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The observation of quantum entanglement in macroscopic matters has implications in the fundamental studies of quantum
mechanics, as well as the implementations of quantum information technologies, such as quantum communication, enhanced
sensing, and distributed quantum computing. Here, we report the creation of the heralded entanglement between two different
room-temperature quantum memories: a single-photon entangled state delocalized between motional atoms as a collective
excitation and an all-optical loop as a flying qubit. The stored entangled state is subsequently retrieved and verified by measuring
the nonclassical correlations, quantum interference, and concurrence of the mapped-out photons. Our results show that quantum
entanglement can be sustained in macroscopic matters at ambient condition, which enriches the fundamental researches of the
transition boundary between quantum and classical worlds. Also, it highlights the potential cooperation between atomic
ensembles and all-optical loop as quantum nodes at ambient condition, bringing a significant step towards practical quantum

networks.
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INTRODUCTION

Human perception of the real-life world is mainly derived from
the phenomena of macroscopic matter movements, described by
the laws of classical physics. Quantum mechanics, however,
endows the nature of superposition and entanglement is able to
express the universe in a clearer and more concise manner.
Therefore, expanding quantum theory to more general ambient
systems and exploring the quantum phenomena in macroscopic
objects push the researches of the transition boundary between
classical and quantum realm'2. On the other hand, the capability
of establishing and sharing remote high-fidelity entanglement
over long distances is necessary for scalable quantum technol-
ogies which promise to outperform their classical counterparts,
such as in the areas of communication, computing, sensing, and
metrology>~'2.

Over the past two decades, enormous advances have been
made in entangling macroscopic systems, and quantum entan-
glement has been observed in some matter systems, such as
atomic ensembles®'3>7"7, individual atoms'®, trapped ions'®,
quantum dots?°, color centers?'?°, and massive mechanical
oscillators®?®, While, due to strong internal interactions and
external coupling with the environment, it is still challenging to
observe quantum entanglement with a low noise level in
macroscopic systems at ambient condition. Photons, as the most
widely-used state carriers in quantum world today, still suffer
from inevitable loss, either propagating in free space or optical
fibers?”?8, Together with the probabilistic nature of quantum
mechanics??3°, the creation and dissemination of the entangled
states are hard to scalable for longer distances or for more nodes
in a quantum network.

Quantum-memory-assisted repeaters provide an elegant solu-
tion, with which the heralded remote entanglement can be stored
and retrieved on demand®'™, enabling a polynomial increase

rather than an exponential growth in time consumption in a
network. Practical applications of scalable quantum memories
require some advantageous features, such as high efficiency, long
lifetime, low noise level, wavelength compatibility, storable
number of modes, and operable at high bandwidth*2. In addition,
though troubled by the harmful decoherence and noise, operating
with room-temperature systems has been attractive since its
simpler operation requirement, especially in the case where many
memory units are involved. Such quantum-memory-enabled
networks are pursued for generating, storing, processing, and
disseminating heralded entanglement, in real-life quantum
information technologies, overcoming the most critical barriers
including photon loss and probabilistic sources.

In this paper, we study the creation and retrieval of the
collective excitation state in motional atoms and the broadband
storage of the loop architecture. Such two memory-built-in
quantum nodes constitute a hybrid quantum network at ambient
condition. Based on the implementations, we observe the
heralded quantum entanglement between motional atoms and
an optical loop located on separated platforms at room
temperature. The coherence time of both quantum memories is
all at microsecond level, which is demonstrated in our previous
work®. To reveal the quantum entanglement, the states stored in
these two quantum memories are mapped back to optical modes,
then via a single-photon interference, we obtain the concurrence
and density matrix of the retrieved light modes. We also observe a
violation of Cauchy-Schwarz inequality** up to 209 SDs, which
implies that the nonclassical feature of the photons is demon-
strated with high confidence. A cross-correlation value up to
15.39+0.26 well exceeds the boundary of 6 above which
quantum correlation is able to violate Bell's inequality*“%, and
this promises further quantum applications.
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RESULTS

Creating the heralded entanglement between two quantum
memories

The experimental scheme used for generating photons is based
on the far-off-resonance Duan-Lukin-Cirac-Zoller protocol in a
memory-built-in fashion, and its implementations have been
demonstrated as intrinsically broadband and low-noise at room
temperature®>4748,_As is shown in Fig. 1, initially, motional atoms
are prepared into the ground state |g), waiting for the write pulse
to produce an excitation among atoms, and meanwhile, the
process is accompanied by a flying Stokes photon via sponta-
neous Raman scattering to herald a successful creation of an
excitation. After a programmable storage time, the collective
excitation state can be mapped out as an anti-Stokes photon, and
into various temporal modes by a series of read pulse. The
probability distribution can be tuned by applying different
amplitudes of each read pulse.

