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 Memory: A medium for storage of information.

 Memories:

Memory
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 Bit value (0 or 1) for encoding information.

 Strong laser pulse propagating along fiber.

Classical communication
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 Weird quantum world：

 Superposition

 Entanglement

Quantum mechanics
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 Advantages：

 The quantum information is carried by single 
photons which can not be divided or replicated.

 Security based on quantum theory rather than 
computation complexity.

Quantum communication

Qubit
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 1. Quantum key distribution: transfer of classical bit 
using single photons

 2. Memory-based networks: transfer of entangled 
photons

 3. Distributed quantum computing and sensing

Quantum Networks
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 Challenges：

 Exponential photon loss in fiber channels.

 Cloning or amplifying is not allowed.

Global quantum network?

Fiber length:

10GHz          9.5GHz         1Hz          10-10Hz
1km 500km 1000km   

One photon in 
300 years!

Photon rate:
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 Quantum repeater: divide and conquer

Memory based quantum network

Gisin’s group, Rev. Mod. Phys. 83.33 (2011)
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 Quantum repeater with free space channel

Memory based quantum network
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 Transportable quantum memories : classical 
transportation of quantum information

Memory based quantum network

Sellars’s group, Nature 517.153 (2015)
Amazon Snowmobile 
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 QM: coherent memory for photonic quantum states

 Physical systems for QM：

 Cold atoms / Room temperature atoms

 Rare-earth-ion doped crystal

 Single atom…

Quantum memory
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 Coherent 4f-4f transitions of RE3+

 RE ions are successful laser medium --- light emission

 We use them to store light --- light absorption

Rare-earth ions
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 Due to the imperfect crystal lattice, RE ensemble has 
a large inhomogeneous broadening

 The inhomogeneous absorption profile can be 
arbitrarily tailored for the implementation of certain 
quantum storage protocols

Large inhomogeneous broadening Spectral hole burning

Rare-earth ions
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Afzelius et al., PRA 79, 052329 (2009)
de Riedmatten et al., Nature 456, 773 (2008)

AFC

AFC

16

 Memory protocols
 Atomic frequency comb (AFC)

 Spectral tailoring required 

 Wide bandwidth and large multimode 
capacity

 Predetermined storage time with two-
level AFC

 On-demand storage with spin-wave 
AFC



 Figure of merits for QM：

 Fidelity

 Efficiency

 Bandwidth

 Storage time

 Multimode capacity

 Integration

 Wavelength, cost, stability…

Quantum memory

Efficiency-time-bandwidth product (η*TBP): 
Effective acceleration for communication
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 Quantum repeater approach:

 Requiring QM with good overall performances

 Higher data rate

 Transportable quantum memory approach:

 Requiring QM with:

 Extremely long lifetime

 High efficiency 

 Integrated operations

Challenges
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 QM based on rare-earth ion doped crystal

 Roadmap：

Solid-state quantum memory

High fidelity
Quantum 
repeater

Transportable 
QMHigh 

efficiencyLong lifetime Integrated

PRL 2012

Optica 2020
PRL 2020
PRL 2022

Nature Commun. 2021a

Nature 2021

Nature Commun. 2021b
物理学报 2022
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Wideband and multimode
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Nature Commun. 2015
Nature Commun. 2018PRL 2015a



QM based on rare-earth ion doped crystal

Solid-state quantum memory

High fidelity
Quantum 
repeater

Transportable 
QMHigh 

efficiencyLong lifetime Integrated

PRL 2012

Optica 2020
PRL 2020
PRL 2022

Nature Commun. 2021a

Nature 2021

Nature Commun. 2021b
物理学报 2022
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QM based on rare-earth ion doped crystal

Solid-state quantum memory

High fidelity
Quantum 
repeater

Transportable 
QMHigh 

efficiencyLong lifetime Integrated

PRL 2012

Optica 2020
PRL 2020
PRL 2022

Nature Commun. 2021a

Nature 2021

Nature Commun. 2021b
物理学报 2022
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Wideband and multimode

PRL 2015b
Nature Commun. 2015
Nature Commun. 2018PRL 2015a



 Radiation from the Big Bang is still 
partially polarized.

 Solid-state QM only works for a 
single polarization while 
superposition polarization states 
are required in quantum 
communication

 Challenge: polarization-dependent 
absorption for solids

High fidelity storage

Gisin’s group, PRB(2008) Single piece of  Nd:YVO

CMB , Planck Satellite, 2015
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Two pcs of 
Nd:YVO, 
10x10x1.4mm,
sandwiching 
one half-wave 
plate.

