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Fig. 1. (a) Illustration of a photoemission experiment; (b) curve of electric IMFP vs energy; (c) energetics of the photoemission pro-

cess; (d) illustration different FSs measured by ARPES under different photon energies due to the k, dispersion in k-space of a 3D

Fermi Surface.
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Fig. 2. A picture of the synchrotron-based nano-ARPES
workstation in SSRF BLO3U.
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Fig. 3. (a) Ilustration of a 3D Dirac Fermion in 4D energy-momentum space and its projection onto different 3D subspace; (b) the

crystal structure of NasBi; (c¢) 1% Brillouin zone of NayBi; (d) measured Fermi surface map across the whole 3D BZ (top panel) and

its projection on the surface BZ (bottom panel) on pristine surfaces. 3D intensity plot of the photoemission spectra (e) along the

kP kP direction and (f) along the k”~k”, direction at the Dirac point.
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Fig. 4. (a) Schematic of Fermi surface in NasBi cleaved along (100) direction; (b) Fermi surface measured by ARPES experiment;

(c) spectrum cut along « from (b); (d) theoretical calculated spin texture of Fermi arcs; (e) band structure along A — ' — K ;

(f) calculated K — I" — K projected bands corresponding to (c) when k, = 0.
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Fig. 5. 3D visualization of type-II Dirac cone: (a) Schematic of type-II Dirac cone projected on k-k-E space; (b) 3D ARPES map
(hv = 24 eV) which slices through the type-II BDP (pointed out by magenta arrow); (c¢) zoomed-in ARPES constant energy con-
tours (CECs) of Fig.(b); (d) schematic of type-II Dirac cone projected on k,—~k—FE space; (e) 3D k.-dependent map (hv = 18-33 eV);
(f) zoomed-in ARPES CECs of Fig. (e).
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Fig. 6. (a) Crystal structure (with its top view) and (b) 1% Brillouin zone (with surface BZ marked in blue) of PtTe; (c) (d) evolu-
tion of crystal-field-derived levels with the out-of-plane k, momentum when hybridization is (c)neglected or (d)included, showing a
protected crossing of the A; and E-derived levels; (¢) ARPES spectrum along I-A-I" direction (k, corresponding to hv = 80-132 eV)
with calculated bands (yellow lines) attached; (f) ARPES spectrum along Af — ' — M direction (hv = 27 eV); (g) calculated en-

ergy bands projected on surface Brillouin zone.
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Fig. 7. (a) Crystal structure of TaAs; (b) schematic of a WSM electronic structure with spin-polarized Fermi arcs connecting projec-
tions of two bulk Weyl nodes (The red and blue colors represent opposite chirality. For clarity, only surface states on the top and
bottom surfaces are indicated); (c) (i) calculated position of Weyl Fermions and Fermi arcs in 1% BZ with its (ii) top view;
(iii) shows the photoemission intensity plot at Ep in the k~k, plane at k, = 0 (The green lines represent the BZ structure in the
k;k, plane.); (d) Fermi surface measured by ARPES experiment (hv = 36 eV); (e) illustration of band numbers crossing an arbit-
rary k loop. Blue and magenta circles indicate the locations where the bands cross the enclosed k loop '— X — M — I and
I'—Y — M — T at Ep, respectively. (f) zoomed-in experimental and theoretical Fermi surface near W1 Weyl point (spin polariza-
tions of Fermi arc marked by red arrows); (g) theoretical spin texture of surface states on Fermi surface (spin polarization indic-

ated by white arrows); (h) angle-resolved spin polarizations along C1, C2 (marked in Fig. (g) with white lines) in the z direction.
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Fig. 8. Observation of bulk Weyl cones and Weyl nodes in TaAs using SX-ARPES: (a) Measured and first principles calculated kk,
Fermi surface maps at the k, value that corresponds to the W1 Weyl nodes; (b) ARPES spectra cut along (i)cutl and (ii)cut2 from
Fig. (a); (c) measured &k, Fermi surface maps at the &, value that corresponds to the W2 Weyl nodes as well as the spectrum cut

