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Fig. 1. Transport measurement of TDBG device: (a) Optical image of TDBG device with a twist angle of 1.48°% (b) TDBG with a
twist angle 0; (c) schematic of mini Brillouin zone with a twist angle 6; (d) energy band of TDBG at different electric potential en-

ergy U= 0 meV and U = 20 meV; (e) longitudinal resistance Rz, versus carrier concentration n and electric displacement field D

at T=2K.
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Fig. 2. Magnetotransport of resistance at low temperature of 7= 2 K and D = 0: (a) Longitudinal resistance Rz, versus filling

factor v = 4n/ns and vertical magnetic field B, at D = 0; (b) Hall resistance Ry, versus filling factor v = 4n/ns and vertical
magnetic field B, at D = 0; (¢) Landau level (blue) extracted from figure (a) and (b).
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Fig. 3. Magnetotransport under different electric displacement field at low temperature 7 = 2 K: (a) Longitudinal resistance Rgzs
as a function of filling factor p and vertical magnetic field B at D = -0.42 V/nm; (b) Hall resistance R, as a function of filling
factor p and vertical magnetic field B, at D = —0.42 V/nm; (c) Landau level (blue) and Chern insulator (red) extracted from
Fig. 3(a), (b); (d) longitudinal resistance Rz, as a function of filling factor p and vertical magnetic field B at D = 0.5 V/nm;
(e) Hall resistance Ry as a function of filling factor p and vertical magnetic field B at D = 0.5 V/nm; (f) Landau level (blue)
and Chern insulator (red) extracted from Fig. 3(d) and Fig. 3(e); (g) longitudinal resistance Rz, and Hall conductance o4y of (6, 0)

state at vertical magnetic field B; = 8.7 T; (h) longitudinal resistance Rz, and Hall conductance ogy of (4, 1) state at vertical
magnetic field B; = 8.7 T.
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SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice e« COVER ARTICLE

Isospin polarized Chern insulator state of C' = 4
in twisted double bilayer graphene”
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Abstract

A flat band with nearly zero dispersion can be created by twisting the relative orientation of van der Waals
materials, leading to a series of strongly correlated states, such as unconventional superconductivity, correlated
insulating state, and orbital magnetism. The bandwidth and topological property of electronic band structure in
a twisted double bilayer graphene are tunable by an external displacement field. This system can be an
excellent quantum simulator to study the interplay between topological phase transition and strong electron
correlation. Theoretical calculation shows that the Ca, symmetry in twisted double bilayer graphene (TDBG)
can be broken by an electric displacement field, leading the lowest conduction and valence band near charge
neutrality to obtain a finite Chern number. The topological properties of the band and the symmetry breaking
driven by the strong interaction make it possible to realize and regulate the old insulation state at low magnetic
fields. Hence Chern insulator may emerge from this topological non-trivial flat band under strong electron
interaction. Here, we observe Chern insulator state with Chern number 4 at filling factor » =1 under a small
magnetic field on twisted double bilayer graphene with twist angle 1.48°. Moreover, the longitudinal resistance
shows a peak under a parallel magnetic field and increases with temperature or field rising, which is similar to
the Pomeranchuk effect in 3He. This phenomenon indicates that Chern insulator at y = 1 may originate from

isospin polarization.
Keywords: twisted double bilayer graphene, Chern insulator state, electron correlation
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Fig. 1. Schematic diagram of a scattering-type scanning near-field optical microscope (s-SNOM).
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Fig. 2. Schematic diagram of the waveforms and Fourier components of near-field optical signal and far-field background noise.
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Fig. 3. Schematic diagram of the dry transfer to fabricate twisted bilayer graphenel': (a),(e) Schematic diagram of layer pick-up,
the red box represents a zoom-in view of the hemispherical handle substrate; (b)—(d) and (f)—(h) the schematic diagrams and optical

micrographs of successive stacking steps('”.
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Fig. 4. Schematic diagram of two-dimensional material sheet folding technology based on microdome polymer gel®!: (a) Schematic
diagram of the structure of PDMS microdome polymer gel; (b)—(e) the schematic illustrations of folding two-dimensional material

sheet and corresponding optical micrographs of successive steps.
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Fig. 5. In situ manipulation of twisted two-dimensional atomic crystals. (a)—(c) Applying PDMS microdome polymer gel to manipu-

late the stacked two-dimensional materials to twist. (a), (b) Schematic diagrams of the method. (c) The optical images of the

sample before and after twisting. Scale bar is 40 pm®. (d), (e) In situ manipulation of twisted bilayer two-dimensional atomic crys-
tals using AFM probes. (d) A schematic diagram of the method. (e¢) The AFM images before and after twisting®*.
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Fig. 6. Soliton domain walls in stacked bilayer graphene: (a) AFM topography of the bilayer graphene sample on SiO,/Si substrate,
the small triangular area in the lower right corner corresponds to the monolayer graphene; (b) near-field optical image correspond-
ing to Fig. (a)P; (c) schematic diagrams of shear (top) and tensile (bottom) domain wall solitons, the dashed line outlines the do-
main wall region where the AB stacking domain smoothly transitions to the BA stacking domain, arrows indicate dislocation direc-
tions; (d) near-field optical imaging of bilayer graphene, showing L-shaped domain walls; (e) near-field optical images of shear and
tensile solitons in bilayer graphene at different gate voltages, scale bar is 300 nm; (f) corresponds to the scan line at the white
dashed line in Fig. (e), showing gate-dependent plasmon interference behavior at the tensile soliton, the two peaks represented by
dashed lines correspond to two bright lines, and their separation increases with increasing carrier density®d.
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Fig. 7. Various domains of trilayer graphene. (a) AFM image and height profile of trilayer graphene on the substrate. (b), (¢) Ra-
man imaging of three-layer graphene samples before and after laser irradiation. (d) Near-field optical image of trilayer graphene
after laser irradiation. Graphene domains with different stacking orders show different contrasts in near-field optical images. Marked
regions I, II, and III correspond to ABC stacking, ABA stacking, and mixed ABC+ABA stacking domains, respectively. Red ar-
rows highlight additional mixed ABC+ABA stacking domains not shown in the Raman map.*¥! (e) Schematic diagram of the ma-
nipulation of trilayer graphene domain walls using AFM contact mode. The blue arrow indicates the direction of movement of the
tip. (f)—(i) Near-field optical images of domain walls with the reconstructed configuration before and after single-line scanning along
the black arrows in trilayer graphenell.
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Fig. 8. Twisted bilayer graphene superlattice network. (a) Schematic diagram of twisted bilayer graphene showing different stack-
ing configurations. They are marked with AB, BA, AA and SP respectively. (b) Near-field optical images of the periodic triangular
soliton domain-wall lattice of twisted bilayer graphene. P9 (c)—(e) Near-field optical images of the normalized amplitude showing
moiré pattern in buried twisted bilayer graphene encapsulated with hBN at different excitation frequencies. The twist angle is
~0.05°. (f)—(h) Near-field optical images showing different twist angles of 0.06°, 0.11° and 0.21° at excitation frequency w = 1560 cm .
Scale bars are 500 nm. (¥ (i) Schematic diagram of the experimental setup for near-field photocurrent images of twisted bilayer

graphene with AB and BA labels in stacked graphene layers. (j) Photocurrent map of twisted bilayer graphene. (k) Near-field optic-

al phase image corresponding to the yellow dashed rectangle in Fig. (j). Scale bar is 500 nm/*.
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Fig. 9. Twisted hBN superlattice networks. (a) Near-field optical image of the twisted hBN domain structure at a frequency of
1368 cm !, (b) Frequency-dependent plot of the near-field optical signal of the phonon restrahlen band of the twisted hBN. The y-
axis represents the signal ratio of the domain region and the domain wall. The inset shows the corresponding near-field optical im-
age. (c) Schematic diagram of near-field optical imaging of twisted hBN on a graphite/SiO,/Si substrate. The possible stacking
configurations are drawn above (AA, AB, BA). (d) Piezo-force microscopy (PFM) image of twisted hBN. The inset shows DC elec-
trical force microscopy (DC-EFM) imaging. (e)—(j) Images of the near-field optical amplitude and phase for twisted hBN at three
selected frequencies, corresponding to the area marked with white dashed rectangle in Fig. (d). All experiments are performed at the
transverse optical (TO) phonon frequency. (k), (1) Frequency dependence of the dielectric functions of different stacking configura-

tions. (m) The fitting parameters, which reflect the frequency shift of the different stacking configurations/6?.
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Fig. 10. Topological transition of phonon polaritons in the twisted bilayer a-MoOs. ¥l (a) Schematic diagram of the twisted bilayer
a-MoOj3. The [100] and [001] directions of the bottom o-MoOj; are defined as the z and y axes, respectively. The twist angle A is
defined as the counterclockwise rotation angle of the top layer a-MoOj relative to the bottom layer. (b)—(e) and (j)—(m) Near-field
optical images reflecting the topological properties of the phonon polariton dispersion as a function of the twist angle at a frequency
of 916 cm ! (Fig. (b)—(e)) and 986 cm ! (Fig. (j)—(m)); (£)—(i) and (n)—(q) corresponds to calculated real parts of z-components of
the electric field distributions, Re(E,).
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SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice

Near-field optical characterization of atomic structures and
polaritons in twisted two-dimensional materials®

Xu Kun-Qif Hu Cheng  Shen Pei-Yue  Ma Sai-Qun
Zhou Xian-Liang Liang Qi  Shi Zhi-Wen ¥
(Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), School of Physics and

Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China)

( Received 10 November 2022; revised manuscript received 7 December 2022 )

Abstract

Polariton is a quasiparticle generated from strong interaction between a photon and an electric or magnetic
dipole-carrying excitation. These polaritons can confine light into a small space that is beyond the diffraction
limit of light, thus have greatly advanced the development of nano photonics, nonlinear optics, quantum optics
and other related research. Van der Waals two-dimensional (2D) crystals provide an ideal platform for studying
nano-polaritons due to reduced material dimensionality. In particular, stacking and twisting offer additional
degree of freedom for manipulating polaritons that are not available in a single-layer material. In this paper, we
review the near-field optical characterizations of various structures and polaritonic properties of stacked/twisted
2D crystals reported in recent years, including domain structures of stacked few-layer graphene, moiré
superlattice structures of twisted 2D crystals, twisted topological polaritons, and twisted chiral plasmons. We

also propose several exciting directions for future study of polaritons in stacked/twisted 2D crystals.

Keywords: twisted two-dimensional crystals, polaritons, moiré superlattice, scanning near-field optical

microscopy
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Fig. 1. Crystal structure and band structure in twisted TMDs: The crystal structure in 0° (a) and 60° (b) twisted TMDs hetero-
bilayer; (c) the moiré band structure of low-energy electrons in 2° twisted WSe,/MoSe, heterobilayer!!”; (d) the kinetic energy of

electrons hopping between different moiré sites as a function of the moiré lattice constant!'”.
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Wi, AT LA T 528 Kondo A A&7 B4, B £f
TMDs 5 51 25 H b A7 75 25 (8] Jmy 3l Ak 1 J2 3] SR 8
+, A LA T3 Bose-Hubbard #& 71 44,

3 HAABK TMDs BB FHA

B4SE47S (Mott insulator) K HyZ:
=i
Yk R IR B — AT (RN T
oH 1) I LT[R — R 7 b B 4 4 A

3.1
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(U) TR FREAFEIE (W), T4 otk 11 i B 30,
T A5 57, L 2(). 2SS
14 113 R I FRIN T B, 7256 £1°F S0k TMDs
B T SRR A O e s 7 02

3.1.1 %/ TMDs &/ £

Wang PR 2 B A & T —FPRER G 2%
PEGEH, 0°%E F Y W Sey/ WS, 843 A4S XI5, (47
SO T ). F5E 3 R TMDs #1448 M +F
FERAIE B R A0 2 R BEL, el R ey 7 TR o= A
R R HBELE RS 3 TMDs 1P X 48 22 8] 3
8l1, F45 G TMDs Y62 P B T Ha 4o IR 5 18 4K
KF, FRiE T #E i WSey/ WS,y 7E A [A] L 7 HEJE
MAERCHL BH AR ZS . 9T 2 B, YRS /R fb i
FEAS 7N 1, SRS BRI LA A ] S B R
FR/ME, IEB TR R AL T R4 35 . Mak Fl
Shan PR 1 BHRITIE T 60°54 MM WSey/ WS,
AR AR #5428, 8 2ok I B R B R S R B, Y
SR MM TR 2R 1B, SRR S S B 1
SR, S TR FRN T BRI B VR RIS, TiE
B TR R AL TR 247 X — 2518 — 9 P v
Des W I uE—— P AE I R o 1 AbsE K
TR, W, BF5EE R TMDs Holtaek
TR REAF BE BRI, W T 4 Tk R B R ) RS O
&, Ml RIS 2 8 B SOk BAE . 1
B3R A, X —45 5 A Hubbard #5554 it 3 18 4H
H 75 B9, S F % /A TMDs W58 Hubbard 81T
T TSI A BRI SEE LR ) WSey /WS, T
SR 2 S ARA 1T 2 — A e e RS A A, B
FUR MM AT 2 PR 1A ATER —
g ir b BT AZ UG A T STM SE5 R 59

3.1.2 % @ TMDs R i £

Dean B8 BT FEHG /R 4°—5° 1 XUZ WSe,
I HL AR s T R T R kA, e

(a) (b)

v=1 v=2/3

WRFEAMIERT, BFZRECHEE-HZ
30 meV, fARHERAEN VL2908 6080 meV,
JIFE ORI 281) 1) £ 25 285 R B R 4 2 S AR AT e AN —
FERYIEALE], GBS B B TS R
Y ) B 1% B8 Imamoglu TR 4H 431 35 11 AT £
T MoSe,-hBN-MoSe, #sf4:, WiJZ MoSe, 2 [A] i
/T 1°, it AT FL AT 7E 9 J2 MoSe, Z 8] By 4%
B A Y 28 T E MoSe, HIIEFTH 74 1 1,
TR R TART] RS-SR4 2035 . T2 hBN
B P )2 MoSe, 7E %5 [0] |43, MoSe,-hBN-MoSe,
BB R SR FAGE /N T TMDs B Ml % Ak 2.
{EA345 02, W2 TMD [Ags 124 T &
BUBRIFRE, FE EATREAAAEAR T MET R B255.59
MAUZ TMD 54l i THUE R TR 1, —Mik
J HAEHINERYA CHREE N, HETriie
{URMRT K fe4y). M b, BARRIERZ TMD
[ Bl PO A ME R BIE, (HIETE MoTe,/
WSe, 11, 8 o i il K ey 2 hn e 3, {8458 MoTe,
1 WSe, B AU BB BAHBE IR, O KR4, 52
T AT SRR RO PY (I 4.1 71).

