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Fig. 1. (a) Schematic diagram of electronic correlation!’; (b) schematic diagram of metal-insulator phase transition under Hubbard

approximation!”.
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Fig. 2. Method of introducing flat bands: (a) Calculated energy levels of a graphene in a magnetic field (figure above) and the elec-
tronic density of states as a function of impurity concentration in the continuum limit for B = 12 T (figure bellow, the dashed line
indicates the position of the Landau level)l'%; (b) Landau level spectra for various applied magnetic fields from 0-6 T (The curves
are offset for clarity; tunneling set point, Vg = 350 mV, I = 400 pA )['"; (c) tight-binding diagrams (figure left) and the predicted

band structure (figure right) of ABC trilayer graphenef; (d) schematic diagram of destructive quantum interference inducing a flat

band in the Kagome latticel®.
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25 T B )2 A S 05 1 DA 1l W B Roo ME R LB Rey s A7 FHREIHAE 30 mK F B=9.0 T (O), 115 T (Hi#1J¥), 17.5 T (5Nl
) BB 5 SS9 o0y BUHE) 195 (b) #En = —1 WA BB AE AL (L&, —141 meV) Al n = 0 WA RESCR B TR BF 2405 > —RE
b (FEL 7.1 meV) 4RI A 3 nmx3 nm STS BAR K (BN IIIE N A 2808 S A% 7~ 28 18] 370 B S A 3 2 m 7 2 7 92 25 [R) 9 43 11
1, A 5807 Y13 AR 1 1L 70 I AR 22 VT BE 0 A - AR} 9 S R REAFTRT PSP AH )P0 (c) BT Hi P i Ah 0% Ui Hi, BEL B 4 R TRLE 149 22 Ak
KRR (BLW/R T F AR I R E 120 2 i 12 19 30 ARURR B 5 478 P O 2 T RR R0 B B A5 1y i % (B i /s B IRT, RN TE L 44T T
— A~ B )19

Fig. 3. Progress in the study of quantum Hall ferromagnetic state of two-dimensional materials: (a) o2y as a function of Vg at dif-
ferent magnetic fields of 9 T (O), 25 T (1), 30 T (<), 37 T (A), 42 T (V), 45 T (3), except the experimental temperature of 9 T
is 30 mK, the experimental temperature of other data is 1.4 K (Left upper inset, R,, and R,, for the same device measured at B =
25 T; right inset, detailed ozy near the Dirac point for B = 9 T (circle), 11.5 T (pentagon), and 17.5 T (hexagon) at 30 mK)!;
(b) 3 nmx3 nm STS map taken at —141 meV corresponding to the energy of n = —1 Landau level (figure above) and at the energy
of 7.1 meV, which corresponds to the one of the empty peak in the n = 0 Landau level (figure bellow) ( The black hexagon is a
schematic diagram of the graphene lattice; the image inset shows the two possible phases of the system with the graphene Landau
level half-filling which are based on the distribution of the ground-state electronic states in the real space: canted antiferromagnetic
phase and PSP phase)®); (c) two-terminal resistance at the charge neutral point versus magnetic field and temperature for a differ-
ent contact configuration (The dashed line shows the approximate limit of quantified helical edge transport for the F-phase; the im-
age inset shows the schematic of the edge dispersion of the zeroth Landau level broken symmetry states showing the opening of a
gap at the edge)l.
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e 110 K 09 m i h 9280 1 25 0 el S
iz ( 3(c) thak B i iR iz, 402
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FENC T A SR A H Aar PRI ) B2 XD B
o 5% M) g TR H, - 75— A B A FH 0 6 R R it A
R DTk E & BE R I A AR, 2 — D EA PR
PERYIR) . BT R, O A A FEER
43T LA 38 o 7 e A A e K v e R A ) S
Tt 104951 NI eg 1 R A A T30 5 ) A SR it o
MELRN R A LA, AN Z F AR PO e I bt
g, ARSI, BT SR IR Z AR AE N T
FALWN (hexagonal boron nitride, hBN) Y K [H] b,
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M F hBN 5 TBG fg A VCECIE o5 /R i
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WO FRYE, B BRI A A BRI R, W
N TR S SRR Y 4 T S T DA 22 AN
PRI, Sy b SO0 58] 4 P o7 32 A2 P T AR
IR BRI RE & FIEITRE T B
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TR QAHENM, X5 TR ZRE RN %
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PR, B R FELBHL S 78 — 35 AT A B R R
IFEA RGBS . 4 N5 A Y&, Chenl'?7
fEB=0T, T=0.06KH K}, p, EEHHRKIH
FREGHER W, 5250 B R R (TR
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TYET TR
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T AR LEFE 43 B 70 R 1 1) DR 448 2% {4 DI g it g

