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ABSTRACT

This thesis presents a tight-binding study of the formation of the spin-resolved
electronic energy band structure of both bulk and thin-film bismuth. We derive
the matrix representation of the bulk bismuth Hamiltonian, incorporating spin-
orbit coupling, the Bychkov-Rashba effect, and the Zeeman effect. We investigate
the spin-polarized surface states that emerge at the bismuth-vacuum interface.
Our calculations reveal that these surface states exhibit a significant decay length
of 40 nm into the bulk, leading to a strong dependence of the system’s dispersion
on film thickness due to tunneling and hybridization effects between adjacent

interfaces.

Our study also highlights several phenomena associated with topological materials.
In the symmetric case of the Bychkov-Rashba effect, we identify the emergence
of a gapped Dirac fermion in the electron pockets near the Fermi level, perpen-
dicular to the high-symmetry line I' — M. Furthermore, we demonstrate that an
asymmetric Bychkov-Rashba effect allows for the closing and shifting of this gap
in momentum space by tuning the ratio of the electric fields at the top and bottom
surfaces, suggesting the potential for a tunable spin current in a spin-field-effect

transistor (Spin-FET) device.

We identify the magnitude and ratio of the electric fields at the top and bottom
surfaces, respectively, where the Dirac fermion aligns with the Fermi level at the
time-reversal-invariant momentum (TRIM) point I'. Finally, we propose how these
theoretical predictions could be tested through in operando electrostatic spin ma-

nipulation using spin- and angle-resolved photoemission spectroscopy (SARPES).
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1 Introduction

Bismuth, the heaviest stable ele-
ment in the periodic table, has
been a subject of large interest in
condensed matter physics and ma-
terials science due to its excep-
tional electronic properties. Ini-
tially recognized for its strong dia-
magnetism, bismuth became pop-
ular for its thermoelectric proper-
ties, particularly due to its high See-
beck coefficient, as highlighted by
Dresselhaus [35]. Its significance
grew further following the discov-
ery of topological matter in 2007
[18].

One of bismuth’s most remarkable properties is its exceptionally strong spin-orbit
coupling (SOC) of A = 1.5 ¢V, the highest among all stable elements [21]. This
intrinsic feature makes it a promising candidate for spintronics, a field that seeks
to exploit electron spin rather than charge for information processing and storage.
Spintronic research aims to develop energy-efficient, high-speed electronic devices
by leveraging the spin degree of freedom. Unlike conventional transistors that rely
solely on charge transport, spintronic devices manipulate spin states, reducing
power consumption and enabling novel computing architectures [23, 6]. Bismuth’s

unique electronic structure - characterized by low carrier density and high mobility

Figure 1.1: Left: A bismuth hopper
crystal exhibiting the stairstep crystal
structure and iridescent colors, which
are produced by interference of light
within the oxide film on its surface.
Right: A 1 em? cube of unoxidised bis-
muth metal. From [34].

- further enhances its suitability for such applications.
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Beyond its role in spintronics, bismuth is integral to the study of topological ma-
terials. Bi-based compounds, such as topological insulators (Bi, ,Se, and Bi,Te,),
exhibit robust surface states protected by time-reversal symmetry, facilitating
dissipationless spin transport [10]. These materials are key candidates for next-

generation quantum computing and low-energy electronics.

Due to its exceptional spin-orbit coupling, topological characteristics, and po-
tential for energy-efficient spintronic applications, bismuth continues to be a key
material in modern electronics and quantum research. Future studies will explore
Bi-based heterostructures and novel quantum phases, further establishing its de-

velopment in spintronic and quantum technologies.

This thesis presents a tight-binding calculation of both the bulk properties of an
infinite bismuth crystal and the semi-infinite limit of an N-layer thin film. The
aim is to gain deeper insight into the electronic structure of bismuth, particularly

in low-dimensional and topological systems.

Chapter 2 provides an overview of the crystallographic properties and electronic
structure of bismuth. Chapter 3 introduces the theoretical framework used in this
study. The first part of the chapter discusses the tight-binding formalism and the
key symmetries of the crystal structure, which give rise to interesting physical phe-
nomena. Furthermore, it explains the implementation of various physical effects,
such as spin-orbit coupling, the Zeeman effect, and the Bychkov-Rashba effect,
within the tight-binding approach. The second part of Chapter 3 focuses on the
concept of topological matter, providing the theoretical background necessary to
interpret the results. Chapter 4 presents the findings of the calculations, analyzing
the obtained data and discussing their implications. Finally, an outlook is given

on how the theoretical results could be verified in future experiments.

By combining tight-binding calculations with a topological perspective, this work
aims to contribute to the understanding of bismuth’s electronic properties and its

potential applications in modern spintronic and quantum technologies.
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2 Theory

2.1 The Crystal Structure of Bismuth

The crystalline structure of bismuth exhibits rhombohedral symmetry, with a
space group R3m, typical for group V semimetals, like Sb or GaSb. Each atom
has three nearest neighbors and three second nearest neighbors slightly farther
away, forming a distinct zigzagged bilayer structure of atoms perpendicular to
the [1 1 1] direction (see Figure 2.1(c)). Additionally, there are six third nearest

neighbors hexagonally arranged in a plane with the central atom.

The bonding within each bilayer is stronger than that between bilayers, and each
bilayer connects to the next via the second-nearest neighbors, creating the layered
arrangement. Within the unit cell there are two atoms, the second atom positioned

in the neighboring bilayer.

Figure 2.1(a) illustrates the rhombohedral system and its three high-symmetry
axes C1, Oy, C3. The trigonal axis (C3) aligns with the origin of the three lattice-
spanning vectors, aj,as, ag. Perpendicular to this axis lies the binary axis (C5)
and the bisectrix (C}). The bisectrix (C}) and the trigonal axis (C3) span a mirror
plane. The Crystal possesses inversion symmetry, a characteristic relevant to spin-
orbit splitting effects, discussed in Section 2.4.2. Due to the threefold symmetry of
the trigonal axis, the binary and bisectrix axes, as well as the mirror plane, appear
three times [15].
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If we choose Cartesian coordinates such that the binary (Cy) axis is &, the bisectrix
(C1) axis is g and the trigonal (C3) axis is Z, then the three primitive lattice vectors

are given by

1 V3 1
a=\|——a,——a,—-c
2 6 3
1 3 1
a, = | =a, —ia, —c (2.1)
2 6 3
. 0 V3 1
= —a, —C
3 ) 3 ) 3

These vectors are shown in Figure 2.1(a) as green arrows. Each pair of primitive
lattice vectors encloses the rhombohedral angle a. The relative position of the two

atoms in the unit cell is given by

d, = (07 0, ,u)c

dy = (0,0,1 — p)e (22)

where g is the internal displacement parameter. The vectors from the central atom
to its nearest neigbhors are a; — d; with ¢ € {1,2,3}, to the second neighbors
a, +a; —dy, with ¢ # j € {1,2,3} and to the third neighbors a; — a;, with
i#7€{1,2,3}.

The inter-bilayer and intra-bilayer spacings are given by

dinger = c(pr —1/3) = 1.5910 A,

2.3
dintra = € (2/3 — 1) = 2.3413 A (23)

The crystal structure parameters at 4.2K can be read in Table 2.1.
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(b) Side view

(c) Top view T

4._ _ 1! Layer
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______ _'2”" Layer ’

2.35A .

@ 1 Layer
. 2" Layer
Q 3 Layer

Figure 2.1: (a) Rhombohedral unit cell (green dashed lines). The crystal system
can also be described with a hexagonal unit cell (pink dashed lines). The primitive
lattice vectors aj,as,as are shown with green arrows. The three Cartesian axes are
(C1,9),(Ca,2),(Cs, 2). The relative position of the second atom in the basis is given by
the vector d; and ds respectively. The first, second and third neighbors to the central
atom are indicated through numbers. The third neighbors (six in total) lie in plane with
the central atom. (b) Side perspective of the crystal structure, highlighting its distinct
bilayer nature. The interlayer distance is 2.35A and the intralayer distance is 1.59A.

(c) Top view of the crystal. The different layers are colour-coded accordingly.

The three corresponding reciprocal lattice vectors to aj, as, ag are defined through

bi a; = 271'5@‘, (24)
and are given by
2
bl = ;(_]" _1/\/57 a/c),

by — %”(1,—1/\/1 a/e), (2.5)

bs = %T(O,Q/\/g,a/c).

C,
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Table 2.1: Crystal structure parameters of Bi at 4.2K [21].

Lattice constants a (A) 4.5332
¢ (A) 11.7967
Rhombohedral angle « 57.35°
Internal displacement parameter 1 0.4682
Distance to the next basis atom dy (A) 5.5232
Nearest-neighbor distance d (A) 3.0624
Next-nearest-neighbor distance d" (A) 3.5120

2.2 The Brillouin Zone of the rhombohedral
Structure

The Brillouin zone of the rhombohedral structure, constructed using the Voronoi
method on the reciprocal lattice, closely resembles the Brillouin zone of an FCC
lattice, similar to that of silicon. However, bismuth has a lower symmetry due to
the specific rhombohedral angle o = 57.35° and displacement parameter u = 0.46.
In contrast, an ideal FCC lattice has parameters of a« = 60° and g = 0.5 which

contribute to its higher symmetry.

The coordinates of the high-symmetry points within the Brillouin zone, usually
straightforward to calculate, are modified by the rhombohedral angle «.

Table 2.2 lists the high-symmetry points in the first Brillouin zone that are most
relevant for this thesis. The coordinates of these points depend directly on the

rhombohedral angle « [27].

B 1+ 4cosa

= (2.6)
2+ 4coswo

Ui

N
Il
INROC
|
N3
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Xb1 Xb2 ng Xb1 ng Xb3

0 0 0 r n v v U
12 12 0 X 1/2 12 1/2 T
1/2 0 0 L v 0 v M

Table 2.2: The fractional coordinates of high symmetry points within the rhombohedral
structure are presented. From Ref. [27], the author has adopted the nomenclature of

these symmetry points.

Figure 2.2 shows a schematic sketch of the Brillouin zone. In summary, there
are six rectangular faces with their high symmetry points X situated centrally,
six larger hexagonal faces with central high symmetry points L, and two slightly

smaller hexagonal faces with central high symmetry points 7.

3

Figure 2.2: The Bulk Brillouin zone of Bismuth. The I' — T line corresponds to the Z
= |1 1 1] direction in real space. The red dashed line indicates the path in k-space used
for the bulk tight-binding calculations. The Plot was generated with the tools from Ref.
[12, 33]
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2.2.1 Thin Film Brillouin Zone of Bismuth(111)

The Brillouin zone of a thin film corresponds to the projection of the bulk Bril-
louin zone onto the (111)-surface, as shown in Figure 2.3. Photoemission spectra
collected at normal emission sample the I' — T" direction. The L and X point get

projected onto the M point of the 2D Brillouin zone.

Figure 2.3: The bulk Brillouin zone of bismuth projected onto the (111) surface along
with the coordinate system in k-space for the 2D system. The surface Brillouin zone
exhibits threefold rotational symmetry and contains three mirror planes. Adapted from
Ref. [3].

10
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2.3 Tight-Binding Formalism

The tight-binding method is a one-electron model that is used to explain the
formation of energy bands in crystals. As the name suggests, this model is suitable
for materials where outer electrons remain relatively localized, or "tightly bound",
around individual atoms. It is less suitable for cases where electrons are delocalized
across the system. Consequently, the tight-binding approach is particularly useful
for modeling the electronic bands of covalently bonded materials, where electron
wave functions can be approximated by localized atomic wavefunctions at each
atomic site.

The starting point is the summation of all atomic Hamiltonians H,; pertaining to
isolated atoms at site R;. In addition, we consider the influence of neighboring
atoms within a crystal lattice as a small perturbation in the atomic potential,

represented by the term AU.
H=> H+AU (2.7)
J

Considering that the perturbation is small, the atomic wave functions |¢, (r — R;))

that solve

szt |n(r — R])) = En|pn) (2.8)

where F), is the Energy corresponding to the n-th orbital |¢,,), are used to construct

the wave functions at the site R;
[Gar(r = R;)) = _chlon(r —Ry)) (2.9)

The solution to the total Hamiltonian for an arbitrary lattice, such as that of

bismuth, is given by a Bloch wave function.

1

VN;

[Ui) = —== > explik - Ry)|du(r — Ry — 6m)) (2.10)

11
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Here, N; represents the total number of primitive unit cells in the sublattices
(j = 1,..., Npasis = 1,2 for bismuth) in the crystal; k = p/h denotes the crystal
momentum of the electron; R; is the real-space vector pointing to the site j; and 9,
is the displacement vector separating the two basis atoms within the unit cell (cf.
Equation 2.2). The complete solution for the crystal arises from the periodicity

and symmetry of the system, as it must satisfy Bloch’s theorem

Npasis

[Wi(r)) = Y u" (k) (x) (2.11)
m=1
We can now solve the Schrodinger equation
(U H| W) = (| Tye) (2.12)
The scalar product (Uy|Wy) accounts for the fact that Bloch wave functions are

not necessarily normalized. Inserting Equation (2.11) in the Schrodinger equation

yields

S w2 0e) [(uke [A] o) — e (oo 00 =0 (219

which implies the secular equation

det(Hk — €Sk) =0 (2.14)

In case the atomic orbitals form an orthonormal basis Sx = (V') = S

Equation (2.13) becomes the solution of the static Schrodinger equation

HiJup(k)) = e5(k)|un (k) (2.15)

Here, the periodic Hamiltonian H is replaced by the Bloch Hamiltonian Hj, and

the Bloch wave functions are substituted with the Bloch states |u]'(k)) where

12
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ui (k)

: e
(k) = | w™ (k) z(@ (k;) (2.16)

u’ELNbaSiS) (k)

Notice that the index n refers to the n-th eigenstate that is associated with the
energy band e,, while the index m denotes the sublattice component, which is
m = 2 for bismuth.

