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Hamilton, Rayleigh, Brillouin
→ more complex propagation equations, group velocity
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This talk:
Theory and experiments on exotic phenomena in planar optical microcavities
● Dirac cones in honeycomb lattices
● topological waves in synthetic gauge fields

The physical system:
semiconductor microcavities in the
strong light-matter coupling regime

The physical system: DBR microcavity with QWs
Photon
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Polaritons

DBR: stack λ/4 layers (e.g. GaAs/AlAs)
Cavity layer → confined photonic mode,
delocalized along 2D plane:
2

e and h confined in QW layer (e.g.
InGaAs)
e-h pair: sort of H atom. Exciton
Excitons bosons if nexc a2Bohr « 1
Excitons delocalized along cavity plane.
Flat exciton dispersion ωx(k) ≈ ωx

Exciton radiatively coupled to cavity photon at same in-plane k
Bosonic superpositions of exciton and photon, called polaritons
Two-dimensional gas of polaritons
Small effective mass mpol ≈ 10-4 me → originally promising for BEC studies
Exciton → interactions. Photons → radiative coupling to external world

Wave equation for in-plane propagation
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Time-evolution of electric field E in device: nonlinear Schrödinger-like equation
●

Effective rest mass ωo and kinetic mass m due to confinement along z

●

External potential Vext(r) by lithographic patterning of device

●

Interaction g due to Kerr optical nonlinearity χ(3) of material

●

Losses γ

●

Pumping terms:
➢

➢

under coherent pump: coherent drive
under incoherent pump: polariton-polariton scattering from thermal component
give saturable amplification term as in semiclassical theory of laser

→ non-equilibrium physics under driving and dissipation

How to create and detect the photon gas?
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Pump needed to compensate losses: stationary state is NOT thermodynamical equilibrium
●
●

Coherent laser pump: directly injects photon BEC in cavity, may lock BEC phase
Incoherent (optical or electric) pump: BEC transition similar to laser threshold
spontaneous breaking of U(1) symmetry

Classical and quantum correlations of in-plane field directly transfer to emitted radiation

2008 - Superfluid light

superfluid
flow

scattering
on weak
defect
increase polariton density
Figure from LKB-P6 group:
J.Lefrère, A.Amo, S.Pigeon, C.Adrados, C.Ciuti, IC, R. Houdré, E.Giacobino, A.Bramati, Observation of
Superfluidity of Polaritons in Semiconductor Microcavities, Nature Phys. 5, 805 (2009)
Theory: IC and C. Ciuti, PRL 93, 166401 (2004).

2009-10 - Superfluid hydrodynamics
Oblique dark solitons →

A. Amo, et al., Science 332, 1167 (2011)

← Turbulent behaviours

A. Amo, et al., Science 332, 1167 (2011)

Hydrodynamic
nucleation →
of vortices
EPFL group: Nardin et al., Nat. Phys. 7, 635 (2011)

And many other expts: LPN, Madrid, Cambridge, etc.

Photons in honeycomb lattices

Arrays of micropillars
Many ways to create lattice:
●

surface acoustic waves

●

metallic electrodes

●

mechanical deformation

●

here → Lateral confinement by etching
cavity
All 2D lattice geometries possible
with suitable etching masks

Coupled micropillars
de Vasconcellos et al., APL 2011

Honeycomb lattice of pillars
→ polariton “graphene”

Jacqmin, IC, et al., Direct observation of Dirac cones and a flat band in a honeycomb lattice for polaritons,
arXiv:1310.8105. Expt @ LPN, Marcoussis. Theory @ BEC Trento

Band dispersion
Reconstructed from energy- and angle-resolved photoluminescence
Dirac points

flat band

What new physics with it?
Dirac waves instead of Schroedinger ones
●
●
●

Klein tunneling → suppressed reflection at barrier
negative refraction
Goos-Haenchen lateral shift

Nonlinear effects:
●
●

new kinds of solitons and vortices
flat bands enhance effect of nonlinearity

Topological wave propagation
●

effect of Berry curvature on linear and nonlinear waves

Experiments
Theory

→
→

LPN (Jacqmin, Amo, J. Bloch)
BEC Trento (Ozawa, Price, Salerno, IC)

Preliminary results for Klein physics
Honeycomb photons propagating against potential step
Direct access to real space (near field) and momentum (far field) distributions
Momentum
distribution

Without barrier

with barrier
incident wave subtracted

negative
refraction

With barrier

Goos-Hänchen
lateral shift

T. Ozawa and IC, in preparation (2013)

Transmission amplitude:
Klein tunneling

Synthetic gauge fields
for photons

Minimally coupled Schrödinger equation

Charged particle in magnetic field
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Magnetic field via vector potential
Landau levels, integer QH effect,
but also Aharonov-Bohm effect

In tight-binding description of periodic lattice
→ complex tunneling amplitude with phase

B=∇× Ar 
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Reminder: Synthetic gauge fields for atoms
●

3-level atom, coherent dressing by lasers Ωp,c(R)
→ Coherent Population Trapping into dark state

●

Alzetta-Gozzini dark line; VSCPT laser cooling (Nobel '97)

●

slow motion in space → adiabatically follows dark state DR
Alzetta-Gozzini
dark line

●

Dum-Olshanii '96: Berry phase → U(1) connection
A R=−i 〈 D R∣∇ R D R 〉

●

low-energy physics → minimal coupling Hamiltonian
1
H kin =
[ P− A R]2
2m

Experiments with atomic BECs
Spielman group @ NIST, 2009:
● constant synthetic-B to BEC
● vortices above some threshold
as in type-II superconductors

Figure from Lin et al., Nature 2009

Other schemes for synthetic gauge fields for atoms:
●

shaking optical lattices (Pisa, Hamburg, etc.)

