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Quantum mechanics implies that a single photon can be in the superposition of two distant spatial modes
and enable nonlocal interferences. The most vivid example is the two-photon coalescence on a 50∶50 beam
splitter, known as Hong-Ou-Mandel interference. In the past decade, this experiment has been used to
characterize the suitability of different single-photon sources for linear optical quantum gates. This
characterization alone cannot guarantee the suitability of the photons in a scalable quantum network. As for
a deeper insight, we perform a number of nonclassical interference measurements of single photons emitted
by a single organic molecule that are optimized by an atomic Faraday filter. Our measurements reveal near
unity visibility of the quantum interference, and a one-port correlation measurement proves the ideal
Fourier limited nature of our single-photon source. A delayed choice quantum eraser allows us to observe a
constructive interference between the photons, and a Hong-Ou-Mandel peak is formed additionally to the
commonly observed dip. These experiments comprehensively characterize the involved photons for their
use in a future quantum Internet, and they attest to the fully efficient interaction of the molecular photons
with a next subsequent quantum node. They can be adapted to other emitters and will allow us to gain
insights to their applicability for quantum information processing. We introduce a quality number that
describes the photon’s properties for their use in a quantum network; this states that effectively 97% of the
utilized molecular photons can be used in a scalable quantum optical system and interact with other
quantum nodes. The experiments are based on a hybridization of solid state quantum optics, atomic
systems, and all-optical quantum information processing.
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Single photons are a crucial ingredient in the field of
quantum computation [1,2] and communication [3]. They
are the only candidate to practically interlink stationary
quantum nodes to an extended network [4] and act as
“flying qubits” [3,5]. In recent years, a variety of single
photons sources were investigated, namely, down-conver-
sion sources [6,7], single atoms or ions [3,8], quantum dots
[9–11], and other single emitters [12]. The latter solid state
sources hold the promise to be integrated into chip scale
devices, to be free of multiphoton contamination. The latter
hold the promise to be integrated into chip scale devices, to
be free of multiphoton contributions, and to allow for a
deterministic single photon generation unlike their para-
metric downconversion counterparts [11].
An often disregarded, but very versatile single-photon

source is single organic dye molecules [12]. They can be

chemically synthesized such that their emission is aligned
to a desired wavelength in the range of 400–800 nm [12]. At
liquid helium temperatures, some candidates are known to
emit Fourier limited photons at high flux with tens of MHz
spectral linewidth [13–15] and negligible spectral diffusion.
Most importantly, they are likely the single-photon emitters
with the highest spectral brightness available, and they do
not blink or bleach. A near-unity collection efficiency has
been reached under ambient conditions, although the emis-
sion is not into a single Gaussian mode [16]. Such a high
emission rate should also be achievable for low temperature
experiments.
We use the molecule dibenzanthanthrene (DBATT)

[Fig. 1(a)], which is dissolved at a low concentration in
n-tetradecane and subsequently frozen into a Shpol’skiı̆
matrix. Its simplified level scheme is depicted in Fig. 1(b).
While usual cryogenic single molecule studies excite the
molecules resonantly, we focus on the excitation into a
vibrational level around 581 nm and utilize the zero-phonon
line photons around 589 nm for further experiments. This
so-called “0-1 excitation” allows us to implement a narrow-
band single-photon source (down to 12.5 MHz [15]).
Furthermore, this off-resonant excitation does not destabi-
lize the emitter nor does it lead to spectral diffusion.
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In recent years, we were able to show that the emission is
not only bright and narrow-band, but also matches the
sodium D-line transitions [14]. This opens the route to
quantumhybrid devices that combine the study of true single
photons with atomic systems. Being very versatile and
robust, hot atomic vapors are ideally suited for this task.
They are not only suitable as efficient quantum memories
[17], but also allow for the implementation of GHz-wide
Faraday filters [15]. The latter are based on the optical
interaction of linear polarized light with the nondegenerate
Zeeman sublevels in an atomic vapor. The conservation of
angular momentum causes the circular components σþ and
σ− to couple to the increasing and decreasingmF transitions,
respectively. As for linear polarized photons, the super-
position of σþ and σ− leads to a magnetically controlled
rotation of the polarization. This is fine-tuned such that only
sodium-resonant photons pass through an analyzing polar-
izer [15]. Figure 1(c) shows the experimental configuration
of the filter—it features a 3-GHz passband, as shown in
Fig. 1(e). The narrow spectrum of the resonantly excited
singlemolecule is depicted alongwith the filter spectrum. Its
linewidth amounts to Δν ¼ 50 MHz. As neighboring mol-
ecules or other background contributions might spoil the

