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Abstract

Topological insulator is a material with spin-polarized Dirac-cone-like surface states. It is
much interesting not only in light of basic science but also from the viewpoint of spintronics.
The topological surface state has a peculiar property that the spin direction of an electron
is perpendicular to its momentum. That property leads to the suppression of backscattering,
which was confirmed by microscopic measurements. However, the influence of the suppressed
backscattering is still unknown from the viewpoint of macroscopic electrical conduction.

In this work, BiyTes and BizSes ultrathin films were grown on a vicinal Si(111) substrate and
their resistivities were measured by the square four-point probe method in order to investigate
the resistance across an atomic step on the topological insulators. The topological insulator films
grown on a vicinal substrate should have atomic steps running perpendicular to the direction
toward which the substrate is tilted. The square four-point probe method makes it possible to
obtain the resistivities parallel to and perpendicular to the steps independently. Consequently,
the resistivity perpendicular to the steps was turned out to be larger than that parallel to the
steps. This anisotropic resistivity means that an atomic step has a finite resistance, which in-
creases the resistivity perpendicular to the steps. Further analyses found that the step resistance
is larger on BisTes than on BisSes. This can be explained by the fact that BisTes has a Fermi
surface warped more than BisSes, which causes more scattering probability.

BisTes properly doped by Pb has its Fermi level between the band gap of the bulk states. In
this case, only the topological surface states contribute to the electrical conduction. Therefore,
vicinal Pb-doped BisTes films were prepared and their step resistance was measured. Their
electrical properties such as two-dimensional resistivities and step resistances changed after Pb
concentration exceeded about 10%. This is likely to be attributed to the suppression of the
contribution from bulk states to the electrical conduction by Pb doping. The step transmission
probability of bulk insulating samples was 0.5, which is 10 times as large as that of sample with
its Fermi level across the bulk conduction band. This can be explained as follows. Because
there were no bulk states on the Fermi surface and the Fermi level was near the Dirac point,
the surface-to-bulk scattering and the Fermi surface warping, which disturbs the transmission,
were suppressed.

BigTes and BisSes are known as an appropriate substrate for growing Bi single bilayer (Bi-
1BL), which is theoretically predicted to be a two-dimensional topological insulator. Bi-1BL was
grown on vicinal BisTes and BisSes thin films as a substrate and its resistivities were measured
by the square four-point probe method. Experiments were performed not only to measure the
step resistance but also to detect the possible edge-state conduction along the step edge on
BisTes or BisSes. As a result, the difference of the resistivities between the two directions was
small compared with the case of bare BisTes or BigSes. These results suggest that the deposition
of a Bi-1BL on BisTes or BisSes changes the potential barrier at an atomic step. The existence
of edge conduction was not supported from the anisotropy. By cooling the Bi/BiyTes , the
resistivity perpendicular to the steps became larger while that along the step did not change.
This phenomenon cannot be explained by conventional hopping conduction model and weak
localization.

In this work, resistances of atomic steps on topological insulators were measured. It was
revealed that atomic steps on topological insulators sometimes work as scatterers like trivial



materials. However, it was found that, in the case of topological insulator without Fermi surface
warping effect, the transmission probability through a step is high because the backscattering
is suppressed. Moreover, the transmission probability can be tuned by changing Fermi level or
electronic states itself by additional deposition. All the results above show that transmission
property is a parameter which reflects the property of topological insulator.
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goobogd

Specularity | Mean free path, Iy (nm)
P BisTeg BisSes
0 140 30
0.2 330 80
0.5 2.2 x 10% 1900

U43: 0000000000 pOO0OO00ODODODO pO0DbODLDO

00000000000000 Cattani 0 Salvadori(CS)000000000000000 [122]0
000000 (413) 00000000000 [123]0

2h k _
(A8

d) — _h
po(d) = pp(00) = 5 — 5

(4.17)

0000000000000000000000Bi;TesdBiySes 00000000 A = 2.2 nm?
00000000000000BITesOBixSes 0000000000000 FCOOOO0O0ODO
ooo

0000000000000 0,;000000000000000000000000200
000000 (3.44) 00

o = Gokpl (4.18)

000000Gy=¢/A00000000000038uS0l=vpr0000000000000
O00BixTes 00000 kp = 0.18A7! [87]0BigSes D0 000 kp = 0.10A~1 [86] D00 O O
o, 0000000000000000 (00D00)00000000 BipTes 0 1.9 £ 0.4nm0
BisSes 0 3.5+ 0.2nm 000 0ARPESO0D0O00D000000000000O0OONO BigSes O
0000000000 14mm005mmO000000000000 [124-126)00000000
Bi,Se; 1000000000000 OOOOOODNONONONONDDDNDNDNONOOOOOOOOOO
00100 nmmO000000000000000000000O0000000 [127]0000000
0000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
O0000000BiTe; 00000000 ARPESODDOD 10nm [128)00000000000
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000000000 179nm [129]045nm [130]0 10 KOOOODOOOOOOODOOOOOOO
gobbooobobooobboobbuooobuooobooobboobbooobboobboo
gobobooobooobbboobboobbooobboooboboooboboboooooDg
oobooooboooboooobooobboooboobbo0ooDo0oobO0oOoboOoOn BigTes
goboboobboobbooobooooboooboooboboooboboobboobboo
O0oooOoooo [131)0

gbobgoboooooboboboobooobooboooboboobooobooobobooboooboon
gbbooboooooboboobooboobobobobbooboobobboobooobooono
gobobooobobooboboooooboobbooobooobooobboobboooboo
gbobooobooboobooooobobobooobobobooboooboobobooboboobo
goboooobobooboboooobbooobobooooboobobooboooboboooobooboo
gobooobood

