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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
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i, (R AEIE U A A s BB TR B REA A /&
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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
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Fig. 1. A schematic figure for the topological boundary

state in a topological insulator.
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RPIX A~ g v LA AR B P T AH S AR 5
BAE T —, X0 5 JC T Ak s . S
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g ¥ 6 L T 3% (angle-resolved photoemission
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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&
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M#E NagBi Fl CdgAsy. X F =4EAMRIYA R, Bk
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T TaAs MEMA R, RIS T, R5 51
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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.

227101-5


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

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 22 (2019) 227101

RZHA SOC. T 245 H & FHEXFR T A 1
LA UAFET A SOC 1Y R 45+ ol

2) B 25 R (PT) X FRPE. Y— A REHA =
V] S 3 (P) FHINHE] B3 (1) BB R A A o Bk
JFH SOC AT LA Z W& s, Ay BLJH DX AR ] — 2% 4]
A AR T DURIAO AR AT B TR (m PR EAS,
XA FEEOR R — SRR, A 2 PR, BAR ¢
AR (r) DURIAEAA BRI T — M.

(R A i B X FRPE LR %A SOC, T LA fif
Tk —RAE SOC A H i e ZE bR b i BL.
2015 4F, JLANBIFFE A 43 S A6 AS [R) A flk 14 [R) 36 S 0%
e BT X R LR (LI 4)025356], FE— L] f
rr 2R ] 57 3 TAE KRR ) SR AR g B0, 7R
FIIRFIE H, Yu 25 PR Kim %5 059 1 % 30 45
R FRE CusPAN HRY R % & SOC Bt 2545 i il
KRR, % & SOC B, 15 FRGml I8 i H

BHEE TIX—350Y, LN CayAsll) CaPy K% 691,
CagPy #AH6] CaTe #1807, BaSn,68], CuTeO40)
i+ 43 J 5o (70,

3) BEEXFRYE. X FIE LR s T BRAR ).
JERGEHA B AR M, BV E T 24
— AR, B M k=0 &k, ==
TAME R R RTFRAERAE T BAS AR F23 (8] FEIX A~
T B AEA kSRR R AN R 2 (CYAFERIIF
B, EVAT AR R ) BRI ASAEZS . WER P g 78

(b)

Hop—ASFii E Ry AR AR 5, I8 A EATTEX
AT P A AR B DG BRI AR TAE— > 4k
P, PSRBT — AR A — R .
B E MR, GLE R AT A BE T DA AR
SOC &S, WA LA AEA SOC RS, I H.
EREAFAER LA FREE (Hean P AT T) A7 26 M.
4) WHBEI (glide mirror) XJFRYE. 1RS458
& — MR HLAY (nonsymmorphic) fif 4 X R .
WP ERAE, HEASMIN L — 380
KR iy FF%. X BLIRATTO T A B T sk A T A
KA B B S BN oA R v . FRATT8 IR —
AN 1] 52 6 B VA 2 (] s 3800 FR 1 — 4
RGE. FEAT BN, AEAE AN I R] B2 38 A Bl 5
(time reversal invariant momenta, TRIM), B[l i#§
Bk =—k+GRA, XH GREANMEKE. X
46 TRIM i L, AEH 2906 /2 Kramers RUH I, 4N
Jimtg B — DS PR s R B R B
T, AR 2 BT D 303 A R FR 45 A 19 A AE 8 78
TRIM g ] LU LU PRI AL 729> TRIM 53
&+ 1, ZERHMNUA TRIM fH2 £ i B FRHE R
BRI I, BT DLE + 19 TRIM &4,
Kramers X E fi] I 19 Fe X & (+1, +1) Fl (-1, -1);
IM7E + i 9 TRIM s, FCXS AU (+H, —i). XA
FRECXT R A AN F], BN —2E TRIM S35 —
2 TRIM S I, BiE k{ES 21k, Retii AL
HWRE A, TEh RS T, GBI LA T AC

Bl 4 AE=Fid R Z BT (a) Mackay-Terrones 2544 (1) = 4k fiic #1715 2% 78 3l 8 25 [A] 14 2 7% 25 (b) hyperhoneycomb 2544
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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e, WAV RAR A @ (A 5(b)). T
AL AL e — A R AL, ST RSB I i fR
P Tk B S TRIM 5 A2 1] U2
R BB AR AT AT — kB84, BT
[l A2 LA —E R F S R I — MR B

E

(+1)x2

H x i = 3
(—1)x2

P (+i, —1i)

(41, —1)

(a) (b)

5 WRSEEARIFKTL (1) O X E2HEBER L
XoF 17 P A~ AN [ BC % 2 8 Y TRIM A5 (b) R TR B
Ol X By — 2% B4 L b RO REAFARAL, X BL 45 U A e A k2=
I —Fh b I P B 45K Ui e 7 A i 58 SR PAE T BB
Tl b2l — 4 TR

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).

