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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Motivation

Phänomen Quantenverschränkung

Bedeutung

Verschränkte Teilchen dürfen nicht mehr unabhängig voneinander
beschrieben werden (keine Faktorisierung von |φ〉), sondern müssen
als Gesamtsystem behandelt werden.
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Motivation

Geschichte

1925: grundlegende Konzepte (Heisenberg, Schrödinger, ...)
1935: EPR-Paradoxon
(Stichworte: Fernwirkung, Realität & Lokalität)
1964: Bell’sche Ungleichungen
1967: C. A. Kocher und E. Commins weisen Verletzung der
Bell’schen Ungleichungen nach
↪→ Quantenphänomene klassisch nicht beschreibbar
seit über 50 Jahren unstrittig und vielfach angewandt in
Festkörperphysik, Teilchenphysik, Optik, ...
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Motivation

Anwendungsgebiete von verschränkten Teilchen

Quantensimulatoren und Quantencomputer:
Simultane Anwendung von Rechenopertionen durch
verschränkte Zustände
Quantenkryptographie:
Protokolle verwenden u.a. polarisationsverschränkte Photonen
Quantenteleportation:
Übertragung von Eigenschaften (z.B. Polarisation)
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Erzeugung verschränkter Teilchen

Parametrische Fluoreszenz

Nicht-Lineare Optik erlaubt mittels
Parametrischer Fluoreszenz die
Erzeugung zweier Photonen aus
einem Pump-Photon
Dominates Verfahren zur
Erzeugung von einzelnen Photonen
bzw. Photonenpaaren
Verschränkung der Polarisation falls
Photonen entlang der Kegelschnitte
emittiert werden

Abbildung: Parametrische
Fluoreszenz [wikipedia]
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Reine und Gemischte Qubit-Zustände

Beispiel für Zustände (hier Polarisation von Photonen)

Gemischter Zustand

|ψ+〉 = 1√
2
(|1〉 |0〉+ |0〉 |1〉)

nicht faktorisierbar
maximal verschränkt

Reiner Zustand

|ψ〉 = 1
2
(|1〉 |0〉+ |1〉 |0〉) = |1〉 |0〉

faktorisierbar
unverschränkt, klassisch (wegen Unterscheidbarkeit)
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Definition

Definition des Dichteoperators

Der Dichteoperator enthält die vollständige Beschreibung der
Wahrscheinlichkeiten pi , dass sich ein Quantenzustand im reinen
Zustand |ψi 〉 befindet.

Definition

ρ̂ =
∑

i

pi |ψi 〉 〈ψi | =
∑

i

piPψi mit Projektor Pψi = |ψi 〉 〈ψi |

Eigenschaften:
positiv semidefinit
hermitesch → reelle Eigenwerte
diagonal in Eigenbasis, ansonsten diagonalisierbar
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Messung

Messen des Dichteoperators

Stokes: 4 Messungen notwendig um Dichtematrix eines
2-Level-Systems zu bestimmen
Satz der Messungen uneindeutig: mehrere Möglichkeiten, z. B.

Filter mit 50 % Durchlässigkeit
horizontaler Polarisationsfilter
diagonaler Polarisationsfilter
zirkularer Polarisationsfilter
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Messung

Messen des Dichteoperators für ein Qubit

Definition
Stokes Parameter:

S0 = N(〈R|ρ̂|R〉+ 〈L|ρ̂|L〉)
S1 = N(〈R|ρ̂|L〉+ 〈L|ρ̂|R〉)
S2 = N(〈R|ρ̂|L〉 − 〈L|ρ̂|R〉)
S3 = N(〈R|ρ̂|R〉 − 〈L|ρ̂|L〉)

Definition

ρ̂ =
1
2

3∑
i=0

Si

S0
σ̂i
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Messung

Messen des Dichteoperator für zwei Qubits

Definition

ρ̂ =
1
22

3∑
i1,i2=0

ri1,i2 · σ̂i1 ⊗ σ̂i2

ri1,i2 äquivalente Größe zu Si
(r0,0 = 1)
Anzahl der Parameter ri1,i2 : 4

2 − 1
Gesamtphotonenanzahl zur Normierung a priori unbekannt:
Gesamtanzahl ist weiterer Messparameter
↪→ 16 freie Parameter zu messen

Verschränkte Photonen aus Halbleitern (R. Riemann) 12



Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Gliederung

1 Einführung
Motivation
Erzeugung verschränkter Teilchen
Reine und Gemischte Qubit-Zustände

2 Dichteoperator
Definition
Messung

3 Realisierung im Halbleiter
Exzitonen im Halbleiter
Implementierung mit Halbleitern

4 Ausblick
Zusammenfassung

Verschränkte Photonen aus Halbleitern (R. Riemann) 13



Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Exzitonen im Halbleiter

Exziton und Biexziton

Definition
Ein Exziton ist ein gebundener Zustand aus Elektron und Loch im
Halbleiter.

