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Fig. 1. The band structure and Berry curvature of the topo-
logical semimetal: (a) The energy spectrum of a topological
semimetal, (kz, ky, kz) is the wave vector, k?/ =k2 + ki;
(b) the vector field of the Berry curvature. The conduction
and valence bands of a topological semimetal touch at the
Weyl nodes, and there is a pair of monopoles. Reproduced

with permission from Ref. [56].
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Fig. 2. The Landau energy bands along the k. dispersion in the minimum model of Weyl and Dirac semimetals under the magnetic

field B along the z direction. Reproduced with permission from Ref.[74].
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Fig. 3. Schematic of how to measure the nonlinear Hall

effect. Reproduced with permission from Ref.[82].
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Fig. 4. (a) Schematic of the semiconductor-superconductor
nanowire structurel'™-177its two ends may host a pair of
Majorana bound states; (b)—(d) oscillation curves of hybrid-
ization energy vary with magnetic field. The red and black
curves are experimental data adapted from Ref. [172]. The
blue curves are the theoritical results. Reproduced with per-

mission from Ref.[84].
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a(z) = ? {tanh (x ;:u) + tanh (mR/\; xﬂ + ap,
(24)

EEF‘ A, ag, TL/R, )\L/R WOk Bu=| ﬁ}’f?ﬂﬁ*l%/ﬁ\%?flﬂ
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25 IR — MR, A T BAR R 24

SCiR [84] #E—20 BT T X B BRI G ESL
TSGR R BRI R AR A SO 1 = IR
X FR I 2R R A R 1) PP B 2 1861901 3
DU [1) PR o 7o/ 2 AR 55 6 v A DGR, X AE i
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TR 90 K P E AR T R LS A b ARy
A A TEPER G20
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55 () Ryl SR A e T I g 10 v oy
FTTWSBEWHEZ L. WREFTWNEBER
1E, BI85 BORSSA BLGR , AR 7 U 7= A 555 )y

AL IR . TCI 255 SRl 255 S Ry AR I L
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XPPRIE. FdhFa)m b Bz W E 55 F R AL B
% [41743“46,55,5&60,61]. ﬁ_%ﬁéﬁﬁ}iﬁ_rﬂ@ﬁg%
AR5k T3 M BEAEE, Bl B AR SCHIF 5T 1921951 ]
FHARRLAY T5 12 R GE MW 5T T 5 — e 3D JK i 5w
MRS () B3t o, g T S5 SRARE
Fra BB SR

1 OWFRE (EZ. FMLIE) 555 R/l (WL)
5 SR (WAL) Z A1 # 56 2R 0991, 48 B S0k [38)
Table 1.  The relation between the symmetry classes (or-
thogonal, symplectic and unitary) % and weak localiza-
tion (WL) and anti-localization (WAL) [l Reproduced
with permission from Ref. [88].

% ¥ 2iE
2 Vv v x
Frieiiess v S x

WL/WAL WL WAL X

Bl 5 B45 T T E - T A EAE S
A 14 55 Jmy Bl Ak R0 S SRy AR Y 28 2 1] 31, At
X LT 3T DURR Y 2 =0, R R
(& 5(a)) EEFTWAEIE (B 5(b)) LLKH F-H
THEAEREIE (K 5(c)).

Kl 5 fETF (L) Am - FAHEAE M (BRZ) T,
THE 3D SRR 2 42 J Ay T 5 1 2 g & (T172191.196-199] 7 iy iy
RANTRAR MR R B B3 5 SCRR (73]

Fig. 5. In the disorder (dashed lines) and electron-electron
interaction (wavy lines), the Feynman diagraml(7,72191,196-199]
of the conductivity of 3D Weyl semimetal, and the directed
line represents the Green's function. Reproduced with per-

mission from Ref [73].
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(d)  Intervalley scattering
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T~ 1
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—V —yp—
Intervalley correlation
v + v
]
]
T ™~ ]
]
—v —v

6 AFREMN TS 0o (B)XSHNKBIER (2) m=n. =0 BERFMAHTRE 155 (b) ne = OBFRFE K 05 (c) AR
N IERTIR mrs (d) g0 M e ZIBIAY 225, Forp o 55 RE 2 11O AR DG, 0T . 5 REAS PO SO AR DG BB 2R 26 7R PR AN U o A A e

v = + SRAEA IS bR FEA 11 SO [73)

