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In this talk, we generalize moire materials to spin systems,
“twisted bilayer magnetism”
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» Honeycomb magnet > Stacking dependent magnetism
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» Graphene

® Carbon atom
« Monolayer preserves C,, and P symmetry « Non-magnetic | atoms break C,,
« C,, is preserved in twisted bilayer « Twisted bilayer breaks both C,, and P symmetry

» Point group Dg « Point group D,
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Local stacking structure
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Local stacking structure

JL[meV]
T T
Y
A_A A A A A A A
X LiXaka 4 top
A A_A A AAAA v bottom
) B4 A A A AAAAA . 0.4
A A AA A A A A A unit cell

AAAAAAAAAAAAxxvvvvv
AAAAAAAAAAAAAAXv'v'V
A A A A A
AAvAvAv

vAvivivivie
A_A_A A A _A_A

Y'Yy

_15 A i f A A A | A AvAvAvAlA A_A A A A A IA AVAV viviv'y
-15 -10 -5 0 5 10 15
x [nm]

« Local FM and AFM interlayer coupling coexists.

- AB sublattice symmetry breaking.




Monte Carlo Simulations e G e

> Atomistic level Monte-Carlo simulations

(e)

Magnetic domain
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S ky rmion without DMI P s

> Skyrmions in moire superlattice

a M
(@) 30 e , — 1 top layer
o Monte-Carlo I
— Continuum model

410.9

40.8
%
E,
]

0.7

IIIIIIIIIIIII..... o = 06

0.13
0.5
1 1.6 2.6 4.3 7
@ [deg.]

Standard recipe for skyrmion :
Exchange + DMI + Magnetic field on on 14

In twisted bilayer magnets : dx 0dy

Exchange + Modulating interlayer coupling(sublattice breaking)
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# of atoms
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Magnetic phase transition e

» Landau theoretical description

Non-collinear domain
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Magnetic phase transition I P

» Landau theoretical description

Continuum Ansatz: i
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Competing scales of moire magnet

MD NCD Collinear FM

S 0

Second order phase transition

(Interlayer coupling) X (Area) (Intralayer coupling) X (Length)
~Spin gradient VS ~Collinear order

First order phase transition

(Interlayer coupling) X (Area) (Single ion anisotropy) X (Area)
~NC2 VS ~NC1
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 Excitations




Holestein-Primakoff Boson P |

» Global magnetic ground state » Local harmonic oscillator
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Dirac magnons are protected by coexistence of the following three symmetries.

> U(1)c symmetry > C2z symm.etry
(Collinearity) (Lateral shift)

= T : > U(1)v symmetry
L Chen et al. PRX (2018) (Valley decoupling) Park et al. PRB (2021)




Topological magnons R

> U(1), -breaking

> {U(1),,U(1),,Cy,} > SO(3) breaking > T-preserving (Interlaver coupling)
symmetry Spin-space group (Spin-orbit coupling) - T
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MJP, Youngkuk Kim, Gil Young Cho, SungBin Lee, PRL (2019)
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Different magnon gaps are realized as a function of twist angles.

(a) Small angle regime Large angle regime
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Chalker-Coddington network e
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> Localized edge > Delocalized edge
(Large angle) (Small angle)




Overall Structure of moire magnets

> Magnetic phases
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> Phase transitions

First order phase transition Second order phase transition
(Interlayer coupling) X (Area) VS (Single ion anisotropy) X (Area) (Interlayer coupling) X (Area) (Intralayer coupling) X (Length)
~NC2 ~NC1 ~Spin gradient VS ~Collinear order
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Future Research Directions P

We extend theory of moire magnetism to various magnetic materials

» Development of » Various magnetic materials :
Extensive Monte-Carlo methods Spin liquid a-RuCl; Magnetic TMDCs
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arXiv:2206.05264 (2022)
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> Twisted trilayer Crls:
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» Stacking dependent couplings

(i) (i) (iii)
| | | | | |
Top —-+'— —-+'— —'+'—
| | FM | | AFM : : FM
Middle ! ! ! ! | |

| I FM I I AFM l l AFM
Bottom | | | | %

(In preparation)
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» Controlling geometry:

“(In preparation)
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» (C3 symmetry breaking order:

SZ
; 5 . top ¢ 1
SNSRI L L A T SN

-1

-1

» Analogy with Josephson junction network: 0° |

DO w
) 06 06666 10° p~/p
OO0 - :

L' (H"]

Y

w'2n = 7.03Hz
——T=4.6K (1= 0.08)
T=47K (z=0.10)
i cantll, o BE SR OgBelly) G 5
075 050 025 000 025 050 075

f
Eley et al. Nature Physics (2011)

g
2
PAN

4X
VA

1




S research center
‘ theoretical physics of complex systems

First order phase transition Second order phase transition
(Interlayer coupling) (Single ion anisotropy) (Interlayer coupling) X (Area) (Intralayer coupling) X (Length)
~NC2 VS ~NC1 ~Spin gradient VS ~Collinear order
o . >0
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