An all-optical loop serves as another quantum memory node,
for mapping flying anti-Stokes modes in and out with program-
mable storage times individually. Once a Stokes photon occurs,
the horizontally-polarized anti-Stokes mode entering the loop will
be converted to vertically-polarized, so that the photon will be
trapped in the optical loop until its polarization is converted back.

The entanglement is established by applying the first read pulse
on atoms, and the collective excited state is converted back to
anti-Stokes photons with a tunable retrieval efficiency. By sending
this retrieved anti-Stokes mode A to the all-optical loop, the
detection of a Stokes photon at Ds heralds the creation of a single
excitation delocalized between the two quantum memories, and
the entangled state can be sustained until the second read pulse
is applied to atoms for retrieving the state. Notably, the generated
atom-photon pair in the write process is actually in a two-mode-
squeezed state, implying the existence of vacuum and high-order
excitation terms during this process. Here we apply a quite weak
write pulse so that the probability of high-order excitation term is
extremely small, and it can be neglected in this case. Therefore,

when registering a Stokes photon in the detector, we can assume
that a collective excitation is created in the atomic ensemble after
the write process, and the established entangled state now can be
written as:

‘q}Joint> = (a|1>Loop|0>Atoms + ﬁeiy|0>Loop|1>Atoms)/\/i (1)

where |1),0ms fepresents a collective excitation state® in the
atomic ensemble, and |1),,,, represents an anti-Stokes photon
trapped in the optical loop. Tr1e value of a and f3 are configurable
by applying various pulse energy of the retrieval light. The phase
difference y is dependent on the generation time and propagation
paths of two readout modes. The phase jitter of y is caused by the
optical loop which is the only difference of the propagation paths
of these two modes, and can be suppressed by the phase locking
circuit shown in Fig. 2.

In our experiment, two read pulses are applied for retrieving the
stored excitation state, and the energy of each read pulse is finely
tuned to obtain the approximately same retrieval efficiency (see
Methods for details), so that a maximumally entangled state can
be created. Once a Stokes photon is detected, the excitation will
be mapped out into two temporal modes (denoted by mode A at
t1 and mode B at t2) with the same probability, as a single-photon
entangled state (|1)4]0);, +10)41]1)5)/V2. We will be able to
read the entangled state by programing the storage time of both
quantum memories in a coordinated fashion. Experimental setup
and time sequences of the control and pump pulses are illustrated
in Fig. 2.

The verification of the entanglement

Observing a strike at detector Ds, therefore, heralds the presence
of the entanglement between two quantum memories with a
predictable time delay. To reveal the quantum entanglement, the
second incident read pulse is applied to convert the excitation
state in motional atoms to optical mode, meanwhile, a read signal
is applied to map out the flying photon in the optical loop by
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Fig. 1 Schematic of establishing and verifying the hybrid entanglement between an optical loop and motional atoms. The generation of
photons, and the creation, storage, and verification of entanglement are illustrated from the left to right. The insets above describe write and
read processes of the far-off-resonance Duan-Lukin-Cirac-Zoller protocol, with the three-level A-type configuration of atoms. |g) and |s)
represent hyperfine ground states. Insets below describe the polarization states of the optical modes, shown in Bloch spheres. The first
polarization beam splitter (PBS1) combines the retrieved two optical modes, and the following half-wave plate (HWP) and two quarter-wave
plates (QWP) rotate and mix the fields, resulting the single-photon interference on a polarization beam splitter (PBS). Ds,, Detector of Stokes/