emitted single-photon stream [18], the atomic filter is an
excellent tool to purify the single-photon emission.
Moreover, it selects only the zero-phonon line emission
of the manifold of molecular transitions. Since all data from
the molecule throughout the paper are presented as raw
clicks, the benefits of the filter for quantum information
processing can be directly seen in the presented data.
To gain insights to the full temporal behavior of the

molecule’s emission, the molecule is steadily illuminated.
The resulting single-photon stream carries only a single
photon at any moment in time. A detector “click” projects a
photon to its detection time and thereby eliminates it
from the stream. This detection suppresses the probability
of a subsequent photon detection—with a time span
dominated by the molecule’s electronic excited state life-
time (τsp ≈ 10 ns) [15]. Figure 1(f) shows a recording of the
autocorrelation function of the sodium resonant photons
that are emitted from the molecule. The fitted value that
accounts for the experimental detector jitter amounts to
gð2Þð0Þ ¼ 0.00þ0.03

−0.00 . Subsequently, the single-photon purity
is 1.00þ0.00

−0.06 , defined as p1=
P∞

n¼1 pn, where pn denotes the
normalized probability of receiving n photons. This is
outlined in the Supplemental Material [19], Chapter B. The

(a)

(d)

(b) (c)

(e) (f)

FIG. 1. Experimental configuration. (a) Molecule dibenzanthanthrene (DBATT). (b) Level scheme of the single molecule.
(c) Cryogenic confocal microscope, incorporating a solid immersion lens (SIL). The molecular photons are spectral aligned, led
through a Faraday filter, and are then fed to an all-optical experiment. In the figure, BP stands for band-pass filter, NBS is the
nonpolarizing beam splitter, and PBS is the polarizing beam splitter. (d) Lateral beam scan of the confocal microscope. A single
molecule is clearly visible as a bright emitting feature. (e) The atomic vapor Faraday filter opens a few-GHz-wide window with near-
unity peak transmission. A molecule matches the atomic sodium spectrum. (f) Antibunching of the purified single molecule emission.
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source is almost background free, as reported earlier
[14,15], and we now extend our view to the interference
ability of the photon source.
In a classical view, the above quality measure

[gð2Þð0Þ ≈ 0] suggests that the single-photon stream con-
sists of timewise separated particles. This description omits
the wave nature of light. Quantum mechanics integrates
these two pictures and gives a comprehensive view—the
“wave-particle duality.” To complement the particle view
on our single-photon stream, it is necessary to evaluate its
wave nature. This is best characterized by the absolute
degree of first order coherence, jgð1ÞðτÞj, and is usually an
experimental parameter that can be measured in a single-
photon experiment as an interference visibility [20]. In the
case of a perfect temporal match of the interfering paths
(τ ¼ 0), the value peaks and allows us to estimate the
achievable fidelity in a quantum gate. Therefore, in the
following, we consider the absolute degree of first order
coherence at zero time difference, C ¼ jgð1Þðτ ¼ 0Þj, an
entity that we would name as “coherentness” of the single
photons. This gives a quality number between zero and one
to how well the photon’s wave nature can be explored.
For higher orders, we define the corresponding two-
photon property as jgð1Þðτ ¼ 0Þj2, which characterizes
the interference ability in a two-photon experiment, while
Q

N
n¼1 jgð1Þn ð0Þj extends it for N different photons. Some

authors have introduced the term “indistinguishability,”
which is equivalent to jgð1Þð0Þj2. This is somewhat incon-
sistent with its use in statistical mechanics where the term
“indistinguishable” denotes the intrinsic property of bosons
and fermions. While indistinguishability quantifies the
outcome of a Hong-Ou-Mandel measurement, jgð1Þð0Þj2
is the characteristic property of a photon, which can be
determined in a variety of ways, as further outlined below
(see Supplemental Material [19]).
A well-known experiment in quantum optics that char-

acterizes jgð1Þð0Þj2 for two photons is the Hong-Ou-Mandel
(HOM) interference [6,7]. In this experiment, two photons
impinge onto a 50∶50 beam splitter and form the two-mode
entangled state ð1= ffiffiffi

