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Fig. 1. Schematic comparison of two-dimensional chiral to-

pological superconductor (TSC), IQHE, two-dimensional
helical TSC and QSHE. (a) Schematic comparison of two-
dimensional chiral TSC and IQHE state. In both systems,
time reversal symmetry is broken, and the edge states have
a definite chirality. (b) Schematic comparison of two-dimen-
sional time reversal invariant TSC and QSHE. Both sys-
tems maintain time reversal symmetry and have a helical
pair of edge states, where opposite spin states counter-
propagate. The dashed lines indicates that the edge states
of the topological superconductors are Majorana fermions so
that the E< 0 part of the quasi-particle spectra are redund-
ant, adapted from Ref. [95].
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Table 1.  Symmetries and corresponding topological invariants of superconductors!™.

Class TRS PHS CS d=1 d=2 d=3
Spinful or Spinless SC D 0 +1 0 Z;/gcom Z(TKNN) 0
Spinful SC with TRS DIIT —1 +1 1 Z;geom/ 2 ZéKM) Z(3dW)
Spinful SC with SU(2)-SRS C 0 -1 0 0 2 Z(TKNN) 0
Spinful SC with SU(2)-SRS+TRS CI +1 -1 1 0 0 2 Z3dW)
Spinful SC with TRS BDI +1 +1 1 Z04W) 0 0

4:: TRS (time reversal symmetry, i [A] & B FRIME), PHS (particle hole symmetry, #7285 7 kM), CS (chiral symmetry, T
XIFRME), SRS (spin rotation symmetry, HBEREFXIFRYE), Yyoom JUAHFAAL), ZTENN (TKNNAE ), Z(QKM) (Kane-Mele /NVIE ),

Z09W) (—HEGLERY), Z50W) (S HEGELEEY).
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Fig. 2. Schematic of the non-Abelian statistics principle of
MZMs: (a) 7; winds counterclockwise around 7, by half a
turn; (b) v, winds counterclockwise around 73 by one full
turn; (c) schematic of braiding two pairs of MZMs.
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1.0

K3 TEESESEMTRN ZBCP  (a) Sn/BiSe; B3 45#4 T i BLi ZBCP, 72 A P 730y H — i % 25 L S 7E A [ IR 2
HRET T R T E R Vi BIRRE, Ay Ay Bl TR R BRI REBR S5, 7EARIR S k3% T RE M EE B .2 /Y ZBCP, 5| A 3Tk [57).
(b) 7o 5 58 A2 B 5 YR ZEAR P oW I B Y MZM B . 72 K R T AL SE A B 5 7Y InAs 2B SARGUR LA Y% L3 L 7
W f48% (scanning electron microscope, SEM) M A, A5 B 1y W THESFHL T dI/d V R Tl 2L 9K I AMINeEE (K5l ) Al s
MR (AR B TR, R T R ROE AL E AR AR, AKX — ARG T By AL B AL R REBR N R R RERS, T O R T AETE MZM
7 BLRIREILAE SR, 51 H STk [177). (c) 55— DIEH S /2R ARG R L 451 T UL 22 B ZBCP 5236 of B i 4% 474 9 SEM [ . 1IE# 4
JE& L Au S22 5 InSb 9K Z8, 18 5 s B NDTIN W) R 35 FHorp—3. Rl I TH 1—4 4832, 51 A SCHk [47). (d) B (c)
ETEE SN T, d/dV S#ESFAMEERE VIR, Hd A By 4005 90K 81719 200 mT #3705, ZBCP fix
R, Bk5TEETHKRLEN, ZBCP %k, B ECHTERE H T A RPLEM G Bso WV T LN 150 mT W HEH #%, ZBCP 7T
FEHAATE. S TR R 75 A A B A AR B (AR IRAL B R &, docf I IELBUN B3R 2050008 (i) B3 H Bso, REBRTT
IF, R BR PR TR, X 2 923 MZM W B4 A5 (i) B ~FAT Bso, A IF) FIEREHY I8 HL % 3 2, TEIX ML, A 22 i B MZM;
(i) A B gt n BIR; (iv) B B RERe G 7 m BIAL, 51 B STk [47]

Fig. 3. Detecting ZBCP in superconducting hybrid structures. (a) ZBCP structure observed in Sn/BiySes, the normalized tunnelling
conductance as a function of bias voltage Vi, collected at different temperatures (left) and magnetic fields (right), with A; and A,
indicating two different gap structures, a significant ZBCP can be observed at low temperatures and low fields, adapted from
Ref. [57]. (b) MZM fingerprints in full-shell nanowires. Left image shows a false-color SEM image of a full superconducting shell sur-
rounding an InAs semiconducting nanowire. Top right shows a color map of the tunnelling conductance dI/dV as a function of ex-
ternal magnetic flux (horizontal axis) through the nanowire and source-drain voltage (vertical axis), revealing a hard induced super-
conducting gap near zero magnetic flux and a gapped region with a discrete zero-energy state around one flux quantum @, . Bot-
tom right shows the simulation results for the presence of MZM, adapted from Ref. [177]. (¢) SEM image of the device used in the
first observation of ZBCP in superconductor/semiconductor nanowire structures. The normal metal electrode Au completely covers
the InSb nanowire, while the superconducting electrode NbTiN covers only one side. The bottom gates are labelled with numbers 1
through 4, adapted from Ref. [47]. (d) The relationship between dI/dV and the angle of magnetic field and bias voltage at a fixed
magnetic field. Fig. A shows rotating the magnetic field |B| =200 mT in the plane of the substrate. The ZBCP is maximal when
B is parallel to the nanowire and absent when B is perpendicular to the nanowire. Fig. B shows rotating the magnetic field
|B| = 150 mT in the plane perpendicular to Bgo. Now, the ZBCP exists at all angles. The top panels show the linecuts at angles
with corresponding colors in Fig. A and Fig. B. The rightmost panels show, from top to bottom: (i) The gap opening lifts the Fermi
surface degeneracy when B is perpendicular to Bgg, which is a necessary condition for achieving MZM; (ii) when B is parallel to
By, different spin bands shift vertically by 2E,, MZM is absent; (iii) schematic of the rotation of B in Fig. A; (iv) schematic of the
rotation of B in Fig. B, adapted from Ref. [47].
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MR, R T 20 I 1o 946 AS MOt A, F IR T e G WS MIBE S, , BEREY B, M35, 51 8 SCHK [180); (o) 2L (b) [,
JerR T BERE Y G BLRY 2¢ HL 602 1 R TR DM TERR B A TR B, A B D B AR X B ORI, 51 A SO [180]; () ZE B K F
FHE S A KRR HIVE LS 6 DAL A T B 880 SEM T 26 F KRR T LS dI/dV X TES By Rl L Vg
H A B A TR VR S PR IR A D6 T T LAY R MNER, Wi R HB B R A = Age™L/8 | 51 B SCHK [177)

Fig. 4. Using Coulomb blockade spectroscopy to detect MZM: (a) Principal of detecting MZM by Coulomb blockade spectroscopy.
(b) Top panel shows the relationship between the conductance dI/dV;, and the magnetic field B,, and gate voltage Vp, display-
ing a transition from 2e-periodic Coulomb-peak to le-periodic Coulomb-peak. Bottom panel shows the Coulomb peak spacing S, .
as a function of magnetic field B/, , exhibiting clear oscillations, adapted from Ref. [180]. (c) Similar to (b), the parity undergoes a
transition from even to odd in the 2e-periodic electron transport process as the magnetic field increases. The inset shows a zoom
view of the transition region, adapted from Ref. ['*"). (d) Top left panel shows the SEM image of six superconducting islands with in-
dividual gates constructed on a single full-shell nanowire. Bottom left panel shows the conductance dI/dV as a function of magnetic
field B) and gate voltage V. Right panel shows the relationship between the oscillatory amplitude A and the island length L,
which satisfies an exponential relationship A = Age~ /¢ | adapted from Ref. [177].
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Fig. 5. Non-local conductance spectroscopy measurement: (a) Three-terminal device configuration. Two normal electrodes are con-
nected to central grounded superconducting region, where the potential can be controlled by the gates, adapted from Ref. [186].
(b) Illustrations of possible scattering processes in energy space when L > £, adapted from Ref. [182]. (¢) The conductance matrix
as a function of magnetic field B and bias voltage Vj, g, Adapted from Ref. [183]. (d) Two-dimensional plot of the conductance ma-
trix as a function of magnetic field B and bias voltage Vr p, adapted from Ref. [184].
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Fig. 6. Energy (current) vs. phase relationship and LZT in Josephson junctions: (a) The energies and the currents in the conven-
tional Josephson junction as functions of the phase difference ¢ for D = 1 (orange) and D = 0.6 (blue); (b) the energies and the cur-
rents in the topological Josephson junction as functions of the phase difference ¢ for D =1 (orange) and D = 0.6 (blue); energy (c)
and current (d) vs. phase ¢ after zero (green solid line) and two (blue dashed line) LZTs occurred, in (c), the gray and red regions
correspond to adiabatic and non-adiabatic evolutions, respectively, the green solid line (2 periodicity) and blue dashed line (4w