anti-Stokes photons.
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Fig. 2 Experimental schemes. a Experimental setups. The manipulation of the Pancharatnam and Berry’s phase is realized by a combination
of QWP-HWP-QWP elements. The two QWPs are set at 45°, and 10° rotation of the HWP brings 40 degrees phase added in two anti-Stokes
modes. AWG arbitrary waveform generator, TDC time-to-digital converter, EOM electro-optic modulator, HWP half-wave plate, QWP quarter-
wave plate, GTP Glan-Taylor prism, PBS polarization beam splitter, WP Wollaston prism, PZT piezoelectric ceramics, AOM acousto-optical
modaulators, FC fiber coupler, PC Pockels cells, DC direct-current controlller, PM phase modulator, APD avalanche photodiode. The detectors
APD2 and APD4 detect the generated Stokes photons while the detectors APD1 and APD3 register the generated anti-Stokes photons. b Time
sequences of the control pulses (red lines) and pump pulses (blue lines). ¢ A magnification view of the time sequences where the interval

between two read pulses is set as 30 ns.

converting its polarization state back to horizontal. Therefore, the
entanglement between two quantum memories is mapped to the
entanglement between two anti-Stokes modes, which are then
combined on a polarizing beam splitter.

After an extra-added controllable Pancharatnam-Berry’s phase®°
outside the all-optical loop, two modes interfere on a half-wave
plate and the following polarizing beam splitter. The interference
can be observed by tuning the Pancharatnam-Berry’s phase, and
the projected results of the retrieved single photon delocalized in
two memories are recorded by the detectors after two ports N,
and N_, shown in Fig. 3. We observe the single-photon
interference curve, and the calculated visibility value up to
(88 + 5)% indicates that the coherence between two stored modes
is preserved well during the storage time of 60 ns. Note that the
phase difference induced by environment fluctuation between two
optical modes in our experiment is rigorously stabilized by a beam
of continuous wave light (phase-locking light) and a feedback
circuit equipped with piezoelectric ceramics. In addition, the extra-
added controllable Pancharatnam-Berry’s phase we introduce here
is free of the phase-locking process, making it possible to control
the phase arbitrarily. Details can be found in “Methods”.

The second-order correlation function 9.@/\5 evaluates the
performance of the systems to preserve quantum correlations.
We therefore measure the second-order correlation functions
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between the heralding Stokes photons and the retrieved anti-
Stokes modes after transmitting through the whole system,
coming up to J]1539%026, A violation of Cauchy-Schwarz
inequality (g(SZJAS) < g(szjs . 95\25)4544 after the whole hybrid system
is_also observed as 209 SDs (g(szjs =1.72%£0.12 and
95\25,)7/\5 = 1.56+0.26), which indicates a high-fidelity generation
and preservation of non-classical correlation at ambient conditions.

The joint state of the retrieved anti-Stokes modes is described
by a density matrix p in the Fork state basis, in which the
entanglement can be revealed by a tomographic approach’3>'°2,
According to the measurement results of the correlated photons,
the density matrix can be deduced in the form in Fig. 4. The
heralded probabilities of p,,, represent the registration of m
photons in mode A, and n photons in mode B, conditioned on a
detected Stokes photons, {m,n}={0, 1}. The off-diagonal terms
represent coherence d = V(pgy, + p10)/2, and V is the visibility of
interfering two heralded anti-Stokes modes obtained previously.
Higher-order photon numbers are ignored. The concurrence of
the density matrix p, therefore, is given by'3>3

C = max(0,V(pg; + P1o) — 2v/PooP11) )

A non-zero concurrence indicates the entangled state, while a
zero concurrence indicates separable state. To maximize the
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Fig.3 Coincidence counts between heralding Stokes photons and
mapped out anti-Stokes photons. The visibility is measured up to
(88+5)% for N, and (84 +6)% for N_. The repetition rate of the
experimental trials is 1 MHz and the total count time is 1 h, thus the
total number of trials is 3.6 x 10° for obtaining one data point. Error
bars are derived by Poisson distribution of avalanched photodiodes.

concurrence, from equation (2), one may increase the probabilities
of detecting heralded states (po1, p1o), and decrease the prob-
abilities of detecting the separable states |0)|0) (poo) and |1)[1)
(p11), as well as improve the interference visibility (V). We calculate
the concurrence in our system to be (1.33+0.18)x107%
which is on the same order of magnitude as the maximum value
(Cmax = 4.00x 1074, when V=1 and p;; =0), here the p;; is
calculated according to the cross-correlation value with the
relationship of p;; = 4p10p01/(ggzjAS — 1)>* based on the assump-
tion that the Duan-Lukin-Cirac-Zoller light source generates a
two-mode-squeezed state?. Since local process cannot increase
the entanglement, our measurement gives a lower bound for the
entanglement between two quantum memories. Note that the
maximum concurrence is limited by the efficiency of the whole
system, including retrieval, coupling, and detecting efficiencies for
the anti-Stokes photons. The retrieval efficiency for the anti-Stokes
photons can be further improved in our experiment by introdu-
cing individual control of the write and read lasers, employing
higher transmittance optical elements, or applying other available
protocols.

