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Metal, insulator & semiconductor

I
Metal & Semiconductor (doped) quefuI :

®carry current

[ Interesting !
€Response for small input

€lots of instabilities

€magnetic ordering

€superconductivity

p—

Insulator &\/gemiconducfor (infrinsic) %

" Q: Boring ¢

\A/ Band gap Yes, maybe

el BN (before 1980)
‘ “ % [ANo carrier

[ No response for small perturbation

Er




Metal, insulator & semiconductor

Insulator & Semiconductor (intrinsic) Q: Boring 2
e(k)

\A/Band gap NO/ lf'/S a fun

Er
P (Today:2013)
7 Nk
[/ Useful ! -
¢Dissipationless current (2) Non-trivial
glnferesﬁng / insulators

¢Lots of varieties logical
¢ Polarized phases (fOpO ogica )
¢ (Magneto-electric) polarization

¢With Spin-orbit with/without coulomb interaction



Topological

Metal, insulator & semiconductor

Insulator (semiconductor)

[Physicsj Stable for small but finite perturbation

(math |

g: # of holes

\

g=1




Metal, insulator & semiconductor

Topological a2~ Insulator (semiconductor)

[Physicsj Stable for small but finite perturbation

E%/] Not joking: physicists are a bit more serious
m
/7 N\

Something

to be observed & useful !

“EDGE STATES”

“Dangling bonds” exist | when non trivial !

Bulk-edge correspondence
Y. Hatsugai, Phys. Rev. Lett. 71, 3697 (1993)



Energy gap and its origin

Energy band (Bloch’s theorem): energy region of extended states

Stable for small but finite perturbation

Not joking: physicists are a bit more serious

Something

to be observed & useful !

“EDGE STATES”

“Dangling bonds” exist | when non trivial !

Bulk-edge correspondence
Y. H., Phys. Rev. Lett. 71, 3697 (1993)



Energy band & gap : physicist & chemist € go.1, if 'm wrong
physicist

itinerant electrons
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Energy band & gap : physicist & chemist € g1, if 'm wrong

physicist
itinerant electrons
C FONON NONON NONON NTNO

Peierls instability

stabilize

chemist
form molecules first

make bands of
gonality

non ortho
short range entanglement molecules

Dimer & Multimer Adiabatic process

Er —>

Insulator

QUATUM Effects !




Energy gap and Dirac fermions

Extended Brillouin zone

e(k) Linear dispersion

A

S

ZERNPZa

e(k)
QGPN \/\/k
NV

@O0 00 00 00 00 00
dimerized

E(k’) — ::UFVC‘

1D graphene: polyacetylene
zero-gap semiconductor

Massless Dirac fermions

Fermion doubling O X 2

Band gap!
Massive Dirac fermions

e(k) — ::UF\/k2 + m?




Zero gap semiconductor: half electrons

Electrons ) Zero gap semiconductors
€
A G(k)

) \\/,k \@{M

_//// ‘\\\\_////' \\\\N)
H k2
ele & Hzero X “f‘

\/Iv-lele = H..., :half electrons

ele — \/Hele D \/Hele



What’s band inversion ¢ (2D topological insulator)
2D

E(k)A conduction band

\/\/ Massive Dirac fermions

gap open

//\\ //\\k e(k) = £/ k2 + m?

valence band eigen values :
2 band: 2%2 matrix

m. ky — thy M can be negative !
ky + 1k, —m

W Band inversionW

mM_ < M+

e.g. by changing width of the superlattice (HgTe-CdTe)




Appearance of edge states

cut here dangling bond appear
(00 (0o (00 (0® => (oo (e o
very long chain with boundaries in-gap states are induced

without boundaries with boundaries
conduction band conduction band
band gap in-gap states
valence band valence band

dimerization pattern < > how the edge states appear



Bulk-edge correspondence

without boundaries with boundaries

conduction band

conduction band

band gap

in-gap states

valence band

valence band

dimerization pattern < > how the edge states appear

Bulk (before making boundaries) determines the edge states

The edge states reflect the dimerization pattern of the bulk

\VAVAVAV/

Bulk state

+
Control each other |Edge state
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Zoo of Boundary (Edge) States in materials

