gobboooodgn
goooobood

oot obbuoogob bbboogoooon
oot oo bbououooooon

1 20000000000000

00000 (graphenel 000 0000000000000 O000O000O0O0O
00000000002005000 GemOOOOOOOO KmOOOOOOOOO
00000000000000000(,3]00000000000000000
0000000000 000000000000000000000000000
0000000000000000000000Cond-mat] 00000 graphene
000000000000000890 (20060 ), 2690 (20070 ), 5040 (20080 )0
5630 (20090)0 000000000000 10200000000000000
000000000000 000000000000000000000000
00000000000000

000000000000000000000([L,2000000000000
0[4000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000 000000000000000000000000
000000000000000000000000000000000000
000000000

00000000000000000000000000000000000
0000000000 000000000000000000000 20000
0000000000 sf0000000000000000000000000
000000000000 0000000000 sph, s, sp 00000000
0000000000000001000000000002000000000
3000000000000000000000000000000000000
000000000000000000000000000000MO00000
00000000d0O00000000000000000000000000
0000000000000000000d+100000d000000000
0000000000000000001000000000000000020
0000000000000300000000000000000000000
000000000dO00000000000000000000000000
00000000000000000000000000000000O0 BravaisD



gogobobbbbbbbbuoooouoooooooobobobbobbboogao
000000000 OfecOOODDOOODDOODOONMO

0100000000000 0000D0oOooooosSsic2000oogoooo
gmobouoggoboboooobbbogd

gooopobodbooobooooobbbbooooobbbobobooon
oo oouoooooo
O00000D00OPeierls, Landau, Mermin 0 000000000000 0ODOOOO
Odddoooooodoodooooo0ooo 10o0 20000000000
O0o0o00oooodo[ooooooodoooooooooooooooonn
0002000000000 0000000O0O0O00000O0O0DODO0OOOOO
0000000000000 onoooooooooooond facetingl OO
0000000000000 000D0DoDooDo0000ooooooooogsio
gjdddddddduoobbobbobbbobobooodUUUoo
JddOocvbDOOOOOOOOOoOoOooD2000000000O0000000O
00000000 free-standing graphenél (O O O suspended grapherie)] 00 O O
O0d0o0oooobO0o2000000000000D0O0DOO0000oooooOooOOon
godobbbooooobobobbobbdoooubbooooobbobooobo
oo oddoooououooouoououooouo
gogoogooobobobobbbbbboobobobdddddddddduyuuUuoo
000000000000 rppled 000000 20000000000000O
O000Do0ooooooooooo 12, 3p0ooo0ooooo 3000
Jddddd000Ooz000oooooooo3dooooooooooooon



gbooboobooboboboboobooboooboobobOobOobOobDOo 2000
gogobobbbbbuodgoooobobboodooooobboobobbogad
000 spP00000000D000O0O0D0O0O0OO0ODOOODOODOOO0OOO0
gogobobobobbbouodgoooobbobobbuoooogobobobboogd
gogogobobbbbbbbotbodoooooooobobobbobobbbbooaao
oo020000000000DO00bDO0bOoOobOO

02000000 rippled 0000

2 OJOooobdooobooboboooooooooon
oo

21 00000 O0O0DO0ObOoOoOobObOoOoOooboogoog

O00000obOoDoOooOooooDoDo GembOooOODOODOOOOOOOO
O00D0D0000b0ObOobOOo1d0000000o0obooooooDoobooon
00000000000 Wallace[5]0 1947000 0000000DO0OOOOOO
00000000 O000000 Lomer[6], McClure[7], Slonczewski-Weiss[8] O O
oo oouoooooobooobooouoooooonooooooon
goodoooooodoooooooooooooboooooooooooon
gooobooooonooooouoodoodoooonoooonoonoon
gooooooooooooooooodoooogoooooooooooon
goooboooooooooioooooooooooooooooon
0oooooooooooooooioooooooooooooooooon
goooboooooboouoouoodooooonoonooooooboon
0oooooouoooomooooooooooooooooooon
Er00000000D00000DO0000D0DOO000OO0O0DODOoooooDOon
000000 Eg000b0b0oboboObobobOo0bbo00d0oooooooooooo

3



gbogboobbobbobboobooobuobobboobobobbobbo

O3000obooboboboooogogoon

0000 (0 3)000000000000000000000000000 200
000000000000 000000000 sp00000000 1200000
000000000000000000000000000000000 ¢00
0000000000000 (xy)DOOOOOOOOOO p,00 (r00)0000
000000000000000x0000000000000000 2000
oooo
00000000000000000,00000000000000000 Ee
00000000000 000000000 tight-bindingd D OO0 O00[14] 00
00000000000 x00000000000000

