Supplementary Figures

200

trials

Supplementary Figure 1: Number of coincidences detection events in the SPDs D1 and D2 as a function of
the number of trials. The first peak (red) represents the coincidences detection between a write and a read photon
proceeding from the same readout trial C](Dll),D2> while the blue peaks are the coincidences between a write photon and
a read photon proceeding from a successive uncorrelated trial. The light area in each peak represents the Poissonian
measurement uncertainty.
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Supplementary Figure 2: Transmission of the probe weak coherent state as a function of its detuning § when the
coupling beam is off (light blue triangles) and when it is on (blue circles). The solids lines of the respective colours
represent a fit to the data with the model described in [1] from we extract OD = 5.4 +0.1, Q. = 2.66 + 0.06 MHz, full
width half maximum of the EIT peak FWHM = 0.73 4+ 0.03 MHz peak transparency Ty = 32.1% and dephasing rate
Yer = 0.29 £ 0.03 MHz.



| I \nput photons

I I Slow Light (x5)

[ Stored Light (x5)
Leakage (x5)

D2 counts per trial

Supplementary Figure 3: (a)Example of storage and slow light of a weak coherent state. Here we show: the input
probe pulse measured when the atomic ensemble is not loaded (red), slowed pulse transmitted through the cloud when
the coupling beam remains on (blue), the stored and retrieved pulse (orange) and the leakage due to low OD (grey).
The ratio between the area of the slowed pulse and the input pulse is 710w = Aslow/Ain = 23 %. The vertical dashed
line indicate the centre of mass of the input and of the retrieved pulse respectively which we use to measure t1 (see
text). We calculate the storage efficiency np considering a time window of 600 ns, indicated by the black vertical
lines. In this example, ng = 2.2% for tg = 1pus corresponding to tT ~ 1.47 us. The solid blue line represents the
intensity of the coupling beam. (b) Storage efficiency as a function of ¢1 together with a fit with the equation (17).
From the fit shown we extract a coherence time 7 = 3.34 +0.02 ns and a frequency separation of the hyperfine states
AF =194 + 4kHz.
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Supplementary Figure 4: (a) Count rate on the SPD D2 when no atoms are loaded in site B (red), when the
atoms are loaded and the pulse is slowed down (blue), when the atoms are loaded and the coupling beam is switched
off, representing the unwanted noise on the ’551/2, F = 1> ~ |5P3/2, F = 2> transition (grey). The dashed line is the
noise subtracted slowed read pulse. The dip in the slowed pulse that is observable at ¢ ~ 0 us results from the fast
switch-off of the trailing edge of the input photon (see [2, 3]). The two solid vertical lines show the ~ 123 ns time
window gate centred at ¢y, (marked by the dashed vertical line) that we use to measure the cross-correlation function

in (b). (b) Cross-correlation function as a function of ¢,,. The horizontal line represents the classical bound gV(V% )r =2.
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Supplementary Figure 5: Coincidence detection probability p(re|w) as a function of the the coupling beam detuning
8, after storing the read photon for tg = 500 ns. The fit with the function Ae=%/27" (solid line) gives a width
0 =1.014£0.04 (FWHM = 2.384+0.09 MHz). The error bars are the Poissonian error of the photon counting statistics.



Supplementary Notes

Supplementary Note 1: Theoretical background of a DLCZ quantum memory

In this section we review the basics of a DLCZ quantum memory. In site A, Na atoms are prepared in the ground
state, and their collective state is written as |G) = ‘gAl...gAi...gANA > A write pulse generates with a probability p at

least a write photon in a given spatial mode by Raman scattering, transferring the atoms in the ground state |sa).
The atom-light system can be described by the two-mode squeezed state:
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Here the subscript w indicates the write photon mode, af, and ST are the creation operators of the write photon and
of the collective state of the atoms, explicitly:
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where kw and k,, are the wavevectors of the write pulse and the write photon, and r; is the position of the 4t —atom.
From equation (1), one can see that for low p the atoms share a single, collective spin excitation (also called spin-wave)

After a storage time ¢ the atomic excitation is mapped deterministically into a read photon via Raman scattering
by mean of an intense read pulse. Defining the read pulse wavevector as kg, the read photon spatial-mode will be
given by the phase-matching condition k, = kw + kr — ky, while the temporal mode will depend on the temporal
shape of the read pulse [4]. The pair state of the write and read photon then reads:
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where now the subscript r stands for the read photon mode. From equation (3), it is evident that for low p a
successful detection of a write photon project the read photon into a single photon state.