From textbook examples to new discoveries

™

[
A "
&

| ) \‘
w Levinson’s theorem to the Friedel’s sum rule EIEN)

w Surface states of Semiconductors & polarization

w Solitons in polyacetylene e )
% s Edge states in quantum Hall effects < b s
o .
w Local moments in integer spin chains near the impurities **
o w Zero bias conductance peaks of the d-wave superconductors
“ w Zero energy localized states of graphene
w Zero energy localized states of silicene ‘ﬁ
- w Edge states in 2D cold atoms in optical lattice

/% .. One-way edge modes in gyromagnetic photonic crystals

w Quantum Spin Hall Edge states



?&‘iSurface states of Semiconductors & polarization

Si 7x7

I
PHYSICAL REVIEW B VOLUME 47, NUMBER 3 15 JANUARY 1993-1

Theory of polarization of crystalline solids
R. D. King-Smith and David Vanderbilt

Macroscopic polarization in crystalline dielectrics:

the geometric phase approach
8 P PP larrice

Raffaele Resta Reviews of Modern Physics, Vol. 66, No. 3, July 1994

photonic crystals

+ 4+ —F A+ —F+ —F -+ —+—




‘. s Solitons in polyacetylene
@b PEYEEEY

polyacetylene

grapheﬁe



Cﬁ w Edge states in quantum Hall effects

w Levinson’s theorem to the Friedel’s sum rule

w Surface states of Semiconductors & polarization

w Solitons in polyacetylene

Rt Everything started from here

w Local momentsin infeger spin chains near fAe impurities

w Zero bias conductance peaks of the d-wave superconductors

- w Zero energy localized states of graphene
, . RE
w Quantum Spin Hall Edge states ﬁ

PHYSICAL REVIEW B VOLUME 48, NUMBER 16 15 OCTOBER 1993-11

Edge states in the integer quantum Hall effect and the Riemann surface
of the Bloch function

Yasuhiro Hatsugai®




Hall Conductance has double Topological meanings

bulk edge
Ozy = Ogy

- J

Y. Hatsugai, Phys. Rev. Lett. 71, 3697 (1993)
Y. Hatsugai, T.Fukui, H.Aoki, Phys. Rev. B. 74, 205414 (2006)

Bulk-edge correspondence



Graphene??

« m-electron systems OO
@ benzene © phenanthrene

© naphthalene ©©
©©© ©©© benzopyrene
anthracene

©©©© tetracene ©©©
0000© Q...
pentacene



Grdphene.e.e Carbon Nano-Tube

:o’o’..::::.
92020202020,




Carbons in Dimensions 0,1,2,3, ...

D=1

fUHG"e D=0 polyacetylene

{fz’é The Nobel Prize in Chemistry 1996 #}Z@ The Nobel Prize in Chemistry 2000
%4 Robert F. Curl Jr., Sir Harold Kroto, Richard E. Smalley #4Y Alan Heeger, Alan G. MacDiarmid, Hideki Shirakawa

graphene D=2 : tricky & lucky

dim. for physicists diamond D=3 4 D graphene

~ for lattice
gauge theory

M.Creutz

JHEP04(2008)017

ﬁﬁ} The Nobel Prize in Physics 2010
24 Andre Geim, Konstantin Novoselov



Graphene crystal

A.Geim & K. Novoselov, Nat. Mat. 6, 183 (2007)




E w Zero energy localized states of graphene

~_—

armchair. g, zigzag

Mitsutaka FuJiTA, Katsunori WAKABAYASHI, Kyoko NAKADA
and Koichi KUSAKABE!

