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Fig. 1. Schematics of the atomic configuration of TBG with
0 = 6.01° (The moiré¢ supercell is outlined in black line.
High-symmetry stacking regions of AA, AB, DW and BA
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Fig. 2. (a) STM topography image (100 nm x 100 nm) for TBG with 6 =0.48° (The three moiré wavelengths are
L1~ L2~ L3~ 29.6 nm, sample bias V = 100 mV, tunneling current I; = 1.0 nA); (b) logarithmic dI/dV spectra measured at
AA and AB regions (The two solid/dashed lines were taken at different AA/AB regions to show reproducibility, and curves are ver-
tically shifted for clarity); (c) calculated LDOS in the AA and AB regions for deformed (upper) and rigidly twisted (bottom) cases;
(d) calculated local potential V; (e) calculated pseudo-magnetic fields B; (f) schematic model of the moiré pattern of TBG with
0 = 0.48°; (g) absolute magnitude of different in-plane atomic displacements and out-of-plane displacements for the deformed sys-
tem along the path M-N-P; (h), (i) maps of the absolute magnitude of the in-plane atomic displacement |Ad| (h) and out-of-plane

displacement |Az| (i) in deformed systems('?.
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B 1Ay FHAT. TR H v A N R AR Y
(R AT S I /N W

Ad(r) = AD - sin (;;) [1—6 (@ —Ip)]

+AD . e ol /ong (r — ),

Az(r)= £ AZ- e /oz 1—-06r-1z)], (30)
Horr e J& oy T N SR R PR B i 4B AA X
WA © & Heaviside FMERPREL; ADFIAZ 43
ST N AT A R A A%, HAE IO T g
MO, Ip, op, Iz MopeHE. K 2(g) BoR
A2 T U A M-N-P 1) T N AR AM %, 45
R AA HEBR X R IR 2 ok, 51§81
SR AR — B . TRl A A Im R R b, Sk hig
FEVR RIS B B b 5 | A28, TR ARGV
TSRS A, HERIAA N
(dy+ds+d3)/3—d

V = 291 d s
A, = c@ (Uzz — Uyy) ,
d &
2
A, = —cﬁuzy, (31)

d

Hrp, i RmIE SR G g ~ 4 eV; di, dafldsie
b T 235 4 TP S AR T T (R A AR R B - B
d=0.142 nm; FHHIH T c~ 1, BT BARB A
F 22884 Griineisen S8 ~ 2; o & - 1H M i
AP AH B AE SR w e N AR K. B AR B
V RL 5 A RE AT A B TR R, % S5 # A
HOAR JE P (1] ) BRAT REDRAB IE AR R A i . Xof
JE R BCREE TS B E R B =V x A H A%t
(ERRYr

Bl ~ (%) V/3(ds — do)? + (do + ds — 2d,)°

e \ 3 2amd? '
(32)
am JESURRIE. A 2(d) R 2(e) R (31)5K
Al (32) TR AR B RE ML A (8. X T4 A
0 = 0.48°1) TBG, it i ALK FR PR A2
RSN Y. b A e o i fe AA HE
VRIXHR, R fESR: 0.2 eV. 2B, dE395) (T
1Lk AA HESE O D SR, IR R R 1, IR
YioKfAse 6 T. AA MEBRIXBUT i 7 2E Il 1
AT 7RI T ISR R T A E R
AEZL. ERE, s SR ™ A A I R S B A A Tt ]
BCESRRIE. (AR TR, WA A IR 2
Tk AR A 1, OF FLBER e f o, G
Gk, NPT A% St A [ ER A
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A 2R I i S5 RA TR M 52

