Impact of the Valence Band Structure of

Cuprous Oxide for Excitons in Quantum
Wells

Bachelor thesis from
Frieder Pfeiffer

16.03.2023

Examiner: Prof. Dr. Jorg Main

Vorgelegt an der

Universitat Stuttgart

Institut fiir Theoretische Physik |
Pfaffenwaldring 57, 70569 Stuttgart






Contents

1 Introduction 5
2 Solid State Basics 9
2.1 Crystals . . . . . e 9
2.2 Crystal Symmetry . . . . ... 9
2.3 Cuprous Oxide . . . . . . . . . 12
2.4 Reciprocal Lattice . . . . . . . . . .. 13
2.5 Quasi Free Electrons and Ideal Band Structure . . . . . . ... ... ... 14

3 Excitons in Cuprous Oxide 21
3.1 Previous Research . . . . . . . ... ... .. oo 21
3.2 Hydrogen Atom . . . . . . . . ... 23
3.3 Bulk Excitons in Cuprous Oxide . . . . . . . . . . . ... ... ... ... 24
3.4 Excitons in Cuprous Oxide with Quantum Wells . . . . . . . .. ... .. 25
3.5 Hamiltonian of Excitons in Cuprous Oxide . . . . . . . . ... ... ... 27

4 Cuprous Oxide in Quantum Wells 33
4.1 Reduction of the Degrees of Freedom of the Hamiltonian . . . . . . . .. 33
4.2 DISCuSsSion . . . . . ... 45
4.2.1 Discrete Rotational Symmetry . . . . . . .. ..o 45

4.2.2  Good Quantum Numbers and Outlook for Numerical Solution . . 45

5 Summary and Outlook 49
5.1 English Summary . . . . . . .. ... 49
5.2 German SUmMMAary . . . . . . ... u e e 50

A Appendix 53
A.1 Hydrogen Atom . . . . . . . . . ... 53
A.2 Partial Derivatives . . . . . . . . ... 60
A.3 Mathematica Code . . . . . . . . . . .. ... 63
A4 Symmetry Test . . . . . . . 65
Bibliography 67



Contents

Danksagung

69



1 Introduction

Excitons are quasiparticles that can occur in insulators and semiconductors. Their
postulation in 1930 by Frenkel [1], Peierls 2|, and Wannier [3] was of great theoretical
interest regarding the optical properties of these solids. In 1952, excitons in Cuy,O were
discovered experimentally by Gross and Karryev [4]. The choice of this solid followed,
among other things, from the already widely researched electrical properties of CuyO. Also,
due to a publication in 2014 by the Bayer Group of the Technical University of Dortmund
[5], excitons are still part of the latest research. The experimental determination of
exciton states in CusO up to quantum numbers of n = 25, illustrated in fig.1.1, was unique
to date and amplified the research interest. Since then, the Institute for Theoretical
Physics I (ITP1) at the University of Stuttgart has also been working continuously on
excitons in CuyO. A hydrogen-like Hamiltonian served as a first approximation for the
theoretical description of the exciton states. This approximation already explains the
rough form of the Rydberg series shown in fig.1.1. Since a description of the exciton states
without considering the crystal is trivially not exact, this Hamiltonian was modified via
the band structure of the crystal. Since the analytical solution of the simplified model
system is well known, the research of ITP1 was mainly concerned with excitons in the
bulk. The bulk refers to a three-dimensional, and arbitrarily far-reaching crystal structure.
Since excitons in the bulk are now already extensively researched, see for example in
the Ph.D. thesis of Frank Schweiner [6], an additional potential was introduced for new
insights.

The so-called Quantum Wells correspond to an infinite potential well, which spatially
limits one dimension of the crystal. Again a hydrogen-like description, containing the
quantum wells was considered first. A programme implemented by Pavel Belov [7] serves
to solve the exciton states with included Quantum Wells. A previous bachelor thesis by
Leon Kiihner [8] already dealt with the solution of the hydrogen-like model with Quantum
Wells. In his bachelor thesis, Niklas Scheuler is currently optimising the programme
to reduce the required CPU time and memory. This bachelor thesis is focused on an
analytical reduction of the degrees of freedom of the Hamiltonian containing Quantum
Wells and the band structure corrections. Combined with the parallel work of Niklas
Scheuler, this should make it possible to extend the programme to solving the exciton
states with the band structure and the Quantum Wells. The reduction of the degrees
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Figure 1.1: (a) Absorption spectrum of the yellow exciton series in CuyO. Optical
density plotted against the energy of the photons required for excitation. The maxima
correspond to resonant energies of different quantum numbers n. (b) Naturally occurring
Cuy0O ore. (c¢) Pure CuyO crystal and experimental sample. (d) Wave function of an
exciton with quantum number n = 25 [5].



of freedom was realised by transforming the Hamiltonian into cylindrical coordinates
using the existing translation and rotation symmetries. The calculation was checked
by Mathematica as well as by a symmetry test of the resulting Hamiltonian. Finally,
a basis for the numerical diagonalisation of the Hamiltonian was sketched to give an
outlook on future research. Future results by the Giessen group, from the 4th Physical
Institute at the University of Stuttgart, will serve as a falsification test for the theoretical
discoveries.






2 Solid State Basics

The following sections 2.1 to 2.5 are based on References |6, 8-10|.

2.1 Crystals

Based on their external appearance, solids can be divided into two classes. On the one
hand, there are crystals, which have a regular, ordered atomic structure and thus also a
regular outer appearance. On the other hand, amorphous solids have a disordered atomic
structure and thus a disordered appearance. The following considerations are limited to
crystalline solids. The underlying atomic structure is referred to in the following as the
base. A base can consist of one or more atoms. Single-atomic bases are called primitive,
multi-atomic bases are called non-primitive. Furthermore, a base must be constructed in
such a way that an arrangement of several identical bases can cover the space inside the
crystal completely and without overlap. The shape of a base is therefore dependent on
the atomic structure of a crystal and is closely related to its symmetry properties. The
periodic, regular arrangement of the bases in a crystal motivates the introduction of a
periodic lattice. The bases are mapped onto points, and thus the crystal is represented
by a periodic point lattice. This separation simplifies further analysis of the crystal.

2.2 Crystal Symmetry

Crystal symmetries are of particular interest. We are therefore looking for operations
that hold the point lattice invariant. Possible operations are translations, rotations,
reflections, and inversions. First consider the translation symmetry, where an arbitrary
point = is chosen within the crystal. Let the environment of » be U(r). If one shifts the
point r by the lattice vector

R = niai + nNoQsg + nsasg, (21)



2 Solid State Basics

Table 2.1: A primitive Bravais lattice exists for each of the seven crystal systems. They
are distinguished by the lengths a, b, ¢ and the angles «, 5, of the basis vectors relative
to each other. The order of rotation corresponds to the number of rotational axes.

crystal system | lattice constants angles rotational axes
triclinic a#b+#c a#B#y 1
monoclinic a#b#c a=v5=90° 05 #90° 2
orthorombic a#b#c a=L0=~v=90° 2
tetragonal a=0b#c a=p=v=90° 4
hexagonal a=b#c a=[0=90°vy=120° 6
trigonal a=b=c a=f=~vy<120° # 90° 3
cubic a=b=c a=p=v=90° 3

one again ends up in an identical environment

U(r)=U(r + R). (2.2)

The basis vectors a1, as, and az form a coordinate system that spans the crystal lattice.
The lengths |a;| = a, |az| = b, |as| = ¢ and angles «, 3, v of the basis vectors relative to
each other can be used to construct different lattices. Taking into account the properties
of a base (2.1), 14 Bravais lattices are possible in three-dimensional space. For seven of
the 14 Bravais lattices primitive bases can be found, which represent the seven crystal
systems, listed in tab.2.1. The integers ny, ns, ng serve as a count of the discrete lattice
points. Rotation, reflection and inversion belong to the point symmetry. Characteristic
of the point symmetry is the fixing of at least one lattice point. A trivial rotation by
27 leads to an identical structure for any grid and is therefore of little interest. More
interesting are discrete rotations around 27 /n with n € {2,3,4,6}. The choice for n
arises from the requirement of an area-covering and non-overlapping basis. Illustratively,
the two-dimensional space can thus be completely covered by triangles, quadrangles and
hexagons, but not by pentagons, heptagons or octagons without overlap, as it can be
seen in fig.2.1. The same applies to the corresponding polyhedra in three dimensions.
Reflection symmetry arises through reflection on a fixed plane and therefore always
occurs in the company of rotation symmetry. The inversion projects the position vector r
back to its negative —r and thus occurs with every ideal point lattice but not necessarily
in the crystal itself. With the three point symmetries, the seven crystal systems can be
subdivided into a further 32 crystal classes or point groups. Since the cubic structure of
the CuyO-crystal has the same point symmetry as the octahedron, it belongs to the Oy
point group, see fig.2.2.

10



2.2 Crystal Symmetry

A HBE

a) triangles (b) squares c) hexagons
d) pentagons (e) heptagons ) octagons

Figure 2.1: In the first row from left to right, various arrangements of triangles (a),
squares (b), and hexagons (c) can be seen. These three geometric forms fulfill the
conditons to be a base and therefore the corresponding rotational symmetries can exist.
In the second row from left to right, various arrangements of pentagons (d), heptagons (e),
and octagons (f) can be seen in two-dimensional space. This results in either unavoidable
gaps or overlaps of the individual polygons that are not permitted for bases. Accordingly,
corresponding rotational symmetries of order n = 5, 7, 8 cannot exist in the crystal lattice.
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Figure 2.2: The blue edges, red vertices, and intervening faces form a regular polygon,
the octahedron. The green straight line through two of the vertices corresponds to one
of the three fourfold axes of rotation. The yellow straight line through two centres of
opposite faces corresponds to one of the four triple axes of rotation. The cyan straight
line through two centres of opposite edges corresponds to one of the six two-count axes
of rotation. The nine symmetry planes are composed of three planes each containing
four corner points (red) and six planes each containing two corner points and two center
points along the edges (green).

2.3 Cuprous Oxide

This section is based on References [6, 8, 11].

