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Abstract: Van der Waals heterostructures provide a rich venue for exotic moir\'e phenomena. In this talk, | will present a couple of unconve
examples beyond the celebrated twisted bilayer graphene. | will start by twisted bilayer of square lattice with staggered flux, which exhi
continuum range of magic twisting angles where an exponential reduction of Dirac velocity and bandwidths occurs. Then | will discuss n
magnetism arising from twisted bilayers of antiferromagnets and also ferromagnets. Despite the fact that the parent materials all exhibit c
orderings, the bilayer system shows controllable emergent noncollinear spin textures. Time permitting, | will also discuss a theory for the pote
continuous metal-insulator transition with fractionalized electric charges in transition metal dichalcogenide moir\'e heterostructures.
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Van der Waals heterostructures

Atomic lego

Two-dimensional atomic crystals

Highly controllable and tunable

Stacking with high precision

Moiré physics

Example: beats
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Van der Waals heterostructures
Atomic lego

Two-dimensional atomic crystals e {1V
Highly controllable and tunable ~ *™" T

. | |
e Stacking with high precision ety IWWM Mumwlw wvﬂM’UWL
e Moiré physics mmmﬂ,‘_wlﬂzi L J&U

Example: beats

cos(2m fit) + cos(2m fot) = 2 cos (27r /i —; f: t) Ccos (21r fi ; f2 t)

fbeat = fl - f2
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Van der Waals heterostructures

Atomic lego

Unconventional superconductivity in

: : S
magic-angle graphene superlattices
Yuan Cao', Valla Fatemi', Shiang Fang’, Kenji Wetanabe, Takashi Taniguchi’, Efthimios Kaxiras™ & Pablo Jarillo- Herrom
b 8 4 0
A, (kQ) I
M1, 8 =1.16°
0.6
=2 10 Metal Metal
3
-~
g 04
%: Supercgnductor
g 03 '
E
@«
F o0z

0.1

" —1:6 -1.4 -1.2
Carrier density, n (102 cm2)

Lego figure: Geim & Grigorieva (2013)
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Van der Waals heterostructures

Atomic lego

Zhu-Xi Luo

Signatures of tunable superconductivity in a trilayer
graphene moiré superlattice

agher, llan T. Rosen™, E1i ), Fox*=, Lili Jia

Guorui Chen™*, Aaron L. Sharpe
f i*, Jeil Jung”, Zhiwen Shi®~, David Goldha

Hongyuan Watanabe®, Tk,

Yuanbo Zhang’'*!'* & Feng Wang'-1'**

UTcunvenuumarsupereunuuetvicy onr—=wenyg- interlayer coupling in van der Waals
magic-angle graphene superlattices heterostructures built from single-layer chalcogenides

uan Caol, Valla Fatem, Shiang Fang’, Kenfi Wetanabe’, Takashi Taniguchi’, Efthirsios Kaviras™ & Pablo Jarillo-Herrero' Wi Fang™®, Corsin Battaglia®®, Carlo Carrare®, Slavamir N,msab.d_ Burak Ozdol®", Jeong Seuk Kang™®,
Hans A. Bechtel®, Sujay B. Desai"®, Florian Kronast”, Ahmet A. Unal", Giuseppina Conti®, Catherine Conlon®™,

b A kO 8 L 0 Gunnar K. Palsson™, Michael C. Martin?, Andrew M. Minor™, Charles S. Fadley™, Eli Yablonovitch®™’,
xx ( } [ s ] Roya Maboudian®, and Ali Javey™™'
M1, 0=1.16° f ©Se @W S ®Mo B

0.6

LA >

PHYSICAL REVIEW LETTERS 123, 237201 (2019)

§ % wchoeleiieey ©

T e [001] zone
Electronic Properties of a-RuCl; in Proximity to Graphene I ’ ¢
L
k — +
Sananda Riswas®,"” Ying Li,'? Stephen M. Winter,' Johannes Knolle,** and Roser Valenti' 2 .,',‘ »
E Yot L e e o
|j'j TABLE 1. Comparison of magnetic interactions in meV for 2 #', I o ‘I o
0.4 strained a-RuCly (see text for description) from current study i 3 W _‘:’,-, g
and unstrained Z-bond of bulk a-RuCly in C/2m structure r'd' iI .;'Jf', 3‘0 v
0 from Ref. [10]. Values are obtained by exact diagonalization - L ;u J 4
T on two-site clusters employing U = 3 eV, Jy = 06 eV, A = ¥ g v *."‘
0.15 eV, w—
] /
Bond J K r I |K/J|
XY -0.5 -16.8 +1.8 -2.7 33.60
VA -0.4 -17.2 +1.9 2.4 43.00
Z (C2/m) -3.0 -7.3 +8.4 -2.0 2.43