FH KBRS T IR X Wigner ({4 158162,
2019 4F, Regan!'03) 45 % F—Fh R BG4 I 47
AR WSey/ WS, /R A (1) 8 T LA FlE T
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AN EAT 3x 3 HLfar 5 B I A RE e A R A 52
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TPURME BT — T AR IREE R X WSey/ WS,
LR S A 25 R AT 4B 22 0 R T — R AT,
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FIHTHE T, 2021 4, Zhoul'™™ 7€ 5 T # () TMD
SR 25 IS R XUZ Wigner iR AATE, %5
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TRIFFE TR, AR X T A AR G 1 L2 2 A 0
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S8 107 5B/ s th AR TE T e s Y T
M Wigner faffAR[R], SE5G FELRIAUZ Wigner
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IR SR B e 1169 U AT AR U 2 (8 - AH H
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A HAEFR I =M g 4L BUZ Wigner
rn A )22 (R AH B AR . (EAR T e, B
H 285 B2 AN, S0 2 BRAE 4 K I, Il 525 B
IR PR AR e K T HARE, AU ShRE L34
B3 i #453 TpR, e Zfd Wigner SR L. U2
Wigner g 2 RIT5057 5 1 B phURe i AR A5
3 00T DL R pR T A [R)  SEUAS LU R o R
A AR T AT R 2%k, S Se s A
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4 FRBILE

T VAR ERRNA IS, R T 4t
PP 9 SE BT 12 SR o A B ) S AR S8 Ty
I ABIFTE AR

1 PRSI E KA RS
Table 1. Implementation methods of flat bands and their corresponding resulting novel quantum states.
e TS
eSS RTER HERT Kelf wos  HTREEK Wigner
LRGN IR Y275 e Yea (TIES
SN [14] [100, 101] — — — [149, 150]
FASFIN AR 25 1) — — — - - -
JBE £ SUZ T B A — — [172] [41] [123, 126] —
JE f =2 A BRI — — [44] [44, 173] — —
SIAHAA
WE SRR . [45] _ _ _
A mmiey — — (53] — — [163, 165]
ABCHES: =211 805 [61] — [105] (105] [127]
KagomeZth — — — _ _ -
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Flat bands and related novel quantum states in
two-dimensional systems”
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Abstract

In flat bands of two-dimensional materials, the mass of charge carriers increases dramatically and the
Coulomb energy of the charge carriers can be much larger than the quenched kinetic energy. When the flat
band is partially filled, electron-electron interactions can drive electrons to form exotic correlated phases, such
as quantum Hall ferromagnetism, fractional quantum Hall effect, superconductivity, and quantum anomalous
Hall effect. Therefore, flat bands in two-dimensional materials have attracted much attention very recently. In
the past few years, the strongly correlated phenomena in flat bands have become a hot topic in community of
condensed matter physics. There are several different methods, such as using a perpendicular magnetic field,
introducing strained structures, and introducing a twist angle, to realize the flat bands in two-dimensional
materials. In this review article, we summarize the methods to realize flat bands in two-dimensional systems

and introduce the related novel electronic states when the flat band is partially filled.

Keywords: flat band, Hubbard model, strong correlation effect, novel quantum state
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