Consider the following orthogonality property, which plays a crucial role in the
geometric and topological characterization of Bloch bands in Section 2.7. While
the orthogonality of Bloch wave functions at different wave vectors k and K’ is

ensured by the plane-wave factors,

(Vx|thwr) = S

this is not generally true for the Bloch states,
(u(k)[u(k’)) # diexe

This lack of orthogonality enables the definition of an evolution for Bloch states
within a neighborhood in their associated Hilbert space when exploring the vicinity
of a specific wave vector in reciprocal space - something that is not possible for
the orthogonal Bloch wave functions. Calculating the matrix elements of Hy in
Equation 2.13 is one of the most demanding steps. We can split each matrix

element into the sum

WP HWEY = | Ha| o'y + (| AU ) (2.17)

By substituting our solution from Equation (2.10) into the first term of Equa-
tion (2.17) - for brevity, we define /™ = @, (r — R; — d,,), where the superscript
denotes only spatial dependencies and the subscript only energy-related ones - we

obtain the expression

13
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A~ / 1 ,* -/ . - . . A~ -/m/
(U Hul) = — Y circ, e™ BB (om0l

N
J 3.4
=GB+ 57 creh e BRI B (I el ™) (2.18)
]j;«éj’,n,n’
1 . VA - ’
2 * ik(R;,—R.; m,m
= 2E, + — drcl e Bi=Ri B T
Cn + Nj Z / n Cnr€ / an,n

The overlap integral between different atomic wave functions is given by

Uy = /dr on(r —Rj — 0) o (r — Rjr — Opr) (2.19)

which corresponds to the matrix elements of Si. These elements are set to zero,
as we neglect the (exponentially suppressed) overlap between atoms at different

lattice sites. Performing the same calculation for the second summand in (2.17)

we obtain
m m’ 1 ix 3 i 2 —R; j,m i’m/
WA = v 3 dd R AUE™) (o)
J 3.g'mn

* jm j,m 1 ix 7' q —R; j,m i m/

=D _acw(dAU) + 5 Y el e TR G AU, ™) (2.01)
n,n’ J i#j nn’
) 1 .
et L Y wdemm, o
n,n’ 7#£3 nn!

where t,,,, denotes the transfer (hopping) integral, and f,,, represents a lattice

contribution
B = / dr @, (r)" AU, (r) (2.23)

tn,n’ (R) = / dr (,OH(I' — Rj — (Sm)*AUgOn/(I‘ — Rj/ — (Sm/) (224)

The lattice contribution [, , can be used as an additional fitting parameter.

However, because we assume that the perturbation AU is very small, 3,/ is

14
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typically set to zero. Larger values of 3, ,, would imply a stronger perturbation,
for which the tight-binding formalism breaks down. We further assumed that
the electrons are tightly bound (localized), meaning their wave functions decay
rapidly with increasing distance |R|. This allows us to restrict the summation
in Equation (2.22) to a smaller finite range. For simple systems, summing over
only the nearest neighbors is often sufficient. In this work, however, we include

contributions up to the third-nearest neighbors.

In theory, the calculations are completed, but fitting experimental data to such an
extensive parameter space is challenging. The number of fitting parameters grows
with the inclusion of more orbitals and atoms in the unit cell. For bismuth, we use
one s orbital and three p orbitals per atom, with two atoms in the basis. When
including spin, the Hamiltonian becomes a 16 x 16 matrix, resulting in %(16 - 16)

fitting parameters. Fortunately, there already exists a solution to this problem.

2.3.1 Slater-Koster Two-Center Approximation

In their famous paper from 1954 [30] Slater and Koster introduced an elegant
method to drastically reduce the number of fitting parameters. Instead of calcu-

lating every individual two center integral

b = (E™| AU 7™ ) (2.25)

from Equation 2.22, we can express it as a linear combination of ¢ and 7 bonds,

corresponding to their respective bonding directions, as illustrated in Figure 2.4.

In order to express (2.25) as a linear combination of the bonds ¢ and 7, we need

to project |p,) onto {|¢n.e) , |¢nx)} using the projector

P, = |90n,0> <90n,0| + |90n,7r> <§0n,7r| (2.26)

and take the resulting (@ o|AU|¢ne)s (@mxlAU|on=) as new fit parameters.
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Figure 2.4: (a) Illustration showing how the overlap between two p orbitals can be
represented as a linear combination of o and 7 bonds. (b) Schematic depitction of the
used set of orbitals. The color denotes the sign of the wavefunction (blue for positive

and red for negative). The s orbital doesn’t change in sign. Adapted from Ref. [7].

Mixed terms like (¢, o|AU|pnx) are zero due to symmetry. The result reads as

(| AU pn) = (om| PuAU P, i,
= (Om|Om,o ) (Oma| AU|@n,0){(Pn0l¢n)
+ (PmlOmm) (P | AU x) (Pn,x| on)
= aVino + WVinn

(2.27)

where a and b are known constants, calculated by the projection of atomic orbitals
onto the bonding-orbitals. V.., & Viunr are the new fit parameters |7]. The ad-
vantage is that the parameters V,,,» & V,.r only depend on the distance between
sites, but not on the direction, which removes the dependence of the direction of

the fitting parameter. This allows us to set one V,,,; for each neighbor-distance.
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2.4 Symmetries and Spin-Orbit Coupling

The following section is based on the lecture notes "Introduction to Quantum
Mesoscopic Transport and Topological Matter” by Prof. Mark Oliver Goerbig [10],
which were kindly provided to the author. His lecture notes offer an excellent

introduction to the topic of topological matter.

2.4.1 Kramer's Theorem and Time-Reversal Symmetry

Kramer’s theorem states that electrons, or more generally fermions with half-

integer spin, occur in pairs in time-reversal systems.

Let’s briefly review the fundamental properties of time-reversal symmetry. Under
time reversal, time t transforms as ¢ — —t, while position r remains unchanged,
r — r. In quantum systems, these quantities correspond to observables, which
are represented by Hermitian operators that act on states within a Hilbert space.
Consequently, transformations, including time reversal, are also represented by
operators, which act on these observables.

Under a time-reversal transformation 7', an observable O and its corresponding

eigenstate [¢) transform as follows

O =TOT™!

2.28
9 =T 1¢) 22

If we let T act on the spin-1/2 Bloch bands described by the time-reverse symmetric
Hamiltonian H (k, s), where k denotes the crystal momentum of the electrons and

s =T, the spin orientations, we find

THX&NT ' =|H(-k,|) = H(k,1)
Tk, 1) = [¥(=k, 1)

(2.29)
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wave vector

!

Figure 2.5: Illustration of Kramer’s theorem for bands with a time-reverse-symmetric
Hamiltonian. Generally, the two fold degeneracy is lifted, with exception of the time-
reversal-invariant-momenta (TRIM), where the two spin branches (blue for spin up 1 and
red for spin down ). The TRIM are the I' and points G/2 at the edge of the Brillouin
zone. The branches respect the symmetry F(k,T) = E(—k, /). From Ref. [10].

As a consequence, the eigenstates |1)(k, 1) and |[¢)(—k,]) yield the same energy,

Bk, 1) = E(—k, 1) (2.30)

This symmetry is depicted in Figure 2.5, where the energy bands are generally split
and the two-fold degeneracy is lifted. However, there are special points - called
time-reversal-invariant-momenta (TRIM) - within the first Brillouin zone, where
the bands are necessarily twofold degenerate. One obvious point is the I' point at
k = 0, where F(0,1) = E(0,]). We can generalize this fact by recalling that the
spectrum is periodic in reciprocal space and that two points are equivalent if they

are related by the reciprocal lattice vector G,

k5 k+G, Eks)=EBEk+G,s) (2.31)

The bands have crossing points at the wave vectors

G
krriv = —ktrin + G < Krriv = 5 (2.32)

which equals to the edge of the Brillouin zone.
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2.4.2 Spin-Orbit Coupling and Inversion Symmetry

In order to lift the spin degeneracy as described and let the spin-up electrons
move differently in the crystal than spin-down electrons, we need to introduce
a spin-dependent hopping parameter to our total tight-binding Hamiltonian in

Equation (2.7). This is achieved by considering spin-orbit coupling (SOC).

An electron with crystal momentum k moving in an electric field E caused by

atomic nuclei, experiences a internal magnetic field B;,; in its rest frame

— —

By x E x k (2.33)

The energy of a magnetic moment /i in a magnetic field is given by

H = —[i- Bint (2.34)

where (i = %g,uBc?. This leads to
Hsoc < &+ (E X Bipy) =G+ (VV x Bpny) (2.35)
where ¢ = (6,,0,,0.) denotes the spin orientation of the moving electron. We

assume that the atomic potential is spherically symmetric and we can use

. OVF
= —— 2.
VY=t (2.36)

Substituting this expression into (2.35), we can rewrite the Hamiltonian

1ov, . - Loz
HSOC X ;WU . (7“ X k?) = /\SOC <0’ . L) (237)

where we used the definition of the angular momentum L = 7 x k and introduced
the spin-orbit coupling strength Asoc as an additional fitting parameter. A detailed
derivation of the matrix elements for the SOC Hamiltonian is provided in Appendix

5.1, where each step of the calculation is elaborated for clarity.
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The SOC Hamiltonian respects the time-reversal symmetry, given by T HgocT ! =
Hgoc, because it is proportional to the product of the electron spin and angular
momentum, both of which are odd under the time-reversal transformation, while

the atomic potential V' remains even.

The coupling strength Agoc increases with heavier atoms due to the dependence
of the atomic potential gradient V' on the atomic number Z. Although bismuth
exhibits a very large SOC coupling (Asoc = 1.5€V), no band splitting is observed
in bulk calculations [21]. This lack of splitting is a direct consequence of bulk
inversion symmetry [15], as discussed in Section 2.1. In systems with inversion
symmetry the energy at point kis equal to the energy at point —k without influ-

encing the electrons spin s
E(k,s) = E(—k,s) (2.38)

Combining time-reversal symmetry and inversion symmetry, we end up with

Time reversal symmetry
7\

B(k,1) = E(—k, 1) = B(-k,|) = E(k,|) (2.39)
Inversiorrrgzmmetry

resulting in bands without spin splitting. A detailed analysis of spin-orbit splitting

on surfaces, where the inversion symmetry is broken, will follow in Section 2.6.2.

2.4.3 Zeeman Effect

The fact that each energy band is doubly degenerate makes a numerical analysis
of spin projections along a specific path in the Brillouin zone impossible. In the

numerical analysis, each band appears with a non-continuous spin flipping.

We can circumvent this issue by applying an artificial external magnetic field to
compensate for the not occurring spin-orbit (SOC) splitting, as depicted in Figure
2.6. In reality, this could be achieved by depositing Bi onto a magnetic substrate,
such as Ni. The following derivation is adapted from Griffiths” book "Introduction

to quantum mechanics” [11].
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Figure 2.6: Spin projection onto the Z-axis of the valence band along an arbitrary path
before (left) and after (right) applying a weak external magnetic field B,y Although
spin-orbit coupling (SOC) is taken into account, the band remains two-fold degenerate
due to bulk inversion symmetry. This is reflected in the non-continuous spin flipping.
The degeneracy is lifted when a magnetic field is applied, leading to a continuous spin

change along the path.

When an atom is placed in a uniform external magnetic field éemt, the electron

experiences an energy shift

—

H, = —(fi; + [is) - Boxt (2.40)

where jis = —(e/ m)§ is the magnetic moment of the electrons spin and fi; =
(e/ 2m)E the magnetic moment corresponding to its orbital motion, which leads

to

H,=—(L+25) Bex (2.41)

In case the external magnetic field is much smaller than the internal field,
éext < Eint, the Zeeman effect can be viewed as a small perturbation to Hsoc in
Equation (2.37).
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Weak-Field Zeeman Effect

When the external magnetic field gext is much smaller than the
internal magnetic field éint, the appropriate quantum numbers
are n, I, 7, and m;. However, m; and mg are no longer good
quantum numbers because, due to spin-orbit coupling (SOC),
the orbital angular momentum L and spin angular momentum S
are not conserved independently. Using first-order perturbation

theory, the Zeeman correction to the energy is given by

B (L+28)  (242)

<n7l7j7 mj’HZ|n7l7j7 m]) = 2m€

Figure 2.7: In

the presence of

SOC, Land S are To find the expectation value we need to simplify this expres-
not individually sjon, using the identity

conserved. They

precess  around

the conserved

S~
I
<

|
Uy
%
il
+
[\
ny
I
~
+
Uy

(2.43)

total angular

momentum J.

which allows us to express the Zeeman correction in terms of the total angular
momentum operator Jand S , eliminating L from the expression. Although we do
not directly know the expectation value of S , it can be determined as follows: Since
Land S precess (see Figure 2.7) around the vector of total angular momentum f,
the time-averaged expectation value of S is simply its projection along J

- J-S -
Saverage = J2 J (244)

To find .J - S, we square the identity for L from (2.43):

L*=J+8>—-2J.5,
1 (2.45)

:>f-§:§(J2+52—L2).
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From which follows

<f+§>:<<1+jj'2§). *>:<<1+w>. 7 (2.46)

JG+1)+3/4—1(1+1)
2j(j+1)

_ [1+ } () (2.47)

The term in the square brackets is called Lande g-factor, g;. If we now choose
the 2-axis along which we apply the magnetic field B., = (0,0,Eﬁ“), we can

immediately calculate the zeemann correction

EZ = pngBEXtmj (248)

where up = eh/2m = 5.788 x 107°eV/T is the Bohr magneton and m; is the
expectation value of the total angular momentum projected onto the Z-axis. A
detailed derivation of the matrix elements for the Zeeman Hamiltonian is provided

in Appendix 5.2, where each step of the calculation is elaborated for clarity.

To apply this approach, we must estimate what constitutes a weak magnetic field.
Consider an electron orbiting the nucleus, generating a magnetic field due to the
resulting current. The magnetic field, B, at a distance r from the nucleus is given
by:

1 e
4ey me?r3

B (2.49)

where e is the electron charge, m is the electron mass, ¢ is the speed of light, and
L represents the angular momentum of the electron.

To estimate the magnitude of B, we substitute the Bohr radius, r = ag, and set
L = h, obtaining B ~ 12T. In comparison, Earth’s magnetic field, B = 1074 T,
is much smaller. Thus, Earth’s magnetic field can be considered a weak external

field, which will be used for the further analysis.
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2.5 Basis Change

To carry out calculations on bulk and surface bismuth, we must first note that
the Hamiltonian for the spin-orbit coupling (SOC), Hsoc, and the Hamiltonian
for the Zeeman correction, Hz, are defined in different Hilbert spaces from the

tight-binding Hamiltonian, Hrpg.

While the tight-binding Hamiltonian is defined based on real atomic wave func-
tions, the SOC Hamiltonian uses complex atomic wave functions as its basis and
the Zeeman Hamiltonian is defined using total angular momentum eigenstates as

its basis.
These differences in basis make it necessary to perform a basis transformation
on Hsoc and Hyz to align them with the basis of Hyrg. This transformation is a

standard problem in linear algebra, which we solve by expressing vectors of the

old basis b; € B in terms of vectors in the new basis b, € B’
i=1

where each element b, is mapped through a linear combination of b}. The coeffi-

cients ty, ..., ty; form the j-th column of the change-of-basis matrix
t11 l1j tin
Th=1: . i (2.51)
tnl tnj tnn

Its inverse (TB,)_1 = TE" describes the change of basis from B’ back to B. Our
approach is as follows: we first transform the basis of H; to match that of the
SOC Hamiltonian and add it to Hsoc. Then, we perform a basis transformation
on this combined Hamiltonian to align it with the basis of Hrpg, resulting in the
final Hamiltonian:

H = Hrp + T2 (Hsoe + Ty - Hz - (T) ) - (T2) ™ (252

TYZ
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2.5.1 Clebsch-Gordan Coefficents

In the first step, we focus on the expression

T, Hy - (T5) 7 (2.53)

from Equation (2.52), where we aim to express the matrix elements of the Zeeman

correction in terms of complex atomic wave functions.

