
Acta Physica Sinica

Äu��¬N�1þf�;ÚN�

±ÿ o__ 0Èÿ ���† Ü�À†

(�®nó�ÆÔnÆ�,k?1>þf(��O�ÿþ��Ü:¢�¿,B�1fÆ��°�1>XÚ�®½:¢�

¿,�® 100081)

þf&EEâ´��V4ä�L5�ü«�E?Ú))þfåÆÚ&E�ÆEâ�(Ü�#

,+�§ÙuÐI�)ûþf&Ò��)!?n!DÑ!ÓÚÚ�;��X�¯K§éá��A5

JÑ
î���¦§8c�vk�«á��±3¤kõUþÑU÷vþf&EA^�I�"��¬

Ná�31.5 µmäk1ÆË�¸§¿�äkûÐ��ZA5§3þf&EEâ�eZ'�!:Ñk

Xã��A^cµ"�©(Ü��¬N�5�§£�Ù3þf�;!þfªÇ=�!þf1!±

9Äulfm�p�^�þfN���¡�A^?Ð§¿é�U�uÐ��?1?Ø"

'�c: ��¬N,þf�;,þfªÇ=�,lfm�p�^

PACS: 42.50.-p, 03.67.-a, 32.10.-f, 32.80.Qk

1 Ú ó

�XEâ�?Ú§<�éu1f!�fÚ©f�þfXÚ�*ÿÚN�Uåk
ã��J,"ÏLé

þfU\�ÚþfÅ����²;��°[N�§<�JÑ
þfO�!þfÏ&Úþf°�ÿþ��X

�#�Eâg�"ù
Eâ3O��Ý!&ES�UåÚÿþ(¯Ý�õ�¡ÑÐyÑ
�éu²;Eâ

��n5`³[1,2]§3�5�EuÐ!I�Ú²Lï�þò�U�)6C5�K�§ÏÚå
�I�?

ÚªIúi�'5"

* I[g,�ÆÄ7(1OÒ: 91850205)§�®nó�ÆÆâéÄOy§�®nó�Æ�EM#Oy.

† ÏÕ�ö. E-mail: stephen.chen@bit.edu.cn, zhangxd@bit.edu.cn >{: 010-68912634

1

录
用
稿
件
，
非
最
终
出
版
稿



�
¢yù
�µ8I§<�3õ«ÔnXÚþmÐ
&¢ïÄ§�)
l1f[3]!�f[4,5]!>f
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3¢yþf?nìþkXé��`³[8]¶>fg^½öØg^KPké���Z�m§�~·Ü^u�ï
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ã1 eZ�L5þfNX�A�ëê[11]"ØÓá�3ã¥� �´�âTNX����Z�m

£x¶¤Úó�ªÇ£y¶¤ü��"~X§Øg^Ú>fg^3$§eäk����Z�m;�

�þf'A!þfÅ�XÚÚ�Å1fnÚDÚ>^Åkér�ÍÜ�^¶Ó�ÏÕÅã�1

f3&E��ålDÑ�¡äkÃ�'[�`³"

Fig. 1. Blocks of hybrid quantum systems. Some typical systems with different functionalities are placed

in the diagram according to their coherence time (x axis) and their excitation frequencies (y axis)[11].

For example, nuclear spins and electron spins feature with their long coherence time; superconducting

qubits, quantum mechanical systems and microwave cavities can be strongly coupled to electromagnetic

fields in radio or microwave frequencies; and photons at telecom wavelengths are unparalleled in sending

information over long distance.

�,�lf�¬Ná��´ù����±¢yõ«'�þf&E?nõU�M�²�"ù´d§��

�á�A5û½�"äN5`§���¬Ná�äk±e`³µ(a)Äk§�lf31.5 µmÅã?�31

ÆáÂ"ù´�lf�ÕA`³§¦�Äu§mu�XÚ�±Úyk�1n�äoN§kã��A^c

µ"(b)äké��1Æ�Z�mÚg^�Z�m[6]"Dè���,¬N�âÑ�A:��Ò´äké��

�Z�m§���Dè����«�,�Ø~	¶ù�A53Nõ�þfEâ¥£þf�;!þfªÇ

=��¤Ñ´�'��" (c)äk´L�g^U?(�[14]"ù
U?(����Å½�ªÅã�>^Å

u)ÍÜ§ÏØ
1ÆEâ±	§��±Äu>ÆÃã¢yõ«°[��Zö�" (d)���«��á

�§�±�B/?1ì��\ó"AO3¡��5�8¤A^¥I�éì�?1�.z�§��²��´
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äkU,�`³"(e)�lf3¬N¥�þ!�°Úþ!�°��O��"ù�LX3&E?nEâ¥§�

±�B�¦^Å�E^Eâ§¢yõ�A^§lJp&E?n��°[14]"d	§��¬N�äkØ�

3�m*Ñ���ò�Z�A§1Ì5�½�Nõ`:"��¬Nþã�ù
A5§¦�§3¢yõõ

U�,zþfXÚþ�3é��`³"�©ò(Ü��¬N�5�§?ØÙ3þf&EEâ'�!:¥�

A^§Ì��)Ù3þf�;!þfªÇ=�!þf1!±9þfÜ6?nì��¡�A^?Ð§¿X

éÙ¥¼�â»�'�¯K?1©ÛÚ?Ø"

2 1þf�;

þf�;))ò1�þf��;�Ô��¥§,��âA^I¦2±1�/ªòþf�Ö�Ñ5))

´¯õ1þfEâ��5Ä:Eâ§3(½5ü1f!þf°�ÿþÚþfO��õ�+�ÑkX�'

���^§�ïÄ<
@�´�«/�� 0�þfì�[10,15]"AO´�XCAcþfO�Ú�ål

þfÏ&�¯�uÐ§¦�ï�þf�;ì��5C��\½�¶Ï�ÃØ´þfO�Å�m�&ÒÓ

Ú§�´�ålþfÏ&¤I�þf¥U§��p�Ç!��Z�;�m�þf�;ìÑ´7Ø���"

