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KR AMIEL, L, I, BT AEY
PACS: 71.20.-b, 73.20.-t

MRS AT B2 vh e il oy TG Y —
AU, IF B e R 1Ak Rk DL
M TR A B MRS R, 3k — s )
ST A/ AT LB W 3] & 1R R RO 1Y & B 1980 4%,
von Klitzing 4 U 75 B A M il B 30 —4E 17X
RGP NR LY, R E/R S 2 — RS
T, XN AR A B H EL 2/ h YRR EU.
AT RS2 LI 21 ) 1 Ak 1~ B B E A 3
TR (P52 —), X N3N 5
SRR T L BH B ) BE F bR, (AR R G AN T kA
Mo AT 8 0 B AP SR MR, Dt A TX L
TV B TR TT LA B Q0 i RS BEWE? 1982 4F,
Thouless, Kohmoto, Nightingale 1 den Nijs & 1}
X SE R IR HL o1 5 R I A B RO S 2 — DM R
i, HAREC TRl Z (TEBER S Y3 bt
PR TKNN AR5 )2 NS 52 IR0 25 Fil

DOI: 10.7498/aps.68.20191538

MG A5 F AT 20 2B thn—A> 4k
P TR AL 2 B R — AR . IR
XA i — s S RO A REE ZL A, v Dhax st
BRIV EA AR AR RO,
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IEAVE R B A AH R BRE P Haldane £ 45
BB T, BRI N —AN A A BE,
BARGAIRRAFE T IR SO R, YR G T
A BEE RN AR, BN ERE D EIK,
REMIKREH TR R AN fEh B L AEE T
REBR A9 — X 2 5 6847 . Kane F1 Mele i FH A9 £
RIS T 2206, Haldane B8 i BT 55 22 ) BRAE AR
FEIX B H AR X N 25— Fh I PLIE RS A (spin-
orbit coupling, SOC) YE H, LA fiT42 Hi: 2004
AETESEIS ARSI A S50 07 SR — R iR b
YR Bl HJE TR E —FiT R, AsEhr
SOC JE# 155, FEOLAEMRGEH Th T A4 B K
/N, HESEES T ARME LI B 5 )RR R 0N 1 R
ik B9, 2006 4F, Bernevig 55 10 #2 13 #] H HgTe &
T PS5 B R S AT LA E R SR A
N, A B — A S B T A AR A A (1,
B, Frid M ARIIE S SN Al 51 =4k 1213
FAm A T RN AR A8 2 R 0 Bl o 2 AR SR
EZ il

X F RN ARTT DU JUFPAS [RI0L A 1 A
— PR R R A B AR R HAT 4o
MY JEFHIEREDL, Y AU SR A B TP
TRES, BT IR A fR T EAR RS &R FH T £
Afg. RN AR PR AT BERE A BE BT KA
TR, IR b p LA L s BLiERE &=
i, (R AEIE U A A s BB TR B REA A /&
T p PUBTE A RET (CHERTE Ml & B R
HBA AN 1 —FhE RSy, X AR 2 WA
BT, X FE LR RO RET A A T U . e I
ARG R ARIL T —FhdRFME: BERR XA AR
FHPR T BB (A BB ko I 7 48 S AR 1 g
W) SRR Y, A SRAR N —A 1 AR B D) —
A, — LR AR R A T DA B — At T
fRTER I IR, X LA AT R S 5 2R . — 2 PR h g
W HAT L, R —E TR M LK IX. (Brillouin
zone) L&Az, AR H & A AE H i iy 38 43 X A,
BB I R 2 A R B 4 Jm B R Ml e 22
SOMAT- A oo o3 A . A7 B 280 0 5 A IE ) 7R A X
R BURG OmR ke — A PR AR, Rk
A SRR BB T R PR RE BT PR REAE A
AEX, FXFEA 2R N IHE e e R B
HAETE AR FNA SRS, 1T A 2 B0 B T 2
FH X SEAR R F S TR E 1.