Lego figure: Geim & Grigorieva (2013)
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Van der Waals heterostructures

Atomic lego

High-temperature topological superconductivity in bological insulator

QOguzhan Can, Taru

Nature Physics 17,

g], twisted double-layer copper oxides

Tummury Byan P Dav llva Flfimoy Andrea Damasecelli & Marcel Eranz 5

Justin H. Wilson®

Waals

M1, 8 =1.16°
0.6
PHYSI|
.ncm' m‘mm
Electronic H
Sananda Biswas®,"” Yi

Pirsa: 21110030

TABLE I. Co
0. strained a-Ru(
and unstrainec
p{ from Ref. [10].

on two-site clu

itve) Van der Waals heterostructures

Research on graphene and other two-dimensional atomic crystals is intense and is likely to
remain one of the leading topics in condensed matter physics and materials science for ...

1r U9 Cite Cited by 7899 Related articles All 22 versions

2D materials and van der Waals heterostructures

KS Novoselov, A Mishchenko, A Carvalho... - Science, 2016 - science.sciencemag.org
BACKGROUND Materials by design is an appealing idea that is very hard to realize in
practice. Combining the best of different ingredients in one uitimate material is a task for ..
vr UY Cite Cited by 3720 Related articles All 8 versions

tvL) Van der Waals heterostructures and devices

Y Liu, NO Weiss, X Duan, HC Cheng, Y Huang... - Nature Reviews ..., 2016 - nature.com
Two-dimensional layered materials (2DLMs) have been a central focus of materials
research since the discovery of graphene just over a decade ago. Each layer in 2DLMs ...
Yr UYJ Cite Cited by 1328 Related articles All 4 versions

ar chalcogenides

Jeong Seuk Kang™®,
lonti®®, Catherine Conlon
Eli ¥ ch*b,

b

ed materials enabled
surfaces

h M. Scheeler’, John C. Wright',

Bravais lattice

in Vishwanath?

e

0.15 eV,
Bond J K r P |K/J|
XY -0.5 -16.8 +1.8 2.7 33.60
Z -0.4 -17.2 +1.9 -2.4 43.00
Z (C2/m) -3.0 -7.3 +8.4 -2.0 243

Lego figure: Geim & Grigorieva (2013)

Zhu-Xi Luo
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What do we do with vdw materials? ./ ”)
E

A very rough map '
Zhu-Xi Luo nCam
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What do we do with vdw materials?
A very rough map
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B

A very rough map s X =
Zhu-Xi Luo A .

What do we do with vdw materials? . / Q }
g

. Device ;

—

4 Generator Realizer =

Pirsa: 21110030 Page 15/79



Outline

A very rough map

Moiré magnetism

Magic continuum in TB square lattice
k

*Continuous metal-insulator transition

Outlook

Kasra Hejazi, ZXL and Leon Balents, PNAS (2020) and PRB Lett. (2021)
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VdW magnets

- magnetic graphene!
e Can realize fundamental spin Hamiltonians

e Controllable ground states

e Possibility of unconventional magnetism.

X 400 - : : - - .
© [ : T{Fe, ;Coy 4)sGeTe
@ 350 room-temperature magnetism . I “
z t | CrTe,
@ 300 - i T TIFe.GeTe, 4
E L 11 ferromagnet (1184l t1e6 GeTe ZOO Of
¢ 250 -l antiferromagnet i e =
e r % multiferroi i
o fl s LTNiPSe, | TFe.GeTe.
= 200 I | eetey .
2 | | materials
S 150 - 1NiPS, | |
a 11CoPS, Feps,|{“TiFePse, i
E 100 [ | 1
[ LTMnPS; |1 - Ni Cr,Ge,Te, i
-%, 50 | SNiBr, =g anﬁélz". e gouems, vi, CPS,i il
© [Coct, TUtFeCl,  AgvP.Se, 11 gy, 1CUCPSes e 41|
o i1 1TFeCir, CoBr,|1 1111 mlt F‘e S S 3 e ;| LT
-'E 0k LMnCL, MnBrlT &, M, * it MnBi,Te, R'—'F‘z -
© 5 4 3 2 1 0

Figure credit: I. Verzhbitskiy (2020).