along cut3. Linearly dispersive Weyl cones of both W1 and W2 can be observed.
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Fig. 9. (a) Illustration of the separation of Weyl points (with opposite chirality, marked as WP+ and WP-) in different materials of
TaAs family with increasing spin-orbital coupling effect; (b)—(d) high-resolution ARPES measurements on the (i) spoon-like FS and
(ii, iii) associated band dispersions indicated by the red dotted lines for NbP, TaP and TaAs, respectively (AK; and AK, represent
the separation between the Weyl points and Fermi arcs, respectively.); (e) summary of the extracted AK, and AK, from the three
compounds, plotted against the SOC strength.
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Fig. 10. Magnetic Weyl semimetal Co3Sn,S,: (a) Exotic neighboring states of the magnetic WSM can be achieved by tuning para-
meters such as magnetism, thickness, and electron correlation; (b) illustration of DP splitting (into one pair or two Weyl points)
caused by time reversal symmetry broken in simplest magnetic WSMs. Magenta and green color of the Weyl points represent posit-
ive (4) and negative (—) chirality, respectively; the arrows illustrate the Berry curvature. k: momentum; s: spin; WP: Weyl point;
IS: inversion symmetry; (c) crystal structure of CosSn,S, and (d) schematic of the bulk and surface Brillouin zones along the (001)
surface of CosSn,S,, with the Weyl points marked and connected by SFAs (yellow line segments); (e) comparison of the calculated
(i) FS, (iii) band dispersion from both bulk and surface states and the corresponding experimental data of (ii) F'S, (iv) band disper-
sion at 124 eV; (f) (i) 3D ARPES spectra intensity plot measured with Weyl points emerge (marked by green arrows). (ii) The band
measured at 10 K, cutting from (i) with grey surface, shows a linear dispersion across the Weyl point, agreeing well with the calcu-
lations (red curves overlaid).
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Fig. 11. (a) Schematic illustration of type-II Weyl Fermions in the momentum space; (b) crystal structure and (c) 1** Brillouin zone
of Tg-MoTe,y; (d) calculated W1 and W2 Weyl Fermions and Fermi arcs on CECs; (e) (i) photon-energy dependent ARPES data (T =
30 K) plot along " — X at Ep as well as Fermi surface in the kFk, plane, together with (iii) spin polarization measured at &, =~
0.05 A1 with photon-energy variation for P,, P, and P, respectively. EPs, HPs are short for electron pockets and hole pockets,
small Fermi arcs are pointed out by «, 8, 7, § dashed lines; (f) measured and calculated Fermi surface around W1 and W2 in kk,

plane; (g) pump-probe ARPES sprectrum cut through WP as well as the corresponding band structure calculation.
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Fig. 12. Crystal structure and band structure of MoP along the I'- A line in the momentum space: (a) Three-dimensional crystal
structure of MoP and (b) the top view of the lattice showing the Cj; rotation symmetry with respect to molybdenum (brown
spheres) or phosphorous (green spheres) and the M, mirror plane (horizontal red line); (c) bulk Brillouin zone and the projected
(001) surface Brillouin zone; (d) (e) calculated band structures along =4 (d) without and (e) with SOC. The black spots at the
crossing points indicate the triply degenerate points. The curves with mixed colors represent doubly degenerate bands, curves with
pure color represent non-degenerate bands.
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Fig. 13. Electronic structure near TP1. (a)-(c) (i) ARPES, (ii) curvature intensity plots and (iii)calculated band structure along (a)
C1, (b) C2 and (c) C3; (C1, C2, C3 are blue and green lines indicated in (d)) (e) 3D plot of the band dispersions along C1 near
TP1. Spectrum along C1 is recorded on the (100) cleavage surface; those along C2 and C3 are obtained on the (001) cleavage sur-

face.
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Fig. 14. (a)Schematics of the band structures of a Weyl Fermion, a Dirac Fermion, a spin-1 Fermion and a charge-2 Fermion;

