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Figure 1 (Color online) A conceptual diagram of physical computing.
Quantum materials are highly tunable systems that often exhibit
complex evolution between emergent properties, making them an ideal
platform for physical computing applications. Here, the input physical
quantities (such as voltage, current) encode the information to be
processed, and the output quantities encode the processed information.
The tunable quantum states represent the operations involved in
information processing, which is differentiated by the physical state
variables of the system. Common tuning knobs, including electrical
current, indicated by blue arrow, electrostatic gating and strain,
facilitates evolution between different states, analogous to a computing
process.
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Figure 2 (Color online) Phase diagram of competing itinerant
electrons and localized electrons. As an external field g is varied, the
electronic system transitions from a charge-ordered state through a
quantum critical region to a Fermi liquid state (solid black lines denote
boundaries between different phases). At zero temperature (7 = 0), the
boundary between the charge-ordered state and the Fermi liquid state is
marked as the quantum critical point (represented by a golden
pentagram in the diagram). Arrows indicate the transition of localized
electrons to itinerant electrons under the external field. Illustrations
depict the differences in electronic wavefunctions in different electronic
phases: in the charge-ordered state, electronic wavefunctions are
localized at isolated sites (bottom left); in the Fermi liquid state,
electronic wavefunctions resemble superpositions of plane waves
(bottom right); electrons in the quantum critical region exhibit complex
behaviors (top center). This phase diagram of continuous phase
transitions illustrates the competition between localized and itinerant
electrons.
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Figure 3 (Color online) 0.75° twisted double bilayer graphene (cTDBG). (a) Schematic diagram of device structure and gate voltage control. (b)
Stacking structure schematic of the moiré superlattice in cTDBG. (c) Top view (upper) and side view (lower) schematics of different stacking
sequences in cTDBG. (d) Calculated band structures of cTDBG at D = 0 and D = 0.4V nm . Copyright©2022, Springer Nature, reprinted with

permission from ref. [7].
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Figure 4 (Color online) Quantum critical behavior and phase diagram. (a) The resistance R as a function of carrier density n and electric

displacement field D. (b) Variation of differential resistance %/ with drain current 7, under different D values, where an increase in 7, leads to a

decrease in %/, indicating Wigner crystal melting induced by current flow. (c), (d) The first-order derivatives of resistance with temperature 7 under

zero horizontal magnetic field B, = 0 and B = 12 T, respectively, with gray, blue, and red regions representing Wigner crystal, Fermi liquid, and
strange metal states. (¢) Phase diagram derived from an extended Hubbard model quantum simulator based on the cTDBG system. Copyright©2022,

Springer Nature, reprinted with permission from ref. [7].

Wi T f T B RS R R B, TR R R
B, SRR AR B SZ BIBEAS. XU
RIRL L AL T WIS A 7KV HES T 2393009 B ek
AN B TRk H AR 9 T A

J SCHERS 98 R H B DA B B3 (d) A 0 P s 1D

Wit B R, i—'.%zm%%fgiﬁmw%now, cTDBG/A

REA RIS T M iz 17 V88 i Hubbard 1A fir
Eiiipuink7/E bl BuRc 3 e R EiIE R VA Y 27 N Y VAL BTl
PRI T ORISR AL, SEHL SCHERS 20 bt A Fr)
PR, HAEAR AR B b I 5 e 2 T P P I
PE AR, A BHASRAT N EAS R A A2 37 AR
TR =MARNAT N, 252 5E RS RER
AR o« 1), ARIEERBCT KR TAT N0 X4
1% 44 ) AR IR 55 SR 16 R I SR AT IR o T2,
BT IRFARE TR, MAER N SR 2157 7 R 1)
B ARIEL, SR AR A A SRR AR 2

[AEAE 7 — s E T AHAE, Him SR Euh = 7R W
HoanETARME SRR, thsh, XHAETFIE
G R AN REREAT A RUIAR B b, R B LE A% 40
WA R 2 (R AFTE NG T R AH, AR PRI T 2
Pl A 5 4 JE A (B4(0)).