Fig. 6. The dependence of magnetoconductivity do%(B) on parameters under different conditions: (a) Different coherence length I,
at m =1« = 0; (b) different n; at .« = 0; (c) different n at finite 7y ; (d) the difference between n; and 7., where 7 is correlated

with intervalley scattering and m. is correlated with intravalley scattering. The dashed lines indicate the correlation between the

two scattering processes. v = =+ is the valley index. Reproduced with permission from Ref.[73].
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XS DU HUARASL B8 53 B 45 i SCHR 3 B R 2 215
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A ) DU HL A3 i R AR, TR AT AR 5
(B) JRy A R800; 5 B - Ff N 1) 23 1 22 ) e S
T AR AR,

TIEURARN T NS QL EE L PO PIC) W Sy A e
FRIVBIE. FRSE L EZO AT LRI L
F-RiF K, F1h Cooperon, XAYMR:4:JEH K 7]

h ei2(p2—¢1)

2nNy72 Dy (g2 + ¢2) + Dag?’
Hirr g = ki + ko J& Cooperon I %, kil ko435
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RIS FRS MWK, o1 Fl oo AR 3 5% B9 77
ffi, D1 =87Epv;,/3n)fl Dy = To2 P HL R ¥,
NeJe %R, 72 sl at R E].

D,
P /ﬂ‘,_‘-‘-"q
|3 —k3
ky
ko & —ka
N
ks A
P
P r———_
(b)
—k,
k‘__““‘j
2 — ks
ky
N
ks =i
)
P

7 3D FhE 4w Bl i s ) Y SRR, HorP o T
RIEFRRER TN (a) PFRANIER kBFREH (K1,
ko, - kn) B E S 00H B, PPoRoR PRI R] S 3
(b) P Fl pr ZIE AR 26 S8 FAER I C =P+ PJA
Fil 2311 DU AR A . % 280 1 SCk [75]

Fig. 7. The Fermi sphere in 3D topological semimetal mo-
mentum space, where the dot at the origin represents
monopole charge N : (a) P is the backscattering from the
wave vector k to —k via intermediate states labeled as ( k1,
ko, -+ ,ky), P’ represents the time-reversal of P; (b) the
phase difference between P and P’/ is equivalent to the
Berry phase accumulated around loop C = P + P. Repro-
duced with permission from Ref. [75].
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Xf T 3D 2R IRAH T HLE, p SR ORT 1090,
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0.6 - oz
04}

0.2
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0ok

—0.2+F

—0.4F
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0 i 2 0 i 2
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8 TR AcBERE TR R B EFE cee = cqis
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Fig. 8. The schematic diagram of conductivity Ao changes

with temperature 7'. We choose cee = cgi, Tc is the criti-

cal temperature at which the conductivity drops with tem-

perature. Reproduced with permission from Ref. [73].
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O(z) NI ERREL. 24 A =n B N5 R B i bR
A = O R TR PR,

55541 A, AESCER [147) TR IRATRI A 2%
SETEITE THSRENEFTWEIE, 1HEhE
BAFE T Ak B Ry 1] 1951961 X T H R
E‘E’Ji%ﬂkﬁj‘?

= 24 72 kavk/GEGQG%/GgCth (30)
Horhs = 20 [ MERTIFBE, n. = 252 % BB vf 9 T
BABIE. R (R) FUERT (A) #5ARBREH AT — B i
BEERIRAEE), B Gyt (w) = 1/[w — e £ 10/ (27.)],
Te = 21/ (nipo@®) JERHERUH ORI, Hirh a® =

2n
[ 17, Cue R IO Cooperont™.
0

(a)

T Sy S

— ok -~

—bkl\\ ._ékn
76]62 bk)g

K9 (a) WAEEE IR TOKE, NERE o, TEE
ko, WIS o, B0 A1 05 (b) X T 2 2% 5t 34 3 5U7E 3R
Fi LN BB —F B9AH T B (o) fE R R B AE
HF, W% 09 6k 3] —ok B HU, IS BB R —A KN K
iy DL HLAR AL e 3k SR [147)

Fig. 9. (a) Torus-shaped Fermi surface of nodal-line semi-
metals, with minor radius x , major radius kg, poloidal angle
¢, and toroidal angle 0; (b) a coherent backscattering from
wave vector k to —k around the toroidal direction for
shortranged impurity potentials; (c) backscattering from
wave vector 6k to —Jdk along the poloidal direction under
long-ranged impurity potentials.The process contributs a ©
Berry phase. Reproduced with permission from Ref.[147].
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80

