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1861

Experiment and Theory!!
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1
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ε µ
= LIGHT!!

Albert Einstein: "The special theory of relativity owes its
origins to Maxwell's equations of the electromagnetic field."

Special Relativity
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1
c

ε µ
= LIGHT!!

Max Planck:“Maxwell achieved greatness unequalled"

Special Relativity                                 Quantum Theory



0 0

1
c

ε µ
= LIGHT!!

Feynman"From a long view of the history of mankind there can be little
doubt that the most significant event of the 19th century will be judged as 
Maxwell's discovery of the laws of electrodynamics"

Special Relativity                                 Quantum Theory                           
Quantum Field Theory (Gauge theory)



Entanglement
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Einstein:
“The Lord is subtle but 
not malicious.”
“God does not play     
dice.”

Bohr:
“Please stop telling God 
what to do.”

Entanglement



Cryptography

Scytale: Spartans, 400 B.C.
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Kwiat et al.
PRL 74 4763 (1995).



Phase Matching and Entanglement

Degenerate case: ω1 = ω2 = ωP/2

Birefringence needed for phase matching
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Basis of Bell States
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Classical information
“coincidence”
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2-Photon Interference
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Nature Nature Nature Nature 390390390390, 575 (1997), 575 (1997), 575 (1997), 575 (1997)
Phys. Rev. Phys. Rev. Phys. Rev. Phys. Rev. LettLettLettLett. . . . 80808080, 3891 (1998), 3891 (1998), 3891 (1998), 3891 (1998)



Quantum Internet



Hardy’s Thought Experiment



Hardy’s Thought Experiment

PRL 68, 2981 (1992)
PRL 71, 1665 (1993)



Hardy’s Thought Experiment

PRL 68, 2981 (1992)
PRL 71, 1665 (1993) Interaction-free 

measurement



Hardy’s Thought Experiment
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Local arguments
No d+d- clicks!!

PRL 68, 2981 (1992)
PRL 71, 1665 (1993)



PRL 95, 030401 (2005)



Quantum Computation

Bit 0 or 1     → Quantum bit

0110100  →

CNOT → Quantum CNOT (approach 1)

Generate Cluster Entangled State
(approach 2)  

111
10 βα +=Ψ

⋅⋅⋅⊗Ψ⊗Ψ⊗Ψ⊗Ψ
4321



Quantum Computation

Cluster Entangled State
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Quantum Computation

Cluster Entangled State
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INPUT



Quantum Computation

Cluster Entangled State

Output→ Superposition of outputs 
+ projection measurement 
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Self-assembled Quantum Dots



Size 
1-20 nm

Colloidal QDs Epitaxial QDs



Molecular Beam Epitaxy (MBE)
grown quantum dots (Petroff)







Quantum dots – artificial atoms

Epitaxial QDs

M. Bayer et al. Nature 405, 923 (2000)

R. Warburton et al. Nature 405, 927 (2000)

K. Karrai et al. Nature 427, 135 (2004)

Ensemble emission 



Biexiton Exiton



Self-assembled
GaAs/InGaAs QUANTUM DOTS

add extra electron to QD

Spin of extra electron is qubit (0.1ms?) 
coupled to excitons (gates ns)  
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QD1                                               QD2   

Linear optics distributed quantum computation,  PRL 95, 030505

2 qubit gate

Hybrid QP schemes



QD1                                               QD2   

2 qubit gate

Hybrid QP schemes

Local qubit, photon 
entanglement



polarizers

λ/2 
plate

~ 1 meter

Fidelities good (~0.8)

Probability of success 10-8

Nature 449, 68 (2007); PRL 100, 150404 (2008) Monroe group



Electron spins coupled to photons

using micropillars



20 µm

Oxide apertured micropillars

N. G. Stoltz, et al., 
Appl. Phys. Lett. 87, 
031105 (2005)

M. Pelton et al., 
PRL 2002

1 µm





Nature Photonics 1, 704 (2007)
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InAs quantum dots 
embedded in GaAs matrix

