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Fig. 1. Classic bit (left) and qubit (right). Qubit presents
the superposition of |0) and [1).
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Fig. 2. The schematic of Josephson Junction.

62 P no =) h 26
Jrh g = S e Lot b=

= P, R B 4 &
LR BEf, Ey = 2Ejcos ngOc’ ¢ = £1 ; P2

(h/2e)(1 — ¢2).

MLIEFR ARG S B e, HE TR AR
25 L g ] DA = LRSS A L fr
FCAE (charge qubit). % 7 FUAF (flux qubit)
KA T HUHF (phase qubit).

MR TR YE > B0, Biigea b
P, BRI DL 2, 8 A b i R F 6B AT R
YER BT LU R 2, PP B i LU R
ey 5 1 LR, KA Cooper-pair box[62.

BEEE TR N E > E 0, AT L2,
FE IS Y LB 2 SR R ARG 2 AN, 38 R R 3781 258k
RERGE I (B A BT BE | USSR R ARG, W i S BIF
M AR RE M BRATE, 77 A PS8 L I [, 9 Sl o)
IO 3 1 AR A 9 |0) A1) 12, X FR SR A A
- HOA R i 1 LU AR

MHNEFHEF ME > Em, SHEETI
FEAARL. JE AT AN B LR, AR S A
TEILA IR REYL, BRI RE A 7 Le Ry
FA10) A1) -2, KRR 2R AU 1) 55 LUARRRR R AR A
LR

T i T T 2 A AR S R R,
— KRB NCRIE T K, I — KRS
EATEVEALR(E AR R IUEZeE AN ARSI 1N
3.1.1 HHAFK

A IBM., SRR L AN WA e
Kz AU 5 BRLA R B 45 B N S lk Ak
WL R R AZ G0 S Aok SE 8 R 4
ARBEAE. 2019 4F 5 E A FIBHREY 53 1L
T Sycamore AEFRESF S T “it bl 69,
il £ AL BRI RHE A K AERE B A L =
PRER IR, 3 S0 AR RS T 14 YOk
RSN, A R EA AR R 2021
AF, o ERM R AR AR b L AT BAE R T 62 i
FLURF IR AL BR AR A vp 25 O i A FRAR RIS
W H MG S - AR 4, @it Al/ALO, /Al 45
PR 95 29 S5 R AR A, IS8 BB 1 LU ARy TR 4F
WL R A AT T FI IS Ge i SR SRR T 25 1 « 5L
T 157 MR H 1 57 lFEFSRFARRR L L
Sl SE A AR S E IR E

PR

aq%C:

160302-5


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 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 160302

BB Z —. HRGR Si FIH AFE—LE
TCIE BRI, BR T 5 BRI T TARSE, T
BRRRA I E A, SPFREA AR R S
FEGETAERARAR T, W TSNS,
AL e T TS L A AR s e, e T
T i s i T RAL.

3.1.2 i6iABFAK

TR AT RERE S BT B NSRBI, i E
R FERR IO SR PR 22— iR A R A —
AN ROT R T S RN 2 REAAG 1 (Y # b
BT HR. SRR R R AR R T
AR AT RE B, SR, HRTOC TR ME AR
WFTE i B AN S MR T 220K ar s L il &R
Z BRI T B = AR R AR L A 22 AR R
IR AURUR S P E R e ) B B
25 FE AL R T MU R A 3 4 M T 223
FT M T AR T IH R RS HAT, T
E R AN IR A B R LN DB N Tl A REZE | B oy
TEME T 57 4 AR Nl A SR R AR T 5
AP RERL RIS 5, Bridh T NE AR A
LIRS s SR A TRt — R . e I 1Y
55 405 5 BATREVRAN G 0] TR A SR
PSS DI AR SN FOR AR
23 FL AT 1) 5 TS A M S AR R Y S 5

