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Quantum Optics Team: topics

Physique quantique et applications
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Quantum fluid phenomena in
polariton gases

Superfluidity, hydrodynamic

dark solitons and vortices
(Nature Physics 2009, Science
2011, Nature Photonics 2011,
Journal du CNRS, 2011)

= An ideal system to study out
of equilibrium quantum fluids

Spin dependent non

linearities in microcavities Logic gates, All Optical Spin

Switches (Nature Physics 2007, PRL

= Towards integrated 2007, Nature Photonics 2010, PRL 2011)

optoelectronic devices

i

Quantum Effects in semiconductor nano and

) L ) _ Microcavities, quantum
microcavities in strong coupling regime

wires, micropillars (PRL
2007, APL 2010,PRB 2011)

= Towards a compact, integrable
nano- source of entangled beams
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@ Introduction
@ Linear regime: Optical Spin Hall effect
@ Non Linear regime: Polariton Spin switches

@ Summary and perspectives
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Microcavity Polaritons

Top DBR —

Quantum Well

Bottom DBR

Linear combination of
excitons and photons
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Y p——— Polaritons for optronic applications

Physique quantique et applications

Semiconductor Microcavities in the strong coupling regime

POLARITONS
Photons Excitons
* Propagate fast (~ 1% speed of light) * High non-linearities
 Short lifetime (a few ps)
high repetition rate extremely low thresholds
-+
SPIN
*S,=+1 o+
*S,=-1 o-
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Physique quantique et applications

Y p——— Polaritons for optronic applications

Semiconductor Microcavities in the strong coupling regime

POLARITONS
Photons Excitons
* Propagate fast (~ 1% speed of light) * High non-linearities

 Short lifetime (a few ps)

high repetition rate extremely low thresholds

- All optical, ultrafast, low power, spin sensitive devices

« Semiconductor platform INTEGRABILITY
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Exciton Spin Dynamacs
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Physique quantique et applicatio

Jo1/2 Coupling
electrons (J=1/2) and
—+1/2 Conduction Band holes (J=3/2) :
two states coupled

to light

=i3/2 N
« Heavy » holes Valence m
> J=3/2 Y Y
J=4112 > band
O
J,=%1/2 /\ J=1/2)

» K

_\L Band Structure

E
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Two levels polariton
system : +1 et -1

Poincareé sphere
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Optical Spin Hall Effect
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Pseudospin Precession
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Coupling between +1 et -1 states (via the long-range exchange
interaction) and TE-TM optical splitting

Longitudinal-Transverse Splitting A, 1

N
Similar to an effective magnetic field in the xy plane

< Pseudospin Precession
3 o around the effective
magnetic field
Y S s
O

Effective magnetic field
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Py Optical Spin Hall Effect

hysigue quantigue et applications

A. Kavokin et al, PRL, 95:136601, 2005

Rayleigh Diffusion
of the initial state

Effective magnetic field

Radiative

Precession around the Decay
effective magnetic field
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Near field CCD

Microcavity

Measure of the Longitudinal-
Transverse Splitting

A1 =50 peV
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Physigue quantigue et applications f

\. Far Field results
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st Near-Field Results: Spin Currents

Physique quantique et applications

a Experiment b Theory

*Separation in the real space of «spin up» & «spin down» excitons
*Spin Currents Propagation > 100 pum
Spintronic applications?

Leyder et al, Nature Physics, 3, 628 (2007), Liew et al,PRB (2009), Amo et al, PRB (2009)
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\ Spintronic: Spin Hall effect
\ E][IFEt[PIJFE astler FllJSSE

electric

current §

The spin Hall effect generates spin currents
propagation on very short distances (<10um)
OSHE : 300 pm
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All Optical Logic Gate
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Two-pumps excitation scheme: Polariton-Four-Wave Mixing
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Physique quantique et applications
PumK .&/. Pump 1

LA

= ______________ kp Momentum Conservation
P {ky Ko} > {-k’ k’}
Energy conservation
Ky =k

Generation of correlated
polariton modes

Romanelli, Leyder et al, PRL, 98, 106401 (2007)
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Ve Dispositif Expérimental
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!

