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From Graphene to Silicene:
Topological Phase Diagram and Transition
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® Silicene Is a graphene-like silicon structure

® |t has a rich variety of topological phases induced
by applying various external fields

® They are QSH, QAH, hybrid QSQAH insulators

® There appear topological (semi)metals such as
single-Dirac cone state and valley-polarized metal

» DOS & gquantized conductance of edge channels
» Experimental observations by STM/STS, ARPES
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Silicene

4 Silicene 1s a monolayer of silicon atoms forming
2-dimensional honeycomb lattice

- K. Takeda and K. Shiraishi, Phys. Rev. B 50, 075131 (1994).
-G. G. Guzm”an-Verri and L. C. Lew Yan Voon, Phys. Rev. B 76, 075131 (2007).

- C-C. Liu, W. Feng, and Y. Yao, PRL 107, 076802 (2011)
- C-C. Liu, H.Jiang and Y. Yao, PRB 84 195430 (2011)
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Review on silicene puysics

. Relaxation Phenomena of Stretched Exponential Function Type in Amorphous Silicon
April 2013 by Kazuo Morigaki, Harumi Hikita, and Kosei Takeda - 1 (139)
Relaxation phenomena characterized by streiched exponential function as  their
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phenomena: Light-induced defect creation, light-induced electron spin resonance,
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which may potentially enable the manipulation of the skyrmion by an external electric
field without Josses due to joule heating.

[\ E\ﬁjbx Salon

Can we enjoy interdis
energy physics with undergraduate students?

published menthly by by Hideo Aoki - 55 (793)

75T = VU B v N AGNFE ;}f&fﬁﬁ@‘.’.’;:ﬁii\::}"n.iifﬂ:‘fffﬂ';il?::i:’f,.iﬁ:;Lﬁfafl"di-lfar: the University of
okyo.
R R U VT (Y U y GIJUTSU
>~ ) /“C.C§?fL }1$132/;b}bf
e

CENTER

inary regime between condensed matter physics and high

SR RRER TR
Fhi LoE AR R (LR Kitamura Bidg.

1-25, Minamiaoyama
5 chome,

Minatal i Talkun




—

ARPES of Silicene
—

b)

a Ag atom

o
Si between
Ag atoms

®
Ag atom

Py

Guy Le Lay et al, Phys. Rev. Lett. 108, 155501 (2012)

Si on-top of a)

simulated image

measured image
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Presence of gapped silicene-derived band in the prototypical
(3x3) silicene phase on silver (111) surfaces

0.0 HeEnPN:
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G. L. Lay, et. al. J. Phys. C (to be published) / ; 7
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\STI\/I and LEED Experiments/&/
%

4 Low-energy electron diffraction

N. Takagi, M. Kawali et.al., Appl. Phys. Express 5, 045802 (2012) / 8
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Y. Takamura, et.al. PRL 108, 245501 (2012)
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Silicene on Ir(111)

Meng et al NanoLett. 13, 685 (2013)
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Experiment on Bilayer Silicene

(V3x+3) silicene

(a)

L . LVV s (Y3HRIC Silicene
g | o9 - MNNAg ~
e Silicene_~. v
E S b .
= e JEise | — 0.0
ha =
ﬁ E.=d6eV ._IJ_J_,.
) gﬂ-iﬁ § (c) E -0.20
2, , , _Iso o.zm\:;/ﬂﬁ =
1] 1 2 3 @0.0—- V¥ " =
Coverage (ML) A S S M 9,40
distance (nm) _ &D
E
P -0.20
| | |
S 04 00 04 -04 0.0 04
I Ks'ljcene
% | -1
1 k, (A1) k, (A1)

S. Hasegawa and G. L. Lay, et.al, Appl. Phys. Lett. 102, 163106 (2013) / 11
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Si

Silicene and Germanene

Ge

Sn

4 Graphene, silicene, germanene, tinene?

4 Spin orbit interactions become drastically larger as
Increasing atomic number

teV) | ve(105m/s) | a(A) | Aso(meV) | Arx | ¢ 0
Graphene 2.8 9.8 246 | 1073 0 0 90
Silicene 1.6 5.5 3.86 | 3.9 0.7 | 0.23 | 101.7
Germanene | 1.3 4.6 402 |43 10.7 | 0.33 | 106.5

