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Building quantum matter

with artificial lattices

Atomic lattices Molecular lattices Twisted 2D moire materials
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The world of two-dimensional materials
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Van der Waals magnetic materials
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. Break time-reversal
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Do not break time-reversal and inversion symmetry



The flexibility of two-dimensional

materials

They can be stacked They can be rotated
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These are unique features of two-dimensional materials



The phases of twisted bilayer

graphene

Superconductivity Topological networks Chern insulators
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Which new phenomena could we get by twisting magnetic materials?



Today’s plan

Origin and imaging of Artificial multiferroicity Topological multiferroicity
multiferroicity in Nil, by twisting CrBr3 by twisting Nil2
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Behind the scenes

Intrinsic multiferroics, Nil. Artificial multiferroics,
(theory and experiment) twisted CrBr; and Nil. bilayers
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Origin-and visualization
of multiferroicity in Nil,
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Monolayer Nil;

Frustrated magnetic

Structure Heisenberg model
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Magnetic structure
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Polarization rotation #(T) (normalized)

Multiferroicity in monolayer Nil»

Magnetic order
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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 = g q X C,

M(r) = e!eS) @ E=ro)) M)

The emergence of non-collinear order drives ferroelectricity



The origin of ferroelectricity in Nil;

P=¢tgXxe

Electric polarization / \

SOC driven

Spin rotation axis

Wavevector of the spin spiral



The impact of spin-orbit coupling: in

the electronic structure
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Ferroelectric correction to the
electronic densit




Ferroelectric correction to the

electronic densit

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



Ferroelectric correction to the

electronic densit

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



The ferroelectric force

Fo =5 (Ealar] ~ Ealas]).
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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

monolaver Nil

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

Py
0 2w 0‘ P .
I T

| Al

9a ’ T 0a/2

P=A (1\/12 —Aq(— Sm(2q . I'), SiﬂZ (q . I'), O) ?;fla;ize%zl\(;[;tsﬂals’




Visualizing multiferroicity in

monolaver Nil

Modulated electrostatic potential
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Visualizing multiferroicity in

monolaver Nil

Experiment
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Ferroelectricity from modulated

band offset

Band offset (experiment) Band offset (theory)
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Controlling multiferroic
domains with an STM tig

Height oA T 4.5 A

An STM bias allows to control the multiferroic domains

Advanced Materials,
2311342 (2024)




Engineering artificial multiferroics

with twisted van der Waals materials

A. Fumega
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Twisted 2D trihalides
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The local stacking determines
the coupling between layers
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' ' Monoclinic Nature Nanotechnology 17, 143-147 (2022)
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Non-collinear magnetism

at domain walls
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Mixed FE/AF domains Non-collinear magnetism
Nature Nanotechnology 17, 143-147 (2022) Nature Physics 19, 1150-1155 (2023)
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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
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Stacking, magntic structure and ferroelectric order are correlated
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The ferroelectric order appear at the domain walls between magnetic domains



Tracking the emergence of

ferroelectricit
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The ferroelectric electronic

correction

Ferroelectric electronic density

op = plai] — plaz)]

The ferroelectric electronic correction emerges in
the region with non-collinear magnetization

It becomes stronger the heavier the halide



The ferroelectric force
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Electrically controllable skyrmions in
twisted magnets

The electric polarization directly couples
to an out-of plane electric field
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Electrically controllable skyrmions in

twisted magnets
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Electric control of moiré skyrmions

In twisted multiferroic Nil2 bilayers

A. Fumega T. Antao

Nano Letters 24 (49), 1576715773 (2024)




From monolayer NI2 to twisted

bilayer

Nil2 magnetic order Twisted bilayer Nil2

2n/q

Monolayer Nil2 shows a frustrated Twisted Nil2 shows additional frustration
magnetic order from the interlayer exchange
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Structure and spiral mosa

twisted Nil2
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Emergent moire topological
magnetism

The competition between intralayer and inter/layer exchange
leads to moire magnetic skyrmions



Spin spiral moire mosaic

The moire stacking pattern promote different g-vectors in different regions of space



ferroelectricity
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Out-of plane ferroelectricity emerges associated with the magnetic skyrmions



Skyrmion phases as a function of

twist angle
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The twist angle controls the magnetic phase emerging in the twisted bilayer



Skyrmion phases as a function of
twist angle

As the twist angle is changed, skyrmion lattices of different windings appear



Controlling magnetic order with an
electric interlayer bias
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Interlayer electric biases lead to electrically controllable topological magnetic order

........



Controlling magnetic order with an
electric interlayer bias
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Adiabatic and non-adiabatic changes of the electric bias
stabilize different magnetic orders



Open-source software for
van der Waals materials



Quantum Lattice: A user interface to
compute electronic properties

Quantum Lattice: system selection
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Update Quantum Lattice
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Quantum Lattice: open source interactive interface for tight binding modeling

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




Take home

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