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Chapter 1

Introduction

1.1 Motivation
The study of novel materials and in particular their electronic properties are cru-

cial for answering fundamental questions as well as for seeking unique possibilities
for new technologies. Understanding the behaviour of materials will lead to engi-
neering of newer ones and finding creative ways to harness their properties. An ex-
ample of such a fundamental step forward was the discovery of the integer quantum
Hall effect. As will be discussed in Section 2.2, this led to fascinating ideas and the ex-
perimental discovery of novel topological properties and phases in solids. The work
done in the past four years together with collaborators which now makes up this the-
sis represents a search for a better understanding of these novel forms of topological
quantum matter.

The field of topological materials expanded greatly with the discovery of grap-
hene, the quantum spin hall effect and 3D topological insulators (TI). The quantum
spin Hall state, which occurs in the absence of an external magnetic field, was pre-
dicted to exist in 2D [1] and was shortly thereafter experimentally shown to exist in
HgTe/CdTe quantum wells [2]. 3D topological insulators are classified by topologi-
cal degrees of freedom which remain invariant under adiabatic transformation of the
Hamiltonian of the material. However, at the boundary of the TI the invariant has to
change and this will give rise to a gap closure at the interface due to the presence of
special edge states. In the case of 3D TIs the result is remarkable: gapless, relativistic,
2D Dirac electronic states at the surface of the crystal. The strong spin-orbit interac-
tions present in these systems leads to spin-momentum locking in these Dirac states,
making them robust against perturbations which preserve time reversal symmetry.
It is astonishing that the theoretical prediction of 3D topological insulators [3–6] were

1



2 Chapter 1. Introduction

proved experimentally in Bi-based materials [7–11] only a few years’ later. In 3D TIs,
proximity induced superconductivity is topologically non-trivial, and can serve as a
possible platform to create Majorana zero modes [12, 13].

An ideal 3D topological insulator should be a bulk insulator, however, most of
the topological materials discovered over the last decade were found to be metal-
lic. The transport properties in these materials are dominated by the bulk electronic
states rather than the interesting Dirac states. Furthermore, they also show strong
band bending effects in the near surface region which leads to the creation of sur-
face confinement of the bulk electronic states [14], thus creating additional, topolog-
ically trivial surface states. An extensive study of the quaternary material system,
Bi2−xSbxTe3−ySey, has been done in our group in Amsterdam [15,16], yielding mate-
rials showing higher bulk resistivity. However, they still exhibit band bending phe-
nomena and we have studied the factors playing a major role in this process, and
show for the first time that many conventional ARPES experiments are too slow to
provide access to flat band conditions.

Besides topology, strong interactions between electrons provides a different route
to novel and exotic physics. One of the best known many-body phenomena involving
strong correlations is that of the Kondo effect. Soon after the discovery of 3D TIs,
predictions for topological Kondo insulators (TKI) were on rise. The mixed valent
Kondo insulator SmB6 was one of the first predicted and remains a much debated
TKI candidate. Its sister compound, the divalent YbB6, was also later predicted to
be a TKI. We have investigated both these systems with surface sensitive techniques
with a view to a direct observation of topologically induced surface states.

Dirac states in 2D are not robust against symmetry-breaking perturbations. For
example, the 2D Dirac surface states in 3D TIs will gap out in the presence of a mag-
netic field which breaks time reversal symmetry. In graphene, spin-orbit coupling
(small though it is in carbon) generates a gap at the Dirac points. Band touchings
or crossings in 3D Dirac systems are much more stable than in their 2D counter-
parts. The fundamental gapless state in a 3D crystal is the Weyl semimetallic phase.
Weyl nodes, which appear as a pair of two-fold degenerate points of opposite chiral-
ity in the bulk, with special surface states connecting their surface projections called
Fermi arcs, are topologically protected. First experimental observations of the mass-
less Weyl fermions and Fermi arcs were made in non-magnetic materials with bro-
ken inversion symmetry in the family of crystals namely, TaAs [17–19], NbAs [20],
NbP [21, 22] and TaP [23, 24]. Weyl nodes annihilate to a 3D Dirac point which has
four-fold degeneracy, when time reversal and inversion symmetries are preserved
and this yields what is called a 3D Dirac semimetal (DSM). This was first theoreti-
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cally predicted by Young et al. [25].
A 3D Dirac semimetallic phase has first been discovered experimentally in Na3Bi

[26] and Cd3As2 [27,28]. Dispersion of the electronic states near the bulk Dirac points
in these materials are linear in all three k-directions. Another candidate for host-
ing 3D Dirac state is Bi1−xSbx at x ∼ 0.03. When the doping is increased the band
crossing opens up a non-trivial inverted band gap for 0.07 < x < 0.22 and becomes a
topological insulator [29, 30]. Although the topological insulator phase of this com-
pound has been much studied, the Dirac semimetal phase is of interest in its own
right and also serves as a candidate material for proximity induced topological super-
conductivity which is being studied by our collaborators at the University of Twente.
There have also been predictions of time reversal symmetry broken Weyl state in
YbMnBi2 [31,32]. Another interesting candidate for protected 2D Dirac fermions are
non-symmorphic symmetry protected 2D Dirac semimetals [33]. SrMnSb2, a layered
material with a distorted square Sb plane and intrinsic canted antiferromagnetism,
was a possible candidate for a 2D Dirac semimetal in a bulk 3D crystal. We investi-
gated for the first time, the electronic structure of SrMnSb2 using ARPES. Supported
by DFT, tight binding model and magnetotransport data we illustrate the origin of
the low energy electronic states.

1.2 Outline of this thesis
Chapter 2 discusses the theory of topological materials. In Section 2.1, we start

with a brief intro into the band structure of materials, their calculation using tight
binding and density functional theory and a general introduction to surface states
and related band bending scenarios. Section 2.2 briefly discusses the theory behind
quantum Hall effect, quantum spin Hall effect, 3D topological insulators and topo-
logical Kondo insulators. The last section of this chapter (Section 2.3) gives a general
introduction to Dirac and Weyl semimetals and leads to a focus on the theory of non-
symmorphic symmetry protection.

Chapter 3 describes all the technical details of the major experiments used to ob-
tain the data presented in this thesis. Section 3.2 deals with the theory behind photoe-
mission spectroscopy and angle resolved photoemission spectroscopy (ARPES). This
is followed by experimental details regarding ARPES in Section 3.3 where details of
the synchrotron sources used are presented. Section 3.4 introduces scanning tun-
neling microscopy (STM) and the experimental setup. An appendix describing the
details of the upgrades done to reduce the noise in the STM setup is also provided at
the end of this chapter

Chapter 4 presents the results of the investigation carried out to study the elec-
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tronic structure of proposed magnetic topological semimetal, SrMnSb2. The ARPES
data are presented in Section 4.3, followed by detailed theoretical analyses using den-
sity functional theory and tight binding methods (Section 4.4). Further, Berry phase
analysis of the transport data from our crystals is also discussed (Section 4.5). Two
appendices are provided at the end of the chapter with details about the tight binding
model and in-situ surface doping using evaporation of K-atoms.

Chapter 5 presents the ARPES results on three rare earth hexaborides, namely
SmB6, YbB6 and CeB6. The chapter starts with a brief introduction on rare earth
hexaborides (Section 5.2) and the topological properties predicted in SmB6 and YbB6

(Section 5.3). A comparative study of their electronic structure is presented in sections
5.4 and 5.5 and the chapter closes with a surface structure study of SmB6 using STM
in Section 5.6.

Chapter 6 is divided into two parts relating research into Bi-based topological
systems. The first part presents ARPES data from Bi-based 3D TIs and discusses
the band bending phenomena happening at their surface, specifically related to the
adsorbate and illumination-induced effects (Section 6.2). The second part presents
ARPES data of the 3D Dirac semimetal, Sb doped Bi at 3 and 4% Sb doping.



Chapter 2

Theory behind topology in condensed matter

This chapter presents the theoretical ideas used during the course of work of this the-
sis. It includes basic tight binding modelling, density functional theory, topological
insulator basics with detailed sections on topological Kondo insulators and 2D Dirac
semimetals.

5



6 Chapter 2. Topology in condensed matter

2.1 Electronic band structure of solids
A fundamental aspect of condensed matter physics is to understand the electronic

properties of solids. An integral part of this process is the concept of the formation
of electronic bands and their dispersion in solids. There are several well known text-
books describing the basics of band theory in detail, Refs. [34–37] to name a few.
Without going into the details, a short introduction followed by a description of the
tight binding approximation and density functional theory will be presented in this
chapter as a forward to Chapter 4. Refs. [36] and [37] are followed for writing this
part. The second part of this chapter explains the main theory behind the materials
studied in this thesis, where topology plays an important role in the band structure
of these solids. It starts with a brief introduction to the important discoveries which
led to the beginning of this fascinating field.

A general Hamiltonian to represent a solid can be written as [36]:

Ĥ = ∑
l

P̂2
l

2Ml
+

1
2 ∑

l 6=l′

qlql′

|R̂l − R̂l′ |
(2.1)

where the sum ranges over all electrons and nuclei in a solid, Ml is the mass of the
electron or nuclei and ql its charge. Solving this simple equation is possible only for a
few particles. Several approximations have been developed to reduce the complexity
which arises when the number of particles is huge as in the case of solids. A basic
approximation is called adiabatic approximation, in which the nuclear motion is con-
sidered to be extremely slow compared to the electronic counterpart and hence the
electrons can essentially be considered to be sitting in a static potential of positively
charged nuclei (or atomic cores). Based on the adiabatic approximation, the simplest
model which can be considered is the one where the electrons are neither interact-
ing with the nuclei nor with themselves, known as the free electron model. Being a
very crude approximation, this model is not enough to explain solids where interac-
tions between the electrons and the lattice or between the electrons themselves, play
a significant role in their properties.

Meanwhile, in 1928 Bloch [38] introduced the concept of the periodic potential in
solids and Bloch states in k space (or reciprocal lattice). The general Hamiltonian in
Eqn. 2.1 can now be written as:

Ĥ =
P̂2

2m
+ U(R̂) (2.2)

An extension of the free electron model including Bloch’s theorem yields the nearly-
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free electron (NFE) model, in which the electrons sit in a weak periodic potential
created by the lattice. Herein, the interaction between the lattice and the electrons
are treated as perturbations to the system. The periodic potential also enforces that
the electronic states are periodic in k-space when shifted by G (reciprocal lattice vec-
tor), which in the case of one-dimensional solid is |G| = 2π/a (a being the lattice
constant), given as:

E(k) = E(k + G) (2.3)

The periodicity of E(k) suggests that the electronic states in the first Brillouin zone
are sufficient to represent the entire crystal and this is known as the reduced zone
scheme.

The opposite extreme compared to the nearly-free electron model is the tight bind-
ing (TB) model. Here the electrons are considered to be tightly bound to the atoms
of the lattice, overlapping weakly with neighbours. This model proved to be useful
in explaining the electronic structure of several metals and insulators and is also im-
plemented by our collaborators in our study of the candidate topological semimetal,
SrMnSb2, in Chapter 4. Further details of this model is discussed below.

2.1.1 Tight binding approximation

The tight binding approximation, also called Linear Combination of Atomic Orbitals
(LCAO), is, as the name suggests, a model based on the linear superposition of atomic
wave functions. Here, we consider that when the atoms are brought together to form
a lattice, they can form bonds between the overlapping orbitals. Mostly the valence
electrons which are the most weakly bound to the atoms of the lattice have the largest
overlap and contribute more to the electronic properties, whereas the core electrons
are bound more tightly and retain their atomic properties.

Here, the total Hamiltonian of a solid can be written as:

Ĥ(r) = ∑
rn

ĤA(r− rn) + VA(r− rn) (2.4)

where the first term represents the Hamiltonian of a free atom and the second term
is effective potential on the atom from the all the neighbouring ones. To calculate
the electronic energy states of the crystal, E(k), a good approximation to the wave
function ψ(k), satisfying Bloch’s condition, provided by the linear combination of
atomic orbital eigen functions φi(r− rn) can be written as:

ψk = ∑
n

cn φi(r− rn) = ∑
n

ei k·rn φi(r− rn) (2.5)
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And now the dispersion, E(k), can be calculated using:

E(k) =
〈ψk|Ĥ|ψk〉
〈ψk|ψk〉

(2.6)

of which the denominator would be:

〈ψk|ψk〉 = ∑
n,m

ei k·(rn−rm)
∫

φ∗i (r− rm) φi(r− rn) dr (2.7)

where the summation runs over the entire solid. This can approximated taking into
consideration that for a localised electron φi(r − rn) is stronger close to rn (n = m),
reducing Eqn. 2.7 to:

〈ψk|ψk〉 ≈∑
n

∫
φ∗i (r− rn) φi(r− rn) dr = N (2.8)

where N is the number of atoms in the crystal. Now the dispersion E(k) can be
written as:

E(k) ≈ 1
N ∑

n,m
ei k·(rn−rm)

∫
φ∗i (r− rm) [Eat + V(r− rn)] φi(r− rn) dr (2.9)

where Eat corresponds to the energy eigenvalue of an isolated atom. The term involv-
ing the perturbation potential can be split into two, one when m = n and the other
when m 6= n. The former adds a correction to Eat. The latter contributes the hopping
integral, which determines the hopping amplitude and parametrises the amount of
overlap between the orbitals φ∗i (r − rm) and φi(r − rn). This essentially also deter-
mines the band-width of the calculated bands. The sum here can run over the entire
crystal which is a tedious task to calculate. However a strongly bound electron would
mostly be affected by the atoms close to it, meaning a reasonable approximation can
include only the nearest and next-nearest neighbour hopping terms.

Thus, finding the eigenvalues of the Hamiltonian using the relevant orbitals is the
crucial part here. For this, the convenient Slater-Koster parametrisation in Ref. [39]
can be used. Their work is based on the assumption the three-center integrals are
negligible compared to the two-center ones and thus can be ignored. Hence, as they
state in their seminal paper [39], “If ψ were an atomic p orbital, we could express it
as a linear combination of a pσ and a pπ± function with respect to the axis, and if it
is a d function it is a combination of dσ, dπ±, and dδ±, where σ, π and δ refer to the
component of angular momentum around the axis ”. Thus, they have calculated the
energy integrals for all possible two-center integrals in terms of normalised vector
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components, and these results can be used to calculate the possible orbital overlaps.

In general, the smaller the number of atomic orbitals taken into consideration,
the simpler the calculations are, but the less accurate the results can be. However, if
a materials’s low energy electronic structure is governed by, for example the valence
electrons of a single layer of atoms in the case of a layered crystal, tight binding be-
comes highly effective in predicting the electronic properties. We will see this case
later in the Chapter 4, where we use a simple tight binding approximation to match
the experimental ARPES results from SrMnSb2.

Before we close the discussion on tight binding, it is essential to say that this single
electron approximation has been extended to include electron electron interactions,
thanks to second quantisation methods, a formulation based on the algebra of ladder
operators. Under this formulation, the tight binding Hamiltonian can be written as:

H = ∑
ijσ

tijc†
iσcjσ + h.c (2.10)

where c†
i and ci are the creation and annihilation operators respectively, σ denotes

the spin and tij represents the hopping integral discussed above.

Thus, the tight binding approximation solves the electronic structure of solids us-
ing single electron in a periodic potential method, and this suffices for many common
and important materials. However, in reality in some crystals the electronic structure
is governed by strong electron-electron interactions, as is the case in materials with
partial filling of 3d, 4 f or 5 f shells, where many-body physics plays an important
role. Thus an extension of the tight binding model to include electron-electron inter-
actions was introduced by Hubbard in 1963 [40] which is known now as the Hubbard
model. In this seminal paper, he added the on-site Coulomb interaction, U, and the
final Hamiltonian is given as:

H = ∑
ijσ

tijc†
iσcjσ + U ∑

i
ni↑ni↓ (2.11)

where niσ = c†
iσciσ is the number operator.