55 R A R A RN 3l 2R B X B G &R (bulk-
boundary correspondence), g2 R REHT i Fh
PR N RGNS EAAERCREBRIA S, X —
JUAT DO BT R e R i RS AT — > B
AOBRAR. WA 1 s, BRI SN LA W] LSRN T
— MR FLAGAR (NI, I8 BEHT S
A P BN SR B ANER, BEAE e AR 58 S
M HTRER, WAlIE AL 1 ICREB R ZRAS. A i
ARG T I BA AR MER) B, B
RN — A Hi$NBEEE (topological domain wall), Tfij
XA GRS BLE — P MGRE i B JR S
X BAEAHE RS (R T 5, BEE & n)
THEHAHER, BOGER e L E R RE S AT
it LAY AR FRPE B DR AP B anTE (GE R BT
1) FF AR | XA 28 SRR SR H B ) B 38 %
R ZSialivR

TI Vacuum

In@b Normal bands

Boundary

1 RTIRIMEZG A IR L A 1 7 B 1R
Fig. 1. A schematic figure for the topological boundary

state in a topological insulator.

o =L A R B IR DA o ok 2 1)
IR CE SO TNTE 7RI BN (TF 4 %7 N3 Qa1 3
) AR, B A S SR AR (Bt
Briiy) prik e . BA R AL 8 B A SR
F FAREEN Y. XD RGNS T R SE
JIT HAT A FRPEFNAE L, AN AR FR P L B 25
RAR N LB F )3 MAZ B 1 GnasaR
P E) S 38 ) — 4 R GE T LA RSO 22, {2 s
1) S 3 R PR A AE R e, PARERE 2 0, IR gt H 3
Zo AR (W UL R G RA MR E) Sl
Fr 2 m W, XA 28 R RIZA T 2R o TR
7 A AR E SR EFNZE R 1017, e
o & g VAR Z AN 0 s R TR — N a5
TR R B FFNER. Rk 2 5 ik v i 23 T3 DU IR
% (Berry connection) FIDUFIHPE (Berry curvature)
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IXRE B 8 A A S A 2 FL T I8 R R B i
A5 [] v g J L o (),

Bl XHR N S AR RTIR A, ATEIRB
PR ST IR R R &R A, i — =4k
GE, HARREH A EARER, H A RAE =4 nyfh 5
DR DX Hh B> 4 %) J PAT ot e LG A5 o b e
ZERSRORE P RET, BT I X i — A~ 4
R da A, gl nl LA 44 G AR 3N 2k Z)
1 g P02 IR A 2 1 il T 2 2 R TR Y
W 38 H 1XRE A T 2 f AT — SRR Y AT A
BSR4 T8 (Weyl semimetal) H1 22 g7y
TE ORI IR A58 SOE R T A etk iy — 8
TR A (PSR AL, TR s n) —4eih
ML EA + 1 BIBREL. 28 T R g b i s
4, AT LMEAMR S B VR 3li as [B] B30+ Mg
¥, B A WG DUR R X ARG A
T b AR X I AR, g it T R
WeAar. o3 — 5 i, P Il b R MO R i AR
1k, X U] B I AR MR SRR MEE 1,
FEARERR B WA

SUYERPEBTN S, $hE e 0y H Bk R
T3 T X RS E AAAE R REAT TR A SRR A ik 2
FEEI YORBER I, (RBER LT B 5155t
B SRR BT, B T RS BA—FE,
X SE L ARAE M B — AR B R A e
(pseudospin) F HHEE. Hn—A8h R ST B+
BEA A 1/2 WK B e, X0 A AC P> REAY
() EH B2 T ELANEE A R AT I B RS TR
— Y. R—AFIIR ST B T, B IR R A AL
B T2 FIAie h MR Sk IR, X &
HTAMREE B U R AR B S EARZ
A5 SRR, O HAR Z R B e R0
W AT DATE [ A R e b A o 23200,

MR AESCRE, st S — 1k
WO N 2R . FE 2R SOC B LT,
A7 S0 A 2 R T RE S E A DA B AP A
(K A1 K') 2H1, B~ ORI i A ol 2 2 vk, (KRR
HL - AR AP R AR BT A . X B IR AT A5 2
— R PO ARG DG A SR R L SR — g
XA SRR IR HLTE s, (Dirac point), X A& N
AR KA KBRS E—iE, IRge—1> 4 x 4
(80 R PR AN T A B Y A1 IR AL T 2 180 ) Ak o B
AU AR R 2 B A A AN SRR B S