(b) schematics of the Fermi arcs connecting the projections of Fermions with opposite chiralities for Weyl semimetals(up) and CoSi

(down); (c) crystal structure and (d) 1%t Brillouin zone of CoSi; (e) diagram of chiral edge states and Fermi arcs in 3D momentum

space; (f), (g) theoretical and experimental results of Fermi surface in CoSi; (h) in-plane (along k,/) spectra cut along Loopl and

Loop?2 in Fig. (g).
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Fig. 15. (a) Schematic illustration of Dirac node and Dirac nodal line in the momentum space; (b) crystal structure and (c) 1% Bril-
louin zone (together with surface BZ) of MSiS (M = Zr/Hf); (d) 3D intensity plot of spectra measured in ZrSiS with hv = 436 €V,
showing the band structure of the nodal ring when k, = 0; (e) schematic of the band structure hosting a Dirac nodal line along k,
direction as well as corresponding ARPES spectra from I-X-I" to Z-R-Z; (f) calculated and measured Fermi surface of ZrSiS with

surface and bulk states respectively; (g) schematic of topological drumhead surface states in Co,MnGa.
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Fig. 16. (a) Zoomed-in Brillouin zone of ZrSiS; (b) Schematic plot of the band splitting of nodal line in an arbitrary k,-k, plane near
the nodal surface; (c) calculated nodal line dispersion along R—-A, L-H and X-M direction; (d) ARPES spectra along C1-C6 cuts in

Fig. (a), with nodal lines before and after spliting pointed out by red arrows.
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Fig. 17. (a) Schematics of four topological configurations formed by nodal lines; (b) calculated bulk FSs in the 3D BZ and the

(c) projected calculation on the A-I*J surface, respectively; (d) crystal structure of TiBs; (e) top view projection on I-M-K surface

of the nodal chain calculation. (f) Fermi surface measured using ARPES at 80 eV; (g) nodal chain measured using hw-dependent

ARPES experiment.
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(a) (ii) K-decorated NbAs
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Fig. 18. Topological Lifshitz transition induced by in-situ potassium decoration: (a) and (b) are band structures of the pristine and
in-situ potassium-decorated NbAs (001) surface, respectively. (i) - (iv): Measured Fermi surface, calculated and measured Fermi sur-
face patch around X point, schematic illustration of the Fermi arc connectivity to projections of pairs of Weyl points. Trivial SS is
short for trivial surface states, SFAs is short for surface Fermi arcs, and WP is short for Weyl point.
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Fig. 19. (a) Band dispersion of WTe, crystals along ¥ — G — Y direction, showing multiple band crossings at E; (b) band disper-
sion of monolayer WTe, film (A bandgap of 45 meV is clearly revealed); (c) representative STM dI/dV spectra taken at the edge
(orange) and in the bulk (purple), respectively.

WIRE SR —FAMRE 4R NbAs BUZOKINRTT 2R TAUASS (KL 18(a) (iv) T 18(b)(iv)):

A 2 I 1 Bl R I o A HL K X 3 4 1R Y

A5 1220250 5] 18(a) /% T NbAs 9 (001) it & T
(AL TET) P SR OKTET, HhF DR TS STHR I 2 K SINL
TAIF T, AT HAER W PR R A 98
1M, REFEF B, 92K ATl 4
AT 487 FIREE ), I Hi% “8” PR 4l ket il 4~
KBRS, PRI EAE (8 18(D)).
TEEERE, WA MBS, PRSI MR ST

—XF AR s, NI & AR T 04D Lifshitz $47F 122, 5%
o TR D4 B B SR T & B R —
A HA AT ERAEPE R B 1)

7.2 HEEREFIRNAIMEE
AR IR R AE I — RS, AT

227102-19


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

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 22 (2019)

