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ABSTRACT: In this Letter, we present entanglement
generated from a novel structure: a single InAsP quantum
dot embedded in an InP nanowire. These structures can grow
in a site-controlled way and exhibit high collection eﬃciency;
we detect 0.5 million biexciton counts per second coupled into
a single mode ﬁber with a standard commercial avalanche
photo diode. If we correct for the known setup losses and
detector eﬃciency, we get an extraction eﬃciency of 15(3) %.
For the measured polarization entanglement, we observe a
ﬁdelity of 0.76(2) to a reference maximally entangled state as well as a concurrence of 0.57(6).
KEYWORDS: Quantum optics, polarization entanglement, quantum dots, nanowires

L

inear optical quantum computation1 as well as most
quantum communication protocols2 require photon
entanglement. Additionally, entanglement interconnects the
nodes of a quantum network3 and enables diﬀerent processor
architectures and an increase of computational power.4
Quantum dots are promising candidates for generating
polarization entangled photon pairs from the biexciton−exciton
recombination cascade.5,6 In contrast to other sources of
entangled photon pairs,7 in quantum dots it is possible to create
photon pairs deterministically in a coherent way,8 and they
possess inherent subpoissonian photon statistics.9 Nanowire
(NW) quantum dots were proposed to deliver superior
performance as entangled photon pair sources because of
their high symmetry10 and considerably enhanced light
extraction eﬃciencies of axial excitation and collection.11−13
Although a lot of experimental eﬀorts focused on the
generation of entangled photon pairs from semiconductor
quantum dots,14−19 we are the ﬁrst to report on the
experimental realization of entangled photon pairs from NW
quantum dots. Furthermore, NW quantum dots are advantageous in terms of fabrication simplicity; fewer steps are involved
in growing and isolating single emitters. They can be positioned
homogeneously at predeﬁned positions (see Figure 4c),20−22
and the versatility in the axial and radial growth of III−V
nanowires23 allows to manipulate both their electronic and
optical properties. The excitonic energy states of NW quantum
dots can be deterministically modiﬁed by controlling the
growth parameters. Finally, single quantum dots can be easily
stacked up in a nanowire,24 forming quantum dot molecules
with unprecedented design ﬂexibility.
© 2014 American Chemical Society

Sample Structure. The NW quantum dots investigated
here are ternary In(As)P insertions embedded inside [111]oriented tapered InP nanowires grown in the wurtzite phase
surrounded by a cladding (see Figure 1a). The radial growth of
clad InP nanowires provides the option to increase their
thickness for optical conﬁnement and allows for coupling
between the quantum dot dipole and the nanowire guided
modes. From the dispersion diagram of the guided modes in a
cylindrical waveguide, we can infer that, beyond the
fundamental mode, the second mode that the quantum dot
can couple to emerges for DD > 0.23λ0.25 Here, DD stands for
the nanowire diameter, and λ0 is the mode wavelength in free
space. To achieve the highest extraction eﬃciency the optimal
range of cladding diameters has been numerically demonstrated
to be 0.2 < DD/λ0 < 0.25.12,26 This means that the extraction
eﬃciency is not just a function of the number of supported
modes. Rather it relies on how well the optical power in the
guided modes can couple into the low-index medium (here
vacuum). The s-shell excitonic resonances of the quantum dots
under study were tuned to be around 910−920 nm (see Figure
1b); hence the cladding diameter is set to ∼200 nm (DD < 0.23
× 910 nm) to avoid multimode coupling.
The axial aspect ratio ah of NW quantum dots, deﬁned as the
ratio between their height hD and diameter, determines the
strength of the single particle localization and tailors the
dispersion of the hole. In order to save the oscillator strength
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Figure 1. Schematic, spectrum, and energy scheme of the NW quantum dot and experimental setup. (a) Schematic of a clad NW quantum dot
tapered at the top. hD: quantum dot height ∼6−8 nm; DD: quantum dot diameter 28 nm; DNW: nanowire (core) diameter ∼28 nm; Dshell: cladding
diameter ∼200 nm; LNW: nanowire length. (b) Photoluminescence intensity of s-shell excitonic resonances of the quantum dot studied in this paper
(dot A): exciton X0,B, biexciton XX0, and negative trion X−0 in continuous-wave (cw) nonresonant excitation with a power of Pexc = 500 nW. The inset
illustrates the normalized autocorrelation counts g(2) from the X0,B line at low excitation power Pexc = 100 nW, conﬁrming a low multiphoton
contribution. Similar g(2)-patterns are observed for the other spectral features. (c) Energy level structure of the NW quantum dot. The excitation laser
creates charge carriers in proximity to the InP band gap. Electrons and holes can relax into the quantum dot by phonon interactions and can ﬁll the
biexciton state |b⟩. The recombination can happen on the left or the right path via the exciton state |xH(V)⟩ which is the symmetric (antisymmetric)
superposition of the spin up and spin down |x+(−)1⟩ state. (d) Experimental setup. The quantum dot was nonresonantly excited using a ps-pulsed
Ti:sapphire laser. The emission was collected using a high NA objective and was analyzed using either a spectrometer and a CCD-camera or using a
ﬁber-coupled dual output grating spectrometer and APDs. Quarter wave plate (QWP) 1 converts the predominant circular polarization of the
emitted photons into the rectilinear basis. Half wave plate (HWP) 1 and polarizer (Pol) 1 were used to measure the ﬁne-structure splitting. QWP
2(3), HWP2(3), and Pol 2(3) were used to project the photon states on distinct polarizations to reconstruct the density matrix of the photon pair.

