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Fig. 1. Preparation of single collective excitation.
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Fig. 2. Scheme of atom motion-induced dephasing.
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between Stokes and anti-Stokes photon.

The cross-correlation gs as versus the storage time 6t for different angles. gs ag is the cross correlation
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Fig. 4. Quantum memory based on 3D optical lattice.
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Fig. 9. Storage of entangled photons in atomic ensembles.
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Fig. 14. Implementation of Hong-Ou-Mandel effect between collective excitations.
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Abstract

Single photons are the best carriers of quantum information for long-distance transmission. Nevertheless, maximal
achievable distance is limited by the exponential decay of photons as a function of link length. The protocol of quantum
repeater provides a promising solution by replacing direction transmission with segmented entanglement distribution and
entanglement connection via swapping. The quantum repeater necessitates a key element of quantum memory for making
efficient interconnections. An atomic ensemble is very suitable for this purpose due to the collective enhanced interaction.
Single photons are stored as collective excitations in an atomic ensemble. Thus a comprehensive study of the physics
relating to collective excitations is crucially important for improving the quantum memory performance and its reachable
applications in quantum repeater and quantum network. In this article, we review our experimental work on cold atomic
ensembles in recent years, focusing on the coherent manipulation of collective excitations. We first briefly introduce the
general concept of collective excitations and the preparation process through spontaneous Raman scattering, and we
review our experimental work on extending the coherence time, such as suppressing motional dephasing by increasing
the spin-wave wavelength, by confining atoms with a three-dimensional optical lattice. Afterwards, we discuss about
the retrieval process of collective excitations and review our experiments on using a ring-cavity enhanced setup to
improve the retrieval efficiency. The coherent qubit operation in a quantum memory is very useful for enabling new
functionalities for a quantum network, in a subsequent section, we thus review our work on developing Raman-based
coherent operations for single excitations. Afterwards, we mention our experiments on creating a pair of atom-photon
entanglement by interfering two modes of a collective excitation. Improving the entanglement preparation efficiency
is crucially important, and Rydberg-based interaction provides a promising solution. Our experimental work in this
direction is also reviewed. Additionally, as an application in coherent manipulation with collective excitations, we show
several experiments on using excitations in remote atomic memories and demonstrating basic functionality of quantum
repeater and quantum network. In short, significant progress has been made in the coherent manipulation of single
collective excitations in cold atomic ensembles, and further improvement will be accelerated by the Rydberg-enabled

interactions; practical applications in quantum repeater and quantum network is foreseeable in the near future.

Keywords: collective excitation, single excitation, atomic ensemble, quantum memory
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Fig. 4. The quantum circuit of nuclear magnetic resonance (NMR) realizing HHL algorithm, where r = 2, tg = 2.
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Fig. 5. Three slits dual quantum computation diagram.
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Fig. 6. Multi-output dual quantum circuit diagram.
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iliary bit initial state [104],
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Fig. 8. A three-bit processor quantum circuit diagram sim-
ulating the evolution of a system in one step in time of
At. |1), |12) and 13 are the initial quantum state. F
is the three-qubit Fourier transform operator and F~1 is
the three-qubit inverse Fourier transform operator. D is a

kinetic energy operator (explained in detail below) [40],

I, BATRE— 223 18] o (RRL T bR B 45 1)
2L L1 o505 G AT = {8 =D AR o8 S oA
R BNUBREEEE T, o lE TS

ATSEEL AT ERAE, AP A XA LR AT AE — A n Lk
FRE T ACEEAS BTN, RS, A

R RERE B, AR N = 8, SR AN
|000), [001),---,|111). & REXFHABFAREA A BE S

PEP S AL E, — AN BB ALE A (010) A1 [011),
= YA, HoAh AL B2,
TEARSEIH, ABHRE N -V, AR2mE RNV, F
PR PE _ETFRK R 5 (GRAPE) AL ikt 7 371 KA
Hf SE I — NI R BB U 454 L & 9 BRI
G5 IR A1) 48 T E 2 [110) b, B SR T Ab 7 A 30
FOSA L. Zedd JUBERR ] At G 250 B A3 AL, Bt
JEfR B S5 A 9 Frow, B —E S
b T A T I, BT DAFRAT T UL 75 9 A 35 Bk 2 (1]
KA TREZE, T H AT LLE B ORISR L. At
FE VAR F —ME—4E 2 MBS HOA N NS s R4,
FIAH & T EHR A 7 2 log, N A& T AT
At AT DS SO BT 2 A UL, X B T H
2 W VAT BT 75 R LR . Rk, mT R
BHETFIFENME TR ERRB LKL Z
(1) I FH A1 5.

1.0 ‘
L (=) 000 001 010 011 100 101 110 111 i

08 HEDD

0.6 [ i

0.4

9 U = BT ol EAT RS B 7 ) S0

G595 HRR % H [40)

Time step

(a) FLR M, (b) SEHLEI 2B AR

UKL TAE )\ % 1L ARG (AR 1L, I EHUED 0, At, 2At, 3At, 4At, 5AL
Fig. 9. The experimental results and theoretical comparison of the dual-well tunneling using a three-bit NMR sample
are shown [40]: (a) The theoretical distribution; (b) the experimental results. From left to right, the probability
distribution of particles in eight grid points changes with time, and the time value is 0, At, 2At, 3At, 4At, 5At.
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Fig. 10. The work is to simulate the minimal honey-
comb lattice on a torus. This torus only contains one
plaquette, two vertices,and three edges. 1, 2, 3 are
three edges which can be simulated by three qubits

respectively (128]
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Fig. 11. Discription of the RT formula 1311, (a) The
bulk minimal surface (red line) is anchored at the
boundary of the boundary region A. (b) An exam-
ple of tensor network state. The (hexagon) nodes rep-
resent tensors. The links represent the contraction
of tensors. The dangling legs are physical DOFs in
many-body system. The red dashed curve illustrates
the virtual surface S anchored to region A, which cuts

a minimal number of links.
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Fig. 12. The components of NMR quantum cloud platform: We integrate NMR manipulation software and quantum

computing procedures. After accessing our server, the user can experience the real physical system of the 4-qubit

quantum computer.
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Fig. 13. (a) RB (randomized benchmarking) circuits. The left part is about standard RB as a reference is imple-

mented by constructing a sequence of m random gate set. The right part is that interleaved RB is performed to

estimate the error of a specific gates, where is interleaved with random gate set. Final gates and are performed in

the end, as the recovery operations. (b) RB results for single-qubit gates, CNOT gates and SWAP gates. The left
figure single-qubit RB result for the first qubit. The middle figure RB results for CNOT gates and the right one

results for SWAP gates.
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Abstract

In the last 20 years, there have been lots of novel developments and remarkable achievements in quantum information
processing theoretically and experimentally. Among them, the coherent control of nuclear spin dynamics is a powerful tool
for the experimental implementation of quantum schemes in liquid and solid nuclear magnetic resonance (NMR) system,
especially in liquid-state NMR. Compared with other quantum information processing systems, NMR platform has many
advantages such as the long coherence time, the precise manipulation and well-developed quantum control techniques,
which make it possible to accurately control a quantum system with up to 12-qubits. Extensive applications of liquid-
state NMR spectroscopy in quantum information processing such as quantum communication, quantum computing and
quantum simulation have been thoroughly studied over half a century. There are also many outstanding researches in the
recent several years. So we focus on the recent researches in this review article. First, we introduce the basic principle
of the liquid-state NMR quantum computing and two new methods reported in the pseudo-pure state preparation which
has more advantages than the traditional methods. The quantum noise-injection methods and the quantum tomography
technology in liquid-state NMR are also mentioned. Then we overview Horrow-Hassidim-Lioyd algorithm, quantum
support vector machine algorithm, duality quantum computing and their implementations in liquid-state NMR system.
Also, we report recent researches about quantum simulations, including quantum tunneling, high-energy physics and
topological sequences. Then we display the quantum cloud platform of our group. In order to let more people, either
amateurs or professionals, embrace and more importantly participate in the tidal wave of quantum science, we launch
our NMR quantum cloud computing (NMRCloudQ) service. Through NMRCloudQ, we offer a direct access to a real,
physical spectrometer in our laboratory and encourage users to explore quantum phenomena and demonstrate quantum
algorithms. Finally, we discuss the development prospects and development bottlenecks of NMR, and point out the

prospects for the future development direction.

Keywords: nuclear magnetic resonance, quantum computing, quantum simulation, nuclear magnetic

resonance quantum cloud computing
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Zd ZFENKRE, BS KO THRI 3
(superconducting nanowire single photon detector,
SNSPD) £ J7 [ )P BE 15 br 1 43 s ik 3 1 3
BB T R 25 M PR 45 A ) 2R G R N
(>90%), MACHIIE THE (B8 SRS 0L T DCR
<1 cps), WFEIETEELS) (~150 ps) FIBLJE ) B
i 18] (~40 ns) 1O, {H&, SNSPD KA HE) B2
1) Fe K PBELRS 2 LA B TAR IR (<3 K). SiiZ |-
T e BRI 5 A 38 o R 2 Ol 2 it A v ) A
BRI K A5 U B 06 T e o T IO T, R
7 FH 1A Si- 35 A AR A R BRI D251 SR gk i
ERTR, XA R &5 7T LA SIS 48 I %0% (PDE),
mFEUER (>60%), JF B A & kb ryszm. H2
HmE AT BLE B ~ 10 cps 1208 X Fix — 4%
I 5 1) A5 B BE 9T s FL AT DAAE 9506 Rl 4 AF T
SEHL 20100 cps MG THAL, {EI2XS M PDE XN
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5%—25% 191 b, AT 44 0 B 15 A AR X6
BT T ' T i 7, AN T 3 B b R ) T X — R B
1) . FH 3 .
£ 300—900 nm ¥ B, E 67 FH i il
(Si-SPAD) P REAR 7. BT & 1 BRI e by ]
15 70%, BEHECR/NT 50 Hz, 5 lkih 28N, n] i
SR, ST Bk TR B A AR R E A
2 201 SR A E R IR S HL %, Si-SPAD 1] LLE
B WL T H o #EeE 71 1. Si-SPAD flt = (1 3
FEF BRIV B 2 ERVR T i 1) S RE. (H2 Si
VAR TR REROR, MR KR T 1 pm B, HET
MR GE PR S 1% PR, Rk s2hri A PO
InGaAs/InP SPAD 5L ML EE ARG
PEm TAER LT RAHIA X, R T REEE
L AR B BN BRI, SR, BT InP £
2 IR RE S R0 i @ T Si, ff InGaAs/InP
SPAD ] Ji5 ik 1 280 B3z 75 T Si SPAD. iX — § %
1% Si-SPAD 41 TAE T 114850, Comandar
28 [22) 43 3 1) 11 45 4 30 InGaAs-SPAD 5290 T 55%
IR 2, P8 APD 4R M A BR, 22 H 5
Jik 2 R B2 3 10%. 6 i FR A, TR R
InGaAs-SPAD Hi&H T/0#3 6, YA E LT
FIIA RS W R A, S TAETE B s AT R
T~ 231 8R1 H HiE 4T 1 InGaAs-SPAD FIR % WA
10%, iR [ Bkl S AT 230 2% 123241,
PLInGaAs NI ZE . SioN 548 2 2 —Flf 2
V2. SifE I E RGBS R . s
S 2 AR BRIARE D 47 1, 5 InGaAs/InP
FHEC G B /. InGaAs 5 Si fi i B 2% 8
K(7.5%), L@ sbaE R K H R ALK A
i T8 K H & B A R i % InGaAs/Si p-i-n R
I35 25:26) fl InGaAs/Si T B i & P segl 7
820 MHz 4% T 10 534 75+ 600 MHz 5% T 135
538 28 ) 381, 2= RCRIKT 40%, A MEREA FF
Metk, 5 HAS R AL M BE B T IR I 88 1 S bR
TESMLLAN B AR T, 2 SARLLA b
FRZENT Tz 00, RS F i ihai s
EH 2L AR 28 F1 R A PR R o R, Herprar b
TR RU LM, PR e B FiE B 2 R
TRE AR, KA E A R AT AL B AT
T, T SEHLE T A R, 24 N1k, A4
W] 7 3T (A BT OGRS 5 [ BRI 556 A

AL, T )T 2040 R LLAh I LA R R 28 55 A
[ BU - SR B H R A, JF HAE IR |- SeB)
TGN SR B g 5 R Tk iE
EP B PR LA R MR B — RIS
DU AT L TARAEAROR o, A p il 4 T B L &
FimAFEHOLN, I HA 5, M0 HAT BLSe LR
BEA . HE BN, P DR RS 1 L
M N BT R0 (>80%) B4 Dyl 41 41 B - R
SEOE T — Pl e AT

AR AR AT T A SRR AT O BOR
ZLAN G ER I AR, X H A B R PERE . T
LA BHATHRIER. BT AT A R8T
SR SR A S AR LD A b AR A T I
ATHATAE, $2H—Fh 1.3—1.55 pm GEF RSB
SR b B T RIS 2 0L e R T
AR 2L AN O 7RI 4% (USPD) FySE A JR B, 46
BOWHE 7SR Ai A I, 40 T USPD 4%
PRI YERETEAR; 45 tH T USPD $OG TR R
WRI R J AR 2% T2, I HA X — R R ok
TR &5 1R R e e 3 RN AR KA 7T T 1) BEAT A 4 AN
JRE.

