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Imaging quantum oscillations in strongly correlated moiré systems
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de Haasïvan Alphen (dHvA) thermodynamic quantum oscillations

Quantum oscillations in magnetization

Problem: ὓproportional to volume

dHvA oscillations

- Thermodynamic property of the band structure

- Does not involve scattering

- Allows quantitative analysis and band structure reconstruction

- Interaction effects

- Low magnetic fields

- Spatially resolved
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ɝ= 0 meV

dHvA oscillations in ABA graphene at D = 0
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Tuning the band structure with displacement field

ɝ= 0 meV

Band structure and Landau levels
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Landau level interferometry and pseudomagnetic fields in ABA graphene
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Imaging dHvA quantum oscillations in bilayer gaphene/hBN moiré

Moving window FFT (‏’ 1.1)
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Band structure reconstruction of moiré bilayer graphene

Moving window FFT (‏’ 1.1)
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Strongly interacting systems ïquantum oscillations in tTLG
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QOs due to LLs in Dirac band
Built-in energy 

and density ruler

9 Dirac LLs within FB

Bandwidth of FB ~ 50 meV
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Alternating-twist tTLG graphene

Need to account for interactions

M. Bocarsly et al., arXiv:2407.10675 
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Quantum oscillations in tTLG ïband renormalization by interactions
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Charge build-up on AAA

Ą Charging self energy
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Highly interacting system: twisted trilayer graphene
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Doping dependent band 

structure ïHartree

Exchange-induced ground state: 

Nematic semimetal (NSM)

Summary ïnanoscale imaging of dHvA quantum oscillations
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Noninteracting system: Bernal trilayer graphene
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Magnetic breakdown: Bernal bilayer graphene 

aligned to hBN
Highly interacting system: twisted trilayer graphene
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Summary ïnanoscale imaging of dHvA quantum oscillations
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Å Two Landau fans from CNP

Å Symmetry breaking at ’ ς

— ρȢσЈ

At Ὀ πĄ mirror symmetry

Å Dirac band sector 

Å Flat band sector (TBLG-like band)

Ὀ π

Dirac band
Flat bands

~25 meV

LLs in flat 

bands

LLs in 

Dirac band

Ὀ π

Ą Image local thermodynamic quantum oscillations at very small ὄ

Ą Start with hole doping

Twisted trilayer graphene (tTLG) ïstrongly interacting system

Band structure of tTLG graphene

Alternating-twist tTLG graphene

J. M. Park et al., Nature 590, 249 (2021)

Z. Hao et al., Science 1138, 1133 (2021)

H. Kim et al., Nature 606, 494 (2022)

C. Shen et al., Nat. Mater. 22, 316 (2023)



Twisted trilayer graphene (tTLG) ïstrongly interacting system



Band structure reconstruction of moiré bilayer graphene

Moving window FFT (‏’ 1.1)
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ὶ = ὸ Ⱦὸ - ratio of nitrogen to boron tunneling
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ύ= ὸ Ⱦὸ - lattice relaxation

Ÿ moiré potential extremely weak
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Reference ‎ ‎ ‎ ‎ ‎ ‎ ‏ Ў Ὁ

Taychatanapat, NP (2011) 3160 390 -28 315 41 50 46 Nan 7

Shimazaki, arXiv(2016) 3100 390 -28 315 41 50 34 0 -5

Stepanov, PRL(2016) 3230 310 -32 300 40 10 27 1.8 6

Campos, PRL (2016) 3100 390 -18 ± 2 315 90 ± 50 10 ± 5 15 ± 3 >2.7 1

Datta, NC (2017) 3100 390 -28 Nan Nan 10 21 Nan 2

Asakawa, PRL (2017) 3230 390 -23.7 315 43.8 6 14.3 Nan -0.55

Datta, PRL (2018) (0.5 T) 3100 390 -20 315 120 18 20 4.3 1

Zibrov, PRL (2018) 3100 380 -20 290 141 50 35.5 3.5 0.5

Che (suspended), PRL (2020)3100 355 -41 315 150 40 47 1 6.5

Che(hBN-aligned), PRL (2020)3100 355 -12.5 315 150 40 31.5 5.8 5.25

This work (0.32 T) 3100 370 ± 10 -19 ± 0.5 315 ± 10 140 ± 15 20 ± 0.5 18.5 ± 0.5 3.8 ± 0.05 -1

Comparison of SWMc parameters in different works(meV)



Slonczewski-Weiss-McClure (SWMc) model for graphite

6 hopping parameters: ‎Ὥ(Ὥ= 0-5)

onsite potential difference between A/B :‏

ɝς: Spontaneous charge imbalance

ɝ1: External electric field

Minimal graphene structure requiring the full set of SWMc parameters
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Band structure of ABA graphene
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Magnetic field ïLandau levels



Slonczewski-Weiss-McClure (SWMc) model for graphite

Electrically-tunable band structure and multiple Lifshitz transitions in ABA trilayer graphene

Band structure of ABA graphene

6 hopping parameters: gὭ(Ὥ= 0-5)

ɝ1: External electric field

ɝς: Spontaneous charge imbalance

onsite potential difference between A/B :‏

Hamiltonian for ABA graphene
(“: momentum)

The minimal structure requiring the full set of SWMc parameters.

Peierls substitution“Ą“-eA (A: magnetic vector potential)

Multiple Lifshitz transition as a function of ὲand ɝ
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Effect of different hopping parameters on the band structure

Slonczewski-Weiss-McClure (SWMc) model for graphite

6 hopping parameters: ‎Ὥ(Ὥ= 0-5)

onsite potential difference between A/B :‏

ɝς: Spontaneous charge imbalance

ɝ1: External electric field