An extension of Hubbard model yielded the famous Anderson model [41] in
which the problem of local magnetic moments in metals is described. A further dis-
cussion of this, in the context of Kondo lattice materials is presented in Chapter 5.
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2.1.2 Density Functional Theory

One of the most effective theories in the present day to describe electronic structures
is density functional theory. Density Functional Theory (DFT) has been used to de-
scribe the electronic structure in Chapter 4 and this section briefly describes the basics
of the theory and provides the details necessary for the work in the above mentioned
chapter. To explain this part, Refs. [36] and [42] have mainly been followed.

Density functional theory is set on the foundation of the Born-Oppenheimer ap-
proximation, which is similar to the adiabatic approximation presented earlier, where-
by the motion of electrons and nuclei can be seen separately and that the electrons are
treated to be moving in a static external potential. The theory is based on the work
by Hohenberg and Kohn in Ref. [42] where they presented a new way to incorporate
the electron interactions in finding the ground state electron energies of a solid. The
main idea in DFT is that if the electron density n(r) or charge density, is given as
a function of space, then the external potential v(r) can be deduced, since n(r) is a
functional of v(r). In general, the electron density of a many-electron system, at point
r, can be written as:

n(r) = N
∫

dr1 . . . drN ψ∗(r1, r2 . . . rN) δ(r− rl) ψ(r1 . . . rN) (2.12)

It can be also considered that n(r) (given as n, in terms describing functionals as in
Eqn. 2.13) is a functional of the total Hamiltonian given by,

H[n] = T[n] + V[n] + U[n] (2.13)

where T is the kinetic energy, V is the potential due to the ions and U is Coulomb
interaction between electrons and as denoted below:

T =
1
2

∫
∇2ψ∗(r)∇2ψ(r)dr (2.14)

V =
∫

v(r)ψ∗(r)ψ(r)dr (2.15)

U =
1
2

∫ 1
|r− r′|ψ

∗(r)ψ∗(r′)ψ(r)ψ(r′)drdr′ (2.16)

Thus, finding an energy functional, ε[n], such that,

ε[n] ≡
∫

v(r)n(r)dr + F[n] (2.17)

where F[n] is a universal functional valid for any number of particles and any external
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potential, will provide the ground state energy of any solid when given the correct
n(r). Thus, this will solve the electronic structure problem, and hence finding this
universal functional forms the core of density functional theory.

One of the simplest approximations for the functional is given by the Thomas-
Fermi theory. However, the most widely used equation, constructed under the DFT
formalism, was given by Kohn and Sham already in 1965 [43]. They proposed the
electron density as the sum of a set of N single electron wave functions given as:

n(r) =
N

∑
l=1
|ψl(r)|2 (2.18)

Now, the Kohn-Sham equation can be written as:

εl(r)ψl(r) =
−h̄2

2m
∇2ψl(r) +

[
V(r) +

∫
dr′

e2n(r)
|r− r′| +

δExc(n)
δ(n)

]
ψl(r) (2.19)

where the first term represents the kinetic energy, second term represents the po-
tential energy due to the ions, third term denotes the Coulomb interaction and the
last term represents the functional derivative of the exchange-correlation energy, εxc.
An exact form of εxc is not known. However, one of the widely used approxima-
tions is called as the Local-Density Approximation (LDA) and therein the exchange
functional is given as:

ELDA
xc [n] =

∫
n(r)εxc(n)dr (2.20)

where n is the electron density and εxc is the exchange-correlation energy per particle
of a uniform electron gas. The LDA assumes the density to be the same everywhere.
To overcome this, the Generalized Gradient Approximation (GGA) has been devel-
oped for the exchange correlation functional, which includes both the density as well
as its gradient given by (including electron spin) [44]:

EGGA
xc [n] =

∫
n(r)εxc(n↑, n↓,∇n↑,∇n↓)d3r (2.21)

Despite their great success in describing many crystalline solids, both LDA and GGA
disagree with some experimental data in more than a few instances. Especially, band
gaps in semiconductors and insulators are underestimated or even absent. A mod-
ified version of the exchange functional proposed by Becke and Johnson has been
developed to improve DFT’s performance [45]. This model, known as MBJ, is used in
the calculations of the electronic structure of SrMnSb2 presented in Chapter 4 and is
to shown to agree well with the band structure seen in ARPES. Thus, given a suitable
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expression for εxc, one can use the Kohn-Sham equation shown in Eq. 2.19 to deduce
the electronic band structure of the solid.

2.1.3 Surface states

So far we have seen several methods for the calculation of the electronic structure
of solids where we considered periodic boundary conditions. These band structures
represent, for most materials, the bulk of the material. However, real solids are not in-
finite and have surfaces where the materials terminate and translational symmetry is
broken perpendicular to these surfaces. Atoms at the surface have fewer neighbours
than their bulk counterparts, and thus can have broken chemical bonds, generating
a different potential at the surface. Apart from the altered potential that electrons
see at surfaces, an additional complexity arises from modified atomic positions on
the surface owing to relaxations and reconstructions. Thus, realistic calculations of
the electronic structure of surfaces are complicated and are mostly carried out with
input from experiments. Photoemission spectroscopy, the technique used to conduct
the research contributing to this thesis, is highly surface sensitive as will be discussed
in Section. 3.2.1, and it is an important tool in the study of surface-related electronic
states or surface states.

(a) (b)

(c)
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Crystal

Crystal
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FIG. 2.1: (a) NFE model for a 1D linear chain of atoms in a cosine form of potential in
the bulk (z < 0) and along the z direction, z = 0 being the surface; (b) real part of the
bulk states, extending and exponentially decaying into the vacuum; (c) real part of
the surface state which decays both into the solid and vacuum, existing at the surface;
figure adapted from Ref. [46]

Surface states can be explained mathematically either in the framework of a NFE
model, within which they are called Shockley states, or in the case of a treatment
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based upon tightly bound electrons, the surface states are called Tamm states. As
explained in Ref. [46], for a simple 2D plane of atoms, a semi-infinite chain of identical
periodically arranged atoms can be considered as the bulk of the ‘crystal’ and the end
of the chain then represents the surface. If we approximate the potential inside the
crystal as having a cosine form as shown in Fig. 2.1(a), one could find solutions for
the Schrödinger equation which satisfy the conditions that the Bloch states which
represents the wave-function inside the crystal and the wave-function of the surface
states are continuous at the surface and so are their first derivatives with respect to
the z-direction. Such a wave-fucntion can be qualitatively shown as in Fig. 2.1(b)
for the bulk and as in Fig. 2.1(c) for the surface. The real part of the bulk electronic
states can be found also at the surface with slight modifications, with exponentially
decaying tails on the vacuum side. The real part of the surface electronic state is
localised at the surface with vanishing amplitudes away from it. Slab calculations
within the DFT formalism are a commonly used approach, so as to get an idea of
possible existence and character of surface states in bulk, 3D crystals like in the case
of topological insulators and related materials.

2.1.3.1 Band bending effects on semiconductor surfaces

On intrinsic semiconductor surfaces, surface states are often present and they often
lie in the band gaps of the bulk band structure. These surfaces are prone to charge
transfer between the surface and bulk via the modification of the energy bands from
various causes such as electrical contact with a metal, field-effect induced, surface
state induced and adsorption induced effects [47]. In the above-mentioned condi-
tions, the surface of the semiconductor experiences a field which cannot be screened
effectively owing to the low carrier concentration in such semiconductors. This gives
rise to a region near the surface with depleted free charge carrier concentration com-
pared to the bulk which is called the space charge region. Bands in the space charge
region are also shifted in energy continuously as a result of the electric field at the
surface and poor screening of charges present on the surface, causing band bend-
ing [47]. The screening length in metals is typically of the order of a few interatomic
spacings, while that in semiconductors are of the order of several nanometers.

As an example to explain this phenomena, we consider here the case of a surface-
state induced band bending as shown in Fig. 2.2. To start with, we assume the surface
state to be half-filled and located centred in the bulk band gap of the semiconductor.
For an intrinsic semiconductor, the Fermi level of the bulk (EF,bulk) is also located at
the middle of the band gap, aligned with the Fermi level of the surface (EF,sur f ace).
Charge transfer is absent at this moment and a flat-band condition is maintained as
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FIG. 2.2: Schematic of the energy levels near the surface of: left panel - intrinsic semi-
conductor, middle panel - doped semiconductor which is not in equilibrium and right
panel - doped semiconductor which is in equilibrium after band bending. Figure
adapted from Ref. [47]

shown in the left hand panel of Fig. 2.2. When the semiconductor is either n-type or
p-type doped, the Fermi levels of the bulk and the surface are no longer aligned and
the system is out of equilibrium as shown in the middle panel of Fig. 2.2. In order to
generate equilibrium, electrons will flow either from the bulk to the surface electronic
states (for n-type doping) or vice-versa (for p-type doping). The region over which
this charge transfer is happening is the space charge region and the bulk bands in this
region either bend upwards (for n-type) or downwards (for p-type doping). Typical
surface state charge densities are of the order of 1015 cm−2, which are large compared
to the bulk dopant level when expressed in terms of 2D, planar concentration of order
1012 cm−2 [47].

Section 6.2.3 in Chapter 6 explains how band bending influences the determina-
tion of Dirac point energies in topological insulators using angle resolved photoemis-
sion spectroscopy. Theory of these materials will be discussed in Section 2.2.2 of this
chapter.
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2.2 Topology and band theory

In Sections 2.1 - 2.1.2, we discussed the band theory underlying the electronic
structure of solids. Characterising the phases of matter and exploring several phases
existing in solids, through symmetries and their spontaneous breaking, has been an
integral part of the condensed matter physics research. Some of these exotic phases
include superconductivity, magnetic ordering (ferromagnetism and antiferromag-
netism), charge density waves and lastly the topic of this thesis, topological ordering.
A phase transition was always thought to be associated with a change in the sym-
metry of the material. However, topological phase transitions, which are not associ-
ated with a spontaneously broken symmetry, were one of the greatest fundamental
and experimental discoveries in the past half century. So far this field has yielded
at least four Nobel prizes in physics over the years starting from Klaus von Klitzing
for discovering the quantum Hall effect [48] in 1985, Robert B. Laughlin [49], Horst
L. Störmer and Daniel C. Tsui [50] for discovering the fractional quantum Hall ef-
fect in 1998, Andre Geim and Konstantin Novoselov for discovery of the graphene in
2010 and the latest to the developers of the theories of topological phase transitions,
David J. Thouless, F. Duncan M. Haldane and J. Michael Kosterlitz in 2016. There
is nothing more that needs to be said to prove that this is an exciting time to study
this field, when every day new theoretical predictions for exotic physics in materials
are coming out. This section has been mainly written following Refs. [51–54] and the
respective literature as mentioned in the text.

Topology is a branch of mathematics which deals with the properties of systems
that remain unaltered under smooth or adiabatic transformations. The beginning
of the topological characterisation of materials began with the discovery of the Inte-
ger Quantum Hall Effect (IQHE) in 1980 by Klaus von Klitzing and his colleagues. In
their seminal paper [48], it was shown for the first time that two dimensional electron
gas, realised in a silicon metal-oxide semiconductor field-effect transistor (MOSFET),
when subjected to high magnetic fields shows quantisation of Hall conductance such
that,

σxy = n
e2

h
(2.22)

where n is an integer, e and h are the electronic charge and Planck’s constant respec-
tively. The data are shown in Fig. 2.3 (a). The theory of Landau quantisation explains
that when electrons are exposed to magnetic fields, their energy levels will become
discrete and quantised as shown in Fig. 2.3(c), analogous to a quantum harmonic
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FIG. 2.3: (a) Quantisation of ρxy with respect to the gate voltage measured on a Si
MOSFET, adapted from Ref. [48]; Schematic of the band structure of (b) a typical
band insulator and (c) Landau levels formed under the presence of a high magnetic
field, adapted from Ref. [51].

oscillator, giving rise to Landau levels with energy eigenvalues,

En = h̄ωc

(
n +

1
2

)
(2.23)

where ωc = eB/m is the cyclotron frequency of the electrons which have a circular
motion in the presence of magnetic field. When the gate voltage applied to the MOS-
FET is varied, the chemical potential starts shifting and consequently the Landau
levels get more populated and degenerate, leading to a change in electron density.
As the Landau levels move relative to the Fermi level, there are instances when the
Fermi level falls exactly in the gap between two Landau levels and at this point the
longitudinal resistivity and conductivity dips to zero. This effect can also be seen in
magnetotransport behaviour of 2D materials, when the electron density in this case
can be changed by changing the magnetic field and thereby varying the cyclotron
frequency, as can be seen from Equation 2.23.

Moreover, the Hall conductivity behaves strangely. Instead of increasing linearly,
it stays constant at a quantised value given by Eq. 2.22 until the next Landau level
reaches the Fermi level. This quantisation plateau is the most remarkable feature in
this discovery. It can explained qualitatively as follows. Electrons, which makes cir-
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FIG. 2.4: (a) Schematic representation of 2DEG in the presence of magnetic field,
the chiral edge states arising from the skipping motion of electrons is shown; (b)
schematic representation of the Landau levels in the presence (bottom) and absence
(top) of disorder.

cular motion in the magnetic field, will not create a current in the bulk of the material
as shown in Fig. 2.4 (a). However, along the edges, it will not be able to complete the
full circles due to the scattering from the boundary. This will give rise to a skipping
motion as shown in Fig. 2.4 (a) and (c). Such a skipping electron will contribute to
an edge current, while the bulk remains insulating. However, the physics behind the
quantisation plateau owes its existence to the disorder in the samples. In the presence
of disorder, the ideal δ-function like Landau levels shown in the top panel of Fig. 2.4
(b) will get broadened as shown in the bottom panel of the same figure. The elec-
tronic states sitting at the tails of the broadened Landau level are localised in space,
while those sitting at the centre extend through the sample. The quantisation was
originally predicted by T. Ando in 1975 [55,56] who showed that the presence of iso-
lated impurity does not affect the Hall current. However, a full explanation for exact
quantisation and the presence of edge states was provided by Laughlin [57] using
gauge invariance, which was extended by Halperin [58]. Later, Laughlin also pre-
dicted the fractional quantum Hall effect [49], which is another topological phase where
n in Eq. 2.22 would be a rational fraction (n = 1

3 , 2
3 , 1

5 , 2
5 , 3

5 , ...). This predicted new
quantum phase of matter was proved experimentally in the 2D electron gas present
in GaAs/AlGaAs hetero-junction by Tsui et al. [50].

Meanwhile, the link between topology and IQHE was introduced in the seminal
papers by Thouless, Konhomoto, Nightingale and den Nijs (TKNN) [59] and Michael
Berry [60]. The principles of linear response theory and the Kubo formula were used
and the Hall conductance of the two-dimensional electron gas in the presence of
a uniform magnetic field and a periodic bulk potential was derived. Shortly after,
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Berry discovered one of the important ideas in the field of the topology of matter [60],
namely what is now known as the Berry phase, which is a geometrical phase factor
acquired by an eigenstate under an adiabatic cycle given by:

γC =
∮

C
A · dk =

∫
S

Fd2k (2.24)

where A, the Berry connection, is defined from the Bloch states um(k) as:

Am = −i〈um(k)|∇k|um(k)〉 (2.25)

and Fm = ∇× Am, defines the Berry curvature or Berry flux. The connection with
topology can be introduced here by defining the topological invariant, called a Chern
invariant. The invariant distinguishes the topologically equivalent classes of gapped
band structures which can be deformed adiabatically into one another without clos-
ing the band gap. The Chern invariant, denoted by an integer, nm, is the total Berry
flux in the Brillouin zone:

nm =
1

2π

∫
d2k Fm (2.26)

The total Chern number, defined as the sum of the invariants over all occupied bands,
is itself invariant under adiabatic transformations of the Hamiltonian. The Hall con-
ductance that TKNN formulated from the Kubo formula was the same as that given
in Eq. 2.22 where the quantisation integer n being identical to the Chern number and
thus establishing the topological nature of the IQHE.

