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Heterojunctions are an effective way to control band structure. For example,
solar cells, lasers, and transistors are successful examples of band engineering by
heterojunction. Band alignment, represented by connecting the band of two dissimilar
semiconductors, is mentioned in many textbooks dealing with heterojunctions. In the
mid-1980s, the possibility of interface state in heterojunctions with inverted bands
was proposed. Recently, this interface state has been reexamined from the viewpoint
of topology. In order to connect bands of the same symmetry at the junction interface
between a topological insulator and an ordinary insulator, a gapless conduction state
must exist at the interface.

Quantum size effects are prominent when the Fermi wavelength of the material is
long. The penetration length of the surface wavefunction of topological materials, e.g.
Bi2Se3, is a few nm. In the BisSeg system, it is difficult to study the effect of quantum
size effects on topological heterojunctions because the region in which quantum size
effects can be observed is extremely small. On the other hand, in the BiSb system, the
Fermi wavelength is so long that the top and bottom surfaces interfere with each other
even with a film thickness of about 100 nm. Therefore, the region where the quantum
size effect can be observed is large. The Bi/BiSb heterojunction system is suitable
for investigating the effects of quantum size effects on topological heterojunctions.

In this work, we investigated the Bi/BiSb topological heterojunction, where a
strong quantum size effect is expected because of the very long penetration length of
the surface state. As a result, we found a band alignment that is neither expected
for ordinary heterojunctions nor topological heterojunctions. In addition, numerical
results surprisingly confirmed the appearance of a “superficial surface state” on the
Bi surface due to the influence of the substrate (BiSb).


HTTPS://WWW.UEC.AC.JP
http://faculty.university.com
http://www.es.uec.ac.jp/




Contents

1

2

introduction

Topological heterojunction
2.1 Heterojunction . . . . . . . . . L e
2.1.1 Tunnel barrier and quantum well . . . . . . ... ... ... ..
2.2 Quantum size effect . . . . ... . L
2.3 Topological insulator . . . . . . ... ...
2.3.1 Time-reversal symmetry . . . . . . . ... ...
2.3.2  Space inversion symmetry . . . . ... ..o oo e
2.3.3 Zj topological number . . . . ... oo
2.3.4 Three-dimensional topological insulator . . ... ... ... ..
2.4 Surface state of topological insulator . . . . . .. ... ... ...
2.4.1 Dirac equation . . . . . .. ... L
2.4.2 Surface state . . . . . .. L
2.4.3 Topological surface state . . . . . . .. .. .. ... L.
2.5 Topological heterojunctions . . . . .. ... ... ... .........
2.5.1 Hg; ,Cd;Tesystems. . . .. ... ... ... ... .......
2.5.2 Bij_,Sbhysystems. . . . .. ... ... oo
Crystal and electronic structure of Bismuth . . . . .. ... ..
Virtual crystal approximation(VCA) . . . ... ... ... ...
Topology of BiSb . . . . . . . .. .. L
Quantum well of Bismuth . . . . ... ... ... ........
Topological proximity effect . . . . . .. ... ... ... .. ..
Analytical solution for the surface state of BiSb . . . . . . . ..
2.5.3 Pbi_,Sn;Tesystems . . . . ... ... ... .. ... ... ...
Crystal structure of PbSnTe . . . . . . .. .. .. ...
Topological crystalline insulator. . . . . . ... ... ......
PbTe/SnTe heterojunction . . . . ... ... ... ... ....
2.6 Purpose of thisresarch . . . . . . ... ... 00000,

Tight-binding model and numerical caluculation
3.1 Liv-Allen model . . . . . . . .. L
The expressions for go-g12, €13-225 -+ « « « « v v v v v 0.
The expressions for gog-g31 . - . .« . . oo oL
3.1.1 Bi(lll) surface . . . . . . ... L
3.1.2  Bi(111) surface potential . . . . . . . ... ... ...
3.1.3 Bi/Bij_;Sb, heterojunction . . . . .. ... ...
3.2 Lentmodel . .. . .. . ..
Basis of 36 x 36 Hamiltonian . . . . . . ... ... .......
3.2.1 PbSnTe(001) surface . . . . . ... ... ... ...
3.2.2 PbTe/SnTe heterojunction . . . . ... ... ... .......
3.3 Probability distribution [¢(k,2)[* . ... ...
3.3.1 Numerical calculation . . . ... ... ... ... .. ......

© 00 g O ot

10

11
12
12
14
15
15
16
16
17
17
19
20
22
28
28
28
28
30



i

3.4 Single-particle spectrum A(kj,z,€) . . . . ... 52

3.4.1 Numerical calculation . .. . ... ... ... ... ....... 54

4 Bi/BiSb topological heterojunction 57
4.1 Eigenfunctions of surface and interface states . . . . .. ... ... .. 59
4.2  Thickness dependence of topological interface state . . . . . . . .. .. 62
4.3 Band-bending-like behavior of interface state . . . . . ... ... ... 63
4.4 Interface potential . . . . . . . ... o oL 65
4.5 Determination of surface states . . . . . . . ... ... ... 66
4.6 Sb content x-dependence of surface states . . . . . ... ... L. 69
4.7 Long-range permeation of wavefunction . . . .. ... ... ... ... 71
4.8 Superficial surface state and topology of Bi . . . . .. ... ... ... 73
4.9 Thickness dependence of superficial surface state and true surface state 76
4.10 Discussion . . . . . . L 78
4.10.1 Topological interface state . . . . . . . ... ... ... ... .. 78

4.10.2 Long-range permeation of wavefunction . . .. ... ... ... 78

4.10.3 Other type quantum size effect . . . . . . ... ... ... ... 79

4.10.4 Superficial surface state . . . . . .. .. ... ... 79

4.10.5 Topology of heterojunction systems . . . . . . . ... ... ... 80

5 PbTe/SnTe topological heterojunction 81
5.1 Surface and interface state . . . . . . .. ... oL 82
5.2 Difference between the Bi/BiSb and the PbTe/SnTe heterojunctions . 85
5.3 Discussion . . . . . .. 86
5.3.1 PbTe/SnTe heterojunctions . . . . ... ... ... ... .... 86

5.3.2  General topological heterojunctions . . . . . . .. ... ... .. 86

5.3.3 Comparison of other topological heterojunctions . . .. .. .. 86

TIBiTes /InBiTes heterojunctions . . . . . .. .. ... ... .. 87

BipTes/Bi heterojunctions . . . . . . . ... ... .. 87

6 Summary 89
Bibliography 91

Acknowledgements 97



iii

List of Figures

1.1

1.2

2.1

2.2

2.3
24

2.5

2.6

2.7
2.8
2.9

2.10

2.11

Band alignment of heterojunction systems inferred from the bulk pic-
ture. (a) trivial heterojunction. (b) topological heterojunction. . ... 1
Band alignment of heterojunctions in finite thickness systems: (a) for
the trivial heterojunction, (b) for the expected picture of a topolog-
ical heterojunction, and (c) for the expected picture of a topological
heterojunction with the quantum size effect. . . . . . . . ... .. ... 2

Energy diagram of the p-n junction. [Taken from Ref.[26] L. Esaki,

Phys. Rev (1957).] . . . . .« . o 6
Energy diagram of E. in GaAs/AlGaAs systems. (a),Tunnel barrier
and (b), Quantum well . . . . . . ... o Lo o L 6
Conceptual diagram of the quantum size effect. . . . . . . .. ... .. 7
Situation in which a trivial insulator and a non-trivial insulator are
connected. . . . . ... L e e 8

(a-c) Energy spectra of surface states for thicknesses L = 20, 25, 32A (solid
lines), respectively, and L = co (dash lines). (d—g) The calculated pa-
rameters for the new effective model H,s; as a function of thickness L.
[Taken from Ref. [48] H-Z Lu, W-Y Shan, W Yao, et al., Phys. Rev.
B(2010).] + v v oo e 14
(A) Bulk energy bands of HgTe and CdTe near the I' point. (B) The
CdTe-HgTe-CdTe quantum well in the normal regime E1 > H1 with d

< d., and in the inverted regime H1 > E1 with d > d.. In this and other
figures, I'8/H1 symmetry is indicated in red, and I'6/E1 symmetry is
indicated in blue.[Taken from Ref.[52] B. A. Bernevig, T. A. HugHes

and SC. Zhang, Science(2006).] . . . . .. ... ... ... 15
Crystal structure and Brillouin zone of Bismuth . . . . . ... ... .. 16
The concept of virtual crystal approximation. . . . . . . . .. ... .. 17

(a) The Sb content z-dependence of the conduction and valence bands

at the L-point of bulk Bi;_,Sb,. The topological transition (band
inversion) occurs at x. ~ 0.02. (b) and (c) Band structure of bulk
Bi;_,Sb,, where x = 0.0 and x = 0.08 are indicated by red and blue
lines, respectively. . . . . . . . 18
(a) Energy distribution curves at M. (b) inverse thickness (1/N) de-
pendence of peak positions in (a) and valence band maximum. (c)

The evolution in electronic structures of Bi films approaching the bulk
limit.[Taken from Ref. [57] S. Ito, B. Feng, M. Arita, et al., Phys. Rev.
Lett(2016).] . . . . . . .o 19
(a,b) ARPES intensity and second-derivative intensity for Bi(1BL)/T1BiSes.
(c—e) Second-derivative intensity for Bi(1BL)/T1BiSez, TIBiSe; and
Bi(1BL)/T1BiSs (f) Experimental band dispersions.[Taken from Ref.

[14] T. Shoman, A. Takayama, T. Sato, et al., Nat. Commun(2015).] . 20



iv

2.12

2.13

2.14
2.15

2.16

3.1
3.2
3.3

3.4
3.5

3.6
3.7

3.8

4.1

4.2

4.3

4.4

4.5

Analytical solution for semi-infinite system. (a) Solution I-a (8 = —0.1,
o = 1.0/m, o/ = —0.5/m) and (b) Solution I-b (3 = 0.1, ayy = 1.0/m,
o = —0.5/m) [Taken from Ref. [12] Y. Fuseya and H. Fukuyama,

TPST(2018).] '« o o
Analytical solution for finite thickness system: L/l = 12,15,20,and
100, a, = 100/m, oy = 1/m, and o'y = —0.5/m. (a) Solution I-a:
o, = —1(8 = —0.01). (b) Solution I-b: «',, = 1(8 = 0.01) [Taken
from Ref. [12] Y. Fuseya and H. Fukuyama, JPSJ(2018).] . . ... ..
Crystal structure and Brillouin zone of PbSnTe . . . . . .. .. .. ..
(a) Band alignment of the PbTe/SnTe topological heterojunction sys-
tem. [Taken from Ref.[61] F. Wei, CW. Liu, D. Li, et al., Phys. Rev.
B(2018).] (b) Energy spectrum of inverted contact at interface.[Taken
from Ref.[4] B. A. Volkov and O. A. Pankratov, JETP Letter(1985).] .
Areas of coverage for this research. . . . . ... ... ... .......

Band structure of bismuth crystal calculated by the tight binding

model[20]. . . . ...
Band structure of Bi(111) 50BL thick slabs. . . . . ... ... ... ..
Band structure of Bi(111) 50BL thick slabs with the surface potential.
Schematic of the Bi/BiSb heterojunction (n+n BL). . . .. ... ...
(a,b) Band structure of Bi/Big 92Sbg g (111) surface (50BL-50BL). The

surface states of Bi and BiSb are represented by the red and blue lines,

respectively. (a,b) The band structure of Bi/Big g2Sbg os (111) surface

(50BL-50BL). The red and blue lines represent the surface states of Bi

and BiSb, respectively. . . . . .. .. Lo oo
(a) and (b) are the band structure of PbTe and SnTe, respectively. . .
Band structure of 280-monolayer thick slab of Pb_;Sn;Te (001) sub-

stitutional alloys with varying Sn content. (a) and (b) are trivial in-

sulator cases, x = 0.0 and x = 0.3, respectively. (c) and (d) are for

topological crystalline insulator case, x = 0.6 and x = 1.0, respectively.
Band dispersion of PbTe/SnTe heterojunction for 50-+50 thick slab.

(a), (b) Schematics of heterojunctions between topologically trivial
semiconductors and between trivial and non-trivial semiconductors,
respectively. (c), (d) Present results of topological heterojunction
Bi/Bi;_,Sb, (x = 0.08) of 50+50 BL at I'-point and M-point, re-
spectively. . . . . .o
Band structure of the Bi/Bipg2Sbpos heterojunction. The red and
blue lines are Bi and BiSb surface bands, respectively. Eigenvalues
were labeled from CBM, S1, S2, and VBM at M-point . . . ... ...
Sb content 2-dependence of the probability distribution |¢(2)|? for (a)
CBM, (b) S1, (¢) S2, and (d) VBM in the Bi/BiSb heterojunction for
50+50 BL thick slab. At the BiSb surface (z = 1 BL) of S1 and S2,
the surface state appears for < z.(~ 0.02) but does not for z > =z,
indicating a topological transition. . . .. ... ... ... .......
Single-particle spectrum A(M, z, €) from (a) 50+50 BL to (f) 2504250

Band alignment at the M-point, A(M, z,¢), for 250+250 BL. IS (z =
250) is the Bi/BiSb interface state, and SS (z = 500) is the Bi surface

state. The long-range permeation of the interface state and the surface
state is 50 to 100 BL (20 to 40 nm). . . . . . .. ... ... ..

29
30

35
38
40
41

42
45

48



4.6

4.7

4.8
4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

(a) and (b): Gap position of Bi/BiSb heterojunction. (a) is the original
Bi/BiSb heterojunction, and (b) is the modified Bi/BiSb heterojunc-
tion in which parameter Ep;gp, is changed to E;. Band alignment of the
original Bi/BiSb heterojunction in (¢) 50450 thick slab, (d) 1504150
thick slab, and (e) 2504250 thick slab. And band alignment of the
modified Bi/BiSb heterojunction in (f) 50450 thick slab, (g) 1504150

thick slab, and (h) 2504250 thick slab. . . . . ... ... ... ... .. 64
Band alignment at the M-point calculated from A(M, z,¢) (a) without

and (b) with the interface potential. . . . . ... ... ... ... ... 65
Band structure of pure-Bi for 100BL thick slab. . . . . . ... ... .. 66

(a)-(d) are the band structures of the Bi/Bi;_,Sb, heterojunction for
50450 BL thick slab. = = 0.02, x = 0.04, x = 0.06, and x = 0.08,
respectively. The red and blue lines are the Bi and BiSb surface bands.

The gray lines are bulk bands. . . . . . ... ... ... ... ... 66
Band structure of the Bi/Bigg2Sbg s heterojunction for 50450 BL
thick slab. Eigenvalues were labeled from SS1 to SS4. . . . .. .. .. 67
(a) to (d) are k|-dependence of probability distributions at SS1 to SS4,
respectively. z = 1 is the BiSb surface. z = 100 is the Bi surface. . . . 68

The kj-dependence of single-particle spectrum A of Bi/BiSb(z = 0.08)
(50450 BL) for (a) Bi surface (z = 100 BL), and (b) BiSb surface
(2= 1BL). « ot 68
(a) Band structure of the Bi surface states of the Bi/BiSb heterojunc-
tions for 50450 thick slab. (b) Detailed Sb content x dependence of
the Bi surface states at the M-point . . . . .. ... ... ....... 69
Sb content x-dependence of single-particle spectrum A(k”, z,€) of the
Bi/BiSb heterojunction: (a) Bi surface (z = 100BL) at the M-point,
(b) BiSb surface (z = 1BL) at the M-point, (c) Bi surface (z = 100BL)
at the T-point and (d) BiSb surface (z = 1BL) at the I-point, respec-
tively. . . o e 70
Comparison of single-particle spectrum A(M, z, €) of the Bi/BiSb het-
erojunction for 50+50 BL thick slab, and band structure of free-standing
Bi and BiSb for 50BL thick slab. . . . .. ... ... ... 0L 71
Comparison of single-particle spectrum A(M, z, €) of the Bi/BiSb het-
erojunction and the free-standing Bi and BiSb. (a) free-standing BiSb
for 50 BL thick slab, (b) Bi/BiSb heterojunction for 50450 BL thick
slab, and (c) free-standing Bi for 50 BL thick slab. (For free-standing
Bi and BiSb, the magnitude of A is reduced by 1/2 because their thick-
ness is half that of Bi/BiSb heterojunction.) . . . . ... ... ... .. 72
Sb content z-dependence of single-particle spectrum A(M, z,¢) at the
M-point. The upper panels are the spectra of the Bi surface for (a)
50450 BL, (b) 100+100 BL, and (c) 1504150 BL thick slabs. The
lower panels are the spectra of the BiSb surface for (d) 50+50 BL, (e)
1004100 BL, and (f) 150+150 BL thick slabs. . . . . . ... ... ... 73
Thickness dependence of A(M, ¢) at the Bi surface for (a) free-standing
Bi (n BL), (b) Bi/BiSb (z = 0.08) (n+n BL) and (c) BiSb surface for
Bi/BiSb (2 = 0.08) (N + 7 BL).  © v oo et e 74



Vi

4.19

4.20

5.1

5.2

5.3

5.4

9.5

A peak positions of the single-particle spectrum A(M,¢) are plotted
as a function of 1/n for SS(valence) and SS(conduction) of (a) free-
standing Bi and SS(valence), superficial surface state and true surface
state of (d) Bi/BiSb(x = 0.08). In (b), 1/n takes into account the film
thickness on the Bi side. The lines are the extrapolated lines obtained
by the least squares method for thick layers (n >80 BL). . ... ...
Band alignment at the M-point, A(M, z,¢), for (a) 50+50 BL, (b)
1004100 BL and (c) 150+150 BL thick slabs. The profile of peak
structure of single-particle spectrum on Bi surface at M point for (d)
50450 BL, () 75+75 BL, (f) 1004100 BL, (g) 125+125 BL and (h)
1504150 BL thick slabs. . . . . . .. . ... o oo

(a) Band structure of the free-standing PbTe for 50 ML thick slab. (a)

Band structure of the free-standing Sn'Te for 50 ML thick slab.

Band dispersion of the PbTe/SnTe heterojunction for 50+50 ML thick

slab. . oL
Single-particle spectrum A(k, 2, ) of the PbTe/SnTe topological het-

erojunction for 50+50 thick slab. (a) PbTe surface, (b) interface of

PbTe side, (c) interface of SnTe side, and (d) SnTe surface, respectively. 83

Comparison of the single-particle spectrum A(M, z, €) of the PbTe/S-
bTe heterojunction, free-standing PbTe, and SnTe 50ML. (a) free-
standing PbTe for 50 ML thick slab, (b) PbTe/SnTe heterojunction
for 50450 ML thick slab, and (c) free-standing SnTe for 50 ML thick
slab. (For the free-standing PbTe and SnTe, the magnitude of A is
reduced by 1/2 because their thickness is half that of the PbTe/SnTe
heterojunction.) . . . . . . . . .. L. o
Comparison of the single-particle spectrum A(M, z, €) of the PbTe/S-
bTe heterojunction, free-standing PbTe, and SnTe 30ML. (a) free-
standing PbTe for 30 ML thick slab, (b) PbTe/SnTe heterojunction
for 30430 ML thick slab, and (c) free-standing SnTe for 30 ML thick
slab. (For the free-standing PbTe and SnTe, the magnitude of A is
reduced by 1/2 because their thickness is half that of the PbTe/SnTe
heterojunction.) . . . . . . . ... L



vii

List of Tables

2.1 Band symmetry in the TRIMs of Bismuth . . . . . .. ... ... ... 18
2.2 Band symmetry in the TRIMs of Antimony . . . . ... .. ... ... 18
3.1 Crystal structure parameter of Bi and Sb at 4.2 K. [78, 79] . ... .. 31
3.2 On-site orbital energy and hopping parameter for the nearest neighbors

of Biand Sh. . . . . . . . .. 32
3.3 Hopping parameter for the next nearest neighbors of Bi and Sb.. . . . 32
3.4 Hopping parameter for the 3rd neighbors of Bi and Sb. . . . . .. . .. 33
3.5 The matrix element of H®. . . . . . . ... ... ... ......... 33
3.6 The matrix element of Hﬁo e 33
3.7 The matrix element of Hﬁ’ e e e e 33
3.8 The matrix element of H ff e 33
3.9 The matrix element of Hff e 34
3.10 The matrix element of H{5. . . . . . ... ... ... ... ....... 34
3.11 The matrix element of H5. . . . . ... .. o oL 34
3.12 The matrix element of HYS. . . . . ... ... o o oL 34
3.13 The parameters of PbTe . . . . . . . . . .. ... ... .. .. ..... 42

3.14 The parameters of SnTe . . . . . ... ... Lo oo 43






Chapter 1

introduction

Heterojunctions, junctions of two different materials, have a wide range of applica-
tions because of the effective control of carriers. Some well-known applications are
solar cells, lasers, and HEMTs. Today, many textbooks[1-3] featured the concept of
heterojunctions. The band alignment of heterojunctions (Fig. 1.1 (a)) is familiar to
anyone with a background in engineering. In this band alignment, the conduction
bands or valence bands smoothly connect at the junction interface of the two bulk
semiconductors. This band alignment was inferred from bulk picture. In a topological
heterojunction system, a gapless state at the interface is often recognized in Fig. 1.1
(b), but it is not a strict picture because the interface is a finite system concept.