periodicity) represent the evolution in the adiabatic and the non-adiabatic limits, adapted from Ref. [74].
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Fig. 7. Detection of AC Josephson effect. (a) False-color SEM image of HgTe Josephson junction device. Blue represents HgTe
covered by an insulating layer, purple represents Al electrodes, and yellow represents the gate. The shunt resistor Rg enables stable
voltage bias. The measurement of the voltage across the junction and Ry is directly yields V and I. The rf signal enters the amplifica-
tion circuit through the bias T circuit and finally enters the spectrum analyzer, adapted from Ref. [65]. (b) The power collected
from the topological Josephson junction as a function of the DC voltage V and the detection frequency f;. The emission lines of fj/2,
fi and 2f; can be seen in order, adapted from Ref. [65]. (¢) Emission lines of an underdamped Josephson junction, adapted from
Ref. [192]. (d) Detection of the Josephson junction radiation signal using an on-chip detector. From left to right: (i) SEM images of
nanowire Josephson junctions placed on three gates. The inset shows a false-color SEM image of the junction, with the epitaxial Al
shell highlighted in cyan. (ii) Optical image of the coupling circuit between the nanowire Josephson junction (blue box) and the de-
tection junction (red box). (iii) SEM image of the microwave detector composed of two parallel Josephson junctions, adapted from
Ref.[68]. (e) Transconductance dlp,r/d Vay as a function of the detector voltage Vppr and the nanowire voltage Vyw. The dashed
lines indicate the theoretically predicted peak positions of the 2e (green) and le (red) electron behavior. le electron emission behavi-
or (orange solid line) is observed at a magnetic field of B = 650 mT, adapted from Ref. [68].
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Fig. 8. Detection of the inverse AC Josephson effect. (a) Fractional AC Josephson effect observed in a three-dimensional topologic-
al insulator HgTe. Left panel shows a 2D plot of voltage distribution (data points grouped by voltage) as a function of microwave
current I; and bias voltage V at a fixed frequency f = 2.7 GHz, with the first step significantly suppressed. Right panel is a histo-
gram showing the same result, adapted from Ref. [63]. (b) Differential resistance d V/dI as a function of power P and current I at a
frequency of f; = 0.953 GHz, adapted from Ref. [67]. Voltage distribution as a function of microwave power P and bias voltage V
under parallel (c¢) and perpendicular (d) magnetic fields of 20 mT. Voltage distribution as a function of microwave power P and bi-
as voltage V under parallel (e) and perpendicular (f) magnetic fields of 40 mT, adapted from Ref. [71].
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Fig. 9. Measurements of current-phase relationships. (a) Measured CPR in Nb/3D-HgTe/Nb, exhibiting a slight forward skewness
compared to the perfectly symmetric sinusoidal form (black solid line). Adapted from Ref. [197]. (b) Schematic of measuring CPR
using a scanning SQUID microscope. The field coil, pickup loop, and induced current I are shown. Adapted from Ref. [197]. (¢) Sche-
matic of measuring CPR using a highly asymmetric SQUID. Here, 7 represents the phase of the reference junction, é represents the
phase of the measured junction, and I, is the excitation current, adapted from Ref. [201]. (d) Schematic of measuring CPR using a
single junction coupled to a SQUID. The current I excites a supercurrent in the junction and generates magnetic flux in the loop.
The generated flux is coupled to the SQUID through a flux transformer. Adapted from Ref. [203].
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Fig. 10. Detection of energy-phase relationships: (a) False-color SEM image of a Josephson trijunction fabricated on the surface of
BiyTe;y with two superconducting loops (in blue). Local magnetic flux is applied to the loops using two half-turn coils. Au electrodes
are used to detect the ABSs at the center and ends of the junction. Adapted from Ref. [205]. (b) The dV/dl, as a function of the
currents I and I;, (for applying magnetic flux) measured at 7' = 0.25 K, in good agreement with the theoretically predicted Joseph-
son trijunction phase diagram. Adapted from Ref. [205]. (¢) Schematic of measuring energy-phase relationships using a tunnel junc-
tion. The superconducting loop (blue) forms a SQUID, and the excitation current Iy is applied to observe supercurrent interference
(diffraction), while the voltage Vr is applied for tunneling spectroscopy. Adapted from Ref. [208]. (d) False-color SEM image of a
Josephson junction in Bi,Tes. Pb is used as the superconducting electrode, and Pd electrodes are used to detect point-contact spec-
tra at points of A, B and C, which correspond to the ends and center of the junction, adapted from Ref. [204]. (e¢) Contact resist-
ance as a function of current [, near the m phase. The blue line represents the normal state resistance. The peak height change ratio
of ~95% from 147 Q (red) to 8 Q (black) reflects the closing of the energy gap, adapted from Ref. [204]. (f) Density of states (DOSs)
as a function of energy E and perpendicular magnetic field AB | , showing several discrete ABSs, adapted from Ref. [208].

MLV ERIRANL AR IESZ B CPR 485 MZM A T B EA I T B — . B, AR

KR, 1A i — 20 F T SR E iR A R BT D1
IRGEIHERRTT R T 26, Ah, BF98 MZM Bz
F-BL5 A0 SOREIRE T AR, XA A1
MR T R, $4 R T LR TR
T

S NATTE 200 2] 5 MZM MFF 1 2 5
TR, B 22, YRR MZM /) 5255
SRR DT AR RE. O T 45 B ] ¢
() MZM {55, S8 7 2[Rl hA T 2Rl & B
AR FAFCE. XSO0 FE: [ E X 28 K 4 R ity 1
A7 R 2 R 3458.209] | BR 2 1 0 B ZE 15 A B
PRI 077 = vt 25 A HRL S R (1931841 ) Rz 4
BRI L RE 2R 2052100 45 R R SEE

bR S5 v, AR AR A 5 | A2t ik vk v
TR, XF MZM B9S2 BURIAIAR -+ 73 AN (2102121,
D, R LA AR Ak 52987 SR AR i3
I, ARSI P19 Sl B 21210
$ SQUID i 2172151 IR R frp RN A (2192200
5. A, G RRRI T BUR A 5 2 B ki1
HEERLMR. (AL, 15 SR 1 HOR A v AT
A BT S AT RE R AR AELE 5 2212280,
M i T MZM ARG, N1 2
i i 2 S g S U AR A DUR SR . PR I
TS T ZFE MZM 5%, A BERHE—
G5 W01 = 2R AR LR 22 mlE T e g 2L ) LUK T
MGG L) 25 R FX S U5 20T LI 32

177401-16


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

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 17 (2023)

177401

MR TTERAE, 258 45T MZM p#h bt
TR, A B A A ME T

S7% 30k

(13]

(14]
(15]
(16]

(17]
(18]

von Klitzing K, Dorda G, Pepper M 1980 Phys. Rev. Lett.
45 494

Fukui T, Shiozaki K, Fujiwara T, Fujimoto S 2012 J. Phys.
Soc. Jpn. 81 114602

Moore G, Read N 1991 Nucl. Phys. B 360 362

Nayak C, Wilczek F 1996 Nucl. Phys. B 479 529

Read N, Green D 2000 Phys. Rev. B 61 10267

Ivanov D A 2001 Phys. Rev. Lett. 86 268

Sato M, Fujimoto S 2016 J. Phys. Soc. Jpn. 85 072001

Sato M, Ando Y 2017 Rep. Prog. Phys. 80 076501

Heck B van, Akhmerov A R, Hassler F, Burrello M,
Beenakker C W J 2012 New J. Phys. 14 035019

Mi S, Pikulin D I, Wimmer M, Beenakker C W J 2013 Phys.
Rev. B 87 241405

Pedrocchi F L, DiVincenzo D P 2015 Phys. Rev. Lett. 115
120402

Aasen D, Hell M, Mishmash R V, Higginbotham A, Danon
J, Leijnse M, Jespersen T S, Folk J A, Marcus C M,
Flensberg K, Alicea J 2016 Phys. Rev. X 6 031016

Pahomi T E, Sigrist M, Soluyanov A A 2020 Phys. Rev.
Res. 2 032068

Beenakker C 2020 SciPost Phys. Lect. Notes 15

Fu L, Kane C L 2008 Phys. Rev. Lett. 100 096407
Akhmerov A R, Nilsson J, Beenakker C W J 2009 Phys.
Rev. Lett. 102 216404

Fu L, Kane C L 2009 Phys. Rev. B 79 161408

Benjamin C, Pachos J K 2010 Phys. Rev. B 81 085101

Sau J D, Lutchyn R M, Tewari S, Das Sarma S 2010 Phys.
Rev. Lett. 104 040502

Alicea J 2010 Phys. Rev. B 81 125318

Lutchyn R M, Sau J D, Das Sarma S 2010 Phys. Rev. Lett.
105 077001

Oreg Y, Refael G, von Oppen F 2010 Phys. Rev. Lett. 105
177002

Chung S B, Qi X L, Maciejko J, Zhang S C 2011 Phys. Rev.
B 83 100512

Chung S B, Zhang H J, Qi X L, Zhang S C 2011 Phys. Rev.
B 84 060510

Duckheim M, Brouwer P W 2011 Phys. Rev. B 83 054513
Cook A, Franz M 2011 Phys. Rev. B 84 201105

Potter A C, Lee P A 2012 Phys. Rev. B 85 094516

Wang Z, Hu X Y, Liang Q F, Hu X 2013 Phys. Rev. B 87
214513

Lopez R, Lee M, Serra L, Lim J S 2014 Phys. Rev. B 89
205418

Gong W J, Zhang S F, Li Z C, Yi G, Zheng Y S 2014 Phys.
Rev. B 89 245413

Dartiailh M C, Kontos T, Dougot B, Cottet A 2017 Phys.
Rev. Lett. 118 126803

Baldelli N, Bhattacharya U, Gonzalez-Cuadra D, Lewenstein
M, GraBl T 2022 ACS Omega 7 47424

