\
o,

O H AL oA ' &2

Quasicrystals

. 14 ) w1\
Y. : ’ :
-) 74 ;}4 ;: ‘ " ‘ '
s and lopologica

—
=< e<s

"?'" - ‘m\‘

oshino (Osa
o= ,“-»\‘? -

¢ Grant-in-Aid for Transformative Research Areas(A)

- Science of 2.5 Dimensional Materials

—_y e -
2_5B‘Materials Paradigm Shift of Materials Science Toward Future Social Innovation




Moiré 2D materials

moiré pattern from rotation moiré pattern from lattice mismatch




Twisted bilayer graphene (TBG)
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Flat band and superconductivity

10 5 0
R, (kQ) NN .

N

—

Temperature, T (K)

’ \
’ \
./ Superconductor
’

A8 =B =% <P 1P 08
Carrier density, n (10'2cm2)

Flat bands at a magic angle

Correlated Insulating states and
supercondutivity at magic angle
R. Bistritzer and A. MacDonald, PNAS
108, 12233 (2011). Y. Cao et al, Nature 556, 43 (2018)

Y. Cao et al, Nature 556, 80 (2018) —

M. Yankowitz et al., Science 363, 1059 (2019).



Family of moiré 2D materials

Twisted bilayer graphene Twisted multilayer graphenes

Park et al, Nature 590, 249 (2021)
Graphene-hBN  Dean, et al, Nature 497, 598 (2013)

a i B | ABC-trilayer graphene-hBN
o(_L AT 3 O'UZ

w_0.05

-0.10_#/

40

1/4-filling Mott insulator

TMDC-TMDC Al s

. smi 3 sma: * - nit O‘fcm"") ! :
C. Jin et al, AR A
Nat. Phys. 15, 1140 (2019) N e N Chen et al Nature 572, 215 (2019)
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Twisted bilayer graphene (TBG)



lod

V 4

ire per

Mo

= 10°

0

o

982,
KRNI
Y
(SO
SN IO
0a

oS8 SsC e

RS SRS LIS

§ B R O
S B
SN a e s Sy N
SRR

R INIIERS

SO0 2 ” O

a%a».%&%%@% 1 EATCRS
47 ¢ SO

oS,
O EIRTES
IR R LK IS
I R A S AT
S NNy,
Sagsstity

=5
LS

s
o

SE 268,
{0 LIRS
e ede, 55
= 04 e GRS
CERND

S52e
AN
SIS BB

S
eReesss
XL

5

m‘
GO, 507
BRI 3
SR
LIRS
LSS LTS

(4303
SRS RTIATEIAIAI AN 7
unuee%@w\&mww%vw”ﬁe X muwa%.aa Sa%e s
SSPLILE0 n,u.m,m.an‘, SN G«G&mﬂ.&u

s e
SIS
A
RO
(EQEONSRN, SO A8
S
RESS

(0%
KRNI
X LILAEEO

PRI
L

G

X

X
33

55 2

52, &

Aro P -

ORI CERERIEY XSy e,
SR RIS SRR SEesaseee!
(3oLl e s s ST

SPLECEIRINTY RS p,f.%e%ewa
e SRLFOSER
(TR

o
e“«e%.?
AL
S QAL
(FLS08%
L0558

9,
SO
a.m.«“wwmw%a.%,.ﬁ. o
O 00y 00, A ZERK
N C 0 0y N6 40, s, LRI
LB EOREAIINDLILHE SIS
FONIVLRLELS 000,020
SRecegesezas LTRSS

X
R
S

SeIS
SIS S = =
RO RS ¢ XS OIS o 3¢

SROSEATIAS R e S A T IS
RSB R R

¥, EEEOASY XN RA BT D248 SRERAPEA SRS SO
RRTLLEERN R R R A R SRR DTSSR
{2

K X N BRSS oot
SRS RE S0 a0
KRR RN ISEESTIALIALS SRS
2, v"e:m“w"—. % e,e...sust ook ORI S0
SR X5 LA
2 R0 S SRR
o8 XIS H%
2