3.2 | NHERMEM (generalized Wigner
crystal)

5545 G0 ) 5 SR A REAS W) (491) a4 25 v U
T OO, T AR R B SO RS, SR
i i T T AR R 48 2 G A ELARE R AR AR AR AT
B 720, DT B0 SCAEAS 9 S AR B9 T8 i, (60611 i,
K 2(b)—(d). MHET =4k A P 4ERS 900
& (B3R Wigner-Seitz A& rs =31, 1E b FH T4
T EAE RS RE A LR ) O SER R 35 i A2 7E
A4S SCEAR N A AR T A

ZANURMA (114203 FE R £ 2 4R TMDs S
BT EEN) LA, Wang B84 42 F|
3.1 Wi B G2 EOREGE T WSey /WS, 11

(c) (d)

v=1/2 v=1/3

2 e ff TMDs H i QI 268 2% 25 1 H A 3 A 7 B
Fig. 2. The schematic of the correlated states in twisted TMDs.
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NI 1 SR, 78 1/3 F1 2/3 K Fib
R T RERAZRAS, BT 4R 4 A (B 2(b),
(d)). 76X BOHFERE, B R B T AR T
TR AR A X B G SR S 2 A, e, A
1/3 i1 2/3 HUFE R TR, A far 43 BITE BHT A = A1 b
A& FI M S T A% . Mak F1 Shan BR82H B %4+ T —
Tofo 3 00 %) 25 R 254, B B2 WSe, HE B 7 55
WSey/WS, Z I+, Hi[a] )2 hBN [f 5. DFR#H
FIH R Z TMDs H i LA 3%+ (2S #F) 1ER
“PREL” ) RAE T 2S BT S Bt R A el
T KIS R, RN TV 208U e IR 7 T Y
I X HERg AR, B 1/3, 2/3, 1/2, 2/5, 3/5 %,
P 2. 3 6 A A% 9 AR 0 3 37 it BE B I
ISR 93], [, 5T i — 98 T WSe, /WS,
(G2 TE R BN, RBARRAE 1/2 7 T HHALF
28U (stripe phase), FTHE T S/ fb % 10 e %
X 04, WLIE 2(c). Wit FAFE WSe,/ WS, H 1L
SR L far TR AR DG 2R, R IRAE 2/3 ST Ab
T kRS 40 b AR BT I A5 B A AR EL A
Pl K HE I 55 69, Wang B 69 348 34— 5 F1 1
STM B 4% F£AE T 5 i WSey/ WS, H HL fif it 25 [i]
G BE LAV BE AR O R, BRI B 1 A
RN SR IRTE 1/3 HEFTIR FAL & = ik, 2/3 5T
PR T4 S e A, 1/2 BELFE IR 12 R S0 A%

4 A% Bk TMDs B8y 7 AT

4.1 RFXREMEREE

R IR TG, B U/ W, TR A
RO BRBL G BN, BF5Ea a5 B2 = A
A P ORI W, BRI - 1 RSN
M 120°FRILER S Bk, FeAE M ARRENE A 35, Fm
R R B R, HAP ARG S S BN 2
T H BERMA fe E  O7=0%1. SR, AL e 5 SR A
FH BT ORI RIAT A B B, 0 H R A o
S e R S 14 g T 2R R AR ROk S B T
S AN DRIME. TSR A R T A R A
FENEPE B PETERE, D i SRR AR A
B A BRI TR HLE.
411 &k-24%5M8%

ZA AR M Sk TMDs sl 7
ORI B B 11 42 R -4 2 A5 AH AR 15072 Mak Al

Shan P ZH PO 7E 0°%% F1 1) MoTe,/WSe, H1 SZHL
TR OGRS IR, R T SRR AN
EIRSMELAE. HRE WA T MoTe,/
WSe, BRI G RBLEE (~8%), il 48 1 =y HEL fay iR
FER SRR A 2 5 (~5% 102 cm 2), TR T TMDs
14 T 1 ol EL AT R R R A L LA XA, Sy 1 o 1 Joit
T 2E S I R T AR DR E R SN
Y7y MoTe, Fl WSe, #7522 [H] (4 fig 5[] B, DA
AR I BB L, ISR 4 2 A5 32 8 Ml i
T AR AR T, KIARI R T 1
L R AR IR £k “Y¥R 4 24k & | e 2 8 nah 42,
I TP IR A . R, Dean PR M 1 7E
HAZ WSe, h, LI T HLff 1544 9K 5 1Y) 42 s -
Y LR ASIARAS , I & P BEAEAR AR s b R BN A 7
% J& (strange metal) F, BEL B 1R R G 2k AR
1k. Mak Fl Shan R84 72 S E— il 2 T # A
MoSe,/WS,, FIHISMINHL 4% MoSe, /WS, BEHF
SeE LI R 2 S T RS A o L, KRBT
SRS O AR e 2 25 - 4 SR S W IE AR AR

4.1.2 IBiMEEFEMXFKE TS

— BN R BUZ TMDs [R] B4 b i BUELE REHY
AT LA 5 AT R R 4 A 025399 iRz TMDs S+
2 AR RE fE A (BRLE ) — R INT
Y. 40, SUZ MoTe, A THAL T K AL (W
() dy2 2 Fll day B2 S B o A p, B13E ), B E K
HBEPUER S I HZ M G5, BAkRA L TW
TR (BRI 2), #E— il 5RO
rn A TR AL E ORI Y 2 AR G, T LA 3 26 A
JiE (layer-pseudospin) f4 373, M HA #+hEF-
JEWIAS B3, 5 MoTe, B 8k B0 F 1 42, 7F
WZ WS, 11, l T Tk A AR BN X P g Ak
(W By d.2 F1°S /) p. JLIE), By i AH B 44k AT
JZIEE I, B T R4 (antibonding) 7 (1%
fig 1 1Y 8 (bonding) A 77 FF, PLiE & IF BN
1), Wit R EAHRINE RS . BARZEASRK
AWz TMDs [A] B4 th AR/ Hh M A 1 52 55 4
W, A NEEF &, Mak Fl Shan U 5 26 U 78
60°F5 FA1 1) MoTe,/ W Se, S 54l HoUlim 2] T 4H M E
SR B SRR L TS AH EE T 0FE fAE S, FEAM N
RSN T, 60°%% M Y S A TP BT o 1 A3k
BAUNFERR A G B Wi AR 3 4 IR A, AEAAE
Wi, IS TEF /S T EA BB E /R —i
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T RUH BRI, (B3 e/, AR 2 K /2
). R EHERE— P EHAEN TR 240K T
- RAON, LI B T I R R i S
(~2e%/h, FEARIRE R 2 K Z247)™. IF B, ik &
H MoTe, B HOF, $4L T Jmilifb 23/, 1 WSe,
A g I (R, 4R T IR 23 70, B 9E
38 1 ) PR SRR 2 ORI S TR I, R
THEFCKFIIEE, 528 T Kondo g (.

4.2 EHMFEREEAR
421 RFIAE

Xu PR 76 311 Fi £ T 5 WSey /WS,
I FEA R, F, %) FE R T H fp 8 2, i SRR e
B TR R AT, KPR R AL TGRS . 12805
IHLHEI A LT RKKY T, Hi fif “I29% 7 1F
JZIRIE T, R e T L FAEASR] AR 2
[&] H e SCEK.
422 B FHROAE

Mak F1 Shan HAZH 65 53] 4 T — g
RUP AR 254, B 02 4 08 — 4 M B CE T % ff
WSe,/WS, Z I+, HE] Hi# )2 hBN fF 2, K4
Ja& 1) A B 00 AT LA iy TMDs Hr 4EA% 90 iy
IR A B A, - HIFOR 0 R B A ELAE
FHAFEAN KR HbA .

4.2.3  JEAAE

Wang BRI ) & T RO PR ST REOR,
F OGS4k F 56 1 W Seo/ WS, DT I il J22 ] 45
A, I B RDOLNE, KB T SRR TR
TIHERAWLLF .

5 ERET

SRR, TR SR RIS 2B
ZANBLR e, I BRI B9 H 3. Mac-
Donald PRZH 19 @ i SRR T T #6 /1 TMDs
SR AE T RER, BFY T SRR SO B
HAABPRIOC R, IR ISURIM B A AR ¥
FME. Wang B8IZH (™) Fl Tartakovskii Bz 80 3
HELIAGY T H 8 WSe, /WS, FIFE i MoSe,/WS,,
3 o) S SR T i e IR AR B — P R S ST /N
A BE 5% ) TMDs s A8 S 241, BIS2R

. Xu B B RN Li SR B s 7 A A ot
T AE SR A MoSe,/ W Sey UL 2| T 5L /R BT
AOGEDE. #E—45, Mak F11 Shan &4 3] 38 1 B 3%
WP, £ WSey /WS, HOMLIN 2] 1 2 B FJZ N
BT By ZI AN . Louie B8IZH B 3@ 13 55—k
JREEE, IR T s AR, F8 HHEE 1 WSe,/
WS, HHE SR )2 NI 1 L RS 7 A FEA
[F] A BLR diAs A7 L. Xu PR 55 F Lin @4 50
2% H il 1 JE 45 5% i WSey/MoSe, H1 1Y Hi, faf ¥ B
BRI T BRI R faril A5 T8 B SR FL T
Jin PRARZH 57 R HOG2E00 r AE JZ BT, [RIET4S
A SN SR R Re R AR L, SHRE THET
RN G RO QU A GEe SN