Zhang P, Yaji K, Hashimoto T, Ota Y, Kondo T, Okazaki
K, Wang Z J, Wen J S, Gu G D, Ding H, Shin S 2018
Science 360 182

Wang D F, Kong L' Y, Fan P, Chen H, Zhu S Y, Liu W Y,
Cao L, Sun Y J, Du S X, Schneeloch J, Zhong R D, Gu G

[35]

36]
37)
38]
30]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

177401-17

D, Fu L, Ding H, Gao H J 2018 Science 362 333

Zhu S Y, Kong L Y, Cao L, Chen H, Papaj M, Du S X,
Xing Y Q, Liu W Y, Wang D F, Shen C M, Yang F Z,
Schneeloch J, Zhong R D, Gu G D, Fu L, Zhang Y Y, Ding
H, Gao H J 2020 Science 367 189

Mascot E, Cocklin S, Graham M, Mashkoori M, Rachel S,
Morr D K 2022 Commaun. Phys. 5 1

Sasaki S, Kriener M, Segawa K, Yada K, Tanaka Y, Sato M,
Ando Y 2011 Phys. Rev. Lett. 107 217001

Das A, Ronen Y, Most Y, Oreg Y, Heiblum M, Shtrikman H
2012 Nat. Phys. 8 887

Finck A D K, Van Harlingen D J, Mohseni P K, Jung K, Li
X 2013 Phys. Rev. Lett. 110 126406

Deng M T, Vaitickénas S, Hansen E B, Danon J, Leijnse M,
Flensberg K, Nygard J, Krogstrup P, Marcus C M 2016
Science 354 1557

Nichele F, Drachmann A C C, Whiticar A M, O’Farrell E C
T, Suominen H J, Fornieri A, Wang T, Gardner G C,
Thomas C, Hatke A T, Krogstrup P, Manfra M J, Flensberg
K, Marcus C M 2017 Phys. Rev. Lett. 119 136803
Vaitiekénas S, Deng M T, Nygard J, Krogstrup P, Marcus C
M 2018 Phys. Rev. Lett. 121 037703

Grivnin A, Bor E, Heiblum M, Oreg Y, Shtrikman H 2019
Nat. Commun. 10 1940

Vaitiekénas S, Liu Y, Krogstrup P, Marcus C M 2021 Nat.
Phys. 17 43

Song H D, Zhang Z T, Pan D, Liu D H, Wang Z Y, Cao Z,
Liu L, Wen L J, Liao D Y, Zhuo R, Liu D E, Shang R N,
Zhao J H, Zhang H 2022 Phys. Rev. Res. 4 033235

Wang Z Y, Song H D, Pan D, Zhang Z T, Miao W T, Li R
D, Cao Z, Zhang G, Liu L, Wen L J, Zhuo R, Liu D E, He
K, Shang R N, Zhao J H, Zhang H 2022 Phys. Rev. Lelt.
129 167702

Mourik V, Zuo K, Frolov S M, Plissard S R, Bakkers E P A
M, Kouwenhoven L P 2012 Science 336 1003

Deng M T, Yu C L, Huang G Y, Larsson M, Caroff P, Xu H
Q 2012 Nano Lett. 12 6414

Churchill H O H, Fatemi V, Grove-Rasmussen K, Deng M
T, Caroff P, Xu H Q, Marcus C M 2013 Phys. Rev. B 87
241401

Chen J, Yu P, Stenger J, Hocevar M, Car D, Plissard S R,
Bakkers E P A M, Stanescu T D, Frolov S M 2017 Sci. Adv.
31701476

Moor M W A de, Bommer J D S, Xu D, Winkler G W,
Antipov A E, Bargerbos A, Wang G, Loo N van, Veld R L
M O het, Gazibegovic S, Car D, Logan J A, Pendharkar M,
Lee J S, Bakkers E P A M, Palmstrgm C J, Lutchyn R M,
Kouwenhoven L P, Zhang H 2018 New J. Phys. 20 103049
Giil O, Zhang H, Bommer J D S, de Moor M W A, Car D,
Plissard S R, Bakkers E P A M, Geresdi A, Watanabe K,
Taniguchi T, Kouwenhoven L P 2018 Nat. Nanotechnol. 13
192

Bommer J D S, Zhang H, Giil O, Nijholt B, Wimmer M,
Rybakov F' N, Garaud J, Rodic D, Babaev E, Troyer M, Car
D, Plissard S R, Bakkers E P A M, Watanabe K, Taniguchi
T, Kouwenhoven L P 2019 Phys. Rev. Lett. 122 187702
Heedt S, Quintero-Pérez M, Borsoi F, Fursina A, van Loo N,
Mazur G P, Nowak M P, Ammerlaan M, Li K, Korneychuk
S, Shen J, van de Poll M A Y, Badawy G, Gazibegovic S, de
Jong N, Aseev P, van Hoogdalem K, Bakkers E P A M,
Kouwenhoven L P 2021 Nat. Commun. 12 4914

Xu J P, Wang M X, Liu Z L, Ge J F, Yang X J, Liu C H,
Xu Z A, Guan D D, Gao C L, Qian D, Liu Y, Wang Q H,


https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1143/JPSJ.81.114602
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1016/0550-3213(96)00430-0
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.7566/JPSJ.85.072001
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1088/1367-2630/14/3/035019
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevB.87.241405
https://doi.org/10.1103/PhysRevLett.115.120402
https://doi.org/10.1103/PhysRevLett.115.120402
https://doi.org/10.1103/PhysRevLett.115.120402
https://doi.org/10.1103/PhysRevLett.115.120402
https://doi.org/10.1103/PhysRevLett.115.120402
https://doi.org/10.1103/PhysRevLett.115.120402
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevResearch.2.032068
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.79.161408
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevB.81.085101
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.83.100512
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.84.060510
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.83.054513
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.84.201105
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.85.094516
https://doi.org/10.1103/PhysRevB.87.214513
https://doi.org/10.1103/PhysRevB.87.214513
https://doi.org/10.1103/PhysRevB.87.214513
https://doi.org/10.1103/PhysRevB.87.214513
https://doi.org/10.1103/PhysRevB.87.214513
https://doi.org/10.1103/PhysRevB.87.214513
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevB.89.245413
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1103/PhysRevLett.118.126803
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1021/acsomega.2c07169
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1126/science.aax0274
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1038/s42005-021-00784-0
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1103/PhysRevLett.107.217001
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1103/PhysRevLett.110.126406
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1103/PhysRevLett.121.037703
https://doi.org/10.1038/s41467-019-09771-0
https://doi.org/10.1038/s41467-019-09771-0
https://doi.org/10.1038/s41467-019-09771-0
https://doi.org/10.1038/s41467-019-09771-0
https://doi.org/10.1038/s41467-019-09771-0
https://doi.org/10.1038/s41467-019-09771-0
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1038/s41567-020-1017-3
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevResearch.4.033235
https://doi.org/10.1103/PhysRevLett.129.167702
https://doi.org/10.1103/PhysRevLett.129.167702
https://doi.org/10.1103/PhysRevLett.129.167702
https://doi.org/10.1103/PhysRevLett.129.167702
https://doi.org/10.1103/PhysRevLett.129.167702
https://doi.org/10.1103/PhysRevLett.129.167702
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1103/PhysRevB.87.241401
https://doi.org/10.1103/PhysRevB.87.241401
https://doi.org/10.1103/PhysRevB.87.241401
https://doi.org/10.1103/PhysRevB.87.241401
https://doi.org/10.1103/PhysRevB.87.241401
https://doi.org/10.1103/PhysRevB.87.241401
https://doi.org/10.1126/sciadv.1701476
https://doi.org/10.1126/sciadv.1701476
https://doi.org/10.1126/sciadv.1701476
https://doi.org/10.1126/sciadv.1701476
https://doi.org/10.1126/sciadv.1701476
https://doi.org/10.1126/sciadv.1701476
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1088/1367-2630/aae61d
https://doi.org/10.1038/s41565-017-0032-8
https://doi.org/10.1038/s41565-017-0032-8
https://doi.org/10.1038/s41565-017-0032-8
https://doi.org/10.1038/s41565-017-0032-8
https://doi.org/10.1038/s41565-017-0032-8
https://doi.org/10.1038/s41565-017-0032-8
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1103/PhysRevLett.122.187702
https://doi.org/10.1038/s41467-021-25100-w
https://doi.org/10.1038/s41467-021-25100-w
https://doi.org/10.1038/s41467-021-25100-w
https://doi.org/10.1038/s41467-021-25100-w
https://doi.org/10.1038/s41467-021-25100-w
https://doi.org/10.1038/s41467-021-25100-w
https://doi.org/10.1038/s41467-021-25100-w
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 17 (2023)

177401

[56]

[57]

[58]

[59]

[60]

(61]

(62]

(63]

[64]

[65]

(6]

(67]

(68]

[69]

[70]

[71]
[72]
73]
[74]
[75]

[76]

Zhang F C, Xue Q K, Jia J F 2015 Phys. Rev. Lett. 114
017001

Sun H H, Zhang K W, Hu L H, Li C, Wang G Y, Ma H Y,
XuZA,Gao CL, Guan D D, Li Y Y, Liu C, Qian D, Zhou
Y, Fu L, Li S C, Zhang F C, Jia J F 2016 Phys. Rev. Lett.
116 257003

