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Abstract

The discovery of a new class of materials, the so-called topological insulators with conducting
edges and insulating bulk, leads to a topological classification of materials with unprecedented
electrical properties. Graphene is a time-reversal symmetric topological insulator exhibiting
the quantum spin Hall effect. This effect can be described by the Kane-Mele model, which
attributes the resulting quantized spin Hall conductance to the existence of helical edge states
localized at the zigzag edges of the graphene honeycomb lattice. A multi-orbital tight-binding
model can be used for the description of edge states in graphene nanoribbons. Such a model
permits to discuss the electrical properties of the edge states in graphene nanoribbons under
realistic experimental conditions, such as a sample deformation, and by considering electronic
interactions in half-filled or doped samples. In this work a mean-field approach is used to
describe the two magnetic phases occurring in half-filled graphene nanoribbons with zigzag
edges. The energy gap of the magnetic ground state and first exited state of a single-orbital
model comprised of the carbon p,-orbitals is compared to that of a multi-orbital model,
which respects the electronic interactions due to the finite occupation of the 3d-orbitals.
A non-magnetic phase is found for different amounts of hole and electron doping and the
qualitative changes due to the inclusion of the 3d-orbitals are examined. The 2s- and other
2p-orbitals of graphene become important when deformations of the honeycomb lattice cause
a coupling of the in-plane o- and out-of-plane m-bands. This leads to a deformation-induced
spin-orbit coupling, which competes with the intrinsic spin-orbit coupling to determine the
spin-alignment of the edge states in bent samples. Using an effective tight-binding model
comprised of 2s-, 2p,-, 2p,- and 2p.-orbitals, this competition is analyzed numerically and
analytically and a dominance of bending-induced spin-orbit coupling over the intrinsic spin-
orbit coupling of the 2p-orbitals is found for moderate bending strengths. A difference occurs,
when this competition is considered in an effective 9-orbital model, additionally including
the 5 3d-orbitals of carbon. The 3d-orbitals couple directly to the 2p.-orbitals due to the
lattice geometry and therefore the intrinsic spin-orbit coupling of the 3d-orbitals has a larger
influence of the spin-orientation of the edge states, than the intrinsic spin-orbit coupling of
the 2p-orbitals. As a central result of this work, the description of edge states in deformed
samples is found to require both o- and 3d-bands. Especially for measuring the strength
of the intrinsic 3d-orbital spin-orbit coupling, a quantity which is not precisely known in
graphene, a better understanding of the processes behind the spin alignment of the edge
states under realistic experimental conditions is of great importance.






Zusammenfassung

Die Entdeckung einer neuen Materialklasse, den sogenannten Topologischen Isolatoren, wel-
ches einen Isolator mit elektrisch leitenden Randzustidnden darstellt, fithrte zu einer topo-
logischen Klassifizierung von Materialen mit beispiellosen elektrischen Eigenschaften. Gra-
phen ist ein topologischer Isolator mit Zeitumkehrsymmetrie, welcher den Quanten Spin
Hall Effekt zeigt. Dieser Effekt kann mittels des Kane-Mele Modells beschrieben werden,
welches die quantisierte Spin Hall Leitfihigkeit der Existenz von helikalen Randzustdnden
zuschreibt, die sich an den Zigzag-Réndern des Graphen Honigwabengitters bilden. Ein Viel-
Orbital Modell stark gebundener Elektronen kann fiir die Beschreibung von Randzusténden
in Graphen Nanoribbons verwendet werden. Ein solches Modell erlaubt es, die elektrischen
Figenschaften der Randzustédnde in Graphen unter experimentell realistischen Bedingun-
gen zu betrachten, wie zum Beispiel Deformationen oder Elektronen-Wechselwirkungen in
halb gefiillten oder dotierten Proben. In dieser Arbeit wird ein Selbstkonsistenz-Ansatz fiir
die Elektronen-Wechselwirkung verwendet, um die zwei entstehenden magnetischen Phasen
in halbgefiillten Graphen Nanoribbons mit Zigzag-Réndern zu beschreiben. Die Energielii-
cke zwischen dem magnetischen Grund- und dem ersten angeregten Zustand innerhalb des
Ein-Orbital Modells fiir die p,-Orbitale von Kohlenstoff wird mit dem eines Viel-Orbital Mo-
dells verglichen, welches auch die Elektronen-Wechselwirkungen aufgrund der endlichen 3d-
Orbital Besetzung beriicksichtigt. Uberdies wird eine nicht-magnetische Phase fiir Dotierung
mit Elektronen oder Lochern gefunden und die qualitativen Unterschiede durch die Beriick-
sichtigung der 3d-Orbitale werden untersucht. Die 2s- und {ibrigen 2p-Orbitale in Graphen
werden wichtig, wenn Deformation des regelméfligen Honigwabengitters ein Koppeln der o-
Béander innerhalb der Graphenebene und der m-Bénder orthogonal zur Ebene verursachen.
Dies fiihrt zu einer Deformations-induzierten Spin-Bahn-Kopplung, welche mit der intrinsi-
schen Spin-Bahn-Kopplung um die Spinausrichtung der Randzusténde in diesen deformierten
Proben konkurriert. Mithilfe eines weiteren effektiven Modells stark-gebundener Elektronen,
bestehend aus 2s-, 2p,-, 2p,- und 2p.-Orbitalen, wird dieser Wettbewerb analytisch und
numerisch beschrieben und es stellt sich die Dominanz der Deformations-induzierten Spin-
Bahn-Kopplung bereits fiir kleine Deformationen heraus. Dies dndert sich, wenn das Kon-
kurrieren der unterschiedlichen Terme in einem 9-Orbital Modell betrachtet wird, welches
zusétzlich die 5 3d-Orbitale von Kohlenstoff berticksichtigt. Die 3d-Orbitale koppeln direkt
an die 2p,-Orbitale aufgrund der Gittergeometrie und daher ist der Einfluss der intrinsischen
Spin-Bahn-Kopplung der 3d-Orbitale grofier, als der der 2p-Orbitale. Ein zentrale Ergebnis
dieser Arbeit ist, dass die Beschreibung der Randzustéinde in deformierten Graphenproben
sowohl o-, als auch d-Béander benoétigt. Insbesondere fiir das Verstédndnis des Einflusses der
3d-Orbital Spin-Bahn-Kopplung, dessen Stérke in Graphen weiterhin schwierig zu bestimmen
ist, ist ein besseres Verstdndnis der Prozesse hinter der Spinausrichtung der Randzustdnden
unter realistischen experimentellen Bedingungen von grofler Wichtigkeit.
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1. Introduction

The development of the band theory of solids [l] in the early days of the formulation of
quantum mechanics [2-4], has provided physicists with an arsenal of new methods to discover
and describe phenomena with previously unknown depth and accuracy. The exploration of
the theoretical framework has lead to understanding a whole range of material classes, such as
superconductors [B, 6] or semiconductors [7, 8], which are still active research subjects today
and enjoy application in many technological areas [9-19]. Despite the great success of band
theory, however, it took almost a century to identify and harness an underlying structure,
hidden in the symmetries of the band structures of solids. It lead to the formulation of
topological band theory [20]. Topology is one of the central branches of modern mathematics
and deals with the classification of sets, by allowing the definition of closed and open subsets
[21]. This has far-reaching consequences, for example it allows to relate different sets with
each other via very general features, the so-called topological invariants. These invariants
depend only on the structure of the sets, rather than the individual objects they are comprised
of. One area for the application of topology is geometry, where topological invariants may
be assigned to manifolds at the example of the Euler characteristic [22], corresponding to
the number of holes of this manifold. A torus, a representative of a manifold with Euler
characteristic 1, is therefore topologically equivalent to a cup, because of their identical
topological invariant. In the same way a ball is topologically equivalent to a bottle, a pretzel
to a t-shirt and the written Arabian number eight to a pair of pants. Both a pretzel and a
t-shirt can be continuously deformed to a flat sheet with three holes, see Fig. . During
this stretching and compressing, the number of holes does not change. Thus the number of
holes can be considered an invariant that identifies equivalence classes of objects.

The key discovery required for the specification of topological band theory was the assign-
ment of topological invariants to the band structure of solids, creating equivalence classes
of their Hamiltonians with gapped and gapless spectra [23]. In this case the phase space
of states of these Hamiltonians takes the role of the manifold and topological invariants are
assigned in a similar manner [24]. In this context they are called TKNN invariant [25] or
Za-indez [26]. The definition of these invariants makes use of the symmetries of the systems,
such as time-reversal symmetry or charge conjugation and differentiate between a topological
and trivial insulator [20].

While Landau theory [27] has provided good explanations for the phase transitions that
were encountered until recently, the discovery of a new kind of phase transition required the
underlying structure given by the topological invariants, which serves as explanation for the
existence of different topological phases. The classical Hall effect was discovered in 1879 by
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FIGURE 1.1.: Both a pretzel and a t-shirt contain three holes and are thus topologically equivalent
to each other, according to the Euler characteristic.

Edwin Hall, who found that a voltage perpendicular to a current within a two-dimensional
conductor is created by a transversal magnetic field [28]. The charge building up at different
edges of the conductor compensates for the Lorentz force caused by the magnetic field and
thus, no topological classification was required for understanding this phenomenon. The
quantum Hall effect on the other hand, discovered by Klaus von Klitzing [29], revealed a
surprising addition to the theory of the classical effect, because at high magnetic fields and
low temperatures, the Hall conductance becomes quantized. An intricate plateau structure
was found, that was astonishingly robust with respect to the geometry or quality of the
sample. The quantization of the Hall conductance by integer multiples of the constant e?/h
lead to precise measurement of the electrical resistance, but required the development of a
geometric interpretation, such that it could be linked to a topological invariant [@]

A theoretical model later proposed by Haldane [@], which exhibits the quantum anomalous
Hall effect, relies on a periodic magnetic field with zero magnetic flux through the unit cell of
graphene. Because it occurs without the splitting in Landau levels, this type of quantum Hall
effect is referred to as "anomalous”. The Hall conductance becomes quantized in this model,
because of broken time-reversal symmetry. Thus, it is a realization of a Chern insulator [@]
and the Chern number in this context is the TKNN invariant. There are different types of
Chern insulators, where the Chern number assumes integer values and other types, where it
assumes fractional values. This results in the integer quantum Hall effect (QHE) [@] or the
fractional QHE [] In both types of Chern insulators the topological nature is manifesting
in a bulk topological invariant and an edge topological invariant, which are identical [20] - a
principle known as the bulk-boundary correspondence [34].

The above types of Hall effects have in common, that they are all related to transport
mechanisms of the particle charges at the sample edges. Another range of effects describe
the spin transport at the edges of a sample and are thus called spin Hall effects [35-37]
in analogy to the classical Hall effect. They refer to a spin current in a system subject
to an electric field [@] This effect can also be realized in two-dimensional semiconductors
and manifests in a vanishing charge Hall conductance, but a finite spin Hall conductance.



The quantum mechanical analogue to the spin Hall effect is the quantum spin Hall effect,
where the spin Hall conductance becomes quantized at low temperatures [39]. Time-reversal
symmetry is required for this effect to occur [40] and since the Chern number is only defined
in time-reversal broken systems, the TKNN invariant has to be replaced by a Zs-index, as
Kane and Mele found out [26, 41]. The model proposed for the quantum spin Hall effect, can
effectively be described by two copies of the Haldane model linked by spin-orbit coupling [31]
- one model for each type of spin. This way the time reversal-symmetry is maintained and the
spin-up electrons feature a chiral integer quantum Hall effect, while the spin-down electrons
exhibit an anti-chiral integer quantum Hall effect - both with opposing TKNN invariant -
and thus the total TKNN invariant is zero. Since this system is time-reversal symmetric, it
is called a topological insulator, rather than a Chern insulator [23, 42, 43]. Bernevig, Hughes
and Zhang have introduced a model, alternative to Kane and Mele, in order to explain the
quantum spin Hall effect via strain in the graphene lattice, which gives rise to an effective
magnetic field [44, 45]. Similar to the Chern insulator, where the Hall conductance can be
quantized according to fractional or integer values, also the spin Hall conductance of the
topological insulator can be quantized in both manners [46-48]. All of the aforementioned
topologically non-trivial insulators have in common, that there exists a metallic state at the
interface to a material with different topological order [49, 50].

The first experimental realization of a topological insulator was in HgTe quantum wells
45, 51] and shortly after, a realization of a three-dimensional topological insulators has been
found in Bi;_,Sb, [52, b3]. These days the quantum spin Hall effect and topological insulator
are studied rather ubiquitously [54, b5]. Additionally, more exotic types of topological insu-
lators are being realized, such as photonic topological insulators [56-b9] or candidates with
exciton-polaritons [60] instead of electrons or photons. Such quasi-particles are a product
of strongly coupled quantum-well excitons and cavity photons, which condense in a chiral
edge mode of a microcavity. A magnetic topological insulator, another type of non-trivial
insulators, but with magnetic order in addition to an intriguing band topology, has recently
been found in the layered van-der-Waals compound MnBiyTey [61]. Topological insulators
are of primary interest in the area of spintronics [62, 63|, because the mechanisms for spin
transport are expected to lead to more efficient electronic devices [40] with much lower power
consumption [64, 65].

Parallel to the discovery and theoretical predictions in the field of topological insulators, a
compound with peculiar characteristics emerged as an interesting research subject [66, 67].
Graphene is an allotrope of carbon, with a two-dimensional bipartite lattice structure known
as the honeycomb lattice [68, 69]. While the initial description of the band structure of
graphite date back until the middle of the 20th century [f0-72] and graphene has already
been theorized at the time [31], it took until very recently to synthesize and measure its
characteristics [73-76]. Graphene has been identified as a candidate for hosting topological
edge states at zigzag edges, because the models for explanation of the quantum spin Hall
effect are based on the honeycomb lattice structure of graphene [26].

In Fig. @ a) the two types of edges for the honeycomb lattice are shown, the armchair
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a) b)

FIGURE 1.2.: a) Zigzag and armchair edges in a flat sample of graphene. b) A graphene nanotube
with zigzag edges.

and zigzag edges. Due to symmetry of the Brillouin zone of graphene, the gap crossing edge
states can only occur at the zigzag-type [[77]. In b) a carbon nanotube with zigzag edge
is given, which is also a candidate for hosting edge states. In this case the curvature of
the system, gives rise to deformation-induced spin-orbit coupling, which competes with the
intrinsic spin-orbit coupling of the carbon atoms and determines the electric properties of
such samples [[7§].

For a realization of a topological insulator, the time-reversal invariant intrinsic spin-orbit
coupling is of significance, because it lends a helicity to the conduction channels, which is
required for the spin transport at the edges [79]. In graphene, the intrinsic spin-orbit coupling
is found to be very small [80, 81], however. Attempts to increase the spin-orbit coupling in
graphene have been made via deformation [82] of the crystal lattice, via hydrogenation [83],
fluorination [84], by plasmonic excitations [85] or by increasing it with proximity effects. For
this the graphene sample is placed on a substrate, such as transition-metal dichalcogenides
(TMDC) [86] or WSy [87].

Ab-initio calculations of the band structure of graphene have revealed that the band gap
of graphene is mainly given by the intrinsic spin-orbit coupling in the d-orbitals. A com-
mon practice is the formulation of a tight-binding model [88], which describes the m-bands
of the hexagonal crystal lattice via nearest-neighbor hopping. The higher-in-energy orbitals
are often times included by next-nearest-neighbor hopping [80], but another approach is the
inclusion of the d-orbital states in the Hilbert space directly. This leads to a multi-orbital
tight-binding model of graphene. It has many advantages to depart from an effective treat-
ment of the additional orbitals, because other influences to the graphene sample, such as
strain and bending of the lattice, can be treated in a direct way, rather than implementing
each effectively. A prime example is the computation of electronic interactions. A multi-
orbital tight-binding model allows the formulation of an extended Hubbard model, which
includes Coulomb interactions due to the additional orbitals. This leads to a more refined
description of the effect of the electronic interactions on the band structure of graphene.
Other methods for the computations of ground states of interacting systems, such as dy-



namical mean-field theory (DMFT) [89], density functional theory (DFT) [90, 91] or the
Green’s function (GF) method for computing the transport properties of graphene [92], can
provide a more accurate picture of the relevance of correlations in the graphene sample. The
interactions are not expected to play a dominant role, however, and therefore the reduced
computational effort of treating the extended Hubbard model in the mean-field approxima-
tion provides more flexibility in the choice of system sizes and is less involved than other
computational methods, which is altogether beneficial to computation speed.

In this thesis a multi-orbital tight-binding model of graphene is formulated with the aim
to compute the magnetic ground state of zigzag nanoribbons under different interaction
strengths and sample sizes. The internal energies of different magnetic phases are compared.
The topologies of the ground state and first excited state are analyzed and the influence of the
Coulomb interaction strengths in different orbitals is discussed. Additionally, a non-magnetic
phase is treated and analyzed with respect to electron or hole doping. The results obtained
from the single-orbital model are compared to those of the multi-orbital model by analyzing
the d-orbital occupation and internal energy contribution due to the more sophisticated
implementation of the Coulomb interaction.

As spin-orbit coupling is a necessary factor for the helicity of the edge states in graphene,
the effect of intrinsic and Rashba-type spin-orbit coupling on the edge state dispersion is
analyzed without electronic interactions and their topology and spin textures are studied.
Deformation of the regular graphene lattice leads to Rashba-type spin-orbit coupling due to
the broken inversion symmetry of the sample. After an understanding of the Rashba-type
spin-orbit coupling both on bulk graphene and on the gap crossing edge states has been
gained, the occurrence of deformation-induced spin-orbit coupling is examined in detail. For
this purpose the multi-orbital tight-binding model is extended to include the sp?- in addition
to the d-orbitals. A perturbative treatment of the intrinsic spin-orbit coupling among p-
and d-orbitals leads to a detailed understanding of the spin-alignment of the edge states in
bent ribbons. Using different bending profiles, localized bulk states are found, which localize
mostly around points of extremal deformation curvature.

Together, the results of the mean-field and spin-orbit coupling considerations lead to a
refined understanding of the topological characteristics of the gap crossing edge states in
graphene nanoribbons with zigzag edges under realistic experimental conditions. This may
help to understand the measurements of edge states magnetic moments in graphene samples,
which is still elusive. It also underpins the importance of the d-orbital intrinsic spin-orbit
coupling in the analysis of deformation-induced spin-orbit coupling, which has not found
detailed consideration in the literature as of yet.

As a first step the origin of spin-orbit coupling is discussed in Chapter E and how it arises
naturally from a fully relativistic treatment of a fermion under the influence of an electric field
via the Dirac equation. In the next step the role of symmetries in crystals is discussed and
how group theory may be used to compute effective spin-orbit coupling terms arising from
specific symmetries. For this k- p-theory is briefly touched. This type of perturbation theory
allows to use symmetry groups to find the relevant states for the description of the dispersion
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relation at different points in the Brillouin zone of solids. Furthermore, Lowdin perturbation
theory is discussed, which permits the reduction of an extended Hilbert space to a subspace
of more influential states, that regard the effect of other weakly coupled states perturbatively.
These theories are then used to discuss two types of effective spin-orbit coupling terms, the
Dresselhaus- and Rashba-type - both arising to different broken symmetries of the crystal
lattice. Lastly the current experimental and theoretical status regarding the analysis of the
spin-orbit coupling strength in graphene is presented.

For the formulation of a multi-orbital tight-binding model of graphene, matrix elements in
the Slater-Koster approximation are derived in Chapter . It follows a treatment of Rashba-
type spin-orbit coupling, as it is arising from the finite overlap of the sp?-hybridized orbitals
and the w-bands as a consequence of the broken inversion symmetry with respect to the
direction perpendicular to the graphene plane. The trigonal warping at the Dirac points of
bulk graphene is a consequence of the Rashba-type spin-orbit coupling. It is discussed by
means of the sublattice spin expectation values, which are tightly connected to the topology
of graphene and encoded in these features of the bulk Hamiltonian. The four relevant states
for the description are then treated analytically with an effective 2 X 2-model, allowing for
the computation of the sublattice spin expectation values and winding numbers. They are
compared to numerical results.

In Chapter Y the properties of graphene as a time-reversal invariant topological insulator
are discussed via the Kane-Mele model. Once the qualities of zigzag graphene nanoribbons
as a model system for hosting helical edge states are established, their dispersion relation is
discussed in the context of a multi-orbital tight-binding model. The influence of Rashba-type
spin-orbit coupling, as well as that of a magnetic field and intrinsic spin-orbit coupling, is
presented by analyzing the helicity and gap crossing behavior of these edge states.

In Chapter f the Coulomb interaction among different orbitals is derived in the form of a
multi-orbital Hubbard model, which is then approximated by the mean-field approach.

The three edge phases are presented in Chapter § and their topological characteristics are
discussed. In a next step the magnetic properties of the antiferromagnetic and ferromagnetic
edge phases are compared and the influence of the nanoribbon size on their dispersion rela-
tions is treated. The ground state in the single-orbital Hubbard model, only comprised of
p,-orbitals, as well as the first excited magnetic state, is obtained. A non-magnetic phase is
analyzed with respect to electron or hole doping. This analysis is then extended to the multi-
orbital Hubbard model, where the effect of additional interaction strengths in the d-orbitals
are examined.

The occurrence of Rashba-type spin-orbit coupling due to the deformation of the regular
graphene lattice in a non-interacting tight-binding model is discussed in Chapter [. The
theory for including distortion of the planar graphene lattice via the Slater-Koster approx-
imation is presented. The tight-binding model is extended to contain sp?-orbitals. Then
deformations with constant curvature along and perpendicular to the zigzag edges are ap-
plied and the effect on the edge state dispersion and band structure is assessed. The spin
textures of the edge states are computed and the alignment of the spin at the edges as a



result of the induced Rashba-type spin-orbit coupling of the sp?-orbitals is compared to that
of the d-orbitals. For deformations with varying curvature, bulk localized states are found,
which occur due to the existence of bending-induced gauge potentials in these ribbons.

In Chapter § the results are summarized and opportunities for future exploration are
stated.



2. Spin-orbit Interaction

2.1. Origin of Spin-orbit Coupling

Spin-orbit coupling is an effect of relativistic origin, which couples the motional degree of
freedom of an electron to one of its intrinsic properties, the spin [93]. Due to the motion of
the electron, static electric fields in a laboratory system are perceived as magnetic fields in
its rest frame. The spin of the electron causes a magnetic dipole moment that couples to
this magnetic field. The atomic or intrinsic spin-orbit coupling originates from the electric
field generated by a positively charged nucleus. Other types of spin-orbit coupling arise due
to electric fields of other origins, such as in a sample that is being placed on a substrate.
This resulting asymmetry of the periodic crystal potential within said sample gives rise to
spin-orbit coupling effects which can be described by the respective point group symmetries
of such external factors [94]. One example is the Dresselhaus-type spin-orbit coupling, which
occurs when a crystals does not exhibit a center of inversion [95]. Another example is the
Rashba-type spin-orbit coupling, occurring when the system lacks a broken mirror symmetry
along a high-symmetry axis [96]. Spin-orbit coupling due to strain of the crystal lattice
or curvature is also possible, both of which may break symmetries in other ways and thus
introduce gaps in the crystal band structure [[78, 82]. In the following, a general introduction
of the relativistic origin and description of spin-orbit coupling is given. It is discussed how
the Dirac equation leads to a spin-orbit coupling term in the non-relativistic Pauli equation.
Then examples of the spin splitting of Rashba- and Dresselhaus-type spin-orbit coupling are
given and their symmetry properties are discussed. Lastly, the current experimental status
of measuring spin-orbit coupling in graphene is described.

2.1.1. Relativistic Description of Spin-orbit Coupling

It is a central result of electrodynamics that an electric field in a stationary frame of reference
induces a magnetic field in a frame of reference with relative velocity. Such a situation arises
when electrons orbit the positively charged nucleus of an atom, such that the nuclear electric
potential induces a magnetic field in the rest frame of the electron, which couples to its spin
[97]. Such an interaction is known as spin-orbit coupling. Generally, a magnetic field B
couples to a particle with the spin S via (98]

A —

H = —jis- B, (2.1)
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where ﬁ’g = —%5’ is the spin magnetic dipole moment, gs = 2 is the spin-g-factor for
the electron and pup = % the Bohr magneton. For an external electric field E in the
laboratory system, the magnetic field B’ in a frame moving with the velocity v, is given in

good approximation by [9§]

B'~—-—0xE, (2.2)

1
2
where ¢ is the speed of light. The spin magnetic moment ﬁ’g is responsible for a torque

7 o= /:js x B = Céf) in the rest frame of the electron. Computing the spin-orbit
rest

coupling strength by inserting Eq. @ in Eq. @ will result in a wrong magnetic field,
because kinematic effects change the apparent spin and magnetic field in the rest frame of
the electron. A vector in a moving coordinate system will appear differently when observed

from different frames of reference, in particular from rotating ones. The spin S of the electron
is such a vector in a rotating frame of reference, which depends on the vector S itself, as well
as the axis of rotation ‘:‘j—‘ The temporal derivatives in the two systems are related by [99]

ds s L3
(:Clt:) = (:(it:) + w X S. (iZ.E})
lab rest

Here, the (%)mst derivative is the change in the rotating rest frame of the electron and the
(%)lab derivative corresponds to that in the laboratory system. The rest frame of the electron
is not an inertial system, because it is orbiting the atomic nucleus and is thus accelerated
in different directions. For any given moment in time, the orbital motion of the electron
with angular velocity & can be taken as a linear velocity ¥ during a time interval dt in very
good approximation [99, 100]. Due to the motion of the electron, ¥ will not be collinear to
the velocity during the following time step. Thus, more than one Lorentz-transformation
is required for transforming from the laboratory system to the rest frame of the electron
and in general, two consecutive Lorentz boosts will not only result in another boost, but
in a boost and a rotation. It is assumed that the relative speed Av of the two rest frames
along the electrons path for each time step is small compared to their speed difference to the
laboratory system. Furthermore, both velocities are assumed to be significantly smaller than
the speed of light. Therefore the angle of the rotation after two Lorentz transformations is
AQ = — (v — 1) 247 [99] and for each time step 6t, together with y ~ 1 + 1o

V2 22

5:3;@xﬂ (2.4)

is the Thomas precession frequency. This is the frequency of the spin magnetic moment
precessing around the magnetic field vector as a consequence of the motion of the rest frame
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of the electron. Following [101], Eq. @ is inserted in Eq. @ and the torque in the laboratory
frame becomes

d§ 2, = m _,
lab

This is known as Thomas precession. The acceleration in the Thomas precession frequency
is expressed as v = & E and thus, even though there is no magnetic field in the laboratory

system, the spin of the electron is subject to a torque 7= <(zlf) with an effective magnetic

lab
field
(2.6)

due the relativistic transformations to a rotating frame of reference. A central potential V(7),
generated by an atomic nucleus for example, causes a radially symmetric electric field E in

the laboratory system, which allows the apparent magnetic field to be characterized by the

angular momentum L of the electron. Substituting cE (r) = —‘fl—vﬁ and the definition of the

angular momentum operator L=7x ]%’ in the magnetic field Eq. @, the interaction Eq. @
becomes

. 1 1dV(M)z &
H= g g LS. (2.7)

h

2.1.2. The Pauli Equation and the Dirac Equation

The Pauli equation is the non-relativistic limit of the Dirac equation [98] and describes part of
the Dirac 4-spinor subject to electric and magnetic fields. It contains the spin-orbit coupling
term Eq. as a natural consequence of the Dirac equation describing a relativistic spin-
1/2 fermion in an electric field, even though this fact is not obvious in the latter. The Dirac
equation describes a fermion, which has the relativistic energy

E? = 2p* + m2ct, (2.8)
where m and p are its mass and momentum, c is the speed of light. For a quantum mechanical
system, a 4 X 4-matrix equation can be formulated, such that it is linear in the 4-component

spinor wave function and fulfills Eq. . Then, each of the spinor components have energies
+FE or —E. The Dirac equation for the wave function |¥) is

<m§t - HD> W) =0, (2.9)

10
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where the Dirac Hamiltonian Hp for a particle with charge e and mass m in an electromag-
netic field, defined by scalar potential ¢ and vector potential A, reads

Hp =cad- (ﬁ'—i— eff) + Bmc? — ed. (2.10)
Here, the 4 x 4 Dirac matrices & = (&, buy, 62)T and /3 are given by

0 o, . oo 0
by = and B = . (2.11)
o, O 0 6o

The components 6, of &, are the Pauli matrices 6., 6, and 6., while &y is the identity
matrix in two dimensions. The doubly degenerate solutions of Eq. with positive energy
correspond to the electron, while those with negative energy to its anti-particle, the positron.
These particles are described by the wave functions ¢ and y for the electron and positron,
respectively, and include an additional degree of freedom, the spin, which arises due to
the four-components of the Dirac equation. Hence, the total wave function has the four
components |¥) = (11,7, X1, xy). For the free particle, neither the angular momentum
operator, nor the spin operator commute with the Dirac Hamiltonian [98]. The sum of

J=258+ E, however, is a conserved quantity, as well as the squares of the individual parts
52 and L2. The Pauli equation, which can be derived from the Dirac equation in the non-
relativistic limit for a particle in a magnetic field, contains a term with these operators.
The Pauli equation only considers the states from the four-component spinor describing the
particle and does not describe their anti-particle counterparts. The two components are
called big and small component of the total wave function |¥). If the small component is
considered non-relativistic, the coupling between both components can be simplified, such
that the equations for both components can be decoupled in second order. Then,

Hplo) = (B —me?) [o) (2.12)

becomes the eigenvalue equation for the large component |¢)) = (¢4,%) and therefore the
Pauli Equation is a 2 x 2-matrix equation. The Pauli-Hamiltonian is given as

Hp = —{(p+eA) - &} - {(p+ eA) - &} — ebo. (2.13)

It can be expressed in a form similar in appearance as the Schrédinger equation

~ 1 2, -\ 2 N eh A=
fp = —(p+eA) —ed) o+ 3. B (2.14)
2m 2m
The magnetic moment coupling to a magnetic field is identified as fig = —%5" and the
last term is of the form of Eq. , but with an incorrect factor. The origin of the spin-orbit

11
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coupling term in Eq. is B=V x ff, which describes a magnetic field in the laboratory
system. In the case of intrinsic spin-orbit coupling, however, there is no magnetic field in the
rest frame, but only the radially symmetric nuclear electric potential. As discussed in the
previous section, the transformation between rotating frames of reference leads to an effective
magnetic field coupling to the spin magnetic moment reduced by half, when compared to that
stated in Eq. . If one would decouple the big and small components in higher order, the
non-relativistic treatment of the Dirac equation would exhibit additional terms and account
for the factor of the spin-orbit coupling term correctly as well.

12
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2.2. Spin-orbit Coupling and Crystal Symmetries

The momentum space of solids is commonly described around high-symmetry points, such
that group theoretical arguments can be used to formulate couplings between groups of wave
functions. They are characterized by irreducible representations of point groups. One such
procedure is the k - p- theory [[7, 102]. With this method the behavior of energy bands away
from high-symmetry points can be obtained perturbatively by considering a fixed crystal
momentum vector k and the momentum vector p. The resulting models can become very
difficult to solve, because at high symmetry points of the lattices, very many states must be
considered, increasing the dimension of the problem. For reducing this complexity, Lowdin
perturbation theory [103] may be used, where the Hamiltonian describing the interactions
among many bands is reduced to a Hamiltonian acting on only a subspace. More weakly
coupled bands are included perturbatively, leading to effective expressions for the description
of spin-orbit couplings in these types of systems. The description of the zinc blende crystal
structure by Dresselhaus [95] via the k- p- method has brought forward a spin splitting due to
bulk inversion asymmetry, called Dresselhaus-type spin-orbit coupling [104]. It is rooted in the
fact that zinc blende does not feature a point of inversion in the Brillouin zone, due to the two
different species of atoms in the diamond crystal lattice Ty. For the wurtzite structure Sheka
and Rashba [96] used the same approach to derive another type of momentum-dependent
splitting, originating from a missing mirror symmetry of the wurtzite crystal lattice Cg,
[105], called the Bychkov-Rashba-type or Rashba-type spin-orbit coupling. Today, spin-orbit
coupling due to structure inversion asymmetry is generally called Rashba-type spin-orbit
coupling [106]. In this section, the symmetry analysis of a Hamiltonian is discussed and
the k - p - method and Loéwdin perturbation theory are briefly summarized. Then, effective
expressions of the Dresselhaus- and Rashba-type spin-orbit coupling are derived.

2.2.1. The Role of Symmetries
Time-reversal Symmetry

This paragraph is based on [34]. The Hamiltonian H is invariant under the operation of
time-reversal symmetry 7 if [20]

JHK)T ' = H(-k). (2.15)

There are two types of time-reversal symmetry in a system with an internal symmetry, such
as the spin, namely with the properties 2 = +1. The case I = —wyK where K is the
operation of complex conjugation, leads to the antisymmetric time-reversal operation with
T2 =_1.Ttis required for the description of spin-1/2 particles [34] and ensures a symmetry
in the energy spectrum of H, also known as Kramers degeneracy [107, 108]. If a pair of
eigenstates of the Hamiltonian is related by the time-reversal operation, it follows from the
antiunitary time-reversal operation, that these two states are orthogonal.

13
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Time reversal symmetry accounts for the invariance of the Hamiltonian under reversal of
the direction of time [109] and thus in the Brillouin zone k — —k. Momenta, which are
invariant under inversion of the Brillouin zone are called time-reversal invariant momenta.
Due to the symmetry of the Hamiltonian, eigenstates related by time-reversal symmetry
have identical energy and thus eigenenergies of the Hamiltonian at time-reversal invariant
momenta are at least doubly degenerate. The spin as internal degree of freedom is also
reversed by the time-reversal operation, such that the Kramers degeneracy for the energy F
and states with spin 1 or | amounts to

E(k)f = E(—k)i and E(k)J, = E(—k)T. (2.16)

If the Hamiltonian is not only time-reversal invariant, but also symmetric under spatial
inversion, the energy spectrum additionally shows

E(k)T = E(—k)T and E(k)¢ = E(—k)i (217)

In that case, all energies are spin degenerate [107]. A class of materials known as time-reversal
symmetric topological insulators, which will be discussed in a later chapter, relate their
topological properties to the conservation of time-reversal symmetry [26, 41]. In graphene in
particular, the intrinsic spin-orbit interaction allows to open a gap in the energy spectrum
at the time-reversal invariant momenta while the Kramers degeneracy is not lifted. The
mirror-symmetry along the out-of plane axis of the graphene crystal structure is the reason,
why the spectrum remains spin degenerate [110].

Point Group Symmetries of Crystal Lattices and their Representations

Before discussing how the knowledge of group theory is used to find models for band struc-
ture calculation, an overview of point groups and their representations is given, which is
based on [111]. A set of elements together with an operation (a product operation) forms
a group, if they fulfill a number of conditions. First, the product of any two elements is
also an element of the group. Second, the product operation is associative. Third, a unit
element exists and fourth, an inverse to each of the group elements as a member of the group
exists. A representation of an abstract group is another group of square matrices, homomor-
phic to said abstract group, such that for each two group elements A and B in the abstract
group, matrices D(A) and D(B) exist with D(AB) = D(A)D(B), where DEAB) is uniquely
determined by the element AB. If there exists a similarity transformationH, which reduces
every element of the representation group to block form, the representation is reducible. The
trace of a representation is called character, which is invariant under a similarity transfor-
mation. If a block within a such matrix or the representation itself is not decomposable¥,

ITwo n x m-matrices F and G are called similar, if there exist an invertible n x m-matrix S, such that
F = SGS™! [[112], relating them by a similarity transformation.

2Relating a representation to a number of irreducible representations, is called decomposition. A represen-
tation can be brought into block-diagonal form, where each block can be treated individually, when its
character is a linear combination of characters for irreducible representations of the group [111].

14
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it forms an drreducible representation. In the analysis of physical models with respect to
their symmetries, the dimensionality of each irreducible representation is connected to the
degeneracy of the energy levels of the system. If a perturbation is applied to the system,
it may cause a reduction of the symmetry and consequently the degeneracy of the energy
levels decreases. It is common practice to list the irreducible representations of point groups
around high-symmetry points in the Brillouin zone for different types of crystal lattices [113,
114]. Graphene has the point group symmetry Dgp, at the I'- and Dsp, at the K-point [115].

Application of Group Theory to the Computation of Band Structures

One of the first to recognize the importance of symmetries in solid state physics was Wigner
[116]. Group theoretical structures are increasingly important when the models for such
systems, i.e. in the computation of band structures, become more complex. The quantum
mechanical adaption of group theory was tightly connected to the development of the theory
of point groups [113, 117]. The more general space groups still find application in the
discussion of band structures in recent times [118, [119]. As recognized in the literature
[120-123], spin-orbit coupling effects arising from specific types of symmetries play a central
role in the description of the energy bands and it can be the source of very complex spin
structures. Therefore, spin-orbit coupling is commonly described by using symmetry analysis
[124, 125], which will be done in the following sections. In this section, a possible formulation
of the symmetry analysis is briefly summarized for the purpose of describing different types
of spin-orbit coupling in later sections. A popular application of the perturbative description
of energy bands in the vicinity of high-symmetry points was done by Dresselhaus, Kip and
Kittel (DKK) [126]. They formulated a k& - p - model for three-bands on the diamond lattice
and obtained the energies in the spinless case for the three degenerate orbitals {dgy, dy., d.}.
The latter form a basis of the F;% irreducible representation of the symmetry group Ty at the
I'-point of the diamond lattice [L02]. The k - p - method starts with the idea that instead of
solving the Schrodinger equation for the wave function 1, g, (r) with band index n and vector
k, the Bloch ansatz v, g (r) = u, k (r) €*7 is made and the problem is rewritten for uy, g (r),
such that the extra terms coming from the exponential part can be treated as a perturbation
[111]. Then, the corresponding Schrédinger equation including spin-orbit coupling has the
formf [03, 1104, 127

Qv

B s e (75 99) + e o] 0= (509 - ) o).
(2.18)

It is defined # = p+ 4720 & x VV, where V (r) is the potential and p = %V is the momentum

operator. The vector ¢ contains the Pauli spin matrices. The last term on the left hand
side of Eq. , %k - 7, is considered the perturbation, which describes how a variation of

3The factor of the spin-orbit coupling is due to the convention in [95] of using &, instead of the spin S = g&.
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k affects the function u,  (r) at the I" point. The expansion can also be performed around
other points kg in the Brillouin zone, by substituting k — k — kg. To highlight the use
of symmetry arguments, the above form of Eq. of the Hamiltonian, without including
the spin-orbit coupling term, can be rewritten into the DKK model [102]. The result is a
second-order perturbation theory formulation in the k - p-method

(rlpillaw)(low|p;|s)
H,.s = (r|H (k — Zk kj Z B B : (2.19)
lLv,a#l

where r and s are basis functions transforming according to the I’;% irreducible representation
of T;. This sum contains the states of the representation « in band [, where v states may be
degenerate with the same energy Ej,. The momentum operator matrix elements (r|p;|lav)
obey certain symmetry relations. Many matrix elements depend on each other and some
are zero, when the A; representation is not being contained in the character decomposition
of their transformation behavior [27]. As a result, all matrix elements can be reduced to a
number of independent ones - three in this case - which are specific to the three-band model
of the diamond lattice. This symmetry analysis and subsequent reduction of complexity
highlights the power of this approach and illustrates why it is widely used for band structure
calculations. By including the spin in the three-band model, it becomes a six-band model
with states in the basis |J, m ), labeled by J = L + S, because neither L nor S is a good
quantum number anymore - as a consequence of the inclusion of the spin-orbit coupling term
in Eq. [102]. The six-band model describes the light and heavy holes, as well as the
spin-orbit split-off bands in diamond below the Fermi energy. It was treated in very similar
fashion by a number of different authors [102, 122, 123, 128, 129]. More elaborate models,
such as the 8 x 8- Kane model or the 14 x 14- Kane model [104, 128, 130-133], are generally
used to describe the bands of a wide range of semiconductors around their Fermi level in
more detail. The group theoretical analysis of graphene with the k - p- method started by
considering graphite [72], because a monolayer of this material was not discovered at the
time and it is still subject of active research [115, 134].

