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Solid State Physics

« Atomic species
determine material properties

« Periodicity of atoms




Period of atoms

Long period

Short period

Material properties
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 Period : 0.1-1 nm (1 nm = 10° m)

limit variability !!

« Compression / elongation : < 1%




Moiré Crystal

Interference of periodic patterns
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lattice period

difference in lattice period difference in lattice orientation



Moiré Crystal

ATAL

conventional materials: a5 ~ 0.1-1 nm

moiré crystal: Ly, ~ 1-100 nm (*)
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Angle Dependence (Absorption Spectrum)

(otwisted bilayer graphene 0-Bernal)
Theory Experiment

Moon and Koshino, R. W. Havener, Y. Liang, L. Brown,
Phys. Rev. B 87, 205404 (2013). L. Yang, and J. Park, Nano Lett. 14, 3353 (2014).
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Wide Spectral Range

e direct gap
o indirect gap = -

III-V materials, composite

gap energy (eV)
(wu) Yybusjarem
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Moiré crystal
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Moiré Crystal in Magnetic field
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How the spectrum looks like?




How Nature

“‘energy | harmonizes the two?




Hofstadter Butterfly

Energy (in unit of band width)

® magnetic flux

D. R. Hofstadter, _
Phys. Rev. B 14, 2239 (1976) ®, magnetic flux quantum
B magnetic field




Fractal (Self-Similar) Energy Spectrum

1st generation

DDDDD D ] D R 00 00o oo oo

4% generation

At o

]

2nd generation

T

N
L] .
3rd generation
]
~
~
I D
~
1 D
7
C//
7
7
]
Joubyg U Uol U



Condition to Observe Hofstadter Butterfly

The two scale are quite different !!

>||< | lattice period | | |(~ 0.1 nm)

magnetic length

B (T) lg (Nm)
1 25.7

10 8.11

10,000 0.257




Hofstadter Butterfly by High Magnetic Field

B ~0(10*T) for usual crystalline
solids [L ~ 0(0.1 nm)]

Energy (in unit of band width)

ELN

~80,000 T

spectrum obtained by blowing off the facility




Hofstadter Butterfly by Large Lattice

feasible magnetic field

B, (Tesla)

Lattice period (nm)

ordinary crystalline lattice




Hofstadter Butterfly by Large Lattice

Moiré Superlattice

superlattice by incoherent
stacking of atomic lattices

=
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O/ Dy=1 R. Bistritzer and A. H. MacDonald,
(strong field regime) Phys. Rev. B 84, 035440 (2011).
O/D,20 Moon and Koshino, Hofstadter butterfly

(entire regime) Phys. Rev. B 85, 195458 (2012). at moderate B !




Hofstadter Butterfly by Moiré Superlattice

nearly monolayer’s Landau levels

Moon and Koshino, Phys. Rev. B 85, 195458
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Hofstadter Butterfly by Moiré Superlattice

0 = 9.43° Moon and Koshino, Phys. Rev. B 85, 195458
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Bilayer graphene / hBN Monolayer graphene / hBN

C. R. Dean, L. Wang, P. Maher, C. Forsythe, B. Hunt, J. D. Sanchez-Yamagishi, A. F. Young,
F. Ghahari, Y. Gao, J. Katoch, M. Ishigami, M. Yankowitz, B. J. LeRoy, K. Watanabe,
P. Moon, M. Koshino, T. Taniguchi, K. Watanabe, T. Taniguchi, P. Moon, M. Koshino,

K. L. Shepard, J. Hone, and P. Kim, P. Jarillo-Herrero, and R. C. Ashoori,
Nature 497, 598 (2013). (—: theory) Science 340, 1427 (2013).




Conclusion

Der Schmetterlingsjager (The butterfly hunter) by Carl Spitzweg (1840), Butterfly and Chinese wisteriaflowers by Xu Xi (970)




Thank you for your attention ==
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Optical dichroism
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