RO
IO AR
R0, & R4S waﬁ.ma

o vs
SRAILHE

e

3 o2,

SRBEELS SR
RN 58X SRSRESEEE AL asal o

: 55 a0 OO LK KRR

SRRSO K ~3&Moese? S

®

o
tags

0 SR !
R KRK R 0200l TSR RIS
R0 S X o5 LRSS
SRR 2% QU
5
=

RIS 0200

LSS RO IS
ot FOREXS ORI SO
X IRBLILAS SRR R
33 SR EER
Spatanete TR

COROROLL
AR, 0
SRRSO T T
3 AR ORI T
RIS 2,
SRR :wus

SR
ERERIRER OO LS
EERLLS R S sis X

KRR, SRR RULT KKK R 242,

R R R R SR SRR NN RO RO KRS RO IR RO KLY

B OSSN SO0 K RS S e edvr s
B e OO KE R RN
SRBL L SO SOOI, RXRRR PBCEOROREE N GE O 0r0L0,010, 20,0y}
LB EERER o sty O SIZIRGS 9 XSO Yoy,
D 0 293 20304 X et 9359 KIS RN oty
SLLLLRERERS SoRe LOLHOEOLIIN NSRIARLLIIROL
EEEEESEi e Fegeeees eeetecrsrraas,

CEERERES
s SR
y2e?

o Ze

ERE

FELED BEIEES
DS S

2.82nm

7.04nm

L=



Continuum model

Huge number of atoms Coarse-graining
10,000 at 8 = 1°) to extract the long-wave components
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Continuum model (k-space picture)

(a) Layer 1 Layer 2
/ \
10& \ g
2
5
T —]
S K,
= o0 & P
e K.
5 q3

ky [1/a]




Lopes dos Santos et al, PRL 99, 256802 (2007)

I I I Bistritzer and MacDonald, PNAS 108, 12233 (2011)
Contlnuum Ham||t0n|an Kindermann and First, PRB 83, 045425 (2011)

Moon and Koshino, PRB 87, 205404 (2013)

e ) graphene’s Dirac Hamiltonian
7 Hy (U7
eff — 'U T Hy= vo-p
U} Ho)

v

Moiré interlayer coupling:

(UAA UAB) — u, [(1 1) oldbT 4 (j) af) piddT 4 ( 1* Ci)) eiq?r] - Layer 1

1 1 w

Usa Uss Layer 2

—\

Layer 2




Band structure of TBG

Layer 1 Layer 2

ky [1/a]




Flat band physics

Total energy of electrons = kinetic energy + potential energy
(band energy) (electron-electron interaction)

E E

A

flat band

) 0

K, k
/

No kinetic energy

y

v
~
X

— physics is governed by
electron-electron interaction!



Correlated insulating states & superconductivity

. Band filling
6=1.10 \Y g (number of the occupied minibands)
0 =1.05

0.03 ,-
K, K’
002} ]

v=+4
ooty ]
r"__< — _____ e
\~Q'~ -------- ’fﬁ:-—_—-—-—"_—— 3
-0.01 v=—4 ]
0.2 ” )

-0.03 . “
K 14 U K

8 minibands

(including spin and valleys)

n(102cm™)

Lu et al.,

Nature 574, 653 (2019). Band i lat
and Insulator

Superconducting  Correlated insulator



Moiré phonons
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Local stacking structure in TBG

AA: highest energy

AB / BA: lowest energy

=
6]

Binding energy (meV/Atom)
o =

o




: : N d Koshino,
Lattice relaxation of TBG Phys. Rov. B 86, 075311 (2017)
. . -2 0 2 4 6 VIV,
Local binding energy N N. N. T. Nam
(Tohoku)
ex.) 8 = 0.547° No relaxation With relaxation

QA/L,\,|="25.8nm 4258””

See also:

K. Uchida, S. Furuya, J.-I. Iwata, and A. Oshiyama, Phys. Rev. B 90, 155451 (2014).
M. van Wijk, A. Schuring, M. Katsnelson, and A. Fasolino, 2D Mater. 2, 034010 (2015).
S. Dai, Y. Xiang, and D. J. Srolovitz, Nano Lett. 16, 5923 (2016).

S. K. Jain, V. Jurivci’c, and G. T. Barkema, 2D Mater. 4, 015018 (2016).



Theoretical method —— continuum approach

Nam and Koshino,
Phys. Rev. B 96, 075311 (2017)

N. N. T. Nam

- Elastic energy (Tohoku)

2
1
Up =Y / 5 1O+ W@l +ul)? |l — ) +4)?| } d?e
=1

ut) = (9u\" + 0;ul")) /2 strain tensor,

p and \: Lameé factors.
-Binding energy

Up = / VI[o(r)]d?r.