2
p Þðj2a; 0bi þ j0a; 2biÞ. A destructive

interference renders the probability that the photons are
detected at opposite output ports (j1a; 1bi) to zero, and
therefore, between the two modes, a maximal negative
correlation is observed. Such experiments with single
emitters, aiming for all-optical quantum computation [1],
have been performed in the past decade [8,20] and recently
achieved near-unity values of jgð1Þð0Þj2 [9,10,21]. These
remarkable results were enabled by their pulsed operation
as a “single-photon gun,” but this way of recording limits
insights into the temporal properties of the photons. When
the photons are, e.g., spectral detuned, a quantum beat can
be observed, which still shows the destructive interference
for zero time difference [18,22].
To study such a two-photon interference in a temporal

fine-grained manner, we use the introduced single-photon

stream. One option is to use the emission of two indepen-
dent emitters [18,23]. For single molecules with their low
spectral diffusion [24], an equivalent and more simple way
is the use of a beam splitter, which splits one stream into
two identical copies while sacrificing half of the photon
flux. The streams are relatively delayed against each other
by several coherence lengths to render them independent on
the following 50∶50 beam splitter. Because of the HOM
interference, the photon number at each time point of the
output stream is maximally entangled with the correspond-
ing point in the other arm, and τc, the coherence time of the
photons, determines the temporal length of this correlation.
As for one arm, we have at each moment the uncertainty
between the states j0i and j2i. A detection event in one arm
(a “click”) is indicating the state j2i. Such a state collapse
witnesses that the other arm is projected to j0i and
coincidences are suppressed.
Figure 2, k shows such a correlation measurement

between the two output ports. The introduced negative
correlation shows up by a suppressed coincidence proba-
bility for short measured time differences. At zero time
difference, it is reduced down to gð2Þð0Þ ¼ 0.04� 0.03. In
terms of shape, the recording obeys the same temporal
behavior as the single-photon antibunching in Fig. 1(f).

FIG. 2. Two-port correlation ⊥: Under an orthogonal polari-
zation input, the two beams cannot interfere and are independent.
Nevertheless, with the supplied photons, the time-correlation
measurement leads to a correlation down to gð2Þð0Þ ¼ 0.54 (blue
curve). This observed negative correlation is explained by the
quantization of the electromagnetic field and matches the
description of classical particles. k: Hong-Ou-Mandel configu-
ration; photons in a parallel polarization impinge on the beam
splitter (red curve). The above introduced quantization picture is
not sufficient to explain the observed result of gð2Þð0Þ ¼ 0.04.
Then, additionally, the superposition of each photon in both
output ports becomes relevant. Because of this wave nature, the
photons interfere destructively, which reduces the curve from
gð2Þð0Þ ≈ 0.5 down to gð2Þð0Þ ≈ 0. The visibility of the HOM-
interference is calculated as 0.93 [Eq. (2)]. λ=2 is the half-wave
plate; NBS stands for nonpolarizing beam splitter.
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To gain a more comprehensive view on the Hong-Ou-
Mandel interference, a Hanbury Brown and Twiss analysis
is added to each of the output ports of the HOM beam
splitter. This configuration allows for a measurement of the
photon statistics in a single output arm and has been used
for a characterization of single photons before [7,25–27].
The corresponding measurement is shown in Fig. 3, k and
shows gð2ÞðτÞ ¼ 1 for all measured time differences τ. This
becomes clear when we consider that each moment in time
carries the uncertainty of detecting zero or two photons, as
the one-port state, 1