Study of the role played by polarization in four-
wave mixing process

CCD far field
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Physigue quantigue et applications

Copolarized pumps: Observation in far field
e

Experiment Theory

Pumps Detect

Pumps Detect
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Cross polarized pumps: Observation in far field
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Physigue quantigue et applications

Experiment Theory

Pumps Detect

+ —
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Polarization <> mmlp 1
INPUT {
Polarization | mssp 0

Truth Table

All-Optical Logic Gate

OUTPUT {

A /B0
0 |1
1|0

FWMON s 1
FWM OFF mmmmp 0

mm) XNOR

C. Leyder et al, Phys. Rev. Lett., 99, 196402 (2007)
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All Optical switch
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Y| — All-optical switch

Physique quantique et applications

Non-linear transmission (k#0)
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Y| — All-optical switch

Physique quantique et applications

Non-linear transmission (k#0)
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Physique quantique et applications

Y| — All-optical switch

Non-linear transmission (k#0)
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Polariton switch configuration: a weak probe provides the additional
power to switch to the on state.




hysique quantique et applications

\ \Lahuratnirﬂ Kastler Brossel EXperimental SEt-up

Pump: big spot 60 um o _
incident in plane angle = 3.8°
Probe: small spot 6 um

Near figtd CCD

Microcavity sample
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\mAll-optlcal switch:propagation effects

: O+ pump 3 ‘
» Sub-threshold Pump ia
- Weak probe gt A
£ L . ‘ off ‘ ‘

Normalised excitation power (arb. units)

« Angle of incidence: 3.8°

Pump (o+) Probe (o+)

Transmitted power Transmitted power
9 mW 3 mW
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\@wé&gptical switch:propagation effects

: O+ pump s ‘
» Sub-threshold Pump -
« Weak probe v A
E ———— off S
) Angle Of inCidence: 3.80 . e Norr?n-glised excit1a-ti5on power(zé(r)b. units) > >0
Pump (0+) Probe (o+) Pump+Probe

Transmitted power
3 mw 54 mW

Transmitted power Transmitted power
9 mW

The whole pump spot
switches ON
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All-optical switch:propagation effects
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Physique quantique et applications

Blueshift propagation

» Pump and probe polariton propagation all over the pump spot

*V = hk,/m, = 0.94 um/ps

polariton — olariton™
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All-optical switch:propagation effects
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e All-optical switch:propagation effects
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All-optical switch:propagation effects
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All-optical switch:propagation effects
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All-optical switch:propagation effects

\ Laboratoire Kastler Brosse

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

ICPS 30 Seoul



\/ C R

ICPS 30 Seoul



\ Laboratoire Kastler Brosse

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

ICPS 30 Seoul



\LAll-optical switch:propagation effects
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All-optical switch:propagation effects
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All- oytlcal switch: propagation effects
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All- oytlcal switch: propagation effects
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All-optical switch: propagation effects
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All- oytlcal switch: propagation effects
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W Propagation effects: polariton circuits?

Idea : to exploit polariton flow in 2D coming from the
address A to control the ON, OFF states of the address B,
spatially separated.
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\ Propagation effects: polariton circuits? —

Below threshold ;
Intensity x 20

25 micron ' ‘

[ Above threshold

25 micron h ‘

First step towards implementation of polariton
circuits
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Physique quantique et applications

L —— Spin-selective switch

CIRCULAR polarisation pump (o+) 5 | B i
i 0L >> |0y
il A A
fe——— off =
0.0 0.5 1.0 1.5 2.0 25 3.0
Normalised excitation power (arb. units)
pump o+ probe o * pump o *+ probe o+

EXPERIMENT

Only a co-polarised probe
switches the system on
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Physique quantique et applications

L —— Spin-selective switch

—Ohn S ——
CIRCULAR polarisation pump (o+) § | B i
i 0L >> |0y
il A A
fl————"—""off
0.0 0.5 1.0 1.5 20 25 3.0
Normalised excitation power (arb. units)
pump o+ probe o+ pump o *+ probe o+ pump o *+ probe o -

ol

EXPERIMENT

Only a co-polarised probe
switches the system on
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Physique quantique et applications

L —— Spin-selective switch

CIRCULAR polarisation pump (o+)

pump o+ probe o+

EXPERIMENT

Only a co-polarised probe
switches the system on

on
—OH ' ' ]

=
= i
5 | B |
c w0
2 El
==
ﬁe" 061>> |O(,2|
< I A
L | 1
(&)
% T T T T T T off T T T T T

0.0 0.5 1.0 1.5 20 25 3.0

Normalised excitation power (arb. units)

pump o *+ probe o+

pump o *+ probe o -

ol

pump o *+ probe o -

THEORY

Spin-dependent Gross-Pitaevskii equation
ICPS 30 Seoul



Physique quantique et applications

L —— Spin-selective switch

—0N SR S——
CIRCULAR polarisation pump (o+) 5 | B i
i 0L >> |0y
il A A
fl————"—""off
0.0 0.5 1.0 1.5 20 25 3.0
Normalised excitation power (arb. units)
pump o+ probe o+ pump o *+ probe o+ pump o *+ probe o -
I~
g o
=
I
S
w
onl larised b emission
nly a co-poilarise rooe
Y P P o+ c+ Yes (c+)
switches the system on
o+ o- No
o- O+ No
G- c- Yes (o-)