6 & Z

TR AR A7 e e LAF 145 21 1 B X
A, ARORAURE Fe i F B Ry AT REYE. B, HAT
PR AR SR AR R B P T S8 0
TMDs, AT BER M —HEHRHARAIR 10 Hi /.
R IE T HAD —ZE A R0 S8/ A AR A 2 (i1,
JETRT A —HERRR R AL B MR 5
O At R TR )RR DG I 3L 155-900) | X Tk BB A
HUBr P BLRE A % B2, X oAy R B ISR BT
FEHIIILIRSS 1. FOR, BB R 5K i
PP B R — AT A N, H TSR
P EI DT He A, ARRARE 2 5 L2 Jm e fh
AR . BETS S SR 1 e 12 B K R A ik, 191l
A g 18 RN 3 4R 02, X TR SR A
IS or E . [l B/ A e A
HA BN IR ARIFE A, 5 1 B0 DAL A%
FANESIIE S e 10931, ey s A5 PR D T 2t
— R, R R BT SRS B 2T g
Y. B, MO A — el TR T AR
& TMDs /56 HL & U BIFTE D49)) SRS M iR R 5
IR S A SR 7P R B ] BEE A X TR R A
GG T+ o B
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SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice

Exotic states in moiré superlattices of twisted semiconducting
transition metal dichalcogenides”

Tang Yan-Hao '
(Interdisciplinary Center for Quantum Information, Zhejiang Province Key Laboratory of Quantum Technology,

Department of Physics, Zhejiang University, Hangzhou 310063, China)

( Received 31 October 2022; revised manuscript received 14 December 2022 )

Abstract

Moiré superlattices formed by van der Waals materials with small lattice mismatch or twist angle open an
unprecedented approach to generate flat bands that don’t exist in the “parent” materials, which provides a
controllable platform for exploring quantum many body physics. Owing to the wide angle range for the
existence of flat bands, as well as the valley-spin-locking band structure and the excellent optical properties,
twisted semiconducting transition metal dichalcogenides (TMDs) heterostructures have recently attracted lots
of attention. In this review, we discuss the exotic states discovered in the twisted TMDs heterostructures,
including Mott insulator, generalized Wigner crystals, topological non-trivial states, and moiré excitons, how to
manipulate these exotic states and related mechanisms, and finally some perspectives on the opportunities and

challenges in this field.
Keywords: transition metal dichalcogenides, twisted semiconductor, strong correlation, exciton
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Table 1. The C3 quantum numbers of the conduction
and valence band Bloch functions at K for different rota-
tion centers. Here M is the transition-metal site, X is the

chalcogen site, and h is the hollow center of the hexagon
formed by M and X.
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Fig. 1. Interlayer coupling in bilayer TMDs: (a) Schematic
illustration of a bilayer TMDs with a twist angle 6, where
large blue (orange) circles stand for the transition-metal
atoms M’ (M) in the upper (lower) layer, small blue (or-
ange) circles are the chalcogen atoms X' (X) in the upper
(lower) layer. The lower part indicates an enlarged view of
unit cells in two layers. The zy-coordinate origin is set on
a transition-metal atom of the upper layer, and a nearby
transition-metal atom in the lower layer has the spatial co-
ordinate rg. (b) The upper- and lower-layer Brillouin
zones. (c¢) The values of |fo (r0)|, |f+ (ro)| and |f— (ro)]
in Eq. (14) as functions of r¢9 when the two TMDs lattices

are fully commensurate.

027302-3


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

) 32 3R Acta Phys. Sin. Vol. 72, No. 2 (2023)

027302

R eik'-R’fik:-R
n H n' k') — — d’I’D: r—R
<1/) ,k‘ T|7/} k > RZR/ \/W k ( )
X j_-\’TDn’.,k:’ (’I’ — R/) . (7)

W TS AR 1A S B A B, Bl LA
TETW%%%%%%%;E%/mthfR)
HrDy o (r—R)=T"F (R — R)}E R — RIYR
B, D UL BB 46 5] AR B 7 B

Tn,’k, (R’ B R) _ Z e*iq-(R’,R) T”l’k, ( ) m‘ )Iif
n,k - \/W n,k q), -
q

(7) E Bk
(n ke |ﬁT|¢n/,k'>

— e ' k' iG-o
= ZGG, orrakrcTlyy (B+G)e™™,  (8)

X G(G) &L (F) )2 TMDs fit 4 B 4% K .
(8) H M O 1o o+ BRE HA AR G A
G5k =k+ G — G'I}, B2 Vg F b g
2 A FAEAEE A E LT, ) RE AT
TMDs. hBN Filf7 8455 75 A s LU HAAE 7S £
S T HEBDRL T ST B 22 S T A SR 11
I TMDs1 g TAEE /55 T %%

W% B T K (R~ R) = D rlHr| Dy i 1)
RFE AR Z BT PB4 2 RS,
R/ — R - ¥ 500 08 8, PR ot F 8 B A
T (q) I B2 ] B R0 T 858D T T )
BT (R Ry oce IR R xf i T (q) o
(14 02ql?) "%, Horh SR AF K HE o 37522 )
BEZER— 2 (~ 1 A), X085 (8) KR RIth T
B G G B S .

TE R TLTLE AT LR X A VSR, s ietq
i+ g0 2 AR

<¢n,rK+q|ﬁT|¢n',r’K’+q’>

—iTK-r E
=e 0 5T’n/+q’,7n+q

KK’

xS KT et g),(9)

AP, k=K+GHr =K' +G'. 1E (9) LMK
A B E R k|| R B/ NAB BT, 4351 X6
M=K, CK,C2K fl v/ = K' ,C3K' ,C2K' | fij
HAy o M1 &/ (TR AT DL 220G . — RIS 50 i T
JZ TMDs I i 46 5 BOAS 6] L B 2 (8] 5% £ B AETE
AT 21 A B X 9% 7K, mC3K, TCRK A
7K', 7CsK | PCRK REA (WL 1(b)). L5

O M SIR M AE HITE a1 o il IR/ N A
AHAE, RIS P J2 22 [B) A 2 fa A w208 0°(FRh R 28
W) B 60°(FRA H Z-HES) MY, X AP F L
T, (9) XhFTEHZEN (k' 76) /10 + (K, K),
+ (631{’, &,K), + (égK',égK)ﬂJ +(-K' K),
+ (-@,K', @,K), + (—égK/, 6‘51{).

FEFHE, AU R BS T (r,7) = (+,4),
M HEHEST (r,7) = (+,-). FIH 4) XA T
BRI, TIASAE R ST (IR 2 g —F):

TET (@) =T (5 +a) + 4 S T8 (k)

¢, K+q A

a/

+ QQ-ZT(? (K’) ’

'K ’ (1/
T icta® 8+ @) = T3 (5+q) = d" T3 (w)

(0%
- Q+ZT02 (K),
,7K, !/ al
T ichq” (k4 @) = T3 (5 +a) + 4, T3 (8)
(8%
- Q+ZT00 (K),

V/ ’ / o
TS (k+ @)~ Ty (k+q) +q-—T5 (K)

¢, K+q A
o
ST (). (10)
M7E H RS T
gt ’ e
Toicly ™ (@) = T (5 +0) + 0 T3 (k)
o
- q/— ETO ? (K’) )
v K’ ’ _ a/
T ktq Tkt q) Ty (k+q) + qf}-ZTQO (k)
[ 72—
- q+ZTO 2 (k)
¢, —K'+q' - «
Tiiiq T (k+@~T5 (k+q) - Q+ZT(()) (k)
o
- q’, ZT2 2 (K,) s
Tv/,—K/-‘rq/ ('{_i_ )""Tiz (Ii—l— )+ 8T72< )
¢, K+q q) = 1Ly q q- A 2 K
o
+ qﬁrETg () (11)

o Ty (k) J2 Ty (R — R) M 8 HLOE 725 e,
T (R — R) E/drd;(r — R)Hpdy (r — R)H A
[FIJZ d Bt 2 2 TR . 1 B E d Bt H oy
HREAT Cs ARAEE, B dp(Csr) = 57 d, (r), T2
T (Cak) = 50V =mTm' (k) 3k = K, C3K Fl
C2 K SRAMIAS (9) SNAEA R E g — B i b gt .
A AR UL, A AN 2Z IR 2 R RR AR
2, HARNEAU ARG, R 290 H KHE R4 04!