Pirsa: 21110030 Page 17/79



@ s . ® s @ o . & ' @ . & 8 & ' & 8 o
L] L3 L] L ] L J L] L] - L L L L L] L L] L] L ] L] L] L] L] L J
il o o o o L L @ L] L] L] ° Qo L] & o
L @ L L ® L L] ® L o ] L ® ] L o L o o L] " o - o
° ® ] e ® '] e ® ] @ ® ] 9 * ] ° v [ @ ® [ L) »
. » . L ® L] o - [ a L] L . L] . a o . L ® & .
'] [ o o ' a E) w o EY 2 w a L3 a ' e e ' s @ o a & Zhu-Xi Luo
L a L L L] a L] L] L L L] L L - L L L L] a L L] & L] a
[ ] ] 8 ] 8 2 -3 8 - - a2 2 [ 8 ] ] - - - - - [ R -
L] (] L] o L] - L @ - o " L] L] ® L] L] ] ] L
™ o a [ 'y @ 'y ® @ @ ] S 4 S . B °
L] ] L | & ] W L & L] L] & L] L] & L] e 1 j‘ & o
@ ° '] @ ® @ © '] ° ° ® & & ° [ (] .. [
L L L] L v s o L L] o L L] L] L] ] v <g]> (] L] L ]
k-4 L4 2 @ - L ] @ L4 L4 Ll e * * [ o L ] ] 2 e ] ° L ] L ]
L [ L] n L] » o [] L L] L] L L] ] L [ L] n s [ L] - L] o
e e o r ' @ @ ' ] & e ] e e e & @ o e e- @ @
- L ] L] L] L] L L L] L3 L ] L] L ] L
@ ] 4 L o L & a &
L ] L] L] ® L] L] L] o L] L] L ® L] L o L] o
[ ] [ ) a a a 2 [ ] L ] ] e [} L ] [} a ] ] [ ] 3
L ] L ] L L ] L] o L ] & L] L] & L] L ™ L] & L]
° L ° L v " @ ® ° © ° °
L a L L ] L L ] L L ] L . L ] L L3 L] L J
L] L ° L] L ] L L] ] ] L ] 2 L L ] ] ® Ll L2
L - L L L] - L] L] L] L L] - L L] L L L} L
° L] a ] 2 [ L ] L4 L] 2 ] [ ] 2
L L] L] L] L] L] L L] L L L] L L L L - L -
[ ] L a » ] @ L3 o bl L ] [
® L] . » . - o . - o a - o . - o - - - - - - ® .
™ ° ° ™ ® ° L] [ ® ° o ° ® ° @ 0 ® B . . ] ° ° °
o ® L o ® L ' ] L o - o o o L ] . a [ o
y .
A 4 b b b o s b b 4 s s s 4 4 aNéelvector N 4 4 4
L L] o [ o " [ o - o o - L ® L ] L [ '] L
o ° » - # M @ ® ® @ o ® e ' a o @ . ®
C ) L] L] ® ] L ) ] L o L] L] 8 . » I3 B o I I o ) L] L
e 2 L] B 2 & ! 2 2 a 2 B a 2 ! o 2 a 1] ki a8 -] a
a L] L] - L - n L] L] L] L] a L L] L L] L] L
[ [:] [ [ L ] 2 8 [ ] 8 ] & [ ] ) ]
o ® L] L] ® L ® ® L L] . L o o L . . L] o . » o . o
® . . ® e o ® ® 8 . . ® ® @ e '

