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The generation and distribution of entanglement are key resources in quantum repeater schemes.
Temporally multiplexed systems offer time-bin encoding of quantum information which provides
robustness against decoherence in fibers, crucial in long distance communication. Here, we demonstrate
the direct generation of entanglement in time between a photon and a collective spin excitation in a rare
earth ion doped ensemble. We analyze the entanglement by mapping the atomic excitation onto a photonic
qubit and by using time-bin qubit analyzers implemented with another doped crystal using the atomic
frequency comb technique. Our results provide a solid-state source of entangled photons with embedded
quantum memory. Moreover, the quality of the entanglement is high enough to enable a violation of a Bell

inequality by more than two standard deviations.
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Light-matter entanglement is an important resource in
quantum information science. It enables complementing
the advantages of using photons as flying qubits in
quantum communication schemes with those of matter
qubits, which are ideal for quantum storage and processing
[1,2]. It can be achieved, for example, by interfacing
quantum sources of entangled photons with long lived
quantum memories [3-5]. But the direct generation of
light-matter entanglement, without the use of external
photon pair sources, is particularly attractive in view of
practical application as it generally features less complexity
and can lead to higher efficiency than the so-called read-
write memory protocols [6].

A very convenient method to directly generate light-
matter entanglement in atomic ensembles is the Duan-
Lukin-Cirac-Zoller (DLCZ) protocol [7]. It is based on the
off-resonant excitation by means of weak classical write
pulses of an atomic ensemble with a lambda system. With a
small probability, a Raman scattered write photon creates a
collective spin excitation, heralded by the emission of a
Stokes photon. The spin wave can be converted into a
second photon, the anti-Stokes photon, with the use
of a strong on-resonant read pulse. In this way, the
light-matter entanglement is mapped into photonic entan-
glement, which can be analyzed with photonic qubit
analyzers. Several types of entanglement have been
demonstrated using the DLCZ scheme in atomic gases,
such as polarization [8,9], spatial modes [10-12], orbital
angular momentum [13], and time bin [14]. The DLCZ
scheme has also been demonstrated with nanomechanical
resonators [15].
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The use of atomic ensembles embedded in solid matri-
ces, such as rare-earth-ion-doped (REID) crystals, offers
numerous advantages as the coherence times are compa-
rable to those of cold atomic clouds but the natural trapping
greatly simplifies the experimental setups. Moreover, the
inhomogeneous broadening of the atomic transitions can be
used as a resource for quantum information multiplexing
[16,17]. However, the standard off resonant DLCZ scheme
is difficult to apply to REID crystals, due to the very weak
dipole moments of the optical transition. Alternative
schemes have been proposed that use resonant excitation
and rephasing techniques to counteract the inhomogeneous
dephasing of the atomic dipoles [18,19]. Very few attempts
of implementing DLCZ-like schemes in REID crystals
have been done, demonstrating continuous variable entan-
glement [20,21] and quantum correlation between photons
and spin waves [22,23]. The latter demonstrations com-
bined the DLCZ protocol and the atomic frequency comb
(AFC) storage scheme [16].

In this Letter, we use the AFC-DLCZ protocol to create
entanglement in time between a single photon and a single
collective spin excitation in a REID memory crystal (MC),
in the photon counting regime. The matter state is trans-
ferred on demand onto a single photon, and the photonic
qubits are analyzed in Franson-like interferometers imple-
mented with another REID crystal. The entanglement is
demonstrated by observing high-visibility two-photon
interference in different bases and by violating a Bell
inequality.

In the AFC-DLCZ protocol, a write pulse resonant with
an AFC structure with comb spacing A is used. Excited
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(a) Experimental setup. The write and read pulses are polarized parallel to the D, memory crystal (MC) axis to maximize the

interaction. Both Stokes and anti-Stokes photons pass through the interferometric filter crystal (IFC), but in different spatial modes,
where dedicated laser beams prepare the required spectral features (transparency window or AFC). Spectral filters at 600 nm (width
20 nm) are placed on both arms before the photons are fiber coupled to the single photon detectors (silicon SPD). (b) Hyperfine splitting
of the first sublevels (0) of the ground *H, and the excited 'D, manifolds of Pr’* in Y,SiOs. (c) Temporal pulse sequence for the AFC-
DLCZ protocol. Ts (T s) is the time separation between a Stokes (anti-Stokes) photon detection and the write (read) pulse. The insets
show the effect of the AFCs in the IFC on the Stokes (orange) and anti-Stokes (red) photons. (d) Sketch of the Stokes—anti-Stokes
coincidence histogram vs T'g 4+ T'»g when the IFC is prepared with an AFC in each photon arm, with equal transmission and echo

probability.