For bulk
(@ 4 (b) 4
Trivial Trivial Trivial Non-trivial
2 e
w : w
Interface Interface
Ficure 1.1

Band alignment of heterojunction systems inferred from the bulk
picture. (a) trivial heterojunction. (b) topological heterojunction.

The history of topological heterojunction began around 1980, before the discov-
ery of Zy topological insulators and topological crystalline insulators. For example,
Pby_;Sn;Te[4, 5] and Hg;_,Cd,Te[6-9] systems, these heterojunction systems have
unique properties. From a modern viewpoint, they can be considered topological
heterojunctions.

A “topological heterojunction” is a junction between a topologically non-trivial
material and trivial material. In the calculation of this junction system, we must
consider finite systems. There are the interface state between two materials and the
surface state of each material in a heterojunction system. Several papers have shown
that the topologically protected surface states are affected by quantum size effects and
that the surface and interface states have energy gap[10-12]. The study of quantum
size effects in topological heterojunction systems has been intensifying in recent years.
A topological proximity effect is a typical example of topological heterojunction[13,
14]. An interesting result is the appearance of a topological surface state in a Bi ultra-
thin-film under the influence of the substrate[14]. However, the effect of quantum
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size effects in topological heterojunction systems is still unknown. The number of
eigenvalues in a finite-size system increases with the number of layers. Therefore,
many states connecting different materials’ eigenvalues are expected to exist at the
heterojunction interface (Fig. 1.2 (a)). We can expect many gapless states at the
interface of topological heterojunctions, which is a prediction in Fig. 1.2 (b). The
surface state is the interface between a topological insulator and the vacuum. By
analogy with the surface state, the gapless state at the interface of a trivial /non-trivial
heterojunction has a gap and the band alignment in Fig. 1.2 (c) is also expected.
However, our results reject the expected picture of a topological interface state(Fig.
1.2 (b,c)). This rejection is a surprising result because the expected picture is so
widely accepted as a topological interface that many textbooks mentioned it. We will
discuss this interface state in chapter .

For thick heterojunction

A y
@ T Trivial Trivial O T Trivial Non-trivial
B )
2 2
w w
Interface " Interface "
(c) A

Trivial Non-trivial

with quantum size effect ??

Interface

FIGURE 1.2

Band alignment of heterojunctions in finite thickness systems: (a) for
the trivial heterojunction, (b) for the expected picture of a
topological heterojunction, and (c) for the expected picture of a
topological heterojunction with the quantum size effect.

In addition, there is an idea of band engineering using topological trivial/non-
trivial hetero-multilayer structures. For example, Burkov et al. theoretically pre-
dicted that an intermediate phase between an ordinary insulator and a three-dimensional
quantum anomalous Hall insulator could be realized by alternating layers of a magne-
tized topological insulator and an ordinary insulator[15, 16]. This prediction suggests
that heterojunction changes the Chern number, one of the topological invariants.
What about the Z5 topological invariant? Heterojunctions do not affect the Zs topo-
logical invariants defined from the bulk of the material. However, we can define a bulk
by taking topologically trivial/non-trivial heterojunction as a unit cell with boundary
conditions as in the method of Burkov et al. Thus, investigating the “Z5 topology of
heterojunction systems” made from both junction materials is an exciting topic.

As a topological heterojunction system, a material of particular interest is BiSb,
which was first introduced as a three-dimensional topological insulator by Fu and
Kane[17, 18]. BiSb is known to have three-dimensional Dirac electrons in its bulk[19],
and not only is its band dispersion highly linear, but also its effective mass is extremely
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small compared to free electrons. Therefore, BiSb has a wave function with a very
long penetration length. Moreover, the long-range penetration of the wave function
intensifies the quantum size effect; in the BiSb system, the surface-to-surface inter-
ference effect is observed even at film thicknesses of 100 nm or more[12]. Bi;_,Sbh, is
topologically trivial for x < 0.02 and a topologically non-trivial insulator for = > 0.02,
according to numerical calculations using the Liu-Allen model[20]. This junction sys-
tem can switch from topologically trivial to non-trivial at a single value of Sb content
x. Therefore, the Bi/Bij_,Sb, junction system is a good research topic that can
be viewed continuously from a trivial/trivial junction system to a trivial/non-trivial
junction system.

In this work, we calculated the Bi (111)/BiSb(111) heterojunction system with a
finite thickness based on the tight-binding model by Liu and Allen[20, 21]. As a result,
we found a band alignment that is neither expected for ordinary heterojunctions nor
topological heterojunctions. In addition, numerical results surprisingly confirmed the
appearance of a “superficial surface state” on the Bi surface due to the influence of
the substrate (BiSb).






Chapter 2

Topological heterojunction

2.1 Heterojunction

A heterojunction is a system of two different materials joined together[1-3]. A het-
erojunction is two different materials joined together. Generally, an ideal junction
is possible if the conditions for the formation of the junction between the materials
match. To achieve this', both materials must have the same crystal structure and
lattice constants.

Shockley, the inventor of the transistor, first proposed the idea of heterojunction.
Shockley published his p-n junction theory and junction transistor and proposed the
hetero-bipolar transistor in the 1940s and 1950s[22, 23]. The technology to make a
junction of two semiconductors was not available then. In 1959, when epitaxial vapor
deposition technology was developed at IBM in the United States, it became possible
actually to form a heterojunction. Anderson, who was at IBM then, formed the first
GaAs-Ge heterojunction and analyzed the heterojunction’s energy band structure and
current transport mechanism using the same treatment as Shockley’s p-n junction
theory[24]. Subsequently, devices utilizing heterojunctions, such as solar cells[25],
were proposed.

Band engineering using heterojunctions has a wide variety of applications. One of
the most famous is the tunnel diode[26]. The engineering significance of joining two
materials with different band gaps is the control of electrons and holes. Heterojunc-
tions allow us to control electrons and holes by forming unique band alignments. Such
band engineering has contributed to engineering developments. Layered structures
are components for the design of complicated devices.

Compound crystals are commonly used in heterojunctions (we used Bij_,Sh,,
PbTe, and SnTe in this doctoral thesis). Parameters such as lattice constants are
obtained by linear extrapolation of the values of the two atoms. This approxi-
mation follows Vegard’s law([27, 28]. For example, in the case of lattice constants,
apisb = api(l — ) + agpx. Changes in the lattice constants of compound crystals are
tiny, and Bi/BiSb heterojunctions are not expected to cause significant distortions
even in multilayer structures. The situation is similar for III-V and IV-VI group
semiconductors.

"When forming a non-ideal heterojunction, such as a junction with a substrate material, it is not
necessary to meet this condition.
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FIGURE 2.1
Energy diagram of the p-n junction. [Taken from Ref.[26] L. Esaki,
Phys. Rev (1957).]

2.1.1 Tunnel barrier and quantum well

The tunneling barrier is a fundamental topic in quantum mechanics textbooks. In
classical theory, if an electron does not have enough energy to pass over a poten-
tial barrier, it cannot pass the barrier. In quantum mechanics, however, low-energy
electrons also tunnel through the barrier[26, 29]. In the GaAs/AlGaAs/GaAs het-
erojunction system, the tunneling barrier is realized[30, 31]. The tunneling barriers
have a wide range of applications, such as selectively controlling the injection of elec-
trons. Heterojunctions enable not only the formation of energy barriers but also

quantum wells. Specifically, superlattice structures can be constructed by stacking
GaAs/AlGaAs systems[32].
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GaAs  AlGaAs  GaAs z
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Quantum well

GaAs AlGaAs GaAs AlGaAs GaAs 7

FIGURE 2.2
Energy diagram of E. in GaAs/AlGaAs systems. (a),Tunnel barrier
and (b), Quantum well
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2.2 Quantum size effect
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FIGURE 2.3
Conceptual diagram of the quantum size effect.

This section is not directly related to topological heterojunctions. However, it is an
essential component when considering finite systems. Therefore, we briefly introduce
quantum size effects.

Electrons in metals or semiconductors are usually considered to be continuously
distributed in bulk. However, when a material is reduced to a size equivalent to
the de Broglie wavelength of an atom (a few nm), the electrons are confined, and the
electron density of states becomes discrete. The effect of the electrons having discrete
energy levels leads to properties not seen in bulk semiconductors. This effect is called
the quantum size effect.

2.3 Topological insulator

Materials are classified into two categories: metals and insulators. Topological insu-
lators, on the other hand, are materials whose bulk is an insulator and whose edges
are metal (In a three-dimensional system, the edges are surfaces)[17, 33-37]. Topo-
logical insulators are defined by the Zs-topological invariant v in solids. In trivial
insulators, » = 0, and in topological (non-trivial) insulators, » = 1. Thus, insulators
are classified by the Zs index, which is a topological invariant. In order to realize a
topological insulator, band inversion due to strong spin-orbit interaction is necessary.
In other words, the parity of the wavefunction in the valence band is flipped positive
or negative. It is generally accepted that a connection between a trivial insulator and
a non-trivial insulator must once pass through a metallic state at the interface[4, 38].
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FIGUrE 2.4
Situation in which a trivial insulator and a non-trivial insulator are
connected.

The metallic state at the interface realizes a zero-gap state where the valence
band and the conduction band cross at a single point (Fig. 2.4). The vacuum is a
trivial insulator with an infinite band gap. We can understand why a metallic state
is realized at the surface or edge of a topological insulator connected to the vacuum.
The realization of this metallic state depends only on the topological properties of
the bulk. Therefore, it is called bulk-edge correspondence[39, 40].

2.3.1 Time-reversal symmetry

Time-reversal symmetry plays an important role in topological insulators. The time-
reversal operation reverses time ¢ to —t. Under the system spin 1/2, the relational
equations for the wavefunction are

Oy = ioy1)” (2.1)
and

Oy = Y], (2.2)

Oy, = —f, (2.3)

where © is the time reversal operator and the wavefunction is ¢ = [¢)3;4;]. When
the Hamiltonian is invariant in time reversal, [H, 0] = 0, so © HO~!. Therefore,

OHLO = H 4. (2.4)

We consider how the eigenstates correspond in such a system with time-reversal sym-
metry. From the Bloch wavefunction u,r and the Hamiltonian in equation 2.4, the
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eigen equation is described by

Hiunk = Epptink. (2.5)
Using equation 2.5, we obtain
OHLO 'Ouy, = EpiOung, (2.6)
and
H_(Ounk) = Enk(Ounk). (2.7)

Thus, the energy bands are invariant to the operation k <+ —k. We now turn our
attention to special wavenumbers invariant to time reversal. It is the Time Reversal
Invariant Momenta (TRIM). TRIM is defined in k = —k. The difference between
k and —k equals the reciprocal lattice vector. There are eight TRIMs inside the
Brillouin zone for a three-dimensional topological insulator. The wavenumber of
TRIM is k = n1b; + naby + nsbs. (b1, by, bs) is a reciprocal lattice vector, and
ni2s3 = 0or 1.

2.3.2 Space inversion symmetry

We consider the case when the system has space inversion symmetry. P is the space
inversion operator. The wavenumber k flipped to —k for the space inversion. There-
fore, PH, P~ = H_j,. Both time and space inversion invert the sign of the wavenum-
ber k. If the time-reversal and space-reversal operations are performed consecutively,
the wavenumber returns to the original value as

(PO)H(PO)™! = H,. (2.8)
Thus, the Eigen equation leads to

The wavenumber k is arbitrary. Space inversion keeps the spin invariant. On the
other hand, time reversal flips the spin. Therefore, POu,,;, and u, are orthogonal. In
the system having time-reversal and space-reversal symmetries, the state is degenerate
at arbitrarily Bloch wavenumbers.
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2.3.3 Z, topological number

The trivial insulators and the non-trivial insulators (topological insulators) are clas-
sified by Zs topological number. The topological number can be calculated from the
bulk electronic structure. For two-dimensional topological insulators, the classifica-
tion is simply v = 0 or 1. The band structures of the non-trivial and trivial insulators
are indistinguishable because they both have a band gap. Thus, from the information
in the wavefunction of a material, its topological properties are determined.

In this section, we first discuss topological numbers for two-dimensional systems.
We consider 2N bands with energies below the Fermi energy (N is an integer). The
Bloch wavefunctions of these bands are defined as |u, k) and the 2N x 2N matrix
Wmn (k) is defined as

Wi (k) = (tm— e Ot 1), (2.10)

where m,n = 1,...,2N. Using w(k) and the topological number v, the exponent is
expressed as

, 17 PHw(T)
(1) _IZIth(w(Fi))’ (2.11)

where the wavenumber k = I'; in TRIM. Equation 2.11 does not consider space
inversion symmetry. If space inversion symmetry is considered, a simpler notation is
possible. In the case of space inversion symmetry, each TRIM is invariant to space
inversion operations. The wave function in a TRIM satisfies

Pu(r) = up(—r) = £up(r). (2.12)

The space inversion operator P can be simultaneously diagonalization with the Hamil-
tonian. From P? = 1, the parity eigenvalues are 41 or —1. The bands from the lowest
energy band to the Fermi energy are numbered in order as m = 1,2,3,...,2n. The
parity eigenvalue in TRIM of the mth band is denoted as &,,(T;). The (2m—1)th and
(2m)th bands are Kramers degenerate and have the same parity. Only the (2m)th
band should be counted to avoid duplication of Kramers pairs. Here, the product of
parity eigenvalues from all Kramers pairs below the Fermi energy is obtained in one
TRIM as

N
0; = 1__11 §om(Ti). (2.13)

From the product of parities in the equation 2.13 obtained for all TRIMs, the topo-
logical number v is expressed as

4
(-1 =] s (2.14)

This equation takes the value £1. Therefore, v = 0 or 1. For example, we assume
a system in which the parity of the valence band is +1 in all TRIMs. When band
inversion occurs in a TRIM with a conduction band parity of —1 by changing an
external parameter, the valence band parity in that TRIM is inverted. Thus, the
parity of the bands below the Fermi energy is inverted, and the Zs topological number
changes.
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2.3.4 Three-dimensional topological insulator

A three-dimensional topological insulator [17, 36] has eight TRIMs. The exponents
at each TRIM are expressed as

N

5i = ] &m(Ty) (2.15)
m=1

In the three-dimensional topological insulator, four Zs topological numbers are de-
fined as 1y, 11, 9, v3. Each topological number takes the value 0 or 1 and is defined
as

(-1 = H5 (2.16)

and

(-1 = 11 5;. (2.17)

i=(n1na2nz),n;=1

The vy is defined from the product of all TRIM parities. The v;(j = 1,2,3) is
defined from the product of the parities of the four TRIMs on the surface k =
%(nl G1+n2G2+n3G3) in the reciprocal lattice space. These are collectively denoted
as 1p; (v1vov3). The four topological numbers define 16 different phases.

The information on the Zs topological number allows us to determine the number
of Fermi surfaces on the two-dimensional projected Brillouin zone. The eight TRIMs
in the bulk Brillouin zone are projected as the four surface TRIMs. In the surface
TRIMs, we take the product of two d; exponents of the projected bulk TRIMs. The
exponent 0; of the surface TRIMs is 1. If §; is the same (different) between the
surface TRIMs, we have an even (odd) number of Fermi surfaces.

From the above, when 1y = 1, a surface state exists on the surface in all directions.
On the other hand, when vy = 0, there is no Fermi surface in a particular direction,
and the surface state has a band gap. The system with vy = 1 (ry = 0) is called
a strong (weak) topological insulator. The system with vy = 1123 = 0 is a normal
insulator. Weak topological insulators are understood as stacked two-dimensional
topological insulators. On the other hand, strong topological insulators have an
important three-dimensionality.

2.4 Surface state of topological insulator

The surface of a topological insulator has a metallic conduction state. The vacuum is
a topologically trivial insulator with an infinite band gap. Thus, a gapless state is re-
alized at the topological insulator and vacuum interface. This surface state is respon-
sible for conducting a pure spin current in which the different spins up and down move
in opposite directions. The topological insulator introduced in the previous section is
an ordinary insulator with no spin-orbit interaction. In other words, topological in-
sulators have strong spin-orbit interaction. Because space inversion symmetry breaks
at the material’s surface, the surface state is spin-split due to spin-orbit interaction.
The typical band dispersion that appears on the surface of a topological insulator is
a cone-like band dispersion called a Dirac cone. In this Dirac cone dispersion, the
electron spins and velocities are perpendicular to each other. For example, when
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spins with a fixed orientation are injected, the injected spins run in a fixed direction,
and a voltage is generated in a specific direction[41-44].

2.4.1 Dirac equation

The Dirac equation describes the surface state of a three-dimensional topological
insulator. Furthermore, it is an equation based on relativistic quantum mechanics
describing elementary particles with spin-1/2, written by P.A.M Dirac in 1928[45].
The Hamiltonian is described by

H = cp* a+mc’B. (2.18)

where ¢ is the speed of light and m is the rest mass. The Dirac matrices a; and
(B satisfy the relations a? = p? =1, ajaj = —ojo; and o8 = —foy. In three-
dimensions, the Dirac matrix” is written using the Pauli matrix o; as

Oy =0, R0;,8=0,Q 0. (2.21)
The Dirac equation is written as
[cp2 ca 4 m625] = Ei. (2.22)

Based on this equation, the relativistic energy-momentum relation is the solution of
the following equation

E? = m2ct 4 p*cl. (2.23)

In order to describe topological insulators using the Dirac equation [10], we use the
second-order correction —Bp? of the momentum p to the band gap or rest mass term.
The Dirac Hamiltonian is described as

H=vp a+ (va — Bp2) 3, (2.24)
where v is velocity and m is mass. Also, mv? is the bandgap.

2.4.2 Surface state

We consider the x — y plane at z = 0 in the three-dimensions. From Equation 2.21,
the surface Hamiltonian is described by

AHsp = v (pzaz + pyoy) — B (p2 + p;) B. (2.25)

2For one-dimension, the Dirac matrix is described by
oy =0.,0=0.,. (2.19)
For two-dimensions,

Qp = 0z,0y =0y, 3=0. (2.20)



2.4. Surface state of topological insulator 13

The two solutions described below are the basis.

sgn(B)
e 0 —2/&r _ —2/6_ L1 (partpyy)
=7 o (776 —ersles ) etosin (2:26)
1
and
0
O | sgn(B) —2/6 _ —2[€_\ Lt (portpyy)
=g (76 - eslen ) elommiman, (227)
0

where C' is the normalization constant and &1 is the penetration length. Using Equa-
tions 2.26 and 2.27, the effective Hamiltonian is written as

Hepp = (1], (P2]) AH3p <I$;i> : (2.28)

With a unitary transformation® to the equation, the effective Hamiltonian can be
rewritten as

Hepp = (1], (P2]) AH3p GED = vsgn(B) (pz0z + pyoy) - (2.31)

Thus, the band dispersion becomes E = v,/p2 + p%,. For three-dimensions, using

W94 the exact solution of the surface state with boundary is described by
Uy =0l (e—Z/€+ — 6—2/57) e%(pxm—kpyy), (2.34)

where the penetration length dependent on p is

2|B|h !
£r = |U‘ <1 + \/1 — 4mB + 4B2p2/h2> . (2.35)
3 A unitary transformation,
®, = \% (U) — i) (2.29)
o, = % (U) + i) (2.30)
499 is described by
cos (6/2)sgn(B)
o _ | —isin(6/2)sgn(B)
Y= sin (6/2) ’ (2.32)
icos (6/2)
sin (0/2)sgn(B)
o _ | icos(6/2)sgn(B)
Ve = —cos (0/2) ’ (2.33)
isin (6/2)

where tan 6 = p, /py.
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The band dispersion is £ = v, /p2 + pZsgn(DB).