��¬N�´�ïþf�;ì�`Àá���"c¡®²J�§Dè�,¬N�éuÙ¦á��âÑ

�`³��Ò´äké���Z�m"�Z�m��´>f�-u±��±�±3,«�ZU\G���

m�Ý"8cDèá�¥¢y�g^�Z�m����6��[16]§�¤ká���"ù�V¹de�|

æIá�Æ�Matthew SellarsïÄ�|32015c|^ZEFOZ (zero first-order Zeeman effect)Eâ3�£Eu¤

�,�YSO¬N¥¢y",	§du1n3&Ò�$�ÑDÑþäkÃ±Ô'�`³§�5��þf�

ä�VÇ�ò�÷u1n�äïá§Dè���31.5 µm?�Ë�¸�1n$DÑ�Ñ�I����

�§éu�ïoN1n�äþf�;ì��5´Øó��"Ïd§ISþ®kNõïÄ|��Ñ�å

uuÐÄu��¬N�þf�;ì§�lf3ØÓá�NX¥��ZA5���
��2��ïÄ§�®

²kõ�nã©ÙäN/?Ø
��¬N3ØÓ§ÝÚ^|e�1þf�;A5[6,17,18]"Öö�±3�'

©z¥¼�'u��¬NNõ�á�A5§�©òØ2Eù
SN§´X?ØCÏ3Äu��¬N

þf�;¥æ^��
#�Eâ�Y"

2.1 ò��Z�;�m

3$§e§Dèlf�ò�ZÌ�´d±��¸¥�^D(���"|¤¬N��«lfg�Ñ¬ä
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k^ó4Ý£>fg^^ó4Ý½öØg^^Ý¤§3k�§Ýeù
^Ý¬u)Ã5K�ËÄ�)�

¸^D(§Xã2(a)¤«"b�,���3-1|��^e§,� �lf�-u§¿�ÚÙ¦lf?u

�«�ZU\�G�¶@oéuù��·�*ÿ�lf5`§±��¸�^ó4ÝËÄ¬���/�^|

u)���Cz∆B§?�Ú¬¦�8Ilf��[ªÇu)Cz∆ω"du^6Ä´�ÅÃ5K�§∆ω�

´Ã5K�¶�X�m�[£§�[ªÇþ���Cz¬ÅÚ\È§�N�J��u�TlfU\þ
�

��Å�� §?��TlfØU2ÚÙ¦lfUY�±�ZU\�G�§ùÒ´��¤`�ò�Z"

XJ�¸^|Cz�∆B§éuk>fg^�XÚ5`§�[ªÇ�Cz��3∆B ·µe¶éu�kØg^

��f5`§ªÇCz���3∆B ·µn§Ù¥µe = 9.2−24 J/T´>fÅ�^f§µn = 5.01−27 J/T´Ø^f"

lê�þ�±wÑ§d>fg^�p�^���ò�Z���'Øg^���D(3ê�þ��Z��

m§�ÏXd@ÏéDè�,¬N�ZA5�ïÄÑÌ�8¥3vk>fg^�K(Pr)Ú�(Eu)�lfþ

£äkóê�>f�Dèlf��,�¬Ná��§3¬N|��^e¬/¤����>f^Ý�"�U

?¤"�
�y����Z�m§3ÀJ�Ì¬N��ÿÓ��AT¦þ�y¬Ná��¤k�¤��Ñ

�äké��Øg^"éäk>fg^^Ý�Dèlf§'X�lf§3¢�¿¼���Z�m�é

óÑ�á�
[6]"d�lf�m�>fg^�p�^���^D(´����¬Ná�A^�þf�;þ

���Ï��"
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ã2 ¬Ná�¥^D(���ò�Z�A"£a¤¬N¥�lf��Ñäk>fg^^Ý½öØ

g^^Ý"§ÝØ�"�§ù
^Ý¬u)Ã5K�ËÄ§lUC·�*ÿ�,�lf�Û

�^|§¦�§��[ªÇu)Cz∆ω"£b¤>fg^�lù�A"éug^S = 1/2�>fX

Ú§3	\^|��¹e§U?¬u)3�§g^U?�m��[ªÇω�´�	\^|C

z�"dlù�A���U?3�´�5�"(c)�lf��°[U?�p�^"éu167Erlf

5`§Ù>fg^M�îþØ
�¹lù�A�§��3>fg^ÚØg^��°[�p�^

�I ·A ·S"167Er���g^M�îþA�H = µeB ·g ·S+ I ·A ·S+ I ·Q · I+µnB · I§Ù¥g´>f

�lùÝ
§Q´>o4Ý
§gn =−0.1618´ØÏf"3�3�°[�p�^�§lfU?(

�é	.^|Cz��A¬C¤��5�§¦�3,
AÏ�	\^|e�[ªÇé^|Cz

����ê�"∂ω/∂B = 0

Fig. 2. Magnetic decoherence in crystals. (a) Ions that form a crystal possess electron spins or nuclear

spins, which are cartooned as small magnets here. With environment temperature above zero, these

magnets vibrate around their lattice positions. As a result, a vibrating magnetic field is added into the

local field of a targeted ion and its transition frequency is changed by an amount of ω . (b) Zeeman effect

of electron spins. For electrons with spin S = 1/2, applying a magnetic field splits the energy levels. The

transition frequency ω is linear to the applied magnetic field. (c) Illustration of the hyperfine structure

of erbium ions. For 167Er ions that possess both electron spin and nuclear spin, the spin Hamiltonian is

H = µeB ·g ·S+I ·A ·S+I ·Q ·I+µnB ·I, where µe is the Bohr magneton, B is the applied magnetic field,

g is the Zeeman g-matrix, A is the hyperfine matrix, Q is the electric quadrupole matrix, µn is the nuclear

magneton, and gn = −0.1618 is the nuclear g factor . Due to the hyperfine interactions, the transition

frequency ω is no longer a linear function of the applied magnetic field, which leads to ∂ω/∂B = 0 at

some specific magnetic field.