The write and read photon statistics can be measured by their second-order auto-correlation function géi lv and

gii) via HBT measurement. Taking as example the write photon mode (similar expression holds for the read photon).
we denote wy and wy the write photon mode after passing through a balance beam splitter, p(w;) the probability to
detect a single photon in the w; photon mode, and p(wy, ws) the probability of a coincidence detection of photons

between the modes w; and ws, the auto-correlation function reads:
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From Eq. (4) one finds g‘(,v% ) = gﬁ) = 2 for the two-mode squeezed state given by equation (3). This means

that taken individually the write and the read photon are in a pure thermal state. Stray light and coherent leakage
noise diminishes the auto-correlation function thus one finds 1 < gé?, lv <2and 1< gr(?r) < 2, as also shown by our
measurement (see Table I in the main text).

On the contrary, after a successful detection of a write photon, for low p the read photon mode is projected onto
a single photon states, showing anti-bunching in a HBT measurement. That means that its heralded auto-correlation

function, also called the anti-bunching parameter o = géf)ﬂw), must be a < 1. Explicitly:
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The correlations between the write and the read photon can be measured by the second-order cross-correlation

function gSVQ, )r, which as a function of p is:
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from which it is clear that for high-quality single photon (i.e. a ~ 0) one gets g‘(,f)r > 1.
Non-classical correlations between the write and the read photons arise when gV(V% )r > 2. This can be inferred from

2
the Cauchy-Schwartz inequality (CS) which states that two classical light fields fulfil R = [g&? )r} / gv(v% )Wgr(i) < 1. Since

in our situation 1 < g‘(fzﬁ <2and 1< gﬁ?r) < 2 for the write and the read photon, it is easy to see that gsf)r > 2

violates the CS inequality.



Supplementary Note 2 Description of the photon emission from the DLCZ photon source
including noise

Here we show the theoretical model that we use to fit data in Fig. 2(a,b), 3b, 4(a,b,c,d) in the main text. Following a
similar procedure as in [4], we start from the ideal description of a DLCZ QM and we include the noise contributions
given by spontaneous emission, stray light fields and dark-counts of the SPDs.

As explained in detail above, the write process creates pairs consisting of a write photon and a spin-wave in a
probabilistic way. These spin-waves can be later converted with a high probability into read photons emitted in a
particular transition and direction, due to collective interference. The quantities that we measure in this work depend
on how directional is the emission of these read photons. The ratio between directional and random emission depends,
among other factors, on the preservation of the spin-wave coherence or the optical depth of the atomic ensemble.

The ratio of directional emission can be characterized by the intrinsic retrieval efficiency n4. The random emission
is proportional the total number of atoms in the |sa) ground state, the read photon spatial mode solid angle and to
global branching ratio corresponding to the detectable transitions, psg. Following a similar procedure as in [4], we
can write all the photon detection probabilities as:

p(W) = Pw + P, (8)
p(r) = p(r)" + p(r)™* =
= pnane + p(1 — na)PsEm: + Por, (9)
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= p(w)nan: + p(w)p(1 — na)psem + p(W)pnr, (10)

where p is the probability to create a spin-wave together with a write photon in the coupled spatial mode, 7, is
the write photon total detection efficiency, 7, is the total transmission of the read photon after leaving the atomic
ensemble (including the Rydberg storage efficiency ng) and p,w (pnr) is the probability to detect a background count
(including stray light and SPD dark-counts) in the write (read) photonic mode. To fit data of Fig. 2a of the main
text we used equation (6) substituting p with ¢ip(w) + c2. The terms ¢; and ¢z are used to include the noise on the
detectors D1, D3 and D4.

From Egs. (8,9, 10) we compute the function:
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which is used to fit the data of Fig. 2b and 3b in the main text. The free parameters are na, psg, and pp.. In
our experiment, the SPD of the write photon is gated for a very short time $J%'¢ ~ 60ns, therefore we measured
Prw < p(w).