1 —_—

Os, 1 s,

+ Pstep (4.19)

U000000 pep oo 200000000000000000001000
000000000 Rgep(D OO0 QxemOO)000000D00D00O0O0O0O0OOO

Pstep = NstepRstep- (420)

O000Ns4p, 00000000000 000000000000000000000000000
1QLODOO0O0O00Si(111)00000000000 (0 4.13(b)(¢)0Si(111) 000000000
0000000000000000000 QLOOOOD Te(Se)00000 Te(Se)0OO0O0O00O
000000000000000 (O 4.13(b)) [132,133)0000000000000000000
00000000000000000000BI;Tes(BiSes) 0 1QLOOIOONOOOOOOOOO
000000 1QLOD000000000001QLOONNNNN0N0NNN000O0 (O 4.13(c))d
00000000000 vicinal D000 BigSes 000 BiyTes 0000000000 [134]00
000000 ADO0QLOODOOOOOO000 BigTes O BigSes 0000 0 Apiyre, = 1.016 nml
hBiyse; = 0.957 om0 Si 0000000000000 hgg =0313mm00000000000
Nytep = tan0.9°/h 000000 (0 4.13(x))000010000000000000000000
000000 7TO0000000000000 ((3.71)0) [9,47]0

1 _ 262 kFT

=——T. 4.21
Rstep h = ( )

o0 o1 0000 petepy 0D DDODO0O0ODODOO0OOOQLUDDDODOOOOOSIiOOOO
0000000000 Reep 0000000000 TOOO0O044000000 BisSe3O OO0

Rgtep(S2cm) T

Sample QL step Si step QL step Si step
BipTes | 4+2x 1072 | 1.3+0.5 x 1072 | 0.05£0.02 | 0.17 +0.07
BisSes | 943 %1073 | 3+1x1073 0.5+0.2 1.44+0.5

O 4.4: BioTe3 000 BixTes D000 OO0O0O000O0 Rgep UOOOOO0O0O0 TOOOOOOO
0 BigTes(BigSes) D QLO U OOODODOOOO SiDO0O0O0OO0O0O0O0OOOO0OOOOOOOO



44. 00 81

Quintuple

@ 0o © 0,0 @ @ @ © e @ @ 0 @
e @ @ @ 000 060 0 ©_ © @ 0@ @ @ @ @ @ 0 ©@
o o 0o 0 0, © 6 0 o © 0 0000 0O 0 O
© 0o o0 000 0 @ 0 O e @@ @ @ @ @ @ @ O
©o 0o o 0,006 6 0 0 © O 0O OO0 OO0 O O
e @ @ @ 0.0 0 @ © O e ©o o @@ @ 0 @ 0 0

* Domain boundary

0 4.13: (a)vicinal 0000 0000000000000000000D0A0ODO0DO0000000
0L =1/Nyep(0OOODODO Ngop)JOOOOOOO0 AOODODMSiOODOO0O0O00DO000
00000000 (c)BigTes(0 OO BisSes) I 1 QLODDOONOOONONONONONONONOONOON Bi
00000000 Te(Se) 000000

0000 T=05007T=14000000000008i(111)(vV3xv3)-Ag0000 1000
00000 T=030+0.15[9)0Au(111)00000 T~0([135)00000000000000
0000000000000000000000000000000000000000000
000000000000000000 ShO T=0.35+0.0300000 [136)0000 BiySes
0000000S00000000000000000000000000000000000
00000000000 H = hop(keoy —kyo,) 0000000000000 00000000
00000000000000000002<7<100000000000000000 [50]0
Bi;Tes 00 QLOOOOOSIOON000000000000000000000OBISes000
01QLOO0000000000000000000000S00000000000000 10
0000100000000000000000000000000000000O0O0O000O00O0
000000000Si000000001QLO000000000000000000000
0000000000000000000000000000000000000000000
000 NyepRstep 000 00000000000000000000000 Rgep 0000
O0000 Nyt 000000000000000 STMOOOODO00O0O0O00000O0000O
000000000000000 BisTes 00000000 BiySes 0000000000000
0000000000000000
000000000000000000000BSes000001QLOOOOONONNONOON
0000000000000000000010000000000000000000000
000000000000000 (04.15(a) [137)0000000000000 BiyTes0000
1QLOO00000000000 0.05——0200000000000000000000000
00000000000000000002000 Si(111)(vV3xv3)-Ag0D0 Sio000000
0000000000000000000000000000000000000000000
0000000000000 000000000000000000000000000000
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0000000000000 000000000000000000000000000000
0000000000000000000000000000000000000000000
000000000000000000 BiyTesO BisSes 10000 (000000 DOO)000
000BiyTes 0 BigSes 0000000000000 000000O0O0O000O0ODOBiyTesO
Bi,Ses 00 0000000000000000000000000OOO0O0O0O0O0O0OOOOO
O0000000BiTes 000000000 BiySes 0000000000B,Tes00000000
000 BisSes 000 000000000000000004.15b)00000Bi,Tes00000
00000000 BipSes 00000000000000000000000000000000
0000000000000000000000000000000000000 [131,137]00
415(¢)00000000000000000000000000000000000O0O0O00O0
(0OBiySes)Jy0000000000000O00000O0O0O0OOO0O0O0O00O0O0OOODOO0
0000000000000000000000000000000000000000000
0000000000000000000000000 (00000)0000000y0000
0000000000000000000000000 000000 k0000000000
0000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
00000000000000000000 0000000000000 (000)00000
00000000000000000000000000000000000000000000
0002000 (000010000)000 (O 4.15(f))C