2.2.2. Lowdin Perturbation Theory

In larger Hilbert spaces, where a group of states is only weakly interacting with another group
of states, it can be beneficial to treat both groups separately and include their interaction only
effectively. Lowdin perturbation theory [103] is a method for computing a modified Hamilton
operator acting only on a subspace of the larger Hamilton operator. It separates the whole
Hilbert space into group A, for which the equations are solved exactly, and group B, which are
included as additional interactions for group A. This process is called downfolding and it must
be solved approximately, because it contains the energies of the possibly degenerate states of
A, which are not known prior to solving the eigensystem, but are required for its formulation.
As an approximation, these energies are usually substituted by known expressions, close

16



2.2. Spin-orbit Coupling and Crystal Symmetries

to the actual value. Then, the Hamiltonian for the combined system A + B is expressed
as a Hamiltonian U4, only for the subspace of system A, where B is accounted for via
renormalization, resulting in [103]

Hma 1_5ma Hom 1_5an Hma]-_émaH 1_5(x Hnl_(sn
VA = Hp + 3 ( ) Han ( )Jrz ( ) Hag ( 5) Hpn (1 = dpn)

acB E — Haa a,8eB (E - Haa) (E - Hﬁﬁ)

+...

(2.20)

Here the indices m and n range only over the states of the system A.

2.2.3. Dresselhaus-type Spin-orbit Coupling: Bulk Inversion Asymmetry

Dresselhaus [95] used k - p-theory to determine band splittings of semiconductors with dia-
mond structure due to spin-orbit coupling. First they derived secular equations in the basis
of degenerate unperturbed functions that would transform according to various irreducible
representations of the double point group Ty of zinc blende [122; 123]. In a following step,
the degenerate functions are then subject to spin-orbit coupling, which incorporates the sym-
metry of the lattice by symmetries of its matrix elements. Spin splittings occur when along
high-symmetry lines the previously degenerate functions reorder according to the irreducible
representation of the point groups across the Brillouin zone. The main difference of the zinc
blende structure to the diamond structure is the lack of inversion symmetry, as a conse-
quence of the two different types of elements in the crystal. Dresselhaus found that the lower
conduction band I'g of zinc blende is spin-split by [95, [135]

E = Cok? £ C1[k? (K2k2 + k2k? + k2k2) — 9k2k2K2)1/2, (2.21)
with two material constants Cy and C;. This splitting is the central feature of the linear
and cubic Dresselhaus-type spin-orbit coupling effect and a result of the absence of inversion
symmetry. Using the theory of invariants, one can derive the Hamiltonian for the conduction
electrons [[102, 104, 135] and one can construct the following invariant Hamiltonian in the

{I1),1 1)} space
15 = e ([ka (K2 — k2)] 80 + c.p.) - (2.22)
Here, c.p. stands for cyclic permutation. This Hamiltonian results in the same splitting as

in Eq. . For two dimensions, Eq. is modified by k. — (k.) = 0 and k2 — (k2?) # 0
and by using the notation k4 = k, £ ik, it becomes

R 0 1 (K2 — k%) — k(K2
ch(ic —b 4 ( + ) +< z> ’ (2'23)
by (K2~ R2) — k- (R2) 0
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where b is a material constant. In a two-dimensional system it can be rewritten into the
linear Dresselhaus term [136-140]

HIY = —(k2) (3,k, — 8,ky) (2.24)
and the cubic Dresselhaus term
HEY = koky (kyée — kuby) . (2.25)

These two effective forms of the Dresselhaus spin-orbit coupling are encountered in models
with explicitly broken inversion symmetry in general. In fact, operators invariant under the
Doy point group as in Egs. and are referred to as Dresselhaus-type, because of their
identical transformation behavior.

2.2.4. Rashba-type Spin-orbit Coupling: Structure Inversion Asymmetry

Rashba and Sheka have computed the energy bands of the wurtzite structure and proceeded
in similar fagshion to Dresselhaus and employed k - p-theory to the wurtzite structure point
group Cg, [141]. Only terms ~ k2 in the momentum are retained in the Léwdin perturbative
treatment and the spin-splitting of the 'S valence band becomes [96]

ELQ = akﬁ + bki +ex Ckk”, (2.26)

using constants a,b,e and «, with the in-plane momentum k) and out-of-plane momentum
k1. Then, an extremum of the energy splitting for both solutions is located on a circle with
radius k| ~ |5-]. This feature of Eq. @ occurs in situations, when a crystal exhibits a
single high-symmetry axis of at least threefold rotational symmetry [142]. Let such an axis
be parallel to the cartesian z-coordinate. In a two-dimensional system perpendicular to said
axis, an effective Hamiltonian [[L106]

Hr = a (3 x k), = a(5:ky — 8,kz) (2.27)

can be formulated, which has the same qualitative feature of the spin-splitting discussed
above [[143]. Causes for the Rashba-type spin-orbit coupling can be electric fields [107, [144,
145], which reduce the symmetry of the system, leading to lifted degeneracies [146] as a
consequence of the Stark effect [80]. In graphene, spin-flip terms due to Rashba-type spin-
orbit coupling connect w-bonds, made up of p.-orbitals, which are symmetric along the z-axis,
to the s-, p;- and py-orbitals from the o-bonds. DFT calculations have shown, that the spin-
orbit coupling from the p,- and p,-orbitals is much weaker than that of the d-orbitals [110].
Other DFT calculations have shown, that in-plane deformations may enhance the Rashba-
type spin-orbit coupling strongly [147].
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2.2.5. Symmetry Properties of Spin-orbit Coupling

The Rashba Hamiltonian in Eq. , similar to the linear Dresselhaus Hamiltonian Eq.
, is formulated in a specific coordinate system. In order to discuss such a transformation
behavior, it needs to be known how the individual components transform. This is presented
in the appendix . For a Hamiltonian to be invariant under point group symmetries, it
needs to transform according to the Ap irreducible representation of that groupd. Otherwise,
a similarity transformation may be used to show that the Hamiltonian is not invariant un-
der the point group operations, even if it transforms according to any number of irreducible
representations of that group other than A; [148]. As an example, the rows of the tables
@, and in the appendix may be used to construct Dresselhaus- and Rashba-type
Hamiltonians and possible choices for basis functions are listed there. They transform ac-
cording to the respective irreducible representations. These products of basis functions are
set apart from each other by their transformation behavior according to different irreducible
representations of the corresponding point groups, as well as their specific choice of coordi-
nates. This is generally expressed in the theory of invariants, which constructs interaction
terms according to their transformation behavior [104]. A possible formulation of the linear
Dresselhaus Hamiltonian is 8k, + 8,ky ~ (22 + y?) 2 [149] in a given choice of basis. It does
not transform as a basis function of the A; irreducible representation of the group Dy4. For
this particular symmetry, the group actions are defined in a coordinate system rotated by
45° with respect to the above Dresselhaus-type Hamiltonian. For rotating the Hamiltonian
by 45°, the coordinates need to be changed as k, — k; + ky, 8, — 8, + 8, etc. Then

Syka + Suky — Suks — 8yky, (2.28)

which transforms according to xzyz - a cubic basis function of the irreducible representation
Aq of Dyy. The result has the form of Eq. . The Rashba part in Eq. transforms
according to (:U2 — y2) z. It is a basis function of the irreducible representation A; of the
group C9,. As stated above, terms with similar transformation behavior can be used to
create effective Hamilton operators of the same type, but with different orders in which the
coordinates occur or in different coordinate choices. For example by considering higher-
than-linear orders (as the cubic Dresselhaus term, Eq. ) or by swapping k; < 7.0
and k, <> 0y, with the Pauli matrices in sublattice spin space 6;, the explicit form of the
terms can be changed, while their transformation behavior is maintained. By using the
formulation in sublattice spin rather than momentum, a lower-than-linear order used in
low energy approximation is achieved [150]. For a discussion of the identical symmetry
transformation of these terms, also see appendix .

4The A; irreducible representation is a one-dimensional representation, where the characters of each class of
the group elements are +1.
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2.3. Strength of Spin-orbit Coupling in Graphene

In this section, an overview is given on the status of theoretical and experimental assessment
of the spin-orbit coupling strength in graphene. Today, the spin-orbit coupling gap may be
measured with electron spin resonance, detected via resistivity measurements with graphene
in Hall bar geometry in a magnetic field [151]. The application of a magnetic field on the
carriers in the sample will align the spin magnetic moments to the field direction. If a photon
with an energy matching the resonance frequency starts to interact with a carrier and is thus
allowed to bridge the Zeeman-splitting gap, a spin flip of the carrier can be induced [152].
This spin flip is facilitated by the polarization of the magnetic field vector of the incident
photon perpendicular to the quantization axis of the carriers. Such condition allows for a
finite transition probability to the spin-flip state of the carrier, if additionally the precession
frequency and the photon frequency are in resonance. The sample resistivity is changed,
because holes in the valence and mobile carriers in the conduction band are created by
such an excitation. This measurement technique enables the measurement of the g-factor of
graphene and also the zero-field splitting. Application of this measurement technique results
in direct access of the intrinsic spin-orbit coupling gap, being measured as AE = 42.2(8) ueV
[151], as well as another closely matching result [153]. Van-der-Waals heterostructures may
provide a controlled environment to systematically induce and measure spin-orbit coupling
effects in graphene [154].

The spin-orbit _interaction is responsible for a quantum interference effect, weak antilocal-
ization (WAL) [87, [155-158], caused by self-interference of electronic wave functions along
closed paths [75, [159]. The presence of spin-orbit coupling locks the momentum of a carrier
to its spin. Consequently counter-propagating carriers are phase-locked and prone to de-
structive interference. This suppresses backscattering and results in a higher conductivity at
zero magnetic field [94, 160]. In graphene, the chirality of the charge carriers is responsible
for the phase shift, that would otherwise be caused by strong spin orbit coupling [152]. Thus,
in this particular case, the system exhibits weak antilocalization, despite rather weak spin-
orbit coupling. Weak localization (WL) on the other hand is an effect of similar quantum
mechanical origin as WAL. At low temperatures, the conductivity of a degenerate electron
gas decreases, due to elastic scattering at impurities of the solid, despite the expected in-
trinsic conductivity. This is caused by long-range coherence of electronic wave-functions,
causing constructive interference and an increased backscattering. The consequence is lower
conductivity at zero magnetic field [157, 161]. The difference between WL and WAL is pre-
cisely the phase locking of spin and propagation, in the case of strong spin-orbit coupling.
The strength of Rashba-type spin-orbit coupling in graphene-on-WSs-type van-der-Waals
heterostructures is measured on the order of 5meV [87] or up to 10meV — 15meV [154].
For Bilayer-graphene on WSes, the induced Rashba-type spin-orbit coupling is measured
by Landau level structure obtained from electrical transport measurements and a spin-orbit
coupling strength of around 15(5) meV is found [162]. Another type of spin-orbit coupling,
the Ising spin-orbit coupling [163], is fitted to have a magnitude of 2.2(1) meV in this exper-
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iment. Ising spin-orbit coupling is a type of Dresselhaus-type spin-orbit coupling, arising in
non-centrosymmetric solids, such as monolayer transition-metal dichalcogenides (TMDCs)
[163]. It can be understood as a Zeeman splitting, which preserves time-reversal symmetry,
by exhibiting a spin-splitting of opposite sign on the two valleys in the Brillouin zone [162,
164]. The modification of graphene band structure in heterostructures other than TMDCs
are possible, for example with Pb and Au [165] or Pb and Ir [166], causing a proximity-
induction of the large spin-orbit coupling. In this case, the hybridization of graphene with
the heavy Pb atoms causes a very large spin-orbit coupling strength of 80 meV [165], which
is observed using non-local signals in resistivity measurements and confirmed via WL signals
from fitting to magnetoconductivity data. Other types of metals, such as Cu [167], also result
in proximity-induced spin-orbit couplings of 20 meV.

Other methods for increasing the spin-orbit coupling in graphene may be the preparation
of a sample with adatoms, such as fluorine or hydrogen. In this case, the adatom locally
distorts the two-dimensional structure of graphene, such that the following three-dimensional
hybridization is a direct cause for the increased spin-orbit coupling strength. In the case of
hydrogen it amounts to 2.5meV [83]. For fluorinated graphene, not only the distortion of
the lattice, but also the large spin-orbit coupling of the F atoms themselves is suspected
to be responsible for the 9meV increase of the spin-orbit coupling strength over a pristine
graphene sample or the hydrogenated one [168].

Not only experiments have dealt with the characterization of spin-orbit coupling in graphene,
but also theoretical assessments have been performed. Kane and Mele have estimated the in-
trinsic spin-orbit coupling strength of graphene, resulting in a gap at the Dirac points on the
order of 0.1 meV [41]. By fitting a similar tight-binding model to band structures obtained by
ab-initio computations, spin-orbit coupling gaps of around 1 peV are obtained [81]. For the
Rashba spin-orbit coupling strength for a typical electric field of 1.7 x 107! Vnm™!, these
models obtained 43 peV and 11 ueV, respectively. Other studies have found results for the
intrinsic spin-orbit coupling strength on the order of 4 meV, while the resulting gap at the
Dirac point is 1 ueV [169]. These numbers were obtained by comparing density-functional
theoretical calculations (DFT), featuring the local density approximation of the exchange-
correlation potential, to tight-binding models that include both o- and m-bands of graphene.
In this model, the cause of spin-orbit coupling is attributed to the interaction of the o-bonds
of one atom with the p,-orbital of its neighboring atom. Using other types of DFT calcu-
lations with more sophisticated all-electron potentials [170] instead of pseudo-potentials as
in [169], a value of 50 ueV is obtained [L71], where a stability of the result with respect to
different types of local-density approximation computation is attested. The value for the
spin-orbit splitting of the o-band at the I'-point of 9meV is similar to the one in [169], how-
ever. More rigorous tight-binding model calculations predict a spin-orbit coupling mostly due
to the d-orbitals in graphene, where a gap at the Dirac points of around 23 peV is attributed
to the interactions of the m-band with the d-orbitals rather than to the o-band states [80)].

Other types of spin-orbit coupling can be systematically dissected by symmetry analysis
of the underlying Hamiltonians. In this case, group theoretical arguments for different forms
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of the Hamiltonians are used to discuss a hierarchy of hopping and spin-flipping terms that
could arise in corresponding tight-binding models and exhibit different characteristics.

One type of spin-orbit coupling is the 'pseudospin-inversion-asymmetry’-induced spin-orbit
coupling (PTA) [[124, 139]. Tt is of similar origin as the Rashba-type spin-orbit coupling, com-
ing from a system with broken mirror symmetry along an axis perpendicular to the graphene
plane. However, in rippled graphene, the underlying symmetry group Dsg prevents nearest-
neighbor hopping with a simultaneous spin-flip. As a consequence, only next-nearest neigh-
bor hopping with a spin-flip is occurring, which has a different symmetry than the Rashba-
type spin-orbit coupling and exhibits Cg,-symmetry [124]. By using DFT calculations, the
strength of these types of spin-orbit couplings can also be estimated by comparison to tight-
binding models. This way, the spin-orbit coupling strength of graphene on TMDCs, such
as MOSy and WSey is computed [139]. In this setup, intrinsic spin-orbit coupling strengths
on the order of 0.2meV and Rashba-type spin-orbit coupling of 0.13meV (MOS3), up to
0.36 meV (WSy) are computed, as well as PTA spin-orbit coupling strengths of —2.23 meV
and —3.81 meV. A theoretical observation of adatoms on graphene leads to the conclusion -
again via fitting of a tight binding-computation against DFT computations - that the sp-
hybridization of a hydrogen adatom is the main source for the enhancement of the intrinsic
spin-orbit coupling of graphene [172]. For fluorine however, the hybridization of the fluo-
rine p-orbitals with the carbon p-orbitals is an order of magnitude larger than what would
be otherwise expected for sp3-hybridization alone, because of the strong fluorine spin-orbit
coupling.

Even though much work has been invested so far in the precise determination of the spin-
orbit coupling gap in graphene, a clear and definite answer is yet to be found. While the
overall order of magnitude of the interaction parameter seems to be backed by enough theo-
retical evidence, in experiments, results are still elusive due to the weak spin-orbit coupling
in pristine graphene. Thus, it is expected that in the future different methods of increasing
the spin-orbit interactions will be proposed in order to obtain experimental verification of
various other aspects of spin physics in graphene.
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3.1. Introduction

The band structure computation of solids is a common task in theoretical condensed matter
physics and over time many different methods have emerged [[173, 174]. One of the first
steps towards the band structure computation of graphene were taken with the formulation
of a tight-binding model for graphite [70]. Today, much is known about graphene [88] and
the tight-binding model is used for the description of a wide selection of solids, whereas the
parameters of the model are usually fitted against other first principle calculations [80]. For
the purpose of this thesis, a sample of graphene will be described by a multi-orbital tight-
binding model, which consists of several orbitals per lattice site, as well as a spin degree
of freedom. The zone-folding technique is applied, where a unit cell of several atoms is
considered periodic in one or two directions [88, 175]. Two-dimensional periodic boundary
conditions may be used to describe bulk graphene, whereas only one-dimensional periodic
boundary conditions introduce edges in the system. The dangling bonds of the carbon atoms
at the edges will be assumed to be terminated by hydrogen bonds, similar in electronegativity
to carbon, and therefore the electrons of the sp?-hybridized orbitals do not contribute to the
band structure [50, 176, 177]. Consequently, the electronic states can be separated into in-
plane and out-of-plane states, which do not couple among each other, even at the edges. The
in-plane o-band states are mostly responsible for the lattice geometry, while the out-of-plane
m-band states determine the electronic properties, as long as the hexagonal structure of the
sample is not perturbed. Therefore the 2p,-, 2p,- and 2s-orbitals do not need to be regarded
for most computations discussed in this thesis. For the description of external factors, such
as an electric field, which may lead to Rashba-type spin-orbit coupling, the sp?-hybridized
orbitals become relevant, however. In order to reduce the number of orbitals in the model,
an effective term describing the Rashba-type spin-orbit coupling originating from an external
electric field will be introduced, because it may describe the effect on the m-bands accurately,
without the required complexity of the added o-states in the system. On the other hand the
higher-energy d-orbitals are important for spin-orbit coupling effects. This will influence the
electronic properties of the m-bands and therefore the d-orbitals are included in the tight-
binding model without making use of effective terms. Graphene nanoribbons with a zigzag
edge are metallic in general, because of the flat bands crossing the gap, which belong to the
states residing at these edges. Bulk graphene is a semiconductor with a tiny gap arising from
intrinsic-spin orbit coupling that is easily overcome by doping [80, 178].

A multi-orbital tight-binding model in the mean-field approximation provides a flexible
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method, such that many of these features may be obtained accurately [179].
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3.2. Definition of a Multi-band Tight-binding Model

3.2.1. The Geometry of Graphene

Graphene is an atomically flat two-dimensional allotrope of carbon, which forms a hexagonal
lattice structure via sp?-hybridized orbitals. Carbon has six electrons, where two electrons
are contained in the 1s states and the other four in the 2s and 2p-orbitals. In the sp?-
hybridization, the 2s-, 2p,- and the 2p,-orbitals form three bonding and three anti-bonding
o-orbitals, that extend in 120° angles in a plane from each atomic site. The electrons in the
inner-most shell, the 1s state of carbon, are not influenced by the hybridization and therefore
each atom contributes three electrons to the three sp?>-hybridized orbitals, filling the o-states.
Then one electron per atomic site is left, which occupies the next energetically low-lying p.-
orbitals. Thus graphene has half-filled m-bonds. Due to symmetry, the p.-orbitals do not
interact with the orbitals forming the o-bonds. The resulting lattice structure is the so-called
honeycomb lattice, which can be described as two super-imposed triangular lattices. In the
following it is considered a triangular lattice with a two-atomic basis, such that each atom
in graphene can be attributed to either sublattice A or B. The resulting structure is shown
in Fig. Ell a) with the two sublattices displayed in black and red. Then the Bravais lattice
is spanned by the vectors

a1 = v3a(1,0) as = \/3& (1, \/3) : (3.1)

where a = 1.42nm is the lattice constant of graphene [69]. The vectors pointing from one
site to its nearest neighbors are denoted by the vectors

o =1 (v3.1) 62 =1 (-v3.1) 85 =—a(0,1). (3.2)

The two atoms in the unit cell are non-equivalent, and consequently the resulting Brillouin

zone also exhibits a triangular shape, with two non-equivalent so-called Dirac points. These

@ints coincide with the crystallographic K and K’-points of the honeycomb lattice, see Fig
b).

3.2.2. The Tight-binding Approximation for a Single Band

The general assumption of the tight-binding approximation is that electrons in the crystal
are tightly localized around a specific atomic nucleus, while they interact with the nuclei of
the surrounding atoms perturbatively [93]. Let the atoms be located at positions R, then
the Hamilton operator H for an electron is expressed as

p2 /
H:2m+§v(r—R) (3.3)
=Hr+ » V(r—R/), (3.4)
R'#R
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FIGURE 3.1.: a) The honeycomb lattice of graphene with two super-imposed triangular lattices A and
B and the lattices vectors. The primitive two-atomic unit cell is marked in gray. b) The dispersion
relation of graphene around the Fermi energy F = 0.

where the second part of the sum in Eq. @ is the perturbation to the atomic Hamiltonian
Hg, due to the crystal lattice surrounding site R. This problem can be solved, when a
localized basis at each atomic site is considered, such as the localized Wannier states [@]
Then the tight-binding model is described by a transition matrix element ¢, the hopping, from
one site to one of its neighbors. Due to the strong localization of the basis states around
a specific lattice site, it is a valid approximation to only consider nearest neighbor-hopping
matrix elements. Matrix elements among sites located further apart are considered to be
negligibly small. As an approximation to the localized Wannier states, atomic orbitals ¢, (r)
with a set of quantum numbers n are often used [@, @, ] In the atomic orbital basis,
states located at different lattice sites are not orthogonal, in contrast to the Wannier states,
such that the finite overlap among these basis states must be respected during the solution
of the eigenvalue problem. Comparisons of the tight-binding model with DFT computations
have shown, however, that this overlap may be neglected for the low-energy description of
graphene [@] Thus a single-orbital tight-binding model in real space with atomic orbitals
as basis states may be formulated as [@]

3

H=tY"Y ahbrss, +hec., (3.5)
R i=1

where the operators d;{ and Bk +s, create an electron in the unit cell at position R and

R + §; and their adjoint annihilates an electron at these positions. They satisfy the fermion

anticommutation relations, respectively [@] The coordinate system has been chosen as in

Fig. @ a), such that each R coincides with the lattices A. The transition matrix element ¢
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for nearest neighbors is usually obtained from fitting the tight-binding model to experimental
data [88]. Most of these results are on the order of |{| = 3eV and this value will be used
throughout this thesis [150]. The tight-binding model may also be used to fit a larger portion
of the Brillouin zone, but then next-nearest-neighbor hopping must be included for more
accurate results. This description will be extended towards a multi-orbital tight-binding
model and only a nearest-neighbor approximation will be used. For the representation of
the Hamiltonian in reciprocal space, the creation and annihilation operators in Eq. are
Fourier transformed via [50]

- 1 ikR A ; 1 ikR A
R = — e o bR = — e 3.6
R= % Zk: Kk R= % Zk: B (3.6)

and the corresponding creation operators in analogy. The number of unit cells is given as
N. Then a single-band tight-binding model in reciprocal space at point k can be formulated,
resulting in [50, 80, 93]

3
He=t) e %l B +hec. (3.7)

i=1

3.2.3. The Low-energy Description of Graphene

From the single-band Hamiltonian in Eq. @ one can obtain a 2 x 2-model in the basis of
the A and B sublattices, by first rewriting the sum of phase factors Z?:l e~k in terms of
the lattices vectors a; and as, such that

i =14 Koz 4 pmik(az—an) (3.8)

can be defined. The phase due to =% can be absorbed into the creation and annihilation
operators. Then the Hamilton operator can compactly be written as

O *
He—t el (3.9)

M O

The basis states are those states located at the two sublattices A and B. Solving Hy in the
Brillouin zone results in the dispersion relation depicted in Fig. El! b). This model is a good
approximation around the two Dirac points, the points where conduction and valence band
become degenerate. Thus, Eq. can approximated by a low-energy description, applicable
for the close vicinity of these points. For that, v is approximated around the Dirac points
KO = (i%, 0), resulting in the low-energy Hamiltonian

Hy = —vph(#:64ke + 6yky). (3.10)
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Real-valued Functions Rl)‘ Complex Functions ¢* | Linear Combination
s = ﬁ s = ﬁ Yoo= s = YOO
D: = %f Po = %f Yio= p. = Y
Pz = \/zﬂ% p-1= % %(x;iy) Yin= p. = \/%(Yfl - Y
Py =\/ir+ p=—J5/£S | via= p = z\/g (V' +Y)
de =\ (3zi;’"2) d= ) | we= da = W

de = V2[5 d = —Vé\/mzﬁ e I yvi= de = (L0510
dyz = V12 16537r i d1 =6 167r « r;y)z Yoo1= dy: = Z\/g (Y{l +Yy

o= v/ ey = 3T | Yaa= dep = (L0524,

duy = V12 lgw il d—2 = \/>\/16>7r = ly Vo, 0= doy = Z\/g (Y2_2 — Y7

TABLE 3.1.: Real and complex valued atomic orbitals [181]. The cartesian wave functions are real-
valued functions and denoted ’RIA(.’I;) := Y}, and identified with the naming convention p,, d,, etc.
The conversion to the complex spherical coordinates ¢]"(x) := Y™ as eigenfunctions to the angular
momentum operators L2 and L, with quantum numbers [ and m are given. The spherical harmonics
are defined in Eq. m

The components k, and k, are regarded in close vicinity to the Dirac points via the approx-
imation k ~ K() + (kg.k,). The constant vp = —310 ~ 1 x 105ms~! is the Fermi velocity.
In order to write Eq. , the valley isospin 7, = 41 is introduced, which specifies the Dirac
cone for which the Hamiltonian is formulated, as it is originating from the relative sign of
K and K'. The two sublattices obtain a sublattice spin ¢, = £1, compactly expressing the
two-dimensional basis from Eq. @ for states at lattices A and B. The physical description
of the sublattice spin is different to that of the real spin §, because of its transformation
behavior [180]. For details regarding the transformation of real and sublattice spin, refer to
the appendix

The Slater-Koster Approximation

The Slater-Koster approximation [182] reduces the computation of matrix elements of neigh-
boring sites among different orbitals to a geometrical problem. In this approximation, the
interaction matrix elements are reduced to two-center integrals, which only depend on the
relative displacement of the atomic sites in the model. These expressions are then formulated
via polynomials in the displacement vectors and material-specific constants. The symmetry
of the d-orbitals requires several material parameters in order to correctly account for their
relative orientation. The contribution from the d- to the p.-orbitals is mediated via Vpgr,
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while the d-orbitals among each other couple via Vs and Vg, [80], shown in Fig. @ a). A
choice of basis states widely used in tight-binding computations, due to their alignment along
the cartesian coordinate axes, is the real-valued cubic harmonics Rl)‘ (x) := Y [181]. In this
definition the index A denotes the different orbitals for each angular momentum quantum
number [. The Slater-Koster approximation makes use of the symmetries of the spherical
orbitals and relates them to the matrix elements of the cartesian orbitals. The radially sym-
metric and complex spherical harmonics ¢" () := Y, have the angular momentum quantum
number [ and its z-projection m. There are different conventions found in the literature re-
garding the complex phase of the orbital wave functions and two sets of wave functions are
stated in Tab. . Matrix elements between the real-valued orbitals are computed by first
expressing the real valued orbitals as linear combinations of complex ones. This is done via
a unitary transformation Upy,, such that

(UinaR) (@) = 3 bhos (tmn) " (), (3.11)

where appropriate and site-dependent coefficients bﬁn)\([mn) are defined. Uy, and these
coefficients depend on the local coordinate system at each lattice site. The three indices
Imn are the so-called directive cosines, which define a vector spanning in the direction from
one site to one of its neighbors with unit length, see Fig. b). The two vectors of each
tripod, tangential to the graphene plane, are obtained by fixing the direction from a site
to one of its nearest neighbors by the vector d = (I,m,n). The other tangential vector is
perpendicular to that direction and the normal vector is perpendicular to both tangential
vectors and parallel to the surface normal. This tripod defines the local coordinate system
at each site and the x-axis is given by the direction of d. Using the above considerations
the interaction of a cartesian orbital A with quantum number /; and at another orbital v at
distance R with Iy is given by [183]

min(ly,l2)

(Rh @+ R)V @+ R) R, @) =2 > O, {Re |}, (mn)bfz, (mn)] ), (3.12)

m>0

where V(x + R) is the crystal potential of the atoms surrounding site v. In this definition
Oy, are the material parameters in the two-center approximation - e.g. O, = Vpdr - stated
by the matrix elements using the complex atomic orbitals,

8ipO%, = (¢} (® + R)V (z + R) ¢ (x)) . (3.13)

Thus, each interaction matrix element is reduced to a polynomial of the coefficients arising in
the unitary transformation between the real and complex valued atomic orbitals. The matrix
element connecting the p.-orbitals on two neighboring sites becomes independent of direction
of the relative displacement, due to the radial symmetry of the p,-orbitals. However, the
material parameter Vj,r in the corresponding matrix element may change, if the relative
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FIGURE 3.2.: a) The interactions among p, and d-orbitals stated as the material-specific Slater-Koster
parameters. b) A hexagon of the graphene lattice in curved space with a tripod of local coordinate
axis shown for each site.

distance of neighboring atoms deviates from the lattice constant a. Such a situation would
describe strain in graphene, which will not be considered in this work. The interaction
parameter V. directly relates to ¢ in the single-band model Eq. @ Polynomials for the
interaction of p,- and d-orbitals for the case of a flat graphene lattice can be found in the
literature [@} Slater-Koster parameters specific to graphene can be found in [@, @] and
given in Tab. .

3.2.4. A Multi-orbital Tight-binding model of Graphene

For a multi-orbital tight-binding model, the basis of the Hamiltonian in Eq. @ is extended,
such that states with different quantum numbers are included for each site. In that case,
hopping among nearest neighbors is possible in a variety of ways, depending on the orbital of
the two sites in each case and their relative orientation. Consequently the transition matrix
element is written with indices o and v for the atomic orbital basis states p., dy., dy., dzy,
dy2_y2 and d,2 [] Due to orthogonality of the basis states, no hopping among different
orbitals on the same lattice site is possible. Thus, transitions between these states are not
given unless spin-orbit coupling is also considered, which will be discussed in the following
sections. In that case real spin degree of freedom will also be required. As discussed above,
computing the hopping matrix elements among the d-orbitals, requires the displacement
vector from one site to the next. The tight-binding Hamiltonian for the multi-orbital model
in reciprocal space is formulated as [@]

3
Hy = > Eudu (6ol + BB + D0 e ke (8, /a)ag B + hec. (3.14)
Iz pr i=1
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FIGURE 3.3.: a) An example of the numbering of the sites of the tight-binding model. The rows are
labeled 1 to N and there are four columns. This results in a rectangular unit cell. b) Low-energy
spectrum of the tight-binding model around the two Dirac points. The band gap at the Dirac point
is overemphasized.

It is important to note, that t*(8;/a) is used for a transition from one site to the neighboring
site displaced by &;, whereas t*¥(—4d;/a) is used for the opposite direction. The lattice
constant is denoted a as in the previous case. Additionally the energy of the p,-orbitals is
fixed as E, := 0eV and the energy of the d-orbitals as Ey := 12eV, see Tab. @ This energy
is included as on-site contribution in Eq. m for the d-orbitals of each sublattice separately.
The tight-binding model will be used to describe edge states in the following chapters and
a larger unit cell comprised of more than two sites will be employed. The geometry used
in the model is depicted in Fig. a). It consists of N rows of atoms, arranged with two
zigzag edges at the top and bottom of the ribbon. The number of columns will be set to 4,
but it can be extended if needed. Furthermore, the tight-binding model includes periodic
boundary conditions along the z-direction, parallel to the zigzag edge. The Hamiltonian of
the nanoribbon with zigzag edges, which is used in this thesis, is given in the appendix, see
Eq. @ For the description of bulk graphene the periodic boundary conditions can also be
closed along y, such that the Hamiltonian in Eq. leads to Eq. . The two-dimensional
dispersion relation obtained from Eq. is shown in Fig. @ b). Here the rectangular
shape of the unit cell is reflected in the shape of the Brillouin zone and only two Dirac points
are depicted. Per site there are a total of 12 states, one p,-orbital and the five d-orbital
states, each with two spin components. Due to their symmetry, only the d,.- and d,.-states
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Vpp7r Vpdrr Vddﬂ' Vdd§ Vppa Vpdo Vddo Ed Ep
—3eV | —0.69eV | —0.3eV | 2.25eV | —8.1eV | 3.6eV | 3.3eV | 12eV | 0eV

TABLE 3.2.: The tight-binding parameters for graphene as used in the Slater-Koster approximation.

couple to the p,-states. The energetic separation of the d-orbitals from the Fermi energy
by 12eV, causes them to be only sparsely populated. Even though the intrinsic spin-orbit
coupling, as will be discussed in a later section, couples various d-orbitals with each other, it
is advantageous to only consider the d,.- and d,.-states in the calculations. The occupation
of the dy2_,2,dsy- and d 2-orbitals arising only due to intrinsic spin-orbit coupling can be
neglected, because their inclusion does not affect the numerical results of the band structure
at the Dirac- or I'-points on the peV-scale.

The Density of States

The density of states is an important quantity for determination of the electric properties
of solids. For each k-value, the spectrum of the Hamiltonian is computed and the number
of energies that are located in a specific energy interval is counted. This binning procedure
is using Gaussian bins, that have a small width, such that they approximate J-distributions
[184]. By choosing wg = 1 x 1073t and sampling the energy range in steps of 1 x 1073t the
association

1 _(E*Ei>2

(E — E;) ~ ——e g (3.15)
,/277(,0%

is used. The index i covers the states of the Hilbert space and k the different points of the
reciprocal space. Due to finite k-space sampling, the discrete nature of the energy bands is
depicted as small variations in the density of states. The density of states is defined as

1

E) =
p(E) N,

> (B — Epy), (3.16)
i

but system sizes with N > 40 rows have shown to not display the aforementioned variations
anymore, see Fig. , for a non-interacting system with N = 40 and d,.- and d,.-orbitals
and one-dimensional closed periodic boundary conditions parallel to the zigzag edge. The
edge states close to F = 0 result in a pronounced peak in the density of states. For the results
presented in this thesis, the reciprocal space is sampled by 801 points within [—%T, %’r) for
practical reasons, because the number of states becomes very large, especially if d-orbitals

are considered.
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FI1GURE 3.4.: The density of states p for the energy F in units of ¢ for a system with one-dimensional
periodic boundary conditions along the zigzag edge with N = 40 and d,.- and d,.-orbitals. A peak
around E/t = 0 originates from the states localized at the sample edges.

3.3. Intrinsic Spin-orbit Coupling

The derivation of the intrinsic spin-orbit coupling interaction in matrix representation is
similar to [80, 82]. From the solution of the angular part of the Schrédinger equation for the
hydrogen atom, the spherical harmonics may be obtained, which will be used here. These
are given in the Condon-Shortley phase convention [[185, 186] as

(2014+1) (I —m)! 4
1" (0,9) \/ matmn (cos 0) ™, (3.17)
where the associated Laguerre Polynomials are defined by [187]
m R oyms2 A, !
P (z) = 571 (1—a%) T (22 —1)". (3.18)

The Y, (6, ¢) are eigenfunctions to the L% and L, operators with eigenvalues ﬁz}/lm =
hmY,™ and ZALQYY” =hA(+1) Y™, as they have been used in Sec. . In this basis, the
spin is included via direct product, e.g. |p.,T) = |p.) ® | 1), etc. For an angular momentum
operator J, the matrix elements in the basis |7,m) are derived [188] via

. . . Jy+J_ .
<]/am/|Jx|]7m> = <],7m,‘+T|jam>
h ) .
= 51855 0m a1 [ = m) (G +m + 1))/
+0550mrm1 [ +m) (j — m + 1))/} (3.19)
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3. Tight-binding Model

and with

P g oy —dJo
<]/am/“]y’j7m> - <Jl7m/‘+T|jam>
h . .
= 5 870 1 [(G = m) (G +m + 1))/
= 0301 (G m) (f = m+ 1)/} (3.20)
Using Egs. and m and the elements of the Hilbert space |l,m) on the space of the

[ = 1 quantum number, the different parts of the operator L are derived as

0 vV2 0 0O 0 0 10 0
Y=o o 2 L~=[v2 0o o L.=|o 0o o (3.21)
0 0 0 0 V2 0 00 —1

and for the spin g, they are the Pauli matrices 5., 3, and 5,. Using Eqgs. and , the

Hamiltonian for the spin-orbit coupling can be written in terms of the ladder operators

LTS+ L=8*
2

- —

+ LS] : (3.22)

In atoms, the cartesian atomic orbitals p,, p, and p. may be expressed via the complex
spherical harmonics [181], which were discussed in Sec. @ and stated in Tab. @ They
are no eigenfunctions of the angular momentum operator L. If the linear combinations in
terms of the spherical harmonics are respected, the representation of the spin-orbit coupling

operator in the basis {|pa€7 T>7 |paf?7 \L>7 ‘pya T>7 ‘pya \L>7 ‘pZ7T>7 ’p27 \l’>} is [80]

0 —is, g,
Hioe =6 | is. 0 —ig (3.23)
s, & 0

and in the same compact notation, in the basis of directed d-orbitals with both spin com-

ponents and ordered as {dyy,d,2_,2,dyz, dy.,d,2}, the intrinsic spin-orbit coupling operator

s
becomes
0 205, —id, i3, 0
—2i5, 0 i3, i3, 0
HSoe =6 | is, —ig, 0 —is.  iv/35, |- (3.24)
—i8, —i&, i3, 0 —iV35,

0 0 —iv33, V35, 0
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3.3. Intrinsic Spin-orbit Coupling

Here the parameters for the spin-orbit coupling strengths are denoted &, and &g, respectively.
Due to the term 4;;, in Egs. m and , there is no spin-orbit coupling matrix element
between [ = 1 and l = 2 states. In order to discuss the splitting of the w-bands at the Dirac
cones, the intrinsic spin-orbit coupling Eq. , is reduced to a low-energy form, on the
basis {|A 1),|A 1),|B 1),|B J)} of the p,-orbitals. In analogy to the Rashba Hamiltonian
Eq. ﬁ, it leads to the form [26]

HSOC = gdfzgza'z (325)

This reduced form of the intrinsic spin-orbit couphng Hamiltonian may be used to compute

pd7r

the gap at the Dirac points and a gap of 2A\; =9 §d = 26 peV is obtained for a parameter

of £, = 0.8meV [B0].
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3. Tight-binding Model

3.4. Rashba-type Spin-orbit Coupling

Rashba-type spin-orbit coupling originates from breaking the mirror symmetry along an axis
perpendicular to the graphene plane, which has at least three-fold symmetry [106]. Such
a_structure-inversion asymmetry leads to a form of spin-momentum-locking [142, 145, [189,
190], resulting ultimately in a spin-orbit coupling term of the form Eq. @ This spin-
orbit coupling causes a so-called trigonal warping, an effect that splits each Dirac cone at
the K and K’ point into 4 distinct cones. Before this particular effect of the Rashba-type
spin-orbit coupling is discussed in the following sections, an effective term in the low-energy
representation is stated. In the basis of directed orbitals in spherical coordinates the Stark
effect, due to an electric field perpendicular to the flat graphene plane, introduces matrix
elements among states located at identical lattice sites, such that integrals of the type

(@il2los) = / G1(x) 1 cosd p(r)dr (3.26)

have to be solved, where e.g. i = p, and j = s denote the different quantum numbers of
the hydrogen orbitals ¢; and ;. The interaction couples either on-site s- and p.-orbitals,
py- and d,.-orbitals, p,- and d,.-orbitals or d,2- and p.-orbitals, due to the symmetry of the
atomic wave functions. In this case the dominant contribution to the w-bands is due to the
on-site coupling of s- and p.-orbitals [145], while the influence of the d-orbital coupling via
the Stark effect is small in comparison and can be neglected [80]. The finite overlap of the
p.-orbitals with the sp?-orbitals at each lattice site can lead to a transition from the w-bands
to the sp-hybridized bands, followed by a hopping to the sp?-orbitals at a neighboring site.
There, the intrinsic spin-orbit coupling in the p-orbitals allows an electron to return to the
m-bands with a spin flip [82]. This is depicted in Fig. @ Such an interaction may be cast
into an effective term, describing hopping among p.-orbitals, together with a spin-flip. It can
be derived via Lowdin partitioning, where the influence of the hopping in the sp-orbitals and
the intrinsic spin-orbit coupling may be expressed effectively via a a term in the subspace of
sublattice and real spin states of only the p,-orbitals. The resulting real-space representation
of the effective Rashba-type spin-orbit coupling among the p,-orbitals is given as [26, 150]

I:IR = Z)\RZéj(é X dij)zéj. (3.27)
(4)

In this notation the operators ¢; represent either a; or b; similar to Eq. @, depending on the
sublattice at the sites ¢ or j. The vector d;; is the vector pointing from site i to site j and s
is the vector containing the Pauli spin matrices. Ar is the parameter denoting Rashba-type
spin-orbit coupling strength. A full expression is discussed by Rakyta et al. [191]. It may
first be Fourier decomposed and then expanded around the Dirac points. This leads to an
interaction matrix in the basis {14+, ¥p+, %4y, VB, } at the K-point, where the p.-orbitals
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3.4. Rashba-type Spin-orbit Coupling
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FIGURE 3.5.: A schematic overview of the effective term of the Rashba-type spin-orbit coupling
originating from an electric field. The z-component of the real spin is indicated by an arrow at each
orbital.

located at sublattices A or B with their respective spin indicated, are of the form

0 0 0 282 (K, +ik,)
. 0 0 3iA 0
Ak = f . (3.28)
0 —3iAg 0 0
~2p (ky —iky) 00 0

Only taking the zeroth-order of Eq. into account leads to the effective term in Eq.
[41, 82, 150].