027302-4


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. 2 (2023) 027302

<7/}V,K+q|HT‘7v[}v/,K’+q/>R ~ 5q/—q,Qo (t% (QO) + 'Y&/q— + ﬁ&/'Q+)

0y 00,0 (B Q0+ Fala +eF Bla) 40, g c30,% ™ (B(Qu) +eFala +eFalar ).

<1/)V7K+Q|HT|/¢)VI77K,+QI>H ~ 0q'—q,Qo (t52 (Qo) + q*’Y\I;{/’ + quﬁ\Ii/’)

i . j4r j2r i . j2r j4n
+ 0.8 (e‘ S5 (Qo) + g + '3 %6&) +0q_q.02g, " (e' 5% (Qo)+q- T +€'3 q+5${v/) :

Hf Q=K-7K'

)

HF (E) R EEIEE, WE 1b). EASE Nt =T (K), AR, =

T3 (k) o 9= T, 2 (k) N o "
\AM
Ok_ | 4 Oky | A
-2 _ -2 a/t(z)
ty (QO) =t" + A QO,-&-

(12) 20 rh g TR T4 5 5 Sk [9] — 3, T
0L B 11 q 10— WIS e T 2 D L A i B
AL, 152 (Qo) ™ 5 Qo X TN K BT ¢’ 1Y
IR, e I SR A B P TR T3
SRR A R, F A0, W — P R4
S R I, A S 2 ] 0 R A O
0] ~ 2 meV A Z I [657] = 10 meV FIS:
A G Z I (23] |60 %] ~ 15 meV /N 1A Hh
2 1010 R S 2 TR A 1 @ — AL B £
HoA

B (12) T4 3 1o 2 1 R 1 4 o o
Z PR (T AT ] — 2SR R )
ﬁ]%Z%M‘%iﬁhhﬁ-b%%%ﬁ, X B b =
Qo — C3Qo = B} — By ,by = Qo — C3Qu =B}~ B,
Lo AR RSB MY F 28— AL b fE R
5 5 A 5 AP D, O B Sy 20 5
RO R BT I X £Qo, +C5Qo
+C2Qo L LI 75 S b M AT 75 L 19 A =

aa’ a

Va® + a”® — 2ad/cossh /5% + 062
FFERRASEEE, 6=1-d/a< 1, fj00 < 12
SRR AR 0 5 0 o n/3 )22 5.

Qo = OXF G2 TMDs 4 Sk 58 4 VT BC 175
B, BI A IE KWL a1 = al Fllay = afy, X3l H
BAEWIJZ TMDs M [aFp Rk [a] B2 f Be AT
AHXTEE A 0 7™k 55T 0°8% 60°HF . LI %) J2 (Rl A A
5 R

, X H o/ Fla )&

(12)

B, =C3K — KMl Bo=C2K-K (B =7C3K' —7K'fl By=7C;K' —7K")

o1 (k) _ %2 R o
81434_ MK A 0> v/ —
_ T, 2 (k)
tO 27 7\17-{/’ = (%k‘ i . t% (QO) = t%"’ ’Y\]}\/’QO,—?
- =K

|
<¢V,K+q|ﬁT\%/,K/+qf>R =
8qr.q [t5fo (ro) + Baar f- (ro) +vewa—fr (ro)]
<¢V,K+q|ﬁTWv',—K'+q'>H =
Sqr.q [t 2 f~ (10) + Biwar f1 (r0) + Ywg—fo (r0)] -
(13)
Al 5E X
folro) =1+ ¢!Biro 4 iB2mo

fi (,’,0) =1 4 eiBl<’r‘oe:‘:i2n/3 4 eiBg-T‘oe:ti47I/3’ (14)

A fo+ (ro) Bl ro AL RIETF (9) b k=K,
O3 K A C3K X B F T) 259 (i + q) v mo i 2
[T, Qg 1(c) FiR, 24 roB—N U AR
[FMEIS | fo (ro)l, | f+ (ro) | F| f— (ro)| ATHE 0—3 Z[H]
FFIAE AL, 32 MFEE A B R IE AR L. J2 RIS
A4 75 Bl @ SRAMEAR AL BT, FRARAE I LR 2
T 325, (AR A SRR I XUZ Z5 48 2 R A
A& g — B I samk. 5140 0°%% M F Iefa e
B 3R (Xf B 7o = (a1 4+ a2)/35 2 (a1 + a2)/3
B REHES) A fo(ro) =0, EMEMEH ¢ZF
WY I 2%, RIS f- (ro) = 38K f1 (ro) =3, K q
— BT DRk f

3 LBy A R RE 2 1A B B TR
e A

T ISR £ SRR R SR
IR

TR HE A T
5. 1 2(a) 7R g —> LY ) SR

mA% DL XF

027302-5


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

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 2 (2023) 027302

N7 G S, HL 0T 8 A Lk B ILak,
TR TFHZE TMDs g 4a ~ 3 A, 7E—Al
FEl/NF AR S R F a YRR IX 38 P, AUZ TMDs
() JELF-HE AR 7 205 — A dib A DC BE 8 U2 25 44 LT
FAF (WLIE 2(a)). JSRAT —A e 12 X Sk ) L

P, EE_E AT 5 B R WA T Y
FRICREXUZ S P T, X IRk [11—15)
RARYAEET5 k. i e, R MRS 7R A UL E
fBUZ TMDs H ok — ANl A7 B AR A0 0 W 8, i fE
TR AR P U B 07 B 2 1 e k. Inl&l 2(b) R,

B2 BORM AR R B B A AR B MR R A (a) SR AR AT 00 F Ah A B SE R B i R A, 2 0 —A
BEE, A, B, CH=DWERE/NT A IR ST 502 858 5 80 a 095 48 X3, H 80 09 IR 7 HE A 45 2 8 - % 43 5 A
r0(A) =0, 7o (B) = (a1 + a2)/3 M ro (C) =2 (a1 + a2)/3 B ILE A BUR G5 4E . (b) JERIFF ro (Re) BE X B b0 fir
B R, Hil R ro (Re) = 70 + R— Re. (¢) BASMNAIEPARETE B ALK S BB 2 8] 19 2 MG &, Kb B 6 L
IMEE SR AAKMIEZRERIE, 4 () GRRTEARER o (o) BmIRGHEIFE —Z N EE S BEF] p+ (p-) B
AL . b 2 A A AR X RE S e 2 ) HOR L (d) FEXUZR R G, s o B IROUH R KA S
B A0 50 5 R R BT 3 B 12, T+ KA WP ET 2. iy R R I8 T 1R 24 i K808 B SR M 3, AT
2R B (1 A BRI D L B A B B Tk A iz gl T 2R B A A DR R B S i T B B B, BATE AN
BIFE R R 7= A A 0