H = tz [c(X)Ca(X) + C (X + er)c.(X) + ¢l (X + &)c.(X)]

O000D00000c(x)0OxO00000000Ov=o000 00002000
00000000000t0000000000000000O0O0D0000000
O00t~-3evOoOOO0O0000

000000000000000000Cw(X = Y€ (k 0000 BlochO
ooooo

H(K)

O Z ¢ (KHK)C(K),
k

(0 DK
Hlg = [D*(k) 0 )

0000000 ¢f(k) = (ci(K),cl(K)ODK) =t(l+e+e)goOoOo kOO OO
000000000000 &K =DRPO0000000000000000O0
O00000 &k =+DK|0000000000000000 40000000
0000000000000000000020000000000000KDOO



040000000000000 D

K 0OOOODO0OOOOO0OODO0O0O0O00oOoooooooooooooooooooo
OO0 (cone)l 0000000000000 O00O0ODOOOOO0O0O00O0000OOO
000000000000 0000000000000000000000000
00000000000000000000D(K =00000000000000
00000000000000000 eM=p,ek=0000 w¥=lLw#l
0000000000000 0000000000000000 3000000
000000000 Slonczewsky-Weiss 000000000000 800000
0000000000000 m~06mO000000 ve =10 m/sO00O0
0 y30000000

000000000000 000000000D00oooooooooooo
000000000 2000000100000000000000000000
0000000000000 00000000000000000000000
000000000000000000000000000000000000
000000000000 00000000000000000000 keOOO
DDDDDDDdmmmdm—dmzi%gcmm5k:h«@DDDDDD
O0mge D000000000KkOODOODOO0O0OO0OO0OO000O0O00 hdk —» —ikvV
DDDDDDDDDDDDDDDHﬁ:T%WﬂDDDDDn@DDDDD@
000000000)0000(@5@YII000000000000000000
00000000000000000000n

00000000050 O000000000000000000000000
000000000000000000000000000000000000
000000000 Slonczewsky-Weis§ OKOOK D0000000 k-pO0O



ooopoooooooooso

(a) (b)
Ek) Ek)

05000 ((@0O000000000 (b)OD

O000000O00OoOO0DOOoooOoOooOOo s oooooboooboooDo
goboooboooooboobbooboboz20b00o0obooooOoooon
OO0000OOO000ooDooOoOoobooDO kOoOoboooooobobo 2000000
Oo0000o0o0o0o0UoDoo kODOoOoUOOoDoOOoUOOD 20200000000
gboboooobobobobobobuoobobobuoboobobon Berry
go0oO0oOoOoOoOoOO0OOeUCODODOOOOOUUOUUUUODDODODOOOOO
00000000 TrH=000000'0000000000

Re(K)  A(K) ]:( Ry Rl—iRz]:R.a

HW)Z(A%@ ~Ry(K) Ri+iR, —Rs @

00000000000 o =(0,02,03)0000000A0 00000 RODO DD
0000000000000000000000000000000 BerydOOO
300000000 RK) = (Ru(K), Ra(K), Ra(K)), Ri(K) = ReA(K), Ro(k) = —Im A(K)

looooooUO0O0O000O00000000000O0000000U0OU00O000oo0ooQg

00000000000 (tting) 00 0000000000000 000000000OOODOO0O
0000000000000 0000O00000O0000ODO0O00DODOO00O0ttngDOODOOO

6



000000000000000000000000D00000000 E?2=RX
OO0OR=R)COO0OO0OODOOOOE. =Rk OODOOO0O+00000
-0000000000=2RO00000000000000000000O
Oo0o0o0o0oDooOob 200000000 kO 20000000O0O0O0ODO
00300000000 ROODDODOOODUOOOOODODODODODO
O00o0oDoOoOO00bOooObO0 kyOODoOoOoobDoOooODOoOOobobuooooboobooo
O002x2000000000000000000O0DODODODObOOO
gbboogobobobboooboodobbuoobbbooobbuooboboo
00000000 (finetune)D 00000 O00DODOO0ODODOOODODOOODOOOO
gboboboboogdobbuobuooobbooobbuooobboobbabboo
gobogbgbbuogobbodgbbuoobboobuooobbouoonboboo
goggobbbbbuoooooobbbboooooobbobobbboooago
goboooogd
gbbgbuoobbodgobuboobobooobuoobbuouuabbooboo
O00KK)OODODDOODODDOOODODoOOOoOoOoooooooooooooo
ooOoooogpoooobbooooooogoooboooobooooooDooboOoo
ggbbobuogobobobobobboooobbboooobon

