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Abstract Research on quantum Moiré¢ materials has attracted great attention in the
field of condensed matter physics. This article starts with a physics version of “Ma Shuo” (by
Han Yu, 768-824 AD) to guide readers to appreciate the new progress in this field: how to obtain
super-Moiré materials with larger unit cell lengths through quantum interference effects, and
how to realize magnetic Bloch states and integer Brown—Zak quantum oscillations that have not
been observed before. We also provide a historical review on the study of the movement of
electrons in lattice potential fields in magnetic fields over the past 50 years, from Hofstadter’s
butterfly energy spectrum to graphene, then to twisted bilayer graphene and the current super-
Moiré materials, and finally back to Hofstadter’s famous book (Godel, Escher, Bach) ,
completing a logical loop from theory to computation to experiment. The realization of super-
Moiré materials has opened up a new path for the study of two-dimensional quantum materials,
and will have important prospects in fields such as quantum communication and computing.

Keywords  quantum Moiré materials, magnetic Bloch state, quantum interference

effect, Hofstadter’s butterfly, Brown— Zak oscailliation
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Super-Moiré ijt
- moiré, K57 super-moiré, Moiré % A, W super-moiré R A .
Moiré Z super %, HRILRETEB AR, WZAEH T %358 super i #) 4
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G W B R BE Fn e e R B Y AR TR AN B 2 1
KA G, REGEIAWERMEZ |
ARZEHEATIR? WA X AR HE R R, &R
R Sl A LA b, AR RS A s
AR B, R AN 10 nm 3k 2] T 100 nm & 2%,
XA R B 4 A% AR, mt 2 super-
moiré "', MHZF IR EBHRE LR, KENTHE
B PR EAT AR L di b 5 B B R B S LS 2 A
AIATI . S A R N R T X B 4 R )
B s W B ZE T, mZES AR, T &
W, B9 f3 2% 44 (graphene) 11 75 75 &t B (hexagonal
boron nitride, hBN)JE Bfy 4, B HR KR
REEMAZ) 14 nm, 75— J5 100, 16 5 Hh i % [&] it
g 2 AR R 1 4E R 2 8] i i At AN RE S EL
BRI R E(BRZRTA AP 2EIR), XA B
FLERERMR A, R FHEA A S — AR
KEIEE, 1 H SRR Z 834 £ & 2 18]
ot VO R O (A & = e Rk LR e
O R AL —k, MR H DAL 4
9, R AT DB 2 S M R R B AR B sk A,
{HIX 5k & (6 75 IR - HEA B (R BB IR EL, A
RE B A JE SR b

A2 Al s IR X AERY [ @VE? b2 AT,
SHEAD, B HFET, RO PRI A
A A FAE ) moiré i dn % P & ke K, e
FaEmAmE. Yehth, &E—EriRE
moiré it i i L JF M A /NVEBE 10 nm 2 45), Hoep
FL - F I R B (b — MR 3 R A TR . A
RS moiré 7 [A] 8% B #4 fAi 2 T IR i 2
A 25 BE (commensurate) 55 {4, M5k /& 9 & moiré 1Y
{54 % T 2 R 58 R IE, P A moiré Y I K wT LA
RETW, BAXFETH R T U REAE
KA . A A 1 super-moiré {8 dh#% , Hdh
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b B AT DA se R U IR AN S 2, JREL
HH RS B S K DR N Y R P g A . IE R A
super-moiré [ J i 58 A& PR A~ B 2 1Y moiré 8 g i
WL DR RO B S TN, A ALK
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LA T ¥ K g k&K FE Y super-moiré, AT
ek R 25 BRI R Ve X 5k 75 B4 5
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15 S B S AN S TR D B v 22 i 1 A 0
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(1) 2z 3o iy 4% It e FY) B0 £
TR —ATE” BRIk
B

(2) HLF 947 A Husk /2 6 T 7
W) “BH—2K” RE&EZR
1

(3) Hop Ttk 2 Y BLRE W
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Ko EFEHIIR G AT HR A
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P 2222 Edmond Brown™ F1LL €4 %]
W 2% % Joshua Zak', X 7 Hf
B2 FAE 1960 45 AUk 7% & it
) YRSy R T A i LB B Y
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P R R S S S S
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INGER R KR FM