80%/(e2h~1um—1)

0

ly =10 nm (b)

—25

{50}

B 10 AEAHGIAR TR 1 T BB S5, BB (a) SRR R (b) 433X (33) 2R (34) K. e 8k A SOk [147]
Fig. 10. The magnetoconductivity in the (a) short range limit Eq. (33) and (b) long range limit Eq.(34) for different phase cohe-

rence lengths Iy . Reproduced with permission from Ref.[147].
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Fig. 11. The do =0(B) —0(0);

(b) conductivity o vs temperature 7. Reproduced with

magnetoconductivity

permission from Ref. [72].
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Fig. 12. The comparison between the theoretical negative

magnetoresistance and the experiments!'2-1%4. Reproduced

with permission from Ref. [80].
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—Z5 1D A REH 1470 (8 2), X FECT A
(4 SAH k. — M IS0 24-FLFE4E % (Lifshitz—
Kosevich) 227 P4 R4 A:

p ~ cos2n(F/B + ¢)], (48)
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VLI B £7/8 K1 £9/8 Z [l ¥ 2l . ) H A M 1k, 1E
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1 3 HERETTHYANES.

# 2 XTHEHARROBRAEE RS, (48) XA
B, BB, RTLTEAIMOTS. o, 8, v, 5 4
N 14 SRR T . AR E SCHR [79)]

Table 2.  For systems with different dispersion and dimen-
sions, the phase shift ¢ in Eq. (48). B> and B/, are mag-
netic fields outside and inside the nodal-line plane. o, 3,
v, and § correspond to the cross sections of Fermi sur-

face in Fig. 14. Reproduced with permission from Ref. [79)].
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R T HUE R TR 20 28 S B AR P22 2T S OK 1
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%‘% 3 M CdgASQ E"Jigﬁ‘*‘ﬁ%ﬂ EQ*H$§ (z)exp . ié‘;k

A 3k [77)
Table 3.  The phase shift ¢exp obtained from the
experiment of CdsAs,. Reproduced with permission
from Ref. [77].
)‘Lﬁk <i’exp ¢Weyl ¢Dirac
[50] 0.06 — 0.08 -0.94 — -0.92 -5/8
[51] 0.11 — 0.38 -0.89 — -0.62 -5/8
[54] 0.04 0.96 5/8
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13 BT W A AR AT TR, S5 T I
FHi, WREHER B. i}, k. = 051 A3 WA E
o (& 14(b)). I BRIE/ AT & B, S8 B A5
iy Fo=m(u+ Er)/(he), W R B AR 55T Ny
Fp = m(u— Ey)/(he). X0 AT R S B
Y H B 27, AR SOk [79] Hh, o M E B R A

103
(a) M =5 eV-nm? (b) A=1eV-nm
] 102 F
101 -
g
=
# M =5 eV-nm?
109 10
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1071k ¢
1032 10-1 10! 10-2 101 100 10! 1032 102 101 100
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F13 X (1) AdRIR RSN R A S, BOE (o) BT (S24) 13 B MR i 2R

(a) B5E MM REATEAY A 5 (b) BE A

SR M. (c) B By ANFE Eg 3R AEFS ¢ 09 M2, 2 b 282 O e U BLAT, F R @ kU T AR

R IR S5 R A A SCHR [77)

Fig. 13. For the Weyl semimetal described in Eq. (1), the frequency F obtained by numerical (scatters) and analytical (solid

curves): (a) Fixed M corresponds to different A ; (b) fixed A corresponds to different Af. (¢) Fixed Ejpy, for different E4 cor-

responds to the curve of phase shift ¢. The curve breaks because F and ¢ can not fit when beating patterns occur. The vertical

dashed lines represents the Lifshitz point. Reproduced with permission from Ref.[77].
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RS ) 07250 202 {5k [78,283] o, K
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N
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[ St LQ ®

K14 (a) 17) KWL SR AL (LR, IR
MBIE K, Be 2 OKAE, v REEISE (b) RIGR
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AR BT E 15 2 AN e R (o) FdR/D (6) #TH . e 4k
FI 3CHR [79]

Fig. 14. (a) In the model of nodal-line semimetal Eq.(17),
the nodal line (dashed ring), torus and drum Fermi surface,
Er is Fermi energy, u is model parameter; (b) the maximum
(o) and minimum (8) cross sections of the torus Fermi
surface; (c¢) the maximum () and minimum (§) cross sec-
tions of the Fermi surface outside the nodal-line plane. Re-
produced with permission from Ref. [79].