To fit data in Fig. 4(a,b) of the main text, a storage time dependence of the Rydberg storage efficiency has to
be included. To do so, we considered a time-dependent 7,, where the time dependence follows equation (17) (see
next section). Similarly, for the data in Figures 4(c,d) the delay between the write and read pulses is changed and
the decoherence of the spin-wave has to be considered. Decoherence decreases the directionality of the read photon
emission. In our experiment this is mainly due to the motion of the atoms and it gives a Gaussian decay of the
intrinsic retrieval efficiency na (t) = nae~t"/™uez [5], being TpLez = /m/ (kT AkZ), where m is the atomic mass, kg
is Boltzmann’s constant, T is the atomic temperature and Ak = |kw — Ky| is the difference between the write pulse
and write photon wavevectors.

)r:

)

Supplementary Note 3 Theoretical background of electromagnetically induced trans-
parency

Here we review briefly the basics of the electromagnetically induced transparency (EIT) in site B. The atomic cloud in
site B can be described as a system of three level atoms, the levels being: the ground state |gr) = |5S1/2, F= 2>, the
excited state |eg) = ‘5P3/2, F= 2> and the Rydberg state |Rg) = |6051/2>. We probe the atomic cloud by measuring
the transmission through the cloud of a weak coherent field (€) detuned by ¢ with respect to the |gg) — |ep) transition.
When the detuning approaches the resonant condition, i.e. § = 0, the atoms absorb the probe field, the transmission
drops to its minimum value T'(§ = 0) = e~°P, where OD is the Optical Depth of the cloud for this transition. By
fitting the data of the transmission as a function of & we extract the OD of the cloud, being OD = 5.41 £ 0.14.

A strong coupling beam with Rabi frequency ). resonant with the |eg) — |Rp) transition creates the conditions
for EIT opening up a window of transparency in the transmission spectrum of the probe field around § = 0. We
extract €2, as well as the dephasing rate y,g of the |gg) — |Rg) transition by fitting the transmission as a function of
§ with (see [1]):

T = exp{—kyt Im [X(0)]}, (12)
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where I' is the linewidth of the |gg) — |eg) transition, k, is the probe beam wavenumber and ¢ is the atomic cloud
length. An example of the transmission with and without the coupling beam is shown in Supplementary Figure 2.
The dephasing v,r include the lasers linewidth, the lifetime of the |Rp) state as well as the broadening induced by
spurious external fields. v,r in combination with €} sets the height and the width of the EIT transparency window.
The height of the peak is further limited by imperfect mode-matching between the probe beam and the coupling beam.

Supplementary Note 4 Light storage with EIT

When § = 0, the coupling beam converts the probe field into a slowly propagating dark-state polariton (DSP),
described by the field operator ¢(z,t). A DSP is a coherent superposition of the probe electric field £(z,t) and the
atomic coherence between the ground and - in our case - the Rydberg state, o4 r(2,t). For a medium with density p
the field of a DSP writes [6]:

@(2,t) = E(z,t) cos(0) — \/pogr(z,t)e” 2X%sin(0) (14)

where the mixing angle 6 is related to the group index ng, of the medium following tan?(#) = ng, and Ak = k. + ky,
where ke (kp) is the wavevector of the coupling (probe) field.

The group index depends on €. and on the OD of the |gg) — |ep) transition. In particular ng ~ OD/Q2, as
consequence a DSPs propagates at a reduced group velocity vgy = ¢/ngy. In the limit Q. — 0, the group index ng,
goes to infinity and the group velocity of the polariton vg, is reduced to zero. In this condition § — 7/2, therefore
cos(f) — 0 and sin(f) — 1. This means that by switching off the coupling field it is possible to convert all the probe
light into stationary atomic coherence, effectively storing the probe pulse as atomic coherence. In this situation, the
state of the atomic ensemble can be written as a collective Rydberg atomic excitation

Np
1 —i(ke r;
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By switching the coupling beam back on, the light component of the polariton is restored and the pulse is retrieved
out of the medium. The storage process is limited by low OD, by finite transparency at the centre of the EIT feature
and by imperfect frequency bandwidth matching between the probe pulse and the narrow band EIT window. In
particular, at low OD the probe pulse is not fully compressed inside the atomic ensemble, resulting in a light leakage
eventually reducing the storage efficiency. In our case OD = 5.4 which gives a leaked part equal to 42% of the
transmitted slowed pulse (see Supplementary Figure 3).