TS P EE TS [ OB ER Y. R
S5 [ i 3 ELAT 23 6] S A, 181 5(b) Hf 14 45 R
HRR R PT XS FRIA — MY —BE . — Bk
Ub, HT I T A R, YA AE AT
SIPUREIR. F 2 Y 25 [A] S 38 T B 4 1 A2 DR
SERRBOC R (WICHR [72] HAYTHE), X3
WA AT REATISR B ORI B R —4~ P B2 7 Iy kit
VAL XRERYTE, FEOR RIS RS B AN AR A T k2
H I — AN KR L TR ) B 175,74,

HE RN 5, Bzdusek 85 ) $ H 38 72 85 1 {4
PSRBT G T REAE IvF, 9 (0 TR TR A Hh 5t
L. Wang %5 ™) 1 Li % 7 2 B Eihe ki e
RIS ER] BEAE EL A BE ReO, Al X,SiTeg(X = Ta,
Nb) FhsC8, WK 6. &L, JLAWF5R4l g ARPES
S Mz S AR 4 T TagSiTeg Fl NbySiTeg
FLA P M5 4 E 3 17677,

2.3 TELHFMERM R

— ] LR e R AR R A T 0 28 X T
WLV, B EBRAEARE LN LA #/iJF

(b)

@ Ta(or Nb) @ Si @ Te

2 — ———— [ 0.50
\(’/ P \i_ ,‘_fi"‘ s With SOC
IS [0
. 1} —~ N i . 0.25 |
% //\\3(:"'- / \ j{ 2 Re-t. %
......... Nl g Fay

g 0 A / i AN y 0 ’\/‘_’%—‘é- [N

= A [~ = E -

m \ \ ! | m

—1r ol _ —0.25} 7‘3‘\/\
hN = |
NN~ s /<{>\
—2 WA S S | > —0.50 TN A
U X I ZT U R T Y PDOS U X S R U Y I Z 8§

. - 0.3 i 0
5 O of 7 = 0
L 3 > —0.02 }
& ; 0.2 & —0.03¢ :
§ _g1b g
8 pd 5 —0.06 —0.04

01T 0.1 ~0.09 ~0.06

T «—U U—R T—Y Uy S g R

K6 F A RS 8w I AR I 2 i 1

(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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JE | AHRTEAR. X2y 43 8 W IE & X LA T
[T

1) Fe BT I B 4028 AR BUFIK R s BT 42
FEXTT s 1 S, AR S8 AR 2 SRR Y
TR A AR T R R R Ak SR Y Y
JETRT I a5 Xk, BRI AT LA L X N (1)
BACRL TSR, RGBT AR AL 53X
P2 TR BT L B2, B ZBE R IF 19 4R
BEFRAAINRATEE (Weyl nodal line), PUREfEj A9 17
LMFR NI 71748 (Dirac nodal line).

KL R 2 — M A A PT MR %
BT SOC flAZT 31T SOC AN (SOC-free)
ARE, —SESCERIE I A B A 5C 15 B A e ARy
KT R 2, X A RE R IE B R SR — 1 A
JE A FHBE, BT LA O B L (VR RE TR L.
fHE, MFRXFEL, ABEE— A EEHT A H
&, AIRRERY L — D PR B i aR i LR L
FRA AR ZE TIN5 38 1.

2) Fi¢ BR A LA 2R A 7325 - type-1, type-I1, il
hybrid 54k, TEXF MR ABESE T, AR T ST
AT, FE19 50 type-T Hl type-TT P87,
type-1 2 AU Y (L H0E 2 38 5 UL 2 19 7 R HEIR (1
B TN T type-IT (U, 13X HEE T kY. it
SEVLTE B 28 (B HAN Ty ) L, PRARAHAS Rt i)
FHMFFFS (—Lept s TR E LT e
type-IIT B (A8, BEAGAERA T b, Hofh—4%6E
YA BOR 58 2T 1Y HR, XA XS N Y &
type-1 Fil type-IT Fi~AH X Z [|] 1301 5, HA B If:
AN RELELENIA).

