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The Surface is Cool.
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Bulk States -Low-D Electronic Systems
-New Periodicity

& Topological surface states -Broken (Space-Inv.) Symmetry
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1. Shockley states (extended)
Tamm states (localized)

Chemical bonding,
Surface Potential

2. Image states
Image charge
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3. Surface space-charge layer
Bending of bulk bands

4. Topological surface states Quantum Hall Effect
Spin-orbit coupling < Edge states of Q(S)H phase
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Mono-Layer Ag on Si : Si (111)-V3 x V3-Ag Surface

H. Aizawa, et al., Surf. Sci. 429 (1999) L509
2D Metal T. Hirahara, et al., Surf. Sci. 563 (2004) 191
C. Liu, et al., Phys. Rev. Lett. 96, 036803 ( 2006)
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-Inert and atomically flat surface

. Parabolic Dispersion:
-Free-electron-like surface state Free-Electron-L ike State

Graphene on SiC crystal surface
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A. Bostwick, et al., Nature Physics 3, 36 (2007).
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Atomically Flat Ultrathin Bi Film on Si(111)-7 X7

1. Nagao ¢f al, PRI 93 105501(2004)

T. Nagao ¢t al.,
Surf. Sci. 590, 1.247-252 (2005).

" Epitaxial growth of Bi(111)
on a wetting layer on Si(111).
*Surface states come from
dangling bonds.
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Bi(111) 20ML-thick Film (1st Principles Cal.)

Dr. G. Bihlmayer
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First-principles calculation

Red: Spin-Up for free-standing Bi slabs
OO Biue: Spin-Down including SOC
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Pure Bi

»Semi-metal in Bulk

- Conduction band and
valence band are
connected by the
spin-split surface
states

T. Hirahara, et al.,
Phys. Rev. B 75, 035422(2007)




ARPES of Bi(111) Ultrathin films —QWS and SS—

T. Hirahara, et al.,

Phys. Rev. Lett. 97, 146803 (2006). <
(0]
w /
Quantum-Well States > [
Surface States E
— E
©
Conductivity of Bi thin film a % ) :
_ P - DOS D(E)
fsurface-state conductivity z (nm) Wavenumber k, (") (vt )
g EF = EF 3 =
o ;
~ 0.2] (ofel: . |
W
5 0.4 0.4 |
() :
c 0.6§ 0.6§
w2 :
g) 0_3 0.84
o i i
£ 104 1.0}
oM : 40 BL thick
0.0 02 04 06 08 0.0 02 04 086 oh_j; Q0 02, .04 _ 06 omg

I M
Wavenumber k (A1) Wavenumber (A1) Wavenumber (A1)

Si(111)—'3xV3-(Tl, Pb) FRMEHEE T DRashbaZhREBERE

A.V. Matetskiy, et al.; PRL 115, 147003 (2015).
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Spin Split and Cooper Pairs in Free-Electron Band

Band Dispersion ky Fermi Surface
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Topological Surface States

Bi,_ Sb,, Bi,Tes, Bi,Se,,

Analogue of Edge States in Quantum Hall States (2DEG)

= Extension to 3D Materials
& Strong SO Interaction produces
effective B.
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Various Surface States
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Crystal Structure of Bi,Se; (Bi,Te,)

H. Zhang, et al., Nature Physics (2009)

S. Borisova, et al.,

Cryst. Growth Des. 12, 6098 (2012)
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Dirac Cones of Topological Insulators
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Growth and Band Structure of Bi,Ses

Y. Sakamoto, et al., Phys. Rev. B81,165432 (2010)
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L. Taniuchi, ef al., to be published.
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Various Surface States
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Edge States Toward Quantum Anomalous Hall Eff.
T. Hirahara, et al., Nano Letters 17, 3493 (2017)
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Quantum Hall Effect at 2DEG Magnetic Topological
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