Z.-Q. Zhou, et al., Phys. Rev. Lett. 108, 190505 (2012)
High lighted by APS Physics and Physics World

Solutions: Sandwich-like structure 

 Uniform absorption

 The first solid-state QM for polarization

 Fidelity up to 99.9(2)% 

High fidelity storage
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High fidelity storage

Fidelity of 97.5%

Fidelity of 99.9%

Fidelity of 95%
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Sandwich-like design is employed by N. 

Gisin’s group:

1. Teleportation using QM [Nature Photonics 8, 
775 (2014)]；

2. QM for hyper-entanglement [Optica 2, 279 
(2015)]；

3. Micro-macro entanglement between light 
and matter [PRL 116, 190502 (2016)]；

4. Multimode QM for polarization 
entanglement [PRL 117, 240506 (2016)]；

5. Multimode spin-wave storage of polarization 
[New J. Physics 18, 013006(2016)]；

High fidelity storage
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High fidelity storage

27



QM based on rare-earth ion doped crystal

Solid-state quantum memory

High fidelity
Quantum 
repeater

Transportable 
QM

Wideband and multimode

High 
efficiencyLong lifetime Integrated

PRL 2012

PRL 2015b
Nature Commun. 2015
Nature Commun. 2018

Optica 2020
PRL 2020
PRL 2022

Nature Commun. 2021a

Nature 2021

Nature Commun. 2021b
物理学报 2022

PRL 2015a
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 Multiplexing (TDM, WDM) are key tools for enhancing the data 
rate in classical communications

 Tb/s with Orbital angular momentum (OAM) and polarization 
multiplexing in vortex fibers

Wideband and Multimode
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Wideband and Multimode

 Bandwidth is the key resource for multiplexing

 Bandwidth limited by the medium and the pump light

 Extended to 1 GHz using acoustic-optic and electro-optic 
modulations (AOM & EOM)
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Wideband and Multimode

 Analogue to techniques employed in classical communication, 
we multiplex our memory device using multiple degree of 
freedoms (DOF)

31

Performances Novelties Publications
Bandwidth Acoustic-optic and electro-optic 

modulations for hole burning
Z.-Q. Zhou, Huelga, Li, Guo, 

PRL 115, 113002 (2015)

Time DOF Deterministic photons from single 
quantum dots

J.-S. Tang#, Zhou#, et al., 
Nature Communications 6, 

8652 (2015)

Spatial DOF Orbital angular momentum (OAM) Z.-Q. Zhou, Hua, et al., PRL 
115, 070502 (2015)

Multiple DOF Time & spectral & OAM T.-S. Yang, Zhou*, et al., 
Nature Communications 9, 

3407 (2018)



Overall performances

 Fidelity for polarization qubit storage: 99.9%

 Efficiency-time-bandwidth product (η*TBP): 7.8, the best result 
for wideband solid-state quantum memories

 Ready for a demonstration of quantum repeaters

32

Efficiency 
η

Storage time 
T

Bandwidth 
B

η*TBP Doped 
ions

Reference

14% 56 ns 1 GHz 7.8 Nd Our work

5% 50 ns 0.6 GHz 1.5 Nd N. Gisin, Nature 
Photonics 8, 775 (2014)

1% 15 ns 16 GHz 2.4 Er W. Tittel, Nature 
Communication 7, 11202 

(2016)
2% 31 ns 10 GHz 6.2 Tm W. Tittel, PR Research 2, 

013039 (2020)
7% 25 ns 1.6 GHz 2.8 Tm with 

cavity
W. Tittel, PRA 101, 

042333 (2020)



QM based on rare-earth ion doped crystal

Solid-state quantum memory

High fidelity
Quantum 
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Transportable 
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efficiencyLong lifetime Integrated

PRL 2012

Optica 2020
PRL 2020
PRL 2022

Nature Commun. 2021a

Nature 2021

Nature Commun. 2021b
物理学报 2022
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Quantum repeater

 Basic operations of a quantum repeater 
 Entanglement creation in elementary links
 Entanglement swapping between elementary links

Gisin’s group, Rev. Mod. Phys. 83, 33 (2011)
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 How to enhance the entanglement distribution rate 
(EDR)?