#z 4 TERESENHE 6. o, 8,7,0 BE 14

RORRAB R AT %48 A SRk [79)
Table 4.  The phase shift ¢ of the nodal-line semi-
metal. «, 3,7, are the extremal cross sections in

Fig. 14. Reproduced with permission from Ref. [79].

a 0 CIN -1/2+0-1/8=-5/8  +5/8
B 0  Huh  —1/2+0+1/8=-3/8+5/8 5/3
vy 0 =N -1/240-1/8=-5/8  +5/8
5§ /N -1/24mn/2n+1/8=1/8  -1/8
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R (ko ky); (b) 7 ko-ke Vil by = L/2, Er = EuAbH) 2R
Kil; (c) TN W, JRBEN 1L MAMREEIBIR; (d) 75 Br =
B B PRI (F22K); (e)— (g) BRI EAE ko = OALTH v il
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Fig. 15. (a) The energy dispersions of the Fermi arc and
bulk states in a Weyl semimetal, k,/ stands for (ke,ky);
(b) the Fermi arc at y = L/2 and Er = Ey in the k;-kz
plane; (c) a Weyl semimetal slab with width W and thick-
ness [ ; (d) Fermi arc (solid) at Er = Fw; (e)—(g) the dis-
tribution of wave function along y-axis at k. = 0; (h) the
Landau levels and edge states in the 3D quantum Hall ef-
fect; (i) an electron in single surface could not be driven in
a y-direction magnetic field B to perform a complete cyclo-
tron motion.
[78,283].

Reproduced with permission from Refs.
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Fig. 16. Left: the quantum Hall state in 2D electron gas under magnetic field. Center: in 3D, the Landau levels turn to one dimen-

sional Landau bands. Right: the charge density wave gap the Landau band, so that the bulk is insulating and the 3D quantum Hall

effect can be observed. Reproduced with permission from Ref. [87].
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Fig. 17. The longitudinal conductivity o.. and transverse conductivity oz of the Weyl semimetal in the 2-direction magnetic

field B under the different potential ranges. Reproduced with permission from Ref. [76].
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Fig. 18. (a) The zero field energy spectrum of 3D topological insulator (ks = ky = 0); (b) in a strong magnetic field, fermi energy

Ef can only crosses the 0+ Landau energy band; (c) the magnetoresistance of Pb;_,Sn Se in experiment?; (d) the theoretical cal-

culated magnetoresistance. Reproduced with permission from Ref. [81].
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Fig. 19. The Landau energy band of Weyl semimetal in the
magnetic field B perpendicular to the y direction, where
k; = kasing + kz cos¢ is the wave vector parallel to B,
tan¢ = By /B,. The red curve is the Oth Landau energy

band, and the dashed line represents the Fermi energy. Re-

produced with permission from Ref. [70].
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Fig. 20. Comparison between experiments and theory for

the M, and Mr of TaAs: (a) M, (black line); (b) Mr

(black line). Reproduced with permission from Ref. [85].
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Fig. 21. Temperature dependence of the electrical resisti-
vity p(T) (black) and Seebeck coefficient —Sgza (1) (blue)
of ZrTes at zero magnetic field. Inset: the measurement
setup. B is the magnetic field and VT is the temperature
gradient. a,b and c are crystallographic axes. Reproduced

with permission from Ref. [86].
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Fig. 22. (a) High-field measurements of —Sgz; at several
temperatures; (b) high-field measurements of Sgy at several
temperatures. Near the critical field B*, Sy, changes its

sign and —Szz converges to zero. Reproduced with permis-
sion from Ref. [86].
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Abstract

Topological matters include topological insulator, topological semimetal and topological superconductor.
The topological semimetals are three-dimensional topological states of matter with gapless electronic excitations.
They are simply divided into Weyl, Dirac, and nodal-line semimetals according to the touch type of the
conduction band and the valence band. Their characteristic electronic structures lead to topologically protected
surface states at certain surfaces, corresponding to the novel transport properties. We review our recent works
on quantum transport mainly in topological semimetals. The main theories describing the transport behavior of

topological matters are given in different magnetic regions.
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