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Van der Waals magnetic materials
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Two strategies for multiferroicity

Intrinsic multiferroics, Nil. Artificial multiferroics, twisted CrBr; bilayers

(theory and experiments) (theory, and potential from experiments)
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Intrinsic multiferroics, Nil-




Monolayer Nil;

Structure
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Magnetic structure
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The impact of spin-orbit coupling In

maagnetic orderinc

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

Antisymmetric exchange Anisotropic exchange Kitaev interaction

(rig X Tgj) - S_; X gj S,LZSJZ S?(i)sjé(j)

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 driives ferroelectricity



The origin of ferroelectricity in Nil;
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SOC driven
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The impact of spin-orbit coupling In
the electronic structure

Spin-orbit coupling introduces

- 0.2 % corrections of 100 meV close
o ~ to the Fermi level
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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 densit
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We will examine the ferroelectric density correction (5,0 — p[q_i] — p[—ql]



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 |



Ferroelectric correction to the

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



The ferroelectric force

Fao= %(Fﬂ[ql} —Fa[(h]L
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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




Visualizing multiferroicity in

monolavyer Nil-

Modulated electrostatic potential

arXiv:2309.11217 (2023)



P=A

Visualizing multiferroicity in

monolavyer Nil-

¢ Spiral Magnetization d Electric Polarization
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Visualizing multiferroicity In

monolaver Nil-

Experiment Theory
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Ferroelectricity from modulated

band offset

Band offset (experiment) Band offset (theory)
570 ~ 250
550 o Experiment  DFT data
E ool = Fitting siEt. — Fiting
g |e ° S
g 510: ° ° . oo° 2 5401
ﬁ 490 o ° oo° o o L
g -] o -] [- ] L] 235-
« 4TO ° &) -] [-1 -]
, . 00 . (-] . ' . .
4505 10 20 30 40 50 230, 10 50 30 20 20
Distance (A) Distance (A)
M x (V x M) : .9
P=A —Aq(—sin(2q - r), sin T
M?2 q( ( q )’ (q )’ O) arxiv:2309.11217 (2023)



Controlling muultiferroic domains
with an STM tig
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An STM bias allows to control the multiferroic domains
arXiv:2309.11217 (2023)




Artificial multiferroics,
twisted CrBr; bilayers




d 2D trihalides
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The local stacking determines
the coupling between layers

, . h-igllé)cljrlj(; Nature Nano 17, 143-147 (2022)
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Non-collinear magnetism

at domain walls
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Stacking #1 | Stacking #2
Mixed FE/AF domains Non-collinear magnetism
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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
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Ferroelectric order
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The ferroelectric order appear at the domain walls between magnetic domains



Tracking the emergence of

ferroelectricit

Configuration 1
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The ferroelectric electronic

correction

PIER TR
“ ‘.‘*W‘ * W WCrCT, Ferroelectric electronic density
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The ferroelectric force
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Electrically controllable skyrmions in
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The electric polarization directly couples
to an out-of plane electric field
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Experimental control of magnetism in twisted Crl;
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Electrically controllable skyrmions in

twisted magnets

0.25 A, Skyrmions at finite interlayer bias
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Van der Waals materials provide a platform to

realize tunable multiferroic order




Two open questions In van der

Waals multiferroics

e Can we drive frustrated monolayers to a
multiferroic regime (RuCls, 1T-TaSe,, FeCls)

* Other multiferroics from twisting beyond
trihalides
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