F—J5 1, A SR AR E ERRE S H HE A
VP I /KSR B R AR A BT EE, TS B R R
BHBHE., XTSRS N E B
FEMLEE, SCBLASUMRISUQ)IESELAE, i
TNV ZR R P B AN S R L 2 T SR EE. SEa
RIUCUB MG, |- XA SR XK, & RE
JEIX W, HF HBE#EB T m, PR IG S SO
TR ZHAREALE. EB, = 12T F, A F&EAN0
BTG XA T IR FHEE T~ 5.6 KU E, HE
FET* LA N 82 R 45 (E4(d)). ARBEAr T iR, X T LA
I SRS N AR X RS FRORAR X, A4
PRI B 32 b, AR A TR X 1) (AR BE o BT A

127301-5



WRaB s, rPERRE MEE J1% KO0 2024 5 BB 54 B 12 M)

RESCHL, IX RN BN 7 &7 R k. 1251 i 7k
i Y IR B 24 TDBGH Y N B2 H I Z USUQ)I, T
SCHERS O B FORBAR AR 2 — A 89—
TAHAL. F1Z 9 e Hubbard B 1 55 R B 745540 25 B 7 L
W) 57K T BE A B R 35 B 5 B4 e).

SRUG AR, AT DLIE R AL A SR 0 SR R LA,
AR 2 BRI BT (O W B, RIS ORFs
WA ETERE 1, B, A8 RR RS RA
B SR SRR PR A T BSO8R as
IS - R, Feynman T-804FARHIFE Y, FRIM 2 iH
R AR R BRI TR R T RS, OREE
T 2R RGBS AR — AL ES
EERR, BTSSR R R T R 507
P E RS, ML T, BRI i
B DU XA EOR B R, HH EE T G 3 T
T RGN RRIKY R TR, B R TR AR
T E YRR, JF HRgiEid 2 A ilE
T RSB TI. Reldth, A TR A S 5K
RN PR L HE X r 1 58 SR IR RONE ) SRS 7 T R
P, AATTRT AR TS 0L 5 SR I A 2 o ) B 1 A AR A
Tl FAT Oy, T IR L X sk i T A AR A 5 R
R IFE T IR . T ks A R
SR AR B SO U R R T A AR R,
FEAR R AR T DO O A s 240 HEB Y
HMEGENSE, MR 2 5R RIRY BA Y
M SR SR AR, JEHAMRI 2R NE . e iR
W HE RSN T RSS2 AT B, SR
HR B TS 1) 2 YA JE

3 FEMETFREKE

—BOA T TR RASC R R LR B, A
FELKI B BEAN SC VR BUZ WL LR AL, SR, 7R T
JRIEFER) ek rh, T BT R SR R RR I, R
L HIAR AL RITET Py 300307 i T LA A7, 5 £E W Te,
WERE G A R AR dise b HEA R AR EE— 5
JEIH T, e ATIAE A A AR FR (0 A AT LA L E
KA. 53 E G ARATE, XA Rk
FEL A 8 TP K B R R AR A O RO 7 28 7R S TR 9
5, T 2 A 2 18] AN PR T L oA 89 i T 5 E R
FEL A A PR R A 0 VR Bk R P B A 3 A AR I s

PE, IXRERTE T AR NI 2, ik T 2k
N7 AR R 2540 R L, IR AN SR i 7 Bk
MIRRARTT O, KTk R B Bk A7 iy 28 RLAE P9 T B2
GRITIE |

FESP A R R A B R RO, B AN
YR Ak & R Hh i R 4 H 1 % S I L I
A AR, %ML CAEBLG S5 hBNFY S 52K 5 5 25
RS BISRIGEDUE: fEX KA, BT S SR B
YER, A7AE 3818000 FL TR A TR R F s R 26 AF
N GUR B E LG IS, A S 18 R &
P I MR ANAR B R BRSNS E
I —ANBEZ G, BRI % A B 3K
LR MEARAY.  PRREE IR RISLHR I 1 A2 1k R PR A i 2
TERE, R BFRON R R A R B 5 T3
FRRIR BT, 2RISR AT E, TFRHE AR
T, BRI, G0 RIS S E AR T e, T
W52 31| S5 5 B MRS S B EE T T 4. IR R TR AR
A7 T LA 012 [ B8 ) R R R 1) JRy SR U F
T AR5 R H 7 B, 7oA T B R AR L. HE
MZEIX —4k 2, hBN5BLG A 5 /R 7 S 850
BT R R A, AR T A (A R
Bl R, R AR R AR H L A TRk AT
AT E Z LIRS A, (ESEENE, T
TRk B B R FE O, K F BT AN A7 A [ 7 11
g R AR AR Ak, TR AT DA S SO e i HL 3 (1K
INSEELTR AR ARAL I E S . X R AN SR I B
TG RN R T — R IR R R LS 1T 2%
PEERAE T A8 IR B A2