2 FREERTHRNE

e FAAAE N 20 2 VUK KRB 2 —, 7RI 2510
VT A (R LA SR TS B AR BRE R
SRR R R . R FH AT B 5 B Bl L B 1T 5
ML GG B IBAE TE S BRI BRI kot —
P (LED)HoBIIEE PO %38 2 J7 . (RS 4FERKHT
PR TR RO IEAE AU, P SR TR
WEREERXEZEMEM. UiTME FITEME
TS TG F IR, WE R s T H R
A 7 AR T S P SR BRI RS . E AR
B2 BRI B BRI 2 B A O
TR, FEAESOLT S R (Si-SPAD).
BB 7 5 i i (InGaAs-SPAD) Al &
PR T AR 2% (QDOGFET). A% ik = Fhig
I35 LA S P REAR AR S FH Y [ = ANy T
ITTEEVRR, JF ot & B I Kk H .

2.1 SiBERXTER_ME
Cova % P71 #E 1983 FE 1 YR IE T EAELR 1 T
ER A (BE A ) T, FIH SIS B & (APD)
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SEELT B TR T AR TAE TR R
I, B X6 A H - RS AR 51 K T 4ERE Y S i
B, B RCE M. ST KBRS, B4
TR ST L — A T 0 8 P 2 O L Pk e, 38 25 K
106, T SEHLE G T IR, 5 oAb sk TR
MT7 FARE, BT B AR 88 (SPAD) E
2 T ERIMCR R THARAG . TSk s S e 0171,
R4 PRI 3 B (0 AN ), P T ) 4 5 0 AR IR
JZBIM B Si, Ge fllIng 53Gag.arAs (L RIS N
InGaAs) %, TE3 & MG LR %4 T, 52K H
Si, Ge fil InP Z.

Si-SPAD & TAE T Z A8 &5 i i k2 Bk
RPN A, 6Tl SR8 62 DA
SiM LA, SR 1 NSRRI SS A — X
T2 7O, PEAR R A B IR TR I I AE R
LA BRI 234538 X, 7E4RR 8 561, AR T
SR X 5 S A% R AR Rl B AT AR BT
AT, IERETIEE, Si-SPAD A LAFRM ik
TR S (AR, ST AT AR s T 4
AIIRRINEE 615 S, Si-SPAD 1) TAE kB L 2 40
BT R RS R (R A R) Bl g
T, A TR 77 A e AR BRI TR A3 X
RAE IR ZI R . B AR R RS Rk
JSEIS, PN R REE A TR 2R T, R AU N A 9%
k) FEL B B AR AT R, SEBR N PR )
P R 9L R0 gk sty e R 100 7 oy K 8% 1 O B R
BEAT E AL, 8 G A (] Ab 25 R A, AT 452 5%
A

it ZEK KRR, Si-SPAD £ 4 B4 M M
o B (a) BTN — R Gl A A i XU AN SE 45 1 F)
Si-SPAD. iX i £5 4 (A 3476 - 59420 1) 75 n B 4ef
J&E LAMEA K ~10 mm ) p B R ik, BT B
TEAT R AT 2R AR &, XT3t Re S A IR
Tt 2) FERZ IR AN E A K 1) p A IR
I p-n 45458 3) p++ buried layer A3 i LA
POt T —/MEPHIEIE; 4) FER XA p B 45
F XM T HRAE T — 7 L &S B RN R P
I, B) HEREJS 2 B A5 AL R IR FE SR T T 234 Rt 1) 43
HER (AR B0 <40 ps). (A2 i T F 2 M0 8
VT, X P 5 ) P e K SR U R AT T AR AR TR
MR (PDE < 40%).

N TR AR R O TR Ak R (PDE - >

70%), AT LURBUZFERZ 454 19 anf 1 (b) Fis.
X AR R S5 M F SPAD FEAE P 4544, DAt
SRR ZEMMSPAD il LEHF B AKER. &
2 FE R KRR, X — 451 1) Si-SPAD ©L 4 M 4 i
A B THENERZEM, 1% SPAD K TR
WG el 25 mT WL AN 204 By, He 540800 nm
6 TR 3 # 3 50%, HF HXF 1 wm (6 748
EERTE Al n VAR

10—50 pm

>

N

1 Si-SPAD #FRE B (a) MHERZXIMES: ) B9
(b) FEAER B4 H [41)

Fig. 1. Schematic cross-section of Si-SPAD: (a) Double
epitaxial SPAD device structure [391; (b) thick deple-
tion layer SPAD device structure for high PDE [41],

FERZA LK =L, (R38R TH 4
# (DCR) #IEA =, £F T 15 °CH TAER T,
HAE DCR A LMRHEE LB LE fya g 4. 13
i T SR = B, 1X — 254 1) SPAD 1 )5 ik i
RN AT DL A B R R AR 1% . R 241k
BEFE bR AR AR A, (E K — 45 4 A AN T )

HANE (~400 ps) 1491 {EHE AT LUIE S A e B 231
Hh O SO [X 3 o ) e I A R B 11 T SR AR
BB ERE VO AN, BT IX S5 RS RS
AhiEr (200500 V). T ik FE A TH R FEAE 2™
B (BFIRL N 510 W), H ek TAER A
R A 8 it A b AN AT Ay 7)) g HOARRR A 254
P 7 HAME T2, X S8 71X — 454
Si-SPAD IEMNANTE, BAS KIS
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2.2 InGaAs BHXFERE_RE

BETE S BR R H1] T Si-SPAD (R MIYE I, X FR
To] WEGEE I 2L AN B, XF 1100 nm BA_E 67 10
S FEACT] DLW AN T, 35 EEARI 1100 nm BL_EF)DE
T1E T, WUEM B B UM T 1.1 eV, AE 0
PG MR IR R GRS L E 1, £1X) 1330 nm
A 1550 nm P4 /S BE 1 5 1 BE 5O 7 2RI 45 X T
HEOGAEEME T REAREE ZXEEN
PERL. f % F B3 2040 50 7 480 2% v SAGCM
(separate absorption, grading, charge and multi-
plication) Z5#4 ] InGaAs-SPAD (411 2 (a) FiaR).
InGaAs-SPAD 1, InGaAs 1E A ZFIIRILZ,
RN Ing 53Gag a7 As 25 56 N By = 0.75 eV,
it LA 38 1k 9 K 29 1700 nm, 355 1330 nm Al
1550 nm. 5 InGaAs & k& FOH VT EC 1 InP AE N
G . e AR A A L o AT I 2 (b)
Fro, A8 = v s s 2 o T R — A AL
R B RO, TS — AN w5 g 2. TR
JZE L AR AR, X2 TR EOR . o
TR BRY R AT 22 D) e 5T D SR T 48 A 48 2 R Wi =
H ELI SR . #TAR ) InGaAsP 2 &N T 98/
InP-InGaAs &1 AL B B8 1 RAZ, 8 G B 118 ¢
T4 R R — 4 11 18],

(a) Top contact (b)
| Electrical field

Passivation —>

i-InP

n-InP k

e

i-InGaAs i

nt-InP \Z
Bottom contact

K2 (a) InGaAs/InP-SPAD {454 &; (b) 2441 P9 38
W o 11
Fig. 2. (a) The SAGCM structure of InGaAs/InP

SPAD; (b) corresponding electrical field in device [11],

InGaAs-SPAD [ #8 il Jii # 5 Si-SPAD X 1,
NS 73 i 56 4 B A InP 2k A\ B InGaAs W
WZE BRI A S O, e AE IR TR
FIE ] FIERSHEN InP (548 2 b, 5 fb ks il fo e 29
RAT RN, BET AR W AR R,
P v 4l v A InP AR A AR K1 4%, InGaAs-
SPAD [ % 1 HUFH Ji5 Jik v 2052 3 BE Si-SPAD = H

YRZ2 VO Oy T M ORI S Rk RS, TnGaAs-
SPAD — i TAELET 1 T, B AN 753
1A% I ) BLAd 75 SPAD f J 1) 4 JE 5 T 55
HE. il SarT 148 K InGaAs-SPAD
(6T BRI AT DL B 55%, 7S5 B 4 2121
2, n] DAt 80% B WS ¥t 1T LAAR B 2%
BRI B2 (B [ B G Bk R A 10% BA L, 15 T ER AT
JkHz LA b bR T 0 250K, B 0 T8 D' 1 0k PR I 4
R TE), DRI T T 43 5 30 1) InGaAs-SPAD Y[R T &
THEH D KRS (QKD). 4k 2 5 M 15 15
TEIEAF R BR BRI A8 RS B B 1)) PRIk 75 22 A
H iz 47 M 0 (free running mode) 23, {H 21X —
13 B InGaAs-SPAD I8 v AR B34, A A BRI 2 0
U E (B0 k) AT 343, Korzh %5 29 2 H
() B AL InGaAs-SPAD 7] LU I T i i) 2
1 Hz, (HR2XT N PDE AU RA 10%, Ja ki
fEik 2%, LA B SR R T EL.

2.3 FFPETLRBRTFIRMNE

T AR T S FOE IR S 2 T A
KB D4 ¥ B Ry 2 PO o B
[ 145 3 L AR (quantum dot optically gated
field-effect transistor, QDOGFET) N —Fh R I %%
RRIAE 2 AR IR 2%, LS54 7 =1 R AR I R
FEOLE 3. Z8S L GaAs R B P RAEK
200 nm (1) GaAs 22 2.5 um 1) Aly 2Gag s AsSi
SBAE. 70 nm ] Aly 2Gag sAs. 100 nm ] GaAs
WS % B A 400—500 um~2 ) InGaAs & £
200 nm i) Al 2Gag sAs. TG 410 nm I n BB
H(~ 6 x 1017 em™3) ) GaAs g Z. AR AN K
&8 ANI/Au/Ge, Wk 48 AP, ¥ EHLAHN
0.7 ym x 0.7 pm, Al,O3 — 5 THI A] DAK 2344 2% il
b, BEARME RS, 53 —J7 W] LUK AR 22 B 1 6
L8 Es.