227102

FTR, =R WTe, # IS FISLHIESE M A —
FHMRAe G S 058182, 2RI WTey # ] #8 H
TS, BRI IS S HAT 45 meV [
RE B B9 AR B AR (6 19(b)), H STM #F5%
BRTES A MEFRE RS (18 19(c)) 02120,
E—2, BHE RS AE LR WTe, N E] T8 FIbH T
V55 0127 3k SEEHE L R TE I 52 WTe, 2 ASE
YEPR I ZR AR (BT AR R BN A 2R 4K ). (A,
FATIE LA WTe, G0 A 4 7E [R]— Fhob R
ST ME S

8 # #

ARICJEIR T P AN 4 8 A58 1)
PO CH FRFSE R, FEaE F LA, 7R MK
4 M 5T U A R R AT Y R I S
J'&, BRI AT AR AR K R S U0 R A 1 T B
THZHBAREEN TIE B, X—FR50H 2
KF N2 4 I8 A5 1E AR A HAS T H 3357
[ ZEIE PRI TR T IFH B I IESE O [ 2Z 40,
EER SIS hE A AR S BIP s PR &R 7/ BN
Jefif (HgCrySe,PV) S5 LEL T 5 B M AL FL 45
. BT BE A AR, R &M H G
BB NS B 4 1] 3R G0 Hb 8 I 4 F 02 4 Ja A R P v 5
PRE LA L R AT, Bl TR 48 1)
AR T2 F OGS, SILFERE, f59F
S T REISG AR W IEAE Hopr A Sk @ v, piltnss
6533 ARPES £ | B [0] 739 ARPES AR Mtk
iR ARPES BiARGE, b R ik BRI RIRR
YIBRS R L SR B R Ay PR SRR R
SERCRAFAE, PR AR TN R U Y S IR R R 3
PET LA T H.

S5 3k
(1] Klitzing K V, Dorda G, Popper M, et al. 1980 Phys. Rev.
Lett. 45 494

[2] Thouless D J, et al. 1982 Phys. Rev. Lett. 49 405

Tusi D C, Stormer H L, Gossard A C, et al. 1982 Phys. Rev.
Lett. 48 1559

Wen X G 1989 Phys. Rev. B 40 7387

Wen X G 1990 Int. J. Mod. Phys. B 4 239

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

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

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

Hsieh D, Qian D, Wray L, et al. 2008 Nature 452 970

=

NI

EONCENES

[10]
1]
12]
18]
[14]
[15]
[16]
17]
18]
i
[20]
21]
[22]
23]
24]
[25)

[26]
[27]

[28]
[29]
[30]
31]

[32]
[33]

34]

[35]
[36]

[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]

[47]

[48]

227102-20

Chen Y L, Analytis J G, Chu J H, et al. 2009 Science 325
178

Wan X G, Turner A M, Vishwanath A, et al. 2011 Phys.
Rev. B 83 205101

Wang Z J, Sun Y, Chen X Q, et al. 2012 Phys. Rev. B 85
195320

Young S M, Zaheer S, Teo J C Y, et al. 2012 Phys. Rev.
Lett. 108 140405

Dirac P A M 1928 Proc. R. Soc. A 117 610

Weyl H 1929 Proc. Natl. Acad. Sci. U.S.A. 15 323

Borisenko S, Gibson Q, Evtushinsky D, et al. 2014 Phys.
Rev. Lett. 113 027603

Liu Z K, Jiang J, Zhou B, et al. 2014 Nat. Mater. 13 677

Liu Z K, Zhou B, Zhang Y, et al. 2014 Science 343 864
Neupane M, Xu S Y, Sankar R, et al. 2014 Nat. Commun. 5
3786

Xu S Y, Belopolski I, Alidoust N, et al. 2015 Science 349
6248

Damascelli A, Hussain Z, Shen Z X 2003 Rev. Mod. Phys. 75
473

Chen Y L 2012 Front. Phys. 7 175

Penn D R 1987 Phys. Rev. B 35 482

Powell C J, Jablonski A, Tilinin I S, et al. 1999 J. Electron.
Spectrosc. Relat. Phenom. 98-99

