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Fig. 1. Blocks of hybrid quantum systems!'3l. Some typical systems with different functionalities are placed in the diagram accord-

ing to their coherence time (z axis) and their excitation frequencies (y axis). 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 send-

ing information over long distance.
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Fig. 2. Magnetic decoherence in crystals. (a) Ions that form a crystal possess electron spins or nuclear spins, which are cartooned as

X > o

small magnets here. With environment temperature above zero, these magnets vibrate around their lattice positions. As a result, a
vibrating magnetic field is added to the local field of a targeted ion and its transition frequency is changed by an amount of Aw .
(b) Zeeman effect of electron spins. For electrons with spin S = 1/2, applying a magnetic field splits the energy levels. The trans-
ition frequency w is linear to the applied magnetic field. (c) Illustration of the hyperfine structure of erbium ions. For '/Er ions that
possess both electron spins and nuclear spins, the spin Hamiltonian is H = peB-g- S+1- A-S+1-Q -1+ uyB -1, where pe
is the Bohr magneton, B is the applied magnetic field, g is the Zeeman g-matrix, A is the hyperfine matrix, @ is the electric quad-
rupole matrix, pn is the nuclear magneton, and gn = —0.1618 is the nuclear g factor. Due to the hyperfine interactions, the trans-
ition frequency w is no longer a linear function of the applied magnetic field, which leads to Ow/dB = 0 at some specific magnetic

field.
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Fig. 3. Hyperfine structure of '"Er:YSO as a function of applied magnetic field. (a) The ground state of "Er:YSO consists of 16 hy-

perfine energy levels, all of which show nonlinear behaviour around B = 0. Letter b and ¢ indicate the regime of panel (b) and (c).

(b) Zoomed picture of energy level as indicated by b in panel (a). (¢) Zoomed picture of energy level as indicated by ¢ in panel (c).
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Fig. 4. On-chip erbium quantum memories: (a) Quantum memory based on erbium- and titanium-indiffused lithium-niobate wave-

guideP”; (b) nanophotonic quantum memory by using focued-ion-beam to fabricate a one-dimensional photonic cavity in a YVO

crystall*!l; (c) waveguide memory fabricated by femtosecond-laser micromachining on the surface of a YSO crystal®); (d) quantum

memory comprised of an amorphous silicon (aSi) waveguide on a YSO crystall*2l.
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Fig. 5. Quantum transducer based on erbium doped crystal.
(a) Apparatus for quantum conversion between microwave
photons and 1.5 pum optical photons. Both a microwave
cavity and an optical cavity are used to enhance the light-
matter interactions in their corresponding frequency regi-
mes. Together with the large non-linearity provided by erbi-
um ions, a low-noise and 100%-efficiency conversion can be
expected (%9 (b) Quantum conversion from microwave pho-

tons to optical photons®. The quantum efficiency is 1072

WA, S IAT HoAth—SE RN T b R T 58
WA k. HLAnyd, FHAL 40 B R A A T AR
FRARABITFE 10, FESCBURR e e i id B, St
ARAF AT BER AL 34> nT L i 4 e
BT AR BRI B B AR = 31 100%
I, AR BERAT T BB 4 o fh A T XA
A AR TE TS 2 A I 2 A HAH AR IR ik,
TSR R AR, (EE R A AR
PERY T A BT Kk, A Ryt — RO 20A 190,
T30, WA BT TAEE i 7E B AR b ] 5 T 4
14, RIT B SRR IR 3h B 5 41 T, X —
J7 T SRAL TR B B, (HORATIIR A MEAR CTE.

4 HRENELETR

FOET IR TR SRR Oz —, H
TR G T IRAUR & T80 Kk 2 i Tl 5 1
ARBYFER, FESE B R THRT5 ThA E R A

HISe =71 T RS IO RIAEOR, anfe]
v Ot 5 5 AL f R B AR AR 02 H T
T E B G E 5 2 — . FESEBRI I, X s
W AR B IETE 5 e & R E AN R I Y B2 iy
Z BRI, BT 1R ZHCR TR ROk B
HBATESCET IRIRFET 1AL, a0, 3o s a1
& (InGaAs, CdSe %) (95 S8 7E 500—1000 nm
2Z [a) (761 AR R AR FESE 8—1 dB/km Z [l
MAEHE M 1.5 pm PEBLAL, SLeF iR HiFe R A
0.2 dB/km. XfUERE LR 50 km BIFEE, F&E D
{5 5B AT & 5 10445, IR, Af]— ELER
SRR AT IRATURE A 38 5 D B B 1 & SO R,
SR R RIS T kR, A InAs/InP
%?)ﬁ% [75,77].

