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Outline

e |ntro to QDs

e (Disputed) realization using selected QDs / tuning via
Zeeman shift

e Realization using filters



Quantum dots: Principles

AFM images of InP/InGaP QDs

TEM image of a CdSe QD on ZnSe
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Entanglement from Bi-exciton decay

exciton biexciton biexciton
GainkP InP GalnP G-
n=2 ] [
Hp—— n=1 e ; H

EXCItON e—————

ground state \ /

(empty QD)

}

!

-é— n=1

e Two decay paths:

— First left, then right polarized
Photon: Y1) >= ot > |07 >,

— Viceversa: |)(2) >=|o= > |0t >,
e |If paths are indistinguishable, we add amplitudes:
1 >=1/vV2(loT >1 |07 >0 +|o™ >1 |oT >2)
— Entangled state!
Benson et al, PRL 84, 2513 (2000).




However...

XX° -1 20 3

- 115 &
L 20°K X% | 10 2 Akopian et al, PRL 96, 130501 (2006)

X

J 5 é\

274 1.276 1.278 1.28 E

PL Energy (eV) T

—H|25 v —H
[
\ 110
N AR AN
XX° 5 [ 115 X P 6
! \ I 1
,-.._" \\ _5 -—,’ "\ 2
1.2762 1.2764 1.2803 1.2805

Polarization splitting provides which-path
information!

Resolutions:

 Find QD with A=0

 Tune splitting to zero

e Erase which-path information with narrow filter
e Erase which-path information by time reordering
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A semiconductor source of triggered entangled
photon pairs

R. M. Stevenson’, R. 1. Young'?, P. Atkinson®, K. Cooper’, D. A. Ritchie® & A. ). Shields’

e Spectroscopy of 200 QDs @ 10 K
e 635 nm, 80 MHz pulsed excitation

e Rising emission energy correlates with falling
splitting

e QDs emitting at 1.4 eV have smallest splitting
(10 peV)
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e For QDs with ,inverted” splitting (E,, > E,,),
splitting can be tuned using in-plane B-field

103

Splitting, S (ueV)

e Homogeneous linewidth'=1.1 £ 0.5 peV

—> make S<T

— separate X-XX and H-V and record cross-
correlations...



Second order correlation, g*?

Entangled photons...
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Stevenson et al: Density matrices

e strong coherences

e but: background counts from
— dark counts
— wetting layer emission
— scattering between intermediate X
spin states
e Test for largest eigenvalue > 0.5 is
positive after background
substraction

(Largest eigenvalue is probability
that source emits into a single
polarization state. Always

< 0.5 for non-entangled source)

Classically
correlated



...0r maybe not?
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QUANTUM INFORMATION

Source of triggered entangled photon pairs?

Arising from: R. M. Stevenson ef al. Nature 439,179-182 (2006)

Criticism:

Average linear correlation not above classical limit of 0.5
Degree of correlation not really independent of basis

Largest eigenvalue test only valid for unpolarized source
(which is not quite the case)

Standard quantitative tests for entanglement fail (projection
onto Bell state, tangle, concurrence, ...)



* Increased growth temperature by 20°

e Optimized bragg reflector for 1.4 eV

A few weeks later...

to mix InAs wetting layer with

surrounding GaAs

Result:
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Test description

Test limit

Test result

(|HH) + |VV};‘ﬁ projection

Largest eigenvalue
Concurrence [19]

Tangle [20]

Average linear correlation
Peres [21]°

=(.5
=(.5%
=0
=0
=(.5
<0

0.702 £ 0.022
0.719 £ 0.023
0.440 £ 0.029
0.194 = 0.026
0.624 = 0.024
—0.219 + 0.021




In the meantime:

PRL 96, 130501 (2006)
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Entangled Photon Pairs from Semiconductor Quantum Dots

N. Akopian, N. H. Lindner, E. Poem, Y. Berlatzky. J. Avron, and D. Gershoni®*
Department of Physics, Technion—Israel Institute of Technology, Haifa 32000, Israel

B.D. Gerardot and P. M. Petroff
Materials Department, University of California Santa Barbara, California 93106, USA
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e Filters with AE = 25 peV centered between H and V peaks
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* This projection operation entangles the two photons by
erasing the which-path information



Akopian et al. results
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e Bunching for XX, then X / Antibunching for X, then XX
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* By substraction: same-cascade photons only
e Results violate Bell’s ineq., satisfy Peres criterion



Proposal: Time reordering

Avron et al., PRL 100, 120501 (2008).

Make XX, and X,, energies equal, and vice versa
—> which-path info only in temporal sequence
— erase which-path in polarization-dependent delay line:
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Summary

Bi-exciton decay of single QDs emits polarization-
entangled photons (70% fidelity @ 10 K)

Polarization splitting of exciton levels is source of
which-path information, destroying entanglement
Erase which-path by:

— Tuning splitting to 0

— Using narrow filters

— Time reordering (proposed)

Know your entanglement measures!
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Asymmetric dot shape, strain, crystal anisotropy,
etc.

e-h exchange interaction leads to fine structure
splitting A = O(10 peV)

Largest eigenvalue?