R — T T AE S, WangZs APVIET FkEw
FI - 2R H S T G R 1k L O T SURN AR & R
PE, SEOLT AT ShAS Rk L, 34T T AR N T
N TN Y Ea =S W N NS S GIRU N Ry fa s /i i
ARG G T SR EE BB IhRE, M SEEl s
FasE k. il RN T W AR5, A
RIS T hBNES 25 FIBLG S AR Bk L 2 il 8% H (K 5(c)),
FLHFhBN -5 A 580 1 A S X 55 7= A HL 37 ] 1 0 5 /R 35
(FE5(b)). 78 MR n e e ik, T L i AR 2R
37 R PRV P 8 B T TR Bk s AR AL SR RS, A
ML BT, X5 AV E R G0 5yl m] 98 1
BAMHLPEES@). BT 225MnBs 5 SR B350
LA, BLGRIFE R RRME th 28 e Bl & T 428 1108

127301-6



WRaB s, rPERRE MEE J1% KO0 2024 5 BB 54 B 12 M)

(b) (€)

!;':I h-BN ® Electron

"1 Graphene
Neural network

B

~
Pre-neuron ~

P
Q’i@/ v

\\/\ PSC

Synapse -

Weak electric field

Post-neuron
(sTP)

Short-term plasticity e . . ‘.
(LTP) -— > &

Long-term plasticity

W ...

cep
moiré potential 0

20 40

Time (s)

5 (ME% R E)BLG/hBN B /R Bk L 7t 5 45 H (A TR s A5 WA 2. () 20 SR i ) 5 KA A Jk e ey 27 i P 2 Bk (55 BIIE R
P TR TR, 2 51 A SR A5 A 28 T O JSE. MR i SRR IR B (8 22501, AT B3 ORI AT A (STP) MK I T 221 (LTP). (b)
A1 SR I /BN /R RS FCD S S5 A4 (L PR3 RE SR =18, T Ak R vl AR A R B SR B AR W Amis AT 998 F,
SURBI IR RO, X BTSSR RN 1, S80T STP LK), Sids T, SURBIGIRE L LT R AL,
X LTS SR K [, SECTLTPRIAECR ). (o) SRR R FARE S F s IR A ikm B . b RIK N
2 pm. (d) UBKPF 2 B, HIRME 16 V, #5554 s, [RIfGAL = 6 sI—XF Vhkih 5] AR &5 1 55 Fa I (EPSC). 4 BN Ktk 22
HERIBORIE. B 51 B 225 3CHR[31], SRR