JEE 1 A7 280 10 AR 301 =2 A 2 A 2 A T o o B
SRR W, AR T s s s S T,
HAW/NRShEE, e B0 SR i I A S5 4. A
B, STty A LA A SIS ) s B R e A A HEBR
X3, HAT, B AXUZ A 80000 SR e sy &
SRR — B A T, TR B A A S AGE L
/0. Huang 45 PO 3 8 STM WL 2 e 5% 1 B Ry
0.25° (55 PUJE f T ) WORUZ A S8l 4, IEFIH
STS #Ril B Fr ML F A8, FE/NABE TBG Y, i
il B A RE i TS B — 2R 51 AB Fl BA HE& XK, I
TE AB-BA 8 B 28 AL 7= Az e BE . TE Ml E F
JET, BUZ A s v Ak vl S AT RE BRI 3R E
EHIREATBREL. WEEEPIM AB 1 BA WP HES S5
TER— R BB IR WREAT T AH i, 3 |
FTETREBR B —4EPRFNE 28, TR — 4 S i
T8 120461 X A5 W USRI FE - AE —4EF NS H
rh R A BTG 2 s - AUV, (Aharonov-Bohm
effect). [A]I, WARERT UL A IR AL HL I 1), fbks
MR BB R AR B T 254, B -7
BAT R RA AL 12 La 55 19 75505 158 A B Ui ge
BRIV )Pl JFE B T W iz 1 5
53— DR, EOR S L B, B A BN,
M T imAs B, AA HEE X BERI0N, TR 2L
151 B E £ 1R R SR AE IS Al PO 25 T
B 1A SR AR X B R 45 b A A
SRR A [7] 71 A S50 0 2544 L ST DL BT U R
BAE 23 (] 5347 B R R

15, MG 3h 1 Ak LAMMPSPY
XA S fa iR R AT AAk at ER, SR AR AT (21) =X
B4 L A8 A X5 )2 PN I ) F - R AR 3 R A8 1
A BRARIR Gl (21) BRI S L
P — JBE FFORE L PR THE R AR EE (B R 0 = 1.05° . ek
1 LAMMPS s, J2 AR B A FRIZ [ AR AT
H 43 91 >k F LCBOPBZ 1 Kolmogorov-Crespil®!
PSR HTCFFRULI, A SCHR FAR R R 2 )2
(B S HON A B SR fmAS A T A% . X

T = REMIARR: M (0=1.05),

S5 (0=0.53°) RIS =M (0 =0.35°), X
MNANESE(L §, k, I, m, n, q, ) 53572 (63, 31,
-31, 32, 63, 32, -32, 31), (125, 62, 62, 63, 125,
63,63, 62) 1 (189, 94,-94, 95, 189, 95,-95, 94), 4
D7 i L BT 1 D SO 11908, 46876 il 107164.

H X SE i R R AL & R PR Z, oIt
BE T 9 BV pR PR (1 55— M SR R AR R A TR
A B AR AR RIS DL B T IRk, R
F TBPM Jiokd AR M A A M09 LDOS #il DOS
TESLAS [ ) A0 A

Pl 3 AN BE A AR 2 b SR 1 T 9 AT T
SN ZE R, T AA MEVEROSS S e, L
AA XIRAY IR K A 01 A . SR 7E T T N 2%
E AATERE R 454, IF H R 2R T ie
AR AR, TBG 76 AA XIJE AR <588 45
¥, BT AMEsh. Rk, AA SRR Z A
K, ABHESR )2 R HE f /DN 386 <58 4 7 445 ) B
STM JE SIS B () 5 a5 B A B80S, B an e
EEE IR R R, AA X 8 BUZ Wi N, AB A
BA IXBH B HHE K, [ AB X FIEAS
=, IF BAE AB 5 BA X6 2| B 5 il G
BEREMDEAESS A, KR E2H— i h fhuheE
BRI AA HEDEIK I, S R HE B X I i B T
A =AW, = ARG N RS HESI Y AB
ol BA HEBRZER. IR 3 AT LAHA S 0LER 3 T i
K& TR SR BN IR, B RS AR AR — A AR AT
B E AL,