Cu0 occurs in nature initially as a green-yellowish ore while the pure substance has a
reddish appearance as it is shown in fig.1.1. The cubic crystal structure, illustrated in
fig.2.3 consists of the mutually displaced superposition of a bcc lattice of oxygen and
an fcc lattice of copper. Due to its structure, Cu,O is in the cubic crystal system and
therefore belongs to the Oy group. Thus, CusO has the full octahedral symmetry, i.e.
four sixfold rotational mirror axes 4.5, three fourfold rotational mirror axes 35y, three
fourfold rotational axes 3Cy, four threefold rotational axes 4C5, 6 twofold rotational axes
6C5, 9 symmetry planes 30, and 604, as well as the inversion I.
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2.4 Reciprocal Lattice

Figure 2.3: Structure of the Cu,O crystal, consisting of two cubic lattices spatially
displaced against each other. The blue lattice occupied by oxygen atoms is body-centered
cubic (bee). The orange lattice occupied by copper atoms is face-centered cubic (fec)
[12].

2.4 Reciprocal Lattice

If particles are investigated in periodic potentials V() = V(r 4+ R), the introduction
of reciprocal space is suitable. The reciprocal space or momentum space is spanned by
wave vectors k. Let a point lattice with the corresponding lattice vector R be given.
Furthermore, let the plane wave

Vr(r) = o explikr} (2.3)

with amplitude 1 be a solution of the stationary Schrodinger equation

H = Exp (2.4)

in real space. Then the reciprocal space is spanned by the wave vectors, which correspond
to the periodicity of the point lattice. Let the lattice periodic condition

o explikr} = Yg(r) = Yr(r + R) = Ypexp{ik(r + R)} (2.5)

be fulfilled. To solve this equation the reciprocal lattice vector

G - hlbl + h2b2 -+ h3b3 (26)

13
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is introduced. The new basis vectors

2m
bl = —a2 X a3,
ag - (az X CL3)

2m
bp=—————as3 X ay, 2.
7 a;-(as x a3) 9 = (2.7)
2

ag - (CL2 X CL3)

in the reciprocal space follow directly from the condition

exp{ikR} = exp{iGR} = 1, (2.8)

and equation (2.6), while hq, ho, hs take integer values. The value of the scalar triple
product a; - (a2 X ag) = V corresponds to the volume V' of the unit cell in the real
space. It is now suitable to introduce a geometric construction into the newly created
point lattice. The Wigner Seitz cell, see fig.2.4 is now a monatomic basis, which after
construction covers all points that have the smallest distance to its own base atom. The
Wigner Seitz cell in reciprocal space is also called the first Brillouin zone.

2.5 Quasi Free Electrons and Ideal Band Structure

First consider a free electron gas in the volume V' = Ly Ly L3 of the solid. The electrons
are assumed to be mobile and the particle interaction is neglected. Assuming that N
electrons are enclosed in the volume V' at a negligible temperature 7', the many-particle
Hamiltonian

a=S" P (2.9)

with electron mass my and momentum operator p, of a single electron is given. The
approach

14



2.5 Quasi Free Electrons and Ideal Band Structure
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(a) Construction of the Wigner
Seitz cell in two dimensions

| A
/ R L H
& “'-\. P
AP
rofpﬂ‘ TS ! .
" { . __.172' X E M K
/ M

(b) Various Wigner Seitz cells in three dimensions with points of high symmetry

Figure 2.4: (a) The construction of the Wigner Seitz cell for a cubic crystal lattice in
two-dimensional space is shown. The dashed, red lines connect the center of the cell
with the nearest neighboring atoms. The black lines bisect the connecting lines and thus
enclose all points nearest to the center. By definition, the enclosed area is the Wigner
Seitz cell. (b) From left to right the three-dimensional Wigner Seitz cells of a simple
cubic cell, a diamond-type cell, and a hexagonal cell are shown. The marked points
correspond to points of high symmetry [6].
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2 Solid State Basics

N

U({ritiz1. N) = H¢(”'z) (2.10)

=1

with total wave function W({r;};—; _n) and the wave functions ¢(r;) of single electrons
reduces the problem to the stationary single-particle Schrodinger equation

2

Hpp(r)) = 2p—wlm¢(7‘z) = Epp(r) (2.11)

with energy eigenvalues Ej of the electron. Let the solution be a plane wave

1 :
Ur(r) = 7 exp{ikr} (2.12)

with the normalisation
/ [ (r) |2dr = 1. (2.13)
1%

The parabolic energy eigenvalues

h2k?

N 2m0

Ei(k) (2.14)

with Planck’s constant A result. The allowed energy states are thus classified by the wave
vector k. The periodic boundary conditions

Y(r) =¢(r + L) (2.15)

caused by the edge of the volume V' lead to discrete values k; = 27n;/L; with i € {1, 2, 3}.
Thus, n; is an integer and, analogously to k, describes the allowed states and energy
eigenvalues

°(2n)?

n;
[2 i
1

h2
Bp=—
2mo =

(2.16)

of the electrons. Since electrons are fermions and therefore obey the Pauli principle,
each of these states can be occupied by two electrons of different spin. In the ground

16



2.5 Quasi Free Electrons and Ideal Band Structure
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Figure 2.5: Representation of the energy bands of quasi-free electrons. The band
structure in one-dimensional lattice with negligible potential is shown. The energy
eigenvalues F(k) have a periodicity of 27 /a. The reduction of the band structure to the
first Brillouin zone —n/a < k < m/a is highlighted in blue [6].

state with temperature T' = 0, the energy levels are filled according to increasing energy.
The maximum occupied state corresponds to the Fermi energy Ey. The possible electron
states F/(k) form the parabolic band structure of the free electron gas.

As an intermediate consideration, let the electrons be in a vanishing periodic potential
V &~ 0. From the solution of the free electron gas and the demand for a periodicity of
the wave function, periodically repeating energy eigenvalues E(k) = E(k 4+ G) follow.
If a is the distance between the lattice points in real space, the length of the reciprocal
lattice vector is a multiple of 27 /a. As a result, periodic, overlapping energy bands arise,
which can be seen fig.2.5. Due to the finite lattice spacing a, the k-vectors within the
first Brillouin zone —7/a < k < 7/a cannot be distinguished from the k-vectors with
|k| > m/a. For the complete description, it is therefore sufficient to consider the band
structure reduced to the first Brillouin zone.

Let the electron gas now be in a finite crystal. For the theoretical description, it is
suitable to introduce a periodic potential

V(r)=V(r+ R) (2.17)

caused by the crystal structure. Furthermore, the Coulomb interaction of the electron
with the remaining charges is also taken into account. The result is the Hamiltonian

17



2 Solid State Basics

Figure 2.6: Image of the one-dimensional Bloch function. Shown is the real part of
the Bloch function Re(¢)x). The containing lattice periodic function wuy(z) is responsible
for the finer form of the curve, while the real part of the complex exponential function
Re(exp{ikz}) models the red, dashed sine wave. The black dots correspond to the
positions of the atoms in the real space [6].

N 1 N e?
H= ( V( ) - 2.18
ZZI: 2my +Vir 2 ];1 Aeg|r; — 7y (2.18)
)

with dielectric constant ¢y and elementary charge e. To solve the resulting Schrédinger
equation, it is suitable to introduce an effective potential Vg, which contains both the
lattice periodic potential V' (r;) and the Coulomb interaction. Again, the stationary
Schrodinger equation (2.4) has to be solved with the Hamilton operator

WS ) "

It should be mentioned that now the wave function does not describe an electron anymore
but a suitable quasiparticle. The Bloch function

Vr(r) = ug exp{ikr} (2.20)

is assumed where

represents the periodicity of the lattice as shown in fig.2.6. It should be noted that due
to Bloch’s theorem the product of a complex exponential exp{ikr} and a lattice periodic

18



2.5 Quasi Free Electrons and Ideal Band Structure
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Figure 2.7: Image of the charge density of an electron with the wave vector k = 7 /a
in one-dimensional real space. The charge density ps of the electron in the case of a
symmetric wave function v, and the charge density p, of the electron in the case of an
antisymmetric wave function ¢, are shown. The z axis is in units of the lattice constant
a, so each integer corresponds to an atom in the lattice.

function ug(r) could generally be used to solve periodic potentials. From a shift of the
stationary Schrodinger equation

Hipta(r) = Enthpta(r) (2.:22)

around G, the periodicity of the energy eigenvalues E(k) = E(k + G) follows as we
already assumed for the vanishing potential. Again, periodically repeating energy bands
arise. The periodic lattice leads to another effect. The reflection of the wave functions at
the lattice points leads to a superposition between the incoming and reflected wave and
thus to a standing wave

T
g X CcOS —,
a

(2.23)

. X
W, X sin —.
a

This means that the probability density

19



2 Solid State Basics

(a) 21/ E (b) E
\\ . - 4 - 27/a / ‘7
\“. free electron ]
K dispersion s
\“'\ 2nla - /
\ - 2ntla

. #

I Tﬁ:h“\__ _..-""‘::"‘1 1 - e -

-2nt/a -Tla Tl/a 2n/a k -Tla mla k

extended zone scheme reduced zone scheme

Figure 2.8: (a) Band structure of the one-dimensional lattice with influence of electron
scattering and the resulting standing waves. The deviation of the dispersion of free
electrons in red from the dispersion of electrons with the influence of the Bragg reflection
in blue creates zones of forbidden energies, the band gaps. (b) Reduced zone scheme,
created by mapping the bandstructure into the first Brillouin zone [6].

T
Ps X COS2 7,

(2.24)

. o X
pPa OC sin? —.
a

at the lattice points becomes extreme. In the symmetrical case 1), the charge density ps
at the lattice points is at its maximum, and thus the energy of the electrons is lowered.
In the antisymmetrical case 1,, on the other hand, the charge density p, at the lattice
points is minimal, and thus the energy of the electrons is increased, see fig.2.7. As a
result, the predominant degeneracy of the states is lifted. The resulting gaps illustrated
in fig.2.8 in the previously allowed energy spectrum are called band gaps. Now solids
can be categorised by the occupation scheme in the ground state and the position of
the band gaps relative to the Fermi energy. If the Fermi energy is within a band, one
speaks of a conductor, otherwise of a semiconductor or insulator. Semiconductors and
insulators differ in the relative distance between the two bands next to the Fermi energy.
Larger band gaps are characteristic to insulators, while smaller band gaps belong to
semiconductors.