the nanowire continuum. The excitation beam was focused on
the spatially isolated nanowire from the side. The quantum dot
photoluminescence was collected by an objective lens with a
numerical aperture (NA) of 0.7 and dispersed by grating
spectrometers (spectral resolution ∼0.02 nm) in order to
separate the exciton X0 and biexciton XX0 photons and send
them to diﬀerent polarization analyzers and photon detectors.
We applied avalanche photodiodes (APD) with ∼300 ps
temporal resolution for correlation experiments not requiring a
high time resolution and ﬁber-pigtailed single-photon detection
modules from Micro Photon Devices (MPD) with a high
temporal resolution of 35 ps for polarization entanglement
measurements. The high-resolution detectors had a quantum
eﬃciency below 5% at wavelengths above 900 nm which leads
to integration times of 20 min per projection to resolve the
cross-correlation pattern. A time-tagging module was utilized to
record correlations between the detection modules. The typical
count rate of the MPD detectors during the correlation
measurements was ∼65 kHz for X0 and ∼23 kHz for XX0 after
polarization projection.
We performed ﬁne-structure splitting (FSS) and correlation
measurements on the emission of the NW quantum dots using
the experimental setup shown in Figure 1d.

against the internal [111]-oriented (vertical) piezoelectric
ﬁeld27 which separates the electron and hole wave functions
along the nanowire axis and the exchange-induced spin-ﬂip and
cross-dephasing processes,28 adequately strong axial quantization is favorable (ah < 0.3).29 In addition, the single particle
orbitals are very small in very ﬂat quantum dots (ah < 0.15),
and they may present larger anisotropic exchange splitting
under morphological asymmetries. A moderate axial localization (0.15 < ah < 0.3) maintains the hole ground state h0
predominantly heavy hole (hh)-like,30 i.e., |Jh0, Jhz 0⟩ = |3/2, ±3/
2⟩ (Jh0 represents the total angular momentum of the s-shell
hole); thus the quantum dot dipole eﬀectively couples only to
circularly polarized light. That the NW quantum dot emission is
mostly circularly polarized if collected along the NW axis was
also found in ref 31. The ﬁnal height of the clad nanowire, i.e.,
LNW in Figure 1a, reaches approximately twice the height of its
core. Details on the growth process can be found elsewhere.23
Methods. The sample was held at 5 K in a temperaturestabilized liquid ﬂow cryostat. The quantum dots were pumped
nonresonantly (λexc = 835 nm using a Ti:sapphire laser in cw or
ps-pulsed mode), above the donor−acceptor recombination
level usually observed at ∼1.44 eV and in proximity to the
wurtzite InP band gap ∼1.50 meV, to photogenerate carriers in
7108
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Figure 2. Fine-structure splitting of dot A. The purple circles (orange squares) and the green dashed (blue solid) ﬁt line represent X0 (XX0)
recombination photons. (a) shows the evolution of resonances when the emission is guided through HWP1 and Pol1. The X0 oscillation diﬀers more
than a factor of 2 from the result of the XX0 oscillation. We note that, since XX0 itself exhibits no exchange splitting, its wavelength oscillation must
arise exclusively from the FSS of the X0 state, i.e., SX0 = SXX0. (b) shows the same measurement as in (a) with the additional ﬁxed QWP1 in front of
the rotating HWP1. In this case, the amplitudes of X0 and XX0 oscillations are equal within the error. This measurement shows that the FSS in a
system with predominantly circular polarization is strongly underestimated if the basis of emission is not rectilinear. The slightly unequal amplitudes
of the oscillations indicate that the emitters’ polarization was not turned perfectly to rectilinear bases but still has some ellipticity.