1µm x 1µm  AFM

Individual quantum dots

• Dot size: 10-20 nm

• Emission: 900-950 nm 

• Density gradient 



( )
2

)2(

)(

)(
)(

tI

tItI
g

τ
τ

+
=

classical light (laser):

g(2) (τ) = 1

nonclassical light        
(photon antibunching):

g(2) (τ=0) = 0

single 
quantum 
emitterphoton correlation function

A
P

D

BS 50/50

APD

Stop t2

Start t1

n(τ = t1-t2)

chaotic light
(laser below threshold):

g(2) (τ) = 2



+1/2          -1/2

-3/2       +3/2

-1 +1

Bright states                  

spin flip gives Dark state

+1/2

+1/2 

+3/2

-3/2 



+1/2          -1/2

-3/2       +3/2

-1 +1

Add single electron                         
Trion state, always bright

+1/2    -1/2

+1/2 

+3/2

-3/2 



Nature Photonics 1, 704 (2007)
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Jaynes-Cummings Hamiltonian



Dressed states

for,  0c aω ω∆ = − =



Now include losses

2  , with  the electric field amplitude loss rate, is dipole decay rate cQ ω κ κ γ=

Strong coupling ( , )g κ γ>>



Now include losses

2  , with  the electric field amplitude loss rate, is dipole decay rate cQ ω κ κ γ=

Weak coupling ( >>g>> )κ γ

Purcell Factor



Nature Photonics 1, 704 (2007)



Interaction with weak probe field: Input-Output formalism
Collett and Gardiner, Physical Review A 31, 3761 (1985).

Plots of various detuning of two-level system form cavity resonance







Stark shift QD frequency tuning

6.5 V 6.55 V 6.6 V

6.8 V 6.9 V

7.0 V 7.1 V

6.7 V
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is cavity field decay rate:  

eV, corresponding to Q =27,000,

is emitter-cavity coupling 

eV,

is emitter decay rate: 

eV, 

, deep in Purcell (weak-coupling) regime,

is strong coupling

( ) ( )( )
( )( ) ( )

2

2
1

gii

i
R

cQD

QD

+−−−−
−−

−=
ωωκωωγ

ωµωγκ
ω

Jaynes-Cummings model

Reflection Spectroscopy

96% mode matched!!!
Ideal for hybrid QIP schemes

PRL Rakheret al. ‘09
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Mode polarization tuning

• Fine tuning by hole burning
• Fibre coupling (two sided)



Birefringence fine tuning by hole burning

APL 95, 251104 (2009)



Prediction: For pol. deg. cavity and a X- charged QD

R

Photon reflects +1/2

+1



Prediction: For polarization generate cavity and a X- charged QD

L

Photon transmits +1/2

-1



↓+↑=Ψ βα

R



Trans;Refl; ↓+↑=Ψ βα

Refl

Trans



Trans;Refl; ↓+↑=Ψ βα

Refl

Trans

Single photon 
“interaction free”

single electron spin 
entanglement/measurement
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Transmission πmod2π
with respect to reflection

R transmits
L reflects

PRL Bonato et al
2010



Quantum Computation

Cluster Entangled State
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Photonic Crystals



Field stays away 
from interface

Q dot L3 photonic crystal cavity coupling  

Mode volume V ~ 0.68(λλλλ/n)3

Effective index neff ~ 2.9
Q-factor (in theory) > 200000

Size and position 
optimized for high Q 

and high neff

Measured Q ~ 18000 
GaAs !!

SideSide
ViewView

TopTop
ViewView



Low density of QDs

Only 1-3 QDs are 
within the mode !

Mode volume
from FDTD

QDs are spectrally 
distributed over 50-100 nm

QD density 
5-50 µm-2

from AFM

Chance of ~ 1% for both 
spatial and spectral coupling

No pronounced 
coupling is expected

Sharp exciton resonance
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Nondegenerate lasing mode

17-28 dB

Lasing!?!?

ββββββββ~1 expected~1 expected

Single mode lasing spectra

No QDs – no mode decoration

PRL 96, 127404 (2006), S. Strauf et al.,  APL 2007
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Lasing threshold behavior

Linewidth narrowingVanishing-threshold

~ 102 -103 times 
lower than 
previous 
reports

Conventional
cw-threshold:

~100 nW

Absorbed power:
~4 nW



• charged states X+, X0, X-

• bi- and multi Xs

• Extended state

Single QDs are broadband emitters
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• acoustic phonon coupling

QD interaction with 
surrounding matrix provides 

indirect and efficient
coupling



(our) single QDs are broadband emitters
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Proof lasing, Fano peak

Appl. Phys. Lett. 91, 031108 (2007).



Strong coupling by optical positioning 
(10nm resolution in positioning PC)



Strong coupling by optical positioning 
(10nm resolution in positioning PC)      

APL ‘09 Thon et al.



NV centers in diamond and photonic crystals

van der Sar et al. APL 2011