Analogie: Wasserstoff-Atom
Anregung zum Beispiel durch Lichtabsorbtion
Biexzitonen sind analog zum H2-Atom Bindungszustände aus 2
Exzitonen
Exziton-Biexziton-Systme sind mittels eines 4-Level-Systems
beschreibbar
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Exzitonen im Halbleiter

Energie-Niveaus

4 Zustände:
|00〉 Grundzustand (G)
|01〉, |10〉 orthogonale,
einfach-angeregte Zustände
(X)
|11〉, doppelt-angeregter
Zustand (XX)

|11〉 zerfällt unter Abstrahlung
zweier Photonen in |11〉
Polarisation der Photonen
maximal verschränkt, falls
X-Zustände gleiches
Energie-Niveau haben

Abbildung: Biexziton [wikipedia]
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Exzitonen im Halbleiter

Quantenpunkte

Typischerweise aus O(104) Atomen
Ausdehnung O(10 nm)

Trägerhalbleiter wird mit Halbleiter
anderer Gitterkonstante bedampft
↪→ Energieminimierung durch
Zusammenziehen zu einem
Quantenpunkt
Einschränkung der Bewegungs-
freiheit von Exzitonen:

diskretes Energiespektrum
Ausbildung von Biexzitonen Abbildung: Quantenpunkt

[www.fotonik.dtu.dk]
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Implementierung mit Halbleitern

Dichtematrix optisch angeregter Quantenpunkte

Klassisches Licht (keine
Verschränkung):
nur Diagonalelemente in
Dichtematrix
Verschränktes Licht

maximal falls S = 0 eV
(Feinstrukturaufspaltung)
Einträge bei|VV 〉 〈HH|
bzw. |HH〉 〈VV |

© 2006 Nature Publishing Group 

 

pairs, in contrast to the case of classically correlated photon pairs
emitting into random bases, for which the average degree of
correlation should be less by a factor of 2.
To fully measure the two photon polarization state, a quantum

state tomography scheme was used23,24. The procedure, detailed in
the Methods section, constructs the two photon polarization density
matrix from a linear combination of cross correlation measurements
using 16 different polarization combinations.
The real component of the two photon polarization density matrix

for the reference dot A is shown in Fig. 3a. The stronger elements all
lie on the diagonal, with the strongest outer elements indicating
polarization correlated emission. The inner diagonal components are
due to uncorrelated photon pair emission, from background counts
and dephasing of the exciton state. The form of this density matrix is
consistent with imperfect polarization correlated photon pair emis-
sion seen previously7–9, and illustrated by the example density matrix
of Fig. 3f. The density matrix for the degenerate dot shown in Fig. 3b
has similar diagonal elements, but now shows significant outer, off
diagonal elements. This is a feature associated with polarization
entangled photon pairs, illustrated by the predicted density matrix of
Fig. 3g.
A similar density matrix is obtained for dot C, tuned to zero

splitting by magnetic field, as shown in Fig. 3d. This again suggests
that the photon pair emission has entangled character.When the field
is increased to 5 T, the splitting increases to 19 meV, and the corre-
sponding density matrix measured is shown in Fig. 3e. As expected,
the off diagonal elements are suppressed, and the dot reverts to
emitting polarization correlated photon pairs. A similar result is
found if the field is reduced to 0 T, where the splitting is 28meV as
shown in Fig. 3c. The imaginary components of the density matrices

were all found to be zero with experimental error, in agreement with
predictions.
The measurements presented above clearly suggest that dots with

small exciton splitting emit entangled photons. We now discuss the
factors limiting the degree of entanglement. In spectroscopy, our
measurements show that the background due to dark counts and
emission from layers other than the dot contributes on average 49%
of the coincidence counts; this is unusually large owing to the
proximity of the dot to the wetting layer, which is necessary to select
dots with zero splitting. If we correct our measurements by removing
the projected number of background counts from the correlation
data, the density matrices of the degenerate and magnetically tuned
dots more closely resemble the ideal entangled case, and the largest
eigenvalues are 0.48 ^ 0.08 and 0.58 ^ 0.04, respectively. The latter,
for which the splitting is minimal, violates the 0.5 limit for classical
correlation in an unpolarized source25. The remaining deviation
from ideal behaviour is attributed to scattering between the two
intermediate exciton spin states7,8. From previous publications where
strong background and entanglement were not present, we estimate
an exciton scattering time similar to the,1 ns radiative lifetime. This
yields a maximum possible eigenvalue of 0.63, in rough agreement
with these measurements.
This suggests that the degree of entanglement may be increased by