2.2.1 Quantum spin Hall insulator

Previously we saw models for IQHE which were based on Landau level formation in
the presence of an external magnetic field. However, Haldane presented a different
model which predicted QHE without Landau levels which is now diversely known as
the ‘quantum anomalous Hall effect ’or ‘Chern insulator ’ [61]. Haldane considered a
tight binding model for a 2D-graphite lattice (which is the 2D semimetal, graphene).
This possesses the honeycomb structure composed of two interpenetrating triangular
lattices. Haldane employed a two-band model for the pz orbitals of the system. Along
with nearest neighbour hopping and a second hopping term between next-nearest
neighbour sites, a periodic local magnetic-flux density normal to the 2D plane with
a zero total flux through the unit cell which breaks the time reversal symmetry, was
considered.

The periodic magnetic flux mentioned above is not an external field, but can be



2.2. Topology and band theory 19

(a) (b) (c)

𝜋/a-𝜋/a

FIG. 2.5: (a) Haldane’s model of 2D graphite lattice where the interpenetrating
sub-lattices represented by open and closed circles, solid lines follow the nearest-
neighbour bonds and the dashed lines follow the second-neighbour bonds (figure
adapted from Ref. [61]); (b) and (c) shows the schematic representation of the edge
states in the quantum Hall state in real space and k-space respectively, n represents
the total Chern number of a two level Hamiltonian (figure adapted from Ref. [51]).

seen as follows. The hopping of electrons between next-nearest neighbours (i.e. be-
tween nearest neighbours of the same sub-lattice) through the nearest neighbour gen-
erates an effective magnetic field perpendicular to the 2D plane of the lattice and its
direction depends on the direction of hopping. This is shown in Fig. 2.5 (a) and the
total flux through the unit cell is zero.

From the basic tight binding Hamiltonian, without the local magnetic-flux, graph-
ene has two degenerate high symmetry points in the Brillouin zone where the the
top of the valence band and the bottom of the conduction band touches. Near these
points, the band dispersion resembles the linear dispersion of massless, relativistic
particles characterised by the Dirac equation and those points are called Dirac points.
When the magnetic-flux is introduced, this breaks the time-reversal symmetry of the
system and a gap opens up at the Dirac points. Haldane proved that this gap is topo-
logically non-trivial and that the system is equivalent to a IQHE state which possesses
edge states as shown in Fig. 2.5 (b - c).

The recent advancement in the field of study of topologically ordered phases be-
gan once again with graphene. Experimental evidence for the quantum Hall effect in
graphene was first provided by Novoselov et al. in 2005 [62], a year after they success-
fully exfoliated few-layered graphene for the first time [63]. At the same time, Kane
and Mele predicted an extension of Haldane’s model to give rise to a new topological
phase of matter, namely Quantum Spin Hall Effect (QSHE) [1]. They introduced the
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magnetic-flux in Haldane’s model in the form of spin-orbit interaction given by:

HSO = λsoψ†σzτzszψ (2.27)

where λso is the spin-orbit interaction strength parameter, sz, σz and τz are Pauli ma-
trices representing the electron’s spin, states on the different sub-lattices and states at
the two high symmetry points K or K′. This lifts the degeneracy of the quantum Hall
edge states and introduces spin dependent chiral transport along the edges as shown
in Fig. 2.6. Now, the Hamiltonian in Eq. 2.27 for sz = ±1 separately is equivalent to
the Haldane’s model for spinless electrons and they violate time reversal symmetry
as in the model. However, in this case the crossing of edge states, shown in Fig. 2.6
(b), is protected by time reversal symmetry.

(a) (b)

𝜋/a-𝜋/a

FIG. 2.6: Schematic representation of the quantisation and edge states in a quantum
spin Hall insulator, figure adapted from [51]. Blue and green colours represents up
and down spin.

The experimental confirmation of quantum spin Hall effect was first realised by
König et al. in HgTe/(Hg,Cd)Te quantum wells in the absence of an external mag-
netic field [2]. They observed a quantum phase transition at a critical thickness of the
quantum well above which the Hall conductance showed a plateau close to the value
2e2/h.

2.2.2 Topological insulators

From Kane and Mele’s QSH insulator prediction, a different topological class of in-
sulators in which time reversal symmetry is not broken has evolved, where the spin-
orbit interaction plays an important role. Kane and Mele later introduced a new
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topological invariant, Z2 index (ν = 0, 1), to characterise time reversal (TR) invari-
ant systems, as shown in Fig. 2.6 (a) [3].

Time reversal symmetry acting on a Bloch state will reverse its k value and flips
the spin of the electron in that state. It is an anti-unitary operator, represented by Θ,
and has the property Θ2 = −1 for spin- 1

2 particles. An important theorem follows,
which says that all eigenstates of a TR invariant Hamiltonian will at least be two-fold
degenerate and is called Kramer’s theorem. In the absence of spin-orbit interaction
Kramer’s theorem enforces a degeneracy between up and down spin. However, in
the presence of spin-orbit interactions, this degeneracy will be lifted except for special
points in the Brillouin zone called Time Reversal Invariant Momenta (TRIM), which
satisfies the condition k = −k + G.
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Λa=0 Λb=π/a 0 π/a

FIG. 2.7: Schematic representation of an electronic dispersion between two Kramers
degenerate points, (a) shows a topologically trivial state when it crosses EF an even
number times, (b) shows a case when Fermi level is shifted and (c) shows topolog-
ically non-trivial state which crosses EF an odd number of times, figure adapted
from [51].

The two topological classes ν = 0 or 1 can be understood from the concept of bulk-
boundary correspondence. A plot analogous to the one in Fig. 2.6 (b) is shown in
Fig. 2.7, in which only half of the Brillouin zone is shown (the other half has to be a
mirror image owing to TR symmetry). When the edge states are allowed inside the
bulk band gap, Kramer’s theorem and the presence of spin-orbit interactions ensures
that those bands are degenerate at the TRIM points (k = 0, π/a) and split, away from
these points. There are two ways to connect edge states satisfying these conditions
as shown in Fig. 2.7 (a) and (c), where the number of times the bands cross the Fermi
level changes from two (even) to one (odd) respectively. It can be seen easily that in
the former case the edge states can be pushed away from the Fermi level, out of the
gap. For example, by chemical doping or electrically gating the sample, the Fermi
level can be shifted to be in to the gap as shown in Fig. 2.7 (b). However, in Fig.
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2.7 (c), when an odd number of states cross the Fermi level, the edge states cannot
be eliminated and are much more robust. This concept of bulk-boundary correspon-
dence and the fact that for every band intersecting EF at kx has another one at −kx,
relates the number of Kramers pairs of edge modes, Nk to the change in Z2 invariants
across the interface such that,

Nk = ∆ν mod 2 (2.28)

Thus, a 2D Z2 invariant insulator or topological insulator has 1D protected edge
states.

So far we’ve considered only two dimensional systems. Fu et al., generalised the
quantum spin hall effect into three dimensions and coined the term ‘topological in-
sulators’ (TIs) [5], which was also experimentally shown to exist in Bi1−xSbx by Hsieh
et al. [7]. Surfaces in a three dimensional solid are analogous to edges in a 2D system.
It was shown that the presence of topological order in the bulk of the 3D material will
generate two dimensional surface states, protected by time reversal symmetry. There
are two general classes called weak and strong, and four Z2 invariants, (ν0;ν1,ν2,ν3),
defining different phases in 3D topological insulators.

There are several ways of calculating the Z2 invariant ν. One approach is using
T-symmetry operator Θ as introduced by Fu and Kane [4]. A unitary matrix, wmn(k)
can be defined as:

wmn(k) = 〈um(k)|Θ|un(−k)〉 (2.29)

where um(k) are the Bloch states for band m. If Λi are the TRIM points in the Brillouin
zone, the Pfaffian of w(Λi) can be used to define:

δi =
P f [w(Λi)]√
Det[w(Λi)]

= ±1 (2.30)

The Z2 invariant ν0 in 3D or ν in 2D is given by:

(−1)ν =
n

∏
i=1

δi (2.31)

where n, the total number of TRIM points, is 4 in 2D and 8 in 3D. The rest of the
three invariants in 3D is obtained by taking partial products of δi’s corresponding
to the TRIM points situated in the three orthogonal planes of the Brillouin zone. A
simpler approach for materials with inversion symmetry was also introduced [64],
which involves taking the product of parity operator eigenvalues ξ(Λi) = ±1 at the
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TRIM points. Here, δi is defined as:

δi = ∏
m

ξm(Λi) (2.32)

where the product runs over the parities of Kramers pairs of occupied bands which
can then be used in Eq. 2.31 to obtain the value of ν0 of a 3D topological insulator.

kx

ky

k

E
(a) (b) (c)

Dirac
point

FIG. 2.8: Schematic representation of two possible Fermi surfaces, (a) enclosing an
even number of Kramers points, (b) an odd number of Kramers points. The latter
produces a strong topological insulator which has a Dirac surface state or Dirac cone
as in (c), red arrows represents the spin of the electrons, figure adapted from [51].

Following the arguments in 2D, the TRIM points on the surface Brillouin zone of a
3D TI must be Kramers degenerate and these form 2D Dirac points of the topological
surface state. A strong topological insulator is identified by the Z2 invariant ν0 = 1,
while that for a weak topological insulator is 0. As a matter of fact, this determines
whether an even or odd number of Kramers degenerate Dirac points are enclosed by
the surface state at the Fermi level (see Fig. 2.8). A strong TI will encircle an odd
number of Dirac points as in Figs. 2.8 (b) and (c), while a weak TI will have an even
number of Dirac points inside the Fermi surface as shown in Fig. 2.8 (a). TR symme-
try enforces that the spin of electrons at k and−k will be opposite as shown in Fig. 2.8
(c). Thus, when an electron circles a Dirac point, its spin rotates by 2π and it acquires
a π Berry phase. Another feature associated with the non-trivial Z2 topological in-
sulators is band-inversion. Most of the materials which are experimentally shown to
be 3D topological insulators undergo inversion of conduction and valence bands at
the TRIM point. By doing a parity analysis of the Bloch wavefunctions at the TRIM
points, as given by Eq. 2.32, it can be shown that such a band inversion results in a
non-trivial Z2 invariant. Band inversion in the context of real materials is suggested
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to arise from strong spin-orbit interactions in Bi2Se3 [65] or lattice distortions [66].

2.2.3 Topological Kondo Insulators

Merging topological and strongly correlated electron systems was an important step
forward in this field. Kondo insulators can be treated in an analogous way to the
band insulators. A more detailed discussion of the theory Kondo insulators is given
in Section 5.3.

In an important paper, Dzero et al. considered a periodic Anderson lattice Hamil-
tonian, with operators representing the underlying crystal field symmetry as given
below:

HALM = ∑
kα

εkc†
kαckα + ∑

jα
V[c†

jα f jα + h.c] + ∑
j
[ε0

f n f ,jα +
U f

2
n f ,jαn f ,jᾱ] (2.33)

where εk is the dispersion of a tight-binding band of conduction electrons, U the
Coulomb interaction and V represents the hybridisation strength. Dzero et al.’s the-
ory on Topological Kondo Insulators (TKI) considered a tetragonal crystal field split-
ting and treated the f state multiplets as doublets and suggested large deviations
from integral valence in order to obtain strong topological insulating behaviour [67,
68]. However, in reality, many well known Kondo insulators like SmB6 have cubic
symmetry and Alexandrov et al. later considered cubic crystal field to explain topo-
logical behaviour in SmB6 [68]. In a cubic crystal field, the J = 5/2 orbitals of mag-
netic f ion (Sm 4 f ), split into a doublet (Γ7) and a quartet (Γ8). At the same time, the
five-fold degenerate d orbitals (Sm 5d) split into doubly degenerate eg and triply de-
generate t2g orbitals. Here, the Γ8 quartet of the f states hybridises with the eg quartet
of the d states so as to open the Kondo insulating gap [68]. The phase diagrams of
tetragonal and cubic TKIs are shown in Figs. 2.9 (c) & (d).

To understand the topological nature of this system (as explained in Ref. [68]),
consider a simple 1D model of hybridised f and d quartets as shown in Fig. 2.9 (a).
In 1D, there are two TRIM points in the Brillouin zone, namely Γ (k = 0) and X (k =

π), where the hybridisation vanishes due to Kramer’s degeneracy. Elsewhere in the
Brillouin zone, the f and d quartets splits into Kramer’s doublets. The Z2 topological
invariant can be determined in the same way as explained in Eq. 2.32 in Section 2.2.2,
by taking the product of the parities of the occupied states and finding the δi’s which
gives, ν1D = δΓδX . At Γ, the occupied band consists of the f electron states and
this f quartet is essentially a Kramer’s doublet which always gives rise to a positive
δ (δΓ = (±1)2) which in turn yields ν1D = δX . Thus a 1D TKI only exists if the
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(c)

(d)

(a) (b)

FIG. 2.9: Schematic band structure of (a) 1D and (b) 3D Kondo insulator in cubic
symmetry. The hybridisation between f and d quartets opening up the Kondo gap is
presented, and the± signs represents the parity of the respective states. (c) - (d) Phase
diagram of a tetragonal and cubic TKIs, the horizontal axis represents the valency of
the magnetic ion (that of Sm in the case of SmB6). Presence of strong topological
insulator (STI) phase in tetragonal symmetry depends highly on the valency while in
cubic symmetry extends into the Kondo limit. Figure adapted from Ref. [68].

band inversion between f and d bands happens at the X point. Generalising this into
3D (Fig. 2.9 (b)), the f bands at Γ and R contributes only positive values. Thus the
topological invariant ν3D = δXδM and are determined by the band inversions at X
and M.

2.3 Dirac semimetals
After graphene which has 2D Dirac bulk states and topological insulators which

have 2D Dirac surface states, a natural extension would be finding a 3D analogue for
graphene. This would be a 3D semimetal with a Dirac point in the bulk 3D Brillouin
zone, which has linear dispersion in all the three k directions, as shown schemati-
cally in Fig. 2.10 (b). These materials are called (3D) Dirac semimetals (3D-DSM).
Such solids or three dimensional crystals give us the platform to further explore the
predictions from relativistic theories applied to condensed matter systems.

The study of Dirac semimetals is a relatively young field in the classification of
topologically ordered phases, nevertheless there has been a huge number of works
coming out in the literature from both theoreticians and experimentalists. Provid-
ing a full summary of such a fast growing field is beyond the scope of this thesis.
However, a selection of major advancements in this field will be presented here.

One of the first predictions concerned the existence of certain space groups which
can host symmetry-protected 3D Dirac fermions [25, 69]. Here it is relevant to note
that the analogous Dirac points in the 2D system graphene are not protected by sym-



26 Chapter 2. Topology in condensed matter

metry. In reality, this means spin-orbit coupling introduces a gap at the Dirac points
at K and K′ points in the Brillouin zone of graphene, although the gap itself is very
small. Thus on a formal level graphene is not actually a 2D Dirac semimetal. One
of the simple ways to understand the origin of Dirac semimetals is as shown in Fig.
2.10 (a). When the top of the valence and bottom of the conduction band of a band
insulator just touch, before gapping up again after band inversion, a graphene-like
semimetallic state results.

(a) (b)

FIG. 2.10: (a) Schematic representation of the phase transition from a band insulator
to a topological insulator, ± signs represents even and odd parity of the bands at
the TRIM; (b) Projection of a 3D Dirac state along kx - ky vs E and kx - kz vs E, red
lines indicates linear dispersions along kx, ky and kz directions. Figure adapted from
Ref. [26].

In 3D, a Hamiltonian analogous to that of graphene can be written as:

Ĥ(k) = vij ki σj (2.34)

where vij represents the velocity [25]. This equation predicts that if det[vij] 6= 0, then
Ĥ(k) is robust against perturbations and the Dirac point will not open up a gap since
all the Pauli matrices are used up. This Hamiltonian actually predicts two Weyl states
which are two-fold degenerate and thus can be called a Weyl equation. ARPES data
have shown Na3Bi [26] and Cd3As2 [27, 28] to be 3D-DSMs of this kind.

3D Dirac points or degenerate Weyl points are only robust when both inversion
and time reversal symmetry are maintained. Either broken inversion or broken time
reversal symmetry will split the 3D Dirac point into two Weyl points of opposite
chirality as shown in Fig. 2.11. As the arrows in Fig. 2.11 (a) suggest, the Weyl points
act as a source and drain of Berry flux. Special states are therefore required to appear
at the surface of the crystal, connecting the projections of the Weyl points and this
give rise to what are called Fermi arcs.