Figure 3. Comparison of XX0−X0 cross-correlation coincidences with detectors unable to resolve the time oscillations described in the text. (a)
Coincidence counts after projecting the photons onto HH (both photons XX0 and X0 projected onto horizontal polarization H) (red) and
coincidence counts in HV projection (green). Inset: coincidence counts in RR projection (blue) and RL projection (purple), where the projection
onto RR gives fewer coincidences than the projection onto RL . Comparing the two plots reﬂects that the quantum dot dipole primarily couples to
the nanowires circular basis as the projections onto HH and HV present no signiﬁcant diﬀerence. (b) Coincidence counts in HH projection (red)
and HV projection (green) after inserting QWP1 into the common emission path. Coincidences in the H/V basis are strongly suppressed. A high
level of background counts appears here on account of cw pumping. (c) Coincidence counts for diﬀerent QWP1 settings. The exciton was projected
to H, and the polarizer in front of the biexciton was turned. Thus, 0° corresponds to a projection onto HH, and 90° corresponds to a projection onto
HV.

We initially measured the FSS by rotating a HWP in front of
a ﬁxed linear polarizer and guiding the quantum dot emission
to a grating spectrometer (see Figure 1d). For this measurement the quarter-wave plate 1 (QWP1) was removed. The X0

and XX0 spectral lines were then ﬁtted to Lorentzian line shapes
to resolve the oscillation of the projected states as a result of the
half-wave plate (HWP) rotation. The oscillations showed
relatively moderate FSSs in the range of 4(1) to 12(2) μeV for
7109
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For the sake of comparison to previously reported measurements from entangled photon pairs from quantum dots, it
would be beneﬁcial if the basis where classical correlations can
be observed were H/V. Unfortunately, in our system this is not
the case (see Figure 3a). The ﬁgure shows almost equal
probabilities for HH and HV, respectively. Classical correlations
can be partially observed in the R/L basis (see inset in Figure
3a). To get classical correlations in the H/V basis, we locally
rotate the polarization state by inserting a quarter wave plate
(QWP1) into the common emission path of both XX0 and X0
photons (see Figure 1d for the setup and Figure 3b for the
obtained result). For achieving maximum visibility in the H/V
basis, we performed several coincidence measurements with
diﬀerent QWP1 settings. For each visibility measurement the
polarizer in the X0 photon path was ﬁxed to H and the polarizer
in the XX0 photon path was rotated (see Figure 3c). Such a
local rotation of the polarization qubit cannot aﬀect the degree
of entanglement but can change the ﬁdelity to a particular
desired state.
To quantify the degree of entanglement, a tomographic
experiment was implemented with 16 cross-correlation
measurements of diﬀerent combinations of polarization
projections.36 The NW quantum dots were excited by a pulsed
laser to minimize any uncorrelated photons caused by reexcitations in a continuous pumping scheme. Owing to the
nonzero FSS, the evolving phase of the photon pair state
reduces the time-integrated concurrence.34 We therefore
postselect the correlated photons within speciﬁc time windows
and calculate the ﬁdelity with respect to a reference Bell state
for each time interval. Accordingly, a temporal resolution
suﬃcient to resolve the correlation pattern of each window is
necessary. The period of the photon pair phase ϕ is predicted
to be ∼230(12) ps for an FSS of S ∼ 18(1) μeV (see Figure
2b), i.e., every ∼115 ps the phase of photon pair ﬂips, while its
power simultaneously fades according to the ﬁnite exciton
lifetime (∼2 ns). In order to resolve the oscillations we used
highly time-resolving detectors after the spectral ﬁltering and
the polarization state projection.
Theoretical Investigation of the Fine-Structure Splitting. An anisotropic FSS results from the exchange energy
caused by the Rashba spin−orbit interaction in combination
with a low symmetry of electron and hole orbitals. The
anisotropic exchange splitting is theoretically predicted to
vanish once the net symmetry of the exciton wave function
exceeds C2v.10,37 The ideal hexagonal (D6h) or cylindrical (D∞h)
symmetry of [111]-oriented zinc blende (or wurtzite) NW
quantum dots leads to C3v-symmetric orbitals, which preserve
the degeneracy of the bright excitons X0,B. This elevated
symmetry character directly originates from the C3v symmetry
of the strain-induced potentials, including the piezoelectric
potential. The origin of the FSS in our NW quantum dots could
be explained either by (a) an in-plane (perpendicular to the
nanowire axis) asymmetry, namely elongation, (b) oﬀ-center
growth of the nanowire core, or (c) inhomogeneity of the
quantum dot material composition, which all may bring down
the symmetry of the net conﬁnement and lift the X0,B
degeneracy. In the following, we discuss each of above potential
sources of FSS.
Quantum Dot Elongation. According to the atomistic
million-atom many-body pseudopotential calculations by Singh
et al., a small level of FSS (∼3−8 μeV) appears upon 5−15%
lateral elongation of pure InAs disk quantum dots (hD = 3.5 nm
and D D = 25 nm) embedded in [111]-oriented InP