20



3 Excitons in Cuprous Oxide

Let the semiconductor Cuy,O be given. The bands that are completely occupied in the
ground state are called valence bands. The empty bands, on the other hand, are called
conduction bands. The band gap E,, which can be seen in fig.3.1, between the uppermost
valence band and the lowermost conduction band prevents a spontaneous exchange of
particles between the two bands. However, external excitations, such as light of frequency
w = AFE/h, can detach an electron from a valence band and lift it into a conduction
band. AFE corresponds to the energy difference between the two bands. This charge
transfer creates a negative charge in the conduction band as well as a positive hole in
the valence band. The resulting electron-hole pair can obtain bound states, and is called
exciton. It should be noted that the exciton is called a quasiparticle because the hole
does not exist as a particle but only has the corresponding properties. Because of their
similarity to the hydrogen atom, excitons are assigned to the Rydberg atoms.

3.1 Previous Research

Various analytical and numerical approaches already used to describe exciton states in
Cuy0O are presented. A distinction is made between excitons in the bulk and excitons in
quantum wells, as well as between a hydrogen-like description and a consideration of the
band structure.

In a first approximation, excitons can be described as hydrogen-like. Taking into
account the changed parameters, such as the effective masses of electron and hole, bound
states analogous to the hydrogen atom result. The time-independent and rotationally
symmetric Coulomb potential leads to conservation of energy and angular momentum.
The conservation quantities correspond to the later introduced good quantum numbers
{n,1,m} of the hydrogen atom. Finally, the existing rotational symmetry motivates the
introduction of spherical coordinates {p, 8, ¢}. Altogether, this shows the analogy to
the bound states Y, (p, 0, @) of the hydrogen atom. These states satisfy the stationary
Schrodinger equation (2.4) with the Hamiltonian

21



3 Excitons in Cuprous Oxide

2172V | =E
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Figure 3.1: Band structure of Cuy,O with band gap F, = 2.172 eV. Shown are the lowest
three conduction bands, where 'y is single degenerate and I'y is double degenerate, and
the top three valence bands, where 'Y is single degenerate and T'y is double degenerate.
The yellow, green, blue, and purple arrows indicate electron transitions, in which light
of the corresponding colour is emitted. Note that in the following calculations, yellow
excitons corresponding to the yellow light are considered [11].
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3.2 Hydrogen Atom

H = Te(pe) + Th(ph) + Ve, (31)

depending on the Coulomb potential V;, the kinetic energy T, of the electron, and the
kinetic energy Tj, of the hole.

Since a description of the excitons without taking the band structure into account
is obviously incomplete, this consideration has already been extended by taking the
band structure into account. In the bulk, the band structure breaks the previously
existing rotational symmetry and thus also the conservation of the orbital angular
momentum. As a result, [ loses the property of a good quantum number and is replaced
by the quantum number j, which also contains the spin-orbit coupling. If we further
consider the three-dimensional translational symmetry, the initial six degrees of freedom
{Ze, Yo, Ze, Th, Yn, 2n} Of electron and hole can be reduced to three degrees of freedom
{z,y, 2z}, which correspond to the relative coordinates. The Hamiltonian

H = T.(pe) + Th(Pn, S, 1) + Ve (3.2)

thus includes additional corrections to the hole dynamics 73, as well as the spin-orbit
coupling of hole spin Sy, and quasispin I.

3.2 Hydrogen Atom

This section is based on References [13-15].

A hydrogen-like Hamiltonian, serves as a first approximation to describe the excitons.
Therefore, the Rydberg energy

me? 1
B = ————— =-13.6eV 3.3
! 327h2eq 12 ¢ (3:3)
and corresponding Bohr radius
4regh?
ro = —C" ~ 529 x 10" 'm (3.4)
me

resulting from the solution of the Schrédinger equation of the hydrogen atom are listed.
A more detailed calculation for solving the corresponding Schrédinger equation can be
found in the appendix A.1. In total, the wave function

23



3 Excitons in Cuprous Oxide

wnlm(rv 67 ¢) = Rnl(r)Y}m<8> ¢>7 (35)

determined by three quantum numbers n, [, m represents the electron state in the hydro-
gen atom. The principal quantum number n € N essentially determines the energy of
the electron. In the ground state n = 1, equation (A.21) leads to the already introduced
Rydberg energy Fy = 13.6eV and the Bohr radius 9 = 0.529 x 10~m. The secondary
quantum number [ < n, (I € N) represents the magnitude of the orbital angular momen-
tum. The magnetic quantum number |m| <[, (m € Z) describes the projection of the
orbital angular momentum onto the z-axis and thus its orientation. The spin s = £1/2,
which has not occurred so far, is interpreted as the intrinsic angular momentum of the
electron. It becomes relevant as soon as several electrons are considered, or also in the
case of an orbital coupling. Other possible quantum numbers are described in tab.3.1. In
order to describe a quantum state ¢; completely, it is sufficient to know its eigenvalues.
All eigenvalues ¢; are determined via the eigenvalue equations Q,;¢; = ¢;¢;, where each
operator @, corresponds to a quantum number. It is therefore common to describe a
quantum mechanical state via a set of quantum numbers. Since this set is generally not
unique, good quantum numbers are usually chosen. A set of good quantum numbers is
characterized by the fact that their operators commutate with each other in pairs and
the representation of the state is unique. Due to the commutativity of the operators, it
is possible to determine all observables simultaneously and with arbitrary precision. For
the hydrogen atom without spin-orbit coupling, the set {n,l,m} contains good quantum
numbers, since {H, L? L.} commutate in pairs and the state is uniquely determined via
the eigenvalues {E,,, (I + 1)h* mh}. While the electron is in a rotationally symmetric
potential, the environment of the exciton is more complex. Both the crystal lattice and
the introduced quantum wells destroy the symmetries of the system that are comparable
to those of the hydrogen atom. As a consequence, {n,l, m} are no longer good quantum
numbers and a different set of good quantum numbers is needed to describe the excitons.
The coupling J = I + Sy, of hole spin Sy, and quasin spin I caused via the band structure
can be considered as a new good quantum number. J is thus the total angular momentum
of the hole. Since in general the energy eigenvalues of a system are of special interest, the
Hamiltonian is considered first and then a set of good quantum numbers is established
in section 4.2.2.

3.3 Bulk Excitons in Cuprous Oxide

Taking the band structure into account, the hydrogen-like Hamiltonian (3.1) must be
modified. The main differences between excitons in Cu,O and the hydrogen atom are,
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3.4 Excitons in Cuprous Oxide with Quantum Wells

Table 3.1: Quantum numbers important for the hydrogen atom and the later evaluation,
as well as the corresponding operators and eigenvalues. The operators with the index z
each stand for the corresponding projections on the z axis.

operator eigenvalue quantum number values
H E, n neN
L? I(1+1)A? l 0<l<n
Lz mlh my ]ml\ S )
S? s(s+1)h? s s=1/2
S, mgh M |ms| < s
J? j(j +1)h? j je{ll—s| ...l +s|}
J. m;h my = ms +my Im;| <j

among other things, the effective masses of the charge carriers. Effective hole and electron
mass of excitons are determined by the band structure. In the following, the different
exciton states are described via the colour corresponding to the excitation. If the hole is
in the 'l band, one speaks of a yellow exciton, if the hole is in the T'g band, one speaks of
a green exciton, see fig.3.1. While the effective electron mass results in m, = 0.99m, [16],
the effective hole mass is m;, = 0.69m, for the yellow exciton, and my, = 0.58m, for the
green exciton. So while the electron mass is approximately the same as for the hydrogen
atom, the hole and proton mass differ significantly. Besides the replaced effective masses,
the Hamiltonian (3.2) contains additional correction terms of the hole dynamics, in which,
among other things, the spin-orbit coupling between hole spin S}, and quasispin I is
included.

As a result the binding energies EY = 98.35meV (yellow exciton) and E% = 88.46meV
(green exciton), and Rydberg energy Ey = 13.6eV of the hydrogen atom differ by about
two orders of magnitude. Assigning radii a to the binding energies to determine the size of
the states yields ay = 0.976nm (yellow exciton) and a, = 1.085nm (green exciton). Thus,
the radii of the excitons are about 20 times larger than the Bohr radius ro = 5.29 x 10~ !m.
Due to the size of the excitons, the sensitivity to external fields also increases. While an
electrical permeability ey = 1 is assumed in the hydrogen atom, e = 7.5 [17] applies to
the excitons in CuyO.

3.4 Excitons in Cuprous Oxide with Quantum Wells

In order to gain further insights, the current research at the I'TP1 is concerned with an
additional, spatial restriction of the exciton dynamics by Quantum Wells. The Quantum
Well under consideration corresponds to an infinite potential well
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. {o Jif |2 < L2 36)

oo else

which is choosen to be along the [001] axis of the crystal. The resulting boundary
conditions break the translational symmetry along the z-axis. It should be noted that
the condition can be realised experimentally by using a few nanometer thick slice of the
sample, so L is typically in the order of nm.

In the case of the hydrogen-like description with Quantum Wells, let the six degrees
of freedom {x., Ye, 2e, Tn, Yn, 2n} be given. Due to the broken translation symmetry, the
relative and centre of mass coordinates can only be introduced within the xy-plane. The
four degrees of freedom {x, y, ze, 2, } remain. A transformation into cylindrical coordinates
leads to the four degrees of freedom {p, ¢, z, 21, }, which can be further reduced to the
three degrees of freedom {p, ze, z,} by using the remaining rotational symmetry within
the zy-plane. A numerical solution of the exciton states for the resulting Hamiltonian
(3.2), with additional Quantum Wells V,, V}, has already been dealt with by Pavel Belov
[7], Leon Kiihner [8] and currently Niklas Scheuler.

The aim of this bachelor thesis is the analytical reduction of the degrees of freedom of
the Hamiltonian containing quantum wells and the band structure, to enable a numerical
solution within an adequate computing time.

The Hamiltonian (3.2) with additional Quantum Wells, as introduced in equation (3.6),
describe the excitons states in Cup,O with Quantum Wells. It should be noted that both
a Quantum Well for the hole and a Quantum Well for the electron are added. A sketch
of the exciton in CuyO with Quantum Wells is shown in fig.3.2.
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3.5 Hamiltonian of Excitons in Cuprous Oxide

Quantum Well

001]

49

Quantum Well

Figure 3.2: Sketch of the bound state of an exciton in a cubic crystal lattice with
Quantum Wells along the [001] axis of the crystal.

3.5 Hamiltonian of Excitons in Cuprous Oxide

This section is based on References [11, 18, 19].