�Jp��¬N��Z�m§�����{´ü$XÚ�ó�§Ý§ù�^|�6Äg,Ò¬~�"

�,§ü$§Ý��{ÃØ´éu>fg^XÚ�´Øg^XÚÑ´ÊH·^�",	�«�{´�á�

�\��r�^|§�lf�>fg^3	\�r^|e¬�±���½���§�ØN´u)ËÄ§l

��~�
�¸�^|D(∆B"|^ù��{§ïÄö�31.5 K§ÝÚ7 T	\^|�^�e§3�

�7�k¬N£erbium doped yttrium orthosilicate, Er:YSO¤ÿ�Ù1Æ-u���Z�m�4 ms§®²�

C
Ù1Æ-u�11 ms�Æ·[19]"É�u-u��guË�Æ·§�?�Úò��Z�m§KI�|^

�lf1ÆÄ���°[U?(�§ùÒI�^���Ó �167Er"�C§e�|æMattew SellersïÄ|

3167Er:YSOá�þ§|^7 T�r^|ò�lf�^��È(§��~�
d�lfg^^ÝËÄ§l

~��)��¸^|D(∆B§¼�
1.3 s��Z�m[21]"

ù
�{�g´Ñ´ÏL~�	.�^|6Ä∆B5ò��Z�m§·���±l,	��Ý§Ï

Lü$lfé^ËÄ�A�¯a§Ý5ò��Z�m§ù�´ZEFOZ�Eâg�[21]"éu���lf

�>fg^U?5`§��3	\^|�§dulù£Zeeman¤�A§{¿�g^U?¬u)3�§X
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ã2(b)¤«"ù«�¹e�lf�[ªÇé^|Cz����AØ�"∂ω/∂B 6= 0§lfé�¸^D(�

�AÒ3∆B ·µeþ?"��5¿�´§��Ó �
167ErØ
äk>fg^S±	§�äkØg^I§>fg

^ÚØg^��p�^��
U?��°[(�(hyperfine structure)"ù«�p�^¬��3,
A½�

	\^|^�e§lfU?(�é	.^|Cz��AC���5§d�Ùé	.^D(����A�

"∂ω/∂B = 0§Xã2(c)¤«"ùL«XJ·�Ué�ù��«A½��!A½rÝ�^|§@oNXé

	.^6Ä¬C��~Ø¯a§k|u·�¼�����Z�m"XÛ3n��m¥é�ù���AÏ�

^|§�´ZEFOZEâ�J:"8cZEFOZEâ8c��3Pr[21]§Eu[16,22]ÚQ(Yb)[23]�êA«Dè��

¥¢y"ISþ�k�
ïÄ|�3mÐòZEFOZEâA^�167Er�,�¬Ná�þ��'ïÄ[24−26]¶

��¢y§ýÏ¼���Z�mò�L1 s"duù���Z�m´3Ï&Åã¼��§ÙéuïáoN

yk1n�ä�þf�;ì´�©�",§8cù�¡�ó��(JÌ��´3u167ErlfU?�

E,Ý"éu®²|^ZEFOZEâ¢yþf�;�Pr!EuÚYb5`§§�Ñäk�~{ü��°[U?

(�§,167Erlf3¬N¥���>fg^�S = 1/2§Øg^�I = 7/2§ù¿�XÙ1ÆU?¬3�

¤16��°[U?¶ù
U?üü�m��[ÑØ´��B4�§�U�3��[k120�"ù«E,Ý

�J,é¦�é167Erg^M�îþ�ëêÿþ�©(J[25−27]§XÛ°(/ÿþÑÙU?©Ù±9���

[��[rÝE,�6¢��Y�°[z"

2.2 "^|e�þf�;

�°[�p�^�,¦�167Er�U?(�É~E,§���5
�
ÕA�`³))3"^|e§

167Er�°[U?�m�¤k�[Ñ´ZEFOZ�["Xã3¤«�"^|e167ErÄ�U?�	\^|�Cz

ã§3∆Bé���¹e§ù
U?�3B = 0?�ÇÑ�"§U?m¤k��[é	.^D(���

�A��Ü÷v∂ω/∂B = 0"

ù��«^��w´��`³ÄkNy3¢y�(J§Ýþ"3n��m¥é���A½

�ZEFOZ^|Ø=I��÷��^N§�I�/Ïu°[�ÿþÚ��Eâ§JÝ��"�é5`§¢y

"^|�I�|^p�^Ç7á¶-/^|=�§EâJÝ��ü$",	§"^|ó�^�Eâ�¿�

Xé��Eâ�oN£��	\^|Ñ¬K��á����A5¤§��B|
�ÅÅã�þf�;ì�

ï�[25]"��þf'A´8cþfO�²��~kF"�¿�ö��[28,29]§Ùó�ÅãÌ�310 GHz�

m��ÅÅã¶ï��ÅÅã�þf�;ì�±¢yõ«�6uM�ì�þf�{§éuÿÐþfO�Å

�Uåäk��¿Â"�´§�ÅÅã�þf�;ì¡��(J'1þf�;ì�õ§Ì�Ï��Åþ
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f�;ì�¦�;0���Ú�Åk�r��p�^§ù¦�ÄuØg^�þf�;ìÑJ±�?ù�ó

�£Øg^^Ý�k>f^Ý�Z©��¤¶,��¡§Äu>fg^�þf�;ì�,�±Ú�Å¢y

�r�ÍÜ§�´Ù�Z�;�m  qJ±÷vI¦[30]"Ó�§du��>´é^|�¯a5§þ©

¤ã�I�	\^|�ZEFOZEâ�éJA^���NX¥"