3.4.1. The Trigonal Warping of Rashba-type Spin-orbit Coupling

The spinless single-orbital model for the honeycomb lattice exhibits two non-equivalent Dirac
cones in the reciprocal space. Since the two Dirac cones are related by time-reversal sym-
metry, they exhibit opposite winding numbers, as a consequence of their different chirality
[192], which affects the alignment of momentum and sublattice spin in their vicinity. In this
section the effect of the trigonal warping due to the Rashba-type spin-orbit coupling will be
discussed in context of their winding numbers, in which this alignment is encoded. Together
with the Hamiltonian for pristine graphene at the K-point, the Hamiltonian in Eq.
results in a trigonal warping of the Dirac cones, and Rashba-type spin-orbit coupling splits
each cone into four distinct ones. An example is depicted in Fig. , where the two bands
(upper valence and lower conduction band) around the Fermi level are shown for the K and
K’ point. At the original location of each Dirac cone, a point remains, where the bands touch.
The other three additional cones extend in an angle of 2{ around it. For the description of
the splitting of a single Dirac point, the origin is fixed at the position of the original Dirac
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FIGURE 3.6.: The trigonal splitting at a) the K point and b) at the K’ point. Here Agr = 0.067 eV,
as in Eq. .

cones =+ 3%a‘ The three minima of the energy bands appear located at a distance 3vy\Ar/ v%

from the central cone, where vy = 3’;—’;“ < A\g and vp = 3ta/(2h) as occurring in Eq. .
There are two parabolic bands located further away from the Fermi edge which are not shown
in Fig. . They are the upper conduction and lower valence band. The eigenstates of the
Hamiltonian are obtained at points in k-space forming a circular path around each Dirac
cone and the sublattice spin expectation value is computed with them. The components of
the vector ((6).(dy)) are then used to discuss the alignment of the sublattice spin for these
states. In Fig. @ the sublattice spin expectation values around all of the four Dirac cones at
both K and K’ points are depicted. One can see that at the K-point (a and b) the winding
number is 1, while at the K’-point it is —1.

The Winding Numbers of the Trigonal Splitting

For the winding numbers, integration paths in reciprocal space with a very small radius
around the Dirac points are used. The components of the sublattice spin expectation values

—

are computed using, k(t) = k (cost,sint), as

() = (8a(1), (4(1), (6:(2)) , (3.29)

where each of the (6;(t)) is to be understood as the expectation value of the corresponding
sublattice spin operator at the momentum k(¢). With this vector, after it is normalized for
numerical stability, the winding number v is obtained via [@]

d

- [ Gy« (6 (3.30)

V= —
27 J_ .
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F1cURE 3.7.: The sublattice spin expectation value for graphene taken on a path around all four
Rashba-split Dirac cones. At the K-point: a) lower conduction band and b) valence band, at the
K'-point: ¢) conduction band and d) valence band. Each arrow has the components (6,,) and (&) is
depicted at the point in k-space for which it is computed. The winding numbers are 1,1, —1, —1 for
a,b,c,d.

for each of the four eigenstates of the Hamiltonian individually. This results in the winding
numbers presented in Tab. . As can be seen, the winding numbers of the four individual
Rashba-split Dirac cones add up (in row ¥) to what is obtained when the circle encloses all
four cones at once, given in Fig. @ The expression for the winding number, Eq. , can
be viewed as the number of times that the sublattice spin expectation values rotate, while the
momentum - at which it is computed - revolves around a Dirac point. Along each of the four
circular paths in k-space the sublattice spin changes its orientation, resulting in a winding
number of +1 [[75, 159]. The upper conduction band does only have a non-trivial winding
number at the location of the central cone. This central cone of the lower conduction and
that of the upper valence band exhibits a winding number of +2 and the three outer Dirac
cones F1, see Fig. . For the lower valence, at the locations of the three off-center cones,
there is no cone and thus a non-trivial winding number is only found at the location of the
central Dirac point. The analytical computation of the winding numbers is discussed in the
next section.
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3. Tight-binding Model

( T Qy) ‘/lgv vulg C(llo(vv Clﬁ) ‘/lggv Vulg Cligw Cl{(l;
(£cos 4T, £sin4T) | 0 -1 | -1 |0 0 1|1 0
(£cos &, +sin2T) | 0 -1 | -1 |0 0 1|1 0
(0,0) -1 |2 2 -1 |1 -2 | =2 |1
(£1,0) 0 -1 | -1 (0 |0 1|1 0
) -1 | -1 |-1 | -1 |1 1 |1 1

TABLE 3.3.: Winding numbers of the respective Dirac cone around the trigonally split Dirac cones,
due to Rashba spin-orbit coupling in a radius of 3vyAg around the K (K') point for the up(per)
and low(er) valence (V) and conduction band (C). All coordinates are given relative to the respective
Dirac cone, (— for K’ and + for K') and (0, 0) marks the central cone. The sum of all cones is denoted
3.

An Analytical Model for Computation of the Sublattice Spin Expectation Values

The following analytical results have been obtained in the Bachelor thesis of Kazankin-Berg
[193], which was planned and supervised by the author, where more details can be found.
Expectation values for the sublattice spin expectation values of the upper valence and lower
conduction bands at_the K and K’ points are shown in Fig. . The 4 x 4-dimensional
Hamiltonian in Eq. can be used to compute the expectation value of (6,) and (d,) for
the lower conduction band of the central cone at the K-point analytically. In order to achieve
this, the eigenstates of the system are analytically solved and their expectation values for
the sublattice spins computed. This results in long functional relations with polynomials in
kg, ky, vx and Ar. These can then be approximated in a Taylor-series in lowest order of
interaction parameters vy and Agr. Using k, + ik, = |k| - €%, one obtains (6,) ~ k - sin2¢
and (6,) ~ k- cos2¢. This method does not work for the three outer cones, because the
resulting expressions exhibit many singularities in the interaction parameters of the Rashba
Hamiltonian. Therefore an analytical 2 x 2-dimensional model is developed, which allows the
calculation for the sublattice spin expectation values around the off-center cones. The result
for the central cone above is reproduced by this reduced model".

As a first step, Lowdin perturbation theory is used and the basis {¢a4, 9 AL, ¥BL} 1S
reduced to only two relevant states. The Rashba spin-orbit coupling in Eq. introduces
a coupling of one spin component on one sublattice with the opposite spin-component of the
opposite sublattice. The magnitudes of the two matrix elements for these interactions differ,
as 3)‘271;;“ < AR, and thus the Hamiltonian can be separated into two weakly coupled sections.
The graphene Hamiltonian for the K-point is now considered as the coupling between the
two pairs of states {¢as,v¥p,} and {¥pr,va,}. After reordering, the Hamiltonian can be

!The discussion is limited to the K-point, because the procedure is similar for the K’-point.
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3.4. Rashba-type Spin-orbit Coupling

written as

Haa Hab Ja - F Ga ' (3'31)

Hy, Hyp b b

Here one part of the Hilbert space is given by go = {gat,9ar} = {¥ar,¥B,} and the other
part for b analogously. Then for the g, component, with the identity element on the b-space
1;, the expression

gy = (E -1y — Hyp) ™" Hpq - ga (3.32)

is obtained, which is used in the corresponding equation for g,. This leads to an effective
Hamiltonian only on the subspace for g,, where the energy F is approximated to be negligibly
small. The resulting Hamiltonian according to the Léwdin downfolding method is obtained
via Hog = Hoyo — Hep - HZ;JI - Hy, and given as

2,2 1.%2
h*vpk

$Ar (3.33)

0 N

202 k2

—Fw,\k* +1 g 0

K __
Heff*

in the basis {14+, ¥p,}. A similar result has been obtained for the approximation of twisted

bilayer graphene [[192].
From Eq. , the expectation values for the 4 x 4-model of the sublattice spin are
computed via (6;) = (g%, 9;)5i(ga, 9»)” and can be expressed as

(62) = 2-Re (9ar0iy) +2 - Re (9ay95)) (3.34)
(6y) = =2 -Tm (gargpy) + 2 - Tm (gay95)) - (3.35)
In order to obtain an analytical expression for the expectation values Egs. ﬂ and , the

operator in the expression for g, Eq. , is Taylor-expanded in lowest order in ¢ around
any of the four Rashba-split Dirac cones by replacing k£ from the complex expression with

G+ Ki = (qp + K2) +i- (g, + KJ) ~ | K| (3.36)

for the momentum ¢ around the j-th non-central Rashba-split cone K7. The coordinates
of these three cones are defined relative to the central Dirac point and therefore the phase
§; = arctan K /Kj is specific to each of the cones. For the central cone, the resulting
expression is in lowest order ~ |g|, because there ¢ — |¢|e’®, while a constant term is derived
for the non-central cones in lowest order, independent of |g|, because |q| < |K7|.

By using these expressions, the sublattice spin expectation values in Egs. and are
simplified. Because the terms |K7|e for the off-center cones do not depend on |g|, 9ar9p,
can be expressed in terms of only the g, or only the g coefficients.
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FicURE 3.8.: Four examples of the sublattice spin expectation values around at the location in k-
space of the four Dirac cones. Each arrow shows the sublattice spin direction with the components
(0z) and (o) at the respective point in k-space. For each cone, the winding numbers v are indicated.
The inset shows the location of the bands around the Fermi energy. left: a) Expectation values for
the lower conduction band at the K-point. b) Lower valence band at the K-point, which is more
remote from the Fermi edge than the upper valence band. right: ¢) Lower conduction band and d)

lower valence band at the K’-point.
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3. Tight-binding Model

This effectively decouples both pairs of states. As a consequence, the expectation values of
the sublattice spin in (5, for the j-th off-center cones are computable via the effective
2 x 2-Hamiltonian in Eq. by

(0.eft) = 2Re(gar8ay) (3.37)
(Gy.ett) = —2Im(garga,)- (3.38)

This leads to the expectation values of the 4 x 4-Hamiltonian via

A U\ ~ ] . ~ ]
(64) = _QE [(67, o) - Sin G5 — <a;7eﬁ> cos 4] (3.39)
A v ~J
(6,) = —2ﬁ (67 o) - cos & + (67 ) sin ], (3.40)
with constant vy = 3)‘Ra < AR for the off-center cones. The expressions for the (5, /y o)
are derived as e.g. <O'$7eﬂ?> ~ %, which resembles a cosine-like functional relation,

that closely matches the numerical results in Fig. @ The terms ~ sind; in Eqgs. m
and E are important, because they correspond to the correct relative phase of the - and
y-components of the sublattice spin expectation values. As can be seen in Fig. , the
sublattice expectation values around all three outer Dirac cones for each of the bands are
almost identical, apart from a rotation. This rotation is encoded in the §;.

In the case of the central cone, the lowest order expansion of Eq. B.33 is linear in ¢, such
that the simplified expressions for the expectation values become

(02) = wa| |- [(G55™) - sind — (™) cos ¢] (3.41)
{6y) = —4HEIQI [(65ei ) - cos ¢+ (Gycg™) sing]. (3.42)

In this case, the phase ¢ = arctang,/q, is introduced, which depends on the coordinates of
the momentum ¢. This way, the sublattice expectation values for the central cone at the
K-Dirac point are verified to be (6;) ~ |q| - sin2¢ and (6,) ~ |q| - cos2¢, confirming the
result obtained from the 4 x 4-model.

A full list of the expressions for (5S25T), (6<er), (67 o) and (67 ) can be found in [193)].
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3.5. Magnetic Field and Staggered Sublattice Potential

A central feature of the effect of strong magnetic fields on an electron is the splitting of
the electronic energies into Landau levels [71, 194]. In a two-dimensional solid, subject to
a perpendicular magnetic field, the electrons move around the plane in cyclotron orbits.
The area enclosed by these orbits is proportional to the magnetic flux and the energy and
degeneracy of these orbits depend on the strength of the field as well. A central concept by
Aharanov and Bohm in 1959 [195] was that electrons in magnetic fields are not affected by
the magnetic field directly, but rather by the underlying vector potential. This is encoded in
the electronic motion as so-called Peierls phase in two dimensions.

3.5.1. The Peierls Substitution

The Peierls substitution [[196, 197] is a geometrlcal phase that an electron picks up, when it
moves in an external magnetic field B =V x A described by the vector potential A. The
tight-binding description of the electronic band structure takes into account the structure
of the vector potential, which modifies the canonical momentum of the charged particle
and thus the hopping amplitude is not real anymore, but acquires a spatially-varying phase
[198]. In the Landau gauge, the vector potential for a constant magnetic field in z-direction
B = (0,0,B) is A = (=By,0,0) [199]. This relates the canonical momentum g to the
mechanical momentum Ii = - eA [148], where the individual components do not commute
anymore, due to the vector potential [194]

1, T1,] = iehB.. (3.43)

This results in the Peierls phase, which associates these commutation relations with the
hopping terms of the tight-binding model. As a consequence, electronic motion along a
closed circuit acquires a phase directly proportional to the number of enclosed magnetic flux
quanta. In the honeycomb lattice, the smallest closed circuit a particle can take is around one
hexagon of the lattice and the smallest number of flux quanta possibly enclosed is ¢g = %, a
singular magnetic flux quantum. This is illustrated in Fig. a). The phase acquired for
each hopping is ®; ;+1. The phase ®¢,; around one hexagon is equal to

6
e - 27
Prot = Z: Qi1 = ~7 heXA dif= %B - Fex, (3.44)
where Flex = 2 3\f is the surface of the hexagon, a is the lattice constant - one edge length

of the hexagon - and B - Fpex is the flux. By parametrization of one hopping along one of
the vectors d;, connecting neighboring lattices sites the integral leading to the phase can be

formulated as ®; j = —¥% T] Adr = ¢ fo t)dt, where 7(t) = 7 + (; — i)t + 7 and
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FIGURE 3.9.: a) The total phase and individual phases acquired for the hopping along a close path
around one primitive cell of graphene. b) Hofstadter butterfly for the honeycomb lattice as computed
from the tight binding model for graphene discussed in this thesis. The lattice is finite with 40 x 40
sites and contains only p,-orbitals. All data points within the wings of the butterfly are due to finite
size effects.

F(t) = 1; — 7, connecting two sites 7 and j located at 7; and 7, respectively. The result is

27 1
@z’,j:%B(T?+§(7’?—T?))'(T’f—rig)7 (3.45)
where the z- or y-components of the three displacement vectors d1, d2 and d3 replace 7; — 773,
as indicated in Fig. a). There the hopping amplitudes from atom i to atom j acquire

the factor ¢'®i. Apart from one absolute position of the i-th atom, denoted rf, the phase
only depends on the relative displacement of the two neighbors. It is also only finite, if the
x-components of these displacements differ. The total flux is then proportional to the area of
the hexagon Fjey [] One can show, that the Peierls phase in graphene leads to the Harper
equation for the honeycomb lattice [@f@], which describes a fractal structure known as
the Hofstadter butterfly [@] This fractalization of the band structure is determined by
the number of flux quanta passing through the unit cell of the graphene sample [] If the
number of flux quanta is related to the number of primitive unit cells by a rational number,
a magnetic unit cell does not fall together with a primitive cell across the lattice anymore.
Therefore the boundaries of the magnetic unit cells are not those of the Brillouin zone any
longer, such that band gaps open. The shape of the band structure is specific to the lattice
geometry and the way of splitting depends on the ratio of the magnetic flux through the
magnetic unit cell and the flux through a primitive unit cell. The resulting shape is the
Hofstadter butterfly, as depicted in Fig. @ b) for the hexagonal lattice. Here 40 x 40 atoms
forming a finite size honeycomb lattice are subjected to a magnetic field with varying fluxes,
where the ratio of both the flux quanta in the whole lattice and the number of magnetic unit
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cells is a rational number. The figure is computed from the tight binding model described
in this chapter, but without the inclusion of d-orbitals or spin-orbit coupling. Without any
closed periodic boundary conditions, the sample has a finite number of lattice sites and four
edges. This limits the number of possible fractions in which way the magnetic unit cells can
form within the honeycomb lattice. Therefore at some energies the splittings deviate slightly
from those for the Hofstadter butterfly for the infinite lattice, as can be seen in the wings of
the butterfly in Fig. @ b), where the butterfly for the periodic system does not exhibit any
energy levels.

3.5.2. The Zeeman Term

A magnetic field is not only changing the momentum of an electron, as discussed in the last
section, but the magnetic moment of its motion couples to the magnetic field vector, such
that its energy changes as well. The magnetic interaction energy of a charged particle in a
magnetic field is [205]

Hpog = —9gupJ B, (3.46)

with the total angular momentum J and the magnetic field B. Here g is the Lande factor
and pp the Bohr magneton. For orbital- and spin-magnetic moments ¢ is either 1 or 2
respectively. In the basis of sites, orbitals and projections on the quantization axis along the
z-direction - as discussed in this chapter - the matrix elements of Hy,,e for orbital o at site 4
can be written as [97, 206]

—

<_ﬁs : B>o,i = msgs,UBB7 (3'47)

the the Landé-factor g5 = 2 for the spin and mg = £1/2 for either of the two spin components.
This essentially shifts the spin up components up in energy by 1/2upB and the spin down
components by —1/2upB. Since the d-orbitals are only sparsely populated, only the mfl =0
and mf = 0 components of the angular momentum multiplet for both p- and d-orbitals are
considered and interactions thereof.

3.5.3. The Staggered Sublattice Potential

The staggered sublattice potential is another effect that mediates energy shifts on specific
states in the tight-binding model by acting on the different spin species [207]. Graphene and
similar compounds with bipartite lattices, such as transition-metal dichalcogenides, exhibit
an SU(2) quantum number, which relates to the relative occupations of the sublattices and
leads to the sublattice spin. The interaction Hgag of the staggered sublattice potential can
be understood as a Zeeman effect acting on the sublattice spin and thus on the different
constituents of the two-atomic basis. Let & be the sublattice spin, then the matrix elements
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are independent of orbital or real spin and only depend on the type of basis atom and thus
its sublattice spin

Hstag = 66’Za (348)

where 9 is the interaction strength. Such a situation can arise, if e.g. a planar material with
two-atomic basis is brought in contact with a substrate with two-atomic basis of different
lattice constant. An example for this is graphene on hexagonal Boron nitride [208]. There
the lattice mismatch causes each of the two basis atoms to be subject to a different potential,
resulting in a gauge field. This can be described as an energy shift proportional to the
sublattice spins of the atoms. In the context of topological insulators, a system may be
rendered topologically trivial by the application of such potential [26, 41].
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4. Graphene as a Topological Insulator

4.1. Introduction

The conducting edge or surface states, which are central to the peculiar properties of topo-
logical insulators, are a direct result of the transition at the contact surface of two materials
with different topological orders [209]. At a boundary for example, which connects areas with
different topological states, electrons can propagate reflectionless in the direction parallel to
the interface, because of the broken time-reversal symmetry of the system [210].

Apart from the quantum Hall effect, where this novel state of matter was first discovered, a
number of related effects of similar nature were soon found [33, 41, 44, 211-213]. In general,
states of matter capable of exhibiting such effects are collectively classified as topological
insulators 23, U2].

The classification of such systems makes use of the conservation of various symmetries
and hence Hamiltonians are commonly described by their invariance under specific transfor-
mations. It ultimately led to the 10-fold way, which has its roots in random-matrix theory
[214-216]. It describes which symmetries in which spatial dimensions result in what kind of
topological insulator - if it is possible to exist at all.

Experimental evidence for this novel state of matter has been rich and it could be observed
in different materials, such as HgTe and CdTe semiconductor quantum wells [42, 211]. In
graphene, the chirality of the edge states could be verified [217] as a first step to prove its
topological characteristics. For bilayer bismuth the truly one-dimensional character of the
edge states has been observed and their topological properties verified, such as coherent
propagation without backscattering [218]. If edge states are helical, their momentum is tied
with their spin [79, 213] and the edge states feature pairs of counter-propagating states.
In case of the Chern insulator, each edge is chiral, the edge states on each edge propagate
in only one direction and because time-reversal symmetry is broken, they do not have a
counter propagating partner at the same edge [79]. In graphene, the sublattice structure
is responsible for the fact that electrons and holes have opposing chiralities. This peculiar
sublattice structure is originating from the existence of two Dirac cones in the graphene
reciprocal lattice [219-222].

In the following, the Kane-Mele model of a topological insulator is introduced by high-
lighting the bulk-boundary correspondence, which leads to the edge states. After that the
behavior of these edge states is analyzed by numerical computation using the tight-binding
model presented in the previous chapter.
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4. Graphene as a Topological Insulator

4.2. Bulk-boundary correspondence in Graphene

The bulk-boundary correspondence is a theorem that states that the bulk characteristics and
the edge characteristics should both reflect the topological character of the system equally
well and in agreement.

When two bulk materials meet at an interface, one with trivial and the other with non-
trivial Chern number, the energy gap must close at the contact point. This is significant,
because a material with non-trivial Chern number cannot pass to a trivial insulator without
also changing its bulk topological invariant. It also causes the existence of zero energy
states exactly at the fringe, where tightly localized states can exist, in order to facilitate
the transition between the two topologically different materials [23]. The chirality of the
interface states can be seen if the solution of a real space Hamiltonian at such an interface
is analyzed, which shows the localization of the states and their linear group velocity, such
that the gap between the conduction and valence band is bridged [209]. This relation is
called bulk-boundary correspondence and the pure existence of gapless edge states is enough
to qualify for the aforementioned transition from one Chern number to another [34]. In the
case of a Chern insulator, the difference of the number of left moving and right moving states
per edge is the edge topological invariant [23, 25, 209].

4.2.1. Bulk Topological Invariant

For the derivation of the bulk-topological invariant the spinless Hamiltonian in Eq. @ is
used and in the sublattice spin basis (0; denote the Pauli matrices for i € {z,y, z}), such a
Hamiltonian can be expressed as [34]

H=d(k)- o, (4.1)

where d (k) is a vector mapping the two dimensional space of momenta onto a three-
dimensional space of 2 X 2-dimensional Hamiltonians. By solving the eigenvalue problem
of the Hamiltonian in Eq. [1], the components of d (k) can be identified with the expec-
tation values of the sublattice spin (o). Then a function is defined, k : {0,27} — RZ
t — k(t) = (kz(t), ky(t)), such that its two components describe a circle in k-space. With
this, the Chern number can be computed as [34]

1 (2 d(k(t d [ dk(t
s L[ () )Y "
2r Jo  \Ild(k(@®))| "~ dt \[d(k(t))]/ /.,
This definition is only valid for a Chern insulator. Graphene without a time-reversal symmetry-
breaking magnetic field does not belong to this class of materials. Nonetheless the bulk
topological invariant of the spinless case of a two-band model for graphene can be computed,

which results in the windings shown in Fig. @ and winding numbers in Tab. . The
windings around the Dirac cones for the simple two-band model can be verified by inserting
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4.2. Bulk-boundary correspondence in Graphene

a path_in k-space, as explained above, in the low-energy form of the graphene Hamiltonian
Eq. and the winding numbers can be computed. The latter is a conserved quantity,
such that the sum of the winding numbers of the trigonal warping due to the Rashba-type
spin-orbit coupling resembles the winding number around all four cones [187, 193].

4.2.2. The Existence of Edge States

This section is based on [223]. For graphene, terminated by edges in one dimension, Eq. @
can be used to show that there must exist zero energy states. In the sublattice representation,
without real spin, d (k) = ¢ (1 4 cosk a; + cosk(az — a;). —sink a; —sink(ag — a;),0). The
vectors a1 and as are the lattice vectors defined in Eq. . In the low-energy approximation
around one of the Dirac points, together with Eq. , this leads to Eq. % The zigzag
edge is parallel to the z-direction and to account for this fact, d is first rewritten in k, and
k, coordinates. Then one obtains a part that is depending on the now pseudomomentum £,
separated in the component d) in the zy-plane and on d perpendicular to it,

d| = 2t cos \/gal{:x(cos %ky, —sin :%ak:y, 0) (4.3)

d, = (0,0,0) (4.4)

and another in-plane component that is independent of k, and defines the offset from the
origin, namely

d® = (t,0,0). (4.5)

The theorem la presented in [223] now states that if d encloses the origin, which is the case
when the radius of d is larger then the displacement d’, the energy of the zero modes is
given by |d| |, which in this case is zero. For fixed momentum k,, this defines a condition for
ky, where the edge states have zero energy, namely

V3a

1 < 2cos Tkw (4.6)
It leads to the interval —32—” < ky < 2—”3&, where the zero energy modes exist. The
verification of this will be shown in Sec. , when the dispersion relation of the graphene

tight-binding model with edges is discussed.
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4. Graphene as a Topological Insulator

4.3. The Kane-Mele model

The Kane-Mele model [26, 41] is an extension of the model proposed by Haldane [31]. Hal-
dane’s original model exhibits the integer quantum Hall effect, due to the inclusion of a
time-reversal breaking field, which respects all symmetries of the lattice and does not lead
to a net flux through the unit cell. Due to this field, the Hamiltonian acquires chirality.
Furthermore, the time-reversal breaking leads to closing and reopening of the band gap at
only one of the Dirac points of the graphene lattice. This gap is then of the opposite sign
compared to the other, which sets the Hamiltonian into a topological state [31, 41]. In the
Kane-Mele model the time-reversal symmetry is restored, where two copies of the Haldane
model are linked by intrinsic spin-orbit coupling, such that each state has a time-reversal
symmetric partner. This way, the net magnetic flux is still zero and each model individu-
ally exhibits the integer quantum Hall effect. Kane and Mele argue, that another effect of
similar nature as the quantum Hall effect exists nonetheless, which features spin transport
at the edges of a topological insulator, instead of charge transport. The Kane-Mele model
is described by a tight-binding Hamiltonian for the m-bands of a honeycomb lattice, such as
graphene, with hopping parameter ¢. This hopping is given in the first term in

H=tY éle;+irso D vijelse; +idr Y el(3 X dij)z;+ M Y &cles, (4.7)
(i) (i) (i) i

with the creation and annihilation operators é;-r and ¢; for an electron at site <. The second

term describes the intrinsic spin-orbit coupling via next-nearest-neighbor hopping and an
interaction parameter Ago. It is a mapping from the higher d-orbitals in the space of the
m-band [26, 80]. The matrix element v;; is +1 if the hopping along two neighboring sites is
clockwise and it is —1 if the hopping follows a counter-clockwise path. This term is what links
the two spin species together. Within one spin type the low-energy form of the intrinsic spin-
orbit coupling assumes the form of a magnetic field. But the sign of this field is opposite for
each spin species and thus it conserves time-reversal symmetry when both spins are considered
as a whole. The third term breaks the mirror-symmetry along the direction perpendicular
to the graphene plane and describes the Rashba-type spin-orbit coupling within the 7-band.
The vector d;; is the displacement vector between the two neighbors 7 and j and the vector
§ is the vector containing the Pauli matrices, which are defined on the real spin space. The
fourth and last term is a staggered sublattice potential. For one of the sublattices & = 1
and for the other § = —1, which causes a transition from the quantum spin Hall topological
phase to that of the trivial insulator at 3v/3Aso < A, [26]. Even though the Rashba-type
spin-orbit coupling and the staggered sublattice potential perturb the §* conservation and the
two-fold rotational symmetry of the system, still a finite region around the unperturbed point
in parameter space exhibits the quantum spin Hall effect [26]. If the staggered sublattice
potential becomes too strong, such that A\, > 3v/3\g0, the system leaves the topological
state and becomes insulating. The same holds true for the Rashba-type spin-orbit coupling,
which does not destroy the quantum topological state as long as Agr < 2v/3Ag0.

52



4.4. Helical Edge States

4.4. Helical Edge States
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FIGURE 4.1.: a) The population of two edge states of graphene as a solution to the tight-binding
model at the I'-point. The population of one state is indicated by blue and that of the other by red
color. At finite momenta, the edge states acquire exponentially small bulk population. b) Dispersion
relation of a N = 30 nanoribbon with only p.-orbitals. The energy bands of the edge states are shown
in black and those of the bulk states in gray.

For the computation of the quantum spin Hall effect, the tight-binding model with edges
as given by Eq. is used. The periodic boundary conditions are kept along the x-direction,
but opened along the y-direction and terminated by a zigzag edge at each end. A spatial
occupation of the solution of the one-dimensionally periodic graphene sample is depicted in
Fig. @ a), where the periodic axis is also taken parallel to the z-direction. In this plot
the occupation per site of two of the eigenstates for k,; = 0 is indicated by coloring - blue
coloring resembles one edge state and the red color another. The edge states are confined to
one edge each and exclusively located at either sublattice. A band structure featuring edge
states is shown in Fig. @ b). For a semi-infinite sample, the edge states would loose their
edge character only for % < |k - a], where no midgap states are expected to exist anymore
[] Notice, that in the tight-binding model described here, the unit cell is twice as wide as
in the literature [, ] and in order to reflect the smaller Brillouin zone, all translations
leading to the condition for the edge states Eq. @ must obtain a factor of 1/2. Then the

condition for the edge states becomes — 2% < ky-a < —34%, which is observable in the band

3v3
structure in Fig. @ b).
Finite size effects open up a small gap already in the close vicinity of the Dirac points.

The gap for finite systems exactly at the point k, = 33"/%(1 is dependent on the nanoribbon
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4. Graphene as a Topological Insulator

size. With N as the number of rows of the nanoribbon, the gap is proportional to %ﬁ

with W = % — 1 being the ribbon width of the nanoribbon in units of lattice constant a [50].
As a result the gap closes, as N grows. Nonetheless, the edge-like states cross the gap, such
that the nanoribbon is insulating in the bulk, but conducting at the edges. In fact all zigzag
nanoribbons are considered metallic [49], while the bulk of graphene is a semimetal. The
helicity of the edge states is only given when intrinsic spin-orbit coupling is present - either
by the second nearest-neighbor hopping as in Eq. or via the actual matrix elements Eq.
@ and an extended Hilbert space with d-orbitals. The intrinsic spin-orbit coupling opens
up a gap at the Dirac points, such that the edge bands obtain a slope. This gap is on the
order of 26 ueV [80], corresponding to 0.3 K.

The nature of this type of gap, which shifts the energy of one real-spin type at one Dirac
point in one direction and in the opposite direction at the other Dirac point, causes the
states to obtain this helicity. Consequently, the group velocity of the edge states connects
the valence band at one Dirac cone with the conduction band at the other continuously.
Without the intrinsic spin-orbit coupling, the gap at the Dirac points would not open and
thus the states with different helicities, but located at identical edges, would be degenerate
everywhere between the two Dirac points. This is also why no spin currents could flow and
thus the quantum spin Hall effect could not be observed, as the direction of propagation had
no way of knowing which spin component at each edge had which helicity [79]. If only one
type of spin species would be considered in the model, states on opposite edges would travel
in opposite directions [207, 225] and chirality, the locking of sublattice spin and propagation
direction, could be defined [75]. In a time-reversal symmetric topological insulator, the
chirality is lifted, because each edge obtains another state of opposite spin and opposite
propagation direction due to Kramers degeneracy and therefore the system is said to exhibit
counter-propagating spin-filtered edge states [26, 1] instead of chiral edge states. The edge
states are propagating without backscattering at nonmagnetic impurities. In the quantum
Hall effect, the dissipationless transport is facilitated, because at each edge no channel for
possible backscattering is available, while in the quantum spin Hall effect the destructive
interference of the two counter-propagating states at each edge suppresses backscattering
[B9]. The analysis of helicity becomes more complicated, when additional effects on the band
structure from the d-orbitals are taken into account, which change the dispersion relation
of the edge states locally, even without intrinsic spin-orbit coupling. Such a situation is
depicted in Fig. . There, two band structures are depicted, one with only p.-orbitals
(left) and one with also d,.- and d,.-orbitals (right), and with intrinsic spin-orbit coupling.
The nanoribbons have both N = 30 rows and 4 columns. Including intrinsic spin-orbit
coupling of magnitude £; = 0.8 meV does not change the dispersion relation on the right of
Fig. at this energy scale, compared to the one without intrinsic spin-orbit coupling. A
finite slope of the edge states is observable for all k,, # 0 in the case of included d-orbitals. For
the case with only p,-orbitals, the slope remains zero, but the edge states are still confined
to the edges, fulfilling Eq. @ Due to the similar transformation behavior, see appendix
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FIGURE 4.2.: Half of a dispersion relation of a nanoribbon of size N = 30 with only p.-orbitals (left)
and additionally d,.- and d,.-orbitals with intrinsic spin-orbit coupling £; = 0.8 meV (right). The
slope of the edge state energy due to the inclusion of the d-orbitals is visible, as well as an energy
shift at k, = 0.

@, the momentum and sublattice spin can be interchanged, such that in analogy to the
alignment of momentum and spin, leading to helicity %, the edge helicity [] becomes the
alignment of real spin and sublattice spin (G, - §,), which is a good quantum number.

The presence of two states with opposing real spin at each edge is not changed by the
addition of the d-orbitals. Since the deformation of the edge bands is not originating from
a gap opening at the two Dirac points, all four energy bands of the edge states obtain the
same slope. Hence the finite slope is not leading to helicity, similar to the intrinsic spin-orbit
coupling, because the real spin is not locked to the propagation direction.
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4. Graphene as a Topological Insulator

4.5. Edge States with Rashba-type Spin-orbit Coupling and
Magnetic Field
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FIGURE 4.3.: The four edge states in a nanoribbon with 10 rows of atoms. The density of states is
depicted on the left, where the parts of the bands with low dispersion result in peaks. The bands are
colored by edge and real spin, showing a degeneracy of bands with positive edge helicity and of bands
with negative helicity. It is £, = 2.1eV and A = 0.06€V.

The topological characteristics of the graphene nanoribbon can be understood when the
occupation of lattice sites and spin polarization of the edge states is considered at the same
time, revealing information about their helicity. In a model with 10 rows of atoms, p,-,
dy.- and dy.-orbitals and with Rashba spin orbit coupling of strength Agr = 0.06¢eV, the
bands remain fourfold degenerate only at k. - a = 0. Here, the intrinsic spin-orbit coupling
is overemphasized with £; = 2.1eV for a stronger effect on the band structure, but leads
to qualitatively similar results at smaller values of £;, because the Rashba-type spin-orbit
coupling is very small. In Fig. @ the edge states are depicted, where the energy bands are
colored by the edge and real spin expectation values of the edge states. Since both edges
belong to different sublattices, this labeling is equivalent to the sublattice spin.

The edge states dispersing with positive group velocity have parallel alignment of real-
and sublattice spin, since the purple and red curves have positive edge helicity (8, - 6.).
The other two curves are their time-reversal partners, which have negative edge helicity. A
trigonal warping in the lower conduction and upper valence band is visible in the vicinity
of the Dirac cones. At around k, - a = £1, the bands start to split and the 5, degeneracy
is lifted, which occurs due to the influence of the Rashba spin-orbit coupling. At around
ky - a = £1.5 both pairs of bands exhibit largest splitting. Both states |E; 1) and |Eg |)
are mixed, such that §, is no longer conserved. The same happens with the other two states
with negative helicity, |E; |) and |Eq2 1).
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FIGURE 4.4.: Result of the calculation as in Fig. @ with 4 = 2.1eV and A = 0.06eV, colored
by the 5, component of the real spin. The Rashba spin-orbit coupling acts on the bands at the

Dirac points and couples states of opposite spins, such that a gap of 5, polarized states arises at
ke -a = =+1.0.

The density of states for the crossing is shown in the left of Fig. @ and the gapless crossing
of the edge states is indicated by the gapless density of states everywhere around the Fermi
edge at —131meV. An asymmetry of the dispersion - mainly due to the shift of Vg, - is
caused by the interaction among the d-orbitals with Vg4s. The change of the slopes of the
bands introduced by the Rashba-type spin-orbit coupling at k, - a = +1.5 is indicated by a
peak in the density of states. The low-energy expression for the Rashba spin-orbit coupling
around the Dirac points, Eq. , shows a dependence of the y-component of the real spin
on the momentum k, and thus on the alignment with the sublattice spin 6. At some point
this Rashba spin-orbit coupling, which is a bulk property, starts to affect the dispersion of
the edge states, the closer they are to either of the Dirac cones. As a consequence, both a
splitting at k; -a = £1.5 and a polarization of the 5,-component take place. This can be seen
if the states in Fig. were colored by their §,-expectation value, which is shown in Fig. .
While a four-fold degeneracy of the energy is observed in the vicinity of the Brillouin zone
center, the splitting of the bands around the Dirac points happens due to the §,-polarization
along the direction of momentum k,, leading to a remaining two-fold degeneracy.

Next, the edge states with intrinsic spin-orbit coupling are subjected to a magnetic field
of strength B = 25T, but no Rashba spin-orbit coupling. Then the §,-polarization is main-
tained, but the degeneracy of the edge states at k; - a = 0 is lifted. This is shown in Fig.