PRI B TR R 0 B 3 o, N
805 nm 16T HE N3 4F, B S 1E GaAs X 34 T
W, 77 A R H S RO FE A S 1) F R AR T,
HL VRN i Arh, s OIE R B Al
BEAFAR, A73R A ) & mOR O3 YA AR Al 2 [A]
IVEITE FEL Las, NI SEELNS Y6 F-15 5 BRI

EARE RN, AR X E 3R, B
25| Ty M 72 AR AL, IX — MR I PR RE e e T
QDOGFET 54 (H k06 T30 Wi ae 71 PO 3 Fl
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BT PRI 2 A4 1) 5% AT LIS 2 60% (~820 nm) LA
., IR SRR RAE AR A B Y. (H 2 %% GaAs
HBRAT PR, LRI KA E 2 1 pm DL B, X
TSP B (1330 nm 11550 nm) BIEF)LF%
AN b, Z A AF 1R R PR T ANk

AT IR, R I S0 8 1 o) U A L UK

W TAEERAR BRI R (~4 K) P X R & 1
W7 JE

Gate
| <— Au frame

| ALOs * -
o)

S | AlGaAs )
2 2
8 =

<—— QDs
WS Y

Si 6-doping

AlGaAs
GaAs

K3 DA TR I RN A A A AR 1 T P % R i 4 A
[50,51]

Fig. 3. Schematic diagrams of the composition and
band structure of the QDOGFET 50,511,

3 bREHE LT RN

EEHR ST RIES (USPD) B g — e T
UL AMp 3k b R 1501 fy 3 7 i ' 1 R
i, e AT R X B AR B (1.33—1.55 um)
b e e SO TR S AR BRI R P InP

Optical
couphng layer

(a)

Up- converter

( l D
Photodetector
A £ ;
f

—a Iﬂ _——
A\
2 Read
_A ’“’g o ‘~~e-a_c:1t’,
[ ] ——)IO*O E
+h i

"\4

B4 RS TR R 130)
Fig. 4. Device model schematic diagram of USPD [3]:
diagram of the USPD; (c) band diagrams of USPD.

(a) BAFLMREEE; (b) BEFSE

B GaAs MR AT, I 48 T SRAME A K4
AREGE &8 AP TARTTARAE K 1.3—1.55 pm
FE AT IR AE U B p-in T AL AN R 2%, HORIIE A
InGaAs; #8538 it v 84 07 20K 2040 3800 2%
5 GaAs LED £ 1, i # ¢ SR L4 06 T B
. 1.3—1.55 um KT p-i-n I L AR
T ER B, T B H 2 RO FE S i 4k A A
FiEE GaAs R IREIRZ IR & KOG, &
W 1.3—1.55 pm PG T 17 0.87 pm KOG T 1Y
et BEJE, wid s RS R B LR RO o
IRLLANROL T B R AR H 5 ST SPAD BG4k, b
BT 0.87 pm KO T8 G i N Si SPAD Jf
NI, B SEE 1.3—1.55 um KRG
R

3.1 HEAKRIE

311 HAEA

USPD [ 45 #y 7 m B I 4 (a) Pros. A
FLOY TR A A B — /[\ﬂé‘%ﬁii%iﬁé%%#(up-
converter) fl—/> Si-SPAD ZH ik, b #as i —
A InGaAs Y6 IR 28 (PD) A1 —4> GaAs LED il
i i s 1 & AR, InGaAs-PD &4
p-i-n 454, AR R5 24560 5 Al k. GaAs-LED
EAlGaAs/GaAs/AIGaAsXXﬁiﬁ G, TAEEIR
i . AN B PRI B AR NS
1550 nm [T B Je 4 InGaAs-PD W™ 4 e 4
BT, R R T E R 1 IKE) FIEA S LED

(b) % I‘

M Si-SPAD

+V
t—Pi

PD

LED

Single electron injection and
recombination

(c)

Single photon

absorption \ A _,,g/_

Si-SPAD

R
R
.

1550 nm

Single photo hole
transport

n i P n

R HLER IR () ARfkRE A I

(a) Structure of the USPD device; (b) equivalent circuit
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WoE 2 R AR R AR R 6P A2 870 nm (AT
M. SRR AE I 4D A F B Si-SPAD 4R
D, HETT 2P TR, USPD F 2814 25 25 L 1%
BRI BE 7 7 75 B2l ] 4 (b) 1 4 (c) B,

ERFEERE, FRRERST B —4
S 2E R A i R AR 5 E N B Si-SPAD . B A kR
() IS B W O T IR R, R4 T ok
MEE TR PEAN DT, BRAT A5 AL e B T R A
FETF PRI FE I BOWATL R, 345 BT 75 AT A e
K H AN,

AR b, FATH LLE 1 USPD [A] i 45
4 7 InGaAs-PD % 1550 nm )t 7 1 e W g A0
Si-SPAD /=1 f 5l 7 2RI 6. 28 4 XA B 1 1
— KALF k2 1] DUEAL G InGaAs-SPAD 1)W1
JERNFE 38 25y 5, HRF InGaAs W URZ, # 1M Al
F Si-SPAD 4 /E 48 {1 i £ 19 2, X FF 3t vT LA KR
] B T EORT S Bk b N, AR R AR A
et B BB RO T, R R BT
Si-SPAD H 8 55 i K, 5T 5L L6 TR,
F R #H g E A Si-SPAD TARME A E, W65
AT DU B AN SRS B L R o A ] B bR
F, 1955 T SiA R & BT &, IR BT AT LK AE
Gt InGaAs-SPAD (¥ 5 ORI Fik b 2552 490 i) 1)
Si-SPAD K& 4. witk—k, USPD BEAT LA TAELE
H HEAT RN, SRR IE A A BRI 2.
3.1.2 B R

T A H L I USPD B 1 48 I HL o,
WIE S BR TRE TR FEE ERE,
USPD w340 23444 A1 Si-SPAD /& AL 21, 3%
Z AR AR AR — ik, IR A T 5 1& |
AR B T ISR TR L B R R
AR (TCAD) K FH I T8 1 3 e 28 1F 1) 8 77 45 14 A
S RErE. TR, AT E T AFRME AL
i, 5 ECE A  Shockley-Read-Hall (SRH) £ &
FEEs R A, DL 2 S0k i s ok B9
B5 (a) BT NEAES Vi E N I BEH 45 14 (QFL
RFEHETOKAES). RIHE, HE 1550 nm ()61t
AN gt wi el InGaAs 2Tl 7742 i
T - rOT AR FER X I ] N B T
PD A LED K S HIAL L3 #2275 7R IR
fRIE LED Hr, T LR iR # 2 A . 51k
B, T IRFFREAS b4 a4 rp 1 P 1l K
X S E H LT AR N LED 305 2 3t 5 2

KBS L. WE—FERT, Lo TR
AR, N T BRER AR AACE, LED
W R TR A p 52 4, U LED (0% <
BB 515 b FRRE A, JeSh, LED %
I B o 1 T4 2 A ARAE T USPD 7 BL3K /8 — M
U RO 5%
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Fig. 5. Calculated results %] of (a) band diagram of
the up-converter under 5 V forward bias, (b) photocur-
rent of PIN and up-converter at different bias volt-
age, (¢) net photocurrent (subtract dark current from
the photocurrent) of PIN and up-converter at different

bias voltages.
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B TR TN, LT ASH T MPD
— i 2. DR R 3 ) InGaAs PRI
I AU 5T 1550 mn N S 19 Wi /R

H, B AH 2 T2 870 nm 06— HL A S
PRI, HE—BR 1 USPD ot 550 2 1 R R 2 4
e A Si-SPAD 2 [H] G & R

Si-SPAD

EJ Photon recycling

= (‘:::::\:\“

- AW j\ 1,}I +h
~ B A

Up-converter

—e ©®

|

<
Air é 1.55 pm

6 bR LED F8 20 KO0 R B KOG T R R
& [39]
Fig. 6. Schematic diagram of the luminescence of the

LED in the up-converter and photon recycling (35]
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Fig. 7. (a) Response of InGaAs p-i-n detector with dif-
ferent structures, where S1, S2 adopt intrinsic absorp-
tion layer fabricate by SJTU, M79 use an n-doped ab-
sorption layer with 7 x 1016 cm—3 fabricated by SITP,
FGAZ21 is a commercial detector from Thorlabs. (b)
LED response at different doping concentrations in the

activation layer.
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Fig. 8. Band diagram of the up-converter: (a) With
p-InP cap layer; (b) without p-InP cap layer.
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Fig. 9. (a) Dependence of photon detection efficiency on

optical coupling efficiency (n°°"P'¢) and photon detection
efficiency of Si-SPAD (ng;); (b) photon detection efficiency

for three different ways of optical coupling.
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Fig. 10. The NEP and PDE achievements for differ-
ent kind of single photon detectors. Free-running In-
GaAs SPADs[23:63-65] were plotted as black squares.
Gate-mode InGaAs SPADs[22,60,62,48] 4ng optical up-
conversion SPADs [11:19,67,68] \ere shown as red circles
and blue triangles respectively. The diamond in the dash
circle representative the calculated results of USPD. The
first item in the bracket is the operating condition and the

second one in the bracket is the time of report.
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SPECIAL TOPIC — Quantum states generation, manipulation and detection

Research progress of semiconductor up-conversion single
photon detection technology”
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Abstract

Quantum communication technology has achieved remarkable progress and development in recent years, and the
single photon detector, as the receiving terminal, plays a vital role in communication systems. In this paper, we focus on
the current mainstream semiconductor-based single photon detectors and review their device principle, operating mode,
advantages and disadvantages. Besides, the research progress of a novel semiconductor near-infrared single photon
detection technology (USPD) is introduced. The feasibility and superiority of the USPD device are demonstrated from
the basic principle, device structure and key performance indicators of USPD, and the latest spatial optical coupling
experiment results of the USPD are also given. The design principle of the USPD device is to utilize Si multiplication
layer of the Si SPAD as a multiplication layer instead of InP in conventional InGaAs-SPAD. The Si-SPAD has a much
lower dark count rate and afterpulsing effect because of high-quality material of Si. Such a characteristic design of
USPD can suppress the afterpulsing probability to the same level as that of the Si-SPAD and enables it to operate in
the free-running regime without sacrificing photon detection efficiency. For the same reason, the dark count rate (DCR)
of USPD is also very low. The operating mechanism of USPD is to convert the infrared photons into near-infrared or
visible photons and the emitted near-infrared photons can be detected by a Si SPAD, which provides us with a new idea

for single photon detection.

Keywords: single photons, up-conversion, nearinfrared
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Abstract

Self-assembled semiconductor single quantum dots (QDs), as a good candidate of solid-state real single photon (SP)
emitters in high purity and counting rate, have attracted great attention in recent two decades, promising for quantum
information, optical quantum computation, quantum storage, and quantum coherent manipulation. To isolate single QD
from the other QDs surrounding, 1) dilute QD density is well controlled during epitaxy; 2) micro-pillars or nanowires
individually in space as hosts are fabricated. To enhance their uni-directional emission, GaAs/AlAs distributed Bragg
reflector (DBR) planar cavity is integrated. To improve the system (i.e. confocal microscope, traditionally) stability and
its optical collection efficiency, a near-field fiber coupling by adhering a micro-pillar chip to fiber facets directly is used.
To enhance the coherence of QD spontaneous emission, resonant excitation technique is applied. In this article, we review
our research progress in self-assembled QD SP emission, including SP emission from InAs or GaAs QDs on Ga droplet-
self-catalyzed GaAs nanowires (with g?(0) of 0.031 or 0.18, respectively), SP emission from InAs/GaAs QDs coupled
with high-@ (1000-5000) DBR micro-pillar cavities and their fiber-coupled device fabrication with SP fiber output rate
~1.8 MHz, single QD resonant fluorescence with inter-dot coherent visibility of 40%, strain-coupled bilayer InAs QDs
to extend their emission wavelength to 1320 nm and parametric down conversion of 775 nm SP emission from single
QD in nanowire to realize entangled photon pairs at 1550 nm (entanglement fidelity of 91.8%) for telecomm application,
and definite quantum storage of InAs QD SPs at 879 nm in ion-doped solid (at most 100 time-bins). In future, there
will be still several urgent things to do, including 1) puring the environment of a single QD (e.g. growing GaAs QDs to
avoid the wetting layer, and optimizing QD growth to avoid smaller QDs) to reduce its spectral diffusion and developing
a high-symmetric QD (e.g. GaAs QD) to reduce the fine structure splitting of its emission; 2) positioning single QD
precisely for a good alignment of single QD to a micro-cavity or fiber cone (single mode with high numerical aperture)
to increase optical excitation efficiency and SP collection efficiency; 3) developing optical quantum integrated chip,
including hybrid structures of active micro-cavity and passive waveguide, and high-transmission waveguide beamsplitter
or Mach-Zender interferometer to improve SP extraction (micro-cavity), collection (optical setup) and counting rate (at

avalanched photon detectors and coincidence counting module).