Pirsa: 21110030 Page 18/79



|

3 y / =
= o 4 >N ) o B4 Pt d .
dd >N » W2a % PARE S~ # o P4
P . X
4 phd®  Prig S <4 X
\ & y e
% 4 9 2% _-G a ee-oa [ __,....~ 4 P4
_ < “
et & e aoun @
»—a —aP A" . —d e .Ve. iy o #—4
@ / 4 /
o—de9p @.0 9. —R —% GO Mn L)
—ap—o P - | »—a g —y
. —d 5
eo»ogn.oo« B MM»
ueomwo.ea:onw @ 90% ——9
< % S ST | W
e o < o 4 &9
R »—8 o 9 so-a® nonm. —9 R
o€ P »—d egt e o B oo =
| / L]
oo P o ot d PPt B »—R—4
b4 et o gt PANTEFEIE e on&a
y I d p
oo Queu m.n. —a—e nlu.o o
<
g ppid g g d %% b »2a %
k @
08 |~ ¥ Sy e b W o e
= & o o.vco %—d p—F % .Goee
\ ]
= 7 B4 e & @ [
14 g A& ,cr Vo ey b\ q%au
] — & <P ] & e
. &4 .“ {2 p—4e 4 = |
y F -
L} - = LA § 8 dp r - e
P - . F o @ o ¢ 4% N
B @
d P8 o % PR« e e
e A [
Py obu® . g4 »n—4 »—g e
o o
d e N e K P g 2 epda
(2 X o b | g 7
g d e ooom o P P o
oo%eo?a onuﬁ.nneeooo [
pg o N snoeo LNl PRl & o
: a .
d Pt - o Bdd P iy N d RN
/ o b
P4 4 ¥ 4P Wt el PPes Py <
: 2 .
P e S r— oo Py L &t
P @ &e—& by i
g—a ¥ P e % aas. L]
@ @
4 P2 4p Vair (I o et A 4 P
e—a . e | - —a,
a8« %p eo I o4 ) - —=a
i ol ™ —as 4 P20 e 2T p—1 > g4
] & . 2 o
o % % - >3 €0« P %o % " ¥ o
@ -2 4 ] b—of
d o—%—d T 5 Pp-dd P so%oou-ae 8 9.68 —t .wo% &
»—a P 3 e Pt o o € o4 P P4 oy et e e—a
4 \
d =i I Ppdd oRE S 2 g« P« 4 Betd pRE" . F o W
o 4 Ll & —dq
»—d PR 0.99 opa oar@ 9 0 o e [ S 2 A onog R
e —8 3 -
d o TN PRI 0 2 ok d PR gl d  bRE oowan
[ e L 3 o ]
[ e o!enoa.uw - -5l ¢ aooﬂ.o Oi@n. b
{ | g / o |
b2 | ] [ e & @ ] ]
& wil_g > - 2
$ 4 P K 4 M. E) o
Oﬁ.n\.ﬁ

Pirsa: 21110030

Page 19/79



L
@ e

L
0.000 e e g

Pirsa: 21110030

Page 20/79



@ | 7 2 | gy %
e—4 o ¥4 | o~ T e N &4 a4 oaun.o.n._u 4 O\ By )
o P o d g d BN bld e PR PAVEFERT pE prd

e -2 e 9 9 A &

p @ 8 ] :
oo g g N B4\ o€ ppid g d X A\

Pirsa: 21110030

Page 21/79



A continuum formalism

- Simple and elegant

e Restores periodicity, enabling Bloch’s theorem
N
e No need to consider numerous lattice sites with complicated local
environments

e Reduces the number of dimensionless parameters

TBG: Bistritzer and MacDonald (2011); Balents (2019)
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A continuum formalism

- Simple and elegant

Restores periodicity, enabling Bloch’s theorem

N
No need to consider numerous lattice sites with complicated local
environments

Reduces the number of dimensionless parameters

e Works for general elastic deformation. Assumptions:
- small displacement gradients 0,u < 1

- small interlayer exchange .’ <« J

TBG: Bistritzer and MacDonald (2011); Balents (2019)
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General formalism

e Eulerian coordinates = = R + u(x)

LAGRANGIAN

L
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General formalism

e Single layer: AFM Heisenberg model

Lo[NY = 55 ()" = 5 (VND)® + A (N7’

e Displacement effect:

(51

I‘_Z (afo.)Q - (32 (VNF)E "1['(5351.;_11!011Nf 'OUNI

,Cl{N[ uj] - p(sf.:ii.i.'+glfﬁlﬁf)

e Interlayer term based on locality and translation symmetry:

a/ Type IL : MnPS3

R. Brev, Solid State Ionics 1986, 22,3
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General formalism

e Single layer: AFM Heisenberg model

LolNI) = 505 (0N0)* = £ (VN + d (NF)’

e Displacement effect:

(51

I‘_Z (OfNI.)Q - (32 (VNr’)z +(5351.;_1u01_LNf ‘(.),,N]_

,Cl[N[? u;’] e p(sf.:ii.i.'+glfﬁlﬁf)

e Interlayer term based on locality and translation symmetry:

a/ Type IL : MnPS3

R. Brev, Solid State Ionics 1986, 22,3
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Interlayer term

e Minimal Fourier expansion
3 3
Si(x) = noN; Zl sin(b; - R) = ngN, Zl sin[b; - (x E wy)]

