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The phases of twisted bilayer

graphene
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Which new phenomena could we get by twisting magnetic materials?



Today’s plan

Multiferroicity and the The impact of multiferroic Artificial multiferroicity
built-in moire of Nil; Nil; proximity in TBG by twisting 2D magnets
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Behind the scenes

Intrinsic multiferroics, Nil. Controlling moire states Artificial multiferroics,
(theory and experiment) with a multiferroic twisted CrBr; bilayers
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Origin and visualization
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Monolayer Nil;

Frustrated magnetic
Heisenberg model
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Multiferroicity in monolayer Nil
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The impact of spin-orbit coupling In

magnetic ordering

In the presence of spin-orbit coupling, new terms can appear in the Hamiltonian

Antisymmetric exchange Anisotropic exchange Kitaev interaction
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In Nil;, the non-collinear order is promoted by isotropic exchange

In Nil, the ferroelectricity is created by inverse antisymmetric exchange



The origin of ferroelectricity in Nil;

Magnetically driven ferroelectric order P — 6 q X e:|
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The emergence of non-collinear order is drives ferroelectricity



The origin of ferroelectricity in Nil;
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Wavevector of the spin spiral



The impact of spin-orbit coupling In
the electronic structure

Spin-orbit coupling introduces
corrections of 100 meV close
to the Fermi level

¥ ol AR Sl 1 There is a major role of the halide close
0.4 B S-S Seaee® { to the Fermi level



The Interplay between magnetism
and halide electronic structure

Magnetism not only appears in Ni, but a sizable value merges also in |



Ferroelectric correction to the
electronic density
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We will examine the ferroelectric density correction (5,0 — p[c]’l] — p[—ql]



Ferroelectric correction to the
electronic density

Without SOC
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In the absence of SOC, no ferroelectric density appears




Ferroelectric correction to the
electronic density

With SOC
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In the presence of SOC, a ferroelectric density appears both in Ni and |




Ferroelectric correction to the

electronic density
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The ferroelectric density has comparable magnitudes in Ni and |



The ferroelectric force
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The forces between the two magnetic configuration account for the ferroelectric displacement




The ferroelectric force
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The dominant contribution to the ferroelectric force comes from iodine




Modulated multiferroicity In

monolayer Nil,

The ferroelectric order has actually a modulation in real space
Spiral Magnetization Electric Polarization
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Visualizing multiferroicity In

monolayer Nil,

Modulated electrostatic potential

arXiv:2309.11217 (2023)



Visualizing multiferroicity In

monolayer Nil,

Experiment
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Ferroelectricity from modulated

band offset

Band offset (experiment) Band offset (theory)
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Controlling muultiferroic domains
with an STM tip
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An STM bias allows to control the multiferroic domains
arXiv:2309.11217 (2023)




Imprinting spin spirals in twisted
bilayer via proximity
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The role of encapsulation in twisted

bilayer graphene

Aligned hBN encapsulation Transition metal dichalcogenide

encapsulation
_TMDC _

TBG TBG

Chern insulators Spin-orbit coupling driven
ferromagnetism
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Can we control the electronic structure with a multiferroic Nil; encapsulation?



Twisted bilayer graphene

encapsulated between Nil;

H=Hy+ Hj
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The impact of a spin spiral in the

electronic structure
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Generalized Bloch’s theorem (symmetry is translation and spin rotation)
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A spin-spiral acts as an artificial spin-orbit coupling (momentum-dependent spin splitting)



Spin spiral in a 1D chain

No exchange (just spiral boost) Finite spiral exchange
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A spin spiral exchange creates spin-momentum locking and spin anticorossings

Equivalent to a synthetic spin-orbit coupling and a net exchange fiield



Spiral exchange In twisted bilayer

graphene
No exchange (just spiral boost) Finite spiral exchange
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Spiral exchange In twisted bilayer
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Fermi surface control via spiral

proximity in twisted bilayer

No exchange (just spiral boost) Finite spiral exchange
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Twisted 2D trihalides
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The local stacking determines
the coupling between layers

| | Monoclinic Nature Nanotechnology 17, 143147 (2022)
Bilayer Stacking

|

® Rhombohedral



Non-collinear magnetism

at domain walls
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Mixed FE/AF domains Non-collinear magnetism
Nature Nanotechnology 17, 143-147 (2022) arXiv:2204.01636
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Twisted 2D magnetic materials

Non-collinear magnetism and multiferroic order appear due to the moire
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Stacking, magnetic order and

electric polarization

Structure Magnetic order Ferroelectric order
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Stacking, magntic structure and ferroelectric order are correlated



Bottom Layer

Ferroelectric order

Top Laver
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The ferroelectric order appear at the domain walls between magnetic domains



Tracking the emergence of

ferroelectricity
Configuration 1 K.\ Tt tt
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The ferroelectric electronic

correction
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The ferroelectric force
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Electrically controllable skyrmions in

twisted magnets
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Electrically controllable skyrmions in

twisted magnets

Skyrmions at finite interlayer bias

0.25

0.20

Top Layer Bottom Layer g
0.15 A A e N ¥ T T e Ea POy ¥ 1.5

0.10

0.05

per Cr atom

0.00

" o il dR Lo A
e e EE EE
N R T T Lt —]_5

—0.05

Top Layer

PZ/}\-SU{‘

—0.10

: 0.2
—0.15 =

0
—0.20

> -0.2




Open-source software for
van der Waals materials



Quantum Lattice: A user interface to
compute electronic properties

Quantum Lattice: system selection

0D systems 1D systems 2D systems 3D systems
Islands Ribbons Sheets 3D crystals
Huge islands Hybrid ribbons Films
| Hofstadter butterflies Hybrid films
single impurities

Multilayer graphene

Transition metal dichalcogenides

Twisted multilayer graphene

Update Quantum Lattice
Version 0.0.1 Enermy windan

Quantum Lattice: open source interactive interface for tight binding modeling

https://github.com/joselado/quantum-lattice



Quantum matter in van

der Waals materials school

e 315t Jyvaskyld Summer School
Emergent quantum matter in

artificial two-dimensional materials
~ August gih-12t 2022

Schedule:

- Session 1: Introduction to 2D materials

- Session 2: Superconductivity in 2D materials

- Session 3; Magnetic 2D materials

- Session 4; Moire electronic states and twisted van der Waals heterostructures
- Session 5; Topological states in 2D materials
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Recordings available at

B https://www.youtube.com/channel/UCgnB-4CcqRQnvTi7P0cUakQ

- Session 1: Introduction to 2D materials
- Session 2: Superconductivity in 2D
materials

- Session 3: Magnetic 2D materials

- Session 4: Moire electronic states and
twisted van der Waals heterostructures

- Session 5: Topological states in 2D
materials



Take home

Van der Waals multiferroics offer a new playground to explore
unconventional phenomena in moire heterostructures

Thank you
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