, where the edge states again cross the energy gap. The magnetic field lifts the spin de-
generacy and destroys time-reversal symmetry. As depicted, the red and purple curve with
positive helicity (parallel real and sublattice spins) still disperse with positive group velocity,
but are non-degenerate in energy for every k, - a. The same is true for the other two states
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FI1GURE 4.5.: Dispersion relation of the four edge states in a nanoribbon with 10 rows and ;3 = 2.1eV,
without Rashba-type spin-orbit coupling, but under the influence of a magnetic field of strength
B =25T. The states are colored by edge and real spin component.

with opposite edge helicity. Those two states with real spin 1 are higher in energy than the
two |-states, because of the Zeeman splitting by the magnetic field. Hence two peaks are
shown in the density of states, one for each real-spin species. The resulting material is a
Weyl semimetal, because it has edge band crossings, which are singly degenerate [, ]
and can thus be regarded as a time-reversal broken topological insulator. If additionally
Rashba spin-orbit coupling of again Ap = 0.06eV is introduced, as shown in Fig. @, the
coupling of different §, values at identical edges changes the material to a trivial insulator.
However, the density of states remains finite everywhere, because the dispersion of the bands
obscures the band gap. The only indication of the avoided crossing is the additional peak in
the density of states in Fig. at —135meV, which expresses the second saddle point in the
dispersion relation. The other two peaks at at —118 meV and at at —133meV are identical
to the previous case in Fig. . In this situation the density of states cannot be used to
classify the topological state of the system. As in the previous case without a magnetic field,
the polarization of the 5,-component is responsible for the splitting away from k; - a = 0,
c.f. Fig. @ At the Brillouin zone center the Rashba-type spin-orbit coupling is zero. At
ky-a = £0.5, however, the two 5,-components for each edge couple and a gap opens, making
the material truly insulating and thus topologically trivial.
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FIGURE 4.6.: Additionally to the parameters £; = 2.1eV and B = 25T of Fig. @, the Rashba spin-

orbit coupling strength is set to Ag = 0.06eV. The dispersion relation then shows avoided crossings
at k; -a = %0.5.
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FIGURE 4.7.: Dispersion relation depicted in Fig. @ for the four edge states in a nanoribbon with
10 rows and &g = 2.1eV, Ar = 0.06 eV and a magnetic field B = 25T, colored by 5, component. The
influence of the Rashba spin-orbit coupling is shown, where the polarization of the 3, components

introduces an avoided crossing at k, - a = £0.5. At k;, - a = 0 the faded area corresponds to areas of
the Brillouin zone of small §,-polarization.
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5. Electronic Interaction in a Multi-Orbital
Hubbard Model

Up until now the independent-electron picture has been considered. Including interactions
may drastically change the electronic properties of the edge states in graphene nanoribbons,
because different magnetic phases have different electronic and magnetic characteristics. This
may determine whether the ground state of these ribbons is a topologically insulating phase
or not. In reality, magnetic edge states are not very likely to be observed. Passivation
with hydrogen atoms may help meeting the requirements. Overpassivation of edge atoms,
however, can cause the Fermi edge to be far away from the magnetic instability, such that
experimentally available samples are non-magnetic by default [177]. So far many experi-
mental efforts have been undertaken to find magnetic edge states, employing methods such
as scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) [22§].
These methods probe and confirm the local density of electronic states at the zigzag edges
of graphene nanoribbons. More recent experiments have found a gap opening in the local
density of states which depends on the ribbon size, confirming magnetic ordering of the
edges phases [47, 229], even at room temperature [230]. Other efforts include near-edge x-
ray absorption (NEXAFS) or electron-spin resonance (ESR) on samples of graphene [231].
Many of these experiments have claimed to prove the existence of magnetic edge states, but
the accuracy of these findings allow for explanations other than the occurrence of magnetic
edge states [232]. Furthermore, experiments usually probe only either the edge character of
electronic states in graphene or the alignment of the spin degree of freedom - but not both
simultaneously, such that a combination of NEXAFS and ESR should be used to investigate
these two features at the same time.

It is hard to produce a large enough amount of samples with sufficiently clean and precise
zigzag edges to be able to collect conclusive results [233]. A model for the description of
electronic interactions, which may be capable helping the understanding of magnetism in the
edges of graphene nanoribbons, is the Hubbard model [234-236]. It allows for inclusion of
the electronic interaction in the tight-binding approach by an on-site interaction term and
it is the simplest model for discussing the mutual influence of the interaction and kinetic
energy [237]. Variations of this model are also possible, such as a range of extended Hubbard
models, which may include interactions also from neighboring atoms. In the model presented
in this work, instead of a spatially extended Hubbard model, a multi-orbital Hubbard model
in the mean-field approximation is used, where a single site is subject to on-site interaction
terms from different orbitals [238]. In many cases edge states in graphene nanoribbons
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are discussed by using density-functional theory (DFT) [91, 239], where the ground state
energy is described by using a functional, which is called the exchange-correlation potential.
This potential may be used to solve the Schréodinger equation effectively in a single-particle
picture, by using formulae to express an effective exchange-correlation potential. One of the
common approximations in the literature is the so-called local-spin-density approximation
(LSDA) [93, 240]. Others might be the local density approximation or the generalized gradient
approximation.

However, for the goal of computing the magnetic edge states in a spatially extended
graphene sample, a mean-field method may suffice, because the number of states and atoms
limits the efficiency of DFT calculations and the loss of accuracy may be negligible. Such an
approach leads to the Hartree-Fock Equations. Because of their non-linear character, these
equations must be solved iteratively, such that a self-consistent solution for the electronic
wave functions can be found. In the following, the onset of magnetism is covered. Then the
formulation of electronic interactions in a multi-orbital Hubbard model is discussed. In a next
step, the model is approximated with a mean-field, before the principle of self-consistently
solving such a mean-field approach is described.
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5.1. Onset of Magnetism in Graphene Nanoribbons

In order to explain the onset of spontaneous ferromagnetism, a model derived by Stoner
[237] can be used to quantify the competition between kinetic energy and repulsion due to
the Coulomb interaction. In Stoner’s model it is shown that the susceptibility for a critical
Coulomb interaction strength Ut causes parallel alignment of spins, which depends on the
density of states at the Fermi energy p(Er). The critical Coulomb interaction according to
the Stoner model is

1 S Ucrit . p(EF) (51)

If the density of states at the Fermi energy becomes very large, even small electronic inter-
action strengths are enough to compete with the kinetic energy of the states, resulting in a
preferred parallel spin alignment.

Two-dimensional graphene is a zero-gap semiconductor, and without edge states, it has zero
density of states at the Fermi energy [241]. As a consequence, bulk graphene is non-magnetic
in the ground state. In the case of edge states of graphene nanoribbons, the dispersion of the
bands at the Fermi energy is rather flat, due to the localization of the corresponding states
at the edges. The very small bandwidth, due to the small kinetic energy of the edge states,
leads to a peak in the density of states at the Fermi energy and causes a tendency for edge
magnetism.

Graphene has a bipartite lattice and in this case, the Hubbard model at half-filling can
be mapped onto an effective antiferromagnetic Heisenberg model [241]. Due to the two
sublattices of the system, each sublattice on its own exhibits ferromagnetic ordering, but as
the neighbors of each site belong to different sublattices, neighboring states are polarized in
opposite directions. In the case of nanoribbons with zigzag edges, the edge states populate
the outermost sites of the ribbon and each edge belongs to a different sublattice exclusively.
Consequently, the spins along each edge align in parallel and a local ferrimagnetic ordering of
the spins is found. For sites further away from the edges the strength of this spin polarization
is weaker as a result of the localization of the edge states. Both edges may exhibit a very
large spin polarization, while the whole lattice may still feature a zero total spin magnetic
moment, in agreement with Lieb’s theorem [242]. This theorem states that the ground state
of a bipartite lattice at half-filling with equal number of sites of each sublattice, exhibits a
zero spin magnetic moment.

Due to the localized nature of the edge states, the system can be regarded as a Heisenberg
model with two step ladder geometry, which exhibits ferromagnetic intra-edge exchange and
antiferromagnetic inter-edge exchange [241]. The magnitude of the parameters obtained by
numerical fitting reveals, that the inter-edge exchange is two orders of magnitude smaller than
the intra-edge exchange, suggesting that the alignment of the the edges magnetic moments
for U = 0.1t is nearly independent. While the intra-edge exchange is barely affected by
the distance between the edges, the inter-edge exchange decreases rapidly, if the edges are
further apart. A more detailed analysis shows, that the inter-edge exchange (also called
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5.1. Onset of Magnetism in Graphene Nanoribbons

superexchange) arises due to three contributions, the band energy, the exchange energy and
spin polarization [243], all favoring an alignment of the magnetic moments at each edge
opposite to each other. This will be discussed in more depth, when the properties of each
edge magnetic phase are analyzed in the next chapter.

The influence of the d-orbitals, which affect the dispersion relation of the w-like edge
states, is expected to play a role in the magnetic properties of the ground state, because the
occurrence of magnetization depends on the density of states at the Fermi energy.

Other than that, the amount of doping of such a system shifts the Fermi energy away from
the magnetic instability. As a result, the onset of magnetization and the phase of the ground

state may be determined by breaking electron-hole symmetry or observing the system away
from half-filling [49].
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5.2. Electronic Interaction in the Single-orbital Hubbard Model

The Hamilton operator for interacting electrons in a solid in spatial representation is [93]

N p2 N 1 o2

H= = V (r; - _ 5.2
ZQmeJr.Z (rz)+2Z\1‘z‘—r‘|’ (5:2)
i=1 i=1 i J

where V(r) is the potential of the periodic lattice and N is the number of electrons in the
system with the mass m.. The representation is suited to describe the electronic interaction,
but the first two terms of the Hamiltonian Eq. @ are diagonal in the Bloch basis [237],
while the latter is diagonal in that of the real space basis, instead. Therefore a conversion to
Fock space via the field operators ¢(r) is performed, where ¢(r) = > ¢i(r)é, and Pt (r) =
> bF (r)é};i annihilate and create a particle at position r. Here the wave functions ¢} (r) and
¢;(r) can be any single-particle basis set for the Hilbert space, like a real space representation,
such as the localized Wannier functions, or the Bloch basis set, defined by the band index n,
the momentum vector k and the spin o [93]. By using these field operators the interaction
part of the Hamiltonian Eq. can be expressed in the second quantization representation
as [237]

~ ~

H, = ;/d31‘1/d3r2 éT(rl)(ﬁT(rQ)ié(rQ)(ﬁ(rl)' (5.3)

r1 — 1o

The non-interacting part Hy of the Hamiltonian has been largely dealt with in Chapter
and is thus not discussed here again. As described there, a real-space representation of a
system can be found by using a set of localized Wannier functions at the individual atomic
sites, but an approximation to them via the atomic orbital basis is used, in order to exploit

their symmetries. By formulating the non-interacting part of the Hamiltonian Eq. as
tight-binding model, where the electrons are confined to a site and hopping among different
sites ¢ and j is enabled by a hopping matrix element ¢;;, the interacting part in Eq. can

be included, by using the atomic orbitals in Eq. @ with site index ¢, such that the total
Hamiltonian in second quantization reads [244]

4. 1 Ut T
H= Y tiel 50+ 52 > “z‘mk,lcj,aC},o/Ck,a’Cl,a- (5.4)

= ‘<
1,J,0,0 0,0’ 1,5,k

Band indices n and n’ at each creation and annihilation operator are suppressed here. The
matrix elements are given as [93]

b= [@roe-r) (L +vm) ot - Ry (55)

2m

and

e2

ui,j,k,l = /d3I'1 /d3r2 qb*(rl — Rz)gb*(rg — Rj) (1'2 — Rk)gb(rl — Rl) (56)

—0
[r1 — rof
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5.2. Electronic Interaction in the Single-orbital Hubbard Model

In this context, Hubbard [234-236, 245] introduced a single-band model for the Coulomb
interaction of electrons, which is called the Hubbard model,

H=—t> > el tja+UD it (5.7)

(i) o€ {14} i

This model is comprised of one band with two types of spin and the Coulomb interactions are
limited to short-range on-site interactions with strength U. Thus, all of the field operators
in the sum in the second term of Eq. @ are taken at the same site and do not have a band
index. The hopping matrix element is confined to nearest neighbors only and independent
of the site indices. The model includes the spin, reflected in the last term of Eq. )
where the repulsion between states of opposite spins at the same sites is incorporated via
the density operators 7; , for site ¢ and spin o. It serves as a basic model for the description
of electronic interaction. Extensions to the original Hubbard model have been made and
resulted in different kinds of extended Hubbard models [246-248], which may include long-
range interactions or multi-band tight-binding models, such as discussed in the next section
of this chapter. These models require an extension of the single-orbital Hubbard model to
more than one orbital, such that band indices will be included in the following. In this
case, an exchange term may also be introduced into the multi-orbital Hubbard model which
couples on-site wave functions of different orbitals. Screening and long-range correlation
are neglected [249]. For the description of metals where the Fermi energy lies within the
conduction band of the system, using only a single-orbital Hubbard model may be justified.
However in the case presented here, the influence of the higher energy d-orbitals on the total
energy of the model is of interest and therefore more than one orbital is regarded.
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5. Electronic Interaction in a Multi-Orbital Hubbard Model

5.3. Definition of a Multi-orbital Hubbard Model

From the general formulation of the interaction operator in Eq. @, only terms coupling
states located at the same site will be included and therefore no explicit site index is written.
The orbital indices i, 7, k,{ will be labeled either by p, when p.-orbital are regarded or n,
when any of the five d-orbitals are considered. The interaction matrix elements u; ;x; will
be denoted

v
[r1 — rof

@ﬂmﬂ:/fn/fmﬁAM@ﬂm) o (1) 10 (r2). (5:8)

Adding an orbital index to the wave functions in Eq. @, leads to the term describing the
interaction among p,-orbitals

Hyp = (pp|Vpp) €118l epy . (5.9)
The interaction matrix element U, among p.-orbitals is computed via U, := (pp\mpp>. This

is the Coulomb repulsion of two electrons of opposite spins in the p,-orbital at a single
site. By including d-orbitals in the tight-binding model, various combinations for electronic

interactions in Eq. are possible. The first is
Hyy =" (pn|VIpn)ehyel . énorépo. (5.10)
n,o,o’

Here the Coulomb repulsion among electrons in p.-orbitals with any of the d-orbitals is de-
scribed. In practice the d-orbitals are located far away from the Fermi energy, while the
band structure is dominantly described by the p.-orbitals already. As a consequence, the

Coulomb repulsion among different d-orbitals in Eq. is neglected in this work. There-
fore Eq. contains only terms, where ¢ = k = p labels a state in a p,-orbital and
j=1l=n¢€{ds,dy,...} one of the five d-orbitals and vice versa. Since more than one

orbital is included in the extended Hubbard model, another interaction term may arise,
namely

HZ = (pn|VInp)el, el épertng. (5.11)

n,o,o’

As before, one of the indices describes a p,-orbital, while the other refers to any of the 5 d-
orbitals and no other interaction matrix elements are considered. By defining the real matrix
elements V,, := <pn|V|pn) for the Coulomb repulsion depending on a p,-orbital and the n-th
d-orbital and J,, := (pn|V|np) for the Coulomb exchange interaction matrix elements, the
relevant parts of the electronic interaction Hamiltonian in the multi-orbital Hubbard model
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5.3. Definition of a Multi-orbital Hubbard Model

can be summarized as

Hpq = Hpp + H;d + Hﬁd (5.12)
= Upeh el ey 6

ol of ot st oot
+ Z ( ( pT n\LCW«LCPT + Cpi nTchcpi + CpT nTc”TCpT + Cpi nicnicp¢)

+Jn ( TCUCNCM + cucT CptCny + CTTCTTCZﬁch + cJ'icT Cp¢Cn¢) > (5.13)

By comparing the terms in this interaction Hamiltonian, it becomes clear that the terms in
the last two lines, where all four operators share the same spin, are identical apart from one
permutation. This results in a relative sign, whereas they have different prefactors V,, and
Jn and therefore the terms can be rearranged to

of S
=Uphptiip) + Z ( (Aiptiiny + fipyfint) + Jn ( CpplniCpllnt + CmCmCani)
+ (Vi — Jn) (ﬁpfﬁnT + ﬁpiﬁni) ), (5.14)

where the particle number operators n;, := éjaéw have been inserted. The Coulomb repulsion
of electrons with different spins in the p,-orbital at a single site is given by the first term in
Eq. m and by the second term, when one of the electrons occupies a d-orbital instead. In
the third term the non-classical exchange is shown, which represents the energy of exchanging
the spin of electrons in different orbitals. The last term describes the Coulomb repulsion of
electrons in different orbitals, but with identical spin. There are similar forms of the above
electronic interaction Hamiltonian in the literature [237, 250-252]. The magnitude of the
parameters derived here is discussed in a later section.
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5. Electronic Interaction in a Multi-Orbital Hubbard Model

5.4. Decomposition of the Electronic Interaction Operator into
the Mean-field Approximation

In this section the terms in the many-body Hamiltonian Eq. are rewritten, such that
they can be solved iteratively with the mean-field method. Spin-rotational invariance may be
of importance, if the spin conservation along the z-axis is perturbed, i.e. by Rashba-type spin-
orbit coupling. Therefore in the following derivation, additional terms for maintaining spin-
rotational invariance are introduced in the mean-field approximation. These terms will be
zero in the numerical computations performed in this work, but are stated for completeness,
because the Hubbard model is also spin-rotational invariant.

5.4.1. Interaction among p_.-orbitals

The density operators in Eq. @, e.g. 7y, are expressed as a fluctuation Any around their
mean-value (74). Then the terms quadratic in the fluctuation are neglected. It follows for
the electronic densities [237]

iy = ((g) + Afg) ((Ay) + Any) = = () (Ay) + g (Ry) 4 7y (g). (5.15)

While approximating the two-body operator as an effective potential, this reformulation does
not conserve spin rotational invariance [245] and is only valid for systems, where the spin
§,-component is conserved. For the formulation of a spin-rotational invariant mean-field
approximation, additional terms may be formed from the two density operators, because
these are comprised of two field operators, each. Rearrangement of the field operators leads
to

iy = elerele, = —eleele. (5.16)
The decomposition of the Eq. into the mean-field picture is
~eleyeler ~ — (—telepielen + eey(elen + eenele) ) (5.17)

where again terms quadratic in the fluctuations are neglected. These expectation values will
be zero when the system does not contain §,-non-conserving terms. The pairs of operators
in this decomposition can be identified with the spin raising ST = 616 1 and lowering operator

A~

ST = éIéT’ which will form the z- and y-components of the spin ST = % (5’T + 5“) and

Sv = L (ST_S*). By identifying (S%) = 3 ((ix) — (i) and (d) = (Ay) + (i), the
following relations can be established

() () = 7 ()~ 4(8?) (5.18)
1
2

A (i) + iy (ivg) = (mm - 4SZ<SZ>) : (5.19)
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Together, they lead to the relations S=(S1) + §1(8~) = 287 (87) 4 25Y(8¥) and (ST)(S~) =
(S7)2 + (5Y)2. The mean-field electron-electron interaction of the Hubbard model for the
p,-orbitals can then be written as the sum of the two decompositions

—25(5) — (7)° +(S)(S). (5.20)

This operator conserves spin-rotational invariance, because all spin components are treated
on equal footing.

5.4.2. Interaction among p.- and d-orbitals

In this section, one of the terms in Eq. , éLTéL ¢ép¢énTa will be decomposed the same
way as in the previous section. The spin-rotational invariance-conserving parts will obtain a
sign relative to the other non-conserving parts, due to the commutation relations of the field
operators. It follows

é;TéL¢ép¢énT ~ - <S;)S’* (S, >S + (¢ ¢Cp¢> TTCM
+ (e enpyel ey — (elien) el ) + (SIS (5.21)

Here the spin-rotational invariance is ensured through the spin raising and lowering operators
for each of the orbitals. If all of the two-body operators are decomposed into mean-field
operators, the result is

Hpq ~ % <fz<fz> —457(9%) — <<"2>2 _ 2<gz>2>>

+ Z [ ( nPT Tiny + <nn¢>in + <np¢>nm + <”nT>”p¢ - <”pT><nn¢> <ﬁp¢><ﬁm>)

+Jn(<éf¢ép¢>é;r;¢ém + <é;¢énT> T¢Cp¢ — (¢ TTCnT>< ;rucpi) + <é;¢én¢>éjném

+ CpT> 1En) — (€ LTCPTM 2 C"¢>)

+ nTcp¢>< p¢0m> + (ﬁmmm + <ﬁn¢>ﬁp¢ - <ﬁn¢><ﬁp¢> - <é;r,¢én¢>éi¢ép¢

(@
(Vi = ) ({1t + (gt = (g}t — ()l = (@l )by

(e

Atoa yat o4

—(e nicpi> p¢Cn¢ + (¢ nﬁpi) (Cp¢0n¢>>}’ (5.22)
where terms for conserving spin-rotational invariance are not included, for the reasons men-
tioned above. In this Hamiltonian the site index is suppressed, but all of these expectation
values are site-dependent. For the full result with all terms ensuring spin-rotational invari-
ance, see the appendix Eq.
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5.5. Parameters of the Electronic Interaction and Limits of the
Model

Experimentally obtained data for graphene cannot be used to formulate precise parameters
for the Coulomb interaction in graphene, unfortunately [49]. Therefore a discussion on the
expected magnitude of these parameters is given here. As Hubbard prognosed in his work
[234-236], a hierarchy of interactions for the electron-electron interaction can be established.
They assumed parameters for the repulsion on the order of U ~ 10eV, for coupling p.- and d-
orbitals of V;, ~ 2eV and .J,, ~ 0.5 €V for the exchange [237]. Hence the matrix elements of the
Coulomb repulsion play a dominant role, compared to those of the exchange. Using PySCF,
a Python package for self-consistent-field calculations [253], an estimate for the parameters
is calculated directly for the ccpvdz basis set of an isolated carbon atom. It is a rough
approximation, because no screening is considered. Screening due to electrons from the other
carbon atoms in a graphene lattice should not be neglected, because of the delocalized nature
of the half-filled p,-orbitals [254, 255]. The Coulomb interaction parameters, computed by
using PySCF, are on the order of U ~ 13eV, V,, ~ 9eV and J, ~ 2eV for the d,,- and
d,.-orbitals. Only these two orbitals will be considered additionally to the p.-orbitals from
now on, because the other d-orbitals do not couple to the p.-orbitals due to their symmetry,
justifying such an approximation. In any case, it is found for the other three d-orbitals that
the Coulomb repulsion is also of the same magnitude V,, ~ 9eV, but the exchange is smaller
for the d,2 and d 2_,»-orbitals, giving J, ~ 0.5eV. In the literature the order of magnitude
of these parameters is different from what was computed via PySCF.

In the case of graphene nanoribbons with zigzag edges, local effects due to the edge states
have been found to introduce correlations into these systems, affecting the onset of magnetism
[254]. Rigorous quantum chemical computations find values for the intra-atomic Coulomb
repulsion on the order of about 20 eV, which are then reduced to around 3 eV due to screening
by the 4s electrons [240]. Remarkably, the single-orbital model can adequately describe
many-electron effects in graphene [49].

In order to obtain parameters from experimental data and ab-initio calculations, the single-
orbital Hubbard model is compared to DFT calculations. It has been found to agree best
with the first principle results when U/t ~ 1.1 — 1.3 in the case of generalized-gradient
approximation to the exchange-correlation functional, where the range of U = 3.0eV —
3.5eV is assumed, which is also found in experiments [49]. However, fitting the single-
orbital Hubbard model to local spin-density approximation yield U/t = 0.9 [49, 256] and
by employing magnetic resonance studies, U is suggested to be at least of the order of 3eV
49, 257]. Using quantum Monte Carlo computations with ¢ ~ 3eV the interaction strength
U ~ 7€V is found to be the maximum value for that a single-orbital Hubbard model is
sufficiently accurate. Increasing U any further, leads to passing a Mott-Hubbard transition,
where an antiferromagnetically ordered insulating state is reached [49].

Given the uncertainty of the actual value of the parameters and the accuracy of the model,
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the parameters used in this work are varied between U ~ 0eV and U ~ 2.3t = 7eV, in order
to account for the possible parameter ranges, while J,, and V,, are also considered in com-
parable magnitudes. While the general magnetic properties of the full DFT calculation can
adequately be described by a single-orbital Hubbard Hamiltonian, the multi-orbital model
will be required for considering the influence of the d-orbitals on the properties of the edge
states in the ground state of graphene. Due to the small occupation of orbitals other than
P2, correlations of the electrons in graphene do not play a dominant role [258]. Thus, em-
ploying mean-field methods is a good approximation in the parameter ranges discussed here,
as suggested by [179]. Other than that, a spatially extended Hubbard model is not used in
this work, because the contributions to the electronic interaction due to neighboring atoms
are weak compared to those in a single site.
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5.6. Computing the Self-consistent Field

In problems where a self-consistent solution is required, some sort of convergence criterion
is formulated. The solution is considered self-consistent, if after a number of iterations, it
fulfills this requirement. In order to start solving the mean-field problem, values for the
matrix elements in the Hamiltonian in Eq. p.22 must be fixed before the first iteration.
The characteristics of the initial set of matrix elements will strongly affect the efficiency of
reaching a solution, such that a good guess helps to lower computation time. In quantum
chemical applications, usually a density-matrix is computed [259] and the convergence of
its entries is considered an appropriate measure. The occupation of electrons in p,- and
d-orbitals is compared against the previous step as

Ay =3 (o7 = 0k%). (5.23)

k,o

The populations for the i-th iteration of the k-th state of spin o are given by the respective
diagonal element of the density matrix pf’g = <1/}|pZ}Zk]k,o)(k:,J\w> = <n§w_>. Practically,
a convergence on the order of A, ~ 107!0 between iterations is reached after only a few
steps, if only p,-orbitals are considered. Inclusion of the two d-orbitals usually converges
towards ~ 10712 within 12-15 iterations and ~ 10720 within 40 iterations, depending on
the initial guess. When such a high number of iterations is used, the energy of the resulting
system converges with an accuracy of 1 x 1072 eV to 1 x 10~7 eV for single- and multi-orbital
computations. Due to the finite sampling of the reciprocal space in the computation, the
numerical error may be on the order of 1 x 10"'meV. The python code written for this
project uses 20 nodes of the local PHYSnet cluster to perform direct diagonalization of the
Hamilton operator at a sampling of 801 points across the Brillouin zone in parallel during
each iteration. With this method 35 iterations of a multi-orbital Hubbard model with two
d-orbitals and N = 8 rows take about 75 hours and for N = 12 about 150 hours. The general
procedure on how to compute the occupation of states in a solid, as well as the chemical
potential is common in theoretical solid state physics or quantum chemistry [93, 245, 259]
and a good overview is given in [[184], which is adapted here. A solution is computed from
a Hamiltonian in the mean-field approximation. From the band structure of the system the
density of states is computed, see Sec. , and from the density of states, the occupation of
states is obtained, according to the Fermi-Dirac distribution [148]. The number of particles
for half-filling corresponds to the number of sites of the system. By imposing the result of
the integral to be equal to the particle number of a half-filled system, this method allows for
computation of the chemical potential p. The number of occupied states is

> 1

The computation is started, where in the Fermi-Dirac distribution kT = 3.45 x 10~*eV.
This is done for convergence purposes, because of the strong slope at the chemical potential
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for zero temperature. The above values correspond to T' = 4K, but the computation is
considered to lead to similar results at T' = 0. In practice the chemical potential is obtained,
by varying p in the integral in Eq. and numerically solving it, until both sides of the
equation match up, while n is fixed. For a solution with a broken particle-hole symmetry
it is required to fix n with a small offset from half-filling. This way the computation may
converge to a system with electron or hole doping. The expectation values of the number
operators at each point k in the Brillouin zone for the orbitals o and spins ¢ at site ¢ are
then given by

() = 3 e (3 (R s (R, (5.25)
j,ol,0 € 1° +1

It is to be noted here, that the expectation values in the matrix elements of the Hamiltonian

depend on the point k in reciprocal space as well. Other expectation values necessary

for the mean-field computation are derived in analogy to Eq. . The internal energy of

the system is obtained by considering the number of occupied states of each energy, leading

to

o E

With the internal energy, the phase diagram in later sections will be characterized, because
the temperature is only included for convergence purposes. The free energy is given by
F = Ey — TS, which would be required for finite temperatures. The entropy S is computed
via

S=—kp /OO dE 3 (E)Ing (E) + (1 —§(E)n(1 - §(E)), (5.27)

—00

where § (E) = m is the Fermi-Dirac distribution.
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6. Magnetic Phases of Edge States in
Graphene Nanoribbons

6.1. Description of the Phases

In graphene nanoribbons with interactions different types of edge magnetism can occur [213,
241]. All have in common that the properties of the edges are somewhat extraordinary,
compared to those of the bulk. For the magnetic states at half-filling, the spins always
polarize in parallel along a single edge. Sites in close vicinity to the edges, belonging to
the same sublattice, show a finite spin polarization in the same direction and those sites
belonging to the other sublattice polarize in the opposite direction. This local ferrimagnetic
spin-alignment is strongest near each edge, but it decays into the bulk, such that the ribbons
only show a very weak spin polarization in their centers.

The magnetic phase where the spin polarization of the two edges is opposite has a band
structure with a gap at the Fermi level. This gapped phase will be called antiferromagnetic
edge phase (AFM), because of the antiparallel spin polarization of the two edges relative to
each other. In this case, each sublattice has the same direction of spin polarization everywhere
in the sample. Since both edges belong to different sublattices, they assume an opposing spin
polarization.

The other type of magnetic solution at half-filling is the ferromagnetic edge phase (FM),
which does not show a band gap. Since here both edges have parallel spin alignment, the
direction of spin polarization for each sublattice must switch its sign at the center of the
ribbon, which leads to a domain wall. A variety of other states with varying degree of
edge magnetism can be found, once weak doping is considered [260], but with considerable
amount of doping, a non-magnetic phase is obtained. Doping may be used to control the
edge magnetization, because the Fermi energy is shifted from the instability of the density of
states, which is required for the onset of magnetism. Therefore, the interactions of the edges
at opposing ends of the sample can be influenced by the charge carrier concentration and
consequently, doping provides a method for controlling the magnetic properties of the ground
state [49]. The remaining phases can be considered intermediate phases, occurring at finite,
but much smaller doping than the non-magnetic phase. It has been shown via non-collinear
density functional theory that doping can cause the magnetic edges to attain non-parallel
spin [261]. Furthermore, the band structures of these phases may show similarities to both
magnetic phases at half-filling, but have their spins align partly in the graphene plane.

In this thesis, the focus is laid on only three different solutions to the mean-field problem,
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the two magnetic phases obtained for a half-filled system and the non-magnetic phase for
larger doping. There is no spin polarization in the non-magnetic phase, but a charge in-
homogeneity with increased occupation of the edge sites. The topological properties of the
three phases are discussed by analyzing their symmetries. In a next step the influence of
the d-orbitals of graphene on the properties of the phases is discussed by considering the
electronic interactions therein. The effect of different interaction strengths is examined, as
well as the energetic separation of the p,- and d-orbitals. For the non-magnetic phase, the
amount of doping and its effect on the internal energy and Fermi energy is explored.

In order to obtain the energy of these phases, the spin-rotational invariance-conserving
terms in the mean-field interaction are not required, because the conservation of §, will not
be violated. While the Hartree-Fock approximation can overestimate magnetic order, it is
found to be sufficiently accurate for describing the weak magnetic correlation of the edge
states in graphene [241]. Considering strong correlation effects is not expected to change the
magnetic ground state of zigzag nanoribbons, which justifies the mean-field approximation
further [50].

6.1.1. Breaking Symmetries

The mean-field Hamiltonian in the form of Eq. satisfies several symmetries, whereas
the symmetry of the initial guess for the matrix elements affects the symmetry of the self-
consistent solution. For obtaining a specific solution, it is relevant whether the initial guess
breaks a specific symmetry, such as particle-hole symmetry (PHS) or time-reversal (TR)
symmetry. For the AFM solution, spin-spatial symmetry needs to be broken such that one
side of the sample exhibits one spin alignment and the other side of the sample an opposite
alignment. For the FM edge phase on the other hand, TR symmetry must be broken. This
can be realized if the state used for initial guess of matrix elements exhibits a spin-magnetic
moment, e.g. an equally distributed spin-imbalance across the sample or a spin polarization,
where the spins at both edges are aligned in parallel and the bulk is not polarized at all.
Finally, for the non-magnetic case, PHS must be broken, which is achieved by doping.

6.1.2. Non-magnetic Edge Phase

The non-magnetic phase may arise from doping of the graphene sample while maintaining
time-reversal invariance. It is topologically very similar to the situation where no electron-
electron interactions are considered. All four edge states cross the band gap, similar to the
non-interacting system.

In Fig. El! a) the four edge bands are plotted and colored by their bulk chirality-expectation

value <%>, which is well defined around the Dirac points. The energy is fourfold degenerate

at k, = 0. In Fig. @ b) the real spin and sublattice spin expectation values are shown for
the four bands, and each band is colored by its respective expectation value. The sublattice
spin of edge 1 corresponds to the up component, which denotes sublattice A, while edge 2
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FIGURE 6.1.: a) The dispersion relation of the four edge states for N = 12 in the non-magnetic phase
colored by the bulk chirality for U = 0.6¢t. The system is doped with AN = 1.92 electrons above
half-filling. b) The states are colored by sublattice A on edge 1 and B on edge 2, which are labeled by
E; or E,, together with the real spin expectation value. The dashed lines indicate the other states.
¢) The density expectation value for the non-magnetic phase. The surplus of population is located at
the sample edges without spin polarization. d) A schematic overview of a the occupation additional
to half-filling at each site.

corresponds to sublattice B and the down component. The labels E; and Es, denoting the
different edges, are used for that purpose. The bands cross according to the edge helicity
(62 - 82) [], which is a good quantum number in the vicinity of the I'-point. For larger
nanoribbons, the area of sublattice and real spin polarization in the Brillouin zone center
increases. Since it is computationally more involved, much larger nanoribbons do not find
consideration in this thesis. The dispersion relation of the non-magnetic phase resembles the
non-interacting single-orbital system with an effective next-nearest-neighbor hopping ¢’ > 0
and an overall energy shift, similar to the right of Fig. @ In Fig. @ c) density expectation
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for the non-magnetic phase is shown per siteﬂ 1. The density expectation value per spin is

() = 3 (n) + (). (6.1)
The sites located at the outer zigzag edge are indicated by dashed lines. The unpolarized
occupation of the edges compared to the bulk is increased, with both spin polarizations in
equal amounts. If the system were to be doped with holes, the population there would be
slightly diminished. A schematic overview of the spatial distribution of the phase is given
in Fig. d), where the sites with an occupation other than half-filling are indicated grey,
while the size is proportional to the amount. At each edge only sites belonging to the same
sublattice are occupied.

In the two spin-polarized magnetic phases, the Stoner criterion provides an explanation,
why the pronounced peak of the density of states at the Fermi edge leads to the onset of
magnetism, which is seen in the dispersion relation in Fig. @ a). Doping the sample with
electrons or holes moves the Fermi energy away from this instability region and the resulting
solution does not exhibit a magnetic moment anymore [49, 177, 260]. In the case of U = 0.6t
at half-filling, the Fermi energy is shifted to Er = 0.3¢, but the energy of the non-magnetic
phase exhibits a larger shift. This will be discussed in-depth in Sec. %

6.1.3. Ferromagnetic Edge Phase

It is a result from the Hartree-Fock approximation of the Hubbard model, that the Hubbard
interaction causes electronic states of spin-up and -down to split [240].

In the FM phase both edges of the system show parallel spin polarization with respect
to each other, resulting in a finite spin-magnetic moment of the sample. Consequently, the
states in Fig. a) are not four-fold degenerate. The energies are shown for a nanoribbon
with N = 12 rows and 4 columns at U = 0.6t. The edge chirality (5, $,) is a good quantum
number for the edge states and they polarize accordingly, as can be seen in Fig. b), where
the crossing of the four states is shown individually. The states are colored by the edge they
are located at and which spin polarization (8,) they have. The remaining edge states are
indicated by dashed lines and it can be seen that the two spin-down states are higher in
energy than the two spin-up states, while each edge hosts one type of spin. Whether the two
spin-up or spin-down states are higher in energy, depends on the initial state. This result
here is energetically degenerate with the solution obtained from a time-reversed initial state.

Closer to the Dirac cones, the kinetic exchange lowers the energy for antisymmetric spatial
wave functions. Two states with mostly opposite spin cross the band gap in the vicinity of
each Dirac point. The mechanism of the coupling of states localized at two opposing edges
can be described in analogy to the superexchange mechanism [[177, 243]. Here an exchange
in spatially distant electronic wave functions is mediated through the bulk. The spin gap at

!The sites are labeled column-wise in ascending order starting with 0 on the top of the leftmost column and
ending with site 47 on the bottom right.
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FIGURE 6.2.: a) The dispersion relation of a graphene nanorribon with N = 12 rows with U = 0.6¢
in the ferromagnetic edge phase. The bands are colored according to their bulk chirality. b) The edge
chirality 6, - §,, of the edge states from a). The bands are separated for better visibility and the other
states are drawn with dashed lines for comparison. c¢) The expectation value of the magnetization
resolved per lattice site. The four edge atoms are marked with dashed vertical lines. d) A schematic
overview of which atoms are polarized by which spin.

the Brillouin zone center follows from a ferromagnetic spin exchange. This will be discussed
in the next section in detail.

From a topological standpoint, chiral symmetry is the reason for the occurrence of gap-
crossing states [@] The FM phase exhibits chiral symmetry, because the state of the system
with parallel relative spin alignment of the edges remains symmetric when interchanging both
sublattices. As a consequence, Cy-rotational symmetry is preserved, which is reflected in the
dispersion relation. This can be seen in Fig. b), where the dispersion of lower-energy
spin-up states at the two edges remains symmetric with reversing the sign of the momentum
ko [ The same is true for the other two bands. As the system has explicitly broken time-
reversal symmetry, the spin states are not degenerate anymore [49]. The local magnetization
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is

—_

(mi) = 5 ({10 = (nya)) (6.2)

see Fig. ). A parallel spin polarization of the two edges is visible, while most of
the bulk remains unpolarized. The sites in close vicinity to the edges exhibit a very small
spin polarization in the opposite direction, showing the aforementioned locally ferrimagnetic
structure. A schematic view of this is depicted in Fig. @ d). The electronic density on the
other hand is distributed equally across the sample. Current experimental efforts have not
succeeded in verifying magnetic edge states as of yet [262].

6.1.4. Antiferromagnetic Edge Phase

In the AFM phase, both edges exhibit opposing spin polarization with respect to each other,
while a locally ferrimagnetic ordering among the sublattices at sites close to each edge is
present. Again the spins along each edge are aligned in parallel, but in this phase the total
spin magnetic moment is zero. The band structure shows a clear gap. Spin-spatial broken
symmetry is required to obtain the AFM solution [49, 263]. As can be seen in Fig. @ a),
the dispersion relation of a nanoribbon with N = 12 rows and 4 columns at U = 0.6t exhibits
a band gap, indicating that the AFM phase is insulating [110]. Similar to the previous two
phases, the bulk chirality &, - % remains only a good quantum number in the vicinity of

nanoribbon, which will be discussed in Sec. | In one-dimensional systems, no finite-
momentum long-range spin-order is expected, when the system exhibits full spin-rotational
symmetry [50, 264]. Therefore the AFM phase is not caused by long-range order.

In Fig. E b) the product of sublattice and real spin expectation values is again used to
color each of the states. One can see that the two states where (G, - §,) = —1 are lower
in energy than both with parallel relative sublattice and real spin alignment, (6, - §,) = 1.
Thus, for the two occupied states, the real and sublattice spin are antiparallel. Topologically,
the antiferromagnetic exchange interaction acts as a staggered sublattice potential, which
introduces a spin-dependent gap with opposite sign for states localized at different edges
and thus destroys the topologically insulating phase [26, 265]. The origin of the gap is the
broken chiral symmetry [266] originating from the spin polarization of the edges in opposing
directions.