22 DO00O0O0OOOODOOOO

00000000000000ABOOOOOOOOOO,O030000000
0000000000000000000000~-00000000000000
000000000000000000000000000000000000
000000000000000000000MO000000000 2020
0D000000O0HKOODOODODDOO0O0O0O0000000000000000
O000000ABOOOOOOOODOOOD300000000000000
0ABOOODODOOOOOOOOOOO0O00O000 bipartited 000000000
0000000000000000 y=030000({H,yJ=Hy+yH=0000
000000000000000000000000000000000000
000000000000000000000000000000000000
0 (Fermion doublingd 0 0000000000000 O000O0O0O0000000O
0000000000000000000000000000000000000
00000000000000000
000000000000000000000000000000000000
0000000000000000000[A500000000000000 y0O
3000000000n,(n/=1)00000000000000000

2
’)/:ny'O', Y =0o



U000 oo 2000000000000 0DODODODOODHODOODOOO
goooo

{H’ 7’} = O’ ’yHy_l =-H

00000000000000 TTH=0000000000000000000
O0000000OH=R.¢c000000000000000000000000
000000000000 (A-0)B-0)=(A-B)+ic-(AxB)0ODO0O0O0O0O
D000000000={Hy={R-o.n,-0}=2R-n,000000RO00O0O
0000000 nO00000000000000000000(0 600000

OeC0000000bOO0bObOOoO0ObOOobOOobDOobOoboboboooboOoo

OO00000D02000000000000000000 (Rtkg)=0)o0oooO
keOOOODOOOODDOOOODODODODOOODMODOOoOoODODDOO0OOn
OHOOOOOOOk-pODOOOOCOOOOOODODODOOODODOOODOO
000000 kOOODODOOODOO

H(k)
X

X

Ho = (X - o)k + (Y - )5k,
OR/3Ky, Y = OR/dK,, 5k = K — ko

ggbbobuooobbobuooobobbbuoooboo

000 XxyOoooooooooooouoooooooooooddd n, O
gbooooooooooooboobobobobobo ODy=+1,0000000
gboobdib y=-100000000000

XxY
C2

oooooyY,n)0oooooo0o0o0o0o0oooooooobO0O v, 00000
-l100000db0 chbdb@mboobobooboobooon0 vy oD OH

x(ic)’n,,
IX x Y|/H?

8



020000

H2

2 = 6kx

1 (XX XY
(o2 X-Y Y-Y

[1]

000000detE = (hc) X x Y2 =10000000,00000000 200
000000000 VOO0 2= Vidaggx &)V, (Kx.Ky) = (0keok,)Vi 000
O0OHODOOODOOOOO

E = +hwk,

wx = cK,

K = VEXKS + &K,

fxfy = det2=1

ggbbbuoooobbbuoooobbbuoooobbbouooobobood
gooooABOODOOODOODDODOOODDODOODbDOODDbDOObDObOODDO
gogbbbotuoooooooobbobbdooooooobobbobbougg
0000000000 detune] 00000000 DOOOOOOODOADO tight-binding
gbobooobbuomugbuodgbbuooobboobbooboboobboo
g000O0o0bO00ooobOoO0oboOo0oobOoooboOobb20000D00DO
ggobbbobbbuooooobbbbbuouooooobbobbougo
goggoobboobbbbdooooooboboboboobobbooooubougd
gogobbbbbbuooooobobbbbboouooooobbobbbooo
gogobobbobbbuodooooobboboouooooobobboogd
ggbobobooogbbboooobobboood

23 O000ObOOOo0ObDbOOoOoOobDbUooobbOooboboboon

gboboboobobob ABOOOOOODOOOOOOOODODODODODO
gogobbbbbbuodooooobbbbouooooooobbbbooago
gogoobbobbooogoobbobbbodoooooobboobobboogd
goggobobbbbbbuodooooooobbbobbbboodoooooao
gogbboooobobooobobboooobbuooobboobooooboobooboo
OO00Oo00oO0o0obOOo0oDoOoOo s, 19poooooo0ooooooboooDoo
gogobbbbodooooooobbobbbooooooobobobboogod
gbbodboobobuoogubbooboooboobbooboobooboo
O0000000O00oo0o0oooOoooooo o



gggbbbbbbdoooooooobboobobobbbobbboodgaao
gboobuogbbugbbuoobboobobuobobobuoobuoobooboa
OO0O00O0O00DOO00DOO00DO0O000O0O0ONielsenb 000 [2000000
o0oob0obOobOoooooboUo20b0b0b0bUobUobOobDooDooboOon
ggbboogoobbbogbuooobbbuoodgbbbuooobbbuoobo
gogobobbbodoooooooobbbbbbooooooooboobobogo
OoooOooobOoOooo0ooDbboooDooooooOon 21, 22,150

; . R(T) R(T)

sideview C—I— |

(a) case of a massless Dirac cone (b) gapped case

07:00000000000 R(TAO

00000000000000000000000000000000000
0000020000 T2 = {(kek)lkok € [-7,7]} 0000000000000
k= +r00000000000000000 k=+000000000000
0000000000000000000000000000000000000
000000 k> RKOOOODOOD30000ROOOO 20000000000
000000000 RT3)O0000003000000200000000000
0000000000000000000000000000 n 0000000
000000000000000000000000000000000000
000 (@7 000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
00000000000000000RK)DO000000O000O0000000
000000000000000000000000000000000000

10



goboboodgbboboo

ggobbobboooogogobbobbbodooooobobobooboboogd
00000000000 40000000000000C NielsenHOOODOOOO
000000000000 00D0OD0O CreutzOOOOOOODODO [18,19,9, 2100

goboboogooboobooo20b00oogooooboobobonD rROD
gogobobbobbbodooooobbbboooooooobobobbood
gbooboobobos8sgbobuobobonoooDo Xxyboooooooooo
0000 yOODODOOOOOODOOOODOO [15]0

XxY ny
x =+1 T
X Y
C
ANy
XxY

O8oobooboooobobooobooooboboon

24 DO000bDoOOoO0bobOoOoobboooo

gogogbbbbuooooogobbboobobboduooooobobobouaa
gogoobbbbbodooooobobbbbbbuooooobbobbodago
gooobboobbboogoooooboboboobobbougooobooboogo
ggoobbbbbodooooobobbbbouooooobobbbbbodao
gboboobodbogbboboobooouoboobboobuooboobg
Oo00oooDOoOO0OOObpiparttel D00 O0O0O0ODOOODOOOOOODOOOOO
000000000000 00oDoOoooOoooo [es,67,65]

ggobbbbtuoudgooooobbbbodoooooobbbbboado
ooboobogooibobboobobboobooboobbooboobDoUoDO

11



G227z UI281T50NE | DA FILFRE

T IEF

RUBYEIDEN

Z B LS

) FIL

RERHEERR T

O x|O|O|O] x

Ry F#&F

go0o0o0oobOoboboboooogboobOoboboooboooDoDUobOobO

gogooobbboobbboobbbbtbddgooooobbobooougd
gboboboboboobooboooboon=00b00b00b0O0Ob0OOOOOO
gogobboobobboouooooobobobobbbooooooobbobbougd
ggbobbbbbboodoooooobbbbbuooooobbobboodagg
gboob0ob0obO0obOobOobOoboobDoboOoboUoOobUobD 200000000
ggobobbbbobodoooobobbbbbouooooobobbbbbadoo
googobbobbbooooooobbobobbbuoooooobobobooo
gogobbbbbbouooooobbbbnbdooooobbbbbbougg
goobobbobbouoogooobbobobbouooooobobobboogd
gbboobobbbobbuoobboobboobboobobobbooboo
gogbobuoogobbbooooobobod

3 Oodooooouooooo

goooooooooooooobo0ooboobooooooogn,epooo
gogobobbobboouooooobbobobbouooooobobobboogad
ORSCcOOOObO00ooobo00ooo0ooDoooUoDbobobobobogo
gogobbobbdoooooooobbobobbbooooooobboougo
gogobbbbbbuooooobbbbbouooooobbobobbboago
gbbobodbdobogobbobobuoobbooboobbobbuoobobo
ggobobbbbbuodgooobbbbbouoooooobbbbooago
gogoobbbobobbbtbodoooogoooooobobbbobobooougd
goggobbbuodooooooobbbobbbbuouoooobbbboodago
googoobbbboboboobbboooooobbboboboboooogod

12



ggogobbbbbbotbodoooodoobbbuooooooobbobobobbooo
gboooboodbobbuogbobuogbobuoobbuoobobobooobooooa
ggbbobbbodoooogobbobbbdooooooobbobboago
gogobbobobboogoogboboobbboouooooobbobbougad
goggobbbbbuodogooobobbbbboooobobbbobbboodago
gogooodg

31 DO0Ooooboooboood

0000000 xyOOOO2000000000000000000000
D00000000000D00D0 He = &(p-eA)? p=-irvO0OO00O000O
B=(0,0,B)=rotA0 0000000000000 000000000O00000
A=(0,Bx0)0000000000¥=X,(xewoOoooooooooooo
DDXM@DX:&WQ:@&@W:%éDDDDDDDXDDDDDDDDD
000 w=2000000000000000y00000 L,OODODOOOOO
DDDDDDD@:%WDDWGZDDDDDDDDDDDDDDDDDDDD
En=hw(N+1/2,N=0,1,2,---000000000000000000000 x
D00000000D00000000 0<x(k) =02k <LyO000000000

000000 D=4 0000000000000000000
B

0 10: LaughlinD O OO OOOOOO

000 Laughlin0 0000000000000 0000000000 @000
000000000000 00000000 23]00000000A, - A, +AA
000 AA=200y00000000000000000000000000
0D00py-eAA=hZ(n -2 0000000 A=0,000000000000
00000000000 kK010000000000000000000000
0000000000000000000000000000000 xO0O000
100000000000000 &="00000000000@000000

13



gobboogobbudgdbboooobb oo ooobobbuoon
goobooobA®d =0, 00000 AtODDUOO0OODOO0ODODOOO0ODODOO
000000000t=000t=At00000000000kKkOODODOOO
goboboodogobobboooouobobbooooobbbboooooo
oo0oooooooooMMoboobOooDOooOOoDUOooOoOooOoooOoobOoooDOoO
00000000000 yoooooooad
-eM 1 Me?
=TT AT TR Y

odboodLoooooooooog 000000000000000000A0
O'yX:%MDDDDDDDDDDDDDDDDDDDDDDDDDD NOOD
N+100000000000(N=212.)00000000000000000
gobobbooobobooooboo NOOOoobbbouobobbuououobboo
ooooooooooM=NOOOO

3.2 JU0oooooboboboobbobooogd

gogobbbbodogooooobbobbouoooooobbobobagd
gbbodbbodbboobooobooboboouoobbobooobodd
U000 E=O00D00D00000DO0ODODODUODODOOOODOOOOOOO
ggobobbbbbbodoooooobobbbuoooooobobbobbobooaad
gogd

gooooobbbbbbbbbbbbbbibdoodooooooooooo
O0000kOOOOOO0OO0OO0OO0O0O00000 adky — —ikdy, hoky — —ihoy, 0 0O O
O000000000000000000000 -ihdyxy — —ihdxy —eA, 0000
goboogobooob B=rotA000O zOOOOODOOODOODODOOO
gogobobooodn

= X o)+ (Y- o)myl,
= —ihV —-eA
0000000 [remy] =ikeBO0OD0D0 H2O
H? = »? [Xzﬂ')z( + Yzﬂs + X - Y(mymy + mymy) + (X XY) - o7y, ﬂy]]

A(n'En)og — y(eBac?)y
CA(ExIT} + &IT5) — x(eBic?)y

000000000000 E00000000000000=Va000000
XxY - o=x(fic)’?y DOOOH?00000,detE =éx&y =100000 ¢ - =

2m

gboogbouoobooboobd mém&U0ooonooonoonbuoonoon

14



0000000000000,000000000000 w = det2%8 = 2c%B0
0000000000000 ho(n+3),n=012---000000000000
150000000 eBi® = Hiw 000000 yO0OO0 000000000
00000000000000000000000000000000000OnN
oooooo

E.. = =xc+/2enBn|

000000000 0000000oooo0@n0O0O00 vynOOOOOOO
000D000@GH)BOODODO VBOOO (UOOOOODODODOOO0OOOOBOOO
000MO000000000000 vBnOOOO McClureDDOODOO0OO
googlese0donooooog [7ibobooOn=0000000000000OO
gogbobobbooodbobbyodb ybooooobboooooobbood
000000000000 n:000000000 H2OOO0O0O02000000
gboHOOODOoOoboobooboooboobooobuoobobooboboooboo
gogbbbuooobbbuoooobboood

gogobbbbouoogogoobbbobbbbdoooobobbbobbogd
gooooboobooboooooboooboobo 2000b00b0OoO0bOOoDOon
o0ob0obOobOoboo20b00b0obobooboobooooon=000000
gooooooooooo0oob0oboooo KK Ooooooo)yoooooo
Uybooooobbbooobbobboooooobooo

gbbogbbuogobboobboobbooobooobooobboobn
gbobogoboogboboogbydbbuogobooobbuooooonbooo
O0000ooo0Uo0ooo0UoDooo00ooOLavwghinDOOOOOO
0000000000000 2e/h00000000000000000000
gooooooo(E-»-EOQCCOOOOOOOODOODDODODOOOODOOOO
0000000000 tight-bindingD O OODODOOOOOOODOOODOODOOO
gboooooooogoodo E=0000000D0ODODLODODOLOOOO
gobooooboooobuoobooob 0o bod n+10b0o0obooon
gobboboodgbbbad

Oxy = —%(Zn +1)

gooogobbobobbobbbbboooooooopbboobobbboooago
O000e¢/h000000200000000000000000000E=00
gboobdoobobobob-10bi1gbbobooobood

gobbbuooooobobbbbbbooooooobobbbbbboodada
goooo

Oxy = —%(n +1/2)

15



gbbbogbooboooooobbodbooboboobbouoobbodobobo
goggobobbbouodgoooobbbooooouoobboobboougd
goOo[e300ioooodooooooooooooooDoooooDoooO
gogbbobboooooobboobbbbdooooooobboboboougd
00000030000 000ODOO0O0DODOOO Novoselovdh OO0 OO 11
000000000000 [4,3Ju00000 Zheng-Andao OO0 OO0 OOOOO

00000 RSDOOCOO000D0OOOO0000OoOOO00OoDoODOOOOoDOO
OO00ooOooooooogd [e2o

O (KEY)

(1 0) 0

n(10%em?

011:00000000000000000 110

gboobobooboobboobuoobbooboobbooboobbo
gogobbobbooogooobobboobbbuoooooobboboobobod

gbgobuoobobboboobuooboobobobobboboobod
0

16



33 DOboopobooobbooobooobbon
ggboboboogoboboooon
gobbbooobbboobbuoooobbboogboobgao

e 1

FC, C:% T27'~, T:dﬂ

Oxy = —
Oo0O000ooooocCcobooooooooooooooooooon (27,28, 29,
30,31,32,33,34] 0000000000000 00O0DOODOOODOODDOO
gooboobooboobuooobooboboobboobooboboobbooo
Adb0000O0O0OO0O0O0O0OO0O0OOO0ObOOO0obOOobOO0obOO0bOOobOO0bObOnbn
gbooobooobuoobood

) .
\ﬂ:@WE:@ﬁﬂQdV:@QEMWEﬂ{M
u

000000000000000000 pw=xyd00DOOO0OO0ODOOO0OOOOOO
00D 000000 |G)00200 xyODOOOODOOO0OO0O0O0O (IG(X+LyY)) =
€%G(x, YO IG(x Y+ Ly)) =€»G(x,y))) 000 000000000000000
000000000000000000000000000000000000
00

H(¢)IG(¢)) = E(9)IG(4)),

0ooooooon
D0000000000000000000 (GG =100000000000
g=€°0000000000000000000001|G)00000 [G,) = giG)
000000000000000 000000000 ¢0000000000
00000000000000000 A0

A, =(G,ldG,) = A+ g 'dg = A +id6 = A+ id¢ - VO

goggobobbbbbbudooooooobbbbobbboobbboougo
0000000 0DoOope|oOo0O00DOO0oOoOboOo0DODODOoODOO
gogobobbbbbuooooobbbbboouoooobobbbbougod
gogggobbobobobbbotbododooouoooooooboboobobbougd
gooooooooooo0oobooUooboUooboobOoobooboo U@t o
gogbbobuogoboboboooobobuooooboo

bbb Aabbbooobooobbuoobbuooobbooobboo
O0000F¥ =dA,0000000000DOODODOODOODOO00O0OOo coggo

17



F = (dGdG) = [(8:Gl9,G) — (3,Gl0,G)]|dpdey
= [rotA,],d¢«de, = 7,

000000000000000000000000000000000000
000000000000 000000000000000000000000
0Doo0oo0