2
ðj0ih0j þ j2ih2jÞ, indicates. This rep-

resents a random intensity fluctuation and correspondingly
introduces a positive correlation, where the temporal
behavior is bound to the interference ability jgð1ÞðτÞj2 with
its characteristic coherence time τc=2. On the other hand, if
we had two noninterfering single-photon streams, a sub-
Poissonian photon statistics with a negative correlation
(with a characteristic time τsp=2) down to 0.5 would be
expected [28]. Both effects—the positive correlation that
stems from the interference and the sub-Poissonian dip that
originates from the particle picture—completely compen-
sate each other. The effect that any characteristic feature on
the one-port HOM measurement vanishes only occurs in
the case of perfectly Fourier limited photons (τc=τsp ¼ 1).
This stems from the fact that only then does the temporal
width of the antibunching match exactly the temporal width
of the coalescing photons. As outlined in the Supplemental
Material [19] (Chapter 8.2), small deviations from the
natural linewidth are well witnessed by deviations from the
flat line gð2ÞðτÞ ¼ 1. In the case of non-Fourier limited
photons, the interference is only present for the coherence
time of the photons, τc [26], which is commonly shorter
than τsp.
Above, the explanation on the one-port Hong-Ou-

Mandel analysis was divided into the particle and wave
nature. This equivalently holds for the two-port Hong-Ou-
Mandel measurement, where the dip was observed: The
particle picture describes a sub-Poissonian statistics down
to 0.5; however, here, the interference leads to a negative
correlation, which “pulls” the value of gð2Þð0Þ down to
vanishing values (Fig. 2, k and arrows).
In conclusion, the wave nature subtracts from or adds to

the particle-based curve. For the two-port Hong-Ou-
Mandel case, where the curve is pulled downwards, the
shape is only the same as the single-photon antibunching,
when the Fourier limitation of the photons is guaranteed.
However, in the case of the one-port analysis, the Fourier
limitation compensates the curve such that the correlation
function is gð2ÞðτÞ ¼ 1 for all measured time differences.
The difference to the particle-type curve is the same for
both cases, but with an opposite sign.
As for quantum networking, a spectral match among

stationary quantum nodes is essential. If the spectral width
of the photons is broader than the natural linewidth of the
nodes, the interaction is reduced. This is characterized by

the Fourier limitation of the involved photons τc=τsp [24].
Subsequently, only well-matching photons efficiently inter-
act with the next quantum node. Hence, so far, such an
efficient interaction among remote stationary single emit-
ters has only been demonstrated for atoms [3] and mole-
cules [24].
Besides such a direct interaction in quantum networking,

where the Fourier limitation is of importance, another
crucial building block is the photonic mediated entangle-
ment among emitters [3,5] and linear optics quantum gates
[1,2]. The relevant fidelity is estimated by the parameter
jgð1Þð0Þj2. In the two-port measurement (Fig. 2, k) it is

calculated as jgð1Þð0Þj2 ¼ 1–2gð2Þab ð0Þ, and the experimental
value results in jgð1Þð0Þj2 ¼ 0.92� 0.05. Here, the depth
of the HOM dip is solely limited by dark counts and
experimental jitter. Furthermore, for the one-port analysis
(Fig. 3, k) it is possible to estimate this quality number

with the equation jgð1Þð0Þj2 ¼ 2gð2Þaa ð0Þ − 1, which amounts
to jgð1Þð0Þj2 ¼ 1.00þ0.0

−0.08. Both values are consistent with
each other.
The above findings show that the photons obey ideal

Fourier limitation and interfere efficiently. For quantum
information processing, the net overlap of photons with
multiple quantum systems (such stationary nodes or
other involved photons) is of crucial importance. Hence,
we define the quality of the involved photons as
Q ¼ jgð1Þð0Þjτc=τsp, which indicates the achievable match

FIG. 3. One-port correlation. k: The Hong-Ou-Mandel experi-
ment is characterized in a single output arm of the interferometer.
The combination of a polarizing beam splitter (PBS) and the half-
wave plate (λ=2) acts comparable to a nonpolarizing beam
splitter. This recording proves the Fourier limited linewidth by
matching gð2ÞðτÞ ¼ 1.⊥: When the photons are prepared as in the
Shih-Alley configuration, the correlation function goes down to
zero if the state is analyzed in a diagonal polarization basis. This
scheme enables the interference and corresponds to the two-port
Hong-Ou-Mandel measurement as in Fig. 2, k. For the presented
data set, jgð1Þð0Þj2 amounts to 0.96. NBS stands for nonpolarizing
beam splitter.
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among photons, and also between photons and stationary
quantum nodes. This quality number ranges between zero
and one for photons that are emitted from a single quantum
emitter. It characterizes the ability of the photons to
undergo two- or multiphoton interference, as well as to
interact with the next quantum node(s), where the linewidth
determines the interaction strength. Both jgð1Þð0Þj2 and the
Fourier limitation, τc=τsp, affect each other, but each value
alone does not guarantee the usability of the photons in a
quantum network. Here, Q amounts to a remarkable 97%,
which implies that the photons are suitable for a scalable
quantum network with near-optimal photonic-node inter-
action and efficient all-optical quantum computation.
In comparison of the one- and two-port HOM measure-