resonant optical16,26 or electrical6 excitation in order to increase the
scattering time, or by reducing the radiative lifetime through Purcell
enhancement27,28, or by using dots with larger oscillator strength such
as those formed by interface fluctuations18. Such improvements
could lead to the realization of a semiconductor source of triggered
entangled photon pairs that would be robust and compact, and allow
electrical injection of the carriers14.

METHODS
Sample fabrication and characterization. Samples containing a low density
layer of InAs quantum dots (,1.6 monolayers thick) were grown by molecular
beam epitaxy. A GaAs l cavity containing the dot layer was surrounded by
AlAs/GaAs distributed Bragg reflectors, with 14 (2) repeats in the bottom (top)
mirror, to increase light collection efficiency. A metal shadow mask containing
apertures of,2 mmdiameter was fabricated to isolate the emission of individual
dots. Samples with a range of InAs thicknesses differing by up to ,2% were
characterized in a standard micro photoluminescence system operating at
,10K. Optical excitation was provided by ,100-ps pulses from a 635-nm
laser diode operating at 80MHz. The emission lines are inhomogeneously
broadened by charge fluctuations to ,50 meV, a consequence of the non-
resonant excitation scheme29. Horizontally ([110]) and vertically ([1210])
polarized exciton and biexciton emission was fitted with lorenzian line shapes
to locate the centre energy of each transition. The exciton level splitting can be
determined both from the difference between the horizontally and vertically
polarized exciton or biexciton photons. Taking the average of these two values
removed systematic error associated with changing the polarization optics, and
the splitting S was measured with an estimated precision of ,0.5meV.
Selection of suitable dots. By measuring the splitting of 200 quantum dots, a
relationship of decreasing splitting with increasing emission energy was found20.
For dots emitting at,1.4 eV, the splitting was,0 ^ 10meV. Thus quantum dots
with splitting less than the homogeneous linewidth of ,1.5meV were selected
first by identifying dots emitting close to 1.4 eV, then measuring their splitting.
For dots emitting .1.4 eV, the splitting was inverted, and the lowest energy
exciton line is horizontally polarized. For these dots, the configuration of the
exchange energies and g-factors allows reduction of the splitting with an applied
in-plane magnetic field, driven by partial mixing of optically active and inactive
exciton states30. Thus dots suitable for tuning to zero splitting are conveniently
identified by their emission energy. The proportion of dots that have, or can be
tuned to, zero splitting is ,30%, which could be improved by better growth
control. The proportion of suitably isolated single dots could be improved by
fabrication of smaller microstructures.
Photon pair counting. Quantum dots were optically excited, with the power
adjusted to give optimumphoton pair detection rate to background ratio. At this
power, the biexciton intensity is around half that of the exciton. A 50/50 beam
splitter divided the emission into two spectrometers, set to transmit at the XX
and X photon energies respectively, with,0.5meV bandwidth. Polarizing beam
splitters were placed after the spectrometers, and three single photon detectors

Figure 3 | Density matrices for the biexciton–exciton two-photon cascade
from conventional and degenerate quantum dots. a–e, Real parts of
measured density matrices corresponding to reference dot A with
polarization splitting, S ¼ 50 meV (a), dot B with S < 0 meV at 0 T (b), and
dot C, with S tuned by the magnetic field to be 28meV (c), 0meV (d) and
19 meV (e). The imaginary components are not shown, and were zero within
experimental error. Density matrices b and d feature strong outer off
diagonal elements associated with entangled photon pair states, which are
not present in the reference case (a). f, g, Density matrices representing the
predicted state for ideal classically correlated (f) and entangled (g)
photon pairs, including 50% contribution from uncorrelated background
light.