atoms will then start to dephase due to the inhomogeneous
broadening. Spontaneously emitted Stokes photons are
collected between the write pulse and the corresponding
AFC echo, which appears at time 7y;c = 1/A. The Stokes
photons emitted at different times T'g < 7yc [Where T'g is
defined as the time between the write pulse and the
Stokes photon emission, see Fig. 1(c)], are correlated to
independent spin waves leading to entanglement in time
between the Stokes photons and the stored spin waves. The
joint light-matter state can be written to first order (not
normalized) as

Wy ) = / [14+p(T5)al(Ts)aly (Ts)]|05.0sw)dTs. (1)

where ag (agw) is the creation operator for the Stokes
photon (spin wave) and p(T's) the temporal dependency of
the wave function [18].

A strong resonant read pulse can be sent at a later time to
excite the spin wave back to the excited states, which, after
a finite rephasing time given by the AFC, leads to collective
emission of an anti-Stokes photon at a time 7 g after the
read pulse. Because of the fixed rephasing time 7;c of the
excited state, the anti-Stokes emission time is correlated
with the Stokes emission time following Tg + Thg = Tyc-
In the ideal case of unity read-out efficiency, the joint state
of the Stokes—anti-Stokes photons |Wgas) can then be
written (not normalized) as

/ (14 p(Ts)al(Ts)ahs (e — Ts)]|0s.0ns)dTs.  (2)

where (aj\s) is the creation operator for the anti-Stokes
photon. Our device therefore acts as a source of entangled
photons with embedded quantum memory.

In this experiment, we use two Pr3*:Y,SiOs (Pr : YSO)
crystals, a memory crystal (MC), and an interferometric
filter crystal (IFC), both cooled down to 3.5 K [22] in a
closed loop cryostat. This material offers long coherence
times [24], high storage and retrieval efficiencies [25], and
prospect for on-chip integration [26,27]. A sketch of the
relevant experimental setup and the energy level scheme of
Pr3* in YSO are shown in panels (a) and (b) of Fig. 1. We
tailor the 1/2,—3/2, transition of the MC as an AFC
structure with 7y = 9 us, while the 3/2, state is emptied
to store the single spin excitation (see [28] for more details).
We prepare the AFC structures every cryostat cycle
(1 Hz rate).

We then start to send Gaussian write pulses resonant to
the AFC at a rate of 3.7 kHz (1100 pulses per AFC
preparation). We detect the Stokes photons in a 4 us
window starting 1 us after the write pulse [temporal
sequence in Fig. 1(c)]. As discussed in [22], the number
of temporal modes stored is given by the ratio between
the Stokes photon detection window (limited by 7y;c) and
the duration of the Stokes photon itself. The latter is set by
the duration of the write pulse (700 ns of full width at half-
maximum in our case), therefore resulting in five distin-
guished temporal Stokes modes. The Stokes detection
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mode is set to an angle of about 3° in the backward
direction with respect to the write mode, to minimize the
leakage noise from the write pulse. Conditional on a Stokes
photon detection, we send the Gaussian read pulse,
counterpropagating to the write mode and delayed by
16 us. As a consequence of the phase-matching conditions,
the Stokes and anti-Stokes photons are emitted in opposite
directions. The anti-Stokes detection gate is finally opened
for about 10 us. The average storage time in the spin state is
75 = 13 us. Directly after the emission, the Stokes photons
are steered to the IFC, where a 2 MHz-wide transparency
window is prepared, to filter the photons emitted through
the decay to hyperfine ground levels other than the 3/2,.
The anti-Stokes photons are temporally gated with an
acousto-optic modulator before traveling through the IFC
where another transparency window is created in a different
spatial mode to suppress the coherent and incoherent noise
deriving from the read pulse [29]. AFCs can also be created
in the IFC, which will serve as qubit analyzers for the
photons (see below). Both Stokes and anti-Stokes photons
are detected with single photon counters (SPD) and their
arrival time is saved to reconstruct coincidence histograms.