Several materials, like TaAs [17–19], NbAs [20], NbP [21, 22] and TaP [23, 24],
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(a) (b)

FIG. 2.11: (a)-(b) Schematic representations of Weyl nodes with opposite chirality and
the projected Fermi arc, figures adapted from Refs. [70] and [18] respectively.

have been shown recently to host Weyl nodes arising from the breaking of inver-
sion symmetry. However, only very recently has a time reversal symmetry break-
ing, magnetic Weyl system been proposed in the form of the canted anti-ferromagnet
YbMnBi2, based upon ARPES experiments and first principle electronic structure cal-
culations [31, 32].

2.3.1 Non-symmorphic symmetry protected semimetals

Although 3D Dirac semimetals and Weyl semimetals are certainly intriguing, there
have also been new developments in exploring the possibilities within the material
class of 2D Dirac semimetals. So far, the experimentalist’s ideal 2D Dirac semimetal
is graphene, although as mentioned previously the opening of a small, spin-orbit in-
duced gap at the Dirac point means from a theoretician’s point of view this system
is not strictly a 2D DSM. A recent prediction from Young and Kane [33] examines
the fascinating possibility of symmetry protected Dirac cones which are not gapped
by spin-orbit coupling. In particular, they predict that non-symmorphic space group
symmetries can even protect the Dirac cone from gapping. A non-symmorphic sym-
metry operation, {g|t}, includes the combination of a point group operation g and
a fractional translation of the lattice vector t. For example, a screw axis denoted as
{C2x̂| 12 0}, will involve a 180◦ rotation along x-axis and half unit cell translation along
x-axis.

To take a look at the theory behind this protection, let’s start with a simple sym-
morphic crystal and add fractional translation symmetry. In the simplest case, a frac-
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FIG. 2.12: Evolution of non-symmorphic symmetry protection starting from (a) sim-
ple symmorphic crystal with an added fractional translation symmetry, (b) after
adding time reversal symmetry to (a), (c) after adding spin-orbit interaction to (b)
and (d) after adding inversion symmetry to (c). Figure adapted from Ref. [33].

tional translation which doubles the unit cell will halve the Brillouin zone. This folds
back the bands in to the ‘new’ Brillouin zone which introduces a band crossing or
degeneracy in the new k-space. This degeneracy will be lifted if the symmetry is
reduced in the process of unit cell doubling. However, the non-symmorphic sym-
metry protects degeneracies along the invariant line or plane which satisfies gk = k.
Furthermore, a Bloch state which is an eigenstate of this invariant line or plane will
satisfy {g|t}|u±k 〉 = ±λ eik·t |u±k 〉. Now, if we follow a band from k → k + G, in the
case of a half lattice translation, t, and G being 2π, one can see that eiG·t = −1 along
this k-space. Looking at the eigenstate equation written above, this will ensure that
the bands have to cross at least once while covering one Brillouin zone in order to
exchange the eigenstate when it reaches G and this is shown in Fig. 2.12 (a). Thus, in
the absence of other symmetries, this provides the condition that the bands should
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cross an odd number of time when k→ k + G.
The next step is to introduce time reversal symmetry, operator denoted as Θ,

which imposes some constraints and the resulting band dispersion is shown in Fig.
2.12 (b). With TR symmetry ensuring that if there is a state at k, then there should
be a state at -k, the non-symmorphic symmetry protected point is forced to be at the
zone boundary, at k = G/2. So far we haven’t considered the role of spin here and if
we keep it that way, then in the absence of spin-orbit interaction, the operators Θ2 = 1
and g2 = 1. This means, at k = 0 and at k = G the eigenvalues λ eik·t = ±1, and at
k = G/2 the eigenvalues are ±i.

Now, introducing spin-orbit interactions causes spin splitting of bands. However,
TR symmetry enforces Kramer’s degeneracy at the TRIM points, k = 0, G, G/2. Fur-
thermore, in the case of spin- 1

2 fermions, the operators Θ2 = −1 for TR symmetry
and g2 = −1 for mirror or two-fold rotation. This now changes the eigenvalues of
{g|t} to be ±i at k = 0, G and ±1 at k = G/2. Such a crossing can only occur as
shown in Fig. 2.12 (c). Finally, adding inversion symmetry enforces the bands to be
Kramer’s degenerate at all k points which in turn produces a four-fold degenerate
point at k = G/2.

Now, to characterise the allowed Dirac phases in 2D, Young and Kane considered a
simple square lattice and modelled a single s-orbital tight binding model. The model
included nearest and next-nearest neighbour hopping terms and the next-nearest
neighbour spin-orbit interaction given in Eq. 2.27. The

√
2×
√

2 unit cell of the sim-
ple square lattice and the band structure calculated by the TB model is shown in Fig.
2.13 (a). It yields a line of Dirac nodes or nodal lines along Brillouin zone edges. It
is protected by {E|t} which describes a simple translation, E being the identity el-
ement of the space group. Now, to introduce the non-symmorphic elements, one
could reduce the symmetry in the above lattice by crinkling it in the ẑ direction as
shown in Fig. 2.13 (b). As explained above, the combination of inversion, time re-
versal and non-symmorphic

(
{Mẑ| 12

1
2}, {C2x̂| 12 0} & {C2ŷ| 12 0}

)
symmetries protects

Dirac points at M, X1 and X2. Further, to check the protections associated with each
of the non-symmorphic symmetries, we can choose to break one or more of these by
distorting the lattice. This is shown by Young and Kane for two cases as in Figs. 2.13
(c) - (d).

The cases shown in Figs. 2.13 (b) - (d) summarise all possible 2D Dirac point con-
figurations. It includes Dirac points at: (i) both edges (X1 and X2) and the corner (M),
(ii) two edges only and (iii) one edge and one corner. Furthermore, this also intro-
duces one of the key differences between the 2D Dirac semimetal and 2D topological
surface states in a 3D TI: in the former a single symmetry-protected Dirac point can-
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FIG. 2.13: (a) A
√

2×
√

2 unit cell of a square lattice with nodal line along Brillouin
zone edges protected by {E|t}; (b) crinkling in z direction breaks the {E|t} leaving
non-symmorphic symmetry protected Dirac points at X1, X2 and M; (c) distorting
the lattice in (1,1) direction removes the screw axes {C2x̂| 12 0} and {C2ŷ| 12 0} and gaps
the Dirac point at M; (d) moving one site in (10) direction breaks the glide plane
{Mẑ| 12

1
2} leaving protected Dirac points at X1 and X2. Figure adapted from Ref. [33].

not exist while it is a common characteristic of the latter.

We’ve used this theory in search for 2D Dirac fermions in a proposed topologi-
cal semimetal, SrMnSb2. Apart from YbMnBi2, mentioned above as a Weyl system
with broken TR symmetry, to date MMnSb2 systems have only been studied experi-
mentally using SdH oscillations in magnetotransport (M=Sr [71, 72], M=Ca [73] and
M=Ba [74]) and none have been explored with a view to possible non-symmorphic
symmetry protected states. For the SrMnSb2 system, transport data have been in-
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terpreted as an indication of a non trivial, π - Berry phase [71, 72]. One other class
of materials which has been extensively studied in the context of non-symmorphic
symmetry protection are the ZrSiX (X=S, Se and Te) systems [75–77]. However, in the
latter class of materials the non-symmorphic protected Dirac crossings were present
well below the Fermi level and thus didn’t contribute to the transport behaviour in
those systems.
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Chapter 3

Experimental techniques

This chapter discusses the techniques, that were used in the course of this thesis to
probe the electronic structure of topologically active materials.

33
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3.1 Introduction
To investigate the electronic properties of materials, we need not only be able to

predict the band structure theoretically as discussed in Section 2.1, but also be able
to verify it experimentally. Angle resolved photoemission spectroscopy (ARPES) is
the experimental technique to map the electronic band structure of, ideally, a metallic
single crystal and it has been used widely to investigate candidate topological mate-
rials throughout this thesis. In Section 3.2, an introduction to the theory of ARPES
will be given, followed by discussion of the experimental facilities used to obtain the
results relevant to this thesis. While ARPES yields k-space information and the band
dispersion itself, another powerful technique to probe real space information is scan-
ning tunneling microscopy/spectroscopy (STM/S) and this has been used to probe
the surface structure of some of the materials investigated in this thesis. Section 3.4
discusses the basic principles of STM followed by the description of the setup and the
new vibration isolation system installed for the STM during the course of this thesis
project.

3.2 ARPES - theory
The photoelectric effect, the phenomenon in which light (above a critical frequency)

falling on a material leads to the emission of electrons, which was first observed by
Hertz [78] and later explained by Einstein [79], played a crucial role in the develop-
ment of quantum mechanics. Application of this technique in the electronic structure
studies of materials came about in the late 1950’s and early 1960’s from the works of
Spicer, Allen, Kane, Siegbahn and several others [80]. The Nobel prize in physics
was awarded to K. Siegbahn for his contribution to X-ray photoelectron spectroscopy
in 1981. UV and extreme UV (EUV) ARPES is an extension of Ultraviolet Photoe-
mission Spectroscopy (UPS). There are several works which discusses ARPES and
other photoemission spectroscopic techniques in detail [80–84] of which a few, mainly
Refs. [82, 84], form the main basis for the theoretical part of this section.

There are two theories giving a formal description of the photoemission process:
the three-step model and the one-step model (Fig. 3.1). The simplified three-step
model reduces photoemission into three independent processes:
(i) optical excitation of the electron to the final Bloch eigenstate,
(ii) travelling of the excited electron through the solid to the surface,
(iii) the photoelectron overcomes the surface potential and escapes into the vacuum.
Although this is the most common approach used, the more realistic approach is the
more complicated one-step model. It considers the three steps we described earlier
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not to be independent, but to be a collective, one-step process. More importantly, it
considers the ‘true’ final state using the so-called inverse LEED wave function and
this is justified by considering photoemission as a time-reversed process of Low En-
ergy Electron Diffraction (LEED). Detailed discussion of this model is beyond the
scope of this thesis, however Chapter 6 in Ref. [82] gives an in-depth description of
this model. Moreover, despite its simplicity, the three-step model has been very suc-
cessful in many cases.

3.2.1 Three step model and Fermi’s golden rule

FIG. 3.1: Schematic of the three-step and one-step model for photoemission, figure
adapted from Ref. [82].

Within the three step model, the quantitative analysis of the photoemission pro-
cess has been further simplified. It is mostly done under the assumptions of the in-
dependent particle picture, which disregards the many body interactions, and of the
sudden approximation, which disregards the post-collisional interaction between the
photoelectrons and the system left behind. Before considering the three-step model,
for the photoemission process to happen, one has to calculate the transition proba-
bility w f i for an optical excitation from the N-electron initial ground state ψN

i to one
of the possible final states ψN

f . This is given within the Fermi’s golden rule approxi-
mation as:

w f i =
2π

h̄
|〈ψN

f |Hint|ψN
i 〉|2 δ(EN

f − EN
i − hν) (3.1)
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where Hint is the interaction Hamiltonian, treating the interaction with the photon as
a perturbation and can be written as:

Hint =
e

2mc
(A · p + p · A)− eΦ +

e2

2mc2 A · A (3.2)

where p is the electronic momentum operator and Φ and A are the electromagnetic
scalar and vector potentials respectively. We can reduce this equation by choosing the
gauge Φ = 0, neglecting the term A · A which represents the two-photon process and
using the commutator relation [p, A] = −ih̄∇ · A for the first term which is further
reduced by applying the dipole approximation in which A is chosen to be constant
over the atomic dimensions, yielding ∇ · A = 0. Thus the perturbation typically
considered in photoemission process is given as,

Hint =
e

mc
A · p (3.3)

Returning to the three-step model, the first step consists of evaluating the transi-
tion probability w f i. Under the sudden approximation one can factorise the final state
wavefunction as a product of the photoelectron wavefunction φk

f with momentum k

and the final state wavefunction ψN−1
f of the (N − 1)-electron system left behind:

ψN
f = Aφk

f ψN−1
f (3.4)

A is the antisymmetric operator that ensures that the Pauli’s exclusion principle is
satisfied by the N-electron wavefunction. A similar decomposition can be done for
the initial state by considering ψN

i to be single Slater determinant and writing it as a
product of single electron orbitals φk

i and an (N − 1)-particle term:

ψN
i = Aφk

i ψN−1
i (3.5)

Using these in the Fermi’s golden rule Eq. 3.1, we can write the matrix element
as:

〈ψN
f |Hint|ψN

i 〉 = 〈φk
f |A · p|φ

k
i 〉 〈ψ

N−1
m |ψN−1

i 〉 (3.6)

where the first term is the one-electron dipole matrix element Mk
f i, the second term is

the (N− 1)-electron overlap integral cm,i which gives the probability that an electron
from state i will be removed and the (N − 1)-particle state will be in the excited state
m. Now the total photoemission intensity as a function of Ekin and k will be the sum
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of the transition probabilities over all possible initial and final states:

I(k, Ekin) ∝ ∑
f ,i
|Mk

f ,i|
2 ∑

m
|cm,i|2 δ(Ekin + EN−1

m − EN
i − hν) (3.7)

(a) (b)

FIG. 3.2: ARPES measurement done on a single electron band crossing the Fermi
level in (a) non interacting electron picture and (b) interacting Fermi liquid picture,
figure adapted from Ref. [84].

In the non-interacting electron picture, shown in Fig. 3.2(a), when ψN−1
i = ψN−1

m0

for a particular m = m0, the |cm,i|2 will be non-zero only for m0. If we assume that
the matrix element is also non-zero, then the ARPES spectra will be given by delta
functions at the Hartree-Fock orbital energies. However, in strongly correlated sys-
tems, many of the |cm,i|2 will be non-zero owing to the strong change in the effective
potential arising from the removal of the photoelectron and this will show up as sev-
eral satellite peaks in addition to the main delta peak as shown in Fig. 3.2(b). This
overlap integral also represents another important quantity in many body physics,
namely spectral function. The spectral function of an electron with energy E and
momentum k follows from Eq. 3.7 as:

A(k, E) = ∑
m
|〈ψN−1

m |ψN−1
i 〉|2 δ(E− EN−1

m + EN
i ) (3.8)

In general, spectral function is associated with the fundamental property of an N-
electron system, namely its one-particle Green’s function, G(k, E):

A(k, E) =
1
π
|ImG(k, E)| (3.9)

In the absence of electron interactions the spectral function is a delta function. In
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an interacting system, the corrections to the single particle Green’s function are rep-
resented by the electron self energy Σ(k, E) = Σ′(k, E) + i Σ′′(k, E). The real and
imaginary part of the self energy contains information about the energy renormali-
sation and lifetime of the electron respectively. The Green’s and spectral function of
an electron with energy εk and momentum k in a many-body system are then given
by:

G(k, E) =
1

E− εk − Σ(k, E)
(3.10)

yielding

A(k, E) = − 1
π

Σ′′(k, E)
[E− εk − Σ′(k, E)]2 + [Σ′′(k, E)]2

(3.11)

On a final note, the developments in the energy and momentum resolution in
ARPES measurements enables the determination of both the components of the self
energy very accurately from the detailed analysis of the ARPES intensity in terms
of energy distribution curves (EDCs) and momentum distribution curves (MDCs).
From Eq. 3.11, it can be seen that the EDC peak position is determined by both
the real and imaginary parts of the self energy owing to their strong energy depen-
dence. In two-dimensional systems, the width of the peak in an MDC can be given
by 2Σ′′(E)/v0

F where v0
F is the bare Fermi velocity.

FIG. 3.3: Universal curve for electron inelastic mean free path in elements, figure
adapted from Ref. [85].