Yang F, Ding Y, Qu F M, Shen J, Chen J, Wei Z C, Ji Z Q,
Liu G T, Fan J, Yang C L, Xiang T, Lu L 2012 Phys. Rev.
B 85 104508

Ren H, Pientka F, Hart S, Pierce A T, Kosowsky M,
Lunczer L, Schlereth R, Scharf B, Hankiewicz E M,
Molenkamp L W, Halperin B I, Yacoby A 2019 Nature 569
93

Nadj-Perge S, Drozdov I K, Li J, Chen H, Jeon S, Seo J,
MacDonald A H, Bernevig B A, Yazdani A 2014 Science 346
602

Kim H, Palacio-Morales A, Posske T, Rézsa L, Palotds K,
Szunyogh L, Thorwart M, Wiesendanger R 2018 Sci. Adv. 4
eaard2H1

Jiack B, Xie Y L, Yazdani A 2021 Nat. Rev. Phys. 3 541
Rokhinson L P, Liu X Y, Furdyna J K 2012 Nat. Phys. 8
795

Wiedenmann J, Bocquillon E, Deacon R S, Hartinger S,
Herrmann O, Klapwijk T M, Maier L, Ames C, Briine C,
Gould C, Oiwa A, Ishibashi K, Tarucha S, Buhmann H,
Molenkamp L W 2016 Nat. Commaun. 7 10303

Bocquillon E, Deacon R S, Wiedenmann J, Leubner P,
Klapwijk T M, Briine C, Ishibashi K, Buhmann H,
Molenkamp L W 2017 Nat. Nanotechnol. 12 137

Deacon R S, Wiedenmann J, Bocquillon E, Dominguez F,
Klapwijk T M, Leubner P, Briine C, Hankiewicz E M,
Tarucha S, Ishibashi K, Buhmann H, Molenkamp L. W 2017
Phys. Rev. X 7 021011

Li C, de Boer J C, de Ronde B, Ramankutty S V, van
Heumen E, Huang Y, de Visser A, Golubov A A, Golden M
S, Brinkman A 2018 Nat. Mater. 17 875

Le Calvez K, Veyrat L, Gay F, Plaindoux P, Winkelmann C
B, Courtois H, Sacépé B 2019 Commun. Phys. 2 4

Laroche D, Bouman D, van Woerkom D J, Proutski A,
Murthy C, Pikulin D I, Nayak C, van Gulik R J J, Nygard
J, Krogstrup P, Kouwenhoven L P, Geresdi A 2019 Nat.
Commun. 10 245

Schiiffelgen P, Rosenbach D, Li C, Schmitt T W,
Schleenvoigt M, Jalil A R, Schmitt S, Kolzer J, Wang M,
Bennemann B, Parlak U, Kibkalo L, Trellenkamp S, Grap
T, Meertens D, Luysberg M, Mussler G, Berenschot E, Tas
N, Golubov A A, Brinkman A, Schépers T, Griitzmacher D
2019 Nat. Nanotechnol. 14 825

Rosenbach D, Schmitt T W, Schiiffelgen P, Stehno M P, Li
C, Schleenvoigt M, Jalil A R, Mussler G, Neumann E,
Trellenkamp S, Golubov A A, Brinkman A, Griitzmacher D,
Schépers T 2021 Sci. Adv. 7 eabf1854

Fischer R, Pic6-Cortés J, Himmler W, Platero G, Grifoni M,
Kozlov D A, Mikhailov N N, Dvoretsky S A, Strunk C,
Weiss D 2022 Phys. Rev. Res. 4 013087

Averin D, Bardas A 1995 Phys. Rev. Lett. 75 1831
Billangeon P M, Pierre F, Bouchiat H, Deblock R 2007
Phys. Rev. Lett. 98 216802

Dominguez F, Hassler F, Platero G 2012 Phys. Rev. B 86
140503

Kells G, Meidan D, Brouwer P W 2012 Phys. Rev. B 86
100503

Pikulin D I, Dahlhaus J P, Wimmer M, Schomerus H,

[77)
78]
[79]
80]
81]
82]

[83]
[84]

[85]

[86]

(87]

[83]

9]
[100]

[101]
[102]

[103)
[104]
[105)
[106)

[107)
[108)

[109]
[110]

[111]
[112]

177401-18

Beenakker C W J 2012 New J. Phys. 14 125011

Prada E, San-Jose P, Aguado R 2012 Phys. Rev. B 86
180503

Lee E J H, Jiang X C, Aguado R, Katsaros G, Lieber C M,
De Franceschi S 2012 Phys. Rev. Lett. 109 186802

De Cecco A, Le Calvez K, Sacépé B, Winkelmann C B,
Courtois H 2016 Phys. Rev. B 93 180505

Liu C X, Sau J D, Stanescu T D, Das Sarma S 2017 Phys.
Rev. B 96 075161

Moore C, Zeng C C, Stanescu T D, Tewari S 2018 Phys.
Rev. B 98 155314

Yu W, Haenel R, Rodriguez M A, Lee S R, Zhang F, Franz
M, Pikulin D I, Pan W 2020 Phys. Rev. Res. 2 032002

Das Sarma S, Pan H 2021 Phys. Rev. B 103 195158

Yu P, Chen J, Gomanko M, Badawy G, Bakkers E P A M,
Zuo K, Mourik V, Frolov S M 2021 Nat. Phys. 17 482

Pan H N, Liu C X, Wimmer M, Das Sarma S 2021 Phys.
Rev. B 103 214502

Valentini M, Penaranda F, Hofmann A, Brauns M,
Hauschild R, Krogstrup P, San-Jose P, Prada E, Aguado R,
Katsaros G 2021 Science 373 82

Dartiailh M C, Cuozzo J J, Elfeky B H, Mayer W, Yuan J,
Wickramasinghe K S, Rossi E, Shabani J 2021 Nat.
Commun. 12 78

Valentini M, Borovkov M, Prada E, Marti-Sanchez S,
Botifoll M, Hofmann A, Arbiol J, Aguado R, San-Jose P,
Katsaros G 2022 Nature 612 442

Thouless D J, Kohmoto M, Nightingale M P, den Nijs M
1982 Phys. Rev. Lett. 49 405

Bernevig B A, Hughes T L, Zhang S C 2006 Science 314
1757

Kane C L, Mele E J 2005 Phys. Rev. Lett. 95 146802

Fu L, Kane C L 2007 Phys. Rev. B 76 045302

Moore J E, Balents L 2007 Phys. Rev. B 75 121306

Roy R 2009 Phys. Rev. B 79 195322

Qi X L, Hughes T L, Raghu S, Zhang S C 2009 Phys. Rev.
Lett. 102 187001

Grover T, Sheng D N, Vishwanath A 2014 Science 344 280
Majorana E 1937 Il Nuovo Cimento 1924-1942 14 171
Avignone F T, Elliott S R, Engel J 2008 Rev. Mod. Phys. 80
481

Flensberg K, von Oppen F, Stern A 2021 Nat. Rev. Mater. 6
944

Wolms K, Stern A, Flensberg K 2016 Phys. Rev. B 93
045417

Clarke D J, Sau J D, Tewari S 2011 Phys. Rev. B 84 035120
Halperin B I, Oreg Y, Stern A, Refael G, Alicea J, von
Oppen F 2012 Phys. Rev. B 85 144501

Bravyi S 2006 Phys. Rev. A 73 042313

Bravyi S, Kitaev A 2005 Phys. Rev. A 71 022316

Nayak C, Simon S H, Stern A, Freedman M, Das Sarma S
2008 Rev. Mod. Phys. 80 1083