The interlayer Heisenberg coupling

3
J'8 -8y~ J Z(:os(b,- cu(x))

1=1

e Rigid twist

3

J'®(x)=J ) cos(qi-x), qi=0zxb

=1 P =

e Dimensionless coordinates @ 5,
N e e 4
H = Z[(VNHE _ __.-")’(L-Nrf)zj —a®(X)N; - N, ’ |/
! fas by
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Isotropic case

H =" [(VN)? = B(N/)*] — a®(X )Ny - Ny
l

N_""r = sin ;& + cos Oz E
l

H=|Voi|* + |Va|? — a®(X) cos(¢py — ¢2)

e Large a: parallel or antlparallel
depending on the sign of ®(X § ﬁ
e Small a: perpendicular.
e Three Goldstone modes and flattening . ﬂ N
of magnon bands at large a. :

Pirsa: 21110030
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Isotropic case
H =" [(VN)? = B(N/)*] — a®(X )Ny - Ny
l

N_"'f = sin ;& + cos P,z T
l

H=|Voi|* + |Va|? — a®(X) cos(¢py — ¢2)

e Large a: parallel or antiparallel 7
depending on the sign of &(X) :

135

130

e Small a: perpendicular. .‘fis.

e Three Goldstone modes and flattening .
of magnon bands at large a.

2 N Bk o oo
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Twisted-a

t 1 ]

s = Qg = 0 or

Single-ion anisotropy

H=>) [(VN)* - B(N;
1

Twisted-s

T ¢s=m,

l

)] — a®(X)N; - N,

L)

0.8

Collinear

0.2+

Twisted-a

0o 02 04
€y

1+ o

0.8 1
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Single-ion anisotropy

= t :

Zhu-Xi Luo

0]

+

Pirsa: 21110030

H = [(VN)? - B(N7)?] - a®(X)N; - N
l

i A . ;
H = 5(\V¢)3|2 + | Véa|?) = (a®(X) + 3 cos d,) cos ¢

Twisted-a

t 1 ]

s = 0 =00t

Twisted-s

T ¢Qs =T, Qa = Oorm

Ga = P1 — P2

Collinear

Twisted-a

0o 02 04

0.6 0.8 1

Q
1+ o
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Other examples

Zhu-Xi Luo

Zig-zag AFM
CoP$3, NiPS3 ¥ : -
(e) i & "
3 _ ;
(c)
+ f H
. _ i
SN 2 ke | = F
-/r",.: CoPSy, NIPS, *0 :r . = = 3
o0 F / 4 |
a Type IIL: FaPSy — + + =
R. Brev, (1986).
k
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Other examples

Zhu-Xi Luo

Zig-zag AFM
CoPS3, NiPS3 : . -
+ + +

(c) - . W

+ : il +H
e - + . —
i |
./r.n-i CoPSy , NIPSy g & s - mn
oo - f |
R. Brev, (1986). ' '
FM: Crls a=4
Im v}
z P I\ L/ Ya Ya . I
o--*;d +o .- = ; o
@ P\ O /

Q p-ia ,.ff., (O v ol | .
00 b-+3 : : : | i : 4 =
KiNCO \eaNTeaNYe, b

dhb-‘yj-d‘b a L: __: __:

b b Plotted using data from g O il 2m
Dillon et al, (1965) & (1966). Sivadas et al, Nano letters (2018) "
) ) I
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Emergence of a noncollinear magnetic state in twisted bilayer Crl;

Yang Xu'”, Ariana Ray', Yu-Tsun Shao', Shengwei Jiang', Daniel Weber’, Joshua E.
Goldberger’, Kenji Watanabe®, Takashi Taniguchi’, David A. Muller'”, Kin Fai Mak'™>®",
Jie Shan'™*"

Q.

b=4°

=]
T

MCD (x107 )
3

MCD (x10°7)
a

MCD (x10°)
MGD (x10™)

Matural bilayer

L
05 10 15

L L L L i L L L L L
-1.0 -05 0 as 10 15 15 -1.0 -05 0 05 10 15

0
B(T) B(T) B(T)

3
Natural bilayer Small twisting Large twisting

AFM mixture FM
Large o Small o
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Magnetic skyrmions in vdW magnets

Monolayers
B mweooe o= “ﬂ\QI\Q-CKOJ\".C',\‘”A. ) R :
T ‘a; e ul‘ﬁ:%:w “a" 0 0 0" f-vvvf"‘ J. ©l A x x_0
gﬁ e HLSEND AN
AR 330 KR
@ Fel  Fe2 o Ge G n “\d L7 L “r,: [ 6 &b &

“CRLRRL.