The storage efficiency decreases at longer storage time due to the dephasing of the collective Rydberg atomic state
described by equation (15). The main sources of dephasing are atomic motion given by finite temperature of the
cloud, as well as external stray fields. In our experiment, we observe a Gaussian decay np(t1) = noe_t”zf/ TF2<, where
now tt = tg + topr is the total time that an input light pulse takes to cross the atomic sample. topr is a time-offset
that takes into account the delay time dt = v, /¢ that results from the reduced group velocity of the DSP as well
as the temporal profile of the coupling beam. In the present letter, we measure t1 as the difference between the
centre-of-mass of the stored and retrieved pulse and the input pulse see Supplementary Figure 3. By defining fi, (¢)
and fout(t) the temporal shape of the input pulse and of the stored and retrieved pulse respectively, tT reads:

. ffout(t)tdt _ ffln(t)tdt
U fow(tydt [ fa(t)d

To fully understand data in Figures 4(a,b) of the main text and in Supplementary Figure 3, one must include the
hyper-fine structure of the Rydberg state, |Rg) = ’6051/2>, which is composed of the two hyper-fine states |Rp, p=1) =
‘6051/2,F = 1> and |Rp, p=2) = ‘GOSl/Q,F = 2> separated by AFiheo = 182.1kHz. Due to our laser linewidth, we
cannot resolve these two states in our EIT spectroscopy, as a consequence the probe is stored in a coherent superposition
of the |Rp, p=1) and the |Rp, p=2). The energy difference between these states results in a different phase evolution
and the initial phase difference is recovered every T' = 1/AFieo. This produces the oscillations of the storage efficiency
as a function of time which then reads:

t

(16)
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where pp=; is the probability to excite the |Rp, p=1) state. The decay time 7 can be used to extract an upper
bound of the atomic temperature. Considering the atomic motion as the only source of dephasing then the coherence

time is TR = \/m/ (kT Ak?) where T is the temperature of the atoms.

Supplementary Note 5 Time-dependent slow-light cross-correlation function

In this section we will show the cross-correlation function between the write and the read photon when the read photon
undergoes Rydberg EIT in site B.

To understand our data (shown in Supplementary Figure 4) it is crucial to analyse the frequency component of the
noise carried by the input read photon. During the reading process in site A, a spontaneous emitted photon can be



generated either in the |5Sl/2,F = 1> > |5P3/2,F = 2> or in the |5Sl/2,F = 2> > ’5P3/2,F = 2> transitions. This
is mainly due to imperfect optical pumping during the initialization of the DLCZ memory which let some unwanted
population in the ‘551 12, F = 1> state. Such spontaneous emitted photons are not correlated with the write photon,
therefore act as a source of noise, eventually limiting the gSVQ, )r

When the read photon is stored as a collective Rydberg state, the Rydberg EIT memory acts as a beneficial
frequency noise filter. In this case, only a light pulse resonant with the ’551 2, F = 2> — |5P3 12, F = 2> transition
can be stored and retrieved. Since the ensemble in site B is prepared in the ‘55’1 12, F = 2> state, an out-of-resonant
spontaneous emitted photon would not interact with the atoms, leaving the ensemble in the same temporal mode as
the input read photon. In general, any out of resonance noise of the input read photon can not be seen in the time
window of the retrieved pulse.

This is not the case in a slow-light experiment. In Supplementary Figure 4a we show the input pulse, the noise on
the ’551/2, F= 1> — ‘5P3/2, F= 2> (measured by loading the ensemble in site B and not performing EIT) together
with the slow read photon with and without noise subtraction. As one can see, the slowed pulse and the input read
pulse are not temporally separated. As a result, measuring the g‘(,f, Zn of the write and read slowed pulse using as a

coincidence temporal window the whole duration of the slowed pulse would lead to gv(vz, )r < 2, since it would include all

the out-of-resonance frequency noise components. To show this effect, we measured the gv(\,% )r as a function of the time
tw at which we centered a 123 ns coincidence detection window. The result is plotted in Supplementary Figure 4b,
where we show the cross-correlation function for three different values of p(w). As one can see, in the region of time

where the slowed pulse and the noise are present we found gv(i )r ~ 2. This is a combination of the uncorrelated noise,

for which we expect gsvz, )r ~ 1 and the non-classical correlated slowed read pulse, for which gSVQ, )r > 2. At longer time,
while the noise is not present anymore, not being slowed down, we still have the signal of the slowed read pulse,

therefore the non-classical correlations are recovered.
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