Keywords: individual quantum dots, nanowire, micro-cavity, single photon, entangled photon pair
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Fig. 1. Scheme of pump-probe technique.
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Fig. 3. Time-dependent total ion signals for 1, 2,
4-trimethylbenzene excited with 400 nm and ionized
with 800 nm. The filled black circles represent the

experimental data, and the solid lines are the fitting

results (501
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Fig. 5. Time-resolved photoelectron images of o-
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Fig. 6. Anisotropy parameters of the four rings as a
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Fig. 9. Time-resolved (a) photoelectron images and (b) pho-

toelectron angular distributions of o-dichlorobenzene (1177,
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Fig. 10. Time-resolved (a) photoelectron kinetic energy distributions and (b) photoelectron angular distributions of

p-difluorobenzene (118]
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SPECIAL TOPIC — Quantum states generation, manipulation and detection

Excited state dynamics of molecules studied with
femtosecond time-resolved mass spectrometry and
photoelectron imaging*
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Abstract

Study of quantum states of molecules, especially the evolution of excited states can help to understand their ba-
sic features and the interactions among different states. Furthermore, the information about the chemical reaction
process and the interactions among several reaction channels can be obtained. Femtosecond time-resolved mass spec-
trometry (TRMS) and time-resolved photoelectron imaging (TRPEI), which combine pump-probe technique with time
of flight mass spectrometry and photoelectron imaging, are powerful tools for detecting the molecular quantum state
and for studying the molecular quantum state interaction and molecular ultrafast dynamics. With these methods, the
photochemistry and photophysics mechanism of isolated molecule reaction process can be investigated on a femtosecond
time scale. The principles of TRMS and TRPEI are introduced here in detail. On the basis of substantial research
achievements in our group, the applications of TRMS and TRPEI are presented in the study of ultrafast internal conver-
sion and intersystem crossing, wavepacket evolution dynamics at excited states of polyatomic molecules, energy transfer
process of polyatomic molecules, ultrafast photodissociation dynamics and structural evolution dynamics of molecular
excited states. In the study of ultrafast internal conversion and intersystem crossing, the methyl substituted benzene
derivatives and benzene halides are discussed as typical molecular systems. In the study of wavepacket evolution dy-
namics at excited states of polyatomic molecules, the real-time visualization of the dynamic evolution of CSs 4d and
6s Rydberg wave packet components, the vibrational wave packet dynamics in electronically excited pyrimidine, the
rotational wave packet revivals and field-free alignment in excited o-dichlorobenzene are reported. In order to discuss the
energy transfer process of polyatomic molecules, the intramolecular vibrational energy redisctribution between different
vibrational states in p-difluorobenzene in the S; low-energy regime and the intramolecular energy transfer between dif-
ferent electronic states in excited cyclopentanone are presented. For the study of ultrafast photodissociation dynamics,
the dissociation constants and dynamics of the A band and even higher Rydberg states are investigated for the iodine
alkanes and iodine cycloalkanes. Structural evolution dynamics of molecular excited states is the main focus of our recent
research. The structural evolution dynamics can be extracted from the coherent superposition preparation of quantum
states and the observation of quantum beat phenomenon, by taking 2, 4-difluorophenol and o-fluorophenol as examples.
Time-dependent photoelectron peaks originating from the planar and nonplanar geometries in the first excited state in
2, 4-difluorophenol exhibit the clear beats with similar periodicities but a phase shift of m rad, offering an unambiguous
picture of the oscillating nuclear motion between the planar geometry and the nonplanar minimum. Also, the structural
evolution dynamics in o—fluorophenol via the butterfly vibration between planar geometry and nonplanar minimum is
mapped directly. Finally, the potential developments and further possible research work and future directions of these
techniques and researches are prospected.

Keywords: femtosecond time-resolved, mass spectrometry, photoelectron imaging,

dynamics in excited states
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Fig. 1. Schematic of STM induced luminescence from
a single ZnPc molecule adsorbed on the Ag(100) sur-

face, where the NaCl serves as a decoupling layer (207
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Fig. 2. Single-photon emission properties of the STM induced luminescence from a single ZnPc molecule (201,
(a) STML spectra of a single ZnPc molecule adsorbed on 3 and 4 monolayer (ML) of NaCl (—2.5 V, 100 pA, 30 s).

The sharp emission peaks in red and blue spectra are originated from the @-band transition of the ZnPc molecule,

while the black curve corresponds to the STML spectrum of the nanocavity plasmon when the tip is above the metal

substrate. (b) Second-order correlation measurements of the emitted photons corresponding to the STML spectra

at three different sites in (a). (c) Second-order correlation measurements of the single ZnPc molecule adsorbed on
4 ML of NaCl for different tunneling currents (40-120 pA) under the bias-2.5 V. (d) Estimated g(?)(0) values (red

squares) and time constant 7o (blue circles) at different tunneling currents.
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SPECIAL TOPIC — Quantum states generation, manipulation and detection

Single-molecule electroluminescence and its relevant
latest progress”

Zhang Yao Zhang Yang Dong Zhen-Chao'

(Hefei National Laboratory for Physical Sciences at the Microscale and Synergetic Innovation Center of Quantum Information

and Quantum Physics, University of Science and Technology of China, Hefei 230026, China)

( Received 16 September 2018; revised manuscript received 26 October 2018 )

Abstract

Research on the interaction and interconversion between electrons and photons on an individual molecular scale
can provide scientific basis for the future developing of information and energy technology. Scanning tunneling micro-
scope (STM) can offer abilities beyond atomic-resolution imaging and manipulation, and its highly localized tunneling
electrons can also be used for exciting the molecules inside the tunnel junction, generating molecule-specific light emis-
sion, and thus enabling the investigation of molecular optoelectronic behavior in local nano-environment. In this paper,
we present an overview of our recent research progress related to the single-molecule electroluminescence of zinc ph-
thalocyanine (ZnPc) molecules. First, we demonstrate the realization of single-molecule electroluminescence from an
isolated ZnPc by adopting a combined strategy of both efficient electronic decoupling and nanocavity plasmonic en-
hancement. By further combining the photon correlation measurements via the Hanbury-Brown-Twiss interferometry
with STM induced luminescence technique, we demonstrate and confirm the single-photon emission nature of such an
electrically driven single-molecule electroluminescence. Second, by developing the sub-nanometer resolved electrolumi-
nescence imaging technique, we demonstrate the real-space visualization of the coherent intermolecular dipole-dipole
coupling of an artificially constructed non-bonded ZnPc dimer. By mapping the spatial distribution of the photon yield
for the excitonic coupling in a well-defined molecular architecture, we can reveal the local optical response of the system
and the dependence of the local optical response on the relative orientation and phase of the transition dipoles of the
individual molecules in the dimer. Third, by using a single molecular emitter as a distinctive optical probe to coherently
couple with the highly confined plasmonic nanocavity, we demonstrate the Fano resonance and photonic Lamb shift at
a single-molecule level. The ability to spatially control the single-molecule Fano resonance with sub-nanometer precision
can reveal the coherent and highly confined nature of the broadband nanocavity plasmon, as well as the coupling strength
and the anisotropy of the field-matter interaction. These results not only shed light on the fabrication of electrically
driven nano-emitters and single-photon sources, but also open up a new avenue to the study of intermolecular energy

transfer, field-matter interaction, and molecular optoelectronics, all at the single-molecule level.

Keywords: single-molecule electroluminescence, single-photon source, dipole coupling,

Fano resonance effect
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Fig. 1. Superconducting phase qubit fabricated by multilayer process 8. (a) Optical microscope image. (b) and (c)

SEM images of the qubit junction and two junctions in one of the SQUID arms. (d) The design layout, in which
the Nb (gray), the first Al (green), the Si (half transparent), the second Al (blue), and the shadow evaporated Al
(light gray) films are shown. The horizontal bars at right-bottom corner in (a), (b), and (c) indicate lengths of 100,

1, and 1 pm, respectively. The grid cell dimension in (d) is 10 pm.
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B2 ZREETZH%KES nSQUID i1 HRs I BAEHR Y, 1 NEM0EHE, Bk CM M DM #op gz [10]
Fig. 2. False-colored optical photograph of the nSQUID qubit. Inset shows the nSQUID qubit schematic. CM and

DM stand for the common mode and differential mode, respectively

[10].
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Fig. 3. Typical 2D potential landscapes of the superconducting nSQUID qubit [19].
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Fig. 4. Experimental and calculated results for the nSQUID qubit [10]. (a) Experimental energy spectrum. (b) Measured

excited probability. (c) Calculated bottom four energy levels (black) and wave functions (red) along the 0 axis after

integrating over ¢ and (d) those along the ¢ axis after integrating over 6. (e) Calculated wave functions corresponding

to the four energy levels, plotted in two dimensions (horizontal, 0; vertical, ¢) with plus (blue) and minus (red) signs.
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Fig. 5. Energy spectra of the coupled superconducting qudit-resonator system (12 Left panels: Experimental results
for three microwave powers, (a) —100 dBm, (b) —95 dBm, (c) —70 dBm. Right panels: Experimental (symbols)
and theoretical (solid lines) spectral lines involving the first (d), the second (e), and the third (f) excited states.
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Fig. 6. (a) Microscope image of a Josephson parametric preamplifier and (b) the experimental results
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Fig. 8. Coupled Xmon-type ten qubit systems (151,
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Fig. 13. Coherent population transfer via STIRAP in the superconducting Xmon qutrit: (a) Stokes and pump
microwave pulses; (b) measured level populations Py, P and P> versus time; (c) experimental level populations

after correction; lines in (b) and (c) are the calculated results [24],
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Fig. 16. Schematic of microwave correlated laser.
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Abstract

In the past years, superconducting quantum computation has received much attention and significant progress of
the device design and fabrication has been made, which leads qubit coherence times to be improved greatly. Recently,
we have successfully designed, fabricated, and tested the superconducting qubits based on the negative-inductance
superconducting quantum interference devices (nSQUIDs), which are expected to have the advantages for the fast
quantum information transfer and macroscopic quantum phenomenon study with a two-dimensional potential landscape.
Their quantum coherence and basic physical properties have been demonstrated and systematically investigated. On
the other hand, a new type of superconducting qubit, called transmon and Xmon qubit, has been developed in the
meantime by the international community, whose coherence time has been gradually increased to the present scale of
tens of microseconds. These devices are demonstrated to have many advantages in the sample design and fabrication,
and multi-qubit coupling and manipulation. We have also studied this type of superconducting qubit. In collaboration
with Zhejiang University and the University of Science and Technology of China, we have successfully fabricated various
types of the coupled Xmon devices having the qubit numbers ranging from 4 to 10. Quantum entanglement, quantum
algorithm of solving coupled linear equations, and quantum simulation of the many-body localization problem in solid-
state physics have been demonstrated by using these devices. Also, we have made significant achievements in the studies of
the macroscopic quantum phenomena, quantum dissipation, quantum microwave lasing, and some other quantum optics
problems. In particular, Autler-Townes splitting under strong microwave drive, electromagnetically induced transparency,
stimulated Raman adiabatic passage, microwave mixing, correlated emission lasing, and microwave frequency up-and-

down conversion have been successfully studied, both experimentally and theoretically.

