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Å�©u�ål�c���3zúpþ?[1]"�
¢y�ål�Å�©uÚþf�DÑ§I�Äuþf�

;ìÚÅ����ïþf¥U[2]"�8c��§®kõ«ÔnXÚ¢y
þf�;õU§äN�)í��

fXn[3−5]§ü�f[6,7]§NVÚ%[8]§ÚDè�,¬N[9,10]"duDèlf�4f>f�	�5sÚ5p>f¤

¶-§¤±=¦3�N¥DèlfE,�±XCqgdlf�1ÌA�Ú����Z�m"ÏdDè�,

¬N����XÚ®31�;9þf�;�¡ÐyÑÃõ`³§X��;�m[11−13]§��;�°[14,15]§

õ�ª�;[16−21]§�8¤5[14,22−24]±9��|±ÏÕÅã[25−27]�"


Dèlf4f − 4f�[kXp�Z�m�Ó����X�1|�f�p�^"fáÂ���0�$

áÂ�Ý��
Dè�,¬N��;�Çþ�"
du,�Dèlf�5�¬�ÆC��
áÂ�Ð°�

O\Ú1Ì�Ý�ü$§ÏdÏ~ØU��O\DèlfßÝ5¼��p�áÂ�Ý"�cÄuDè�

,¬N�þf�;¢�Ñ¦^ßÝ30.1%±e�$�,¬N[10,24,28−30]§��
¬N1ÆáÂ�Ý3�$

�1∼ 10 cm−1þ?"Ïd3�c¯õ�ÄuDè�,¬N��;ü«¢�¥�k��¢y
�L50%�

�;�Ç§
�¦^
��2 cm�¬N¿Ú\
ý¡"Ë�E,"Ë�Y[10]"

��)ûþã¯K�g´´¦^�ßÝ�XDèzÜÔ¬N"Ù¬��¸XÀ§vk�,��¬�

ÆC§
�kX4p�1Æ�Ý"EuCl3 · 6 H2O¬N´�þ!Ð°�Ä�Dèá���[31,32]§Cc5

k'Tá�3þf&E¥�A^®k�X�ïÄ"Ahlefeldt�<®²3Ó �JX�Eu35Cl3 · 6 H2O¬

N¥*	�7F0 →5D0�[��þ!Ð°�25 MHz§T�þ!Ð°®²�u�°[U?må[33]"�z�

¬N£EuCl3 · 6 D2O¤�1ÆÙØêÆ·Ú1Æ�Z�m©O��
2.6 msÚ740 µs[34]§¿��âM�

îþýÿ3A½�^|��Ú��e§EuCl3 · 6 H2O��°[�Z�m�±��60 s§3�z�k"�

�1000 s[35]"d	§ÏLéEuCl3 · 6 H2O¬N�,�þÙ¦Dèlf§Ahlefeldt�<®²¢y
T¬NS

�CEu3+lf�É�1Ìöp§ÐyÑT¬N��þf?nì�då[36]"ù
ïÄy²
T«á�3þ

f&E�¡�Ãõd3A^§,
�8Evk3ù�aXDèzÜÔ¬N¥*	�L1þf�;�y�"

�©��3EuCl3 · 6 H2O¥¢y�¦þ?�1&Ò�;"·�ÏLü§{¬N)�¼�EuCl3 · 6 H2Oü

¬§¦^1f£Å�{ÿ�
¬N7F0 →5D0�[��Z�m�55.7 µs§¿Äu�fªÇÎ£atom fre-

quency comb, AFC¤ù�þf�;�Y¢y
²;1��;§Ù�;1 µs���;�Ç�1.71%"

EuCl3 · 6 H2O¬N3$§e7F0 →5D0�[ªÇ £þ�§Ý�'X�½þ��xÑ5"
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2 ¢�SN9(J

EuCl3 · 6 H2O´�«ÃÚ§´�)§�/�^�¬N§ü¬AÛ	/�A²��8>/(�"Ùáu

ü�¬X§äkC2é¡5"T¬N)�L§�·�CÏ���NdCl3 · 6 H2O¬N)��{��[37]"ã1Ð

«
¢�^EuCl3 · 6 H2Oü¬§þÝ�2 mm"ã¥J�S«���;¢�¤¦^Ü©§¬N¥%�)�

ÐÏd¬NC�"�±9]!d¬^�Z9�"Xã¤«§¬N�C2¶�R�u¬NÏ1¡���"

ã1 EuCl3 · 6 H2O¬N§þÝ�2 mm§J�S��;¢�¤^«�"¬N�n�¶�I«3«¿ã¥§C2¶÷¬N�[010]���"

Fig. 1. The EuCl3 · 6 H2O 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 C2 axis along [010] dirction.