ment, one realizes that the correlation within one arm is
annulled, whereas between two ports a negative correlation
is observed. Pearson’s correlation coefficient, defined as
gð2ÞðτÞ − 1 [29], allows for a mathematical description. For
the one-port analysis, it gives a zero value, whereas for the
two-port correlation, it results in a maximal negative value
of −1. Since each of the two beams alone does not carry
any correlation, it is counterintuitive that, simultaneously,
the beams are strongly (negative) correlated. This can be
described by a violation of the Cauchy-Schwarz inequality,

ðgð2Þab ð0Þ − 1Þ2 ≤
classðgð2Þaa ð0Þ − 1Þðgð2Þbb ð0Þ − 1Þ; ð1Þ

which puts a classical limit to the correlations among two
distinct beams, a and b. The cross-correlation measurement

gð2Þab ðτÞ is shown in Fig. 2, k, whereas the one-port corre-

lations gð2Þaa ðτÞ and gð2Þbb ðτÞ are equivalent by symmetry and
shown in Fig. 3, k. The Cauchy-Schwarz inequality is
violated with ratios well above 540. This underlines the
nonclassicality of the two-mode entangled state and indi-
cates nonlocal quantum interference. For more information
and the relation of the Cauchy-Schwarz inequality to
jgð1Þð0Þj2, we refer to Chapter 10 of the Supplemental
Material [19].
In order to investigate the particle picture of the photons,

we now suppress their interference. Therefore, the incom-
ing photons are introduced into orthogonal polarization
modes, horizontal (h) and vertical (v). This is performed by
placing a half-wave plate into one input arm of the Hong-
Ou-Mandel beam splitter. This configuration is known as
the Shih-Alley configuration [30]. Subsequently, the meas-
urement of the two-port correlation function as well as the
one-port correlation results in gð2Þð0Þ ¼ 0.5.
Figure 2,⊥ shows the experimental result for this two-

port correlation. Now, when the values for τ ¼ 0 are
compared between the maximally interfering (Hong-Ou-
Mandel configuration) and noninterfering photons (Shih-
Alley configuration), this interference visibility also allows
us to determine the joint first order coherence of the two
photons by

jgð1Þð0Þj2 ¼
gð2Þ⊥ ð0Þ − gð2Þk ð0Þ

gð2Þ⊥ ð0Þ
: ð2Þ

This results in a remarkable value for a continuous wave
experiment of jgð1Þð0Þj2 ¼ 0.93� 0.05.
In the Shih-Alley configuration, the two independent

input photon streams are set to noninterfering polarizations.
When a single output port is considered, they can be again
separated by a polarizing beam splitter. All photons from
one single-photon stream end up in one output path,
whereas all other photons from the second input mode
end up in the other one. Therefore, the single-photon
streams are totally uncorrelated [gð2ÞðτÞ ¼ 1]. This is
different than the one-port Hong-Ou-Mandel measurement,
where a similar flat line was observed. Unlike there, such a
measurement is fully independent of the wave and particle
properties of the input photons.
However, by introducing a wave plate, it is possible to

interfere these separable photons. For example, a half-wave
plate in front of the polarizing beam splitter in a diagonal
basis (�45°) entangles the two polarization modes to the
state ð1= ffiffiffi