We first verify that the Stokes and anti-Stokes photons are

emitted in pairs, and assess the cross-correlation function
2 . o
g(s,/)\s = ps.as/(Ps - Pas), Where pg ag is the probability to

detect a coincidence between a Stokes and an anti-Stokes

photon and pg (pas) is the probability to detect single Stokes

(anti-Stokes) photon. Figure 2 shows the measured gg%is

histogram fixing the coincidence window time-bin size to
At = 600 ns. This measurement is taken with a write pulse
power of Py =90 uW, corresponding to a total Stokes
creation probability Pg=1.6% (Ps=0.4%/us). We
observe a clear peak at Tg + Txg = 9 us, that represents
the correlated Stokes—anti-Stokes pairs, featuring a maxi-

mum of 9(52,/)%5 =173 £3.3. This is widely above the
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FIG. 2. Typical géﬂs histogram as a function of the T'g + T 5q time,
with a time-bin size of 600 ns. The write pulse power P,, is 90 yW,
corresponding to a Stokes creation probability Pg = 0.4%/us.

classical limit of 2 fixed by the Cauchy-Schwarz inequality,
assuming thermal statistics for the Stokes and anti-Stokes
fields, as predicted for the DLCZ protocol in the ideal
case [30]. The efficiency to retrieve an anti-Stokes photon,
conditioned on a Stokes detection, is about 1.6%, mostly
limited by the read pulse transfer efficiency, uncorrelated
background detection in the Stokes mode, and the rephasing
efficiency of the AFC and spin-wave decoherence [22,31].
To further characterize our system, we measured the

coincidence count rate and 9(52,1)\3 (At = 600 ns) as a function

of the Stokes probability P [31]. For a similar value of g(s%/ls,

we achieve a coincidence count rate 8 times higher than in
our previous demonstration [22], thanks to a larger number
of trials per comb, to an increased optical transmission
between the MC and the IFC, and to a larger Stokes detection
window [31].

To demonstrate time entanglement, measurements in
complementary time bases are required. This can be
achieved by sending optical fields in unbalanced interfer-
ometers serving as time-bin analyzers, as suggested by
Franson [35]. In our case, we use the IFC as a time-bin
analyzer by preparing an AFC with a storage time of
Tirc = 2 us in both spatial modes. The AFC structure acts
on the single photons as a beam splitter with a delay line in
one output, i.e., a part of an unbalanced Mach-Zehnder
interferometer [4,36,37]. This provides a convenient and
robust time-bin analyzer [36], without the need of phase
stabilizing interferometers with several hundred meters
path length difference. In the IFC, each Stokes and anti-
Stokes photon can be either transmitted (early time bin E)
or stored in the AFC and retrieved as an AFC echo after a
time 7jpc (late time bin L). The phase ®@g (P4g) between
the early and late time bin can be tuned by changing the
center frequency of the AFC with respect to the Stokes
(anti-Stokes) photons [16]. A phase shift of 2z is achieved
with a frequency detuning of A.

The coincidence histogram between Stokes and anti-
Stokes photon detections after the time-bin analyzers, as a
function of the 7'y + T s time will be thus composed of three
peaks. One corresponds to the coincidences between trans-
mitted Stokes and anti-Stokes [labeled |EgE s5) in panel (d)
of Fig. 1] and it thus lays at Ty + T o5 = 7yc. One builds up
with the coincidences between Stokes and anti-Stokes
photons when both undergo AFC storage in the IFC,
|LsLas). Consequently, it will appear at T+ Tyrg =
Tmc + 27rc- The central peak featured in Fig. 1(d) at Tg +
Tas = tvc + Tipc 18 the sum of two contributions: the
coincidences between transmitted Stokes photons and stored
anti-Stokes photons (|EsL,g)) and those between stored
Stokes photons and transmitted anti-Stokes photons
(ILsEas)). If these two processes are indistinguishable
and coherent (which requires, e.g., equal AFC echo
efficiency in the IFC for both photons), they will be
able to interfere. By selecting only the central peak, the
correlation between Stokes and anti-Stokes photons can be
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FIG. 3. (a) Examples of gg%f\s between Stokes and anti-Stokes photons when an AFC with 7jgc = 2 us is prepared in both the Stokes

and the anti-Stokes mode in the IFC. The cases of constructive (darker bars) and destructive (lighter bars) interference are shown. For
both measurements, the integration time is 10 h, approximately. (b) Interference fringes measured by tuning the frequency of the anti-
Stokes filter AFC (i.e., by tuning @) in two different bases, selected by changing the frequency of the filter AFC for the Stokes photon.
The circled points are the ones related to Fig. 3(a). The filled points are those used to calculate the S parameter (integration time 6.5 h per

point). The remaining data point are the result of 5.5 h of integration each.