Freedman M, Nayak C, Walker K 2006 Phys. Rev. B 73
245307

Georgiev L S 2006 Phys. Rev. B 74 235112

You J Q, Wang Z D, Zhang W X, Nori F 2014 Sci. Rep. 4
5535

Zhang P, Nori F 2015 Phys. Rev. B 92 115303

Hassler F, Akhmerov A R, Hou C Y, Beenakker C W J 2010
New J. Phys. 12 125002

Flensberg K 2011 Phys. Rev. Lett. 106 090503

Karzig T, Pientka F, Refael G, von Oppen F 2015 Phys.
Rev. B 91 201102


https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1103/PhysRevB.85.104508
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/sciadv.aar5251
https://doi.org/10.1126/sciadv.aar5251
https://doi.org/10.1126/sciadv.aar5251
https://doi.org/10.1126/sciadv.aar5251
https://doi.org/10.1126/sciadv.aar5251
https://doi.org/10.1126/sciadv.aar5251
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/s42254-021-00328-z
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/ncomms10303
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s41563-018-0158-6
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s42005-018-0100-x
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1038/s41565-019-0506-y
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1126/sciadv.abf1854
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevResearch.4.013087
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.75.1831
https://doi.org/10.1103/PhysRevLett.98.216802
https://doi.org/10.1103/PhysRevLett.98.216802
https://doi.org/10.1103/PhysRevLett.98.216802
https://doi.org/10.1103/PhysRevLett.98.216802
https://doi.org/10.1103/PhysRevLett.98.216802
https://doi.org/10.1103/PhysRevLett.98.216802
https://doi.org/10.1103/PhysRevB.86.140503
https://doi.org/10.1103/PhysRevB.86.140503
https://doi.org/10.1103/PhysRevB.86.140503
https://doi.org/10.1103/PhysRevB.86.140503
https://doi.org/10.1103/PhysRevB.86.140503
https://doi.org/10.1103/PhysRevB.86.140503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1088/1367-2630/14/12/125011
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevLett.109.186802
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.93.180505
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevResearch.2.032002
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1103/PhysRevB.103.195158
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1103/PhysRevB.103.214502
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1126/science.abf1513
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41467-020-20382-y
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1038/s41586-022-05382-w
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1133734
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevB.79.195322
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1103/PhysRevLett.102.187001
https://doi.org/10.1126/science.1248253
https://doi.org/10.1126/science.1248253
https://doi.org/10.1126/science.1248253
https://doi.org/10.1126/science.1248253
https://doi.org/10.1126/science.1248253
https://doi.org/10.1126/science.1248253
https://doi.org/10.1126/science.1248253
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1038/s41578-021-00336-6
https://doi.org/10.1038/s41578-021-00336-6
https://doi.org/10.1038/s41578-021-00336-6
https://doi.org/10.1038/s41578-021-00336-6
https://doi.org/10.1038/s41578-021-00336-6
https://doi.org/10.1038/s41578-021-00336-6
https://doi.org/10.1103/PhysRevB.93.045417
https://doi.org/10.1103/PhysRevB.93.045417
https://doi.org/10.1103/PhysRevB.93.045417
https://doi.org/10.1103/PhysRevB.93.045417
https://doi.org/10.1103/PhysRevB.93.045417
https://doi.org/10.1103/PhysRevB.93.045417
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.84.035120
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevB.85.144501
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.73.042313
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevB.73.245307
https://doi.org/10.1103/PhysRevB.73.245307
https://doi.org/10.1103/PhysRevB.73.245307
https://doi.org/10.1103/PhysRevB.73.245307
https://doi.org/10.1103/PhysRevB.73.245307
https://doi.org/10.1103/PhysRevB.73.245307
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1103/PhysRevB.74.235112
https://doi.org/10.1038/srep05535
https://doi.org/10.1038/srep05535
https://doi.org/10.1038/srep05535
https://doi.org/10.1038/srep05535
https://doi.org/10.1038/srep05535
https://doi.org/10.1038/srep05535
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1103/PhysRevB.92.115303
https://doi.org/10.1088/1367-2630/12/12/125002
https://doi.org/10.1088/1367-2630/12/12/125002
https://doi.org/10.1088/1367-2630/12/12/125002
https://doi.org/10.1088/1367-2630/12/12/125002
https://doi.org/10.1088/1367-2630/12/12/125002
https://doi.org/10.1088/1367-2630/12/12/125002
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
https://doi.org/10.1103/PhysRevB.91.201102
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 17 (2023)

177401

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Wu Y, Drachuck G, Wang L L, Johnson D D, Swatek P,
Schrunk B, Mou D X, Huang L N, Bud’ko S L, Canfield P
C, Kaminski A 2018 Phys. Rev. B 98 161107

Xing Y, Wang H, Li C K, Zhang X, Liu J, Zhang Y W, Luo
J W, Wang Z Q, Wang Y, Ling L S, Tian M L, Jia S, Feng
J, Liu X J, Wei J, Wang J 2016 NPJ Quantum Mater. 1
16005

Koepernik K, Kasinathan D, Efremov D V, Khim S,
Borisenko S, Biichner B, van den Brink J 2016 Phys. Rev. B
93 201101

Haubold E, Koepernik K, Efremov D, Khim S, Fedorov A,
Kushnirenko Y, van den Brink J, Wurmehl S, Biichner B,
Kim T K, Hoesch M, Sumida K, Taguchi K, Yoshikawa T,
Kimura A, Okuda T, Borisenko S V 2017 Phys. Rev. B 95
241108

Xing Y, Shao Z B, Ge J, Luo J W, Wang J H, Zhu Z W,
Liu J, Wang Y, Zhao Z Y, Yan J Q, Mandrus D, Yan B H,
Liu X J, Pan M H, Wang J 2020 Natl. Sci. Rev. 7 579

Deng K, Wan G L, Deng P, Zhang K N, Ding S J, Wang E
Y, Yan M Z, Huang H Q, Zhang H Y, Xu Z L, Denlinger J,
Fedorov A, Yang H T, Duan W H, Yao H, Wu Y, Fan S S,
Zhang H J, Chen X, Zhou S'Y 2016 Nat. Phys. 12 1105
Jiang J, Liu Z K, Sun Y, Yang H F, Rajamathi C R, Qi Y
P, Yang L X, Chen C, Peng H, Hwang C C, Sun S Z, Mo S
K, Vobornik I, Fujii J, Parkin S S P, Felser C, Yan B H,
Chen Y L 2017 Nat. Commun. 8 13973

Li P L, Deng Y, Hsu C H, Zhu C, Cui J, Yang X, Zhou J D,
Hung Y C, Fan J, Ji Z Q, Qu F M, Shen J, Yang C L, Jing
X N, Lin H, Liu Z, Lu L, Liu G T 2021 Phys. Rev. B 104
085423

Qi Y P, Naumov P G, Ali M N, Rajamathi C R, Schnelle
W, Barkalov O, Hanfland M, Wu S C, Shekhar C, Sun Y,
St V, Schmidt M, Schwarz U, Pippel E, Werner P,
Hillebrand R, Forster T, Kampert E, Parkin S, Cava R J,
Felser C, Yan B H, Medvedev S A 2016 Nat. Commun. 7
11038

Wang W D, Kim S, Liu M H, Cevallos F A, Cava R J, Ong
N P 2020 Science 368 534

LiP L, Cui J, Zhou J D, Guo D, Zhao Z Z, Yi J, Fan J, Ji Z
Q, Jing X N, Qu F M, Yang C L, Lu L, Lin J H, Liu Z, Liu
G T 2019 Adv. Mater. 31 1904641

Luo J W, Li Y N, Zhang J W, Ji H R, Wang H, Shan J Y,
Zhang C X, Cai C, Liu J, Wang Y, Zhang Y, Wang J 2020
Phys. Rev. B 102 064502

Guguchia Z, von Rohr F, Shermadini Z, Lee A T, Banerjee
S, Wieteska A R, Marianetti C A, Frandsen B A, Luetkens
H, Gong Z, Cheung S C, Baines C, Shengelaya A,
Taniashvili G, Pasupathy A N, Morenzoni E, Billinge S J L,
Amato A, Cava R J, Khasanov R, Uemura Y J 2017 Nat.
Commun. 8 1082

Bauer E, Hilscher G, Michor H, Paul Ch, Scheidt E W,
Gribanov A, Seropegin Yu, Noé&l H, Sigrist M, Rogl P 2004
Phys. Rev. Lett. 92 027003

Bauer E, Kaldarar H, Prokofiev A, Royanian E, Amato A,
Sereni J, Bramer-Escamilla W, Bonalde I 2007 J. Phys. Soc.
Jpn. 76 051009

Fujimoto S 2007 J. Phys. Soc. Jpn. 76 051008

Badica P, Kondo T, Togano K 2005 J. Phys. Soc. Jpn. T4
1014

Yuan H Q, Agterberg D F, Hayashi N, Badica P,
Vandervelde D, Togano K, Sigrist M, Salamon M B 2006
Phys. Rev. Lett. 97 017006

Nishiyama M, Inada Y, Zheng G Q 2007 Phys. Rev. Lett. 98

[132]
[133]

[134]
[135]
[136]

[137]

[138]

[139)

[140]

[141]

[142]

[143]

[144]

[145)

[146]

[147]

[148]

[149]

[150)

[151]

177401-19

047002

Joynt R, Taillefer L 2002 Rev. Mod. Phys. 74 235

Tou H, Kitaoka Y, Ishida K, Asayama K, Kimura N, Onuki
Y, Yamamoto E, Haga Y, Maezawa K 1998 Phys. Rev. Lett.
80 3129

Luke G M, Keren A, Le L P, Wu W D, Uemura Y J, Bonn
D A, Taillefer L, Garrett J D 1993 Phys. Rev. Lett. 71 1466
Schemm E R, Gannon W J, Wishne C M, Halperin W P,
Kapitulnik A 2014 Science 345 190

Tsutsumi Y, Ishikawa M, Kawakami T, Mizushima T, Sato
M, Ichioka M, Machida K 2013 J. Phys. Soc. Jpn. 82 113707
Machida Y, Itoh A, So Y, Izawa K, Haga Y, Yamamoto E,
Kimura N, Onuki Y, Tsutsumi Y, Machida K 2012 Phys.
Rev. Lett. 108 157002

Avers K E, Gannon W J, Kuhn S J, Halperin W P, Sauls J
A, DeBeer-Schmitt L, Dewhurst C D, Gavilano J, Nagy G,
Gasser U, Eskildsen M R 2020 Nat. Phys. 16 531

Hsieh D, Xia Y, Qian D, Wray L, Dil J H, Meier F,
Osterwalder J, Patthey L, Checkelsky J G, Ong N P,
Fedorov A V, Lin H, Bansil A, Grauer D, Hor Y S, Cava R
J, Hasan M Z 2009 Nature 460 1101

Xu S Y, Neupane M, Belopolski I, Liu C, Alidoust N, Bian
G, Jia S, Landolt G, Slomski B, Dil J H, Shibayev P P,
Basak S, Chang T R, Jeng H T, Cava R J, Lin H, Bansil A,
Hasan M Z 2015 Nat. Commun. 6 6870