all studied quantum dots in diﬀerent samples. The X0 and XX0
oscillations versus the HWP angle are plotted in Figure 2a for
dot A. This measurement, however, underestimates the actual
FSS because the quantum dot photons couple to the wire’s
circular polarization as we will show later in the paper. A
measurement on a mixture of circularly polarized light presents
no signiﬁcant variation of the count rate when analyzed via a
rotating linear polarizer. For this reason we repeated the FSS
measurement with QWP1 in the common emission path. The
result can be seen in Figure 2b with a value of S = 18(1) μeV
for the FSS. This result shows that the widely used method of a
rotating half-wave plate in front of a ﬁxed polarizer can produce
results which mask the true value of the FSS if the measured
system is not linearly polarized. To rule out the possibility that
the polarization rotation was introduced by our setup, we tested
our setup with a polarized laser beam and a polarimeter. For the
six measured polarizations (horizontal, vertical, diagonal,
antidiagonal, right, and left) the error introduced by the
setup is less than 1%. Because all quantum dots on the sample
show a ﬁnite FSS (between 4(1) and 18(1) μeV), we decided
to measure the polarization entanglement properties on the
brightest dot which is the one introduced here.
For generating an entangled photon pair, the quantum dot
state is prepared in the biexciton state (see Figure 1c). After the
emission of the biexciton photon, the exciton spin state is
entangled with the polarization of the biexciton photon. Since
the spin-up and the spin-down exciton states are no eigenstates
of the system if they are not degenerate,32 the exciton state will
evolve with time, e.g., for the emission of a right circular (R)
polarized biexciton photon the exciton will result in the state33
|ΨQD⟩ =

1 iφ /2
x+1⟩ − ie−iφ /2 x−1⟩)
(e
2

(1)

The phase ϕ = Sτ/ℏ, where τ is the time elapsed between the
ﬁrst and second photon emission, is directly transferred on the
phase of the exciton photon when the exciton recombines.
Thus, the exciton photon wave function is
|ΨX 0⟩ =

1 iφ /2
(e |L⟩ − ie−iφ /2|R⟩)
2

(2)

Considering the two-photon state this will lead to an evolution
between the |Φ+⟩ = (1/21/2)(|RL⟩ + |LR⟩) and |Φ−⟩ = (1/
21/2)(|RR⟩ + |LL⟩) Bell states. The state could be rewritten in
the H/V (horizontal/vertical) polarization basis as34
|Ψ⟩ =

