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Quantum correlations between long-lived quantum memories and telecom photons that can propagate
with low loss in optical fibers are an essential resource for the realization of large-scale quantum
information networks. Significant progress has been realized in this direction with atomic and solid-state
systems. Here, we demonstrate quantum correlations between a telecom photon and a multimode on-
demand solid state quantum memory. This is achieved by mapping a correlated single photon onto a spin
collective excitation in a Pr3*:Y,SiOs crystal for a controllable time. The stored single photons are
generated by cavity-enhanced spontaneous parametric down-conversion and heralded by their partner
photons at telecom wavelength. These results represent the first demonstration of a multimode on-demand
solid state quantum memory for external quantum states of light. They provide an important resource for
quantum repeaters and pave the way for the implementation of quantum information networks with distant

solid state quantum nodes.
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I. INTRODUCTION

Photonic quantum memories [1] are essential elements for
quantum information networks [2], providing efficient and
on-demand interfacing between single photons and stationary
qubits, e.g., atomic gases [3—6], electronic spins in diamonds
[7,8], or phonons [9,10]. Besides featuring efficiencies and
storage times comparable to or even surpassing those of
atomic gases [11-14], solid state photonic memories based
on rare-earth-doped crystals are becoming increasingly
important as they offer prospects for scalability and inte-
grability [15-18]. Most protocols for long-distance quan-
tum communication require quantum memories connected
to communication channels through optical fibers. One
possible direction to achieve this goal is to use telecom
quantum memories, e.g., based on erbium-doped solids
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[19,20] or optomechanical systems [10]. However, the most
efficient and long-lived storage systems up to date are
working at wavelengths far from the telecom window,
leading to a large loss in optical fibers. Possible solutions to
overcome this problem include quantum frequency con-
version [3,21-25] or nondegenerate photon pair sources to
establish entanglement between quantum memories and
telecom photons [15,26-29]. The latter approach has been
demonstrated using the atomic frequency comb scheme
[30] in rare-earth-doped single crystals or waveguides
[15,27,28], but the storage of photonic entanglement has
only been performed so far in the excited state for short and
predetermined storage times.

Longer and programmable storage times can be obtained
by transferring the optical atomic excitations to long-lived
spin collective excitations [spin waves (SWs)] thanks to
control laser pulses [30]. Recently, spin-wave storage of
weak coherent states at the single-photon level [31,32],
including qubit storage [31,33], has been demonstrated
with rare-earth-doped crystals. The generation and storage
of continuous variable entanglement between a multimode
solid state quantum memory and a light field have also
been reported recently [34]. In this experiment, light-
matter entanglement is created within the memory between
spontaneously emitted light and spin waves, the matter part
then being converted into a light field. This is a “read-
only” quantum memory [1], with the generated light fields
being resonant and, for this demonstration, outside the
telecommunication band. This motivates the need for a
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“write-read” quantum memory that can store an externally
prepared quantum optical state sharing a quantum corre-
lation with a telecom band photon. To date, this has not
been achieved with an on-demand spin-wave solid state
quantum memory. Its successful realization with single
photons requires an efficient quantum light source match-
ing the spectral properties of the quantum memory [35,36]
and the quasisuppression of the noise generated by
the strong control pulses. These tasks are challenging
because of the small spectral separation between the
hyperfine states of the optically active ions (a few MHz
in our system).

Here, we demonstrate the spin-wave storage with
on-demand retrieval of heralded single photons in a Pr3*:
Y,SiO5 crystal using the full atomic frequency comb
(AFC) scheme. This is achieved by generating pairs of
nondegenerate single photons where one photon is reso-
nant with the optical transition of Pr3*:Y,SiOs while
the other photon is at telecom wavelength. The telecom
photon is used to herald the presence of the other photon,
which is stored as a SW in the crystal and retrieved on
demand after a controllable time. We measure second-
order cross-correlation values between the heralding and
the retrieved photons, which exceed the classical bound
fixed by the Cauchy-Schwarz inequality for storage times
longer than 30 us, effectively demonstrating quantum
correlations between telecom photons and single spin
waves in a solid. Moreover, we demonstrate that our
memory can store spin waves in multiple independent
temporal modes.