0 4.15(d)(e) 000000000000 0000000000000000 (OO0BiyTes)dO
000000000000 k00000000000000004.15d)00000000 kO
0000000000000000000000000000000000000000000
0000000000000 400 (20000020000)0000000000000000
00000000000000000000000000000000 (0 4.15()000000
415()00000000 k,0000000000000000DO0OOOOOODO000 200
0000000000000 k,00000000000000000000000000000
000000004000000000000000000200000 k000 (0 4.15(h))0
0000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
BisSes(0 00 0000)0000 Bi;Tes(000000O000000)000000000000
00000000000000

BiyTes 0 BisSes 00 000000000000000000 Step
0000000000000000000000 4.15(a)(b)00
0000000000000 64000000000000000
000000000000000000000006000000
000000000000000006. 00000000000
0000000000000000000000000000 (0
414000000000 70000

T— / * T (0) cos 0d0 (4.22)
0

00ooooT7®) = 16 < 6,),00 > 6.)0000 #0000
000000000000 0000000O0O0O0O0O0O0oonn O 414:00000006.0

T=sn0.0000BiTe; 00007 =0.0500 6. =3°00pp 8000000000000
0000000000000

goooaoo
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o0 14e0oobooooooooobooogooooooon
O0O0O0OBiSes00OT =0500 6. =30°0000000O0O120°
00O0Db0b0obD0obDobooDo0bo0b000bU0bUUBieTes O
goboobooooboooboobooboobooboboobobooboobobooboboboboobobo
O000000000000Bi158bp5Te17Se1 300 100°0 0000000000000 0O0O0O [7]0
00000000000 0O00 BikSesO T=0500000000000000
Bi;Tes OO0 O0ODO0O STSOOOOOOOOODOOOODOOOOOZ. Alpichshev et ol. 00O
goboboooboobbooobooooobooobboooooboooobobooooboboo
0000000000000 000O0o0OO0 [osoooooooo Sin(Qkx+¢)DDDD1DDDD

qugDDDDDDDDDD Q0000000000000 00T=1-

1+ tan?(¢ — %)
00000000 T~0000000000BixSe;00000000000000O0O0O0OOO

oooD0o00oo0o0o0ooDoo0oonbDoobD BikTegOOOOODOODOOODOOOODODOOO
gobogbooooood

O000BiTesO BigSes 00000 DOOOOO0ODOOOOOODOOOOODOOOODODOD
gbooooboobooboosbooooboobooboboboobobboooboboobo 200000
0000000000000 0000000ObO000D0O0O0ODO00DUODOOODODOOOOO (1380
000000000 DOCO00DO00OOC0ODO0O0ODO0ODDO0OO0ODBISes00 5 QLODODOOO
0000000000000 0000000 [85,80BikTes 00000 1QLOOODDIOOOD
OO0 ®70000000000000000O0000D 3-6QLUIDDODOOODUOOOOOOn
000000000000 00(00D0O00D)000000 BikTesOOOOODOODOODODOODO
0000000000000 0000O (CODOO000)00000O0 BisSesOOOOOOOOODO
000000000000 BigSesoODOOOOOOOODOOODOODOOODODOODOOOO
0000000000000 0O00oOo0O0ooO0OUD (ooooDooo0ooooooo
0000000000000 00000000U0000O0UOO0O0D YojooooooUo
gobooboooboboooboboooboboooboooboboobooooboboooboboonooboao
gbooobobooobobobooboboooobooboobobooobobbooboOoobo
gogbbooguobboobobooobbuooobuooobooobbooobooobboobboo
goboboobooobobooobobooooboboobooboboooboboooboboooobooboo
gbooogoobbobooboooobooboboboobooobooboobooboobbobo
ggbbogobboobboobobooobuooobooobooobooobboobboo
gooog

442 0O0O0O0O0OO0OOOOO

041000 411000000003 QLBixTes0 00 1 QLB Tes D00 T >50KOO0O0O0O
0o00ob0ob0oboooooooooboonDoboDBTes OO ODOOOODOOODODODOODO
gbooboooboobobobooboobobooboobooboboobobbooboonDo

gogbboogbbuooobboodobbooobobooobbuoobooobbooobog
d

DDDDDDDDDDDDDDDDD(%<O)[97]DDDDDDDDDDDDDDDDDDDD
d

DDDDDDDDDDDDDDDD(d—;>O)DDD 97,1150 00000000000 BigTes

gbobodbooobuoobobooobooboogn

d
3 QLB TesO T'>50KO000O0O %DDDDDDDDDDDDDDDDDDDDDDDD
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(a) Bi,Se, (b) Bi,Te,
7T

z z

E E

£ i

S ) |

= —

- -9 14

£ T

2 .

0 T T T T T T 0 T
0 0.02 0.04 0 0.04 0.08
Wave Number (A™) Wave Number (A1)
(C) Simple Fermi surface (d) Warped Fermi surface (e) Warped Fermi surface

S:@ Incident

dga e
k(171

h) Im &

(f) m o[k (® mo [k (
—’—Re ‘—‘——Re

0 4.15: 5 QLO OO (a)BisSesd (b)BiyTes 0000 1 QLOOOOOOOD [137J0000020
000000000000000000000200000000000000 BigSesO0 0.2
eVOBi;Te3 00 0.1eVOIODDO () 0000000000000 00000000000000
00000000()00000000000000000000000 (d)(e)0000000
000000000000000000000000000000 BiyTes0000000000
0000000000 (00000 4)00000000000000000000000000
00000000000000000000000000000y0000000000000
(f)(g)(h) 0000 (c)(d)(e) 10 DDD0D00000000 4, 0000000000000000
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0000000000000000000007T<20KO0O00000000000000000
0000000000000 000000000000000000000 p(7T)0000000
0 [139]0