B2 iR SR N B S R BZIRE (A BT, (a3
HE izEh, HEERECHAIE B () A BB 2 AR, RFiEa)ZE
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TR B AT B %, AR AT T R DA 1 AR s ()24 b S IR O
ERNDI)V BN, FHELAERA RARB ALl R T, OB
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SN, AT DA 5 B AR 1970 4R 4K
i) T 1B &2 1 57 7F Brown—Zak [
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5 % HB A BT R T S 5
Hay, T B R WIS TR i A5
BERETE , A REIEMI 0 TRz T ok

130 5 AR BE VR FOTH SR A B 2 K (I R
TEE SR AR, RE & U 22 2 f5¢ ik
MBZIzHWE? —ankbEk AR 234, MR
ML EEREB LK, WAAEANE., X
PR A L SE R R 1 s A& I R TR R K & 2,
Pl 2 7 28 05 1 i 4 K B @ = 2.46%107° m, B
e RN B AR S ~ 5x107° m’, X EIRE
TR T LR A SR ¢l = plg, BLIE T S
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R ARESRELY . Wt &, 4 RABSEIE A S
YELM R SR BZIR Y, TREER b fA%
JEOME AR (et A R R <), X PR REAE — A
JE v R AT B & M B Rl B T plg 1, ARER
H RGN FREE R, Ulplg R BZIR Y
140 BE2(d)—E)mt A X R R E R,
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3,0, ALY AT LR RIRE B R I PEE (LR B 4 BZ IR 75

I O il oot 5, 3 ] B )T R K A Y Fal ko A
Geim (2010 4F i DU/REL 2R A, FA KM
A 2 I i 18 4) 73 2 T Graphene/hBN (4 5 4
G/hBN) 5L /R 8 g 4, HE K AE 10 nm /245, X
AU B S5 00 B s R BOR TR 40 £, B
M & M I BB K T 1500 £ %, fE SRR E W
W B~20T) T, A1k Bhiks 7o ELE
¢lp, = g (¢=1,2,3, ), BMEAIEILNA g (5
O WE R, dEin e RS EWEEE] T 45
BZ ¥k 75", & 2(e)fin, #—4, 2018 4%,
Fal’ ko i1 Geim 4 7F [7] #5 i Graphene/hBN & /R 8
a g S T I B BZ YR, Hdip=1,2,
3,4, (HEDR p/g <17,

SR, o0 Bt 5L AR 2 R e R Y o ik R
i, Wt A F/R B=p2/qS, Hhq=1, p=1,
2,3, I YR G E BZ ARV, B 2(D) 7R .
15 )7 i RO £ 24 10 nm 1) G/hBN moiré £ 4
BN B e /D R A, B @lp=1, TE IR
W& B~50T; mRERT ¢lg=2, NTFEB~
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100 T, X{B8RAESCs LA BRI R R,
AR UL, 0 G/hBN X A 119 3% 3 moiré A48} A (1 I
M A SRR k. REESHE Ak, Ehande i
e g £ P R BE AL 10 nm 34K F] 100 nm, IR
ROk w1 LA P 38 K 100 £, B 75 22 B SR AE BZ ¥R
Do W RESS 5k 7T LAUR /1N 100 £ . 53X 5k A& super-moiré
MRER A TS, A0l Ak, FAT 1Y super-
moiré fi2 fit T —Fh 61 1& R A JL A AR IS5
X AW R RE I A S BZ IR T — R
TS .

3 tFH moiré, FKJ5H super-moiré

FeJE super-moiré, gitad ZEA4 R 224 100 nm
BRIy . TEANET SO TR EIRY, BT
IRM BRI A I TG i, SR E T R I R SH AR,
INTRRZERRKE s KR A M S5 4 (EAR /NG
1 [ JoT 65 rp R WTRERY , HR FE BN S rp 85 Ayt P 2%
SEEENAE M, HRBE, BERGET BZ
P RAEAR S AR RGPS BL, [N, fEiX
sexgirh, WAk .0 (charge trap centers), 2%
B, FAEEAR SR B ARG o N B FREHr A2
TR BB 25 BELAS 3 K d 308 A5 7% i A 0 S2 B

FAVH il e Ip 5, A& 3 ik 6 A B2 /Y moiré
8 i Y HE B RTERL . 240 & moiré 1Y B A% R I
RAERZ, MWHEFREE kA RT DT
3Rz, 3k AT DL S BYL super-moiré Y B K &AM,
L 3(a) s, e HE R B SR 1O EE foN