0D00000000000HOOOOOOOO0O0OO0O0000000000 (x
D00 >, y00O0 e 0000006, 000[0,27]000000000000
00000000 22000000000000000000000 200000
0T200000000000000000000000000000000000

ggbbobuod —0bboogobobuoobobbboooboobobod

gogobbbbbouodooooobbbbbbooooooobbbboadad
goboobdoobdvy 000000 b00O0ODbO0ODbO0ObOobObObDbOOe0d
000000o0o0ooooooooopoOoOoDOoOoOoOoUoooODOoOOOOjO
oobooboobobo0ooboOooboU0bbO0 GyOooboooboooboooo
00 j00d0fj+l10000000poo0oo0o00oooooooooboood
gbogoooobbbboobbbbotboodoooooobobooobbboboogo
gogobobbbbbbotbooooodoobbbbbuoooooobbbobobodao
0000000000000 000O0000O00O0O0TKNNOOODO [27]00
gogbbbuooobbbooodn

i
1
C=>Cn Cr=oz | dA, A =yjdy
=1

271 Jye

000000000000 000000000000000000000000
00000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000 000000000000000000000000
000000000000 [18]0

O0O0O0TKNNOOOOOODOOOO Niu-ThoulessWil O OOCOOO0O0O0
0000000000000000000000000000000000000
00000 ¢, 00000000000000000 W= .y;)00000
000000000000

i
Gy = | [(cwio) = 1w
=1

18



@) (b)

012: (a0000doopoooooooooooOo (oooooooooooo
O0000oDO0O0d (c)booogdooooogobooo0ooobooOogogo
gbobogoboodbbuodobbuooobodbbobooobboobboo
ggbboboooobbboogobbboooobobbooooobood

gbobuogoboubbuoobobuoooboogbboobboobbuobboo
gobwyoooo

A = TrA

0000000o0oooD [82,33,34pj00o0o0ADOODOOO0ODODOODOO
000000000000 00DODO0O0O[35, 32,33, 341

Yidn - Y0,
A=vidy = : .. : de*
'J’]raul//l l/’]rau'vbj
0000000000000 YOOOOOOOOOO0ODO0O0O0O0o000ooo00
0000000000000 0D0D0000000DDODOooDoDO jooooon
0000 gD0000000D0D0D0000000NDDDoND00N0NoNoooonon
0000000000000 000DD000OOooOouU()0DD000o0ooonon
000000000000 00000000D0000000000000000
O00D0000[33,150Y000000000 SlaterD 00 ¥)yDDOOO

¥y)
b4

|¥)detg, detge U(1)
= ¥Yg, geU(j)

9

19



oooooooobobooooooA=TrAD0DObOOO

1
- T A
C meTz rd

O00oooDoogo@8oogooooooooooooooogooono E=0
goboooboooooooobooobobooobbooooboooooouobbD E=00
goobobbobodoooooobobobobbbodooooobbobboogd
gbogboobbobogbboooubuobobbobbobbobbobbo
O0000O0O0O00O0oooooo0oooo0ooooooooooooO 8@
12000000 000000oooooooooooooooooooooon
O000ooOoOO00ooo0o0OoDoo0oOoooooobooooooovu()oooo
gbbodboobobuodoboooboobuooboobobobbboobobo
gbobogbbooboodbboobboobboobboobbooanoo
gogobbbbbbuoooooobbbbbboouoooobbbobbboadao
gogooobod

00000000000000000000000gooo U@)oooooo
gobooboooboboboboboobooobog AD

A,=g'Ag+gtdg

000 U()0000000000000000000000000000000
O F =dA+ A2 = (0:A— 0:Ac + [AL A])delde? 00 0000000000000
oooQ

F,= g 'Fg,
TrdA=TrF =TrF,

gogbboobuoogbbboooobbobuoooobo

1 1
= = TrF
C 27T| T2 T 27T| T2 '

000000000000 00000D0oOoooooooag [33)0

gododoooodoooodooooooooooooooogooon
0000000029 32000000000000000DO000DO00DOO0
0000000000000 0O0O0O0O0O0 T?°0000000000000000
00000 B0 DO00D020000000000000 T°000000
$m = F (M, my), Aky = 2(1,0), Ak, = Z(0,1) 00 O

Cu =5 > Fm
m

Fm = Arg [Uy(¢m)ua(@ + Ak1)U;(dm + AK)US(Pm)],
Uy (K) = [¥(Pm + AK)] ¥ ()

20



00000000000 C,0O000O0000000000000000000
M-owO0000000COO0000O000000000000 MOOOOO
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000 King-Smith-Vanderbilfo 000 000000000000000
000000 [37]0