Coming back to the three step model, the second step involved the travelling of
the excited electron through the solid to the surface. During this process, it may lose
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energy due to interactions with other electrons, phonons or impurities. This gives rise
to a continuous background in the photoemission signal which can be subtracted if
necessary. The inelastic mean free path (IMFP) gives a measure of the distance an
electron can travel through a solid before it is inelastically scattered. The inelastic
mean free path of electrons from most of the elements falls onto the so-called uni-
versal curve. Fig. 3.3 shows the universal curve for the mean free path as a function
of electron energy with the minimum of the curve lying at around 50 eV. The mean
free path tends to be around 5 - 10 Å in the photon energy range for ARPES measure-
ments which is around 20 - 100 eV. Thus, the ARPES intensity is mostly comprised of
the electrons from the first few atomic layers of the material, making it an extremely
surface sensitive measurement. For the same reason, ARPES measurements have
to performed on a clean, well-ordered surface and the experimental setups are kept
under ultra high vacuum conditions. The final step of the three step model is the
escape of the photoelectron into the vacuum. The electron has to overcome the sur-
face potential barrier and the work function of the material φ in order to have a finite
transmission probability.

3.2.2 Kinematics of ARPES

The energetics of the photoemission process can be schematically explained as in Fig.
3.4(a). The metallic material which has valence band and core levels, is being illumi-
nated by monochromatic radiation of energy hν. If the photon energy is enough to
ionise a core electron, in the non-interacting picture and using energy conservation,
the emitted photoelectron (from the core level) will have a kinetic energy (Ekin) ex-
pressed in terms of the binding energy (EB) of the electronic state inside the solid
as,

Ekin = hν− φ− EB (3.12)

where φ is the work function of the material. The maximum kinetic energy a pho-
toelectron can have is Emax

kin = hν− φ. Now if we plot the energy distribution of the
emitted electrons we will have electron-energy distribution resembling that in the
solid. These electrons are emitted in all directions and a typical photoemission geom-
etry is shown in Fig. 3.4(b). These photoelectrons are detected by an electron-energy
analyser which has a finite acceptance angle and the kinetic energy and the angle
at which electron is emitted are detected. This gives the momentum of the emitted
electrons in vacuum, k =

√
2mEkin/h̄. The vector components of this momentum in

the three spatial directions can be obtained in terms of the angles, along x and y, of
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(a) (b)

FIG. 3.4: Schematic of (a) the energetics in the photoemission process and (b) of a
typical ARPES experimental, figures are adapted from Ref. [84]

the emitted electron, namely polar (ϑ) and azimuth (ϕ):

kx =

√
2mEkin

h̄
sinϑ cosϕ (3.13)

ky =

√
2mEkin

h̄
sinϑ sinϕ (3.14)

kz =

√
2mEkin

h̄
cosϑ (3.15)

Upon going to larger angles ϑ, or bigger photon energies, higher order Brillouin zones
can be accessed in the extended-zone scheme.

In order to map the band structure of the material, we need to examine the disper-
sion E(k). This is complicated to obtain owing to the lack of translational symmetry
along the surface normal of the material which means the perpendicular momen-
tum, k⊥, is not conserved. However, because of the translational symmetry across
the surface, in the x− y plane, the surface parallel component of the momentum, k‖,
is conserved in the process and in the extended-zone scheme can be written as:

k‖ =
√

2mEkin
h̄

sinϑ (3.16)
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For lower dimensional systems, such as layered or 2D materials or surface states,
E(k‖) dominates the electronic structure thus the dispersion in k⊥ can be neglected.
However, in a bulk material with 3D band dispersion, some assumptions are intro-
duced to determine the k⊥. A nearly-free-electron picture for the final bulk Bloch
state gives:

E f (k) =
h̄2k2

2m
− |E0| =

h̄2(k2
‖ + k2

⊥)

2m
− |E0| (3.17)

where E0 is the binding energy of the bottom of the valence band with respect to EF

as shown in Fig. 3.4(a). Using Eq. 3.16 for k‖ and as E f = Ekin + φ, k⊥ can be written
as:

k⊥ =
1
h̄

√
2m(Ekincos2ϑ + V0) (3.18)

where V0 = |E0|+ φ is called the inner potential which can be either taken from the
band structure calculations or measured experimentally. The latter can be done in
3D band structures, where ARPES can access k⊥ by changing Ekin via variation of the
photon energy. By examination of the periodic variation of a 3D electronic state as the
photon energy is varied over a substantial interval, V0 can be determined. Although
away from the normal emission (ϑ = 0), the determination of k⊥ is non-trivial, there
is a more intractable source of uncertainity in the experimentally determined value of
k⊥. This is related to the fact that for the photon energies commonly used for ARPES
the IMFP, which determines the probing depth, is short. Sampling over such a limited
amount of real space along the z-direction (which can be of the order of only one to a
few unit cells of the crystal structure under investigation) means that the experiment
integrates over a range of k⊥ values, contributing a finite width∇kz. The smaller the
photon energies, especially at the minima of the curve in Fig. 3.3, the larger the width,
which then yields a large energy broadening for the states which disperse strongly in
kz and thus creating a broader spectral intensity. The impact of this kz broadening at
low photon energies is less for states which are quasi-2D in nature or surface states
owing to their absence of dispersion in kz and hence their spectral intensity will look
sharper.

3.2.3 Matrix element effects

Another important aspect influencing photoemission intensities is the one-electron
dipole matrix element from Eqs. 3.6 and 3.7. It is responsible for the dependence of
the photoemission intensity on photon energy (from photoionisation cross sections)
and the experimental geometry (polarisation dependencies). Factorising the (N− 1)-
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electron system as discussed in Section. 3.2.1 gives the matrix element as:

|Mk
f ,i|

2 = 〈φk
f |A · p|φ

k
i 〉 (3.19)

where φk
f is the final state photoelectron wavefunction, φk

i is the single electron orbital
of the initial state, and A · p is the dipole contribution of the interacting Hamiltonian.
Matrix elements, at times, can even contribute to the total vanishing of the photoe-
mission intensity.

FIG. 3.5: Schematic of the mirror plane emission from a dx2−y2 orbital, figure adapted
from Ref. [84].

The simple geometry of a photoemission experiment setup in Fig. 3.5 shows pho-
toemission from a dx2−y2 orbital with the incoming light and the detector lying in a
mirror plane of the sample surface (and of the d orbital). The light polarised in the
plane of incidence is denoted as p-polarised and the light polarised perpendicular
to the plane of incidence is denoted as s-polarised. The integral in Eq. 3.19 will be
non-zero only if the integrand is an even function under reflection with respect to
the mirror plane. In such a geometry, an odd parity final state wavefunction, φk

f , will
have a node at zero, the mirror plane, and thus vanishing amplitude at the detector,
thus constraining φk

f to be even for a non-vanishing intensity. The above conditions
imply that (A · p)|φk

i 〉 must also be even. Thus, for the geometry given in Fig. 3.5, a
non-vanishing intensity is possible only for even A or p-polarised light, because φk

i
is even. For an odd symmetry initial state the situation is vice versa. Thus, there are



3.3. ARPES - experimental details 43

two cases for the given geometry which allows a non-zero photoemisison intensity:

〈φk
f |A · p|φ

k
i 〉 =

φk
i even 〈+|+ |+〉 ⇒ A even,

φk
i odd 〈+| − |−〉 ⇒ A odd.

(3.20)

Here A even denotes the in-plane or p-polarised light and an A odd denotes the s-
polarisation in this geometry.

3.3 ARPES - experimental details
In the previous section we have discussed key theoretical aspects of photoemis-

sion in general and ARPES in particular. This section deals with the experimental
setups, especially those used to collect the data used in this thesis. All the data pre-
sented in this thesis are acquired at synchrotron beamlines - 12 & 13 at BESSY-II, SIS-
HRPES at Swiss Light Source (SLS) and the I05 & I09 beamlines at Diamond Light
Source (DLS). Hence, in this section we will discuss the general aspects of ARPES
experiments performed at synchrotrons and for some of the specifics, the details
of I05 beamline will be used as a representative reference. This section is based on
Refs. [86, 87].

3.3.1 Synchrotron light source

The basic principle behind a synchrotron radiation is that when electrons (charged
particles) moving at relativistic speed are subjected to magnetic fields and forced to
take a curved path they will emit electromagnetic radiation.

Sychrotrons have a linear section, called the LINAC, where the electrons are accel-
erated to several MeVs. This is followed by the booster ring, where bending magnets
and RF cavities are used to accelerate electrons to typically of the order of few GeV.
Bending magnets as the name suggests are used to change the direction of the beam.
Typically in a booster ring several of these magnets are placed so as to have the elec-
trons move in a circular manner and the RF cavity accelerates the electrons to higher
energies. Once the electrons have achieved the required energy they are diverted to
the storage ring where several quadrupole magnets and bending magnets are used
to keep the electrons move in a circular trajectory. Typically electrons moving in cir-
cular trajectories loses energy in the form of radiation. The energy lost per turn for a
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FIG. 3.6: Left: shows the top view of a common third generation synchrotron; Right:
shows a cartoon arrangement of the multiple bending magnets, wigglers and the RF
cavity in a storage ring, figure adapted from Ref. [86]

revolution time of 2πR/c is given by:

∆Ee =
4πe2

3R

[
E

mc2

]2

(3.21)

The loss of energy in this way is compensated by RF cavity installed in the storage
ring and this maintains a constant electron energy.

The high intensity, polarisable, synchrotron light with a small beam size is cre-
ated using periodic magnetic structures called wigglers or undulators or in general
insertion devices. Use of these magnetic structures as the generators of the radiation
to be used in the experiments makes such sources third generation synchrotron fa-
cilities, as are BESSY, the SLS and the DLS. Both wigglers and undulators are made
up of periodically arranged magnets, with each period of length λu. The alternating
magnetic field generated by these magnets forces the electrons to move in wiggled
line shape and in doing so, produce the synchrotron radiation.

A variable polarisation undulator of Apple-II type (shown in Fig. 3.7 (a)-(c)) is
used at the I05 beamline, with a period length of λu = 140 mm [87]. The path of the
electron inside the undulator or wiggler and the emission of the light can be char-
acterised by two angles, α which is the wiggling angle of the trajectory and 1/γ the
angular aperture of the synchrotron radiation as shown in Fig. 3.7 (d). From these
angles we can introduce the dimensionless parameter K = αγ which can be used to
differentiate a wiggler, which has K >> 1, from an undulator, which has K < 1. The
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(d)

(b)

(c)

(a)

𝜆u

𝛼

e-

2/𝛾

FIG. 3.7: Schematic of Apple-II type unduator. The arrow on each block represents
the magnetisation direction, figure adapted from Refs. [86, 88]

parameter K for an electron moving in an alternating magnetic field is also given by:

K =
e

2πmc
λuB (3.22)

A wiggler (with K >> 1) has large transverse oscillations and the wiggling angle α

is much higher than the angular aperture 1/γ which in turn reduces the interference
between the radiations coming out of different poles of the magnet. Thus a broad
spectrum of energy is emitted which is obtained by adding the radiation obtained
from the individual poles. However, in the case of an undulator (K < 1), the wig-
gling angle α is of the order of or smaller than the angular aperture 1/γ. This causes
interference to occur between the radiations emitted at different poles and construc-
tive interference appears at the wavelength λ given by:

λ =
λu

2γ2

(
1 +

K2

2
+ γ2θ2

)
(3.23)

where θ is the angle of the emitted radiation with respect to the undulator axis.
Higher energy harmonics are also generated in the same process and their number
and intensity increases with K.

Downstream of the undulator, before the light reaches the experimental chamber,
the important process of the monochromatisation and the focussing of the light beam
takes place. Mirrors and gratings are common optical elements which form this part
of the structure, however, major differences arise in their arrangement between the
hard x-ray regime (> 2000 eV) and soft X-ray/UV regime (20 − 1500 eV). A brief
discussion of a typical EUV/soft X-ray monochromator will be given here and for
further details, in particular to the I05 beamline, the reader is referred to Ref. [87].
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FIG. 3.8: Optical layout of a soft X-ray beamline based on the collimated-light PGM,
figure adapted from Ref. [86]

A simplified layout of the arrangement of the optical elements for the soft X-ray
regime is shown in Fig. 3.8. The light coming out of the undulator (source) passes
through the slit which removes the unwanted radiation from the edges and then
through a deflecting, commonly toroidal, mirror which collimates the beam. The
collimated beam is then monochromated by deflecting it, using a plane mirror, on
to a Plane Grating Monochromator (PGM). PGMs used in beamlines typically have
diffraction gratings of the order of 1000 lines/mm. The monochromatic beam is then
focused, commonly in the vertical direction, using a cylindrical focussing mirror. The
beam then passes through the exit slits and at the end is re-focused using an ellip-
tical or toroidal mirror on to the sample in the experimental chamber. In an overall
view, most of the ARPES beamlines used in the course of this thesis have similar lay-
out with small variations depending on the constraints and required output of that
particular end-station. In the I05 beamline, such a monochromator, using an exit slit
setting of 15 µm, delivers an energy resolution of 2 meV at a photon energy of 50 eV
(resolving power E/∆E = 25, 000) with a flux of up to 1012 photons/sec [87].

3.3.2 Electron energy analyser

Last but not the least, a discussion is given of the detection of photoelectrons in this
section. Very commonly used hemispherical electron analysers are also used at the
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synchrotron ARPES end stations, where the data used in this thesis were taken. A
sketch of the cross section of a conventional hemispherical analyser is shown in Fig.
3.9 . Such a system consists of a multi-element electrostatic input lens, a hemispheri-
cal deflector with entrance and exit slits, and an electron detector (i.e., a channeltron
or a multi-channel detector). The main part of the analyser is the deflector, which
consists of two concentric hemispheres with radii R1 and R2. A potential difference
of ∆V is maintained between them such that, of the electrons reaching the entrance
slit, only the ones with kinetic energy within a narrow range centered at pass energy
(Epass) will reach the exit slit. The kinetic energy of the electron can deviate by a few
percent from Epass and the electrons with energies at the top-side of this interval will
hit the detector at slightly higher positions while the ones with smaller energies at
slightly lower positions. Epass is given by:

Epass =
e∆V(

R1
R2
− R2

R1

) (3.24)

The first electronic element photoelectrons see after being emitted from the sam-
ple are the electrostatic lenses. These are an important part of the instrument as they
enable the efficient collection of photoelctrons over a significant solid angle (±15◦

or even ±30◦ in some of the systems used). The lenses also sort the photoelectrons
with respect to their emission angles θ (see Fig. 3.4 (b)) and deliver this angle-sorted
distribution of electrons to the entrance slit of the hemispherical deflector and accel-
erate / decelerate the electrons to have energy close to Epass. The smaller the entrance
slits, the better the energy resolution, however, the intensity will be reduced. Thus
the energy resolution of the analyser is set by the pass energy, width of the slit and
radii of the inner and outer hemispheres. An angular resolution of around 0.1◦ can
be achieved at the ARPES end station of the I05 beamline [90]. The electrons are fi-
nally detected at the two dimensional detector consisting of a multi-channel plate
in series with a phosphor screen and a CCD camera. The photoelectrons within an
angular window defined by the instrument along the direction of the entrance slit
will be focused at different positions along the same direction on the detector thus
enabling the angle resolved measurement. This provides one of the angles necessary
to evaluate the k‖. Fig. 3.9 shows an example of the basic ‘unit’ of a modern ARPES
measurement, namely an I(E,k||) image. The k-axis is derived from the angular dis-
persive direction (along the entrance slit). The (false) colour or greyscale in such an
image encodes the measured intensity, proportional to the number of photoelectrons
for a particular (E, θ) or (E, k) pair. Taking these image plots by rotating the sample
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FIG. 3.9: A schematic of a typical hemispherical analyser used in ARPES experiment
together with a typical I(E, k) detector image. The false colour plot is from the ARPES
done on SrMnSb2, the material studied in Chapter. 4. The analyser schematic is
adapted from Ref. [89].

around an axis parallel to the slit direction enables the mapping of the entire Fermi
surface.

3.4 Scanning Tunneling Microscopy

As mentioned in the introduction to this chapter, scanning tunneling microscopy
(STM) has also been used to probe the surface structure of some of the materials
investigated in this thesis. The principle behind this technique is the fundamental
phenomena of quantum mechanical tunneling. The first account of surface studies
performed using STM was published by Binnig et al. in 1982 [91]. This achievement
was later recognised with the award of the Nobel Prize in physics in 1986 to Binnig
and Rohrer.
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FIG. 3.10: (a) Schematic of an STM set-up. A sharp metallic tip is brought close to a
clean sample surface and a bias voltage (V) is applied between them. (b) The Fermi
level of the tip and the sample are shifted with respect to each other by eV and for the
bias polarity shown the electrons tunnel from occupied electronic states of the tip to
unoccupied electronic states of the sample.