X-NOR gate
ICPS 30 Seoul




\m T Polarisation control

hysigue quantigue et applications

LINEAR polarisation pump g | B f
1 N

Final polarization: that of the probe 2 - |
= OT I 015 I 1!0 I 1{5 | 2i0 | 2?5 I 3‘.0

Normalised excitation power (arb. units)
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Physique quantique et applications

\ Laboratoire Kastler Brossel POlarisation ContrOl

LINEAR polarisation pump g | B f
1 N

Final polarization: that of the probe 2 - |
= OT I 015 I 1!0 I 1{5 | 2i0 | 2?5 I 3‘.0

Normalised excitation power (arb. units)

pump TE + probe o *

det o
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Physique quantique et applications

\ @DH‘E Kastler Brossel POlarisation ContrOl

LINEAR polarisation pump g | B f
1 N

Final polarization: that of the probe 2 - |
= OT I 015 I 1!0 I 1{5 | 2i0 | 2?5 I 3‘.0

Normalised excitation power (arb. units)

pump TE + probe o *

det o
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Physique quantique et applications

\ Laboratoire Kastler Brossel POlarisation ContrOl

LINEAR polarisation pump

¥

Final polarization: that of the probe

pump TE + probe o *

det o

EXPERIMENT
pump TE + probe o -

Injected polariton density

, B ]
| 0 >> [0
il A |

— off

0.0 0.5 1.0 1.5 2.0 25 3.0

Normalised excitation power (arb. units)

pump TE + probe o *

det o™+ det o~
Qo

THEORY
pump TE + probe o -
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Transmitted intensity, arbitrary unit

Spin-bistability

quantique et applications

At normal incidence, we can observe a hysteresis cycle

(ref : A.Baas, PRB 70, 161307(R), 2004)

Transmission vs excitation power, pump only, circularly polarized

700E+07 «

6,00E+07 -
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Excitation power mW
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Transmitted intensity, arbitrary unit

7,00E+07 -

6,00E+07 -

5,00E+07 -

4,00E+07

3,00E+07 -

2,00E+07 -

1,00E+07 ~

0,00E+00 -

Spin-bistable switch

Switch off
the probe

0 10 20 I 30 40 50 60 70

Excitation power mW

o

COPOLARIZED
probe
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Spin-bistable switch

Physique quantique et applications
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Switch off
the probe

700E407 1~~~ oo W
"5: BOOES07 oo — )
g B00EHO7 +------------------ = L A
% —_— | Constructive |
g39 Destructive interference
329 interference Add 3 probe (same
5 100E:07 L N sizeaspump)in
£ | phase with pump

0,00E+00

0 10 20 1 30 40 50 60 70

Excitation power mW

Pump + probe
out of phase

Ref : I.A.Shelykh, PRL 100, 116401 (2008)

Pump OFF
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[ntensité transmise par

unité de surface (w.a)
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Physique quantique et applications

... ... ... ,...
= = = =
L] —_— n [=+]
lov ool o wonlwsual

-
=
(B

prar bl

Spin rings

* Non-linear (bistable) system

Transmitted intensity (arb. units)

= Faiscean O+

— Faisoen O-

* Pump elliptically polarized: ¢+,

Pth o- beams with different intensities

» Gaussian profile of the pump:
spin rings

-200 0
Position selon l'axe x (u.a)
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Physique quantique et applications

Spin spatial control : Spin rings

25—+

g - [
o 4] [=]
1 1 1

Size of the ring, micrometers
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No spin
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Phaseshift between the x and y components of the incident light, rad/z

-

p.=0

p, = +1
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L —— Summary and perspectives

Physique quantique et applications

* Polarisation switching and propagation
(non-local)

* Non-local X-NOR gate
» Polarisation propagation
» Very low switching power

(~1fd/um)
Amo et al., Nature Photonics 4, 361 (2010) Towards realistic spin-optronic
applications
* Polarisation multistability e ,
"0 0.4
I q . oosh ' o.0s |EEG_
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.05 IS i 0o (Y |
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Liew et al., PRL 101, 016402 (2008)

Adrados et al., PRL, 2010
Sarkar et al., PRL, 2010 ICPS 30 Seoul