ZS AR, —1 K, 75— K. A H U,
A AN 187 I T ASCER IR FR R AR BT AN S 2k
FI 5 8 X T AR s KL 5 S X 3 7R S ok
XF = AR AR By e th R AR B Y 2T (H 2
T s A SR A S50 N AEAD R A 5 ek
T ATYSRAT T A3 SCRRAS 0 DX 3 b ok e 2 4 (e, Y
A1 RGP A IK AL B A

XA D 43 B A58 I L OE D4R 2 7E 2011 4F,
Wan 5 P42 THENE SRS, TS T —38
RSN RE AR AR, IR T E S B —Fhar
FrRy ORI IR A . ZJFAA, 1F 2012 4F,
Young & PIHE T =4k b v b 4w . 7F
AR A B AR TE AP e B B BB 28 LA,
RPIX A~ g v LA AR B P T AH S AR 5
BAE T —, X0 5 JC T Ak s . S
A2 TAEHE T 3 2RI e i T a5, XL
FAHMR S (double Weyl point )P, = 7S EEAIN
T I8 1 , BO=33 ) XTI Ak 7 4, (birefringent
Dirac point)P*=36 = ¥k $ii 7€ . (cubic Dirac
point)B73 - T REE T IF A (quadratic contact
point)B 4%, FEXLEHTIF 25, SR SR AfRE 1Y
NIRRT R, BRSO AR S 2
FoE . 177 LA A S Y 1) 5 T T LA M e A X
FRYE (L Anfiess | G as) moRdr.

XTI 45 Fh RN a TR A, 2 Ao
ME&EE] TP BB XA AT 5T
— R SR A CHTEFh ), gl Sl
— MRS X RER (UTRTFRYE), SR A R
8 B — e SRR AR R R I LSS R
el SRR, YR A DI LR R
FhECSCAT R T & BT B A3 i RE A5, 4k
PRI — e FR NS AR AR XAk,
SR YRR — A e TR 1t
SN AR AR, AR B A R R IR RN R T A
TEAEH Z 007 R S g s D b g . L bR
T ERAETR e, WIHKE TR
RZ PR (Heanfai o s AN T 2% ) & i X AR A4
F R BTN 5 R FE T T AN k.

BRELER E, RO B B FE T B
g ¥ 6 L T 3% (angle-resolved photoemission
spectroscopy, ARPES). #h$h4:J& 1Y 3 ZRHIE &
REHE A AT I A, FIH ARPES AT R ECHAR I R 4
DA S R R T 1) B 485 4 R 25— S B B  4
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SRR FREER R RN B S AR IR B 2R
A, X8RS A DL R GE e
(scanning, tunneling microscopy, STM) 5 F Bt it
AT HEM B 5 3 (scanning, tunneling
spectroscopy, STS) FIER.F T ¥ (quasiparticle
interference, QPI) 177 ¥4 ] LA — 2515 2 R A&
() RE I RN B it 434 B S His P Bt T DL itk
FIREHF A P SELERRAE, L AnfESN R & Jm h A7
FE I FAE S H (chiral anomaly) 2500 T 4 K (1) £
TEBEL BTAR 23400, 3 LA ARE R A e i i A A Y
N, SxIRINAAEAR Z A R AH B SE 4 g AL 41
JEHIR Y oK T BT () BT I EAS T SR A . 3 10
PIRFFEUESE T SRR AT AT HA AR5, e 4]
DIAETE TR F M AL b =031 BR MBI 5 35 AT THE
fiff Rt 1 S ey ) 235 SR e AR S M.

SCEARARNT =, S dere e s AR BBk ¥
Fh4xJE 2 Wang 55 14450 F0I 1 = A gk v v > 4 s
M#E NagBi Fl CdgAsy. X F =4EAMRIYA R, Bk
Bl S i Sk Y 2 5 21 145 A F Huang 55 1047 iy
T TaAs MEMA R, RIS T, R5 51
S BT A BRI R S AT KRR A 1
RIW TAEH B850 S 40 4 J ph BBl 2L i BE.
AR BN — A “hp” MR NG JE ORISR 2 H T
XA SRR T B — KRR IR A AR A LR <4
e X 2 /DA E LU LA TH: 5 —, FAT1E
T R BB T 0 e AR SR, R HOA IXOREAILE
H, R 43 B4 R AP 5T A REAAC B 3k A 87 O
MRHIE; 25—, SOK M I i REH 2 2 08 T, 1%
A HABTC R BT, AR AT DRI G RAELE ™
A TR DT R IB L REATY ; 26 =, TRT O s BT AR AR £
HRE & X (B2 R B, H ANt AR, st 2ok
HA A AR RE I X A1 ZEK; 550U, XA MR A &
SRR, JF HoAT DA e A B AR B E TR
1k, ZYMER T OB (TE R — Z4E AR 4
J&), A — A ESEAPRERT DI 2 T Y DY
K. IO ERAR A # D B A AR R AR S — 1
RIS