Keywords: superconducting qubit, quantum computation, quantum simulation, quantum optics
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Fig. 1. Schematic of a quantum simulator. The quan-
tum system evolves from the initial state |©(0)) to
the final state |p(t)) via the unitary transformation
U = exp(—ihHgyst). The quantum simulator evolves
from the initial state |¢(0)) to the final state [t(t))
via U’ = exp(—ifAHgimt). One can design the simula-
tor such that there is a mapping between the simulator
and the simulated quantum system. As a consequence,
the final state [¢(t)) will provide information about

the simulated system (61,

B R JE BT o R AR A Bl E
TR (digital quantum simulation, DQS) FI5HL
N E T (analog quantum simulation, AQS) [,
HrXETE S HE T kRN E &, FIH
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Bt FHEBOCHS T R SR 5 L

Fig. 2. Schematic of experimental setup for a 3D superconducting transmon qubit. The microwave

source in red box combined with IQ mixer is used to manipulate qubit. Another microwave source

in blue box is used to read out qubit state by measuring cavity transmission. Digital heterodyne

is used for data acquisition. Transmission signal of cavity is mixed down to 50 MHz by arbitrary

waveform generator and 1Q mixer. Amplifiers are used to increase signal-to-noise ratio.
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Fig. 3. Measured energy spectrum of a typical space-time inversion invariant topological semimetal

(23],

(a) Three dimensional plot of the band structure of spectroscopy measurement, by tuning the driving am-

plitude, frequency, and phase gradually, we image the band structure of the system in the momentum space

point by point; (b) magnitude of energy gap obtained from direct measurements of the energy spectrum of

the system as function of k; and ky in the first BZ, four nontrivial Za-type Dirac points located inside the

bright regions can be observed at (0, £m/2), (1, £m/2), in a full agreement with the theoretical prediction.
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Fig. 4. Symmetry-related topological features of the Dirac points for two different but representative kinds of
perturbations. (a) When H{ = no2 is added with n = 0.5 in unit of €, which breaks both T and P but preserves
the PT symmetry, Dirac-like points still exist, though the gapless point positions are shifted (marked by the green
square) and the band pattern is distorted drastically, showing the robust of the topological nature protected by the
PT symmetry. Top and bottom panels correspond respectively to the cases of n = 0 and n = 0.5 on the plane of
ky = m/2. The bright yellow and dashed green lines denote the experimental data and theoretical calculations from
Eq. (3) with H| being added, respectively. (b) Whenever the PT symmetry is broken by adding the term H) = coy
with a constant € (= 0.5 Q), a gap is fully opened. Here A = 0 for both (a) and (b).

A

5 B HASH N AN S B BIAG AR IMAZE 23] (a) A RIXT 0, 0.5, 1, 1.5 ky ~ 0 FIRIREH 451,
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ML (b) 5 AT BINX RN RESRE RS H N I, SERTIE

Fig. 5. Quantum phase transitions from a topological gapless semimetal to a gapped insulator as changing parameter
A23] (a) Spectroscopy at ks & 0 for various A. From right to left A are 0, 0.5, 1.0 and 1.5, respectively. It is seen
that when M is increased from 0 to 1, then larger than 1, the number of Dirac-like points decreases from 4, to 2, then
to 0, where the gap gradually is opened, demonstrating that a topological PT invariant semimetal phase transits to
a normal insulator phase. (b) magnitude of minimum energy gap in the first Brillouin zone as a function of A, as

predicted theoretically.
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I B 5 H % R G0 1T LA 2 90 $h LA 1) Z
PR 6 T — 28 BRI R N E, RET a0 K 5 B
N, ATLAER B Z, KRR A X A I E R R
AT FE. ARIE 30 H fE A HE S 1 — M R B AT, B
fEORFFPT XM FRIE, AR AL X vy, = 1&IF
AR IS AT IR S XN vy, =2=0
mod 2, WM AERRIT . Wl 5 (a) Fras, L
B 2L N. £k, = 0°FIH L, A =0
I, PN REH A R Al ky = £m/2, Al
HhIE I, PN B AZ XS T A B AR (A B
X A AN, 25, 2\ =1, E40 BN XL 5t
AEPRAN el 28 LA H N — AN B Be A 28 SR, 1R
PRI REAT B, X — NI RE A, SN > 1
I, A DO S 3 B TR 40 b HUes IR RE AT 58 AT
I, WA & B AL NP 4 S Ak, X IR T B
s, wiE s (b).

4.2 Hopf-link¥ &8

Br 7 BAT RERET R AE

fiE e aii, ANTEEE T
" T HAREE L Mn b

ZEK. XA LI ]

Ot
i

_92 "9
0 2

(b)

V o 4

-

6 Sy (26]

2
0
A

(c)

Probe

Construct ::;S;:? i /

(a) BHTH Sy F0.Sy, 7EAT HLIH X P AH AT B 5 Hopf B 30 M54 IR 1 2% BB Tite 45 44) 47

DL IR 45 0, Hetn Hopf-link. — A #2843tk
Hopf-link - 4 J& ) 15 25 1 5 (BN o m ) 75 HE
B asE) (RY K 23 [A)) Hpa] DA IR o 24

H(K) = fi(K)oy + fa( K)o,
fi(K) = sink, cosk, — sink, cos k.,
f2(K) = 2cosky +2cosky + x,

Heo; (i =1,3) NEFIFRE, x NATTHSEL

FHIG & (4) WA, AN S, ¢ f1(K) =0
IS, « fo(K) = OFEAm BN IX N AHAE T8 B 2% 715
2, JF H ST 2R ORUR e 45 4, 2 3 A LUK X
PRI, w1 R, SUBTELs MR, B S fl
Mt fim 5 B — AN Hopf 8% 24 (118 6 (a) FToR).

2 R B (4) X ARYE, W —ANREA E
TEPUER G ) RS, W) 1 T s 2l &
DB THK)T ! = H (-K), &I ERFERH
F g aiE (4) B PH(K)P = H(-K), BIfksL
{140 I TF0) S YR R i AR 72 1) s i %o AR A 0 2 il e 1
T 2% & PT A X BRI, 13 [H(K), PT] = 0, HliX
ANFHAE 52 B PT B SRR 0 $h R 24,

(4)

fo
1)
10)

2% (b) 286 b T, Hopf-link 43 J& A (MG B 015 1) 3D Transmon Ffi; (c) Transmon [ G845

K, AR = REZHN T2 78

Fig. 6. (a) Nodal lines with a double-helix structure formed by the intersection of two surface Sy

and Sy, it is topologically equivalent to a Hopf-link; (b) a superconducting transmon embedded in

three-dimensional cavity are driven by designed microwaves, realizing the effective Hamiltonian to

simulate Hopf-link semimetals; (c) the schematic energy structure of a transmon, the lowest three

energy levels are used to do the simulation [26],
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HAR T 250 x R 0 0 21 4 1) DU e 1 42
[ i B LA FE 7)) DR S T AR AR S
% RGN ERE A v 7281k, Hopf-link -4 J& Re iy 5
A, KA AT B SR T R, REWILHIR
BWELT 0) &, POERESHICE NS —MmHE
WX, B (ky, ky, k) € [, 1) x [-T, 1) X [—7, T0),
B kg, by, ko BB, MIEHRIERETS 1] 15 345
JEAE S — A BN X i) Se BERe . R 45 M1 AR
HE AR R T EEA R, WK TR, A
RV — A BRI R DU R — 25 1T 4.
X = —3F, BEE VLI B WUR e Lt kg, H TN E
5EW IR RS HIRG, XEWZTT ER)
SCEL T Hopf-link - 42 & () e i B 40L. BEE x 3G
b, #hi S, vk, T OIS e 45 A8 kAR R 2L e,
fEx = O, S, BefilAm LK X 12 5, XUME g 45 1) Wi
A AEx = 2, Sy T — AL T () 1R
FE, #ITH Sy, Sy BIASEARIRORAR XUR g 45 4.

H5PT &G, S E KRS

{14 TT R 4% 14 1 B 9 £ 9T Hopf-link - 4 J& (1 #1 b
FHAZ R $h A A2 . 1 e ] BA ST — A B in 15
H{ = Asin kyoq KW 5T link-unlink $6 M HAE,
Hi{ LLQABAL, NS E, B8 (a) i MK
UCNANFHE R SR TR, BN < 1IN, ]
PR FERE, BB > 1, WKL
B, TP IS E L IL B3, X T A = 1,
A AE T — A5, AT RAV N Z AR 4R $MAE AR 111
Fi. HERGE IR (4) 5 PT X %, Hopf-link
B Z PT BEA SRS, 9T 30 IEX — £,
FIEREE (4) PN — Bt HY = nos,
HYULQ AL, I G 255 & (4) (9 P, T X FRPE
PIWROIR, (A2 AR FF PT B X ARIE, SEIn R &
n WIXGIN, REF G A B WAL, JF HAL T A BN X
(R 27 BB AR AL, SR, 15 AR IRTE il XA i
S5K, A ATITRERR, WK 8 (b), 1X 3 HF Hopf-link
S54052 PT A M FRPAE IR MRS I EL L.

K7 Hopf-link -4 8 75 55 — i HLIK X (1) Bl 45 4y (2]

(a) EEFRREXE [—n, 1) NIBBW k. 13

SRR, F RO A S A 5 Hoptlink 4 JREU1 2L, 9 T 0 Hu22 1 JE R AL 45 1, 7T LA 5
(s ky) RGN [—10/2,71/2) X [—1/2,7/2); (b) M EBIFBH x 4 HI%T —3, 0, 2 B B2

Fig. 7. (a) Measurement of the band structure of the Hopf-link semimetal in the first Brillouin

zone. Top panel: contour plots of the energy gap with varying k. gradually in the range of [—m, .

Bottom panel: By collecting all these contour plots together, we obtain the nodal lines of the

Hopf-link semimetal. To image the gapless band structure clearly, we set the range of (kz,ky) as

[-1/2,1/2) x [-1/2,7/2). (b) Nodal lines obtained from the measured energy spectrum for various

x- From top to bottom: x = —3, 0, and 2, respectively

(26]
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8 PR AAT IR AR A T TR 4 R (26]

(a) I H] = Asinkyo /&, Hopf-link 42 & 1 link-unlink

22, WEFIH S HAZHN = 0.5,1.0, 1.5 N H LA B, EWMBEIEHE, X = 1 AIEA A, PRI — 5 (b) 5l
AWAR HY) = no3 I, Hopf-link )@ IFHIMEE N, WEBIG 3 AZHn = —0.5,0.5, 1.5 I KT LA B
Fig. 8. (a) Link-unlink transition of the Hopf-link semimetal after we added H] = Asinkyo1 to the Hamiltonian (4).

From left to right: nodal lines with A = 0.5, 1.0, and 1.5, respectively. As predicted, A =1 is the critical point, where

two nodal rings only touch at one point. (b) Stability of the Hopf-link against the perturbation of H) = no3. From

left to right: nodal lines with n = —0.5, 0.5, and 1.5, respectively[

WIAZ T — DN H R IR R 5 ORI
fiE&:. & Hopf & 4 bV 0 1 40 $h s MO & 36
B Ee BiEE N E RGNS HUE A %R
& B A AR B 1) Berry AHAL 1 A1 315 S 1 15
BBl R 4 A VAT RS R o & Berry A
A7 — 43 5 (8 14 i 12329,

WY (a) frox, X T 2 AR SEE, F0A47 75 2
FEAT BN X N % vH— 5% %F i Hopf 8% (1) 4 1 #% 12
DLl & Berry AH A7, 1 i 88 A 28 B st A4 ik 72t
B 07 K R, HOER 10 R AbR BB 4, % i Hopf
B, DIk T Berry AHAZ , BH K €8 R 26 b5 3 S 47,
X Berry #H L% A k. FESLIR & E b, 22K
By & 2% (6] 1) [0 % WO 31 S LR R S8
B, AR b, B R bR & 1 [H % 5 Bloch Bk
&85, Ak — Mt v BLs vk — 25 It

26]

2 LU i 4R B A, WU M 26 1 BX {02, 2, 2.} =
{sin@cos ¢+ A1, Agsin ¢, cosfcosp+ Ay} FH 6 €
(0,1, ¢ € [0,2n] MK AL SR, #Id S E A A
Ao, BIATAEAT B DX A4 3G AT Ae] 358 A Bt A, 31X BLARAT]
FIF Ramsey T H AR, Wl & 44 #1435 16 J5 1) Berry
FHAL. IR S, W AR S K 7 A 3 AR
FrE. K9 (d) o, £k, = 0k, #i#s)
LOMBLINAE, JE ARG 7T 28 1) 1] 2% A F R
GUEATTE, WA UTHALAE by = /3 RIRHI T
A2 0, X FRILEIR AN Im s, S 807 7] 1) 3 P B A2
ANFRMHZL. [FIN, W AE by = 0PI k. BiA
BNl AR GEAL (07T 2 (1) [B] B T 46 A 2 i (5
2%, 1E k, = 7/2 W Berry AHAL AR B O BRAE 8 — 7o,
g5 b, AR5 — A1 HIH DX & 1) Berry AHAZAR 4 i 4
B 7 Hopf B I#Fh .
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(a) (b) 2,

C Tomography
(e)
(@ o
1 otvo
3
5 o | o
&0 o o]
[¢]
0 n/3 2n/3
< ky
1 12220°%a0000000% %0
3
oo
2
—1
0 n/2 n

k.