II. EXPERIMENTAL DETAILS

Figure 1 depicts the experimental setup (a) and the
relevant energy-level scheme of Pr’*:Y,SiOs (b), where
the chosen A system is indicated by arrows. The atomic
frequency comb is prepared, following the spectral
hole-burning procedure described in Ref. [37], at the
frequency of the 1/2, —3/2, transition, and the control
pulses drive the coherence from the 3/2, to the empty 3/2,
storage state and back. The narrow-band spectral filtering of
the noise resulting from the control pulses is accomplished
with a second Pr**:Y,SiOs crystal, where a narrow trans-
parency window (around 5.5 MHz) is burned at the
frequency of the AFC [31]. An example of AFC prepared
in the memory crystal overlapped with the narrow spectral
hole burned in the filter crystal is reported in Fig. 2(a).

Our cavity-enhanced SPDC source produces ultra-
narrow-band photon pairs, where one photon, the idler, is
in the telecom E-band at 1436 nm, and the other, the signal, is
resonant with the Pr’* optical transition at 606 nm, specifi-
cally with the transition where the AFC is prepared [28,35].
The pump laser wavelength is 426.2 nm, and the average
power for the measurements presented in this paper is
3.3 £0.5 mW. The probability to obtain a single signal
photon in front of the quantum memory conditioned on a
detection in the idler SPD (i.e., the heralding efficiency) is
g = (20.9 +0.5)%. We also switch off the SPDC pump
after the detection of the idler photons for 30 to 40 us
(depending on the experiment), thus interrupting the creation
of photon pairs during the detection of the stored and
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FIG. 1.

(a) The experimental setup. Photon pairs are created by cavity-enhanced spontaneous parametric down-conversion (SPDC) in

a periodically poled lithium niobate (PPLN) crystal. At the output of the cavity, they are separated by a dichroic mirror (DM). The idler
photon is further filtered with a cavity (FCav) to select a single frequency mode, before being coupled in an optical fiber and detected
with an InGaAs single-photon detector (SPD). The signal photon is spectrally filtered with a band-pass filter (BPF) and an etalon, before
being coupled in a single-mode optical fiber and directed towards the quantum memory (QM), where it is stored using the AFC scheme.
Control pulses (CPs) are used to transfer optical excitations to spin waves and back; they are sent at an angle and counterpropagating
with respect to the input photons. The retrieved single photon is spectrally filtered using a filter crystal (FC) before being detected by a
silicon SPD. Temporal filtering is achieved with acousto-optic modulators, placed after the memory crystal, opened only when we
expect the SW echo. This prevents additional hole burning in the filter crystal and the SPD to be blinded by eventual leakage of the
control pulses. During the preparation of the memory crystal via optical pumping, the SPDs of both idler and signal arms are gated off.
After each AFC preparation, the gates are opened, and we detect the arrival time of both photons of the pair during a measurement time
of about 100 ms, leading to a duty cycle of 0.14. (b) Hyperfine splitting of the first sublevels of the ground *H, and the excited 'D,
manifold of Pr’* in Y,SiOs. The arrows highlight the A system chosen for the storage.
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FIG.2. (a) Example of an atomic frequency comb prepared for z = 7.3 us (red trace). The light violet trace is the transparency window
that we burn in the filter crystal. The diamonds are signal-idler coincidence rates taken after preparing a single 800-kHz broad
transparency window in the memory crystal and moving its frequency along the input photons. The error is smaller than the data points.
The dotted blue line is a simulation of a Lorentzian peak with FWHM = 2.8 MHz convoluted with a 800-kHz-wide spectral hole.
(b) Time histograms of the input photons (black trace), the AFC echo at 7 = 7.3 us (red trace), and the SW echo (blue trace) acquired
over an integration time of 343 min. We construct the coincidence histogram by taking the detection of the idler photons as a start and the
detection of a signal photon after the memory as a stop. The coincidence count rate in the AFC echo is 4/ min and in the SW
echo = 1/ min. The control pulses, detected with a reference photodetector, are displayed as plain pulses and are separated by T, = 6 ps.
They are modulated in amplitude and frequency with Gaussian and hyperbolic tangent waveforms, respectively, as described in
Ref. [38]. The peak power is 21 mW. The dashed vertical lines indicate the integration window for the signal (AT, = 320 ns), while the
dashed horizontal line represents the noise floor. (¢) Coincidence counts for the SW echo at T = 7 4+ T, = 13.3 us normalized by the
average noise level, along with its fit to a double exponential function, to account for the Lorentzian spectral shape of the SPDC photons.

retrieved photons. Further details about the experimental
setup and the preparation of the atomic frequency comb can
be found in Ref. [38].