interpreted as coming from the postselected entangled state
(1/V2)(|EsLas) + €?|LsEns)), where 0 = @5 — ®xg [4].
This photonic state results from the postselected
light-matter (1/V2)[a}(T)ady (T) +
as(T)agy(T')])|0s0sw) where T and T’ are separated in
time by 7igc, set by the analyzing interferometer. In our
experiments, we tailor the finesse of the AFC structures in the
IFC such that the amplitude of the transmitted and stored
pulses are comparable (approximately 30% of the input
pulses).

Figure 3(a) shows examples of g(sﬂs between Stokes and
anti-Stokes photons when both pass through an AFC in the
IFC. The constructive (dark bars) and destructive (light
bars) interference cases are reported as obtained by fixing
the Stokes phase shift @ = 0°, and the anti-Stokes phase
shift ®,g to 0° and 180°, respectively. As expected, the two
histograms differ in the area around Tg+ Tpg = 11 ps.
The value of ggz.l)xs for constructive interference is 7.6 & 0.5,
lower than the value measured before the time-bin analyz-
ers. This is due to the fact that there is an intrinsic loss in the
|

entangled state

IFC (gpc = 30%), and that the noise from different
temporal modes is summed up.

In Fig. 3(b), we show the results of two photon
interference measurements in different bases, obtained
by tuning the anti-Stokes phase shift for two different
values of ®g. The visibility is (75.9 &+ 4.6)% for &g = 0°
and (70.1 £4.4)% for ®g=90° showing evidence of
entanglement. To further assess quantum entanglement,
we perform an experiment probing the violation of the
Clauser, Horne, Shimony, and Holt (CHSH) inequality
[38]. We measure thus the coincidence histograms in 16
different settings to calculate the S parameter as a function
of Ty + Tag as

§=E(a.p) + E(d.f) + E(a.f)) - E(d. f).  (3)
where a and o (f and #') are two different phase choices for
the Stokes (anti-Stokes) photons arm, and the dependency
on Tg + T oq has been dropped for simplicity. The different
terms of Eq. (3) are built from the coincidences C in a time
bin At = 600 ns as follows:

_ Cla.p)+Cla+n.p+nr)—Cla,p+r)—Cla+npf)

E(a,p)

Figure 4 shows the resulting S parameters as a function of
Tg+ Txs when the phase values are fixed to a = 0°
a =90° f =45° and /' = 135°. As expected, the maxi-
mum violation is obtained for T + Txs = Tymc + Tirc =
11 us where we measure S = 2.15 4+ —0.07, which sur-
passes the classical bound of 2 by more than 2 standard
deviations. We also investigated the S parameter as a
function of the coincidence window At, showing that
higher violations can be obtained for smaller At, at the

 Clap)+Clatnptn)+Clap+n)+Clatnp)

|
expense of a lower coincidence count rate and read-out
efficiency [31].

These measurements show that the Stokes and anti-
Stokes photons are entangled in time. Consequently, as the
conversion spin wave to anti-Stokes photon is a local
operation, this also demonstrates entanglement between a
photon and the spin-wave stored in the crystal.

We have shown that a solid-state device can emit pairs of
entangled photons with an embedded quantum memory for
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FIG. 4. Bell inequality S parameter measured as a function of
T + T ps. The red line denotes the threshold § = 2 for violating
the CHSH inequality.

one of the photons. Moreover, the quality of the entangle-
ment is high enough to enable a violation of a Bell
inequality, making our device suitable for applications in
quantum communication. With improved performances
[31], this device could be an important resource for the
implementation of temporally multiplexed quantum repeat-
ers. It could also serve as a platform for investigating high-
dimensional entanglement in time between light and matter.
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