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Intrinsic Nonlinear Hall Effect and Gate-Switchable Berry Curvature

Sliding in Twisted Bilayer Graphene

Meizhen Huang, Zefei Wu, Xu Zhang, Xuemeng Feng, Zishu Zhou, Shi Wang, Yong Chen, Chun Cheng, Kai Sun,
Zi Yang Meng, and Ning Wang
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Superlattices are widely used as electric and optical devices

In semiconductor industry

_.| |._
y a few nm wide

semiconductor superlattice

Wikipedia

* Periodic in growth direction (mainly 1D)
» Based on free electron band structure

In semiconductor quantum dots / wires technologies
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* Quantum moiré materials are new superlattices in 2D
* Based on many-body effects with novel properties (such as superconductivity)



Quantum moiré materials are superlattice of 2D materials (e.g. graphene)

Moiré: stack, twist & new physics emerges
crystal from crystals
ideal playground & challenge for quantum many-body physics

NS
‘r\Q——‘ R /
ad S e
X0/ ) { / 5‘-
et S o
AN
PN
'/‘, M/

20° rotation




Quantum moiré materials exhibit many-body phenomena

Flat band (fragile) topology + long-range Coulomb interaction

Trambly, et al. Nano Letter 2010

Bistritzer & MacDonald, PNAS 2011

Multiple parameters (angle, filling, temperature, field) —> novel phase diagrams

Twisted bilayer graphene

The two sheets are twisted by a small angle (©),
creating a Moiré pattern that makes the bilayer both
electrically insulating, with conducting edge states
(red arrows), and magnetic.
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TBG — Setting

& Andrei, E.Y., MacDonald, A.H. Nat Mater 19, 1265 (2020)

interlayer tunnelling produces avoided crossings

L = ay/(2sin(6/2)) ky ~ 2K sin(0/2)

AE = thkg k, 0>100 AE >1eV
A K

isolated graphene

0~1° layers hybridization
strong tunnelings couple Dirac cones
flat bands and strong correlation
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TBG — Setting, Questions
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Momentum Space Quantum Monte Carlo on Twisted Bilayer Graphene
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H=H,+H,, & CPL 38, 077305 (2021) Express Letter

¢ Trambly de Laissardiere et al., Nano Lett. 2010
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Inter-sublattice, interlayer hopping Uy ~ 60 meV, realistic cases

Similar for matrices U, U, Z Z €, (k) d k s dk,m,T,S

m==x1Kk,z,s

¢ Fermionic Monte Carlo Study of a Realistic Model of Twisted Bilayer Graphene,
Johannes S. Hofmann, et al., PRX 12, 011061 (2022)
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Momentum Space Quantum Monte Carlo on Twisted Bilayer Graphene
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Momentum Space Quantum Monte Carlo on Twisted Bilayer Graphene
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Momentum Space Quantum Monte Carlo on Twisted Bilayer Graphene
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Dynamical properties of collective excitations in twisted bilayer graphene

Gaopei Pan ©,"? Xu Zhang ©,> Heqiu Li®,*> Kai Sun,*" and Zi Yang Meng ®>1

& CPL 38, 077305 (2021) Express Letter
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PHYSICAL REVIEW B 106, 035121 (2022)

Fermion sign bounds theory in quantum Monte Carlo simulation

Xu Zhang ®,! Gaopei Pan®,>* Xiao Yan Xu®,*" and Zi Yang Meng ©!*
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Detective Dr. Dragon on the Monte Carlo Sign Problem
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& Xu Zhang et al., Polynomial sign problem and topological Mott insulator in twisted bilayer graphene, PRB 107, L241105 (2023)
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TBG — Setting, Question 1
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Thermodynamic characteristic for correlated flat-band system with quantum anomalous Hall

ground state

Gaopei Pan,? Xu Zhang,> Hongyu Lu,®> Heqiu Li,* Bin-Bin Chen,? Kai Sun,’"* and Zi Yan Meng3* t
p g gy q g

w = ot
T T

V(Q)/2Q (meV)

o - [\
T T

o

lal/|Gal

0.2 0.4 0.6 0.8 1

0.6F

5 10 15
T (meV)

T.=3.65(5) mev

20

momentum-space QMC

& PRL 130, 016401 (2023)

Single valley and single spin

—T =1 meV
4 C
@ - : — = 3 ( ) —T = 2.5 meV
3l I 3 ) T = 3.33 meV
: : = A —T =5 meV
| : e , ] < —T =10 meV
= , 0
) L ¥ —_—
~ |“/ —-L =3 I
i —+L=4 |
j,-/ 1 L= |
Ok ] L 4N
0.08 . :
() I
__0.06 :
7 : o
3 0.04 ' 3 23
S : ~ Gl
= : N = 1s
0.02 _ m— l =
r‘l — =Single-particle Gap| | 0
0 | - N 2 I
0 5 10 15 20
T(meV)
-0 w (meV)
on _ (N*)—(N)* measured via measured via
ou TN quantum capacitance STM



Thermodynamic characteristic for correlated flat-band system with quantum anomalous Hall
ground state

Gaopei Pan,"? Xu Zhang,> Hongyu Lu,? Heqiu Li,* Bin-Bin Chen,” Kai Sun,”> " and Zi Yang Meng> "

momentum-space QMC & exact diagonalization

& PRL 130, 016401 (2023)

1
— 2
5= _<(N+ - N_)%) . .
2
N Gapped excitons restore time-reversal [ —5
\ =
1 e L] L] ] L] |
\ N
(@)%, 25(¢) i
i LU THHITHHTTH
+r=d] 208 i iiigis
; 0.6} ' %é i5)e -
04} \Lﬁ/lO-0"“".‘.".“"""..“-
0.2F St ® Energy level
® Single-particle excitation
0 1 0 - : :
0 5 10 15 20 25
1.5 (b) 1.5 p=s (d) St
: - 0.06 5 L=6,T=1.25 mev
1 %
3 | W
A Q v o
< If ' = ? £ 0.04
C:]q | 0.5 g
2 ' ‘\MQ1 ©
0.5F 2% 0 20 0 | §0.02
(T — T.) LV R
O 1 y O. . — =
0 10 20 "%___--——"
T'(meV) -

T.=3.65(5) mev



TBG — Setting, Question 2
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