Since the two retrieved anti-Stokes modes are all vertically
polarized when entering the optical loop, to map the first-arrived
mode into the loop, a half-wave plate set at 22.5° is placed just
before the optical loop, as is shown in Fig. 2. Then we map the
horizontally polarized component of the first mode into the loop,
and after programmable storage, it is retrieved and combined
with the vertically polarized component of the second mode on
PBS1 in both time and space domain. Alternatively, the half-wave
plate can be replaced by a high-speed electrooptical modulator,
so that the certain anti-Stokes modes can be selected with a
doubled efficiency.

DISCUSSION

For the optical loop memory, the limitation of storage efficiency
and lifetime is set by the transmission efficiency of the Pockels
cell. The Pockels cell with a higher transmission efficiency and a
higher bandwidth is about to be upgraded. For the DLCZ memory
based on warm atoms, the dominant factor of decoherence
mechanism is random motion-induced loss of atoms. By keeping
atoms staying in the interaction region, applying a small-diameter
cell is an available way to alleviate the above detrimental effect for
longer memory lifetime®>°, In addition, anti-relaxation coating
should be adopted to preserve the atomic polarization during the
collision between atoms and the inner wall of glass cell. Besides, it
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Fig. 4 The reconstructed density matrix of the two retrieved anti-
Stokes modes. Elements are poo=1—4.00x 1074 po; =(2.03 =
0.07)X107%,  p1o=(1.97£0.06)x 1074, p;; =(1.11£0.05)x 1078,
d=1(1.72+0.09) x 10~%. The diagonal terms are measured with no
interference between two anti-Stokes modes, and p,; indicates the
probability of higher-order events, which is much smaller than that
of single excitation.

is promising to prolong the storage time of quantum memory by
transferring the spin-wave of alkaline metal atoms to noble-gas
nuclear spins in the regime of spin exchanging, as is proposed in
ref.%’.

In summary, we herald a hybrid quantum entanglement
between two different types of broadband quantum memories
located on separated platforms at ambient condition, and reveal
the entangled state between an all-optical loop and motional
atoms. The measured high cross-correlation values between
Stokes and anti-Stokes photons identify the capability of quantum
memories to preserve quantum correlations, and the single-
photon interference visibility and concurrence between two
heralded anti-Stokes modes exhibit that the entangled state is
protected well during the storage time.

Quantum entanglement built and observed in such macro-
scopic hybrid matters is profound for the fundamental researches
of exploring both quantum and classical worlds, or more
specifically, it pushes the transition boundary from quantum to
classical. For real-life applications, arbitrary qubit could be
teleported to the all-optical loop or warm atoms. Also, quantum
repeaters based on memories could be built for quantum
communications, which promises for scalable and high-speed
quantum networks. More importantly, the large time-bandwidth
product and the ability to operate at ambient condition of both
quantum memories make the network promptly applicable.

METHODS
Experimental details

We use cesium atoms '33Cs to achieve a large optical depth due to
its higher saturated vapor pressure compared with other alkali
atoms. The 75-mm-long cesium cell with 10 torr Ne buffer gas is
placed into a magnetic shielding and is heated up to 61°
centigrade to obtain an optical depth of about 5000. The width of
the control pulses in our far-off-resonance Duan-Lukin-Cirac—
Zoller protocol is around 4ns, and the corresponding storage
bandwidth is 300 MHz calculated by utilizing the convolution
theorem and Fourier transform?2, In our experiment, we develop a
programmable and high-intensity light pulse generation system to
create control pulses. The output frequency of the laser diode is
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locked to the transition 6S,,, F=4 to 653/2,F/ =4 co 5 line of
cesium, with 4 GHz detuning.