2.4.3 Topological surface state

Using the Dirac equation introduced in the previous section, Shan et al.[46] derived
the effective Hamiltonian for the surface state of a three-dimensional topological in-
sulator as follows

Hepp = €o(p) + ver (p X 0), (2.36)

where ¢o(p) = Eo + Dy (p2 —l—p%) and vesr = sgn(B1)y/1 — D? /B%v,.

For finite film thicknesses, this topological surface state is known to have a gap due
to the quantum size effect [11]. Topological surface states have a finite penetration
length, which decreases exponentially into the crystal. When the film is thinner than
the penetration length of the wavefunction, the top and bottom surface states interfere
with each other.In this case, a gap opens due to the mutual interference between the
surface states. The strength of the interference between the surface states affects the
gap opening. In other words, as shown in Fig. 2.5 (a), the thinner film thickness, the
more significant the gap. This gap opening has been verified both theoretically and
experimentally[12, 47-49].
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FIGURE 2.5

(a-c) Energy spectra of surface states for thicknesses

L = 20,25, 32A(solid lines), respectively, and L = oo (dash lines).
(d-g) The calculated parameters for the new effective model H.ys as
a function of thickness L. [Taken from Ref. [48] H-Z Lu, W-Y Shan,
W Yao, et al., Phys. Rev. B(2010).]
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2.5 Topological heterojunctions

In the mid-1980s, it was proposed that an interface state exists in the gap at hetero-
junctions between semiconductors with band inversion, e.g., Pb;_,Sn,Te[4, 5] and
Hg;_»Cd,Te[6-9]. Recently, this interface state has been reexamined from the view-
point of topology. In the case of a topologically non-trivial insulator in contact with
a trivial insulator, a gapless conduction state must exist at the interface to connect
energy bands with the same symmetry[50]. Heterojunction systems of topological in-
sulators are the target of various research in progress[51, 52|, such as carrier control.

2.5.1 Hg,_,Cd,Te systems

CdTe/HgTe/CdTe quantum wells have been the most actively studied experimentally
as topological insulators. CdTe is a cubic crystal structure semiconductor and a trivial
insulator. On the other hand, in HgTe, the strong spin-orbit interaction inverted the
symmetry of the bulk valence band and conduction band. However, due to the cubic
symmetry of HgTe crystal, the gap is closed at k = 0. In order to make it a topological
insulator, it must be made a bulk insulator via cubic symmetry breaking. One method
of breaking the cubic symmetry is to make CdTe/HgTe/CdTe quantum wells.
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(A) Bulk energy bands of HgTe and CdTe near the I" point. (B) The
CdTe-HgTe-CdTe quantum well in the normal regime E1 > H1 with
d < d., and in the inverted regime H1 > E1 with d > d.. In this and
other figures, '8 /H1 symmetry is indicated in red, and I'6/E1
symmetry is indicated in blue.[Taken from Ref.[52] B. A. Bernevig,
T. A. HugHes and SC. Zhang, Science(2006).]

Figure 2.6 is a theoretical prediction of the CdTe/HgTe/CdTe quantum well by
Bernevig et al. [52]. There are two states, E1 and H1, near the Fermi energy. The
parities of states E1 and H1 at the I'-point are different from each other. The energy
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of these two states changes depending on the thickness d of the HgTe layer. The
value of d. = 60. If d < d., it becomes an ordinary insulator; if d > d., it becomes
a topological insulator. Thus, quantum size effects in topological heterojunctions are
an exciting subject of investigation.

2.5.2 Bi;_,Sb, systems
Crystal and electronic structure of Bismuth

The crystal structure of the group-V material Bi is rhombohedral. The Bi rhombohe-
dral crystal structure is a slightly modified NaCl-type (Fig.2.7). The Brillouin zone
is similar to that of the face-centered cubic.

Crystal structure 2D projected Brillouin zone

i — K

C1 Brillouin zone (Bi bulk)

FIGURE 2.7
Crystal structure and Brillouin zone of Bismuth

If Bi crystal structure is the fcc, the T-point has the same symmetry as the L-
point. On the other hand, in Bi rhombohedral crystals, the T-point is not equivalent
to the L-point due to a slight crystal distortion from fcc. There are two atoms in
the Bi unit cell. The Bi atom has five valence electrons, 6s26p>, and the p orbitals
near the Fermi level contribute to the physical properties. In addition, the electronic
state of Bi is a semimetal. In a diatomic fcc crystal structure formed by covalent
bonding, electrons clog the bonding bands of the p orbitals, and the crystal exists
as a semiconductor. However, since Bi is a single-atom crystal, it is more stable to
distort the crystal structure from fcc to gain energy for metallic bonding. Therefore,
the T-point of Bi has a hole Fermi surface, and the L-point has an electron Fermi
surface.(Fig.2.9). Slightly different conditions, such as lattice distortion, can change
the electronic state. For example, Black phosphorus, a group-V material like Bi, is or-
thorhombic. Such slight differences can change the topology of a material. Therefore,
the electronic state of Bi has been the focus of much attention.

The semimetallic electronic structure of Bi makes its physical properties unique.
A characteristic feature of semimetals is an electron-hole symmetry condition. Aslong
as the electron-hole symmetry condition is satisfied, there is no limit to the number
of carriers. The effective masses of the carriers of L-point electrons and T-point holes
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are very different [20]. The band structure at the L point is strongly linear, and there
is an electron Fermi surface with an enormous Fermi velocity (Fig 2.9(b,c)). The
band structure at the 7" point shows a hole Fermi surface with weak linearity. The
existence of Dirac electrons has also been recognized from the effective Hamiltonian
near the L point [19, 53]. Therefore, Bi is well known for its exceptionally long
wavelength (~90 nm) [20] that induces a strong quantum size effect [12, 54]. The
Bi/BiSb heterojunction provides an ideal foundation for investigating the quantum
size effect in topological heterojunctions.

When Bi is cleaved, we consider the surface Brillouin zone projected from three-
dimensions to two-dimensions. The fig 2.7 shows a two-dimensional projected Bril-
louin zone cleaved in the (111) direction. The M-point (I'-point) in the two-dimensional
projected Brillouin zone have information on the three-dimensional bulk X- and L-
points (I'- and T-points). Therefore, we need to investigate the M point to confirm
the quantum size effect.

Virtual crystal approximation(VCA)

Calculating the electronic structure of diatomic material Agg9Bgo1 is tough. To
perform such a calculation, the size of the compound system’s unit cell must be
100 times larger than the unit cell of single crystal A. In addition, the localization
of atom B must be taken into account. We want to avoid calculations that would
require an enormous amount of computation. Therefore, based on Vegard’s law [27,
28], we assume a single virtual atom with the properties of an alloy(A;_,B;) by
linear extrapolation of the parameters of materials A and B [55]. This approximation
is called the virtual crystal approximation [56].

Single crystal
Atom A

Atom B @ ey

Virtual atom A1+Bx () L

Ao99Boo1
Unit cell = Virtual crystal approximation
§Unit celi:
@ i H
- - -

FIGURE 2.8
The concept of virtual crystal approximation.

Topology of BiSb

BiSb is a three-dimensional topological insulator first proposed by Fu and Kane in
2007 [17]. In Bi;_,Sb,, as the Sb content x is increased from pure Bi (z = 0.00),
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the band at the L-point is inverted at = ~ 0.02° (Liu-Allen model calculation [20]),
topologically switching from trivial to non-trivial (Fig 2.9(a)) [17, 19, 20]. The band
symmetries of bulk Bi and Sb are listed in Tables 2.1 and 2.2.
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FIGURE 2.9

(a) The Sb content z-dependence of the conduction and valence
bands at the L-point of bulk Bi;_,Sb,. The topological transition
(band inversion) occurs at x. ~ 0.02. (b) and (c) Band structure of
bulk Bi;_,Sb,, where x = 0.0 and x = 0.08 are indicated by red and
blue lines, respectively.

TABLE 2.1: Band symmetry in the TRIMs of Bismuth

| sl sfolp] » [ » [ »p | p [[d6]
IT [[Tf [Tg [Tg[Td | T || @) [ M) [ @) [ -1
3L || Ls | La | Ls | La | La || Ls | (Ls) | (La) || -1
3X || Xo | Xs | Xs | Xa | Xo || (X0 | (X0 | (Xo) |[1
\T | Ty [T [Ty | T8 | (T) || (T5) [ (1) | (1) || 1

TABLE 2.2: Band symmetry in the TRIMs of Antimony

| Isisfolp] » [ » [ p [ » [[d]
IT [ Tg [Ty [Tg [T [ Tk [[(0g) | (Tg) | (Ty) || 1

3L || Ls | La | Ls | La | Ls | La | (Ly) | (La) || 1

3X || Xo | X, | Xs | Xa | Xa || (X0 | (Xs) | (Xa) [1

T Ty | Ty | Ty | Ty | () | (Tg) | (Tp) | (L) |1

SWe adopt the virtual crystal approximation with a linear extrapolation of tight-binding param-
eters of pure Bi and Sb. Within this approximation, the topological transition occurs at z ~ 0.02,
which is less than the experimental value z**? ~ 0.04. The quantitative mismatch can be attributed
to the overly simple linear extrapolation. However, this mismatch does not affect the overall quantum
size effect findings.
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In the table 2.1 and 2.2, s is symmetric, and a is anti-symmetric. Unoccupied
bands are denoted by (). The exponent ¢ in TRIM is switched from —1 to +1 by the
band inversion at L-point.

Nevertheless, 15 years after Fu-Kane’s proposal [17], the discussion about the
topology of BiSb is continuing. According to Fu-Kane, the topology of Bi can be
determined by whether the Bi(111) surface state intersects the Fermi level an even or
odd number of times. If the surface state crosses the Fermi level an even number of
times, it is trivial, and if it crosses the Fermi level an odd number of times, it is non-
trivial. However, measuring the surface state takes work. The M-points in the two-
dimensional Brillouin zone projected onto the (111) surface reflect the information at
the L-point. The L-point band gap and the effective mass of Bi are extremely small.
The penetration length of the wave function of the surface state is exceptionally long
and is likely to be affected by the substrate and film thickness. Even in an independent
system, interference between the top and bottom surfaces persists up to 200 BL [12].
Therefore, it is complicated to obtain the M-point information necessary for topology
determination, which deepens the problem of Bi topology determination.
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FIGURE 2.10

(a) Energy distribution curves at M. (b) inverse thickness (1/N)
dependence of peak positions in (a) and valence band maximum. (c)
The evolution in electronic structures of Bi films approaching the
bulk limit.[Taken from Ref. [57] S. Ito, B. Feng, M. Arita, et al.,
Phys. Rev. Lett(2016).]

Ito et al. focused on the quantum well state of Bi [57]. They explained the energy and
k. dependence by measuring the quantum well states for thin films with information
perpendicular to the surface. However, the thin film measurement changes to open the
band gap due to interference effects between the surface and interface. In systems with
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sufficient film thickness to prevent surface-interface interference, it is impossible to
measure quantum wells with the resolution of ARPES. In order to solve this problem,
Ito et al. measured the electronic structure of the Bi film at different thicknesses. The
topology was determined by analyzing the behavior as the film converged to the bulk
limit. As a result, Ito et al. proposed to realize a topological phase of Bi°. Direct
observation of the surface and bulk band structure, which is important for determining
the topology of Bi, is difficult. Currently, the small band gap of Bi is not measurable
with the resolution of the ARPES experiment ”.

Topological proximity effect

a
1BL Bi / TIBiSe, 1BL Bi/ TIBiSe,
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FicURE 2.11

(a,b) ARPES intensity and second-derivative intensity for
Bi(1BL)/TIBiSes. (c—e) Second-derivative intensity for
Bi(1BL)/TIBiSeq, TIBiSe; and Bi(1BL)/TIBiS, (f) Experimental
band dispersions.[Taken from Ref. [14] T. Shoman, A. Takayama, T.
Sato, et al., Nat. Commun(2015).]

A topological proximity effect is a unique physical phenomenon in topological het-
erojunction systems. It is a relatively new topic, discovered in 2015 by Shoman et

SFigure. 2.10(b) shows the 1/thickness dependence of the surface states, the conduction band
maximum, and the valence band minimum. Bi is assumed to be non-trivial because the band gap is
open in the bulk limit (1/thickness = 0).

" Angle-Resolved PhotoEmission Spectroscopy (ARPES) experiments can directly observe the
energy-momentum relationship of electrons in materials. The surface state of the first three-
dimensional topological insulator Biy_;Sb, was discovered by ARPES in 2008 [58]. Since then,
topological insulators, e.g., BioSes and BizxTes have been discovered. Research is rapidly progressing
to understand the physical properties of these topological insulators. ARPES measurements are suit-
able for measuring topological surface states because of their surface sensitivity. Therefore, ARPES
measurements are becoming increasingly important. For example, observing surface states can de-
termine the topology of the Bii_;Sb, system. However, insufficient resolution of ARPES has led to
conflicts over whether the topology of the Bi is trivial or non-trivial[57, 59, 60].



2.5. Topological heterojunctions 21

al. [14]. The trivial/non-trivial insulator heterojunction system has been widely in-
vestigated both theoretically and experimentally [4, 15, 16, 51, 52, 61]. This report
by Shoman et al. is new in that they bonded a metallic Bi ultrathin film (1 BL)
to the topological insulator T1BiSe;. This paper reported that the topological sur-
face state appears on the metallic Bi surface of Bi(1 BL)/T1BiSey heterojunction. In
Fig. 2.11(a), there is a black dotted line, which is a modulated Dirac cone. In Bi(1
BL)/TIBiSes, the topological insulator surface state exists on the Bi surface.

The numerical simulation for ZnM/BisSes (M=S, Se, Te) by Wu et al. also
reported that the topological surface state appears on the surface of a trivial material
(ZnM ultrathin film)[13]. Several pioneering works, numerical simulations by Wu
et al. and experimental evidence by Shoman et al., report topological proximity
effects. The attached trivial material is only one thick atomic layer in these works.
However, ultrathin heterojunctions make it difficult to investigate how quantum size
effects affect topological heterojunctions. The difficulty arises due to the surface not
separating from the surface, interface, and bulk, resulting in too much interference.

In particular, BiSb, our target material in this study, is known to change even
topologically protected conditions due to quantum size effects[12, 54]. In addition,
when the electron wavelength is long-range, as in Bi/BiSb, quantum size effects appear
strongly. The effective mass of Bi is on the order of m* = 0.001m,., which is extremely
small among topological materials[62]. Compared to the electrons at the I' point of
T1BiTes/InBiTes topological heterojunction[63, 64], which have Dirac-like electrons,
the electrons at the M point of Bi/BiSb topological heterojunction have an unusually
small effective mass. Compared to the electrons at the I-point of the T1BiTey /InBiTes
heterojunction, which has Dirac-like electrons, the electrons at the M-point of the
Bi/BiSb heterojunction have a minimal effective mass. In addition, the effective
masses of electrons and holes in Bi/BiSb systems are strongly anisotropic: m*/m, =
0.00585 for electrons at M point, m*/m. = 0.721 for holes at I' point. Therefore, we
infer from the anisotropy of the effective mass in the Bi/BiSb heterojunction system
that the quantum size effect is wave number dependent.
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Analytical solution for the surface state of BiSb

This section presents an analytical solution for the surface state of finite-thickness
BiSb proposed by Fuseya and Fukuyama[12]. It is well established that the effective
Hamiltonian for a bulk system with strong spin-orbit coupling is commonly repre-
sented by the Wolff Hamiltonian[65, 66], which is fundamentally equivalent to the
Dirac Hamiltonian but with spatial anisotropy[19]. The Wolff Hamiltonian is derived
by applying k - p theory exclusively to a two bands of a system, i.e., the conduction
and valence band. The original Wolff Hamiltonian does not incorporate contributions
from other bands. However, the surface state of BiSb that arises from spin-orbit
coupling possesses contributions from other bands. Thus, this section presents an
extended Wolff Hamiltonian utilizing Lowdin partitioning up to the second order[67,
68]. The extended Wolff Hamiltonian is described by

Y A+ € (p) i+ [, W (1), -
—ip [ W (wo|  —A-€(p)
where
¢ (p) = p'o‘Ql'p. (2.38)

¢ is the contribution from the other bands, ¢/ is an inverse effective mass tensor, o,
is the Pauli matrix (¢ = 1,2,3), and the vectors W (u) are the matrix element of
the velocity operator[66]. The z-axis was set as to be perpendicular to the surface
and we consider a thin film with a finite-thickness L, where |z| < L/2 is the thin
film and |z| > L/2 is a vacuum. The Hamiltonian for this system is commonly
represented by the substitution p, — —ihV,. The p, (= hk, ) will not be considered
to be an operator. The in-plane wave numbers k, , are good quantum numbers. By
incorporating an ansatz wave function of the form ¢ = e** into the extended Wolff
Hamiltonian, equation 2.37 is transformed into the following form

_ (A N iK,0,
"= < —iK,0, —(A+¢ - %AQ) ) (2.39)

where A = A/R(> 0) is the inverse of the localization length, and
Ky = paWalp) + pyWy(p) — iAW (p). (2.40)

By separating o’ into parallel (z,y) and perpendicular (2) components of the plane,
we get the following equations

o (p)=¢ a;“l\z (2.41)

1
¢ = 3 (a;xpi + a;ypz + Za;ypxpy) ) (2.42)
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The eigenvalues of this extended Wolff Hamiltonian are obtained by considering
its square (H?y = E21)),

o (A€ =202 T 4 (1Ko, 0 |
0 (A+& — %A T+ (iK,0,)°
(2.43)
Using a relation

(Kuou)? = 2A (€ — a,2A%/2) (2.44)

where the inverse effective mass

iy = A Wil Wy (n), (2.45)
, the in-plane dispersion
€= % (oap? + ayypz + 20y papy) (2.46)
we can obtain the eigenvalues®
E:i\/<A+§’— a;”A2>2+2A (5—%/\2). (2.48)

From equation 2.48, we can obtain A as a function £ in the form

2A &
2 _ /
A (E) = —O/gz [azz +a',, <1 + A )

E\’ ¢ 3
/ 12 = / > >
i\/azz(azz+2azz)+azz <A> +2a/ <azzA OézzA):|a

where the sign of square root is defined to as + for n = 1 and — for n = 2. As the
eigenvalues are doubly degenerate, the corresponding wave function can be expressed

8The energy of bulk

Epur = £/ (A + €)% + 2A¢. (2.47)
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as a linear combination of two linearly independent eigenfunctions”!’,

bz A2
E+1+¢& - %A

0
= 2.51
Vimn =\ Py — imAnZs) | (2:51)
—1 (P+ - zmAnZg)
0
E+14¢ — %2
= , 2.52
Vamn = | (P_ —imA,Z_) (2:52)
—1 (Pg - Z’I’)’LAnZg,)
where
Pu = pra)(M) +pyWy(:u’)7 (253)
Py =P +iPs, (2.54)
2= Wa(p), (2.55)
Zy =271+ 172,. (2.56)
The general solution for the wave function is given by a linear combination of eight
eigenfunctions'!