SRtk — A JR TR AR st T X TR AR R AR H 2R R
IRZIR , I SR AR R R RE f AR 2 19 DOS
M LDOS. WAl 4 fizw, divke st i JBE Mk & i
M A R AR FE AL R ) AR R
o1, Bl FAEEVS/IN, AR T e R A 5 T
K. B, ATWFIEAAE st DOS [ 52
T — A, WK A(a) Bis, S S8t
oK T B S R B AR S B A, FTIF R BRAE 29
42 meV. Xt b A 5t T4 45 14 0 th 75 25 44 7 9% K 1 B
I DOS 43, &I b A% s 1 15 A BH (B AR Py
REE AR, B LUk, A — M0 =1.05°,
D58 6 £ U PRAE 0 = 1.05°/2 = 0.53° [t 3. Bl
TR TH M 0 = 0.53° (K K1 DOS (K 4(d)), KH
FEAESTRAE LT, K AT B0 T PSRRI
KRG, Pk mpT RAEE—A 0, HIgm
JE IR 8 AL, TSR — R A b T4 S RO IR R AR S ok
UL BT — R BRI, [RIRSE, B JEE A 1R &R A i
A A RN, U X SR AR A 1
ARSI 1Y, 3% — UG 5 58— JBE A iR SR AN ).
DL 25 SRR Bl ERG AR BN, TR R I T
Z A SR R Sk
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K3  (a)—(c) 6 =1.05° (a), & =0.53° (b)F16 = 0.35° (c) M TP R AETK I u () (1T 3k R IR 7 76 10 N DL B K dak s B
105328 T TETH A B IE % A B AG =V > w, TE(H R MU B 5 5 JR 45 440 14 it ML ey 2B G R AR A 3 A o X ik DX Jel 2 i)
AA, ABFI DW); (d)—(f) 0 =1.05° (d), 8 = 0.53° (e) 16 = 0.35° (f) KYJZ AT (ILS) 7E 225 [A] 1) 53 A

Fig. 3. (a)—(c) In-plane strain u (r) in twisted bilayer graphene with (a) 6 = 1.05°, (b) 6 = 0.53° and (c¢) 6 = 0.35° (The in-plane

displacements are visualized with white arrows; the color data denotes the local value of the in-plane twist of the atoms with re-

spect to their original position (A8 =V X w), and the positive values indicate counterclockwise rotation. The moiré supercell is

outlined in black, and the high-symmetry stacking regions of A4, AB and DW are illustrated); (d)—(f) the interlayer spacing of

TBG with (d) 6 = 1.05°, (e) 6 = 0.53° and (f) 6 = 0.35°.

Nk, BB MR, Sk st 5ot
AA, ABFI DW =Fl & %F FK X 3k LDOS ) 5 i) .
TEEMIR R D, ANFRIXIE B FEESAA B EAN
). il dn, 2ok R 0 7S B RIE A4 X
8, AT A AEWERE L. X R R A Y 2
LA (ARhiS), AA XIS B AE = RE T 43 th 3
— RINFEIE. (HIE, TEsbTR g5 fh, XL mRE
IS LI %, U] s st g s/ T AA XIS
B PR R AR B I DR, X SRR AT DL 3E i
THAARE BEAE S 23 (R oA R it — 2D SE. [ 4(b)
FEL 4(c) AN [ RRAE W H - 25 7E 5228 ] 19 70 A
GRS :  N111 Bi E R AN = A B
TE AA XK. S M ERUN, AA KR H 725

TR BN, H A st 2 it — N T3S S
S AR X EE AR R A A b R R Y 45 R T R
AR SR AR S S 6] A o A A R A5
M. DA b3 R B e st F40T v I B A4 140 A
PR L~ P A S 5 RS, X ] g S
ATIA e B i 1 B A R S i A

3.2 tTLG EH/RHBEE

SCER MBS & B, Bk TBG 24, ABCHE
Y= R A0 BB P51 ¢ TLGBS-61 | XUZ-XUZ e £1
Bl 10205) SEZE AL [ RE REAE AT SRR R R P 5 | AP,
I HXF I 6P 7 R 2R A 5%t R BT 45 RO 25
MY, X —H s E At TLG 1P LA
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E=0.14 eV E =0.06 eV
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— AA
~—AB
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0.02

LDOS/
arb. units arb. units arb. units arb. units
o

[IR3 T
-03 —-0.2 -0.1 0 0.1 0.2 0.3
Energy/eV

€ ——— h) B
igid sample —
0.02} ¢ Total DOS 0 =0.35° Rigid 6 =0.35° Relaxed

DOS/

15, = —0Rly @Y = =0.13feV. E=0.16 eV E=0.13 eV

LDOS/

E=—-0.07 eV

E=0.07 eV

DOS/

Relaxed sample AB

0.02 |

LDOS/
arb. units arb. units arb. units arb. units

ok ! ; !
-0.3 —-02 -0.1 0 0.1 0.2 0.3
Energy/eV

B4 (a), (d), (5) =M DOS 5377; (b), (e), (h) =ZHKMEMIEMBRIKR B AR AER T LDOS fESL 2 M 4377 ; (c), (), () =
S fr b 4 R P R [AIAE B T LDOS FE 828 [0 407, Hob (a)—(c) 6 = 1.05°; (d)—(f) 6 = 0.53°; (g)—(i) 0 = 0.35°