2017 4, Li & O XFp o0 2848 ) 25 26, 12
HT type-I1 1 hybrid 172k F9MES. 2 &4k
AP RE R, AiTa ey (2) 2 T AR
et P T4 ¢ -go T HLA AL
WX T A GEAT RS, G LS P& type-
L HY; WX PSRBT YRR RS, WE A P2
type-IT BY. 152 X S8 s 20 . A SR 40 A1y 2 i) o
HBIE type-I 1Y, XA TP E XN type-TTrZe.
KW, AT LAE X type-11 154k, A7 55 =R i,
BT BE 145 type-1 S AL4E type-11 f5., X FK
4 hybrid 54k . X =R 2B AT DL LE A EDOUE Hb AE
B 7 e k. type-1 AT IBE VRS2 M — 1 H
T YRR A~ 28 SR RE AT AR 22 7 A2 5 type-IT
AT LUEAE SR A F A (B ) g

HAARS A A T — hybrid 7€k n] DA —
A (a7 ) BE AT A — A Ih i AU BE Al AH 28 7 A
(7 g s B2 LA RG] ) S 9R B A7 AE I 1Y
).

K7 ZMARGEEERINTTL  (a) type I TE; (b) type-II
W2k (o) hybird 2; (d)— (£) = F ¥ 24 076 A i

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
TR, SCHR [61] PIHE T type-IT 15 & AER#E
Ptz WML R N A IS P AARE, 48
FHEC T type-1 152K, type-IT Tk 2> AL Wl 2
B, [ AR e AT AR (K 8(a)).
2 J5, Zhang %5 64 HEIS FAFSE T hybrid T52617)
Tl W) PR T, R B 2 BAT — AR W BE B
(zero-field magnetic breakdown) %W LA K i H gk
rh i A 1 S (B 8(b)).

HUAPRNIT &, REZERIARE 9 Zebt pHm
type-1 288, HA type-11 17k B9 RMITE K, P56,
Mg;Bi, 5081, HAT hybrid T2ERIREMELAE CayAst
1 Be,Sils2,

MO WA Wk Lk, W&
(quadratic) F1 =KX (cubic) §54k. Bkl & BT
LU R AA LA AR, RIEATR W 5k he
P EAEAS S 7 A (1) 25 B s R X A
R 2 A5 B AT AT REAF A H AT o U (0 LA 5 Ze Mg 2
2019 4, Yu 55 B[22 73X — [l Jl i X dh iR s
[V REXS FRPER 204, A 14520 T NI Z52R: 1) 78
A m Ik o b, A ZROM =TT 4
(quadratic/cubic nodal line, QNL/CNL) f& 1% #
XIFRPEF R (B 9(a)), X BT E4E R 2R ATE
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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.
(=) ~q ~q? ~g (b) 1 j ¢ @ o ‘i o
R -
K E ¢ S - L ;/‘[ 5
q & b
q e 1N 21\
I N % ¢
4 Linear Quadratic Cubic a b _— Pt A Ga
(c) 1.0 =~ = ._:;_i—:\g_{,& ""“\\k (d)
\3@%? ST
T 05 ‘\;A ; ~ > 0.317
= . > ; (D
% N .f/h- 9 E
0 ‘\J,-':* N § 0316
~0.5 NLZ7PS A 0315 / .
L M r P A H K 0w—P—q
O (a) $5 RO 09 GBOR BT 43 KR B (b)— (d) JB/R T — A A IR IR ZePtGa, (c) i ZrPtGa IO REHFSS

Y, W EOSCRARIC T R, (d) XA WRAER H T A B 1 g @, of DU R E B2 ik s
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/®?,

Hone (q) = aq oy +Hee, (6)
X o B MEBENBERSE, ¢ = ¢, Ligy,
oy =0, tioy,. “UCLAYERINA T AEL:

(7)
XY o Al B BB MR AL S50 (kL
HAS ] AR B R P M i B R 25 5. Sk

AT LAE H— N = UK 0 7 A R X A
LA A XRIRE A QR BA PA, IB 24T Ar]
AR IR X AR, XA A BE IS RS A7 1E
2) IR TR R IT B HAR & Y, 3) BT i
TR R TT GAR A e AR LUK X ) F2 el I

SCHR [83] T T ORI = R T LR BT AY I
REA R, M) (1) 3, X kA4,

Hene (@) = i(ag® + Bgl)oy + Hee,
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[83] ELARRYTHE T K M =R T R AEREIR 1T M
RAIE BE 45 R DG e 15 D7 T AR E.

I T TRE= = A R i 12 R S R 1
WC RH—Z518E, ZrPtGa(d 9(b)—(d)), V5P,
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AR NSRS TR]. FATHIE, A A LR XA
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[@] f& #¥ (fundamental homotopy group) & % i,
XA = AR, SRR R AE = A>T ) B2
A IR IX A UREL. ELan &l 10(b) ey e e 2Rk
AEINIX, FrLEXT R R (0, 0, 0), Mil&l 10(a)
T AAE—A T (€ X o J5 1)) BT —
W, VBRI E (1,0, 0). XAHRTMEFAEY
A HASE R TR RGERR M R Fi B
T, K 10(b) W AT LA GRS RS S4L,

ko =kyp BZ boundary

FRIAT AT L. [ 10(a) HAGTT LA 5E T 9y —
ZRAABCKT, A AT LA— i A .