The experimental data from [5] show physically determined deviations of the absorption
spectrum of the excitons in Cu,O from that of a hydrogen-like series. A quantum
explanation for this is provided by the spin-orbit coupling of the excitons, as well as the
interband interactions which together lead to a splitting and deformation of the energy
bands. Figure 3.1 shows the splitting of the original I'; valence band via the coupling of
quasispin I and hole spin Sy, to a doubly degenerate I't and two doubly degenerate 'y
valence bands. The quasispin

Ik = Z —iheklm(el (029 em) (37)

Im

results from the basis vectors e;, e,, and the permutation by the Levi-Civita epsilon
tensor €;,,. The hole spin S}, = :I:%, on the other hand, is only half-odd-integer. We
can describe the valence band structure using a form deviating from a parabula. The
Suzuki-Hensel Hamiltonian
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3 Excitons in Cuprous Oxide

1 I?
Hyn(k) = ~Hso + 5 - [k:Q(h?Al +2BIS)) + A (K1} - ) +ep)

IS
F B2k (1S — —5) + ) + Aa(2{ke ko HIu, I} + cp) (3.8)

+B3(2{k1, ko }(115n1 + [25h2))

from [19] is used to represent the band structure and therefore the hole dynamics in the
bulk. A; and B; with i € {1,2,3} correspond to six free parameters. The expression
{a,b} = (ab+ ba)/2 serves as an abbreviated notation and

2 1
with the band gap F, describes the spin-orbit coupling. It is possible to fit the resulting
Hamiltonian to a simulation of spin density functional theory or spin DFT [18]. With a
least square fit, the initially free parameters A; and B; result (Tab. 3.2). The definition
of the Lutting parameters

1 1
=_-A =_A =_A
7 1,72 6 2,73 6 35

(3.10)
- 1 1
m=—Bi,mn = 632,773 = 633’

allows for a physical interpretation of the parameters. While v; and n; correspond to
the average effective mass of the hole, the further parameters s, v3, 12, 73 stand for the
splitting and deformation of the energy bands. It should be said that the conduction band
and thus the kinetic energy of the electron, in contrast to the valence band, can still be
well regarded as parabolic. This leads to the Hamiltonian of an exciton in CuyO. If one
now compares the theoretical expectations with the experimental data, the assumption of
a non-parabolic band structure is justified. Finally, it should be noted that this derivation
of the band structure of CuyO can be extended to many other semiconductors. Examples
include GaAs and CuBr, where only the values of the parameters differ.
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3.5 Hamiltonian of Excitons in Cuprous Oxide

Table 3.2: Parameters A; and B; determined by the fit of the Suzuki Hensel Hamiltonian
to the band structure of the spin DFT [18], as well as the corresponding Luttinger
parameters v; and 7;.

1 1 2 3 ? 1 2 3
A; | -1.76 4519 -2.201 | v | 1.76  0.753 -0.367
B; | 0.02 -0.022 -0.202 || n; | -0.02 -0.004 -0.034

2.5

[111] [C'CI:IJ] | [100]

Figure 3.3: Fit of the Suzuki Hensel Hamiltonian to the band structure from the spin
DFT. The black lines belong to the band structure of the spin-DFT. The blue line shows
the still parabolic lowest conduction band. The red dashed lines show the best fit of the
Suzuki Hensel Hamiltonian to the spin DFT and thus determine the values of the free
parameters A; and B; [18].
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3 Excitons in Cuprous Oxide

The Hamiltonian

H = E;+V + He(pe) + Hu(pn) (3.11)

to describe excitons in cuprous oxide with Quantum Wells is created by simply adding
the infinite potential wells from equation (3.6) to the Hamiltonian (3.2) in the bulk. Now
the Suzuki-Hensel Hamiltonian (3.8) with the parameters characteristic for CuyO from
equation (3.10) describes the dynamics

3
1 3y
Hy(pn) =Hso + 5— (1 + 472)p} 2N CphI?

2my - R2my —
6
= (w11 T} +cp)
(3.12)
6n >
202) ISP — > 1Supt
+ H2me (m + 2n2) L Snpy W2 ; 1901 Ph1
673
" 2m ({phlaph2}<llsh2 + I3Sm) + C.p.>
of the hole (h) in the valence band and
P2
He(pe) = . (313)

describes the dynamics of the electron (e) in the conduction band. Hso corresponds to
the spin-orbit coupling. The potential

1 1

_47reoe |re — 71

V:

+ Ve(ze) + Vi(2n) (3.14)

contains the Coulomb attraction between electron and hole with the dielectrical constant
€0, the permeability € of CuyO as well as the Quantum Wells V,(z.) and Vj(z,). Fur-
thermore, r, and 7, correspond to the position operators of electron and hole with the
corresponding momentum operators
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3.5 Hamiltonian of Excitons in Cuprous Oxide

and

hpd 0 9N
_h 1
Pe=3 <8xe’ Yo’ 8ze> (3.15)
Ry 9 ONT
P = E(axh’ Dy’ 8zh> (3.16)

including the effective masses me = 0.99my and my, = mg/v1, and h corresponds to

Planck’s constant.
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4 Cuprous Oxide in Quantum Wells

4.1 Reduction of the Degrees of Freedom of the
Hamiltonian

Let the CuyO crystal be oriented so that the [001]-axis corresponds to the z-axis. To
reduce the degrees of freedom of the Hamiltonian in the bulk, the full three-dimensional
translational symmetry was used. The introduction of three-dimensional relative and
center of mass coordinates thus makes it possible to reduce the six degrees of freedom
{Ze, Yo, Ze, Tn, Yn, 2n} to three relative coordinates {x,y, z}. However, the introduction of
Quantum Wells destroys the translational symmetry along the z-axis. As a result, the
relative and center of mass coordinates

1
(Xv Y)T =R= M(me(zea ye)T + mh(xh7 yh)T)a

(4.1)
<x7y)T =r= (xe7ye)T - (xh,yh)T

are introduced only in the xy-plane and the z-components are not altered. Note that
M = me + my is the total mass. Thus we define

p=(p1,p2)",
(4.2)

P=(P,R)T

as the corresponding, two-dimensional relative and center of mass momenta in the zy-
plane. It should be noted that the notation via the indices {1,2} for the momenta in
relative and center of mass coordinates on the one hand and holding of the z indices
on the other hand, is used to clarify the difference between bulk excitons and excitons
in Quantum Wells. In order to express the momentum operators occurring in the
Hamiltonian (3.12) by the newly introduced momenta, the chain rule

33



4 Cuprous Oxide in Quantum Wells

Ox; O
. 4.
83@ Z Oxj Ox; (4.3)

well known from differential calculus is used. If equation (4.3) is evaluated for z; €
{Ze, Yo, Tn, yn} and x; € {z,y, X, Y} then we can find a new expression for the electron
and hole momentum

Pha —p1+ 5P
Ph= oy | =1+ 5F],
Phz Phy
(4.4)
De p+ 5P
Pe=|Pey | = | P2+ 552
Dez Pez

By simply squaring, and applying the commutativity for partial derivatives on the
momentum operators, we obtain the quadratic momenta

mMh
p, =p" —25:pP+ M2P2 + D

(4.5)

m
p.=p’+25,pP+ M‘; P’ 412,

occuring in the Hamiltonian and therefore a new expression of the kinetic terms

2 2 2 2 2 2
A Mp P ph, | P
= ) 4.6
2my, + 2me.  2memy, + 2M + 2my, + 2Mme (4.6)

Replace 1/my, by the effective mass 71 /my of the hole in the valence band and further
identify

1 1 M
l:l+_: (4.7)

mo mo Me memy

as the inverse reduced mass. Then equation (4.6) can be expressed as

2 2 02 P2 2 2
ph + pe — ,71p + + phz 4 pez ] (48)
2my,  2me 2mg  2M  2my,  2me
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4.1 Reduction of the Degrees of Freedom of the Hamiltonian

If we include the results from equation (4.5) and equation (4.8) into the Hamiltonian
(3.11), we obtain a representation including relative and center of mass coordinates along
the xy-plane.

v  P* pi, Pl
H=FE, + H
gt Hso+ 2me o0 T omy T om,
1 1

 dmege V4 (ze — )2

+ Ve(ze) + Vi(2n)

277 5 Mh mﬁ 2 2 My mﬁ 2 2
+ %[p1 - 2ﬁplpl + Wpl +p; — Qﬁpzpz + _M2P2 + Pha
372 2 My m% 2y 72
- h2m0 |:(p1 - QMplpl + M2 Pl )Il

2
mny m
+ (p5 — QMpzpz + ﬁng)lg + i, I3
373 my my m? (4.9)
o h2my (p1p2 — MP1P2 - Mpzpl + WP1P2

2
m m m
+ pap1 — —hp2P1 — —hP1P2 + AP P){IL, I}

M M M?2
m m
+ (—papn, + Mhpthz — PhzD2 + MhPQth){[Qy I3}

my mhy
DDl + —— PP, — v+ — P15, T
( PnzP1 v 1Ph P1Pn Mph 1){ 3 1}

2
m m
(m + 2n5) I Sh [pf oM, p 4 T p2

+ M M2

h? mo

2

mny m
+p5—2—po Py + 2

i et pﬁz}
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4 Cuprous Oxide in Quantum Wells

2

612 [ 9 my mi
— —2—p P+ —=
i2my (P2 VAR VE

P21 Sn

2

m m
+ (05 — 2Mhp2p2 + V};PQQ)IZShZ + pﬁzISSh?)]
313 [( LU th+m%‘PP
R2me P1DP2 Mpl 2 Mpz LT it

2

m m m
+ p2p1 — ﬁhpzﬂ — Mhplpz + Mgpzpl)(flsm + I55h)

m m
+ (—paopns + Mhpthz — PhzP2 + MhPQth)(IQSh3 + I35h2)

+ (—Pnap1 + %Plphz — P1Phz + %pthl)(jiﬂshl + I15h3) |-
Due to the increasing length of the Hamiltonian during the following transformations,
it is suitable to divide the Hamiltonian into multiple parts depending on the occuring
operators. Beside the dividing, according to the operators p, p,,, P, the Hamiltonian is
further subdivided by the occurrence of the parameters +; and 7;. The N; terms include
the v; parameter and the M; terms include the 7; parameter. Therefore

> N+ M; (4.10)

represents the kinetic terms of the Hamiltonian. Also notice that the trivial transformation
of the potentials and the constant terms is ignored at first. Thus the separated expressions
of the kinetic terms of the Hamiltonian result in

1 2 3 6
Ni(p) = (G + 2 )p? = Sl (phE + p3) — 1 ({ppeHIL B} ), (411)