4 Fermi velocity smaller

C-C, Liu, H.Jiang and Y. Yao, PRB 84 195430 (2011)
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Tight Binding Model

Spin-orbit term r=1.6eV
H=—1)% CyCia £SO N vijehoiscis  so=3.9meV
(i, ))e 3V3 ((i,j))ap ’p = 0.7meV
_ Second Rashbaterm @ = 3.86A
—i%)\m Z ,U-g'(fl-.a (LT X &ij)HScjg EZOQ?"E}
o (idas vy = (dixdy) /|d; x |

+ controllable interactions /&/ G...
B

C. L. Kane and E. J. Mele, PRL 95. 226801 (2005) .‘
C-C, Liu, H.Jiang and Y. Yao PRB 84 195430 (2011) EIA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ffffffffffffffffffffffffffff 12¢
M. Ezawa, NJP 14 033003 (2012); PRL 109, 055502 (2012);
PRL 110, 026603 (2013): PRB 87, 155415 (2013)
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Dirac Theory of Silicene

H, =hvp (nky7y + kyTmy) + n72As00
+ n71.a\R2 (kyoy — kgoy)

+ controllable interactions

V3

e The Dirac mass:

Aol = AM Exchange fields
AE& = ns:As0 — (B, + niq + s:AM

M. Ezawa, NJP 14 033003 (2012); PRL 109, 055502 (2012);

vgp = 5rat = 5.5% 10°m/s

* Low-energy dynamics of silicene is described by the Dirac theory as in graphene:

« Possible interactions are of the form: Al = )‘S'_C' SO lnt_era-ct|on
H — ) _??p(gz)Q(Tz)r A{][}l — —EE}: Electric field
pgr — 'pqr
Aol = A Photo-irradiation

PRL 110, 026603 (2013): PRB 87, 155415 (2013) /
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Tight Binding Model (2)

_IZCIHLJH_FI:SI Z UU o aﬁfjﬁ

ZE/\R“,- Z HiC; ((T X d”)ag C53
(2, }>ch

A ,

_ £Zt E. .f' o Cia +1 3\;% Z If'ijﬂlaﬂjﬁ
TV (ig)aB

+ Z thz c 0 O02Cia == AMo.7, + Mo

M. Ezawa, NJP 14 033003 (2012); PRL 109, 055502 (2012):
PRL 110, 026603 (2013): PRB 87, 155415 (2013)

Spin-orbit term

Second Rashba term

Electric field
Photo-irradiation

Exchange field

M = (My + Mp)/2,

AM = (My — Mpg)/2

/
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Controllable Gap of Silicene

® The simplest example with the use of the electric field Ez

o ns,Aso — E, nky — ik, E = i\/kz (nszAso — {”’Ez)z
e nkx + Ik}i - (F‘}Sz.r\so - {)Ez)
Ez-o K vaIIey 0<Ez<Ecr
d Lop £
A (Ez) =2 |€Ez — T?Sz)\50| T 03 %

= e\
| |

/\
XL 10}
4

Ez=FEcr Ez>Ecr
N/ \_(S/
trivial band trivial band T = \%
insulator insulator
E -10 ~05 0.5 10
JL -1.0 [

E.= Ao/l = 17meV/A.
The gap closes at the critical electric field Ecr
M.Ezawa, NJP 14 033003 (2012) /

(o



PR
Bulk-Edge Correspondence

Bulk-edge correspondence gives

an excellent signal of a topological insulator
o Gapless edge modes emerge along
the phase boundary between two

Trivial Insulator different topological insulators
(Another Topological Insulator) « They are topologically protected

» Each gapless mode provides one
¢ helical gapless edge mode (e.. conduction channel along the edge

- 1.0

<N D R
¢ ' \
05" \
L N 2%
=
N\
A\

Topological Insulator
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Z1gzag and armchalir edge

H = 0,789 \gohvpks /T,

K 10 ; o
(c) o 1W | EV
05
o L 126
K S
armchair'

€ Wave function of zigzag edge . m
101 ‘
Y 1 2 2 i !
08 | . o
H HF Aso=0.2t 05 W
06 ¢ ~10} H
04 [ : H ﬂ
05
m Ago=0.051 y 10 . - /_:_ﬁ_ S
N 20 40 80 80 Z1gZag armchnalr