3
V[d(r)] = Z 2Vh (:os[G?”I T+ a’;(um —uM)]
j=1

‘ Minimize the total energy
(Numerically solving Euler-Lagrange equation)



Lattice distortion in atomic level

Original structure (No distortion) Displacement vector (layer 2)
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Moiré phonons in TBG

5

(a) No coupling

-

¥ no coupling }
LN

N
\
\,

1PN N
:

=

Sz\_zis.?bsor §
_

=
e

(b) 2.65° [y = 6.43meV]

7 AN

K £ M K DOS

(f) 0.547° [, = 1.33meV]

M. Koshino, and Y-.W. Son,
Phys. Rev. B 100, 075416 (2019)

§ Flat phonon bands

R

5 |
<




=X [Lwv]

=X [Lwv]

=X [Lwv]

Moiré phonon wavefunctions

4

6 VNo

2 0 2
AB I T

10

| AA

12 y L]

M. Koshino, and Y-.W. Son,
Phys. Rev. B 100, 075416 (2019)
M. Koshino and NNT Nam,

Phys. Rev. B 101, 195425 (2020)

\TATA

Vibration of "big atoms”




.y . Krishna and Koshino,
Moiré phonons in G/hBN 5 c rev 5 107, 115301 (2023)

Graphene h-BN
Lukas Krisna
(Osaka)
1.8 % lattice constant mismatch
C B N

L/ IV

w (meV)




“Chiral phonons” in G/hBN

=0°
=———=s
e
| %7' %
7th I R
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3rd g \_\
<1st e il |
0
K_ 14 H Ky

Krishna and Koshino,
Phys. Rev. B 107, 115301 (2023)

G/hBN: inversion symm. broken

@

Angular momentum in phonons

, 02 0 02
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Twisted trilayer graphene (TTG)



Twisted trilayer graphene (TTG)

layer Naoto Nakatsuiji

Iayer 1 (Osaka)

) ¢
11111
O ¢

lllll
YO

lllllll

llllll
IIIIIIII

““““ moiré 23

moiré 12 iré-of .
moire-or-moire Zhu et al, PRB 101, 224107 (2020)
Zhang et al. PRL 127, 166802 (2021)



Nakatsuji, Kawakami and Koshino,
arXiv:2305.13155; Phys. Rev. X in press.

TTG)

(

Twisted trilayer graphene

[al~4~4

aa stack

How the lattice relaxation occurs?

AA stack between
layer 1 and layer 2
AA stack between
layer 2 and layer 3
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Nakatsuji, Kawakami and Koshino,
arXiv:2305.13155; Phys. Rev. X in press.

Lattice relaxation in TTG
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Nakatsuji, Kawakami and Koshino,
arXiv:2305.13155; Phys. Rev. X in press.

Lattice relaxation in TTG

(614, 6%3) = (1.79°, 1.58°)
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Nakatsuji, Kawakami and Koshino,
arXiv:2305.13155; Phys. Rev. X in press.

Lattice relaxation in TTG

C2 (612, 23) = (2.64°, 2.45°)
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Nakatsuji, Kawakami and Koshino,

Why are the domalns favored? arXiv:2305.13155; Phys. Rev. X, in press.

Preferred rotation direction of the middle layer

Moiré 12 Moiré 23

Cf. twisted bilayer graphene

- .
=

Completely frustrated Energetically favorable !



Nakatsuji, Kawakami and Koshino,

EleCtrOnIC S’[FUC’[U re Of TTG arXiv:2305.13155; Phys. Rev. X, in press.
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Energy window with low DOS featuring 1D electron bands




Nakatsuji, Kawakami and Koshino

TOpOIOglcaI dOmaIn-Wa” mOde arXiv:230,5.13155; Phys. Rev. X, ir’1 press.
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Topological gap labeling in
moire trilayers



hBN / graphene / hBN trilayer

(b) hBN

Experiment:

N. R. Finney et al,

Nat. Nanotechnol. 14, 1029 (2019).

L. Wang, et al, Nano Lett. 19, 2371 (2019).
Z. Wang, et al., Sci. Adv. 5, eaay8897 (2019).
Y. Yang, et al., Sci. Adv. 6, eabd3655 (2020).

Double moiré pattern

Theory:

Andelkovic, et al,

Nano Lett. 20, 979 (2020).
Leconte and J. Jung,

2D Mater. 7, 031005 (2020).
Oka and Koshino,

Phys. Rev. B 104, 035306 (2021).



