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1) Cavity-QED using a single QD embedded in a nano-cavity

I. Cavity Quantum Electrodynamics
(cavity‐QED)
• Single two‐level (anharmonic) emitter coupled to a single
cavity mode is described by the Jaynes‐Cummings (JC) model
Hamiltonian
• ωeg : emitter frequency

In all optical realizations:

• ωc : cavity frequency

gc << ωc  ωeg

• gc : cavity-emitter coupling strength
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A simple application of cavity‐QED:
Purcell effect
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There are two channels for radiative decay in the presence of a cavity:
i) Spontaneous emission rate due to vacuum modes surrounding the emitter remain
mostly unchanged: sp
ii) The interaction with the cavity mode leads to an irreversible decay of emitter
excitation; using Fermi’s golden rule (valid when c > gc) gives
Purcell 
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 Purcell effect: Purcell > sp

 Purcell regime enables many elementary tasks in quantum information processing,
such as intra‐conversion of spin and polarization qubits and generation of spin
entanglement.

Eigenstates of the JC Hamiltonian
|‐;2> = |g; nc=2> ‐ |e; nc=1>
2√2 gc
|‐;2> = |g; nc=2> + |e; nc=1>

2gc

|‐;1> = |g; nc=1> ‐ |e; nc=0>
|+;1> = |g; nc=1> + |e; nc=0>

ωc = ωeg
|0> = |g; nc = 0>

• The eigenstates of the
coupled system are
entangled emitter-cavity
states
• The spectrum is anharmonic:
the nonlinearity of the twolevel emitter ensures that the
coupled system is also
anharmonic.

Eigenstates of the JC Hamiltonian
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• The eigenstates of the
coupled system are
entangled emitter-cavity
states
• The spectrum is anharmonic:
the nonlinearity of the twolevel emitter ensures that the
coupled system is also
anharmonic.
Ex: A laser (ωL) that is resonant
with the |0>-|+;1> transition
will be off-resonant with all
other transitions;
 Photon blockade!

Applications of cavity‐QED
• Photon blockade: Due to the anharmonicity of its
spectrum, a strongly coupled emitter‐cavity system may
admit/transmit incident photons one at a time:
‐ strong anti‐correlation (i.e. no simultaneous two‐photon
detection events) in the photon blockade regime ‐ photon
antibunching
‐ in contrast, for a linear cavity, there is no correlation between
successive detection events.

• Cavity‐mediated interactions enable CNOT gates between
distant qubits
• Cavity‐coupling enhances the efficiency of qubit
measurements

Cavity‐QED systems
• Microwave domain:
– Rydberg atoms coupled to V = λ3 cavities
– Josephson junction qubits coupled to microstrip
cavities with V = λ 2 ( is the dipole moment)

• Optical domain:
‐ Single atom coupled to dielectric cavities
‐ QDs or NV‐centers in photonic nanostructures
‐ Semi‐integrated fiber‐cavity‐QED

Cavity‐QED with a single QD
• The radiation field environment of a QD can be
modified using nano‐fabrication techniques
• A possible route to realize integrated quantum circuits,
where QDs strongly coupled to nano‐cavities form
nodes of a network connected by waveguides.
(Vuckovic, Noda)

Quantum dots as emitters in cavity‐
QED?
• Pros:
‐ fixed emitter position
‐ unity radiative decay efficiency
‐ zero‐phonon‐line has 90% of the emission
‐ easily integrated to nanophotonics
• Cons:
‐ difficult to achieve spatial overlap
‐ difficult to achieve spectral overlap
between the cavity‐mode and the quantum dot lines.

QDs embedded in nano‐cavity structures

Single quantum dot („white hill“)
embedded in a photonic crystal cavity

Photonic crystal defect defines a cavity mode with
a mode volume V < (λ/n)3 and Q~Finesse > 25,000,
ensuring strong coupling regime of cavity‐QED

Jaynes‐Cummings Model:
Anharmonic energy levels for
photon‐emitter molecules

Resonant excitation of a strongly coupled
quantum dot nanocavity system

Upon resonant excitation, the
QD is pumped into a metastable
state; the cavity is then non‐
resonant with transitions from
this metastable state.

Resonant excitation of a strongly coupled
quantum dot nanocavity system with re‐pump

The re‐pump laser restores the QD to its neutral ground
state with a success probability of 0.5.
10 nW

Photon correlations under resonant pulsed
laser excitation: photon blockade

Photon blockade when the
laser is resonant with the
lower or upper polariton

Photon bunching when the
laser is two‐photon resonant
with the second manifold
eigenstates

Two‐color spectroscopy of strongly
coupled QD cavity‐QED
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If we apply a laser pulse with a known duration on the red polariton transition, we
modify the reflection of a single photon pulse on the blue polariton transition
provided that the two fields are overlapping in time.

Ultrafast single‐photon nonlinearity
• The change in
cavity emission
induced by the
signal persists
only for 50 ps

A hybrid approach to cavity‐QED

• Ensures both spectral and spatial overlap with any emitter
• Direct coupling of emitted photons into a single‐mode fiber

Onset of the strong coupling regime in
a semi‐integrated cavity

• The system is at the onset of the strong‐coupling regime!
• The dip in reflection is an EIT‐type quantum interference effect.