‘II(Z) = Z Z Z Clmndjlmnem)\nza (257)

1=1,2m=+n=1,2
taking into account n = 1,2 and m = + in e*n2/M,
¢ Semi-infinite system
The boundary conditions are given by

T(0) = ¥(c0) = 0. (2.58)

The condition ¥(oo) = 0 requires m = —, therefore the wave function is given as a
linear combination of four eigenfunctions

\I](Z) = (01717,&171 + 02—1111271) €_>\12 + (01721,11172 + 02721[)2,2) 6’_>\2Z (2.59)
By utilizing the condition ¥(0) = 0, the four eigenfunctions conform to

0=Croavi-1 + Comrtho—1 + Crothi—2 + Co—a9a—s. (2.60)

This lead to the eigenfunctions in the form

U(z) = (Ci—191-1 + Co—1tP2-1) (6_&2 — e_Alz) . (2.61)

9The unit of the energy A set to 1.
10The summation

. 0 1 , 0 —i . 1 0
S Koy = (P —iAZ) (1 0) + (P2 — iAZ) (Z OZ) + (Ps — iAZ3) (0 _1)
7
- P3 — imAnZ3 P, — imAnZ, (2 50)
- P+ - zmAnZ+ —P3 + ZmAn23 ’ '

1) is a normalization constant.
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The secular equation of equation 2.60 is

(B+1+¢ - 2031 (B+1+¢ - %03)1

=0 (2.62)
—i (P, +1iMZ,) 0y —i (P, +1iM2Z,) 0,

From the secular equation 2.62, we obtain

/2 / 2
%g (A1 + A2)® — a; <E +1+¢ - 042”/\1/\2) ] =0  (2.63)

(A1 — As)?

By substituting A; 2 into equation 2.63, we can obtain the following equation

(E+1+¢& - p9) {1 +&+ sgn(ﬁ)\/(l + €)% 426 — E?} =0, (2.64)
where
oz
B = -~ (2.65)

The parameter (3 is of significant importance as it characterizes the relative curvature
of contributions from other bands. The sign of 3 is closely linked to the topological
characteristics of the system. Finally, the energy dispersion'? are as follows

Eqir ==+ 2€a (267)

where 8 < 0 and 14 ¢ > 0 for solution (I-a); 8 > 0 and 1+ & < 0 for solution (I-b).

(a) Solution I-a (b) Solution I-b

3F T T T T 3F \' T /
2t 2t

FIGURE 2.12

Analytical solution for semi-infinite system. (a) Solution I-a
(B=-0.1, o = 1.0/m, o’ = —0.5/m) and (b) Solution I-b
(B=0.1, o =1.0/m, ' = —0.5/m) [Taken from Ref. [12] Y.
Fuseya and H. Fukuyama, JPSJ(2018).]

12The corresponding wave function for the solution II,
Est: == (]— + §/ - B&) ’ (266)

becomes zero.
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In addition, the inverse localization length A of solution I is obtained as

Al = a252 [1+ﬁ(1+§’) + 1+25(1+5/)}. (2.68)

¢ Finite-thickness system

The boundary conditions are given by
U(L/2) =V (-L/2)=0. (2.69)

The wave function is given as a linear combination of eight eigenfunctions 2.57, with
terms including C4+1 and C1—_; being explicitly written as

Uy 1(2) = Cryp1th1p1eM7 + Crogpy e M7

(E +1+& - %M) (Chi1eM% + C_1e™ %)
_ 0
—iPs (Cr41eM7 + Cr_1e7 M%) + A1 Z5 (—Cry1eM7 + Cy_qe” M%)
—iP+ (Cl+1e)‘lz + Cl_lefhz) + A12+ (_CH_IGMZ + 01_167)‘12)
(E Fl4e - %A%) {Dy cosh A1z + Dy sinh Az}
_ 0
—iP3{Dycosh A1z + Dasinh A1z} — A1 Z3 {D;sinh A1z + Ds cosh Ay 2}
—iPy {Djcosh A1z + Dysinh A1z} — A1 Zy {Dysinh A1z + Dy cosh Az}
(2.70)

where Dy = C141+C1-1 and Dy = C141 — Cp—1. Similarly, the terms including Coy1
and Cy_q are given as

0
(B+1+¢ — =A2) {Dgcosh Az + Dysinh A2}
—iP_{Dscosh A\1z + Dgsinh A\yz} — A1 Z_ {D3sinh A1z + Dy cosh A\; z}
—iPy {Dscosh A1z + Dgsinh A1z} — A1 Z3 {D3sinh A1z + Dy cosh Az}
(2.71)

@271(2) =

I

where D3 = Co41 + Co—1 and Dy = Coy1 — Ca—1. ¥o 1 and Wy o can be obtained by
changing n = 1 — 2 and their coefficients D14 — Ds5_5. The eight simultaneous
equations for D;_g, derived from the boundary condition, yield a secular equation
(8 x 8) which is given by the following equations:

L1 Le
where
I — FEqicosh Azl Fqsinh A\ z1
L= —Aysinh \12Z,0, —icosh \1zP,0, —Ajcosh\izZ,0, —isinh\1zP,0,
(2.73)
L2 = Ll(l — 2), (274)
L3 = Ll(Sl — *Sl), (275)

Ly = Ly(S2 — —Sa), (2.76)
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and
a/
E,=E+1+¢ - TA% (2.77)
|L| is given by
|L| =16 |2¢(FEy — E2)2 cosh A1z cosh A9z sinh Az sinh A9z
— @2 (E1Ag cosh A zsinh Aoz — EoAq cosh A\az sinh A z)
2
X (E1Ag cosh Agzsinh Az — FaAj cosh A\jzsinh Agz) | . (2.78)

13

Using the three relations', we can obtain the analytical solution:

0 = 2¢£(E1 — F2)*tanh Ay z tanh Aoz
— a(E1 g tanh Aoz — FoAq tanh A\12)(E1 A2 tanh A1z — Eo A tanh Ag2)

(2.82)
(a) Solution I-a (b) Solution I-b
3 4 3 2 1 0 1 2 3 4
k‘e() kEO
FIGURE 2.13
Analytical solution for finite thickness system: L/l = 12,15,20,and
100, a.. = 100/m, oy = 1/m, and o/ = —0.5/m. (a) Solution I-a:
o, = —1(8 = —0.01). (b) Solution I-b: &,, = 1(8 = 0.01) [Taken
from Ref. [12] Y. Fuseya and H. Fukuyama, JPSJ(2018).]
13The three relations are described by
> Pl =2A¢, (2.79)
s
> Zi = Aa.s, (2.80)
"

A(P\PyZ\Zo + PaP3Z2Z3 + P3Py Z37,)
+ PHZY - Z3 — Z3) + P3(—Z8 + Z3 — Z3) + Pi(— 2% — Z3 + Z3)
=A? [(2aa2cz - azzan)Pi + (2a32/z - ayyau)pi + (2ozzay: — QZyQZZ)pzpy] (2.81)
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2.5.3 Pb;_,Sn,Te systems
Crystal structure of PbSnTe

Pby_,Sn,Te is a well-known material that has been studied in the semiconductor ma-
terials field[69-71]. Its crystal structure is a rock-salt (fcc) structure, unlike distorted
Bi[55]. This material is a narrow-gap semiconductor, and band inversion occurs in the
L point for x=0.04[72]. However, it is not topologically inversion because the number
of TRIMs that are band-inversion point is an even number. From band calculations,
PbTe and SnTe are trivial insulators in the Zs classification.

(a) @ PbiSnx (b) Brillouin zone

O k.
(001) surface

FIGURE 2.14
Crystal structure and Brillouin zone of PbSnTe

Topological crystalline insulator

PbSnTe is not a Z5 topological insulator. However, it is a topological material with
surface and edge states protected by the crystal point group symmetry of the crystal
lattice instead of time-reversal symmetry. Such a material is called a topological
crystalline insulator[73-75]. The topological invariants are defined by the crystal’s
rotational and mirror symmetry. Two Dirac cones would appear near the X-point be-
cause X-point of the SnTe surface Brillouin zone has two bulk L-points projected[76].
There have been studies on PbTe/SnTe heterojunction systems for a long time[4, 77].
Recently, topological crystalline insulator/ordinary insulator topological heterojunc-
tion has also been studied[51, 61].

PbTe/SnTe heterojunction

Pb;_;Sn,Te shows a band inversion around x=0.04 at the L-point [72]. As a result,
Pb;_,Sn,Te transitions from a trivial insulator to a topological crystalline insula-
tor [73, 74, 76]. When a topological crystalline insulator SnTe contacts an obvious
insulator PbTe with a similar crystal structure, the band gap is expected to close
at the interface [61]. Weyl and Dirac fermions are also involved in the conduction
state at the interface. In this case, we expect the band alignment of the topological
heterojunction system to be as shown in Fig. 2.15 (a).
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(b)

FIGURE 2.15

(a) Band alignment of the PbTe/SnTe topological heterojunction
system. [Taken from Ref.[61] F. Wei, CW. Liu, D. Li, et al., Phys.
Rev. B(2018).] (b) Energy spectrum of inverted contact at
interface.[Taken from Ref.[4] B. A. Volkov and O. A. Pankratov,
JETP Letter(1985).]
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2.6 Purpose of this resarch

Heterojunction Quantum
size effect

FIGURE 2.16
Areas of coverage for this research.

Based on the background described above, the purpose of this study is to be explained.
The field of this study is a complex area that combines topological insulators, het-
erojunctions, and quantum size effects. In particular, the focus is on the Bi/BiSb
heterostructure system. A model will be described in the next chapter (chapter 3) to
investigate this system. In the following results chapter (chapter 4), a multidimen-
sional analysis was conducted on the Bi/BiSb system. Additionally, comparisons were
made with other systems in chapter 5, and verification was performed on quantum
size effects in topological heterostructures.
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Chapter 3

Tight-binding model and
numerical caluculation

In this chapter, we explain the tight-binding model used in this study. In partic-
ular, we mention the Bi(111) surface and surface potentials. We also discuss the
PbSnTe(001) surface using the Lent model. In addition, this chapter contained an
explanation of numerical calculations.

3.1 Liu-Allen model

The Liu-Allen model is famous for the bulk electronic states of Bi and Sb[20]. The
bulk of Bi and Sb has a rhombohedral crystal structure, a trigonally distorted fcc lat-
tice of two atoms in one unit cell, which are interpenetrated with each other (Fig2.7).
Table 3.1 shows the parameters related to the crystal structure.

TABLE 3.1: Crystal structure parameter of Bi and Sb at 4.2 K. [78,

79]
Bi Sb
Lattice constant a (A) 45332  4.3007
c(A) 11.7967 11.2221

Rhombohedral angle « 57°19°  57°14°
Internal displacement parameter W 0.2341  0.2336
reciprocal-lattice constant g 1.3861  1.4610
Nearest-neighber distance dy 3.0624  2.9024
Next nearest-neighber distance da 3.5120  3.3427

The three primitive translation vectors of lattice are
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The three corresponding reciprocal-lattice vectors of lattice are given by

b1 = (—1, —\/g b) g, (3.4)

?7
by = (1, —?,b) g, (3.5)
bs; =. (O,Q?,b) g, (3.6)
where
b=a/ec. (3.7)

The relative position of the two basis atoms is given by
d=(0,0,2u)c. (3.8)
The vectors from a central atom to the nearest neighbors are
a; —d,as —d,a3 —d. (3.9)
The vectors from a central atom to the next nearest neighbors are
ai+as—d,a1 +a3—d,ar+ a3z —d. (3.10)

Liu-Allen model has 14 adjustable parameters (Table 3.2, Table 3.3 and Table
3.4). Eg and E, are the on-site orbital energy. Viss, Vipe, Vppe and Vppr are for the
nearest neighbors hopping. Vi, Vi,,, V,,, and V), are for the 2nd nearest neighbors

hopping. Vi, Viis, Vypo and V. are for the 3rd nearest neighbors hopping. And

the spin-orbit coupling parameters are Agp, = 0.6(eV) for Sb and Ap; = 1.5(eV) for
Bi[80].

TABLE 3.2: On-site orbital energy and hopping parameter for the
nearest neighbors of Bi and Sb.

Bi Sb
Orbital energy (s-orbitals) FEs -10.906 -10.068
Orbital energy (p-orbitals) E, -0.486 -0.926
Hopping parameter (sso) Vi -0.608  -0.694
Hopping parameter (spo)  Vip,  1.320 1.554
Hopping parameter (ppo)  Vpp,  1.854 2.342
Hopping parameter (ppm)  Vppr -0.600  -0.582

TABLE 3.3: Hopping parameter for the next nearest neighbors of Bi

and Sb.
Bi Sb
Hopping parameter (sso) VI, -0.384 -0.366
Hopping parameter (spo) Vg, 0433  0.478
Hopping parameter (ppo) V,,, 1396 1.418
Hopping parameter (ppr) V,,. -0.344 -0.393
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TABLE 3.4: Hopping parameter for the 3rd neighbors of Bi and Sb.

Bi Sb
Hopping parameter (sso) V.. 0 0
Hopping parameter (spo) V,, 0 0
Hopping parameter (ppo) V/ _ 0.156 0.352

(ppm)

ppo
Hopping parameter (ppm

Ve 00

The direction cosines for the nearest neighbors and the next neighbors are also
given by

st
—d

B | = arccos ( a2 —d| ) , (3.11)

st V(ay—d) - (az—d)
Qond

—d

Bona | = arccos a1 + a3 | . (3.12)
Yond \/(al—i-ag—d)-(al—i—ag—d)

First, we described the matrix elements of the H1; Hamiltonian (8 x 8 matrix) using
these adjustable parameters and direction cosines; the bases of Hyp are [s1,71),]|s1, |

>a ‘px17T>a \pyl,ﬂ, |pzlaT>7 |px15\L>7 |py17i/> and |pz1a¢>~

TABLE 3.5: The matrix element of H**.

|s1,71) |s1,])
(s, | Es+ V.82 0
(s1,] | 0 Es + V826

TABLE 3.6: The matrix element of Hﬁ’

p1,1)  [py1,1)  [p:1,1)
<317 T ‘ Vjs/;g/?ag27 V:s/}/?o‘g28 0

TABLE 3.7: The matrix element of Hﬁ).

P21, 1) py1, 1) p-1,1)
<pxlv T ’ EP + ‘/pI;:)UgQQ +V;7/;)7rg30 _7')‘/3 + (‘/;)/]/JO' - ‘/ZD/]/Jﬂ')g31 0
<py17 ) ’ Ep + ‘/p/;o'gSO +‘/;)/;7Tg29 0
<p217 T | h.c. Ep + V;;;mgQG

TABLE 3.8: The matrix element of Hff.

p21,1) pyL, 1) p-1,1)
(P, 4| | Ep + Vo820 +Vrg30  iN/3+ (Ve — Vopr)831 0
(pyl, 4 | By + Vye830 +Vpr€20 0
(p-1,{ | h.c. By + V,yn826
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TABLE 3.9: The matrix element of Hff.

|p:c17 ¢> ‘pyla ~L> ’pzly \lr>
(px1, 1 0 0 iN/3
11| 0 0 —i\/3
(p1, 1] ] —iA/3 ir/3 0
ss H*P 0
H 0 Hep
. p pp
Hyp-|@Ent o M ) (3.13)

o (it (HIT HYY

Next, we described the H1o Hamiltonian (8 x 8 matrix); Hjy takes into account inter-
plane and intra-plane hopping (hopping from atom 1 to atom 2).

TABLE 3.10: The matrix element of H7s.

’32aT> ’32a\L>
(s1, 1] | Visog0 +Visn813 0
<517\L | 0 VssogO +V:9/sag13

TABLE 3.11: The matrix element of H;5.

<515T | V:epagl +‘/Zpogl4 VspUgZ +Vs/pgg15 VspagS +Vs/po'g16

TABLE 3.12: The matrix element of HS.

P22, 1) py2, 1) p:2, 1)

<pa:17 T ’ V;)pvg4 +%pwg5 (Vppa - Vppﬂ)g12 (%po - %pw)gG
Vo817 +Vpr81s +(Vipe — Vipr)gzs  +(Vipo — Vipr)819
<py17T ‘ (V}Jprf - V}prr)gm Vipo87 +Vpprgs (V}?po - V}’pw)gll
+(Vp/po - pr)g% +V;D/pog20 +V;D/p7rg21 +(Vp,p0 - Vz:pﬂ)g24
<pz17T ’ (VEU;DU - Vznpﬂ)gt‘) (VEU;DU - V}apﬂ)gll V}opagQ +‘/ppﬂ'g].0
+(V;)lpa — V;)lpﬂ)glg +(V;lea — V;leﬂ')g24 +‘/plpag22 +V;p/p7rg23
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ss H? 0
His o
Hyp—|-@pm™ o HY 0 (3.14)
o —u’ 0 HY

Using the Hamiltonians Hyp and Hjg, the bulk Hamiltonian (16 x 16 matrix) is
expressed as follows

. Hll HlQ
H = <H21 H22> (3.15)

where the matrices are Hi; = Hyy and Hyp = HIQ. The band structure of bulk Bi
obtained using the Liu-Allen model is shown here.

257

0.0¢

=25}

=50t

Energy (eV)

=75}

—-10.0¢t

~12.5} \/_——\ .

U X r L U T H

FIGURE 3.1

Band structure of bismuth crystal calculated by the tight binding
model[20].



36 Chapter 3. Tight-binding model and numerical caluculation

The expressions for go-gi12, g13-825

ik-(a1—d) ik-(az—d) + eik:~(a3—d)

go=e te

g1 = (eik'(‘”_d) — eik'(al_d)) cos (v1st)
o = (em(ard) 4 ¢ik(az—d) _ 26““'(“3*‘1)) cos (B1st)

g3 = go cos (V1st)

g4 = (eik'(‘“_d) + eik'(‘”_d)) cos” (avist)

g5 = 80 — 84

g6 = 81 cos (V1st)

o7 = ( gik(a1—d) | ik-(as—d) | 4eik~(a3—d)> cos? (B1st)

g8 =80 — g7

g9 = 20 cos? (71st)
g10 = gosin® (yist)
g11 = g2 COs (71st)
g12 = g1 ¢os (Sist)
13 = gik-(aztaz—d) |  ik-(a1taz—d) |  ik-(a1+as—d)
o = ( pik-(a1+az—d) _ eik~(a2+a3—d)> <08 (ana)

g15 — <6ik-(a2+a37d) + eik:-(d1+043*d) _ 2eik'(al+ﬂ'2*d)> coS (/82nd)

216 = 813 COS (72nd)

g7 = (eik-(a2+a3—d) + eik~(a1+a3—d)> 0082 (042nd)

g18 = 813 — 817
219 = &Z14 COS (’72nd)

20 = (eik~(a2+a3*d) + eik-(a1+a37d) + 4eik-(a1+a2*d)) cos? (ﬁgnd>

g21 = 813 — 220

822 = 813 cos” (72nd)
g23 = g138in% (Y2n4)
824 = €15 €08 (Y2nd)

g25 = 814 COS (52nd)
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The expressions for gog-g31

:eik~(a1—a2) +eik-(a2—a1) _|_€ik-(a2—a3)

826

+ eik-(agfag) + eik-(alfag) + eik-(agfal)
go7 = (eik-(ag—a1) - €ik:~(a,1—a.2)>

+ % (eik(agfag) - eik-(a37a2)>

+ % (eik~(a3—a1) - eik-(al—a3)>

298 :\gg (eik~(a3—a1) _ eik:~(a1—a3))

+ \ég <6ik'(03—a2) _ eik'(aras))

4

+ 7 (oo 4 eikas—an)
b (eermea) 4 (e

3 (eik'(ara?)) + eik-(a?ﬁal))

£30 =1
+ % (eik:-(agfag) + eik-(a37a2)>
g31 _\Z/lg (eik~(a3—a1) + eik:~(a1—a3) _ e’ik'(a3—a2) _ eik'(CLQ—a3))

The expressions gg-gio are the direction exponentials for the nearest neighbors,
g13-go5 for the next nearest neighbors and gog-g31 for the 3rd neighbors.

3.1.1 Bi(111) surface

Since we focus on the Bi(111) surface, we extend the Liu-Allen model to construct a

Bi bilayer film thickness model in this section. First, we construct a bilayer Bi model

using the Hamiltonian H{3"%, representing intra-bilayer hopping.