In Fig. c) the magnetic expectation value of the AFM phase is shown, resolved per
nanoribbon site. Similar to the case of the FM phase, the electronic density is equally
distri}@ted across the whole sample. A schematic of the distribution of the spin is given in
Fig. d).

the Dirac cones. The band gap near the Dirac points is influenced by the width of the
E 2.1
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FIGURE 6.3.: a) The dispersion of the four edge states in a graphene nanoribbon with N = 12 rows, 4
columns and at U = 0.6¢ in the antiferromagnetic phase. b) The states are colored by their sublattice
spin and real spin quantum numbers. The gap is separating states with opposite edge chirality 5, -6,.
¢) The expectation value of the magnetization and density resolved per site. The four edge atoms are
marked with vertical dashed lines. d) A schematic overview of which atoms are polarized by which
spin.
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6.2. Comparison of the two Magnetic Phases

In this section, the two magnetic solutions are compared with each other. The energetic
competition of these two phases can be explained by a mechanism called inter-edge superex-
change, which will be discussed first. Then the magnetization of the edge atoms and the
bulk is treated and how it is affected by the interaction strength.

6.2.1. Inter-edge Superexchange

The theoretical model which can be used to describe the theory of superexchange among
states localized at different edges of graphene nanoribbons has been discussed in the literature
[243, 267] and is reproduced here to analyze the band structures of the two magnetic phases.
The Hamilton operator in the mean-field picture for a one-dimensional periodic ribbon with
edges takes the form

H=>" > tyel, tojotUD faioliais) (6.3)
(@)

! <7/ j>70' z,1,0

Here the indices 7 and j are intra-unit cell indices, whereas the indices z and z’ label different
unit cells along the periodic direction, parallel to the zigzag edges. Without the interactions,
a similar Hamiltonian has been examined in-depth in Sec. , but including a periodic and
a non-periodic direction is important here for discussing the valence and conduction bands
which describe the edge states.

In Eq. @ the annihilation (and creation) operators égz , destroy or create a particle at

site ¢ in unit cell x with spin ¢. For computing the energy of the magnetic phases self-
consistently, it is enough to only consider the valence and conduction bands, which is a very
good approximation [267]. This can be done by performing the Fourier transformation, where
bands other than the valence and conduction bands are projected out via [267]

. 1 — v on v oa
C;[M}U = ﬁ Z € ka(q’bk#(z)cl,aﬂr + Qﬂk,*(l)c}l,a,*) (6-4)
k

at the same time. The operator ég?}_ . annihilates (creates) a particle in the conduction band

(4) or valence band (—) with momentum & and spin o. The spin-degenerate valence and
conduction bands of the non-interacting system have wave functions 1, +. They have the
energies defined by H}f:%k,i = +T'(k)vy +, where H = ), H},, which leads to the common
single-particle dispersion for the edge states shown in the left of Fig. @ The Fourier
transformation of the Hubbard interaction term in Eq. in a basis similar to Eq. is
diagonal in k.

The valence and conduction bands, which are given by the edge states, can be separated
into states localized on the left (L) and right (R) side of the sample. For this purpose the
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operators
At Lo A(f
&0y =2 (0, +off) ) (65
NG Lw oAb
clg,an = 5 ( (,O'Jr - C;C ,0,— ) (66)

are defined. The wave functions for the states mostly localized on the left or right side of the
ribbon are given by 1y, 1, := % (Yr,— +Yp+) and Y g == % (k4 — Yr,—) [243], in analogy
to the operators in Egs. and @ Then it follows that the two L/R states both have the
same energy T'(k).

The expectation values of the density operators at each site 7 of the unit cell are taken
as (o) = 3 + mP(i)5, where m” (i) is the magnetization at each site for phase P €
{FM, AFM}, Wthh is defined below, and ¢ = £1 [267]. From the strict localization of the
two edge states on different sublattices, it follows that ¢y, r,(2)- ¥ r(i) = 0 at every intra-unit
cell site ¢ and at each k individually [243]. This leads to the 2 X 2-Hamiltonian per spin for
the FM phase

U FM .
3 — oA (k) T (k) ¢k R
H= Z(C};JRﬂ LUL) ? U Y ) ; (6.7)
k.o T(k) 5 = O'A (k) Ck,U,L
and for the AFM phase
K" A % — o AMFM (k) T(k) Ch,oR
0= Z(Ck,U,R’ Co,L.) U A ) (6.8)
k,o T(k) 2 + oA (k) Ck,o,L

in the L/R-basis [243]. The spin splitting at the Brillouin zone center for phase P is defined
as

=UY e (@)Pm” (@) (6.9)
and the magnetization for each of the phases is given by [243]
wAPM ) 5= [ (0 00 — 4 (i) Pl (6.10)
ko
M) i= [ dk (s + () (6.11)

The left-right polarization is given by Pol(k), which ranges between 0 and 1, and is determined
by the self-consistent solution of the mean-field equations for the AFM phase.
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FIGURE 6.4.: Multiple band structures of the edge states for nanoribbons with N rows and U = 0.6t¢.
a) The FM phase and b) the AFM phase. The energy of the states crossing the Fermi level are shown
in dashed gray lines for better visibility. The two types of gaps A, and Ag are shown.

In this model, the off-diagonal entries in Egs. @ and @, obtained from the non-
interacting Hamiltonian, have the effect of an inter-edge hopping. This hopping increases
for momenta away from the Brillouin zone center and causes a larger mixing of the edge
states with identical spins localized on opposite ends of the sample. This is what causes
a symmetric-antisymmetric polarization [243], which competes with the left-right polariza-
tion at each k. The diagonal entries in Egs. and @ describe the energy splitting due
to the different spin polarizations of the self-consistent solutions. If both spin species are
included, the Hamiltonian for the AFM phase has the two-fold degenerate eigenenergies
E(k) = £1/AAFM (k)2 4 T(k)2, which are separated by an energy gap. For |k| < |ko| it is
T(k) ~ 0, such that A4"M (k) controls the linear combination of valence and conduction
bands which forms the occupied states. At the Brillouin zone border, the valence and con-
duction bands minimize their energy by forming an antisymmetric linear combination due
to increased inter-edge hopping as a result of the energy T'(k), because for |ko| < |k| it is
AAFM (k) 2~ 0. The momentum kg is used to denote the point where the influence of the
two polarizations interchanges [243] and it is important to note, that the AFM phase can
minimize its energy at both the Brillouin zone center and border, without crossing the band
gap, with the same two _occupied states. The gap A,, which will be examined below, is
defined at kg, see Fig. .

For the FM states, the spin polarization of the states at the Brillouin zone center is
governed by AfM (L), leading to the occupation of left-right polarized states with identical
spins at each edge. Precisely at kg the influence of T'(k) becomes larger than that of AFM (k),
such that it is again energetically favorable for the occupied states to form antisymmetric
states with respect to the inter-edge hopping, but as a result two states must cross the band
gap. The occupied bands for |k| < |ko| do not contribute to mf™ (i) because of a lack of
spin-polarization. This leads to the four energies E(k) = +AFM (k) £ |T'(k)| [243)].

The energetic difference of the AFM and FM phase is almost exclusively given by the higher
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FIGURE 6.5.: left and center: The two gaps A, in the vicinity of the Dirac points and Ag at the
Brillouin zone center for the two phases AFM (darker shade) and FM (lighter shade) for three different
Coulomb interaction strengths U = 0.2¢, U = 0.5t and U = ¢t. The number N of rows is varied. right:
The gap Ag for N = 22 as a function of U.

energy of the two gap crossing states in the vicinity of kg [243]. These considerations allow
for an analysis of the gaps in the dispersion relations of graphene nanoribbons of different
size and interaction strengths. For this, two gaps are defined,

Aq = /AP (ko)? + [T (ko) (6.12)
Ag = 2A7(0), (6.13)

which are depicted in Fig. @ a). Here the band structures for the FM phase (shown in a)
and the AFM phase (b) are depicted for U = 0.6t and the number of rows of the nanoribbon
is indicated. Since the eigenvalues of the AFM phase are doubly degenerate, which is not the
case for the FM phase, where this degeneracy is only occurring at the Brillouin zone center,
the appropriate states for comparing the gaps must be chosen. Therefore the choice of the
gap crossing bands of the FM phase used for this analysis are marked bold, while the others
are depicted via dashed lines. The gap close to the Dirac point A, is defined at the point kg
in the Brillouin zone where the two bands of the AFM phase exhibit smallest gap, whereas
in the case of the FM phase, two edge states (the dashed lines) cross the gap.

Ag is defined as the splitting between the pairs of bands at the Brillouin zone center. The
gap sizes for A, and Ag are shown in Fig. (left and center), as a function of the number
of rows of the nanoribbon N. A, becomes smaller when N increases because of the size
dependence of the inter-edge hopping [243], which has a similar origin as the localization of
the edge states in finite size nanoribbons, discussed in Chapter H For larger U, A, becomes
larger, because of the larger band separation in the Brillouin zone center.
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FIGURE 6.6.: a) The energy differences for the magnetic phases AFM and FM as a function of U for

three different ribbon sizes N. b) The energy difference of the two magnetic phases as a function of
N.

The gap Ag is mainly influenced by the magnetization of the lattice. Due to the exponen-
tially small overlap of the edge states in very wide ribbons, it converges to approximately
Um?® [237]. The total magnetization of the lattices m?’ is slightly different for the two phases,
because in the FM phase the magnetization of sites belonging to a single sublattice switches
sign at the ribbon center. This is not the case for the AFM phase as was was explained
in Secs. and . As a consequence the magnetization in the FM phase exhibits a
domain wall, which causes an overall smaller magnetization, resulting in a smaller gap Ag.
Therefore this gap is size-dependent - especially in narrow nanoribbons - and becomes nearly
identical for both phases in longer ribbons. The increasing size of Ag for larger interaction
strengths is shown in Fig. @ (right), where Ag for nanoribbons of N = 22 rows for different
U is depicted. The result is numerically identical for AFM and FM phases at the scale of
this figure, and the gap in both phases is proportional to U.

6.2.2. Energy of the Magnetic Edge Phases

In this section, the energies of the two magnetic phases are compared. The theorem by Lieb
for the ground state of the bipartite lattice in the case of repulsive electronic interactions was
already mentioned. More precisely, it states that the ground state at half-filling has a total
spin of |S| = M [242], where |A| and | B| correspond to the number of sites belonging to
the two sublattices A and B. It follows from this, that the ground state at half-filling should
always be the AFM edge phase, regardless of ribbon size and for every U > 0. In order
to verify the magnetic ground state of the system, the energy differences of the two phases
are computed for different interaction strengths and ribbon lengths. The energy differences
are shown in Fig. @ a) for three different ribbon sizes as U is varied. As can be seen the
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FIGURE 6.7.: The expectation value of (m)gqge for an edge atom in the FM and AFM phase.

energy difference is up to 50meV at U = 1.9t for N = 8. The AFM phase is always the
phase with lower energy, in agreement with Liebs theorem. The smaller edge separation in
smaller ribbons, such as N = 8, results in a larger energy benefit for the AFM phase, due
to the inter-edge superexchange mechanism. The larger N, as can be seen in Fig. b),
the smaller this energy gain, regardless of U. In the continuum limit both phases become
degenerate. This result can also be related to Lieb’s theorem, because the ground state at
half-filling would still have a vanishing total spin polarization, similar to the AFM phase.

6.2.3. Magnetization at the Edges

In Fig. @ the magnetization (m)gdqge = % ((nT7EdgC) — <n¢,Edge>) of an edge site in a nanorib-
bon for N = 8 and N = 20 as function of U is depicted for the two magnetic phases. The
magnetization becomes larger as U increases, converging to (m)gdge =~ 0.2 for U ~ 2.0t.
Since along one edge all sites belong to the same sublattice and exhibit ferromagnetic spin
alignment, the staggered magnetization of the AFM and FM phase become comparable. For
larger ribbons it is nearly identical for both phases, as explained in a previous section. At
N =20, (m)gqge is identical for both phases on the scale of Fig. , and for N = 8 it is only
slightly different ((mapp) — (mpar))/{(marpa) = 2.6 x 1072, as previously reported in [50].
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6.3. The Non-magnetic Solution at Different Filling Factors

In this section, the energy of the non-magnetic phase is discussed. The computations per-
formed in this work consider the same doping per spin, such that doped solutions with a
finite spin magnetic moment are avoided. A half-filled system has a number of particles
equal to the number of sites N’ = 4N = 48. The total doping AN of the sample is defined
as the occupation difference of the system above or below the half-filled lattice. On the left
of Fig. @ a) the dispersion relation of a hole-doped nanoribbon in the nonmagnetic phase
is depicted. The doping is AN = —3.8 and, for such hole doped system, the edge state dis-
persion at the Brillouin zone center is bent downwards. On the right of the same figure, the
case for electron doping with AN = 1.74 indicates an upward bent dispersion. If the doping
is increased to AN = 3.8, all bands are similar in appearance, but are shifted upwards in
comparison. In b) of Fig. the electronic densities are depicted for each site of the lattice.
For hole doping, the electronic densities of all lattice sites are reduced from half-filling and
the edge sites exhibit prominent gaps in the electronic densities, while for electron doping
the electronic density is slightly elevated in the bulk and the edge sites show clear peaks.
On the right of the figure, the electronic density per spin of a bulk site (i = 8) is shown at
U = 1.0t for different electron doping. A strong proportionality on AN is observed.

6.3.1. Energy of the Non-magnetic Phase

Next, the influence of doping on the internal energy of the non-magnetic phase is exam-
ined. For this, the Hubbard model Hamiltonian, Eq. is considered before the mean-field
approximation. The single-orbital model at filling of % per site can be rewritten as [268]

ee ~ 1 ~ 1
Hy, = UZ (nz’cr - 2) (nw - 2)

N U . . UN’
—U Z g iz = o > (hig + fiz) + . (6.14)

, 4

(2
Here ¢ is the site index. While the chemical potential is set to zero, a shift of the Fermi
energy Er by %, due to the half-filling condition, is evident in this form of the Hamiltonian.
Furthermore, an energy shift of UTNI is obtained. The energy shift for a doped compared to
a half-filled system can be derived with a filling per spin of % + %. Here the total doping
per lattice AN is divided in equal amounts on each site and spin. Then the energy shift of

the doped system is not UTNI anymore, but a polynomial quadratic in AN, given by
UN’ N UAN N UAN?

4 2 4N’
The energy of a doped nanoribbon with N = 8 and U = 0.6¢ is shown in Fig. @ a).
Around AN = 0 there is a region, where the energy is nearly linearly depending on AN.

E(U,AN) =

(6.15)
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FIGURE 6.8.: a) left: The dispersion relation of a nanoribbon with N = 12 with p,-orbitals where
U = 1.6t and AN = —3.8. right: The same system with AN = 1.74 (yellow) and AN = 3.8 (red).
b) left: Density expectation values with N = 12, with U = 1.6¢ and AN = —3.8 (green), AN =1.74
(vellow) and AN = 3.8 (red). right: Density of expectation value of a bulk site ¢ = 8 for U = 1.0¢
shows a quadratic dependency on AN.

At approximately |[AN| > 1.3, however, a stronger quadratic dependency on the doping is
observable. This separates the effect of doping into two different regimes. As a consequence,
there is a preferred amount of doping, which is energetically favorable and given at the
transition point AN =~ —1.3 from one regime into the other. In Fig. b) different dispersion
relations are depicted to illustrate the two different regimes.

The energy in each case is shifted to coincide with the Fermi energy, such that £ — EFr =0
in each case. Increasing the filling of the lattice in equal amounts, shifts the Fermi energy in
nearly equal steps for up to a doping of AN = 0.96. Due to finite size effects at a finite doping
of around AN = 1.28 the Fermi energy is shifted by a much larger amount than for the weaker
cases. The results can be compared to those for even larger doping in Fig. @ a), where
larger energy shifts are also observable. The reason for the finite size effects is, that enough
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FIGURE 6.9.: a) The energy of the non-magnetic phase for different amounts of doping for N = 8 and
U = 0.6t. b) Dispersion relations for different amounts of doping for the same system. The Fermi
energy of all phases is shifted to coincide with £ = 0 in the plots.

doping is introduced, such that the bulk bands at the Dirac cones also become filled, which
changes the energy dependency of the doped nanoribbons from weakly quadratic to strongly
quadratic, as shown in Fig. a). This is more evident, when a quadratic polynomial of
the form

E(U,AN) = a;(U)AN? 4 a3(U)AN + a3(U). (6.16)

is fitted against this data. Linear functions can be used for the three functions a1 (U), az(U)
and a3(U), such that

aj(U) = aji1 - U+ a;2 (6.17)

for j € {1,2,3}. Apart from finite size effects, such as the k-space resolution of the compu-
tations, which translate to numeric errors in_the fitting parameters, the predictions of Eq.
are met quite well. The term ago in Eq. is given by the system without interaction
and is very close to the energy of the two magnetic phases. The term as; is fitted to be
equal to NT/. The terms ag; = % and agy = 0, are achieved by the fitting very well. The term
all = ﬁ is also reproduced.

The term aq2 on the other hand is not present in the energy shift in Eq. , but obtained
as result of the fit. It is independent of the interaction strength and only denotes the energy
shift due to increased doping. It is ~ N'~!, similar to a11, but originates from the filled bulk
bands in the band dispersion of the nonmagnetic phase as a consequence of the doping.

In Fig. the energy dependency of the doped solution for a constant doping per site of
% = 0.041 is shown. For all U the energy shows a linear relation to N/, because the first
term of the energy shift in Eq. m is linear in N’ and the most dominant. The second term
is constant for constant U and AN, and the last term AN? is ~ N'~1, such that it becomes
less relevant for the energy of larger ribbons.
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FIGURE 6.10.: The energy of the non-magnetic phase for constant doping per site ?V]Y = 0.041 for
varying length and different interaction strengths U = 0.2¢, 0.6¢ and ¢.

6.3.2. The Fermi Energy

The two regimes of doping discussed in the last section, also show in the Fermi energy. For
strong doping of |AN| > 2 and for different U the Fermi energy is shown in Fig. a).
A function arctan (AN) fits very well to the data, which is indicated in the figure. For
zero doping, the Fermi energy would correspond to that of the magnetic phases, shown by
a horizontal bar in the figure. For smaller doping, however, the Fermi energy exhibits a
different dependency, namely tan (AN), given in Fig. b). Here the dashed lines show
the dependency of the larger doping, where the transition point of the two regimes is at
approximately |[AN| > 1.3.

The different behavior of the Fermi energy in the two doping regimes can be understood
in the light of the density of states, which was discussed at the hands of Fig. @ for ribbons
without electronic interactions. The small doping regime corresponds to the peak around
E/t = 0, which is also occurring in the non-magnetic phase of graphene. Once larger doping is
considered, the Fermi energy is moved away from the central peak, such that the Dirac cones
start to become filled. In two-dimensional graphene, this behavior would follow Er(AN) =
vphvVTAN [269]. Due to the very small system considered here, the Dirac cones consist of
only a few bands, such that arctan (AN) fits better to the data for the larger doping regime.
For the smaller doping regime, the tan (AN) behavior is similar in appearance to that of the
zeroth Landau level in graphene samples with a magnetic field [269].

In very large, but finite size nanoribbons, the amount of doping at which the bulk states
at the Dirac points become filled, becomes very small, due to the small separation of the
bulk energy bands, which reduces the small-doping regime to only a very narrow interval of
doping.
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FIGURE 6.11.: a) The Fermi energy for N = 8, different U and larger doping can be fitted to
arctan (AN). b) For smaller doping the Fermi energy can be fitted via tan (AN). The dashed lines
correspond to the larger doping fit. The horizontal bars indicate the Fermi energy of the two magnetic
phases at half-filling, respectively.
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6.4. The Two Magnetic Phases in the Multi-orbital Tight-binding

Model
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FI1GURE 6.12.: The two different band splittings indicated in Fig. @ for the FM (lighter) and AFM
(darker) phases in a multi-orbital model at U =t and V = J = 0 for nanoribbons of different sizes.
The results from the single orbital case (dashed) are also shown.

In this section, the multi-orbital results including the d,.- and d,,-orbitals and intrinsic
spin-orbit coupling with £; = 0.8 meV are presented. For this, nanoribbons of N = 8 are
used, because qualitatively no different behavior is expected for larger ribbons. First, the
change of the dispersion relation of the two magnetic phases is compared with the single-
orbital model. Then the d-orbital occupation of the two magnetic phases is examined and
lastly the magnetic ground state in the multi-orbital model is discussed.

6.4.1. A, and A,

The energy splittings A, and Ag in the dispersion relation of the single-orbital model have
been defined in Fig. a) and are reexamined here again in light of the new model. As
a consequence of the presence of the d-orbitals in the system, A, and Ag for the multi-
orbital model become reduced, which is shown in Fig. . Electrons partly occupying the
d-orbitals, rather than the p.-orbitals, are not only subject to the electronic interaction of
strength U = t, but also of the d-orbital repulsion and exchange parameters, which are given
by V =0 and J = 0 in this case. As a consequence of the finite d-orbital occupation, the
effective U of the electrons occupying mostly the p.-orbitals is a little smaller than in the
single-orbital model, resulting in a reduced separation of the energy bands, on the order of
10 meV. This will be shown in the next section by examining the multi-orbital Hamiltonian.

The strength of the intrinsic spin-orbit coupling for varying values up to £ = 16 meV
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FIGURE 6.13.: Total d-state occupation of a ribbon with N = 8 plotted for different interaction
strengths. Both FM and AFM phase have identical occupation in each case.

is found to not lead to any numerical differences compared to the results obtained here.
This can be understood in light of the effect of the electronic interactions, which are on the
100 meV-scale. The interactions overshadow any effect on the sub-meV scale, which is the
expected energy scale of the gap opening from the intrinsic spin-orbit coupling. Therefore,
the parameter &; is kept fixed at 0.8 meV in the following computations.

6.4.2. d-state Occupation

The finite d-state occupation depends in the electronic interaction, which is discussed in the
following. In order to derive how the occupation of the d-orbital depends on the electronic
interactions, the procedure in Eq. must be applied to the d-orbital Hubbard Hamiltonian
Eq. . For this the Hamiltonian is again considered before the mean-field approximation.
At half-filling the p,-orbitals have an occupation per site and spin of gj]\\[f? = % — € and the

d-orbitals of %}1\\[7;1 = ¢ for some small € > 0. This leads to a shift of the d-orbital energy,
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proportional to 2V — J from FE4, because for the electronic interactions per site in the d-
orbitals follows that

AN, AN,
Hy" = Z [V (ﬁpo - 2Nf)> <ﬁn5 - 2N,d) + JéT CnUCPUCmT

AN, (. ANy
+(V =) <npg - 2Nf’> <nm ,ﬂ EdZn,w (6.18)
AN,
_ - o e e -
— Z [Vnpgnna + Jel el s tpotng + (V — J)npanm} - %; <Ed + S LoV — J))
AN, ) AN, AN,
—Z o 2V = Dige + 2V = J) TP (6.19)

no

The index n labels the different d-orbitals. An additional site index ¢ is omitted here, similar
to previous discussions, but by including a sum over this index the multi-orbital equivalent
of Eq. is obtained. The three terms inside the first sum in Eq. are given by the
Hubbard Hamiltonian for the d-orbitals. The last term in the first line is the shifted d-orbital
energy. The first term of the second line is a shift of the Fermi energy, affecting mostly the
energy of the p,-orbitals. The last term is a total energy shift, due to the finite occupation
of both p- and d-orbitals.

The influence of the parameters V' and J on the numerical results are discussed next. When
V and J are kept constant, an increasing U leads to an increased occupation of the d-orbitals,
shown in Fig. a). The occupations for both AFM and FM phases are identical. When
the electronic interactions V' and J are reduced, the occupation of the d-orbitals becomes
larger, because the electrons have lower interaction energy in this case. If the interaction
is increased to V' = 2t and J = 2t, this occupation becomes much smaller. In b) of the
figure, it is shown that regardless of U the d-state occupation is reduced with increasing
V. Furthermore, the occupation becomes nearly identical for both U, when V = 2t. This
effect is reversed when changing J, due to the opposite sign in the Hamiltonian in Eq. .
Furthermore, its influence on the occupation is smaller than that of V| as can be seen in c).
Since the effect of V' on the d-state occupation is dominant, as shown in d), the effect of J
depends on it. For negative V', the d-state occupation is large, such that changing J has a
large influence. If V is large and positive, the d-state occupation is very small and changing
J has nearly no influence.

The d-orbital occupation affects the magnetism of the different sites in the ribbon only
slightly, as is shown in Fig. for the AFM phase in an N = 12 ribbon. Here the occupation
of p-orbitals and d-orbitals is computed per site and spin, as well as the magnetization per
site and spin for two cases V' = 2t and V = —2¢. The overall qualitative picture of the single-
orbital results for the AFM phase is not changed, but the finite occupation of d-orbitals, leads
to a nearly constant occupation of the bulk, which is reduced at the edge sites. The density
variation in (ng) is only visible, when the d-orbital occupation is enhanced by V' = —2t (red),
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FIGURE 6.14.: The expectation value of magnetization per site and occupation per site and spin for
N =12, U = 1.6t and J = 0.5¢ for V = —2¢ (red) and V = 2t (black).

otherwise the single-orbital result is reproduced, where no density variation is observed in
the sample.

6.4.3. Magnetic Ground State

Next, the energy difference of the two magnetic phases is computed and compared to the
single-orbital results. The d-orbitals affect the two magnetic phases in the same way. One
indicator for this is that both phases have an identical d-orbital occupation for any combi-
nation of p,-orbital repulsion U, d-orbital repulsion V' and exchange J, as was discussed in
the previous section.

Therefore, the energy shift of the magnetic solutions due to the d-orbital occupation in
the last term in Eq. E is the same for both phases. The direct consequence is that no
combination of U > 0, V' > 0 and J > 0 is expected to lead to an FM ground state which
would oppose the single-orbital result for Lieb’s theorem. The only possibility for U > 0 to
reach a magnetic ground state with finite spin magnetic moment would be having V' < 0, such
that an increased d-orbital occupation and interaction strengths thereof could dominate the
p-orbital interaction. Then Liebs theorem for attractive interactions could lead to a ground
state with finite spin magnetic moment, even though U > 0.

In Fig. a) the energy difference of the AFM and FM phase for N = 8 for varying
U is shown, alongside the single-orbital result (dashed line). Here V' = J = 0, such that
the system differs from the single-orbital model only by the presence of the d-orbitals, which
is shown to have a negligible influence for U < 1.5¢. For higher interaction strengths the
energy of the p,-orbitals is shifted up, such that the energy difference is influenced on the
order of meV, due to the reduced occupation of the p-orbitals and the resulting smaller spin
splitting at the Brillouin zone center. In b) the length N of the ribbon is varied for U = ¢,
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FIGURE 6.15.: The energy difference of AFM and FM phase. The single-orbital results are given by
the dashed lines as comparison. For N = 8 and a) different U, where V' = 2t and J = 2t. b) For

U=tand J =V =0. ¢) U = 1.6t (dashed) and U = ¢ (solid), J = £1.5¢ and for different V. d)
U = 1.6t, for different V as a function of J.

again where V' = J = 0, showing no effect at these interaction strengths whatsoever. In c)
the energy difference for U = 1.6t (dashed) and U =t (solid) with varying V' shows that an
increased U leads to the aforementioned increased effect of the d-orbitals, which is strongest
for negative V and positive J. This constellation leads to a diminished energy difference of
the AFM and the FM phases, but is not enough to lead to an FM ground state. In d), the
influence of the d-orbitals is increased, by setting V' = —2t, such that in combination with
J = t, the two phases become identical in energy. Again the similar roles of J and V are
observed, but with differences in their impact. For larger J > t, no solution of the mean-field
computations could be obtained, because bulk states become energetically close to the edge
states at these interaction strengths.

In conclusion, Lieb’s theorem is fundamentally protected by the band structure differences
between AFM and FM phases. The only way to make the FM phase energetically favorable
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FIGURE 6.16.: Energy differences between FM and AFM phases for N = 8, when the d-orbital

separation Ey from the p,-orbitals is varied. a) J = 2t and U = 0.6t b) E4 = 9eV and U = 1.6t ¢)
E;=9¢eV and J = 2t.

is to have V' < 0, such that enough bulk states are created in the band gap, which leads
to an entirely different system with different states, where the AFM phase with the same

properties as described in the beginning of this chapter is likely not to occur. This case is
out of the scope of this thesis, however.

6.4.4. The d-orbital energy separation F,

A way to increase the d-orbital occupation, other than changing the electronic interaction
strengths, is to have a lower d-orbital energy separation E; from the p.-orbitals. This would
not correspond to graphene anymore, where F; = 12eV. Then the FM and AFM_phases
would become energetically close already for smaller V' < 2¢t. This is shown in Fig. a),
where Ej is decreased and V varied for constant U and J. One can clearly observe, how a
smaller Ey = 9eV requires only V = —0.5¢ for the two phases to have identical energy, and
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a much smaller £y = 4.5eV allows this even for positive V. For E; = 9eV a positive J has
a larger influence, than for F; = 12eV, which can be seen when Fig. b) is compared to
the results in Fig. d). While a larger U generally leads to a larger energetic difference
between the two phases in favor for the AFM phase, a critical value of V_= —0.5¢ has the
same influence on the energy difference in all cases. This is shown in Fig. m c) for J = 2t.
No self-consistent solution could be obtained where Ery; < Eappr, such that the data points
in Figs. a) are only given in a limited range of V.

These findings indicate, that the d-orbital energy shift in the second term of Eq. m
is directly impacting the d-orbital energy separation FE,, as predicted. The lowering of the
d-orbital energy closer to the Fermi level changes the valence and conduction bands, because
the hybdridization with the m-bands changes their dispersion, such that the relative energy
of the two magnetic phases is affected.

98



6.5. The Non-magnetic Phase in the Multi-orbital Tight-binding Model

6.5. The Non-magnetic Phase in the Multi-orbital Tight-binding
Model

6.5.1. d-state Occupation and Energy of the Non-magnetic Phase

In this section, the energetic dependency of the non-magnetic phase is analyzed, similar to
the single-orbital case, but with the added complexity of different occupation of different
orbitals. In Fig. a) the energy of the non-magnetic phase for N = 8 is depicted for
different doping levels. Here U_and J are kept constant. A positive V raises the energy and
negative V lowers it. In Fig. b) the effect of variation of J shows the opposite behavior
and a much weaker influence. A quadratic dependency is given in both cases, which fits the
data very well. The energy minimum is not at zero doping, but between AN = —2 and
AN = —1, corresponding to significant hole doping.

In order to analyze the energetic dependency of the nonmagnetic phase, the d-orbital
occupation ANy for some doping AN is discussed. The result is shown in Fig. M a), where
a negative V again leads to significant occupation of d-orbitals, because of the lower energy
separation from the p,-orbitals in this case. In Fig. b) and c) the energy of the non-
magnetic phase from Fig. is plotted against the occupation ANy, showing a quadratic
dependency of the energy in both cases. The overall energy is only slightly influenced by the
different interaction strengths V' and J and behaves very similar, while only the d-orbital
occupation differs. Next, the d-orbital occupation is expressed as a quadratic polynomial in
V and in the total doping AN, which leads to

2 2 2
ANy (V,AN) = AN? (Z az,ava> + AN (Z al,ava> + ) agaVe. (6.20)
a=0 a=0

a=0

The constants a; ; for i,j € {0,1,2} are given by fitting the polynomial to the data in Fig.
5.18 a).

For an_understanding of the energy shift due to the electronic interactions, the last term
in Eq. is considered_away from half-filling, which is then added to the energy shift
of the p.-orbitals in Eq. , where the d-orbital and p-orbital occupations are expressed
by the doping AN. Thus, the p,-orbital occupation per site and spin % is replaced by

% + gjj\\,]f' , where the latter term denotes the amount of doping % in the p,-orbital.

Then the total occupation of each site per spin is % + QA]\]X = % + %]J\\,[,p + %J]VV?‘. The energy of

the non-magnetic phase is obtained by summing over the two d-orbitals n, the two spins o
and over N’ sites, resulting in

UN' LU (AN — ANy) LU (AN — AN,)?
4 2 AN’

+(2V —J) <1 + AN_ANd) ANy. (6.21)

E(AN,U,V,J) =

2 N/

99



6. Magnetic Phases of Edge States in Graphene Nanoribbons

a) -ue b) -
118 118
% 120 % 120
8= .8
w122 B 122
N 3
= =
= &~
g -1 g 124
= =
M6 B 26
-128 -128
~130 ~130
“ 3 2 -1 0 1 23 4 4 3 2 -1 0 1 2 3 4
AN from half-filling AN from half-filling

FIGURE 6.17.: The energy of the non-magnetic phase for different doping AN of the lattice for N = 8.
ItisU=tand J=t (a) or V=t (b).

It is important to note that this energy does only depend on the total doping AN, as ANy
is directly related to the total doping via Eq. . For constant U and J, Eq. can be
simplified to a function, in appearance very similar to Eq. .20, resulting in a polynomial in
AN and V', where cubic and higher terms can be neglected.

The derived energy shift of the non-magnetic phase in Eq. only relies on a fit with the
d-orbital occupation, but allows to predict the magnitude of the impact on the energy due to
the different electronic interaction strengths very well. Similar to the discussion regarding Eq.
, a term ~ AN?, which is independent of any interaction U, V or J occurs in the fit, but
not in the model. As before, this term arises from the strong doping, which is independent
of the interaction strength, because bulk states are filled. Thus, neither the presence, nor
interaction strength of the d-orbitals lead to a considerable physical consequence for the non-
magnetic phase, similar to what was already found for the two magnetic phases at half-filling.

6.5.2. The Fermi Energy

As a consequence of the d-orbitals in the system, electron-hole symmetry is broken, which
leads to an asymmetry in the Fermi energy, for different amounts of doping. This can be
seen for different V' in Fig. a) and for different J in b) at around AN = £1. The
single-orbital result is shown as dashed curve as well. One can see that V' = —t has a lower
Fermi energy for all doping strengths, compared to V' = 0 and V' = ¢. This is understood
with the influence of the d-orbital occupation on the Fermi energy in Eq. . In the other
figure, J =t has a lower Fermi energy than J = —t, while all multi-orbital results are lower
than the single-orbital results in general. Together with the energy shift from the electronic
interactions in the p.-orbitals in Eq. , the overall influence of the electronic interactions
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occupation. Quadratic fits are indicated by the lines in the three figures.

on the Fermi energy is given by

_ UAN, EZAM
N

F = Lo 2V —J). (6.22)

n

Since AN, < AN, the first term of Eq. is smaller in the multi-orbital model than in the
single-orbital case, resulting in the overall smaller Fermi energy. The second term is much
smaller than the first, because ANy < AN,. A negative V' and positive J lower the Fermi
energy, in agreement with the numerical calculations.
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6.6. Summary of the Tight-binding Model Results

In this chapter the two magnetic phases with FM and AFM configuration have been compared
with each other in terms of their physical properties and energy. The energy splitting due to
the electronic interactions has been analyzed with respect to the superexchange mechanism.
For the single orbital model, the AFM phase is always lower in energy than the FM phase,
in agreement with Liebs theorem. Furthermore, the non-magnetic phase has been discussed
and a small and a large doping regime have been found, where the energy and Fermi energy
exhibit different dependencies on the amount of doping in the system. The non-magnetic
phase has an energetic minimum for finite hole doping. This finding is experimentally of
high relevance, because of a possible Fermi level shifts of graphene introduced by a substrate.
Graphene adsorbed on SiOj has been shown to exhibit a hole doping effect [270], which could
be used to explain the absence of magnetic edges in experiments. The energy minimum in
this work, which was found for very narrow ribbons, is very likely to be encountered in
realistic systems, since for very larges ribbon this energy minimum is found already at much
smaller doping strengths. Therefore, the Fermi level shift of the substrate could be enough
to explain the absence of magnetic edge states in experiments.

In the multi-orbital model, the presence of the d-orbital states was found to change the
energy splitting of the two magnetic phases, due to the occupation of these orbitals. This
lead to a reduced p,-orbital occupation, which diminishes the effective electronic interaction
strength U for the p-orbitals. A negative d-orbital repulsion V' and positive exchange interac-
tion J was found to increase the population of the d-orbitals further and enhance this effect
even more. While this changed the relative energy of the FM and AFM phases, no qualitative
difference of the physical properties could be found for different U > 0, |V| < 2t and |J| < 2¢
or lengths N of the ribbons. If V' is decreased or J is increased up to a certain value, addi-
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tional states will become energetically close to the edge states, such that no self-consistent
solution could be found. Changing the energetic separation of the d- and p,.-orbitals would
reduce the interaction strength where the two magnetic phases become energetically close,
but again no FM ground state could be found. Thus, a magnetic ground state with zero spin
magnetic moment in agreement with Lieb’s theorem has been confirmed for all parameter
choices.

Lastly, the non-magnetic phase in the multi-orbital tight-binding model was examined
and the d-orbital occupation as result of the doping was discussed. This lead to a modified
energetic relation to the doping compared to the single-orbital result. The Fermi energy was
also analyzed and how different interaction strengths and levels of doping contribute to it.
The main difference compared to the single-orbital model comes from the reduced occupation
of the p,-orbitals which results in a diminished effective p-orbital interaction contribution to
the Fermi energy, similar to the two magnetic phases.
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7.1. Introduction: Deformation of Graphene Lattice

In recent years research on the change of the electronic and topological properties of graphene
under deformations has lead to the investigation of many interesting new effects. This is true
also for materials such as TMDCs [271, 272]. Curvature in carbon nanotubes has shown to
increase the weak intrinsic spin-orbit coupling of graphene quite substantially [273]. As was
discussed in previous chapters of this work, the horizontal mirror symmetry in flat graphene
ensures the conservation of the spin-component perpendicular to the lattice structure, but
breaking that symmetry leads to additional spin-orbit coupling effects [[125]. In the literature
it has been shown, that corrugations in graphene lead to spin-orbit coupling proportional
to the curvature of these deformations [274]. In general a deformation of a regular lattice
structure may include both bending and strain, but in many studies either feature is examined
individually. The change in distances among nearest neighbors may be neglected in a weak
bending situation, such that the effect of relative orientation of the atomic orbitals at different
lattice sites may be considered dominant. As a consequence, interactions that were previously
vanishing due to symmetry become possible and in particular lead to interesting textures of
spin orientation of the edge states of graphene [78, 213, 273].

The spin-orbit coupling of the states is affected by the curvature, because o- and w-bands
start to mix [275]. In lowest order this causes a change in the electrochemical potential and
breaks particle-hole symmetry, because of the resulting change of the m-band population.
Uniaxial strain, which modifies the hopping matrix elements of the system in a given spatial
direction, distorts the Brillouin zone of the hexagonal lattice structure and can facilitate the
modification of the graphene topology by opening a gap at the Dirac points [194, 276, 277].
Strain and the hybridization of 7- and o-bands in bent systems lead to gauge fields, which may
cause effects similar to an external magnetic fields [278]. This can be seen for example, when
the Dirac equation is formally considered on curved space [279]. In a more rigorous approach
to the bending problem, the curvature effect can be cast into the form of a pseudomagnetic
field [280, 281], where the curvature of the deformation gives rise to a formally identical
description of the Dirac fermions in curved space as the Landau quantization in a magnetic
field.

Combining deformations with actual magnetic fields, triggers a distinction of the two
valleys of the Brillouin zone of graphene and mid-gap states at each of these points may
arise. Such a description then contains a position- and direction-dependent Fermi velocity
279, 282, 283].
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7.1. Introduction: Deformation of Graphene Lattice

An in-plane deformation of the regular lattice due to strain changes the bond angle and dis-
tance of the lattice sites and leads to an enhancement of Rashba-type spin-orbit coupling and
even Dresselhaus-type spin-orbit coupling may arise [147]. The comparison of tight-binding
calculations with LDA computations have revealed that the change in hopping parameters
due to strain is caused by the electronic density redistribution and change in bond length
[284].