3.2 F5&

e T A A R B AR B T ST Y
B, i R R R T2 FE 20, i
5 IACRE R AR iU B HOR e AS 1 ik =
TRE IR RIGLZ N Z T, RAIEE
9%, I T SLIRRE ARSI TR, B ERR R LL
FF I AE B 1] (GRAH T B 1)) SR AT REM K, i
PR ZSTRE AL, EA TN A >
-5 00 A E B A 00, R o ik T
TR A 1 BB i HURE, F20pk
SNV EBEMEHAR 07, I GaAs #F4, InSb 44
KRERSE. M T 32 B R A e i RS 240 4H BAE FH Y
BEHLFZ M, 046 5 T2 rf () B e it R AH
TH AR, AL SR T2 b o (R
T R L AR, T VIERY Si Al Ge
MBS 2] T I 1 & e, JEHOR R R aifbh AR fif

13 AATRERE & ToA% FLE 25Si A1 2Ge &1,
Be A1 an sl 2= gl ik b (dynamical decoupling
pulse) FFHA, ATRIESE S TEIKh iR L
FEOAH I E]. 2R T2 3L, |
AR R T AT LAl A A BR IR 2 R LU RR Y
HELEERAE, L =45 F 4 Hadamard |7,
Pauli-Z [ JFI T[], P ke— ik 5 Hofer 24 26
ARULAS T, 40 CNOT |1l vSWAP [Jal CZ 15081,
B2, TR RO A A BAE A, B S
R a N E T IR R A B A A BRI R B
(fidelity), T8 I AE R ST T 2e 1A h & i A 22
THE B R e 2 IR, —Fh T Al 55a0 r 25
T R 22 B Surface TS 7E 2012 4R 48 1, 1%
J7 48 R A B R TS R A O B R
i 99% A REf G — N RS A6 10
L LR TS BE S |0) RN 1) B 2 S
[9) = cosf/2|0) + e'#/2sind /2[1), & LAFKIK A%
RERTAT A — s B LA A S A B T H R T
LLAr i R AE Bloch BRI Aa sl 54 5,
P AR ST B AR TE [ S8 anfer LU AT
AE i A PR ELEEUT Bloch BRR IS4 3N, U1 Rabi #k;.
|0) FT|1) 7T LAJRAT B I BRAS 42 A RE L, Lh4n
B, B R ECE A /XY A BE, I 0) F 1) 3%k
I FBERA T A b, FEAMIN— ORI 2 s
Wi Bo, — M/ 5 Bo T IR G Wi By, L
Fe—A TR, TEeiE Aepbn & N izik &
A 2 i £ 5 Sy 70
H = (—wo+w)o,/2 —wr/2][cos (¢) o, — sin (¢) U?(Jé)’
Hrhw, wy =~BoMwr =vBy 70 Kl $7
BRI AR, BT A ERY i1 L RR T 28
b [ /fig f OB % 2 5lE 17 e BH 2E S8 A Tie- R
Pop e 4, DT 2R e e LU ARR . Lb nsd ik 1 e/
RS AR IR 2R R, AR 1 Xk B i Rl
I JE A4 B RS BB (7. e L 2 A58 e el B
LU AR B B LA SE B0 5 AR 32, Harvey-Coll-
ard 55 ™ f& B charge-state latching £ R S8 T
99.86% 1132 45 I & AR ELRE . = SR M RHIN 29Si 1
R A AH T AE R RELIR S = B = L
FEAE I RIAR A, S8 R R Alifh (25S1) DA
R AR IR SRR R, 2017 4F Yoneda 45 173 52
BT IRAHTHE] 20 ps, #PEETHE] 17 ns, 2R R
JEIRFN T 99.6% HIRAFSE. 1 H Kane $2i Si:3P

160302-6


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 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 160302

RGN FERT DR R LR LK, Si'P REe15
2 TWAMMEFE, 2014 4F Muhonen 55 M SZHL T
99.99% K 32 AR FLRE DL K5 600 ms FIR AH I
). B 7 A BER+ LeReLASE, AT fift Ay,
H E-FLfr 24 b RGAE i 7 HUAe, AH G 5T 45
BUs TR .