Intra-bilayer Hamiltonian H{3"® (8 x 8 matrix)

We could express Hi%!" by setting the next nearest neighbor hopping parame-
ters in Hyg to 0.(V),, =V. =V =V _=0).

sso spo ppo ppT

Hamiltonian Hipj,

H Hll zf;tra
12 22
Next, we stack Hipy, using H fgt‘f”, which represents the inter-layer hopping.

!The basis of Hi3™" is (n, B|H{3""|n+1, A), where n is the layer number and A or B is the atom
in the unit cell.
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Inter-bilayer Hamiltonian Hi3"" (8 x 8 matrix)
by setting the nearest neighbor hopping parameters in

We could express Hinter
Hl2 to 0. (‘/880' = ‘/spa = ‘/ppa = ‘/ppﬂ = 0)

H, gy, is then expressed as follows.
1st
Hif e
(Hinter)T
12 H2nd inter
1BL HY

Hopy = .
nBL (Hzlgter)T H37“d
1BL

nth
HlBL

(3.17)

Using Equation 3.17, we obtained the result in Fig 3.2.

l)i)» >
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FIGURE 3.2
Band structure of Bi(111) 50BL thick slabs.
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However, the results obtained here are not consistent with the experimental re-
sults[57, 81-84]. The surface states crossing between I" and M point. This crossing
surface state is physically incorrect. In order to solve this problem, we use the surface

potential introduced by Saito et al.[21].
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3.1.2 Bi(111) surface potential

A surface potential gradient along the z-axis exists between the surface Bi atoms and
the vacuum on the surface BL. This potential gradient caused the surface Rashba
effect[85]. These reasons are why the surface conditions using the Liu-Allen model[20]
do not match the experimental results. Saito et al. introduced the surface potential
to solve this problem|[21]. This section explains the surface potential introduced by
Saito et al. The surface potential is as follows.

The Bi surface Hamiltonian H5*"/“ (8 x 8 matrix) considering the surface poten-
tial is expressed using the following parameters s, and vy (vsp = 0.45, vpp = —0.27).
The parameter between the s and p, orbitals at the surface is «,,. The parameter
between p, (or p,) and p. orbitals is ;,,. The hopping between orbits is

ts7p2 = ’ysp7
tpe,p. = Ypp €OS Ui,

tpy,p. = Vpp Sin 0;j,

where 6;; given is the angle to the p, orbit. The 6;; given here is expressed as

01,2 = 021 = arctan (
01,3 =031 = arctan (

023 = 032 = arctan (

Using 0;;, the matrix elements of the surface Hamiltonian Hyy, fece are

(s, T HIU T . 1) = ~4p826,

<pr7 1|Hls;”1face|p27 1> = Ypp |:COS 01’2 (eik~(a1—a2) + eik'(ag—a1)>
-+ cos 01 3 (eik-(al—a3) + eik'(a3—01)>

+ cos 92,3 (eik'("‘?_aii) + eik~(a3—a2)):| ,

<pya 1|H1Si”1face|pz, 1> = Ypp |:Sin 91’2 (eik'(al—%) + eik~(a2—a1)>
+sin 6, 5 (eik-(al—aa) n eik~(a3—a1))

+sin by 3 (eik-(w—a:a) n eik~(a3—a2))} ’

Also, (o, 1HS T p, 1) = (a, 2| HET*)p, 2) (a = S,Pz,Py). In addition, the

bottom surface Hamiltonian Hsy rface i represented by switching the sign of v/,
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Using Hﬁ"f ““ and Hyy rface the surface bilayers are, respectively,

f sur face intra
sur face 11 12
HlstBL = ( intra)T H ’ (318)
12 22
int
Hsurface Hll 117; m
nthBL — intra\ 1 surface | * (319)
( 12 ) 22

Changing H1%; and H' in Equation 3.17 to Hfggﬁce and HZ;”,:E-JCG, respectively,
we obtain the following results (Fig.3.3).

Energy (eV)
o
o
o

—0.50¢

FIGURE 3.3
Band structure of Bi(111) 50BL thick slabs with the surface
potential.

The band structure in Fig 3.3 is consistent with the experimental results. Saito et
al’s model allow the surface effects to be correctly confirmed. The model also allows
for the investigation of the quantum well states because the film thickness can be
easily changed.
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3.1.3 Bi/Bi;_,Sb, heterojunction

In this section, we describe a model of a Bi/BiSb heterojunction system. In the
Bi/Bi;_,Sb, heterojunction, the Sb content = can be adjusted freely using the virtual-
crystal approximation. Therefore, it is possible to observe a continuous sequence of
trivial /trivial to trivial /non-trivial heterojunctions. The difference between the lattice
constants of Bi and BiSb (z < 0.08) is so tiny that this study treats the two as equal.

T(1 11) Bi surface
3 - | /
N -
§¥
Bi (n BL)
2l
ol
Biy_,Sb, (n BL) ~
e
—F ///
BiSb surface
FIGURE 3.4

Schematic of the Bi/BiSb heterojunction (n+n BL).

The Hamiltonian is given by

sur face
HBilstBL printer
Bil2
inter) T
(HBiIZ ) HBi
—1BL inter
" HEMNS
Hzg; pisp, =
inter) T
(#5is7) FIBiSb
n-iBL Hipder,
inter T
(HBiSbIZ) Hsurface
BiSbnthBL

(3.20)

Fig 3.5 is obtained by numerically diagonalizing equation 3.20.
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FIGURE 3.5

(a,b) Band structure of Bi/Big 92Sbg.os (111) surface (50BL-50BL).
The surface states of Bi and BiSb are represented by the red and
blue lines, respectively. (a,b) The band structure of Bi/Big.g92Sbg.os
(111) surface (50BL-50BL). The red and blue lines represent the
surface states of Bi and BiSb, respectively.

The eigenvalues for the Bi(red line) and BiSb(blue line) surfaces in Fig 3.5(b)
are determined from the wave functions and single-particle spectrum introduced in
section 3.3 and 3.4.

3.2 Lent model

In this section, we describe the Hamiltonian introduced by Lent, et al.[55]. The
parameters of PbTe and SnTe that compose the matrix elements of the Hamiltonian
are listed below.

TABLE 3.13: The parameters of PbTe

E.. =-1612 V., =-0474
E.a =-11002 V., =0.705
E,. =319 V,, =0.633
Epa =-0237 V,, = 2066
Ege =773  Vypr =-0.430
Ega =773 Vg =-1.29
Ae  =1500 V,4 =0.835
e  =0428 Vg, =-1.59
Vipr = 0.531
Via =-1.35

)

Vaas = 0.668
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TABLE 3.14: The parameters of SnTe

E,. =-6578 Vis =-0510
Eea =-12067 Vi, = 0.949
E,. =1659 V,, =-0.198
Epo =-0167 V,, =2218
Eqe =838  Vypr =-0.446
Ego =773 Vg =-111
Ae  =0592 Vg =0.624
Ae =059 Vg, =-1.67
Vipr = 0.766
Via =-1.72
Vias = 0.618

Lent Hamiltonian is a 36 x 36 matrix whose basis consists of s, p, and d orbitals.

Basis of 36 x 36 Hamiltonian

[s,¢, 1) [s,¢.4), 18,0, 1), s, a,d)

[Py ¢, )5 [Py, & 1) P2y 65 1)

Pz, ¢, 1), Py, ¢ 1), [Pz, 60 L)

pzs a, 1), Iy, a; 1), P2y a, 1)

Pz, a, 1), Dy, a, L), Ipz, a, L)

|d1, ¢, 1), |d2, ¢, 1), |ds, ¢, 1), |das e, 1), |ds, e, 1)
) )

) )

) )

‘dl,C,\D,|d2,C,\L>,|d3,C,\L>,’d4,C, d5vcv~L
|d1,(L,T>, |d2,(L,T>, |d3,(L,T>, |d4,(L,T )
|d17a7\L>7 |d2)a7\L>7 |d3)a7\l/>7 |d47a7\lf )

The basis of di,d2, ds,ds and ds used here are di = d,2

)

d5,CL,T

|
|d57a7\lf

—y2;

Hs,s
Hpe,s  Hpepe
H = | Hpa,s Hpape Hpapa
0 0 Hdc,pa Hdc,dc
0 Hda,pc 0 Hda,dc Hda,da
where
Es,c
0 E
H — s,C
s goViss 0 Es,a ’
0 gOVTS,s 0 Es,a
0 H;
Hpc,s (0 H, )7
—2g1V75 0
Hl_ _QgQV,S 0 )
—2g3V75 0

dy = d3z27r27 dz = dmya
d4y = dy, and d5 = d.,. The Lent Hamiltonian is described in block form as

(3.21)

(3.22)

(3.23)

(3.24)
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0 281V
HQZ 0 —2g2‘/};73 s (325)
0 —2g3Vps
_(Hz 0
Hpa,s = ( Hi 0 (3.26)
—2g1V7p 0
H3: —2g2V7p 0 (327)
—2g3V7p 0
0 _2g1‘/sp
H4: 0 —QgQV’p (328)
0 2g3V7p
Hda,pc = ( ) (329)
—V3g1V, 4 ng‘G)d
g1Vpd g2Vpd —2g3V,d
Hs = | —2gVpar —2281Vpdn 0 (3.30)
0 —2g3Vpdar  —282Vpdn
—2g3Vp.dr 0 —281Vp dr
and
ddl dd6
dd6 dd2
dd3
dd4
ddb dd6
Hda,dc - dd6  dd1l (331)
dd2
dd3
dd4

ddd

The matrix elements used in equation 3.31 are expressed as follows.

3

ddl = 2(g4 + g5)Vdd + (2g6 + % + = )Vd ds
3

dd2 = 2(g4 + g5)Vd a5 + (286 + % + )Vdd

dd3 = 2(ga + g5)Va,ar + 286V,
dd4 = 2(gs + 26)Va.ar + 284V as
dd5 = 2(ge + 84)Va,ar + 285V s

V3
dd6 = 7({;5 - 84)(Vad — Va,as)
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The exponent that determines the direction of hopping is expressed using the lattice
constant a as

gy = |:eikza + e—ikma + eikya + e—ikya + eikza + e—ikza] ,
i ikza —ikga
g1 =7 (el T —e “ ) 5
2
l ikya —ikya
2
g3 = 1 (6ikza _ e—ikza)
2 ;
1 ikza —ikga
g4 = 5 (6 T +e N ) s
g5 = 1 <€ikya + e—ikya)
2 b
1 ikza —ikza
o= 5 (¢ e )

From the above, the band structure of PbTe and SnTe shown in the Fig 3.6 is
obtained.

Sy 15y
10+ {1 10¢
5¢ { s}

Energy (eV)

of = { of
-5} {1 -5} 4
\/w \N
~10} {-10}

—_v\

Bl T s T L TR R L

FIGURE 3.6
(a) and (b) are the band structure of PbTe and SnTe, respectively.

3.2.1 PbSnTe(001) surface

Construct the PbSnTe(001) monoatomic layer model. In order to construct the
Hamiltonian, we only need to change the directional exponents gg, g3, and gg. The
changed direction exponents are
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The Hamiltonian formed using these exponents is HM*(36 x 36 matrix). In the
Hamiltonian H°"(36 x 36 matrix) hopping between monatomic layers, the direc-
tional exponents are

g(z)nter — 62]4:2117
inter __

g1 - Oa
inter __

g2 - Oa
inter ikza

g3 = 56 =
inter __

g4 - Oa
inter __

g5 - Oa
. 1 .
inter ik.a

g = ;€
6 2

Also, no orbital energy enters the hopping Hamiltonian H**". Therefore, Ei"er =
Eirter — Einter — 0. The spin-orbit parameter A" = X"¢" = ( because the on-site
elements must be cut off as well as the orbital energy. Using HM% and H™*"  the n
monolayer film is expressed as follows.

H{V[tL Hinter
(Hinger)T H%(% Hinter A
(Hznter ) T Hé\gdL [ inter
Honir = (H eyt (3.32)
Hinter
(Hinter ) T H;]L\?hL

Using equation 3.32, we recalculated the 280 monolayer thick slabs calculated by
Dziawa et al. Figure 3.7 shows the band diagram obtained from the calculation.
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FIGURE 3.7

Band structure of 280-monolayer thick slab of Pby_,Sn,Te (001)
substitutional alloys with varying Sn content. (a) and (b) are trivial
insulator cases, z = 0.0 and x = 0.3, respectively. (c) and (d) are for
topological crystalline insulator case, z = 0.6 and = = 1.0,

respectively.

3.2.2 PbTe/SnTe heterojunction

Next, we described a PbTe/SnTe heterojunction’s Hamiltonian using H,ys;, and

Hi"ter constructed from the Lent model as follows

PbTe
H nML

Hpy e /SnTe =
(HinteT)T

Hinter

SnTe
H ML

n

(3.33)

The model focuses only on topological inversion. Therefore, it does not take into
account the deviation of the lattice constants. The band structure obtained using the

formula 3.33 is shown in Fig. 3.8.
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FIGURE 3.8
Band dispersion of PbTe/SnTe heterojunction for 50450 thick slab.
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3.3 Probability distribution [¢(k|, z)|*

We compute a probability densities to ascertain the spatial distribution of the eigen-
functions corresponding to the eigenvalues. From the following equation 3.34, use the
wave function ¢ to obtain [ (k|, 2)|?.

JN«NYN = ENYNn (3.34)

In the Bi/BiSb system, the space is ticked every 1BL (16 basis). Therefore, the
numerical results satisfy the following equation

100
1:/ |4 (ky, BL)|*dBL. (3.35)
1

Assuming that Bi 100BL is approximately 40nm, dz = 0.4 nm. If we used a z-
directional variable z, we need a normalization factor A.

40
1= A/ Y (ky, 2)Pdz. (3.36)
0
In our calculations, the unit of z is unified to BL to avoid confusion.

3.3.1 Numerical calculation

We used Julia, a programming language suitable for numerical calculations. The Julia
package LinearArgebra allows us to use LAPACK. We can obtain the eigenfunctions
using the function syev from the LinearArgebra package. This section contains the
programming code.
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~ Set parameters

function ProbabilityDistribution(ratel,num_layerl,SS)

a= Bia*rate +Sbax*(l-ratel)
c= Bic*rate +Sbc*(l-ratel)
b= Bib*rate +Sbb*(l-ratel)
g= Big*rate +Sbgx*(l-ratel)
p= Bip*rate +Sbp*(l-ratel)

bl=[-1, -sqrt(3)/3, blg
b2=[1, -sqrt(3)/3, blg
b3=[0, 2sqrt(3)/3, blg

num_sym=4

G=[0,0,0]
K=[2/3,1/3,0]
M=[1/2,0,0]

sym_p = zeros(Float64,num_sym,3)

sym_p[1,:1=K[1]1*b1+K[2]*b2+K[3]*b3
sym_p[2,:1=G[1]*b1+G[2] *b2+G [3] *b3
sym_p[3,:1=M[1]*b1+M[2]*b2+M[3] *b3
sym_p[4,:1=K[1]1*b1+K[2]*b2+K[3]*b3

num_band=16*(num_layerl)
num_layer=num_layerl

len_p = zeros(Float64,num_sym)
klen = zeros(Int64,num_sym)
klen[1]=0

for i = 1:num_sym-1

len_pl[i+1] = sqrt(

(sym_p[i+1,1]-sym_pl[i,1]1)"2

+(sym_p[i+1,2]-sym_pl[i,2])"2

+(sym_p[i+1,3]-sym_p[i,3])"2)

klen[i+1]=Int(floor (len_p[i+1]%*100))
end

num_kpoint=klen[1]+klen[2]+klen [3]+klen [4]

\
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e Calculate Probability Distribution (I'-M line)

~
density=zeros(Float64 ,num_layer ,num_kpoint ,21)
i=1
for nx = 1:klen[i+1]
kxin=(
sym_pl[i,1]+nx*(sym_p[i+1,1]-sym_pl[i,1])
/klen[i+1])
kyin=(
sym_pli,2]+nx*(sym_p[i+1,2]-sym_pl[i,h2])
/klen[i+1])
kzin=(
sym_pl[i,3]+nx*x(sym_p[i+1,3]-sym_pl[i,3])
/klen[i+1])
vals, vecs=LAPACK.syev!('V','U"',
Hamiltonian. (kxin,kyin,kzin,ratel,num_layerl))
for k = SS-10:85+10
for j = 1l:num_layer
vector_layer=zeros (ComplexF64 ,16)
for basisl = 1:16
vector_layer [basisl]=
vecs [16x(j-1)+basisl, k]
end
density[j,nx+klen[2] ,k-SS+11]=abs(
dot(vector_layer[:],vector_layer[:]))
end
open(@sprintf ("PD%02d.csv",k),"w") do file
Base.print_array(file, densityl[:,:,k-SS+11])
end

end
end

end
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3.4 Single-particle spectrum A(k|, z,¢)

Using the spectral function A(p, ¢)? [86-88], the retarded Green’s function for fermion
G%(p,¢) becomes

> 1 A(p,€
where
A(p,e) = 27" " |(nfipp|m)[” (e—ﬁEn + e—ﬂEm) S(e+ E,—Ep). (3.38)

m,n

B = 1/kpT and ) is thermodynamic potential. The relation between the spectral
function and the retarded Green’s function is

A(p,e) = —2ImGE(p, ¢). (3.39)

The energy-momentum representation of the retarded Green’s function for a free
particle is

1

GE(k,e) = ————— 3.40
And the spectral function A(k,¢) is written as
L AR
Ak, e) = —;ImGO (k,¢). (3.41)

For multi-state system such as a stacking layer structure, the equation 3.40 is not
sufficient. In order to consider a multi-state system with n states, we substitute an
n X n matrix[89], i. e., Hamiltonian H instead of . Thus, the retarded Green’s
function for a multi-state system is written as

G(k,e) =[(e+i0) I — H(k)] ", (3.42)

where [ is the identity matrix of size n. The retarded Green’s function presented here
has information for the entire system. Therefore, it is possible to obtain the spatial
dependence by dividing the information into layer-by-layer. To confirm the spatial
distribution, a matrix trace is taken in the basis of each film. For example, in the case
of Bi(111) stacking system, traces are taken in 16 basis:(s T, pz 1), py T4, p> 1)) x 2.
From the above, we obtained the single-particle spectrum

1
Ak, z,e) = —;Trlayer [ImG(k,¢)]. (3.43)

ARPES experiments can directly observe the angle-resolved photocurrent J(k,¢).
From this observation, the relation between the energies of the electrons and wavenum-
ber in the material can be determined. Using the single-particle spectrum A(k,¢),
the Fermi-Dirac distribution function f(¢), and the dipole interaction M, we obtain
the angle-resolved photocurrent

J(k,e) = Mf(e)A(k,e). (3.44)

2Lehmann representation
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Here, the observed single-particle spectrum is written by

Alk,e) = %Im <6 — eo(kl) + iE”) ’ (3.45)

where ¢ is the bare energy band and X”? is lifetime. Based on this understanding,
it is more consistent with the realistic system to write the retarded Green’s function
and the spectral function A(k,z,¢) as follows.