AR SCEATYE I AN T A JE A2 X AR 2k
SR E RS I — R ET T A SRR
HPIAS R (8] B9 32 A AT DU 4ERY A, W] L
W — e ECE 4T . TR 4E A
[F], WS W SRS RS AEREA Y
PRV, H S SR IS5 A7 AR I (R 1 Be v rh o2

JZAEER, (EE 0 b A 200y, A L
T E AT T SRR, X 7E B0k
R AR AR MEAS T X R B 4R T 2014 4F B
2015 4 JUAMIF T A & 2 — R A T AR -5 %4y
T B9 95 B i — 28 4R F 2016 4F Zhong 45 P9 Al
Liang 4 5 (Y52 TAE. B, XA R0 7R
P . A SCEEA A RS AR
AHHERS, BT 2 W3 T, DL SORE R

2 TEALE
2.1 TS

FA e n] LA — MR B ERAR. 401% 2(a)
7R, Y EA A 8 5 A Bl AH 3 A B, St AT L
IR T — > —4ER 154 XA RS, iX
MREEA R, HIARZ RO e R —A
¥ (nodal loop). 3 filf 2] 115 AR B A~ gty
LM A XM Y. 4R ERAE R — AL PRI,
ATLAZE Y — MR RE A RO 8 (01;

H(q) = v1q10; +v2q20, +w - q, (1)

XH g2 PHRRIIER, ¢ (i=1,2) 1A (T
P ) EEH T4 AN SR i, v A
SRR, YRR o, AUSR T AHAZ B9 P~ REATF
B H . (XML g 1 — BT, W 26
YIk 7 1a i el 2 /0 2 o, IR B IS E ).
XA BEAY, AT RIS BT B I ) (A OC &R . XTI
FTPINAMEZS us (o) FIBERAE(ER:

Er=w-q+\/vigi +v3q3. (2)
WA & 2(b) T ¢ ¢ IR —AH A B
0 (B _FTAMNA R B BERR, FTLARE MR —4
— AR, 2 0 RS SR TR A I, BT

(b)

q1
Nodal loop

Kl 2 WRAUREE (a) B PARBEA 38 SUITE MUY 5 2k
(b) ZOMFMRRTL, LRABWR A BAE, ITE E
— & 4 DU AH Sy o)

Fig. 2. Schematic figure of a nodal loop: (a) Nodal loop
formed by two crossing bands; (b) the Berry phase of a
closed path £ circling the nodal loop (green circle) is nl0!.
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S RN m, B
7{ Alq) -dg=r, (3)

X A (q) = (u[iVqu_) S2 iy i DURE 4. X —
SABARE S B, 7T LR 2 Y0 0k — B, TR
FIE o J2 /8 ABER . X TR EEER R (3) b
A SR LY. S AFE T B I, XA — %
SR B o A YR R B — SRR Y X RR R
XA AR A . H A0 2 R 2R [R] s EL A s ] g 73
Flas 8] sy xR, Of AT SOC(RIEAT A ery
TR FRIE) B, W5 AT — P A 5 42 19 DL R AR A7
BURE m RS AR RIS AL, (3) AUt
SKIXA LA RETTIFRER; KA — HATIFRERR, I
FUAR R 2 S w1 S AR RY A F.

BEAY (1) 45t T4 — A JR ik ik BT
5 — AT L | AT DL AR AR — AT 2R A AR .
MER, SRR (1) KRR, ARSI, 2
ST T AT LA SETRATT T A S B, AT LAFE N
TR — N k. RATFIE—1E
Ko~k T B — AN EITE BT ER (AN 2(b)), M
5 H R T X AR (61

1 1
iy

H =
2m *  2np

(k2 = k3) 00 + vokooy,  (4)

Xk, = k2 + k2, ko fRREADIRAFAR S m, 0,
v, BRI SHL. T LUR 3 Y73 B — SR
TR, AR AT IR fag oA (1).