MR B R ] R BREE = Fh i XA
A LRI S B, G A B AR (4K,
UG AREE) | FEACHH AR LA S i T H 8l )2,
M, AZHG AR B R 4l e it s i 2. ik
ok, — PRI ]—— “CROT 17— 1%
B TIRAMMSE, E454 T CNOT [ TH— 51k
FEIT, 0 H AT S A b B R P Y R B (5
LB CROT [T, ARUsD T L0 Y
oM. 7€ 2018 4F, Huang 457 S280 T CNOT [ ]34
98% HYTRELJE . Gate-set tomography $ R GE S K
Hamiltonian error F1FEALEE 12055, R {#E1S A
IR L IE R R | IO 1R 5, T4 e f
FLEE 61,2022 4FEH], = AN RN GE T8 LR
FRCLEART T8 3 99% Il F- 08 B BE ) /N IR 2
MEFIHE RS, WFETERE P 5240 28581 Mk
S 1A 2 N AR T AR RS T R
R A kR A R i 7 R R R alifbny 28
Si/SiGe SpJHgh ™), I =10 TAEAR G & SR E T
TR L TG B, e bRk il 2% | i
OS5 T A AR, i — 5B mT 4 B i B RR
Eaf R iR REEN N T — P a N KA
177 1]

3.3 X =
i 20 AR, TR TORFNE TR R
B TIRZAE I, W RN R G 2
BRI B QED RSB ST RSBk
mn B3 A5 BT B RE AU 5 AN A A 5,
AHTFIHE G, I HLAE 7 HARR A 2 e i HAT 7R
KARH. et QED FIFH R 75 5 A BAE
FEHIR T NFRES, OCTIE R T Pt T &
TR S FERRNES TR 58T
T I S A o A B, AN e RO T
P2 RIS E, T B B
i/ NT R FRIMPES T, AP, 165
¥ RS HL, T8 IR O T IR o A A A
1) 3% €0, - 22 [) P R B A P 5 3 B LA R R4S A 2
[ AREZERER. 2002 4F, e B R2EMY Greiner 45 B
FIFE A R Z AL T MBS 2 Mott 4623511
FHAE, AR FPEEL K Cirac Fl Zoller™ TAE
SRR RSERRI . 2021 4F, TR KA
B PR 9 201 1960 3 A 0 8- i I — 2 Y A
YR SR TR B R, T IRAE SEE S
T AT AR A A AR B ] 1) R A 2l g
3 (WAL 3). 2022 4EW), RAE BT 2# B R 1Y
Hartke 45 57 | FIIOE T T2 % — 4E AR BB, i
RT KLY A00XHA TR, Iy 7 A8 X v
R3PS [ IR T R SN, X —
FpranyE T ERE. 2ZNHEr RS20 Bernien A BA 159
BET T —A™ pi1 Hp e i 0 A S5 A 8 ) D - B
G, ST A 512 A i AR R

(a)

ws

QN2 ‘>< QN3 ‘A /\V/\’\V/\’\/AN-’ -’A&

(b) QN

1
(—O—«—- D5

PBS

~ /jb{_\ e, & R S v
= /’\ Qwr ol Pl = e
SN DR R

Segment I

.\D1 /IDQ .]\:).3 ,‘D4

Entanglement connection

QN4
D6 EB— C‘w\

Segment I

B3 (a) w7 P dk Brast i) 24 48 5% B R R BT 1890 (b) s RSB 22 1) 174 21 28 3 2 1) 2 06 R 4 S T 8

Fig. 3. (a) A sketch of entanglement connection (swapping) in the quantum repeater protocol®; (b) the whole experimental set-upl*9.
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Fig. 6. Illustration of the experimental setting for the meas-
urement of quantum thermal Hall effect in the 3D topolo-

gical superconductor!!?7,
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Fig. 7. Schematic pictures of NS (a) and SNS (b) junctions!'34.
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MR AR L AT L 139 (b) HAIRFMER AR il 2 034
Fig. 8. The differential conductance of NS nanowires is plot-
ted as a function of the bias voltage for nontopological

nanowire in (a) and for the topological nanowire in (b)!!34.
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Fig. 9. Current-phase relationship in SNS junctions of topo-