1
(|HH⟩ + eiφ|VV⟩)
2

(3)

or in the D/A (diagonal/antidiagonal) polarization basis where
we get an oscillation between the |Φ+⟩ = (1/21/2)(|DD⟩ + |
AA⟩) and the |Φ−⟩ = (1/21/2)(|DA⟩ + |AD⟩) state similar to the
R/L basis.
This shows that a change of the phase in an entangled state
can be directly measured in a time-resolved correlation
measurement by observing the correct polarization projection,
e.g., projecting both photons onto R polarization (projection
onto RR) should show high coincidence probability for times
where the two photon state is in |Φ−⟩ and low coincidence
probability when the state is in |Φ+⟩. The opposite behavior is
expected for a projection onto DD. If the oscillation is visible in
two complementary bases, the third complementary basis (e.g.,
H/V basis) should show classical correlations as reported in ref
35, which does not show oscillations.
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Figure 4. Scanning electron microscopy (SEM) images of the nanowires. (a) SEM image of a single tapered nanowire, which is spatially isolated for
convenient optical access. (b) Top view SEM image of a clad nanowire showing the in-plane hexagonal symmetry of its core (and the embedded
quantum dot), without any sign of signiﬁcant elongation. (c) SEM picture of an array of nanowires, showing their homogeneous positioning.

Figure 5. Wave function calculations for oﬀ-centered quantum dots. (a) Plan view SEM image of a clad nanowire depicting its cross section. The
nanowire core is slightly displaced with respect to the center of cladding. Inset: plan view SEM image of a nanowire core showing a signiﬁcant
displacement oﬀ the center. (b) Cross section of numerically modeled InAs0.2P0.8/InP NW quantum dots with hexagonal symmetry. Left, the
quantum dot center and the cladding axis are aligned; Right, the quantum dot center is moved 14 nm along [11̅0] direction with respect to the
cladding axis. (c) The probability density of electrons (holes) in the s shell, e0 (h0), and p shells, e1−e2 (h1−h2) of NW quantum dots introduced in b.
Only the quantum dot region is illustrated. Top: orbitals exhibit C3v symmetry when the nanowire core is located at the center of cladding. Bottom:
single particle orbitals of misaligned NW quantum dot. The orbital symmetry is lowered down to C2v as a result of the nonuniform strain ﬁeld.

nanowires.10 For hexagonal quantum dots of comparable size, a
similar range of FSS is expected. In our case of ternary In(As)P
insertions with a large fraction of phosphorus (InAs0.2P0.8) and
hD = 6−8 nm, an even more pronounced elongation is required
to induce this amount of FSS as the quantum dot conﬁnement
and piezoelectric potential are both weak and the orbitals are
comparatively dilute. We do not observe any evident sign of
lateral elongation in scanning electron microscopy (SEM)
images showing the cross sections of the nanowire cores (see
Figure 4b). On average, a small elongation ratio (<5%) is
conﬁrmed for the investigated nanowires, which is unable to
induce a signiﬁcant level of FSS (>10 μeV).
Oﬀ-Center Nanowire Growth. Another source of FSS could
be the dislocation of the quantum dot insertion with respect to
the nanowire axis due to the displacement of the gold particle
during the temperature ramp. Figure 5a shows the plan view
SEM image of a clad nanowire, where the nanowire core is
misaligned with the axis of the cladding. A considerable
displacement, as shown in the inset of Figure 5a, induces a
nonuniform strain ﬁeld and piezoelectric potential. We
modeled the impact of a moderate displacement (ΔD = 14
nm <0.2Dshell) on a hexagonal InAs0.2P0.8 quantum dot with hD
= 6 nm and DD = 28 nm embedded inside a 80-nm-thick InP
nanowire (see Figure 5b). The details of the modeling can be