Energy SpeCtrum of BN /graphene / B Sﬁ?ﬁ'&dfér}igij 035306 (2021).
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Interference of the two periodicities i
-0.2

- fractal gap structure i
like Hofstadter’s butterfly

- Any topologial characterization

for energy gaps?? 0.0 05 10 15 2.0
Twist angle %= — 6#[°]



Topological numbers for energy gaps

Oka and Koshino,

(Vi) Vias Veas Vo, Vou, Vas) Phys. Rev. B 104, 035306 (2021);
1227132 P14y T2 T240 T34 Koshino and Oka,
= (-1,0,1,-1,0,—-1) Phys. Rev. Rsearch 4, 013028 (2022)
0.0

(-1,1,1,0,1,-1)
S8.a2.=4,2,<2,3)

(—4,2,4,—2,2;—4

—n .
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Energy [eV]
o
[\

(6) _47 _81 )

Twist angle 8%= — 67 [°]



Quasicrystals

Alloy quasicrystals Cold-atom optical lattice

Viebahn et al, Phys. Rev. Lett. 122, 110404 (2019)

)
D

W4
;[‘»

Freedman et al, Nature 440, 1166 (2006)

S0+ & & @ -

. 4D o

-------
ko /k

Optical density

Quasicrystals =

Redundant lattice vectors
more than the spatial dimension




Single moiré system = crystal (periodic

Real space k-space
Brillouin zone
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Double moiré system = quasicrystal

Real space k-space
(Brillouin zone)

Redundant lattice vectors
more than the spatial dimension

— “moiré quasicrystal”



Oka and Koshino,
Phys. Rev. B 104, 035306 (2021).

Topological gap labeling in quasicrystals «esninoand oka

Phys. Rev. Res. 4, 013028 (2022)
120

Periodic system
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Quasiperiodic system
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i 1 v”, Brillouin zone area
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Multiple Brillouin zones

Integer .
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Topological gap labeling in hBN / graphene / hBN

Quasiperiodic system

(V12, V13, V14, V23, V24, V34)
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Oka and Koshino,

Phys. Rev. B 104, 035306 (2021);
Koshino and Oka,

Phys. Rev. Rsearch 4, 013028 (2022)




Koshino and Oka,

V] = a SeCond Chel‘n number Phys. Rev. Research
4, 013028 (2022)

Adiabatic pumping in interlayer sliding 4D Quantum Hall effect

M. Fujimoto, H. Koschke, and M. Koshino,

Phys. Rev. B 101, 041112 (2020). Electromagnetic response
@4p) _ € A
]li =ﬁC(2 EI'W va/lEp

Second Chern number

1
A A i AR e B R
= Jpz

+szFwy)
A — i[(auu|6vu) = (avu|auu)]

X.-L. Qi, T. L. Hughes, and S.-C. Zhang,
Phys. Rev. B 78, 195424 (2008).
movement Of moiré pattern Y. E. Kraus, Z. Ringel, and O. Zilberberg,

Phys. Rev. Lett. 111, 226401 (2013).
— charge current

i .. 1
... quantized by Vij Cf. First Chern number: ¢ = _— | d2k F*Y

T Jpz



Koshino and Oka,

Mapping to higher-dimensional system "2 Reconcn

4, 013028 (2022)

2D system + a periodic potential 3D system + B field

potential slides!




Koshino and Oka,

Mapping to higher-dimensional system "2 Reconcn

2D system + 4 periodic potentials

potentiaLgf b; slides

ol

4, 013028 (2022)

6D system + B field

E-field along z; | %1 %2, 43, A4

Quantum Hall effect.



. . Koshi d Oka,
Physical meaning of v, j Pﬁf/s.nF?eTReseaarch 4, 013028 (2022)
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Koshino and Oka,

Adiabatic Charge pumping Phys. Rev. Research 4, 013028 (2022)

Charge pumping by sliding a single potential
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Mapping to a high-dimensional system 2o

Phys. Rev. Research 4,
013028 (2022)

2D quasi-periodic system 6D system + B field

B3 E .
Bl 4
21,2223, Zy <_ BZ
B, |
'

1

Electromagnetic response
in (x,vy, z;, Zj) -subspace (4D QHE)

Adiabatic charge pumping
in potential sliding

1 1
_ - (4D 2
AP; = 2n 2V (bjxe,) 4—:—? D) = 47r2 i(BjXey)
J
: Second Chern number
Quantization of _ 2 Quantization of
- vij = Cj;

electron density 4D Hall conductivity
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