3
2m0 mo h2m0 ﬁ2m0

67,
No(p, pns) = hQT:;O ({p%phz}{IQa I3} + {Pue, 1 H I3, Il})7 (4.12)
Yo 2% 3 ) o
N3(pny) = <— — — ]) , 4.13
3<ph ) 2m0 + mo hzmo 3 phz ( )
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4.1 Reduction of the Degrees of Freedom of the Hamiltonian

6v3m
Ni(pas P) = =2 ({Popu} I, I} + {pu PHIs 1Y), (414)
0
1 2v9m? 3yams
No(P) = (57 + oys ) P2 = gy (FLIE + PRED), (4.15)
4vom 6v2m
Ns(p, P) = — WZZ]\;(MR +pa ) + hQZZOA}(plplff + PP 13), (4.16)
1
Ni(pes) = —p2, 4.17
7(Pes) 2. Per (4.17)
67
Mi(p) :hgmo (1 + 2m2) (I - Sn)p® — —hQWQLO (pi11Sh1 + P3125n2)
(4.18)
6
— b {p1, P2} (11Sh2 + 125m1) ),
h2m0
Ms(p, pns) = hQZi ({p%phz}(bshs + I3Sh2) + {Phz> P2} (13501 + 115113))7 (4.19)
0

6
M) = (g (n +2) (T - S0) = 5Ly ) (4:20)
6n3my
Ma(py,, P) = — (P,Z[ffr
4(Pnz; P) 2moM { P2, pns} (125h3 + 135h2)
(4.21)
+ {Pnz, P1 }(I35m1 + 115h3)>7
mﬁ 2 6n2m}21 2 2
Ms(P) :W(m + 2n2) (1 - Sy)P* — W(Pl I1Sh1 + P5 I55n9)
(4.22)
6nsm;
— W{Pb Py} (11She + 1:5m),

and
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2mh

MG(p7P>:—m

(m +2m2)(T - ) (pLP1 + pa )

12172mh
SR P Sk + pePalS 1.3
hszM(Pl 111501 + paPalsSha) ( )

613m
+ e (1P paP) (1 S1a + TaSia).

Now we want to use the introduced center of mass coordinates and the associated two-
dimensional translation symmetry. For this, the center of mass frame is chosen as the
reference frame. In the center of mass frame P = 0 is valid and thus all P dependent N;
and M; terms disappear, which corresponds to an enormous reduction of the Hamiltonian
to

1 1

H =E; + Hyo —
® O Urege VP24 (2o — )2

+ ‘/e<Ze) + Vh(2h>

71 272) 2 3’}/2 ) 919 673 ( )
e T )P W paly) e I, 1
+ <2m0 T mo p h2m0<p1 i +p2l5) R2mg {p1,p2H 1, I}

6
+ hQZiO <{p2,phz}{12, I} + {phs 1 H s, [1})
+ e+ 2m) (- S)p* = 0 S + TS (4.24)

h2mg h2mg L 2
- o <{p1 Do } (11 She +125’h1))

thO ’

6
+ h2773 ({p2>phz}(j25h3 + I35h2) + {Phas D1} (L3501 + 115h3)>

mo

1
T (thO (m1 +2n2)(I - Sn) — h2m0]35h3 +—+—=-—
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4.1 Reduction of the Degrees of Freedom of the Hamiltonian

It should also be noted that the six degrees of freedom {x,y, ze, 2n, X, Y} of the Hamil-
tonian are thus reduced to the four degrees of freedom {z, vy, z., z1,}. Compared to the
excitons in bulk, the introduction of Quantum Wells thus lead to an additional degree of
freedom. If the exciton is described as hydrogen-like, again the degrees of freedom of
the Hamiltonian can be further reduced by exploiting the rotational symmetry in the
xy-plane. However, the additionally considered band structure destroys the full rotational
symmetry, and therefore the degrees of freedom cannot be further reduced. Since the
programme known to us for solving the exciton states was implemented for the hydrogen-
like exciton, and therefore also in cylindrical coordinates, we will nevertheless carry out
a further transformation into cylindrical coordinates. Note that here we again fix the
z-components and perform the transformation only for the relative coordinates in the
xy-plane. A transformation of the two relative coordinates into plane polar coordinates
thus corresponds to a transformation of the Hamiltonian into cylindrical coordinates.
This transformation is well known and we choose

T = pCos o, (4.25)

and

Yy = psin @, (4.26)

with ¢ € [0,27). In order to represent the momentum operators in plane polar coordinates,
the corresponding set of partial derivatives

0?2 9> 900 9 0
— =, = 4.2
<8$2’8y2’8x8y’8x’8y>’ (4.27)
are first represented in the generating set
2 92
(2.0 00 0 oy 2s)
0p?  0¢?" Op d¢’ Op’ Do
Using the chain rule from equation (4.3) again, we obtain the representations
0 sing 0
— = _— - 4.2
5 cosgzﬁap PRTS (4.29)
0 ., 0 cos¢p 0O
— = — 4.30
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0? o, 0>  2cos¢singr 0 0 0 sin¢r 0 0?
5p2 = o8 ¢8p2 + e [a—¢ - 8_,08_¢] + 2 [pa—p + 87&}’ (4.31)
9 ., 0 2singcosr d 0 0 cos’pp 0 0?
o =g los e T U el 49
and
0 0 singcospy , 0 s, 0?1 cos’¢p—sin®or 0 0 0
oyor p? P 0p? pap 8¢2] 02 1J0) + p@p Ogb]‘ (4.33)

Note that taking into account the definition range of the required inverse functions and a
case distinction, the same partial derivatives follow in all quadrants. Also a more detailed
calculation for the determination of the derivatives can be found in the appendix A.2.
With the obtained representations of the partial derivatives, the transformation into
plane polar coordinates can be carried out via matrix multiplication with the transition
matrix Msys. This method was chosen because it turned out to be the clearest for me
personally. The columns of the transition matrix

c? 52 sc 0 0
82 02 SC

ol 5 =% 0 0
SC SC c”—S§

M5><5 — _? T o O O
P P P

2s¢  _2sc s2=c2 s ¢

L p? 02 02 o p -

from left to right correspond to the partial derivatives from equation (4.27), from left to
right. The rows from top to bottom correspond to the partial derivatives from equation
(4.28), also from left to right. The entries of the transition matrix are the corresponding
prefactors of the equations (4.29) to (4.33). The Mj; component thus corresponds, for
example, to the prefactor of the twofold partial derivative with respect to p in equation
(4.31). It should be noted that the abbreviations s := sin ¢, and ¢ := cos ¢ were also
used within the transiton matrix for better representability. The representation of the
Hamiltonian in cylindrical coordinates is done via the generating set from equation (4.28),
with the corresponding coefficients. The searched coefficients are determined via the
transition matrix. Let the row vector be

A5><1 = (AXX7 Ayyu Axyu Axu Ay)T (434>
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4.1 Reduction of the Degrees of Freedom of the Hamiltonian

with entries

h? 372 IS, 672
Ay = —— (7 + 4~ —12 - 2 —I Shi, 4.35
om0 (71 +472) + o (m + 2m) + 19h1 ( )
h 3’72 1S, 675
Ayy = _2m0 (71 + 47 ) 12 mo (771 + 277 ) -+ m—OIQShQ, (436)
673 673
Axy = {[17 I} ‘|‘ (115h2 + I35n1), (4.37)
6273 6@7]3
AX - - m phZ{I37 [1} - _phz<[35h1 + [1Sh3), (438)
0
613 6113
Ay = ——pn A1z, I3} — —Pns (1253 + 135h2) (4.39)
myo mo

given, which contains the coefficients of the partial derivatives in the relative coordinates.
If the transition matrix is multiplied from the left to the row vector AL, , = Ms5x5A45%1,
then the resulting row vector reads

Al5><1 = (Appa A¢¢> quba Apa Aqb)T (440)
with the entries
? 372, 19 2
App = ~ om (71 +472) + —(I cos® ¢ + 13 sin® )
1S, 67)2
- m_(771 +2m2) + —(115111 cos® ¢ + I5Spo sin gb) (4.41)

6 .
+ — sin ¢ cos ({11, I2} + n3(L1Sn2 + I2Sh1)),
0
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h? 32 .
PP Agy = — Q—mO(% + 4y,) + m—o(Il2 sin® ¢ + I2 cos® ¢)

IS 6 ,
o (m1 + 2m9) + Rl (I1Sh1 sin® ¢ + ISy cos® @) (4.42)
mo My

6 .
+ . sin ¢ cos ¢(y3{ 11, I2} + n3(L1.5n2 + 125n1)),
0

6 )
PApe :E(— sin ¢ cos gb(%([f — [22) + 2m2(11.5m — 125h2))
0

(4.43)
+ (cos® ¢ — sin® @) (v {11, I} + 13(11Sh2 + I25m))),
1 h2 3’}/2 ISh
A el A Y 4 e ]’2 2 ]’2 2 et 2
o= [ O+ 00) o+ Z2(E i 6+ T cos? ) = 2 + 2
6772 2 .9 6 .
+ —=(11Sh1 cos” ¢ + I5She sin® ¢ — — sin ¢ cos P(y3{ 11, o}
myg myo
(4.44)
62
+ 13(11.Sh2 + -725111))} — Phs [%(005 d(v3{ls, I1} + n3(L3Sn1 + I1.5h3))
0
+sin ¢(y3{ 12, I3} + 13(125n3 + 135112))] ,
176 . 2 2
Ay :; m_o sin ¢ cos ¢(V2 (17 — 15) — 2n9(11.Sh1 — 155h2))
6 )
— E(COS2 qb — Sln2 QS)(’}/g{[l, IQ} + ng(Ilshg + [QShl))
0
(4.45)
N DPhz

()
P h_mo cos ¢(v3{1a, I3} + n3(12Sh3 + 135n2))

—sin @((ya{Ls, Ii} + n3(L35n1 + 115h3)) |-
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4.1 Reduction of the Degrees of Freedom of the Hamiltonian

The entries correspond to the new coefficients of the partial derivatives in cylindrical
coordinates. Notice that the relation

Po = _ihaa (446)

has already been used. To further reduce the length of the hamiltonian we use the well
known trigonometric identities

sin 2¢ = 2sin ¢ cos ¢, (4.47)

and

cos 2¢ = cos® ¢ — sin? ¢. (4.48)

By rearranging the Hamiltonian in respect to the remaining degrees of freedom and their
corresponding momentum operators, and also including the previously omitted terms