�,167Er�¬Ná�Kk"3ù�¡��â»"é167Er5`§3"^|e�°[U?Ì�´d>

fg^ÚØg^��p�^I ·A ·S��"ùL«Ä���°[U?��þ´>fg^��«�5U\

�§�±Ú�Å1fu)�r��p�^",	3�Z�m�¡§lã3(b)¥·��±wÑ§"^|N

C�U?�Ü÷v∂ω/∂B = 0§Ä�U?m��[ÑäkZEFOZ�A5"Ï§"^|e�167ErlfØ

=�±Ú�Åk�r��p�^§��±�±����Z�m§k"3��Ú��þf'AoN�²

�e¢y�ÅÅã�þf�;"8c§ÏL3"^|eÏé�lf�ZEFOZ�[§®²¢y��Z�m

�1.6 ms[31]§�pu�c3"^|e*ÿ��50 us��Z�m[32]"Xã3(b)¤«§�,167Er3"^|e

��[Ñ´ZEFOZ�[§�´�
�[äk�\²�����ê∂ 2ω/∂B2§�¬éA����Z�m",

§8c3¢�þ*ÿ��"^|�[ÑØ´�`�ZEFOZ�[[31]§·��´F"Ué���Ø=��

�ê²�§�Ú�Å�k�rÍÜ��[U?"8c<�é167Er�°[U?�
)�Øv±�ÑO(�

ýÿ§�3"^|e|^ZEFOZ�[¢y��mþf�;§�k�uéÙ�°[U?�?�Ú[zÿþ"

éuS = 1/2ÚI = 7/2�167Erlf5`§ùE,´����(J�¯�"���J�´§þã1.6 ms��

Z�m´33 K�§Ýe¼��¶¢�êâL²§�X§Ý�eü£'Xü�mK?O¤§ù��Z�;�

m��±�ÌJp[31]"·�@�"^|e��¬N��;A5�ké��&¢�m"
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ã3 167Er:YSO¬N�Ä�U?3	\^|e�Cz�¹" (a) 167Er:YSO�16��°[U?�

	\^|�Cz�¹"bÚcIP
ã(b)Ú(c)éA�«�" (b)�ÞbéA«��U?Cz�¹¶

(c)�ÞcéA«��U?Cz�¹"

Fig. 3. The hyperfine structure of 167Er:YSO as a function of applied magnetic field. (a) The ground

state of 167Er:YSO consists of 16 hyperfine energy levels, all of which show nonlinear behaviour around

B = 0. Bold letter b and c indicate the regime of panel (b) and (c). (b) Zoomed picture of energy level as

indicated by b in panel (a). (c) Zoomed picture of energy level as indicated by c in panel (c).

2.3 ��¬N��Bþf�;

aquy�O�ÅEâÚ&E�äEâé8¤>´��6§�5��þf�äA^[32,33]�I�?n

pE,Ý��«¯K§7,�¬éþf�;ìJÑ�.z!8¤z�I¦"ì�8¤z�`³3u�±^

�~��NÈ¢y¦�Uõ�õU§¿�äk��5p!¤�$!Bu�5�)��`:"3�þf�ä

��ï¥§�8¤�þf�;ìØ=�±?n�þ!:�ÓÚÏ&¯K§��±�yk�1Å�!8¤1

�ì�?1pé§äk2,�A^cµ"

8c§ÄuDè�,¬N�8¤þf�;ì�ïÄ�?u&¢�ã[34]§Ì��Eâg´�)üa§

Xã4¤«"�«�ª´��3¬Ná�þ?1�B\ó"Ì�æ^�ó²�{�)lf*Ñ[35−37]!-1

��[38,39]Úà�lfå�¡[40,41]�§Xã4 (a)-(c)¤«"2011c§\<�k�\p�Æ�ïÄ�||^l

f*ÑEâ§3���¬Ná�þ��ÑÅ�(�§¢y
éÅ�1f�þf�;[36]¶2019c§{I\

²nó�ïÄ�|ÏL3Er�,�YSO¬Nþ��^à�lfå�¡��{\óÑ
��1f¬Nn(

�§¢y
ü1f�þf�;[40]¶2020c§¥I�ÆEâ�Æ�ïÄ�|ÏL3�£Eu¤�,�YSO¬

Nþ|^-1����Å���ª§¢y
UIÖ��þf�;[38,39]"ù«��3¬Nþ?1\ó��

ª�,�±^uïÄü��B1þf�;ì�5UA5§�´ÙÛ�53uJ±8¤õ«E,�1Æ(

�"ØÓu¤ÙÝ�~p�7Ä1�¡§XÛ3�,¬Nþ��1©åì!1ÍÜì�ì�§¿¢yØÓ

ì�m�¡þpé�¯KE,"y¤Ù�)û�Y§�k���\�±Y�ïÄ"

,�«�{´r7á�(�Ú\���¬N¥"|^DÚ7Ä8¤1Æ�ïÄ¤J§3Dè��,

¬Nþ��1.5 µmÅã�7Ä1Æ(�§ÏL7á�ÚDè�,¬N�¤�,zNX5�ïþf�;ì"

2021c{I\²nó�Æ�ïÄ�|ÏL3���YSO¬Nþ�È�¬7£αSi¤¿��7Å�Ú��1

f¬Nn��ª§|^�lf�d©�ª£�A£Stark Sfhit¤¢y
>N��õõUþf�;[42]"ù«

Äu7Ú¬Ná�EÜNX£hybrid system¤�Eâ�Y�âÑ�`³3u�±¿©|^7Ä1fÆ�ï

Ä¤J§�8¤54Ð§¿�k"�ª¢yÚyk7Ä1Æ�¡�pé§äkã��A^cµ"d	§ù
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«�{�;�
é��¬Ná��\ó§é�§Ýþ~�
du�B\óÚ\�¬N"�§kF"¼�

�Cu¬G¬Ná���Z�m",§éuù«7ÄEÜá�NX5`§Ù´u8¤�A5´d7á�

pò�Ç�5�§Ïd���X��é��":µ1|�Ü©Ñ�Û�37á�S§l¦�1|ØUk

�/ÚDèlfu)�p�^§Xã4(d)¤«"ù�Ø=¦�éDèlf��Zö�C�(J£I��r

�1|5¢y�Zö�¤§���
�;�Ç�Jp£�ké�Ü©�1¬�DèlfáÂ¤"

ã4 Äu��¬N�8¤þf�;ì�Ì�Eâ�Y"(a)3���¬Ná�þÏLlf*Ñ�

�Å�(��þf�;ì[37]" (b)|^à�lfå�¡Eâ3YVO¬Nþ����1f¬N

(���;ì[41]" (c)æ^-1��Eâ3YSO¬Nþ��Å�(���;ì[38]" (d)3YSO

¬Nþ��7Ä1fÆ(���;ì[42]

Fig. 4. On-chip erbium quantum memories. (a) Quantum memory based on erbium- and titanium-

indiffused lithium-niobate waveguide[37]. (b) Nanophotonic quantum memory by using focued-ion-beam

to fabricate a one-dimensional photonic cavity in a YVO crystal[41]. (c) Waveguide memory fabricated by

femtosecond-laser micromachining on the surface of a YSO crystal[38]. (d) Quantum memory comprised

of an amorphous silicon (öSi) waveguide on a YSO crystal[42].

nþ¤ã§3�ïÄu��¬N��8¤þf�;ìþ§��é¬N?1\ó��ª�8¤5��§

8¤5ûÐ�7ÄEÜ(�ØUk�/¦1|Ú�lfu)�p�^"duù
Ï����§®k��

8¤þf�;ì3Nõëê�IþÑ�á�u3�8¤XÚþ�¢�(Jµ3�Z�;�mù��Iþ§
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yk�8¤þf�;ìÄ�Ñ?uns½ö´µs?O[36,37,41]§$u¬G¬Ná�¥ms$�s?O��Z�

m¶éã4(d)¤«�7ÄEÜá�NX��Bþf�;ì5`§Ù�;�Ç�k0.4% [25]§���$u

¬G¬Ná��40%�¢�êâ[43]"

Ø
~��YSO!YVO¬N±	§ïÄö��È4u÷Ù¦á�NX5�ï8¤þf�;ì"Ù

¥���~k�L5�á�´�������á�[43]"���¬NäkR��>1Ú��51Æ5�,�

@�´1fÆ¥�/70á�"AO´�XCÏý�Nþ�����(lithium-niobate-on-insulator, LNOI)�

�Eâ�û�z§Äu�����á�²��8¤1fÆïÄ¼�
���uÐ[45,46]"ISþ®kõ�

ïÄö}Áò�lf�,������á�þ[47−50]§¿?1þf�;��'ïÄ[44,51,52]"ù��¡�ï

Äó�âffåÚ§�lf£AO´167Er¤3�����á�¥��«A5ëê�I�ÏL?�Ú�¢�

ÿþ�Ñ"��á�Ø
���±	§Ù¦�����á�§'XEr2O3
[53,54]��ÐyÑ
éÐ�A^

|µ"

,	§ïÄö�éÄu��1n�ïþf�;ì��15?1
�\�&¢[55−60]"1n®²�\K

�·�)¹���¡¡§�«�'Eâ�®²pÝ¤Ù"�±`§XJUkEâÃãò��¬N`û��

ZA5£����1nþ5§@o1nò´�n��á�"2015§\<�kp\��ÆWolfgang Tittel�

ÇïÄ�|320�����1nþò�790 nm1fÅ��1.5 µm�1f�;å5[55]"��§¦�?�Ú3

��1nþ¢y
� �gdÝ1þf���;§Ö��ýÝ�99.6%[56]¶�Ä�1�ä¥ØÓ�ì��

UäkØÓ�ó�Å�§¦��31.5 µm���1nþf�;ìÚ794 nm�¬Nþf�;ì�m¢y
þ

fÅ�"���J�´§8cÄu��1n�þf�;ìÑ´Äu�fªÇÎ£atomic frequency comb¤

��;Eâ�ï�"�fªÎEâI�é�f��þ!Ð°��¤±Ï5�ÎGáÂ(�§ÏLù
l

fé1�áÂ¢y�;õU§¿ÏL±Ï5ØÓªÇ�lf�m��ZguË�5¢y&Ò�Ö�,®²

¢yf�Z�1f!\Ùªü1f!Å�1fé�1þf���;[18]"T�;Eâäkõ�±9°

��;�`³§1n¥�lf����þ!Ð°�´ò�fªÇÎ�;Eâ3õ�A^þ�`³¿©

ÐyÑ5"2016c§\<�Wolfgang TittelïÄ�|?�Ú3��1n¥¢y
���°�C800�þf�

;[58]"�C§>f�E�Æ�ïÄ�|Ø=�\ïÄ
��1n3mK§Ý¥�þf�;A5[59]§�3T

1n¥ÏL��5�10 GHz°��fªÇÎáÂ�§¢y
1650��ª�þf�;[60].