& L X

al, Q Q DX
I

¥ (nm)

Chromium Iodide

Janus materials Crl3: Behera et al, Appl. Phys. Lett. 114, 232402 (2019).
Fe3GeTe2 Janus: Yuan et al, Phys. Rev. B 101, 094420 (2020).
FGT: Wang et al, 1907.08382 (2019);
Park et al, 1907.01425 (2019);
Ding et al, Nano Letters 20, 868 (2019)
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General formalism

e Single layer: AFM Heisenberg model

Lo[N] = 31& (O, N})? — g (VN})? +d (N7)?

e Displacement effect:

(51

I‘_Z (()i‘]-\lf)2 — (32 (VNI')J +5351.pwauNf 'auNf.

‘Cl{N,‘. uf.] == {)(E!.:I'JS+EITIi);;)

e Interlayer term based on locality and translation symmetry:

= Z (ﬁ{)[N]] + ﬁl[Ng.u;D + [:Q[NI,NQ.‘LM == UQ]
=12

a/ Type IL : MnPS;

R. Brev, Solid State lonics 1986, 22, 3
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Magnetic skyrmions in vdW magnets

Monolayers
@D wmaeolemem(b) e esase e
o e &o0000
- »p»,.._
&’@o"e% " esesENNN)
Y
fj/j,?aﬁ ;qb by, 0; Ur9}~0.v >“U)'v‘
by %i @ -8 8 e
df Ds )a \—1‘¥
@F1 UF2a G @ T T he ba be

"RRLRRL,

[ Re; L 1

Chromium Iodide

. CrlI3: Behera et al, Appl. Phys. Lett. 114, 232402 (2019).
FolGeTe? Janus materials

Janus: Yuan et al, Phys. Rev. B 101, 094420 (2020).
FGT: Wang et al, 1907.08382 (2019);
Park et al, 1907.01425 (2019);
Ding et al, Nano Letters 20, 868 (2019)

Pirsa: 21110030

Page 37/79



Moireé skyrmions

in untwisted heterobilayer van der Waals magnets

e DM interaction in the FM layer and anisotropy in AFM

P2

. . r
Ho = %(VM)z + 5 (VN)*+ DM - (V x M) — C(N.)"

e Small mismatch

vy

H =T8-8~J M- NZSin(di )

e Effective Hamiltonian for the AFM layer

H = %(VM)Q +BM - (V x M) + oM, ®(x)
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Different limits

Zhu-Xi Luo

H= %(VM)Q + BM - (V x M) + oM, D (x)

e When a = 0, spirals of period 2z/f  voriya (1976).

e # =0, alarge: coplanar twisted solution with SO(2) symmetry

M = (cos qy, 0, sin qy)
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Different limits

Zhu-Xi Luo

1
H = 5(VM)2 +BM - (V x M) + oM. d(x)

= —28M - (2 x VM) = 2M_ (8, M,, — 8, M)
e When a = 0, spirals of period 2z/f  voriya (1976).

N
e # =0, alarge: coplanar twisted solution with SO(2) symmetry

M = (cos qy, 0, sin qy)

? K '\ﬁ!s&‘\".\t\'\ '\\\\\‘ O L e
\.‘ ‘ 2
4
v‘é}
N,
!"’ :’:f;'g".;.:.i
’4\} bt
!
&
r‘ L&h&k&klmhk&hm;mnm&Qle&.a.
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e e e e G S i
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H=-

Different limits

2(VM)2 + BM - (V x M) + oM, D (x)

—28M - (2 x VM) = 2M, (8, M,

e When a = 0, spirals of period 22/  woriya (1976

Yy e a-y ﬂ"[z )

e # =0, alarge: coplanar twisted solution with SO(2) symmetry
M —

((:os qy, 0, sin qy)
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L3

Commensurate configurations

Zhu-Xi Luo
e A e A @ “' e f e f
o] o] @\ /e o] S e @ \_/ 0O © /[ ©
} i e .‘. '.4. e ‘\\ A ._‘\. 4r ® __‘. J ® \\
3-state clock vertex Ising vertex
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Commensurate configurations

Zhu-Xi Luo

3-state clock vertex Ising vertex
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3-state clock vertex

Commensurate configurations

IC ~
24 / Twisted — 1

A

Moiré skyrmion

& Stripy Ising

Stripy Ising

Twisted — 0
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10 15

(8]

20

Ising vertex

Numerical minimization

Zhu-Xi Luo
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