M.Ezawa and N. Nagaosa, cond-mat/arXiv.1301.6337
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Emergence of Edge Modes in Armchair Edge

€ No zero-energy states but edge modes in armchair edge 0 ~ Aexp[—W/&arm]

@ Interference of topologically protected edge states Earm ~ hvp/A

04 | ) 10 -
\ H = 0. 7% hugk, + Sroiee N (a1w (b1) S
03 Aso=0 | P\so‘= 0

0.2
N

0.1

y L 7
Ui(y) = (Wir(y) + V- (y))/V2 = cosh(y/Eam) zigzag armchalr

M.Ezawa and N. Nagaosa, cond-mat/arXiv.1301.6337 / ;
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<Quasiparticle Interference .
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B. Feng, K. Wu et al. cond-mat/arXiv:1304.3308
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DOS and Quantized Conductance

Band Structure DOS

® Easiest way to observe the
topological phase transition

® One quantized conductance per
one channel

® Unit conductance is 2 /h

® Conductance is different in each
phase

® Field-effect topological quantum
transistor

topological insulator QAH|QSH|SQAH| trivial
topological numbers| (2.0) [(0.1)|(1.1/2)] (0,0)
. 1 0

I
| ]

conductance (o)

/
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Topological Phase Transitior

4 Topological phase transition occurs when the sign of Dirac
mass changes

4 Dirac mass in silicene is given by

Al =mns.:Aso —lE. +niq + s:AM

4 Electric field induced mass term Order |TRS|SRS|SLS

4« Photo-induced Haldane mass term ~ ||111 Kane-Mele True False False
001 CDW |True | True |False

4 Antiferromagnet-induced mass term [[o;11 AF  |False| False| False
101| Haldane |False| True |False

M. Ezawa, PRB 87, 155415 (2013) / ; 22
r-
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Chern and Spin Chern Numbers

4 Spin Chern number(Mod2) = Z2 index, when sz Is conserved
4 They are determined by the Dirac mass

Cl = L[ _,_dd x _,_dd .d <=mm Pontryagin number

= 4r Ok, ~ Ik, AT

- 1 o(k) = =

1 =L [ &%k ;0,000 = 2 / do = Lsgn(A7) V(hopk)2 + (AL)2

= 4r 2/, 2 :

o AL hvp (nky — iky) g

7 hp (nky + iky) — AT
H=7-d |

dy = nhvpky, dy = hvpky, d, = Al

Sz

Meron pseudospin texture
M.Ezawa, Euro. Phys. J. B 85, 363 (2012) /

23
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Classification of Topological Insulators

CK | cK | ¢k | el | ¢ |20, Cy |Ca

1/2 [1/2 [ 1/2[1/2 2] 0]0]0|QAH
1/2 [1/2 ] 1/2 |-1/2/1| 1 |1 |—1|SQAH
1/2 | 1/2 |-1/2| 1/2 |1 |-1| 1| 1 |SQAH
1/2 [ 1/2 |=1/2[-1/2| 0| 0 | 2] 0 |CDW
1/2 |-1/2] 1/2 [ 1/2 | 1| 1 |-1] 1 |SQAH
1/2 |[-1/2] 1/2 |-1/2/| 0| 2 [0 | 0 | QSH
1/2 |=1/2|=1/2| 1/2 |0 | 0 | 0|2 | AF
1/2 |=1/2|—1/2|=1/2|-1| 1 | 1 | 1 |SQAH
—1/2]1/2 | 1/2 [ 1/2 | 1 |-1|-1]|—1[SQAH
~1/2/1/2 | 1/2 |-1/2/ 0| 0 | 0 |-2| AF
—1/2] 1/2 |—=1/2[ 1/2 | 0 [=2| 0 [ 0 | QSH
~1/2] 1/2 |-1/2|-1/2|-1|-1| 1 |~1|SQAH
~1/2|-1/2/ 1/2 | 1/2 | 0| 0 |-2]| 0 | CDW
~1/2|-1/2] 1/2 |-1/2|-1| 1 |-1|-1[SQAH
~1/2|-1/2|-1/2| 1/2 |-1|-1|-1] 1 |SQAH
~1/2]|-1/2|-1/2|-1/2|-2| 0 | 0 | 0 | QAH