2.2 TELBIITIRERTP

BT 2232 2, B T AR sl LA — MR Y
FaFMATr, HAM A REAY ] JFAT 52— SE AN X FR
PECR-A. T e AT LR L LR XS PR, B
TR TIEATZ A LA HIL .

1) FAEXT R (chiral symmetry). F-1EXFFR
PEIR R AFAE— 5 R E W S0 5 i £ IE
(unitary) XFRIRIE. H 1T AERXAXFRERAE, T84

IH (k)II™" = —-H (k). (5)

XA FRIELE R GERES A SR W 2 - AT 2
ERXIFRIRE T XTI ARG, XA AR
TEPIFE L T LI 3] — IR TR, 18
A Nambu 256l 8- R HOER, T
NAHFIA T 257X A HBE (G Ta] SR AR B
FEF), XN BAG B3 [ IR 24 — A FHEX R

PE; 53— Fh I B0 02 &R G0 1Y Al A% = — i Z 40 1
(bipartite) 28, BIATLISMAE F#% (sublattice),
BT g EE R 55— T TP Ry
EARE, W TGO, FAEXFRIE R R
FHAE X R (sublattice symmetry); 5 BAAB F} i
F X R PR B B P R B O H— i
PRI, Heanme, B5F BT 4 R 2548, 2 ORFFRY
F A7 56.62.63]

MRGEA TAEFRMERT, X TR ZE0E I
TR AT LATE — A3l 2 ] 1) — e i AT 5 B A B
N —MHiFh5e%L (winding number) (WL3CHR [16]
FEARTTIE). B IFE 2(b) HRgTEAL, — A~
AL SeE B R B ¢ E AR (R %
1) ANGEEUI Z AR R B R G RFRTEA
PERIR, XA LA WAL T TITRERR.

2014 4, FATITE R 8- B R i
PHE T X T B FMER B ZI IS 1
— PR IUAEK S v AR (ATREAAAE T Cu B
2R BiySes, B UPty ZHY). MR & 1g—Frdc
S PR BRI, T AR I3 A 3% v D o I (9 2k
$7 58 UL TR X R O B 15 28 (L
K 3(a)). BFFETEMRR AR I, IXAMAREH H ATy
IR R AR TH A LN D ) — N3, TEFR N 23 H 3R
FFORIGF M (drumhead surface state) fgiy PU.
AR, BT AR TAEXAREE, X LAY 2R
AR T AR IR T B FEX M1 rh, R

(a) Nodal ring Dirac node Weyl Nodes

@ e (d)

P 3 ARk s T A ot LAY H T AR X B AR B T
2R (a) 225 [A) ST BOCH I E) B3 AR I, — AN 2K 5 e

87 3 s B AR MR LR, H b B R IR TN SRR S g Y

Fig. 3. Chiral symmetry protected nodal line in a Dirac su-
perconductor: (a) A Dirac node can evolve into a nodal ring
or two Weyl nodes under different symmetry breaking;
(b)—(d) illustrate the different topological protection for the
degeneracies in (a). Here, the nodal ring is protected by the

winding number®!l.
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B = A A 15 21 30 5 2 D 6 % 59, (c) = 0k 75 B I 4 28 0 15 24 4 20 2 ] ) 2 7 0
Fig. 4. Nodal lines found in three carbon allotropes: (a) 3D carbon with Mackay-Terrones crystal structur; (b) 3D hyperhoney-

comb carbon®; (c) 3D graphene network structure/®.
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I —Fh b I P B 45K Ui e 7 A i 58 SR PAE T BB
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Fig. 5. Nodal line protected by the glide mirror symmetry:
(a) Shows the glide-mirror-invariant plane in Brillouin zone,
O and X are two TRIM points with different glide mirror
eigenvalues; (b) shows the band structure along a path L
connecting O and X (as in (a)); it displays an hourglass
shaped spectrum. The degeneracy point P in the hourglass

traces out a nodal loop in the glide mirror plane.