Jozwiak C, Sobota J A, Gotlieb K, Kemper A F, Rotundu C
R, Birgeneau R J, Hussain Z, Lee D H, Shen Z X, Lanzara
A 2016 Nat. Commun. 7 13143

Neupane M, Xu S Y, Alidoust N, Sankar R, Belopolski I,
Sanchez D S, Bian G, Liu C, Chang T R, Jeng H T, Wang
B K, Chang G Q, Lin H, Bansil A, Chou F C, Hasan M Z
2015 Phys. Rev. B 91 241114

Kong L 'Y, Zhu S Y, Papaj M, Chen H, Cao L, Isobe H,
Xing Y Q, Liu WY, Wang D F, Fan P, Sun Y J, Du S X,
Schneeloch J, Zhong R D, Gu G D, Fu L, Gao H J, Ding H
2019 Nat. Phys. 15 1181

Iyo A, Kawashima K, Kinjo T, Nishio T, Ishida S, Fujihisa
H, Gotoh Y, Kihou K, Eisaki H, Yoshida Y 2016 J. Am.
Chem. Soc. 138 3410

Meier W R, Kong T, Bud’ko S L, Canfield P C 2017 Phys.
Rev. Mater. 1 013401

Liu WY, Cao L, Zhu S Y, Kong L Y, Wang G W, Papaj M,
Zhang P, Liu Y B, Chen H, Li G, Yang F Z, Kondo T, Du S
X, Cao G H, Shin S, Fu L, Yin Z P, Gao H J, Ding H 2020
Nat. Commun. 11 5688

Wang X C, Zhang S J, Liu Q Q, Deng Z, Lv'Y X, Zhu J L,
Feng S M, Jin C Q 2011 High Press. Res. 31 7

Zhang P, Wang Z J, Wu X X, Yaji K, Ishida Y, Kohama Y,
Dai G Y, Sun Y, Bareille C, Kuroda K, Kondo T, Okazaki
K, Kindo K, Wang X C, Jin C Q, Hu J P, Thomale R,
Sumida K, Wu S L, Miyamoto K, Okuda T, Ding H, Gu G
D, Tamegai T, Kawakami T, Sato M, Shin S 2019 Nat.
Phys. 15 41

Li M, Li G, Cao L, Zhou X T, Wang X C, Jin C Q, Chiu C
K, Pennycook S J, Wang Z Q, Gao H J 2022 Nature 606 890
Tang S J, Zhang C F, Wong D, Pedramrazi Z, Tsai H Z, Jia
C J, Moritz B, Claassen M, Ryu H, Kahn S, Jiang J, Yan H,
Hashimoto M, Lu D H, Moore R G, Hwang C C, Hwang C,
Hussain Z, Chen Y L, Ugeda M M, Liu Z, Xie X M,
Devereaux T P, Crommie M F, Mo S K, Shen Z X 2017 Nat.
Phys. 13 683

Fatemi V, Wu S F, Cao Y, Bretheau L, Gibson Q D,
Watanabe K, Taniguchi T, Cava R J, Jarillo-Herrero P 2018


https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1103/PhysRevB.98.161107
https://doi.org/10.1038/npjquantmats.2016.5
https://doi.org/10.1038/npjquantmats.2016.5
https://doi.org/10.1038/npjquantmats.2016.5
https://doi.org/10.1038/npjquantmats.2016.5
https://doi.org/10.1038/npjquantmats.2016.5
https://doi.org/10.1038/npjquantmats.2016.5
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1093/nsr/nwz204
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/nphys3871
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1103/PhysRevB.104.085423
https://doi.org/10.1103/PhysRevB.104.085423
https://doi.org/10.1103/PhysRevB.104.085423
https://doi.org/10.1103/PhysRevB.104.085423
https://doi.org/10.1103/PhysRevB.104.085423
https://doi.org/10.1103/PhysRevB.104.085423
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1126/science.aaw9270
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1002/adma.201904641
https://doi.org/10.1103/PhysRevB.102.064502
https://doi.org/10.1103/PhysRevB.102.064502
https://doi.org/10.1103/PhysRevB.102.064502
https://doi.org/10.1103/PhysRevB.102.064502
https://doi.org/10.1103/PhysRevB.102.064502
https://doi.org/10.1103/PhysRevB.102.064502
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1038/s41467-017-01066-6
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051009
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1103/PhysRevLett.71.1466
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.7566/JPSJ.82.113707
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1103/PhysRevLett.108.157002
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/s41567-020-0822-z
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms7870
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1103/PhysRevB.91.241114
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1038/s41567-019-0630-5
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1103/PhysRevMaterials.1.013401
https://doi.org/10.1038/s41467-020-19487-1
https://doi.org/10.1038/s41467-020-19487-1
https://doi.org/10.1038/s41467-020-19487-1
https://doi.org/10.1038/s41467-020-19487-1
https://doi.org/10.1038/s41467-020-19487-1
https://doi.org/10.1038/s41467-020-19487-1
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1080/08957959.2010.515893
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41567-018-0280-z
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/s41586-022-04744-8
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1038/nphys4174
https://doi.org/10.1126/science.aar4642
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 17 (2023)

177401

[152]

[153]

[154]

[155]
[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]
[173]

[174]
[175]

[176)

[177]

[178)
[179)

Science 362 926

Sajadi E, Palomaki T, Fei Z Y, Zhao W J, Bement P, Olsen
C, Luescher S, Xu X D, Folk J A, Cobden D H 2018 Science
362 922

Hsu Y T, Cole W S, Zhang R X, Sau J D 2020 Phys. Rev.
Lett. 125 097001

Hor Y S, Williams A J, Checkelsky J G, Roushan P, Seo J,
Xu Q, Zandbergen H W, Yazdani A, Ong N P, Cava R J
2010 Phys. Rev. Lett. 104 057001

Liu Z H, Yao X, Shao J F, Zuo M, Pi L, Tan S, Zhang C J,
Zhang Y H 2015 J. Am. Chem. Soc. 137 10512

Qiu Y S, Sanders K N, Dai J X, Medvedeva J E, Wu W D,
Ghaemi P, Vojta T, Hor Y S 2015 arXiv: 1512.03519

Smylie M P, Willa K, Claus H, Snezhko A, Martin I, Kwok
W K, Qiu Y, Hor Y S, Bokari E, Niraula P, Kayani A,
Mishra V, Welp U 2017 Phys. Rev. B 96 115145

Sirohi A, Das S, Neha P, Jat K S, Patnaik S, Sheet G 2018
Phys. Rev. B 98 094523

Kurter C, Finck A D K, Huemiller E D, Medvedeva J, Weis
A, Atkinson J M, Qiu Y, Shen L, Lee S H, Vojta T, Ghaemi
P, Hor Y S, Van Harlingen D J 2019 Nano Lett. 19 38
Neupane M, Xu S Y, Sankar R, Alidoust N, Bian G, Liu C,
Belopolski I, Chang T R, Jeng H T, Lin H, Bansil A, Chou
F C, Hasan M Z 2014 Nat. Commun. 5 3786

Borisenko S, Gibson Q, Evtushinsky D, Zabolotnyy V,
Biichner B, Cava R J 2014 Phys. Rev. Lett. 113 027603

Liu Z K, Jiang J, Zhou B, Wang Z J, Zhang Y, Weng H M,
Prabhakaran D, Mo S K, Peng H, Dudin P, Kim T, Hoesch
M, Fang Z, Dai X, Shen Z X, Feng D L, Hussain Z, Chen Y
L 2014 Nat. Mater. 13 677

Jeon S, Zhou B B, Gyenis A, Feldman B E, Kimchi I, Potter
A C, Gibson Q D, Cava R J, Vishwanath A, Yazdani A
2014 Nat. Mater. 13 851

He L P, Hong X C, Dong J K, Pan J, Zhang Z, Zhang J, Li
S'Y 2014 Phys. Rev. Lett. 113 246402

Liang T, Gibson Q, Ali M N, Liu M H, Cava R J, Ong N P
2015 Nat. Mater. 14 280

He L P, Jia Y T, Zhang S J, Hong X C, Jin C Q, Li S Y
2016 NPJ Quantum Mater. 1 16014

Wang H, Wang H C, Liu H W, Lu H, Yang W H, Jia S, Liu
X J, Xie X C, Wei J, Wang J 2016 Nat. Mater. 15 38

Qi X L, Hughes T L, Zhang S C 2010 Phys. Rev. B 82
184516

Chen A, Franz M 2016 Phys. Rev. B 93 201105

Chen A, Pikulin D I, Franz M 2017 Phys. Rev. B 95 174505
Yan Z B, Wu Z G, Huang W 2020 Phys. Rev. Lett. 124
257001

Nadj-Perge S, Drozdov I K, Bernevig B A, Yazdani A 2013
Phys. Rev. B 88 020407

Pientka F, Glazman L I, von Oppen F 2013 Phys. Rev. B 88
155420

Haim A, Oreg Y 2019 Phys. Rep. 825 1

Manna S, Wei P, Xie Y M, Law K T, Lee P A, Moodera J S
2020 Proc. Natl. Acad. Sci. 117 8775

Deng M T, Vaitiekénas S, Prada E, San-Jose P, Nygard J,
Krogstrup P, Aguado R, Marcus C M 2018 Phys. Rev. B 98
085125

