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Pathways of Design

Ultrafast Materials Science CavitronicsVan der Waals
heterostructuring

DMK, et al.
Nature Physics 17, 155 (2021)

2)1) 3)

A. de la Torre, DMK, et al.
Rev. Mod. Phys. 93, 041002 (2021)

F. Schlawin, DMK, M. A.Sentef
App. Phys. Rev. 9, 011312 (2022)

 Floquet Engineering

 hidden states of matter
 nonlinear phononics

 moiré engineering
 substrate design:

o environment
o doping

 quantum Floquet
engineering

 light-matter hybrids
 stationary to flying qubits
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Moiré-Effect

https://en.wikipedia.org/wiki/Moir%C3%A9_pattern
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Honeycomb Lattice? (Graphene)
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Honeycomb Lattice? (Graphene)

a
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Band Narrowing by the Moiré-Effect
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Twistronics: Basic Idea

• Angström scale
• band width eV
• filling by doping

• ~ 10nm scale
• band width meV
• tunable by twist angle
• filling by gating
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Twistronics!

• How easily do electrons move through crystal
• determined by bandwidth

kinetic energy:

potential energy:

• how strongly do electrons interact
• determined by charge, localization, …

vs. • determined by „twist“
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Twistronics!
https://en.wikipedia.org/wiki/High-temperature_superconductivity

Y. Cao et al. Nature 556, pages 43–50 (2018)
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Twistronics!
A. Kerelsky, L. McGilly, DMK,…, A. N. Pasupathy, Nature 572, 95-100 (2019)

C Rubio-Verdú, S. Turkel, …, DMK, R. M. Fernandes, A. Rubio, A. N. Pasupathy Nature Physics (2021)
Moiré nematic phase in twisted double bilayer graphene

 One more signature often seen in unconventional SC: Nematic order

 Also in twisted double bilayer
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DMK and A. Rubio, Sketches of Physics: The Celebration Collection, 1-39
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Moiré heterostructures hold many promises for flexible control
DMK, …, A. Pasupathy, A. Rubio Nature Physics 17, 155 (2021)
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Multi-flat bands and strong correlations in Twisted Bilayer Boron Nitride
L. Xian, DMK, N. Tancogne-Dejean, M. Altarelli, A. Rubio, Nano Lett. 2019, 19, 8, 4934-4940

 DFT characterization
 Two inequivalent twists
 Multiple families of flatbands
 Band width continous

function of twist angle
 Low energy: effective

triangular lattice (TB + U)
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One-dimensional flat bands in twisted bilayer germanium selenide
DMK, L. Xian, M. Claassen, A. Rubio, Nature Communications 11, 1124 (2020)
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One-dimensional flat bands in twisted bilayer germanium selenide

 Rectangular unit cell
 Twist: flat bands
 Effective 1D ionic Hubbard:

DMK, L. Xian, M. Claassen, A. Rubio, Nature Communications 11, 1124 (2020)
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Mapping the Mottness under Magnetic Field
L. Wei, Z.-L. Gu, A. Fischer,...DMK, J.-X. Li, L. Wang under review
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Long-Ranged Interactions Freeze the Dynamics of Dipolar Moiré
Exciton Mott Insulators S. Deng, J. Reimann,...DMK, L. Huang in review
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Long-Ranged Interactions Freeze the Dynamics of Dipolar Moiré
Exciton Mott Insulators S. Deng, J. Reimann,...DMK, L. Huang in prep.

Moiré Exciton Review:
A. de la Torre, DMK, E. Malic, S. Kar
arXiv:2402.19236
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Outlook

vs.

vs.

D. Halbertal, L. Klebl..., DMK, D.. N. Basov
Multi-layered atomic relaxation in van der Waals heterostructures

: Phys. Rev. X 13, 011026 (2023)

Geim, A., Grigorieva, I.
Van der Waals heterostructures.
Nature 499, 419–425 (2013)

What about other 2D materials?
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Moiré heterostructures hold many promises for flexible control

 Reduced energy scales meV:
weak driving control, THz control?

 Light to tune to the magic angle?
 Cavity: outsized light-matter coupl.?

DMK, …, A. Pasupathy, A. Rubio Nature Physics 17, 155 (2021)
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Collaborations: Moiré-related works

Columbia: Pasupathy group Dean group Basov group Hone group Millis group
MPSD Hamburg: Rubio group Sentef group
U. Penn: Claassen group
Songshan Lake
Materials Laboratory: Xian group

College de France: Georges group

Univ. Collogne: Trebst group Scherer group

Beihang University: Tang group

Univ. of Minnesota: Fernandes group

Nanjing University: Wang group
Imperial College: Lischner group Mostofi group

RWTH Aachen: Honerkamp group Stampfer group
Purdue University: Huang group

Univ. of Trieste: V. Vitale
Univ. of Hamburg: Wehling group
Univ. of Münster: Wurstbauer group
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Thank you
for your attention