Clark D T, Thomas H R 1977 J. Polym. Sci., Part A:
Polym. Chem. 15 2843

Nicholson A J C 1970 Appl. Opt. 9 1155

Elder F R, Gurewitsch A M, Langmuir R V, et al. 1947
Phys. Rev. 71 829

Huffman R E, Tanaka Y, Larrabee J C 1963 Appl. Opt. 2
617

Carmignani N 2016 Touschek Lifetime Studies and
Optimization of the European Synchrotron Radiation
Facility 1

Xu SY, Liu C, Kushwaha S K, et al. 2015 Science 347 294
Liang A J, Chen C Y, Wang Z J, et al. 2016 Chin. Phys. B
25 077101

Yi HM, Wang Z J, Chen C Y, et al. 2014 Sci. Rep. 4 6106
Wang Z J, Weng H M, Wu Q S, et al. 2013 Phys. Rev. B 88
125427

Wu M, Zheng G L, Chu W W, et al. 2018 Phys. Rev. B 98
161110

Zhang C, Zhang Y, Yuan X, et al. 2019 Nature 565 331
Zhang K N, Yan M Z, Zhang H X, et al. 2017 Phys. Rev. B
96 125102

LiY W, Xia Y Y Y, Ekahana S A, et al. 2017 Phys. Rev.
Mater. 1 074202

Yan M Z, Huang H Q, Zhang K N, et al. 2017 Nat.
Commun. 8 257

Bahramy M S, Clark O J, Yang B J, et al. 2017 Nat. Mater.
17 21

Noh H J, Jeong J, Cho E J, et al. 2017 Phys. Rev. Lett. 119
016401

Fei F C, Bo X Y, Wang R, et al. 2017 Phys. Rev. B 96
041201

Xiao R C, Gong P L, Wu Q S, et al. 2017 Phys. Rev. B 96
075101

Tang P Z, Zhou Q, Xu G, et al. 2016 Nat. Phys. 12 1100
Emmanouilidou E, Cao H B, Tang P Z, et al. 2017 Phys.
Rev. B 96 224405

Kang M G, Ye L D, Fang S A, et al. 2019 arXiv: 1906.02167
Lin Z Y, Wang C Z, Wang P D, et al. 2019 arXiv:
1906.05755

Soh J R, Juan F, Vergniory M G, et al. 2019 arXiv:
1901.10022 v

Ma J Z, Nie S M, Yi C J, et al. 2019 Sci. Adv. 5 eaaw4718


http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevB.85.195320
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1103/PhysRevLett.108.140405
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1073/pnas.15.4.323
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1103/PhysRevLett.113.027603
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1038/nmat3990
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1126/science.1245085
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1038/ncomms4786
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1002/pol.1977.170151204
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.9.001155
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1364/AO.2.000617
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1126/science.1256742
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1088/1674-1056/25/7/077101
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.88.125427
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1103/PhysRevB.98.161110
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1038/s41586-018-0798-3
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevB.96.125102
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1103/PhysRevMaterials.1.074202
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1038/s41467-017-00280-6
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevLett.119.016401
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.041201
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1103/PhysRevB.96.075101
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1038/nphys3839
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1103/PhysRevB.96.224405
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
http://dx.doi.org/10.1126/sciadv.aaw4718
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. 68, No. 22 (2019)

227102

(49]
[50]

51]
/52]
/53]
[54]
[55]
[56]
[57)
/58]
[50]
[60]

(61]
(62]

(63]
(64]
(65]
(66]
[67]
(68]
[69]
[70]
(71]

[72]
(73]

[74]
(75]
[76]

[77]
78]

[79]
[80]
81)
82]
83]
84]

(85]

Su H, Gong B C, Shi W J, et al. 2019 arXiv: 1903.12532
Hua G Y, Nie S M, Song Z D, et al. 2018 Phys. Rev. B 98
201116