E, + Hgo —  + Vi(ze) + Vilen) (4.49)

we obtain the Hamiltonian H(p, ¢, pp, Dss 2hs Ze» Phas Pess L, Sn) for the exciton in the bulk
and with Quantum Wells along the [001]-axis of the crystal. Compared to the description
in the bulk, as well as to the hydrogen-like description with Quantum Wells, an additional
degree of freedom is preserved. Also included are the six spin degrees of freedom I, S},
resulting from the band structure. Written out, the Hamiltonian results in

1 1
et /7t (e )

H =E, + Hgo — + Vel(ze) + Va(2n)

1
+ [hQ(’Yl + 4d7y2) — 67215 4 20y (11 + 2n2) — 12[35h3]f9121z + %pzz (4.50)

2h2m0

+ [—712(71 +47y2) = 2L8n(m + 2n2) + 672(17 sin® ¢ + I3 cos® ¢)

2ﬁm0
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44

. . 1
+ 1205 (11 Sy sin® ¢ + ISy cos® ¢) — 6sin 2¢(y3{ L1, Lo} + n3(11Sh2 + 125h1)) ;pp

+

F2mg L°° ¢(v3{ L3, I1} + m3(I3Sn + 115h3)

+ sin ¢(y3 {1z, I3} + n3(L25h3 + ISShQ))]pthp

3T .
+ h_ S1n 2¢(’}/2([12 — [22> + 2772(11Sh1 — IQShQ))
Mo

1
—2c082¢(v3{11, Io} + n3(11.Sh2 + 125h1)) 2P

+ cos ¢(v3{I2, I3} + n3(L125m3 + I35h2))

6
h2m0

— sin ¢(v3{Is, It } 4+ 13(I13Sn1 + [1Sh3))] p;zm

+ R () + 47y2) + 218y () + 21m2) — 692 (I7 cos? ¢ + I3 sin® )

2h2m0

— 1205 (1181 cos? ¢ + I5Sha sin? @) — 6sin 2¢(y3 {11, I} + 13(11She + IgShl))] pi

_|_

o [P+ 402) + 218, + 20) — Ga(TEsin® 6 + I cos? 9)
0

. ) 1
_ 12772([15}11 Sln2 (b —+ [25h2 COS2 ¢) -+ 6 sin Q(ﬁ(’}/g{[l, [2} + 773([1Sh2 + IQShl)) Fpi

+ sin 20(Y2 (17 — I3) + 2115w — [She))

3
h? mo

1
—2¢082¢(v3{1, 2} + n3(L1.Sh2 + 125n1)) Eppp(b'



4.2 Discussion

4.2 Discussion

4.2.1 Discrete Rotational Symmetry

To check the obtained Hamiltonian, a test for the discrete rotational symmetry (Cy) of
the crystal is carried out in the following. It should be noted that due to the quantum
wells along the z-axis, the full 3C; rotational symmetry does not exist and therefore the
rotation is only performed in the (z,y)-plane. The transformation

™

(¢,0) = (&' = 5./
(4.51)
o 0 o 0
(_7 _) _><_,7 _,)
¢ 9p”  "0¢" Op
is used. This transformation also affects hole and quasispin
(ZE, Y, Ilv ]27 Shh Sh?) — (y/7 _xlv ]27 _Ih Sh27 _Shl) (452)
and with the known relations of the trigonometric functions
sin ¢’ + g =cos ¢’
(4.53)

cos @' + g = —sind/,

the transformed Hamitlonian (A.4), shown in the appendix results. The different prefactos
of all combinations of momenta remain invariant as if ¢ had been replaced by ¢’ and p
by p'. Thus the invariance with respect to the discrete 7/2 rotation was shown.

4.2.2 Good Quantum Numbers and Outlook for Numerical
Solution

In general, the energy eigenvalues of the Hamiltonian are of particular interest. Using
the bracket notation, the stationary Schrédinger equation

H[y) = El) (4.54)
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4 Cuprous Oxide in Quantum Wells

has to be solved. Let |b;) be the basis of the Hilbert space for square-integrable functions,
then the representation

¥) = Zczwb» (4.55)

results. By multiplying (b;| from the left to equation (4.54) we obtain

(bj| H ) =E(bj|¢))
(4.56)

7

&> (bj|H|bi)e; :EZci(bj|bi).

Since the basis |¢;) is not an orthonormal basis in general, the general eigenvalue
equation

is obtained with the overlap matrix M;;. In order to determine the components H;;
of the Hamiltonian, the basis vectors |¢;) are needed. For this purpose, consider the
degrees of freedom {p, ¢, z., 2n} and the spins {I, S, } of the Hamiltonian (4.50). The
wave function

¢(P, ¢> Zey Zh Ia Sh) = Z cibi<p7 ¢: Zey Zh Ia Sh) (458)

can now be developed via a corresponding basis. However, the effective spin J = I + S},
and its projection M ; are used to replace spin S}, and quasispin I and we rewrite

w(p7 ¢7 Zey Zh, J7 MJ) - Z Cibi(pa ¢7 Zey Zh, J? MJ) (459)

For the approach to represent |b;) choose

|bi) = > CNyNoo N., My T M
Np7N25 ’Nzh 7ML7J7MJ

(4.60)

exp{iM;¢} Bn, (p) Bw., (2¢) Bw., (2n) |, M)
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4.2 Discussion

with the B-spline functions By, (p), By., (z¢), Bn., (21) [8] and the projection My, of the
angular momentum

0
My = —ih—. 4.61

L= —ihy (461)
With the help of the chosen basis, the entries of the Hamiltonian can be determined. The
Hamiltonian, which corresponds to an infinite-dimensional operator in theory, cannot
be realised practically, of course. In practice, the Hamiltonian operator is therefore
represented by a large but finite matrix, which describes the Hamiltonian with a negligible
error.

It should be noted that this approach to diagonalise the Hamiltonian by using B-spline
functions was re-motivated by the preliminary work of Pavel Belov [7] and Leon Kiihner

8]
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5 Summary and Outlook

5.1 English Summary

Excitons, postulated in the 1930s, play an important role in the fundamental research of
optical properties of semiconductors and insulators. While previous research at ITP1
has mainly focused on excitons in the bulk, this bachelor thesis deals with an additional
spatial boundary of the crystal, the Quantum Wells.

The bound states of electron and hole can be described as hydrogen-like in a first
approximation. An already implemented programme serves as a numerical solution
approach for the hydrogen-like description, containing Quantum Wells.

For a more detailed description of the exciton states, however, the crystal structure must
also be taken into account. As a known approach to consider the band structure of Cu,0O,
the Suzuki-Hensel-Hamiltonian is chosen. The free parameters are determined by a fit of
the Hamiltonian to a simulation of the spin DFT. Since the naive diagonalisation of the
resulting Hamiltonian with the already known programme would not provide adequate
computing time, both the programme and the Hamiltonian must first be modified. The
numerical optimisation is applied simultaneously in another bachelor thesis at the ITP1.

This bachelor thesis, on the other hand, deals with an analytical consideration of the
Hamiltonian. The aim is to reduce the degrees of freedom of the Hamiltonian by
using the given symmetries, and thus to minimise the required computing time for the
diagonalisation.

The starting point of the bachelor thesis is the Hamiltonian dependent on the twelve
degrees of freedom {x., Yo, Ze, Tn, Yn, 2n, L, Sn}, in three-dimensional cartesian coordinates.
Although the translational symmetry along the z-axis is destroyed by the introduced
Quantum Wells, it is still preserved within the xy-plane. By introducing two-dimensional
relative and center of mass coordinates within the xy-plane, the twelve degrees of
freedom {z,y, X,Y, zo, 21, I, S} result. The choice of the center of mass frame, as the
reference frame, with Py = Py = 0 reduces the system to ten degrees of freedom

{l’, Y, Zey Zh, I; Sh}
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5 Summary and Outlook

In the case of the hydrogen-like description, the degrees of freedom could be further
reduced by taking advantage of the rotational symmetry within the zy-plane. However,
this continuous symmetry is broken down to a four-fold discrete symmetry by the band
structure. As a consequence, the ¢ dependence of the Hamiltonian is preserved during the
transformation into cylindrical coordinates. The transformation is nevertheless carried
out because of later advantages in the numerical solution. Finally, ten degrees of freedom
{p, b, Ze, 21, I, Sy} result.

The calculation was controlled both via a test of the discrete rotational symmetry and via
Mathematica. As an outlook, a suitable basis for the diagionalisation of the Hamiltonian
was outlined, whereby the choice of the B-spline functions is motivated by a previous
bachelor thesis. In the future, this should enable the numerical solution of the exciton
states with consideration of the band structure, and the spatial restriction by Quantum

Wells.

5.2 German Summary

Die in den 1930er Jahren postulierten Exzitonen spielen eine bedeutende Rolle in der
Grundlagenforschung optischer Eigenschaften von Halbleitern und Isolatoren. Wahrend
sich die bisherige Forschung am ITP1 hauptséchlich auf Exzitonen im Bulk konzentrierte,
beschéftigt sich diese Bachelorarbeit mit einer zuséatzlichen rdumlichen Begrenzung des
Kristalls, den Quantum Wells.

Die gebundenen Zustéande aus Elektron und Loch lassen sich dabei in erster Naherung als
wasserstoffahnlich beschreiben. Als numerischer Losungsansatz der wasserstoffahnlichen
Beschreibung, mit Quantum Wells, dient dabei ein bereits implementiertes Programm.

Fiir eine detailliertere Beschreibung der Excitonzustdande muss allerdings zusatzlich die
Kristallstruktur beriicksichtigt werden. Als bekannter Ansatz zur Beriicksichtigung
der Bandstruktur von CuyO sei der Suzuki-Hensel-Hamiltonian gewahlt. Die freien
Parameter werden dabei iiber einen Fit des Hamiltonians an eine Simulation der spin-
DFT bestimmt. Da die naive Diagonalisierung des resultierenden Hamiltonians mit dem
bereits bekannten Programm keine addquate Rechenzeit liefern wiirde, miissen zunéchst
sowohl das Programm, als auch der Hamiltonian modifiziert werden. Die numerische
Optimierung wird dabei zeitgleich in einer weiteren Bachelorarbeit am I'TP1 angesetzt.