9 HIiE A I BRI B Berry ML (26]  (a) 7E55 —A5 HLIH X AV — 453 PR A (ME4R) T E:AH B 1 Berry FHALI
LTS (b) BT HWHRHES (a) i) & 23 (R AH X B 10 2 4020 18] R AL R AR (o) & 7 LERRI (b) s i
AT AR B 19 Berry AHALRIE 777 %5 (d) Berry AHOZ AT AL EE A2 IR IRPE, SEB0II& T = A8 ) Berry AHAL
fB: 1, =1 F10; (e) Berry HIOZI35IMEN ky (L 1BT) A Ko (R ET) B BREL

Fig. 9. (a) Schematic of an example of closed path (dashed line) in the first Brillouin zone to accumulate
Berry phase, from which the linking number can be characterized; (b) evolving path in parameter space of
qubit mapped from momentum space in (a); (c) schematic of time profile to probe Berry phase accumulated
from the evolution in (b); (d) dependance of the Berry phase carried on the loop of the closed path, there

are three typical values: T, —m and 0; (e) berry phase measured as a function of k, (top panel) and k. (down

panel), respectively [26]
1A]) T DLk 1)
5 EiEA 1 A S Maxwell & H(K) = RS) + RyS> + RySs,
LTI 5 L7 L B T LS — 2 5 1 O R = sinke, Fo = coshy,
g8, BN, sOEE B SR BTk SR T Ry = A+2—cosk, — cosky —cosk., (D)

7z e, IR TIE, /£ = Eal® BRI A KK = (ko by, k) RN UESN &, AN ESH,
(1 BE 7 285 4 TFORE B [/ T Dirac 90K 5 50 Weyl Ri(i =1,2,3) NHANE-14FE.

PR B B ok —— U A e ok B0, T bR R 0 R, R S E I A,

— M EAREMERROR T B iE-1 A ek T P — A BN XA/ = agr, P ReEANE

fiy ey 5 B (K0 T B4 Y ) £ HE Sl B3 1] (R K f¥) 77 (flat band) 7 T 53 4h P A BE 4 th ). 7
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%%,ﬁiﬁﬁﬁ%*ﬁﬁ%ﬁﬁ AP A= T
Al < 1, B A WS = E i IF AULE
My = (0,0,:I:arccos/l) Ab, TE My Mt T A RE
RN H(q) = 151 + q252 £ agsSs, HH,
a=V1-/12 ¢g=K— M. ZhHE5#HEET
)30 & 7% () Maxwell 77 F2AHAEL, (R GAR AR R 1 i -1
TCI R AT H B & 43 18] Maxwell J5 F2 4 R i 1B132,
XA X b, BT HE-1/2 RS Dirac ;2
N Weyl fi, =5 & 3 sFR N Maxwell £

BH 1 B %25 5 AR 1) H e -1 RGAFAEH A
YoE I A RN, 4 (A] < 1, RGRer

BA — X Maxwell &, B 4T Maxwell & J&HH, 24
|A] > 1, RGRERIFTIF, RIALT3R4h-F 4248,
TR TR Al = 1, BiAS Maxwell 249, RIGTERE
DAL R, R RGRA T HRIMEAE. AH
PR LR PR i iy 285 A6 1 1] 10 P,

0] DL PR A2 5 A B2 53 B Maxwell 42 )& .
MRAIETL JUAT, Hid Maxwell £ My ) #0 dhos 428
72 Chern 4, Chern #(nJ DL #)) & 7% 8] v 3 P %
S EWT A 7> Ko

1
iz_#Fi.dS:ﬂ,
2n

o/ N® @

M,

1
\
S

-axwell metal

Topologlcal transitio:

Ky

10 EBE -1 JGHOR R G0 AR B R 3 4 EOW A g (93]

_om—

(a) EEBE-1 THK RGR T SH AR, NEFIH: 2

|A| = 0B, RGALT Maxwell 5J@4H, HLEFAENE H I — X Maxwell /5; 29 A = 1, RFERELIMEE, B Maxwell 5
wif A =2, RGELTIHANT NG, JNRERITIT, Maxwell iH%%; (b) &)@ -5 A ST AMER 257 (1) LT E

WRRE, HIRIRE S

W 2 J7ERAE A BEE, Berry WRBARINET R SIHINFHMEEARBIAR, HA=0 (4> 1),

Berry iR B 564 (A5 4) SR, &0 hl4 i Chern 8 Cy = 2(Cy = 0)
Fig. 10. Phase diagram and geometric illustration of the spin-1 Maxwell system (331, (a) Phase diagram of the

Maxwell system with respect to the parameter A. From left to right: the energy spectra for the Maxwell metal

phase with a pair of Maxwell points denoted by M4 (A =

0), the topological transition point with the merging of

the two points (A = 1), and the trivial insulator phase with band gaps (A = 2); (b) geometric illustrations of the

topological difference between the two distinct phases when the spherical manifold S moves from the degeneracy in

the z direction by distance A. The Berry flux vectors are schematically presented by arrows, showing the different

signature textures for the topological and trivial phases: the vectors fully (do not) wind around in the topological

(trivial) case with A =0 (A > 1), giving the Chern number C; =

2(Cy = 0).
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Hrp [y RIR Berry #i2%. [RIIL, $H4MHAR AT PLHT 2
R ERT I 2 77 R4 BE B A B 33
. WE 10 () R4l < 1, ARG T AHET
JE FH N LA Maxwell 42 J84H, Chern 3 Cy = +2,
Al > 1, RGAT BA VB AT 1 4240,
Chern % C4. = 0.

FIFH B 5 & 7 B o IR B, BT BA X
Maxwell 4 J& HEATHEFABI. 5 BEKEL/2REAN
], BT MEHEHK) = RS, + RSy + R3S3,
R B ER ] — N =(e g RGBS E R, W
FHSETFHEE - NEZRARS, ZLKTHER
A E AR AIPUANBERS, 128 (0), (1), [2), |3), Hr
0) VE AERBIRERS, (1), [2), |3) STk L, Mk
BB G B, AN — M, T M, TEAR
AT LA ky = 0. 568 REVILRILLE [0) &, £45
5E ke A K, BIIRBI G R, RGEMIARKES N |04) F1
|£), — BRI KR R G0 |0) 25438 B AE

A, I 2 R R S R g BP RS B Re . o
ko f k., AT LA 204N [F] GE 3, B e N Ky R K,
()R Y, BOAS %0 FMA R AR5 — A BLIH X 1) 5
RErahp, W 11 fon. 510 B 45 R — 5L,
J& H e -1 1) Maxwell R4 4R IMEFKET A.
Bl 11 (a)—(c) Frow, it seasmr DO & B A R %R
) AR RERE. ST A = 0, RGiALT Maxwell )8
FH, AT (0, £1/2) B — X Maxwell FAE ky-k, “F1H
UL E]; 24 A B8R 1w, PIA Maxwell /54 I,
R T HAMEAR; A A B30, Maxwell
RAEREH OV R, RGN AL, il
& Maxwell 25 B #H &k, = 0/ E-k, P18, AT LA
7 BT S O B AR AR AP 11 (d)—(f) B, e
LR IE AT DU B BIAMERE R Ey, IEWBEIR TR
T, A = 1E, A0 R T 1 Maxwell 21

().
o
i
>
20
-
L ——
[€a)
1/"-“‘\\
\ E . . &
/ \ // ‘kw - .
ol o Sl T8 4l —6 b : 0
—1 1 —1 1 —1 1
k./m k./m k./m

Bl11 SERFrlaE s 331 (a), (b), (¢) BARBHA =0, 1, 2 1 REVES —A0 B X M52 A 451 (), (e), () %
RS A =0, 1, 20 RGEEQE Maxwell BB ke ~ 0 8 E-k, ~F I B8 4514; 7E Maxwell <5 JF AH AT LW )25
PEOEOR R, BB THE A R R L 0R

Fig. 11. Measured Maxwell bands [?3]: (a), (b), (c) are band structures in the first Brillouin zone for A = 0, 1,

2, respectively; (d), (e), (f) show the corresponding cross sections of band structures containing Maxwell points in

E-k. (ks =~ 0) plane of (a) to (c). A linear dispersion is observed in the Maxwell metal phase. The theoretical

calculations are plotted with the red dashed lines.

0 H e -1/2 R 481 Berry f1R 1 8)) /) %
TR 2 A -1 24084 AT LU Maxwell 54
) Chern #. X 4 4 Bh B8 2 A X AN I = H A 75 757
B, Rk R R EBGE S Transmon H1 AR 1 =4 g
2, A aie A1), |2), [3). 7E S Eas 1A BR i i

T A T — 25 B F Maxwell f5 Moy 1) P A (8] 2.
A — ek, S8 AT DLIE {19, 213, 203} =
{sin @ cos ¢,sin @ sin ¢, cos O + A}, H A0 € [0,7],
¢ € [0,2m] Ay BRI AL bR, I8 I ] A W) 4G = RE K
A (12)+i]3))/V?2, B S BIAERS, {6 b R A7 A
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fr FAE s RJA, BRI 06 RGN T £ IEHEE G, FEXT I = RER R G AT RN, XHE
¢ = 0 HELEIRGEAL. F)E, FER Al frecasure 15 & tmeasure, TATHLUEIE (Sy) KIE T Berry

(8) Initialization Quasi-adiabatic evolution = Tomography (b)3 t=0 7Rz [2) +i|3)

13 77— -+
Thneasure Time
i

Qutrit
drive

Cavity
probe

<
-1
—2
-3
T T
Degeneracy
=
GJ
2
=
=
=
=]
=
Q
=
O
-1
1
| i
1 1
-2 : :
1 1
1 I
I I ] ] 1 I I
1

12 R Maxwell #f) Chern %1 23] (a) RRM i Chern BHITEMIN =& R T (qutrit) MIHASHL T (12) +1|3)) /v2, WSk
PR T TP LML IRIR AL, LI 18] teasure TR ARSMUZHT; (b) =AM AKREGAR & OB THIELE B e -1 RS R 2
B, BT RO 7 A R GHESHE M ERTIRUE LT 2 ¢ = 0181L; (c), (d) BB BNRIER 0 1 A FIREU Berry 24k
GEEIOR LIRS (e) R WERBIRENSH A RKBREEK Chern 8, 24 [A] < 1, |O1| = 2 RN RGHA I THEHIE
T, BIRGAL T Maxwell J@A0; 24 [A| > 11, |Cx| ~ 0, RWRGEAFREHINEMA, B RGA T AZA

Fig. 12. (a) Time profile for the measurement of Chern number. The qutrit state is initialized at (|2) + i|3))/+v/2 and then
evolves quasi-adiabatically during a non-adiabatic ramp, which is followed by state tomography; (b) three lowest energy
levels {|1),]2),|3)} coupled by pluses Rg,y,- are used to construct the spin-1 Hamiltonian, and the pulse sequence results
in a parameter-space motion along the ¢ = 0 meridian on the spherical manifold; (c) and (d) The measured and simulated
(with the measured decoherence time of the transmon) Berry curvature as functions of 6 and A. The oscillation pattern
suggests a non-adiabatic response; (e) the measured (circles and diamonds) and simulated (solid line) Chern numbers as a
function of A for the Maxwell points. For |A| < 1, |C+| = 2 indicates the Maxwell points in the topological Maxwell metal
phase; for [A| > 1, |C+| = 0 indicates the system in the trivial insulator phase [33].
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SPECIAL TOPIC — Quantum states generation, manipulation and detection

Topological quantum material simulated with
superconducting quantum circuits”
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Abstract

During the past decades, the exploration of new topological material and the study of their novel physical properties
have become a hot topic in condensed matter physics. However, it is hard to realize various topological materials and
observe their physical properties that have been predicted theoretically due to the limitation of experimental techniques,
such as fabrication, parameter control, and measurement. This situation makes quantum simulation a way alternative to
simulating large quantum systems. In general, quantum simulation can be implemented by some controllable quantum
systems. As a kind of all-solid state device, superconducting quantum circuit is an artificial quantum system that
has great advantage in scalability, integration, and controllability, which provides an important scheme to realize the
quantum simulator. In this paper, we review our recent results of quantum simulation in the space- time inversion
symmetry protected topological semimetal bands, Hopf-link semimetal bands, and topological Maxwell metal bands
with superconducting quantum circuits. These results show that the superconducting circuit is a promising system for

simulating the quantum many-body system in condensed matter physics.

