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Fig. 1. Timeline of the key developments in the studies of
topological quantum state and topological phase transition
in magnetic TIs.
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Fig. 2. Schematic layer structure of magnetic topological insulators (TIs): (a) Crystal and magnetic structures of magnetically doped

TI Mn,Bi, ,Tes, the red arrows represent the magnetizations of the randomly distributed magnetic moments; (b) crystal and mag-

netic structures of the intrinsic AFM TI MnBi,Te,. The red and green arrows denote the magnetization of the oppositely aligned

magnetic moments between neighboring layers.
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Fig. 3. Basic characterization of MnBi,Te, bulk crystal and thin flakes: (a) Magnetization (with magnetic field applied along ¢ axis)
and resistance as functions of T; (b) reflective magnetic circular dichroism (RCMD) measurements as a function of magnetic field
for 4 SL to 8 SL flakes at T'= 2 K; (¢) linear band dispersion with a clear Dirac cone formed by surface states and the enlarged plot
of the dispersion near the Dirac point; (a) and (c) are adopted from Ref.[107], (b) is adopted from Ref.[110].
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Fig. 4. The optimization of the QAH effect in magnetically doped TIs. (a), (b) Magnetic field dependences of p,, and p,, at differ-
ent V, in a 5-QL Cry 15(Bij1Sbyg); s5Tes film; (c) dependence of p,,(0) (empty blue squares) and p,,(0) (empty red circles) on V, all
the above data was measured at T = 30 mK; (d), (e) magnetic field dependences of p,, and p,, at the charge neutrality point in a 5-
QL (Crg.16Vo.84)0.19(Big.1Sbg.9)1.81Tes thin film; (f) dependence of p,,(0) (blue line) and p,,(0) (red line) on V,. All the data in the Cr-

and V-codoped TT was measured at 7 = 300 mK. (a)—(c) are adopted from Ref.[35], (d)—(f) are adopted Ref.[40].
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Fig. 5. Distinct QAH ground states induced by magnetic disorder: (a), (b) Magnetic field dependent p,, and p,, for magnetically
doped TIs in the ground states of QAH state and the AH insulator state, respectively, the chemical compositions of the two mag-

netically doped TIs are (Crg16V.84)0.10(Big.1Sbgg)1.81Tes and Crg3(Big4Sbg)1.77Tes; (¢) relationship between peak value of longitud-

Hc

He and zero field longitudinal resistivity pQ, summarized from the transport results of 82 magnetic TTs; (d) mag-

inal resistivity p
netic field dependent p,, at different 7 in an AH insulator sample; (e) T-dependent p,, extracted from (d) at different magnetic

fields; (f) finite size scaling analysis of p,, in the vicinity of the quantum critical point, all the curves collapse together for the critical

exponent k~ 0.31. The figures are adopted from Ref. [77].
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Fig. 6. AH effect with different chirality: (a) AH effect hysteresis with counter-clockwise chirality, the AH resistivity sz is “+”
when the magnetization is positive; (b) AH effect hysteresis with clockwise chirality, the AH resistivity sz is “~” when the mag-
netization is positive; (c), (d) schematic illustrations of the Dirac gap opening process in different magnetic TI systems, for Mn-
doped system, the spin of itinerant electrons is antiparallel to the spin of the 3d electrons in the occupied states in Mn?* ions.

Whereas for Cr-doped system, the spin of itinerant electrons is parallel to the spin of the 3d electrons in the occupied states in Cr?+

ions. The figures are adopted from Ref. [141].
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Fig. 7. QAH effect in a five-layer MnBi,Te, flake: (a), (b) Magnetic field dependent R,, and R,, acquired at 1.4 K. R,, reaches
0.97h/€* concomitant with R,, of 0.061h/€® at zero magnetic field, under magnetic field above 2.5 T, the QAH quantization is im-

proved to Ry, ~ 0.998h/¢* (c) energy gap as a function of magnetic field extracted from fitting the Arrhenius plots of R, as a func-