found elsewhere.29 Figure 5c shows the single particle orbitals
of electrons (e0−e2) and holes (h0−h2) of a quantum dot with
the above speciﬁcations. As expected, the single particle orbitals
present a C3v symmetry once the quantum dot is located at the
center of nanowire (ΔD = 0). The bottom panel of Figure 5c
shows the single particle states in a quantum dot 14 nm
dislocated along the [11̅0] direction. The C2v symmetry of the
wave function shows p-states (e1−e2 and h1−h2), which signiﬁes
the asymmetry of the underlying strain ﬁeld. This low
symmetry character is not quite visible in the ground state
(e0 and h0) because (a) the displacement is limited and the
strain ﬁeld partially relaxes within the cladding, and (b) the
compressive strain experienced by the InAs0.2P0.8 insertion
inside an InP matrix is weak. Therefore, we expect that only a
small part of the FSS, namely, <5 μeV, can be induced by the
quantum dot dislocation in our investigated samples.
Compositional Inhomogeneity. The above discussions
suggest that the FSS in our NW quantum dots mostly
originates from the compositional anisotropy rather than the
geometrical asymmetry. It is well-known that any anisotropy
along the main quantization axis can lead to a polarized
piezoelectric ﬁeld and FSS in SK dots.27,38 NW quantum dots
are however immune to these types of (geometrical) axial
anisotropy;29 thus the FSS observed in our samples must be
7111
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Figure 6. Tomographic measurement of polarization entanglement. (a) shows two speciﬁc analyzer settings, while (b,c) shows real and imaginary
parts of the density matrices associated with the reconstructed and the corresponding theoretical states. (a) Cross-correlation counts of the DD (red)
and RR (blue) projections resolved with 35 ps temporal resolution. Please note that the separation between the obtained data points is only 16 ps.
The detectors are still not able to resolve the oscillations fully; otherwise their minima would reach zero. The red and blue curves represent the ﬁts to
the correlation functions with oscillations of the same period and amplitude and 180° phase diﬀerence, indicating the evolving phase of the photon
pair state. The blue curve reaches its local maxima where the red curve has its local minima and vice versa. (b) shows the reconstructed density
matrix with photons postselected in a time window of 65 ps immediately after the cascade decay. The insets show the density matrix components of
the ideal theoretical state. (c) Similar to (b), but measured at a later time interval of 65 ps (where the projection onto RR (a) has its maximum), once
the photon pair phase has evolved.

0.51(1) to the |Ψ−⟩ state when the window is 180 ps. Since the
coincidence window now includes two orthogonal states, a
maximally mixed state (with F = 0.5) is expected. To improve
the ﬁdelity, a resonant pumping scheme would be beneﬁcial.41
Having a closer look at the ﬁdelities (see Table 1), we ﬁnd
that the state is not only represented in the |ϕ±⟩ subspace. The

primarily induced by an inhomogeneity of their ternary
composition. Versteegh et al.39 have recently shown that for
thicker QDs the FSS vanishes, with the drawback of longer
emission wavelength, but it might be possible to develop a
thermal annealing process to get rid of the compositional
inhomogeneity and thus decrease the FSS to sub-μeV level for
any desired target wavelength.
Results. Figure 6a shows the cross-correlation counts for
both the RR and DD projections obtained with 35 ps temporal
resolution. Here, the oscillatory behavior of photon pair wave
function is clearly observable in the corresponding correlation
patterns, particularly within the early stages after the cascade
initialization. The period of the ﬁtted oscillatory functions τfit =
225(5) ps agrees with the value of 230(12) ps calculated from
the FSS value.
In order to identify the photon pair states, the 65-ps-wide
shaded areas in Figure 6a were postselected, and the
corresponding density matrices ρ were reconstructed using a
maximum-likelihood estimation36 from the raw data without
any background subtraction. The reconstructed density matrix
ρ1 for the ﬁrst time window of 65 ps right after the excitation is
shown in Figure 6b. The inset shows the density matrix ρth1 of
the state |Ψth1⟩ = (1/(2)1/2)(|HH⟩ + i|VV⟩) to which ρ1 has a
ﬁdelity of F = 0.74(2). Since we performed a tomographic
measurement, we calculated the ﬁdelity directly from ρ1, F =
Tr(((ρ1)1/2·ρth·(ρ1)1/2)1/2)2, instead of using the correlation
visibility in diﬀerent polarization bases.40 The concurrence of ρ1
is C = 0.57(6). Within the following time window, where the
projection of the RR state has a maximum, a phase rotation
occurs as could be inferred from the associated density matrix
shown in Figure 6c. The ﬁdelity with the reference state |Ψ−⟩ =
(1/21/2)(|HH⟩ − |VV⟩) and the photon concurrence were
calculated to be F = 0.69(2) and C = 0.45(2). Increasing the
coincidence window of the ﬁrst analyzed state slowly reduces
the ﬁdelity and reaches F = 0.53(3) to the |Ψth1⟩ state and F =