2
p Þðj2h; 0vi − j0h; 2viÞ. This is equivalent to the

above Hong-Ou-Mandel transformation, but in polarization
modes (h; v) instead of spatial modes (a; b). Consequently,
a negative correlation is measured between the output ports
of the polarizing beam splitter [8]. This is shown in
Fig. 3,⊥. We like to note that this kind of polarization
analysis is limited to the Shih-Alley configuration—when
only one polarization mode is occupied (as in HOM), the
separation into polarization modes with a polarizing beam
splitter is equivalent to a configuration with a nonpolarizing
beam splitter (Fig. 3, k).
A measurement of such a one-port analysis of the Shih-

Alley configuration is shown in Fig. 3,⊥. It shows a reduced
probability of coincidences for short measured time
differences. As in the two-port Hong-Ou-Mandel scheme

discussed above, we estimate jgð1Þð0Þj2 ¼ 1–2gð2Þhv ð0Þ ¼
0.96� 0.09. The slight enhancement against the value
above is likely a result of the precisely tunable splitting ratio.
As in the two-port study, we compare the results of the

one-port measurements in both configurations (Fig. 3, k and
⊥): For the case of parallel incoming photons, no correlation
is observed. In the orthogonal input state, the negative
correlation is revealed. When the particle picture is consid-
ered, a gð2Þð0Þ ¼ 0.5 is expected. Here, in the one-port
correlation, the signal ranges from no correlation (k) to a
maximally negative correlation (⊥). Therefore, the joint first
order coherence of the two photons can be determined by

jgð1Þð0Þj2 ¼
gð2Þk ð0Þ − gð2Þ⊥ ð0Þ
gð2Þk ð0Þ þ gð2Þ⊥ ð0Þ

: ð3Þ

This results in a value for jgð1Þð0Þj2 of 0.96� 0.08. As
for the changed denominator against Eq. (2), the relevant
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second order correlation functions in this one-port analysis
vary between gð2Þð0Þ ¼ 0.0 and 1.0, whereas for the two-
port analysis, the function changes from gð2Þð0Þ ¼ 0.0
to 0.5.
The introduced polarization analysis can be extended to

both output ports of the Shih-Alley configuration. To regain
the photons’ interference, we analyze the photons in the
�45° basis–i.e., diagonal as they were prepared. The
corresponding setup is shown in Fig. 4(a). If we consider
the output ports with the parallel polarization (�45°,
�45°), the Hong-Ou-Mandel dip is revived as seen in
Fig. 4(b). This indicates the destructive interference as
introduced above [31] (Fig. 2, k). On the other hand, when
orthogonal polarization is considered (�45°, ∓45°), the
corresponding measurements show a flat line. This is a
constructive interference, which is associated to a
Hong-Ou-Mandel peak [31]. This interference as in the
Hong-Ou-Mandel dip occurs between both reflected or
both transmitted photons, but due to an additional phase
shift, introduced by the polarization difference, the interfer-
ence is now constructive. This compensates the negative
correlation, which is caused by the particle nature of the two
photons. Subsequently, the recording shows a flat line in the
correlation analysis [gð2ÞðτÞ ¼ 1]. This recording is compa-
rable to the one-port analysis of the Hong-Ou-Mandel
interference, which equivalently shows a flat recording
and is able to reveal small deviations from the Fourier
limitation of the involved photons.
This two-port polarization analysis allows us to revive

the Hong-Ou-Mandel interference, although the photons
were made incompatible at the beam splitter. The analysis
in the 45° basis erases the which-way information of the
detected photons that has been imprinted onto their
polarization. This effect has been introduced as a “quantum
eraser” [32] and was experimentally implemented for
photons from a parametric down-conversion source [31].

It underlines that the photons do not necessarily interfere
at the beam splitter, but the heart of the interference is
tightly linked to a subsequent detection process [33].
Correspondingly, the wave nature and the interference
among two orthogonal polarized photons is evoked by
this “postponed compensation” right before detection.
All four curves in Fig. 4(b) are extracted from a single

data set that contains time stamps from all four detectors. It
is possible to simply disregard the polarization analysis and
to consider solely the correlation between the spatial modes
a and b, as shown in Fig. 4(c). We like to note that this
indicates the particlelike nature of the photons and shows a
value of gð2Þð0Þ ¼ 0.5, as recorded in the Shih-Alley
configuration (Fig. 2,⊥). Subsequently, we can a posteri-
ori decide whether the path information should be erased
from the acquired data or not. This is an implementation of
a so-called “delayed-choice quantum eraser” [31,32,34].
This configuration enables a full characterization of the