�Xþf'A��8¤5´þfO�Ðyr��å��^�§�,y3�Bþf�;�ïÄ�?u

åÚ�ã§�´�÷v�5�þf�äA^�I¦§8¤zq�´��7,���§ù�k�ïÄö�3
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�n!á�Úó²þ�?1XÚ&¢âU/¤��k��)û�Y"

3 þfªÇ=�ì

8c�ïþfO�M�²���¤Ù��á��þf'AXÚ§AO´3�5�8¤z±98¤ó²

ùü���Iþ§��'AÑÐyÑ
��uÙ¦XÚ�`³[8,12]"aquy3�pé���¬�5�

��K�§XJ·�U
rõ�þfO�Åë�å5|¤���þf�ä§Ù¥�U%º�A^cµò´

J±�þ�[32,33,61]",��þf'A�ó�Åã��3A�GHz��ÅªÇþ§XJ��^�ÅÏ�ò

þfO�Å?1pé§KI¦���DÑÏ�Ñ?3mK�§Ý�e£�â9²ïe�À�[ùÚO©Ù§

��ÅªÇ�10 GHz�§I�r§Ýü�100mK±eâ�±k�~�9D(¤"2020c3�§�ié�n

óÆ�3Äg¢yþfO�Åpé�Eâ�Y¥Ò´^��5���mK?O$§+�òü���þf'

AO�Åë�å5§ù´ISÄ�þfO�Å�ä"ù��|�pé�Yér?�'+��ïÄkX�

~��¿Â§�´dup[�¤�ÚE,�ó²§éJ�í2A^"�Ä�yk�1n�äEâ�±

31.5 µmÅã¢y$DÑ��ålDÑ§XJU
ï�Ñòü��Å1f=�¤ü���11f�þf

ªÇ=�ì§òé�Å1f�DxI¦=£�é1.5 µm1fDxþ5§éþf&Ò�DxÒ�é{ü�

õ[62]"Ïd§�XþfO�Eâ�uÐ§ü��Å1f=�¤ü���11f�þfªÇ=�ì�Åì

¤�þf�äEâ���'�!:[61,63]"�±`§>1=�3DÚ&E�ääk�o��/ §@oþ

fªÇ=�ì�ò3þf&E�A^¥äkaq�/ "

ù��«ªÇ=��¦p�=��Ç!$�=�D(±9v
�ó��°�"8c§3¢y�Å1f

���11f�þf=�þ§ïÄö�®²JÑ
Nõ�U�Eâ�Y§Ì��ïÄXÚ�)��5>1

á�!1Å�XÚ§^1á�§p���fXÚ§±9��¬Ná���[61,63]§�´E,vkXÚ3¤k

�5UëêþÑ÷vþfªÇ=��I¦§�
'��Eâ¯KE,k��\ïÄ)û"3¤k�ù
X

Ú¥§8c=��Ç�p�´1Å�XÚ[64,65]§Ùþf=��Çp�47%[65]§�=´kC����VÇ

òÑ\�ü��Å1f=�¤��11fÑxÑ�¶�´ù��Y�Û�3u1Å�XÚ���$��Ä

ªÇ������9D(Ú�Ä�ó��°£kHz?O¤"
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ã5 Äu��¬NþfªÇ=�" (a)�«¢y�Å1f�1.5 µm1f�þf=�ì"��¬

NJø¢yªÇ=�¤7I�>1��5§,�©O^1ÆnãÚ�Ån5Or3�gÅã�

1ÚÔ��p�^"ù��«Eâ�Y�Kþ�±3$D(�^�e¢yþf�Ç�100%�ª

Ç=�[62]" (b)Äu��¬N�þfªÇ=�¢�"¢yþf�Ç�10−5�ªÇ=�[67]

Fig. 5. Quantum Transducer based on erbium doped crystal. (a) Apparatus for quantum conversion

between microwave photons and 1.5 µm optical photons. Both a microwave cavity and an optical cavity

are used to enhance the light-matter interactions in their corresponding frequency regimes. Together

with the large non-linearity provided by erbium ions, a low-noise and 100%-efficiency conversion can

be expected [62].(b) Quantum conversion from microwave photons to optical photons[67]. The quantum

efficiency is 10−5

��¬N31.5 µm?k�~Ð1ÆA5§Ó�äk>fg^��lfÚ�Å1fk�r��p�^§

Ï�~·Ü^uò�Å1f=��Ï&Åã�1f"#Ü=c©x�ÆJevon Longdell�ÇïÄ|JÑ


�«�~{'�Eâ�Y§�¢yþf�Ç�100%�$D(ªÇ=�"Äk§|^��¬N�31Æ�

[Ú�Å�[��þ!�°�Ä�A:£Er:YSO�1ÆáÂ�°��400 MHz§�Å�°��5 MHz[25]¤§

ÏL¦á�ó�3��áÂªÇNC§B�±¼��~����5�A"?�Ú§ÏL¦^1ÆnÚ�Å

nÓ�Or��¬NÚ�Å1f!��11f�m��p�^§B�¢yþf�Ç�100%�$D(ªÇ

=�[62]"�éuÙ¦�XÚ§ù��Y�`:Äk3u(�{ü§N´ì�z¶,	§�1Å�XÚ¥

I�4$�§Ý�yXÚ?3Å��Ä�Ä�ØÓ§��¬N�I�r�¸e%��ÅªÇGHzéA�§

Ý=�§3$D(ó��¡k���`³"2016c§Jevon LongdellïÄ�||^loop-gap�Ån3�ÅÅ
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ãOr1ÚÔ���p�^§3��¬Nþ¢y
�Ç�10−12 ��Å1f���11f�=�[66]¶��

¦�ÏL?�Úr1ÆnÚ\�XÚ¥§ò=��ÇJp�
10−5 �Y²[67]"3¦��¢�¥§��Ù

=��Ç�Ì�Ï�´Ù4 K�ó�§Ý§3ù�§Ýe§5 GHz�Å&ÒéA�lf�ü��[U?�

m�>fÙÛêA�´���"XJ�±?�Úü�mK§Ý±e§@o¤k�>fÑ¬�e%�g^Ä

�§á����5ò��Or"O�L²§3100 mK�§Ýe§Ù=��Ç�±��Jp�80%[68]"�

,§3mK§Ýe�¢�ò¡��X�Eâþ�(J[69]§�)"Ë1�5�9�A§±9XÛ34$§e

N!nª��§�´8c¿vkuy�nþ�Ø�15§��¬NE,´þfªÇ=��`Àá�"

d	§CÏ�kÙ¦�
��|©�Eâ�Y�JÑ5"'X`§|^zÆ|©�¬N?1ªÇ=�

�ïÄ[68]"3¢yªÇ=��L§¥§'�´¼�¦�U����5�A"ù��±ÏLJp�lf�

�,ßÝ5¢y¶��,ßÝJp�100%�§�ÒC¤·�¤`�zÆ|©¬N
"ù��¬NÃØ´

Ú�Å�´Ú1��p�^Ñ�~r§�"¢yép�=��Ç§�´8cé�'á�A5�
)�k¤

j"§�k�?�Ú�ïÄ©Û[68]",	§�kïÄó�ÏL3��¬N¥���B(�§&?��¬

NÚÅ��Ä�ÍÜ�^[70]§ù��¡�,?uåÚ�ã§�´E,�©��'5"