(a) —— hBN1 (b)

—— hBN2

75 B AL (twisted hBN, R t-hBN)*f 5, %A
B3 TIA/NREERISE R E5 8, — 42 144 nm
HJ t-hBN SR G 4%, 53—/ & 13.0 nm {) G/hBN &
IR . XA SLIREE K AR B TR T B — A
63.2 nm ) super-moiré Z5 4, 1F 3 3k 73 4. (main
Dirac point, #5754 B AR BRI, X3 n,
= 0) P 3T HH B A L BRI TIE B 13X — (B 3(c)) 2N
B s T e, HRCR B . E (A hBN
an O FARME R AA Sy, Tl /N R EEHE B
A EUERI BN gk, FTLLEIE — A HEERY
S, XFERMER S NS EF AT AR —
t-hBN 5 /R B 2 (181 3(2) i Aadn), e v Bk i e
KA RS, XA B E R,
F AT CAESEA B 432 il 0 15 U0 T 52 Wi AH 418 B
Mok, [RIEE, 248 20 0 3 — 2P F0 t-hBN X
¥, A SEIEFIhBN 2 [A]FY fi ks o 422 mT LA AR 2R
— /> G/hBN R [ 2 (& 3(a) iy /23l1),, {E t-hBN
11 G/hBN St [f AL 7= H= 9 S35 1A A~ [T 9 J 9 A
JE (B 3(b)), it 5 il] G/hBN i1 t-hBN Hr i 5 f K
AN, XA TR AT DL AR T T IR T
t-hBN/G/hBN super-moiré £5 44 (& 3(a)iyH [A]), iX
BT B IR &85 e T B LA BB A B S R S5 AL TR
HIRBIR B, X AE, (60 =00z sl i 125 %
S H|— KR LR super-moiré #4% (1% 3(b)).,

A T3 B super-moiré £ 44, FA 1% T 3% 0
Ht AT s . & 3() R F# T MRG0
I\Ta] HLPEL R, Bl 3R TR BE o B AE R 2, B Tk
H T b sl AT HL PRI, i (2 S kAR ISR P A

v
PN/
v

(©)]

-6 -4 -2 0 2 4 6
n,, /(<102 cm)

3 Super-moiré fi I P Z5 5 B 72 Ax (a) IS B 5L R 45 44 F super-moiré £5 44 R BB 5 (b) -hBN il G/hBN #4447 & AR i &
PABET™ H2 K JE 391179 t-hBN/G/hBN #4475 ()N I] it BELIR 078 -k BE AR LS 2R (T = 1.5 KU

- 416 -

WL - 54 (20254F) 6 0]



H, BELIE & [ T t-hBN £l G/hBN #
Yy I [mAE R, HoH ¢-hBN A
G/hBN B IR &5 A6 ) J 101 R 45 331
#3144 nm 1 13.0 nm, &= & 1Y
&, AEFIKhL v LB B T
AN /N L BRI (A 5 21 6 i 2K
PRI, XEEIE BRAAE— AR
RER A, S ErTE &
- BEZ) 2 9.07x10" em™, iX
S 7 —/A~~61.8 nm [ t-hBN/G/hBN
super-moiré £5 4 , IF A& iX A HY
super-moiré 25 T F AT 5 K1Y ) i
MRS, 4n Fal ko 1 Geim 2 A
A LAFIH G/hBN 5L /REE#FE 20 T

Wi T &S ¢ld, = /g (g=1,2,3, -

(@) Ap 200 0 200 (¢)
8 ¢ 0. /ms 80
ok 1’ . 1 =10
I~ 11 = 20 meV G/t-hBN super-moiré
R B[S 10
2k 12 8
142 K41 _ = =
44 3 8k .
12 =2 4
1,,/(x10'? cm™) - = P
(b) BIT ] ,—“ —, s
00—+ ¢ 8 4l e
o 100L n,=4.15x10" cm 2._: — 5
< O A/\/\/\/\/\/\
<1100} 0 ) \ L 0
Y N ol -4 2 0 2 4
1 23 456 7 8 /(<1012 cm2)
#lé,

B4 Super-moiré 3% A= ) B K W O B AR I BE A () 9k 1n] HLBELAY Y S 5
AR =0°R, /OB Bl B RN T U AL 7 s (0) 7 i TR T, AR iRy
M bR (U S o BRES B TRk B A (b e R