NATURE|Vol 439|12 January 2006 LETTERS
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Abbildung: Dichtematrix [Nature
439, 179-182 (2006)]
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Implementierung mit Halbleitern

Elektrische Angeregung von Quantenpunkten I

wie p-n-Diode, aber mit
intrinsischer (i)
Zwischenschicht, in die
Quantenpunkte (QP)
eingebettetet sind
Elektronen und Löcher fallen
auf Grund der
Potentialdifferenz in QP
Bildung von Biexzitonen
Zerstrahlung in
verschränktes Photonenpaar
|ψ+〉

LETTERS

An entangled-light-emitting diode
C. L. Salter1,2, R. M. Stevenson1, I. Farrer2, C. A. Nicoll2, D. A. Ritchie2 & A. J. Shields1

An optical quantum computer, powerful enough to solve pro-
blems so far intractable using conventional digital logic, requires
a large number of entangled photons1,2. At present, entangled-
light sources are optically driven with lasers3–7, which are
impractical for quantum computing owing to the bulk and com-
plexity of the optics required for large-scale applications.
Parametric down-conversion is the most widely used source of
entangled light, and has been used to implement non-destructive
quantum logic gates8,9. However, these sources are Poissonian4,5

and probabilistically emit zero or multiple entangled photon pairs
in most cycles, fundamentally limiting the success probability of
quantum computational operations. These complications can be
overcome by using an electrically driven on-demand source of
entangled photon pairs10, but so far such a source has not been
produced. Here we report the realization of an electrically driven
source of entangled photon pairs, consisting of a quantum dot
embedded in a semiconductor light-emitting diode (LED) struc-
ture. We show that the device emits entangled photon pairs under
d.c. and a.c. injection, the latter achieving an entanglement fidelity
of up to 0.82. Entangled light with such high fidelity is sufficient
for application in quantum relays11, in core components of
quantum computing such as teleportation12–14, and in entangle-
ment swapping15,16. The a.c. operation of the entangled-light-
emitting diode (ELED) indicates its potential function as an on-
demand source without the need for a complicated laser driving
system; consequently, the ELED is at present the best source on
which to base future scalable quantum information applications17.

At the core of our device lies a single quantum dot; in recent years
quantum dots have been manipulated to emit single pairs of entangled
photons through the radiative decay of the biexciton state7,18,19

(Fig. 1a). The biexciton state is formed by the capture of two electrons
and two holes by means of electrical injection. The biexciton state
radiatively decays to the ground state through one of two bright-
exciton states, determining the polarizations of the resulting pair of
photons. If the fine-structure splitting between the two exciton states
is close to zero, then the decay path can only be determined by mea-
suring the polarization of the photons20. Consequently, the photons
are entangled in polarization and the emission is characterized by the
two-photon Bell state, jy1æ 5 (jRLæ1jLRæ)/

ffiffiffi

2
p

, where jRLæ corres-
ponds to right- and left-handed circularly polarized photons being
emitted from the biexciton and exciton states, respectively (with jLRæ
defined analogously).

Electrical excitation of quantum dots within a diode structure has
been demonstrated for single-photon sources21 and offers practical
advantages over optical excitation for successful use in future appli-
cations. The design of the ELED is based on a single layer of quantum
dots embedded in a p–i–n-doped planar microcavity, and was fab-
ricated as described in Methods Summary. Two features of the design
are crucial to its operation as an entangled-LED. The first is an
unusually thick cavity (two wavelengths) and intrinsic region
(,400 nm) (Fig. 1a). This is to suppress electrons tunnelling into

the dot from the n-doped region during biexciton decay, thereby
minimizing destruction of entanglement after emission of the first
photon caused by charging of the intermediate exciton state, and
maximizing the amount of light emitted from the neutral excitonic
states. The second feature is the careful control of the growth condi-
tions to create InAs quantum dots emitting photons with energy
,1.4 eV. Such quantum dots are suitable for entangled-light genera-
tion owing to their very small fine-structure splitting7,22.

Carrier injection into the quantum dots is achieved by biasing the
diode beyond its turn-on voltage. We studied a quantum dot in our
device that had almost zero fine-structure splitting, with magnitude
0.4 6 0.1 meV (ref. 23). Its 5-K electroluminescence spectrum is
shown in Fig. 1b, with emission from the exciton (X) and biexciton
(XX) states labelled. The emission lines were identified by power
dependence, time-resolved electroluminescence and correlation
measurements24.

We first characterize the entanglement properties of the photons
electrically generated in d.c. mode. This type of free-running electrical
excitation is the least complex to implement, and can reveal the under-
lying dynamics and coherence of the generation cycle of the entangled
photon pair. Photons from the X and XX transitions were resolved in
polarization and in time to measure the co- and cross-polarized
second-order pair-correlation functions, g

(2)
XX,X(t) and g

(2)

XX,�XX
(t) respec-

tively, where t is the time delay between the emissions of the XX and X
photons25 (Methods Summary).