PLERTHE X F =4k R GV THY, X 4R
G A LIMSERRITTE. BBt — SRRt Ay 2T DL
BE A7 ] SRR B UK X A R BOR Z1 ). 31X 7
T AT 1] DA S 25 3 30 06 T &% (B,O) B Al
BAJZ MnN HH A5 TAE B,

DL b (8 53 RS2 X AN T A T Y. FE— L b
R SR, I e S EAMERIE K
SRR LR . X X B F AR MEAR — >RG5 2K.
TIFRAT e — L B R ] 7

1) I G BLIK X o A —A~ i 6 FR s i LA TS
AT UHARZE S, JE W — AR Z5H, 55 FR
A crossed nodal rings. ANE 11(a) iR, 7F
LiOsOg FERH AR, B N IX e T 550 =4~
I ED AR EARAS, A IR — T
L BSL R ARL A H A ) F IR AL 4G CugPANDPAPL LaN
YRR B YHSBT DL — 2 2R BN Fl SiC
Sk B8, 3k B BRI, £E LiOsO; e
LR LEM RAEH E SOC FRGEMAER B, M5
T LA P BT RO % 18 SOC I A 4%
A MIMA SOC &, X 2y 2 24 58 24T I RE B
o R R R

2) FJLANBEMT ELARSE AT = A A 75 2kl m] i
e — B AR S5 . i 7E CuAgSe
Sheng 5 9 & B PUAMIL BE RE 8] A9 AHZE 23 75—
Beif I U IR B 26 IR R A 2 EAHIE
FIBEE, PG S 22 A 11(b) i R
HYZERE, BAEZ TP —> nodal box.

3) IS BR IR ] LInTE—iE, el — 145,

BZ boundary

D)

10 EAARFIREIE (o) SR LI B A — X352 00 (b) o 15 SEL U A 1 R 352 0

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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A layer group) WIE/D3] T 80 4>, Ik, BLAE 4k
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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/%.

3.3 BRIEBSERATRENTE

e AR ER R TE A SOC MRS
AT IR E AR, A SOC J&, X EE15 T
AT ECE TR AT IR RERR. LL X 1&] 15 iy
TIMogTey, M1 1= SOC J&, 7T [ Ay K5 fi i 23
fifRBR T WS —2 I, ANl 14(a) TR B AA
BHATTHL, A ZINZER. 2 TRA S SOC
FEFH /N, AE T AL THF B RERIE W] L2 AN

MAAE SOC VEFH T 2 B ATH R A ZE AR 1Y 19 T
Wg? Wu 55 03 45 I e AR, 1R SRR EA S
TR TSy, XEARYE, W PT X R e i)
i, BEPTLAFATE SOC FAEAEAER T T . X L,
PT BRSO — 250, AR EA PT

(a)
YAACA o
sepeTe

16 SOC & T A i 19 i
AITIT R O

G

Energy/eV

—1.0

XPFRPE, 2R 2R T ERIE, T2
T LA ZBUE DY R O, (BRI X AT AR IR
FE—AN T A — ST DU EE R IE, A T R
TEAEAERAINELSR PT 90K, K] 16(a) FIE 16(b)
H R TR AR B TagTel, Hitx R

3.4 WMMAIRRTE

RN 2 (3.2 ) e, EIE
FEARE TSy, XABEA X FRM:, 1 A Z R Bl
By TEL Sy, Biftds. M H 7S, A 558 T —Fhig
PE2S [RIEEAG ST ARIRAE. DRGSR 2t T A& T LA
R A SR 3 B REPER R .

SCHR [63]) HarBlTie TR R A SOC Fifg
SOC MBI N AFFE T B — L 7o 5 1. Bk &R

1.0>ﬁfﬁ\ >:_-—f'"<\

0%%,;4: 8. =
R =" N

r A H L M E R H K

(a) B7R T TagTel; fRZ5H; (b) J& TasTel; 7835 & SOC W} By REAT 4544 ; BEAY 755 1& SOC i ¥

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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Fig. 18. Materials with multiple nodal surfaces: (a) CusSey; (b) RbySes. The location of the nodal surfaces is indicated by the or-
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Fig. 19. A method to circumvent the Nielson-Ninomiya no-go theorem: (a) Schematic figure showing the single Weyl point;

(b) Berry curvature distribution; (c), (d) show that there is no surface Fermi arc emitted from the Weyl point, the white dot labels

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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