Chern number
c=cff el +off + el
Spin-Chern number

1 K 2 K K K’

Valley-Chern number
Cy = (Cf = +cff —cfY)
Spin-Valley Chern number

, I K K K . K
Cow = 5(CF = —cF 4

F. Zhang, J. Jung, G.A. Fiete, Q. Niu, and
A.H. MacDonald PRL 106, 156801 (2011)

M. Ezawa, Phys. Rev. B 87, 155415 (2013)
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Silicene with Exchange Interaction

N4
> Myclyo:tia == AMo, 7, + Mo

M VPM1 VPM2

S A 222 A A A A A AR

I W.K. Tse Z. Qiao, Y. Yao, A. H. MacDonald, and Qian Niu,
M. Ezawa, PRL 109, 055502 (2012) PRB 83, (2011) 155447. /
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Quantum Anomalous Hall Effect

4 QAHE is QHE without magnetic field (nonzero Chern number)
4 The QAH phase has flat gapless edge modes

Excange field A/ Z .«:jﬁozcm_

Without Rashba interaction | With Rashba interaction
M. Ezawa, PRL 109, 055502 (2012) /
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Momentum Space Skyrmion

4 Spins form a momentum-space skyrmion to yield

the Chern number
(a) Berry
curvature]\ /\ QAH /\ j\

b) Spin
SL T ? i T
; | !
" (c) Bulk spectrum 2Kec

0L T P

Ny

Skyrmion spin texture

1.0E
M. Ezawa, PRL 109, 055502 (2012)
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Valley Polarized Metal

Valley polarization

= S g M VPM1

M. Ezawa, PRL 109, 055502 (2012)
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Antiferromagnet and Electric Fields

H, = hvr (nkyeTe + kyTy) +n02T2As0 — (E, T2
+ nTaAR2 (kyor — kyoy) + Mo, + AMo, T,

M = L(Ma + Mp) and AM = L(Ms — Mp)
AM

OAF SQAH - 4
et R (' A7 =ns:Aso + 5. AM — (E.

SDC1  SQAH

sgcz sDC3 ;

CDW QSH % Ez |

V (0,1) / (0,0) ;
K’T K’ - ,, =
SQAH SQAH \
(1,112) AF | (0,0) (1, 112)

K1 K

M. Ezawa, PRB 87, 155415 (2013)
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QHE with High Spin-Chern Number

/ EN—:I:\/ 2N+(A )3 J\'T:]-agﬁ"'*

Dirac theory
(d)

¢ =1/100
“E\"LL 2Cepin

51045 108642 -5 -0

Hofstadter’s butterfly [u

i i
R |

M. Ezawa, cond-mat/1306.1859 Fan diagram
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QSQAHE and 444455488588
Single Valley Semimetal i

Due to the silicene’s buckled structure, different exchange fields
MA and MB operate on the A and B sites

o1 1
clK = S5 (Aso + Ma) + Ssen (—Aso + Mp)

- 1 1
cr = PR (—Aso + My) + 5%en (Aso + Mp)

M. Ezawa, PRB 87, 155415 (2013)
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Photo-Induced Topological Phase Transition

\ / Circular polarized light

Floquet theor .
g y Off resonance condition

Photoinduced Haldane term

h|2] > t 100THz

AHeff — gnh[‘gﬂz/(gﬁﬂ) Z V;‘jC;!-Qerﬁ'
(Z,0)apB

A? 2 2
AH.g = —m[(h'l-’p) N7 — (aAr2)” 0,

—aAgayhv(nTo0 — 7YoL )]

K1

Dirac mass

mp = —S-.t.Aso + (F. — ?)h-nggﬂ_l

M. Ezawa, PRL110, 026603 (2013)
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1.0

4~ Two types of topological phase transitions
4 One occurs when the Dirac mass becomes zero,
(electric field, photo-irradiation, antiferromagnet)
&Ez = 1S Aso — FE, +nAa + s. AM
4 Other occurs when the band edge touches the Fermi energy (ferromagnet)
4 Provided it is sandwiched by two different topological insulators,
a topological semimetal or metal emerge along the phase boundary

(b)