01 & ,(e2/h)

20t

Mat

013:00bb00o0o00ooooooooo0oooooboobooobooobooboon
gbogobgoobboobbooboobbooboobboboboobobon
oobooobooobobb y3iocoooobooooboooooooobooooo
gogbobobooooboboboooon

gboboboooobooobobobobobobobobobobobobo

oooi1eooooobooooooooooobbbooooooog,»+-,-5-3,-1,1,3,5,---

21



oboboboboooooooboz2000b00bOobDobooboobobOoboOon
gogogobbobbboogoobboobboddooooobobobobouagd
ggooooououoooouoooooobboobbbbbbbbbobdggo
godgoobbbbbbboudddoooooooooboobbboboog
ggbobbbobbbooooooobbbbbuooooooobbbbbodago
oooboob -1,-2-3,---000 000000ODbO0oO0O0OO0bO0ObOobDOoboon
0123 ---0000000000000000000O00ODOO0ODO0O0ODO
googobbbouoddooooouooooobbooobobbbooogod
ggogobbbbbbbbooooooobbbbbbbooduooboago
goboboobbodoogooooboboboboouoooobbobboogd
ggoobooobobbbbbbbotbodoooooooobbobbbbooggo
OO000o0o00oO0oO0oo0ooboboOooooo 380

34 n=0000000000O0O0O0OOO

ggobbobobbodoooooobbobbouoooobbbbbougo
gddddooooooooooooooobobbbboboobobbbbooood
gbbogtomboboobbuoobbuooobooobboobbuooboboo
goodgobbbboboooooooooooobobbboobobobbboboood
gbdbubodgbuogboobboobuooboobbobobuooboobbo
gogoobbobobbbodgooooobobbbuooooobbobbougd
gobooboooooooboooobobooooboooboobodon+0000O
oo0oobo0oboooOobOOobobooobDobOobooooooDoboboOodn=0
gogobbbbbbuoooooobbbbbouoooooobbobbboago
O00000DoOoo000oOooooooDooOoOoOooooeoooooogo
OOoOO0OoDOAharonov-Cashdd DO OO0 0OO0O0OOODOOOOOODOOOO
oboobOobobooooooob n=000000Db00ODODODODOOODLO
OOo0OoO0bOOo0DOOoOoDOOooo0oOoboOoboboOoDo 2eoboobDboOoDOO
gobbogguogobooodgbbogbbooobobobbuoobbuoooboo
gogon

4 OJdodooooooood

gbhbooboooboobbooboooboobbooboobbonbobo
gbooobooboobbuoobooboboobbobbuooboobbon
gobogoboobooobobuooboboobuooboobboobooboobon
gboooboobboobuoobbooboobooboooboobobon

22



Density of States

014:000000000000000DOO00DOO00OOO0O0O0OOO [e1)0
goboooobooboobooooboobooo KooK ooooooooo
goon

000000000000000000000000000000000000
ooo0ooo

00000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000001000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000 000000000MO000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000 [40,41,300 000000000000
O0000000 [42,430 000000 [44000000000 [45, 46000
0000000 [47,4800000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000

23



0ils:0:gbgboboooboboobobuoooobobooooobobooo
gbooooboobooooobobobobobmooooboboboooo

0000000000 000000000000000000000000000
0000000000000000000MO0000000000000000
000000000000 000000000000000000000000
00 [30, 22]0

41 OJ0O0OO0O0O0ODDOOOODODOOOObODDOOOon

goOoOooOoooOoODOO00O0OooopooOoOoOOoOoDoOoooOooobooo
OO0 1500000000 (Zgzag)DOOOOOOOO (Armchan0 00000
gooooopooooUoOooooOo0oOoooooUooooDooooooooo
0000000016000 RQUODODOOODOODOOODOODOOODOOOO
gooooooooOoOo0oooooU0UoOopooooUoUoooooOooOooDoooo
goboboboooguobbbuooouobbbooooobobbbooooooo
Oo0000oOoDooOoO0o0oOoooOoUOoDooo @BoooUooooooooooo
gogbbobuoodgouoobobboooouobbbooooobbboooooo
goooooooooo0oUoopoooOoUoOooooDOooooDooOoOoooooo
goooobooobbbbooooooooan

ooooooooooOooooooO0UoOoooooOoooooooooooo
049000000 STMOO [50]0 0000000000 170

24



(@) Armchair edges. 1y - Zigzag edges
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