A(kH,Z,é) = —%Trlayw [Im G(k”,E)] s (346)
Gk e) = [e — H(ky) +i2"] " (3.47)

3The parameter X” was set to 0.01.
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3.4.1 Numerical calculation

~ Set parameters ~

function SingleParticleSpectrum(ratel,num_layerl)
a= Biaxrate +Sbax*(l-ratel)
c= Bic*rate +Sbc*(l-ratel)
b= Bib*rate +Sbb*(l-ratel)
g= Bigxrate +Sbg*(l-ratel)
p= Bipx*rate +Sbp*(l-ratel)
bi=[-1, -sqrt(3)/3, blg
b2=[1, -sqrt(3)/3, blg
b3=[0, 2sqrt(3)/3, blg
num_sym=4
G=[0,0,0]
K=[2/3,1/3,0]
M=[1/2,0,0]
sym_p = zeros(Float64,num_sym,3)
sym_p[1,:1=K[1]1*b1+K[2]*b2+K[3]*b3
sym_p[2,:1=G[1]1*b1+G[2]*b2+G[3] *b3
sym_p[3,:1=M[1]1*b1+M[2]*b2+M[3] *b3
sym_p[4,:1=K[1]1*b1+K[2]*b2+K [3]*b3
num_band=16*(num_layerl)
num_layer=num_layerl

len_p = zeros(Float64,num_sym)
klen = zeros(Int64,num_sym)
klen[1]=0

for i = 1l:num_sym-1

len_pl[i+1] = sqrt(
(sym_pl[i+1,1]-sym_pl[i,1])"2
+(sym_pl[i+1,2]-sym_pl[i,2])"2
+(sym_p[i+1,3]-sym_p[i,3])"2)
klen[i+1]=Int (floor(len_p[i+1]1%100))
end
num_kpoint=klen[1]+klen[2]+klen [3]+klen [4]
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e Calculate single-particle spectrum (I'-M line) ~

d_ene=200

k_mesh=200

Green=zeros (ComplexF64 ,num_band ,num_band)
Imatrix=Matrix{ComplexF64}(I, num_band, num_band)
SPS=zeros (Float64,d_ene+1,k_mesh+1,num_layerl)
ithGreen=zeros (ComplexF64,16,16)
tr_ithGreen=zeros(Float64,d_ene+l,k_mesh+1l,num_layerl)

for Ene = 0:d_ene
energy = -0.2 + i*0.4/d_ene
i=1

for nk = 0:k_mesh
kxin=(sym_p[i,1]+nk*(sym_p[i+1,1]-sym_p[i,1])

/k_mesh)
kyin=(sym_p[i,2]+nk*(sym_p[i+1,2]-sym_p[i,2])
/k_mesh)
kzin=(sym_p[i,3]+nk*(sym_p[i+1,3]-sym_p[i,3])
/k_mesh)
Green = inv(energy*Imatrix+im*0.01*Imatrix

-Hamiltonian. (kxin,kyin,kzin,ratel ,num_layerl))

for j = 1:num_layerl
for 1 = 1:16
for m = 1:16
ithGreen[l,m]=
Green[16%(j-1)+1,16*%(j-1)+m]
end
end
tr_ithGreen [Ene+1,nk+1,jl=tr(imag(ithGreen))

end
end
end
SPS =-(1/)*tr_ithGreen

for BL= 1:num_layerl
open(@sprintf ("SPS’02d.csv",BL),"w") do file
Base.print_array(file, SPS[:,:,BL])
end
end

end
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Chapter 4

Bi/BiSb topological
heterojunction

Band alignment, represented by connecting the band of two dissimilar semiconductors
(Fig. 4.1 (a)), is mentioned in many textbooks dealing with heterojunctions[1-3].
In the mid-1980s, the possibility of interface state in heterojunctions with inverted
bands was proposed[4-9]. Recently, this interface state has been reexamined from the

viewpoint of topology[51, 52].
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(a), (b) Schematics of heterojunctions between topologically trivial
semiconductors and between trivial and non-trivial semiconductors,
respectively. (c¢), (d) Present results of topological heterojunction
Bi/Bi;_,Sb, (z = 0.08) of 50+50 BL at [-point and M-point,
respectively.
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Topological insulators are one of the major topics in recent condensed matter
physics. Materials are divided into two groups: metals and insulators. This classifi-
cation is based on the presence or absence of electrical conduction. However, topolog-
ical insulators cannot be classified by both. Topological insulators are characterized
by the fact that the bulk is an insulator, and the surface has a metallic conduction
state. In order to connect bands of the same symmetry at the junction interface of a
topological insulator and a trivial insulator, a gapless conduction state must exist at
the interface (Fig. 4.1 (b)). Considering the vacuum as a trivial insulator with a huge
bandgap, there is no contradiction in the presence of a gapless conduction state on
the surface, which is the interface between the topological insulator and the vacuum.

Fu and Kane proposed in 2007 that BiSb is a three-dimensional topological insu-
lator[17]. In the Liu-Allen model|[20], the topology of Bij_,Sb, switches from trivial
to non-trivial at x = 0.02 as the Sb content x increases. In other words, it transitions
from a semimetal to a topological insulator. However, some reports suggest pure Bi
(z = 0.00) is a topological insulator[57, 59, 60]. This opposition to the topology of
pure Bi originates from the convenient determination of the topology of BiSb proposed
by Fu and Kane[17]. The way of Fu and Kane determines the topology by counting
surface Fermi surfaces. However, the bandgap of the BiSb system is extremely small,
and it is difficult to measure the “true surface state” with the resolution of the current
ARPES experiment (used for direct surface measurement). In addition, it is widely
known that the quantum size effect affects surface electrons[46-48]. Topologically
protected surface electrons are no exception. In finite-thickness topological insulator
films, the quantum size effect opens gaps of topologically protected gapless surface
states. This qualitative change in the surface state also makes it difficult to determine
the topology of the BiSb system.

The quantum size effect appears more prominently when the Fermi wavelength of
the material is long. However, the quantum size effects on band alignment in “topo-
logical” heterojunctions consisting of two materials with different topologies has not
been extensively investigated. The Fermi wavelength of BiSb is very long, and even
with a film thickness of about 100 nm, the top and bottom surfaces interfere with each
other[12]. It is considering that the penetration length of the surface wavefunction
of topological materials, e.g., BizSes, is on the order of a few nanometers[90-92]. In
the BisSes system, the region where the quantum size effect can be confirmed is rela-
tively narrow, so it isn’t easy to investigate the quantum size effect on the topological
heterojunction. On the other hand, in the BiSb system, the penetration length of the
wave function is long, and the region where the quantum size effect can be confirmed
is wide. Therefore, the Bi/BiSb heterojunctions is suitable for investigating quantum
size effects on topological heterojunctions. Moreover, in the Liu-Allen model, the
topology of Bij_,Sb, is switched only by the parameter Sb content x. Therefore, the
Bi/BiSb heterojunction system is an excellent model that can be changed from trivial
to non-trivial by a single parameter.

We calculated the Bi(111)/BiSb(111) heterojunction at a finite-thickness based
on the Liu-Allen model. As a result, we discovered that the band alignment of the
Bi/BiSb heterojunction is a new type that does not belong to any known band align-
ments (Fig. 4.1 (d)). The band alignment expected for the topological interface state
is shown in Fig. 4.1 (b). Since band inversion appears at M-point, a topological
interface state should appear. However, no band bending occurred appeared in Fig.
4.1 (d). In addition, it was theoretically clarified that one of the two surface state
spectra obtained on the Bi surface is not the original surface state of Bi. Due to the
strong quantum size effect of the Bi/BiSb heterojunction system, this fake surface
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state originated from the bulk wavefunction of the junction material (BiSb) penetrat-
ing the Bi surface. This occurs even in heterojunctions with thicknesses as thick as
80 nm, indicating that the wavefunctions penetrate each other through the bonded
materials.

In this chapter, we explain the detail of the topological interface state and surface
state in the Bi/BiSb heterojunction for finite-thickness.

4.1 Eigenfunctions of surface and interface states

We have calculated the z-dependence of the single-particle spectrum for topological
heterojunction in Fig. 4.1; there is a peak structure at the interface. The unexpected
band alignment in Fig. 4.1 (d) has a single-particle spectrum A(M, z,¢) with a peak
at the interface (z = 50 BL) between the energy range of -0.1 and 0.0 V. In general,
an interface state and a surface state are different. However, in Fig. 4.1 (d), the
single-particle spectrum at one eigenvalue peaked at the Bi/BiSb interface and the
Bi surface. This peak structure of the single-particle spectrum suggests that one
eigenvalue is both for the interface state and the surface state. It is reasonable to
assume that the surface influences the topological interface state. Therefore, in order
to consider this unexpected interface state, We have investigated the quantum size
effects in the Bi/BiSb heterojunctions with 50+50 BL film thickness.

We labeled the four eigenvalues at M-point to investigate this novel topological
band alignment(Fig. 4.1 (d)). The conduction band minimum (CBM), surface statel
(S1), surface state2 (S2), and valence band maximum (VBM) is shown in Fig. 4.2.
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—02 7 M - K

FIGURE 4.2

Band structure of the Bi/Big.92Sbg.0s heterojunction. The red and
blue lines are Bi and BiSb surface bands, respectively. Eigenvalues
were labeled from CBM, S1, S2, and VBM at M-point
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Sb content z-dependence of the probability distribution |¢(2)|* for
(a) CBM, (b) S1, (c) S2, and (d) VBM in the Bi/BiSb heterojunction
for 50450 BL thick slab. At the BiSb surface (z = 1 BL) of S1 and
S2, the surface state appears for = < x.(~ 0.02) but does not for

T > x., indicating a topological transition.

In Figs. 4.2 (a) S1 and (b) S2, the surface states of Bi and BiSb degenerate at the
M-point. In addition, the curvature of the surface band changes abruptly near the
M-point, indicating that the surface bands hybridized the bulk band. We obtained
more detailed results by calculating the probability distribution shown in Fig. 4.3.
Figure 4.3 shows the z-dependence of the probability distribution for (a) CBM, (b)
S1, (c) S2, and (d) VBM in the Bi/BiSb heterojunction for 50450 BL film thickness.
The properties of change from trivial (x < 0.02) to non-trivial (z > 0.02), though
the topological transition is blurry due to the finite thickness. In the trivial/trivial
heterojunction case (z < 0.02), the peaks of |¢)(2)|? appear on Bi surface (z = 100)
and BiSb surface (z = 1). Therefore, S1 and S2 are surface states. Moreover, there
is no |¢(2)|? peak at the interface (z = 50). In the trivial/non-trivial heterojunction
(x > 0.02), the |¢(2)|? peak disappears from the BiSb surface (z = 1) of S2 (Fig.
4.3 (c)). Also, the |¢(2)|? peak appears approximately at the interface (z = 50); S2
is both a Bi surface state and a Bi/BiSb interface state; the BiSb surface state has
disappeared. The disappearance of the surface state of BiSb (z > 0.02) at the M-point
is entirely consistent with the analytical solution [12]. The result is also reasonable,
as an interface state appears between two materials with different topologies. There
is an unexpected property that the |1(z)|? peak does not appear at the S1 interface
(z = 50), shown in Fig. 4.3 (b). Interestingly, the CBM (Fig. 4.3 (a)) has the interface
state. The interface peak appears in CBM instead of S1. The peak structure of the
interface also exists in the VBM, shown in Fig. 4.3 (d). We have considered that
the CBM is the Bi surface and Bi/BiSb interface state. The curvature of the CBM
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near the M-point appears to be affected by the surface energy band, which may
indicate band hybridization. Therefore, the appearance of interface and surface peak
structures in the CBM strongly suggests that the CBM, is considered in the bulk
state, is not the bulk state. From the probability distribution in Fig. 4.3, the Bi
surface state hybridized the BiSb bulk state in CBM and S1 at x = 0.08. In addition,
the behavior of the Bi side (51 to 100 BL) of the CBM and S2 is similar to the surface
state of the free-standing Bi with a 50 BL thick slab. Therefore, the surface state of
the free-standing Bi may have the same energy levels as CBM and S2. On the other
hand, in VBM, the bulk of Bi and the bulk of BiSb are hybridized. Energy levels
cannot exist in the topologically protected BiSb region. Therefore, the probability
distribution is localized on the Bi side, forming an interface state.

The information obtained from the Sb content x dependence of the probability
distribution is summarized below.

o CBM(z < 0.02):Bulk state(BS)

o Sl(x < 0.02):Surface state(SS)

e S2(x <0.02):SS

. VBM(z < 0.02):BS

o CBM(0.02 < z):Bi SS and Bi/BiSb interface state(IS) and BiSb BS
o S1(0.02 < z):Bi SS and BiSb BS

e 52(0.02 < z):Bi SS and Bi/BiSb IS

o VBM(0.02 < z < 0.04):Bi bulk and BiSb bulk

o VBM(0.04 < z: after band hybridization):Bi SS and Bi/BiSb IS
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4.2 Thickness dependence of topological interface state
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FIGURE 4.4 -
Single-particle spectrum A(M, z,¢) from (a) 50450 BL to (f)
2504250 BL.

We investigated the thickness dependence of the topological interface state. We plot
the band alignment at the M-point, A(M, z, ¢), for different thickness of Bi/Big.92Sbo.0s
from 50+50 to 2504250 BL in Fig. 4.4. This result shows that the interface peak
structure of the single-particle spectrum at the surface energy band begins to dis-
appear from 150+150 BL. The quantum size effect in the Bi/BiSb heterojunctions
disappears in 150+150 BL film thickness. Instead, the interface state appears at an
energy level slightly lower than the Bi surface state. This interface peak disappear-
ance is due to the resolution of the hybridization between the interface and surface
states. On the other hand, in 50450 BL film thickness, we could clearly confirmed
the Bi surface state and the Bi/BiSb interface state due to the strong quantum size
effect.

The quantum size effect appears more prominently when the Fermi wavelength
of the material is long. The Fermi wavelength of BiSb is very long, and even with
a film thickness of about 100 nm[12], the top and bottom surfaces interfere with
each other. Considering that the penetration length of the surface wavefunction of
topological materials, e.g. BiaSe3[90, 91], is on the order of few nm. Thus, the
long-range wavelength in BiSb is rare. Figure 4.4 indicates that there is a strong
surface-interface interference effect.

This strong surface-interface interference effect exists up to a film thickness of
about 1004100 BL (40440 nm) in the Bi/BiSb system. Therefore, in the BiSb sys-
tem, a considerably thick film is required to confirm the same behavior as general
topological materials. In other words, quantum size effects in topological heterojunc-
tions, which cannot be seen in ordinary topological heterojunction, can be seen in the
Bi/BiSb heterojunctions.
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4.3 Band-bending-like behavior of interface state

0.2 -

[ '
I '

BiSb: conduction band | | Bi: conduction band /

Energy (eV)
o
o

<4+—Pp 4¢——P»— — ~— Permeation
™~

Permeation Permeation

5
\

) | 11
0'21 250 500

z (BL)

BiSb: valence band Bi: valence band

FIGURE 4.5

Band alignment at the M-point, A(M, z,¢), for 2504250 BL. IS

(z = 250) is the Bi/BiSb interface state, and SS (z = 500) is the Bi
surface state. The long-range permeation of the interface state and
the surface state is 50 to 100 BL (20 to 40 nm).

Above the 1504150 BL film thickness as in Fig. 4.4 (d-f), the expected band-bending-
like behavior is visible. The subtle band connection between the conduction band of
BiSb and the valence band of Bi in Fig. 4.4 (d-f) (1504150 to 2504250 BL) may
represent the band connection expected at a topological heterojunction. If this band-
bending were the situation of topological heterojunction as shown in Fig. 4.1 (b),
the BiSb valence band would also connect the Bi conduction band, and the band
crossing would form. However, no such energy band crossing exists. This band-
bending-like behavior is not as expected in Fig 4.1 (b). More importantly, in the
case of thin films, such band connections are never observed as shown in Fig. 4.4
(a-c). This band-bending-like behavior can be understood in Fig. 4.5. The interface
and surface states in Fig. 4.5 are penetrated by approximately 50 to 100 BL (20 to
40 nm). The interface state has the same energy level as the BiSb conduction band
and the Bi valence band. Therefore, the long-range permeation of the interface state
in the Bi/BiSb heterojunction forms the band-bending-like behavior expected in Fig
4.1 (b). This band-bending is similar to that expected band alignment in Fig. 4.1
(b), but the formation process is completely different. The Bi/BiSb heterojunction’s
band alignment predicted in Fig. 4.1(b) cannot be obtained by simply connecting the
free-standing Bi and BiSb band alignments.



64 Chapter 4. Bi/BiSb topological heterojunction

@ () ) ©
BiSb  Bi o(Bi/BISD (50+450BL) Bi/BiSb (150+150BL) _Bi/BISb (250+250 B

i : e

L)

3 00 3 008 3 00 2o
¢ Bandgap 3 S 3 d
Bandgap E) EC') ?g
5 -0.1 i 01 5 01 [
0247 100 02 150 300 021 250 500
z (BL) z (BL) z (BL)
* Energy shift
(b) (), (h)
BiSb Bi 0 1Bi/B'S 150+15 L) 0 1Bi/ib (250+250 L)
S S =
C o o
I Bandgap Bandgap s é’) 3
@ @ @
C C C
w L w

FIGURE 4.6

(a) and (b): Gap position of Bi/BiSb heterojunction. (a) is the
original Bi/BiSb heterojunction, and (b) is the modified Bi/BiSb
heterojunction in which parameter Ep;gp, is changed to Ep;. Band
alignment of the original Bi/BiSb heterojunction in (c¢) 50450 thick
slab, (d) 150+150 thick slab, and (e) 2504250 thick slab. And band
alignment of the modified Bi/BiSb heterojunction in (f) 50+50 thick
slab, (g) 1504150 thick slab, and (h) 2504250 thick slab.

In order to confirm the scenario that the band bending in Fig. 4.5 is caused by the
permeation of the interface state that accidentally matches the conduction band of
BiSb and the valence band of Bi, we numerically shifted the band gap position' and
the results are shown in Fig. 4.6. As the film thickness increases, the band alignment
of the original Bi/BiSb heterojunction in Fig. 4.6 (d,e) shows a separation of the
interface and surface states. Therefore, 150+150BL and 250+250BL are considered
to be sufficiently thick. In the sufficiently thick slab in Fig. 4.6 (g,h), there is no
band bending. Thus, the scenario that the interface states appear to be connected to
other bands only by accident turns out to be correct.

!To shift the band gap, we performed the following operations
EZ]?iSb _ E}])BiSb’ (4.1)
EBiSb — pBish, (4.2)

where EEISb, Ef'Sb, EPSP and EP'SP are the Liu-Allen’s parameters.
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4.4 Interface potential
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FIGURE 4.7 - -
Band alignment at the M-point calculated from A(M, z,¢) (a)
without and (b) with the interface potential.

In general, lattice mismatch at the heterojunction interface causes some effects. How-
ever, such lattice mismatch is expected to be small in the Bi/BiSb heterojunctions
because the crystal structure and lattice constants almost unchanged for small changes
z (0 < x < 0.08). Here we check the effect of the interface potential by assuming the
same form as the surface potential introduced by Saito et al,. This approximation
may overestimate the influence of the interface potential since the surface potential
is the potential between the slab and the vacuum.

In Fig. 4.7, we compare the band alignment at the M-point for the Bi/BiSb(x =
0.08) heterojunction in 50+50 BL thick slab with (a) no interface potential and (b)
with an interface potential. This comparison shows that an interface potential does
not alter long-range permeation. The interface potential does weaken permeation,
but as noted earlier, the interface potential in Fig. 4.7 (b) is overestimated relative
to the actual interface potential. Therefore, the effect of the interface potential is
irrelevant.
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4.5 Determination of surface states

We calculated the Bi/Bij gSbgo heterojunction for 50+50 BL film thickness. The
calculation results are shown in Fig 4.8. Here, the thickness of Bi/Bij ¢Sbgo slab
with 50+50BL film is identical to one of the pure Bi 100BL slab. This result is in
good agreement with the experimental results[83]: for Bi/Bij ¢Sbo.o, both top and
bottom surface states are the same, and the surface state is degenerate.
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FIGURE 4.8
Band structure of pure-Bi for 100BL thick slab.
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(a)-(d) are the band structures of the Bi/Bi;_,Sbh, heterojunction for
50+50 BL thick slab. x = 0.02, z = 0.04, x = 0.06, and = = 0.08,
respectively. The red and blue lines are the Bi and BiSb surface
bands. The gray lines are bulk bands.
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Band structure of the Bi/Big 92Sbg.0s heterojunction for 50+50 BL
thick slab. Eigenvalues were labeled from SS1 to SS4.

In order to investigate the Sb content z-dependence of the Bi/BiSb heterojunction,
we have calculated the energy dispersion, x = 0.02, x = 0.04, x = 0.06, and x = 0.08,
respectively, in Fig 4.9. With increasing Sb content z, the difference between the red
line representing the Bi surface state and the blue line representing the BiSb surface
becomes remarkable.