Journal of the Physical Society of Japan
Vol. 65, No. 7, July, 1996, pp. 1920-1923

des
mo S
No zeﬁ‘ﬁ‘ ¢ e99°
r
e/.
e&,, =N _ e
o o | rmchair
@ Qy | -
OO’ 0®¢ .
QJ, Armchair
Q—f;d; DFT-calc. S.Okada, A.Oshiyama,
- Phys. Rev. Let. 87, 146803 (2001)

Kobayashi et al, CTM _ -
Phys. Rev. B71, 193406 (2005) ~



'& w Zero bias conductance peaks of the d-wave superconductors

VOLUME 72, NUMBER 10 PHYSICAL REVIEW LETTERS 7 MARCH 1994

Midgap Surface States as a Novel Signature for d,a2_,2-Wave Superconductivity

Chia-Ren Hu
VOLUME 74, NUMBER 17 >, PHYSICAL REVIEW LETTERS 24 APRIL 1995
.t)
Theoryé Tut{gling Spectroscopy of d-Wave Superconductors
Q‘o bo Yukio Tanaka' and Satoshi Kashiwaya’ 2 ‘%ﬁm |

L s Y e ' 3 b'_ § electron é wzﬁé:;io!
g | Q@ And S|
EH¥—my It &N O Andreev @0 | - A(e,) = A6
'§ __-H!? n reev hole’ " ﬂ ... ; .... w.  hole-like
3 12 STONM b d f f PR quasiparticle
S T AN N ound states i
% 1.0~_.vw”_“&\\\\"w,,,.'/", ~\‘w‘,,/ b & } Ly | Hy IV I sa o M I WD T g urJllCl anisotropic
£ | K& oan N g - % 2 normal metal superconductor
° | -
Py NI ga———y
VOLUME 83, NUMBER 22 PHYSICAL REVIEW LETTERS 29 NOVEMBER 1999

M. Aprili,* E. Ra 1c 1d eGre

cne




Universality in the zero modes

of Dirac Fermions

Bulk<—> Edge

S.Ryu & Y.H., Phys. Rev. Lett. 89, 077002 (2002)
Y.H., Solid.State Comm. 149, 1061 (2009)

Graphene d-wave superconductor




‘ﬁ w Quantum Spin Hall Edge states

AL il 7 Q week ending
PRL 95. 226801 (2005) PHYSICAL REVIEW LETTERS »5 NOVEMBER 2005

Quantum Spin Hall Effect in Graphene

C.L. Kane and E.J. Mele

Quantum Spin Hall Insulator State
in HgTe Quantum Wells

Markus Kc'inig,1 Steffen Wiedmann,* Christoph Briine,* Andreas Roth,* Hartmut Buhmann,®
Laurens W. Molenkamp,** Xiao-Liang Qi,” Shou-Cheng Zhang®
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-
- }‘ o Observation of a large-gap topological-insulator
> class with a single Dirac cone on the surface

/
/ f Y. Xia'?, D. Qian'?, D. Hsieh'?, L. Wray', A. Pal', H. Lin®, A. Bansil*, D. Grauer®, Y. S. Hor®, R. J. Cava®
and M. Z. Hasan'%¢*



w Edge states in 2D cold atoms in optical lattice

PRL 108, 255303 (2012) PHYSICAL REVIEW LETTERS U 20T

Detecting Chiral Edge States in the Hofstadter Optical Lattice

st s A 2 i . . 2
Nathan Goldman."™* Jérome Beugnon.” and Fabrice Gerbier

'Center for Nonlinear Phenomena and Complex Systems-Université Libre de Bruxelles (U.L.B.), B-1050 Brussels, Belgium

’Laboratoire Kastler Brossel, CNRS, ENS, UPMC, 24 rue Lhomond, 75005 Paris
(Received 6 March 2012; published 19 June 2012)
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PRL 105, 255302 (2010) PHYSICAL REVIEW LETTERS week ending

17 DECEMBER 2010

Realistic Time-Reversal Invariant Topological Insulators with Neutral Atoms

- POTTIE b 2.3 : i T ' O
N. Goldman,' I. Satija,”” P. Nikolic,>” A. Bermudez,* M. A. Martin-Delgado,* M. Lewenstein,”® and I. B. Spielman’