photons in a single measurement, since it integrates all
earlier described measurements. jgð1Þð0Þj2 is best deter-
mined when the parallel polarization is analyzed. Here, we
measure a value of jgð1Þð0Þj2 ¼ 0.94� 0.04, comparable to
the Hong-Ou-Mandel case. This includes the single-photon
nature, and the photon’s usability for all-optical quantum
computing [1]. The corresponding recording in the
orthogonal polarization is able to reveal small deviations
from the Fourier limitation, as discussed for the one-port
Hong-Ou-Mandel measurement above. Here, also, a flat
line is recorded and confirms the perfect Fourier limitation,
which is expressed as τc=τsp ¼ 1.0.
In conclusion, the experiments merge different fields of

quantum optics, as the molecular photons from a solid-state
source are purified by an atomic vapor and are used in an all-
optical operation. Their spectral alignment with atomic
sodium is guaranteed by hot atomic vapor via the Faraday
effect. Subsequently, all collected photons originate from the

(c)(b)(a)

FIG. 4. A delayed choice quantum eraser. In this two-photon interference experiment, the input single-photon streams are prepared as
orthogonal, whereas the output modes are analyzed in the �45° basis with polarizing beam splitters (PBSs). (a) Experimental setup.
(b) Measurement of the cross-correlation signal among the detectors at different output modes a and b. Whereas the detection in parallel
polarization shows a dip going to zero (like Fig. 2, k), the orthogonal analysis shows a flat line. (c) When all signals of (b) are added and
normalized, the particle-type signal reappears (like Fig. 2,⊥). For this measurement the two-photon visibility is calculated to 0.94.
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molecules’ zero phonon line and exhibit a unity single-
particle character. This technique has been in parallel success-
fully adapted to quantum dot single-photon emitters [35].
Beside the above-mentioned single-particle character,

we extensively studied the photon’s wave nature by a set of
two-photon interference experiments. Whereas the usual
Hong-Ou-Mandel interference is used routinely to charac-
terize the ability of two photons to interfere, we have
applied a one-port correlation experiment that describes
the ability of the photons to interact with other quantum
systems.
When all measurements above are evaluated together, we

determine the joint first order coherence of the two photons
as jgð1Þð0Þj2 ¼ 0.94� 0.03. This value alone characterizes
only the photon’s quality in a very specific setting of a
quantum gate, but not necessarily in a quantum network.
The acquisition under continuous wave laser excitation
opens new insights to the temporal coherence.
By this, the photons are proven to be Fourier limited,

with a unity value of τc=τsp. This is experimentally enabled
by a recording of a single port of the Hong-Ou-Mandel
interference. These measurements reveal the linewidth of
the utilized photons to be a few ten MHz. It represents a
convenient way to explore the particle and wave nature in a
single experiment. Here, since both features are compatible
to each other, a flat line, i.e., gð2ÞðτÞ ¼ 1, is recorded. This
proves the suitability of the photons for a quantum network.
The introduced single-photon source exhibits almost

an ideal degree of first order coherence and Fourier
limitation. This results in an integrated quality number,
Q ¼ jgð1Þð0Þjτc=τsp, of larger than 97� 1.5%, and under-
lines that an efficient optical interaction among flying and
stationary qubits in a quantum network is possible—and it
guarantees the scalability of quantum gates [1,2] and
entanglement distribution [5]. Together with the match
to the sodium D-lines, these photons open the route to
memory-assisted all-optical quantum gates with an atomic
quantum memory. Comparable values of Q are solely
expected for atomic sources [3,8,21], but usually the
emission rates are lower due to state preparation steps
and a limited photon collection efficiency.
The nature of the Hong-Ou-Mandel interference requires

solely that the “which-way” information be absent [33]. As
shown, a quantum eraser experiment allows us to revive the
interference, even though the photons are incompatible at
the location of the beam splitter. The introduced imple-
mentation allows for a delayed choice data analysis, since,
depending on how this is processed a posteriori, the
quantum interference is present or not.
Future experiments will utilize the photons from the

single molecule in all-optical quantum computing and
entanglement generation [30,36]. Furthermore, the photons
can be used in implementing a robust and long-lasting
storage and retrieval scheme in atomic gases [17,37]—one
of the next evident goals in experimental quantum

hybridization. The method of utilizing a one-port analysis
or a quantum eraser will be used as a further characteri-
zation step beyond a characterization in the common Hong-
Ou-Mandel experiments.
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APPENDIX: METHODS

