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Fig. 1. Intrinsic Magnetoresistivity in massive Dirac fermion: (a) Transversal and longitudinal magnetoresistivity, where the longit-

udinal one is negative and transversal one is positive; (b) dimensionless parameter co as functions of band broadening, here cq

tends to a constant in weak scattering. Reproduced with permission from Ref. [48].

1,2) co KT A BIRREORER, A, > 0.1, co fEE
TC T 1 o i GH 80N T Be 1 TR TR
(4 2/3 W7, S, AR 7E — SU R 1k
JE A A RE TR UL I 3 3k B R N BERE B . A, T
(13) e, # o, XM T KA 58 38K T 1Y 45 1]
S P s BEL P S5, 0 o — 2 S B T R K BB
Prz = Pza = CZQ;O% (%)2 -sin2¢p, Hoog g F
SRS P Y 7R S R e (5195 5 M i = = g ]
S A LRI T R 2R B8O AR K s AR 5 R T
Iz GE R 105107,

TESCHR [49] Hr R ATTI8 i 5K e 18 RE G T Ay i
THHOTRE, #—LTHe T A BRI Pk T/
TAREBEALE, DR T RO I Rk 2k
Vi A Y 16 B K T T AR 5 A
By B ES R # (1= 0,1, 2,3,5) FIHIRAAR
Wk, I AR X Bl AAE i — 20 iy 73 2
(AN 1 Fna)). 7eA4 i Ak ve AR R, AT BRAY
AL B i 2 G TR AN R T, T
PEAER— MR Il R (axial charge)
HEMEITRE N

63
sz B,
J7 AT o 4 1, 1 113 B I RS AN 5 PR
W Tk, BlA E AT B A FRSPE. D9 T
HUAEAT TR KB ORI R TPk SR RS
AR TG 2 AT B IE, 7E3CHR [49] F3kAT]
BT RSEREAR LR T —EWERR TR T
AU, (X SIRES T, A R KB s 9Ok T A

O J ™ (z) = 2mv’n, + (16)

TIERE 1t R R BU™ A% FT ik, PRI FREEIT T A AR
PR AT LUAR AT A4S . T H 37 A8, S s A n
KF BN, & 1 AP Py 3 e L R
YV CINDRTERN AINE -2 INTER Ve g =R G R R

XaB(z, x';102n)

g )
_ / dre =TT & (. 1)@, 7)), (1)
0

Forh Sy 1 Sp 4R SR AH - 1 H AR R RIS
FA B . S T ARE AT S, RO A 2
BURAETT A N R B T B R TAGIE. L,
MR TH A A T B 1E R T T8, O 2 4

1 BRI ERE B PR KR e O B A R R
AR 16 A B S TE P AR I E] B (T ) SRR
(7)) VISTFRERRRYE (C) 9438, 38 A STk [49)
Table 1.
disorder represented by fermionic bilinears (i =1,

Various types of physical quantities and

2,3), their symmetries under time-reversal (7 ),
parity (Z ), and continuous chiral rotation (C). Re-

produced with permission from Ref. [49].

( SA'AB;EI!;TA ) Physical quantity 7 Z C Disorder
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Components of four Cooperon channels
the Cooperon gap 4;2 in unit of the mean free path 8;2
and the weighting factors w;, where 1 =muv?/u is the
orbital polarization of Dirac fermion. Reproduced with per-

mission from Ref. [72].
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Fig. 2. Magnetoconductivity as a function of temperature at different magnetic field strength for two Mn-doped topological insulator

thin films of (a) zmn = 0% and (b) zmn = 8% . The open squares are the experimental data extract from Ref. [63]. The solid red

lines are the fitting results at different magnetic filed B by using the formula in Eq. (25). Reproduced with permission from Ref. [72].
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Fig. 3. Dimensionless Cooperon gap £2/ ZZZ and weighting factor F; as a function of the Fermi energy u for (a) topological insulator

(mb>0), (b) trivial insulator (mb < 0), and (c¢) Dirac semimetal (mb=0). Fi is the total weighting factors defined as

Fiot = ZZ F;. Reproduced with permission from Ref. [75].
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Fig. 4. Theoretical fitting to the relative longitudinal magnetoresistance in a CdaAs3 sample®¥; (b) fitted phase coherence length £4
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a function of temperatures at B = 1,2,3 T . Reproduced with permission from Ref. [75].
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Fig. 9. (a) Schematic diagram of the relation between mag-
netization and bulk topological magnetoelectric effect. A
surface current is produced by an electric field due to the
magnetization. (b) Local current density along the z—direc-
tion as a function of slab position 2. (c¢) Spatial dependent 6
along the z direction. The electric field is applied along the

y-direction. Reproduced with permission from Ref. [125].
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SPECIAL TOPIC — Quantum transport in topological materials and devices

Recent progress of transport theory in
Dirac quantum materials”
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Abstract

Dirac quantum materials comprise a broad category of condensed matter systems characterized by low-
energy excitations described by the Dirac equation. These excitations, which can manifest as either collective
states or band structure effects, have been identified in a wide range of systems, from exotic quantum fluids to
crystalline materials. Over the past several decades, they have sparked extensive experimental and theoretical
investigations in various materials, such as topological insulators and topological semimetals. The study of Dirac
quantum materials has also opened up new possibilities for topological quantum computing, giving rise to a
burgeoning field of physics and offering a novel platform for realizing rich topological phases, including various
quantum Hall effects and topological superconducting phases. Furthermore, the topologically non-trivial band
structures of Dirac quantum materials give rise to plentiful intriguing transport phenomena, including
longitudinal negative magnetoresistance, quantum interference effects, helical magnetic effects, and others.
Currently, numerous transport phenomena in Dirac quantum materials remain poorly understood from a
theoretical standpoint, such as linear magnetoresistance in weak fields, anomalous Hall effects in nonmagnetic
materials, and three-dimensional quantum Hall effects. Studying these transport properties will not only deepen
our understanding of Dirac quantum materials, but also provide important insights for their potential
applications in spintronics and quantum computing. In this paper, quantum transport theory and quantum
anomaly effects related to the Dirac equation are summarized, with emphasis on massive Dirac fermions and
quantum anomalous semimetals. Additionally, the realization of parity anomaly and half-quantized quantum
Hall effects in semi-magnetic topological insulators are also put forward. Finally, the key scientific issues of

interest in the field of quantum transport theory are reviewed and discussed.
Keywords: Dirac quantum materials, Dirac equation, negative magnetoresistance, quantum anomaly
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