Fig. 2. The interlayer coupling between two localized Bloch wavepackets in the moiré superlattice. (a) Schematic illustration of a
moiré superlattice with a period A when the twist angle is close to 0°. The diamond shape corresponds to a supercell. A, B and
C are three local regions with spatial extensions smaller than A but larger than the monolayer lattice constant \(a\), whose atomic
registrations are close to lattice-matched bilayer structures with interlayer translations ro (A) =0, 7o (B) = (a1 +a2)/3 and
r0 (C) =2 (a1 + a2)/3, respectively. (b) The variation of the interlayer translation 7o (R.) with the local region center R,
which satisfies 79 (R¢) = 79 + R — Rc. (c) Tuning the interlayer coupling between two S -type wavepackets localized at B with
external fields. Black straight arrows indicate the nonzero interlayer couplings related to the S-type wavepackets, while red (blue)
wavy arrows stand for o (o) circularly-polarized optical fields which can excite an S-type to a p+-type (P—-type) wavepack-
et. The relative energy position between the upper- and lower-layer wavepackets can be tuned by an interlayer bias.(d) A schemat-
ic illustration of how to move the — K valley S-type wavepackets from the lower- to upper-layer by applying a o1 circularly-po-
larized optical field. Meanwhile the +K valley wavepackets remain in the lower-layer. The wavepacket is localized by the moiré
potential at the region where two layers are in contact. We assume that the carriers in the lower-layer feel deep potential wells thus
cannot move, while those in the upper-layer feel shallow potential wells thus can move under the effect of an in-plane electric field,

which results in a valley current.
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Table 2. The C3 quantum numbers of S- and P*-type wavepackets localized at A, B and C in Fig. 2(a). Here we set the
rotation center as a transition-metal site M’ in the upper TMDs layer. Only those with the valley indices 7 = + and 7/ = +
are shown, while the cases for 7 = — and 7/ = — can be obtained by a time reversal.
\ FRE(T =4) FR(r=+)
it el / ; /
N P+ P~ S pt P-
A 0 +1 -1 0 +1 -1
c B 0 +1 -1 +1 -1 0
C 0 +1 -1 -1 0 +1
A -1 0 +1 -1 0 +1
v B -1 0 +1 0 +1 -1
C -1 0 +1 +1 -1 0
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Fig. 3. The interlayer charge redistribution effect: (a) Diagram of the Fermi level Er of the bilayer semiconductor TMDs or insulat-

or hBN; (b) the conduction and valence bands obtained from the p,-orbital tight-binding model for the monolayer hBN in the inset,

AR, ;3 corresponds to the three nearest-neighbor displacement vectors, and ¢ is the nearest-neighbor hopping; (c) the calculated

layer-polarization density in bilayer hBN as a function of the interlayer translation ro; (d) the atomic registries of bilayer hBN un-

der three different r¢, the upper (lower) parts correspond to the top-view (side-view). The dashed arrows denote the electron redis-

tribution from N to B atoms. Here the large blue (orange) circles stand for the N atoms in the upper (lower) layer, small blue (or-

ange) circles are the B atoms in the upper (lower) layer.
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Abstract

In recent years, various novel phenomena have been observed in two-dimensional semiconductor moiré
systems, including the moiré excitons, strongly-correlated electronic states and vertical ferroelectricity. To gain
an insight into the underlying physical mechanisms of these intriguing phenomena, it is essential to understand
the interlayer coupling form of the electrons in moiré systems. In this work, the position- and momentum-
dependent interlayer coupling effects in two-dimensional semiconductor moiré superlattices are investigated.
Starting from the monolayer Bloch basis, the interlayer coupling between two Bloch states are treated as a
perturbation, and the coupling matrix elements in commensurate and incommensurate bilayer structures are
obtained, which are found to depend on the momentum and the interlayer translation between the two layers.
Under the effect of an external potential, the Bloch states form localized wavepackets, and their interlayer
couplings are found to depend on the wavepacket width as well as the interlayer translation at the wavepacket
center position. Meanwhile the momentum-dependence results in very different interlayer coupling forms for the
ground-state S-type and the excited-state P*-type wavepackets. It is shown that at a position where the
interlayer coupling between two S-type wavepackets vanishes, the coupling between an S-type wavepacket and
a PT-type wavepacket (or between an S- type wavepacket and a p—-type wavepacket) reaches a maximum
strength. This can be used to manipulate the valley-selective interlayer transport of the ground-state
wavepackets through external electric and optical fields. Besides, the vertical ferroelectricity recently discovered
in bilayer systems can be attributed to the charge redistribution induced by the coupling between conduction
and valence bands in different layers. Using the obtained interlayer coupling form combined with a simplified
tight-binding model for the monolayer, the vertical electric dipole density can be calculated whose form and
order of magnitude accord with the experimental observations.

Keywords: two-dimensional semiconductor, transition metal dichalcogenides, moiré superlattice, interlayer

coupling

PACS: 73.43.Cd, 73.21.Cd, 73.22.f, 73.21.Ac DOI: 10.7498 /aps.72.20222046

* Project supported by the National Natural Science Foundation of China (Grant No. 12274477).

1 Corresponding author. E-mail: yuhy33@mail.sysu.edu.cn

027302-12


http://doi.org/10.7498/aps.72.20222046
mailto:yuhy33@mail.sysu.edu.cn
mailto:yuhy33@mail.sysu.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

T Y R TR A TR B SR BRI E AR S
FREF AR
Position— and momentum—dependent interlayer couplings in two—dimensional semiconductor moir é superlattices

Guo Rui-Ping  Yu Hong-Yi

5] Fi{5 B Citation: Acta Physica Sinica, 72, 027302 (2023)  DOI: 10.7498/aps.72.20222046
TEZE[R]1E View online: https:/doi.org/10.7498/aps.72.20222046
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

YRR TUHT SRR A SRS
Recent experimental research progress of two—dimensional van der Waals semiconductor moir é superlattices

WIFAEA. 2022, 71(12): 127309 https://doi.org/10.7498/aps.71.20220347

A PP R RO ARTIN B HR
Detection of dielectric screening effect by excitons in two—dimensional semiconductors and its application

PrPeEd. 2022, 71(12): 127102 https:/doi.org/10.7498/aps.71.20220054

ST R G R AR W [ TS B L P
Photodetectors based on homojunctions of transition metal dichalcogenides

PyFEEEAR. 2021, 70(17): 177301 https:/doi.ore/10.7498/aps.70.20210859

i YA TR B AL B W S R TR T 2R AR 5

Model and applications of transition metal dichalcogenides based compliant substrate epitaxy system

PyFEEEAR. 2018, 67(21): 218102 https:/doi.org/10.7498/aps.67.20181571

AT RSB RS 1) AR AR st R SRRSO
Lattice relaxation and substrate effects of graphene moir é superlattice

YrH2E 4. 2022, 71(18): 187302  https://doi.org/10.7498/aps.71.20220872

AT RSB RS VR R B FR MAEB SO STt
Topological properties of graphene moir é superlattice systems and recent optical studies

YrHE2E 4. 2019, 68(22): 220303  https://doi.org/10.7498/aps.68.20191317


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20222046
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220347
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.70.20210859
https://doi.org/10.7498/aps.67.20181571
https://doi.org/10.7498/aps.71.20220872
https://doi.org/10.7498/aps.68.20191317

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 6 (2023) 060101

TRl “HRAERBRE

TR ARREmREARE R

DOI: 10.7498/aps.72.060101

T

A 2 — B AT BSR4 , SBT3 1Y) AR 548, o — R
Wiy Y RGRRAENS , SCEUAT R R TR . AR 20 tHen 70 4EAR, AMTRER T LB Rl e 2 il
A DC T AR AR S8 5 A K B F A A2, BV D = Rl R BRI o — 4 A . 20 42 90 45
A, AR DR A in T3 FBAEAB 50 1L-V e R 7 B4l — e i S i i 3 9K U A
T AR S AR, HEA 21 DR, BEE A SR ST B AT A A 2R R R A, X R
VTR 1 — A ARk B HL T AR ME R SO 4 S I R SRR L T iRl 2. Horp ) Fedil
IR PR SR 2013 452458 1 880 /75 7 BALTI 5 00 50 A8 S A RN 2018 4F 2 B0 A0 T8 £ A1 38045
T 2 2 A T B T BB Y G P B, T J 3 B R HLOT (1 R A &5 4 T LG 4 % AR
1R 2% BN 44 52 ST, IR BE RS B — A M4 AR SC A R

TR A BB RS I MERREE A E S T, NSRRI R RIS R R IR R, MR 2
BB AR DL RS RS IS T PR I S 8. D2 2 A0 BRI TG A B OR8 SAs h l, DU 2R R AT LIRS A
WZ-BUZ A M (242), W] DU MR- R -2 - 230 8800 (1+1+14-1), HEZ2EW (143)
CE (14+2+1) I AA Y. T HXT T 45 8 B — FhE SR S50, 68 A% A 3 T o, gk vk
B 2SRl | WG RN S 2 . XA R R TR R T A A SRR R T R
N, SEIR T OCIRAL A | TR | BRAS R | i BCH B IRUN, | BRI BT AL G AR | RS 4 AR
ERMET YIS, LR A SR TS 1 R R AR I TR RS R | H A S T R 2
R GPRIE2H LT B it 25, ARHE T MR R BT s b G2F SR AN ] Sk g 2= R
L ST o

R T AR TN T A AR F SRR S A I OB VR AL SR BT T BRTE A A 4
()T A2 B S0, AR 3 ARG A SRR AR 1 1 A ARG A3RAE | 5 220 BRI B
FEHTET A . 4 AR RUZ B i 2 IR G, DASGZ IR 2R I B 7R S 7 R T 4 AR 55
PRI SIS . S A A SR M 2 R, AR B VR ME X B 1 BLRAR R T 2 ALIAN, Bile
FIUAR 2 A ST 457 [~ HE VTS IE.