III. HERALDED SINGLE-PHOTON SPECTRUM

To access the spectrum of the heralded photons to be
stored, we compare two measurements. First, we measure
the temporal distribution of coincidences between the signal
and idler photons of the source alone [36]. This correlation
function has a width of 78 ns (FWHM), which is the
correlation time of the photons. From this value, we
calculate a biphoton bandwidth of 2.8 MHz. In a second
experiment, we employ the Pr3* : Y,SiOs memory crystal as
atunable frequency filter [31,39,40]. We prepare a 800-kHz-
wide spectral hole and record coincidence histograms when
the central frequency is swept by about 10 MHz around
the frequency of the signal photons. In this experiment, the
photons passing through the transparency window are
directly steered to the APD for detection, bypassing the
temporal and spectral filtering stages. The coincidence rate
as a function of the hole position [blue diamonds overlapped
with the AFC in Fig. 2(a)] gives the spectral distribution of
the heralded single photons at 606 nm. The result of this
measurement agrees with the spectrum extrapolated from
the signal-idler coincidence histogram measured immedi-
ately after the SPDC source [36]. This is confirmed by the
good overlap between the diamonds and the blue dotted line,
which represents the convolution of a Lorentzian curve of
width 2.8 MHz and the trace of the 800-kHz-wide spectral

hole. We estimate the spectral overlap between the heralded
single photons and the AFC to be about 70%, which
currently limits the AFC storage efficiency.

IV. SPIN-WAVE STORAGE OF HERALDED
SINGLE PHOTONS

We first measure the coincidence histogram when the
signal photons are sent through a 18-MHz-wide transparency
window prepared in the memory crystal [input trace at O us
in Fig. 2(b)]. The correlation time between the signal and
idler photons is 7. = (89 +4) ns, leading to a heralded
photon line width of (2.5 £ 0.1) MHz [36]. The correlation
between the two photons is inferred by measuring the
normalized second-order cross-correlation function gE,,zl-) =
P,;/(Py-P;), where P,; is the probability to detect a
coincidence between idler and signal photons in a time
window AT, = 320 ns, while P; and P, are the uncondi-
tional probabilities to detect each photon. We find a gﬁ?} value
of 96 £ 32. Then, we prepare an AFC with periodicity A and
store the single photon as a collective optical atomic excitation
lwe) = (1/V/N) Y| eiknlg,...e;...gy), where Ky, is the
wave vector of the incoming photon [see level scheme in
Fig. 1(b)]. We obtain, for a preprogrammed storage time
7= (1/A) =17.3 ps, an efficiency 7apc = (11.0 £0.5)%
and gfﬁcyi = 130 £ 31 [see Fig. 2(b)]. This result represents

an improvement in terms of gflzcl. of more than 1 order of

magnitude compared to the state of the art in the same system
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[28]. The ¢® value increases after the AFC storage due to
the fact that the stored photons are transferred to a temporal
mode free of noise [28]. After the retrieval, we measure
7. = (147 £7) ns, larger than the value measured before
storage. We attribute this temporal stretching to spectral
mismatch between the input photons before the memory
(FWHM = 2.8 MHz) and the atomic frequency comb (total
width 4 MHz), as evidenced in Fig. 2(a).

We then perform spin-wave storage experiments by
sending pairs of strong control pulses after the detection
of each heralding photon. The first control pulse with wave
vector Kk transfers the collective optical excitation |y, ) to a
collective spin excitation (a spin wave), which can be written

as |wg) = (1/VN) X, ertkake)lg,.s;...gy). For a
storage time in the ground state of 7, = 6 us (thus, a total
storage time 7' = T, + 7 = 13.3 us), we detect the retrieved
photons, i.e., the spin-wave echo (swe), with an efficiency
New = (3.6 £0.2)%. Note that 75, is inferred with a
coincidence window of AT, = 320 ns, containing 80% of
the signal, and it includes the loss in the filter crystal.
Figure 2(c) shows a magnification of the SW echo mode,
normalized by the average value of the noise measured
outside the peak, leading directly to the signal-to-noise ratio
(SNR) of the stored and retrieved photons. We observe a
maximum SNR of around 5. This curve can also be used to
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infer gg)e, ;- With our filtering strategy, we reach a noise floor

of (2.040.1) x 1073 photons per storage trial at the
memory crystal (horizontal dashed line in the SW echo
temporal mode). The correlation time of 7, = (200 + 40) ns
exceeds the one after storage in the excited state. This further
increase after the SW storage is attributed to the limited chirp
of the control pulses (see Ref. [38]).