BRI [ R AL B SR 20 W T PR SOt
PEAR A, (B R TEB A SR S L 4R R
FAR PASRSE 1o HA PRI ). RME e SR 7E
el 7E A AR TP AN B o B R B4R A
A B 2 () A R S AR N (i W B2 1 ppm
) Er:YSO Hr, AH 4B WA~ 41 B85 - 2 [a] (9 8 25 2 oy
40 nm), BIEFE G B 3R AL BT A BR A5 L T
WL AT B R E R E R, i 6(a) k.
2018 4F, M K %% Thompson 5% /N 78 5
IR 13X — PRIME, 8 7RV EE ErYSO ShiA il
TR I B 7, B OOUEI 1 B - 1) B TR
B, EESRGEPLIT 1.5 pm W AYCFIRE, W
& 6(b) . HIEARWFEARBBIT: 155, FH
AN I B, K 637 ey RAEAR /N 2 [R] S [
N, BEFRRE RIS & A AH BAE F R B 750 H KRR
N SR RIS Gt 33X — BT AT AR S AH XS AT LY
T — 0 R DG TSR P A B Pk i
K. BARAE, %5 ErYSO RS 58 490
5 MHz, LA 1E 4 GHz ARSI T8N ; X
A R A OIS HOR , TR
RHRATHZ —MET (5 MHz/4 GHz ~ 10°3).
XS (B RIS S AR S G RIBOR, whn]
P 808 AN 1, WA 6(a) Bos. SR, AP
it BT AT BN S 4 5 LR R, el (i D 2E
BRI S BRSBTS ATAR 2 A TR, DR
BT 15 pm [ GERIE XTI )& LT Af REZR
REREE, RO R A BAE SR EEAR S X LRV
KB T O B 53 A — A EEAE - Purcell
BN . —A B [ SRS I BRAT 1 B RS 1

064203-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 064203

(b)

Biddaiadivinnnanaanninnannne: .

——

10 pm

<|

-;3 Mg o Y1
a 0.015 ) [Y1Yy
éﬁf 3%]’3?3%% g 0.010 Fronence! | | ‘ } | sl
n ! ] | [ | “Tis/2 :Z“
TEY £ 0.005F I, % .J ];w\ ,M l‘.', e
E R ] VAR
#OE 8 0_‘_':"_ "H"'. /ol ) ) ) J:‘\A Wt e
‘ ‘ # ‘ -2 0 2 4 6 8 10 12
[pelbrery ] TR Laser detuning/GHz
6 HETBEHREWHECTEN (o) FESBFOCHE S HARLG A AT . LB, — B RECR S R Z A 88 7 R R

HAEM, ARIBOA SR TAE 1.5 nm BT EAT A R B4R S S 72T I, R RO O 2 45 1 TT LUK 637 A R0t s 7 e RUEE
KRBT R A EAE BB 7. A T I8, FE— D Ee A 1 R F0e 3 & A AR EAE BB R AR 2, AR A De
A BE R AR T %A R AR 2 2 9T, i A M) 2R 4R SE RO IOE (N T RSB T RO S 20, AT LU R Y S R AL 6
R B 7 G B Y B 25 1 ol T R I B0 Bk ), TN S2 BB A BY 7 AU4RI. (b) B, 7 Er:YSO #5340 fh iR B 55 ik
BT i AR T T 1 SO TR S, S TR RIS [ 4 S AT R s A S [ 8

Fig. 6. Single photon sources based on erbium doped crystal. (a) Single ion detection by combining spatial 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 in-
dicate that erbium ions have slightly different transition frequency around 1.5 pm. Bottom left, using nanophotonic structure to fur-
ther confine the optical mode can largely reduce the number of interacting ions; bottom right, if at the same time introducing a nar-
row-frequency window to pick specific ions in the inhomogeneous line, one can isolate single erbium ions, e.g., using a narrow-fre-
quency 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 patterned with photonic crystal cavities on the top of a Er:YSO crystal. Bottom, photo-

emission spectra of single erbium ions that have slightly different frequency around 1.5 pm!(™l.
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Fig. 7. Quantum manipulation based on erbium-erbium in-
teractions: (a) Combining spatial resolution of nanophoton-
ics and spectral resolution of narrow-frequency laser, six er-
bium ions can be addressed and controlled independently®3;

(b) intrinsic optical instability due to ion-ion interactions!®.
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SPECIAL TOPIC—Manipulation and applications of solid-state single quantum systems

Quantum memory and manipulation based on
erbium doped crystals”

Zhou Pai  Li Xia-Xia  Xing Xue-Yan  Chen Yu-Hui' Zhang Xiang-Dong?*

(Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurements of Ministry of Education, Beijing Key
Laboratory of Nanophotonics and Ultrafine Optoelectronic Systems, School of Physics,
Beijing Institute of Technology, Beijing 100081, China)

( Received 27 September 2021; revised manuscript received 1 November 2021 )

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 are more suitable than others, no single system can meet all envisioned
demands. Erbium doped crystal has optical transition at 1.5 pm and possesses long optical coherence time and
spin coherence time, and thus is one of the best candidates in building several essential blocks for quantum
information applications. In this review, we summarize the applications of erbium doped crystals in quantum
memories, quantum transducers, quantum sources, and quantum manipulations based on erbium-erbium

interactions. Finally, the outlooks for near term prospects of the mentioned topics are also given.
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