(%R Mk T ERA B T )

SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice

Preface to the special topic: Two dimensional twisted
moiré superlattice

DOI: 10.7498/aps.72.060101

060101-1


http://doi.org/10.7498/aps.72.060101
http://doi.org/10.7498/aps.72.060101
http://doi.org/10.7498/aps.72.060101
http://doi.org/10.7498/aps.72.060101
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

THR AR TR E

Preface to the special topic: Two dimensional twisted moir é superlattice

5|5 K. Citation: Acta Physica Sinica, 72, 060101 (2023)  DOI: 10.7498/aps.72.060101
TEZL L View online: https://doi.org/10.7498/aps.72.060101
MHANZY View table of contents: http://wulixb.iphy.ac.cn

LT R RGN HAN SO

Articles you may be interested in

THEREVERS R R A 1
Preface to the special topic: Two—dimensional magnetic materials

WIEEAEAR. 2021, 70(12): 120101 https://doi.org/10.7498/aps.70.120101

T HYEJEE FUH T AR A SR T R

Recent experimental research progress of two—dimensional van der Waals semiconductor moir é superlattices

WIBEAEA. 2022, 71(12): 127309 https://doi.org/10.7498/aps.71.20220347

e A BB G L2 #4%
Preface to the special topic: Optical metamaterials

PPz 2020, 69(15): 150101  https:/doi.org/10.7498/aps.69.150101

ESUL IR R e

Preface to the special topic: Flexible electronics

YIBR2E4. 2020, 69(17): 170101 https://doi.org/10.7498/aps.69.170101

A SR B R RS 1) AR IR S A I AR,

Lattice relaxation and substrate effects of graphene moir é superlattice

WyFEEEAR. 2022, 71(18): 187302 hitps:/doi.ore/10.7498/aps.71.20220872

N TR A s B BE I R AL
From magic angle twisted bilayer graphene to moir é superlattice quantum simulator

YrE2E 4. 2021, 70(11): 118101  https://doi.org/10.7498/aps.70.20210476


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.060101
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.120101
https://doi.org/10.7498/aps.71.20220347
https://doi.org/10.7498/aps.69.150101
https://doi.org/10.7498/aps.69.170101
https://doi.org/10.7498/aps.71.20220872
https://doi.org/10.7498/aps.70.20210476

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 6 (2023) 067101

TRl “HRAERBRE

B IR an & RV F B

-+ A Dt

5, 5 [ 2

1) (BERFYHR, NAREYHERE ST, 1 200433)
2) (FEZIRKRF N HYELAR, JHE=R 14850)
(2023 41 A 16 HUk#; 2023 4£ 2 A 9 HikZIEUH)

MU T SRR )G, XUZ T P A T

25 CR] LA 3 )2 () PG AR CEL AR R I - s A i 4

il S0 R 14 5 T B Ry it fin S0 R 2 7 A I RE . TE 4 SR SRS rhE BB BT B AT DA S S 0% T 8
REE T B R Pl AR S0 3 B G i 5 7K V- S TS AN 3 ) T e 2k A, 36 T A 3 LA AN ) B9 52 56
JEH, IR R AT 25 00 R S | R TR BOR OGS | 2 BT IR | HUAR LR BT R PR
THGMAE T EBRUL, SR S T i 37 4 2 A 1E B R PR 58 Hh 7P FE Bose-Hubbard KO fIE T AR 47
P 6, JEBFSE 9 28 AT LR T SERR A A I DR DA R 1 =2 i Y T 2 T A 4

REEIR: W RGIK, SRS, P, 4R SR

PACS: 71.35.Lk, 71.27.4a, 71.35—y, 73.21.Cd

1 5 =

BT A AR BRI & T 20 22 60 4R AL
1 000 s Bk RS AR R I NITHE A T #5119 BCS
FES, B S BT RO (PEFIXT) ]
ZISHEH T MR TR R AR 1 2R
Fb G R A B B 2 A R R 6 2R | T ST R S
[FTARF G T I X2 AR ) RO s, © 4l
B B E B SR P AT 02 S ST I T A
WA — R B IR 2 6 kOt, AR Rt
TFRER/NF SR BEH B, 2 2R T
HITRZERE. PEREE BCS BRI, 52 MR —
ANGE S A0SR 75 L R LATC X B 30
B, T2 F-45 7R B AR RR RO E BLH 457X
X () BB PO S A AR IR S5 P FX AR
BEREAROC, TEH AU AT, ZORMIEETE 1 meV &
g, M-SR TS AR REAEAEAE 10100 meV

t BIEVE#E . E-mail: gujielog@fudan.edu.cn
1 BIEYEE. E-mail: liguo.ma@cornell.edu
©2023 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.72.20230079

ST O /) e = R A 5 ol T N D e
TEZ R SR P 20 2 SR B3 TR
P2 A B CH A S DR (AN BRAON ) I AR,
FFATAEAEART 1 ns, IR MEIE LR 6 = 1 %% Bk
SRR, B AR AR R BRI AE TC R Il Y
PAFUE? 8 B A B 03 7 — S N R Y &
P IR B R RERE S LT R, IR A%
TR B R BEA 23 TR TE - 25 /X AH B
Sl RMEATRE (K 1(a), A H K EIBET-
25 7O I T — IR BB R X PO REFR AT AT
REfETE TR LR E (B 1(a)), MF5EE]
X —2 B & I -2 O RS R
Ak, FEANR T, WS AR T kA A AR T 3
O Z A (BEC ) #9315 R ol % BCS Al
P T BE SR, F 352 A A R VR B IR X
] (P4 oRATREHCR ), 15 & AR AETER TR
FYIX ] (BT OREREECSS ). WPk 5 A
I W Ta,NiSe;, 17-TaSe,, WTe,, InAs/GaSb 55,

http://wulixb.iphy.ac.cn

067101-1


http://doi.org/10.7498/aps.72.20230079
mailto:gujielog@fudan.edu.cn
mailto:gujielog@fudan.edu.cn
mailto:liguo.ma@cornell.edu
mailto:liguo.ma@cornell.edu
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 6 (2023) 067101
(a) (b) 6% % 8% Magnetic
58990650° ﬁil.d P
© =
B g, =—> (/:_—_:\/ - — L2 5 -
P
— & particle-hole

transformation

1 WMFHGETEREE (a) 2, BN B B, MF RUGE B, X B, KT E, 0, JORF 587 45 M 78 i 28 7R 5 11
TRABATE; A, FEEAE AR, BOELRRIOREE, FIAETE R -2 S| T RIS ATaE, ~&EMATRER &
BT IR ATH — A CBRBERL; (b)—(d) — L F-H T R B2 5 TE N 17 1535 T S50 T — AL -5 7O 25 081 (b) 7 4b
TR ETHRTRIRER; (o) fTERS i T B s RE it 702 — R 50 70 32 A9 DI B, 41> WIIH REZ 61 5 45 T 17 1 Y g 7[5
B0, X B A% AR PUE; G RE% R ORI, B s 7 AR AR Th e iR IR W RE ST LR AR/ 58 (Kol 1/3 315E); (d) £ F
T — )2 FP AT RL 28 R R, G I I 2 28 BOAR s A A D s A (B T s (0% R), RS ) B L -1 T R R TR B S 4
W PR -2 R S|, PR T2 OO H — B (4% A AR SRR WIE RE SR ), AT AT RE R AR B T RO B TN
IR BESR (18 T R R B R L -2 DU A AR I 1 L )