Keywords: superconducting quantum circuits, quantum simulation, topological quantum material,

topological phase transitions
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Fig. 1. (a) Structure of the quantum dot coupled reso-
nant tunneling diode (QD-cRTD); (b) calculated con-
duction band structure and each energy state of the
device 181,
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Fig. 2. (a) Scanning electron microscope image of
QD-cRTD device with cross-wire freestanding bridge;
(b) electron path from bottom contact (emitter) to
top contact (collector) under positive bias for single-

photon detection [19].
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photon number states [19],
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Fig. 5. (a) The number of injected-electrons varies as the amplitude of the reset pulse; (b) time-resolved

measurements of single-photon detection with reset operation at 0.46 V; (c) left, strength of single-photon

induced signal compared to working voltage; right, differential conductance of different voltage derived from

I-V characteristic without illumination; (d) time-resolved measurements of single-photon detection at 0.72 V,

inset is fast random reset occurs without resetting[

20].
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Fig. 6. (a) Photocurrent spectrum in the near-infrared with different reset frequency and cut-off wavelength filter
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time-resolved single-photon signal with 1100 nm incident photons at 80 K; (b) u-PL spectra of the device; (¢) band

diagram of near-infrared detection by n-doped GaAs collector; (d) band diagram of near-infrared photon detection

by interband absorption of QDs [21]
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Abstract

Studies on quantum dots (QDs) provide great opportunities in single photon detection as well as single circular
polarized photon emission, which are the key technology for future quantum information processing. For single photon
detection, the quantum-dot-resonant-tunneling-diode (QD-RTD) is evaluated as one of the most promising scheme but
still suffering from the ultralow working temperature (~5 K) and lack the capability to discriminate photon numbers.
Here we demonstrate a photon-number-resolving detector based on quantum dot coupled resonant tunneling diodes
(QD-cRTD). Individual QDs coupled closely with adjacent quantum well (QW) of resonant tunneling diode operate as
photon-gated switches which turn on (off) the RTD tunneling current when they trap photon-generated holes (recombine
with injected electrons). With proper decision regions defined, 1-photon and 2-photon states are resolved in 4.2 K with
excellent propabilities of accuracy of 90% and 98% respectively. Further, by identifying step-like photon responses,
the photon-number-resolving capability is sustained to 77 K, making the detector a promising candidate for advanced
quantum information applications where photon-number-states should be accurately distinguished. On the other hand,
we firstly performed the magneto-optical studies on single InGaAs/GaAs self-assembled QDs. We observed the exciton
Zeeman splitting and diamagnetic shift of a single QD under magnetic field, and the exciton g factor and diamagnetic
coefficient was extracted by fitting the magnetic field dependent PL energies. By comparing with theories, we discussed
on the effect of QD size, shape and composition on these two parameters. Based on these work, we investigated the
single QD exciton-cavity mode coupling effect under external magnetic field. By first time we observed the interaction
of Zeeman splitted exciton spin states with the cavity mode and realized the selective enhancement of the SE rate of the
exciton state with specific spin configuration by means of magnetic manipulation of Purcell effect. In this sense, single
QD emission with higher circular polarization degree under non-polarized excitation was realized. Our results have high
potential to open up a way to novel quantum light sources and quantum information processing applications based on

cavity quantum electrodynamics effects.

Keywords: photon detection, single photon source, quantum dot, micro-cavity
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Fig. 1. The geometry and magnetic structures of LPCMO strip on SrTiOz (100) [16]: (a) Atomic force microscopy
and (b) MFM images of the 10 um LPCMO strip at 300 K under zero field. (c) The MFM image of the 10 ym
LPCMO strip at 120 K under magnetic field (B = 9 T, pointing out of the sample surface) and the zoom-in of the
dotted areas (3 um x 6 pm). Scanned areas in (a)—(c) are 25 pm X 25 um. The black scale bar in Fug. (a) is 10 ym.
(d) Line profile of the dashed black line in Fig. (c). (e) Its corresponding schematic of the magnetic structures during

the MFM imaging process.
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300 K 120 K

2 LPCMO NGASHEM 581 AR B2 16] 9 TRISAT, (a) 10 pm, (b) 3 pm 1 (c) 1.5 pm 3847 RE AL A MFM BI1% K HOE
i (a) FVER 20 pm x20 pm; (b), (c) FFH#EVERE 15 pm x 15 pum; (a), (b), (c) EIHHIARR 53108 10, 3 A1 1.5 pm; BAGASTER A
R AL AT P R 0, 4a T R MFM (55

Fig. 2. Strip width and temperature dependence of LPCMO edge phases [16]. The MFM images of LPCMO under 9 T field (B is
pointing out of the sample surface) with (a) 10 um, (b) 3 um and (c) 1.5 pm strips, followed by their topography images. Scanned
areas are 20 um X 20 pm in (a), and 15 pm X 15 pm in (b), (c¢). The black scale bars are 10 pm in (a), 3 pm in (b) and 1.5 pm in

(c). In narrow strips, the edge phases show great enhancement of magnetic signals and give much higher Curie temperatures.
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Fig. 3. The transport properties of LPCMO. The transport data of (a) the LPCMO film and (b) the 1.5 um strip under magnetic
fields of 0 T (dark yellow), 3 T (magenta), 5 T (cyan), 6 T (green), 7 T (red) and 9 T (black). (c), (d) Magnification of the
film and 1.5 pm strip transport data under 9 T at low temperatures. (e) The comparison of metal-insulator transition (MIT)

temperatures between the film (black squares) and the 1.5 pm strip (red dots) derived from the cooling curve in (a), (b) [16].
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Fig. 5. Hysteresis loop (solid line) and initial magnetization (dashed line) of a 60-nm LPCMO film is measured in

the in-plane (a) and out-of-plane (b) direction, beforeand after the highest density antidots (D5) fabricated in it.

Stronger magnetizations in antidot samples than in the film in both directions are shown. (a) and (b) Insets are

29]

detailed information of the hysteresis loop around zero field [29].

227502-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 22 (2018) 227502

Pl o Sz 2R S B R s AR R 2 D R 1 IS R,
FEARSLIGH OGEH PRI, R4 T, &Em%
£ 1 antidots £ i (D5) )4 & - 48 S A i A8 it B2 L
MRS HEE S 740 K EA, X—&F -4k
AR FERIR SR AR BRI, BN R AERA X
FE b ASATART 45 2% 2508 B it n &7 12 1R 155 450 7
gh L. AN, B antidots % B A3 N, A TE &
J& - A AR AR IR FE T B AL PH 2 (B K FLFH 2R )
K B, f s % B i D5 &8 -4 R AR
HIBH R LL 2 I R 1% T 60 215

Antidots £ 5 1 [ W (in-plane) F1 [ 4b (out-
of- plane) [T &, 45 R 5 (a) FE 5 (b) B
N, FTLLFE B, antidot B 51 R RE i B 0 L 3 i
P b O AN R B2 1T 3@ 1 B R B antidot
B B i L THT P9 5 107 &7 PR VR R R o 4 1) L i S
mb i 12% A1 13%. T AT 46 A il 22 (B 5 (a) A
K15 (b) I REZR) AT LA /N3 S WA s B T
) —~F &, antidot FEF1FF dh B4 P LG i A
BRI Z, XMW T antidot #4575 HFAH 5 2
i 4 R A 1A B B ey 180311,

HH AT DL, FH antidots SR #5140 45 11 23 4]
orAi e —MEEA TR SRS IR WA T E G A
LB SN 5k AT LA 5B A S AV T R v

3 EARMHTEFRERAN S B
& T

AN AR LR G B RURE B N K RORL [
Y CEE 3 Z T, (B2 BT A B LA b
22 ) ROBE BRI R AR A FEAT S8 A2 AR N, T A A2 7R
A I TR R 2 A5 5 1 AH 4 B R RS Gt
FEARHM). AT SN, £ BA KRB
B R A L E S A B A R e
FE, HTKEECHBEAEN, RRERFMHES B
HAER = S EAE R, R AL RA
HAh I FERLER A A 85234,

% LAELE — RAVBA KRE T4 5 B R AIE
JEZ B LPCMO M B A [R] BLAZR 1 B A 25 4 v 38
Tob 7 WA A DN RN MIFML 434, M T A
TEANF B AR LPCMO B FE R, 53] 7 H 148
o3 B Bl 2 i) RO AR A st B2, 4 & il B, 75
B TAEHE T A B R S, LPCMO [B £ 44k 2 Al ik
WIS 4.

£ LPCMO B AE 5 b, 8 g in THR
il % 724253 528 500 nm, 800 nm, 1 pm, 2 pm,

3.8 pum, 7 um 20 pm BEFFES. 5o, ME—
NEAA B LPCMO [3 8K i 47 1 WAk 98 FE BE iR
FEARAL I & (magnetization vs temperature, MT
k), Wl 6 pras, Bringbiiish 1000 Oe, AL
mn R EHE AR ASESEH Y. E£EAKRT 1 pm
R ity H mT DA 5 21 B 2 ) A TR, 1 A B
1a V5T R ) B I G A LR 0 B AR R ) R
fEZ—. N T EAF4E M EE MT #h 4%, 4% 500 nm A
800 nm ELAEAE i I EEHOR, I FHAS R B R 7R
H PRI, 77 DURILAE 800 nm ELARFE dh
AT SRAEE RN B B 9] B2 500 nm ELA%
FE i #AG L4 58 2V 2K, IR AT BE 1 B 7E 500 nm #F
i PANEE LA B A, B A ST R Il
JRSFATREA T 500 nm A1 800 nm 2 [A].