For the basis of Hz, we have chosen the eigenstates of the total angular momentum,
In, 1, j,m;), which we will abbreviate as |j, m) for simplicity.

In the basis of complex atomic wave functions , the electron has a defined orbital
angular momentum [ = 1,2 (6s and 6p orbitals) and a fixed spin s = 1/2. We
denote the eigenstates of this basis as |n, [, m;, s, mg), or simply |m;, ms), where

—l<my<land —s < mg < s.

As stated in Equation (2.50), we want to express a vector [j,m) as a linear com-
bination of |m;, mg) to find the coefficients for the transformation matrix. This is

achieved using the projection P

pP= Z Z |my, mg) (my, mg| (2.54)

my=—Il ms=—s

where we derive

|j7 Z Z mlams’ja |ml7ms Z Z C jamlmlams> |ml7ms>

ml——l Mms=—3S8 ml——l Mms=—3S8
(2.55)

The coefficients C'(j, m|my, ms), referred to as Clebsch-Gordan coefficients, are the
same as those defined in Equation (2.51).

To construct this linear combination of eigenstates, we will use the properties of
the operators J , I:, and &, as well as the ladder operators Ly and 0+, which
were previously used to calculate the matrix elements of the SOC Hamiltonian in
Section 5.1.
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We will use the following relations:

Lmy,my) = 11+ 1)|my,my),  L.my,ms) = mylmy,my) (2.56)

&2|ml, ms) = s(s+ 1)|my,ms),  G.|my,ms) = mg|mg, ms) (2.57)

as well as

L |my,mg) = /1(1+1) —my(m; £1) |my £1,m,)

(2.58)
61 |my,mg) = \/s(s + 1) — my(ms £1) |my, ms £1)

IA/Z |ml,m5> :ml|ml7ms> (2 59)

&z |ml7 ms> = ms |ml7ms>

Calculating the Clebsch-Gordan Coefficients

Starting from the extremal state, defined by j+| Jmaxs Mmax) = 0
with j+ = IA/+ + 6, we have a well defined relation of the eigenstates in the two

Hilbert spaces

|,jmax7mmax> - |ml = l7ms = 5) (260>

with eigenvalues:

jZ |jmaxvmmax> - (-ZA_JZ + (3'2) |ml = l7ms = 3)
(

L+ s)|my=1ms=s) (2.61)

L+ 5) [Jmasx; Mmax)

Mmax |jmaX7 mmax>

and
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J? et Manax) = (L + &) |my = 1, ms = s)
(L2 +6242L-6) |my =1, m, = s)
= (jlz +6%+ f)+c}_ + j}_6+ + Qﬁz6z)|ml =1l,ms=s)
= (L*+ 62+ 2L.6.)|my =1, m, = s) (2.62)
= (I(1+1) + s(5 + 1) + 215) | Jmax: Manax)
= (l+5) ([ + s+ 1)) |Jmax, Mmax)
= Jmax(Jmax + 1) [Jmax: Mmax)

where we derive the important relations mpy., = [ + s and jpax = [ + s.

The state |jmax; Mmax — 1) = |l + 5,1+ s — 1) can be obtained by applying .J_:

J_ljym) = /3G +1) = m(m = 1)lj,m — 1) (2.63)
= J |gmax,mmax> = \/2<z + 8)|Jma> Jmax — 1) (2.64)

Using J_ = L_ + 6_, we find

j—|jmax>jmax> - ([AJ— + &—)’ml - la mg = 3>

(2.65)
=V2my=1—1,my=5)+V2sjm =1, m; =s—1)

Comparing the coefficients of Equation (2.64) and Equation (2.65) we find

. : ! s
[Jmass Jmax — 1) = H_—S|mzZl—l,ms=S>+\/l+—S|mz=l,ms:s—1>

We continue this procedure repeatedly until we achieve m = —j.x. This approach

enables us to determine all necessary coefficients for

[Jmaxs )5 —Jmax < M < Jmax (2.66)
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Next, we want to find the states |jmax — 1,m) where —|jmax — 1| < m < jmax — 1.
Through m = m; + m,, we see that the maximum value m = jpx — 1 =1+s—1
must be a linear combination of |m; = I[;ms = s — 1) and |m; =1 — 1,m,; = s).

This state must be orthogonal to |jmax, jmax — 1). We write the state as
l7max — Ly Jmax — 1) = almy =1—1,ms =)+ Blmy=1,m,=s—1), (2.67)

with the normalization condition |a|? + |3|*> = 1. Calculating the inner product

with |jmax7jmax - 1>, we find

l s
0= 'maxa .max -1 .max - 1, .max —1) = 2.68
(Jmax> J F; J ) s A T (2.68)

Solving for v and S using the orthogonality condition together with the normal-

ization condition, we obtain:

S l
— = —/ 2.
@ l+5s’ p l+s (2.69)

Thus, we can express the state |jmax — 1, jmax — 1) as

/ l
‘jmax_lajmax_1>: lig’ml:l_lvms:3>_ H—S’ml:lams:3_1>

From this state, we can obtain all other states |jmax—1,m) by applying the lowering

operator J_ as before, where

_(jmax - 1) <m< (jmax - 1) (270)

Following the same procedure, we calculate the states |jnax — 2,m), and so on.
After several iterations, we reach j = ji,, at which point the constructed states
span the entire Hilbert space.

An explicit calculation of the Clebsch-Gordan coefficients for the transformation
matrix is provided in Appendix 5.3.1, where each step of the calculation is detailed

for clarity.
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2.5.2 From Complex to Real Atomic Wave Functions
After the transformation of the Zeeman correction into the basis of complex atomic
wave functions, we can address the term

T Hgoe - (T2 (2.71)

Tyz TYz

from Equation (2.52). Now we must find the transformation 77" from the com-
plex atomic wave functions ¥, ; ;mXm, = |1, [, m;, ms) to real atomic wave functions.
In this context, we represent the spin-dependent component of the wave function

by x. The basis for our complex wave functions was defined as follows

BSOC = {|37 07 %) ) |37 07‘%) ) |pa'17 %) ; |p7 Oa %> ) |p7 17 %) ) |p7'1)'%> ) |p7 07'%) 5 |p7_17'%>}

where we have omitted the principal quantum number n = 6 for brevity. Following
the Condon-Shortley phase convention [9] the relation between complex and real

atomic orbital functions is given by

;

\/Li (w"%f’—lml - (_1)m”¢n,z,\m\) form <0

Unim = Yn,t,Im| for m =0 (2.72)

\/Li (Vntmm) + (=1)™ by m))  for m >0

\

For the 6s-orbitals the relation is trivial, since [ =m; =0

real

V6,0,0Xm. = Yg0.0Xm, = |8, M) (2.73)

For the 6p-orbitals, the real wave functions are defined as follows

1/%:310;6)(7713 - wﬁ,l,OXms = |pz>ms>
1
l — —
1/%:31(1,1Xvns = E (Y6,1,-1 — ¢671,1) Xms = [Pz Mis) (2.74)
7

lbg,efl,l—ﬂms = NG (V6,1,-1 + ¥6,1.1) Xms = [Py, M)
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Here we define our new basis in real atomic wave functions

1 1 1 1 1 1 1 1
B = a "5 Ty 5/ s ol P2y 5/ 1Py ™5/ s Tl 1Mz T
v = {153 15,5 o 51 s s 3 s ). -5)

From equations (2.73) and (2.74), the coefficients of the corresponding eigenstates
can be arranged as column vectors in a matrix. As described in Equation (2.51),

this yields the inverse of the (sub-)transformation matrix

1
]
J/

=

1 0 0 0 O 0 0 0 r 7
s, 0, %)
0 1 0 0 0 0 0 0 1
000 Vi & 0 0 0 0 02
2 75 |p7 _]-7 %>
(tm) ™ = o 01 0 L NS ? (2.75)
i 1. -1
000 0 0 0 i & o[k 2
o0 0 0 0 0 0 1ff]P0-2
1 p, 1, -3)
00 0 0 0 /8 & o)l 2/
Coefﬁcient;gf [tmy,ms)
Consequently, by inverting (t%’?)_l the (sub-)transformation is given as
1 0 0 0 0 0 0 0]
0 1 0 0 0 0 0 0
000 Voo /4 0 0 0
0 0 -% 0 -= 0 0 0
= th,r = vz V2 (2.76)
0 0 0 1 0 0 0 0
000 0 0 0 3o o/t
0 0 0 0 0 J 0 .
0 0 0 0 0 1

=3
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Expanding the matrix to account for the second atom in the unit cell, we find

tnlm 0
Trim — [W ] (2.77)
TYyz nlm
0 7,

Using the transformation matrix, we can convert the spin-orbit coupling matrix
hsoc from Equation (5.11). The explicit matrix representation of hgoc in the

basis of real atomic wave functions is given by

0 0 O 0 0 0
0 0 O 0 0 0
0O 0 0 — 0 0 O
_ A 0 0 ¢« 0 0 0 0 —i
i hgoe - ()T =2 2.78
wichsoc W5 =5 0 0 0 0 0 -1 i o (278)
oo o0 0 -1 0 ¢ 0
o 0 0 0 — — 0
0 0 1 0 0 0
L < zyz
Including the second atom in the unit cell, we derive
hsoc 0
Hsoc = (2.79)
[ 0 hsoc]
Yz
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2.6 Modeling and Tight-Binding Calculations

2.6.1 Infinite Bismuth Crystal (Bulk)

We are now fully equipped to perform the tight-binding calculations for the elec-
tron energy band structure of bulk bismuth. By applying the procedures outlined
above to the crystal structure of bismuth, as described in Section 2.1, we construct

the tight-binding matrix for the bulk crystal.

In doing so, we follow the formulations and notations provided by Liu and Allen
[21]. Their model, which employs a third-neighbor tight-binding approach includ-
ing spin-orbit coupling, has proven highly successful in describing the electronic
properties of Bi and Sb. This model reproduces the key features near the Fermi
surface that are critical for describing the small overlap between the valence and

conduction bands.

The inclusion of interactions up to third neighbors is necessary for two important
reasons. First, the combination of first- and second-neighbor interactions is re-
quired to properly capture the symmetries of the system, particularly the bonding
between the [1, 1, 1] bilayers. Second, the distances d; and dy between neighboring
atoms are very similar (see Table 2.1), making the second-neighbor interaction
significant. Since only the s- and p-orbital states contribute to the valence and
conduction bands, we limit the basis to these orbitals. The basis set we use to

represent the matrix is given by:

Brp = {|s". 1), |s', 1), P, 1), [0k, 1), 108, 1), 1 1), 1ol 1) ol 1) )

Here, i = 1,2 refers to the two atoms in the unit cell, and my = +1/2 =1,
denotes the spin states. Using this set of basis vectors, we introduce four Slater-
Koster parameters - Viso, Vipo, Vipos Vopr - for each neighbor interaction and the
on-site energies F,, E,. Including the spin-orbit coupling parameter Agoc, this
results in a total of 15 parameters. The values of the tight-binding parameters are
provided in Table 2.3.
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E, E, Asoc

On-site energies -10.906 -0.486 1.5
Hopping parameters Vsso Vipo Vipo Vopr
15t -0.608 1.320 1.854 -0.600
ond -0.384 0.433 1.396 -0.344
3rd 0 0 0.156 0

Table 2.3: Tight-binding parameters in [eV] for Bi. From Ref. [21]

Using the primitive vectors aj, as, ag and the displacement vector d; from Section

2.1, we can now construct the total 16 x 16 Hamiltonian matrix

H = Hrp + Hsoc = (2.80)

with Hua = Hpp and Hap = H;fg 4- The matrix H4p includes all contributions
from the first and second neighbors of the central atom, while H44 encompasses
contributions from the third neighbors, along with the eigenenergies ¢; and spin-

orbit coupling. This can be formulated as follows

3rd NN

Hypg = Z hiya + 8ije; + hsoc

Ist NN 2nd NN (2.81)
Hap = Z Wap-1+ Z Wap—s
:HXBA 3:H‘ATB—2
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3
hans

Figure 2.8: Left: Schematic representation of the interactions in bulk Bi. Right: Same

as left but from the top view.

Figure 2.8 depicts a schematic representation of all the interactions in the bulk
crystal. The explicit elements of the 8 x 8 matrices Hq4 and Hyp can be found
in the Appendix 5.4. By determining the factors introduced in the Appendix for
each k = (k;, ky, k) and diagonalizing the matrix H, the electronic band structure

of a Bi single crystal can be calculated.

As explained in Section 2.4, this Hamiltonian does not account for surface effects,
as it is based on an infinite crystal model. Consequently, no spin-split bands are
observed due to the absence of inversion-symmetry breaking. To address this, a
symmetry-breaking term must be added to the total Hamiltonian to reveal spin-
split Bloch bands.
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2.6.2 Thin Bismuth Film

To analyze the surface effects of a thin bismuth film, we exploit the bilayered
structure of its crystal. This structure arises due to the arrangement of Bi atoms,
where the first-neighbor distance along the #-direction (1.59 A) is smaller than the
second-neighbor distance (2.39 A).

The Hamiltonian introduced by Liu and Allen is decomposed into three parts
based on neighbor contributions [26], as illustrated in Figure 2.9. Each layer

consists of a central atom and its six third-nearest neighbors.

To describe the system, the Hamiltonian can be expressed as follows:

e In-plane interaction: Each layer includes an in-plane interaction term,
which appears along the diagonal of the total Hamiltonian. This term cor-
responds to Hpjgne = Haa from Liu and Allen’s formulation (Section 2.6.1)

and includes the spin-orbit coupling.

e Interlayer and intralayer coupling: The off-diagonal elements couple the
layers within the bilayer structure. The term H4p from Liu and Allen is split

mto:

1. Intralayer interaction, H;n.q = Hap_1, accounting for first-neighbor

contributions.

2. Interlayer interaction, H;yer = Hap_o, including second-neighbor con-

tributions.