 The successful probability of photonic entanglement 
swapping is determined by the principle of quantum optics

 Enhancing the rate of entanglement creation in an 
elementary link is the key tool that attracted intense 
research efforts

 Two limiting factors
 1, the emission efficiency of the photon source
 2, unavoidable losses caused by the transmission and 

imperfect devices

Quantum repeater
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 Incompatible requirements
 1, Efficiency of the photon source
 Using the deterministic photon source -- requires single-

atom system
 2, Unavoidable losses
 Using the multiplexed memory to overcome the losses --

requires atomic ensemble

Quantum repeater
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 All previous demonstrations of quantum repeaters are 
based on the emissive QM

 Single-atom system: trapped ions, NV centers

 Deterministic photon emission but no efficient multiplexing

 Emissive atomic ensemble: cold atoms

 Support multiplexing but intrinsically probabilistic emission

An elementary link

C. Monroe group, Nature 449, 68 (2007)，
R. Hanson group, Nature 497, 86 (2013) ; Nature 526, 682 (2015)

J. Kimble group, Science 316, 1316 (2007) ; 
JW Pan group, Nature 454, 1098 (2008); Nature 578, 240 (2020)
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Absorptive QM

38

 The first quantum repeater based on absorptive QM
 Ensemble memory: multimode

 Compatible with single atom light source: deterministic

X. Liu#, Hu#, Li, Li, Li, Liang, Zhou*, Li*, Guo, Nature 594, 41 (2021) ESI hot paper



Multimode quantum repeater

X. Liu#, Hu#, Li, Li, Li, Liang, Zhou*, Li*, Guo, Nature 594, 41 (2021) ESI hot paper
39

 Sandwitch-like memories： η*TBP of 7.8

 Waveguide based spontaneous parametric down-conversion

 Results



Multimode quantum repeater

Fidelity：80.4(2.2)%

X. Liu#, Hu#, Li, Li, Li, Liang, Zhou*, Li*, Guo, Nature 594, 41 (2021) ESI hot paper
40

 4 temporal modes，4 times enhanced data rate

 Successful implementations of TDM to quantum repeaters

 Results



Multimode quantum repeater
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Multimode quantum repeater

42



QM based on rare-earth ion doped crystal

Solid-state quantum memory

High fidelity
Quantum 
repeater

Transportable 
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efficiencyLong lifetime Integrated

PRL 2012

Optica 2020
PRL 2020
PRL 2022

Nature Commun. 2021a

Nature 2021
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 A new communication channel
 Required storage time of hours to days
 Extending the storage lifetime is equivalent to reducing 

the channel loss coefficient

Transportable QM

J. Morton & K. Molmer, 
Nature 517, 153 (2015)

Amazon Snowmobile 
for classical data transmission
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 Capture and storage of light 
 Two step, 1st：Slow light

v=c/ng
L=v*t

Spatial compressing of light into mm-scale medium

Storage of light



 2nd：Stopped light（Spin excitations，v=0）

 1 minute light storage demonstrated with Pr:YSO

Image storage, lifetime approaching the T1 limitsPr:YSO

Long-lived storage of light



 Spin T1 up to 1 month in Eu:YSO, spin T2 (coherence 
time) up to 6 hours

 A candidate system for transportable QM
 Unresolved level structure, no light is stored

Long-lived spin coherence

ZEFOZ field (clock transition) + dynamical decoupling (DD)
47



 c.w. Raman heterodyne NMR for characterization of the 
spin Hamiltonian, predicting level structure at ZEFOZ

 Pulsed NMR for accurate and direct measurements at 
the ZEFOZ field

Y. Ma, et al, J. of Lumin. 202. 32 (2018),
Y. Ma, et al, Nature Commun. 12. 2381 (2021)
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 Cw Raman-heterodyne-detected NMR，predictions on the structure

 Pulsed NMR，determining the level structure @ ZEFOZ

Patent: 201711126532.X
Y. Ma, Ma, Zhou*, Li*, Guo, Nature Commun. 12, 2381 (2021)

M. Sellars group
Nature 2015

Our group
NC 2021→

Raman-detected
NMR

Level structure



 Spin AFC + ZEFOZ + DD

1-hour coherent optical storage

Y. Ma, et al. Nature Commun. 12. 2381 (2021) ESI hot paper 50



1-hour coherent optical storage

Y. Ma, et al. Nature Commun. 12. 2381 (2021) ESI hot paper

 Optical storage lifetimes up to:
 CPMG:  52.9±1.2 min

 KDDx: 33.3±1.1 min
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1-hour coherent optical storage

Y. Ma, et al. Nature Commun. 12. 2381 (2021) ESI hot paper

 Coherent storage for 1 hour
 In principle, considering a speed of 300 km/h, the storage 

efficiency (5*10-5) is already comparable with the 
transmission of 300-km telecom fiber (10-6)

 Significant improvements on the efficiency and the SNR 
are required for quantum applications
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1-hour coherent optical storage



An unexpected application in astronomy.
Transportable QM can be treated as a novel communication channel. 
Its application would not be limited to quantum information science.

1-hour coherent optical storage
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1-hour coherent optical storage
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Photon echo

 Photon echo in the quantum regime can enable QM 
with arbitrary frequency bands

 Intrinsic problem: the rephasing pulse brings massive 
population to the excited state which generates 
strong spontaneous emission (S.E.) noise

xx

xxxxx
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Double rephasing

 Double rephasing (e.g. ROSE) is useful, but a slight 
imperfection in π pulses will leave noisy population 
in the excited state. The best experimental result so 
far：a background noise of 1.1 photons.

 A fundamental drawback of previous PE protocols：
the excited state which emits signal is the same one which has 

the noisy population. S.E. noise is indistinguishable.

58
周宗权，物理学报 71, 070301 (2022)



xxxxx

xx

xx

xxxxx

xxxxx

xx Signal

A Noiseless PE

 NLPE: double rephasing in 4-level atoms

 The excited state that generates the echo and the 
populated excited state are two different states.

 S.E. noise becomes distinguishable in frequency!

Y.-Z. Ma, et al., Nature Commun. 12. 4378 (2021)
59

Noise



 Measured noise of 0.0015 photons in Eu:YSO

 Storage fidelity for time-bin qubit encoded with 
weak coherent pulses: 95.2(1.8)%, well above the 
strict classical bound

Y.-Z. Ma, et al., Nature Commun. 12. 4378 (2021)

A Noiseless PE

Noise before and after the double 
rephasing is approximately the same.
S.E. noise distinguishable in frequency.
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 More efficient than that AFC memory when working 
with a weakly absorbing sample. Here, ηNLPE=10% 
with d=0.6, while ηAFC<2.7%.

 Price: less temporal multimode capacity

 Particularly useful for transportable QM due to the 
limited sample size to ensure field homogeneity

 May enable the QM for MW photons

Y.-Z. Ma, et al., Nature Commun. 12. 4378 (2021)

A Noiseless PE
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New Journal of Physics 24, 023012 (2022) 

A Noiseless PE
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Integrated quantum memories

64

 Standard Ti-indiffused waveguides

 Direct laser written waveguides

 Focused ion beam milled nano-resonanctor

Nature 469, 512 (2011) Optica 5, 934 (2018) Science 357, 1392 (2017) 



Integrated quantum memories

65

 Standard Ti-indiffused waveguides

 Direct laser written waveguides

 Focused ion beam milled nano-resonanctor

Advantages:

 No impurities
 3D fabrication
 Well preserved coherent 

properties



 Challenges：

Predetermined storage time，no on-demand retrival

No integrated memories demonstrated with the medium for 

transportable QM (Eu:YSO)

66

Integrated quantum memories



Waveguides in Eu:YSO

67

 Direct laser written

 Type-II waveguides in Eu:YSO

 Coherent storage of classical light

Liu et al., Optica 7, 192 (2020)
Chen et al., LPR 2013



Stark-modulated AFC

68

 Type-IV on-chip optical waveguides in Eu:YSO

 Combined with on-chip electrodes

 On-demand storage of time-bin qubits with discrete readout times

 Low voltages required

Liu et al., PRL 125, 260504 (2020)

Chen et al., LPR 2013



Integrated memories for polarization

69

 Type-III optical waveguides and with on-chip electrodes

 Polarization-independent absorption for site-2 Eu in YSO (D1-b)

 Polarization-independent transmission for the symmetric waveguide

 A storage fidelity of 99.4(6)%

Zhu et al., PRL 125, 260504 (2022)
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Integrated quantum memories
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Integrated quantum memories
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Top 10 S&T news



Top 10 S&T achievements in Universities



Summary
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 Multiplexed quantum repeater 

 based on absorptive QM

 Transportable QM

 Coherent light storage for 1 hour

 NLPE protocol for higher efficiencies

 Integragted QM

X. Liu#, Hu#, Li, Li, Li, Liang, Zhou*, Li*, Guo, Nature 594, 41 (2021)

Y. Ma, Ma, Zhou*, Li*, Guo, Nature Commun. 12, 2381 (2021)

Y.-Z. Ma#, Jin#, Chen#, Zhou*, Li*, Guo, Nature Commun. 12, 4378 (2021)

Optica 2020, PRL 2020, PRL 2022
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Summary

 Multiplexed quantum repeater 

 A field-test with telecom interface

 Transportable QM

 Quantum storage for 1 hour
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