Figure 2 shows the measurement of g
(2)
XX,X(t) and g

(2)

XX,�XX
(t) in the

rectilinear (Fig. 2a), diagonal (Fig. 2b) and circular (Fig. 2c) polarization

1Toshiba Research Europe Limited, 208 Cambridge Science Park, Cambridge CB4 0GZ, UK. 2Cavendish Laboratory, University of Cambridge, J. J. Thomson Avenue, Cambridge CB3
0HE, UK.

1.400
0

X

E
le

ct
ro

lu
m

in
es

ce
nc

e
in

te
ns

ity
 (a

.u
.)

Energy (eV)

XX

b

ElectronsHoles

n-GaAsi-GaAsi-GaAsp-GaAs
InAs
QD

a

|ψ+〉 = (|RL〉 + |LR〉)/√2

1.4021.401

Figure 1 | Device design and operation. a, Schematic of the active region of
the ELED, showing the emission of a polarization entangled photon pair
through the biexciton cascade. The different regions of the heterostructure
are labelled. Here the diode is in its ‘off’ state, just after non-resonant
electrical injection of two electrons (blue circles) and two holes (grey circles)
into the quantum dot (QD). The orange arrows represent recombination of
the carriers and the blue and green arrows represent the subsequent
entangled photon pair. b, Electroluminescence spectrum of the quantum dot
investigated in this report using d.c. electrical injection with a current
density of 31 nAmm22. a.u., arbitrary units.

Vol 465 | 3 June 2010 | doi:10.1038/nature09078

594
Macmillan Publishers Limited. All rights reserved©2010

Abbildung: Halbleiterstruktur
[Nature 465, 594–597 (2010)]
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Implementierung mit Halbleitern

Elektrische Angeregung von Quantenpunkten II

Korrelationsfunktion g (2)

beschreibt die Korrelation
der Photonenanzahl 2er
Lichtströme in Abhän-
gigkeit ihrer Zeitdiff. τ
Trennung des Dioden-
Lichtes mittels
Strahlteiler
Nachschaltung von
verschiedenen
Polarisatoren:
XX und X gleich
(schwarz) oder
orthogonal (rot)

bases when a direct current, with density 31 nAmm22, was injected
into the device. The co-polarized (VV) correlations (Fig. 2a) show the
characteristic shape of a radiative cascade26. We expect the emission of
an exciton photon to follow the emission of a biexciton photon. As a
result, g

(2)
XX,X(t) is enhanced for short positive delays and suppressed for

short negative delays. Away from t 5 0, g
(2)
XX,X(t) and g

(2)

XX,�XX
(t) both tend

to one, owing to uncorrelated emission events. A dip is seen for cross-
polarized pairs (VH; Fig. 2a) owing to the selection rule that the cascade
must produce pairs with the same linear polarization. Similar correla-
tion behaviour is seen for photon pairs polarized in the diagonal basis
(Fig. 2b). Significantly, for circularly polarized photon pairs (Fig. 2c) we
see correlation behaviour opposite to that in the rectilinear and diagonal
cases. This is expected for entangled photon pairs in the Bell state jy1æ
(refs 7, 19, 25), as the two-photon wavefunction can be expressed as the
superposition of co-linearly, co-diagonally or cross-circularly polarized
photon pairs.

The degree of entanglement is quantified using the entanglement
fidelity, f1, of the emitted light projected onto the maximally entangled
state jy1æ. This is plotted in Fig. 2d for light emitted in d.c. mode. This
entanglement fidelity was determined directly by combining correla-
tions measured in the rectilinear, diagonal and circular polarization
bases20, as described in Methods Summary. The peak at t 5 0 gives a
maximum d.c. fidelity of f1 5 0.707 6 0.023, without any background
light subtraction. This exceeds by 9 s.d. the threshold, of 0.5, for a
source emitting a classically polarization-correlated state, proving that
entangled photons have been electrically generated. The measured

fidelity is limited by several factors20, including the timing jitter of
the photon detectors and re-excitation of the quantum dot part way
through the cascade. Using a rate-equation analysis, we estimate that
elimination of re-excitation would increase the fidelity by 0.05, and
that the use of fast detectors would increase it by a further 0.06.