The Bi surface states around M-point, indicated by the red line, is influenced by
the bulk band. The bulk conduction band shows a shift corresponding to an increase
in Sb content x. Therefore, the shifted conduction band is the BiSb bulk band. On
the other hand, the bulk valence band does not change with increasing Sb content x,
so the un-changed valence band is the Bi bulk band. We focus on surface states. The
red line of the Bi surface state is not affected by the change of Sb content x near the
[-point, while the red line shifts near the M-point. The blue line of the BiSb surface
state shows the linkage with Sb content x. From the above, it is possible to infer
which eigenvalues correspond to the Bi and BiSb states. On the other hand, there is
also a way to determine the eigenvalues strictly by calculation.

By calculating the probability distribution, we confirmed which of the red and
blue lines is the Bi surface state or the BiSb surface state. The four eigenvalues
considered surface states are labeled SS1, SS2, SS3, and SS4 from top to bottom, as
shown in fig 4.10.

The probability distribution |¢(k:||,z)|2 corresponding to SS1, SS2, SS3, and SS4

are in Fig. 4.11. The |1/)(kH,z)|2 is normalized by the unit of BL, where 1 =

1100 ]w\Qd]?L. The peak structure of |1p(k||,22|2 in SS1 appears on the BiSb sur-

face near I' point and on the Bi surface near M-point. For SS2, SS3, and SS4, it is
possible to distinguish whether the surface state is Bi or BiSb. At the just M-point of
the probability distribution |1)(M, z)|?, the peak structure of the Bi surface penetrates
the inside of the thick slab.
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FIGURE 4.11
(a) to (d) are kj-dependence of probability distributions at SS1 to
SS4, respectively. z = 1 is the BiSb surface. z = 100 is the Bi surface.
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FIGURE 4.12

The k|-dependence of single-particle spectrum A of
Bi/BiSb(z = 0.08) (50450 BL) for (a) Bi surface (z = 100 BL), and
(b) BiSb surface (z =1 BL).

The determination of the spatial distribution of eigenvalues based on the calcu-
lation of the probability distribution |¢(kj, z)|? is consistent with the k|-dependence
of the single-particle spectrum A(ky, z,€) on the Bi and BiSb surfaces shown in Fig.
4.12. However, we could not obtain detailed information near the M-point. This is
because the spectral intensity near the M-point is unclear as shown in Fig. 4.12 and
Fig. 4.13.
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4.6 Sb content r-dependence of surface states
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(a) Band structure of the Bi surface states of the Bi/BiSb
heterojunctions for 50450 thick slab. (b) Detailed Sb content z
dependence of the Bi surface states at the M-point

Figure 4.13 shows there is a z-dependence of the surface states around the M-point
and a no z-dependence of the surface states around the I'-point. We have calculated
single-particle spectrums that allow us to obtain information for each bilayer in order
to understand the cause of the difference between the I'- and M-points. However, Fig.
4.11 and Fig. 4.12 could not display clear information about the M-point. In order
to obtain detailed results for the just M-point, it is necessary to perform an analysis
focusing on the M-point. Therefore, we calculated the Sb content z-dependence of
the single-particle spectrum at the just M-point and we obtained a surprising result.

Figures 4.14 (a) and (b) show the z-dependence at the M-point for the Bi and BiSh
surfaces, respectively. The topologically non-trivial BiSb surface state (z > 0.02)
does not exist because it is forbidden [12]. However, an extrapolation of the surface
state (z < 0.02) to the prohibited region (z > 0.02) is in perfect match with the z-
dependence of the Bi surface. In other words, the Bi surface state strongly interferes
with the BiSb bulk state. Such a strong quantum size effect occurs between the Bi
surface and Bi/BiSb interfaces at a spatial distance of 50 BL (approximately 20 nm).
This long-range quantum size effect is unprecedented and completely unexpected.
On the other hand, this quantum size effect does not exist at the I'-point. The z-
dependence of Fig. 4.14 (c) and (d) is completely different. This difference between
z-dependence of Bi surface and BiSb surface at the I'-point is evidence that the
eigenvalues of the Bi surface state near the I'-point are un-changed for increasing Sb
content x in the Fig. 4.9.
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FIGURE 4.14

Sb content z-dependence of single-particle spectrum A(kj, z,_s) of the
Bi/BiSb heterojunction: (a) Bi surface (2 = 100BL) at the M-point,
(b) BiSb surface (z = 1BL) at the M-point, (c) Bi surface

(2 = 100BL) at the [-point and (d) BiSb surface (2 = 1BL) at the
I'-point, respectively.

The difference between the I'-point (2D) and the M-point (2D) originates from the
large anisotropy of Bi. The valley at the T-point (2D) corresponds to the hole at the
T-point (3D) and the valley at the M-point (2D) corresponds to the electron at the L-
point (3D). The effective masses of holes and electrons are my, ~ 0.7 and m, ~ 0.006,
respectively, and the wavelengths of the T-point (2D) and the M-point (2D) are 10 nm
and 100 nm, respectively. As a result, there is the long-range permeation of electrons
at the M-point, but no permeation of electrons at the I'-point. The eigenvalues
perform no z-dependence near the T'-point, but z-dependence near the M-point as
shown in Fig. 4.13.
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4.7 Long-range permeation of wavefunction

We directly compare the free-standing Bi and BiSb energy band and single-particle
spectrum for the CBM, S1, S2, and VBM labeled in the section 4.1.

Pure Bi(50 BL)

~—

Bi/BiSb(x=0.08)

Bi surface

b

BiSb(x=0.08, 50 BL)
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FIGURE 4.15

Comparison of single-particle spectrum A(M, z, €) of the Bi/BiSb
heterojunction for 50+50 BL thick slab, and band structure of
free-standing Bi and BiSb for 50BL thick slab.

Figure 4.15 shows that there is a characteristic structure on the Bi surface of the
Bi/Big.92Sbg.0s heterojunction for 50+50 BL film thickness at the M-point. In the
comparison of the free-standing band structure and the single-particle spectrum at
the M point, the CBM and S2 peaks exist on the Bi surface (z = 100) of the Bi/BiSb
heterojunction for 50450 BL film thickness. They have energies consistent with the
surface states of the free-standing Bi 50 BL. Therefore, the CBM is derived from
the Bi surface state and is not a pure bulk state; the CBM is hybridized with the
BiSb bulk through heterojunctions and appears to be a bulk state even though it is
a Bi surface state from the energy band of the Bi/BiSb heterojunction. On the other
hand, S1 does not have an interface state and has the same energy as the BiSb bulk
state. S1 has a peak structure on the Bi surface. Therefore, S1 is the surface state of
the Bi/BiSb heterojunction. However, S1 is not a pure Bi surface state and originates
from BiSb bulk state.
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FIGURE 4.16

Comparison of single-particle spectrum A(M, z, ) of the Bi/BiSb
heterojunction and the free-standing Bi and BiSb. (a) free-standing
BiSb for 50 BL thick slab, (b) Bi/BiSb heterojunction for 50+50 BL
thick slab, and (c) free-standing Bi for 50 BL thick slab. (For
free-standing Bi and BiSb, the magnitude of A is reduced by 1/2
because their thickness is half that of Bi/BiSb heterojunction.)

Comparison of the free-standing BiSb and the single particle spectrum of the
"Bi surface” at the M-points shows that S1 and VBM are consistent with the BiSb
bulk state. Figure 4.16 demonstrates the emergence of a state-designated S1, which
originates from the bulk of BiSb on the Bi surface of the Bi/BiSb heterojunction,
and S1 is indicative of a surface state. There is no BiSb surface state at the M-point
because the the BiSb surface state at the M-point is topologically forbidden [12]. In
other words, the BiSb bulk state behaves surface state on the Bi surface as far as
50 BL (20 nm) away from BiSb. This behavior is a new example of the quantum
size effect. Also, long-range penetration of the Bi wavefunction is observed in BiSb
region away from Bi. Figure 4.16 shows that the wave functions of Bi and BiSb are
mutually permeable. As described in the previous chapter, CBM and S2 derived from
the surface state of the free-standing Bi for 50 BL thick slab. The CBM and S2 have
peak structures of the single-particle spectrum not only at the Bi surface but also at
the Bi/BiSb interface. The CBM and S2 behavior of the single-particle spectra in
the Bi region, as shown in Fig. 4.15 and Fig. 4.16, is similar. This behavior is also
similar to that of the free-standing Bi. From the above, we have considered the peaks
at the interface of S2 and CBM are derived from the surface state of the free-standing
Bi. On the other hand, S1 does not have the peak structure of the single-particle
spectrum. BiSb does not have a surface state due to topological restriction. This
inference answers the unexpected situation where S1 is not an interface state.

On the Bi surface, a “fake” surface state that does not originate from pure Bi
appears. We call this “fake” surface state on the Bi surface a “superficial surface
state”. The CBM derived from the surface state of pure Bi is called the “true surface
state.”
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4.8 Superficial surface state and topology of Bi
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Sb content z-dependence of single-particle spectrum A(M, z,¢) at the
M-point. The upper panels are the spectra of the Bi surface for (a)
50+50 BL, (b) 100+100 BL, and (c¢) 150+150 BL thick slabs. The
lower panels are the spectra of the BiSb surface for (d) 50+50 BL,
(e) 1004100 BL, and (f) 150+150 BL thick slabs.

In Fig. 4.14, we mentioned that the Sb content x-dependence of the Bi surface and
the BiSb surface at M-point are the same. If the interaction between the Bi surface
and BiSb surface is due to the permeation of the wave function, the Sb content z-
dependence of the Bi surface should disappear as the bilayer thickness is increased.
Figure 4.17 shows the Sb content xz-dependence of the M-point on the Bi and BiSb
surfaces for each thickness. Figures 4.17 (a) and (d) illustrate that, in a 50+50BL,
the dependence of Sb content x on the Bi and BiSb surfaces is consistent. Figures
4.17 (b) and (e) show that, in a 1004+100BL, the dependence of Sb content = on
the Bi surface is ambiguous. Finally, Figures 4.17 (c) and (f) indicate that, in a
1504150 BL, there is no correlation between the Bi and BiSb surfaces because of
no Sb content xz-dependence in the Bi surface. Figure 4.17 depicts the occurrence of
permeation of the wave function, even within a 1004100 BL configuration, or a slab
of 40 nanometers in thickness.

The penetration of wave functions imparts knowledge regarding another crucial
characteristic of the Bi/BiSb heterojunction. S1 and S2 are distinctly discernible on
the Bi surface; thus, it is evident that they are surface states. However, Figures 4.16
and 4.17 suggest that S1 is not a “true” surface state arising from Bi but rather a
“fake” surface state arising from the BiSb substrate as a result of the penetration of
the wave function.
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Thickness dependence of A(M, ) at the Bi surface for (a)
free-standing Bi (n BL), (b) Bi/BiSb (z = 0.08) (n + n BL) and (c)
BiSb surface for Bi/BiSb (z = 0.08) (n +n BL).
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A peak positions of the single-particle spectrum A(M, €) are plotted
as a function of 1/n for SS(valence) and SS(conduction) of (a)
free-standing Bi and SS(valence), superficial surface state and true
surface state of (d) Bi/BiSb(z = 0.08). In (b), 1/n takes into account
the film thickness on the Bi side. The lines are the extrapolated lines
obtained by the least squares method for thick layers (n > 80 BL).

Figure 4.18 shows the thickness dependence of the single-particle spectrum at the
surfaces of the free-standing Bi and the Bi/Big.92Sbg gs heterojunction. The surface
state disappears on the BiSb surface of the Bi/BiSb heterojunction. This is a rea-
sonable result since this is the region where the surface state is prohibited by the
topology. The surface state of the free-standing Bi appears symmetrical in the con-
duction and valence bands. In order to clarify this symmetric behavior of the surface
bands, the dependence of the band gap on the inverse of the film thickness is plotted
in Fig. 4.19. The thickness dependence of SS(conduction) and SS(valence) of the
free-standing Bi is found to be nearly symmetric with respect to the center of the
band gap; the symmetry of SS(conduction) and SS(valence) is a characteristic prop-
erty of the Dirac electrons. The surface gap between SS(conduction) and SS(valence)
appears to close around n = 200, clearly reflecting the topologically trivial property.
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For example, Ito et al [57]. performed this plot for the ARPES measurement and
concluded that Bi is non-trivial. On the other hand, for Bi/BiSb heterojunction sys-
tems, there exist true and superficial surface states in the conduction bands, which
is very difficult to understand. The band gap of the Bi surface state of the Bi/BiSb
heterojunction shows that the symmetry between SS(valence) and “superficial” sur-
face state with respect to the gap center is broken. Furthermore, the chasm between
SS(valence) and the “superficial” surface state is more substantial than in freestand-
ing Bi and never converges around n = 200 to 300 BL. This gap symmetry breaking
of two surface states and gap emergence in bulk limit is comprehensible, given that
the “superficial” surface state emanates from the BiSb region. Therefore, in order
to obtain true information about the Bi surface, we need to consider S2 and CBM:
the thickness dependence of the band gap of SS(valence) and “true” surface state is
more symmetric than that of SS(valence) and “superficial” surface state, and the gap
between SS(valence) and “true” surface state closes after n = 200. Both the more
symmetric behavior of SS(valence) and “true” surface state is consistent with the
free-standing Bi surfaces.

Based on this understanding, the measurement of the surface state must take
into account the influence of the substrate. Bi is a topologically trivial material.
However, because of the existence of “superficial” surface state on the Bi surface due
to BiSb substrate, the result is likely to be topologically non-trivial. The existence of
superficial surface state has important implications for the determination of topology
using Bi surface measurements?.

Figure 4.18 (b) illustrates that the intensity of the “superficial” surface state,
which was robust at thinner film thicknesses, becomes attenuated at thicker film
thicknesses, and the “true” surface state appears to dominate at higher film thick-
nesses. The band gap gradient in Figure 4.19 (b) also appears to alter around 75 BL.
This change in the gradient of the 1/n dependence can be attributed to the fact that
the BiSb wavefunction does not interfere with a sufficient influence on the Bi surface.
As the film thickness increases, the “superficial” surface state becomes indistinct. The
SS(valence) and the “true” surface state appear to become more symmetrical with
the gap center.

2A simple comparison with the experimental results of Ito et al [57]. is not possible due to the
difference in the substrate material.
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4.9 Thickness dependence of superficial surface state and
true surface state
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FIGURE 4.20

Band alignment at the M-point, A(M, z,¢), for (a) 50450 BL, (b)
1004100 BL and (c) 150+150 BL thick slabs. The profile of peak
structure of single-particle spectrum on Bi surface at M point for (d)
50450 BL, (e) 75+75 BL, (f) 100+100 BL, (g) 125+125 BL and (h)
1504150 BL thick slabs.
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The anomalous behavior of the “superficial” surface state originating from BiSb
on the Bi surface can be noticed more clearly in the thickness dependence in Fig.
4.20. In the Fig. 4.20 (a-c), Bi surfaces ((a)z = 100, (b)z = 200 and (c)z = 300)
clearly show the thickness dependence of the “true” surface state and the “superficial”
surface state. For (a) 50+50 BL film thickness, the surface states are the “true” and
“superficial” surface states. For (b) 100+100 BL film thickness, the “true” surface
state and “superficial” surface state get to mix, and at (c) 1504150 BL film thickness,
there is only one surface state. In order to observe this change in detail, we focused on
the Bi surface and obtained the energy dependence of the single-particle spectra shown
in Fig. 4.20 (d-h). The relation between the “superficial” surface state and “true”
surface state peaks also has a thickness dependence. For the Bi/BiSb heterojunctions
thinner than 75+75 BL (Fig. 4.20 (d,e)), “superficial” surface state is dominant.
On the other hand, at thicknesses larger than 75+75 BL (Fig. 4.20 (f-h)), “true”
surface state is dominant. After 75+75 BL, “superficial” surface state mixes with
“true” surface state as the film thickness is increased, and at 150+150 BL (Fig. 4.20
(h)), the two are indistinguishable. For thinner films, less than 50+50 BL, the bulk
wavefunction of BiSb reaches the Bi surface and appears as “superficial” surface state
on the Bi surface. For the film thickness z < 150 4+ 150, there are two peaks in the
single-particle spectrum that are considered to be surface states, so we distinguish
between “superficial surface state” and “true surface state”. The information in Fig.
4.20 (d-h) can be summarized as follows.

d) 50+50BL: Superficial SS (large) and True SS (small)

(
(e) 754+75BL: Superficial SS and True SS

(f) 1004+100BL: Superficial SS (small) and True SS (large)
(g) 125+125BL: Superficial SS and True SS get to mix.

o (h) 150+150BL: There is only one surface state.

“The true surface state” originated from free-standing Bi. On the other hand, “the
superficial surface state” is that formed when the bulk wave function of BiSb reaches
the Bi surface. The distinction of the presence of the quantum size effect is "whether
the bulk wave function of BiSb is perceivable on the Bi surface or not.”
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4.10 Discussion

4.10.1 Topological interface state

The interface state of the topological heterojunction is clearly different from the
expected picture in Fig. 4.1 (b). Band alignment in topological heterojunctions
results in the formation of quantum well states. While the formation of quantum
well states is a natural consequence, the mutual penetration of the wavefunctions
of the junction materials is an unexpected result. In a trivial heterojunction case
(z < 0.02), the electronic structures of the junction materials are analogous. Thus this
mutual penetration is natural. However, in this unexpected result for x = 0.08, the
energy levels of the junction materials are different, and the wavefunction penetrates
a region where it cannot exist. It is not obvious that mutual permeation occurs even
at x = 0.08 (trivial/non-trivial), where the energy levels are clearly different across
the interface.

In such band-offset heterojunctions, it was naively expected that one energy band
would spontaneously connect to an other band due to the band bending at the in-
terface. However, no such band bending was observed. Instead, the energy levels
permeated each other without bending. Therefore, we conclude that this long-range
permeation is an unexpected result. The trivial heterojunction (x < 0.02) behaves
as expected in a finite system (Fig. 4.1 (a)). On the other hand, we should carefully
predict the topological heterojunction’s property (z = 0.08) because it has long-range
permeation.

The subtle band connection between the conduction band of BiSb and the valence
band of Bi seen in Fig. 4.4 (f) (2504250 BL) may be an indication of the band
connection expected in a topological heterojunction. If the scenario is as predicted in
Fig. 4.1 (b), a valence band of the BiSb and a conduction band of the Bi should also
be interconnected, resulting in the formation of crossing energy levels in the interface.
However, no such crossing energy levels exist. More importantly, in the case of thin
films, such connections are never observed. As shown in Fig. 4.4 (a), the band
alignment of heterojunction Bi/BiSb cannot be obtained by simply connecting the
free Bi and BiSb band alignments. The subtle band connection between the BiSb’s
conduction band and the Bi valence band only appears to be connected to both by
permeation of the wavefunction of the interfacial state. The wavefunction’s long-range
penetration changes the energy bands at the surface and interface. The surface and
interface states are divided into distinct eigenvalues in thicker film thickness as the
surface-interface interference is resolved. Our calculations revealed that the interface
state is unexpected. The interference between the surface and interface is up to about
100+100 BL.

4.10.2 Long-range permeation of wavefunction

The permeation of the Bi(BiSb) wavefunction creates states in the energy region that
do not exist as eigenvalues of BiSb(Bi). The BiSb long-range wavefunction penetrates
the Bi surface at a distance of 100 BL (40 nm) from the Bi/BiSb interface. This long-
range permeation is a very unusual behavior. For x < 0.02 (trivial /trivial), the energy
levels are almost the same, so mutual penetration of wavefunctions is possible. On the
other hand, for z = 0.08 (trivial/non-trivial), the energy levels are different, and the
topology is also different. In other words, our finding is that the energy levels appear
in the region where the energy levels do not originally exist due to the long-range
permeation. This long-range penetration results in the Sb content z-dependence
between the top and bottom surfaces in the Bi/BiSb heterojunction being the same
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behavior. The wavefunctions of the two substances coexist throughout the entire
heterodevice, even though the substances are spatially separated. Precisely, we can
fabricate “alloys” purely by engineering the heterojunction without the requirement
of alloying the substances. This alloying technique is one method of band engineering
without introducing a random distribution of atoms.