To construct the total Hamiltonian, we begin with the topmost layer and couple
it to the next layer using the intralayer interaction Hp 1. The subsequent layer,
which forms an adjacent bilayer, is then coupled via the interlayer interaction
H p 5. It is important to note that the second-neighbor interaction is defined in
the positive C3 = zZ = (111) direction (see Figure 2.9). To extend this interaction
into the negative direction, we use its hermitian conjugate (daggered expression).

By repeating this process, we construct the total Hamiltonian layer by layer.
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Figure 2.9: Schematic representation of the bilayer (BL) structure of bismuth along
the (111) direction, highlighting the interactions within this arrangement. The central
atom (at origin) forms parallel planes with its six third-nearest neighbors (blue). The
bilayer structure arises from the differing distances to its neighbors. The first-neighbor
atoms are closer and contribute to forming the bilayer. The second-neighbor atoms are
located in the adjacent bilayer. The interactions within this structure are represented
by green lines: H 44 corresponds to in-plane interactions, Hp_1 describes intra-layer
interactions, and Hap_o accounts for inter-layer interactions. Note that Hap_o acts in

the positive z = (111) - direction.

The total Hamiltonian for a thin film containing N bilayers is represented as a
16 N x 16 N matrix:

H= S (2:82)

Hapo Hpn Hap-
Hlp_, Haa

where H 44 represents the in-plane interaction, and Hsp_1 and Hjp_o describe
the intralayer and interlayer couplings, respectively. The Hamiltonian is now a
function of k = (k,, k,), as the loss of translational symmetry in the 2-direction

modifies the k-space description accordingly.
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2.6.3 The Bychkov-Rashba Effect and its Tight-Binding

Formulation

The Bychkov-Rashba model [5] qualitatively explains the lifting of spin degeneracy
in a two-dimensional (2D) electron gas caused by a perpendicular electric field.
The effect arises when an electric field, typically caused by structural asymmetry,

such as surfaces or interfaces, interacts with an electron’s spin via spin-orbit cou-

pling.

Building on the work of Petersen and Hedegard [25], Ast and Gierz [2] derived
an sp-tight-binding formulation for the Bychkov-Rashba effect in two-dimensional
systems. In this context, surface atoms experience a potential gradient ¢ along the
z-direction. The absence of inversion symmetry ensures the electric field interacts
asymmetrically with electronic states, producing the Rashba effect.

The effect can be described by the additional Hamiltonian:

He = &2 = HY™' + Hpos (2.83)

where the contributions are divided into an on-site term, HgnSite, and a nearest-

neighbor term, H; cigh

On-site Contribution of H;

The matrix elements for the on-site Hamiltonian are given by:

(™), = (ylzls) = (Wl cos Oln) oc (w5 1rYY (6, 6)lv) (2.84)

In the last step, we used the relationship cosf = @/%"Ylﬂ(@, ¢), which expresses
the cosine function in terms of spherical harmonics. This allows the angular part

of the integrals to be expressed using Gaunt coefficients [8§].
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The properties of the Gaunt coefficients impose the following selection rules: the
matrix elements are nonzero only when Al = +1 and Am = 0. Furthermore,
orbitals with m # 0 are linear combinations of spherical harmonics (as shown
in Equation (2.72)). Consequently, even for some cases where Am = 0, certain
matrix elements cancel out. With these selection rules, the only nonzero matrix

element is the sp,-element.

We define the empirical parameter vy, for the sp, interaction as

oo = €l =€ [ ez, 00 =~ S e 2D @)

where n* is the effective principal quantum number, Z is the atomic number, s is
the screening charge, and ag = 0.529 A is the Bohr radius (for details see Ref. [29]).
The increase with n* can be understood by the increasing spatial extension of the
wave function, so that it becomes more sensitive to the effects of the potential
gradient [2].

Nearest-Neighbor Contribution of H;

The matrix elements for the nearest-neighbor contribution are expressed as:

[Hén eigh] i Z B (] r cos Ot (Ron)) (2.86)

These integrals require numerical evaluation, even for simple hydrogen-like wave-
functions. However, we can identify nonzero matrix elements and their angular
dependence using directional cosines. For a true 2D system, as in bismuth layers,

the tight-binding matrix for the neighboring contribution in the basis:

Brp = {[s", ). 18", 1) [pes 1), [0y 1), 102 1), 11 1) [Py 1) P2 1)
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is given by:

0 O 0 0 Vepl 0 0 0
0 0 0 0 0 0 0 Vspl
0 O 0 0 wuym O 0 0
e N, 0 0 0 0 0 0 0
HE™h =) gele e (2.87)
m Vsp1 0 —UYpp1 —Vpp1 0 0 0 0
0 0 0 0 0 0 0 wyppm
0 0 0 0 0 0 0 Upp1
i 0 Yep 0 0 0 —uyppr —vypp1 0
where n.n. denotes the summation over next neighbors R,, = a; — a;, with

i #j € {1,2,3} that lie in the same plane as the central atom (see Section 2.1).
The parameters u and v are the directional cosines of the vector R,, along the -

and g-axes, respectively.

The parameters 1 and 7,,1 are defined as

Vspl = (s, mS|Z|¢Pz<R£F)7 m,s> 5ms,m’s /drd}:(r)m/}pz (r—R, - &)

(2.88)
oot = (W |2y, (R 1LY = S / dr ey (£)24p.(r — Ry - &)

where R, = R,,,-€, is the nearest neighbor distance in the z direction. It should be
noted that matrix elements with different (same) parity between orbitals transform

even (odd) under the exchange of indices 2]

Eji(—Ry) = (=1)"HE (R, (2.89)
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Saito et al. used this formulation of the Bychkov-Rashba Hamiltonian from Equa-

tion (2.83) and added it to the uppermost and lowermost layer Hamiltonian H 44

from Equation (2.82) [26].

Note that for the lowermost layer, the Bychkov-Rashba Hamiltonian undergoes a

sign change due to the electric field pointing in the negative 2-direction. We derive

the final Hamiltonian

H= HLBA Hya HIxsz
Hap—o Haa
Hlp

(2.90)

Hap—
Haa— He

Saito et al. used solely the nearest-neighbor contributions while disregarding the

on-site contributions, successfully reproducing the surface band dispersion [26].

Their study utilized the empirical parameters 5,1 = 0.45eV and v,,1 = —0.27€V.
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2.7 Topological Matter

The following sections are closely based on the lecture notes "Introduction to
Quantum Mesoscopic Transport and Topological Matter” by Prof. Mark Oliver
Goerbig [10], which were kindly provided to the author. His lecture notes offer an

excellent introduction to the topic of topological matter.

So far we have reviewed the fundamental aspects of the band structure formed
by electrons in a periodic lattice, as determined by the underlying atomic crystal.
Bloch’s theorem in the context of the tight-binding formalism provides a frame-
work for deriving its spectrum, which consists of energy bands. These energy
bands can be interpreted as the energy levels of the tight-binding Hamiltonian,
varying continuously with the wave vector k. The wave vector serves as a good

quantum number due to the lattice’s discrete translational symmetry.

In addition to the valuable information typically associated with band structure,
Bloch bands also encode a distinct type of insight of geometric and topological
nature. This insight becomes particularly relevant when we focus on a single
band and vary the electron’s eigenstate adiabatically, ensuring no transitions
occur between bands. Despite this restriction, other bands remain present and

interact with the chosen band through a coupling described by the Berry curvature.

The Berry curvature, derived from the geometric phase acquired by the electron’s
wave function during adiabatic evolution, reveals profound topological properties.
A key quantity it provides is the Chern number, a topological invariant crucial for

understanding the phenomenon of topological matter.

In the following sections, we will develop the foundational concepts needed to
describe phase transitions from a topological perspective. These ideas will be
applied to relativistic electrons, known as massive Dirac fermions, which offer a

natural framework for qualitatively describing topological insulators.
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Figure 2.10: Illustration of the continuous deformation of a coffee mug into a doughnut

A natural question that arises in the context of topology in condensed matter is:
where does topology play a role in phase transitions? In mathematics, a well-
known example often used to illustrate topology is the equivalence of a doughnut
and a coffee mug. Mathematically, it is possible to continuously deform a doughnut
into the shape of a coffee mug without making any cuts, as illustrated in Figure
2.10. Both objects share a key characteristic: the number of holes. This property
is preserved during the deformation process, making it a topological invariant -
a quantity that remains unchanged (topologically protected) under continuous
transformations. Importantly, this invariant is an integer, as partial holes are not

possible.

In physics, phase transitions are often described using an order parameter. For
example, the phase transition in ferromagnets can be characterized by the total
magnetization M(r). Below a critical temperature T,, microscopic magnetic mo-
ments align in such a way that the isotropy of the macroscopic magnetization
is broken, resulting in a net magnetization M(r) = Mj,. However, this order
parameter provides only a global description of the system. Locally, within small

regions of the system, deviations from the order parameter can occur.

Now, consider a simple 2D ferromagnet with a magnetic monopole at position r.
To describe this defect, we place a Gaussian surface around the monopole. In 2D,
this surface is a closed curve (loop) that encloses the defect. We map each vector
describing the evolution along the closed loop S* to a corresponding vector of the
magnetization M(r). The magnetization vector, in turn, resides on another closed

curve S}, (a unit circle representing the direction of the magnetization).
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Figure 2.11: Illustration of the mapping from the space S — S}w: In (a), the green
loop encloses the defect, represented by a vortex, which is characterized by a non-zero
winding in (b). The brown loop in (a), on the other hand, can be continuously shrunk
to a point in (b), indicating zero winding. Meanwhile, the orange loop in (c) represents

an anti-vortex in (b), characterized by winding in the opposite direction.

Mathematically, we map one compact space (postion of r) to another compact

space (magnetization M)

M: S — Sy (2.91)

This mapping is also classified by an topological invariant integer m,(S}) = Z. We
can analyse this mapping by the illustration in Figure 2.11. The brown loop in
2.11(a) doesn’t enclose the defect. In the picture of the magnetization in 2.11(b)
the path doesn’t explore the unit circle and thus can be contracted to a single
point, which results in zero windings around the circle. The green path however
fully encloses the defect, which in the image of the circle S}, equals a closed path
in a counter-clockwise direction. We can thus assign the integer +1, a so-called
vortex, to the loop. Analogously the loop from 2.11(c) encloses a anti-vortex with
the invariant —1. Notice that there are vortices larger/smaller than +1. In this
case the topological defect covers the circle S}, several times. The number of
windings corresponds exactly to the topological invariant m(S!) = Z, analogous

to counting the number of holes in the doughnut-coffee mug analogy.
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2.7.1 Berry Phase, Connection and Curvature

The starting point of the discussion is the solution of our Bloch-Hamiltonian H (k),
the Bloch-states u, (k) from Equation 2.15

H (k) |un (k) = en(k)[un (k) (2.92)

We will now show that the eigenstates u, (k) can be interpreted as maps from the
first Brillouin zone K? - which is compact and isomorphic to a d-dimensional torus
due to the periodicity of the reciprocal lattice - to the compact space of spinor
states associated with the Hilbert subspace &, of the n-th band

Jun(k)) : KT = &, (2.93)

The space of spinor states is compact as well, since Bloch states are inherently
periodic. We are particularly interested in the evolution of the states u, (k) along

closed paths. Displacing the state by a small increment dk yields

lun(k + dk)) = |un(k)) + Vi |un(k)) - dk = |un(k)) + |Viu,) - dk (2.94)
We consider the adiabatic evolution of an electron along a closed path C in recipro-
cal space. This implies that the electron traverses the path over a sufficiently long
time T, ensuring that no transitions occur between the energy band of interest
and adjacent energy bands. The total evolution time 7" must satisfy:

T> (2.95)

mine; (k) — ;(k)]
h

If the initial state at t = 0 is located at kg, then the wave function is given by

[(t = 0)) = |un(ko)) (2.96)

At any later time, the state evolves as

[9(1)) = €7 Olun (k(1))) (2.97)
The time evolution of the parametrized k-path is governed by the Schrodinger
equation
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d

H(k()[(1)) = ih— [¥(1)) (2.98)

Expanding the right-hand side, we find

iﬁ%lw(t» = il |Hlun(k(t))) + k- [Vicun (k(t))) | €7 (2.99)

The left-hand side becomes

H(k()|(t)) = e e k(1)) Jun k(1)) (2.100)

Multiplying both sides by (u,(k(t))|, we obtain

= ik ()| Vit (())) — 720 K1) (2.101)

Integrating this expression over the interval t =0 to ¢t =T, we find

T e
¥(T) —~(0) = / dtk - i(u,(k(t))|Viu,(k(t))) — 7—1/ dte,(k(t))  (2.102)
0 0
Using the parametrized path k(t), this can be rewritten as

~(T) —~(0) = 7{ dk - A, (k) — %/0 dt e, (k(t)) (2.103)

c

The second term represents the dynamic phase, which we no longer consider here.
The first term represents a geometric phase acquired during the evolution along

the closed path C. This geometric phase is known as the Berry phase

r(C) = 7£ d - A, (k) (2.104)
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Here, the integrand A, (k) = i{u,(k)|Viu,(k)), known as the Berry connection,

resembles a vector potential, but in reciprocal space.

A natural question is whether there exists an analog of a "topological magnetic
field" in reciprocal space, derived from the curl of the Berry connection, and what
its meaning is. The answer is yes and it is known as the Berry curvature, defined

as

Ba(k) = Vi X A, (k) = i(Vietn| X |Victiy) (2.105)

2.7.2 Chern Number

The Berry curvature enables the definition of a topological invariant. Drawing a
parallel to electromagnetism, we can compute the magnetic flux through the first

Brillouin zone, called the Berry flux

P(C) = 7{ dk - A, (k) = /K A%k B, (k) (2.106)

where C is a curve enclosing the first Brillouin zone K. Using Stokes’ theorem,
we transform the line integral to a surface integral. This transformation is valid
if a global gauge for the Berry connection can be defined. However, in non-trivial
cases, such a global gauge cannot be found. Singularities in the Berry connection,
analogous to magnetic monopoles, result in quantized flux through a closed surface

around the monopole

®(C) = 27C, (2.107)

where C),, € Z is the topological invariant called the Chern number. The Chern
number classifies topological phases and phase transitions. Since it is an inte-
ger, it cannot change continuously. In the next section, we apply this formalism
to massive Dirac fermions to identify the mechanisms driving topological phase

transitions and demonstrate its application to the bismuth crystal system.
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Figure 2.12: Band inversion at the L-point near the Fermi level: (a) shows the spin
projection along the Z-direction for the band structure of bulk Bi, calculated using the
tight-binding parameters provided by Liu and Allen [21]. By varying the parameter V.
from V.., = —0.384 ¢V to VI, = —0.210 ¢V, the gap parameter A = 0 vanishes, as shown
in (b). Further adjusting V/,, to V.., = —0.150€V [24] reopens the gap, resulting in the

S§sO

same band gap as in (a) but with inverted bands.