We can control the time at which entangled light is emitted from
the ELED by pulsing it with an alternating current. This has the
additional advantage of minimizing re-excitation and, consequently,
the generation of excess photons. These properties are desirable for
most applications, including those in which exactly one photon is
required to represent each qubit of quantum information. Figure 3
shows the results of polarized-photon-pair correlation experiments
conducted when the device was pulsed with an alternating current at
a repetition rate of 80 MHz (pulse period, 12.5 ns). As for the d.c. case
above, for entangled photon pairs in the Bell state jy1æ we expect to
measure co-polarized photon pairs in the rectilinear and diagonal
bases and cross-polarized photon pairs in the circular basis. Figure 3
shows the measurement of g

(2)
XX,X(t) and g

(2)

XX,�XX
(t) in the rectilinear

(Fig. 3a), diagonal (Fig. 3b) and circular (Fig. 3c) polarization bases.
The dominant peak at zero time delay in each of these traces has a
higher number of coincidences than the others, corresponding to
emission of an X photon shortly after an XX photon. In both Fig. 3a
and Fig. 3b, this large peak belongs to the co-polarized trace, indi-
cating measurement of co-polarized photon pairs in the rectilinear
and diagonal bases. In contrast, the cross-polarized peak dominates in
Fig. 3c, indicating measurement of cross-polarized photon pairs in the
circular basis.

Figure 3d shows the measured fidelity, f1, about the t 5 0 pulse
period in Fig. 3a–c. The fidelity rises to a peak here, with a maximum
of f1 5 0.785 6 0.022. This a.c. fidelity is larger than the d.c. fidelity
(0.707) reported above (Fig. 2d). This direct comparison is possible
because the timing resolution, 0.2 ns, is the same in both experi-
ments. It is likely that the a.c. fidelity is larger as a result of the lower
level of re-excitation of the quantum dot when driven by a short
voltage pulse. Furthermore, the observed increase in fidelity is similar
to that predicted above. The fidelity drops abruptly for negative t
values as no polarization correlation is expected for an X photon
emitted before an XX photon. For positive t values, the fidelity decays
from the t 5 0 peak to ,0.25, within error, indicating a total loss of
polarization correlation that we attribute to spin-scattering of the
intermediate exciton state and residual re-excitation.

In both the a.c. and the d.c. experiment, we find stronger polarization-
dependent correlations in the circular basis for this particular dot. A
possible explanation for this could be weak coupling between the
intermediate exciton states23 creating circularly polarized exciton
eigenstates. Interference between these states results in time evolution
of the biphoton polarization when measured in linear bases. This
would cause an additional increase in the cross-polarized biphoton
intensity as a function of t. Evidence for this can be seen in the d.c.
measurements. In the rectilinear (Fig. 2a) and diagonal (Fig. 2b) bases,
the dips in the cross-polarized traces are narrower than the dip in the
co-polarized circular trace (Fig. 2c).

The observation of the time-dependent nature of the fidelity
shown in Fig. 3d suggests that the entanglement fidelity available to
an application may be enhanced by limiting the time the detectors
remain active. We explore this possibility in Fig. 3e, which shows how
the fidelity changes as a function of gate width. For period zero, the
gate width is defined as the maximum permitted time delay between
the two photons to register a detection event. The outlying (non-
zero) periods have fidelity ,0.25 owing to the uncorrelated nature of
the light from different electrical pulses. The period-zero histogram
bars (Fig. 3e) give the fidelity of the light, which is seen to increase
rapidly as the gate width is reduced. Narrowing the gate width filters
the entangled light, reducing the influence of time-dependent pro-
cesses such as spin-scattering and re-excitation, and decreasing the
proportion of background light. The lowest gate width, of 0.1 ns,
gives the maximum a.c. fidelity, f1 5 0.826 6 0.027.
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Figure 2 | Polarized pair-correlation results from d.c. electrical injection
into the ELED. The current density is 31 nAmm22. a–c, g (2)

XX,X(t) and g (2)

XX,�XX
(t)

measured in the rectilinear (a), diagonal (b) and circular (c) bases with a time
resolution of 0.2 ns. Labels denote the polarizations of the first (XX) and
second (X) photons (in that order) as vertical (V), horizontal (H), diagonal
(D), anti-diagonal (A), right-handed circular (R) and left-handed circular
(L). Correlations measured for photons of the same polarization (g (2)

XX,X(t))
are shown in black and those measured for photons of orthogonal
polarizations (g (2)