Diese Bachelorabreit beschéftigt sich hingegen mit einer analytischen Betrachtung des
Hamiltonians. Ziel ist es, die Freiheitsgrade des Hamiltonians iiber die gegebenen
Symmetrieen zu reduzieren, und damit die benotigte Rechenzeit zu minimieren.
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5.2 German Summary

Ausgangspunkt der Bachelorarbeit ist der von den zwolf Freiheitsgrade {xe, Ye, Ze, T, Un, 2, I, Su }
abhingige Hamiltonian, in dreidimensionalen, kartesischen Koordinaten. Obwohl die
Translationssymmetrie entlang der z-Achse durch die eingefiihrten Quantum Wells zerstort

wird, bleibt sie weiterhin innerhalb der xy-Ebene erhalten. Durch die Einfithrung zwei-
dimensionaler Realtiv- und Schwerpunktskoordinaten innerhalb der xy-Ebene, ergeben

sich die zwolf Freiheitsgrade {x,y, X,Y, ze, 2, I, Sp }. Die Wahl des Schwerpunktssystem,

als Bezugssystem, setzt dabei Px = Py = 0 und reduziert das System auf die zehn
Freiheitsgrade {x,y, ze, 2n, I, Sp}.

Im Fall der wasserstoffahnlichen Beschreibung kénnten die Freiheitsgrade durch Nutzen
der Rotationssymmetrie innerhalb der xy-Ebene weiter reduziert werden. Diese kon-
tinuierliche Symmetrie wird allerdings durch die Bandstruktur auf eine vierzahlige,
diskrete Symmetrie heruntergebrochen. Als Folge dessen bleibt bei der Transformation in
Zylinderkoordinaten die ¢ Abhéngigkeit des Hamiltonians erhalten. Die Transformation
wird dennoch ausgefiihrt, da die verbleibende Punktsymmetrie den numerischen Aufwand
weiter reduziert. Es ergeben sich schlieklich die zehn Freiheitsgrade {p, ¢, ze, 2n, I, Sp}.

Kontrolliert wurde die Rechnung sowohl iiber einen Test der diskreten Rotationssym-
metrie, als auch iiber Mathematica. Als Ausblick wurde eine geeignete Basis zur Di-
agionalisierung des Hamiltonians skizziert, wobei die Wahl der B-spline Funktionen
durch eine vorherige Bachelorarbeit motiviert ist. In Zukunft soll damit die numerische
Losung der Exzitonzustéande mit Berticksichtigung der Bandstruktur und der rdumlichen
Beschrankung durch Quantum Wells ermoglicht werden.
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A Appendix

A.1 Hydrogen Atom

This section is based on References [13-15].

This section serves for a better understanding of quantum mechanically described bound
states. The exact, analytical solution of the hydrogen atom motivates the physically
interpretable quantum numbers, which are sufficient to describe the bound state. Fur-
thermore, the solution of the differential equations via series expansions and the demand
for normalisable states leads directly to the discrete nature of quantum mechanics. As a
result, we obtain discrete eigenenergies and, especially for the ground state, the binding
energy of the hydrogen atom and the corresponding Bohr radius, which enables a later
comparison with the exciton states.

So before we introduce the excitons, let us take a look at the non-relativistic hydrogen
atom. We consider the reference frame in which the proton rests and solve the Schrédinger
equation for the possible electron states W(r,t). The potential

2

—e
= Al
V(r) pr—p (A1)

is thus independent of time. In order to find wave functions
U(r,t) =Y cathn(r) exp{—iE,t/h}, (A.2)

which satisfy both the stationary Schrédinger equation (2.4) and the non-stationary
Schrédinger equation

9 A
il \If_(—%+v)\p_ﬂxp (A.3)
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A Appendix

a product of a location-dependent wave function v (r) and an exponential function is
applied. The exponential function exp{—iF,th '} describes the development of the
wave function in time. Due to the spherical symmetry of the problem, it is advisable to
continue the consideration in spherical coordinates. Consider the new representation of
the Laplace operator

19,,0 1 /. 0 1o
A = ﬁg(?“ 5) + 7’2 Sin9%<81n9%> + —7“2 sin2987¢2' <A4)

In order to determine the location-dependent wave function, the stationary Schrodinger
equation must be solved in spherical coordinates. A common approach is the separation
of variables ¢(r,0,¢) = R(r)Y (0,¢). When the Laplace operator A is inserted into

equation (2.4), the expression

—_712[Y8<28R> R a< 8Y>

2o\ ar) T rsmaan 050

2m

o (g%ﬂ +VRY = ERY

r2sin® 0

(A.5)

10 ( 2(9R>+2m7“2

< A(r) E[EE v 2 [E — V]}

2
- ¢l (%) * s o)

S 9% + sin29(9f¢2

is obtained. Since both sides of the equation (A.5) have independent variables, A(r) and
B(0,¢) are constant. Choosing A(r) = —B(6,¢) = I(l + 1), results in two separeted
differential equations. The differential equation

10 OR 2mr?
EEQQE) + 2V - Bl =10+1) (A.6)

describes the radial probability density R(r) of the electron. Rewriting the partial
derivatives

(A7)
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A.1 Hydrogen Atom

suggests to substitute further U(r) = rR(r). The equation

2 1 2mkE 2
U ql(l+1) 2m me ] (A8)

dr? r? R 2megh?r
is in the form of a stationary Schrodinger equation with an additional term, which can
be interpreted as a centrifugal potential. Since the differential equation only depends on
one variable, the partial derivatives were replaced by total derivatives. Further replace
r = (4reoh?p)(me®)™, E = (me?)(32n%e3h?)e and write

U 2 U(l+1)
+

—_— —€ — —

dp? p p?

U. (A.9)

A motivation for the form of U(p) is provided by two special cases. For p — oo, equation
(A.9) tends to

d*U
v ~ —eU (A.10)

which is solved via the approach U(p) = Aexp{—p\/—e} + Bexp{p\/—e}. To obtain
bound solutions, let B = 0. For p — 0, equation (A.9) tends to

PU 11+ 1)
7~ U (A.11)

with the solution U(p) = Cp'*!. Note that by considering bound states we choose E < 0
and therefore \/—¢ is real. Introduce a function v(p) such that

U(p) = p*' exp{—pv—€}r(p). (A.12)

The resulting differential equation

& d
pd—p'; F2(l+1— \/—ep)d—: +2(1— Vel +1))r=0 (A.13)

can be solved by the series approach

V—iajpj. (A.14)
=0
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With equation (A.14) and the partial derivatives

dv = = -
o= Zjajﬁ t= Z(] + Dajp’,
dp j=1 =0
(A.15)
v .
i > i+ Dagap’
P =
inserted into equation (A.13) the coefficients
2(—/—€e(j+1+1)+1)
= | = : Al
01 = | G+DG+2+2) | (A.16)

are determined recursively. Consider the asymptotic behaviour of v(p) with the coefficients
aj+1 = 2+/—€/(j + 1)a; for j — co. Assuming that the equation

lim 2+ — 2V e

= , A7
Jj—oo a; ] +1 ( >
is valid for any j, the coefficients result in
2. /=€)
a; = an. (A.18)

J!

If one identifies this expression as an exponential serie,

ag Z @J@p’ = apexp{2v/—ep} (A.19)

follows directly. Therefore v(p), U(r), and finally R(r) would diverge. To avoid the
divergence of

Ry(r) = %pl“ exp{—v—ep}v(p) (A.20)
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A.1 Hydrogen Atom

for large j, there must be a jmax, so that j > jmax implies a; = 0. The condition
Umax + 1 = 0 yields the relation —v/—€(jae + 1+ 1) +1 = 0. Define n := jpax + 1+ 1 to
obtain discrete energy values

B — me? 1 _ —13.66\/.

— — A.21
32mh2eq n? n? ( )

The obtained Bohr’s formula is one of the greatest achievements in quantum mechanics.
Using a semiclassical approach to the conservation of energy

Boalr) = - = P ey ivin), (A22)

32m2e3h?  2mrd  Amegro

with the kinetic energy 7', and the potential V', the Bohr radius

dmeoh?
rg= —7 ~529 x 10" 'm (A.23)

me

can also be determined. Taking into account the termination condition to further
identify

v(p) = Ly, (2p) (A.24)

then the radial probability distribution

!
Ru(r) = cnlp? exp{—\/—e,o}Lilfll_l(Zp) (A.25)

with the normalisation constant c¢,; is obtained.

Li’fﬁ_1<x>=n§1<—1)j< nt! )‘Tj (A.26)

- 1_qi)
e n—1l—1—35) 7!

are the Laguerre polynomials, which represent the remaining exponential terms.

Since solving the angular-dependent differential equations does not yield energy values,
the following solution path is less detailed, but still motivates the occuring quantum
numbers. A separation of the variables Y (0, ¢) = O(6)®(¢) is also used for the differential

equation
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1r1 0/, 0Y 1 0%y
7 a9 (0%5) + g ae) = 10+ D: (A.27)
The separation Y = ®O leads again to two constant terms
o 0 00 d 9?0
- —(sinf—) — ———— = 1)0d
98 5 05) ~ s g (18
(A.28)
sinf 0 /. 00 L, 10°0 9
-5 %<sm9%) —(l+1)sin“0 Y —m

2

that can be considered separately. This time —m~® is chosen as the constant. The

differential equation

0%

for the ¢ dependent part is solved using the approach ® = Aexp{im¢} + Bexp{—im¢p}.
Since ¢ is cyclic (P(¢) = ®(¢ + 27)) and therefore holds the condition exp{+2irm} =1,
m € {0,+1,+2,...,+(l — 1), =1} takes integer values. Due to the selection option for m,
we are free to set B = 0. After a normalisation,

o = \/12_77 exp{imo} (A.30)

results. The 6 dependent differential equation

© 0/. 00 Caa )
_sinQ%(SmQ%> —Il(l+1)sin“0 =—m
(A.31)
1 0,. 00 2
< sin@%(smeﬁ) * (l(l 1) - sin29>@ =0

with the entries sin 6 and sin?# can be solved by a series expansion of sinf and cos 6.
Therefore substitute & = cos# to get

(,%[(1 _ 52)%—(2} n [l(l +1)— OT—ZQ)] 6 =0. (A.32)
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A.1 Hydrogen Atom

Since the differential equation is still difficult to solve, a further substitution

SG(6). (A.33)

is used. It should be noted that this non-trivial and also non-obvious substitution
is a common substitution for advanced differential equation solving. Now the series
expansion

G(&) =) bat". (A.34)

is used. The determination of the coefficients b, can be followed in reference [13], in
section 6.5.2. As before, a termination condition of the coefficients is required to avoid
divergence of the series. The solution

Oun(6) = \/ (2 ;(lll(ln;)!m)!am(cose), (A.35)

contains the Legendre polynomials

1

Pin(€) = 55 (1= €7)

B n al—i—m(éﬁ _ 1)l
20!

e (A.36)

and leads to the spherical harmonics functions Y,,,;(0, ¢). In total, the wave function

Qﬁnlm(ﬁ 07 ¢) = Rnl(r)iflm(e, ¢)7 <A37>

determined by three quantum numbers n, [, m represents the electron state in the hydrogen
atom.
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A.2 Partial Derivatives

Used partial derivatives to transform between Cartesian coordinates (z,y) and plane
polar coordinates (p, ¢).