2.7.3 Berry Curvature of a massive Dirac Fermion

We begin with a simple 2D two-band model, as most N-band systems can be
decomposed into multiple two-band subsystems. Consider the low-energy Hamil-
tonian for gapped graphene with a direct band gap of 2A at k = 0. In the vicinity
of the band gap the two bands are described by the Hamiltonian

A ¢ho(k, + zg@)) (2108)

He(k) = ho(Eke0n + kyoy) + Ao = (gm(km —icky) -4

where ¢ = 41 is the valley index and v is the Fermi velocity. At k = 0, the

off-diagonal terms vanish, reducing the Hamiltonian to

H(k =0)= (ﬁ _OA> (2.109)

Band Inversion

This formulation allows us to define band inversion, which occurs when the gap

parameter A changes sign, passing through A = 0. This value marks the topolog-
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ical phase transition, as we will now demonstrate.

It is worth noting that the Hamiltonian described in Equation (2.108) is highly

simplified. In practice, the gap parameter can have various sources.

Ohtsubo, Perfetti, and Gorbig showed that by slightly modifying the tight-binding
the band structure for bulk Bi from Liu and Allen [21] can be

reproduced. This modification results in a band inversion at the L-point [24],

parameter V. |
which is crucial to the emergence of the non-trivial topological phase in bismuth,
as we will demonstrate later. The band inversion of Bi is shown in Figure 2.12
illustrating the change of the parameter V.
When comparing the simplified toy-model Hamiltonian in Equation (2.108) with

the Hamiltonian shown in Table 5.1, it becomes evident that V!, also appears on

Sso
the main diagonal. However, it is not the sole contribution to this matrix element,

Vsso also contributes to the matrix element driving the band inversion.

The Hamiltonian from Equation (2.108) can be rewritten as

cos 6 £ sin Pe~?
H¢(k) =¢(k . 2.110
e(k) ) <§sin€e@5 —cosf ) ( )
where e(k) = VA? + h2v?k?, k = |k|, and
A hvk k
cosf = ——, sinf=-——, tang= -2 (2.111)

e(k)’ e(k)’

8

From the Hamiltonian’s eigenstates

0 in 8 o—ike
¢ > COS 3 ‘ ¢ > §sin ge
Us_, ) = , , lus__ ) = 2.112
‘ A=+ (5 sin gelg‘ﬁ A= cos g ( )
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we compute the Berry connection, Ay¢(k) = i(us(k)|Vius(k)). Here A\ = =£1
denotes the upper and lower branch of the energy band. The Berry connection

reads as

(s |Vyeul ) = i€ sin’ (g) Vg, (Ut |Vieut) = —i sin? (g) Vo (2.113)

Combining these expressions gives

Ay e(k) = —EXsin? (g) Vi = —%(1 — c0s 0) Vi (2.114)

Using the Berry connection, we calculate the Berry curvature

- - A
Bye(k) = Vi x Ay ¢(k) = ;Vk cost x Vo (2.115)

From Equation (2.111), we compute Vi cosf and Vy¢, leading to the Berry cur-

vature, which has only a Z-component

- A 202 A A sgn(A) A2
B2 (k) = —2% - _ < 2.11
/\,£< ) 2 (AQ + hQUQkZ)S/Q 2 (1 + )\gk2)3/2 ( 6)
where we have defined the characteristic length
hv h
A= — = 2.117
“ Al mpv ( )

The characteristic length has a very particular interpretation in the case of a
Dirac fermion: It is the Compton length of relativistic quantum mechanics in
condensed matter. The Compton wavelength is typically expressed as A\ = h/myc,
where mg is the electron’s rest mass and c is the speed of light. A photon with
this wavelength has energy F = % = mgc?, which equals the rest energy of an
electron. This implies that a photon with this wavelength possesses enough energy

to create an electron-positron pair. In the context of condensed matter physics, the
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speed of light ¢ is replaced by the Fermi velocity v. Thus, the analogous Compton

QL, where mp is the effective
mpv

wavelength in condensed matter is given by A\¢ =
mass of the Dirac fermion. A photon with this wavelength has sufficient energy to
promote an electron to the conduction band, leaving behind a hole in the valence

band. Continuing to calculate the Berry flux to obtain the Chern number we find

= A sgn(A) /k 1
T — 2 'B — 2 2 110
0= [, W Btk = o, [k

1

(2.118)

We compute the Berry flux along a circular path of radius k, and the total flux is
obtained by taking the limit as k& — oo, followed by dividing the resulting Berry
flux by 27

~ I'k — 1
Chre = % = —3Agsen(A) (2.119)

2.00
173
150
1.25
loo
0.75
0.50
0.25
0.00

Figure 2.13: Berry flux for a massive Dirac fermion is shown for characteristic lengths
A = 2a (left) and A = 8a. The function is highly concentrated around k = 0, with a

characteristic spatial extent of approximately 1/\.
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Here, we encounter an intriguing result that at first glance seems to contradict
our carlier arguments. Specifically, we find that the total flux, C, which resembles
a Chern number, is a half-integer. This appears paradoxical since we previously
argued that half-integer invariants do not exist. However, the flux is not required
to be an integer in this case because it is calculated for a Dirac fermion in the
continuum limit, where the first Brillouin zone is replaced by the non-compact

space R2.

This calculation remains valid since the Berry curvature is localized within a region
of size 1/\ < 1/a, where a is the characteristic lattice constant in reciprocal space,
as illustrated in Figure 2.13. Importantly, a Dirac fermion contributes £1/2 to
the Chern number. Since the Chern number must be an integer when calculated
over the entire first Brillouin zone, this implies that Dirac fermions must always

occur in pairs within periodic band structures.

The Chern number of a band is determined by summing the half-integer contribu-

tions from all valleys &, as given by
=) Che= 2 Esgn(Ag) (2.120)
3 2 13

This expression clearly shows that for a non-zero Chern number and consequently
a non-trivial phase, the gap parameter A, must change sign between different

valleys &.
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2.7.4 Topological Phase Transition in Terms of a half Chern

Number

We can now articulate what is meant when referring to different topological phases.
Two topological phases are considered distinct if their Chern numbers differ. Since
the Chern number is an integer, it cannot change continuously during a transition
between two different topological phases. We have observed that the Chern num-
ber can be modified by altering the half-Chern numbers associated with a Dirac
fermion. Specifically, this occurs when the gap parameter for one valley, denoted
¢, changes sign, while the gap parameter for the opposite valley, —¢, remains
unchanged. This leads to a difference of AC) ¢ = 1.

Regions with a Chern number C) ¢ = 0 are referred to as trivial insulators, whereas
regions with Cy¢ # 0 are known as Chern insulators. The requirement for a gap
closing implies the presence of massless Dirac fermions, as the lower and upper

bands must touch at a single point, leading to vanishing diagonal elements.

2.7.5 Bulk-Boundary Correspondence

We have learned about the essential role of the gap parameter in describing a topo-
logical insulator. However, our toy Hamiltonian from Equation (2.108) describes
an infinite system without boundaries. If we modify the system by including a term
that accounts for its finite size, we observe interesting effects at the boundary. This
phenomenon is known as bulk-boundary correspondence.

The presence of a boundary allows us to modify the gap parameter, which is crucial
for describing a topological phase transition, as discussed in Section 2.7.4. This
approach assumes a smooth interface between a topological material and a trivial

one, such as the vacuum, as illustrated in Figure 2.14.
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Figure 2.14: Schematic illustration of a Dirac quantum well. The interface is located

at © = 0 with width ls. The gap parameter varies smoothly according to A(z) =
Agtanh(z/l3). The second interface is located at z = —L, with width ;.

Initially, we consider only one interface at x = 0, while also noting the second in-
terface at x = — L for a sample of width L. For the variation of the gap parameter,

simple interpolation formulas can be chosen, yielding

A for x - —o0
A(z)e = ¢ Ag tanh (%) for x € [—%2, %2] (2.121)
Ay for v — o0

Now, our Hamiltonian from Equation (2.108) becomes

Ac(z) ho(Ek, ——iky)> (2122)

Hisge = T0(Ek000 + ky0y) + A2)eo. =
cdge v(Ekyo yUy) (x)ga <hv(§/€z + z'k:y) —Ag(x)

Due to the variation of the gap in the Z-direction and the non-commutativity
[z, k;] = i, the z-component of the wave vector is no longer a good quantum
number. As a result, we expect a set of 1D bands in the y-direction, each labeled
by a discrete quantum number n, associated with quantization in the & direction.
To diagonalize the Hamiltonian, we need to exchange the Pauli matrices o, and
oy. This can be achieved by the unitary transformation U = exp(ino,/4), which

rotates the spin axes by 7/2 around the z-axis.
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The transformed Hamiltonian is

Fwk Fwek, +iA
—UHS, U™ = ( U v6ke 0 5(I)> (2.123)

edge

E/
}iédge

hoék, — iA¢(x) —hvk,
Near z = 0, we can linearize the gap parameter as A(z)e ~ Agx/ly. This gives

fc/l . hvky. hv(Ek, + iz /1%) (2.124)
8 ho(&k, —ix/1%) —hvk,

Here, the length [g is defined as
lQiiU
ls = N ViAo (2.125)

This length represents the geometric average of the interface width and the effective
Compton length, as defined in Equation (2.117). The off-diagonal elements of
the new Hamiltonian resemble ladder operators, like in the case for a quantum
harmonic oscillator with
ls . .
o= —=(k, —iz/l%), a' =

V2

ls
V2

(ky +ix/12) (2.126)

The Hamiltonian can be rewritten as

_ k pal _ k —\/24a
Hit = hv ( ﬂy . QS) , Ho. =M ( \/Eyfﬁ ‘/];ls> (2.127)
s s My

for £ = —1. The energies of the Hamiltonian read as
Aw, [k2+2n/12 for n#0
E, = (2.128)
Ehuk, for n=0

where n is the eigenvalue of the number operator N = a'a, that is proportional to

the eigenstate |n).
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The n = 0 state is the most important edge state. It is chiral because its group
velocity in the y-direction, which is perpendicular to the interface, is determined

by the valley &, where the gap undergoes a sign change across the interface.

&
v, = %ag—? =3 (2.129)
This state depends solely on the intrinsic properties of the material and is indepen-
dent of the specific modelling of the interface. In contrast, for states with n # 0,
the width of the interface Iy plays a significant role. The n = 0 state, however,
is resilient to the exact shape of the interface because it is determined only by
the gap inversion in the valley £. Since this state necessarily crosses the energy
gap at the edge, it is topologically protected. This is the concept of bulk-boundary

COT’/’@SpOTLd@TLCG.

The states with n # 0 are known as Volkov-Pankratov states (VP-states), named
after the Soviet physicists Volkov and Pankratov. These surface states only exist
if the minimum energy at k, = 0 is smaller than the gap parameter A. Otherwise,
the edge states would be "over-occupied" by bulk states, as illustrated in Figure

2.15. This requirement can be expressed through the following condition

huv/2n
ls

<A (2.130)

With the expression from Equation (2.125 ) this yields

Iy ILA
2 —_ = = 2.131
n< = ( )
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Figure 2.15: Illustration of the bulk-boundary correspondence. The chiral state n =0
(black dashed line) and the massive Volkov-Pankratov states for n = 1,2, 3 are depicted.
Left: The minimum energy at k = 0 of the Volkov-Pankratov state n = 3 is smaller than
the gap parameter A, satisfying the condition from Equation (2.131). Therefore three
VP-bands are visible. Right: The condition is not met, and states n > 1 are occupied

by bulk states.

If we now consider a ribbon of width L, a second chiral state appears at the edge lo-

CC;;L)’

cated at © = —L. In this case, the gap parameter varies as A(x) = —A tanh(

and its linearization is given by —AO%.

This yields the same result as in the previous case, but with a minus sign in the
off-diagonal terms. Consequently, the ladder operators @ and a' are exchanged.

As a result, the sign of the dispersion also changes, leading to

E¢ = —¢hok, (2.132)
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Helical Edge States of a Topological Insulator with Time-Reversal

Symmetry

Our Hamiltonian from Equation (2.122) does not satisfy time-reversal symmetry.
To enforce this symmetry, the Hamiltonian must fulfill the condition specified in
Equation (2.29)

T 'H(-k,|)T = H(k,1) (2.133)

This is accomplished by extending the Hamiltonian to a 4 x 4 matrix

H:(HT(k) 0 ) (2.134)
0 H(k)

where T'H (—k)T = Hy(k). It can be shown that the 2 x 2 matrices H,(k) must
take the form

He o(K) = ho(Eskoos + ky0,) + Alw)o. (2.135)

where s = +1 represents the spin of the Bloch state. This form ensures that
the Hamiltonian respects time-reversal symmetry. If we consider spin-up electrons
experiencing a gap inversion at the valley ¢ = 41 and spin-down electrons at the

valley £ = —1, the interface at x = 0 is described by

k 24! k, —v2al
HE = [ Y V2a) He — | Y V2, (2.136)
\/§CLZS —k‘y \/ﬁals —/fy

This yields the dispersion

E;_,(k) = shvk,, for n=0 (2.137)

which has a spin-dependent group velocity in the y-direction. Note that the same
arguments as in the previous case apply, where a second interface at * = —L

generates a second helical state with

57



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

E__ (k)= —shvk,, for n=0 (2.138)

In the context of time-reversal symmetric systems, an interface between a topolog-
ical material and a trivial insulator (such as vacuum) creates a pair of edge states
propagating in opposite directions along the edge, with their chirality locked to the
electron’s spin orientation. This pair of states with opposite chiralities is commonly

referred to as helical edge states.

Figure 2.16: Schematic band structure of a topological insulator with time-reversal
symmetry, satisfying Ey(k) = E|(—k). There are two pairs of edge states (four in total).
On the edge at x = 0 (solid lines), the states exhibit opposite spin orientations and
therefore possess opposite chiralities, referred to as helical edge states. At the opposite
edge, x = —L (dashed lines), the chirality is inverted. From Ref. [10].
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2.8 Topological Classification of Semimetals

The topological classification was originally developed for insulators, where the
Fermi level always lies within a bulk gap separating the valence and conduction
bands at every wave vector in the first Brillouin zone. Here, this framework is
justified to a semimetal, which has overlapping energy bands yet maintains a gap
at each wave vector in the first Brillouin zone. The bandstructure of a semimetal

can be continuously transformed into an insulator via

H(k) — H'(k) = H(k) + e(k)I (2.139)
where H (k) is the matrix representation of the Bloch Hamiltonian. The energy
function e(k) shifts all energy bands in such manner that one obtains a bulk
insulator. To preserve time-reversal symmetry, e(k) must satisfy e(k) = e(—k).
The function e(k) can be interpreted as a pseudo Fermi surface, an imaginary
energy surface lying between adjacent energy bands that cross the true Fermi level
[24, 37]. Most importantly, adding e(k)I does not affect the eigenstates, leaving
the topological invariants, such as the Chern number at time-reversal-invariant
momenta (TRIMs), unchanged. Thus, semimetals can be classified topologically
in the same way as insulators, provided the pseudo Fermi surface is used instead of
the physical Fermi level. This construct simplifies the classification of semimetals,
though in insulators, the pseudo Fermi surface coincides with the actual Fermi

surface.