Vaitiekénas S, Winkler G W, van Heck B, Karzig T, Deng
M T, Flensberg K, Glazman L I, Nayak C, Krogstrup P,
Lutchyn R M, Marcus C M 2020 Science 367 eaav3392
Little W A, Parks R D 1962 Phys. Rev. Lett. 99

Albrecht S M, Hansen E B, Higginbotham A P, Kuemmeth
F, Jespersen T S, Nygard J, Krogstrup P, Danon J,

[180]

[181]

[182]

[183]

[184]

[185)
[186)

[187]

[188)

[189)
[190]

[191]
[192]

(193]
[194]

[195)

[196)

[197)

[198)

[199)

[200)

[201]
[202]
[203]

[204]

177401-20

Flensberg K, Marcus C M 2017 Phys. Rev. Lett. 118 137701
Shen J, Heedt S, Borsoi F, van Heck B, Gazibegovic S, Op
het Veld R L M, Car D, Logan J A, Pendharkar M,
Ramakers S J J, Wang G Z, Xu D, Bouman D, Geresdi A,
Palmstrgm C J, Bakkers E P A M, Kouwenhoven L P 2018
Nat. Commun. 9 4801

Albrecht S M, Higginbotham A P, Madsen M, Kuemmeth F,
Jespersen T S, Nygard J, Krogstrup P, Marcus C M 2016
Nature 531 206

Rosdahl T O, Vuik A, Kjaergaard M, Akhmerov A R 2018
Phys. Rev. B 97 045421

Puglia D, Martinez E A, Ménard G C, Poschl A, Gronin S,
Gardner G C, Kallaher R, Manfra M J, Marcus C M,
Higginbotham A P, Casparis L 2021 Phys. Rev. B 103
235201

Banerjee A, Lesser O, Rahman M A, Thomas C, Wang T,
Manfra M J, Berg E, Oreg Y, Stern A, Marcus C M 2023
Phys. Rev. Lett. 130 096202

Kejriwal A, Muralidharan B 2022 Phys. Rev. B 105 L161403
Danon J, Hellenes A B, Hansen E B, Casparis L,
Higginbotham A P, Flensberg K 2020 Phys. Rev. Lett. 124
036801

Ménard G C, Anselmetti G L R, Martinez E A, Puglia D,
Malinowski F K, Lee J S, Choi S, Pendharkar M, Palmstrem
C J, Flensberg K, Marcus C M, Casparis L, Higginbotham A
P 2020 Phys. Rev. Lett. 124 036802

Kwon H J, Sengupta K, Yakovenko V M 2004 Eur. Phys. J.
B 37 349

Kitaev A 'Y 2001 Phys. Usp. 44 131

San-Jose P, Prada E, Aguado R 2012 Phys. Rev. Lett. 108
257001

Frombach D, Recher P 2020 Phys. Rev. B 101 115304

Zhang Y J, Yang X P, Feng J J, Wang Z, Ma T X 2022
Phys. Rev. B 105 174514

Shapiro S 1963 Phys. Rev. Lett. 11 80

Rosen I T, Trimble C J, Andersen M P, Mikheev E, 1i Y B,
Liu Y Z, Tai L X, Zhang P, Wang K L, Cui Y, Kastner M
A, Williams J R, Goldhaber-Gordon D 2021 arXiv:
2110.01039

Dominguez F, Kashuba O, Bocquillon E, Wiedenmann J,
Deacon R S, Klapwijk T M, Platero G, Molenkamp L W,
Trauzettel B, Hankiewicz E M 2017 Phys. Rev. B 95 195430
Kurter C, Finck A D K, Hor Y S, Van Harlingen D J 2015
Nat. Commun. 6 7130

Sochnikov I, Maier L, Watson C A, Kirtley J R, Gould C,
Tkachov G, Hankiewicz E M, Briine C, Buhmann H,
Molenkamp L W, Moler K A 2015 Phys. Rev. Lett. 114
066801

Sochnikov I, Bestwick A J, Williams J R, Lippman T M,
Fisher I R, Goldhaber-Gordon D, Kirtley J R, Moler K A
2013 Nano Lett. 13 3086

Miyazaki H, Kanda A, Ootuka Y 2006 Physica C 437—438
217

Nanda G, Aguilera-Servin J L, Rakyta P, Korményos A,
Kleiner R, Koelle D, Watanabe K, Taniguchi T,
Vandersypen L M K, Goswami S 2017 Nano Lett. 17 3396
Della Rocca M L, Chauvin M, Huard B, Pothier H, Esteve
D, Urbina C 2007 Phys. Rev. Lett. 99 127005

Frolov S M, Van Harlingen D J, Oboznov V A, Bolginov V
V, Ryazanov V V 2004 Phys. Rev. B 70 144505

English C D, Hamilton D R, Chialvo C, Moraru I C, Mason
N, Van Harlingen D J 2016 Phys. Rev. B 94 115435

Lyu Z Z, Pang Y, Wang J H, Yang G, Fan J, Liu G T, Ji Z


https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1103/PhysRevLett.104.057001
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1021/jacs.5b06815
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.96.115145
https://doi.org/10.1103/PhysRevB.98.094523
https://doi.org/10.1103/PhysRevB.98.094523
https://doi.org/10.1103/PhysRevB.98.094523
https://doi.org/10.1103/PhysRevB.98.094523
https://doi.org/10.1103/PhysRevB.98.094523
https://doi.org/10.1103/PhysRevB.98.094523
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1021/acs.nanolett.8b02954
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat3990
https://doi.org/10.1038/nmat4023
https://doi.org/10.1038/nmat4023
https://doi.org/10.1038/nmat4023
https://doi.org/10.1038/nmat4023
https://doi.org/10.1038/nmat4023
https://doi.org/10.1038/nmat4023
https://doi.org/10.1038/nmat4023
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1103/PhysRevLett.113.246402
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/npjquantmats.2016.14
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.93.201105
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevB.95.174505
https://doi.org/10.1103/PhysRevLett.124.257001
https://doi.org/10.1103/PhysRevLett.124.257001
https://doi.org/10.1103/PhysRevLett.124.257001
https://doi.org/10.1103/PhysRevLett.124.257001
https://doi.org/10.1103/PhysRevLett.124.257001
https://doi.org/10.1103/PhysRevLett.124.257001
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1016/j.physrep.2019.08.002
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1073/pnas.1919753117
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1126/science.aav3392
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.9.9
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1103/PhysRevLett.118.137701
https://doi.org/10.1038/s41467-018-07279-7
https://doi.org/10.1038/s41467-018-07279-7
https://doi.org/10.1038/s41467-018-07279-7
https://doi.org/10.1038/s41467-018-07279-7
https://doi.org/10.1038/s41467-018-07279-7
https://doi.org/10.1038/s41467-018-07279-7
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.103.235201
https://doi.org/10.1103/PhysRevB.103.235201
https://doi.org/10.1103/PhysRevB.103.235201
https://doi.org/10.1103/PhysRevB.103.235201
https://doi.org/10.1103/PhysRevB.103.235201
https://doi.org/10.1103/PhysRevB.103.235201
https://doi.org/10.1103/PhysRevLett.130.096202
https://doi.org/10.1103/PhysRevLett.130.096202
https://doi.org/10.1103/PhysRevLett.130.096202
https://doi.org/10.1103/PhysRevLett.130.096202
https://doi.org/10.1103/PhysRevLett.130.096202
https://doi.org/10.1103/PhysRevLett.130.096202
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevB.105.L161403
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1140/epjb/e2004-00066-4
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1103/PhysRevLett.108.257001
https://doi.org/10.1103/PhysRevLett.108.257001
https://doi.org/10.1103/PhysRevLett.108.257001
https://doi.org/10.1103/PhysRevLett.108.257001
https://doi.org/10.1103/PhysRevLett.108.257001
https://doi.org/10.1103/PhysRevLett.108.257001
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.101.115304
https://doi.org/10.1103/PhysRevB.105.174514
https://doi.org/10.1103/PhysRevB.105.174514
https://doi.org/10.1103/PhysRevB.105.174514
https://doi.org/10.1103/PhysRevB.105.174514
https://doi.org/10.1103/PhysRevB.105.174514
https://doi.org/10.1103/PhysRevB.105.174514
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevLett.11.80
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1103/PhysRevB.95.195430
https://doi.org/10.1038/ncomms8130
https://doi.org/10.1038/ncomms8130
https://doi.org/10.1038/ncomms8130
https://doi.org/10.1038/ncomms8130
https://doi.org/10.1038/ncomms8130
https://doi.org/10.1038/ncomms8130
https://doi.org/10.1103/PhysRevLett.114.066801
https://doi.org/10.1103/PhysRevLett.114.066801
https://doi.org/10.1103/PhysRevLett.114.066801
https://doi.org/10.1103/PhysRevLett.114.066801
https://doi.org/10.1103/PhysRevLett.114.066801
https://doi.org/10.1103/PhysRevLett.114.066801
https://doi.org/10.1021/nl400997k
https://doi.org/10.1021/nl400997k
https://doi.org/10.1021/nl400997k
https://doi.org/10.1021/nl400997k
https://doi.org/10.1021/nl400997k
https://doi.org/10.1021/nl400997k
https://doi.org/10.1021/nl400997k
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1016/j.physc.2005.12.051
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1021/acs.nanolett.7b00097
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevLett.99.127005
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.70.144505
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
https://doi.org/10.1103/PhysRevB.94.115435
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 17 (2023)