Table 1. Fidelities of the Reconstructed Density Matrices to
Diﬀerent Maximally Entangled States
reference state

F to ρ1

F to ρ2

|ϕ+⟩ = (1/√2)(|HH⟩ + |VV⟩)
(1/√2)(|HH⟩ + i|VV⟩)
|ϕ−⟩ = (1/√2)(|HH⟩ − |VV⟩)
(1/√2)(|HH⟩ + i|VV⟩)
(1/√2)(|HH⟩ + ei·70°|VV⟩)
(1/√2)(|HH⟩ + ei·160°|VV⟩)

0.53(2)
0.74(2)
0.29(2)
0.08(1)
0.76(2)

0.13(2)
0.50(2)
0.69(2)
0.33(2)
0.70(2)

highest ﬁdelity we get to a state which is rotated, for both
analyzed coincidence windows. We attribute this to a
nonperfect state rotation which originates in the coupling of
the quantum dot to the nanowire’s circular polarization. The
resulting emission might be not perfectly circular but elliptical
to some degree. Considering an elliptical photon polarization,
the QWP1 will not turn the polarization of the emission to
rectilinear basis, introducing an error in the expected photon
state.
Conclusion. We utilized temporal selection of quantum
correlated photons and observed rather high levels of ﬁdelity, F
= 0.76(2) (C = 0.57(6)) and F = 0.70(2) (C = 0.45(2)),
despite the comparably fast phase variation of the photon pair
state. The periodicity of the phase oscillation was ﬁrst estimated
directly via FSS measurements, then validated by the oscillatory
behavior of the cross-correlation patterns. Our results serve as a
prototypical assessment of the optical quality of NW quantum
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ﬁnd the most likely density matrix. This is done by minimizing
(numerically) the function:

dots for generating polarization entangled photon pairs. While
we were writing this, we found that similar results on
entanglement were measured simultaneously by Versteegh et
al.39
Reconstructing the Density Matrix. We performed the
reconstruction of the density matrix following James et al.,36
and we will give a short summary of the necessary steps here.
We do not follow a very strict nor complete theoretical
description but rather give the reader a guideline. For more
details we would like to refer to the original paper.36 The goal
of the reconstruction is to ﬁnd the most likely density matrix ρ̂.
What can be measured are coincidence counts n, obtained by
performing diﬀerent projections of the type |ψν⟩, where each ν
stands for a set of given polarizations for exciton and biexciton.
The coincidence counts are given by36
nν = N ⟨ψν|ρ ̂|ψν⟩

16

L(t1 , t 2 , ...t16) =

∑

[N ⟨ψν|ρp̂ |ψν⟩ − nν]2

ν=1

2N ⟨ψν|ρp̂ |ψν⟩

(7)

In our experiment the following values were found for the 16
projections in the ﬁrst post selected time interval: n1 = 151, n2 =
19, n3 = 34, n4 = 100, n5 = 85, n6 = 86, n7 = 84, n8 = 72, n9 = 77,
n10 = 87, n11 = 129, n12 = 30, n13 = 93, n14 = 59, n15 = 42, n16 =
79. The reconstructed density matrix is shown in Figure 6b.
For estimating the error on the reconstructed matrix, we
performed the above-described reconstruction for 1000 diﬀerent sets of random values where the randomness is modeled as
Poissonian noise on the measured value.
Additional Cross-Correlation Data. In Figure 7, the timeresolved biexciton exciton cross-correlation for the HH, and the

(4)

where N is a constant which depends on the detectable photon
ﬂux. It is convenient to convert the 4 × 4 matrix ρ̂ to a 16dimensional vector using36
16