4 ��¬N�ü1f

ü1f´þf&EEâ�Ø%]��§n��ü1fØ=´þf��©u�þfÏ&Eâ�Ä

:§3¢y1þfO��¡�k��A^cµ[71−74]"duþf&ÒÃ{�E�Ú��§XÛ�Ñ1þ

f&Ò3DÑL§¥��ÑE,´8cþf&E�ïÄ:��"3¢SA^�§ù
��&E�1f&

Ò�ª�´�3ØÓ�Ônªà�mDÑ�§yk��õêü1f1�u1ÅãÑØ31n�$�ÑI

�?"~X§Ü©p�Ýþf:£InGaAs§CdSe�¤�Ë�¸3500-1000 nm�m[75]§�éA1nDÂ�

Ñ�8-1 dB/km�m¶3~^�1.5 µmÅã?§1n�DÂ�Ñ�k0.2 dB/km"ù�LXDÂ50 km�å

l§�ö�&Ò�'cör104�"�Ï�Xd§<���Ñ3}Á31n$�Ñ�ÏÕÅãI�muü

1f§3�
NXþ���
�U�?Ð§~XInAs/InPþf:�[74,76]"
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ã6 Äu��¬N�ü1fË�" (a)�m©EÚ1Ì©E�(Ü�Eâ�{"þã§���

à�1å¬Úõ��lfu)�p�^§ØÓôÚ��lf31.5 µmNCäkØÓ�Ë�Å�"

�eã§|^�B1Æ(��±ò1|k�/åP3�BºÝ§��~�Ú1|u)�p�^

��lf"meã§3���B1Æn¥Ú1|u)�p�^��lfê8E,éõ§ØÓu

1Å���lf�¤
Tá���þ!�°§ÏL|^Ä�°�-1£�uü��lf�þ!

�°¤§B�±ÀJ5�üÕ-uùÚ��lf£Ù¦ôÚ��lfduªÇ��vk�-

u¤§l¢yü��lf�&ÿ" (b)þã§3Er:YSO�,¬Nþ��7�1f¬Nn¶e

ã§�lf�ü1fË�§ØÓ�lf�Ë�ªÇÑkØÓ[77]"

Fig. 6. Single photon sources based on erbium doped crystal. (a) Single ion detection by combining spa-

tial and spectral resolutions. Upper panel, illustration of a large amount of ions inside a crystal interact

with a focused laser beam. Dots with different color indicate that erbium ions have slightly different tran-

sition frequency around 1.5 µm. Bottom left, using nanophotonic structure to further confine the optical

mode can largely reduce the number of interacting ions; bottom right, if at the same time introducing a

narrow-frequency window to pick specific ions in the inhomogeneous line, one can isolate single erbium

ions, e.g., using a narrow-frequency laser that is resonant with the red ions to saturate the homogeneous

line while leaving ions with other colors non-excited. (b) Top, illustration of a silicon waveguide pat-

terned with photonic crystal cavities on the top of a Er:YSO crystal. Bottom, photo-emission spectrum

of single erbium ions that have slightly different frequency around 1.5 µm [77].

����Ná��,²~�^u��-11Ú��ì§�´3��¬N¥¢yü1fË�3Eâ

þE,´�©äk]Ô5�"(JÄkNy3XÛ3¬N¥rü�lf©lÑ5"�,¬N¥�lf�

p�m�ålé�(~X§ßÝ�1 ppm�Er:YSO¥§��ü��lf�m�ål��40 nm)§=¦31å

�à��û�4���¹e§�-u��lfê8�´ã��§Xã5(a)¤«"�C§Ê�dî�ÆJeff

ThompsonïÄ�|�Ñ
ù�(J§ÏL3$ßÝEr:YSO¬Nþ���B1Æn��{§Äg*ÿ��

lf�ü1fË�§3��XÚ¥¢y
1.5 µm�ü1f[77]§Xã5(b)¤«"ÙÄ��Eâg´Xeµ

Äk§|^�B1Æn(�§ò1|Û�3é���m��S§¦�UÚ1|u)�p�^�lfê8

��~�",=BXd§ù�êiE,´���*�§�I�?�Ú|^1ÌEâ2rü��lf]

Ñ5"äN5`§T¢�¥Er:YSO�þ!�°��5 MHz§�Å/©Ù34 GHz��þ!�°S¶ù¿�

XÏLÄ�°�-11ÌEâ§�±ÀJ5/-uÙ¥�Z©���lf£5 MHz / 4 GHz ≈ 10−3¤"Ï

Lù«�m©EÚ1Ì©E�(Ü�Eâ§Ò�±�ª£½ü��lf§Xã5(a)¤«",§=¦¤

õ/rü��lf©lÑ5§XÛ¦^1ÆÃã&ÿ�ü��lf�Ë�E,´�¯K§Ï��lf¥

�1.5 µm�1�[éA�´>f34fU?þ��[§Ú1|��p�^rÝéf"ùpÒ�9�
1Æ�

n�,	����^))Purcell effect"��lf�	Ë�1f��[rÝÚTlf¤?��¸´;�
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�'�§�lf?3�����1ÆnSÜ§ÙË�1f�VÇ¬��O\§ù=´¤¢�Purcell effect"

