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Cavity Polaritons

Polaritons and spin coupling in 
quantum computing architectures

Bragg polaritons in quantum dot lattices
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Polaritons: Half-light half-matter particles   

Photon Exciton 

Lower 
Polariton

Upper 
Polariton

Reflectivity

C. Weisbuch et al. (1992)

Semiconductor Cavity QED



Photons in a cavity have a mass 

Polaritons have a photon-like mass
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k-dependent 
(J.J. Hopfield, 56)



Bottleneck-effect

Bose Einstein Condensation of Polaritons

t ~ 1 st ~ 1-10 psLifetime

T ~ 10 nKT ~ 100 KT

100,000 x m00.00001 x m0Mass  
BEC ATOMSPOLARITONS

F. Tassone, C. Piermarocchi at al. (1997)

J. Kasprzak et al. (2006)

Sept 28 2006



Can polaritons in planar microcavities be useful for Quantum Computing ?



The Range Problem in Quantum Computing Architectures

~ 10 nm

B. Kane Science (1995)
Qubits

Polaritons can induce a very Long Range Spin-Qubit Coupling

Common problem to 
many semiconductor 

spin-qubit 
architectures 



Optical RKKY: Itinerant excitons mediate a spin interaction

Conduction 
band

Valence 
band

C. Piermarocchi, P.Chen, L.J.Sham, G.D.Steel,  
PRL 89 167402 (2002) 
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Charged QD (donors) as spin qubits



Optical spin coupling with polaritons

Polaritons have a 
photon-like mass
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G. Quinteiro Rosen, J Fernández-Rossier, and C Piermarocchi, PRL 97 097401 (2006)

Polariton-mediated Ising component has a very long range

PJ

XJ
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Polariton splitting causes spin anisotropy

Jz=±2

Jz=±1

QW QW+Cavity

Upper Polariton Jz=±1

Lower Polariton Jz=±1

Dark states Jz=±2
ΩR

e: Jz=±1/2 h: Jz=±3/2

A spin flip necessarily implies 
polariton-dark states mixing



Quantum Well Quantum Dot

Exciton

Photon
Exciton couples to a Photon Continuum

Mirrors

Exciton Photon

Exciton couples to single Photon

Dimensionality mismatch in light-matter coupling



Quantum Dot Rabi Splitting 0D cavity Photon+0D quantum dot exciton

Nature 432 p. 197 p.200 (2004)



2D photons coupled to 2D array of Quantum Dots

L

a

Quantum Dots

Mirror

Exciton couples to discrete photon modes differing by 
reciprocal lattice vectors G

Exciton

Photon

q

q+G



Hamiltonian: exciton in QD lattice and 2D photons
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The reduced Zone Scheme
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Bragg Polaritons

-2 -1 1 2
qx

1

1.5

2
E @eVD

1st BZ

Idea: Create polaritons in the neighborhood of a Bragg plane!

QW-like polaritons Bragg polaritons

Have small
momentum q~0

Have large 
momentum q at the

edge of the BZ

E. M. Kessler, M. Grochol, C. Piermarocchi, Phys. Rev. B 77 072804 2008

BZ BZBZBZ



Square lattice: X-Point Bragg Polaritons
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X-direction Y-direction

~2 meV

X-Bragg polaritons have strong in-plane asymmetry

The LP has a 
saddlepoint

The UP has a 
local minimum

a=150 nm, dot size= 40 nm, GaAs
BZ



The upper polariton (UP) mode

0.4 0.5 0.6
qx @2pêaD

-0.1

0

0.1

q y
@2
pê

aD

Valley-like dispersion
The excitonic component

Photon-like mass in y-direction (~10-5 m0)

Even smaller in x-direction (~10-8 m0)

half matter-
half light



π-polaritons in micro-cavities

C. W. Lai  et al. Nature 450 529 (2007)

1D Periodic Modulation 



Dirac Polaritons

Three photon
branches are
intersecting

The UP has a local
minimum

The LP has a local
maximum

Isotropic mass



Dirac Polaritons on Square Lattices

Four photon modes are intersecting

The UP has a local
minimum
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The LP has a local
maximum

~2 meV

BZ

The dot size and lattice spacing can be optimized to 
maximize the Rabi splitting as at zone boundary
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The Upper Polariton and Lower Polariton at M
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Isotropic extremely small mass for 
UP and LP

UP LP

One central polariton mode is slow photon mode, photon mass increase ~L/a



Quantum Dot Lattice

Continuous-discrete mismatch

Dirac polaritons

Quantum memory

QW Mirrors

Quantum Well Polaritons

Can polariton effects be useful for Quantum Computing ?
Charged QD
(donors)

Long range spin coupling
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Disorder

Positional disorder

1 2 3 4E1 2 3
4

E

Energy disorder

Quantum dots

1 2 3 4E

Oscillator strength disorder

Impurities



Absorption spectra

Polaritonic effects the most sensitive to energy disorder.

M. Grochol and C. Piermarocchi, arXiv:0802.3184 
(Accepted in Phys Rev B)

Oscillator strengthEnergy Positional

M-point

sw ~ g sq ~ 0.5g sR ~ 0.5a



Multi-spin coupling

Dot energy levels Coupling

Effective Hamiltonianexciton



CNOT-gate error

High fidelity gate operation in short time (tG << T2) possible.

M. Grochol and C. Piermarocchi, arXiv:0805.2427

3

Ideal one-qubit 
operation
No decoherence

Detuning