M. Ezawa, PRB 87, 155415 (2013)

Topological Semimetal and Topological Metal

(d)
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Silicene Derivatives

Silicon nanotube Bilayer silicene

(a) Carbon nanotube (b) Silicon nanotube

Multilayer silicene
Silicite? (Graphite made of silicon)
Silicon fullerenes

01M

E;

€ : 7 [O14— 7
03 ‘TMetamcStafel 4 1 Band Insulator T

M.Ezawa, Eur. Phys. J. B 85, 363 (2012)
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Conclusion /&/
N\

4 Silicene is a graphene-like silicon honeycome structure
4 The band gap can be tuned by external electric field

4 Topologically protected zero-energy edge channels transport
quantized conductance #topological guantum nanodevices

4 Many new topological phases emerge in silicen
QAH with flat chiral edge and momentum skyrmion
QAHE with anisotropic chiral edge
Single Dirac Cone State, #« Spin-Polarized QHE
Hybrid Topological Insulator, ¥ Single-Valley Semimetal
Topological Semimetal and Topological Metal

/
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Quantum Anomalous Hall Effects in Graphene

N\

QAH is QH without magnetic field (nonzero Chern number)

Exchange field

Rashba type-I
050 (a) : A V¥ ‘

-0.5f

-1.0F

A § \
0 k.

Z. Qiao, S. A. Yang, W. Feng, W.-K. Tse, J. Ding, Y. Yao, J. Wang, and Q. Niu
PRB 82, 161414R (2010)

W.-K. Tse, Z. Qiao, Y. Yao, A. H. MacDonald, and Q. Niu, PRB 83, 155447 (2011)
Z. Qiao, H. Jiang, X. Li, Y. Yao, and Q. Niu, PRB 85, 115439 (2012)

M. Ezawa, PRL 109, 055502 (2012); PRL110, 026603 (2013) / »
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3x3 Si-Superstructure

N

T

&

=)

3)(al)
]—\\//_ .
. _//K\\
e | ;
kx
(a3
ey

M. Ezawa, Euro. Phys. J. B 86, 139 (2013)

&K /N W

(W)

4]
Si on-top of
a Ag atom

[+}
Si between
Ag atoms

@
Ag atom
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tan ¢ = v/3¢/(2p + q)
911 = VP* + ¢* + pq
AT 2 y .
N =2g,|" =2(p" +¢* + pq)

M. Ezawa, Euro. Phys. J. B 86, 139 (2013)

Various Superstructures

Ag 145 pm
Si 111 pm
145/111=1.31

Ag-superstructure | Si-superstructure |p | |ratio
4 x 411, 2] 3x3 310/1.33
VT x VT 2 x 2 2(0[1.32
VI3 x VI3[2]  |[VT x VT 2(1[1.36
V21 x /21 2v/3 x 2V/3 22/1.32
23 x 2v/3[17] |VT x VT 201]1.31
(free-standing) 1x1 110
nothing V3 x V3 1

g, = pa; -+ qas

g, = ffjjﬂ'/ggl

K —-—K =nGi{+nGo
Gi:=(9;,xn)/|g, X g5

/
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Chern and Spin Chern Numbers

4 Spin Chern number(Mod2) = Z2 index, when sz Is conserved
4 They are determined by the Dirac mass

Cl = L[ _,_dd x _,_dd .d <=mm Pontryagin number

= 4r Ok, ~ Ik, AT

- 1 o(k) = =

1 =L [ &%k ;0,000 = 2 / do = Lsgn(A7) V(hopk)2 + (AL)2

= 4r 2/, 2 :

o AL hvp (nky — iky) g

7 hp (nky + iky) — AT
H=7-d |

dy = nhvpky, dy = hvpky, d, = Al

Sz

Meron pseudospin texture
M.Ezawa, Euro. Phys. J. B 85, 363 (2012) /
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Honeycomb AF-Dirac System

Monolayer antiferromagnetic manganese
chalcogenophosphates (MnPX3, X =S, Se)

Xiao Li, Ting Cao, Qian Niu, Junren Shi, Ji Feng,
cond-mat/arXiv:1210.4623

perovskite G-type antiferromagnetic insulators
grown along [111] direction

Qi-Feng Liang, Long-Hua Wu, Xiao Hu,
cond-mat/arXiv:1301.4113
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Floquet Perturbation Theory