The Rashba-type spin-orbit coupling originating from the curvature-induced coupling of
o- and m-bands, may result in interesting spin textures [82, 285]. A central part in the
discussions presented in this chapter is the qualitative effect of different deformations on
the energy and spin alignment of the edge states in graphene nanoribbons. Furthermore,
different multi-orbital tight-binding models are used to describe the effect of bending on
these low-energy states.
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7. Deformation of Graphene Nanoribbons

7.2. Description of Bent Graphene Nanoribbons

In the previous chapters of this work, the case of flat graphene was discussed exclusively. If
however the geometry of the array of carbon atoms is perturbed by bending, the resulting
local curvature and the intrinsic spin-orbit coupling lead to different kinds of spin textures
at the edge. Up until now, the literature on this topic was mainly focusing on the effect of
the o- and w-band hybridization, where the effect of higher-energy d-orbitals is completely
neglected. It is a central result of this work, that these orbitals may not be neglected in
the description of spin-orbit coupling effects in bent graphene nanoribbons. The reason is
the dominating effect of the atomic d-orbital spin-orbit coupling over the atomic p-orbital
spin-orbit coupling on the m-bands in these ribbons.

Other main results of this chapter include the influence of the intrinsic spin-orbit coupling
on the spin alignment of the edge states under different deformations. In order to understand
the influence of the bending on the couplings of the orbitals, a range of effective terms is
derived from a tight-binding Hamiltonian of bent graphene. For the numerical computation
the tight-binding model from Chapter is extended to include s-, p,- and p,-orbitals
additionally to the p,-orbitals. The bending will be introduced by modifying the three-
dimensional position of the lattice sites in the tight-binding model. The numerical results
are discussed by comparing spin alignment due to deformations perpendicular to and along
the zigzag edge.

7.2.1. Derivation of Transition Matrix Elements

As was stated in the discussion of the multi-orbital tight-binding model in Chapter E, only the
ds-- and d,.-orbitals couple to the p.-orbitals in the case of flat graphene due to symmetry.
If however the angle between the local normal vector defining the orbital angular momentum
quantization axis and the vector in the direction of the next-nearest neighbor is different than
/2, the other three d-orbitals become coupled to the p.-orbitals, as well. The same holds
true for the sp?>-hybridized orbitals. In a bent system, the smaller energetic separation of the
o-bands causes a strong coupling to the p,-bands, while the coupling of the d-orbitals to the
p-orbitals increases very weakly. The procedure of computing the matrix elements in the
Slater-Koster approximation depending on the angles 6 between the normals at neighboring
sites is outlined in the appendix [D. With an azimuthal angle ¢ according to the relative
positions of the sites 0 and 1 within the lattice, the angle § between normals at these sites is
computed as illustrated in Fig. @ a) and its value is directly proportional to the curvature
of the bending.

For computations in this work a deformation of the graphene sample is only regarded along
one of the coordinate axes at a time. Not all of the bonds in the lattice run parallel to these
directions, however. Due to the angles of the bonds with respect to the bending direction,
the bending angle 6 depends not only on the overall deformation of the lattice, but also on
the bond within the sample. As shown in Fig. El! b), for bending perpendicular to the zigzag
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7.2. Description of Bent Graphene Nanoribbons

site 0 site 1

a)

FIGURE 7.1.: a) The coupling between a p.-orbital at site 0 and a d,,-orbital at site 1 is changed by
a bending angle 0. The angle 6 is defined as the relative angle between the normals located at two
neighboring lattice sites. b) For bending perpendicular to the zigzag edge, the angles of the bonds
are 6 and 6/2. The projection of the curved graphene and flat graphene including the normals at the
four lattice sites in the figure are depicted as guide to the eye.

edge, the polar angle 6 varies along the bending direction due to the different directions of
the bonds. As stated in [78, 213], the interaction of the p,-orbitals with the sp?-hybridized
orbitals due to bending results in a term similar to the Rashba-type spin-orbit coupling at the
two Dirac points. This is expected for the d-orbitals as well, but the coupling strengths should
be different than in the sp?-hybridized case, because of the different geometrical symmetries
of the sp?- and d-orbitals [285]. Also the effective strength of the p- and d-orbital intrinsic
spin-orbit coupling on the edge states is different [80]. Physically, Rashba-type spin-orbit
coupling arises in bent samples, because inversion symmetry breaking allows the p.-orbitals
to couple to the p,- or py-orbitals at neighboring sites. The intrinsic spin-orbit coupling
allows a transition among p-orbitals at the same site. This results in an effective hopping in
the m-bands with an additional spin-flip, similar to the Rashba-type spin orbit coupling in an
external electric field perpendicular to the flat graphene plane, see Eq. . The resulting
matrix_elements in the Slater-Koster approximation for the tight-binding model are given in
Tabs. @, E, @, and
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TABLE 7.1.: The Slater-Koster matrix elements for the relative angle 6 of the normals between orbital p at site 1 and orbital
v at site 0 for the s- and three p-orbitals. The spatial orientation of the orbitals is mainly given by the angle ¢. Due to the

different parity of the s- and p-orbitals some matrix elements are similar up to a sign.

TABLE 7.2.: The Slater-Koster matrix elements for the relative angle € of the normals between orbital u at site 1 and orbital v
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suoqqrioteN ouayderr) jo UOI}BULIOJ(] */,



60T

‘ /v H Py
o (2Vpar — V/3Vpdo) cos (8)% sin (8) sin () cos (¢)

dy. sin (8)(—Vpar €05 (9)2 + (—=v/3Vpao €08 (8)? + Vpar (cos (8) — sin (8))) sin (¢)%)
dyy 1 ¢08 (8) (Vpdr €08 (¢) + Vpar cos (3¢) + (v/3Vpas cos )2 + 2Vpdr sin (0)*)2sin (¢)* cos ¢)

d,2 1 ¢08 (8) (Vpdor — 3Vpao(cos (0)? —sin (0)%) — 4v/3Vpar sin (0)%)sin (¢)

dy2_yp || & cos (0)(—4Vpar cos (¢)7 + (cos (¢)* — sin (¢)*)(V3Vpao cos (0)* + 2Vpqr sin (0)*)) sin (¢)

TABLE 7.3.: The Slater-Koster matrix elements for the relative angle 6 of the normals between orbital i at site 1 and orbital v
at site O for the p,- and the five d-orbitals.
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TABLE 7.4.: The Slater-Koster matrix elements for the relative angle 6 of the normals between orbital p at site 1 and orbital v
at site 0 for the p.- and the five d-orbitals.
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7. Deformation of Graphene Nanoribbons

7.3. Perturbation Theory for Bending of Graphene

In this section, an effective single-orbital tight-binding model is derived in order to describe
the occurrence of Rashba-type spin-orbit coupling terms in deformed graphene. The for-
malism is adapted from [286, 287], where the downfolding of a multi-orbital Hamiltonian
in flat graphene is described. An example of a multi-orbital tight-binding Hamiltonian in

real space is given in Eq. . Let such single-particle Hamiltonian have closed periodic
boundary conditions, such that it can be written compactly as H = > (i.7),0,8 tg? Bézaéf with

annihilation (and creation) operators éf ) for site I and orbital . The orbitals at the dif-

ferent sites are connected by the direction-dependent hopping matrix elements tg’ﬂ, which
are limited to nearest-neighbor hopping. In this derivation, the orbitals under consideration
are the three p-orbitals and the s-orbital. The single-particle wave function that is used as
ansatz for solving the Schrédinger equation Hi = e with energy ¢ is obtained by applying
the field operator ¢! = Zu,l amléfr on the vacuum, such that v := 1[)7]0). The energy ¢ is
close to the energy of the p-orbitals ¢, and equations for the coefficients of 1) can be derived
from the tight-binding Hamilton operator. The energy of the s-orbitals will be denoted ;.
Additionally to theAhAopping, intrinsic spin-orbit coupling among p-orbitals with parameter

&p, as given by the Eg—operator, is included in the derivation. Such terms will be considered
as perturbation of the single-orbital model. Furthermore, a deformation of graphene induces
hopping matrix elements among different orbitals, which are zero in flat graphene, due to
symmetry. Non-zero hopping matrix elements in flat graphene are changed in bent graphene,
as well. However, for the purpose of the derivation of Rashba-type spin-orbit coupling pre-
sented in this section, the terms arising from the bending-induced hopping matrix elements
are of primary interest.

The coefficients of the wave function 1 at a specific site 0 are denoted as a,,0 and those of
the three adjacent sites n € {1,2,3} by aq., where the orbital index a € {s,z,y, 2z} denotes
either the s- or p,-, py- and p.-orbitals. The coefficients of the next-nearest-neighboring sites
of site 0 are denoted as a, /. The hopping parameters in bent graphene are locally depending
on the relative angle 6 of the quantization axes at each of the sites, which are parallel to the
local surface normals of the deformed graphene plane. For each hopping matrix element, a
combined index 6; := (6, ¢); is written, where both the bond angle ¢ and bending angle 6 for
the respective bond are included. The relative angles between site 0 and site n are denoted
0,, and between each n and n’ by 0,,,. In the following, a short-hand notation for the matrix
elements along these bonds is given. The matrix elements are next labeled by 6,,, such that
tap(On) = tg% for hopping form site 0 to n and as t,3(6,/) for the one between n and n'.
The Pauli matrices acting on the spin-space are denoted §,, etc.

With this, the equations for the coefficients at site 0 and its neighboring sites resulting
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7.3. Perturbation Theory for Bending of Graphene

from the Schrédinger equation are expressed as
(5 — 6,))(12’0 ZSyépam o+ stfpay,() + Z tzz az n T Z tzm ar n

+thy ayn + ths as Ny (71>

as well as
(€ — €p)ag,0 = 18y&paz,0 — 15:pay,0 + E trz(On)azn + E tay(On)ayn

+ Zt:mc a:vn + Zt:rs asn (72)

(€ —ep)ayo = —i8,8paz 0 +15.8pazs 0 + Z ty-(On)azn + Z tyy(On)ayn
+ Z tyz(On)azn + Z tys(On)asn (7.3)
( asO—Ztss a5n+ztsz azn""ztsy ayn+ztsz azn (74)

In the low-energy approximation, the energy ¢ in the Schrédinger equation is close to g,
and can approximated to be identical to it in higher-order processes. This would lead to
divergences, but the next-nearest neighbor hopping from the s- to the p.-orbitals causes
an energy shift, due to the offset €5 from e, which will remove this issue. By treating the
Pz-, Py- and s-orbitals as virtual states in the second-order perturbation theory, their effect
on the p.-orbitals is considered only effectively. This method describes effective hopping
paths [286], which will renormalize the relative energies of the s- and p-orbitals and also the
nearest-neighbor hopping. Furthermore, it will introduce a next-nearest neighbor hopping
and include the intrinsic spin-orbit coupling as a spin-dependent next-nearest neighbor hop-
ping. In the case of bent graphene, it will also introduce effective Rashba-type spin-orbit
coupling terms.

For flat graphene, the matrix element in the single-orbital model for p,-orbitals is given by
t.-(0 = 0) = Vppr. The py-, p,- and s-orbitals form sp?-hybridized states with the non-zero
hopping matrix elements t,,, t,s, tys and ts. In general, a deformation of graphene leads to
the non-zero matrix elements t.(6,,), tz-(65), and t,.(6,), because of the broken symmetry
along the surface normal of the lattice. The resulting Rashba-type spin-orbit coupling terms
arising from this perturbation will be shown to depend on the latter matrix elements.

Next, the multi-orbital model is cast into an effective single-orbital model. For this, hop-
ping from one s-orbital to a neighboring one, as it appears in Eq. , can be neglected, due
to their large energy offset from e [287]. Thus, for the s-component at any site n and its

111



7. Deformation of Graphene Nanoribbons

neighbors n’ in Eq. @, it follows that

(5 - 85 Asn Z tsz az n' + Z tsy ay n’ + Z tsz az n'- (75)

Next, the equations for the a; o and a, o components as in Eq. @ and E E are rewritten
by eliminating the component for the s-orbitals at all sites n via Eq. @ For the first, it
follows

(e — p)as,o = i8y€paz0 — i8:5pay,0 + Z toz(On)azn + Z toy(On)ayn

n

t
+ Z t:m: a:): nt Z zs [Z tsx aa: n + tsy(9 )ay,n/ + ts2 (Qn/)az,n/] .

E — &g

(7.6)

The same is done for the a, , component, resulting in

(€ —ep)agn = 18y€pasn — 15:8pay n + Z tas (O )z 1y + Z by (O )Gy

n/

t
+ Z t:c:r; aa: ,n' + Z :ES [Z tsx n' aa: ,n!! + tsy(e ”)ay,n” + tsz(en”)az,n”] .

— €65
(7.7)

The next-nearest neighbor terms with index n” in the brackets in Eq. @ also include the
original site 0. The terms for this site can be rewritten as €'a; . This term describes
an energy contribution, which shifts the energy e, of this orbital at this site. This shift
in Eq. % also occurs in the corresponding equation for a,,. It is of the form ¢’aqo =

Do %tm(ﬁn/)aa’o, where a € {z,y}. It is important that for € ~ ¢, the terms tn(6,/)
for the p,- and py-orbitals are non-zero, even for flat graphene. This ensures that the energy
difference € — ¢, — ¢/, which will occur in Eq. , is non-zero for € ~ ¢, and the seemingly
problematic divergence in Eq. for zero 6, is removed. The model presented here is valid
in the low energy approximation. Thus, only small deformations will be considered, and
therefore the matrix elements in the energy shift £ will be considered to be approximately
identical to those in flat graphene. Thus, & =~ %EZS% is the energy shift for both p,- and
py-orbitals, which is the reduction of energy, when the in-plane p-orbitals couple together
with the s-orbital. Next, Egs. , and the corresponding equations for ay o and ay,
are inserted into Eq. , such that the s-orbitals are eliminated from the equations. If the

effective hopping is restricted to next-nearest neighbors, Eq. I’ﬂ can be cast into

(e—ep—&")azo=An+ Bn+ Ch+ Anp + Bun + Co, (7.8)
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7.3. Perturbation Theory for Bending of Graphene

with nearest-neighbor and next-nearest-neighbor terms with index n and nn, respectively.
The energy shift €’ originates from the second-order hopping from site 0 back to itself, similar
to how ¢’ arises and therefore site 0 is excluded from the sums for the next-nearest neighbor
terms. It will be zero for a flat system. The expression for ¢” is given below.

The term A,, describes the nearest-neighbor hopping among p,-orbitals directly via t,,(6,,).
Due to intrinsic spin-orbit coupling, an on-site transition from a p,-orbital to either a p,-
or py-orbital is also possible, followed by a hopping to a neighboring p,- or p,-orbital and
a transition back to a p,-orbital. This results in another nearest-neighbor hopping term.
Together, they are given by

2
An = thz(en)az,n + (§;> Z (tﬂm(gn) + tyy(en)) Gzn- (79)

n

Furthermore, the p,-orbitals are coupled by the bending-induced Rashba-type spin-orbit
coupling terms B,, and C),, which are

By = % (Zéztyz(en) - i§ytxz(9 )) Az n
- % (igﬂﬁtzy(an) - Z"57;75290(971)) Az n = 0 (7.10)
C -—-2(51’)22(@'“ (0) — i5yton(6)) @ (7.11)
n = o/ xlzy(Un ylzz\Un Z,n. .

Both of these are comprised of hopping matrix elements, which are non-zero only in bent
graphene. The term B, is formally linear in the intrinsic spin-orbit coupling parameter &,.
It vanishes, however, due to the symmetries of the matrix elements as given in Tab. , as
taz(0n) = t.a(0y,) for both a € {x,y}, due to the parity of the p-orbitals, but it is stated
here for completeness. While B, would describe an on-site transition from a p.- to either
a pg- or py-orbital, followed by a bending-induced hopping to a neighboring p.-orbital, the
term C), occurs due to two on-site transitions among different p-orbitals. This higher-order
term is quadratic in §,. Both processes are depicted in Fig. . The on-site transition from
a p.- to a pg- or py-orbital causes a spin-flip, while the one from a p,- to a py-orbital does
not. This is derived in Eq. . Consequently, both of these Rashba terms exhibit a similar
spin-dependence.

Effective next-nearest neighbor hopping matrix elements are introduced by the deformation
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as well, which will be denoted A,,;, and result in

&\ 1

Ay = Z <;) ; [tzx(en)txzwn’) + tzy(‘gn)tyzwn’)] Az (7~12)
n,n'#£0
1
- Z tzs tsz )az,n’ + ) Z [tzz(6n>tmz(9n’) + tzy(en)tyz(en’)] Az n! (7-13)
€s n,n'#£0 < n,n’'#0
¢ 1

- <;> - D Ttes(On)tsa (On) + tys(On)tsy (On)] @z (7.14)

8 nn/£0

The first term is a result of the bending-induced coupling of p.-orbitals to p,- and p,-orbitals,
which are shifted from their original energy €, by the hybridization energy . The second
and third term describe a hopping from a p.-orbital to either an s-, p,- or py-orbital, followed
by a hopping to another p,-orbital. These terms are dominant compared to the first, as a
consequence of the energy shift and the size of the matrix elements - in particular those
related to the s-orbitals. The fourth term describes an on-site spin-orbit coupling transition
from the p.-orbitals to the p,- or py-orbitals, followed by two hoppings and a transition back
to a p.-orbital at a next-nearest-neighboring site. Due to the quadratic order in &, this term
is small.

The two spin-dependent next-nearest neighbor terms B,,,, and C,,,, denote a higher-order
Rashba-type spin-orbit coupling term and the effective intrinsic spin-orbit coupling term,
respectively. The latter is different compared to that of flat graphene, however, because the
bending changes the isotropy of the lattice. The two terms are given by

Bun =
5”2 Z;O [0 (00t (Orr) + £y (0 )y ()] — 8 [0 (O iy (O + L2 (00 (0u0)]) s
Fr D (5 lten(On)tas(0) ey ()t (Ou)] = 8 s (O (O) -y Bty Bu)) 2
m (7.15)
i fg n%;o (8 [£25 (00t (Our) — tas(8r) bz (0r)] — i [Eas (00t (Out) — tys (00 )tz (0u)]) s
(7.16)
Con 1= (5) T a0 00) — 0 )] (717)

n,n/#0

where higher orders of &, are omitted. The matrix elements entering the intrinsic spin-orbit
coupling term C,,, stay non-zero even without bending. B,,, has a similar effective order as
the intrinsic spin-orbit coupling, it describes hopping among next-nearest neighbors, followed
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7.3. Perturbation Theory for Bending of Graphene

by an on-site spin-flip, resulting in linear order in &,, but quadratic order in the hopping
matrix elements. Such process is shown in Fig. . It is important to note, that the terms
in Eq. do not cancel each other in general, despite their similar appearance. The
same holds true for Eq. , because the different matrix elements are unequal in case of
0, # 0,. For uniaxial deformations this is always the case, due to the different orientations
of the bonds in the lattice and the resulting bending, as was discussed in Fig. . The
next-nearest neighbor hopping terms in Eq. back to site 0 cause the aforementioned
energy shift of the p,-orbitals

E/I ~ é Z [tzx(gn)txz(en) + tzy(en)tyz(gn)} - &‘15 Z tzs(en)tsz(gn)
2 2
+ 25;/) + <§:> é Z [tzx(gn)txz(en) + tzy(ﬁn)tyz(%)]

n

2
(%) £ tnlOtea(O) + 18010000, (718)

e ) e

due to the hybridization of the in-plane and out-of-plane orbitals. The first two terms of Eq.

§ are very small, because of the quadratic order in §,. The second term is small compared
to the dominant third term, but both are small for small deformations, because all of the
occurring matrix elements are zero for § = 0. The last term is also negligible. The energy
shift of the edge atoms is largely given by the bending-induced hybridization of p,- and s-
orbitals. If the edge sites of a graphene sample are not passivated with hydrogen atoms, the
energy shift is approximately zero. However, the third term in Eq. m largely overestimates
the energy shift for passivated edge atoms by several orders of magnitude. The reason is that
the sp?-hybridization of the hydrogen atoms at the edge sites in case of passivation shifts the
energy of the hydrogen s-orbitals, such that the contribution is reduced.

Rashba-type Spin-orbit Coupling Originating from Deformation or Electric Field

The derived bending-induced Rashba terms act on the 5,- and §,-components in a similar
way as the Rashba-type spin-orbit coupling originating from an electric field perpendicular
to a flat graphene sample, as in Eq. @ However, the interaction in this section contains
hopping matrix elements which couple next-nearest neighbors and which are only non-zero
in a bent sample. Without Rashba-type spin-orbit coupling, a transition from a p.-orbital
to another p-orbital is only possible with a spin-flip due to intrinsic spin-orbit coupling,
but returning to the p.-orbital reverses the effect. The main similarity of the bending-
induced Rashba-type spin-orbit coupling and the one originating from an external electric
field perpendicular to a flat graphene sample is the induced transition between orbitals which
would otherwise only be coupled by intrinsic spin-orbit coupling. This way, hopping among
neighboring and next-nearest-neighboring p,-orbitals may be facilitated via an intermediate
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FIGURE 7.2.: A schematic overview of the different bending-induced Rashba-type spin-orbit coupling
effects. The z-component of the real spin is indicated by an arrow at each orbital. The lowest-order
term corresponds to the term B,. Higher-order terms include either a second on-site transition,
corresponding to C,, or a hopping to a next-nearest neighbor, which leads to B,,. The transition
from p, to p, at site 0 in the middle figure does not include a spin-flip, due to the matrix elements in

the Eg—opera‘cor. A possible variation of hopping path, also leading to B,,,, is depicted in grey.

transition to the sp?-hybridized orbitals, without reversing the spin-flip of the intrinsic spin-
orbit coupling. An external electric field allows for an on-site transition between s- and p,-
orbitals in flat graphene, but a deformation of the sample induces a coupling of neighboring
orbitals. Even though the two Rashba-type terms are very similar in their effect on the spin,
they have different group theoretical characteristics. The principal plane mirror asymmetry
(PTIA) is used in the literature [124] to denote a spin-flipping next-nearest neighboring term,
such as the bending-induced Rashba-type spin-orbit coupling discussed in this work. The
Rashba-type spin-orbit coupling originating from an electric field, however, is a spin-flipping
nearest-neighbor term.

Numerical Estimations of the Different Spin-orbit Coupling Terms

The different Slater-Koster parameters of the tight-binding model used in this estimation
will be given in the next section in greater detail. For a bending anglef of 8 ~ 0.03, which
corresponds to a bending radius of R = 4nm, the energy shift of the p,- and p,-orbitals due
to the hybridization with the s-orbitals in flat graphene is given by &’ &~ 2.828 ¢V. This value
deviates only by 2meV from that of flat graphene and it is in line with the value 2.79eV
obtained in [82], which is the band separation of sp?-hybridized bands and 7-bands.

With the above value for 6, the bending-induced Rashba-type term C), in Eq. is on

2
the order of <§—’7) (Vppoe — Vpprr )8 = 1 peV. The terms in By, as in Egs. and , are on

19 is given in rad.
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the order of g—p(Vppg — Voppr ) Vppr) = 0.6 meV and & 12 9~ 0.2meV. The term Chpp is on

(E/)Q eles ' PPO

the order of <§:—7,’)2 % ~ 10peV. In a bent system, the different spin-orbit coupling terms
compete for an alignment of the spin along the local axis of quantization or along the bending
direction. Their relative magnitude is therefore a good indication of which terms dominate
the spin alignment and this will be discussed in detail in the next section. By comparing the
different magnitudes discussed here, it is evident that the influence of the deformation on the
spin structure is mostly determined by B,,,, which is a next-nearest neighbor contribution.
The nearest-neighbor Rashba term C), does not influence the spin alignment at all, while the
other nearest-neighbor Rashba term B, is not even present. The next-nearest neighbor term
Chn is very weak in comparison to By,.
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7.4. Multi-orbital Tight-binding Model with o-Bands

Extension of the Tight-binding Model with s-, p,- and p,-orbitals

The multi-orbital tight-binding model described in Sec. M is extended to also include
s-, pz- and py-orbitals with the Slater-Koster approximation. The three p-orbitals share the
same energy, but the s-orbitals in this model are shifted by approximately —8.37 eV relative
to the three p-orbitals [80]. The remaining parameters are used as Vi, = —5.73eV and
Vspe = 5.62eV [80]. The intrinsic spin-orbit coupling among the p-orbitals is included via
Eq. . The commonly accepted magnitude of the intrinsic spin-orbit coupling in the
p-orbitals is given by &, = 5meV [7§].

The sp?-hybridization of the graphene lattice is perturbed, because the lattice has an
edge. In the low-energy approximation, which was used to study either the effective single-
orbital tight-binding model or the multi-orbital model as in the previous chapters, the energy
separation from the p,- to the in-plane orbitals is large enough, such that the latter can be
neglected. The intrinsic spin-orbit coupling effects among p-orbitals could be neglected there
as well. In the description of bending on the other hand, the broken symmetry of the lattice
will directly affect the edge states, because the dangling bonds of the broken sp?-hybridization
at the edge sites will couple to the p,-orbitals and affect the edge state dispersion. Therefore
the passivation of the edge sites with hydrogen atoms has to be included in the model
explicitly. The tight-binding model is extended to have additional sites at the edges, as
depicted in Fig. a). The hydrogen atoms are only considered to exhibit localized s-
orbitals, which are coupled to the four orbitals at each edge site. The parameters for this
coupling are different from the bonds among carbon atoms, they will be denoted by an
additional index H, and are given by V.2 = —6.84eV and VI = 7.8eV. Their energy shift

sso spo

relative to the three p-orbitals of graphene is —2.49eV [7§].

Dislocation of Lattice Sites in Deformed Samples

The computation of a Hamiltonian of the tight-binding model for a bent sample presented
in this chapter is similar to that of a flat graphene sample from previous considerations.
Obtaining the relative displacement vectors of the sites in the bent scenario, however, becomes
a central task. For the geometrical determination of the atomic positions, two different
directions of deformation are considered, a deformation along and another perpendicular to
the zigzag edge. A circular deformation has constant curvature along one cartesian axis and
zero curvature along the other. It is characterized by a bending radius R. The atomic sites are
first dislocated in space to account for the actual sample shape in the bending computation.
From this, the interatomic displacement vectors required for the Slater-Koster approximation
are computed. When the relative coordinates of each pair of sites are determined according
to a function of the bending radius R, which describes the corresponding deformation, the
relative distances of the sites must not change compared to the flat system. For extreme
curvatures in real systems on the other hand, the atomic distances in curved space and flat
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FIGURE 7.3.: a) The graphene carbon atoms at the edges are passivated with hydrogen atoms. One
edge state is localized at the red sites, the other at the blue sites. b) An example of the normal
vector at an edge of a nanoribbon. The vectors pointing to the two nearest neighbors (red and green)
determine to the local normal vector (blue) at a site. The normals at neighboring sites have a different
orientation (black). The spin polarization S is obtained in site-dependent local coordinates, where
the local quantization axis is parallel to the local normal vector.

H
a)l
i

space may differ significantly. Therefore the computations are only regarded in the small
bending regime.

Another type of bending is the sinusoidal deformation, where the curvature varies along
the spatial direction. This deformation is characterized by an amplitude and a wavelength.

Local Normal Vectors

In order to describe the spin polarization of the edge atoms, a local quantization axis in
curved space is defined. It is taken as the local normal vector of the lattice at the respective
edge atom’s position, which is depicted in Fig. b). For obtaining this normal, two vectors
pointing to a nearest neighbor of a site, each, are used. The vector product of the two is
then parallel to the local normal vector.
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7. Deformation of Graphene Nanoribbons

7.5. Deformation Effects

In this section the dispersion relation and spin polarization of the edge states under different
deformations of the flat graphene nanoribbon is discussed. For this purpose, the 4-band
tight-binding model, which was introduced in the last section, is used to discuss the spin
alignment under different circular deformations of the regular graphene lattice. The different
lattice symmetries of the deformed samples are shown to lead to different symmetries of the
edge state dispersion relations.

7.5.1. Spin-orbit Coupling due to Deformation

For the discussion presented in this section, only uni-directional deformations of the graphene
lattice with constant curvature will be considered, which are either taken parallel to the
zigzag-direction or perpendicular to it. As was discussed in the previous section, the second
term of the spin-dependent next-nearest neighbor hopping B, in Eq. m is most relevant
for the spin-texture of the graphene sample. The reason is that the p,-orbitals couple to
the s-orbitals only due to the deformation, and therefore the interaction matrix elements are
highly-dependent on the bending direction. In contrast, the p,- and p,-orbitals couple to the
s-orbitals in flat graphene already, which is only slightly changed by the bending.

The different influence of the bending along or perpendicular to the zigzag edge is depicted
in Fig. . If the bending is taken along the z-direction, which is the periodic direction of
the sample, the bending will only change the red bonds in a), because the black ones do not
have an z-component and are thus left unchanged. This will have great consequences for the
magnitude of the matrix elements for the p,- and s-orbitals. If the bending is taken along
the y-direction, as indicated in b), the violet bonds will have a reduced bending contribution
of 6/2, compared to the red ones where the angle is 6. In order to discuss the influence of
the direction of bending on Eq. , the next-nearest neighbor hopping is discussed along
two specific bonds. Consider a successive hopping along path 1, followed by a hopping along
path 2, as depicted in Fig. @ c). As the bending acts as a perturbation, the in-plane
directive cosines are approximately those of flat graphene and are thus given by the relative
displacement b € {d1,d2,d3} of the neighboring sites, e.g. in Tab. sin (¢n) = by, and
cos (¢n) = by . Then, Eq. @ becomes
_ &

Bnn - /
eles

V2 (§y [Sin (92)()1@ — sin (01)()271] — §x [Sin (92)b17y — sin (91)b2,y]) s (7.19)

spo

and for circular bending along the z-direction it can be reduced to

BT = ;i”sx@g (gy [Sin (0)-0—0-v3/2] — 3, [sin(6) - 1 —0-1/2]>
.

o V2 é.sin (). (7.20)

spo
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Bending along x

) 0/2
0=0 0
5
H H
2 2 | |
-0 O
"
y Y
]_._',y; ]—I
periodic direction periodic direction
a) b) c)

FIGURE 7.4.: a) Schematic of the bonds in the bent graphene cell which change when bending is
applied. Black represents the bonds that correspond to that of flat graphene. a) For bending along
2 only the bonds with a component along the zigzag edge are affected, as indicated in red. b) For
bending along ¥ all bonds in the sample have a component along the y-direction, but the horizontal
bonds are affected less, indicated by the violet color. c¢) An illustration of a hopping path required for
the computation of the bending-induced Rashba-type spin-orbit coupling term B,,,. The edge sites
are depicted in blue.

Consequently, for bending_parallel to the edge only the z- component of the spin in the
Rashba-type term in Eq. @ is present. Due to the symmetry of the matrix elements, this
term is zero for hopping along two consecutive zigzag bonds and for any other hopping paths
between two next-nearest-neighbors it is identical to Eq. . When the bending is taken
along the y-direction, the symmetry of the lattice results in a similar effect on the spin, with
a different direction of spin-polarization. This is shown next, where Eq. becomes

BY, = ffs V2, (8 |sin(0/2) -0 = sin(0) - V3/2| = 5, [sin (0/2) - 1 —sin (0) - 1/2]) . (7.21)

The deformations here are only considered for very small angles, and thus sin (6/2) ~
sin (#)/2. Then the last term in Eq. cancels out and the Rashba-type spin-orbit coupling
parameter is left with the y-component of the spin, which results in

By — %
nn /58

- V2, V/3/25,sin (0). (7.22)
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7. Deformation of Graphene Nanoribbons

The same functional dependencies hold true for any other hopping path in the sample, but
for hopping along two consecutive zigzag bonds B}, will be zero, similar to B%,. The fact
that both Eq. @ and Eq. are proportional to ts, () = Ve sin (), is consequence of
the symmetry of the Rashba-type term and its dependence on the deformation strength.

For sinusoidal deformations, where the curvature is not constant, the above considerations
are not fulfilled, such that one would expect the spin components in the different directions
not to cancel. For the deformations with varying curvature along the y-direction considered
later in this work, the cancellation of the §,-component is still approximately true, however,
because the curvature difference on the scale of two neighboring bonds of the lattice is still
very small. This will be different for the deformations along the z-direction, because there
the curvature variation will be assumed to be larger.

The case of deformation with constant curvature along the z-direction will not be discussed
in this work, because it is not possible to construct a tight-binding model with constant
curvature along the periodic direction [78].

7.5.2. Energy Degeneracy in Bent Ribbons

In this section, the effect of the different directions of spin alignment on the energy spectrum
is discussed. Bending with constant curvature along the zigzag direction of a graphene
sample, in combination with the periodicity, is what makes up a single wall carbon nanotube
with zigzag configuration. These systems are described by a chiral vectord, which denotes
the principal axis of the tube. In the case presented here, the tube has the configuration
(n,0), where n is even. Such a system is symmetric with respect to inversion, due to its
cylindrical structure [288]. Additionally, zigzag nanotubes are symmetric with respect to
all group operations of the two-dimensional point group Cy, [289]. The constant curvature
along the zigzag edge causes the spins to align along the principal axis of the nanotube. This
situation is illustrated in the top of Fig. . The inversion symmetry is maintained by the
fact that a cylinder is invariant under swapping » with —r. As can be seen in the figure, the
symmetry of the sample ensures that energies E of the states fulfill

E(1,l,-k) = E(2,1,k) (7.23)
E(1,1,k) = E(2,1, k), (7.24)

where the additional parameter denotes edge 1 or 2. These states are labeled by another
parameter 1 or |, with respect to the local quantization axis in the xz-plane. As was discussed
in Sec. , time-reversal symmetry leads to two-fold degeneracy of the energy bands and
in conjunction with inversion symmetry to a spin degeneracy of all bands.

For bending perpendicular to the edges, the spins align in the yz-plane, which is oriented
perpendicular to the sample edges, see bottom of Fig. . The z-components of the local

2The chiral vector & = na; +mads with two integers n and m and the lattice vectors of the honeycomb lattice
denotes the periodicity of a nanotube and is commonly written as (n,m) [69)].
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Edge1 Edge 2 7 .

FIGURE 7.5.: Illustration of the spin alignment for a deformation along the zigzag edge (top) and
perpendicular to the edges (bottom). In the top case, the spins align in the zz-plane and in the
bottom case in the yz-plane. In the bottom picture the z-components of the local quantization axes
at each edge are not parallel, as indicated by the tripods.

coordinate systems at each edge are not parallel, which is indicated by the tripods in the
figure. Replacing + — —x and y — —y are valid symmetry operations of such a sample, but
replacing z — —z is not, and thus the sample is not inversion symmetric, while all operations
of the point group Cy, are still intact. Such a sample only exhibits two-fold degenerate bands,
due to Kramers theorem.

7.5.3. Deformation Pseudo Potentials

Using a procedure discussed in [290], the occurrence of a pseudomagnetic field within the
sublattice spin space is introduced in the following. Let the single-orbital graphene Hamilto-
nian for the following discussion be the Hamiltonian in Eq. @ and let the hopping matrix
elements be explicitly dependent on the bond direction d; as also discussed in Chapter
Let the hopping matrix elements additionally be depending on the position 7, such that
t = t(r,d;). This spatial dependence of the hopping matrix element is responsible for the
occurrence of the pseudomagnetic field, as will be shown in the following. It was discussed
before, that the nearest-neighbor hopping changes in a deformed sample, according to the
first term in Eq. @ Due to this term, ¢(r,d;) will be assumed to change compared to its
non-bent counterpart, such that

t(r,d8;) ~ t(8;) + ot(r,d;)
=t 4 0t(r, ;) (7.25)

For weak deformations where 0t(7, d;) < |t], it is a valid approximation, to only consider the
dominant first term in the Fourier expansion of Eq. @ [290]. With this, Eq. in the basis
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{lpz, 4), |pz, B)} can be rewritten as

Hy =t(1+ e iazk + e_ia3k)a;r{6k
+ (3t(r, 81)e~92F 4 5t(r, 8)e 4R 4 5t(r, 83))af i + hoc.. (7.26)

Next, an expansion around the Dirac points K () is performed, such that k — (:I:%, 0) +

(¢z,qy) and the valley isospin 7 = %1 is used to denote the corresponding Dirac point. It
follows

2

_ ta,
- 2h

Hy —Tqy + iqy)aLﬁk + <6t(r, d1)e” 54 ot(r, 62)6%‘% + ot(r, 63)) a;r(ﬁk + h.c..

(7.27)
The first term is the Hamiltonian for undeformed graphene and the second one describes the

3|t|a
2h

pseudopotential due to bending. With vp = and the definition of the pseudopotential

0 —Tqy — 1 0 A, —iTA
Hy =vp o W +vp * Y , (7.28)
—Tqx +iqy 0 Ay +iTA, 0

the two components of the vector potential A= (Az, Ay) are found to be [290]

v Ay = 5t(r, 53) — %(&(r, 51) + 5t(r, 62)) (7.29)
oA, = —‘f(at(r, 55) — 5t(r,61)). (7.30)

Pseudomagnetic Field

The pseudomagnetic field B is only generated if the components of the vector potential
change spatially via

_ 0Ay(r) B 0A;(7r)

Bx(r) ox oy

(7.31)

which is not the case for bending with constant curvature. If the bending is taken with
constant curvature parallel to the zigzag edge (along x), then 6t(r,d1) = dt(r,d2) = const.
and dt(r,d3) = 0. Then

vpAy = —0t(r,81) = const. (7.32)
UFAy =0 (733)
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If the bending is taken perpendicular to the zigzag edge, along the y-direction, then 6¢(r,d1) =
dt(r,d2) = const. and 6t(r,d3) = const. # 6t(r,d1). Then

vpAy, = ot(r,d3) — %(&(r, d1) + 0t(r,d2)) = const. (7.34)
vpAy =0, (7.35)

which is qualitatively similar to the previous case. If the bending is taken parallel to the
zigzag edge, but with sinusoidal deformation, then the vector potential becomes spatially
dependent (on z) via 0t(z,d1) # ot(x, d2) and 0t(z, d3) = 0, such that

vp A, = —%(675(1‘, 51) + 6t(z, 82)) (7.36)
vpAy = —?(67&(:5, d2) — 0t(z,61)). (7.37)

This generates a pseudomagnetic field, because

0Ay(xz) 0Az(x) V3 9(t(z,82) — dt(x,d1))

= — =— . (7.38)
ox y 2up ox

The condition 0t(z,d1) # dt(z,d2) is fulfilled for curvatures, where the wavelength of the
sinusoidal deformation is on the order of the lattice constant. But the derivative of the two
deformations dt(x, d1) and 0t(x, d2) will be nearly identical in this case and thus the resulting
pseudomagnetic is very small.

Lastly, the case of bending perpendicular to the zigzag edge with sinusoidal deformation
is considered. In such a situation, the vector potential is spatially dependent on y, and with
26t(y, 83) ~ 0t(y, 61) = 0t(y, 62) it follows

B,(x)

B.(y) = _QiF 8(&%63))' (7.39)

Again, the change of the hopping matrix element is identical for both zigzag bonds, but
different for the bonds perpendicular to the zigzag edge, such that a pseudomagnetic field
can be generated in this case. The results for different bending types (circular or sinusoidal)
are summarized in Tab. @ for both bending directions.

Pseudo Scalar Potential

In addition to the pseudo vector potential [f, a pseudo scalar potential ®(r) is induced by
the deformation, because of the modified next-nearest-neighbor hopping in bent graphene
[274]. Such a contribution will add a term to Eq. and accounts for hopping from and to
sites of identical sublattice via

3
H = Z Z (dTR‘dR+ai + BRBRJNLZ) =+ h’C‘v (740)
R i=1
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—

direction type A B,

circular A, =const., Ay =0 0

sinusoidal | A, (y) #0, Ay(y) =0 | B.(y) ~ aé?f

L

circular Ay =const., Ay =0 0

|
sinusoidal | A, (z) # 0, Ay(x) #0 | B,(z) ~ %

TABLE 7.5.: Summary of the deformation-induced vector potentials and resulting magnetic fields.
The direction of bending is either parallel (||) or perpendicular to the zigzag edge (L) and has either
constant curvature (circular) or varying curvature (sinusoidal).

where the next-nearest-neighbor hopping is given by t’and the lattice vector a3 is introduced
in addition to those in Eq. . The next-nearest-neighbor hopping, similar to the nearest-
neighbor hopping, becomes spatially-dependent, such that

t'(r,a;) ~t'(a;) + 6t'(r,a;)
=t' 4+ 6t'(r, a;). (7.41)
Due to the next-nearest-neighbor matrix elements regarding the o-band model, it follows that
t' = 0, while 6t'(r, a;) is given by Eq. . In the case of d-orbitals, ¢’ # 0 and an additional

term is_added to dt'(r, a;), which will be discussed in Sec. [f.7. The Fourier transformation
of Eq. leads to

3
H™ = Z (t' + 6t'(r, a;)) cos (kay) (aLak + Bf{ﬂk> + h.c. (7.42)
and the expansion around the Dirac and I'-points results in
3

O (r) K/ = Zét r, a;) o(r)F =2 "5t'(r,a). (7.43)

=1
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7.6. Bent Graphene Nanoribbons with s- and p-orbitals

In the following, the 4-band tight-binding model is used to discuss the effect of deformation on
the edge states of graphene nanoribbons. An important influence on the resulting edge state
dispersion is the inversion symmetry with respect to the center of the deformed nanoribbon.
Different cases of deformation will be discussed, where a circular or a sinusoidal type of
bending is applied to the nanoribbons.

7.6.1. Circular Bending Perpendicular to the Edge

As a first step a circular deformation in the direction perpendicular to the zigzag edges
is applied to the sample. A schematic illustration of the bending of the sample, which is
performed such that the lattice sites are displaced in the yz-plane with a constant radius of
curvature, is given in Fig. c¢). The matrix elements are then computed from their relative
displacements. Parts of the results presented here have been obtained elsewhere already [7§],
but are reviewed and extended here for gaining a better understanding of the other types of
deformation as well. In Fig. a) the dispersion relation of a bent nanoribbon with 16 rows
and 4 columns is shown, where the edges are passivated with hydrogen atoms. The bending
radius is R = 30nm and the intrinsic spin-orbit coupling parameter of the p-orbitals used
here is &, = 5meV. In this and in the following sections, the momentum has been rescaled
by a factor® 4 compared to previous chapters. The edge states cross the band gap, as can be
seen in the right of the figure, but due to the deformation, the m-like bands of the edge states
exhibit a small energy shift of ~ 2.6 meV. The broken inversion symmetry of the sample lifts
the two-fold spin degeneracy of the states, such that an onset of the trigonal splitting can
be observed closer to the Dirac points of the Brillouin zone similar to what was discussed in
Chapter @ At the Brillouin zone center, the edges states are localized at their respective
edges.

The dispersion of the edge states is governed by the deformation of the ribbon in the
vicinity of the edges, which influences the next-nearest-neighbor hopping, mostly by the
first term in Eq. . If however the intrinsic spin-orbit coupling parameter §, were to be
increased to larger values, such as &, = 100 meV, the deformation would not play a significant
role at the Brillouin zone center anymore, because it was not the dominant interaction in
the system compared to the intrinsic spin-orbit coupling. The onset of the Rashba trigonal
warping would still be prominently observable due to the broken inversion symmetry of the
system. In Fig. b) the expectation values (5.), (3,) and (3,) are shown for the four
edge states. The states are clearly spin-polarized and the spin tilts along the y-direction.
The amount of spin alignment with respect to the sample plane depends sensitively on the
deformation strength and at this point the states are already fully (§,)-polarized. Therefore

3 An increasing the number of rows in the unit cell of the graphene samples may lead to the occurrence of
multiple copies of the band structure in a given k-space interval. Therefore this factor is included to set a
relevant interval with only one copy, which has practical reasons.
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FIGURE 7.6.: a) Band structure of a nanoribbon with a unit cell of 16 rows and 4 columns with
&, = 5meV. Circular bending perpendicular to the edge with bending radius R = 30nm is applied.
On the right is a zoom on the detail features of the edge states bands. b) (8,), (§,) and (§.) expectation
values of the four edge states.

there is no (8z)- or ($,)-component, which is consistent with the discussion in Sec. .
In the following, the analysis will be focused on the competition of the bending-induced in
comparison with the intrinsic spin-orbit coupling. Central to this is the direction of spin
polarization of the edge states. Therefore, the components of the spin expectation value <§')
of an edge atom [ is computed via

G0 =3">"al , yaesT7 (7.44)

o0’ v

where the coefficients of the wave function used in Sec. @ are written with an additional
spin index o, which also denotes the components of the spin Pauli matrix. In Eq. the
basis of wave functions with a set of quantum numbers with respect to the local quantization
axis is used. Therefore the projection of the expectation value <§') on the local normal 7 is
used to compute the angle ¢, allowing to quantify the alignment of spin and sample. The
projection of the spin will be identical for the sites along each edge and while the quantization
axes of the two states at a single edge are identical, their respective axis is not parallel to the
quantization axis of the states at the opposite edge, see Sec. . The angle ¢, which was
motivated in Fig. b), is shown in Fig. a) for £, = 5meV in dependence of the inverse
radius of curvature % ~ 6. A schematic of the edge sites and the direction of the spin is also
shown in c) of the figure. The alignment of the spin is very sensitive to the deformation,
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FIGURE 7.7.: a) The angle ¢ of the spin relative to the quantization axis at an edge site of a ribbon
with 16 rows and 4 columns for varying %. b) The critical radius 1/R¢, where the spins align parallel
to the surface normal is plotted against the intrinsic spin-orbit coupling parameter &, in units of
fg = 5meV. c¢) d) Schematic of the circular deformation. The spin alignment is indicated by the
colors, corresponding to those in a).

as already for % ~ 0.007nm~! the two edge states at each edge align their spin completely

in-plane, even though the sample is barely deformed. The alignment of <§'} with respect to
the local normal at the sample edges defines the angle

¢ = arccos <§:> v R~ g —(82), (7.45)

[(3)17]

where ¥ = ¥; X U3 is given by the normal vector at an edge site [ and is obtained from vectors

pointing to two of its neighbors, as defined in Fig. b). The magnitude of the z-component
of the spin is mainly governed by a competition of the terms |C,,,,| and | Byy,|, as in Egs.
and . Therefore, a measure of the the spin alignment can be found in

§§€SE’§V5M cos (0) 14
£p(e)2e, V2 sin(9) €0

spo

‘g”" (0) (7.46)

| _
[ Bun (0)]
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FIGURE 7.8.: Band structure of a nanoribbon with a unit cell with 16 rows and 4 columns with
& = 5meV, but no passivation with hydrogen atoms at the edges. The radius of curvature is
R = 30nm. On the right a detail of the edge states dispersion is depicted.

for small deformations. If this term diverges (or is very large), the spin is (mostly) aligned in
z-direction and if it is very small, it is mostly aligned in y-direction. The effective intrinsic
spin-orbit coupling term |Cy,| scales as ~ &2, while the bending-induced term scales as
| Bnn| ~ &p and therefore, an increased &, leads to stronger §.-polarization of the edge states.

When the curvature increases, the spins successively align perpendicular to the local axis
of quantization, which is clearly seen in the behavior of the angle ¢ ~ ﬁ in Fig. @ a)
and is also found in Eq. . Thus, the influence of the intrinsic spin-orbit coupling Cy,
decays as ﬁ. In other words: The effect of the bending-induced Rashba-type spin-orbit

coupling will increase with increased bending angle 6 ~ % and is inversely proportional to
&p- The point where both edge states exhibit a spin-projection with their local normal of
¢ = 90° is mainly given by §, and will be denoted the critical inverse bending radius %
in the following. As it is the point where the bending-induced spin-orbit coupling clearly
dominates over the intrinsic one, it can be considered a measure of this competition, and it

will therefore be central to the discussion in the following.

Let the proportion of B,, and C,, be fixed, such that the spins fully align in the sample
plane. Then at any given ¢, Eq. can be used to compute %, because it directly follows
that

1 _ ’Bnndép

Re |Cpnel €

(7.47)

which is shown in Fig. @ b) for a ribbon with 16 columns and 4 rows for varying &,. The
linear relation of % on &, is confirmed for larger values, but the approximation becomes
inaccurate for smaller §,, due to the neglected terms in Eq. and the approximation of
relating Eq. with ¢ in Eq. .
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Role of Edge Passivation

In a single-orbital model with p,-orbitals, the low-energy description of graphene is ade-
quate without considering the s-, p,- and p,-orbitals, because of their symmetry. If the
tight-binding model is extended and these additional orbitals are included, the broken sp’-
hybridization of the sample creates localized states at the edges, due to the dangling bonds.
These states are indicated by two doubly degenerate bands in the dispersion relation, shown
in the left of Fig. @ at —1.2eV and —2.5eV at the I'-point. While the occurrence of
these states due to the lack of the passivation does not influence the m-bands at the Fermi
energy in a flat sample, the passivation becomes relevant, when the sample is deformed. As
was shown above, a central aspect of the deformation is the direction-specific coupling of
the p.-orbitals at a given site with the s-orbitals of the neighboring sites. When a sample
without passivation of the edge sites with hydrogen atoms is deformed along the direction
perpendicular to the edges, the p.-orbitals at the edges do not have such a target s-orbital,
which affects the dispersion relation of the edge states in the unpassivated case compared to a
passivated system. In the right of Fig. , a dispersion of the edge states for an unpassivated
sample with a radius of curvature R = 30nm is shown. Compared to the passivated edge
state dispersion in Fig. @, the lack of energy shift at the I'-point is observed. Other than
that, the broken symmetry of the lattice at the edges indicates that the dispersion of the
edges is described directly by the third term in Eq. , which is to great extend given by
the coupling of the edge sites to the neighboring hydrogen atoms. For higher momenta, the
dispersion of the edge states of the passivated and unpassivated cases becomes comparable
and an energy splitting of 0.25meV at k,. - a =~ 0.4 is observed in both cases. An overall shift
of the passivated edge band is, however, still not reproduced by the unpassivated case. In
the following the passivation of the edge sites will always be assumed.

7.6.2. Sinusoidal Bending Perpendicular to the Edge

The deformation along the y-direction was only considered with constant curvature up to now.
This had two major implications. First, the sample does not exhibit inversion symmetry,
and second, the edge bands are always hybridized with the s-orbitals of the neighboring
atoms, because of the finite overlap due to the bending. Both of these features can be
controlled individually, once a variation of curvature in the form of a sinusoidal deformation
is considered. Such a sinusoidal deformation h(y) of the lattice sites polarizes p,- and s-
orbitals differently in different parts of the ribbon, depending on the phase of the deformation.
If the sample edges are located at the nodes of the sinusoidal deformation, the polarization
will be zero and thus the bulk contribution to the edge dispersion is rather flat. When
the wavelength of the deformation is changed, such that the edges are located at the hills

4This function describes the displacement along the z-direction of the sites of a ribbon in dependence of their
y-coordinates. It is chosen in such way, that the interatomic distances are kept unchanged from those of
the flat ribbon and only the angles change.
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FIGURE 7.9.: a) Dispersion relation of a nanoribbon with 16 rows and 4 columns for £, = 5meV,
with a sinusoidal deformation of wavelength A ~ 14.7a and amplitude A = a, where a is the lattice
constant. The edge states are colored by (3,) = 1. b) The sublattice spin expectation values show
that in the Brillouin zone center the edge states are complete localized at the edges.

and valleys of h(y), the dispersion becomes stronger, because of the energy shift due to the
p.-s-hybridization at the edges.

In the following the center of the ribbon is always considered to be at a node of h(y)
for a sinusoidal deformation, which will enforce inversion symmetry, regardless of amplitude
A or wavelength A of the deformation. If the phase of the deformation is shifted, such
that the center of the ribbon is located at a hill or valley of h(y) on the other hand, the
inversion symmetry is broken, while a mirror symmetry is still intact. This corresponds to
a cosinusoidal deformation. In both cases the center of inversion (or the symmetry axis) is
not coinciding with a lattice site. The main difference of the systems arising from this phase
shift of the deformation, is the missing energy degeneracy, as was discussed in Sec. .
Both of these aspects will be discussed below, but before, the similarities compared to the
deformation with constant curvature will be highlighted.

In Fig. @ a) the edge state dispersion of a nanoribbon with a sinusoidal deformation of
A & 14.7a and an amplitude of A = a is shown. The y-component of the spin expectation
value for each of the states is used to color the dispersion, which is polarized to nearly +1
and where ($,) ~ 0.05. There is no z-component, similar to the case with constant curvature.
The wavelength is chosen in_a way, that the edges are located at two hills of h(y), similar
to the case depicted in Fig. c¢). The finite curvature at the edges is responsible for the
energy shift of —38 meV at the Brillouin zone center. At this particular point the edge states
are four-fold degenerate and the (8,)-polarization indicates a crossing. The states are fully
sublattice spin polarized, as can be seen in Fig. b).

Next, the impact of the deformation on the edge state dispersion is studied. A nanorib-
bon with 20 rows is considered, but the wavelength of the deformation is varied, while the
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F1GURE 7.10.: Dispersion relations of edge states for sinusoidal deformation with amplitude A = 0.5a
for different wavelengths A\, where the center of the sample is always at a node of the deformation,
such that it is inversion symmetric. The sample has 20 rows and 4 columns with £, = 5meV.

a) A~ 47.9a, b) A~ 23.8a,¢c) A~ 15.7a,d) A~ 11.6a,e) A~ 9.0a.

amplitude is kept constant at A = 0.5a. The center of the ribbon is always at a node of the
deformation, such that mirror symmetry is ensured. The results are depicted in Fig. .

In a) A &~ 47.9a is chosen, such that both edges are located at a valley of h(y) and \/2
fits in the length of the ribbon. This deformation is similar in appearance as the circular
deformation, but here the local quantization axes of the edge states are collinear, ensuring
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FIGURE 7.11.: Dispersion relations of edge states for sinusoidal deformation with amplitude A = 0.5a
for different wavelengths )\, where the center of the sample is always at a valley of the deformation.
The sample does not exhibit inversion symmetry, it has 20 rows and 4 columns with £, = 5meV.

a) A= 47.9a, b) A= 23.8a,¢c) A= 15.7a,d) A= 11.6a,¢e) A= 9.0a.

two-fold degeneracy with respect to the 1- and |-spin-projections on this axis. The almost
flat dispersion of the edge states is a result of the very small curvature at the edges. The
states exhibit a small energy shift away from E = 0 and a small slope, due to the energy
splitting ~ 1 ueV away from the Brillouin zone center, as a result of the intrinsic spin-orbit
coupling. In Fig. b) the sample exhibits one full oscillation of h(y) and both edges
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are located at nodes of the sinusoidal deformation. This case is qualitatively similar to a),
because the curvature at the edge sites is zero and the influence of the bulk does not have a
significant impact. For higher momenta, the energy splitting of the edge states has doubled
compared to a). In ¢) A is 2/3 of the ribbon length and the edges are located at the valleys of
the deformation. The curvature is large enough, such that a comparable dispersion relation
of the circular deformation can be observed.

In d) A is 1/2 of the ribbon length and the dispersion of the edge states is again almost
flat. This indicates, that the lack of p,-s-hybridization of the edges is responsible for the lack
of edge dispersion, despite the deformation with larger curvature in the bulk. An increased
overall energy shift of ~ 0.1 meV, compared to a) is observed. In e) the much higher curvature
causes a strong dispersion of the edges and a larger shift across the whole Brillouin zone,
which reaches ~ 30 meV at the center.

As a next step, the procedure is repeated for the cosinusoidal deformation, which breaks
the inversion symmetry of the ribbon, by shifting the center of the ribbon from a node to a hill
of h(y). The same ribbons with a deformation of amplitude A = 0.5a are considered and the
same wavelengths are chosen, which results in the dispersions relations depicted in Fig. .
Similar to the previous figure, the cases in a)-c) show very little influence on the dispersion of
the edge states, due to the small curvature of h(y). The broken inversion symmetry leads to
similar results as in the previous section with circular deformation but in a) the weak energy
splitting is not visible on the scale of the figure. In Fig. d), the curvature at the edges
becomes dominant over the energy splitting, similar to the previous Fig. m e), because in
both cases the edges are located at valley and are thus subject to the maximum curvature
induced by the deformation. The energy shifts of both cases differ, because of their different
wavelengths. In Fig. e) the curvature of the deformation is strong enough to noticeably
deform the dispersion relation, even though the edges are located at the nodes of h(y) and
thus not subject to p,-s-hybridization. The overlap of the the edge states with the bulk sites
lead to curvature effects, because of the bending-induced next-nearest-neighbor hopping.

The results obtained in this subsection can be related to the band splitting dispersions of
the FM and AFM magnetic phases, which were discussed in Sec. . The missing z <> —z
symmetry of the FM phase has a similar degeneracy lifting effect on the bands as the ribbons
in Fig. , while the intact symmetry of the AFM phase relates to those in Fig. .

7.6.3. Bending Parallel to the Edge

In this section, a deformation parallel to the periodic direction is considered. An example
of a graphene nanoribbon with one-dimensional periodic boundary condition and constant
curvature along this direction is a single wall carbon nanotube. Discussed in Sec. ,
the spins at the edges in this case align parallel to the edges for increased curvature. If
the curvature in this case was to be non-constant, the Rashba-type spin-orbit coupling due
to the varying bending angle results in a spin polarization with components along all three
directions. In this discussion, a nanoribbon with 16 rows and 8 columns is considered, in
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order to have enough sites along the periodic direction for one full oscillation of A = 6.15a
with an amplitude of A = 0.5a. A schematic of the edge is shown in Fig. f), where
the sites of the unit cell are shown in purple and the atoms of the neighboring unit cell in
yvellow. A schematic of the sinusoidal deformation of the sample along the zigzag direction is
depicted in Fig. @ b). The dispersion relation is shown in Fig. a), where £, = 50 meV.
Also, a detail of the edge states is depicted on the right of the figure.

The dispersion of the edge states exhibits a different slope compared to the bending per-
pendicular to the periodic direction. The sign of the slope has changed compared to bending
along the y-direction, because of the second term in Eq. [7.14. The varying bending angle as
a result of the varying curvature along the edge causes a variation of the sign of the next-
nearest-neighbor contribution, which changes to an effective positive next-nearest-neighbor
hopping #'. A shift of —1.3meV at the Brillouin zone center is found.

The spin expectation values of the edge states are given in Fig. b). The spin aligns
mostly in the xz-plane, but exhibits a finite §,-component, as opposed to the previous defor-
mations, where no spin component perpendicular to the deformation direction was induced.
In Fig. c) the energies of the edge states are colored by edge and spin expectation value.
As in previous cases, the helicity of the states is conserved and the states cross according to
their (G, - §,)-expectation values. In addition, the states are fully sublattice-spin polarized,
as can be seen in Fig. d). In e), a nanoribbon with 22 rows and 8 columus is considered
with A = 4.17a and A = 0.8a. The wider unit cell introduces additional bulk bands and the
deformation perturbs the translational symmetry of the flat edge states strongly. It thereby
causes band folding around the Dirac cones.
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7.7. Localized States in Bent Nanoribbons

In this section, the occurrence of bulk localized states is discussed, which arise due to bending-
induced gauge potentials. These potentials have different sources, such as the nearest- and
next-nearest-neighbor hopping matrix elements, which may lead to a vector potential, causing
a pseudomagnetic field and a scalar gauge potential.

In general, a pseudomagnetic field in localized highly-curved regions of graphene nanorib-
bons leads to sublattice spin-polarized states, confined to these regions [281, 290]. In Eq.
the generation of a pseudomagnetic field as a result of the spatially-dependent nearest-
neighbor hopping was discussed. For bending along the direction perpendicular to the zigzag
edges, the pseudo vector potential causes a pseudomagnetic field, whenever the curvature
varies along the bending direction. In the case of a sinusoidal deformation h(y), the cur-

3
2 27 . T
vature k(y) = 9 82(2:1/) /A/1+ g—;‘ is zero at the nodes, while it increases closer to a valley.

Directly at a valley, the curvature reaches a maximum, and it decays again when the next
node is approached. Thus the derivative of the curvature ag—(yy) changes sign at the valleys of

the sinusoidal deformation.

Using a relation of the curvature and its bending angle 6(y) = a - k(y) [187], with the
lattice constant a, it is straight-forward to show that the pseudomagnetic field in Eq. [7.39
as a result of the variation Vjp,r —t.. () in the nearest-neighbor hopping in the term A, in
Eq. @, is given by

_ 2ha (o Vipo 9k (y)
B, = 3 <1 ‘/pp7r>/€(y) oy (7.48)

The pseudomagnetic field can be used to explain the nearly-flat dispersion of the localized
states around points of extremal curvature in the ribbon. This mechanism works on basis
of the same principle as the localization of states at zigzag edges of flat graphene nanorib-
bons, which was discussed in previous chapters. The sample edges exhibit a sublattice-spin
polarizing potential, which is caused by a change of the topological constant at the sample
boundaries and leads to localized states with flat dispersion.

In the bulk, the generation of localized states is facilitated by a change of sign of the
pseudomagnetic field as a consequence of a variation of the vector potential A(y). If this effect
is very strong, sublattice-spin polarized localized states are created, which have exponentially
small occupation of nearby bulk sites [290]. Similar to the gap-crossing edge states, these
bulk states show a flat energy dispersion around the Brillouin zone center. Thus, a strong
deformation of a sample may have an effect similar to that of an actual edge, where the
regular sample lattice is terminated.

In addition to the vector potential A(y), another gauge potential, the scalar potential ®(y),
occurs for sinusoidal deformation perpendicular to the sample edges. By doing an analysis
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FIGURE 7.13.: a) A schematic overview of the bent nanoribbon with amplitude A = 2.9a and wave-
length A = 15a. b) Dispersion of a bent ribbon with 16 rows, 4 columns and &, = 5meV. Several
bulk bands are highlighted. ¢) and d) Spatial distribution of the states color-coded by the bands from
a). Spin expectation values of the four bulk states from the green bands e) and of the four bulk states
from the purple bands f) as given in a).

of the energy shift £”, the dominant terms in Eq. m lead to the scalar potential

1 )1

—a?k(y)% (7.49)

1
Vs%uaaQ"f(y)Q + g(vppd - Vppﬂ) 9

D(y) = ——
S
Since it arises from a variation of the next-nearest-neighbor hopping, ®(y) stabilizes the
sublattice polarization, because it enhances the interaction with the pseudomagnetic field as
a consequence of the stronger confinement to states belonging to either sublattice [290].
For an inversion-symmetric sinusoidal deformation with A = 2.9a and a wavelength of
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FIGURE 7.14.: a) The pseudomagnetic field B changes sign and b) the scalar potential ®(y) exhibits
minima at points of extremal deformation.

A = 15 a, a nanoribbon with 16 rows and 4 columns is considered, where &, = 5meV. This is
schematically depicted in Fig. a). The edges are located at nodes of the deformation. In
b) the dispersion relation of this ribbon is shown, which is similar in appearance to previous
dispersions relations for such bending, with the exception of two prominent bands, depicted
in green and purple. These bands are comparably flat, similar to the edge states and shifted
by 1.3eV and 1.5eV from the Fermi energy. There are two green bands with nearly identical
spatial distribution. The site occupation of one of them is shown in Fig. c)4. Each of the
two bands is two-fold spin-degenerate. The other four purple bands are also doubly-energ,
degenerate and have a slightly different spatial distribution, which can be seen in Fig.
d). The (8;)-expectation values shown in Figs. e) and f) indicate that the states are
polarized in the yz-plane, similar to the edge states. The findings confirm those regarding
the direction-dependent spin-alignment from previous section also for these bulk states.

The states of the purple bands are localized around the hills of the deformation a little
more than the green states and the ratio of their spin expectation values is slightly different.
The states cannot be separated in states localized around only one of the two areas and they
are completely real spin-, but not fully sublattice spin-polarized, such that all states exhibit
a finite occupation at both sides of the ribbon. The lack of total sublattice-spin polarization
of these localized bulk states is an indicator for the contribution of the pseudomagnetic field
in Eq. to their localization and that the scalar potential in Eq. also has a large
influence. In Fig. a) the pseudomagnetic field | B, (y)| is shown. The sign change of B, (y)
at points of extremal curvature is visible, as well as the large magnitude of approximately
B ~ 10* T, causing the weak sublattice polarization, observable in Figs c¢) and d). This
result is in good agreement with the value of 10° T expected for the occurrence of fully
sublattice spin polarized edge states obtained by Sasaki et al. [@]

5Both spatial distributions are given schematically in coordinates for a flat ribbon, because using the curved
ribbon coordinates would lead to a deformed projection. Thus the y-coordinates in_the two spatial distri-
butions actually range from —7a to +7a as indicated by the y-coordinates in Fig. a).

140



7.7. Localized States in Bent Nanoribbons

In Fig. b) the scalar potential ®(y) is shown. It is observable that the points of lowest
potential energy coincide with the points where B,(y) changes sign. The scalar potential is
negative everywhere in the sample.

In a next step, the amplitude and wavelength of the deformation is reduced, in order to keep
the curvature at the valleys and hills constant, but include more oscillations in the ribbon.
The result is shown in Fig. for a deformed nanoribbon with 16 rows, where A = 1.5a
and A = 7.5a. In the dispersion relation, shown in ii), there are six flat bands observable.
These correspond to four states each and are labelled A-F. The edge states of the system are
at —1eV. The states still cross the band gap despite the deformation, which is indicated by
the black circle in ii) and are well localized at the edges, as shown in a), where the spatial
distribution at k, = 0 is depicted. The four states of the B band split into two bands away
from the I'-point of the Brillouin zone, as can be seen from the green circle in ii). The spatial
distribution of two states from B is shown in b), and the comparable features indicate that
the four states are very similar, despite their energy separation. The states are localized
close to the edges, but with a dominant occupation of the sites around at the nearby hill and
valley of the deformation. The states C-F, shown in c)-f), have also a significant localization
on sites belonging to the points of extremal curvature. This is particularly noticeable in E
and F. The former consists of states, which are located at only four sites directly at an area
with maximum curvature. The latter has dominant contribution at all the four valleys and
hills.

In addition to the states presented here, there are many more flat bands in the dispersion
relation for this nanoribbon, higher in energy. While it is possible to use different deforma-
tions, to bring the energy of such states closer to F = 0, the energy of the edge states (A)
will also shift as a result. For the deformation strengths applied in this work, no other flat
bands could be observed energetically close to the edge states.

To summarize, the curvature of the deformation leads to a variation of the nearest- and
next-nearest-neighbor hopping. This variation is shown to lead to sublattice spin-polarizing
pseudomagnetic fields and stabilizing scalar potentials. Together, they may facilitate the
creation of localized bulk states with nearly flat dispersion. While the curvature required for
the existence of perfectly localized and sublattice spin-polarized states might be very strong,
moderate deformations, on the order of the lattice constant a are already enough to create
the gauge potentials required for localized bulk states. It is possible for these deformation
strengths to occur in experiments and they may not always be fully eliminated. Thus, the
analysis provided in this section may serve as an estimate of the charge inhomogeneities
introduced by bending of graphene nanoribbons.
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7.8. Perturbation Theory for Bending of Graphene with s-, p- and
d-orbitals

Previous considerations have only treated s- and p-orbitals and their effect on the spin struc-
ture of graphene under deformations. Similar to the tight-binding model for the description
of d-orbitals in flat graphene [286, 287], the additional bending-induced interactions from d-
to p-orbitals also lead to the occurrence of Rashba-type spin-orbit coupling, a potential shift
and an effective next-nearest-neighbor hopping term. Thus, in order to correctly derive the
spin-orbit coupling interactions in bent graphene nanoribbons, the coupling of d- to p-orbitals
must be accounted for as well.

The d-orbitals are separated from the p-orbitals by the energy 4 and the d-band atomic
spin-orbit interaction is given by the parameter ;. While the energy separation of the s- and
d-orbitals is ~ 20 eV, such that the s-d-coupling can be neglected in very good approximation,
bending induces transitions between the in-plane p-orbitals and the in- and out-of-plane d-
orbitals in general.

Before a full 9-orbital model is used to derive the Rashba-type spin-orbit coupling, a
reduced 5-orbital model with p,-, py- and p.- and only two of the five d-orbitals, the d.-
and dy.-orbitals, is used to derive an effective term arising due to the d-orbital atomic spin-
orbit coupling. Since the s-p-coupling was already derived and analyzed in the previous
sections, the p-d-interactions are examined first, before a study of the full interplay of all
terms in the 9-orbital model is undertaken. Due to the symmetry of the atomic orbitals,
an effective description for understanding the nature of these interactions does not require
all five d-orbitals, because the d,.- and d,.-orbitals are the dominant contributions. For
understanding this 5-orbital model, the equations for each of the orbitals, similar to Eqs.
to are rewritten to account for the interactions to the other orbitals. This results in the
set of equations

(e — gp)aoc70 = Z Aglaa’,o + Z ta,a’(en)aa’,n + Z Z tcx,ﬁ(en)aﬁ,n

o' e{x,y,z} n,a’€{z,y,z} n Be{rzyz}
(7.50)
(5 — €d)a@’0 = Z Tg apgr o+ Z tﬁya/(en)aa/m + Z Z t/3751(¢9n)a6/7n,
B’E{a:z,yz} n,a’e{x,y,z} n ﬁ’e{a:z,yz}
(7.51)

where the index « € {z,y, 2z} denotes the p-orbitals and the index 3 € {zz,yz} the d-orbitals.
Thus, the last two terms in Egs. and denote the hopping to neighboring p- and
d-orbitals. The matrix elements A} and Y4 denote the p-orbital intrinsic spin-orbit coupling
given in Eq. and the d-orbital spin-orbit coupling in Eq. , respectively. The p-d-
matrix elements are given in Tabs. @, and [7.4. The required matrix elements for the
coupling of the occurring d-orbitals are stated in Tab for completeness. By a similar
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wi/vo | ds dy-
sin (¢)*(Vads + (Vadr — Vaas) sin (0)°) —1 €08 (8)” (Vaas + 2Vaar — 3Vado
dyz + 2 (Vaas + WVaar + 3Viao +(Vads — Waar + 3Vaao ) (cos (0)% — sin (0)*)) x
~(Vads — WVaar + 3Vaao) cos (40)) cos (¢)? 2sin (@) cos (¢)
—1 ¢os (0)*(Vaas + 2Vadr — 3Vado c0s (¢)* (Vaas + (Vaar — Vaas) sin (6)°)
dy> +(Viags — 4Viagn + 3Vaao ) (cos ()% — sin (0)?)) x +2 (Vaas + 4Vaar + 3Vaao
2sin (¢) cos () —(Vaas — Vaar + 3Vaao) cos (40)) sin (¢)*

TABLE 7.6.: The Slater-Koster matrix elements for the relative angle 6 of the normals between the
dy.- and dy.-orbitals. They are denoted p; and vy, where the indices 1 and 0 label corresponding
sites.

procedure as in Sec. @, the orbitals of neighboring sites are expressed as p.-orbitals of next-
nearest-neighboring sites. The terms obtained in the 5-orbital model, can later be added
to the previous 4-model, because the s-d-interaction is neglected. As a result, the effective
hopping for the p.-orbitals of the 4-orbital model in Eq. @ can be modified to

(e —ep—€" —efa.o=An+ By +Cp + App + Bup + Crp + AP+ BP 1D - (7.52)

with the additional terms A2

D BP and CP . The effective contributions are a next-nearest-
neighbor hopping

1
g —&¢q

A,?n = Z [tz,mz (Qn) txz,z (Gn/) + tz,yz (en) tyz,z (Gn/)] Az n'y (753)

n,n/#0

and the effective intrinsic spin-orbit coupling

i€45
CnDn = - Ed?l £ Z [tz,yz (Gn) th,z (an/) - tz,:pz (Hn) tyz,z (en/)} Ay n!- (754)
n,n'#0

Due to the coupling of the p,- and d-orbitals, an additional energy shift is obtained

1 3V
€q = ;d Z [tz,xz (en) ta:z,z (977,) + tz,yz (en) tyz,z (en)] ~ .

n

- (7.55)

While the dispersion relation of the edge states of a multi-orbital tight-binding model for
flat ribbons has already been discussed briefly in Sec. , the dispersion in Fig. M can
directly be attributed to the term Afl)n. The coupling of the p,- with the d;.- and d,.-orbitals
leads to an effective next-nearest-neighbor model with a corresponding intra-lattice hopping
t/, > 0. This is in contrast to the effective bending-induced hopping parameter t;, < 0 among
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s- and p-orbitals, which leads to a different band dispersion and is observable in Fig. @ a).
Furthermore, #); occurs in flat graphene, while ¢}, does not and thus [t;| > [t,| for moderate
deformations. The term AL is at least an order of magnitude larger than the corresponding
one Ay, even for very strong deformations. Thus the edge state dispersion of the effective
5-orbital model is only slightly deviating from that of a flat graphene sample with p,-, d,,-

and d, .-orbitals. There also occurs a Rashba-type spin-orbit coupling contribution

i€ .
BpY = _é Z (8y [ta,z (On) tozz (Onr) + Loy (On) tyz,2 (61)]
n,n'#0

_§x [ty,xz (en) t:r:z,z (‘977/) + ty,yz (en) tyz,z (en’)]) Az n'- (756)

Surprisingly, the Rashba contribution does not depend on the intrinsic spin-orbit coupling
parameter &5 of the d-orbitals, but that of the p-orbitals. The reason is, that the hopping
from the p-orbitals to the d-orbitals is dominant, compared to the hopping among d-orbitals.
The terms in Eq. do not have the correct symmetry to describe general deformations,
however. This is indicated by the fact that the deformation-induced spin-polarization is not
reflected correctly, because of the broken angular momentum conservation in the reduced
5-orbital model for arbitrary deformations. This is only possible if all five d-orbitals are
considered. Therefore, an extended multi-orbital model is described next, which leads to the
full interaction. As discussed above, the following derivation is stated without the s-orbitals.
Because the dominant contribution to the atomic d-orbital spin-orbit coupling is given by Eq.
already, only the term B,?n in Eq. will be modified by this approach. Otherwise
the full 9-orbital model is also given by Eq. .

The equations for any site n and any neighboring sites n’ are rewritten as in Eq. @ for
the p- and d-orbitals, such that

({:‘ — sp)aam = Z Ag/aa/m + Z t%a/(en/)aa/m/ + Z Zta’g(en/)a@n/ (757)
o’ n',a! n' B

(e — 5d)a57n = Z Tg agrn + Z tg o (en/)aa/m/ + Z Z tgyﬁl(en/)a/g/m/, (7.58)
/3/ n/ a/ ﬁ/

n/

where the index o € {z,y, 2} again denotes the p-orbitals and the index 38 € {zy, 22, yz, 2% —
y?, 22} all five d-orbitals. The equations Eq. and can the be used analogously to
Eq. to find an effective next-nearest-neighbor hopping from a p.-orbital at site 0 to a
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p.-orbital at its next-nearest-neighboring sites n’. This leads to

(5_5]2 Gy 0 = ZAa ZA aa’0+zztaa aoz n+zzto¢6 aﬁn
+ Z Z tz,a(en)é Z Aglaa’,o + Z Z ta,a’ (an’)aa’,n’ + Z Z ta,B(en’)aﬁ,n’
a n % n’ o n' g

+ZZ7§Z75(0,~0) ZTg/aﬁgn%—ZZt@a( n/ aan/ +Zzt5 5/ CLB/ ’.
B8 n o4 n o n

(7.59)

The third term in the first line of Eq. leads to the Rashba-type spin-orbit coupling. It
also describes terms of third order in either the intrinsic spin-orbit coupling or the hopping.
Those will not be considered in this perturbation theory. The eighth term, in the last line,
leads to the effective next-nearest-neighbor hopping, which has an effective form as in Eq.
due to the dominant matrix elements of p.-, d,.- and d,.-orbitals. Due to the p-orbital
in‘gilnsic spin-orbit coupling it follows for the effective Rashba-type spin-orbit coupling term
By~ that

BO = YA S tasO) 2 S Ol (7.60)
a n B n/#0

Using Eq. , A = —i8,&,, A = i5;&, and AZ = 0 are obtained. Thus, the effective
Rashba-type contribution becomes

Zf R
Bl =—-2 3" 5, th )52 (O Ztyﬁ Vt5.:(0n) | | azmr. (7.61)

nn’;é[)

It is straightforward to show, that Eq. M is contained in this full expression. There
is another bending-induced Rashba-type term, which arises due to the intrinsic spin-orbit
coupling in the d-orbitals. It is contained in the seventh term, in the last line of Eq. ,
which can be rewritten as

ch +BD? = ZZ .50 E—e’;‘dQZT >ty (On)az e, (7.62)

/7&0
and is given by
Z€d
BgﬁQ - Z Z i, ol 1)(0n)tp(l,2),z(0n’) - tz,p(l,2)(gn)tp(l,l),z(en’))
n,n/#£0 =1
—5; (tz,q(l,l)(en) q(l,2),z(9n’) - tz,q(l,Q)(en)tq(l,l),z(en’))] Az n/ (7'63)
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and

C A 2
1£48,
ng = - ;2 Z Zw(l) [tz,r(l,l)(en)tr(l,Q),z(en’) - tz,r(l,2)(Qn)tr(hl),z(en’)] Azn/- (7'64)

(p(1,1),p(1,2)) € {(zz,zy), (2* — y*,yz), (2*,y2)} (7.65)
(q(1,1),q(1,2)) € {(z2,2%), (2% — ¥, x2), (xy, y2)} (7.66)
(r(1,1),7(1,2)) € {(22,y2), (zy,2* — y*)} (7.67)

are introduced, which denote all of the pairs of orbitals relevant in the respective terms. The
factors v(l) € {1,1,/3} and w(l) € {1,2} arise due to the numerical factors in the intrinsic
spin-orbit coupling operator Eq. @ The bending-induced d-orbital spin-orbit coupling in
Eq. j is small, due to the second-order process in the energetically separate d-orbitals and
because the bending-induced hopping matrix elements are small for small 6. It is important
however, that BD? &4, which will be of relevance in the following section. The effective
form of the intrinsic spin-orbit coupling in Eq. , contains a dominant contribution, given
by Eq. . Although C’T]Ljn has the same appearance as Bgf, the contribution to the
spin alignment of the former is much more relevant, because the matrix elements t,. .(6)
and t,, .(0) are much larger than t, .(0) or t,2_,2 .(¢). The full bending-induced d-orbital
Rashba-type spin-orbit coupling for the effective 9-orbital model in Eq. E is given by
BT?n = B,?ﬁl + BT?T?. A schematic overview of these terms is given in Fig. [7.17.

7.8.1. Bending in a Multi-orbital Tight-binding Model with s-, p- and d-orbitals

The central aspects of the dispersion relation of a multi-band tight-binding model with d,,-
and d,.-orbitals in addition to the p,-orbitals has already been discussed in Sec. . The
addition of dy2_,2-, dyy- and d,2-orbitals alone have little impact on the dispersion relation
of the edge states in bent graphene, because of the weak coupling due to the large energy
separation and weak coupling of p,- and d-orbitals. This changes dramatically, when the
other p-orbitals are included. As was motivated in the previous section, the interplay of
Pz-, Py~ and d-orbitals in a bent sample is of central importance, such that in this section
a 9-orbital tight-binding model is used to obtain numerical results. The dispersion relation
of a ribbon with 16 rows and 4 columns is depicted in Fig. a), where a deformation
perpendicular to the edges with a radius of R = 10nm is applied. It is {, = 5meV and
&4 = 0.9meV. The dispersion of the edge states is dominated by the slope introduced by
the coupling of p.-, d;.- and d,.-orbitals, which is also occurring in flat graphene and is only
slightly modified in the deformed case, whereas the additional d-orbitals contribute very little.
A shift of 151 meV is observed, as well as the (3,)-polarization, which is shown in Fig. m
b). Due to the broken inversion symmetry of the system, the bands exhibit a spin-splitting of
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~ 0.5meV at k,-a = 0.4, similar to previous findings for circular deformations perpendicular
to the edges.