To illustrate this concept with respect to the surface state behavior, Figure 2.17
depicts four typical cases, corresponding to a topological insulator (a), a non-trivial
semimetal (b), a trivial band insulator (¢) and a topologically trivial semimetal (d).
In the case of a topological insulator with time-reversal symmetry (TRS), there
are necessarily surface states (solid black lines) that connect the projected bulk
valence and conduction band and that cross the Fermi level (dashed black line) an
odd number of times. The scenario in (a) shows three Fermi-level crossings, which
can be reduced to a single crossing by continuously lowering the lower surface state
(SS). The associated Z, invariant corresponds to the parity of these crossings and

remains conserved under all TRS-perturbations affecting the SS.
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= o This topological insulator (TI) is

smoothly connected, via the trans-

formation from Equation (2.139), to

the semimetallic case shown in Figure
2.17(b). Here, part of the bulk con-
Topological insulator Non-trivial semimetal duction band (BCB) shifts below the

8 8 Fermi level near the TRIM A,, form-
ing an electron pocket, while part of
the bulk valence band (BVB) moves

upward around A, forming a hole

(c) (d)

pocket. Since transformation does not

affect the topological classification, the

bvivial insulatdl B ivicl semimd semimetal retains the same classifica-

As As A A tion as the original TI. However, the

Figure 2.17: For a detailed discus- topological invariants must now be de-

sion see the text. Adapted from Ref. fined relative to the pseudo Fermi sur-
[24]. face (red dotted line in Figure 2.17(b)).
The number of SS crossings with this

pseudo Fermi surface remains an odd integer, related to the Z, invariant, ensuring

a continuous SS connection between the BVB and BCB.

Similarly, a topologically trivial semimetal is one that is continuously connected
to a trivial band insulator (Figure 2.17(c)). In this case, four SS crossings with the
Fermi level exist, but TRS perturbations or continuous deformations can reduce
them to two or zero. When defined with respect to a pseudo Fermi surface (red
dotted line in Figure 2.17(d)), this even parity is preserved, though it provides no
insight into crossings with the true Fermi level.

Finally, as with the insulating cases (a) and (c), there is no continuous TRS con-
nection between the topological semimetal (b) and the trivial semimetal (d) unless
band crossings between the BVB and BCB occur. This corresponds to a gap
closing in the insulating case, accompanied by a band inversion at the crossing

point.
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2.9 Quasi 3D Topological Insulators and Surface
States

Until now, we have explored the essential concepts and abstract mechanisms
underlying a non-trivial two-dimensional material. With this foundation, we are
equipped to study a remarkable Hamiltonian, as proposed by Zhang, Kane, and
Mele [36], that describes topological matter in three dimensions. This Hamiltonian
is a specialized form of the Dirac equation, which inherently describes a fermion
and respects both time-reversal symmetry and the space group symmetry R3m of

the bismuth’s crystal structure.

Here we want to emphasize that in condensed matter physics, the components
of the wave function of the Bloch Hamiltonian represent the respective weights
on the underlying atomic orbitals as well as the physical spin. In contrast, the
components of the three-dimensional Dirac equation - apart from the spin-1/2
descpription - are more abstract, lacking a direct physical interpretation and al-

lowing a degree of arbitrariness in their definition [10].

The Hamiltonian under consideration describes a massive Dirac fermion with a

mass given by m = A/v? and satisfies the Clifford algebra. Its explicit form is

Hk)= A()r. @1+ hvk.7, @ 1+ hvr, ® (kyo, — k,0,)

A(z) 0 —ihvk, ho(k, + ik,)
_ 0 A(z) ho(k, —ik,)  —ihok, (2.140)
- ik, ho(k, +ik,)  —A(2) 0
hv(ky — ik,) thuk, 0 —A(z)

Here, the Pauli matrices 7; correspond to superpositions of atomic orbitals, while
the matrices o; represent the electron spins, which arise due to strong spin-orbit

coupling and v represents the Fermi velocity.
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We will now discuss Lu and Gorbig’s solution [22] of this Hamiltonian for a thin
film of topological matter sandwiched between two trivial insulators, such as vac-
uum. This setup is similar to the scenario discussed in the previous section (see
Figure 2.14). For the sake of simplicity, we again begin with a single boundary

located at z = 0, which Lu and Gorbig named the Dirac-quantum well.

Single Dirac Quantum Well

While the exact form of the gap parameter A(z) remains unknown, they assumed
that it changes smoothly enough that it can be linearized within the interface
region z € [—[,l]. The description of a topological material implies that the gap

parameter changes its sign across the interface.

—/Ag for z — —00
A(z) = (2.141)
AN for z - 400

where Ag > 0 is half of the bulk gap. Again we must replace k, — —i0, because
of the non-commutativity with A(z). To simplify the analysis, it is convenient to
work in the Weyl-basis, obtained via the unitary transformation 7" = exp (in7,/4),
which exchanges the roles of 7, — 7, and 7, — —7,. The transformed Hamiltonian
THT' |[4)) = E|¢) is then solved for the eigenstates

1) = (X*(Z)) (2142)

X-(2)
which are four-component spinors that are itself an orthogonal direct sum of two
two-component spinors y, with chirality A = £1. The result is a set of two

differential equations

(E* — h202kﬁ))@ = [A(2) + Mw0,][A(z) — Mwd, | x» (2.143)
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where kﬁ = kI + k7. Interestingly, this equation can be rewritten into a 1D

Schrédinger-like equation

(E* — h%zkﬁ))@ = E¥x, = (=h*?0% + Va(2)) xa (2.144)

with a confining potential

Vi(2) = A(2)? + MNwd. A(z) (2.145)

which itself depends on the chirality A. Note that solving for E is equivalent to

solving

E} = E* — i*°k} (2.146)
The spectrum of F, must be non-negative. Furthermore, the physical dimension
of E, is that of a squared energy, making it a purely auxiliary quantity, referred
to by Lu and Gorbig as wvirtual energy.
The dispersion relation at the surface, which links virtual energies to real energies,

is then given by

E = Eqa(k)) = a\/ E} + I?0%k3 (2.147)

where @ = 41 denotes the band index. So the squared Hamiltonian in the
Weyl basis yields two decoupled Schrédinger equations for a quantum well with
a chirality-dependent potential V). The plane-wave motion in the zy-direction is
independent of the quantized motion in the Z-direction, reducing the 3D problem

to a simpler 1D problem.

Locally, within the region z € [—[, ], where the gap parameter can be linearized

as

—Ay for z < —I
Az) = A% for 2 € [~1,]] (2.148)

Ay for z > 1
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the Hamiltonian from Equation (2.144) matches that of a 1D quantum harmonic

oscillator. By substituting Ag/v? — 2m and v/l — w/2, we obtain

E3 h? 1 hw
A= ——P+ P+ — 2.149
AOX)\ ( om V% -+ 2mw 25+ 5 XA ( )

which describes the quantum harmonic oscillator with a chirality-dependent energy

shift. The spectrum of this Hamiltonian is given by

E? 14 A - 2hv 1+ A
A = . - Ey=]°— — A 2.1
A, <n + 5 ) or A \/Aol <n + 5 ) 0 ( 50)

where n > 0. Analyzing this result, we find that there exists exactly one zero
(virtual) energy mode, Ex__1 =0, for n = 0 with chirality A = —1. States with
n > 0 are the previously discussed Volkov-Pankratov states. Fermions with A = +1
cannot be confined in the region z € [, ] and therefore tunnel out. This becomes
clearer when considering the zero (virtual) energy solution at kj = 0. In this case,
known as the Jackiw-Rebbi argument [17, 28|, one of the terms on the right-hand
side of Equation (2.143) must vanish

[A(2) — Mwd.]x3(z) =0 (2.151)

which yields a massless Dirac fermion with real energy dispersion E (k) = £hvk.
As in the previous section, the dispersion for the massless Dirac fermion is robust
against the exact shape of the interface. The ground state in the single Dirac
quantum well is thus the topological massless surface state. The solution of Equa-
tion (2.151) can be obtained directly by integration, assuming the gap parameter

A(z) is integrable
A 4
X5(2) ~ exp {—/ dz'A(z’)] (2.152)
hv /.,

Here, zy is chosen such that A(zy) = 0. As the solution for A = +1 cannot be

normalized, the physical surface state solution is given by A = —1.
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For the functional form of the gap parameter from Equation (2.148), the solution

is given by

0 e #*28 for |z| <
(2 ~ (2.153)
e /e for |z| > 1

This shows a crossover from a Gaussian behaviour within the region of the interface

to an exponential decay outside. The intrinsic length scale

_hv

= — 2.154
A (2.154)

§

characterizes the rate of exponential decay outside the Dirac quantum well.
Finally, note that a more general gap function, given by a corrective term ¢(z),
does not alter the derived functional form of the solution as long as this term is

bounded and rapidly converges to zero outside the interface, for |z| > .

Double Dirac Quantum Well

We consider a topological insulator of width L sandwiched between two trivial

insulators, where the gap function is given by

AO 1f2<—§—l
—%(2—1—%) ifze|[-2-1,-L+]

A(z) = § =4 if z€ [~L41,L 1] (2.155)
P(e-h) ireelb-lbel
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Solving Equation (2.144) now modifies to the spectrum due to hybridization of
the states caused by tunneling between the two Dirac quantum wells. In addition
to the bound states of the wells, Equation (2.144) always permits plane-wave
bulk solutions for energies above the bulk gap. Consequently, the hybridization of
surface states involves not only direct tunneling between the bound states of the
two Dirac quantum wells but also tunneling processes via bulk states at energies

above the gap.

The energy spectrum of the surface states is expected to closely resemble that of
a single Dirac quantum well. The deviation in energy, denoted as £AF,,, can be

determined using the virtual energies E, given by

AE, = H|E| | Ea(ky = O)yH (2.156)

for each chirality A = 4+1. The most notable consequence is the opening of a
gap for the n = 0 state. This state is no longer protected by the Jackiw-Rebbi
argument, as the gap function now has the same sign at both limits, z — 4+o00. As
a result, a zero-energy solution no longer exists and the energy shifts by £AF),

which manifests as a mass gap in the spectrum,

Eono(ky) = a\/AEg + B2k (2.157)

In contrast, the massive Volkov-Pankratov states experience an energy splitting of
+AFE,,

Bonlky) = ay/ (Bl = 0) + AE,)* + h2o2k? (2.158)

as a result of quantum tunneling between the two Dirac quantum wells and the

consequent hybridization of their states.
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3 Results

3.1 Bulk Calculation

Using the parameters outlined in Section 2.6.1, the bulk calculation was carried
out numerically. The resulting band structure for the bulk crystal is shown in
Figure 3.1. Bismuth is a semi-metal, meaning it lacks a true band gap. The
conduction band (CB) and valence band (VB) overlap, with the VB crossing
the Fermi level near the T point and the CB at the L point. As a result, the
Fermi surface comprises small electron and hole pockets, leading to a low carrier

concentration of 3 x 10'7 cm™3 for both charge carriers [21].

5.0
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0.0

—2.5 -

—5.0 -
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-7.5 -

=
~10.0 _\
|

=12:5 4

-
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Figure 3.1: The computed band structure of bulk Bi is presented, along with the cor-

responding k-path in the first Brillouin zone.
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The band gap at the T point is approximately 370 meV, whereas at the L point,
it is around 14 meV. An inversion of the valence and conduction bands at this k
point would alter the topological order of bismuth, as described in section 2.7.3.
In other words, the symmetry (parity) of the wave functions in the highest valence

band at the L point determines the Z, topological character of Bi.

The small bulk band gap of only 2Ay = 14 meV at the L point, which projects
onto the M point of the 2D Brillouin zone, is expected to result in a very large
intrinsic decay length, as described by Equations (2.117) and (2.154). The Fermi

velocity was determined from the bulk band structure (see Figure 3.2) with

where n = 10, evaluated at the Fermi wave vector krp near the L point. The
calculated Fermi velocity is vy = 2.8eVA, which leads to a decay length of
Vp 2.8¢VA

- =TT 400A =4 2
§= Ay = 0007ey — 100A = d0nm (32)

Note that at this length, the function in Equation (2.153) decreases by a factor of
1/e ~ 0.37, which still corresponds to a substantial tunneling probability. Only
for thicknesses greater than 184 nm (468 BL) does the probability drop to 0.01.
This length scale is comparable to the findings of density functional theory (DFT)
calculations in Ref. [1|, where the authors demonstrated that bismuth films ex-
ceeding 1000 BL can be considered bulk-like.

Due to the crystal’s inversion symmetry, each band is doubly degenerate, as out-
lined in Section 2.4. However, at the surface, this symmetry is broken, leading
to spin-polarized surface states, which is discussed in the next section. Project-
ing the I — L path onto the (111) plane corresponds to the I' — M path in the

two-dimensional Brillouin zone (see Figure 2.3).
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Figure 3.2: The group velocity was computed from the tenth band, E19(k). The k-path

in the first Brillouin zone is shown in Figure 2.2.

3.2 Thin Film Calculation

With the Hamiltonian from Section 2.6.2, the band structure for a free stand-
ing slab of Bi(111) along the M-I'-M direction was computed, where k, = 0.
Figure 3.3 presents the spin-resolved band structure for a 16-bilayer (BL) thick
slab. The eigenstates of the 16/N x 16N Hamiltonian consist of 16N elements,
where N is the number of bilayers. Each i-th block of 16 elements represents the

contribution of the atomic orbitals from the i-th bilayer.

The relative contribution of the i-th bilayer to the band structure is determined
by computing the relative opacity of each eigenvalue, proportional to the abso-
lute square of the corresponding 16-element block (and the desired projection),
normalized by the total sum over all 16N elements. Figure 3.3(a) shows the con-
tribution from the topmost bilayer, while Figure 3.3(b) presents the contribution
from the 8" bilayer. This analysis confirms that the bands crossing the Fermi

energy correspond to surface states.
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Figure 3.3: The Figure illustrates the s, projection of the band structure for P, orbitals
in a 16-bilayer thick Bi(111) slab under a weak magnetic field applied along the 2-
direction. In (a), the projection is taken from the 0™ (topmost) bilayer. In (b), the
projection is taken from the 8" bilayer, highlighting the surface character of the two

bands that cross the Fermi energy.