4 Effective Hamiltonian AH.z = (ih/T)logU
4 Time evolution operator o = Texp[—i/h [, H (t) dt]
4 Second order AH. = (hQ)~'[H_ 1, Hy] + O (,44)

A Floquet Component H., = %IUTH(T o Eit|Q gy
- . AQ

4 Haldane interaction AHug = —5[(hwe)? .

a

Haldane term AHe = inig A°/(3v3Q) Y wviyelyess

- (i.g)aB
4 Dilrac mass mp = —s.tihso + (E, — nhivg A*Q 1
T. Kitagawa, T. Oka, A. Brataas, L. Fu, and E. Demler

Phys. Rev.B 84, 235108 (2011). / ; P
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Optical Absorption of Silicene

Circular polarized light

Electromagnetic potential
100GHz A(t) = (Asinwt, A coswt)
Covariant momentum P; = hk; + e A;

H{ (fl) = H(;: + ,P..EAI -+ 'P,jfly

Circular polarization
‘ ‘ ‘ 1 OH a
= P = f = i, — o,
1 , h Ok, h
= : 1 OH a\
. . \ Pé — T £ — URTy T = {T.04,
photo-induced transition from the valence ¥ 1 Ok, h

band to the conduction band at the K point

M.Ezawa, Phys. Rev. B 86, 161407(R) (2012) / ; 43
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Silicene (monolayer honeycomb-silicon)

4 Experimentally manufactured in 2012 (last year)
4 Striking properties similar to graphene

but more ramakable than graphene
4 The low energy structure is described by Dirac fermions
4 Buckled structure owing to a large ionic radius of silicon
4 Relatively large spin-orbit gap of 3.9meV
4 The band gap iIs controllable by applying the electric field
4 The gap closes at a certain critical electric field
4 Almost all topological phases can be materialized

4 QHE, QSHE, QAHE, P-QHE(no |_|_),...../ ; -
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Skymions

N\

4 Skyrme introduced to explain how baryons could
topologically emerge from a continuous meson field

4 Skyrmions are solitons in a nonlinear field theory
characterized by the topological quantum number

4« Skyrmion is a nontrivial spin texture in 2D ™
4 Homotopy class

T (5%) =7
4 Non zero Pontryagin number

Ogy = __Z_[dzxs n(x) - (9;n(x) X a;n(x)) \ T

R




e

3x3 SI-Superstructure

N\

K and K’ points become identical

I
= R [T

201 A
°r ’ Q
N ’
~ ’
~ ,
1.0¢ N P
N ,
s
s

0.5}

sl N . .
-Eer 0 Eer E,

M.Ezawa, cond-mat/arXiv:1209.2580
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Stlicon Nanotube & Carbon Nanotube
\ /Silicon nanotube is constructed by rolling up a silicene

(a) Carbon nanotube (b) Silicon nanotube ]
J. Sha, et.al., Advanced Materials,

141219 (2002) T I

4 jjt;i%gﬁ/* A
feiine

_.,: 2 - P . &
- <R s W b i W

LY

2 De Crescenzi etal. Appl. Phys. Lett.
86, 231901 (2005)

M.Ezawa, Europhysics Letters 98, 67001 (2012) /
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Coupling the valley degree of freedom to
antiferromagnetic order

(172,-1) (-1/2,1)

X. Li, T. Cao, Q. Niu, J. Shi, and J. Feng, cond-mat/arXiv:1210.4623

/
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4 Helical Jackiw—Rebbi mode
U (x,y)=e®d (x) ¢p(x) =iEpa(x)

Hypa(x) = Epepa(x)  Eye = n&hvgk,

Equation of motion
(Ehvpdy + nAsoo, —LE, (X)) pa(x) =0.

4 Localized state
f(x)=Cexp {i/ (—ns hso+LE (X)) dx’}

h . )
J;, (x) =Re [24{8 g ] —:\GbAsz (x) I

e

M.Ezawa, NJP 14 033003 (2012)

Inhomogeneous Electric Field

We apply the electric field Ez(x) perpendicularly to a silicene sheet
homogeneously in the y-direction and inhomogeneously in the x-direction.