In order to illustrate the influence of the atomic spin-orbit coupling on the band dispersion,
the energy difference of the edge bands with and without spin-orbit coupling is plotted in
Fig. c¢). On the left figure, the difference

AE(k) = E(k7£p7£d) - E(k‘,fp = Oagd = 0) (768)

is depicted for the 9-orbital model. This result is numerically identical to that of the 4-orbital
model with only s- and p-orbitals at the scale of this figure, despite the different dispersion
of the bands. A band crossing is observable, because the spin-orbit coupling lifts the four-
fold energy degeneracy, as a result of the broken symmetry, compared to the case without
intrinsic spin-orbit coupling. These findings are qualitatively similar to what was reported
in [78]. In the right figure, the difference

AE(k) = E(k,&p, &) — E(k,&p,a = 0) (7.69)

is shown. It is on the order of pueV and thus the influence of the d-orbital intrinsic spin-orbit
coupling on the bending-induced energy splitting is only marginal compared to that of the
p-orbitals. An energy splitting is nearly completely absent in bent ribbons when only p,- and
d-orbitals are considered. Next, the effect of the different effective spin-orbit_coupling terms
will be discussed and extended upon those of the 4-orbital model from Sec.

In a 6-orbital model consisting of only p.- and the five d-orbitals the spin alignment among
d- and p,-orbitals alone is extremely weak, compared to that in Sec. . In this model,
the alignment is determined by the competition of the bending-induced d-orbital spin-orbit
coupling BP? and intrinsic d-orbital spin-orbit coupling CP . Both are shown schematically
in Fig. . Geometrical factors arising from the in-plane directive cosines can be neglected
for an estimate of the order of magnitude. Furthermore, the influence of the term B,?,{Z is
very weak, compared to the term Bﬁgl. Then

Conl i dVpao 1 _ Vpir 1L 103 (7.70)
|Br?ﬁ2 gd‘/deﬂ' 83 4 ‘/deﬂ' 0 , .

when the usual bending angle of § ~ (.03 is assumed. The very large value resulting from Eq.
indicates that the bending-induced d-orbital Rashba-type spin-orbit coupling Bf?n’Q does
not play a significant role, compared to the intrinsic spin-orbit coupling C2,. Apart from this,
the spin alignment in Eq. is independent of the intrinsic spin-orbit coupling parameter
&4. This is verified by computing the angle ¢ of the edge spin alignment with the local normal
for the 6-orbital model, which is shown in Fig. m a). In this figure, a nanoribbon with 16
rows and £g =5 - fg = 4meV, where §3 = 0.8 meV, is considered without edge passivation.
A very weak influence of the bending-induced Rashba-type spin-orbit coupling is observed.
Increasing the intrinsic d-orbital spin-orbit coupling parameter to &; = 100 - §2 does not lead
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FIGURE 7.16.: a) Dispersion relation of a ribbon with 16 rows and 4 columns R = 10nm, where
& =5meV and £; = 0.9meV. b) The states are colored by their (3, )-polarisation £1. ¢) The energy
difference of the edge states where &, = 5meV, £; = 0.9meV is compared with &, =0, & = 0 (left)
and &, = 5meV, 5 = 0.9meV is compared with &, = 5meV, {; = 0 (right).

to an observable difference of the results in Fig. E a), suggesting the independency of
the competitions of the different spin-orbit coupling types of £;. As a comparison, the 4-
orbital model with s- and p-orbitals, from Eq. , results in !g:z; ~ 5 x 1072 for the same
parameters. This shows that the predictions of both multi-orbital tight-binding models differ
by at least 4 orders of magnitude. The comparison suggests that both models tend to over-
or underestimate the spin-orbit coupling contributions either in favor of the bending-induced
Rashba-type spin-orbit coupling or in favor of the intrinsic spin-orbit coupling. In order to
give a realistic estimation of the bending-induced spin alignment at the graphene edge, the
dominant terms of each of the two models are compared to each other. This competition of
the dominant spin-orbit coupling terms in the effective 9-orbital model in Eq. is given by
the two different p-d-Rashba-type spin-orbit coupling terms, as well as the s-p-Rashba-type
and both effective intrinsic p- and d-orbital spin-orbit coupling terms. This consideration

leads to
|Cnn + CTBJ a0§2 bofd 1
D1 53, (Eps€a) ~ P+ - (7.71)
’Bnn + Bnﬁ + Bnﬁ algp + a2£d algp + a2£d 0
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FIGURE 7.17.: Examples of different hopping paths which result in the different effective spin-orbit
coupling terms C,,,,, CL  BP:1 and BP:2. The intrinsic p-orbital spin-orbit coupling is denoted pSOC
and that of the d-orbitals dSOC. The terms C and B2 are identical except for the dSOC transition
at site 1, where there is no spin flip induced in the former case, but in the latter.

where the constantsa ap, a1, az and by contain the Slater-Koster parameters Vy,gr, Vpio, as well
as Vipo and numerical factors, due to the t;;(6,)ti;(0,/) and the different . Additionally,
ag ~ ﬁ, while a1, a9 and by are unitless. Eq. ’ﬁ evaluates to 0.15 for # = 0.03 and is in
between the two extreme values of the reduced models. The contribution of B,,, is a larger
than BL;' and both are vastly larger than B2 When &p is varied, such that {2 L &p, it is

also fd < &p. Here |Cyy| < |Bpy| and therefore agﬁ < 1. Also ag < ay, because |Byy,| is

the dommant bending-induced contribution. Since |Cy,| < |CL)| in general, the first term in
Eq. is smaller than the second, but it becomes relevant at large §,. For varying ¢, and

constant £ =260 & Eq. is approximately

|Chum + Cnn\ ao 1 11
€p, € —ot oo |7~ 5 7.72
|Bnn + Bnn + B??nZ ( P d) ay g bogo é.P + 0 fpa ( )

5These constants can be worked out in detail from the different spin-orbit coupling terms in Eq. , but
are chosen here to only represent the general functional dependency in terms of £, {4 and 6. Their full
expression is not important for the discussion here and a more detailed treatment is out of the scope of
this work.
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FIGURE 7.18.: The angle ¢ between the spin-polarization and the local normal of a 20 row nanoribbon
with £; = 4meV computed with a 6-orbital tight-binding model including p.- and the five d-orbitals
in a) and with the 9-orbital model in b). Here the spin alignment of the full 9-orbital model (solid)
and the reduced 4-orbital model (dashed) is depicted for a ribbon with 16 rows. The critical inverse
radius of curvature 1/R° in the 9-orbital model for the same ribbon when c) &, and d) &; is varied.
Here 52 =5meV and £} = 0.8 meV.

bo&9

The nearly constant offset, observable where &, ~ s corresponding to 517/’52 ~ b, is
0
%0 %. When &, is varied, with the same approximations as in the previous case, it

follows from the second term of Eq. that

’Cnn + C??n’ 0 fd
&, &) ~ 7.73
| Bun + Bi' + Bii” Gt (779)

Here the spin alignment offset for £;/€9 =0 is 3—252.
A numerical evaluation of the 9-orbital model for an N = 16 nanoribbon under circular
bending along the y-direction leads to a spin-alignment comparable to the case of the 4-
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orbital model. Again the critical inverse radius of curvature is computed, where the two edge
spins completely align inplane, such that ¢ = 90°. The result is depicted in Fig. t7_18 b). As
before in the 4-orbital model (dashed curve), the spin alignment is ~ (1/R¢)~!. However,
the result for the 9-orbital model (solid) indicates a larger bending required to align the edge
spin in the graphene plane.

Furthermore, when &, is varied, which is shown in Fig. m c), a completely different
picture compared to the 4-orbital model is observed. While % ~ & in the previous case,
now % ~ &, L but with an offset. The d-orbital intrinsic spin-orbit coupling on the other
hand, shows % ~ &4 - also with an offset, as depicted in Fig. d). Both of these results
are in line with the consideration in Eqs. and , as the resulting function can be used
to fit the data very well with appropriate choice of constants in both cases.

This finding is a strong indication that the effect of deformation and introduction of
bending-induced spin-orbit coupling requires a multi-orbital tight-binding model, which in-
cludes both o- and d-bands in addition to the p.-orbitals in order to correctly describe the
effect on the edge states.

For the understanding this behavior in the scope of this model, the influence of the different
orbitals on the p,-orbitals is most important. The deformation of graphene leads to a very
strong effect on the spin-alignment of the edge states, attributed to the bending-induced
coupling of the s- and p-orbitals. The intrinsic spin-orbit coupling of the d-orbitals on the
other hand diminishes the effect of the bending on the alignment - much more than that
of the p-orbitals. Due to the bending, the s-, p,- and p,-orbitals couple only ~ 6 to the
p--orbitals, whereas the d,.- and d,.-orbitals couple due to the lattice symmetry, which
is already the case in flat graphene. Therefore, the intrinsic d-orbital intrinsic spin-orbit
coupling has a much stronger influence on the w-bands, than the intrinsic p-orbital spin-orbit
coupling. For the deformation-induced spin-orbit coupling, the roles are reversed. The large
energy difference of the d-orbitals from the p.-orbitals reduces the influence of the bending-
induced coupling of the d-orbitals to a minimum. The s-, p,- and py-orbitals on the other
hand are energetically much closer to the p,-orbitals and thus even small deformations have
a larger impact on the m-bands. As a result the interplay of intrinsic and bending-induced
spin-orbit coupling originating from all additional orbitals is needed in order to correctly
model spin-alignment of the edge states in deformed nanoribbons.

7.8.2. Localized States

For the same parameters used in the 4-orbital model in Fig. a), the effect of the
sinusoidal deformation on the bulk states in the 9-orbital model is computed. The resulting
dispersion relation is depicted in Fig. . On the left of the figure, several bulk bands are
observed, which are not found in the results for the 4-orbital model. One band (denoted B) is
particularly close to the edge state bands (A). Around the I'-point, the dispersion relation of
the edge states is qualitatively similar to that of the 4-orbital model for bent ribbons. Since
the sinusoidal deformation with amplitude A = 2.9a introduces a strong dispersion of the
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FIGURE 7.19.: left: Dispersion relation of a deformed nanoribbon with 16 rows, where §, = 5meV,
&3 =09meV, A =2.9a and A\ = 15a, computed with the 9-orbital model. right: Detail of the edge
state dispersion relation.

edge states, on the order of 100 meV, the dispersion due to the d-orbitals of approximately
5meV is insignificant. The spatial distribution of the different states is depicted in Fig.
a-f) and labelled accordingly. The four states B are localized around points of maximal
curvature. C are two pairs of states with nearly identical spatial distribution, as well as two
pairs denoted D and two pairs denoted E. In F and G two sets of two-fold degenerate states
are shown, which are localized only at either side of the ribbon. As before in the 4-orbital
model, the sign change of the pseudomagnetic field leads to localized states. This was argued
to be mostly the case, when the pseudomagnetic field switches between large positive and
large negative values in a very small spatial region. Due to the additional orbitals, however,
more localized state are observed, which are also more sensitive to the pseudomagnetic field.
As a result, the sign change at y = 0 in Fig. a) also leads to localized states, which can
be seen in Fig. in D and E.

153

0.6



24}

o o . 0 » o 0
e e
o o o o
e e ° o ° o e o
. o o
.
o e o e
s ] s s ] * <
2 z £ 2 z 2 =
> > > > > .. * =
o e
= .
. o e
o o ° . e o
o o e e
o o
o o o e o e P e o
zina wina zina zina wina wzina
e o
10 10 » . » 10 0
o e o e
e o o o
Ld L] . . . .
o o
o o
e o
] o e ] : s 3 ] s
g ] = g ] ]
> .. > . = > > =
o o
e o
o e .
o o o o o o
e e o o
o . 10 0 w0 10 10
e o
zina zina zina zina zina zina

FIGURE 7.20.: A deformed nanoribbon with 16 rows, where §, = 5meV, £{; = 0.9meV, A = 2.9a and A = 15a, computed
with the 9-orbital model. i) The sites of the sample. ii) The dispersion relation of the ribbon. a)-f) corresponds to the spatial
distribution of states at k, = 0, where the bands are labeled A-G.
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7.9. Summary of Deformations of Graphene

7.9. Summary of Deformations of Graphene

In this chapter, different deformations have been discussed and their effect on the edge spin
direction of narrow graphene nanoribbons has been analyzed. For this purpose, a 4-orbital
tight-binding model has been derived analytically, which was then used to obtain effective
bending-induced spin-orbit coupling terms. These terms were then analyzed with respect
to the symmetry breaking of circular deformations perpendicular to and along the zigzag
edge of the nanoribbons. Then the spin alignment of the edge states in bent nanoribbons
was computed numerically with different curvatures. It was found both analytically and
numerically that increased intrinsic spin-orbit coupling strength leads to stronger tendency
for the edge spins to align along their local quantization axis. In that case stronger curvature
is needed to align the spins along the graphene plane.

Following this, various sinusoidal deformations along and perpendicular to the zigzag edge
of the nanoribbons were computed numerically. In the deformation perpendicular to the
edges, the edge state dispersion is only affected, when the deformation exhibits a finite
curvature close to the edges of the sample. For the deformation parallel to the edges, not
only a y-component of the edge spins was observed, as in the previous case, but also an z-
component occurs, as consequence of the varying curvature along the deformation direction.

Using the sinusoidal deformation perpendicular to the edges, with large deformation am-
plitude and thus with large curvature, localized states were observed. These states are
energetically closer to the edge states than other bulk states and have a strong localization
around points with extremal curvature.

In a next step, the analytical 4-orbital tight-binding model was extended to also include the
5 d-orbitals, leading to an effective 9-orbital tight-binding model. The additional bending-
induced effective spin-orbit coupling terms were derived and analyzed. Due to the d-orbital
intrinsic spin-orbit coupling, a stronger bending was required to align the edge spins in-plane,
than what was predicted by the 4-orbital model. The analytical results were confirmed by the
numerical computations and a dominant effect of the intrinsic d-orbital spin-orbit coupling
compared to the p-orbital spin-orbit coupling was found.

Lastly, the 9-orbital model was used to compute localized bulk states in strongly bent
ribbons. Due to the additional orbitals, more localized states, which come energetically close
to the edge state dispersion, with stronger sensitivity to the deformation-induced pseudo-
magnetic field were observed.
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8. Summary And Outlook

The contribution of this thesis is a better understanding of the gap crossing edge states
of graphene nanoribbons with zigzag edges under intrinsic and extrinsic spin-orbit coupling
and electronic interactions with particular attention turned to their topological properties.
The edge magnetic phases discussed in this thesis have different characteristics and electric
properties, exhibiting insulating, half-metallic or conducting behavior. These phases were
previously discussed in the literature [291], but a concise discussion of the nanoribbon size
and its influence on the different edge magnetic phases was lacking. The non-magnetic phase
was only mentioned for small doping [213, 260], but the strong doping case was not touched.
Additionally, the discussion of the edge magnetic phases has been widened to an extended
Hubbard model, containing the higher-in-energy d-orbitals [80] and Coulomb interactions
therein. While it was previously well known, that the deformation of a planar graphene
sample leads to different types of spin-orbit coupling [78], previous discussions were limited
to the effect of the o-bands on the m-band dispersion. It was found that the intrinsic d-orbital
rather than the intrinsic p-orbital spin-orbit coupling competes with the deformation-induced
Rashba-type spin-orbit coupling of the s- and p-orbitals for the spin-alignment of the edge
states.

In the following, the results of this thesis are summarized and it is discussed how the
insights on the spin-orbit coupling and electronic interactions lead to a better understanding
of the topological phase of zigzag edge carbon nanoribbons. Lastly, an outlook is given,
which proposes a direction for further research.

Summary

Chapter m provides an introduction to the topic of topological insulators and motivates
the new classification of topological phases. The advantages of using a multi-orbital tight-
binding model in this projects are highlighted and the flexibility of the model is emphasized
in prospect of using an on-site Hubbard interaction in the mean-field approximation for
considering electronic interactions.

Special attention is given to the description of spin-orbit coupling in Chapter E The oc-
currence of spin-orbit coupling is discussed, as it arises from the motion of the charge carriers
in an electric field, originating from either an atomic nucleus, the crystal geometry or other
external sources. Two prominent examples are the Rashba- and Dresselhaus-type spin-orbit
coupling. Symmetry properties of terms in the low-energy approximation of a Hamiltonian
are discussed. The intrinsic spin-orbit coupling in graphene is particularly weak, such that
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an overview is given on the current experimental status regarding its measurement. Addi-
tionally, various efforts to increase the spin-orbit coupling via external factors are discussed.

Details regarding the construction of a tight-binding model are given in Chapter E The
Slater-Koster approximation is used to define the interaction matrix element for a nearest-
neighbor hopping in the tight-binding model. As a first result, the trigonal warping effect at
the Dirac points of bulk graphene is analyzed, as it originates from Rashba-type spin-orbit
coupling. For this, the z- and y-expectation values of the sublattice spin of the conduction
and valence bands around each of the Dirac points and the corresponding winding numbers
are computed. The trigonal warping is found to split each Dirac cone into four distinct
ones, each with its own winding number. However, the total winding number is found to
be equal to the sum of the four numbers, which is a consequence of the topological nature
of these winding numbers. Such a winding number relates to the topologically insulating or
trivial phase of graphene, because the chirality of each of the Dirac cones leads to a phase
between the two components of the wave functions for each of the sublattices, which in
turn affects the winding numbers in sublattice spin space. A 2 X 2-model is derived in the
{1 a1, ¥ B }-subspace and it is shown how the sublattice spin expectation values for the lower
conduction and upper valence band can be computed analytically with this model in very
good approximation.

Following the computational details of the model in the previous chapters, the properties
of graphene as a topological insulator are stated in Chapter Y. Special emphasis is laid on
the topological edge states and their dispersion relation in the multi-orbital tight-binding
model. The effects of Rashba-type spin orbit coupling on the gap crossing of the edge states
is discussed by real and sublattice spin expectation values. It is found that the resulting
system remains topologically non-trivial, provided that the intrinsic spin-orbit coupling is
large enough, which is rooted in the fact that the edge states in such a time-reversal invariant
topological insulator are topologically protected [41]. While a magnetic field explicitly breaks
time-reversal symmetry, graphene in a magnetic field becomes a Weyl semimetal [226, 227],
because at each edge states with both types of spin occur, such that for each spin component,
the states still cross the energy gap. If however the time-reversal symmetry required for the
topological insulator is broken, and also the inversion symmetry is lifted, the edge states do
not cross the band gap and the material becomes topologically trivial. This result is obtained
when both a magnetic field and Rashba-type spin-orbit coupling were considered at the same
time.

A treatment of electronic interactions in a multi-orbital Hubbard model is the topic of
Chapter B A Hamilton operator for electronic interaction is formulated in terms of the
p- and d-orbitals, which is then transformed into the mean-field approximation. The self-
consistent field method for solving such problem is laid out.

In Chapter f, the non-magnetic phase is described, which is topologically similar to the
non-interacting system, but has a density accumulation on the edge sites. Two magnetic
phases are also analyzed. First, the ferromagnetic edge phase (FM) is discussed, which
exhibits gap crossing edge state, and after that the topologically trivial antiferromagnetic
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8. Summary And Outlook

edge phase (AFM) is treated, which does exhibit a band gap. The energy splittings of the
two magnetic phases are examined in terms of the nanoribbon length and the exponentially
decreasing overlap of the edge states is discussed in terms of increasing p,-orbital repulsion. A
systematic study of the single-orbital model with respect to the ribbon length and interaction
parameter reveals that the AFM phase is always the magnetic ground state, in agreement
with Lieb’s theorem.

Then the energy dependency of the non-magnetic phase on the filling factor is analyzed. A
small and a large doping regime are found, where in the first regime only the different edge
bands and in the second also the bulk bands become filled. This leads to a different scaling
behavior of the energy in the two regimes and an energetic minimum is found, which defines
an energetically preferred doping strength at the transition point from one regime into the
other. It is argued that the occurrence of the non-magnetic phase could be the reason why
the experimental verification of magnetic edges in graphene ribbons is still elusive, by relating
it to the possible hole doping effects of a substrate [270].

In the multi-orbital model, the magnetic ground state remains the AFM phase for all
parameter choices, even attractive electronic interactions in the d-orbitals. However, the oc-
cupation of the higher energy d-orbitals as a consequence of the attractive forces is shown to
have a significant impact on the energy difference between the two magnetic phases nonethe-
less. The d-orbital occupation can also be increased, by lowering the energy separation
between p,- and d-orbitals, which diminishes the energy gap between the magnetic ground
state and first exited state, but does not create a magnetic ground state with finite spin
magnetic moment. In a last step, the energy of the non-magnetic phase in terms of doping is
analyzed, where in a multi-orbital tight-binding model, the finite d-state population has to
be accounted for. In order to find an effective model for discussing the energy-dependence of
the doping, the d-orbital occupation for different electronic interaction strengths is computed
numerically.

The topic of deformation of a flat graphene sample is discussed in Chapter H The de-
formation breaks the inversion symmetry with respect to the normal of the graphene plane.
Therefore transition matrix elements between sp-hybridized orbitals and m-bands become
finite, leading to a deformation-induced Rashba-type spin-orbit coupling. It is found that for
the circular bending perpendicular to the edges at strong curvature the edge states acquire
a non-zero s,-component, which lifts their two-fold 5.-degeneracy. The alignment of the
local spin polarization of the edge atoms in bent ribbons with constant curvature relative
to the local surface normals indicates that the deformation-induced spin-orbit coupling from
the d-orbitals is affecting the in-plane spin polarization less than that of the sp?-orbitals.
The influence of the intrinsic spin-orbit coupling of the d-orbitals, however, is found to be
much more relevant for the spin-polarization along the local surface normal than that of the
p-orbitals. Altogether the direction of spin-polarization is mostly given by a competition
of intrinsic d-orbital spin-orbit coupling and deformation-induced spin-orbit coupling arising
from the coupling of 7- and o-bands. This leads to a formulation of a 9-orbital tight-binding
model, where this is shown by numerically computing the spin alignment and its dependency
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FIGURE 8.1.: a) The angle § where uniaxial strain is applied to the graphene plane. b) Dispersion
relation with the two Dirac cones and strain along the y direction, corresponding to # = 7, does not
lead to Dirac cone merging. c) Strain with § = 0 causes a merging of the Dirac cones.

on the different spin-orbit coupling strengths. Analytical expressions for the spin-dependent
next-nearest-neighbor hoppings in this model are derived, with which the numerical results
are underpinned.

Furthermore, bent nanoribbons with sinusoidal deformation perpendicular to the zigzag
edges are examined in a tight-binding model with only s- and p-orbitals. Here localized
states are found with predominant occupation of lattice sites around areas of the ribbon
with extremal curvature. This is repeated for the 9-orbital model, with similar results.
Nanoribbons bent along the zigzag edge with sinusoidal curvature are also analyzed. The
varying curvature leads to a spin-polarization with components in all three spatial directions.

Outlook

A model used in the literature, which allows the analysis of the interplay of intrinsic spin-
orbit coupling and Hubbard interaction with respect to the topological state of a system with
hexagonal lattice, is the Kane-Mele-Hubbard (KMH) model ] This model combines the
Kane-Mele model in Eq. @ with an additional Hubbard term and leads to a rich phase
diagram [, ] The ground state of bulk graphene with the parameter choices for the
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8. Summary And Outlook

interaction and spin-orbit coupling strengths similar to this work is found to be topologically
insulating. A magnetically ordered state is reached for strong interactions larger than what
is considered here [295]. Including a sublattice potential into the KMH model allows for
the occurrence of a spin-polarized quantum Hall insulating phase, which is caused by the
Coulomb interaction in a system with broken sublattice symmetry [296].

The KMH model can be extended to also include Rashba-type spin-orbit coupling [297].
This addition is found to alter the result of the KMH model only for very strong Rashba-type
interaction, where collinear magnetic states are less favorable and magnetism with in-plane
spin alignment occurs [292].

While the above considerations deal with two-dimensional graphene, the finite coupling of
the edge states in zigzag ribbons, leads to the energy gap in the antiferromagnetic ground
state [110, 291, 298], which was discussed in detail in this work. Therefore, the results
obtained, among those reported by others [50, 110], could be regarded as a step towards
applying the KMH model to systems with finite size and realistic parameter choices.

In planar graphene, the alignment of the real spin polarization parallel to the sample
plane, together with Coulomb interactions, leads to spin mixing and results in a gap opening
in the edge magnetic phases of graphene nanoribbons [299]. Such an effect is also expected,
when the curvature-induced Rashba-type spin-orbit coupling affects the spin alignment. The
correct inclusion of Rashba-type spin-orbit coupling via deformations or external electric
s in this case requires the spin-rotational invariance in the mean-field Hamiltonian in Eq.

22

Therefore, an interesting direction for further research might be the inclusion of Coulomb
interaction in the sp?-hybridized orbitals of graphene used to describe deformations, because
this would lead to a multi-orbital tight-binding model with sensitivity for the geometric
distortions of the lattice. This is particularly interesting, because it would allow to further
understand the occurrence of magnetic edges in graphene ribbons under realistic experimental
conditions.

Furthermore, the transport properties of the edge states in graphene nanoribbons are
strongly affected by the edge shape [224, B00]. As a result small deviation from the regular
zigzag geometry, due to a vacant site or passivation with an atom of large electro-negativity
[B01], may change the effect of Coulomb interactions or that of bending on the edge states
dispersion entirely [263].

Strain along one direction, shown in Fig. @ a) introduces a spatial modification of the
hopping in the graphene lattice. This modifies the shape of the Brillouin zone, as shown in
Fig. b), which can ultimately lead to a merging of the two Dirac cones, depicted in c).
With focus on electronic interactions, further studying the magnetic ground state in strained
graphene nanoribbons could also lead to many insights. Restoring the topologically non-
trivial state by this method has already been theorized [302] and could also help to further
understand experimental results.
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A. Spin-orbit Coupling Symmetries

A.1. Computing the Transformation Behavior of Spin-orbit
Coupling Operators

In this section, the derivation of the transformation behavior of real space and reciprocal
space coordinates and of real spin and sublattice spin operators is presented. For this, the
effect of symmetry operations on the respective coordinates or spins is compared to character
tables. By doing so, similar transformation behavior is obtained, which makes these operators
and products comparable.

A.1.1. Sublattice Spin Transformation Behavior

At first the sublattice spin transformation behavior is discussed. It is shown in Fig. @, how
the two sublattices transform according to different symmetry transformations of the point
group Cy,. The mirroring operation o,, swaps sublattices, while the other mirroring opera-
tion oy, leaves them invariant. The rotation Cy also swaps the sublattices, while the identity
element E does not. Hence these operations can be represented by a two-dimensional matrix
acting on a vector in the sublattice spin basis, where the z-component of the vector denotes
1 and the y-component | in the sublattice basis. The respective representation of the group
elements is listed in Table . For establishing how products of sublattice and reciprocal
space vectors transform, the transformations of momentum vectors need also be related to
the group C9,. For that their transformation behavior is expressed as a transformation in
real space. A mirroring or rotation in real space may also affect the orientation of reciprocal
space. An operation in real space that interchanges the sublattices (flips the sublattice spin),
such as 0., in Table , changes the valley in reciprocal space. This means that the valley
isospin 7, is flipped. As a consequence the valley isospin changes in the same way as the
sublattice spin changes. And thus, for each non-diagonal matrix in Tab. , T» obtains a

10 01 0 1 10
E= Co = Oxz = Oyz =
01 10 10 01

TABLE A.1.: The operations of the point group C5, in the basis of the sublattices A and B.
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A.1. Computing the Transformation Behavior of Spin-orbit Coupling Operators

Oyz

- Oz

L

b)

FI1GURE A.1.: The group operations of C5,. The unit cell of graphene with coordinate system and
symmetry operations. The atom at position A is associated with sublattice spin up, i.e. | 1), and the
one with at position B with down, that is | }). The mirror operation o, as well as a rotation by the
angle 7, interchange the sublattices.

-1 0 1 0 -1 0
E = Co = Oxz = Oyz =
0 1 0 -1 0 -1 0 1

TABLE A.2.: The operations of the point group Cs, in the basis of the the real space coordinates x
and y.

sign, such that

E:7,—>1T,
021722—>—7A'Z

Opy Ty —> —T»

~— — ~— —

d
2
3
4

RS

Oyz i Ty = Tz

In order to find the transformation of the momenta k, and k,, the effect of the operations
given in Tab. @ are computed by using k; ~ 8@%. Hence the reciprocal coordinates trans-
form identical as their real space counterparts  and y. However, also the valley isospin has
to be transformed for the correct coordinates in the low-energy description for graphene. A
representation of the operations in Tab. on the real space (and thus reciprocal space)
coordinates is given in Tab. . Together with the transformation behavior of the valley
isospin from Egs. - and the reciprocal space vectors in Tab. @ in place, the sublat-
tice spin transformation behavior can be related to reciprocal space. Now products of the
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Coy |0z |0y |02 | T2 | kz | Ky

E +1 | 4+1 | +1 | +1|+1]|+1
Cs +1 | -1|-1|-1|-1|-1

Oz || +1 | -1 | =1 +1 | +1 | -1

Oy || +1 | +1| 41| -1 ] -1 +1

TABLE A.3.: The effect of the group actions of Cs,, on sublattice spin and crystal momenta.

two can be constructed via Tab. @ and related to basis functions in Tab. @ From Tab.

it can be seen, that &, transforms as k,, but 6, does not transform as k,. The reason is
that in the reciprocal space the valleys of the K and K’-points transform identically, but in
the sublattice spin space they do not. Hence the valley isospin 7, needs to be included when
sublattice spin and momentum are interchanged, and thus the pairs {6,, 6y} ~ {7.k;, k,} are
identical in their transformation behavior. This is also the reason, why the Hamiltonian for
graphene differs from the actual Dirac Hamiltonian when the formulation of the sublattice
spin is compared to that of the real spin.

A.1.2. Real Spin Transformation Behavior

The real spin transformation behavior is different than that of the real space and sublattice
spin, because the Pauli matrices span SU(2), the complex spinor space. A representation of
the group O(3) on the Pauli matrices is [14§]

U,, = cos %éo + if5'sin g, (A.5)

where § is the direction of the spin vector spanned by the Pauli matrices. These correspond
to rotations in a plane with normal vector 77 by the angle ¢. A reflection on a plane with
normal vector 77 is represented by

1>

Yo = —inS. (A.6)
A group symmetry on the real spin matrices §; is applied by
D(g)3:D(9)" = +3;, (A.7)

where D (g) is the representation of the group action in spinor space defined by a group
element g. Therefore the operations of the groups under discussion here are made up of
operations of the type given in Eq. and Eq. . For instance a roto-inversion, e.g. S},
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is made up of a rotation around 7 and a consecutive mirroring in the plane perpendicular to
the z axis. The resulting operation is given by

~

1
Sl= "5 — 3.

For the group Cy, only the group elements E, Cs, 0., = C5 and o, = CY are required.
When applying these to 5;, 5, and 5., they affect only the signs of the spin operators,
since C9, has only one-dimensional irreducible representations. The result of applying the
group elements of Cy, to the real spin matrices is given in Tab. . In this table the
signs of the individual group operations of Cy, on the Pauli matrices can be related to the
irreducible representations for the group encoded in the respective character table, Tab.

One can deduce for instance, that §, transforms like the irreducible representation
By. Thus it can be represented by one of its basis functions. A basis function comprised
of real space coordinates for the same irreducible representation would be yz. In this way
the transformation behavior of the real space coordinates x,y and z is made comparable
and therefore products of real space, reciprocal space, real spin and sublattice spin can be
analyzed according to their symmetries. For a more complicated group, the same procedure
can be used and the transformation behavior established. A two-dimensional representation
of the group Ds4 acting on the group elements of SU(2) is given in Tab. @ If the basis
{84, 8y} is chosen, the elements of group Ds4 produce the representation in Tab. , which
coincide with the representation for the real space coordinates x and y. By consulting the
character table of Doy, Tab. , it is established, that for the two-dimensional irreducible
representation F, the spin matrices for this group behave as 5, ~ xz and 5, ~ yz, similar
to what was previously discussed for Cy,. That concludes the discussion on transformation
behaviors of these operators under point group symmetry elements.

(A.8)

E CQ Oz Oyz S;

1|1 | =1]=11|3

TABLE A.4.: The irreducible representations of the group Cy, applied to 3, §, and 5,. The rows
correspond a specific Pauli matrix , where the elements in the different columns are applied according
to Egs. and .
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E =3 E~1 =35

CQ = —ZSAZ (CQ)_I = i§z
Sh=ts.—Ls0 (S = L5 — L
S3=hs+d580 (ST = 258+ 50
Ol = —id, (Ch) 7! =i,

CY = —is, eyt =is,
sh=it ()T =i

0F = —it (oF) " =it

TABLE A.5.: The transformation matrices of the group Doy on the SU(2) group elements
represents the identity matrix in two-dimensions.

10 -1 0 0 -1 0 1
E= Cy = ol = 0621 =
0 1 0 -1 -1 0 10
1 0 -1 0 0 —1 0 1
Cil = CR = Si = S2 =
0 -1 0 1 1 0 -1 0

TABLE A.6.: The operations of the point group Dy in the basis of the spatial coordinates
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Character Tables

A.2. Character Tables

Cy || E | Cy | 0y(x2) | 0y (yz) || linear order | quadratic order | cubic order
Aq +1 | 41| +1 +1 z z2,y?, 22 x2z,9y%2
Ao +1 | +1 | -1 -1 xy TYZ
By +1 | —1 | +1 -1 T Tz
B> +1 | -1] -1 +1 Y Yz

TABLE A.7.: The character table for the point group Cs, [114].
Cy || E 2Cy | Cy | 204 | 204 || linear order | quadratic order | cubic order
DZ VU U s R S S (RS (| z? +y? z (2% +y?)
Ay +1|+1 | +1| -1 | —-1
By +1| -1 [ +1|+1 | —1 2 — g2 z (mz — y2)
By +1| -1 | +1| -1 |+1 TYZ
E +2 10 210 0 (x,y) (xz,yz)

TABLE A.8.: The character table for the point group Cy, [114].
Dog || E | 254 | C2 | 2C% | 204 || linear order | quadratic order | cubic order
Aq +1 | +1 | +1 | +1 | +1 z2 + 2 TYZ
Ay |41 +1 [ +1]| -1 | -1 z (22 —y?)
By +1 | -1 [ +1]+1 | -1 z? — 92
Bs +1 | -1 | +1| -1 | +1 || 2 Ty z (:c2 + y2)
E +2 |0 -2 10 0 (x,y) (xz,yz)

TABLE A.9.: The character table for the point group Dyy [114].
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B. Multi-orbital Tight-binding Model With
Zigzag Edges

dl
#columnsp ' 2 P

# unit cells h 1

F1GURE B.1.: Definition of the multi-orbital tight-binding model with zigzag edges, periodic in the
z-direction. The sites A and B are labeled accordingly.

The definition of the multi-orbital tight-binding model with zigzag edges is performed
in analogy to the single-orbital models presented in [b0, 150]. A tight-binding model is
defined with periodic boundary conditions in the z-direction and terminated by zigzag edges
along y. The unit cell of the model consists of P columns, labelled with the index p and
N rows, marked by the index m. Each primitive cell contains 2 sites, named A and B.
Due to the geometry of the lattice, see Fig. , the definition of the tight-binding model
must distinguish between rows of odd and even m. The periodicity is then given by the
index h, which is the periodic index used in the Fourier transformation into reciprocal space.
Additionally, the index s is added for the spin and the indices p and v for the other orbitals
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at each site. The real space Hamiltonian is then given by

N P
s _ —t"( piks qvs Tus

Hs =30 3 | =01 /a) D by — 4 (=02/a) Zahmp+1 o
h m odd p=1
N P—-1

_ ,uy avs ,uu tus Jvs

D0 D0 (O /a) Y Bty — (= 02/a) Zahmp o

h m even p=1

_t/ﬂ’(—gQ/a) h+1 ml hmP+Z Z —tH 51/(1 (h-}—l)ml&;;fnp

d h m even

N
>
m od
N-1
+ Z Z —tH( (53/@ Zazﬁpb”smﬂ)p
h m=1
N
3

P
3 (ay;jpagfnp + 8 b gfnp) E,, +hec. (B.1)
m=1p=1

+

In this Hamiltonian, the first two lines describe the vertical hopping along the zigzag direction
for odd row numbers and the second line that for even row numbers. The third line includes
the periodic boundary condition for the transition from one unit cell h to the next A+ 1 and
the fourth line describes the vertical hopping between different rows and the last the energy
shift of different orbital types. Here it is defined E,,, = Egif p = v € {d} and E,, =0
otherwise. In a next step the ladder operators are Fourier transformed by

with H being the number of unit cells. The complex conjugate of these operators is defined
analogously. :Efl‘mp and mfmp are the z-coordinates of the A and B atoms in the primitive
cell in column p and row m in unit cell h. This leads to the multi-orbital tight-binding
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Hamiltonian

N
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+ Z Z (dlzjinp A%jmp + /Bliljfnpﬁkxmp> EM,V + h.c.. (B3)

The z-components of the §; and d2 vectors (labelled 67 and 65) are identical up to a sign.
Thus, terms of the form ¢E %292 can be absorbed into the ladder operators. If periodic
boundary conditions along y are additionally included in Eq. , the description can _be
simplified by setting H =1, N =1 and P = 1. This will result in the Hamiltonian Eq. B

given in Chapter

170



TLT

C. Multi-orbital Mean-field Hamiltonian With
Spin-rotational Invariance

The full Hamiltonian in the mean-field approximation for the multi-orbital Hubbard model including terms for
conserving spin-rotational invariance is given by

+Vn<<ﬁp¢>ﬁm + <ﬁnT>ﬁpi - <ﬁp¢><ﬁm> - <6T¢énT> TTCpi (¢ TTCP¢> T¢CnT + < Cp¢>< ¢CnT>>
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D. Rotation of the Transition Matrix
Elements in the Slater-Koster
Approximation

Various different approaches for computing the two-center approximation integrals can be
found in the literature [303, B04]. For specific purposes, some are more suitable than others.
In opposition to the one presented in Chapter B for highlighting the computation of the
polynomials in the Slater-Koster paper [182], an approach by Elena and Meister [303] is
discussed here, which can be used to obtain the transition matrix elements when rotated
with respect to each other, which is particularly useful in bending computations. A similar
treatment also used in this section is found elsewhere [305, B06]. Using a representation of
the Wigner d-function

A (B) = 271 (= 1) [(L 4 m)! (1 — m)I(1 + )11 — )]

X i (—1)*(1 — cos B)I=k=(m+m)/2(] 4 cog gkt m+m)/2
R =m =R = m' = k)l (m + m' + k)!

1/2

, (D.1)
k=ks

with k< = min(l—m,l—m’), k=~ = max(0, —m—m') and [ = min(ly, l2) the following matrix
elements yield the two-center integrals in dependence of the polar angle § and azimuthal angle
2

(limy|H|lamz) (e, 0)

l<

= 3 [ (2.0 (0,0) + T (2, )T, (2,0)] (ko)

m/=1

+ 245, (¢) Ay (9)d!!

|m1]0

(0)d?

|m2|0

(0)(11120). (D.2)

Here the material-specific parameters (I1120) and (l1l3|m/|) are the usual Slater-Koster pa-
rameters, e.g. Viss in the former and V. in the latter case. For the compact notation in

Eq. the following two functions are introduced,
S = A [(_1)m'dfm|m, + dfm‘_m,} (D.3)
and
Tl = Bp(1 = Smo) [(71)m dl s — dfm|_m,} : (D.4)
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FI1GURE D.1.: The definition of the azimuthal and polar angle in the Slater-Koster approximation.

making use of

) {(1—1>mh<m> s(lmle) s rimsnlmigl] im0

2

and
) (=D)™r(=m) cos (|m[p) — T(m) sin (|m[p)] ifm #0

Bule) = {0 MY

with the Heaviside function

1 ifm>0

T(m) = {0 <0 (D.7)
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