177401

[205)
[206]
[207]

[208]

[209]

[210]

[211]

[212]

[213]
[214]

[215]

Q, Jing X N, Yang C L, Qu F M, Lu L 2018 Phys. Rev. B
98 155403

Yang G, Lyu Z Z, Wang J H, Ying J H, Zhang X, Shen J,
Liu GT,Fan J, JiZ Q, Jing X N, Qu F M, Lu L 2019 Phys.
Rev. B 100 180501

Vijay S, Hsieh T H, Fu L 2015 Phys. Rev. X 5 041038

Pillet J D, Quay C H L, Morfin P, Bena C, Yeyati A L,
Joyez P 2010 Nat. Phys. 6 965

Nichele F, Portolés E, Fornieri A, Whiticar A M,
Drachmann A C C, Gronin S, Wang T, Gardner G C,
Thomas C, Hatke A T, Manfra M J, Marcus C M 2020
Phys. Rev. Lett. 124 226801

Wang J Y, van Loo N, Mazur G P, Levajac V, Malinowski
F K, Lemang M, Borsoi F, Badawy G, Gazibegovic S,
Bakkers E P A M, Quintero-Pérez M, Heedt S,
Kouwenhoven L P 2022 Phys. Rev. B 106 075306

Fornieri A, Whiticar A M, Setiawan F, Portolés E,
Drachmann A C C, Keselman A, Gronin S, Thomas C,
Wang T, Kallaher R, Gardner G C, Berg E, Manfra M J,
Stern A, Marcus C M, Nichele F 2019 Nature 569 89

Budich J C, Walter S, Trauzettel B 2012 Phys. Rev. B 85
121405

Ménard G C, Malinowski F K, Puglia D, Pikulin D I, Karzig
T, Bauer B, Krogstrup P, Marcus C M 2019 Phys. Rev. B
100 165307

Bretheau L, Girit ¢ O, Urbina C, Esteve D, Pothier H 2013
Phys. Rev. X 3 041034

Bretheau L, Girit ¢ O, Pothier H, Esteve D, Urbina C 2013
Nature 499 312

van Woerkom D J, Proutski A, van Heck B, Bouman D,
Viyrynen J I, Glazman L I, Krogstrup P, Nygard J,
Kouwenhoven L P, Geresdi A 2017 Nat. Phys. 13 876

[216]

[217]

[218)

[219]

[220]

[221]

[222]

[223]

[224]

[225]

177401-21

Tosi L, Metzger C, Goffman M F, Urbina C, Pothier H,
Park S, Yeyati A L, Nygard J, Krogstrup P 2019 Phys. Rev.
X 9011010

Spanton E M, Deng M T, Vaitiekénas S, Krogstrup P,
Nygard J, Marcus C M, Moler K A 2017 Nat. Phys. 13 1177
Hart S, Cui Z, Ménard G, Deng M T, Antipov A E, Lutchyn
R M, Krogstrup P, Marcus C M, Moler K A 2019 Phys. Rev.
B 100 064523

Razmadze D, Sabonis D, Malinowski F K, Ménard G C,
Pauka S, Nguyen H, van Zanten D M T, O'Farrell E C T,
Suter J, Krogstrup P, Kuemmeth F, Marcus C M 2019 Phys.
Rev. Appl. 11 064011

van Zanten D M T, Sabonis D, Suter J, Védyrynen J I,
Karzig T, Pikulin D I, O’Farrell E C T, Razmadze D,
Petersson K D, Krogstrup P, Marcus C M 2020 Nat. Phys.
16 663

Schmitt T W, Connolly M R, Schleenvoigt M, Liu C L,
Kennedy O, Chdvez-Garcia J M, Jalil A R, Bennemann B,
Trellenkamp S, Lentz F, Neumann E, Lindstrom T, de
Graaf S E, Berenschot E, Tas N, Mussler G, Petersson K D,
Griitzmacher D, Schiiffelgen P 2022 Nano Lett. 22 2595
Zhuo E N, Lyu Z Z, Sun X P, Ii A, Li B, Ji Z Q, Fan J,
Bakkers E P A M, Han X D, Song X H, Qu F M, Liu G T,
Shen J, Lu L 2023 NPJ Quantum Inf. 9 51

Sun X P, Li B, Zhuo E N, Lyu Z Z, Ji Z Q, Fan J, Song X
H, Qu F M, Liu G T, Shen J, Lu L 2023 Appl. Phys. Lett.
122 154001

Alicea J, Oreg Y, Refael G, von Oppen F, Fisher M P A
2011 Nat. Phys. T 412

Beenakker C W J, Baireuther P, Herasymenko Y, Adagideli
I, Wang L, Akhmerov A R 2019 Phys. Rev. Lett. 122 146803


https://doi.org/10.1103/PhysRevB.98.155403
https://doi.org/10.1103/PhysRevB.98.155403
https://doi.org/10.1103/PhysRevB.98.155403
https://doi.org/10.1103/PhysRevB.98.155403
https://doi.org/10.1103/PhysRevB.98.155403
https://doi.org/10.1103/PhysRevB.98.155403
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevB.100.180501
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1038/nphys1811
https://doi.org/10.1038/nphys1811
https://doi.org/10.1038/nphys1811
https://doi.org/10.1038/nphys1811
https://doi.org/10.1038/nphys1811
https://doi.org/10.1038/nphys1811
https://doi.org/10.1038/nphys1811
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1103/PhysRevB.106.075306
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1103/PhysRevB.85.121405
https://doi.org/10.1103/PhysRevB.85.121405
https://doi.org/10.1103/PhysRevB.85.121405
https://doi.org/10.1103/PhysRevB.85.121405
https://doi.org/10.1103/PhysRevB.85.121405
https://doi.org/10.1103/PhysRevB.85.121405
https://doi.org/10.1103/PhysRevB.100.165307
https://doi.org/10.1103/PhysRevB.100.165307
https://doi.org/10.1103/PhysRevB.100.165307
https://doi.org/10.1103/PhysRevB.100.165307
https://doi.org/10.1103/PhysRevB.100.165307
https://doi.org/10.1103/PhysRevB.100.165307
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1038/nature12315
https://doi.org/10.1038/nature12315
https://doi.org/10.1038/nature12315
https://doi.org/10.1038/nature12315
https://doi.org/10.1038/nature12315
https://doi.org/10.1038/nature12315
https://doi.org/10.1038/nphys4150
https://doi.org/10.1038/nphys4150
https://doi.org/10.1038/nphys4150
https://doi.org/10.1038/nphys4150
https://doi.org/10.1038/nphys4150
https://doi.org/10.1038/nphys4150
https://doi.org/10.1038/nphys4150
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1038/nphys4224
https://doi.org/10.1038/nphys4224
https://doi.org/10.1038/nphys4224
https://doi.org/10.1038/nphys4224
https://doi.org/10.1038/nphys4224
https://doi.org/10.1038/nphys4224
https://doi.org/10.1038/nphys4224
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevB.100.064523
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1103/PhysRevApplied.11.064011
https://doi.org/10.1038/s41567-020-0858-0
https://doi.org/10.1038/s41567-020-0858-0
https://doi.org/10.1038/s41567-020-0858-0
https://doi.org/10.1038/s41567-020-0858-0
https://doi.org/10.1038/s41567-020-0858-0
https://doi.org/10.1038/s41567-020-0858-0
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1021/acs.nanolett.1c04055
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1038/s41534-023-00721-9
https://doi.org/10.1063/5.0140079
https://doi.org/10.1063/5.0140079
https://doi.org/10.1063/5.0140079
https://doi.org/10.1063/5.0140079
https://doi.org/10.1063/5.0140079
https://doi.org/10.1063/5.0140079
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1103/PhysRevLett.122.146803
https://doi.org/10.1103/PhysRevLett.122.146803
https://doi.org/10.1103/PhysRevLett.122.146803
https://doi.org/10.1103/PhysRevLett.122.146803
https://doi.org/10.1103/PhysRevLett.122.146803
https://doi.org/10.1103/PhysRevLett.122.146803
https://doi.org/10.1103/PhysRevLett.122.146803
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
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. 72, No. 17 (2023) 177401

SPECIAL TOPIC — Quantum transport in topological materials and devices
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Detecting Majorana zero modes with transport measurements
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Abstract

Topological superconductors have attracted much research interest, because they were proposed to host
non-abelian Ising Anyon Majorana zero modes and thus can be used to construct fault-tolerant topological
quantum computers. This paper mainly reviews the electrical transport methods for detecting the presence of
Majorana zero modes. First, the basic concepts of topological superconductivity, Majorana zero modes and non-
Abelian statistics are introduced, followed by a summary of various schemes for implementing topological
superconductivity. Then, the experimental methods for detecting topological superconductivity or Majorana
zero modes by using low-temperature transport methods, including electron tunneling spectroscopy, Coulomb
blockade spectroscopy and non-local conductance detection, which are widely used in superconductor/nanowire
hybrid systems, are discussed. On the other hand, the measurements of the (inverse) AC Josephson effect and
current (energy) phase relationships are also reviewed to identify Majorana zero modes in Josephson devices.
Meanwhile, to deepen our understanding of Majorana zero modes, some mechanisms for explaining the
experimental data observed in the above experiments are provided. Finally, a brief summary and outlook of the

electrical transport methods of Majorana zero modes are presented.
Keywords: topological superconductivity, Majorana zero modes, zero-bias conductance peak, Josephson effect
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