2.1 7F0 →5D0�[��Z�mÿþ

¢�C�Xã2¤«"-1
����ª���N-1ì§ÙÏL��	Ü�­ë�n¢yªÇ­

½§¦-1�°�u10 kHz"¬N��u§Ý�3.5 K�$§n¥£Montana Instrument¤§�Y¢�þ3

$§n�$�Ä�m±ÏS�¤"��VgÏL�(1N�ì£AOM 1¤��u�¬c�1´¥§±¢

y1m'ÚªÇ£Ä�J",��ügÏL�(1N�ì£AOM 2¤�u�¬��§^�1m'±{ä
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r1?\�¡�1>&ÿì£Thorlabs PDA10A¤"ü�AOMd��lÏ�?¿Å/u)ì£HDAWG§

Zuich Instruments¤°Ä"

ã2 ¢�C��«¿ã"-1ìÑÑ�580 nm-1���(1N�ì£AOM1¤¤

N�§¿\��$§XÚS�¬N�¬(Crystal)þ"ÑÑ1|�,��(1N�ì

£AOM2¤¤N�§�ªd&ÿì&ÿ£PD¤"

Fig. 2. Illustration of the experimental setup. The 580-nm laser is modulated

by an acousto-optic modulator (AOM1) and injected into the crystal sample

which is cooled down to 3.5 K by a cryostat. The output laser beam is

controlled by another AOM (AOM2) and finally detected by a photodiode

(PD).

T¢�¦^�EuCl3 · 6 H2O¬N�áÂ�Ýp�1000 dB/cmþ?§�1÷C2¶��DÂ�áÂ�Ý

��[34]"�
¼��é·¥�áÂ�Ý§¢�¥1|3¬NL¡�\����15◦£�Ò´1|DÂ��

�C2¶Y�¤"-1à�3¬Nþ�1��»��35 µm"33.5 K§Ýe¬N¥Eu3+lf�7F0 →5D0�

[ªÇ�517.148 THz"

1Æ�[��Z�mÏL1f£Å�{ÿ�"ü�±Y�m�2 µs§õÇ�Ý�730 W/cm−2�1ó

À�U?\¬N"P1�óÀ?\¬N��m�0��§1�óÀ?\¬N����τ/2§K3τ��¬N

ògu�)�Ó�1óÀ"¢�¥¦^	��{&ÿd£ÅóÀ"3τ��c�méAOM 1§Ñ\�å

ªÇ��46.2 MHz�1óÀ§KTóÀ�¬Ngu�)�£ÅóÀò/¤ûª"ò1>&ÿì�&ÒÏ

L46.2± 3 MHz��ÏÈÅì�§x\£���ì§l
)NÑ£ÅóÀ&Ò"¢�ÿ�£ÅóÀÌÝP

~Xã3¤«"éã¥êâ�1ü�ê[Ü§�±��¬N¥Eu3+lf�1Æ�Z�m£T2¤�55.7± 2.3

µs"d?ÿ��Z�mÑ$uAhlefeldt�<ÿ��77 µs[34]"d?�Z�m��É�U´du¢Sÿþ¤

?�ªÇ �ØÓ£���1.05 GHz¤"

4

录
用
稿
件
，
非
最
终
出
版
稿



ã3 EuCl3 · 6 H2O¬N�1f£ÅÌÝ��m�P~­�"[Ü���Z�m£T2¤�55.7±2.3 µs"

Fig. 3. The decay curve of two-pulse photon echo amplitude with time in

EuCl3 · 6 H2O. The optical coherence time (T2) is 55.7±2.3 µs by fitting the

data to a single exponential decay.

2.2 �fªÇÎ�;

�fªÇÎ£AFC¤�;�Y´�«Äu�þ!Ð°N��Xnþf�;�Y[38]"AFC�Y´8c

Dèlf�,¬N¥���1�g^Åþf�;�Y[17,29]§äk$D(Úõ�ª�;�`³"AFC�Y

ÏL¦^A½ªÇ�1"Ë�¬§¦ÙáÂÌA½ �ÑyáÂ~f£=1Ì��Eâ¤§l
ò�¬�

áÂÌ����d�ªÇm�∆�õ�áÂ¸�¤�ÎGªÌ(�"���ªÇÐ°�uAFCÐ°�1f

Ñ\0��§T1f�TªÇÎáÂ§d�lfXn��±L«�

|ψ(t)〉 =
N∑
j=1

cj · e−iδjt |g1 · · · ej · · · gN 〉 (1)

