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Folie: 2OUTLINE

I: Introduction and Motivation
1.) Atom quantum optics and advantages of semiconductor nanostructures
2.) Cluster expansion approach in the single-photon regime

II: Mathematical induction method
1.) General set of equations of motion
2.) Examples (1+2): LO-phonon cavity feeding and induced antibunching

III: Photon-probability cluster expansion (PPCE)
1.) Photon probability expansion and modified Hartree-Fock factorization rule
2.) Examples (3+4): Electrically-driven single photon emitter

IV: Conclusions 
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1E. Jaynes and F. Cummings, Proc.IEEE 51, 89 (1963)

Atom cavity-QED, 
solved by the Jaynes-Cummings model1:

Ç Isolated two-level system (no losses) 

ÇOne-electron assumption

ÇOne interaction: electron-light 

α¢ƘŜ ǎƛƳǇƭŜǎǘ Ŧǳƭƭȅ ǉǳŀƴǘƛȊŜŘ ƳƻŘŜƭ ƻŦ ƛƴǘŜǊŜǎǘά  όWΦIΦ 9ōŜǊƭȅύ

analytically solvable, e.g.
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Single-photon server with just one atom, 
Hijlkema et al., Nat. Phys. 3, 253 (2007)

Entanglement source for quantum repeaters,
Chen et al., Phys.Rev.Lett. 99, 18505 (2007)

Typicalrealizationbasedon:
(i) Trappedatoms
(ii) Atom beam
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Advantageous semiconductor QD properties for future technological 
applications in microcavity systems:

ÇFixed position, tailorable coupling strengths and frequencies,

ÇCavity-system ultra-small,

ÇElectrical pumping,

Semiconductor QD cavity-QED:
Theoreticalsimulationsfor deviceoptimizationaredesirable

BUT:
more interactions
andadditional lossmechanismsneedto be considered
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1.) more interactions (electron-phonon, electron-electron)
2.) number of carriers may not be fixed

For non-Markovian description, 
equation of motion approach 

Hierarchy problem

Typical approach: Factorization / truncation scheme via cluster expansion

i ¹h@t hOi = h[H; O]i

hay
vaccyi

hay
caccyci

hay
vaccycyci



Theory of strongly coupled quantum dot cavity-QED 

-- Photon statistics and phonon signatures in quantum light emission --

Defense: Alexander Carmele

30.11.2010

Folie: 7Example and breakdown of cluster expansion

Assuming Fock photons, no coherent contributions:

Vacuum Rabi oscillation (N=0) are
not approximated good enough !! 
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Assuming Fock photons, no coherent contributions:

But: 
Rabi oscillations  with N=50 are
well approximated !! 
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Weak coupling regime:

Strong coupling regime
(dynamics weakly correlated ):

(e.g. resonance fluorescence, 

biexciton cascade)

(e.g. laser, superradiance effects)

Strong coupling regime
(dynamics strongly correlated ):

(e.g. single photon emitter)
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Sincesingle-photon of interest for technologicalapplication,
(i) improvedmeasurement
(ii) quantumcryptography
(iii) quantuminformationprocessing(entanglement) 

New approaches for device simulations become necessary

(i): mathematical induction method (atom-like QDs)

(ii): photon-probability cluster expansion (electrical pumping)
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(i) mathematical induction method
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QD, assumed as a 2-level system with one electron, 

interacts  with the cavity photons,  bulk LO-phonons , a classical pump field
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Using product rule for operators:

and generalized commutation relations:

for every possible combination of 
phonon, photon, and electron operators:  

and 

their dynamics, e.g.



Theory of strongly coupled quantum dot cavity-QED 

-- Photon statistics and phonon signatures in quantum light emission --

Defense: Alexander Carmele

30.11.2010

Folie: 14General set of equations of motion

For example, in the case of LO-phonon assisted vacuum Rabi oscillations (         = 0 ) :

Phonon interaction:

Photon interaction:

numerically solvable up to 
arbitrary accuracy, 
reproducing analytical 
solutions of the IBM and JCM
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Probing with ɻ -pulse at 300K:
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(temperature dependence weak)

3K

Effective oscillator strength (0 K) via Huang-Rhys factor: 

Modified Rabi frequency at the Stokes-position (2):

300K
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Quantum beating at resonance position (1):

Impact on intensity-intensity correlation function:

initially one fock photon in 
the cavity and an excited QD

FOCK STATE:


