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Fig. 1. The EuCl; - 6 H,O crystal used in experiments, with the thickness of

2 mm. The dashed box indicates the area used in the experiment. Crystal’s

axes are shown in the lower graph, with the Cy axis along [010] dirction.
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Fig. 2. Illustration of the experimental setupf /The 580-nm laser is modulated
by an acousto-optic modulator (AOM1) andjinjected“into the crystal sample
which is cooled down to 3.5 K by/a ¢ryestatd{ The output laser beam is
controlled by another AOM (AOMZ2) and finally detected by a photodiode

(PD).
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Fig. 3. The decay curve of two-pulse photon echo amplitude with time in
EuCl, - 6 H,O. The optical coherence time (T3) is 55.74+2.3 us by fitting the

data to a singlé ‘exponential decay.
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Fig. 4. (a) The energy diagram of YREu®Y. _Three beams with center fre-
quency of f1, fo and f3 are applied in¥a/cértain sequence to accomplish the
spectral-hole burning for APE€ preparation (b) The prepared AFC structure

with the center frequency is 517/14873 THz. Inset: enlarged view of the AFC

structure.
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Fig. 5. (a) The AFC memoty /with a‘storage time of 1 pus. The storage

efficiency at 1 us is 1.71 +0/04%, which agrees with the theoretical efficiency
of 1.75 + 0.11%, estimated from the AFC structure shown in fig.4(b). (b)
The storage efficiency with storage time from 0.5 pus to 10 us. Each data

point is averaged by four measurements.
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Fig. 6. The line shift of Fy —°Dg depending on the sample temperature.

The curve is fitted using two-phonon Raman-process model4041] giving a =

4.2240.57 cm™* and Tp = 144.1 4+ 6.2 K for this crystal.

S B FLBCR AN A S BAF CAE AR A . — AN W R A R R 58 AL 2 o A% o TR 5 BRI 12 55
W ReRbefl. AT ANTX— AR, FATE S IMETFo — Do BRI DM 5 R 5 I it
KE (H6). ERMETIERE (3.5 K) T, Wleh i F517.14812 THz.

AR SCHR[40, 41],  BRATAA 1 Bl il 2 AR A0 | T i T RE R S HWBUR S TR AR T f & X T8 id
e, RARed a5 5 7 Re B UL RIS M 2, AR S iR N Py < 7F, IIIRAE, Ik ik 2%, xf T
AR R BE M RIE, AT LA XU T 2 I R AR A MOl A R A T R ER AN B S A
SR FE R AU S RAEFRIR L. S AUEFRR FERGIR T 2 S BAGH) T OR S T RE R UBE. 7R B R 5 iR EEAH
KIS N

T 4  Tp/T 3
AE(T) (ﬁ) /O ar " 3)

HATRHIEE, ToNEIFEE, NP FREEE. FHLA KRG SR nETR &R SE
15 2 0L AR R A R B o = 4222057 em !, EFFIRETD = 144.1 £ 6.2 Ko 5EuwYSO& AR AH LY,
EuCl; - 6 HyOdt A & SARMT A & 5 LR AR I AR IR . (Bw:YSO (P site A J: o = 50
em™, 90 em ™!, T/~ 420K, 570 K)

PR SR SO (3) EAR IR AN =i Ay BLE AR 50 5 4 R 2N F5%):

4N\ T
AT}, <013
aT « I
3Tp 8’ Tp

R Rl o HA AR (i 7 BB IR AL AL KPR IR IR 3 B 7, T Tp i3 1 A0 (7% 1 2 AR [ 4 . AR
s B AR T 5 BN TT R AR, fEm TREFRR N LU R R, T 72 58 EAF KRR
ANIF, T AU 15 8 () AR L B R PR A T AR B AN A [ 4,

S v LR IR SR A A R IS oK T B R AR (i RS . (DI R A7 mWHDEIH1200 MHz, £
B LB, SEIERIEE) 10.5~1 GHz, XX NS VR K RIIR A B 125 K/ A7, U WY S (R R A i
IR R B 2185058 FLINS D8 20 e RE A i AR AT, 78 903 I A A RO e A D AV BE AT {8 it P SRy 3T i JR 48
THIL G B B AT J& £ dir LA OGS4 RE AT i #H 52 21 5 25 52 mi AT BR 1) 17 e LI S PR RUR



4 %

FATLIL T EuCly - 6 Hy O & (£ K ROt A7 il N2 HT IO R] 28 SLIR IR R LIRS TFo —PDoRIT AR
TS 8] 0955.7 ps, AEIXAMAATBRE L2 T IR A5 KL 7 OCME 5 A0, AFAHEL s IR A7 Al 0R
NLT1%. HT SRR RESC LB AR B FLARCR, A 4 AFCAEAE B sy IO A IR, 3 880 T AR A7
fl R JEIEN S AR A A% 54 iR BE BRI M, A0 ) g SE IR ORI SR e AL B o 7T
BE BT b PR S 2B RGN, 3K AT REXS BE LA R A RIS A o 1) Btk AR SCES RAIE W T R 2R A
P it A SE D' B Ak O SR B T AT, RN RAE s 7 e o 8 — A O SORME A, B e RO Dl 1 e L 1
Fro

B¢

ATAEHEZE S AITRITE (No.20M9YEA0304100) 7 HF.

[1] Sangouard N, Simon €3 Pe Riedmatten H, Gisin N 2011 Rev. Mod. Phys. 83 33

[2] Briegel H J, Biir"W, Cirac J, Zoller P 1998 Phys. Rev. Lett. 81 5932

3] YuY,MaE, Luo X Y, Jing B, Pan J W 2020 Nature 578 240

[4] Wang Y, Li J, Zhang S, Su K, Zhou Y, Liao K, Du S, Yan H, Zhu S L. 2019 Nat. Photonics 13 346
[5] Corzo N V, Raskop J, Chandra A, Sheremet A S, Gouraud B 2019 Nature 566 359

[6] Ritter S, Nolleke C, Hahn C, Reiserer A, Neuzner A, Uphoff M, Mucke M, Figueroa E, Bochmann

J, Rempe G 2012 Nature 484 195
[7] Korber M, Morin O, Langenfeld S, Neuzner A, Ritter S, Rempe G 2018 Nat. Photonics 12 18

[8] Kalb N, Reiserer A, Humphreys P C, Bakermans J J W, Kamerling S J, Nickerson N H, Benjamin

S C, Twitchen D J, Markham M, Hanson R 2017 Science 356 928



[9] De Riedmatten H, Afzelius M, Staudt M U, Simon C, Gisin N 2008 Nature 456 773

[10] Hedges M P, Longdell J J, 1i Y, Sellars M J 2010 Nature 465 1052

[11] Zhong M J, Hedges M P, Ahlefeldt R, Bartholomew J G, Beavan S, Wittig S M, Longdell J J, Sellars

M 2015 Nature 517 177

[12] Rancic M, Hedges M P, Ahlefeldt R L, Sellars M J 2018 Nat. Phys., 14 50

[13] MaY, Ma Y Z, Zhou Z Q, Li C F, Guo G C 2020 arXiv:2012.14605\quant-ph]

[14] Saglamyurek E, Sinclair N, Jin J, Slater J A, Oblak,Dy Bussierés F, George M, Ricken R, Sohler W,

Tittel W 2011 Nature 469 512

[15] Saglamyurek E, Puigibert M G, Zhou Q, Ginér &, Marsili F,Verma V B | Nam S W, Oesterling L,

Nippa D, Oblak D, Tittel W 2016 NatxCommun. 7 11202

[16] Tang J S, Zhou Z Q, Wang Y T, Li Y L, Liu X, Hua Y L, Zou Y, Wang S, He D Y, Chen G, Sun Y

N, YuY,LiMF, Zha G WyNirH Q] Niu Z C, Li C F, Guo G C 2015 Nat. Commun. 6 8652

[17] Yang T' S, Zhou Z Q{HuaY I Liu X, Li Z F,Li P Y, Ma Y, Liu C, Liang P J, Li X, Xiao Y X, Hu

J, Li CF, GuoG C 2018 Nat. Commun. 9 3407

[18] Sinclair N, Saglamyurek E, Mallahzadeh H, Slater J A, George M, Ricken R, Hedges M P, Oblak D,

Simon“C; Sohler W, Tittel W 2014 Phys. Rev. Lett. 113 053603

[19] Jobez P, Timoney N, Laplane C, Etesse J, Ferrier A, Goldner P, Gisin N, Afzelius M 2016 Phys.

Rev. A 93 032327

[20] Zhou Z Q, Hua Y L, Liu X, Chen G,Xu J S, Han Y J, Li C F, Guo G C 2015 Phys. Rev. Lett.115

070502

[21] Usmani I, Afzelius M, De Riedmatten H, Gisin N 2010 Nat. Commun. 1 12

[22] Zhong T, Kindem J M, Bartholomew J G, Rochman J, Craiciu I, Miyazono E, Bettinelli M, Cavalli

E, Verma V, Nam S W, Marsili F, Shaw M D, Beyer A D, Faraon A 2017 Science 357 1392



[23]

[24]

[25]

[26]

28]

[29]

[30]

[31]

32]

[33]

[34]

[35]

[36]

Seri A, Lagorivera D, Lenhard A, Corrielli G, Osellame R, Mazzera M, De Riedmatten H 2019 Phys.

Rewv. Lett. 123 080502

Liu C, Zhou Z Q, Zhu T X, Zheng L, Jin M, Liu X, Li P Y, Huang J Y, Ma Y, Tu T, Yang T S, Li

CF, Guo G C 2020 Optica 7 192

Lauritzen B, Minar J, De Riedmatten H, Afzelius M, Sangouard N/ Simien<C, Gisin N 2010 Phys.

Rewv. Lett. 104 080502

Craiciu I, Lei M, Rochman J, Kindem J M, Bartholomew "}/ G,"\Miyazono E, Zhong T, Sinclair N,

Faraon A 2019 Phys. Rev. Appl. 12 024062

Puigibert M L G, Saglamyurek E, Tittel W/ Jin/J, Verma V, Marsili F, Nam S W, Oblak D 2015

Phys. Rev. Lett. 115 140501

Jobez P, Laplane C, Timoney N, Gisin' ,“Werrier A, Goldner P, Afzelius M 2015 Phys. Rev. Lett.

114 230502

Gundogan M, Ledinghan\P M, "Kutluer K, Mazzera M, de Riedmatten H 2015 Phys. Rev. Lett. 114

230501

Afzelius M,/Ustnani I, Amari A, Lauritzen B, Walther A, Simon C, Sangouard N, Minar J, de

Riedmatten H, Gisin N, Kroll S 2010 Phys. Rev. Lett. 104 040503

Binnemans K 2015 Coord Chem Rev 295 1

Ahlefeldt R L, Hutchison W D, Manson N B, Sellars M J 2013 Phys. Rev. B 88 184424

Ahlefeldt R, Hush M R, Sellars M 2016 Phys. Rev. Lett. 117 250504

Ahlefeldt R, Manson N B, Sellars M 2013 J. Lumin. 133 152

Ahlefeldt R, Zhong M, Bartholomew J G, Sellars M 2013 J. Lumin. 143 193

Ahlefeldt R L, Mcauslan D L, Longdell J J, Manson N B, Sellars M J 2013 Phys. Rev. Lett 111

240501



[37] Li Z F, Liu X, Yang T S, Ma Y, Zhou Z Q, Li C F 2021 Phys. Lett. A 399 127295

[38] Afzelius M, Simon C, Riedmatten H D, Gisin N 2009 Phys. Rev. A 79 052329

[39] de Riedmatten H, Afzelius M, Staudt M, Simon C, Gisin N 2008 Nature 456 773

[40] McCumber D E, Sturge M D 1963 J. Appl. Phys. 34 6

[41] Koénz F, Sun Y, Thiel C W, Cone R L, Equall R W, Hutcheson/RAL, Macfarlane R M 2003 Phys.

Rev. B 68 085109



Atomic frequency comb optical memory in FEuCl; - 6 H,O

crystal *

Li Zong—Fengl)Q) Liu Duan—ChengUQ) Zhou Zong—QuanlmT Li
Chuan—Fen;zl)2)i

1) (CAS Key Laboratory of Quantum Information, University of\Science and Technology of
China, Hefei, 230026, Chixa)
2) ( CAS Center For Excellence in Quantum Information and Quantum Physics, University of

Science and Technology of GhinaHefei, 230026, China)

‘Abstract

Quantum memory is a crucial component for the large-scale quantum networks. Rare-earth-ion doped crystals
have been a promising candidate for{tlie_practical quantum memory because of its very long coherence time. However,
doped ions cause unwanted lattice distertion, and consequently reduce the optical depth and the storage efficiency. The
stoichiometric rare-earth crystals<have low lattice distortion and high rare earth ion density, and thus are expected
to enable high-efficiericy/sterage.® EuCl; - 6 H,O is a promising material for quantum memory applications because
its optical inhomogenéets broadening can be smaller than its hyperfine splitting and the theoretically predicted spin
coherence time/iscup_te’ 1000 seconds. Despite the numerous efforts in solid-state quantum memory based on rare-earth
ion doped crystals, optical memory and quantum memory have not been implemented with stoichiometric rare-earth
crystals yet. Here, we report the atom frequency comb optical storage using a EuCl; - 6 H,O crystal. A coherence time
of 55.7 us is obtained by photon echo measurements on 'Fy —°Dg transition. The two-level atom frequency comb
storage is demonstrated with a storage efficiency of 1.71% at a storage time of 1 us, showing the potential capability of
optical quantum storage of this material. Based on the analysis of the line shift of “Fg —°D¢ depending on the sample

temperature, we highlight the challenge of achieving high-efficiency optical pumping in this material, which imposes a

* Project supported by the National Key R&D Program of China (Grant No.2017YFA0304100).

T Corresponding author. E-mail: zq_zhou@ustc.edu.cn

I Corresponding author. E-mail: cfliQustc.edu.cn
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limit on the achievable efficiency.

Keywords:Quantum memory, Atom frequency comb,
Europium chloride hexahydrate
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