�lf���þ�δj = mj∆£mj��ê¤"u´��m��2π/∆�§�lf��müz�� 

�e−iδ
jtò­#Ú�§d�Xnògu/¤£ÅóÀ"
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ã4 (a)153Eu3+lfU?(�"(b)3 l¥%ªÇ �þ���AFC(�§ÙªÇ¥%�517.14873 THz"(b)¥�ã����AFC1Ì(�"

Fig. 4. (a) The energy diagram of 153Eu3+. Three beams with center fre-

quency of f1, f2 and f3 are applied in a certain sequence to accomplish the

spectral-hole burning for AFC preparation (b) The prepared AFC structure

with the center frequency is 517.14873 THz. Inset: enlarged view of the AFC

structure.

ã4(a)¤«�153Eu3+lf3EuCl3 · 6 H2O¬N¥�7F0 →5D0�[U?(�
[33]"¥%ªÇ�f1§

f2Úf3�nå-1©O�g3 → e3!g1 → e2!g2 → e3�[��§^5ÀJ�þ!Ð°¥��alf§¡

�a��ö�"nå-1�²þõÇ�8 mW§×ª�°�5 MHz§±Y300 ms"�¤a���§ÏL×

£f2Úf3�[£�°5 MHz§±Y�m�220 ms¤§¦�Talf�>fÑ?3g3U?þ§TÚ½�¡�

g^4z"a��Úg^4z�¤�§¦^¿1�ÎóÀ[19]3g3 → e3�[þ���°�5 MHz�ªÇÎ

(�"�ÎL§¦^�-1õÇ�5 mW§±Y�m�226 ms"

ã4(b)Ð«
8IªÇNC�1Ì(�"�[f2Úf3ªÇ?����J�a��Úg^4z�(J§

f1?�¤���ªÇÎ(�"duAFC�;�ÇÉáÂ�ÝK�§ÏdÀJ láÂ¥%±¼�Ü·�

áÂ�Ý"1�;��JXã5(a)¤«§çÚ­��\�1óÀ§ùÚ­�L«ß�1óÀÚ�;1 µs�

�2u�óÀ"�;�m�1 µs���Ç�1.71 ± 0.04%"AFCnØ�;�Ç�dAFC(�ëêO��

�[39]µ

ηAFC = (d/F )2e−d/F e−7/F 2

e−d0 (2)

Ù¥F�Î°[Ý§d´áÂ�Ý§d0´�.áÂ�Ý"¢�¥AFC(�ëê�d = 1.00 ± 0.08§

d0 = 0.17± 0.05§F = 1/0.61§O���nØ�O�AFC�Ç�1.75± 0.11%§�¢�(J�Î"ÏLN
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�"Ë���AFCÎmå�±UCAFC�;�m§ã5(b)?�Ú�Ñ
AFC�;�Ç��;�m�Cz§

¢Sÿ�����;�m�10 µs"

ã5 (a)AFC1�;1 µ(J"�;1 µs���Ç�1.71± 0.04%§��âã4(b)¥

���AFCëênØO��1.75± 0.11%�Î"(b)�;�m�0.5∼10 µs�AFC�

;�ÇCz§dogÿþêâ²þ��"

Fig. 5. (a) The AFC memory with a storage time of 1 µs. The storage

efficiency at 1 µs 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 µs to 10 µs. Each data

point is averaged by four measurements.

3 7F0 →5D0�[U?må�§Ý��6'X
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ã6 §Ý���7F0 →5D0�[ªÇ £9nØ[Ü

Fig. 6. The line shift of 7F0 →5D0 depending on the sample temperature.

The curve is fitted using two-phonon Raman-process model[40,41], giving α =

4.22± 0.57 cm−1 and TD = 144.1± 6.2 K for this crystal.

