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Fig. 1. The absorptive quantum memory and energy level scheme. The photons generated by the single photon source encode

quantum information and are input into the storage medium. After the photons have completely entered the medium, the light

quantum information is converted into atomic spin wave by manipulating the control field, and then the light quantum information

is read out again by manipulating the control field. (b) DLCZ quantum memory and energy level scheme. A writing laser beam

couple the atomic ensemble and simultaneously releases a Stokes photon, and then a reading laser beam couple the medium again to

release an anti-Stokes photon. The time delay between two photons can be controlled by manipulating the relative timing of writ-

ing and reading laser.
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Fig. 2. Experimental set-up and energy level scheme of the single-photon quantum memory. (a) Schematic of the experimental op-
tical set-up. The cold atoms in the first magneto-optical trap (MOT),) serve as a nonlinear optical medium for producing time-fre-
quency entangled photon pairs, while the cold atoms in the second magneto-optical trap (MOT?2;) are the medium for the quantum
memory. The anti-Stokes photon is coded with an arbitrary polarization state through the qubit manipulation unit (QMU) consist-
ing of a QWP and HWP. After the QMU, the two orthogonal linear polarizations are separated into two beams by a polarization
beam displacer (BD) that are coupled into the two balanced spatial channels CHy and CHy of the quantum memory. The memory
read-outs are recombined at the second BD and the polarization state is measured by the qubit analyser. (b) The memory opera-
tion timing shows the MOT sequence and the optimized control laser intensity time-varying profile in each experimental cycle.
(c) The atomic energy level scheme of the quantum memory based on EIT. (d) The input, EIT delayed and retrieved temporal
waveforms of the heralded single photons when the quantum memory is optimized for the horizontally polarized input optical chan-
nel |H). (e) The storage efficiency as a function of the optical depth of the quantum memory. The solid lines are the best fitted
theoretical waveforms by fitting the input waveform using a Gaussian function and then numerically calculating the retrieved wave-
form based on the measured experimental parameters of the quantum memory. The red line denotes the situation when the intensity
of the control light is modified to match the optical depth change during the storage window and the black line denotes the result
when the intensity of the control light is constant/3%.
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Fig. 3. Statistics on the storage efficiency and storage time. Different storage medium are distinguished by symbols. The star repres-

ents the cold atoms, the triangle represents the warm atoms, and the square represents the doped ion crystal. The numbers before

the symbols is the reference of the corresponding works. Blue solid line represents coherent light memory, red solid line represents

single photon memory, and red dotted line represents DLCZ quantum memory. The transmission of 1550 nm fiber delay line is plot-

ted using solid gray lines with the loss of 0.2 dB/km.
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Fig. 4. (a) Quantum repeater scheme using pair sources and multimode memories. The sources S; can each emit a photon pair in-

to a sequence of time bins. The multimode memories M; can store the sequential photons simultaneously. The combination of

source and multimode quantum memory is equivalent to the DLCZ scheme, but with multimode functionality®. (b) The quantum

computer architecture for factoring a 2048-bit RSA integer with multimode quantum memories and quantum processors. It is shown

to be possible in 177 days with 13436 physical qubits and a memory that can store 28 million spatial modes and 45 temporal modes

with 2 hours’ storage timel®0.
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Fig. 5. (a) 50 km fiber length entanglement of two quantum memories via efficient quantum wavelength converter demonstrated by
Pan et al.'"); (b) experimental demonstration of quantum entanglement between absorbing quantum memories for the first time by

Li et al.b%; (c) experimental demonstration of quantum entanglement between multimode quantum memories by Riedmatten et al.[5]
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Fig. 6. Three cigar-shape dense cold atomic ensembles are prepared by dark-line magneto-optical traps (MOT) of 85 Rb atoms.
Single photons was1 (was2 ) heralded by its counterpart wsi (ws2 ) are generated from MOT 1 (MOT 2) with the existence of
pumpl-couplingl (pump2-coupling2) laser beams via the spontaneous four-wave-mixing process. Therefore, the timing differences
between wys1 and wgs2 are random and denoted by Atpngom - MOT5 acts as an efficient QM based on EIT that can synchronize
the readout single photon was2 to was1 ( At = 0). As shown by the energy level schematics of EIT two-photon process, a control
laser manipulates the storage and readout of single photons was2 . The amplitude and phase of the control laser pulse with a com-
plex envelope of Rabi frequency Qc(t)e_i¢°(t) is controlled by an acousto-optic modulator (AOM), by which the readout single
photons wys2 can be phase modulated accordingly. Single photons wgs1 and was2 are delivered to a HOM interferometer consist-
ing of a beam splitter (BS) via single mode fibers (SMFs). Photons ws1 and wsa are also collected and sent to detectors via SMFs.
The generated photons are eventually detected by single photon counting modules (SPCMs) A, B, C and D. Filters are inserted be-
fore SPCMs to filter out noisy photons. PBS, polarization beam splitter; HWP, half wave plate; QWP, quarter wave plate; HR,

high reflection mirror('3.
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Fig. 7. Theoretical and experimental schemes: (a) Theoretical scheme of magnon-photon HOM interferometer. The magnon (&)
and photon ( f ) are both in the form of a dark-state polariton (DSP) in an electromagnetically induced transparency (EIT) medi-
um. The red line above the control laser shows the experimental timing sequences: storage of a magnon ( {25 ), interference between
[1) = 15812,
F=2mp=2), |2) =585, F =3,mp =2), |3) =|5P )3, F =3,mp =3), I is the spontancous decay rate of |3), and
A s single photon detuning. (b) The input and output states of the magnon-photon HOM interferometer. (¢) Experimental setup.

two DSPs (f28s) and reading out of the magnon (f2r). The insert is a A-type EIT energy diagram:

MOT 1 is a single photon source. The detection of a Stokes photon (ws; ) heralded the generation of an anti-Stokes photon ( was; ).
MOT 2 is the non-Hermitian beam splitter. PBS, polarization beam splitter; QWP, quarter wave plate; SPCM, single photon

counting module; SMF, single mode fibre'?.
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Abstract

Light is the best carrier of information in quantum network. By exploring the interaction of light with
matter, quantum memory technology can be further developed. Quantum memory can simultaneously receive
and obtain optical quantum information on demand, which is the basis for establishing large-scale quantum
computing and long-distance quantum communication. However, the performance of quantum memory directly
affects its practical application process and the progress of quantum information technology. In the past two
decades, quantum memory in various physical systems and quantum information protocols has been intensively
studied, its performance has been significantly improved, and its relevant applications have been widely
demonstrated. In this paper, we firstly sort the research progress of quantum memory metrics in the past ten
years, and discuss the development of efficiency, lifetime, fidelity and mode capacity in detail according to the
characteristics of cold atom systems and solid-state doped ion crystal systems. Secondly, the recent typical
applications of quantum memory in quantum entanglement, memory-enhanced multi-photon processes, and
quantum interference of different particles are introduced. Finally, the future development of quantum storage

is prospected and summarized.
Keywords: quantum memory, quantum repeater, cold atoms, solid-state doped ionic crystal
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