3.4.1 STM - tunneling theory

The basic setup of STM consists - ideally - of an atomically sharp metallic tip and a
conducting sample with an atomically clean surface as shown in Fig. 3.10(a). When
they are brought close to each other - within the order of an interatomic separation
using piezoelectric elements - and when a voltage is applied across them, electrons
will start tunneling (through the insulating gap between the sample and the tip) from
the negative end to the positive. For such a simple configuration, tunneling current
I can be written as [92]:

I ∝ exp

[
− 2

√
8meΦ

h̄2 z

]
(3.25)

where me is the electron mass, z is the width of the barrier and Φ is the effective
work function (the average of that of the sample and tip) which defines the height
of the effective local potential barrier. Eq. 3.25 reveals the extreme height sensitivity
of the STM signal arising from the exponential dependence of the current on the
barrier width. Fermi’s golden rule can be used to define the transition probabilities
as tunneling is expanded under first order perturbation theory [93]. Writing down
the transition probability of the electron to tunnel from the tip density of states (DOS)
to the sample DOS, as depicted in Fig. 3.10(b), yields

I =
4πe

h̄

∫ ∞

−∞

[
f (EF − eV + ε)− f (EF + ε)

]
ρs(EF − eV + ε) ρT(EF + ε) |M|2dε

(3.26)
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where f (E) is the Fermi-Dirac distribution, ρs(EF) and ρT(EF) are the densities of
states of the sample and of the tip, respectively. The applied voltage V displaces the
Fermi levels by eV, and at low temperatures the elastic tunneling of electrons takes
place corresponding to the range of energies comprising the displaced Fermi levels.
The tip DOS can be taken out of the integral once we choose a tip material with rel-
atively uniform DOS in the energy range of interest. Pt-Ir alloys, which have this
characteristic, were chosen for the STM studies presented in this thesis. Thus, the Eq.
3.26 reduces to:

I ≈ 4πe
h̄

ρT(0)
∫ eV

0
ρs(ε) |M|2dε (3.27)

The matrix element |M|2 holds the information on the exponential decay of the
tip and sample wavefunctions as expressed in Eq. 3.25. If we assume that this is
not varying significantly with energy and thus take it out of the integral, to a good
approximation, the tunneling current is the integral of the sample density of states
over the energy range from zero to the applied bias voltage. For imaging a surface,
the STM is usually operated using a feedback loop between the piezo, controlling
the z movement of the tip, and the tunneling current. The tip height is continually
adjusted so as to yield constant tunneling current, while scanning the tip across the
sample surface using the piezo elements which move the tip in the x- and y-directions

Thus, for a material with homogenous DOS, the constant current image/topograph
will give direct image of the height profile of the surface. However, if it is inhomoge-
neous, a convolution of the height and the local DOS (LDOS) will be imaged. In re-
verse, this means that if - using a lock-in technique - the derivative of the current with
respect to the energy (dI/dV) is obtained, that would be proportional to the LDOS of
the sample. Scanning dI/dV over an energy region describes the spectroscopy part
of the STM.

3.4.2 STM - experimental setup

The experimental setup used in the preparation of this thesis is a commercially bought,
low temperature (4.2 K) system from Createc GmbH. A few upgrades were done to
the system by the previous user as indicated in the Ref. [94]. Some further upgrades
will be discussed in the course of the rest of this chapter. The main part of this STM
is the Besocke Beetle type head, which consists of three outer piezos for coarse x, y, z
movements and an inner piezo for fine movements. At the end of the inner piezo lies
a groove for the tip holder to be attached which is facing down towards the ground
and is held tightly by two anti-parallely aligned magnets (upgraded from the original
tip holder). The details of this upgrade are given in Section 2.1.3 of Ref. [94].
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FIG. 3.11: (a) shows the picture of the STM head and (b) the schematic (of the part
outlined red in (a)) with tip, piezos and sample labelled; (c) shows the upgraded
setup for the contact pads of voltage and current connections; schematic adapted
from Ref. [94].

Figs. 3.11 (a) and (b) shows pictures of the STM head and its schematic. The three
outer piezos are attached to the ramp plate using electrically insulating sapphire balls.
The ramp plate is divided into three sections, with identical height gradient and the
piezos move on each section in a stick-slip motion. The combined motion of all the
three piezos creates the lateral movement of the tip. Once the tip is brought close to
the sample, in the measuring position, the feedback loop connected to the main piezo
controls the motion and scanning of the tip.

A significant upgrade was done to improve the vibration isolation of the STM
setup during the course of this thesis. Details about that will be discussed in the
Appendix of this chapter. Finally, both ARPES and the STM setup mentioned in this
thesis, are working under UHV conditions and single crystalline samples are cleaved
in-situ to achieve a clean surface.
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3.A Minus k vibration isolation
In the previous setup, vibration isolation of the STM was achieved using Newport

I-2000 nitrogen gas pressurised dampening legs. They were effective in damping
vibration above 2 Hz. However, their resonant frequency, which was around 2.5 Hz,
amplified any vibration below that value. An effective solution for this was already
in market from a company called minus k technology.

(a)

(b)

(c)

FIG. 3.12: (a) Low frequency vibration isolator from minus k; (b) Typical perfor-
mance curves of these isolators (red curve) together with that of the undamped sys-
tem (grey dashed-curve), the resonant frequency of the undamped system, which
was at around 2.7 Hz, was shifted to around 0.5 Hz after damping (figure adapted
from datasheet of the vibration isolator); (c) depicts the damping of NSM compared
to conventional spring (figure adapted from Ref. [95]).

One of the three vibration isolators installed for the STM is shown in Fig. 3.12
(a). Their typical transmissibility curves in Fig. 3.12 (b) shows that the resonance
frequency after dampening (red curve) is shifted to about 0.5 Hz. This is a consid-
erable improvement from the earlier setup. The basic mechanism of the isolator is
the Negative-Stiffness Mechanism (NSM) [95]. NSM is illustrated in Fig. 3.12 (c) and
compared with a conventional spring. A compressive force, P, is applied on movable
ends of two horizontal bars that are connected at the center [95]. When the system
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is in unloaded state, the bars are aligned and it is in a state of unstable equilibrium.
The conventional spring in unloaded position is also shown. Now, when this sys-
tem is loaded, the center of the hinge is displaced to introduce a displacement of δ

downwards. An equilibrium is established by the force FN which opposes the dis-
placement δ. However, in a conventional spring the loading is done via the force FS

exerted on the spring which displaces the spring in the direction of the force and an
equilibrium is attained in this condition. In both cases the force is proportional to
the displacement through a constant, which is the stiffness. Nonetheless, in a con-
ventional spring the applied force and the displacement occur in the same direction
while in NSM the effective applied force FN acts opposite to the direction of displace-
ment. Hence the stiffness is positive in former case and negative in the latter. Note
that Hooke’s law, which describes the stiffness in spring, is commonly stated under
the convention that F is the restoring force exerted by the the spring on the system
which is applying a force on it. This is not the case here since the FN and FS are not
the restoring forces.

Ve
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n

H
orizontal isolation

FIG. 3.13: Left: Vertical motion isolator; Right: horizontal motion isolator - figure
adapted from Ref. [95].

The NSM can be used to create vibration isolation in both vertical and horizontal
directions independently. However, they can also be implemented together in the
same system to achieve vibration isolation in both directions simultaneously which is
the principle behind low frequency minus k isolators shown in Fig. 3.12 (a). To create
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vertical isolation, NSM and spring are combined as shown in Fig. 3.13. When the
weight, W, is loaded on this setup the spring is compressed and the spring constant
KS represents the stiffness of the whole system. Now, if we introduce compression
by the opposing forces, P, on the vertical bars, NSM will act on the system. Thus
resulting total stiffness of the system will be K = KS − KN and this can tuned to be
zero while the weight load is still supported by the spring [95].

Horizontal motion isolation is slightly different and instead of spring and the bars,
two beam columns are used. This approach makes use of the ”beam-column effect,”
i.e., the reduction in bending stiffness of a beam-column due to the axial load [95].
When not loaded, each beam column is a cantilever with lateral stiffness KS. However,
when a weight load W is acting on the beam axially, the lateral bending stiffness of
the beam is reduced because of the bending moments created by the load W, in an
equivalent manner to the NSM. Reduction of the stiffness in NSM increases the effect
of inherent damping in the system.

3.A.1 Noise reduction
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FIG. 3.14: (a) Topograph of Au(788) surface at Vbias = 200 mV and I = 50 pA. (b) Line
scan along the red line shown in the topograph, the step height of ∼ 2.35 Å is seen
clearly. (c) Noise analysis in-contact and feedback loop on (inset showing the signal
over time), shows huge reduction in the low frequency after the Minus k isolator
installation. Noise analysis in-contact and feedback loop off - (d) & (e) shows IV
curve in time domain and its FFT respectively, inset of (e) shows the zoom-in of the
FFT in the low frequency region and (f) shows the noise in dI/dV curves obtained
using the lock-in setup.

The change in noise before and after the installation of the Minus k isolator legs
was measured on a Au(788) surface. The single crystalline Au sample is usually used
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as a calibration sample because of (i) its flat density of states near Fermi level and (ii)
the sharp step edges which is common on the (788) surface which allows to calibrate
the piezo-constant of the z-piezo. The result is summarised in Fig. 3.14. A topogra-
phy of the surface taken before changing the isolation legs is shown in Fig. 3.14 (a)
and a line scan perpendicular to the sharp step edges gives a step height of ∼ 2.35
Å as shown in Fig. 3.14 (b). We repeated the measurement after changing the isola-
tion legs and everything remained the same. The rest of the panels in Fig. 3.14 shows
the noise analysis before (green) and after (orange) the installation. It can already
be seen that in all the plots the noise in the low frequency regime has considerably
reduced after the Minus k legs were installed. The noise analysis can be done in two
configurations while keeping the tip in contact with the sample by keeping - (i) the
feedback loop on, which gives the noise in typical topographic measurements and (ii)
with the feedback loop off, which gives the noise contributions relevant for IV and
dI/dV curves. Fig. 3.14 (c) shows the noise reduction in the former case. Fig. 3.14
(d) and (e) shows the noise analysis in the IV measurements and Fig. 3.14 (f) shows
that in the dI/dV measurements. As mentioned earlier, the main aim of changing the
Newport legs to Minus k ones was to reduce the noise in the low frequency regime.
From these three plots, it is clearly seen that the noise <10 Hz is considerably re-
duced. This noise reduction further helped in taking large dI/dV maps in shorter
times than were possible using the setup before the damping upgrade.
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Chapter 4

Electronic structure of proposed magnetic
topological semimetal, SrMnSb2

This chapter presents the combined experimental and theoretical study of the elec-
tronic structure of candidate magnetic topological semimetal, SrMnSb2. The publi-
cation which forms the basis of this this chapter is available on arXiv 1711.07165v3
(2017) and has been accepted for publication by peer reviewed, open access, journal,
SciPost Physics. The accepted manuscript, together with the referee reports and au-
thor rebuttal is publically available at: https://scipost.org/submissions/1711.07165v3/

The author of this thesis acknowledges the contributions of the following co-authors
of this study: Zhicheng Zhong (DFT), Jans Henke and Jasper van Wezel (tight binding
analysis), Jans Henke and Anne de Visser (magnetotransport measurements) and G.
Araizi-Kanoutas (soft X-ray & XAS measurements).
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4.1 Introduction

As discussed in Section 2.3, several bulk, gapless Dirac materials in three dimen-
sional solids namely Dirac and Weyl semimetals (the latter in inversion symmetry
broken materials) have been predicted [25, 69, 70] and experimentally discovered in
the last few years [17–20,26,27,70]. Recently a realisation of a time reversal symmetry
broken, magnetic Weyl semimetal has been proposed in the form of YbMnBi2 [31].
Furthermore SrMnSb2, a crystal with structure comparable to that of YbMnBi2, has
been proposed [72] to be a magnetic topological semimetal from the combined re-
sults of Shubnikov-de Haas (SdH) and de Haas-van Alphen (dHvA) experiments, as
well as magnetometry and neutron scattering. Comparing to DFT calculations on
SrMnSb2 [96] and based on the similarities with YbMnBi2, the proposal has been
made that there are linearly dispersing electronic states at the Y-point in the Brillouin
zone [72], and that these states are topologically non-trivial. This conclusion sup-
ported by a Landau level analysis of the SdH oscillations, leading to the extraction
of a non-trivial π-Berry phase. In [72], the band gap seen at EF for the states at the
Y-point in the DFT data [96] is argued to close in real crystals, due to the fact that
the true SrMnSb2 crystal structure is slightly different to that used in the published
DFT [96], and - as stated in [72] - also due to breaking of TR symmetry. Interestingly,
both YbMnBi2 and SrMnSb2 possess a non-symmorphic crystal structure. As dis-
cussed in Chapter 2, non-symmorphic symmetries are an added reason for interest
in this class of materials, as they have been shown theoretically to protect 2D Dirac
crossings [33]. Although the experimental search for such materials has been the fo-
cus of much recent work, there are only a handful of materials that have been shown
experimentally to host such protected 2D Dirac fermions, such as members of the
ZrSiX (X=S, Se and Te) [75–77] family.

This chapter presents the first direct experimental investigation of the electronic
structure of SrMnSb2 using ARPES. We combine this information with magnetotrans-
port data from the same crystals, so as to decide whether Y-states are responsible for
the novel transport data. Both experimental (ARPES and transport) and theoretical
(DFT and tight binding) input are considered on an equal footing, so as to explore
in detail the possible existence of non-symmorphic protected states in SrMnSb2. An
analysis of the Berry phase for the electronic states of SrMnSb2 relevant for transport
is also presented, together with a discussion of the role of magnetism in this com-
pound.
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4.2 SrMnSb2 - crystal structure
The unit cell of SrMnSb2, shown in Fig. 4.1(a), has an orthorhombic crystal struc-

ture with the longest crystallographic axis denoted as a, and the planes of the layered
structure spanning the b-c directions. The unit cell parameters of SrMnSb2 are a =
23.011, b = 4.384, c = 4.434 Å [72]. The space group is Pnma (no. 62), which is a non-
symmorphic group, featuring several screw axes and one glide-plane. There are two
main groups of Sb atoms in the structure, labelled as Sb1 and Sb2 in Fig. 4.1(a). The
Sb2 layers are tetrahedrally bonded to the Mn planes. The Sb1 atoms determine the
main features of the near-EF electronic structure [72, 96], and are relatively weakly
coupled to the Sr atoms, thus forming a quasi-2D layer. The staggered arrangement
of the Sr atoms situated in chains above and below the Sb1 layer doubles the unit
cell and introduces a screw axis along b, as shown in Fig. 4.1(b), and also results in
modest out-of-plane buckling of the Sb1 layer. As a consequence, the Sb1 plane of
the structure taken on its own - shown in the plan view in Fig. 4.1(b) - exhibits the
key symmetry feature of the crystal: a quasi-2D, square network of heavy (Sb) atoms,
possessing a non-symmorphic symmetry element. The moments of the Mn atoms are
ferromagnetically ordered at high temperature, and form a staggered AFM arrange-
ment below 304 K [72], whose magnetic unit cell is identical to the crystallographic
unit cell.

Turning to the transport characterisation, both the temperature dependence and
absolute value of the in-plane resistivity of our SrMnSb2 crystals were very similar to
those reported in Ref. [72]. The hole carrier concentration for our samples is between
1 - 1.5×1019 cm−3, and the mobility (at 2 K) is high, at 15,000 cm2 V−1 s−1. Mag-
netic susceptibility measurements showed our crystals to possess a small magnetic
moment of order 0.02 µB/Mn atom. Comparing this to the detailed magnetic char-
acterisation reported in Ref. [72], this would place our crystals in the intermediate
moment regime of the three reported there.