ùp��B1ÆnØ
�±�Ï·�rü�lf�lÑ5±	§���/Or1Ú�lf��p�^§�

ª¢yü1f�Ë�&ÿ"

5 lfm�p�^

3Øã��¬N�þf�;�ÿQJ�§du�lfäk>fg^§¿�>fg^^Ým��p�^

���uØg^§¤±��¬N�éuEu�á�  Ñäk�á��Z�m"���¹e§�lf�m�

ù��«�p�^Ñ�{ü/w¤ò�Z�5��"�´§�k3�lf�m��p�^ØÉ���¹

e§ù��«�p�^â¬�)ò�Z�A§XJ·�U
ö�lfÚlfm��p�^§@où���

«�p�^Ò�±���«]5|^"

31-ue§�lfm�p�^Ì�´ÏLó4�p�^D4�§ÙÄ�L§Xeµ�õ��lf

Ú1.5 µm�-1u)�p�^�£�{üå�§b�¤klf�1�[ªÇÑ´�Ó�§¿�Ú-1�ª

Ç��¤§,�lf3,���¬Ú��1fu)�p�^�-u�-u�¶3�Ä�lfm��p�^

�§du1ÆÄ�Ú1Æ-u�PkØÓ�g^^Ý§^Ý�UC¬����lf?�^|u)Cz§l

UC��lf�1Æ�[U?§¦�ù
lfÚ\�-1Ø2?3�5���G�"ù�Ò¢y
|^

��lf��Ú,��lf�õU§Úp���fNX¥~��1f{l�A´aq�[78]"�,lf�

m��p�^3?Û�¹eÑ´�3�§�k�lfm�p�^�rÝ�Lü�lf�þ!Ð°�§ù

���p�^Ò´�«©Ú�|^�"@32002c§ïÄö�Ò@£�§duDèlf`É��ZA5§

ÏLlfm��p�^§�±¢yþfÜ6��ö�[79]¶2005c§Jevon Longdell�<Äg3Eu:YSODè

XÚ¥ü«
ØÓlf�m���� öp[80]¶Dè�Nþf'A�Vg�ÅìÚå
<��'5[81]"

�lf�m�>fg^�p�^���uEu�lf¥�Øg^�p�^§éuþfÜ6��ö�5

`§ù½ò´�`³"r��p�^L«�å���lf�m��±u)'é�^§lO���|

^�þf'Aê8§þf'A��ÿÐ5�´þfO�����I��"�C§Ê�dî�ÆJeff

ThompsonïÄ�|3ö�õ��lf'Aþ¼�
��?Ð[82]"¦�cÏuÐ��m©EÚ1Ì©E

�(Ü�Eâ§®²�±¢yü�lf�&ÿ¶ÏLéù�Eâ�U?§8c®²ÏL(Ü�ÅÚ1Æ�

�Z&ÿEâ§3Er:YSO¥¢y
Ó�£½Úöp8��lf"�?�Ú/§k"ÏL|^�lfm�

�p�^¢y�«þfÜ6��ö�§ü«þfO��õU"ù�´��¬NÚ�B1ÆEâ�(Ü�#

18

录
用
稿
件
，
非
最
终
出
版
稿



,ïÄ��"

�lfm��p�^Ø
3þf&Ek��A^±	§��±�Ï·��\�\/ïÄÔn¥�õ

N¯K§AO´3�²ï�e�õN¯K"õN¯KÏÙ´L�SºÚ2��A^cµ§��±5Ñ´v

à�ÔnïÄ�:SN§39Æ!>Æ!^Æ�+��)
�)�6N!��!c^�K����ïÄ

��",§31Æ�õN¯Kþ§du1ÆXÚU,Ò´��m��XÚ))�31Ñ\ÚÑÑ§Ó�

q´���²ïXÚ))>f31-ue l9²ï�§ÙE,Ý�$uDÚ�õNXÚ§Ïd<�31

ÆõN¯K�n)þ�ØX9Æ!>ÆÚ^Æ�õN¯K"8c§éu1ÆõNXÚ�U�3����C

�u÷Ú@£��©k�"�o�cc§<�m©@£�1õNXÚ�3�����V�[83,84§��3

eZá�¥*ÿ�
ù��«y�[85−87]"�C§<�3ïÄEr:YSO¬N�ß�¢��uy§1ÆõNX

Ú¥�3X�����Ø½�(intrinsic optical instability)[88]§d�á���AØ2äk�mØC5§=

¦Ñ\1ýé½§Ù1Æ�AØU2^����þ½�¼ê5L«"ØÓu~���½�§ù«Ø
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ã7 Äu�lfm�p�^�þfN�" (a)|^�m©EÚ1Ì©EEâ§3Er:YSO¬N

þ¢y
é8��lf��Zö�[82]" (b)du�lfm��p�^�����1ÆØ

�[88]"

Fig. 7. Quantum manipulation based on erbium-erbium interactions. (a) Combining spatial resolution of

nanophotonics and spectral resolution of narrow-frequency laser, six erbium ions can be addressed and

controlled independently[82]. (b)Intrinsic optical instability due to ion-ion interactions[88].
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Abstract

Quantum information is a rapidly emerging field aiming at combining two of

the greatest advances in science and technology of the twentieth century, that is,

quantum mechanics and information science. To reliably generate, store, process,

and transmit quantum information, diverse systems have been studied. While for

specific tasks some of these systems better suit than others, no single system can

meet all envisioned demands. Erbium doped crystals have optical transition at

1.5 µm and possess long optical and spin coherence times, and are thus among

the best candidates in building several essential blocks for quantum information

applications. In this paper, the applications of erbium doped crystals in quantum

memories, quantum transducers, quantum sources, and quantum manipulations

based on erbium-erbium interactions are summarized. Lastly, outlooks for near

term prospects of the mentioned topics are given.

Keywords: Erbium doped crystal, quantum memory, quan-
tum transducer, ion-ion interaction
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