dynamics
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Experiments - S @ 7.2P,, & G @ 1.8P,




Experiments - S @ 7.2P,, & G @ 9.0P,




Energy and Intensity decay dynamics
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Enertgy decay dynamics: Simulations
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Summary

v’ Full dynamics study for the ON / OFF states of an all-optical polariton

condensate transistor switch, which is promising for high-speed inter-chip
and intra-chip communication for core-based integrated circuits.

v’ The results are interpreted as a result Of polariton condensate
propagation and energy relaxation in a dynamic potential due to the exciton

reservoir, which can be optically controlled.
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