Fig. 4.1(c) shows a typical LEED diffraction pattern from in-situ cleaved SrMnSb2

recorded with a primary electron beam energy of 220 eV. There is a straightforward
(1×1) pattern of spots, and no superstructures or reconstructions were seen on sev-
eral different cleaves. Fig. 4.1(d) shows an STM topograph from a cleaved SrMnSb2

crystal, with the (1×1) surface termination also clearly visible. The Sb2-Mn-Sb2 block
has short interplanar distances, suggesting strong covalent bonds, and thus the crys-
tal would be unlikely to cleave inside this structural unit. Angle-dependent analysis
of the core level photoemission intensities of the different atoms in the structure [97]
signalled that cleavage is most likely to take place in the Sr-Sb1-Sr unit, which is in
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FIG. 4.1: (a): Crystal structure of SrMnSb2, featuring two inequivalent Sb positions,
labelled as Sb1 and Sb2. The Sb1 plane is sandwiched between two staggered Sr
planes. The Sb2 atoms sandwich a plane of the Mn atoms. (b): A plan view of the
Sb1 plane, the key structural element of the crystal. The buckling of the Sb1 plane
out of the b-c plane is indicated using different shades for the Sb1 atoms. A non-
symmorphic symmetry element in the form of a screw axis is indicated as a red ar-
row aligned along b. (c): LEED diffraction pattern of an in-situ cleave of SrMnSb2,
recorded with an incident electron energy of 220 eV at 30 K. The pattern is of a (1×1)
type, whereby the red circles highlight the (1,0) and (0,1) (h,k) diffraction spots. (d):
STM topograph of cleaved SrMnSb2 measured at 77 K in UHV using a Pt/Ir tip at V
= -600 mV and I = 95.8 pA. The same (1×1) surface symmetry is seen as in the LEED
data, and the interatomic separation corresponds to the net of the Sb1 atoms.

line with the interatomic distances seen in the STM topograph. The latter match well
with those of the Sb1 plane of the crystal structure. However, from symmetry consid-
erations Sr termination is also possible, but we do not have any concrete experimental
evidence for this.

The ARPES data that will be presented and discussed in detail below, showed no
significant time dependences, remaining unchanged over the course of days in UHV.
In previous ARPES experiments on 3D topological insulators such as Bi2−xSbxTe3−ySey

(BSTS), discussed in Chapter 6 and Ref. [98], or YbB6 [99], we have seen clear time
dependent changes in the Fermi level position, which are accepted to be caused by
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band bending. However, we saw none of the tell-tale signs of downward or upward
band bending (and Fermi level shift) arising from the surface photovoltage and/or
photon-stimulated desorption in the SrMnSb2 ARPES data. In any case, the 3D car-
rier density of SrMnSb2 of order of 1019 cm−3 is three orders greater than that in
the 3D topological insulator BSTS (∼1×1016cm−3 for x=0.58 and y=1.3 [15]) and thus
SrMnSb2 is simply too conducting/metallic for band bending to take place. Thus, all
in all, the surface characterisation data point to a system enabling the generation of
a stable and simple (1×1) cleavage surface, and no signs were seen of special surface
degradation or effects due to surface-related electrostatics such as band bending.

4.3 ARPES data
4.3.1 Overview of ARPES data

ARPES experiments carried out with VUV/EUV photon energies are highly surface
sensitive, due to the short inelastic mean free path length of the photoelectrons in the
solid, and are best carried out on crystals with the sort of ‘well behaved’ surfaces such
as those described in the preceding section. As described in Chapter 3, the experi-
ment provides direct access to the binding energy of the electronic states (referenced
to the Fermi level as zero), as a function of their crystal momentum parallel to the
surface of the sample, and thus give a window on the occupied band structure, as
well on the electronic self energy of the system. For simplicity, we will refer to the
k-components of the crystallographic b− c plane as kx and ky. Due to the surface sen-
sitivity, there is a degree of integration over kz, and thus ARPES data are generally
the most clear and sharp from systems with electronic states whose energies depend
primarily on kx,y: in other words quasi-2D electronic systems.

Fig. 4.2 presents a compilation of ARPES data from SrMnSb2, recorded with var-
ious photon energies on three different beamlines. Panel (a) shows a large ARPES
‘data block’ measured using 88 eV photons. The cutaways are placed so as to reveal
the dispersion relation (E(kx,y)) along different high symmetry directions in recipro-
cal space, which are labelled corresponding to the kz=0 plane of the Brillouin zone
shown in the inset. For binding energy < 0.6 eV, the ARPES data show SrMnSb2 to
have a simple band structure with two main dispersive sets of bands. The key feature
in the data are the very sharp, linearly dispersive bands that look to be approaching
closure to a point, centred at the Y and X points in Fig. 4.2(b). The sharpness of these
structures suggests that these states may be quasi-2D in nature (something we return
to below), in keeping with the layered crystal structure and the ratio of ∼600 (at 2 K)
between out-of-plane and in-plane components of the resistivity reported in Ref. [72].
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FIG. 4.2: (a) ARPES data block (I05, hν=88 eV, circular right polarisation, T=10 K)
showing the electronic structure of SrMnSb2 vs. the in-plane momentum, kx,y. High
symmetry points for the surface projected Brillouin zone are labelled, and a schematic
of the bulk and surface-projected Brillouin zones is included. The top surface dis-
plays the Fermi surface of the system, which is shown in a plan-view in panel (b),
including a zoom of the small Fermi surface, recorded using 27 eV photons. The con-
tour of the Fermi surface centred at the Y-point (kx=0, ky=-0.7 Å −1) is a rounded
square, with an area of only 0.3% of the 2D Brillouin zone. Panel (c) shows a Fermi
surface map recorded at BESSY-II (hν=95 eV, circular right polarisation, T=1 K) in
which only a single twin domain of the sample is picked up in the measurement,
showing clearly the small FS’s are now only centred on the Y points. Panel (d) shows
a cut taken along the orange dashed line in panel (b), which dissects four of the small
Fermi surfaces, highlighting their very straight dispersion relation. Panel (e) con-
tains a different cut through k-space, showing a line through either X or Y-points
alternating with M-points, measured using soft X-rays (hν=360 eV, linear horizon-
tal). The inset superimposes an analogous cut measured using 88 eV photons, as in
panels (a), (b) and (d), showing that relaxing the extreme surface sensitivity of the
VUV excitation does not alter the electronic structure. Panel (f) shows the very clear
quantum oscillations observed in the resistivity (SdH) from crystals from the same
growth batch. The Fourier transform in the inset shows a fundamental frequency of
71 T, which would correspond to a Fermi surface area of 0.33% of the 2D Brillouin
zone, in excellent agreement with the ARPES data for the Y-centred Fermi surfaces.

There is also a second, broader feature in the electronic structure. The dispersion
of this band is less steep, and it yields a larger, broader contour centred on Γ with a
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reasonably well defined outer perimeter, but significant intensity inside the contour.
One recipe for this kind of behaviour in ARPES data would be a hole-like parabola,
with EF situated close to the top of the parabola, such that the bands are starting to
bend over, providing intensity in the constant energy contour across a range of kx,y

values. The ARPES data presented in Fig. A2 of Section 4.B show that this is, indeed,
the case here.

Fig. 4.2 (b) shows that the Fermi surface of SrMnSb2 comprises of small features
centred at Y and X (from the high-velocity, linearly dispersing bands), and the larger,
broader Γ-centred features. The inset shows a zoom of the small Fermi surface (FS),
recorded with lower photon energy (27 eV) to provide improved k-resolution. The
area of this small FS pocket is found to be only 0.3% of the 2D cut through the bulk
Brillouin zone. We note that despite the small size of the Y-FS, its centre is empty and
its energy contour is sharp in k-space. This is clear evidence that only a single band
or a set of perfectly degenerate bands cut EF at this k-location. We note here that the
b and c lattice constants in this orthorhombic system are the same within ∼1% [72],
and thus the small Y-centred Fermi surface appears four-fold symmetric.

Fig. 4.2 (c) shows an ARPES FS map recorded at the 13 end-station at BESSY-
II, which is qualitatively different to the data from the cleaves studied at Diamond
Light Source’s I05 or I09 beamlines. It is clear that the X-centred FS’s are missing
from these data, meaning that the Brillouin zone contains a single FS centred at Y. As
we will see later when discussing the theory results, this is, in fact, expected for the
band structure of SrMnSb2. The reason for the difference between the data of Figs.
4.2 (b) and (c) is that in the former, the synchrotron light spot was averaging over
multiple twin domains of the orthorhombic crystal, meaning the data are a sum of
the electronic states from sets of twin domains in which the orthorhombic b - c planes
of SrMnSb2 are rotated by 90◦ with respect to each other 1. Serendipitously, the data
shown in Fig. 4.2 (c) were recoded from a single domain.

Panel (d) of Fig. 4.2 shows a perpendicular cut through the 3D data block, going
through the X-Y-X points, as indicated by the orange dashed line in Fig. 4.2 (b). This
direction in k-space highlights the sharp states which give rise to the small Fermi
surfaces - the Y-states - and these remain very sharp up to a binding energy of 400
meV and look to possess a linear dispersion relation.

In order to probe the electronic structure deeper into the crystal, in Fig. 4.2 (e) we
show data recorded at Diamond Light Source’s I09 beamline using soft X-rays with a

1Since the BESSY-II data captured a single domain, this shows domains can be larger than the spot size
of ca. 40x200 µm. We do not expect the small number of domain walls that one could consequently expect
across the mm-sized area of the sample on which transport is done to significantly influence the quantum
transport phenomena being analysed.
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photon energy of 360 eV. A cut through the Y[X]-M-Y[X] direction is shown, indicated
by the green dashed line in panel (b). The superimposed ARPES data recorded us-
ing 88 eV photons show that the bands for VUV and SX-ARPES resemble each other
strongly, even though the inelastic mean-free path length for 360 eV electrons is dou-
ble that for excitation at 88 eV [100]. The fact that modifying the surface sensitivity of
the ARPES experiment leaves the data essentially unchanged, points to an absence of
surface-related electronic states that are different to those of the bulk of the crystal.
In addition, the main panel of Fig. 4.2 (e) shows that soft X-ray excitation leads to
better definition of the features with binding energy exceeding 0.4 eV, allowing the
states to be tracked to a band bottom at M at a binding energy close to 4 eV, a value
that is used to control the parameters of the tight binding model presented in Section
4.A.

The last data panel (f) of Fig. 4.2 is a crucial one, as it presents magnetotransport
data enabling a direct comparison of surface sensitive spectroscopic (ARPES) and
bulk sensitive transport (SdH) data from crystals from the same source and growth
batch. Shown is the resistivity data measured at 2 K vs. applied (out-of-plane) mag-
netic field. It is notable that already from fields as low as 3 T, clear quantum oscilla-
tions are evident, attesting to the high mobility of the carriers giving rise to these os-
cillations. The inset shows the FFT of the magnetoresistance data which gives the fre-
quency, F, of these oscillations as 71 T, similar to the values reported previously [72].
The Onsager relation, F = (Φ0/2π2)A, enables the area of the Fermi surface pocket
(A) to be extracted from F, and these data give a value of 0.33% of the area of a 2D cut
through the Brillouin zone (with an error bar of order ±5% of this value extracted
from the fit errors to the Fourier transform of the QO data). This is in excellent agree-
ment with the area of the Y-state Fermi surface pocket observed in the ARPES data
of panels (a-c) of Fig. 4.2.

This means that SrMnSb2 is a material for which the electronic structure of the
outermost nanometer of the crystal (from ARPES) agrees quantitatively with the re-
sults of bulk sensitive resistivity measurements, and importantly, this enables us to
unambiguously link the Y-states to the quantum oscillation data in the magnetotrans-
port in high quality single crystals of this material. This means that the broader states
seen crossing EF close to the Γ-point in ARPES play little role for the transport physics
of SrMnSb2, and it can be speculated that their mobility may be much lower. Relevant
to this last point is the fact that we show in Section 4.B that an upward shift in the
chemical potential due to adsorption of K atoms on the cleavage surface of SrMnSb2,
places EF above these Γ-centred states (i.e. they are absent from the Fermi surface),
but leaves the shape of the Y-centred Fermi surface unmodified.
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4.3.2 kz dependence of the electronic states

(a) (b)
Γ Y Γ

ky (Å-1)

k z (
Å-1

)

FIG. 4.3: (a) kz vs ky intensity map for E=EF for a Γ-Y cut, obtained from photon energy
dependent ARPES experiments (hν=20-120 eV). (b) Zoom-in on the Y state over a kz
region covering almost four Brillouin zones along kz. It is clear that kF for the Y-state
shows little or no dependence on kz, implying the quasi-2D nature of these states.

Given the kz-integration mentioned earlier in the context of the short inelastic
mean-free path length for regular ARPES, the sharpness of the Y-centred small FS’s
in these data could be taken to imply the 2D character of the electronic states involved.
In order to confirm this, we measured the kz dependence of these states by varying
the incident photon energy from 20 to 100 eV. Fig. 4.3(a) shows an ARPES intensity
map for E=EF for a kz vs ky plane, with ky along Γ-Y. None of the ARPES features
show much variation with photon energy, except for some intensity variations in-
side the Γ state. Although the latter could be due to a degree of 3D nature for the
Γ states which can be seen in the DFT data of Fig. 4.5(a), the variations observed in
the hν dependent ARPES data do not possess the required periodicity in kz, and thus
are probably heavily impacted by kz-dependent changes in the photoionisation cross
section and matrix elements. The long unit cell dimension along the out-of-plane
direction means that a single Brillouin zone is only 0.27 Å −1 in kz. Therefore, any
truly 3D bulk state would have to show significant curvature along the ky direction
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repeating within kz intervals of |0.27| Å −1 in such an ARPES map. A zoom-in of the
Y state is shown in Fig. 4.3 (b), covering a kz-region spanning almost four Brillouin
zones. It is very clear that the Y-state FS does not close at any kz, indicating the 2D,
or quasi-2D nature of this state, which our theory analysis will show has its origins
in the 2D Sb1 plane in the crystal structure of SrMnSb2. The data unequivocally un-
derpin an ‘open’ FS vs. kz, but although we cannot exclude a periodic corrugation in
the kF value along ky as a function of kz, its level cannot exceed 15% of kF, implying
that the electrons in these pockets can very well be approximated as almost ideal 2D
states.

4.3.3 Fit of dispersion and width of the Y-states

Given the relevance of the Y-states to the bulk electrical transport properties of SrMnSb2,
a more quantitative analysis was performed. The standard method of fitting the mo-
mentum distribution curves (MDC’s) with Lorentzian curves for the left and right-
moving states was employed, and the data and fit results are shown in Fig. 4.4. For
systems with linear dispersion, the FWHM of the Lorentzian fit, ∆k(ω) = 2Σ′′(ω)/v0

F
where Σ′′(ω) is the imaginary part of complex self-energy and v0

F is the bare Fermi
velocity [101]. Fig. 4.4 (a) shows the underlying ARPES data along Γ-Y, with the fit
positions shown as blue dots on the left-hand branch, and the extracted MDC widths
overlaid as red bars on the right-hand branch. The orange dotted line is an extrap-
olation of the extracted dispersion relation, which also matches the data, at higher
binding energies than used in the fit. Panel (b) shows the fitted MDC peak widths,
and panel (c) a linear fit to the fitted MDC positions, yielding a velocity of 5.5 eVÅ , or
8.4×105 m/s. The MDC widths for the Y state can be seen to increase from 20 mÅ −1

at EF to 30 mÅ −1 at a binding energy of 100 meV. Such narrow MDC lineshapes close
to EF have been recorded from topological surface states in systems such as Bi2Se3,
Bi2Te3 and for the Dirac cone dispersion of graphene [102–105]. Such sharp MDC
features have also been seen in the superconducting state of Bi2Sr2CaCu2O8, which
is also a highly 2D system [101]. In terms of the energy dependent growth in the
MDC width, SrMnSb2 show faster broadening than the surfaces states of the 3D TI’s
but is slower than the case of BSCCO. Finally, we note that if one permits an extrapo-
lation of the ARPES data of the Y-states to energies above EF, Fig. 4.4(a) indicates the
putative crossing point of the linear bands would lie at around 200 meV above the
Fermi level.