Xu G, Weng H M, Wang Z J, et al. 2011 Phys. Rev. Lett.
107 186806

Lv B Q, Weng H M, Fu B B, et al. 2015 Phys. Rev. X 5
031013

Lv B Q, et al. 2015 Phys. Rev. Lett. 115 217601; 2015 Nat.
Phys. 11 724

Yang L X, Liu Z K, Sun Y, et al. 2015 Nat. Phys. 11 728
Liu Z K, Yang L X, Sun Y, et al. 2016 Nat. Mater. 15 27
Weng H M, Fang C, Fang Z, et al. 2015 Phys. Rev. X 5
011029

Xu S'Y, Belopolski I, Sanchez D S, et al. 2015 Sei. Adv. 1
€1501092

Xu S Y, Belopolski I, Sanchez D S, et al. 2015 arXiv:
1509.07465

Xu S Y, Alidoust N, Belopolski I, et al. 2015 Nat. Phys. 11
748

Kuroda K,Tomita T, Suzuki M T, et al. 2017 Nat. Mater. 16
1090

Liu D F, Liang A J, Liu E K et al. 2019 Science 365 1282
Morali Noam, Batabyal Rajib, Nag P K, et al. 2019 Science
365 1286

Soluyanov A A, Gresch D, Wang Z J, et al. 2015 Nature 527
495

Sun Y, Wu S C, Ali M N, et al. 2015 Phys. Rev. B 92
161107

Wang Z J, Gresch D, Soluyanov A A, et al. 2016 Phys. Rev.
Lett. 117 056805

Tamai A, Wu Q S, Cucchi I, et al. 2016 Phys. Rev. X 6
031021

Deng K, Wan G L, Deng P, et al. 2016 Nat. Phys. 12 1105
Jiang J, Liu Z K, Sun Y, et al. 2017 Nat. Commun. 8 13973
Huang L, McCormick T M, Ochi M, et al. 2016 Nat. Mater.
15 1155

RiiBmann P, Weber A P, Glott F, et al. 2018 Phys. Rev. B
97 075106

Wang Z J, Alexandradinata A, Robert J C 2016 Nature 532
189

Xu N, Wang Z J, Weber A P, et al. 2016 arXiv: 1604.02116
Berger A N, Andrade E, Kerelsky A, et al. 2018 npj
Quantum Mater. 3 2

Yao M Y, Xu NNWu Q S, et al. 2019 Phys. Rev. Lett. 122
176402

Liang A J, Huang J W, Nie S M, et al. 2016 arXiv:
1604.01706

Sakano M, Bahramy M S, Tsuji H, et al. 2017 Phys. Rev. B
95 121101

Wan G L, Yao W, Zhang K N, et al. 2017 arXiv: 1710.00350
Weber A P, Riifimann P, Xu N, et al. 2018 Phys. Rev. Lett.
121 156401

Chang T R, Xu S 'Y, Chang G Q, et al. 2016 Nat. Commun.
7 10639

Belopolski I, Xu S Y, Ishida Y, et al. 2016 Phys. Rev. B 94
085127

Pletikosi¢ I, Ali M N, Fedorov A V, et al. 2014 Phys. Rev.
Lett. 113 216601

Jiang J, Tang F, Pan X C, et al. 2015 Phys. Rev. Lett. 115
166601

Wu Y, Jo N H, Ochi M, et al. 2015 Phys. Rev. Lett. 115
166602

Xu S Y, Alidoust N, Chang G Q, et al. 2017 Sci. Adv. 3
€1603266

Belopolski I, Yu P, Sanchez D S, et al. 2017 Nat. Commun.
8 942

[86]
[87]

[88]
[89]

[90]
[91]

[92]
(93]

[94]
[95]
[96]
[97]
(98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]

[106]
[107]

[108)
[109)

[110]
[111]

[112]
[113)

[114]
[115]
[116]
[117]
[118]

[119]
[120]

[121]
[122]

[123]