Fig. 4. (a), (d), (g) DOS distributions of three types of magic angles; (b), (e), (b) LDOS distributions in real space at different ener-
gies in non-relaxation systems of three types of magic angle non-relaxation systems; (c), (f), (i) LDOS distributions in real space at

different energies in relaxation systems of three types of magic angle. The rotation angle 6 is 1.05° (a)—(c), 0.53° (d)—(f), 0.35°

(g)-()-

Lok — Pl R Z oM B R SO B TS AL Yk ABAHEREF ABCHESSE . K, tTLG 1tk
T TBG, tTLG #iA EZal #5789 [ B2 15 7%, JCAT H AN ST RS AR 011 02 HEA TR, o 0,
tTLG A Z I aR4h i, Bilin AAA feb: . AABHE JER—E M R Z IR F I, 02 5 T JRAN
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SR Z A AR Wu 45 040 BF 5y T R e iR 4%
PO tTLG, & B R R ERE J2 i e O o
VR B3, JEME AAA (WITAZSH R AAA HE
e, e rhaj2) MAAB (WIRE5 M2 AAB HEdE,
R —)2) PIR B iER 5] T HH AR . Carr
26 158 R FIR BB A S B + TLG- A A A Fh e 11
BEXTARME « = A S5 A TS, FEARBERE A A B0
S K B T e IE AR B 4. Park 55 0 & B
tTLG-AAA H A& S PERE, 24 b 2%t T HAb
PAJZ DA 1 BE el i, R Sk LU A2 251 T R
JE . Al Cao 55 109 ffF 51X F - B 1Y A e
P, BIAE SIS 10 T WG MR RGRH S
P, 2R [ E =S, Hao 25167 D) “JE M7 R UCiE
FEA AT BB R t TLG-AAA 254, WZEH A
AR g ] IR 4R R P G R e A L
2.1 K. (3 — 402, SE5RE TR,
tTLG 8 T A 2 R F B 559 85 A Bardeen-
Cooper-Schrieffer (BCS) HLFXHLEE S E A, M
5 ZUAR T HL F 1 R RS G . Zhang 5 S BFSE T
tTLG HHE SR IG5 (01 = 02), KIUKRTEN
AL 2 B (IR TR ge) MRS
(A% i P Turked 55 09 ffi j] STM B 42 £ AF i
i tTLG-AAA B HLF45H, WSS R B LT
BLR MK SR ZVE AL, 51T — ZR 5 R M 8
2. FEAE B G FRHE B L5 F v, Bl tTLG-AAB,
WF 5% WA B T IR X ARG SR 48 5 28 | Bk 24 N
FAUE T3 52 8707, B, BFSE tTLG-AAA Fil
tTLG-AADB Wi v Sk it B0 ST R S
WE 5(a) i, tTLG-AAA ¥R E FA 6 =
1.35° (tTLG-AAA-1.35 (A R), J& TBG ) v2 5164
A A% IR T, R R AT O DU e e R AR .. 7
AAA XK, FRATN)ZREF A ME .
Kl 5(d) DOS 434 Al LUE i, i ig iR R AE 9ok T
BRHEFTIFBEBR, RERRIEZYN 55.4 meV. P I HL T
BEEME AAA XIL (B 5(e) FIEL 5(1)), HH
[H]JZ2H DOS KT4MNZ. tTLG-AAB Al LB L P
oL, T2 ABHESRINZ A 8505, )22
X TR 2 — A2 6 B, I, H—
JZIEFAE AABIXIRE) 2 5 i k. M T
tTLG-AAA 458, JTHE 2 7 WAL B 3545 /.
tTLG-AAB 8 A 6 = 1.05° (tTLG-AAB-1.05 &
), 5 TBG MEM—E. t&ihig)a, IKR7EH
KT BRI FT IR BERR, 2 23.4 meV. MK 5(g) AT LA