V. QUANTUM CORRELATION BETWEEN
SINGLE TELECOM PHOTONS AND
SINGLE SPIN WAVES

To investigate the nonclassical nature of the photon

correlation after the SW storage, we measure ggv)e‘i(ATd)
and compare it to the unconditional autocorrelation of the
idler [¢\%) (AT ;)] and retrieved signal [gie swe (AT )] fields,
respectively. To access these quantities, we correlate photon
detections from different unconditional storage iterations
[see Fig. 3(a)]. The time between two consecutive storage
trials is 190 us. In each trial (500 per comb preparation), we
maintain the gate of the idler SPD open during 4.5 us before

sending the control pulses. We find g<2) =6.1+0.7. We

swe,i ~
()

swe,i

note that our g is limited by the spin-wave read-out

efficiency, which we estimate to be approximately
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(a) Unconditional cross-correlation between the idler photons and the retrieved signal photons. The g<2> (AT, = 320 ns) value

swe,i

for this measurement is 6.1 4 0.7. The classical bound given by the Cauchy-Schwarz inequality is reported as a horizontal line. The error
bars are calculated considering Poissonian statistics. (b) Scheme representing the analysis of the cross-correlation measurement to evidence
the multimodality. Both idler and retrieved signal integration windows are divided into smaller intervals (640 ns), and the correlation is
calculated between intervals separated by different storage time. (c) Cross-correlation value between idler and retrieved signal photons
detected in small temporal modes separated by different storage times. For this analysis, we also set AT ; = 640 ns for better statistics. The
gﬁ)e_ (AT ; = 640 ns) exceeds the classical threshold for AT ; = 640 ns (reported in the color bar) only for windows separated by the total
storage time 7" = 13.3 us. Violations outside these windows are not statistically significant because of a low number of counts. (d) Cross-
correlation value between the idler photons and the retrieved signal photons (full circles) and the coincidence counts in the SW echo (empty
squares) as a function of the detection window for the idler photons. Both the signal detection window and the coincidence window remain
constant at 4.5 us and 320 ns, respectively. The classical threshold is also reported as a horizontal line. The integration time for this
measurement is 38.5 h. The error bars are calculated considering Poissonian statistics.
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ng = 24%, while the write efficiency is ny = 31% (see
Ref. [38] for a detailed discussion). With this unconditional
sequence, the measured noise floor [(1.3 £0.1) x 1072
photons per storage trial] is lower than with the conditional
one (Sec. IV). We attribute this result to the fact that the
number of control pulse pairs per comb is larger in the
unconditional sequence. This probably contributes to further
emptying of the spin storage state. The classical bound from

) (2) )

sweii < \/ Gsweswe * i 18
indicated in Fig. 3(a) as a horizontal line. The measured
unconditional autocorrelations are (also for AT ; = 320 ns)

97 =132+004 [36] and gheswe = 1.0+ 0.4 (see
Ref. [38]). The Cauchy-Schwarz parameter R = ( <g§3v)e,i)2 /

ggi,)e,swe . gl(z,>) =28 £ 12 exceeds the classical limit of
R =1 by more than 2 standard deviations. The confidence
level for violating the Cauchy-Schwarz inequality, i.e., for
observing a nonclassical correlation between the telecom
heralding photon and the single spin wave stored in the
crystal, is 98.8%. If a larger coincidence window is con-
sidered, AT; = 1 us, the R value is reduced to 8.3 £2.3

because of a bigger contribution of noise in the ggv)e_ ;-Onthe
other hand, because of a reduction of the statistical error, the
confidence level for the demonstration of nonclassical
correlation rises up to 99.92% (see Ref. [38]).

The main advantage of the full AFC protocol is the
possibility to store multiple distinguishable temporal modes
while maintaining their coherence and quantum correlation
[30]. This ability is crucial for applications in quantum
information protocols, e.g., to enable temporally multiplexed
quantum repeater protocols with high communication
speed [26] and storage of time-bin qubits robust against
decoherence in optical fibers. To test this aspect, we perform
experiments with detection gates much longer than the
photon duration. We divide both the idler and the retrieved
signal detection windows, At; and At,, respectively, into
smaller temporal modes of width 640 ns, as sketched in
Fig. 3(b). For this analysis, we also consider AT ; = 640 ns
in order to have better statistics. We then check that we have
nonclassical correlations between modes separated by the
total storage time T = T, + v = 13.3 pus and classical cor-
relations between modes separated by 7' # 13.3 us, as shown
in Fig. 3(c). Contrary to other temporally multimode storage
protocols [11,34,41], in the full AFC protocol, the total
storage time is maintained for the different temporal modes.
To additionally demonstrate that the multimode capacity does
not decrease the correlations, we compute ggv)e,i(ATd =
320 ns) for idler detection windows Af; varying from
320 ns to 4.5 ps, as shown in Fig. 3(d) (full circles), together
with the coincidence counts measured in the center peak for

each window size (empty squares). As expected, the latter

increases linearly with A¢;, but the gi%v)e’i value remains

constant, within the error bar, and well above the classical

the Cauchy-Schwarz inequality g

bound over the whole range. Defining the number of temporal

modes as N,, = At;/AT,, we confirm nonclassical storage
of a maximum of seven temporal modes with a AT; =
640 ns that contains 94% of the coincidence peak. However,
considering AT ; = 320 ns, which still contains 80% of the
SW echo, a 4.5 us-wide gate can accommodate up to 14
independent temporal modes.