The surface states are double degenerated due to the system’s mirror symmetry,
which results from the presence of two equivalent interfaces. This results in a dis-
continuous spin flip in the spin projection of the band structure (see Figure 2.6).
By applying a weak external magnetic field of 1 x 107* 7T along the 2-direction,
the degeneracy is lifted, causing the bands to slightly split. This enables a spin-

resolved analysis.

The upper branch of the surface states in Figure 3.3 forms a hexagonal electron
pocket around I', labelled as S;. Additionally, six teardrop-shaped hole lobes,
denoted as S, and six ellipsoid-shaped electron pockets, labelled as S3, emerge
from the lower and upper branches, respectively. This result is consistent with
ARPES measurements reported in Refs. [24, 32, 4].

Setting the surface hopping parameters to 7,, = 7,, = 0 results in the disappear-

ance of the Sy structures, as shown in Figure 3.4.
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k, [A7] ke [A]

Figure 3.4: The Fermi surface of a 16 BL thick slab of Bi(111) is shown, with (a)
corresponding to vsp = vpp = 0 and (b) to 75 = —0.45 €V and ~,, = 0.27 eV. These
results highlight the crucial role of surface states in shaping the Fermi surface. The
coordinates of the I' point are I' = (0,0) A_l, while the M point is located at M =
(0,0.8) A"

3.2.1 Bilayer Dependence
Change in the Fermi Surface

Figure 3.5 shows a comparison of the band structures of Bi slabs with different
thicknesses. The projected bulk bands were computed using the bulk Hamiltonian
of Liu and Allen by iterating through all k. values in the first Brillouin zone for
each dk along the path from I' to L. At each step, the maximum and minimum

eigenvalues were taken to represent the valence and conduction bands, respectively.

For thicknesses below 5-6 BL, the surface state dispersion does not develop the
electron pocket S3. Additionally, when the thickness is reduced below 4 BL, the
hole pocket Sy disappears. At 8 BL, the band structure exhibits all characteristic
features S1, S5, and S3. For thicknesses beyond 8 BL, the sizes of S; and S5 remain
stable, whereas the electron pocket S3 grows with increasing thickness and extends
towards the M point. This behavior aligns with ARPES measurements reported
in Refs. [14, 13, 32].
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Figure 3.5: The figure shows the band structure of the s -projected P, orbitals under a
weak magnetic field of 1 x 10~* T applied in the -direction (for spin-resolved analysis).
The layer-dependent dispersion of spin-resolved surface states is presented for different
thicknesses: 4 BL (a), 10 BL (b), 25 BL (c), and 50 BL (d). For thicknesses of 6 BL or
less, no spin polarization is observed. Below 4 BL, the hole pocket Sy vanishes. Beyond
8 BL, the dispersion of surface states for structures S; and S remains unchanged, while
Ss extends further towards M with increasing thickness. At 10 BL, the surface states
begin to develop a stable polarization, which diminishes towards the M point. As the
thickness increases, the polarization stabilizes near M. Additionally, the other bands

progressively merge with the projected bulk bands (pink area) as thickness increases.

Spin Polarization of Surface States

Figure 3.5 further shows that the surface states exhibit a spin polarization above
8 BL, which, however, decreases towards the M point. At the M point the bands
are Kramer-degenerate. As the thickness increases, the polarization becomes more
stable in the vicinity of the M point, which aligns with the findings of Takayama
et al. [32].
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In their study, scanning tunneling microscopy and electron diffraction experiments
suggested that the coupling between the Bi film and the Si(111) substrate is rela-
tively weak due to the presence of a disordered wetting layer at the interface. This
implies that the Bi film behaves as a nearly free-standing layer. In this scenario,
the Bi/Si interface can be considered an additional surface where surface states
- referred to as Rashba states in their work - emerge, similar to those on the

vacuum-side surface. These two surface states exhibit opposite spin orientations.

For sufficiently thick Bi films, the two surface states remain independent, and
their wave functions do not hybridize. However, as the thickness decreases, the
wave functions from the top and bottom surfaces begin to overlap and hybridize,
leading to a mixing of spin states. In the thin-film limit, strong hybridization
significantly reduces the observed spin polarization, explaining the general trend

of polarization dependence on thickness.

However, Takayama et al. reported the absence of Kramers degeneracy at the M
point, along with an increased energy gap in thinner films - discussed in the next

section - which indicates a strong hybridization effect.

Although the reduction in spin polarization in thin films could be attributed to
the simultaneous observation of top- and bottom-surface states - given the finite
photoelectron escape depth - this factor alone does not fully account for the ob-
served behavior. In the experiment, the escape depth was approximately 20-40 A,
while the thinnest film measured around 30 A (8 BL).

Their theoretical calculations assuming fully polarized spins predict a spin polar-
ization of approximately 0.4-0.65, which contrasts sharply with the experimentally
observed negligible spin polarization at 8 BL. This discrepancy underscores the cru-
cial role of hybridization in the reduction of polarization. Moreover, the decrease
in polarization is already noticeable at a thickness of 20 BL, suggesting that the

decay length of the surface-state wave function extends to at least 20 BL.
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Linear Dispersion

The electron pocket S3 exhibits a linear dispersion perpendicular to the k-
direction along the I' — M path. Figure 3.6 shows a gapped Dirac-fermion-like
dispersion, as discussed in Section 2.9. The gap decreases slightly as the number
of bilayers increases, a trend that has been experimentally confirmed [32]. Inter-
estingly, Takayama et al. reported that the massive Volkov-Pankratov (VP) states
- being referred to as quantum well states by Takayama - remain visible even up
to 40 BL.
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Figure 3.6: The blue line in (a) indicates the scan direction (k, = 0.5 A_l) used to
obtain the dispersion shown in (b) and (c). The figure presents the s,-projected P,
orbitals under a weak magnetic field of 1 x 10~* T applied along the 2-direction for spin-
resolved analysis. Results are displayed for 20 BL in (a) and for 40 BL in (b), showing that
the energy gap remains nearly unchanged. Additionally, the massive Volkov-Pankratov

states are present but lie within the projected bulk bands (pink area).
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Although these states lie within the projected bulk bands, they can still be ob-
served. As the film thickness decreases, the top of the highest VP states shifts

downward, while the energy separation between VP states increases.

3.2.2 Asymmetric Bychkov-Rashba Effect

So far, we have discussed the symmetric case of the Bychkov-Rashba effect, which
corresponds to a free-standing bismuth slab in vacuum. However, a more realis-
tic scenario involves a bismuth film deposited on a substrate. In this case, the
potential gradient and the resulting electric field ¢ are reduced compared to the

free-standing case due to the presence of the substrate at one of the interfaces.

Introducing an asymmetric electric field at the two surfaces lifts the spin degener-
acy of the surface bands. Previously, a weak magnetic field was required to break
this degeneracy and enable a spin-resolved analysis. However, breaking the mirror

symmetry between the two surfaces causes the surface bands to disperse differently.

Figure 3.7 presents the band dispersion along the I' — M path for different ratios
of the bottom and top electric field magnitudes, &hottom/Etop, While keeping the
top electric field constant. While the dispersion of the surface states on the top
layer remains unchanged, the surface states on the bottom layer exhibit noticeable
modifications, though they reconverge towards the M point. The property of the

of the spin polarization in the Z - direction remains, as before.

We first explore the effects of controlling the electric field, leaving the discussion
of its implementation for later. Adjusting the electric field modifies the electronic

structure of the thin film. Figure 3.8 shows the band structure for the ratio

gbottom/é.top = %

As mentioned, the dispersion of the surface states in the topmost layer remains
unchanged, while the surface states at the lower interface disperse in such a way
that they cross at k, = 0.32 A7 At the crossing point, a massless Dirac fermion

emerges, polarized along s, and oriented perpendicular to k,.
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Figure 3.7: The band structure of a 16 BL thick Bi slab is shown for different ratios of
the electric field &pottom/Etop- The top electric field is kept constant, while the bottom
electric field is varied with the following ratios: 1 (blue), 0.9 (orange), 0.7 (green), and
0.5 (pink; note that the top band is mostly covered by the green line). As a result, the
two initially double-degenerate surface bands split into four distinct bands. Note that the
dispersion of the top surface states remains unchanged and is therefore entirely covered
by the blue bands.

This behavior is illustrated in (c¢), which shows the dispersion along k, = —0.3 to
0.3A7.

In the vicinity of the crossing point, the spin-up polarized bands appear inverted.
The contribution from the lowermost layer exhibits a discontinuous transition to

another surface band near the crossing point.

Notably, the position in k-space of this Dirac point can be tuned by varying the
electric field ratio. This suggests the possibility of selectively shifting the Dirac
fermion toward or away from the Fermi level. For &pottom/Erop = 0.759, the Dirac
point shifts to the Fermi level at &k, = 0.159 Afl, as shown in Figure 3.9.
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Figure 3.8: The band structure for &pottom/Etop = % is shown. While the dispersion in
the topmost layer (a) remains unchanged along I' — M, the dispersion in the lowermost
layer (b) is modified. The spin-polarized bands cross at k, = 0.32 A", At this crossing
point, an s,-polarized massless Dirac fermion emerges perpendicular to ky,, as shown in
(c) along k; = —0.3 to 0.3 AT (d) presents a magnified view of (b), highlighting the
region around the crossing point. In this vicinity, the contribution from the lowermost

layer appears to cause a band inversion.
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Figure 3.9: The band structure for &pottom/Erop = 0.759 is shown. The dispersion at the
top (a) remains unchanged. At the crossing point k, = 0.159 AV in (b), an s,-polarized
massless Dirac fermion emerges at the Fermi level perpendicular to £, as illustrated in
(c) along k; = —0.3 to 0.3 AT
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Figure 3.10: A massless Dirac fermion emerges at the I-point when the ratio
Ebottom/&top 15 1.31. The pink region represents the projected bulk band structure. The
surface states are spin-polarized, with s, polarization along the I'-M path shown in (a)

and s, polarization as illustrated in (b) along k, = —0.3 to 0.3 AT

For a larger bottom electric field, with &pottom/Etop = 1.31, the Dirac fermion
residing on the bottom surface can be tuned to the Fermi level at the I'-point, as
shown in Figure 3.10. Additionally the surface state is also spin-polarized along

the s, direction along k.

The illustration suggests that adjusting the surface electric fields externally could
induce a phase transition to a genuinely non-trivial topological semimetal.
In the following section, we will discuss how these electric fields can be implemented

and their effects experimentally verified.
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4 Conclusion

In our model, the electric field is not explicitly included but implicitly affects the
fitting parameters 75, and 7, (see Section 2.6.3). The electric field £ appears in the
Bychkov-Rashba Hamiltonian (Equation 2.83) and is expected to affect the matrix
elements in a linear way. The electric field at a metal surface can be estimated

using the material’s work function and its Debye length [31]

d
E =~
)\Deb

(4.1)

For bismuth, the work function is ®p; = 4.34 eV [20] and the Debye length, as
calculated by Hong et al., is Apep, = 10 nm [16], resulting in an intrinsic electric
field of E = 0.434 ¢V/nm. The potential difference along the [111]| direction
within a single primitive unit cell (see Table 2.1) at the surface is given by ¢ =
(0.434 eV /nm) x (1.17967nm) = 0.512eV. This result is surprisingly close to the
fitted parameters ~y,, and ~,, reported in Ref. [26]. Hong et al. studied how an
applied electric field affects a thin Bi(111) film in a metal-insulator-semiconductor
(MIS) structure. With a bias voltage of V' = 0.7 V, they found that 0.1 V drops
across the Bi layer, corresponding to an applied electric field of £ = 0.1 eV /nm.
Furthermore, they showed that the Debye length showed little change with the
gate voltage, remaining constant. A gate voltage of 10 V [31] would lead to an
external electric field of £ = 0.14 eV /nm - strong enough to influence the spin-
polarized bands near the Fermi level, as discussed. In theory, bismuth possesses
the necessary properties for the realization of a spintronic-device. An alternative
approach to constructing this device involves placing a bismuth layer between
two materials with strongly different work functions. This configuration creates a

non-tuneable asymmetry in the electric field.
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A approach to  experimentally
verify ~ this  theoretical  predic-
tion in operando has already
been  demonstrated by = Krem-
pasky et al [19]. In their
study, they  achieved  electro-

static spin manipulation in fer-

roelectric  a-GeTe and  multifer-

roic Ge, Mn,/Te under operando

Figure 4.1: Schematic illustration conditions. Their results con-
of the gated sample layout used for firmed that electrostatic spin
operando SARPES measurements by control in  Rashba  semiconduc-

Krempasky et al. Adapted from Ref. tors is  possible  through  fer-
[19]. roelectric polarization rever-

sal.

The gated sample structure used for these measurements consists of a protective
Se cap covering the a-GeTe or Ge, Mn Te epilayers, with a Au mesh serving
as the top electrode. The bottom electrode is formed by the conductive InP
substrate, which is grounded via the sample holder. As shown in Figure 4.1, after
in situ desorption, the Se cap adheres to the underside of the Au mesh, creating

a quasi-insulating contact between the Au gate and the semiconducting a-GeTe.

An alternative approach involves predepositing an Al,O4 layer onto the Au mesh
to enhance dielectric insulation. This modification allows for the application of
higher bias voltages. The data showed that part of the applied voltage drops
between the Au mesh and the GeTe film (=~ 0.2 V), while the remaining voltage
(=~ 1.4 V) is distributed across the 200-nm-thick film.
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Summary

In this work, we provided a detailed description of the calculation of bismuth’s
electronic structure. We examined its crystallographic structure, discussed the

key symmetries involved in the calculations, and analyzed their effects.

Furthermore, we derived and solved the Hamiltonian for bulk bismuth. Building
on this, we extended the model to the semi-infinite case, deriving the Hamiltonian
for an N-layer bismuth slab. By analyzing the band structure, we identified spin-

polarized surface states.

Through this process, we explored fundamental concepts in the theory of topologi-
cal matter. Equipped with this knowledge, we were able to interpret the generated
data. Assuming that bismuth is topologically non-trivial, the band structure al-
lows for the emergence of a massless Dirac fermion, which can be shifted in k-space
depending on the ratio of the electric fields at the top and bottom of the bismuth
slab.

This insight suggests the possibility of a Spin-FET, a fascinating theoretical device

that could serve as the foundation for spintronics.
In the Conclusion, we outlined a potential experimental approach using state-of-

the-art methods to investigate the predicted effects of an asymmetric electric field,

which give rise to intriguing physical phenomena.
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5 Appendix

5.1 Matrix Elements of the Spin-Orbit Coupling

Hamiltonian

To integrate Hgoc into our tight-binding Hamiltonian, we will now explicitly

calculate its matrix elements.