F b, b o R A S X R ) DOS FRAR. S5 Y
HL A E BT AAB YR B2 A a2, L
EERFW, 7ELTLG H, s s gt i R R v s
SERE RN ()i 2 J 2 Ry U AAR 2R %) s 485 4 R P 1
JEAT AN [R5

HAT— Lot or 200, SR JE I8 7 e A s d vk
JE ) —FP A AT B Yankowitz 45 (101 38 48 #K &
JITUE R R, TERERE R 0 = 1.27° 1) TBG
iSRS, WSRO SR T. 2 3 K.
XLl AR A A SN SR X t TLG Pk
WPEMEH. W 6(b) FTR, tTLG-AAA-1.894% &
AFELEAT, BRI T8 2 A 7E )
JZ 72 YA RN 4 GPa (JEGR, B35 %) )Z [E] 41
B AR RS R — )2 SR T T AR A8 ) AAA X
WURAE, T T A B~y . (U ik sth 45
R Z FFTH 6 meV MIRERR, Zit/NT tTLG-AAA-
1.35 AYRERR. XX IR A A st e AR RE5H Y
ASTa) E A A f@ R, WNIE 6(c) i, 7E 4 GPa JE5R
T, EAs s IE I AR AR ETAE 2 7 o, 528
IR 254, (15 AA P S AB HEEE 2
BEARIE], AA XIRAZ A EAEH wotii T AB )
SRR EAEH wr . % T tTLG-AAA-1.35, wi/wo
FEAEIE R T 1. BBBR A K/NRE T w1 5 wo AR XT
KN, BARSRUL, 1E T wifwo. HIE, K 6(d) F
tTLG-AAA-1.89 JEJG B REBLE /N T tTLG-AA A-
1.35 MURERR. XF Te%% /1 20 1.89°0) TBG, 5%
FEHE A TR SRR 200 9 GPa, 2920 tTLG W
5 B BRSSP R W ¢ TLG A% T TBG B
A TR IR ) b AR S AR N .

4 HEW-hBN FREM T E LB

A B AR S ERE, FN RS 2

— 2 A A v B R A R AE AR R
il 8 E A SiO, FF IR, (U2 F IR A
1R, R A B A R A 7. SR AT
Tl 28 A0 SRR S LA L5 09 2k e, (R 580
fRREER i 82 SRR & B A LA 44k,
S RE A L T 4548 (791, 2010 4E Dean %5 (70 75
hBN #FJIE il 8 7 s M ie dh, W TR
(1) 72 FI R 242 PR BE. hBN 9 IR Z5 1 5 4 B ok
1, EZAFIE hBN /&R FHE T2 51 & 3
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5 (a) tTLG-AAA-6.01 {R R ML (L) FIOHHLE (F); (b), (¢) 43 319 t TLG-AAA-1.35 K & FI t TLG-AAB-1.05 K & T
2 )7 F BB RS Az (d)—(f) tTLG-AAA-1.35 K & DOS (d) FIA R AE 1 5 LDOS (e), (f) £ S22 [0 MY 434 ; (g)—(i) tTLG-
AAB-1.05 1A & DOS (g) AR S LDOS (h), (i) 78322 ] #4345 04

Fig. 5. (a) Side (upper) and top (lower) views of tTLG-AAA-6.01; (b), (c) the displacement Az of atoms in the z direction for
tTLG-AAA-1.35 and tTLG-AAB-1.05, respectively; (d)—(f) distribution of DOS (d) and LDOS at different energy points in real
space (e), (f) of tTLG-AAA-1.35. (g)—(i) distribution of DOS (g) and LDOS at different energy points in real space (h), (i) of tTLG-

AAB-1.05064,

AR R TP hBN B B9 RE i, 2
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ez ARG, 2 R A e TR A SRR R
it i TR
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VAR AT I A1 8205 _E A4 el S35, b x4 S0 A BiE