227102-21

Koepernik K, Kasinathan D, Efremov D V, et al. 2016 Phys.
Rev. B 93 201101

Haubold E, Koepernik K, Efremov D, et al. 2017 Phys. Rev.
B 95 241108

Heikkils T T, Volovik G E 2015 New J. Phys. 17 093019
Winkler G W, Wu Q S, Troyer M, et al. 2016 Phys. Rev.
Lett. 117 076403

Hyart T, Heikkils T T 2016 Phys. Rev. B 93 235147

Weng H M, Fang C, Fang Z, et al. 2016 Phys. Rev. B 93
241202

Bradlyn B, Cano J, Wang Z J, et al. 2016 Science 353 558
Zhu Z M, Winkler G W, Wu Q S, et al. 2016 Phys. Rev. X 6
031003

Weng H M, Fang C, Fang Z, et al. 2016 Phys. Rev. B 94
165201

Chang G Q, Xu S Y, Huang S M, et al. 2017 Sei. Rep. 7
1688

Lv B Q, Feng Z L, Xu Q N, et al. 2017 Nature 546 627

Rao Z C, Li H, Zhang T T, et al. 2019 Nature 567 496
Sanchez D S, Belopolski I, Cochran T A, et al. 2019 Nature
567 500

Schréter N B M, Pei D, Vergniory M G, et al. 2019 Nat.
Phys. 15 759

Lv B Q, Feng Z L, Zhao J Z, et al. 2019 Phys. Rev. B 99
241104

Fang C, Weng H M, Dai X, et al. 2016 Chin. Phys. B 25
117106

Burkov A A, Hook M D, Balents L, et al. 2011 Phys. Rev. B
84 235126

Feng B J, Fu B T, Kasamatsu S, et al. 2017 Nat. Commun.
8 1007

Lian J L, Yu L X, Liang Q F, et al. 2019 npj Comput.
Mater. 10 1

Bian G, Chang T R, Sankar R, et al. 2016 Nat. Commun. 7
10556

WuY, Wang L L, Mun E, et al. 2016 Nat. Phys. 12 667

Wu Y, Jo N H, Wang L L, et al. 2019 Phys. Rev. B 99
161113(R)

Neupane M, Belopolski I, Hosen M M, et al. 2016 Phys. Rev.
B 93 201104

Takane D, Wang Z W, Souma S, et al. 2016 Phys. Rev. B 94
121108

Chen C, Xu X, Jiang J, et al. 2017 Phys. Rev. B 95 125126
Hosen M M, Dimitri K, Belopolski I, et al. 2017 Phys. Rev.
B 95 161101

Xu X, Jiang J, Shi W J, et al. 2019 Phys. Rev. B 99 195106
Ekahana S A, Wu S C, Jiang J, et al. 2017 New J. Phys. 19
065007

Li R H, Ma H, Cheng X Y, et al. 2016 Phys. Rev. Lett. 117
096401

Xu Q N, Song Z D, Nie S M, et al. 2015 Phys. Rev. B 92
205310

Fu B B, Yi C J, Zhang T T, et al. 2019 Sci. Adv. 645
eaau6459

Belopolski I, Manna K, Sanchez D S, et al. 2019 Science 365
1278

Takane D, Souma S, Nakayama K, et al. 2018 Phys. Rev. B
98 041105(R)

Liu Z H, Lou R, Guo P J, et al. 2018 Phys. Rev. X 8 031044
Yi CJ, Lv B Q, Wu Q S, et al. 2018 Phys. Rev. B 97
201107(R)

Lou R, Guo P J, Li M, et al. 2018 npj Quantum Mater. 43 1
Yang HF, Yang L X, Liu Z K, et al. 2019 Nat. Commun. 10
3478