¢�¥���JØn���AFC�;�ÇØZ"���U��Ï´��L§¥�¬,§��Ã{¢

yp�Ç��"�
©Ûù��U�Ï§·�Äkÿ½7F0 →5D0�[�¥%áÂªÇ��¬§Ý��6

'X£ã6¤"3�$ó�§Ý£3.5 K¤e§áÂ¥% u517.14812 THz"

�â©z[40, 41]§�[ªÇ��§Ý�Cz´du>fU?�9-u(fu)
ÍÜ"éuü(fL

§§�kU?må�(fUþ����[�K�§3�¬N¥�7F0 →7Fn��[§Ïdd?�Ñ"éu

�pU?må��[§�±�ÄV(f.ùL§�.[40]"3T�.�£ãe��3ü�gdëêµÍÜ

rÝXêÚ���~§Ý"���~§Ý£ã
ë��p�^���(fUþ5�"3T�.e�§Ý�

'�ªÇ £þ�

∆E(T ) = α

(
T

TD

)4 ∫ TD/T

0

dx
x3

ex − 1
(3)

Ù¥T�§Ý§TD��~§Ý§α�(fÍÜrÝ"¦^dúª[Ü(JXã7¥­�¤«"[Ü

��d¬N�ÍÜrÝα = 4.22 ± 0.57 cm−1§�~§ÝTD = 144.1 ± 6.2 K"�Eu:YSO¬N�'[41]§

EuCl3 · 6 H2O¬NkX�$�(fÍÜrÝÚ�$��~§Ý"£Eu:YSO¥�ü�site�êâ�µα = 50

cm−1, 90 cm−1§TD = 420 K, 570 K¤

�n)�ëê¿Â§ª(3)3$§Úp§e�±Cq©O�¤[41]£Ø��u5%¤µ

∆E(T ) =


απ4

15

(
T

TD

)4

,
T

TD
< 0.13

α

3

T

TD
− α

8
,

T

TD
> 1.17

(4)

��α�£ãªÇ £þ�§ÝCz�¯ú�~þÏf§
TD£ã
ªÇ £­��î� �"ªÇ

 £þ3$§e�§Ý�4g�'X§3pu�~§Ý�Cq��5'X"du(fë��p�^��.

ØÓ§ùp[Ü����~§Ý�£ã9N��~§Ý¿Ø�Ó[41]"

¢�¥*	�±Y×ª¬NáÂ�ò��ÙªÇ�N £"¦^õÇ�7 mW�1×ª200 MHz§±

YA¦¨§��ªÇ£Ä
0.5∼1 GHz§ùéA¬N�Û�§Ý��
25 K�m"Xd²w�\9�A`

²���×ª����Ü©1U�¬NáÂ§Ü©ÏL�Ë��[=z�9Ul
¦¬NÛ�,§"ÛÜ

,§�§�¬�g^ÙØêÆ·±91ÆU?Æ·ÑòÉ�wÍK�l
��
���¢S�J"
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4 ( Ø

·�¢y
EuCl3 · 6 H2Oü¬�)�91�;A^�ÐÚ¢�&¢"¢�ÿ�7F0 →5D0�[��

Z�m�55.7 µs§3ù��Z�[þÄu�fªÇÎ�Y¢y
1&Ò��;§�;1 µs���;�Ç

�1.71%"du¢�¥�U¢yn�����J§Ïdã4¥AFC�3�p��.áÂ§��
�$��

;�Ç"ÏLé¬NáÂ� £��¬§Ý�6'X�©Û§·�ÐÚ�½¢�¥^u"Ë���-1�

U��
�¬�wÍ\9�A§ù�Ué���J�5�������"�©(Jy²
|^XDèzÜ

Ô¬N¢y1þf�;��n�15§Ó���«
Ù¥���Ø%EâJ:§=p�Ç�1Ì���

�"
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Atomic frequency comb optical memory in EuCl3 · 6H2O

crystal ∗

Li Zong-Feng1)2) Liu Duan-Cheng1)2) Zhou Zong-Quan1)2)† Li

Chuan-Feng1)2)‡

1) (CAS Key Laboratory of Quantum Information, University of Science and Technology of

China, Hefei, 230026, China )

2) (CAS Center For Excellence in Quantum Information and Quantum Physics, University of

Science and Technology of China, Hefei, 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 the practical quantum memory because of its very long coherence time. However,

doped ions cause unwanted lattice distortion, 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-efficiency storage. EuCl3 · 6 H2O is a promising material for quantum memory applications because

its optical inhomogeneous broadening can be smaller than its hyperfine splitting and the theoretically predicted spin

coherence time is up to 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 EuCl3 · 6 H2O crystal. A coherence time

of 55.7 µs is obtained by photon echo measurements on 7F0 →5D0 transition. The two-level atom frequency comb

storage is demonstrated with a storage efficiency of 1.71% at a storage time of 1 µs, showing the potential capability of

optical quantum storage of this material. Based on the analysis of the line shift of 7F0 →5D0 depending on the sample

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

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

PACS: 03.67.-a, 42.50.Ex, 76.30.Kg, 42.50.Ct
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