WEHEAT IR ANTEXT A0 520 /BN 575 25 i i P 5
AIBFTE TR, WEFEE R T SR kS RER B A1
FREG NI R 45, SEBL T Hofstadter £2
Y B R TR RIS (Hofstadter’s butterfly) fig
T 0831, AR BIA R  BL A S0 A M B 4
FA: 1) TEAT SRR 3T — N RER; 2) 1EEL
PR BE LI I — R 9 AR K 7 v o e A KL e
Y BLIRTA0 SR b A SO AR A, T SR
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Fig. 6. (a), (c) Out-of-plane displacement Az of relaxed tTLG-AAA-1.89 without and with 4 GPa vertical pressure, respectively;
(b), (e) the band structure, DOS (b) and LDOS mappings of van Hove singularities (e) of tTLG-AAA-1.89 under ambient pressure;
(d), (f) the band structure, DOS (d) and LDOS mappings of van Hove singularities (f) of tTLG-AAA-1.89 with 4 GPa pressurel™.
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Fig. 7. (a), (b) Modified tight-binding parameters for a relaxed sample of graphene on hBN with ¢ = 0° (A = 13.8 nm; from left to
right, the on-site potential Vp and the hopping parameters t1, 2, and 3. The color bars are in units of ¢t = 2.7 eV); (c) DOS distri-
butions of unrelaxed and relaxed graphene; (d) DOS for different angles 6 (As indicated by the arrows, superlattice Dirac point
moves towards the high-energy part with the decreasing of the turning angle; the superlattice Dirac point disappears at 6 = 1.85°.
The corresponding moiré¢ lengths A = 13.8, 11.9, 6.7 nm, respectively); (e) amplitude of the quasi eigenstates for different energies in

real space for § = 0° (The left-hand panels show sublattice A and the right-hand panels show sublattice B. For energies closer to the
extra Dirac cones, a clear moiré pattern can be distinguished)!!l.
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Fig. 8. (a) Schematic of the atomic configuration of TBG/hBN; (b) top view and high-symmetry stacking regions of the atomic con-
figuration of TBG/hBN; (c¢) in-plane strain u(r) and in-plane rotation angle A0 = V X u with varying Op (The in-plane displace-
ments are visualized with white arrows); (d)—(f) band structure and DOS of TBG/hBN with different 6o (The color bar denotes
the band for each valley (V,) with (V) ~ 1 if a state belongs to valley K and (V,) ~ —1 if a state belongs to valley K'); (g) the
deformation potential Vp and (h) pseudo-magnetic field B =V x A induced by lattice relaxations in the TBG/hBN with
Bpot = 0.53° (The vector field A(r) is visualized with red arrows in (h) TBG is fixed to O = 1.05° in all cases)!02.
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Fig. 9. (a) Schematic structure of the hBN/TBG/hBN system and the different high-symmetry stackings in the superlattice;
(b)—(d) panels from left to right display the band structure, in-plane twist of the atoms with respect to their original position, scal-
ar potential and pseudo-magnetic field of the systems with different Oop and 6por (TBG is fixed to 1.05°10%).
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Lattice relaxation and substrate effects of graphene
moiré superlattice”
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Abstract

When two two-dimensional (2D) materials with different lattice constants or with different rotation angles
are superimposed, a moiré superlattice can be constructed. The electronic properties of the superlattice are
strongly dependent on the stacking configuration, twist angle and substrate. For instance, theoretically, when
the rotation angle of twisted bilayer graphene is reduced to a set of specific values, the so-called magic angles,
flat bands appear near the charge neutrality, and the electron-electron interaction is significantly enhanced. The
Mott insulator and unconventional superconductivity are detected in the twisted bilayer graphene with a twist
angle around 1.1°. For a moiré pattern with a large enough periodicity, lattice relaxation caused by an interplay
between van der Waals force and the in-plane elasticity force comes into being. The atomic relaxation forces
atoms to deviate from their equilibrium positions, and thus making the system reconstructed. This review
mainly focuses on the effects of the lattice relaxation and substrates on the electronic properties of the graphene
superlattices. From both theoretical and experimental point of view, the lattice relaxation effects on the atomic
structure and electronic properties of graphene-based superlattices, for example, the twisted bilayer graphene,
twisted trilayer graphene, graphene-hexagonal boron nitride superlattice and twisted bilayer graphene-boron
nitride superlattice are discussed. Finally, a summary and perspective of the investigation of the 2D material

superlattice are presented.

Keywords: graphene, moiré superlattice, lattice relaxation, substrate
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