Fig. 1. Schematic for exciton insulator formation: (a) Left, a semiconductor with bandgap E, and exciton binding energy F,, when
B, is larger than E,, the single particle band structure is not stable under electron-hole attraction; right, a semimetal with a negat-
ive bandgap, black dashed line indicates the Fermi level. Similarly, under electron-hole attraction, the band structure is not stable.
Both will spontaneously form exciton and open a correlation gap. (b)—(d) An electron-electron bilayer system in a strong magnetic
field is equivalent to an electron-hole bilayer!'¥. (b) Cartoon depiction of two parallel layers of electrons. (c) In a magnetic field the
kinetic energy of 2D electrons is quantized into discrete Landau energy levels. Each such Landau level contains a huge number of
degenerate orbitals, here depicted schematically as a checkerboard of sites. If the field is strong enough, all electrons reside in the
lowest Landau level, and only occupy a fraction (here one-third) of the available sites. (d) A particle-hole transformation applied to
the lower electron layer places the emphasis on the unoccupied sites—that is, the holes (colored green) in that layer. This trans-

formation changes the sign of the Coulomb interactions between layers from repulsive to attractive. Exciton BEC is most likely to

occur when the number of electrons and holes are equal, that is, when each layer is half-filled (this is not the case in this figure).
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Fig. 2. Moiré¢ flat band: (a) Moiré lattice formed in TMD heterobilayer. A, B, C are three high symmetry points in the moiré unit
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cell®] here a,, is the moiré lattice period. And the zoomed in lattice configuration was shown on the right (this is a zero-angle twist

case). (b) After having moiré lattice, the Brillouin zone shrinks from the original 1/a (~10' m!) (a is the original distance between

neighboring atoms) to 1/a, (~10° m!), forming mini Brillouin zone. This opens a gap at its boundary due to Bragg reflection fol-

lowed by the emergence of moiré flat band.
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Fig. 3. Exciton insulator in monolayer-hBN-moiré structure['®»!54: (a) Schematic for particle-hole transformation in this system;
(b) band alignment between monolayer WSe, and moiré heterobilayer without electric field, black dashed line indicates the Fermi
level; (c)—(e) photoluminescence intensity from moiré interlayer exciton (c), exciton sensor’s 2s intensity (d) and penetration capa-
citance (e) as a function of electric field and dope. The penetration capacitance clearly shows in region III, where both monolayer
and moiré are doped and when total filling is at 1, the system is always gaped when continuously tune the exciton density

(ve ~0-0.7) by varying the electric field.
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Fig. 4. Exciton insulator in monolayer TMD-bilayer TMD structure (a)—(c) 15 and in double moiré structure (d)—(g) ¥7: (a) Elec-
tric field tunes hole distribution in both WSe, layers, when it points upward (upper picture), holes are all located in the moiré WSe,
layer, when it points downward (lower picture), holes can be transferred to another WSe, layer. Those holes can bond with vacan-
cies (electron) in the moiré to form excitons. (b) Back-gate dependent reflection spectrum. Insulator behavior emerges at total filling 1.
(¢c) MIM showing the insulator state at v =1 has a gap equivalent to 120 K. (d) Double moiré sample schematic, the top most
WSe, layer is used for 2s exciton sensing. (e) Conduction band alignment in WS,-2L. WSey-WS, structure. (f) 2s reflection amp-
litude as a function of electric field E and electron density v. (g) Exciton density wave schematic. At total electron filling v = 1/3,

the red (blue) dots represent charges in top (bottom) moiré, exciton hops only under the 1/3 lattice (as shown by the black arrow).
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Fig. 5. Exciton insulator in monolayer-monolayer structurel'®: (a) Sample schematic in which V4, and Vg represent bias voltage
and gate voltage, respectively; (b) band diagram of the device in which pe, pp and px represent chemical potential of electron,
hole and exciton, respectively; Eg is the band gap; (c) electrostatic phase diagram in which p, n, i represent hole, electron doped
and intrinsic layers, respectively; (d), (e) penetration capacitance (d) and interlayer capacitance (e) as a function of bias V;, and
gate Vy; the charge insulating region indicated by penetration capacitance (red in (d)) and electron-hole pair injectable region

measured by interlayer capacitance (red in (e)) has an overlap, which is the triangle region surrounded by red and white dashes;

that indicates the existing of excitonic insulator; (f) thermal-dynamic phase diagram of interlayer excitons in the system.
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Fig. 6. Exciton transport experiment: (a) Coulomb drag
measurement. Monolayer TMD and moiré structure are sep- 21]
arated by a 2 nm hBN and they are in different circuits. A
driving current [; is in the monolayer TMD circuit and the [22]
drag current in moiré circuit can be measured, here moiré
circuit is not connected with any external source. When ex- [23]
citon superfluidity forms, I, = I, and longitudinal voltage
drop of counter-flow configuration shown in (b) should be [24]
AV =0.
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SPECIAL TOPIC—Two dimensional twisted moiré superlattice

Exciton insulator in a moiré lattice

Gu JieY" Ma Li-Guo ??

1) (State Key Laboratory of Surface Physics, Department of Physics, Fudan University, Shanghai 200433, China)
2) (School of Applied and Engineering Physics, Cornell University, Ithaca 14850, USA)

( Received 16 January 2023; revised manuscript received 9 February 2023 )

Abstract

Interlayer electron and hole can be paired up through coulomb interaction to form an exciton insulator
when their kinetic energy is substantially smaller than the interaction energy. The traditional platform to
realize such an interlayer interaction is the double quantum well with dielectric material between electron and
hole, for which an external magnetic field is required to generate Landau level flat bands that can reduce the
kinetic energy of charged carriers. When both quantum wells are at the half filling of the lowest landau level,
the electron-electron repulsive interaction, by the particle-hole transformation in one well, will be equivalent to
electron-hole attractive interaction, from which interlayer exciton and its condensation can emerge. In a two-
dimensional twisted homostructure or an angle aligned heterostructure, there exists a moiré superlattice, in
which bands are folded into the mini-Brillouin zone by the large moiré period. Gap opening at the boundary of
mini-Brillouin zone can form the well-known moiré flat band. This review will discuss how to use the moiré flat
bands to generate exciton insulator in the absence of external magnetic field in transitional metal dichalcogenide
(TMD) moiré heterostructure. Unlike the double quantum well where symmetric well geometry is used, the
moiré related sample can have multiple different geometries, including monolayer TMD-hexagonal boron
nitride-moiré structure, moiré-moiré structure, and monolayer TMD-bilayer TMD structure. The carriers in
those structures can be well tuned to locate equally in different layers, and particle-hole transformation in the
moiré first Hubbard band can transform the interlayer repulsive coulomb interaction into attractive interaction,
which is the same as that in quantum well under magnetic field. We will show that by using differential
contrast reflection spectrum, interlayer photoluminescence, 2s exciton sensing, quantum capacitance and
microwave impedance microscopy, the signature of exciton fluid can be identified. The excitonic coherence
features in those structures will promise by using the coulomb drag technique and counter flow technique in
future. In general, exciton in moiré lattice is a promising candidate for studying the Bose-Hubbard model in
solids and can well realize exciton superfluidity, excitonic mott insulator as well as the crossover between them.

Keywords: exciton insulator, moiré lattice, flat band, two-dimensional semiconductor
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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. 4. (a), (b) Piezoelectric tensor and (c), (d) valley Chern
numbers of all flat bands in (a), (c) twisted monolayer-bilayer
graphene and (b), (d) twisted double bilayer systems®!. Uy
is displacement field here. In panels (a) and (b), the values
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The blank patches indicate points, which are too close to
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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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Three types of ordered states with non-vanishing nonlinear optical responses.
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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..
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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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