First, we address the term 7 - L= f/x&c + f/y&y + f/z&Z from equation (2.37). We

can rewrite it using ladder operators as follows:

Py =Lotily, L =l.—il, .

Oy = 0y + 10y, O_ = 0y — 10y,

These operators shift the quantum numbers m; and mg by +1. We use a basis of
complex atomic wavefunctions, which we will denote as |n, 1, my, s, mg) = |m;, ms)

for brevity, where [ =0,1,2,...,n; m;=—l,—l+1,...,1; s:%; and mgzj:%.

Considering the product

~

Li6_+ L 6, =2Ly6,+ Ly5,), (5.2)

we nearly obtain the desired form. Adding L., gives

A

- 1 - N
6 . L - §(L+0A__ + L_OA__i_) + Lzﬁz. (53)
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The eigenvalues of these operators are straightforward to calculate:

ﬁi|n,l,ml,s,ms \/ll+1 —my(my £1) |n,l,m £ 1,s,myg),

Gyln,lmy, s,mg) = /s(s+ 1) —mg(ms £1) |n,1,my, s,ms £1),

I:Z In, 1, my, s,mg) = my|n,l,my,s,mg),

6-2’ |na l7m17 S, m$> = Mg |’I’L, l7m17 S, m$> .

As the Bi bands consist of 6s and 6p orbitals, we limit the basis Bgoc to include

only these orbitals. For the 6s orbital (I = O) all matrix elements are zero, so we

limit the basis only to 6p orbitals Boy,~ = {|—1,3),(0,2),[1,4),[-1,-3),|0, =), |-1,- ]},
where subscripts indicate m; values. This ba51s covers only one atom in the unit

cell; a second atom will later extend the matrix.

Evaluating the matrix elements

H0Y = (i|Hsoclj), (5.6)

for equation (5.3) with i, j € Bsoc, we note that the terms in the bracket require
eigenstates differing by Am; = +£1 and Am, = F1, while I:Z&z only requires read-
ing of the quantum numbers of the eigenstates and multiplying them. Applying

these rules, we find

(|L_6415) = (5.7)

ooooo%

%

oooo%o
%)

o O O o o o
o O o o o O
o O O o o O
o O o o o O

= 4 Bsoc

(i|lL+o-|5) = (5-8)

o O O o o O
o O O o o O
o O O o o O
o O O o o O

o%oooo
%)
ﬁlooooo
%)

= 4 Bsoc
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[—1/2 0 0 0 0 0
0 0 0 0 0 0
L 0 0 1/2 0 0 0
(il.5.15) = / (59)
0 0 0 1/2 0 0
0 0 0 0 0 0
0 0 0 0 0 —1/2
L -4 Bsoc
giving a total sub-Hamiltonian
(1 0 0 0 v2 0]
0 0 0 0 0 V2
Asoc | O 0O 1 0 0 0
h = 5.10
CT T2 o 0 001 0 0 (5.10)
V2.0 0 0 0 0
0 v2 0 0 0 -1
L -4 Bsoc
Extending the basis to 6s orbitals
1 1
Bsoc = {|07 5) J |07'§>> |_1’ %> ) ‘Oa %> ) |17 %) ) "17'%> ) |O7'%> ) |‘1"%> }
N—————
6s—orbitals
we get
00 0 0 0 0 0 0]
0O 0 0 0O 0 0 O 0
00 -1 0 0 0 v2 0
A 0O 0 0 O 0 0 O 2
hsoc = 229¢ V2 (5.11)
2 0O 0 0 0 1 0 0 0
0 0 0 O 0 1 O 0
00 +v2 0 0 0 0 0
00 0 v2 0 0 0 -1
L 4 Bsoc
Considering the second atom in the unit cell, the total SOC Hamiltonian is
h 0
Hsoo = | 2°¢ (5.12)
0 hsoc|,
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5.2 Matrix Elements of the Zeeman Hamiltonian

To evaluate the matrix elements of the Zeeman Hamiltonian, we begin with equa-
tion (2.48)

hy = psg; BY(J.) (5.13)
as introduced in Section 2.4.3. We use the total angular momentum eigenstates
In, 1, j,m;) as our basis to evaluate the matrix elements, where the quantum num-

berstakethevaluesl:0,1,2,...,n;j:%,%,...;mj:—j,—j—i—l,...,j.

The specific basis chosen for the calculation is:

{|Sa27§ 727 2> |p727§> |pa27§> |p727 2> |p727 2> |p727 2> |p727§>}

where we omit the quantum number n for brevity.

Since the matrix representation of hy in this basis is diagonal, we can directly
assign the eigenvalues m; to the corresponding eigenstates. However, note that
the Landé factor g; depends on the values of [ and j. Specifically, for s-orbitals,
g; = 2, and for p-orbitals, ¢g; = %

By placing the eigenvalues m; on the diagonal and applying the appropriate Landé

factors, we obtain the Zeeman Hamiltonian matrix:

3.0 00 0 0 0 0
03 00 0 0 0 0
00 6 0 0 0 0 0
p,_ #BBI|0 0 0 2 0 0 0 0 (5.14)
3 10000 2 0 0 0
0 0 0 0 6 0 0
0 0 0 0 0 -2 0
0 0 00 0 0 0 2]

Considering the second atom in the unit cell, the total Zeeman Hamiltonian is

h
Hy= |70 (5.15)
0 hyl,
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5.3 Basis Change

5.3.1 Clebsch-Gordan Coefficents

For the basis of Hz, we choose the eigenstates of the total angular momentum,
represented as |n, [, j,m;). For simplicity, we abbreviate these states as [j, m).

The complete basis is given by

{ 11 1 1 3 3 31 3 1 3 3 1 1
BZ: |87

5 >7|Sa_ >7|p7§a§>a|p7§7§>7|p7§7_§>7|p7§7_§>7|p7§7_§>7|p7

2’92 2’ 2

In complex atomic wave functions the electron is characterized by a well-defined

orbital angular momentum [, which takes the values [ = 1 or [ = 2, and a fixed
1
5.
The eigenstates in this basis are written as |n, [, my, s, ms), or more concisely as

spin at s =

|my, ms). Here, the quantum numbers m,; and m; are in the the ranges:
1 <m<Il, —s<mg<s.

The complete basis is given by

1 1 1 1 1 1 1

Bsoc = 4 15,0, =), 15,0,-=) , [p,-1, =), [0, 0, =), [p, 1, = [ps-1,-=) , [, 0, -=
SoC {|S7 ) >7|S7 ) 2>7|p7 )2>7|p) 72>7|p7 72>7|p7 ; 2>7|p7 ) 9

-1
9 >a|p7 )

Starting with the p-orbitals, we first consider the extremal state |j = %, m = %>,
which is defined by J4 |jmax, Mmax) = 0. In this case, jmax and mpax are given by

jmaX:mmax:l‘i‘S:]_—l—%:%,

This state is uniquely given by

.3 3 1
j = o= §> = [y =1,ms = §> (5.16)

87

11

1

2

22

)



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

If we apply J_ to this state, we obtain on one hand:
3 1

. 3 3
J—IJ——,m—§>—\/§IJ—§,m—2

. ) (5.17)

A
~

and on the other hand, using J =L_+6_

A

1 1 1
L_o+6_|m=1ms= 5) = V2|my = 0,m, = §> +|my =1, ms = —5) (5.18)

Thus, we have the relation:

3 1 2 1 1 1
) — — = —) = — :O s — = — = 1’ s = ——= 519

Upon applying the operator J_ once again to this state, we acquire on one side:

y=2lj= %mz——) (5.20)

and on the other side, using J_ = L_ + 6_

_+4.) <\/g|ml=0, \[Imz ;))
\/E(L +6_)|m; =0, m5—1>+\[L Imy = 1,m, 1>

SHET b om=om = L)+ \f = 0,m, = )
=ﬁ|mz=— +2\/7|ml 2>

Therefore, we have relation:

3 1 1 1 2 1
) — — = ——) = — :—]_ s — = — =\, s — ——= 22
|7 2,m 2> \/;|ml ,m 2>+\/;|ml 0,m 2> (5.22)

(5.21)
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By applying J_ once more, we find on one side
s 3 1 .3 3
J,|j :ivm:_§> :\/5"7 :évm:__> (523)

and on the other side, using J=L_+6_

R 1 1 2 1
46 (fglml = —Lm, =)+ \/;]ml — 0, m, — _§>>

1 1 2. 1
= - L=_1|m=0m=—=
\[ “fme = —=1,m 2> \[ - [ =0,my = =3) (5.24)
1
\/7|mz =—— \/>|mz —§>

- \/gyml - _17ms - _2

Thus, we have

.3
|j :§7m:__> g |ml:_17ms:__> (525)

Next, we consider the states |j = %7 m) for p-orbitals. The maximum value of m

is m = 3. Therefore, the state [j = 3,m = ) must be a linear combination of
lmy =1,my = —3) and |m; = 0,m, = ). We write this as
1 1 1 1
\j:§,m:5):a]ml:l,ms:—§>+ﬁlml:0,m5:§> (5.26)

This state must be orthogonal to

3 1 2 1 1 1
‘:— = — fr— —_ :O S:_ — :1, S:__ 527
|7 5 2) \/;\ml ,m 2)—i— 3\ml m 2) ( )

Thus:
,m==)=1/za+4/=p (5.28)
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This implies 8 = —La and with a? + 82 = 1, we obtain:

NG
1 1 2 1 1 1

':— = —) = — :1 S:___ — IO, s:— 529

|7 2,m 2) \/;]ml ,m 2> \/;\ml m 2) ( )

Repeating the procedure by applying j,, we have on one hand:

,m=—=) (5.30)

and on the other hand:

_t6 <\/7|ml—1m5=—— \/7|ml—0ms—;>>

fL i = s=—1> St o = 0.m, = 1y
§ = 0,1m, = —3) \\? = DRV
=/ glm=0.my=—3) Iy = 2>

Thus, we have:

(5.31)

1
m=—g)=\/glmu=0ms=—5)—/glm=-1ms=5) (532)

For the s-orbitals the extremal state, defined by j_| Jmaz = %, Minaz = %) =0, we

once more find the unique relation

1
=|my==,ms= §> (5.33)
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Applying J_, we have

R 1 1 R 1 1

o = — = —) = o _ = — = —— . 4
. 1 1 1 1
|]—§,m——§>— |ml—§,ms——§> (5.35)

The coefficients of the corresponding eigenstates can be organized into column vec-
tors and combined into a matrix. This matrix represents the (sub-)transformation
matrix, ¢/, . as described in equation (2.51), which is used for the basis change

nlm»

specified in equation (2.53).

1
]
S/

too 00 0 0 0] e ]
01 0 0 0 0 0 0 ’8’ 0 21>
000 0 0 Eooo0 B
Y r 92
000 0 /2 0 0 4/t 0 0. 1
toim = ’ ’ . 0, §> (5.36)
0001 0 0 0 0 0 p 1, 1)
000 0 0 1 0 0 p, -1, 1)
000 0 0 oo o | |0 )
1
000 0 /1 o o 2 oo fLrt-al]

~
Coefficients of |l,m;,ms)

As in previous calculations we must expand the matrix to account for the second

atom in the unit cell

nlm

t! 0
T/ = | mm 5.37
nlm [ 0 tJ ] ( )
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5.4 Matrix Elements of the Bulk Hamiltonian

The total Hamiltonian H is divided into two sub-matrices, H44 and H 45, whose
explicit elements are shown in Table 5.1. These sub-matrices are functions of g;,
which contain all the terms of the form exp (ik - R,,), depending on the set of
neighbors considered.

The g; terms are grouped based on the type of neighbor interactions as follows:
® gy — g12: first-neighbor interactions,
® (13 — go5: second-neighbor interactions,
® (o5 — g31: third-neighbor interactions.

The explicit expressions for gy — g12 are given by:

eZ'l<~(a1—d) +e’ik-(a2—d) +6ik~(ag—d)

Jo =
g = [—e_ik'(al_d) + eik'(aQ_d)] CoS (v
gy = [eik.(alfd) + eik-(agfd) o 2€ik-(a37d)] COSﬂ

g3 = [eik-(alfd) + eik-(agfd) + eik-(ag,fd)} cosy

g4 = [eik'(al_d) + eik'(ard)] cos? o

g6 = [_e—ik~(a1 —d) + eik'(a2—d)] COS (X COS 7Y
[

ek (@i=d) | gik(@=d) | goik(as=d)] ¢oq? g

gr =

gs = Yo — gr

go = [eik.(aﬁd) 4 ik (a—d) 4 eik-(asfd)} cos® vy

1o = [eik-(alfd) 4 eik(az—d) | eik-(ard)} (1 —cos®y)
g = [eF@mD 4 el@emd) _geik(as=d)] o5 8 cosy
Gro = [—e_ik'(al_d) + eik'(a2_d)] cos o cos 3
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With aj,as, a3, and d defined in Section 2.1, the parameters cos «, cos 3, cos~y
represent the direction cosines of the vector a; — d, from the central atom to one

of the nearest-neighbor atoms.

The functions g3 — g5 can be obtained by substituting:
e the set of first-neighbor vectors a; — d for ¢ € {1,2,3}
e with the set of second-neighbor vectors a; +a; —d, for i # j, 4,5 € {1,2, 3},

as well as using the direction cosines of a; + a3 — d.

For the set of third neighbors, a; — a;, with ¢ # j, 7,7 € {1,2,3}, the functions

gos — g31 are defined as follows:

_ eik-(a1—a2) + 6ik-(ag—al) + eik-(ag—ag) + eik-(a3—a2) + eik~(a1—a3) + 6ik~(a3—a1)

G26 =
Gor = pik-(az—ar) _ ik-(ai—az) + % [eik~(a2—a3) _ pik(as—az) _ ik-(a1—a3) + eik'(as—al)]
928 — ﬁ [eik'(a3—az) _ ez’k~(a2—a3) _|_ eik~(a3—a1) _ eik~(al—a3)}

2

29 = eik-(a:[*az) =+ eik-(azfal) _|_%l [eik-(agfag) + eik-(agfag) + 6ik-(alfag) + eik-(agfal)}

[eik~(a2—a3) +€ik~(a3—a2) +6ik~(a1—a3) +eik~(a3—a1)j|

W~ w

930 =

931 — [_eik(agfag) . eik~(a37ag) + eik'(a17a3) + eik‘(agfal)}

|3

It should be noted that matrix elements with the same (different) parity between

orbitals transform even (odd) under the exchange of indices |2]

Eji(—Ry) = ()" E;(R,).
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