tion of 1/T. The figures are adopted from Ref. [56].
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Fig. 8. Gate dependent transport properties in a six-layer MnBiyTey: (a) Magnetic field dependence of p,, and p,, at different gate
voltages at T'= 1.6 K, when Fermi level Eyp lies within the band gap for 22 V. < V, < 30 V (blue square envelope), both the large

longitudinal resistivity p,, and wide zero Hall plateau are key signatures of the axion insulator state, at high magnetic field, the

nearly quantized Hall plateau and vanishing p,, are characteristics of a Chern insulator; (b) the V, dependence of p,, and the slope

of p,, vs. H measured at T = 1.6 K around zero magnetic field; (c) the evolution of p,, and p,, as a function V, at T = 1.6 K and

uoH = —9 T, which reveals the Chern insulator state; (d) the schematic pictures of the magnetic order and electronic structure of
the axion insulator and Chern insulator state. The figures are adopted from Ref. [57].
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Fig. 9. Chern insulator quantization with high Chern number in magnetic-field polarized FM MnBiyTey: (a), (b) R,, and R,, as a
function of magnetic field at different T, from 2 K to 15 K in a 10-SL sample, the Hall quantization can reach 0.97h/€? at 13 K;
(c)=(e) py as a function of magnetic field under varied carrier density ny 3 for a 7-SL dual gated MnBiyTe, devices; (f)—(h) the ac-
cording variation of p,, as a function of magnetic field under different carrier density n, 3. A C'= -2 state with p,, = 0.5h/¢* and p,, =
0.05h/¢* appears when magnetic field is increased to above 10 T for carrier density n,. (a) and (b) are adopted from Ref. [58].

(¢)—(h) are adopted from Ref. [111].
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Fig. 10. Magnetic field driven helical state with C' = 0 in a MnBiyTe, Chern insulator: (a) Magnetic field dependent longitudinal
resistance R, and Hall resistance R, at 1V < V, < 6V, at V, = 4V, the C'= -1 state is completely suppressed when magnetic
field is increased to above 30 T, followed by the C = 0 state characterized with a broad zero Hall plateau, the black dashed line de-
notes the half-quantized plateau of R,, = 0.5h/¢* (b) schematic illustration of the electronic band structure evolution in strong
magnetic field with Zeeman-effect-induced band inversion; (c) the evolution of edge states in the magnetic field driven topological
phase transition between C' = —1 and C = 0 phase; (d) two-, three-terminal, and nonlocal measurements in various configurations,
the insets display the schematic layouts of the experimental setup, the expected quantized values for Ryp, Ryp, and RN* derived
from the Landauer Biittiker formalisms for helical edge transport are denoted by the broken magenta lines. The figures are adopted
from Ref. [78].
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Abstract

In the past decade, magnetic topological insulators have been an important focus in condensed matter
physics research. The intricate interplay between the nontrivial band topology and spin, orbit, charge, and
dimensionality degrees of freedom can give rise to abundant exotic topological quantum states and topological
phase transitions. Measuring the transport properties of magnetic topological insulators is a crucial approach to
exploring their exotic properties, which is of significant scientific importance in deepening our understanding of
topological quantum states. Simultaneously, it also holds substantial potential applications in the development
of novel low-power electronic devices. In this work, experimental progress of transport researches of magnetic
topological insulators is reviewed, including quantum anomalous Hall effect and topological quantum phase
transitions in magnetically doped topological insulators, the quantum anomalous Hall phase, axion insulator
phase and Chern insulator phase in intrinsic antiferromagnetic topological insulator MnBi,Te,, as well as the
helical phase emerged from the Chern insulator in pulsed high magnetic fields. Finally, this work analyzes the
future direction of development in magnetic topological insulators, and the transport phenomena that have not
been understood in these systems, offering an insight into and perspectives on the potential breakthroughs to be

achieved in this area of research.
Keywords: topological insulator, topological phase transition, quantum anomalous Hall effect, axion insulator
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