1. Single-photon source

The single-molecule-based single-photon source is
implemented by a cryogenic confocal microscope, as
depicted in Fig. 1(c); Fig. 1(d) shows an acquired scan
image from the molecule. Light collection is realized by a
solid-immersion lens made of cubic zirconia (∅ ¼ 3 mm,
n ¼ 2.18) in conjunction with an aspheric lens (C330-
TME, Thorlabs) as in earlier experiments [14]. A sodium
resonant single dibenzanthanthrene molecule [DBATT,
Fig. 1(a)] is selected from an inhomogeneous distribution
of many molecules (δλ ≈ 1 nm). This is performed by
scanning a blue detuned laser [λ ≈ 581 nm, Fig. 1(b)]
laterally over the sample [Fig. 1(d)], utilizing a sodium-
based Faraday filter [15] in the detection path. Only photons
from molecules that are spectral aligned with the sodium
transition are transmitted by the filter—no other emitters are
visible. The free-space count rate of the emitter is 250
kcounts per second measured after filtering. Then, the light
is coupled into a single-mode fiber (Nufern 460HP, antire-
flection coated input). The coupling efficiency into the fiber
amounts to approximately 20% due to a limited mode
overlap; this might be addressed with a mode converter in
the form of a spatial light modulator. The final count rate
behind the fiber amounts to 50 kcounts per second.
A polarization-independent fiber beam splitter guides the
photons to two single-photon counters (APDs) for a meas-
urement of the single-photon nature [Fig. 1(f)] or to more
complex quantum optical experiments [Fig. 1(c), right].

2. Atomic vapor filter

The atomic vapor filter is based on an optical Faraday
rotation in atomic sodium vapor with a magnetic field
colinearly aligned with the optical axis. A 100-mm-long
sodium vapor cell (Triad Technologies, CO, AR-coated
inside and outside) resides inside a solenoid. The overall
transmission of the cell is 80–85%. The temperature of the
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cell was set to 153 °C and the utilized magnetic field was
around 220 mT, which corresponds to approximately 170 A
in the solenoid. For calculating the transmission spectrum,
our own program was developed to determine all relevant
electric susceptibilities of all-optical transitions [15].

3. All-optical experiments

For further nonclassical interference experiments, a low-
drift optical table (granite, weight ¼ 350 kg) was dedicated
to the experiment. The interferometer is set up with free-
space optical elements and single-mode fiber coupled. The
entire setup was aligned and characterized by a sodium-
resonant and narrow-band (Δν ≈ 500 kHz to 1 MHz) laser
prior to the introduced experiments. Since it was performed
by visible light (sodium D2 line), tiny interferometric
imperfections are directly visible to the eye. When every-
thing is optimally aligned, the interferometric visibility is
determined to be larger than 99.9%. The measured optical
coupling from the input to the output of the interferometer
exceeds 90% (AR-coated fibers were used). Furthermore,
the setup remains stable for days. The incoming photons
originating from both arms of the split single-photon stream
are delayed longer than their coherence length, so that they
are independent (τdelay ≈ 75 ns).

4. Data processing

All data in the paper and the Supplemental Material [19]
are presented as raw data. The fit functions were processed
with a weighted nonlinear model fit, which has been
constrained to physical values (Mathematica 10.4.1,
Wolfram Research). For the photon correlation functions,
a model including the electrical jitter of the utilized single-
photon detectors was used (solid curves), which depends
on the exact cross-correlation jitter of the individual
detectors. To derive the theoretical expectation value
(dashed curves), the a priori determined jitter was decon-
voluted from the fitted model; the data were not corrected
for dark counts. For details on the fit with jitter, please refer
to the Supplemental Material [19], Chapter A. This paper is
accompanied with a Mathematica notebook, which allows
us to calculate all relevant (fit) functions.
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