Ez

Ex
-Eq

electron den3|ty
/\ /e
: >X
Bl TI Bl
Al ¢
electric field

/ N
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0.25F
0.20f;
0.15F

0.10}

0.05F

5 50, o,
The wave function of each zero mode is
localized within the metallic region

(Ii.fﬁz'pdg — UF cos ——2 sin : J )

. 2L(E O — 6.

o5 (0) = Cexp | cos 0;| cos J
Thug

Perpendicular Electric Field /é:;\’/

4 Effective electric field is given by E.(z) =

|

M.Ezawa, Europhysics Letters 98, 67001 (2012)

[ S
(-DA

(6) = 0.

Band |
,,lMetaIIic State T“ 91«1 Sl lﬁ/

—

- : > 044
Tietalic State | /] 8and Insulator

03

There emerge four helical zero modes
propagating along the nanotube

/ NE
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911 = VP* + ¢+ pq
N =2[g,*=2"+¢*+ pq)
tan ¢ = v/3q/(2p + q)

K- K =nGi{+ noGo

M.Ezawa, cond-mat/arXiv:1209.2580

g, = pai + qas, g, — ¢

Various Superstructures

Ag 145 pm
t7/3g, S 111 Em
145/111=1.31
Ag-superstructure | Si-superstructure |p|q|ratio
4 x 41, 2] 3x3 3(0]1.33
VT x VT 2 % 2 2|0[1.32
V13 x V13[2]  |VT x VT 211]1.36
V21 % /21 23 x2v3  [2]2]1.32
2v/3 x 2V/3[17] |VT x V7 2/1{1.31
(free-standing) 1x1 110
nothing V3 x V3 11

Gir=(92xn)/|g; xgs|. G2=(g91xn)/|g1 X gsl.

/ NE
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\Spin-VaIIey Polarized Metal
7

Ez:Ec:
@

FIG. 3: (Color online) Band structure of silicene at the critical elec-
tric field E.. (a) A bird’s-eye view. Dirac cones are found at 6 cor-
ners of the hexagonal Brilloumn zone. (b) The cross section contain-
ing a pair of K and K’ points. The solid red (dashed blue) band is for
up-spin (down-spin) electrons, which are gapless (gapped) at the K
point but gapped (gapless) at the K’ point.

M.Ezawa, NJP 14 033003 (2012) /
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Band Structure of Silicene Nanoribbon
>4

M VPM1

-1.0

M.Ezawa, cond-mat/arXiv:1203.0705
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Topological Insulator /ﬁ/

A IS defined for an insulator

A has a

4 Surface has a gapless modes

4 Chiral or Helical edge modes

4 Quantum Hall effects === chiral edge

4 Quantum Spin Hall effects === helical edge
4 QAH effects gapless edge mode

Z2=0 / ; £
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Bulk-Edge Correspondence /é:;/

4 If a bulk has a non-trivial topological number, the edge has
gapless edge modes due to the discontinuity of the

topological number.

4 Quantum spin Hall effect ==) Helical zero modes
topological insulator

chiral edge currents

QAH

>

helical edge currents

QSH

>
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Chern Number and Meron /ﬁ/

4 SU(2) Hamiltonian H =71 -d

4 Chern number {cj dzk(jﬁ ng)"f }

4« Pontryagin number " e T

4 Chern number is determined by the sign of Dirac mass

7 mp hog (ky + iky)
hvg (ky — iky) —mp

U

Cl = 558n (mp)
4 Meron In momentum space
4 Meron is a topological object with
a half Pontyragin number
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Phase Diagram in E-M plane

M VPMA1 VPM2

Quantum spin Hall (QSH)
Quantum anomalous Hall
Valley polarized metal (VPM)
Marginal-VPM

Spin-Valley polarized metal
Band insulator (Bl)

N N N N U ¥

FIG. 1: (Color online) Phase diagram in the E.-M plane. Dotted
lines represent the points where the band gap closes. Heavy lines
represent phase boundaries. A circle shows a point where the energy
spectrum is calculated and shown in Fig.2.