Figure S (Color online) Tunable dynamic responses in BLG/hBN moiré ferroelectric heterostructures. (a) Schematic of neuronal synapses and their
pulse response. Upon the arrival of a pulse at the presynaptic neuron, it triggers a response in the postsynaptic neuron, categorized based on response
duration into short-term plasticity (STP) and long-term plasticity (LTP). (b) Schematics of the lattice structure (top) and the potential landscape of
graphene/hBN moiré superlattices. Out-of-plane electric fields modulate the moiré potential landscape and in-plane transport behavior: under weak
electric fields, the moiré potential is shallow, resulting in short-term effects on electron transport and STP (middle). Strong electric fields, however,
deepen the moiré potential sufficiently to localize electrons, resulting in long-term effects on electron transport and LTP (bottom). (c) Optical image
and schematic of a moiré synaptic transistor device. Scale bar is 2 pm. (d) Simulation of the paired-pulse facilitation phenomenon and excitatory
postsynaptic currents (EPSCs) triggered by a pair of V; pulses (amplitude 16 V, duration 4 s, interval At = 6 s). The inset shows the zoom-in view
outlined by the gray dashed box. Copyright©2023, IOP Publishing, reprinted with permission from ref. [31].
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Figure 6 (Color online) Schematics of switching mechanism of
unconventional electronic ferroelectricity. (a) Schematic of electronic
ferroelectric devices. Aligning hBN with BLG creates a moiré
superlattice at the interface, which induces localized electronic states,
while BLG hosts itinerant electrons. (b) Schematic diagram of
electronic ferroelectric switching. Localized and itinerant electrons
occupy the moiré interface and graphene layer of the system,
respectively, generating out-of-plane polarization. By applying gate
voltage pulses Vg, the density of localized and itinerant electrons in the
system is non-volatilely altered, enabling quasi-continuous switching of
ferroelectric polarization.
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Figure 7 (Color online) Schematics of the operating mechanism of
ferroelectric Chern insulator devices. (a) Non-trivial Chern band
topology of MATBG. Bandwidth and band gap denoted as W and Eg,
respectively. When the Fermi level lies within the gap between Chern
bands, the Hall conductivity quantizes to Cé’lh, where integer C
represents the total Chern numbers of the filled bands. Due to the gaps
between Chern bands, the quantized Hall conductivity is tolerant to
variations of external control parameters. Conversely, when the Fermi
level resides within the Chern bands, the Hall conductivity varies
continuously with Fermi energy. (b) Hall conductivity as a function of
Fermi energy in MATBG. (c) Precise control of ferroelectric polariza-
tion through gate voltage pulses V; allows near-single-electron filling of
Chern bands. (d) Hall conductivity variation with ferroelectric
polarization. Within a range of polarization fluctuations Jdp (indicating
the noise level in ferroelectrics), the quantized Hall conductivity
remains unchanged, thus the resistance of ferroelectric Chern insulators
are noise-immune.
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Figure 8 (Color online) Design concept of noise-immune neuro-
morphic computing devices. (a) Schematic diagram of nonvolatile
switching of Chern insulator states. By applying a gate voltage pulse Vg
which alters the remnant polarization p, we realize non-volatile
switching between Chern insulator states with different Chern numbers.
(b) Schematic illustration of a convolutional neural network. The input
data is processed through convolution operations to yield the output
data, enabling brain-inspired computing applications. Here, the weights
of the convolutional kernels correspond to the Hall conductance of
different ferroelectric Chern insulator states.
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Competition and coupling effect between localized and iterant
electrons in graphene moiré heterostructures
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Van der Waals heterostructures constructed from two-dimensional quantum materials exhibit rich emergent interfacial
quantum states and excellent tunability of those physical properties. These materials not only provide a robust platform
for exploring novel quantum states and their evolution but also offer a diverse material library for developing new
principles in electronic device functionalities. This article introduces the electric transport studies in graphene-based
moiré heterostructures performed by us in the past few years, extensively discussing the competition and coupling effects
between itinerant and localized electrons. These effects influence the formation and evolution of new quantum states and
offer new perspectives for designing advanced electronic devices. We achieved high-precision observations of the
quantum melting process in electron crystals by in-situ tuning the coupling strength between itinerant and localized
electrons. We observed novel quantum critical behaviors, including quantum two-stage criticality and quantum pseudo
criticality, for the first time. These findings underscore the substantial potential of graphene moiré heterostructures in
solid-state quantum simulations, especially for investigating the evolution of quantum critical behaviors. Furthermore,
the coupling between layer-resolved itinerant and localized electrons can induce unconventional electronic-type
ferroelectricity. The polarization intensity of this ferroelectricity exhibits quasi-continuous and precise control over
multiple states that are crucial for high-precision neuromorphic computing. Notably, electronic-type ferroelectricity
allows the coexistence of ferroelectricity and other quantum states such as Chern insulators, offering a unique platform
for designing noise-immune neuromorphic computing and other new physical computing hardware.
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