I, WL 5(a).
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Nb) FhsC8, WK 6. &L, JLAWF5R4l g ARPES
S Mz S AR 4 T TagSiTeg Fl NbySiTeg
FLA P M5 4 E 3 17677,
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(a) ReO, H & 7 &5 14 71 BE

G54, T LU B X AR L v U R 0

(b) X3SiTes (X = Ta, Nb) [ SR S5 H FORE T 45 44, LA STE w8 X Bk I 1) v Ths 284 i €5 i (74
Fig. 6. Material examples with glide-mirror-protected nodal rings: (a) ReO,™); (b) X5SiTe; (X = Ta, Nb)[™ the hourglass disper-

sions can be observed in their band structures.
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YA BOR 58 2T 1Y HR, XA XS N Y &
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Fig. 7. Three types of nodal lines classified by the energy
dispersion: (a) Type-I nodal line; (b) type-II nodal lines;

(c¢) hybrid nodal lines; (d)—(f) show the typical shapes of

the constant energy surface for the three types!®4.

KRR SR A TN RSB T 2 s
AR TR 25, SR AT LA 80— R Wy B
By ANTE]. B 7(d)—(f) 25 T =R 2RI 2% L
AUAERETHT, T LA Hh BT Z (A R R 2251, ik
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Ptz WML R N A IS P AARE, 48
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(zero-field magnetic breakdown) %W LA K i H gk
rh i A 1 S (B 8(b)).
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R 2 A5 B AT AT REAF A H AT o U (0 LA 5 Ze Mg 2
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[V REXS FRPER 204, A 14520 T NI Z52R: 1) 78
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Fig. 8. Unique properties of type-II and hybrid nodal lines: (a) Comparison between type-I and type-II nodal lines in terms of JDOS
and optical absorption ratel!; (b) the magnetic breakdown and its feature in anisotropic magnetic oscillation for a hybrid nodal

loopl®4.
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Fig. 9. (a) Schematic figure for the higher order nodal lines; (b)—(d) show the quadratic nodal line in ZrPtGa: (c) the band struc-

ture of ZrPtGa, the blue solid curve indicates the quadratic nodal line; (d) shows the band dispersion in the plane perpendicular to
I A, which clearly demonstrates a quadratic dispersion/®?,
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Fig. 10. Nodal lines with different kinds of distribution in Brillouin zone: (a) Nodal lines in a carbon allotrope, which traverse the

Brillouin zone; (b) nodal line in CuTeOj;, which is located around a point in Brillouin zonel®).
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Fig. 11. Different structures formed by nodal lines: (a) Crossed nodal ringsPl; (b) nodal box®; (¢) inter-connected nodal loops!’};

(d) nodal Hopf link!; (e) weyl chain; (f) dirac chain!™.
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Fig. 12. Stable nodal lines under SOC in 2D: (a)—(c) GaTel family materialsl®J; (d)—(f) MnN monolayer, here MnN is a half metal,

so the nodal loops are fully spin/®l.
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Fig. 13. Surface states of nodal line metals: (a) Drumhead surface states for nodal rings in superconductors!; (b) drumhead surface

states in a 3D carbon allotropel; (c), (d) show the double drumhead surface states in ReO,™land Ta3SiTes™; (e) surface states of

cubic nodal line, which spreads over the whole BZ[®.
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Fig. 14. Two kinds of nodal surfaces: (a) Nodal surfaces in a 3D carbon allotropel®); (b) nodal surface in BaMX3/®l.
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Fig. 15. Materials with Class-II nodal surfaces: (a) KgYOy; (b) TIMogTes/%.
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Fig. 16. Nodal surface robust against SOC: (a) Crystal structure of TazTel; (b) is the band structure of TasTel; in the presence of

SOC with no gap opening/3.
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Fig. 17. Nodal surface in magnetic materials: (a) The crystal structure of CsCrls; (b) the band structure of CsCrl; without SOC;
(c) and (d) band structures with magnetic moment along z and z directions respectively®3.
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the surface projection of the Weyl point!''7.
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Progress on topological nodal line and nodal surface”
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Abstract

Electronic band crossing can not only form zero-dimensional nodal points, but also one dimensional nodal
lines and two dimensional nodal surfaces. These topological band features have been attracting significant
research interest, as they may lead to many special physical properties. In this article, we review the progress in
this field, including the conceptual development, the character and classification of these nodal structures, and

the material realization.
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