J/(e-A-h—1)
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1 2
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logical wire. For comparison, the results for nontopological
wire is plotted with a solid linel’34.
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Fig. 10. Superconductivity at 3.8 K in Cu,Bi,Se;'%.
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Fig. 11. Zero-bias conductance plateau observed on Fe, Se,Te; ,: (a) Schematic of variable tunnel coupling STM/S method!'*;
(b) a line-cut intensity plot along the dashed white arrow in the inset!'"*"; (c) an overlapping plot of dI/dV spectral®; (d) 3D plot
of tunnel coupling dependent measurement, dI/dV (E, Gy) "*3; (e) color-scale plot of Figure (c) *; (f) horizontal line-cut at the

zero-bias from Figure (e)*¥); (g) horizaontal line-cuts at high-bias from Figure (e)!*3.
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Fig. 12. Distinctive edge features in susceptometry of Fe,,,Se,Te; , flake: (a) Optical image of the samplel'™; (b), (c) the suscepto-

metry and magnetometry images of the sample, respectively!™; (d)—(g) susceptometry images of the sample at various 71" (h)

line cuts of the susceptometry images at various T along the vector direction () as labeled by the arrow in Figure (d) [%; (i) inter-

polated image from the line cuts in Figure (h) '"l; (j) superfluid densities as a function of T extracted from point 1 and 2 in Figure (d)!'*!].
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B 13 Li(Fe, Co)As BIHLF258  (a) Li(Fe, Co)As [ FhARSE #4 151; (b) LiFeAs b I'M Al I'Z B fig7 LI (c), (b) Cut D ALK
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Fig. 13. Electronic structure of Li(Fe, Co)As: (a) Crystal structure of Li(Fe, Co)As!'™]; (b) zoomed-in view of the LiFeAs band dis-
persion along I'M and I'Z'; (c) in-plane band structure at Cut D in Figure(b) 1 (d) (001) surface spectrum of LiFeAs!!;
(e) ARPES intensity plot of LiFe, ,Co,As (z = 3%) at 15 KI®!; (f) ARPES intensity plot of LiFe, ,Co,As (z = 9%) at 10 KI'51l.

6.1.4 (Li, Fe)OHFeSe

(Li, Fe)OHFeSe [F#E 122k SR h HA
FFN R FPE BT — AR, B T, Sk 42 K.
FERL AR A B AR B U2 192 X izkhkE
AT T RGMIWTSE. BB E ARPES A9 & rRouli
BTk Hr AR A, BeA TR A L M
J; TEICHREEEY (Li, Fe)OHFeSe #£ 5 X 3] STM
BT I THE A 1 2l L R0 (1920 S Ao (o PR AW v
AER P PER M STM X (Li, Fe)OHFeSe i — 1
W, R T BRI AFRERGS T W ILHR Andreev
S5 IR G Bt Ak ) 5 A P R0 193 (] 14 BF
)5 HUA 23 (B B AR STM Il & & AR & fe
AJEILHEWRZS ARG, R RERIN A K IR
o 04, X— KBS HE I (Li, Fe)OHFeSe 141k
(s DTN AR T A F BB T A AH — 2

6.1.5  Sn; JIn,Te

SnTe 1 BiySes 251, i —F4h Fh 48 Lk 1k,
NP H A 2% B A A Sn #E4T In B2 H A
SR 199, FER TR B 4% 1Y Sny In,Te fik
Mg~ 0.04 (T, = 1.2 K) I, A & HL S fE
Bl 2 (01N 15 firR), [F, ARPES (i &

FH In BAUEHINETASRRFEHE 57 Sny_In, Te
N SRS 2 — P 0. e, B
HiRTE 2 = 0.04 5 TH AR T E T

6.1.6 TaSe;

2018 A Hlg A Rl i S — M R T RS
TaSe; A Al Ge & FME AR 198, 5 ER T2 AR
RS2 E. BFREEZANTAIH ARPES, STM, LU
iz ) B S 06 T B K — 3 AR v — 4 5 M R