The wavefunctions of the surface states penetrate through the material with dif-
ferent topologies. Moreover, the surface states interfere with the surface states on
the opposite side. Furthermore, when the film thickness is thin, and there are strong
quantum size effects, the surface can even reflect information from the opposite ma-
terial. A particularly iconic behavior of the wavefunction is that the bulk state of
BiSb appears as a surface state at the Bi surface. Therefore, long-range penetration
of the wave function can significantly impact surface-related measurements such as
ARPES.

In other materials, such as MnBisSeys/BiaSes and BisSes/MnSe, the penetration
of the wave function is on the order of a few nm[90, 91]. The penetration length
of the Bi/BiSb heterojunction’s wave function differs from such materials by a fac-
tor of about 10. Hence, a weak quantum size effect between surfaces may exist in
MnBisSe, /BisSes and BiaSes/MnSe [92], but it is not strong enough to allow for a
superficial surface state. There are unique behaviors in the Bi/BiSb heterojunction
system due to the long-range permeation of the wavefunction.

4.10.3 Other type quantum size effect

Interference effects between the surface and the interface are interesting as a phe-
nomenon caused by the long-range penetration of the wavefunction. In the topologi-
cal heterojunction shown in Fig.4.4 (a), the interface and the Bi surface have peaks
at the same level. This result suggests that the surface state is pinned to the energy
level of the interface state due to the interference effect between the surface and the
interface. This effect appears at low film thicknesses of 50+50 BL. On the other
hand, the interference effect disappears with increasing film thickness as shown in
Fig.4.4 (d-f). The surface state can be fixed by the size effect. This study confirms
the existence of such an unconventional quantum size effect.

4.10.4 Superficial surface state

Superficial surface state is the main finding in this study. The appearance of the
superficial surface state is due to the strong quantum size effect caused by the long-
range penetration of the wavefunction. The Bi and BiSb surfaces interfere strongly
with each other in the Bi/BiSb heterojunction for 50+50 BL thick slab. Not only that,
but also the mutual penetrating wave function reaches the surface up to 100+100 BL
(40+40nm), and since there is no surface state at the M-point of BiSb, the state that
reaches the Bi surface is the BiSb bulk state. The superficial surface state originates
from the BiSb bulk state. Therefore, the BiSb bulk state exists as a surface state
at the Bi surface. Moreover, when the film thickness is less than 75+75 BL (30430
nm), the superficial surface state has a more potent single-particle spectrum than the
original Bi surface state. If the surface state information is to be used to determine the
topology of Bi, the superficial surface state can have a negative impact on topology
determination. From the analysis of the band gap of the surface state, we inferred that
the superficial surface state might lead to the wrong result that Bi is non-trivial, even
though Bi single-crystal is trivial in the calculation based on the Liu-Allen model.
Of course, the situation differs depending on the substrate material. When analyzing
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the band gap using BiSb as a substrate, it is necessary to start the measurement
from a film thickness of 150 BL (60 nm) or more, where the superficial surface state
is sufficiently small. Since surface-to-surface interferences remain from 200 to 300
BL(80 to 120 nm) [12], a film thickness of 300 BL or more is necessary to precisely
determine the topology.

4.10.5 Topology of heterojunction systems

It has been reported that topological heterojunctions change the Chern number, which
is a topological invariant of the system. Burkov et al.[15, 16] theoretically demon-
strated that a superlattice consisting of a magnetized topological insulator and ordi-
nary insulator layers stacked alternately could realize an intermediate phase between
ordinary insulators and 3D quantum Hall insulators. However, heterojunctions do
not affect the Zs-topological invariants defined from a single bulk crystal. However,
let us take the periodic boundary condition of two materials joined together and con-
sider the giant system forming a superlattice as a bulk. We can newly determine the
“Zs-topology of heterojunction systems”. Although the “Zs topology of heterojunc-
tion systems” has not been determined, Bi can have a surface state with information
of BiSb bulk on its surface. Our study indicates that Bi is topologically trivial,
but topological heterojunctions can generate surface states derived from “non-trivial
BiSb” on the Bi surface.
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Chapter 5

PbTe/SnTe topological
heterojunction

PbTe and SnTe are thermoelectric materials known for a long time and have been
studied from various aspects|[71-77]. In the study of the PbSnTe system, topological
properties have attracted the most attention in recent years. When PbTe is doped
with Sn, band inversion occurs at the L-point in the three-dimensional Brillouin zone.
The PbSnTe system has higher symmetry than the BiSb system, and the T-point of
TRIM in the BiSb system does not exist because the symmetry at L-point and T-
point is the same. Therefore, even if the band is inverted at the L-point, it is trivial
for Z, classification. However, since PbSnTe has band inversion, it has a topological
surface state protected by symmetry. In order to define a material, e.g., PbSnTe,
as a topological material, an other classification is needed. The proposed classifica-
tion in the PbSnTe system is that of a topological crystalline insulator. The mirror
Chern number could classify topological crystalline insulators. Moreover, a gapless
conduction state is expected at the PbTe/SnTe interface because the PbTe/SnTe sys-
tem is band-inverded heterojunction; the PbTe/SnTe heterojunction can be a topo-
logical heterojunction. However, in the PbSnTe system, long-range penetration of
the wavefunction cannot be expected. Therefore, the difference between PbTe/SnTe
and Bi/BiSb heterojunctions is the existence of a strong quantum size effect. The
PbTe/SnTe heterojunctions are good targets for comparison of the Bi/BiSb hetero-
junctions. In this chapter, we calculated the topological surface and interface states
of the PbTe/SnTe heterojunction and discussed the differences between the Bi/BiSb
and PbTe/SnTe heterojunction systems.
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5.1 Surface and interface state

Band dispersions of free-standing PbTe and SnTe for 50 ML thick slab are shown in
fig. 5.1. A band dispersion of the PbTe/SnTe heterojunction for a 50+50 ML thick
slab is also shown in Fig. 5.2. Comparing Fig. 5.1 and Fig. 5.2, an energy band
appears in the center of the energy gap in the PbTe/SnTe heterojunction at the X-
point that there is not in the single PbTe and SnTe. We calculated the single-particle
spectrum A(k”,z,&?) to obtain detailed information about this unexpected energy
band in the gap, and A(ky|,z,¢) for the PbTe/SnTe heterojunction is shown in Fig.
5.3. From Fig. 5.3, the interface state appears in the gap. The surface states of the
PbTe/SnTe heterojunction are perfectly consistent with the band dispersion of the
free-standing PbTe and SnTe. The coincidence of the surface state of the PbTe/SnTe
heterojunction and the band dispersion of the free-standing PbTe and Sn'Te indicate
that the PbTe and SnTe surfaces are well separated from the PbTe/SnTe interface.
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FIGURE 5.1

(a) Band structure of the free-standing PbTe for 50 ML thick slab.
(a) Band structure of the free-standing SnTe for 50 ML thick slab.
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FIGURE 5.2
Band dispersion of the PbTe/SnTe heterojunction for 50+50 ML
thick slab.
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FIGURE 5.3

Single-particle spectrum A(k, z, ) of the PbTe/SnTe topological
heterojunction for 50+50 thick slab. (a) PbTe surface, (b) interface
of PbTe side, (c) interface of SnTe side, and (d) SnTe surface,
respectively.

In order to more clearly show the separation between the interface and surface,
we calculated the z-dependence of the single-particle spectrum. Here, the penetra-
tion length of the interface and surface wavefunctions is about 15 ML(10nm). This
penetration length is short compared to the Bi/BiSb heterojunction. There is no in-
terference between the surface and interface state. The interface state has a tiny gap
and is expected to become gapless when the film thickness increases. Band bending,
which is expected for topological heterojunctions, is not observed. The interface state
appears in the gap between the bulk bands of the free-standing PbTe and SnTe at
the X-point. The gapless state of the topological heterojunctions is realized at the
interface. The band alignment that connects the conduction band (valence band)
of PbTe and the valence band (conduction band) of SnTe, which is expected for a
topological heterojunction, does not exist. Only a gapless state appears at the edge
of the quantum well.

Next, we focus on the penetration of the bulk wavefunction. The penetration
of the bulk wavefunction is also not so clear as shown in 5.4. However, the SnTe
wavefunction permeates the inside of the PbTe region, although the intensity is weak.
Similarly, the PbTe wavefunction also permeates the inside of the SnTe region. This
weak intensity of permeation is because the effective masses of PbTe and SnTe are
more significant than those of Bi and BiSb. Prominent quantum size effects, e.g.,
the superficial surface state in the Bi/BiSb heterojunctions, is not expected in the
PbTe/SnTe heterojunctions.
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FIGURE 5.4

Comparison of the single-particle spectrum A(M, z, €) of the
PbTe/SbTe heterojunction, free-standing PbTe, and SnTe 50ML. (a)
free-standing PbTe for 50 ML thick slab, (b) PbTe/SnTe
heterojunction for 50450 ML thick slab, and (c¢) free-standing SnTe
for 50 ML thick slab. (For the free-standing PbTe and SnTe, the
magnitude of A is reduced by 1/2 because their thickness is half that
of the PbTe/SnTe heterojunction.)

The difference is more clear when comparing the PbTe/SnTe heterojunction with
the free-standing PbTe and SnTe in Fig. 5.4. In the free-standing SnTe, the bulk and
surface states are consistent with the PbTe/SnTe heterojunction. The wavefunction
of SnTe penetrates more deeply into PbTe, while the wavefunction of PbTe penetrates
less deeply into SnTe. Here, the penetration lengths of each wave function are I pyre
and lg,7e, the relation is {ppre < lgnre. This relationship of the penetration length
of the wavefunction is considered reasonable when looking at the interface state. The
penetration length of the interface wave function is asymmetric between the PbTe
side and the SnTe region; it is the SnTe electrons that seep into the PbTe side and
the PbTe electrons that seep into the Sn'Te region. Since lg,1¢ is larger, a permeation
asymmetry is realized.
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5.2 Difference between the Bi/BiSb and the PbTe/SnTe
heterojunctions
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FIGURE 5.5

Comparison of the single-particle spectrum A(M, z, €) of the
PbTe/SbTe heterojunction, free-standing PbTe, and SnTe 30ML. (a)
free-standing PbTe for 30 ML thick slab, (b) PbTe/SnTe
heterojunction for 30+30 ML thick slab, and (c) free-standing SnTe
for 30 ML thick slab. (For the free-standing PbTe and SnTe, the
magnitude of A is reduced by 1/2 because their thickness is half that
of the PbTe/SnTe heterojunction.)

There is a difference between the Bi/Bi;_,Sb, and the PbTe/SnTe heterojunctions.
Figure 5.5 shows the band alignment of PbTe/SnTe heterojunction with 30+30 ML
(approximetely 20+20 nm) film thickness, which is about the same size as the Bi/BiSb
heterojunction for 50450 BL (20420 nm) film thickness. The PbTe/SnTe heterojunc-
tion does not have the superficial surface condition in the Bi/BiSb heterojunction.
This is because the surface wavefunction does not reach the opposite surface. Figure
5.5 shows that the penetration length of the surface wavefunction is approximately
15 ML (10 nm) and does not extend to the opposite surface. On the other hand, the
mutual penetration of the bulk wavefunction seen in the Bi/BiSb heterojunction is
also present in PbTe/SnTe heterojunction. In addition, there is completely separation
between the SnTe surface state and the PbTe/SnTe interface state. The situation is
unlike the Bi/BiSb heterojunctions, where a single eigenvalue can be both the surface
and interface state. Notice that PbTe without surface states is trivial, and SnTe with
surface states is non-trivial. In the Bi/BiSb heterojunctions, Bi with surface states is
trivial and BiSb without surface states at the M-point is non-trivial. Although the ap-
pearance of interface states is certainly due to topology, it is reasonable to assume that
mutual permeation of wavefunctions occurs regardless of topology. The topological
heterojunction makes an interface state in the gap. The M-points of the Bi and BiSb
have minimal band gaps, so obtaining details in the gap requires increased resolution.
Moreover, the Bi/BiSb heterojunction is complicated due to long-range penetrating
wavefunctions. On the other hand, compared to the Bi/BiSb heterojunctions, the
PbTe/SnTe heterojunctions are simpler systems because the band gap is relatively
large and the penetration length of the wavefunction is not so long. In Fig. 5.5, there
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is no band bending of the assumed surface states, but the bulk wavefunctions perme-
ate each other. In Fig. 5.4, the mutual penetration of the bulk wavefunctions is also
weaker. This weakened mutual penetration of the bulk wavefunction is similar to the
situation observed in the Bi/BiSb heterojunction systems with an interface potential.
For a “normal” topological heterojunction, where there is no long-range penetration
of the wavefunction, and the band gap has enough size, the band alignment would
be as shown in Fig. 5.4. The long-range penetration of the wavefunction makes the
quantum size effect more prominent. The Bi/BiSb heterojunction system should be
used rather than other materials (e.g., the PbTe/SnTe heterojunction) to study the
effect of quantum size effects on topological heterojunctions.

5.3 Discussion

5.3.1 PbTe/SnTe heterojunctions

In the PbTe/SnTe heterojunction system, unlike the Bi/BiSb system, the surface
state and the interface state are separated; the interface state does not exist as in
the Bi/BiSb heterojunction. The asymmetry of the interface state directly reflects
the penetration length of the wavefunction of PbTe and SnTe, which is reasonable
since the penetration length of the wavefunction of the SnTe surface state is about
10 nm. The band calculation results show that an interface state appears in the gap,
as expected. This interface state slightly opens the gap. The gap opening is thought
to be due to the quantum size effect. Therefore, as the film thickness is increased,
a gapless interface state is expected to appear. Such a weak quantum size effect is
observed. On the other hand, the z-dependence of the single-particle spectra shows
that there are no surface states on the SnTe surface that originate from the bulk
PbTe wavefunction. The bulk wavefunction cannot reach the surface with sufficient
strength. The bulk penetration loses strength the further away it is in space. The
long-range interpenetration seen in the Bi/BiSb heterojunction is not possible in this
system, and there are no strong quantum size effects that would cause unexpected
surface states to appear as in the Bi/BiSb heterojunction system.

5.3.2 General topological heterojunctions

Topologically trivial /non-trivial insulator heterojunction systems create interface states
at qualitatively specific wave numbers (band-inverted wave numbers). In Bi/BiSb sys-
tems, the wavefunctions are mutually permeable. In other trivial /non-trivial hetero-
junction systems, this mutual penetration is expected to occur similarly. However,
the Bi/BiSb system has an extremely long wavefunction penetration length. This
long-range mutual penetration of wavefunctions is impossible in other trivial/non-
trivial heterojunction systems. If the mutual penetration of wavefunction were to
exist in other trivial /non-trivial heterojunction systems, it would be an ultrathin film
situation where the interfacial and surface states are mixed. If there is sufficient film
thickness, there is no interference between the interface and the surface. Bi/BiSb
systems are expected to behave the same way as other trivial /non-trivial heterojunc-
tions if the film thickness is sufficient to eliminate the surface-interface interference
effect.

5.3.3 Comparison of other topological heterojunctions

The electronic structures of pure Bi and BiSb (z = 0.08) are very close. The cru-
cial difference between them is whether they are topologically trivial (pure Bi) or
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non-trivial (BiSb). When = = 0.00, we can treat Bi/BiSb heterojunction as pure Bi.
Since Bi (50 BL)/BiSb (z < 0.02, 50 BL) is a trivial/trivial heterojunction and Bi
(50 BL)/BiSb (x > 0.02, 50 BL) is a trivial/non-trivial heterojunction, our calcula-
tion situation is not pure Bi(100 BL). However, Mutual penetration of wavefunctions
occurs regardless of the topology differences between materials. In addition, the en-
ergy levels of pure Bi(50 BL) and BiSb (x = 0.08, 50 BL) differ. In other words,
we recognize that one of our findings is that levels appear in regions where energy
levels do not originally exist. Our scenario of quantum size effect would be applica-
ble for heterojunctions with long wavelengths. The electrons at the M-point of the
Bi/BiSb heterojunction, which we studied, provide a good stage for this scenario. A
similar system with a comparable long wavelength must provide another opportunity
to observe the long-range permeation.

Here, we discuss two types of topological heterojunctions, TIBiTes/InBiTey and
BiyTes/Bi, briefly.

TIBiTey /InBiTe; heterojunctions

In the case of TIBiTes /InBiTey, T1BiTey has Dirac-like electrons at the I'-point(3D)[63,
64]. The situation is similar to the L-point(3D) of Bi. Therefore, the long-range
permeation and superficial surface state may be observed even in T1BiTey/InBiTe,.
However, the quantum-size effect is expected to be less significant than Bi/BiSb be-
cause the wavelength of TIBiTes is much shorter than that of Bi[63, 64, 93].

Bi;Te3/Bi heterojunctions

In the BiyTes/Bi topological heterojunction, there is a large band gap at the M-
point of BisTez [94]. Also, a long penetration length is not expected at the M point
of BisTes. Therefore, the BisTes wavefunction will not permeate into the Bi band
gap. The superficial surface state at the Bi surface is not expected. On the other
hand, according to our observation, the Bi electrons can permeate into the attached
substance due to their long wavelength, even if there are no corresponding energy
levels. The Bi wave function is expected to penetrate the bandgap of BisTeg because of
its long penetration length. At the I-point, BipTes and Bi have the same scale energy
levels. However, the penetration length of the Bi wavefunction at the [-point is much
shorter than that at the M-point, which does not allow for long-range permeation.
On the BisTes side, the wavefunction’s penetration length is much shorter than that
of M-point of Bi due to the lack of steep band dispersion in the bulk band, which also
prevents long penetration of the wavefunction. Therefore, the competition between
the blocking of BisTes side and permeating of the Bi side occurs, which must be an
interesting future problem.
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Chapter 6

Summary

In this doctoral thesis, we investigated the quantum size effect in topological hetero-
junctions in the Bi/BiSb and PbSn/SnTe systems using the tight-binding model.

In Chapter 4, we calculated the energy bands, probability distribution, and single-
particle spectrum. As a result, we found a different quantum size effect from the
conventional one where the surface state is pinned to the energy level of the interface
state due to the interference effect between the surface and interface states. Addi-
tionally, we confirmed the unconventional picture of the interface state, and observed
the easily observable z-dependence of the Bi/BiSb system, which makes a variety
of analyses possible. Through diverse analyses, we discovered the “superficial” sur-
face state on the Bi surface, which originates from the bulk state of BiSb. In the
Bi/BiSb heterojunctions, the appearance of the superficial surface state is due to the
long-range penetration of the wavefunction. This “superficial” surface state appears
only at the M-point, where the effective mass is very small. The quantum size effect
must remain strong for the ”superficial” surface state to appear. (Specifically, the
thickness of the Bi film from the interface for the BiSb substrate is less than 40 nm.)
This long-range penetration of the wavefunction at the M-point is a unique example.
Surface-surface interference in the BiSb system occurs even when the system size is
about 100 nm. The long-range penetration of the wavefunction is often less than
10 nm for common topological materials, such as BisSes. Therefore, the calculation
results confirm that the Bi/BiSb heterojunction is a good target for the quantum size
effects to appear.

In Chapter 5, we calculated the PbTe/SnTe heterojunctions for comparison to
the Bi/BiSb heterojunctions. We confirmed the mutual penetration of bulk wave-
functions that are close in distance but have no bulk state that behaves as a surface
state like the Bi/BiSb surface state. The penetration length of the wavefunction
in the PbSnTe system is much shorter than that in the BiSb system. In addition,
the interface states are well separated from the surface states. There is no obvious
surface-interface interference effect. The penetration of the interface wavefunction
is asymmetric between the PbTe and SnTe sides, allowing us to distinguish between
the penetration of electrons in PbTe and that in SnTe. This result does not rule
out that the wavefunctions of topological and ordinary insulators can penetrate each
other. Our calculations show that the mutual penetration of the Bi/BiSb topological
heterojunction is correct.
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