800 nm FEL1E A LA F HIFE i B AL ith 28 73 il fE
220 K150 K 22 A AFAEPIN R, 220 K AR R
X L PR 2 SRR AT A P A 6 B RLEE, 50 K
45 RO L ) R RS B 3 AR IR FE . #E 500 nm B
BRI AL th 28R ) 220 K AR 40 s 2%, B tHE
DUAEAZAE it b ] BEANAFAE Sk i A A A 199961,

] UE AL 2R A MH il 28 2 8] 1 XA A2 A
Wr— ANk &R B AT A B A A E.
K6 (e)—(h) BnT 5 K F&MHEZKLPCMO
B REA RE B BE A I REa ARt 2, 25 e
ANy, A AT R A £, B2
FEIZE. fEE AR KT 800 nm AL A, HIUG R it
2R MH 12676 B 210 X, S 80X AN IR R A
T AE IX B AR F b 2R T 4 J8 AH AN S R G L AT A A
P FEM B FEYRERZ S Ka, 12092584 M
Yy, FE AT AR IRAS I Bk WA R B B, g AL
7 IRIHT AN 7 RS BEAE Wi R SR K, R R
HH IR S Ak LA A R AR 3 AR RGER AR, AT S ) 46
A I 2 Ak SEBE RS 38 K. W g A P A — Bl A
ERBER, B SMEZIZ ), WORORFFRRIEAH, 3 1
33 7R E BRI 2. Ik, 800 nm HAT
J UL B LPCMO [ 48 44 2 8] i H 30 T k1 4
JE R R AR i SIS o N LDl R 5 s o
£ 500 nm B2 1) LPCMO [& &£ &, WG g Ak
2R A R 28 58 A L ) SRIFLE AR T A6 IR
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Fig. 6. (a)—(d) Temperature dependence of magnetization (black lines for cooling and red lines for

warming) under 1000 Oe. (e)—(h) Initial magnetization (red lines) and hysteresis loop (black lines)

at 5 K of arrays of LPCMO disks 1371,
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—(e) 10, 100 #1180 K, 1 T ¥

Fig. 7. (a) AFM images of LPCMO disks with sizes of 500 nm, 1 ym, 2 um, 3.8 pm, 5 ym, and 7 ym in
diameter. (b)—(d) The MFM images of LPCMO disks under 1 T field (external magnetic field direction is pointing

perpendicularlyto the sample surface plane) taken at 10 K (

, 100 K (c), and 180 K (d) [37],

8 500 nm Ef LPCMO FI#TEA R EE R i MFM 1 [B7)
Fig. 8. MFM images of 500-nm disks taken from 20 K to 200 K [37].
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Fig. 9. (a), (b) RHEED image for the substrate and
the sample; (¢) RHEED intensity oscillation during
the unit cell by unit cell growth of LCMO (black) and
PCMO (red) 1461,
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Fig. 10. Temperature-dependent resistivity measure-

ment at zero magnetic field 461,
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Fig. 11. Temperature-dependent magnetization mea-
surement at 100 Oe. The insert shows the initial mag-
netization curves measured at 10 K after cooling from

room temperature under zero magnetic field [46],
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——
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FE1 T BRI T REIRE AR MEM B XA 7 um x 14 pm, B RES 50 (0 — BERO) MRKE SRS, 5N
T (Kf s — FEE ) B BB A, (c) MIEEERTE 1 T B% TR R-T Hhk [40]

Fig. 12. MFM images of R-LPCMO and O-LPCMO. Temperature-dependent MFM images of (a) R-LPCMO and (b) O-
LPCMO under 1 T field cooling (the magnetic field was applied perpendicular to sample surface). Scanning areas are

7 pm X 14 ym. The negative signal indicates FMM state, while positive signal is AFM-CO state. The AFM morphological

images are measured from the same area as the MFM scan. (c) Temperature dependent resistivity measured under 1 T

field cooling [46].
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Fig. 13. Temperature-dependent resistivity of O-
LPCMO strip (black) and R-LPCMO strip (red) [46],
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SPECIAL TOPIC — Quantum states generation, manipulation and detection
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Abstract

Complex oxides system displays exotic properties such as high temperature superconductivity, colossal magnetore-
sistance and multiferroics. Owing to the strong correlation between lattice, spin, charge and orbital degrees of freedom,
competing electronic states in complex oxides system often have close energy scales leading to rich phase diagrams and
spatial coexistence of different electronic phases known as electronic phase separation (EPS). When the dimension of
complex oxides system is reduced to the length scale of the correlation length of the EPS, one would expect fundamental
changes of the correlated behavior. This offers a way to control the physical properties in the EPS system. In this
paper, we review our recent works on electronic phase separation in complex oxide systems. We discovered a pronounced
ferromagnetic edge state in manganite strips; by using lithographic techniques, we also fabricated antidot arrays in
manganite, which show strongly enhanced metal-insulator transition temperature and reduced resistance. Moreover, we
discovered a spatial confinement-induced transition from an EPS state featuring coexistence of ferromagnetic metallic
and charge order insulating phases to a single ferromagnetic metallic state in manganite. In addition, by using unit cell
by unit cell superlattice growth technique, we determined the role of chemical ordering of the dopant in manganite. We
show that spatial distribution of the chemical dopants has strong influence on their EPS and physical properties. These
works open a new way to manipulate EPS and thus the global physical properties of the complex oxides systems, which

is potentially useful for oxides electronic and spintronic device applications.
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PACS: 75.47.Gk, 85.75.-d, 75.47.Lx DOI: 10.7498/aps.67.20182007

* Project supported by the National Key Research and Development Program of China (Grant No. 2016YFA0300702),
the National Basic Research Program of China (Grant No. 2014CB921104), the National Natural Science Foundation of
China (Grant No. 11504053), the Program of Shanghai Academic Research Leader, China (Grant Nos. 18XD1400600,
17XD1400400), and Shanghai Municipal Natural Science Foundation, China (Grant Nos. 18JC1411400, 18ZR1403200).

1 Corresponding author. E-mail: shenj5494@fudan.edu.cn

227502-14


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20182007

	1
	1引    言
	2单激发态的制备及退相干
	Fig 1
	Fig 2
	Fig 3
	Fig 4


	3单激发态至光子态的转化
	Fig 5

	4单激发态的相干转移
	Fig 6
	Fig 7


	5光与原子纠缠的产生
	Fig 8
	Fig 9
	Fig 10
	Fig 11


	6确定性制备光与原子纠缠
	Fig 12
	Fig 13
	Fig 14


	7量子中继及量子网络演示
	Fig 15
	Fig 16
	Fig 17


	8结    论
	References
	Abstract

	2
	1引    言
	2核磁共振量子计算基础
	2.1 赝纯态制备的“二步法”和“一步法”
	Fig 1
	Fig 2
	Table 1

	2.2 量子噪声注入技术
	2.2.1 纵向弛豫噪声
	2.2.2 横向弛豫噪声
	Fig 3
	2.2.3 混合噪声

	2.3 量子态重构

	3利用核磁共振实现量子算法
	3.1 HHL算法
	Fig 4

	3.2 量子机器学习
	3.3 对偶量子计算
	Fig 5
	Fig 6
	Fig 7


	4利用核磁共振实现量子模拟
	4.1 隧穿现象的量子模拟
	Fig 8
	Fig 9

	4.2 拓扑结构的量子模拟
	Fig 10

	4.3 高能物理的量子模拟
	Fig 11


	5核磁共振量子云计算平台
	Fig 12
	Fig 13


	6结    论
	References
	Abstract

	3
	1引    言
	2半导体单光子探测器
	2.1 Si单光子雪崩二极管
	Fig 1

	2.2 InGaAs单光子雪崩二极管
	Fig 2

	2.3 半导体量子点单光子探测器
	Fig 3


	3上转换单光子探测器
	3.1 基本原理
	3.1.1 器件模型
	Fig 4
	3.1.2 器件输运性质
	Fig 5
	3.1.3 LED出光效率
	Fig 6

	3.2 器件结构及优化
	3.2.1 PD和LED性能优化
	Fig 7
	3.2.2 上转换器件优化
	Fig 8
	3.2.3 光耦合结构优化

	3.3 性能指标
	3.3.1 时间分辨率
	3.3.2 光子探测效率
	Fig 9
	3.3.3 暗计数和暗发光
	3.3.4 噪声等效功率
	Fig 10

	3.4 器件制备工艺
	Fig 11

	3.5 USPD空间光耦合实验
	Fig 12


	4总结与展望
	References
	Abstract

	4
	1引    言
	Fig 1

	2纳米线中量子点生长及单光子发射
	Fig 2

	3自组织量子点发光波长拓展
	Fig 3

	4高Q值DBR微腔增强InAs单量子点发光
	Fig 4
	Fig 5
	Fig 6
	Fig 7


	5量子点单光子发光的光纤耦合输出芯片
	Fig 8

	6单量子点共振荧光
	7量子点单光子参量下转换实现纠缠光子发射
	8量子点单光子的固态量子存储和量子测量
	Fig 9

	9总结与展望
	References
	Abstract

	5
	1引    言
	2质谱和光电子影像
	2.1 飞秒抽运-探测技术
	Fig 1

	2.2 飞行时间质谱
	2.3 光电子影像技术
	Fig 2


	3激发态超快内转换和系间交叉过程
	Fig 3
	Fig 4
	Fig 5
	Fig 6


	4多原子分子的激发态波包动力学
	Fig 7
	Fig 8
	Fig 9


	5多原子分子内的能量转移过程研究
	Fig 10
	Fig 11


	6超快光解动力学
	Fig 12

	7分子激发态结构动力学
	Fig 13
	Fig 14
	Fig 15


	8结论与展望
	References
	Abstract

	6
	1引    言
	2单分子电致发光和单光子发射
	Fig 1
	Fig 2
	Fig 3


	3分子间偶极-偶极相干耦合的可 视化
	Fig 4
	Fig 5
	Fig 6


	4等离激元纳腔中的单分子Fano共振效应
	Fig 7
	Fig 8
	Fig 9


	5总    结
	References
	Abstract

	7
	1引    言
	2新型超导量子比特的制备和研究
	2.1 位相和nSQUID型量子比特的制备和研究
	Fig 1
	Fig 2
	Fig 3
	Fig 4

	2.2 超导谐振腔和量子非破坏性测量
	Fig 5
	Fig 6

	2.3 Xmon型量子比特的研究
	Fig 7
	Fig 8
	Fig 9


	3量子物理、量子光学和量子模拟 研究
	3.1 超导位相量子比特中的量子随机同步 现象
	Fig 10
	Fig 11

	3.2 超导三能级系统中的电磁诱导透明 现象
	Fig 12

	3.3 受激拉曼绝热通道现象
	Fig 13
	Fig 14

	3.4 循环跃迁和关联激光
	Fig 15
	Fig 16
	Fig 17

	3.5 循环跃迁和非线性效应
	Fig 18

	3.6 超导量子模拟
	Fig 19


	4结论与展望
	References
	Abstract

	8
	1引    言
	2量子模拟
	Fig 1

	3基于超导电路系统对拓扑体系的量子模拟
	3.1 基本原理
	3.2 实验方案
	Fig 2


	4自旋1/2系统的模拟
	4.1 时间-空间反演(P-T)对称性保护的拓扑半金属
	Fig 3
	Fig 4
	Fig 5

	4.2 Hopf-link半金属
	Fig 6
	Fig 7
	Fig 8
	Fig 9


	5自旋为1的系统: Maxwell金属
	Fig 10
	Fig 11
	Fig 12


	6总结与展望
	References
	Abstract

	9
	1引    言
	1.1 光子、电子分别是研究自由空间和固体环境中量子单态的主要媒介, 也是未来量子技术的候选载体
	1.2 量子点操控的光子发射和探测
	1.2.1 量子点单光子源
	1.2.2 量子点调控单光子测量


	2量子点隧穿放大光子探测的新机理
	2.1 量子点耦合共振隧穿二极管(QD-cRTD)
	Fig 1
	Fig 2

	2.2 QD-cRTD器件的光子响应
	2.3 QD-cRTD器件光子统计实验及光子数分辨
	Fig 3
	Fig 4
	Table 1
	Fig 5

	2.4 QD-cRTD器件的近红外光子响应
	Fig 6


	3量子点圆偏振光子发射
	3.1 磁场中单个量子点的塞曼效应与抗磁效应
	Fig 7

	3.2 磁场作用下激子自旋态自发辐射率的选择性调制
	Fig 8
	Fig 9
	Fig 10
	Fig 11

	3.3 量子点光子源原型机
	Fig 12


	4结    论
	References
	Abstract

	10
	1引    言
	2锰氧化物中的铁磁金属边缘态及其量子调控
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5


	3锰氧化物中空间尺度限制对相分离的量子调控
	Fig 6
	Fig 7
	Fig 8


	4锰氧化物中化学有序掺杂对相分离的量子调控
	Fig 9
	Fig 10
	Fig 11
	Fig 12
	Fig 13


	5总结与展望
	References
	Abstract