PRL 100, 013905 (2008) PHYSICAL REVIEW LETTERS

w One-way edge modes in gyromagnetic photonic crystals

week ending
11 JANUARY 2008

Reflection-Free One-Way Edge Modes in a Gyromagnetic Photonic Crystal

Zheng Wang, Y.D. Chong. John D. Joannopoulos, and Marin Soljacic
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Vol 461/8 October 2009|doi:10.1038/nature0 8293 Kx (2la)

Observation of unidirectional backscattering-immune
topological electromagnetic states

Zheng Wang'* Yldong Chong'+*, J. D. Joannopoulos' & Marin Soljaci¢'

PRL 100, 013904 (2008) PHYSICAL REVIEW LETTERS
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week ending
11 JANUARY 2008

Possible Realization of Directional Optical Waveguides in Photonic Crystals

with Broken Time-Reversal Symmetry

F. D. M. Haldane and S. Raghu™




Silicene : silicon analogue of graphene

ENERGY (eV)

K. Takeda and K. Shiraishi, Phys. Rev. B. 50, 14916 (1994)
Z

inding Energy (V)

Relative B

~

: Dirac cone
@"'
;-. :“‘f |
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From Newton to Dira
Quantum

w Classical & Quantum

M. Planck ~1900

\\'"'l KIPEDI A

The Munich physics professor Philipp von Jolly advised Planck against
going into physics, saying, "in this field, almost everything is already

discovered, and all that remains is to fill a few holes."

Wrong ! Quantum mechanics & Relativity

Newton (classical) ===> Dirac (quantum & relativistic)

Crossover : No clear boundaries

[Fufure devices: Breakthrough by quantum effecfs]

Quantum computer may be too hard



From Newton to Dirac

w Classical & Quantum

[Fufure devices: Breakthrough by quantum effecfs]

w Planck@®# : lE— D =FiwmET D ER
h =6.626068 x 10-34[J - s]

[J-s]l= (IXRILF—) x (FE) = (E&E) x (f
= [kg * m/s2+-m - s]=[kg - m/s *+ m]

(TRILF=) x (56 >> h : classical

CEEE) x (RS) _

(B EES) = h ! quantum
h/10[nm]= p=6.6 x 10%°[kg - m/s], p?/2m.=0.015[eV]
h/10[fs]= E=6.6 x 1029[J]=0.4[eV]

electron spin =h/2  : purely quantum

Al
K
I

{1y
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From Newton to Dirac

What's spin ¢ Non-relativistic limit of the Dirac hamiltonian
4

Spin <mm Quantum mechanics + Relativity

H =

\_

~N

J

Spin: natural inner degree of freedom relativistic correction

HYy =9yE Y = 51 spinor

charge p = |02, j = —ilb VY + hec. gft) Cdivi =0
conserve
spin PS = Yoy, jg = —imp oV + h.c. 5
f — "5 1 divjs #0
ST = wﬁbi S = %% Ot

@ revers) S N _S does not conserve

spin breaks TR
spinor is OK  : Kramers degeneracy:



One more half electrons

G

1. Zero gap semiconductors

Hzero — L \/Hele

2. Majorana fermions

; \
HMajo R — R‘ w\

HMaJOI—IH—/ 4';%&”

Hele — HMajo,R =+ ZI{]Wa,jo,l
Breakthrough of the Year, 2012 -

AVAAAS

Science 25 May 2012:
Vol. 336 no. 6084 pp. 1003-1007

Majorana Fermions

Signatures of Majorana Fermions in Hybrid Superconductor-Semiconductor
Nanowire Devices

V. Mourik'+-, K. Zuo'-, S. M. Frolov', S. R. Plissard®, E. P. A. M. Bakkers*, L. P. Kouwenhoven't



Conclusion
— ~—

Quantum eff cts are everywhere !
in

condensed matter physics

S——— ——————
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Use of the Qua fum elf cts

in quantum nano devices
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