ρ̂ =

∑ Γν̂ rν

(5)

ν=1

The Γ̂ν matrices can be found in Appendix B of James’
paper.36 We can now introduce Bμ,ν = ⟨ψν|Γ̂μ|ψν⟩ and rewrite eq
36
4 as nν = N∑16
μ=1Bν,μrμ. This can be inverted to give:
16

rν = (N )−1

∑ (B−1)ν ,μ nμ
(6)

μ=1

−1
̂
To rewrite ρ̂ as a matrix, we deﬁne M̂ ν = ∑16
μ=1(B )ν,μΓμ and
̂
substitute eq 6 into eq 5 and ﬁnd that ρ̂ = (N)−1∑16
M
n
ν=1 ν ν. For
the set of states given in Table 2, the ﬁnal formula for the
4
̂
density matrix is ρ̂ = ∑16
ν=1Mνnν/∑ν=1nν.

Figure 7. Time resolved biexciton−exciton cross correlations in the
HH and HV basis. The record resolution is 16 ps, and the detector
resolution is 35 ps. No oscillation is visible as expected.

HV projection is presented to complete the time-resolved data
sets for three diﬀerent bases. The rectilinear and circular data
set is shown in Figure 6.

Table 2. List of Tomographic States and Required Settings
for the Waveplates If the Polarizer Is Set to H
ν

projection

QWP1

HWP1

QWP2

HWP2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

|HH⟩
|HV⟩
|VV⟩
|VH⟩
|HD⟩
|HR⟩
|VD⟩
|VR⟩
|DH⟩
|DV⟩
|DD⟩
|DR⟩
|RH⟩
|RV⟩
|RD⟩
|RR⟩

0°
0°
0°
0°
0°
0°
0°
0°
45°
45°
45°
45°
45°
45°
45°
45°

0°
0°
45°
45°
0°
0°
45°
45°
22.5°
22.5°
22.5°
22.5°
0°
0°
0°
0°

0°
0°
0°
0°
45°
45°
0°
45°
0°
0°
45°
45°
0°
0°
45°
45°

0°
45°
45°
0°
22.5°
0°
45°
0°
0°
45°
22.5°
0°
0°
45°
22.5°
0°
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■

Unfortunately the obtained matrix is not necessarily physical.
This can be ﬁxed, by deﬁning a new matrix ρ̂p = T̂ †(t)T̂ (t)/
Tr{T̂ †(t)T̂ (t)} where T̂ (t) is deﬁned in eq 4.4 7 of ref 36 and
the rules on how to link the entries of ρ̂ with t1,2,...16 are deﬁned
in eq 4.6 therein. As we now have a physical guess for our
matrix ρ̂p, we can perform a numerical optimization routine to

■
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(9) Predojević, A.; Ježek, M.; Huber, T.; Jayakumar, H.; Kauten, T.;
Solomon, G. S.; Filip, R.; Weihs, G. Opt. Express 2014, 22, 4789−4798.
(10) Singh, R.; Bester, G. Phys. Rev. Lett. 2009, 103, 063601.
(11) Claudon, J.; Bleuse, J.; Malik, N. S.; Bazin, M.; Jaffrennou, P.;
Gregersen, N.; Sauvan, C.; Lalanne, P.; Gerard, J.-M. Nat. Photonics
2010, 4, 174−177.
(12) Reimer, M. E.; Bulgarini, G.; Akopian, N.; Hocevar, M.; Bavinck,
M. B.; Verheijen, M. A.; Bakkers, E. P.; Kouwenhoven, L. P.; Zwiller,
V. Nat. Commun. 2012, 3, 737.
(13) Munsch, M.; Malik, N. S.; Dupuy, E.; Delga, A.; Bleuse, J.;
Gérard, J.-M.; Claudon, J.; Gregersen, N.; Mørk, J. Phys. Rev. Lett.
2013, 110, 177402.
(14) Stevenson, R. M.; Young, R. J.; Atkinson, P.; Cooper, K.;
Ritchie, D. A.; Shields, A. J. Nature 2006, 439, 179−182.
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