p(T) = po+ pep(T) (4.23)
5 ,0p/T 25

pep(T) = 4011 (@TD> | e (4.24)

v = % (4.25)

pp000000000000O0p,(T)00000000000000000000000000
(Bloch-Griineisen 0 0 0)0ADD0000000000m,,0000000000000000
000p,00000000007T =00 p(T)—pe0T>O0p000 p(T)=py++7 00000
4.10(a) O po = 1000200 p = 160 K [140]0~ = 250K ' 0000 p(7T) 00000000000
00000000000000000000000000000000000000000000
0000000000000 0000000000000000000D000000000000
3 QLBisTes 00000000000 A ~ 0.05 [141]0 n-typeBisTes 000 ARPES 00000
A~02[128)0000000000000000000 m*~04m0000000 [87]0300
000000000000000000A=0.050 kp=0.13A"10X=0.20 kr =0.20A100
00200000000000000000000000000A=0.050 kp =0.13A"10X=0.2
0kr=05A"100000000000k;=05A"10000000000000000000
000000000000000000A=0050000000000000 kp=0.13A"10
000000000000000000 ntypeBisTes 0000000000000000000
0000
T>70KOOODOOOOOO000000000000000000000600Q00000
00000000 (0410)000)000000000000000000000000000
0000000000000000000000000000000 4.10b)000000000
000000000000000000000000O07 >70K00000000000000
0000000000000000000000000000000000000000000
0000000400 000000070KO0000000006000000000000000
0000000000000000000000000000000000000000000
000000000000000 BipTe; 00000000000000000000

000 1QLBi,Te; 000000000 3QLOOOONOOONONDNONDNODNONONDNDNONONOONOD
00000000000000000000000000000(00000000000000

d
DDEDDDDDDDDDDDDD%%<®DDDDDDDDD

0000000 (r>7K)000000000000000000000000000000
p(T)=+T+p00000000000000000 v =48QK~'0000000 v = 13QK™!
0D000000000000000001QLBL,Te;s0000000000000000000
0D000000000000000000000000000000000000000000
0000000000000000000 [1420000000000000000000000
000000D00000000 pee=pyy #p-.0000200000 6000 y00000000
000000000000000000000000

Pz'z = Pzz (426)
Py'y = Pyy cos? 0 + p.. sin? 0 (4.27)
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000000000000000 [143)00000«,y 000000000000 200 |,L00
0000000BLTe; 0000000 ¢c0000000000000000000 1 QLBiyTesO
00D00000000000000060=09°00000000000000 2% = cos?0.9°+

Pl
&sin20.9°=2.8DDDDDDDDDDDDDDDDDDpa,pCD BisTes DO UODOOODO a

SGDCDDDDDDDDDDDDDDDDpC/;}a:7300DDDDDDDDD BisTes DO OO0
pe/pe=50000000003~3000000000 (144,450 0000000000000
gbobobbobobobobobobo

OO00OOoO0DbOo0D1QLObOoOobOOoOoC 2QQLODOO0ODOOOOOOOOOOOD1IQLOO
01QLOIOO0O0OODOOO000OOO00O0DOOOo00ODOOo0o0obOoOooOOoOooDooOobooOg
000000000000 000O0O00004.16(2)00000002QLOOOOOOOODOO
oo0bOO0Oo0o0DbOo0OoboOooOo0oDbOoO01lQLOoO 2QLOOoOoOoODOOoOoOoboboOoO
00000000 (0 4.16(a)00002QLOODO0OOO0OOODO fO0O0OO01IQLO2QLODO
gboboboo,ee0bobobobobobobobobooon

o = (1—foi+ foa (4.28)
1
o T

00000 (460000 20000000000000000OO0O0DDOOOODOOOUOOOOD

2QL 1QL

T
— iy

Crack

(b)

0416 000000000000 O0000O000O000000000000000 (0000
(hyOOooooo

000 f0STMODOO0O0O0O0O0OO0O0OO0O0DOO0OOOOOODOOOOOOOOOOOOO0OO0
f=05000000;00,00000000000000000000 09/01~85000000
00000000000 FCO0O000 oxd*' 0000000000000 o9/01=2%~28.6
00000000000000000000000'00000 10%0000000000000
000000002QLOOOODOO0OOOOO0OO0ONDO0O0NONDOD2QLOOOO0O0OOOO
00000000 BiRTes0OODO0OO00DO0000 (0QL)DDOO0ODDOOOOOOODOODODO

1Si(111)v/3 x v/3-Bi0000000000000000000
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(0 4.16(a)(b)0D0QLODOOOOOOOODOOODDOOOOOOOOOOOODODODDDOO
000000000 00000000000000000000000 Si(111) 00 1 QL-BigTes
00000000000000000000000000000000 STMOOOOO00000
1 QLB Te; 000000000000 DDODOO2QLOOOOOOOOODO [87/02QLOO0
0000000000 00000D0001QLOO0NDDO0N0N0NDN (o1=0,)02QLOOODODO
000000 (o2 =0, x23 +0,)0000f=0200 o5~ 150pS0 f =0.100 o, ~ 50018
000000000000000000000 (0420 BixTesO 0y)) 00000000000
20000000000000000000000000000000000BipTesc00000
00000000oo0oo000000000o0od

1 QLB T3 0 T >70KOODOODODODOO0ODOO00DDO0O0D00D040KOOO0DOO0OO0OOO0O
0000000000000000000000000000000000000000000
000000000000 00000000000000000000000000000000g
0000000000000000000000000000000000000000000
0000000000000000000000000a9

o(T) = poexp [(ﬁj)] (430)

0000000k D000000000p 0000000000000000AEODOOODOO
00D000000000000000000000000000000000000000000
000DpO0000000DO0000ODDOO00O0DODODOO002000000000000
O (Variable Range Hopping, VRH)O 30 O 0O VRHO Efros-Shklovskii(ES) 0 VRHO OO OODO
000 (Nearest Neighbor Hopping, NNH)0OOOOO p=4,1,3,1000000000000
4300 00000000000000000000000000000O0O0000000000
0000000000000 417(a)(b)(c)(d) 00000000 DO000DODOOODOOOODODO
0000000000000000000000000000000000000000 AED
045000000AFO0D0D0DDDD0OO00000000000O0O0OOOOOOOOOOOOOO
0p0000000000AFOOOOODDDOOOOOOOODO0OO peVOOODO peV
00000000000000000000000000000000.1-1KOOOOOOAED
0000000000000000000000000000000000ooo40KOOOO
00000000000000000000000000000000000000000-00
000000000000000000000000000 1 QLBixTe; 0000000000
0000000000000 D0DO00000ODDnDoOg

AE(ueV) | 3DVRH, p=% | 2DVRH, p=1 | ESVRH, p=3 | NNH,p =1
p| 5+1 9+1 19+2 69 + 3
oL 4+1 7T+1 17+2 62+ 3

045 000 BixTez1 QLOOOOOODODODOOCOOODOOOODDODOOCOOOOOOOOO
O AFEO

gboboboboboboboboboboboboboboobo

E
T)= — 4.31
1) = poesp (4 (431
ooo0o00fF,000000000000000000O0NNHOOOOOOOOOOOOOO

O00000000000000000000000000 E,="70ueVO0000O00BipTes-1 QL
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3H I I I | HHA I I I I HH I I I I H
® Parallel
A Perpendicular
2 4+ - -
S
z
R
.4 [ ] [ ] [ ]
17} 4 | I . i ]
& 10 oF 1[ 1C ]
sk o URRA o 1 st o2 4L o, o i
B ) 1L o dL e |
oF 4 ERS -
a b ()
sd | | | | ( )l- H | | | l( )l- H | | | | =
02 03 04 05 06 0701 02 03 04 05 0600 01 02 03 04 05
— (K'IM) e (K-1/3) e (K-I/Z)
5._{ I I I l_ llllll T T lllllll T
4+ @ i 140 - (©)
(J
3+ _
120 _(‘ﬂ.
~~ 6;
g oL i 5 - (1)2 F T T Ty
2 z 100= 0% #abi]
= = Tosf ] °
= 5 % of
A7 15} 20.4pk
B = 3
] = 80— o2F =
~ 4 [ J 8 0.0k 1 1 1.
10 oF ] meby"”
60 — —
8| _
7+ _
or T 40 —
5—1 l l l l- llllll 1 1 lllllll 1
0.00 0.05 0.10 0.15 0.20 567 2 3 4567 2
10 100
S|
T K) T (K)

0 4.17: (a)-(e)000 1 QLBi,Tes 00 2000 0000000000000000000000
0000000000000000000(a)300 VRHO (b)200 VRHO (¢)ES O VRHO (d)
00000000 (0000)d(e)0000000000000000000000000000
00000000000000000000000()0000000000000000000
Bi;Te; 000000000000 ap+1-3F000000 [1470000000000000
0000000000000
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O ARPESOOCOOOOOOOOO0O0O0O0O0OO0OO0OOOOOCOOOOOOOOOOOOBOLD
0000000000000 00000000000000 RVDOODOD0DOD0DO0OoOooooo
goboooboboobobooobooobobooobboobboobboooboboooboboo
0000000000000 BigTes-1 QLD U OOOOOOO05eVO0O0 R7D00O00OOOO
ooooooo E,=70peVOOOOOOOOOOOOOOOOOO0OOOO0OO0O0O0O0O0O0O00O0O
gooooo
gbobgobooooooobobooboooboobobooboboobooboooboboobooobooon
goboobooobobooobobooobobooobooobooobooboooboobooobobooboboo
gobooboobobooboonobooboon

e’ 3 T
o(T) =00+ 5225 (ap + <1 — 4F>> In T (4.32)

000 T=T00000000 o 0000000000 1I0DO000OODOO —%DDDDpD
oooooooooOOoOOO0OO0OO0O000 yxTPOOOOOOOOOOOOOOOOOOOO
p=2000-00000000p=100000<F<100000000DO0ODDOOOOOO
gboogbooooboooboobooobobooboobbilobooobooboobooboboobooboooDo
00000 417(e) 0000 432)000000O0O0O0ODODOOOOUOOOODOODODOOOOO
gopboobooooboooo

ap + <1 - iF) = 0.68 (Parallel) (4.33)
3 .
ap + <1 — 4F> = 0.25 (Perpendicular). (4.34)

0000000000000 0000000O0OOO0O00D0OD0ODOOOODOOOO (1480

i 3 T
oi(T) =i+ o <ap + (1 — F)) In —. (4.35)
VOoL 4 To

0000000000000 @434)002000000000000000O00OOOOOOO
Da”,O/UJ_,OEIDDDDDDDDDDDDDDDDDDDDDD 27000000Db0ODbODbOD
go0o0oooO0O0oOoOoOoOoOoOOoOOoOOOT=40KOOOOOOOO 130/50=260000000
ooobobobobobobobUBiTesbDbobobobbobobbOobDO

3
ap+<1—4F>:04L (4.36)

0417()000000000000000000000 BiyTes00000000000000
000000000 1470a=-05p=2F=00000 ap+(1-3F)=05000000
00000000 041000000000000000001QLBL,Te; 0000000000
0D000000000000000000000000000000000000000000
0D000000000000000000000000000000000000000000
000000000000 0000000000000000000000000000000
0000000000000000000000000000000000

4.5 00O

Bi;Tes 000 BisSes 1D ODODODODODODOOOOOOO S(11)DOODOOOODOOoooOoOoO
Uobd st 00000000 DOO0ODOODODOOODO0OOOOODOO0ODOOOn



90 040 0OOOODOODODOODODObDODObOOb

O00000D0 BisTesODOODOO BikSes DO OOODOOOOOOODOOOOOOODOO
ugboboobooboobobbooboobooboboboooboobobooobobo
000 100%000000000000000000000000O0O0O0O0ODOOOO0O
goboobooogobobooobooooboboooooboobooboobooobooboon
ubboobuooboobbooboo

000200000000 BipTesOBisSes OO O0OODODOOOOOOODOODOOOOO
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5.1 JUOUon

5.2 00O

0000000000000000000000000000000000000000000
0000000000000000000 Si00000000Si000000 POOO0OO0OO
00000000 1000000n0000000000000000000000000000
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0000¢01,2,---,2N0000000sgn(e) 000000000000000000O0O0OO
000 (Pf[A])2 =det[A] 000000000000 (A59) 0000 1000-100000v=0
0000v=10000,00000000000 Z00000ry=0000000000000
vy=1000000000000000000
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(a) (b)
.....____‘A"_ _______ A A,
Al AZ Azi Al
.................... “x
(c) k,
------------------ Bl
il S *
k,
k ----------------- -

0 A4: ()00 200000000000000000000000 (TRIM)O(b)200000
0000000000000000000 Brillouin zonel

sOgpoboobbobbooboboobobobooboobooboo200b0b00b0bo0b0o0a
00000000000 400000000000 [62,1750000000000000 TRIM
goboboboboob

_ Pflw(n)]
O(N;) = ——=20 A.61
() det[w(A;)] (460
O00004000000000000 yi(i:O,l,Q,S)D
(_1)1/0 = H 5(Am,n2,n3) (A'62)
n;=0,m
(-1 = IT  (Auimems)(i=1,2,3). (A.63)

nj;=0,mn;=m

vy 800000 TRIMOOOODOODODOOD »(:1=1,2,3)0 K, OOO0DO0DD0O0O 00000 2
ooobobo4b00 TRIMOOUODOOOOOoOooooO nOooooooooo

(_ 1)V1 = 5(AW,O,O)5(A7r,7r,0)6(A7r,0,7r)5(A7r,7r,7r) . (A'64)

y=1000000000000000000000020150000000000000000
gogbbogobboobobooobbuooobuooobooobbooobooobboobboo
gobooobobooboboobooooboobboobobooboboooboobbdyw=000
v, dooooooooboboobboobbooboboobboobboobboobbooo
googoobobbooogobooobooboobooboobooboobobo4b0ooboboobo
00000 0000000000000 000004000000000 (v;nrers) 00000
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000000000000000000000000000000000000000000
000000000000000000 (A6)0»-00000000000000000000
0000&(A)=+10000

N
=[] &(M) (A.65)
n=1

00000000 620000000 w(A) DOODOOOODOOOODODODODOOOOODODODOO
gboboobooooboobooooboobooobbooboonoobg

A.l4 BHZOUO

0000000000000 UUUUUUUBernevig,
Hughes, Zhang 0O OO OO0O0OOODOOOOO4000000

|57T>7‘5a¢>7|pm+Z'py7T>7|px_ipy7¢> (A66)

0000000000000 000O000OD0O0O000O0O0OUOD RIO)ooOOODOOO (s:sO
000000+10p,+ip,:p0000000-1)0000000000O0O0O000OO0O BHZO
gbobogboobboooooobboobouoobbooboaboo

Hppz = Z Z Z 604037&75202',047&

i a=s,psy=%+1

o Z Z Z Z tggz C’LT+,u,a S» Ci,,B,SZ . (A67)

i o, p=tz,tys.=

ooooc) Cias, 000:000 0000 s, 0000000000000000000Oeéq

1,Q0,S 2

UOoeb000000D0O0¢,, 000000000000000O0O00000000O0O00000

t topets=On
tus, = SPT . (A.68)
tspe™ 200 —

tpp

0000600000000 00000000000000000000000000000
000000000+, +y,—2,-y00000000046,=0,2,7,% 00000000000
00000000000000000000000000000

C]',Ohsz = Z eijkck,a,sz (A69)

0000 Fourier O OO OO
Hpuz = CLHpuz(k)Cy (A.70)

Hppz(k) = do(k)I+ > da(k)I“. (A.71)
a=1
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noo ¢f =(¢f,4.0,,.Cf,Ch,)0400000000000000M*0000000
00000000000000000000000000

W;z%®&:<0&>u:w3) (A.72)
S; 0
0 —il
r = ®I= A.73
Oy (i[ 0> ( )
I 0
° = 0,01 = ) A.74
0, ® (0 —I) ( )

000 (A7)0O000O0O00OO0O0O0OoO0O0oOOOo0ooOOoooOoOooo

E(k) = do(k) + (A.75)
0000BHZOOOOOOd, O00D0O00O0O0DOOO

do(k) = € ; v _ (tss — tpp)(cos kg + cos ky) (A.76)
di(k) = 0 (A.77)
do(k) = 0 (A.78)
d3(k) = 2tgsink, (A.79)
di(k) = 2tgsink, (A.80)
ds(k) = P (t, +1t,,)(cos ky + cosk,) (A.81)

2

gooog

0000000 400000000 2000000000 HalffilledODOOOOODOOODOO
ggbbooobuoobobtooobobuooobooobboboobbuooooboboobboo
gobobooboboooboboooobooooooboooboboobboobobooooboboo
gobooboobobooboooboobooboboob v

4 4

(0" =]Jo) =] I] &n(a2) (A.82)

=1 i=1n=1

000000 0000000000000000,-,00(00000000000000)000
000000000000000000BHZOOOD 20000000000000000 Half-
filled 0000000000000 00000O000000O00 10000000000000
OOOTRIMO 200000000040000A; = (0,0),Ay = (r,0), Ag = (0,7), Ay = (,7)
00000000 TRIMOOOOODOO00O00O0000000000000000000000
00 TRIMOOOO ds(A;) =ds(A;) =00000000000000000000000

(A.83)

( do(A) + ds (M) 0
Hprz(A:i) = ( 0 do(Ai) — ds(As) >
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gboboboooboboboboob 2020000000000 00Db0ODLDODODOOODOO
gbobobobobobobooboboboboobo

(4 E (A.84)

s, 1) +—  do(As) +ds(A;) = By (A.85)

1,0) «— do(As) +ds(A;) = B (A.86)

Pz +ipy, T) +— do(Ai) —ds(A;) = B (A.87)
px —ipy,d) — do(A;) —d5(A;) = E- (A.88)

0D000|s, 1) 0 |s,4)0 |pe +ipy, ) O |pz —ip,, ) 00 000000000000000000
00000000000 E, >E_ 0D000DODOODOO p0O00O0D0O00ODOOO £€=-100
D00D00000D0O0000 sO0000000000¢=+1000000000

§(Ai) = —sgnlds(Ai)] (A.89)
(1) = sen[=E = 2(tss + tp)]

xsgn[?]

)

wsgn[ P 4+ 2(ty + )]

2
— s [<6 . Ep) — At s + tpp)? (A.90)

gobobooobooobooob40b0000b0b000bbO0oobobo0oobooOooboobO0oobon

L. €5 —€p > 4(tss + tpp)
0000000000000 00000000006A1) = &(As) = £(As) = &(Ay) = —1
0ooooooo p000d0d0oobbogd0v=00000000000003

2. 4(tss +tpp) > € —€p >0
A0D0000000000000000 sO000000&(A1) = +1,£(As) = &(A3) =
¢(A\y)=-10000000000v=-100000000000000O0

3. 0> €5 —€p > —4(tss +typ)
A0 A;00000000000000&A;) =&(As) =6(As) =+1,6(Ay) =—10000
Uobo0bv=-1000000000000000

4, —4(tss +tpp) > €5 —€p
AO0000000000000A;) =£(As) =£(A3) =€(A) =+100000000
000 sO00000000000v=0000000000000

obooooobgooo TRIMODODOOOODbOooOoobooooboboooboboooo
0000 AsS0D00O00O00O0DOOOOOO0OO00OODOOOOO0O0ODODOOCOOOOOODOOO
00000000000 Trivial O Topological 0000000000000 000O0O0ONOO

0000000000000 000D0000D00D (UD)000000000000000000Ooog
ooboooobooooo
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00000000000000000000000000000000000D0 (kg, ky) = (0,0)
gboobdoboobobbobobooobobobooboboobobooboboooboonbbO
Ooob0ob0o0o0ooouooob0obUoDbOon Diraccecone OO0 0DOooooooooonoonDO
gbobobobobobo

- >4t +
e-e, >4 *1)

Trivial phase

Ss_sp :4(tss +tpp)

Transition
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8s_8p<4(tSS +tpp) /\/\

Topological phase W
-0.5)

- 0 T

N

O A.5: Trivial, Topological 0 0 O 000000000000 DODOOOCOOOOOO0OOOODOO
oooo0 k 00k 0000~000000000000k,=0, 000000000000
gbobodgbooobd s,pOodgbbooboobbooboaoboboogn
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0000 BHZOOODOOOODOOOOODOOOOOOOO00O0O0000000000000O
0000000000000000000000000000000000000000000
00000000000000000000000 BHZOOOOOOO Hpuz(k)0OOOOO
00000000 (A76) 00 (A.81) O sink, — kg, cosk, — 1 — 320000

M + B(kZ + k2) 0 Ak, —i Ak,
0 M + B(k2 +k2) —i Ak, —Ak
H k)= vy v A91
sz (k) Ak, iAk, ~M — B(k2 + k2) 0 )
iAky — Ak, 0 —M — B(k2 +k2)
000000 M,A,BOOOOOOOO
M o= & 3 P Yty + tpp) (A.92)
A = 2, (A.93)
tes +1
B = lotlw (A.94)

2

00000000000 dy(k)=000000000000000O0O0O0OCODOOOOO0OOOO
gboobgboooboobooboobobooboboobooboobobobooboong

gobooooboooboboobboooboooboboobboooboboooboooobo
gbobogbobobobodobe.00000D00DOO0ODOODOy00ODO0O0y>000000000000
O0oo0do0oooooO00o0nogR 0000000000 k,O0000000000000000
obooooooobobooboboobooboub z.00b0obobobbObD k,=00000
000 F=00000000000000000000 EOO(A9Y)D K, =00000000
gobooobooooooo

E= i\/(M + BE2)? + A%K2. (A.95)

oo0FE=00000k 00004000000000000000000O0O0O0O0O0O0OO
O00oooo0o0oook 000000000 SO0 000000000000D00000D0
goboobooobobooboboooboboooobuooobooby>00000000000000
O0mk, >00000 k£, 0000000000000000000 2000000000 kq,k
gobogboobboooooaobod

Y(x,y) = c1e™Vxg + cre*Vxy (A.96)

000000000 ¢1,e0000 x(¢6=1,2)0 Hprz(0,k)x; =00000 40000000
O00y=00000000 ¢(z,0)=0000

cix1+cex2 =0 (A.97)

uobooobobooobobooboooobd O xye00bbooboboobooooooaonood
U0, 000bogn

M + Bk? 0 —Ak; 0
0 M + Bk? 0 Ak;
1 2 [ 3 4 ?
S = s i = s i = 3 : = A98
X Ak; X 0 X M+ B | 0 (4.98)

0 — Ak; 0 M + BE?
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04000000 (A97) 000000000000 x| x3000 X! || x300D0DD0O0O0000
0000000 | xd000000

M + Bk} M + Bk3
— 1 = 2 A.99
Ak Ak (4.99)

(k1 — ks)(M — Bkiks) = 0. (A.100)

ki #k000000000000000O0O0O0 ki -k 0000000000k, k0O A9O
obOobOobOobooobooobU-kK,-kROO00O0OO0O0O0O0O0ODODODODODODOOOO
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M2
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Imk;, Imk, >0000 Kikp<O0OO0ODODOOOOODOOODOOy>0000000000D0A0
goboobooobooon

k2k3 = (A.101)

M
“|=-1 A.102
sen | | (A102)
B>000000000000000000
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00000000000AD01000000000000000000000000000000

00000000000000 (0 (A98)00000000000000000000 ()0
0000000000000 (Y)0000000000000000000002000000
0000000000000000000000000000000 Hayf(ke) O

Hp (k) = (koo Hpriz |ka, B) (A.104)
gbdboootdobooooudooouobooodoboooouoooouooooooao
—Ak, 0
Heage(kz) = : A.105
dge (kz) ( 0 Ak‘w> ( )

0000000000000 000000000 s,=+40000000000000 E(kyg,sz) =
-s, Ak, 000000000000 O0O0DOOO0OODO0ODODODOO0OODODODOODO
googoboobooobooooo v:h‘fi—fz:—szA/hDDDDDDDDDDDDDDDDDDD
O0000w=A/A00000000
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000000000 [72,138,176)
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Ak, Ak- —-Mk) 0

Aky —Ak, 0 —M(k)

(A.106)

0000 ks =k, £ik,0 M(k) = Mo+ B'k2 + B(kZ + k)0 e(k) = Co+ C'k2 + C(kZ + k2) 0 O
0000 :000000000000000000000002000 2>0000000000
000000000000000000000000000000000000000

0 iAk_
Hor (ki Fey) = ( a0 ) = A(kyoy — kaoy) (A.107)
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gbobobobobobob s,=+1,-10000000
gboobobooboboobooboooo

1 1
Yk,s) = 7 ( _mw) (A.108)
Brs = sAlk|. (A.109)

goo eie:%,s::lleDDDDDQDDDDDDDDDDDDDDDDDDDZBDDDDD
gobooboobbooobooobbooboobobooboooo

(sp) = ssinf (A.110)
(sy) = —scosb (A.111)
(s:) = 0. (A.112)

0000 =k 'ViE = (sAcos/h,sAsin/h) 00 0
§.7=0. (A.113)

gbobgobooboobobgooboobooboboboobooooobobob sbooooobo
ggbobooobooobobooobboooboobbooboboobbooobboobboo
gooooon Ea,/k%—i—k;DDDDESDDDD (ke,ky, £)0O0DOOO0ODO0DOO0DOOODOOO

00000000000000000000000000 (Diraccone) 000000k, =k, =0
O000000000000000000 (Dirac point) 000000

Alle6 OO
gopboooo

00000000000000 |¢@t)0000

O [¥(t)) = [v(-1)) (A.114)
O0DOO00d00O0e000dD0DbO0100b000000000d Schrodinger 0 O O
z'hgtw(t) = Hy(t) (A.115)
p2
H= - +V(r) (A.116)

0000000000000 o0o0oooooooooOoeyw(t)=y(-t)000000oo0o
ooo

i, ;)
g @0(t) = —ihg (=) (A.117)

= —HU(~1) # Ob(1) (A118)

O000Schrodinger 00000000000 0O0DOOOOOODOSchrodinger0000 ¢td 100
gbobobob-1ooboboooobooboooooboooooooooooooooobooon

=K (A.119)
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O000000000KOOODOOOUOOO0OO0O0O0o0oO0O0ooooo0OO0ey(t)d Schrédinger O
gbobobobobooboobooooooooon

mgewa)——(wﬁm?ﬂ¢%4) (A.120)

= Hy*(—t) = Op(t). (A.121)
0000000000000000000!0

p — —p (A.122)

ro— 7 (A.123)

000e000lN0l0lN0NNNN0N0NNonoononono
Olap +b) = a*Oy + b O (A.124)
£ 4O + bO¢. (A.125)

O00001/200000020000000000000000000000000000
0000000000 e =r09w=—p00000060 'v0=-—c000000000
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O000000o0o0o00ooO0o0U0oO0UDoOO0O00bOO0OUD /2000000000 200
gobodboooboboobooon

0* = io,Kioy K (A.127)
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0% = -1 (A.129)
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(¥|©¢) = (Y| —ioyK|¢) (A.130)
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D0000000000000000
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0020000000
(¥[0¢) = —(¢|Oy) (A.139)
(Ov|0g) = (gl¢). (A.140)
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0%n) = ©¢?|n) (A.144)
= e %0 n) (A.145)
= |n) (A.146)
0000000000 (A129 000
0% |n) = — |n) (A.147)

ddo0oOodooboboooobOo0ooobOoo0oDoD E,0O00000D0DOO0 20000000
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000000 Hk)=e*H00000000000000000000

0 'Hk)©® = —-O0H(k)e (A.149)
= —c*MontTe (A.150)
= et e? (A.151)
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