Then a high-speed (10 GHz) waveguide electrooptical modu-
lator is applied to chop the continuous laser into short pulses.
Combined with an arbitrary waveform generator (2.4 GHz
bandwidth), we can finely tune both the shape and energy of
the control light sequences. The working temperature of the
electrooptical modulator is locked by a temperature controller,
and a feedback circuit on its bias voltage is also added to
minimize the real-time background noise by monitoring the
modulated light signals. After amplifying and filtering, the signal-
to-noise ratio of the pulse light reaches 200:1. By using a power
meter, we obtain the pulse energy of the write pulse, the first read
pulse, and the second read pulse are 370 pJ, 521 pJ, and 373 pJ,
respectively, and in this case, the amplitudes of the two retrieved
anti-Stokes modes after the whole system are approximately the
same. The beam waist is measured as 360 pm.

The maximum total transmission efficiency of the cascaded FP
cavity filters is about 70%. Based on the spectra of the photons
and the bandwidth (380 MHz) of cascaded FP cavity filters, we can
calculate the practical transmission efficiency of the cascaded
cavity filters is about 50%. The transmission efficiency of the
Pockels cell in the optical loop is about 85%. The rise/fall time of
the Pockels cell is 6 ns. The storage efficiency of the loop memory
is about 80% for a short storage time 10 ns. That is there is 20%
loss after the photons propagate one round in the optical loop,
and 50% loss after three rounds in the loop. The total transmission
efficiency of the light from the DLCZ quantum memory to the
single-photon detectors is about 0.4% for Stokes photons and
anti-Stokes photons mode B while the overall transmission
efficiency for anti-Stokes photons mode A is 0.2%. There are
actually many fiber collimators, fiber flanges, which result in very
low total transmission efficiency. The detection efficiency of
single-photon detectors is about 50%. Thus, the total efficiency is
about 0.2% for Stokes photons and anti-Stokes photons mode B
while this efficiency is 0.1% for anti-Stokes photons mode A.

Locking an unbalanced interferometer

The interference in our implementation is realized with an
unbalanced interferometer of 9-m-length difference. To observe
a high visibility interference, the impact of environmental noise
should be eliminated rigorously. Thus as is indicated in Fig. 2,
another beam of auxiliary phase-locking light is injected into the
optical loop to stabilize the phase jitter induced by temperature
drift and other mechanical vibrations in the ambient. Note that
such phase-locking light has to satisfy that its coherence time is
much longer than the unbalanced length of interferometer, as
well as that its frequency jitter is negligible. Therefore, we utilize
the same laser source with the signal photons (part of the control
light), to minimized the phase difference caused by the frequency
jitter of the laser sources. The frequency of the control light (also
the phase-locking light) is locked to the transition 65, F=4 to
6S3/2,F' = 4 co 5 line of ceasium, with 4 GHz detuning.

The phase-locking light and the signal photons are set to be
parallel but not collinear, with opposite directions to avoid
introducing noise photons. A piezoelectric ceramics is mounted on
one of the reflectors in the optical loop, cooperating with the
photodetector and voltage source, to form a feedback circuit. The
interference of classical phase-locking light detected by the
photodetector is then modulated, demodulated, and after passing
through a low-pass electrical filter, the signal is handled in the
Proportion Integration Differentiation controller. Finally, the electrical
signal derived from the PID controller is applied to the PZT to finely
tune the phase difference of the unbalanced interferometer.
Remaining phase jitter comes from the slight misalignment between
phase-locking light and signal photons, and note that the phase-
locking light propagates around the loop once (for 3-m-long), while
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the signal photons propagate around three times (for 9-m-long),
calling for more strict phase-locking robustness.

Here, the visibility VV mainly depends on the cross correlation
g(SZJAS between Stokes photons and anti-Stokes photons, and can
be estimated by V = (g1, — 1)/(g%4s + 1)**. In our experi-
ment, the measured cross correlation is gg{)AS = 15.39+0.26, thus
the estimated visibility is about 88%, which is almost equal to the
values (88 + 5)% for N, and (84 £ 6)% for N_ shown in Fig. 3. That
implies the influence of the remaining phase drift on the visibility
is not significant. In addition, since the control pulses and the
phase locking light come from the same laser, the retrieved anti-
Stokes photons and the phase-locking light experience a same
frequency shift, thus the finite precision (about 5MHz) of
frequency locking process for the control light doesn’t affect the
stability of the interference between the two readout modes of
anti-Stokes photons.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author on request.
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