Tang S J, Zhang C F, Wong D, et al. 2017 Nat. Phys. 13
684


http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevB.98.201116
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.107.186806
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1103/PhysRevLett.115.217601
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1038/nmat4457
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1126/sciadv.1501092
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nphys3437
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1038/nmat4987
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2873
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1126/science.aav2334
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1038/nature15768
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1103/PhysRevLett.117.056805
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/nphys3871
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/ncomms13973
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1038/nmat4685
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1103/PhysRevB.97.075106
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/nature17410
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1038/s41535-017-0075-y
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevLett.122.176402
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevB.95.121101
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1103/PhysRevLett.121.156401
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1038/ncomms10639
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevB.94.085127
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.113.216601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166601
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1103/PhysRevLett.115.166602
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1126/sciadv.1603266
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1038/s41467-017-00938-1
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.93.201101
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1103/PhysRevB.95.241108
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1088/1367-2630/17/9/093019
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevLett.117.076403
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.235147
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.93.241202
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1103/PhysRevB.94.165201
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/s41598-017-01523-8
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/nature22390
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1031-8
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41586-019-1037-2
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1038/s41567-019-0511-y
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1103/PhysRevB.99.241104
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1088/1674-1056/25/11/117106
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1103/PhysRevB.84.235126
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/s41467-017-01108-z
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/ncomms10556
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1038/nphys3712
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.99.161113
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.93.201104
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.94.121108
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.125126
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.95.161101
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1103/PhysRevB.99.195106
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1088/1367-2630/aa75a1
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevLett.117.096401
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1103/PhysRevB.92.205310
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1126/science.aav2327
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.98.041105
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1103/PhysRevB.97.201107
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1038/s41467-019-11491-4
http://dx.doi.org/10.1038/s41467-019-11491-4
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. 68, No. 22 (2019) 227102

[124] Smejkal L, Zelezny J, Sinova J, et al. 2017 Phys. Rev. Lett. 115428
118 106402 [126] Qian X F, Liu J W, Fu L, et al. 2014 Science 346 1344
[125] Sun Yan, Wu S C, Yan B H, et al. 2015 Phys. Rev. B 92 [127] Wu S F, Fatemi V, Gibson Q D, et al. 2018 Science 359 76

SPECIAL TOPIC—The frontiers and applications of topological physics

Progress of ARPES study on topological semimetals”

Deng Tao"??3  Yang Hai-Feng?  Zhang Jing?®  Li Yi-Wei?
Yang Le-Xian®  Liu Zhong-Kai®! Chen Yu-Lin ®451

1) (CAS Center for Fxzcellence in Superconducting Electronics (CENSE), State Key Laboratory of Functional Materials for Informatics,
Shanghai Institute of Microsystem and Information Technology (SIMIT), Chinese Academy of Sciences, Shanghai 200050, China)
2) (University of Chinese Academy of Sciences, Beijing 100049, China)
3) (School of Physical Science and Technology, ShanghaiTech University, ShanghaiTech Laboratory for
Topological Physics, Shanghai 201210, China)
4) (Department of Physics, University of Oxford, Oxford OX1 3PU, United Kingdom)

5) (Department of Physics, Tsinghua University, Beijing 100084, China)
( Received 10 October 2019; revised manuscript received 11 November 2019 )

Abstract

Topological semimetal, known as a type of topological quantum materials without energy gap, has
attracted lots of research interests due to its unique physical properties such as novel quasiparticles, giant
magnetoresistance and large carrier mobility. Topological semimetal can be further classified into topological
Dirac semimetal, topological Weyl semimetal, topological nodal-line semimetal and topological semimetals with
“new fermions” . The high-resolution angle-resolved photoemission spectroscopy (ARPES) has emerged as a
powerful experimental technique to directly visualize the electronic structure and identify the characteristic
topological electronic states in topological semimetals. Here we would briefly introduce the ARPES technique
and review some of the recent progress of ARPES study on the electronic structures of typical topological
semimetals. We would focus mostly on the physics origin and ARPES signature of topological electronic
structures and hope the readers would find it interesting and useful in the understanding of this material class

which both is important in physics and has promising application potentials.

Keywords: topological semimetal, electronic structure, quantum materials, angle-resolved photoemission

spectroscopy
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