●

optically dressed tunneling in optical lattices (Munich)

●

complex internal structure (ex. Yb) → SU(N) gauge fields (Florence)

●

in lattice: non-trivial phase in tunneling
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Synthetic gauge fields for photons
a) Magneto-optical photonic crystals for μ-waves
b) 2D lattice of coupled cavities with tunneling phase

●

helical or deformed waveguide lattices → Rechtsman/Plotnik/Segev

●

silicon ring cavities

●

electronic circuits with lumped elements → J. Simon

→

Hafezi et al., arXiv:1302.2153

Hafezi/Taylor

Wang et al., Nature 461, 772 (2009)
Original idea: Haldane-Raghu 2008

Rechtsman, Plotnik, et al., Nature 496, 196 (2013)

Lattice periodicity: magnetic Brillouin zone

Under a magnetic flux
●

α=p/q

per lattice plaquette:

Translational symmetry reduced to q sites.
More complex magnetic translation group

●

q-times smaller magnetic Brillouin zone

●

non-trivial Berry connection

α = 1/3

Band dispersion

An , k =i 〈u n , k∣∇ k u n , k 〉

Berry curvature

Hofstadter butterfly and chiral edge states
Square lattice of coupled cavities
at large magnetic flux
●

eigenstates organize in bulk Hofstadter bands

●

Berry connection in k-space:

An , k =i 〈u n , k∣∇ k u n , k 〉

Bulk-edge correspondance:
An,k has non-trivial Chern number
→ chiral edge states within gaps
➢
➢

unidirectional propagation
immune to back-scattering by defects

First observed → gyro-magnetic photonic
crystals (Haldane-Soljacic)
Wang et al., Nature 461, 772 (2009)

How to observe topological properties of bulk?
Lattice at strong magnetic flux, e.g. α = 1/3
Band dispersion

Berry curvature

Semiclassical eqs. of motion:

Magnetic Bloch oscillations display a net lateral drift
● Initial photon wavepacket injected with laser pulse
● spatial gradient of cavity frequency → uniform force
Figures from Cominotti-IC, EPL 103, 10001 (2013).
Related work in Dudarev et al. PRL 92, 153005 (2004); Price-Cooper, PRA 83, 033620 (2012).

Array of many dissipative cavities
Cavity geometry → promising in view of interacting photon gases, but radiative losses.
Finite (short!) time to observe several Bloch oscillations.
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Look for stationary state:
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Spatially localized pump on central site only:
●

couples to all k's within Brillouin zone

●

resonance condition may select specific states

In the presence of force F=eE:
motion in BZ → lateral drift in real space by Berry curvature

Δx

Detectable as lateral shift of intensity distribution by Δx perpendicular to F
T. Ozawa and IC, Measuring topological orders in lossy photonic lattices, arXiv/1307.6650

More quantitatively

band gap

Low loss ( γ < bandwidth )

→

Δx=F Ω(k0) /2γ

Large loss ( bandwidth < γ < bandgap )

→

Δx= q Chern / 2 π γ

T. Ozawa and IC, Measuring topological orders in lossy photonic lattices, arXiv/1307.6650

Berry connection in “gapped” honeycomb
Adding site asymmetry:
●

gap opens at Dirac points

●

strong Berry curvature Ω at band edges

●

Ω has opposite signs at K/K' points
→ Chern number vanishes

Using momentum-selective pump
one can extract
Berry curvature around Dirac point
from lateral shift of wavepacket
T. Ozawa and IC, Measuring topological orders in lossy photonic lattices, arXiv/1307.6650

Perspectives
Planar optical microcavities: new platform to study wave propagation
Wider access to observables:
●

real- and momentum-space, time-dynamics,...

Intriguing topological effects:
●
●
●

Dirac cones → Klein tunneling, negative refraction, Goos-Hänchen effect
Synthetic gauge fields → Hofstadter butterfly, topologically protected edge states
New physics to be expected with disorder

Adding nonlinearity:
●
●

effect of Berry curvature on “topological” solitons
superfluidity in topological bands, new features of Bogoliubov dispersion

On the long run:
●

strong quantum fluctuations with strong nonlinearities in photon blockade regime

●

strongly correlated photon gases

If you wish to know more...

I. Carusotto and C. Ciuti, Reviews of Modern Physics 85, 299 (2013)