60

0 O0rxd  0Oyo

o a—p%—l—a—pa—y :cosgb%—i-smgzﬁa—y, (A.38)
0? 0 ., 0 0 ., 0
8_p2 :(cos (b% + sin ¢a—y> (cos ¢% + sin gba—y>
0 0 /. 0
:COS¢[6_x (cos qb%) + %<s1n ¢a—y>]
. 0 0 dyr. 0
+ sm¢[a—y (cos ¢%) + a—y(sm ¢a—y)]
—COS(b[SmQQngLcosqﬁ 0? B cos¢sin¢ﬁ+s_ ¢ﬁg} (A.39)
N ox 0x? P oy m Ox Oy
, sin g cos ¢ O 0 0 coslp 0 ., 02
+sm¢[ p 8$+COS¢8$6y+ p ay+81n¢ay2]
0? o? g 0
= cos? qﬁﬁ + sin? ¢a—y2 + 2sin ¢ cos qﬁ%a—y,
g O0xd 0Oyo ., 0 0
8—¢—8—¢%+a—¢a—y— psmqb@x—l-pcosqﬁay, (A.40)



A.2 Partial Derivatives

82

6752 = (—P sin qzﬁ% + pcos ¢8_y> (—p sin gzﬁ% + pcos gf)a—y)

_ psincﬁ[% (—psin¢%> + %(ﬂcos ¢8ﬁy>}

+ pcos gb[(% (—psin gb%) + (% (P cos gb%)}

sin ¢ cos gb) 0 0?

:—psmcﬁ[(smqﬁcos¢— p %—psm¢@

cos’p ., \ O d 0
+ ( P + sin gb) a—y -+ P COSs ¢£a—yi| (A41)

+PCOS¢[<—COSQ¢—SH§¢> 0 ., 0 0

2

+ (w —sin¢cos¢)(% +pcos<baa—y2

, 0? 02 0
=p? sin? (;5@ + p? cos? qﬁa—yQ — pcos gb%

9 ) . 0 0
_p81n¢a—y—2p SlHQbCOS(ZS%a_y,

R 1 10

ST T Tl A.42
92 "o T 02 T 2 ogr | pop (4-42)

0 90 990

T = cos 0 —Mg
or  0xdp Oxdd op p 09

(A.43)
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(A.44)

~5(5 )55 0

0% 2cos¢sing 0  2cos¢sing 9 9
Dp? p? P p d¢ Op

=cos’ ¢

sin? ¢ a sin® ¢ 02

p 8p+ P2 99

9 _9pd 090 .n(bf%_i_cosgbi (A45)

— =L 42— ,
dy Oydp Oydo p 09

., 0 cosp 0
)(Sln¢8—p+ p @—¢)

0? ., 0 cos¢ 0O
R TR R

0? 0 cosgzﬁ)g cos ¢ 0 8}

=sing|(singp— + | =— + =T
¢[ ¢8p2 (6’,0 p /0¢p p 0¢0p

cosgb[@ 0 9 0 (ﬁcow)ﬁ COS¢8_2] (A.46)

— — 4sing—— + +
o 369 T %60, T \ae  Jae T T, o

., , 0%  2singcosg O  2singcosgp O O
=sin*¢p——s - —" 4 T T -
dp? p? 09 p ¢ Op

cos? ¢ g cos? ¢ 02

) Op 7 O
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A.3 Mathematica Code

88_&2_ ) g cosgf)g z_singzﬁg
dyor ~ody - M8t T, 9608, g
e 0? 0 singy 0 sing O 0O
=sinoleosss ~ (355 )ag 5 500
cospr/ 0 0 o 0 sing\ 0  sing 02
+ P [<8—¢COS¢>a—p+COS¢a—pa—¢—< P )a_(]ﬁ_ P 87452 <A47)

0%  sin®¢ — cos? ¢ i

. cos?¢ —sin’¢ 0 0
= — + ——
sin ¢ cos ¢ 9,7 = 96 5

dp 0p

_ singcos¢ 0 singcosg 0?
p Op pr o 0¢*

A.3 Mathematica Code

Mathematica code for comparsion with the analytical calculation.

pxpx [\ [Rho] _, \[Phi]_]
px[\[Rho], \[Phi]]
pypy [\ [Rhol_, \[Phi]_]
py [\ [Rhol, \[Phi]]
pxpy [\ [Rho] _, \[Phi]_]
py [\ [Rho], \[Phil]

:= (px[\[Rho], \[Phil] [
(#11) &
:= (py[\[Rhol, \[Phi]] [
(#11) &
:= (px[\[Rho], \[Phil] [
(#11) &

n1[\[Rho]_, \[Phil_] := (ail*(pxpx[\[Rhol, \[Phill[#] +
pypy [\[Rhol, \[Phi]]l[#]) -
a2 (ililxpxpx[\[Rho]l, \[Phil] [#] + i2i2xpypy[\[Rho], \[Phil] [#]) -
a3 (pxpy[\[Rhol, \[Phil][#]1))
n2[\[Rho]_, \[Phil_] := (bixpy[\[Rho]l, \[Phil][#] +
b2+px [\ [Rho], \[Phi]][#]) &
mi[\[Rho] _, \[Phi]_] := (ci*(pxpx[\[Rho]l, \[Phi]][#] +
pypy [\[Rhol, \[Phil][#1) -
c2x(ilsl*pxpx [\ [Rho]l, \[Phil] [#] + i2s2*pypy[\[Rho]l, \[Phil] [#]) -
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c3* (pxpy [\ [Rho], \[Phi]][#])) &
m2[\[Rho] _, \[Phi]_] := (di*py[\[Rhol, \[Phil][#] +
d2*px [\ [Rho], \[Phi]][#]) &

al := (\[Gammall’/2/m0 + 2%\ [Gamma]2/m0)
a2 := 3*\[Gamma]2/m0

a3 := 6*\[Gamma]3/mO*i1i2

bl := 6*\[Gamma]3/mO*phz*i2i3

b2 := 6%\ [Gamma]3/mO*phz*i3il

cl := (\[Etall + 2*\[Etal2)/mO*i*s

c2 := 6%\ [Eta]2/m0

c3 := 6%\ [Etal3/mO*(ils2 + i2sl)

dl := 6x\[Etal3/mO*phz*(i2s3 + 13s2)

d2 := 6%\[Etal3/mO*phz*(i3sl + i1s3)

Simplify[ni[\[Rhol, \[Phil]l[\[Psil [\[Rho]l, \[Philll +
n2[\[Rhol, \[Phil][\[Psi] [\[Rho], \[Phil]l] +
m1 [\ [Rho]l, \[Phil][\[Psi] [\[Rho], \[Phi]]] +
m2[\ [Rho], \[Phi]][\[Psi] [\ [Rho], \[Phi]l]]l]
FullSimplifyl[
n1[\[Rhol, \[Phil][\[Psi] [\[Rho]l, \[Philll +
n2[\[Rhol, \[Phil][\[Psi] [\[Rho], \[Phil]l] +
m1 [\ [Rhol, \[Phil][\[Psi] [\[Rho], \[Phi]]] +
m2 [\ [Rho], \[Phi]][\[Psi] [\ [Rho], \[Phil]]l]
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A.4 Symmetry Test

A.4 Symmetry Test

Result of the discrete symmetry test, by inserting (¢, p) — (¢'—n/2, p'), and (I3, I3, Sh1, Sh2) —
(I5, —11, Sha, —Sh1) into the Hamiltonian (4.50)

1 1
Imeo /P + (20 — o)

H =FE, + Hgo — + Ve(2e) + Va(2n)

1
[h2(71 + 47y) — 679215 + 2ISy (1 + 21) — 12135, | pr, + —— D2,

2h2m, 2m.

_|_

2hlm [_h%i +4dy2) — 218y + 2n2) + 672 (13 cos” ¢ + I sin” )
0
+ 121(15Sh2 cos® ¢ + I Spy sin® @) + 6sin 2¢(—y3{Lz, I}

1
— N3(I2Snm1 + ]15112))] ;pp
[ sin oI 1)~ ma(IsSie + LaSio)
H2me s G(—73143, {25 — M3(435n2 + 12013 (A.48)

+ cos ¢(y3{11, I3} + 13(11.5h3 + 135n1)) | Pnapp

31 : 2 72
T [— sin 2¢(v2(13 — I7) + 212(L25n2 — 115h1))

Mo

1
+ 2 cos 2¢(—v3{l2, 1} — n3(L2Sh1 + I15h2)) 2P

_|_

6 :
2 —sin @(y3{11, I3} + n3(L1.Sh3 + 135m1))
0

— COS ¢(—73{13, _[2} — 7’}3([35}12 + IQSh3)>] p;Zp¢
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+

[0+ 4) + 208y (1 + 2) — 6 (I i 6 + 17 cos? o)
0

— 12n9(I3Sho sin® ¢ + I;.Sp; cos? ¢) + 6sin 20(—y3{ls, I1 }

— 13(L2Sh1 + [15h2))}17,2)

+ [52(% + 475) + 2L Sy (1 + 21m2) — 672(15 cos® ¢ + 7 sin® @)

2h2m0
— 1215(15Sha cos? ¢ + ISy sin? @) — 6sin 2¢(—3{ Iy, I1}

1
—n3(L2Sn1 + [1Sh2))} ;pi

+ |:— sin 2¢(—"}/2(122 — 112) + 2772([25h2 — Ilshl))

tho

1
+2cos 2¢(—y3{lo; 11} — m3(L2Sh + 115h2))] ;pppqﬁ

It can thus be seen that a rotation by 7/2 of the Hamiltonian, comparative to its original
form (7?) again yields identical terms. This shows the expected preservation of Cy(2)
symmetry and thus served as the first falsification test for the Hamiltonian.
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