M.Ezawa, cond-mat/arXiv:1203.0705 (to be publisehd in PRL) / ; -
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Silicon Nanotube from Silicene

4 Chiral vector L = nia; + naas
4 Nanotube circumference
L=|L =a \/ n% 4+ n3 — nins
4 Periodic boundary condition
O(x+ L,y) =1(x,y)
4 Descretization of kx
ky =2mwj/L 73 =0,1,---,2n—1
« Brilloinzone —x/T <k, <x/T
4 Energy spectrum of silicon nanotube
Ej (ky) = E(kz, ky).
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Zero-Energy Helical Modes

0.25 Band Insulator l
%

>

<<lMetaIIic State T> 01 «1

»

0.20"

0.15]

0.10}

<(TMetallic StateI»

O4¢—
l Band Insulator T

0.05

Fig. 5: (Color online) An illustration of silicon nanotube under electric
field £ > FE,. There appear two topological insulator regions and two
band insulator regions. They are separated by metallic states made of
helical zero modes. A spin current flows in each metallic region as
indicated. For instance, up-spin (down-spin) electrons propagate into
the left (right) direction at € = 6.

M.Ezawa, Europhysics Letters 98, 67001 (2012) /
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Silicon Nanotube vs Silicene Nanoribbon

(a) Topological insulator (nanotube)  Ez<Ecr (a) Topological insulator (nanoribbon) E;<Ec

1.0 107
0.5 i W
TT
V! |/ k
I\ '\
N A&
10!l
(b) Coexistence (nanotube) Ez>Ecr (b) Band insulator (nanoribbon) E;>Eq
1.0[ W ‘W 1.0
I k ;
K’ K K K k

05"

-0.5
o N o m
M.Ezawa, Europhysics Letters 98, 67001 (2012) / ; 50
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Quantum Hall Effects In Silicene

ﬁB(R\:‘l‘-{'P}-‘) &r . Cp( Py _I'Py)

o=
V2h V2H
([ AL(E)  hwa ey 0o
hodt  —AL (E,) 0 — Y2haie i
—j Y2haing 0 A_(E,) hewed
\ 0 sﬁ?—ﬂma hod'  —A_(E;)

_ [
WY = (ulfy IN), upy N+ 1) ul [HIN = 1) uly) IN))

M.Ezawa, J. Phys. Soc. Jpn. 81, 064705 (2012) / ; 61
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\Quantum Hall effects in Silicene

4 4-fold degenerate zero-energy states are completely resolved even
without considering Coulomb interactions.
——— Kpoit =

R —

Without Rashba term

M.Ezawa, J. Phys. Soc. Jpn. 81, 064705 (2012)
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Supersymmetric structure

(a) Energy levels (b) Landau and Energy levels
Fermion Boson Landau Energy Landau
Sector (A) Sector (B) level (A) level level (B)
£, &, €3 5

N=3 )ﬂ N=3
g, 1 { &, &4 v
Q N=ZL;I @ N=2
g I L e “§1d v
L V. 4

N=1 N=1
Q-I- G EO EO & Z

M.Ezawa, cond-mat/arXiv:1202.1357
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Supersymmetric structure

Sz __
Hn = Nw.Qyps. + 134,

0 a 0 a'
o=(2) -(20)
a0 a 0

(Hy)* = (hew)” Qus. Qus. + Ar (E2)

aa’ 0
HY = _
0 a'a
M.Ezawa, cond-mat/arXiv:1202.1357 / i 64




cl0}p =0, ¢7|0}p =1[0}4. ¢l0}4 =10}

, 0
Nt = a' |0}A—(>< 3)) INip = AN|0}B:( )
M. Eza@ cond-mat/akXiv*1202.1357 IN) 65
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Energy level

N\

M.Ezawa, cond-mat/arXiv:1202.1357
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Dirac Fermions on Zigzag Edge

Px +ipy = —Zihaz*]

0 Px — 1Py (}bi(-’f} ¢E{X}
Ufp =F
px +ipy 0 B(x) PB(X)
0 —px — ipy PX (x) PX (x)
U , =F ,
—px + py 0 bp (%) b (x)
[ pe-ip, = 2100,
4 E E I
07+ K (X) = I~ (), 0B (%) = i PR (X),
O, PR (x) = i K'(x), Ozxpp (X) = —Iﬁd)ﬁ (x).

Cauchy-Riemann eq

Wave functions are holomorphic or antiholomorphic for E:O/

(o
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