XX,�XX
(t)) are shown in red. d, Fidelity, f1, measured as a

function of time delay, t. The dashed lines represent the classical threshold
fidelity, of 0.5, and the uncorrelated-light fidelity, of 0.25.
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Abbildung: Korrelationsfunktionen
g (2)
XX ,X [Nature 465, 594–597 (2010)]
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Implementierung mit Halbleitern

Fidelity

Definition

f +(|φ〉) = |Pψ+ |φ〉 |2

=
1
4
(1+ Crectilinear + Cdiagonal + Ccircular)

mit

C (τ) =
g (2)
XX ,X (τ)− g (2)

XX ,X̄ (τ)

g (2)
XX ,X (τ) + g (2)

XX ,X̄ (τ)

bei 0.50: maximale klassische Korrelationz
bei 0.25: unkorreliertes Licht
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Implementierung mit Halbleitern

Ergebniss für die Fidelity

Maximum bei:
0.785± 0.022

bases when a direct current, with density 31 nAmm22, was injected
into the device. The co-polarized (VV) correlations (Fig. 2a) show the
characteristic shape of a radiative cascade26. We expect the emission of
an exciton photon to follow the emission of a biexciton photon. As a
result, g

(2)
XX,X(t) is enhanced for short positive delays and suppressed for

short negative delays. Away from t 5 0, g
(2)
XX,X(t) and g

(2)

XX,�XX
(t) both tend

to one, owing to uncorrelated emission events. A dip is seen for cross-
polarized pairs (VH; Fig. 2a) owing to the selection rule that the cascade
must produce pairs with the same linear polarization. Similar correla-
tion behaviour is seen for photon pairs polarized in the diagonal basis
(Fig. 2b). Significantly, for circularly polarized photon pairs (Fig. 2c) we
see correlation behaviour opposite to that in the rectilinear and diagonal
cases. This is expected for entangled photon pairs in the Bell state jy1æ
(refs 7, 19, 25), as the two-photon wavefunction can be expressed as the
superposition of co-linearly, co-diagonally or cross-circularly polarized
photon pairs.

The degree of entanglement is quantified using the entanglement
fidelity, f1, of the emitted light projected onto the maximally entangled
state jy1æ. This is plotted in Fig. 2d for light emitted in d.c. mode. This
entanglement fidelity was determined directly by combining correla-
tions measured in the rectilinear, diagonal and circular polarization
bases20, as described in Methods Summary. The peak at t 5 0 gives a
maximum d.c. fidelity of f1 5 0.707 6 0.023, without any background
light subtraction. This exceeds by 9 s.d. the threshold, of 0.5, for a
source emitting a classically polarization-correlated state, proving that
entangled photons have been electrically generated. The measured

fidelity is limited by several factors20, including the timing jitter of
the photon detectors and re-excitation of the quantum dot part way
through the cascade. Using a rate-equation analysis, we estimate that
elimination of re-excitation would increase the fidelity by 0.05, and
that the use of fast detectors would increase it by a further 0.06.

We can control the time at which entangled light is emitted from
the ELED by pulsing it with an alternating current. This has the
additional advantage of minimizing re-excitation and, consequently,
the generation of excess photons. These properties are desirable for
most applications, including those in which exactly one photon is
required to represent each qubit of quantum information. Figure 3
shows the results of polarized-photon-pair correlation experiments
conducted when the device was pulsed with an alternating current at
a repetition rate of 80 MHz (pulse period, 12.5 ns). As for the d.c. case
above, for entangled photon pairs in the Bell state jy1æ we expect to
measure co-polarized photon pairs in the rectilinear and diagonal
bases and cross-polarized photon pairs in the circular basis. Figure 3
shows the measurement of g

(2)
XX,X(t) and g

(2)

XX,�XX
(t) in the rectilinear

(Fig. 3a), diagonal (Fig. 3b) and circular (Fig. 3c) polarization bases.
The dominant peak at zero time delay in each of these traces has a
higher number of coincidences than the others, corresponding to
emission of an X photon shortly after an XX photon. In both Fig. 3a
and Fig. 3b, this large peak belongs to the co-polarized trace, indi-
cating measurement of co-polarized photon pairs in the rectilinear
and diagonal bases. In contrast, the cross-polarized peak dominates in
Fig. 3c, indicating measurement of cross-polarized photon pairs in the
circular basis.