W B BZ  BVEE LA R R A, E 4G), (b)RTLAE

¥ 7% , BB &4 Bl {E super-moiré Jii i R~} K T 2 | BZYRi%H W A # & B~120 T, @il % ABS=9,
S5R%, MK 7292565, B 4 15 [R A% 1) # FS=/3/222,, W53 super-moiré £ kg1 R K
AT, ROEFUES 960 =p (P=1,2.3, ), )~ 63.2 nm, A 3(c) b A\ I el -k JE A 45
BB A IS MR N A pCRE 50 /1 kol & 1Y BZ AR % . Ff~ 61.8 nm & FF A1 .

bR ERYSRYE St rh, FRATTEY AR & UEW] e, AT PR super-moiré i 4 a] 7= A 4
BIE KR JERY super-moiré ZEHy wT LA A RERURAE i O mAA 7 B (VRS T — AV S

FRI AT T A o

TRUH R T o B4 HTRER, ATLIEF

KIHORE LB TR AT, B 4@ B o (M B A A R B, HELLE
142 K FINMIZ SR, WM R BRI TIHET  glg=1—10, X500 R RIFAN, Hetka
REEn R, EXET, ATEARBISNL 25 ok B pb B T 5000 | IS5/ 5 BZ 4R 15
THRAIRERNRS , B PAIRRLOTR,  pmke I8 T 5 R R 0 W 15 5 2
XAt BZIz . A BZ Az 7 (& i T super-moiré
B ABIE, X2 AEMRE, BrLElRE 4 $super-moiré, BiES1T
TE, {Emim FRARAAEN, H—F, RIMNLH
R BHL R AR A (L T3P L 0 A R i o 17 L (/9 M2, FoATTSeBL T B Bomd il i A 7% b &
=1—-9), Huh2 i B HORMMEE, X (dlg=1—9), T 52 5 Bl k3% i J& 11 bk 2 )
BB BZIRY, M BBZRGREA M. /£ TR, WEKBZIRY, X LIERCATFR S
SRBZIRG T, WL R BB (UBBE Y Rid(pg > 1) FRYG R WM GE LS4 T LS, i
AR, XN T A E M A A o A = T H A O15E ) 2R R EE 834 SR (super-moiré) J&] H :
EAb)ek A TR 4@ —5Zk, HIEBERR T AR08 T HM 5, M 1960 4 1% iy Brown—
We FEE, M W PHBE M I AR fe, anlE 4(a) R Y Zak, #1970 4F A0 E 1k, F| graphene Fil moiré
WEF=LR, RE, B KRERS G HIAE I} £2 /) Fal ko 11 Geim, T £ 4~ K A9 super-moiré ,
¢lp=p, FZXPFEAFEPAEEEAEERE T,  CHEERNEE RS FIEiE s
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i, MERIREITHAE R S0, & TIEHhER bk
W HEm AR . FTLALE An 2R Brown
—Zak, BEAAEAETERT S TR, R4
F: N, EifESH?7

AR, IR ZAET, Hfh NIRRT A
B . b anHE & W4 hBN/G 5 B hBN/G/
hBN &5 441", 38 HE B A G/G AR B = = 7
Fa SR A A X A S R Y (R R 1
FHTRI 2K B BORME R, R AHAR B 2 [R] A 3 &1 RS
4 (proximity coupling)J i super-moiré, {HIXFi%k
WAEMWA G B, MR 2R & EE S
AR B TC AN s kA, T AR A Bk AN
[ BARHEZS Al EARERS K, DR A 22 &
% 2 85 4 Ok il i& B 42 % Y super-moiré J1 S A3 AJ
fie. AWIYAE, FRATATR I t-hBN/G/hBN super-
moiré 544 B A [ 2 7Y ) moiré 41 B, #EIF T -
T i 4. 3X & R 2 G/t-hBN A t-hBN [y 347
kBT A AL AR R R R A, X R
AR B MRS A By sy 8, FF BT L AR
fE hBN JE AT 358 B, s, hBN{EA—
NGk, NEES SR, T =R
FAA 5 X ol el - B S (AL AH B VR 5 2 ek
W £ %, t-hBN/G/hBN super-moiré 45 #J52& — /- #H
XTI ARG, XAV & O T8O il
1% Y super-moiré g5 {1, 5 A S SCHLIH T 1251
BRI TRIES . AR AR, s
FE B - 38 5 0 o U B A il B A 2
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