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Fig. 1. Schematic illustration of the moiré lattice structures of (a) twisted bilayer graphene and (b) twisted double bilayer graphene.
(c) Brillouin zone of the twisted graphene systems: the blue and red hexagons represent the atomic Brillouin zones of the bottom
and top layers, and the small black hexagon denotes the mini-Brillouin zone of the moiré superlattices. (d) Energy bands of magic-
angle twisted bilayer graphene. (e) Schematic illustration of the pseudo-Landau-level representation of the flat bands in magic-angle
twisted bilayer graphene (TBG)P7#.. The real-space current density distribution contributed by flat bands in the K valley of magic-
angle TBG with the staggered sublattice potential Ay = 0 meV in (f), and Ay = 15 meV in (g)P7.
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Fig. 2. (a) Schematic illustration of the lattice structure of alternating twist multilayer graphene; (b) band structures of A-ABA-A

system which include two sets of flat bandsP%. The solid and dashed blue lines denote the bands from the K and K’ valleys, re-

spectively.
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Fig. 3. (a) Plots of polarization along y direction vs. strain wug, for hBN-aligned magic-angle TBGEY; (b) twist-angle (f) depend-

ence of yygze contributed by the valence (red triangles) and conduction (blue circles) flat bands, where the solid ones are the res-

ults from continuum model and the hollow ones are the results from tight-binding model®!. The horizontal-dashed lines in panel (b)

mark the ideal quantized values.
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Fig. 5. (a) Non-interacting energy bands of magic-angle twisted bilayer graphene; (b) flat-band dispersions including remote-band
Hartree-Fock potentialsi®¥; (c¢) wave vector dependence of the effective dielectric constant®; (d) single-particle excitation spectra at
v = 3 filling (upper panel) and at v = -3 filling (lower panel)®?; (e) real-space distributions of charge density at v = 1 filling*%;

(f) nonlinear optical response of different symmetry-breaking states/®?.
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Fig. 6. (a) Competition between spin polarized and valley polarized states in twisted multilayer graphene system at half filling.

“SP” and “VP” stand for “spin polarized” and “valley polarized” respectively; (b) charge density distribution in real space at half

filling for twisted double bilayer graphenel®; (c)—(e) calculated gapped states with different Chern numbers remarked by red lines

under magnetic fields in the twisted bilayer-monolayer graphene system![s3..

Co B o EA IR, o, TR BAMIEA BRI 75
uAT A (p=FRm KMK' ). hT K
KA BRI 2 A0 S RER, R I R A5
SR KK 48 1 H Ao 2 B AR AU B2, B0 3000
W RIS FEE WAL, ORI P] L i 76 T
25 () P4 45 26 o EEL S o DL B gl 23R4 T Rl 3k 170
DRI, 3 PR 10 50K 50 o A 2R 720 S e 1) g i
XIFRMEI A A, FE 5 B E AL IREL

I 6 7£ Hubbard Z% U BUAR[RI{E R, 7EH 5T
Bon MR B, S50 8 BLURR T ASEIBRET
W 248 2 25 1991, %93 9K = B LRI 7 S 3500 R ey 2
Ak, 23BRAE( Hubbard #HH AR A H 354+ Aif
HAAAAR R T AL T R RS, )R
T EBREY) A TR T A R, B
WA, AR FR & AT N AT AL m 51 2 5
T CH B RS B MEAE . X — LK 2 5 TR
XUZ- A7 SRR A 3 TS ge i B

T HRANEL EHINERE T A
e

11 HANERRENETEN
1 A6 0L 47 S o 5 0 L 9 — 2 3

2, AR WA DA K Bl il R S e 1 O R A
IKH_ [15,16,22-27,31,171,172] %7 x{lﬂy%?%ﬁmga
W B REAHh MAFIZE & SRR, i 510K R
SRR R 8O DIAR O 173 18 AR R
Liu &5 ) R IR B 27 2] 731 8l g 2 45 5 B R Al A
TRURIE 5 ) JBE A BUZ A 22065 TR 2R BB S /R 75 14
JHRT R PR R