Figure 3d shows the measured fidelity, f1, about the t 5 0 pulse
period in Fig. 3a–c. The fidelity rises to a peak here, with a maximum
of f1 5 0.785 6 0.022. This a.c. fidelity is larger than the d.c. fidelity
(0.707) reported above (Fig. 2d). This direct comparison is possible
because the timing resolution, 0.2 ns, is the same in both experi-
ments. It is likely that the a.c. fidelity is larger as a result of the lower
level of re-excitation of the quantum dot when driven by a short
voltage pulse. Furthermore, the observed increase in fidelity is similar
to that predicted above. The fidelity drops abruptly for negative t
values as no polarization correlation is expected for an X photon
emitted before an XX photon. For positive t values, the fidelity decays
from the t 5 0 peak to ,0.25, within error, indicating a total loss of
polarization correlation that we attribute to spin-scattering of the
intermediate exciton state and residual re-excitation.

In both the a.c. and the d.c. experiment, we find stronger polarization-
dependent correlations in the circular basis for this particular dot. A
possible explanation for this could be weak coupling between the
intermediate exciton states23 creating circularly polarized exciton
eigenstates. Interference between these states results in time evolution
of the biphoton polarization when measured in linear bases. This
would cause an additional increase in the cross-polarized biphoton
intensity as a function of t. Evidence for this can be seen in the d.c.
measurements. In the rectilinear (Fig. 2a) and diagonal (Fig. 2b) bases,
the dips in the cross-polarized traces are narrower than the dip in the
co-polarized circular trace (Fig. 2c).

The observation of the time-dependent nature of the fidelity
shown in Fig. 3d suggests that the entanglement fidelity available to
an application may be enhanced by limiting the time the detectors
remain active. We explore this possibility in Fig. 3e, which shows how
the fidelity changes as a function of gate width. For period zero, the
gate width is defined as the maximum permitted time delay between
the two photons to register a detection event. The outlying (non-
zero) periods have fidelity ,0.25 owing to the uncorrelated nature of
the light from different electrical pulses. The period-zero histogram
bars (Fig. 3e) give the fidelity of the light, which is seen to increase
rapidly as the gate width is reduced. Narrowing the gate width filters
the entangled light, reducing the influence of time-dependent pro-
cesses such as spin-scattering and re-excitation, and decreasing the
proportion of background light. The lowest gate width, of 0.1 ns,
gives the maximum a.c. fidelity, f1 5 0.826 6 0.027.
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Figure 2 | Polarized pair-correlation results from d.c. electrical injection
into the ELED. The current density is 31 nAmm22. a–c, g (2)

XX,X(t) and g (2)

XX,�XX
(t)

measured in the rectilinear (a), diagonal (b) and circular (c) bases with a time
resolution of 0.2 ns. Labels denote the polarizations of the first (XX) and
second (X) photons (in that order) as vertical (V), horizontal (H), diagonal
(D), anti-diagonal (A), right-handed circular (R) and left-handed circular
(L). Correlations measured for photons of the same polarization (g (2)

XX,X(t))
are shown in black and those measured for photons of orthogonal
polarizations (g (2)

XX,�XX
(t)) are shown in red. d, Fidelity, f1, measured as a

function of time delay, t. The dashed lines represent the classical threshold
fidelity, of 0.5, and the uncorrelated-light fidelity, of 0.25.
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Abbildung: Verschränkung Fidelity f +

[Nature 465, 594–597 (2010)]
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Zusammenfassung

Probleme

Preparation der Quantenpunkt sehr aufwendig:
sehr wenige, symmetrische, kleine Punkte ist das Ziel
Verhinderung der Feinstrukturaufspaltung
Anzahl an unverschränkten Photonen weit größer:
akurate Trennung von Signal und Untergrund notwendig
Finden eines geeigneten Maßes für Verschränkung
(auch für mehr als zwei Teilchen)
Messen des Dichteoperators:
ungenaue Messungen führen zu komplexen Anteilen
Quantenpunkte in anderen Zuständen als dem
Biexziton-System stören Korrelationsmessung
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Einführung Dichteoperator Realisierung im Halbleiter Ausblick

Zusammenfassung

Bisherige Ergebnisse und Ausblick

bisher
Erzeugung von verschränkten Photonen in Halbleitern mittels
optischer und elektrischer Anregung

Ziel
Steigerung der Reinheit und Effizienz
bis hin zur Erzeugung eines einzelnen verschränkten
Photonenpaares
Verschränkung mehrerer Photonen
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Quellen Backup

Jüngste Ereignisse

Anton Zeilinger: neben der Lokalität muss auch die Realität
aufgegeben werden
Fernwirkung: untere Grenze der Schwindigkeit bei
10.000facher Lichtgeschwindigkeit
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