Finally, to illustrate the ability to read out the stored spin
wave on demand, we perform storage experiments at different
SW storage times. For these measurements, we implement a
semiconditional storage sequence in order to obtain good
statistics with shorter integration time. We wait for heralding
photons and, after each detection, we send 15 pairs of control
pulses (each pair being separated from the neighboring one by
190 ps), which we exploit to correlate the idler and the
retrieved signal (see Ref. [38]). The measured storage and
retrieval efficiencies are reported in Fig. 4(a), together with a
Gaussian fit, which accounts for the inhomogeneous broad-
ening of the spin state. As a fitting parameter, we obtain the
spin inhomogeneous line width y;,, = (20 + 3) kHz, in
good agreement with that measured in different experiments
on the same crystal [18,31]. This result further confirms that
the photons are stored as spin waves. The second-order cross-
correlation function for increasing SW storage times 7', is
shown in Fig. 4(b). The red dashed curve is calculated by
considering the Gaussian fit of the signal decay [solid curve in
panel (a)], normalized by the source heralding efficiency #y
and the average noise floor of (1.9 + 0.2) x 1073 photons per
trial (the average being over the different 7). We measure
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FIG. 4. (a) Spin-wave storage efficiency as a function of the
storage time 7';. The solid line is a fit of the experimental data,
taking into account a Gaussian inhomogeneous broadening of the
spin state. The spin inhomogeneous broadening extracted from
the fit is y;y, = (20 & 3) kHz. (b) The g\, ,(320 ns) value as a
function of the storage time. The classical threshold is reported as
a horizontal line. In both panels, the error bars are calculated by
considering Poissonian statistics, and the circled data points refer
to the measurement reported in Fig. 2.
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nonclassical correlations between the idler and the retrieved
signal photons up to a total storage time 7 =7+ T, =
32.3 us. Note that, while we measure the Cauchy-Schwarz
parameter R with unconditional measurements at 7 =
13.3 ps, to assess the nonclassicality for longer storage times,
we make the assumption that the retrieved signal autocorre-
lation does not increase for semiconditional measurements at
different storage times. This is a conservative estimate since

the ggé)e‘swe value is mainly determined by the noise in the
read-out, which we verify to be constant over the whole range
of storage times investigated and not bunched (see Ref. [38]).
Under this hypothesis, the Cauchy-Schwarz inequality is
violated at 7 = 32.3 us with a confidence of 94% for
AT, =320 ns.

VI. DISCUSSION AND CONCLUSION

The demonstrated quantum correlation between a tele-
com photon and a spin wave in a solid is an essential
resource to generate entanglement between remote solid
state quantum memories [26]. The measured value of ggv)e,i
after spin-wave storage is currently limited by the signal-to-
noise ratio of the retrieved photon, which is, in turn, mostly
limited by the low storage and retrieval efficiency. This
value could be greatly improved by using higher optical
depth [11] with higher-quality combs, or crystals in
impedance matched cavities [42,43]. The storage time is
currently limited by the spin inhomogeneous broadening
and could be increased using spin-echo and dynamical
decoupling techniques [32], with prospects for achieving
values up to one minute [13] in our crystal, while even
longer storage times (of order of hours) may be available in
Eu**:Y,SiO5 [14]. Finally, our experiment could be
extended to the storage of entangled qubits, e.g., using
time-bin encoding [31].

In conclusion, we have reported the first demonstration of
quantum storage of heralded single photons in an on-demand
solid state quantum memory. We have shown that the
nonclassical correlations between the heralding and the
stored photons are maintained after the retrieval, thus
demonstrating nonclassical correlations between single tele-
com photons and single collective spin excitations in a solid.
Finally, we showed that the full atomic frequency comb
protocol employed allows one to store a single photon in
multiple independent temporal modes. These results re-
present a fundamental step towards the implementation of
quantum communication networks where solid state quan-
tum memories are interfaced with the current fiber networks
operating in the telecom window [26].
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