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Fig. 1. Quantum memory based on a Nd3*:YVO, crystal®]. The single photons are emitted from a quantum dot on another optical

table.
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Fig. 2. EIT quantum memory based on cold atoms!'?. The
rubidium atomic ensemble in the first cigar-shaped
magneto-optical trap (MOT1) is used to generate photon
pairs. The rubidium atomic ensemble in MOT2 acts as a
quantum memory, and is used to store the anti-Stokes
photons from MOT1I.
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Fig. 3. GEM schematic/l: (a) A three-level system; (b) an
ensemble of atoms with linearly varying frequency shift in
the z direction; (c) a pulse of light is stored in the
frequency-shifted ensemble; (d) after reversal of the
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time 27; (e) the optical layout; (f) the applied magnetic
field, B..
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Fig. 4. Far off-resonance Raman memory: (a) Principle of
experiment!®; (b) A -type energy level; the strong control
light (blue line) induces a virtual energy level (black
dashed line), and couples (retrieve) the signal photons
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Fig. 5. Quantum memory protocol based on off-resonant cascaded absorption (ORCA)®7: (a) The weak input signal pulse (blue

line) and strong control pulse (orange line) are counter-propagating; (b) the relevant caesium atomic levels, where the storage state

is 6Dj5; (c) the experimental setup.
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Fig. 6. Milestone works of quantum memory towards
broadband and quantum regime in atomic ensemblel5!. The
quantum memory experiments in cold atoms are shown in
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ORCA: Quantum memory based on off-resonant cascaded
absorption. FORD: Quantum memory based on far off-

resonance DLCZ protocol.
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Table 1.  Milestone works on quantum memory in atomic ensemble and key figures of merit5!.

BACRIER T AR Ffiti T 58 fEAERE OGP FIE WA SEA
1 Phys. Rev. Lett. 110 083601 (2013) EIT 300 pK <2 <5 MHz 74
2 Nature 438 837 (2005) EIT 303—320 K 2—3 ~1 MHz ~1
3 Nature 438 833 (2005) EIT ~100 pK 8.5 12 MHz 120
4 Nat. Photon. 5 628 (2011) EIT ~100 pK 10 5.5 MHz 13
5 Phys. Rev. A 75 040101 (2007) DLCZ 333 K 1.3 1 MHz NA
6 Nat. Phys. 5 95 (2009) DLCZ 100 pK 37 <10 MHz  <10000
7 Opt. Lett. 37 142 (2012) DLCZ 310 K 4 1 MHz 5
8 Nat. Photon. 10 381 (2016) DLCZ ~100 pK ~37 <10 MHz <2200000
9 Nature 461 241 (2009) GEM 300K =2 1 MHz NA
10 Nat. Commun. 174 (2011) GEM 351 K <2 ~1 MHz <10
11 Optica 3 100 (2016) GEM 100 pK =2 <10 MHz 84
12 Nat. Photon. 4 218 (2010) Far off-resonance Raman 335.5 K <2 1.5 GHz 18
13 Phys. Rev. Lett. 107 053603 (2011) Far off-resonance Raman 3355 K <2 1.5 GHz 2250
14 Phys. Rev. Lett. 116 090501 (2016) Far off-resonance Raman 343 K <2 1 GHz 95
15 Nat. Photon. 9 332 (2015) Raman memory ~100 pK 13.6 140 MHz 200
16 Nature 432 482 (2004) Off-resonant Faraday interaction 300 K <2 NA NA
17 Phys. Rev. A 97 042316 (2018) Off-resonant cascaded absorption (ORCA) 364 K 120 1 GHz 5
18 Commaun. Phys. 1 55 (2018) Far off-resonance DLCZ (FORD) 334 K 28 537 MHz 700
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(b) The write process of FORD quantum memory. (¢) The read process.
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Abstract

Quantum technologies, for example, quantum communication and quantum computation, promise
spectacular quantum enhanced advantages beyond what can be done classically. However, quantum states, as
the element of quantum technologies, are very fragile and easily get lost to the environment, and meanwhile,
their generation and quantum operations are mostly probabilistic. These problems make it exponentially hard to
build long-distance quantum channels for quantum communication and large quantum systems for quantum
computing. Quantum memory allows quantum states to be stored and retrieved in a programmable fashion,
therefore providing an elegant solution to the probabilistic nature and associated limitation by coordinating
asynchronous events. In the past decades, enormous advances in quantum memory have been made by
developing various storage protocols and their physical implementations, and the quantum memory has
gradually evolved from the initial conceptual demonstration to a nearly practical one. Aiming at being
practicable for efficient synchronisation and physical scalability, an ideal quantum memory should meet several
key features known as high efficiency, low noise level, large time bandwidth product (lifetime divided by pulse
duration) and operating at room temperature. Here, we present the research status and development trends of
this field by introducing some typical storage protocols. Among these protocols, a room-temperature broadband
quantum memory is the most attractive due to its simplicity and practicability. However, at room temperature,
noise becomes dominant and is a bottleneck problem that has impeded the realization of a real room-
temperature broadband quantum memory in the last decades. Recently, the noise problem has been solved in
two memory protocols, i.e. FORD (far off-resonance Duan-Lukin-Cirac-Zoller) protocol and ORCA (off-resonant
cascaded absorption) protocol. In this paper, the working principles, the merits and demerits of various
quantum memory protocols are illustrated. Furthermore, the approaches to eliminating noise and the
applications of quantum memory are summarized.

Keywords: quantum memory, quantum information, far off-resonance Duan-Lukin-Cirac-Zoller protocol, room-
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