JBE A WUZ AT S M v A B SRR T A
— LU BB T, PR =Tk
R, ORI R A XUZ A
KBty AR ok EORPR A RITTSR FH “TR BEE  ~)
IR ¥ Bl s Ik ) RIS A U A1 820 ) 7
THER BARTI, B RE L IMA R 5L A
A SR R FR AT AR T R pR B A B — 1 i B
T, AR OK BB T M B8, AR5 X
SERARA YN LRI 245, A pl— R SR T 2 [H] Y 22
PRZE A PREL. 25 P I T 22 0 2% 110 22 i
Z R R B ME B A XUZ A 850, JEAT A st g
FIR TS ATHE B0 TR RN 7 Fis. Rl i,
TETE A0 XUZ A0 850 R A AR Z A 4 I A1 <25l 7
T, HARERRUZ A7 250 1Y T S0 25 S0 1A
A A8 B IR AT BLIH DORERE. 1 1 HE 0 iy
LRI U B AT Sh <2 il P AR ),

067302-13


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

) 3B 3R Acta Phys. Sin. Vol. 72, No. 6 (2023) 067302

= b HE =
= 4 -(a) 04t ® X103 —4 -2 0 2 4
o w=0.043 THz w=0.046 THz w=0.063 THz w=0.163 THz
H
Z il 50 -
~
£ o . . . : —50 -
0 10 20 30 40 e
Frequency/THz —50 03 50
z/A
(c) w=1.247 THz w=1.081 THz
300
200 . . L . [ ] .
=100 . . . . . .
~
T (AL
"B LR
—100
fAR "
0 100 200 0 100 200
X104 -2 -1 0 1 2 —0.10 —0.05 0 0.05 0.10

B 7 (a) BEAMNZABISHFE FEFEE, HEOLEN0—2.4THz MBI TR TEHE R, (b) BEAMNZE A BIEE DSHH
FHBE, SER G IR @S TATARTE 5 (o) BEA SUZ A1 BB TE K SR 1Ak, Horb /3 x /3 8T 2R (0 pf R 1 9 (d) M
FARUZ AT BRIGAE M AP T, XA 5 J% R T P8 €8 R s T )

Fig. 7. (a) Phonon density of states (DOS) of magic-angle TBG (MATBG)®!, where the blue line shows the low-frequency DOS
from 0 to 2.4 THz; (b) soft phonon modes in the MATBG at the I point, where the black hexagon marks the moiré primitive cell®);
(c¢) phonon polarizations at K point in the MATBG, in which the /3 x v/3 moiré supercell are marked with dashed black lines!*;
(d) phonon modes at M point in the MATBG, in which the double moiré supercell are marked with dashed black lines/®.
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Fig. 8. (a) Flat bands of magic-angle TBG with the octupolar-type phonon modes under frozen mode approximation®”; (b) increas-

ing bandgap as a function of average displacement amplitudes®); (c) strength of electron-phonon coupling verse Fermi level in the

magic-angle TBGP; (d) charge order with the quadrupolar-type phonon modes under frozen mode approximation!®.
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SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice

Novel electrical properties of moiré graphene systems”

Zhang Shi-Hao!)  Xie Bo! Peng Ran!) Liu Xiao-Qian"
Li Xin!?  Liu Jian-Peng D21
1) (School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China)

2) (Laboratory for Topological Physics, ShanghaiTech University, Shanghai 201210, China)

( Received 30 January 2023; revised manuscript received 13 March 2023 )

Abstract

In this review, we discuss the electronic structures, topological properties, correlated states, nonlinear
optical responses, as well as phonon and electron-phonon coupling effects of moiré graphene superlattices. First,
we illustrate that topologically non-trivial flat bands and moiré orbital magnetism are ubiquitous in various
twisted graphene systems. In particular, the topological flat bands of magic-angle twisted bilayer graphene can
be explained from a zeroth pseudo-Landau-level picture, which can naturally explain the experimentally
observed quantum anomalous Hall effect and some of the other correlated states. These topologically nontrivial
flat bands may lead to nearly quantized piezoelectric response, which can be used to directly probe the valley
Chern numbers in these moiré graphene systems. A simple and general chiral decomposition rule is reviewed
and discussed, which can be used to predict the low-energy band dispersions of generic twisted multilayer
graphene system and alternating twisted multilayer graphene system. This review further discusses nontrivial
interaction effects of magic-angle TBG such as the correlated insulator states, density wave states, cascade
transitions, and nematic states, and proposes nonlinear optical measurement as an experimental probe to
distinguish the different “featureless” correlated states. The phonon properties and electron-phonon coupling
effects are also briefly reviewed. The novel physics emerging from band-aligned graphene-insulator
heterostructres is also discussed in this review. In the end, we make a summary and an outlook about the novel

physical properties of moiré superlattices based on two-dimensional materials.

Keywords: moiré graphene heterostructures, topological physics, correlated states, moiré phonons,

piezoelectric effects, nonlinear optical effects
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