1.5

#
¢

saath |

Go=2e2/h

1.0

0.5

Zero bias conductance/(2e2-h~1)

0 012 014 016 018 1:0 1.2
Gn/(2¢%h~1)
K 14 (Li Fe)OHFeSe At 1k 1) & fi B A S 06 159)

Fig. 14. Quantized zero-bias conductance peak in (Li, Fe)
OHFeSel'.
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Fig. 15. Zero-bias conductance peak in Sn; JIn,/Te: (a) Dif-
ferent temperatures at B = 0 TI"5%); (b) different magnetic
fields at T'= 0.37 K170,

"~ surface states

—— e
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Fig. 16. Electronic structure of TaSes!!%.
6.1.7 2M-WS,
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Fig. 17. Topological surface states of 2M-WS,/161,

6.1.8 PbTaSe,
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FNTERAS, SR EAn PR ) Bl X R g (169);
IR AR T BT AR AT AU 2 PbTaSe, H
AR INRTS (WE 18 FiR), NEIhih i
BIETKREAL S HHE AT 58 240 8, AR
FINFE T A HE B K BE AL @l A B ST (G AR 1169, BfF 5
N B3R TE PhTaSe, WL F 5 322 il b B — F 5
SRR S LG A X RRbE, BRI R
S ANAFAE TR0 14 1) 71 P 5 17,

hv=64eV T

|

1

-
; ‘ .
-2.0 —1.5 —1.0 —0.5 0

ko /A1
18  PbTaSe, 1A WA~ # Fh 3% 1 245 16%]
Fig. 18. Two topological surface states in PbTaSe,/!6%],
6.1.9 B-BiPd

BT Lo AR O AR TR B O I
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Fig. 19. Topological superconductivity and MZM in 3-Bi,Pd film grown by MBE: (a) STM topography!'®”; (b) Differential conduct-

ance dI/dV spectrum!'®; (c) normalized zero-bias conductance map!

169; (d) tunneling conductance dI/dV spectrum!'”; (e) normal-
[169]

ized dI/dV spectra measured at location with radial distance r from the vortex center!!%.
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6.1.10 WTe,
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Fig. 20. Gate-tuned superconductivity in monolayer WTe,[!7.
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Fig. 21. (a) A series of dI/dV curves'™!]; (b) the color image of Figure (a) '®!; (c)—(g) the experimental results for 2-6QL samples,

following the similar data process of Figure (b) ['®!; (h) summary of the start points of the peak split ['!].
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Fig. 22. Quantum zero-bias conductance peak in Al/InAs
grown by MBE: (a) B-Vsd sweep!'™; (b) differential con-

ductance line-cut plots taken from Figure (a) at various B

values!!37),
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Fig. 23. The differential conductance curves as a function of the bias voltage at different magnetic fields!'’l.
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SPECIAL TOPIC—Recent advances in hardware, algorithms and software of
quantum computers
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Abstract

Since the physical limit of Moore's law is being approached, many alternative computing methods have
been proposed, among which quantum computing is the most concerned and widely studied. Owing to the non
closeability of quantum system, the uncontrollable external factors will lead to quantum dissipation and
decoherence. In order to avoid the decoherence of quantum superposition state, the fabrication of robust
quantum bits has become one of the key factors. Majorana zero mode (MZM) is a quasi-particle emerging in the
topological and superconducting hybrid system. It has non-Abelian statistical properties. Therefore, the
topological qubit constructed by MZM has natural robustness to quantum decoherence. Despite the arduous
exploration by various experimental groups, the experimental verification of MZM is still lacking. This paper
reviews the history and main technical routes of quantum computing, focusing on the theory of topological
superconductors, observable experimental phenomena, and the latest experimental progress. Furthermore we
discuss and analyze the present status of the topological superconductor research. Finally, we prospect the

future experiments and applications of topological superconductors in quantum computing.
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