At this stage we pause to take stock of the information coming thus far from these
first ARPES data on SrMnSb2. This material is proposed to be a topologically non-
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FIG. 4.4: (a) I(E,k||) along Γ-Y measured with 88 eV photons. The data are overlaid
with blue dots (MDC peak position from Lorentzian fit) and red bars (fitted MDC
width) and the orange dotted line shows the fitted dispersion relation. Panel (b):
MDC peak widths ∆k. (c) A linear fit to the dispersion matches well with the fitted
MDC peak positions.

trivial system [72]. The ARPES data show Y-states to have linear dispersion, and to
be very sharp. There is also a perfect match between the FS formed by the Y-states in
ARPES and that from SdH-QO experiments. A conclusion could easily be made at
this point that SrMnSb2 is indeed a realisation of a 3D crystal harbouring gapless 2D
Dirac fermion states, with the only complication being that EDirac is located 200 meV
above EF. However, instead of stopping there, we continue with a detailed theoretical
analysis of the electronic states of SrMnSb2 using both density functional theory and
tight binding calculations.

4.4 DFT and tight binding analyses
4.4.1 Density functional theory results

According to published DFT calculations, SrMnSb2 is an insulator with a large band
gap around the Y-point of k-space [96]. This clearly presents a poor match with what
is seen in ARPES and in transport. Since it is well-known that the choice of exchange
potential may significantly influence the size of the band gaps in DFT predictions, we
compared predictions of the DFT calculations of our collaborators using various ex-
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change potentials with our ARPES data. We found similar results to Ref. [96] when
using the generalized gradient approximation (GGA) for the exchange correlation
potential. However, when doing the DFT calculation using a MBJ (modified Becke-
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FIG. 4.5: (a) Calculated band structure of SrMnSb2 using a MBJ exchange potential
within the DFT formalism. Intrinsic spin-orbit coupling and magnetism are also in-
cluded; (b) calculated band structure from a tight binding model for the px,y,z or-
bitals of Sb atoms arranged in a buckled square lattice as is the case in the SrMnSb2
structure. In both cases, the red arrows point to band crossings at X and M that are
protected by non-symmorphic symmetry.

Johnson) exchange potential, which provides a better description of band gaps in
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FIG. 4.6: ARPES data along Γ-Y-Γ-M-Γ directions in k space, with the DFT bands
overlaid in each case. The Fermi energy position in the DFT data has been shifted
downward by 66 meV, compared to the original ab initio data shown in Fig.4.5(a).

semiconductors and (correlated antiferromagnetic) insulators [45, 106], and includ-
ing the effects of spin-orbit coupling, we get significantly different results, which we
summarise in Fig. 4.5 (a). Like the ARPES data, the DFT results also show two main
groups of bands close to EF: hole-like states centred on Γ, which just touch the Fermi
energy in the calculations, and high-velocity bands centred on the Y-point that get
very close to EF, but - significantly - do not cross the Fermi level and thus display a
gap.

Concentrating on the occupied states accessible to ARPES, and accepting that the
chemical potential in a real crystal do not agree with the DFT expectation, we show
in Fig. 4.6 that the MBJ-based DFT results - when shifted upwards by 66 meV - match
very well to the measured ARPES data around the Γ-point and in their description
of the high-velocity bands centred on the Y-point. What the DFT reveals is that the
Y-centred states possess a gap of ca. 200 meV above the Fermi level relevant for the
experimental data. We note here that the optical conductivity data from SrMnSb2

[107], indicate the presence of an electronic transition across a gap of this order.
The DFT data show the states close to EF to be independent of kz between the Y

and T points (see the inset to Fig. 4.2 (a) for the Brillouin zone labels), indicating the
2D nature of the Y-states as shown in the ARPES data of Fig. 4.3. The DFT data of Fig.
4.5 (a) show that two-thirds along both the Y-Γ(kz=0) and T-Z (kz=π) kx,y-directions
there is no significant lifting of the degeneracy of the two bands involved. If this
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also applies to kz values between these extrema, then this can explain the ‘straight-
up’ edges seen in the kz dependent ARPES data at ± 0.2 Å −1 either side of Γ in Fig.
4.3 (a). However, for kx,y = 0 the DFT data of Fig. 4.5 (a) do show dispersion along kz

(between Γ and Z), with the two bands being degenerate at Z and not so at Γ.
The DFT data are very clear that the high velocity states only cross EF at the Y-

point, and not at the X-point, a fact that enables us to understand the differences
between the ARPES FS maps shown in panels (b) and (c) of Fig. 4.2. The difference
between the electronic states around the X- and Y-points in the DFT (and TB) data has
its origin in a small displacement of one subset of the Sb1 atoms along the crystallo-
graphic (in-plane) c direction (a displacement that in fact removes a second in-plane
screw axis that would otherwise run along the c-direction).

Summarising the main result of the DFT calculations - which are validated by
their excellent agreement with the experimental electronic structure of SrMnSb2 - we
can state that the high-velocity states around the Y-point that are very sharp in ARPES
and look to have linear dispersion do not extrapolate to gapless band crossings which
are protected by any lattice symmetry that is present in the calculations. This fact
already places SrMnSb2 outside the Dirac family. Whether these gapped states at Y
can nonetheless possess non-trivial topology is a point we return to later.

4.4.2 Results of tight binding calculations

In order to gain more insight into this conclusion and to examine whether there are
non-symmorphic protected crossings in SrMnSb2 elsewhere in the band structure
(away from the Y-point and/or away from EF), a simple tight binding (TB) hamilto-
nian for the px,y,z orbitals of the Sb atoms in the Sb1 plane was set up (see Section
4.A for details). The TB calculations were set up as described in detail in the MSc
thesis of Jans Henke [108]. The results of the tight binding band structure including
atomic spin-orbit coupling as well as the second neighbour spin-orbit interaction,
made possible by the buckling of the Sb1 plane (which is equivalent to the tSO term
in Young and Kane’s model presented in [33]), are shown in Fig. 4.5(b). The TB pa-
rameters are chosen so as to yield good agreement both with the DFT as well as with
the ARPES data, exploiting the extended binding energy range over which the bands
can be tracked in the soft X-ray ARPES data such as those shown in Fig. 4.2(e).

Our TB calculation shows that there are degenerate points (band crossings) pro-
tected by non-symmorphic symmetry in SrMnSb2. In agreement with the predictions
by Young and Kane [33], these are located at the X - and M - points, as indicated by red
arrows in both panels of Fig. 4.5. In the DFT data, the strong (5 µB/Mn atom) mag-
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netism assumed in the calculation impacts the electronic states at these k-locations,
as will be discussed in more detail in Section 4.6.

Comparing the DFT and TB calculations with the SX-ARPES cut shown in Fig.
4.2 (e), the two maxima at the Y/X - points that can be seen at EF can be assigned
to the states at the Y -point, and the maxima seen at a little under 1 eV binding en-
ergy in the ARPES data (the region of which is indicated using red arrows in Fig. 4.2
(e)), to the groups of bands with a maximum around the X-point in the theory data
of Fig. 4.5. These are in the right region of (E,k)-space to contain one of the special,
non-symmorphic protected crossings at the X-point (red arrows in Fig. 4.5), but obvi-
ously the level of distinction in the ARPES data precludes their explicit identification.
Furthermore, the two minima visible in the SX-ARPES data at the M-points at ca. 1.5
- 1.8 and 3.6 eV below EF clearly match with the two sets of bands showing band
bottoms at M in the DFT and TB calculations.

Completing our discussion of possible symmetry-protected crossings, we note
that regardless of the role played by the magnetism on the Mn lattice, the theoreti-
cal data show that the band filling in SrMnSb2 puts the crossings protected by non-
symmorphic symmetry at 0.7 eV below EF, and thus they play no role in the transport
properties of SrMnSb2.

4.4.2.1 Berry phase for the Fermi surface at the Y-point

From the combination of the ARPES and quantum oscillation data it is clear that the
electronic states crossing EF at the Y-point are responsible for the electronic transport
in SrMnSb2. The theory analysis is equally clear that these same states do not en-
joy protection by the non-symmorphic space group symmetry and are gapped albeit
above the Fermi level. A remaining question is whether these states - even though
gapped - possess non-trivial topology, i.e. whether they accumulate a Berry phase
of π upon going around the Fermi pocket. This question is all the more relevant con-
sidering that a non-trivial Berry phase has been reported from quantum oscillation
data from SrMnSb2 in Ref. [72]. We first approach this issue from the point of view
of theory.

In Fig. A1 (in the appendix) we illustrate how our tight binding approach is able
to capture the essence of the occupied bands around the Y-point by comparing with
constant energy contours from the ARPES data. On the basis of this good agreement
with both the ARPES and DFT data, an analysis of the Berry curvature for the states
around Y has been made using the TB results.

In order to arrive at dependeble measures of the Berry phase from a numerical
calculation, it is important that the method used is gauge invariant [54]. In our case,
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we use the TB Hamiltonian, H(k) to define the Berry phase γn in terms of Berry cur-
vature Ωn(k) as:

γn =
∫

S
dS ·Ωn(k) (4.1)

in which,
Ωn(k) = Im ∑

m 6=n

〈n(k)|∇kH(k)|m(k)〉 × (m↔ n)
(Em(k)− En(k))2 (4.2)

where n(k) are the eigenstates of H(k).

In the TB data (with time reversal and inversion symmetry), the hole-like band at
Y is comprised of two perfectly degenerate states, and the Berry curvature analysis
shows the combination of these two bands to have zero Berry curvature over the en-
tire area enclosed by the Fermi pocket. We have checked that this situation is valid
for situations in which the chemical potential is lying a little deeper or shallower in
the band structure (like the constant energy contours shown in Fig. A1 for E = 50 or
-100 meV binding energy). This range easily covers all the variation in the chemical
potential (and thus the area of the Y-state Fermi surface, expressed in terms of the
frequency seen in the Fourier transform of the Shubnikov de Haas oscillations) re-
ported either here or in Ref. [72]. Thus the TB analysis signals that the states around
the Y-point, which we know from the comparison between the ARPES and magne-
totransport QO data are responsible for the transport in SrMnSb2, are topologically
trivial.

In reality, SrMnSb2 is known to be a canted antiferromagnet at low temperature.
However, the question is, can this additional breaking of time reversal symmetry lead
to non-trivial topology around the Y-point? The Sb 5p-related states giving rise to the
Fermi surface at Y are in an internal magnetic field due to the canted AFM Mn mo-
ments, although the Sb1 plane is quite far from the Mn planes in the crystal structure.
To take this into account we have added the effect of a magnetic field to the TB anal-
ysis. On a principle level the magnetism lifts the twofold degeneracy of the bands
at Y. However, even taking significantly larger values of the local magnetic field than
those expected in SrMnSb2, the splitting we obtain at the Y point in the calculations
is never larger than 10 meV at most. As a result, even with a very fine tuning of the
chemical potential so that it intersects only one of the non-degenerate bands at Y, the
TB data show the integrated Berry curvature enclosed by the Y Fermi pocket never
exceeds 10% of π, thus leaving the theory statement essentially unchanged that the
states at Y are topologically trivial. An independent check within the DFT data in
which G-type AFM is included also shows a Berry phase of zero upon circling the
Y-point. We pick up the point of the Berry phase again below when discussing the
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quantum oscillation data from our crystals in the following section.

4.5 Berry phase analysis of the transport data
The field dependence of the Landau levels (LL) in a SdH quantum oscillation

experiments offers the possibility to test whether the Fermi surface of a material is
comprised of topologically trivial or non-trivial states. In particular, plotting the LL
indices vs. 1/B, and extrapolating the resulting straight line fit to infinite magnetic
field - i.e. determining where the extrapolation of 1/B→ ∞ cuts the LL index axis -
yields a quantity labelled n0. If n0 is zero, then the system is topologically trivial, if
it is ±0.5 it is topologically non-trivial.

Fig. 4.7 (a) shows the longitudinal and Hall resistivities for SrMnSb2 plotted
vs. 1/B. In the inset to panel (b) of Fig. 4.7, we show the oscillations in σxx =

ρxx/(ρ2
xx + ρ2

xy), calculated from the data in panel (a). The main part in Fig. 4.7
(b) shows the Landau level index plot from these conductivity oscillations. It is clear
from panel (a) that for fields below 4 T (i.e. 1/B > 0.25), the ∆ρxy (red) curve does
not display oscillations. This, in fact, precludes accurate extraction of ∆σxx beyond
1/B > 0.25 T−1. For this reason we limit the linear fit to the LL indices to the data
points shown in panel (b) and this yields an n0 value of 0.14. If we repeat the fit to
the LL-index plot but include all the data in Fig. 4.7(a) - i.e. also for 1/B > 0.25 - then
n0 becomes -0.16.

It is known that slight corrugation of a quasi-2D Fermi surface in kz is able to
yield a non-zero axis intercept, giving n0 values of±1/8 even for topologically trivial
states [109]. The degree of kz-corrugation required would be in keeping with the
upper limit of 15% set on the possible kz-dependence of the Fermi surface at the Y-
point discussed in the context of the photon energy dependent ARPES data.

Corrugated or not, ARPES data show that the small Fermi surface at the Y-point
in k-space is responsible for the transport in our crystals of SrMnSb2, and the QO
data from the same states in the same crystals attests to their topologically trivial
nature in our samples, a conclusion in line with the TB theory analysis discussed in
the previous section.

It is pertinent to note here that the data from some of the samples published in
Ref. [72] supports a different conclusion, namely that the states are topologically non-
trivial. The samples whose data are consistent with a π Berry phase have: (i) a smaller
Y-state Fermi surface area in the QO data (FFT frequency of 67 - 69 T, rather than 72
T, or 71 T in our case) and (ii) larger magnetisation (M > 0.1 µB/Mn atom) [72] than
those we have grown and studied here (M ∼0.02 µB/Mn atom).

Given the energy vs. kx,ky information our ARPES data gives us, we can assess
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FIG. 4.7: (a) ρxx and ρxy vs. 1/B after background subtraction; (b) Landau level index
diagram for the SdH oscillations in the conductivity, plotted by assigning integer
values to the valleys of σxx = ρxx/(ρ2

xx + ρ2
xy) - shown in the inset. The linear fit

gives n0 = 0.14, which indicates a trivial Berry phase.

that the maximal variation in SdH oscillation frequency (69 vs. 72 T) would cor-
respond to a chemical potential lying ∼10 meV above where it does in our SrMnSb2

crystals. The stronger magnetism in the crystals with π Berry phase in Ref. [72] could
point to an important role for magnetism. The TB calculations tell us that time re-
versal symmetry violation lifts the two-fold degeneracy of the states that form the
Y-centred Fermi surface pocket. Here we return to the discussion initiated in the pre-
vious section as regards to the impact of magnetism on the electronic states of the
Sb(1) plane. From the TB analysis, it is clear that given TR symmetry the states at Y
are two-fold degenerate. The issue then boils down to whether the splitting resulting
from the observed magnetism - perhaps in conjunction with a fortuitous position-
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ing of the chemical potential in only the upper of the two states - could give rise to
a non-zero Berry phase for certain samples. The very small splitting expected from
the TB model would suggest this is unlikely. However, the close-to-π Berry phase
numbers from the QO for some of the samples in Ref. [72] perhaps point to a more
complex reaction of the electronic states to the magnetism in the system than can be
theoretically explained by the TB calculations at this time.

The TB and DFT data, however, do make the point clear that the electronic states
around Y do not enjoy protection from gapping and thus SrMnSb2 certainly is not a
robust Dirac system, with special, invariant characteristics regardless of the details
of the defect chemistry or stoichiometry of each individual sample. Indeed, none
of our samples showed any signs of topologically non-trivial behaviour in the QO
experiments.

4.6 Mn-L2,3 soft X-ray absorption data and role of mag-
netism

Electrical transport in this material has been shown above to take place via states
located at the Y-point in k-space, which are strongly two-dimensional, possess high
mobility and show linear dispersion, yet are of trivial topology. As mentioned earlier,
the crystal structure of SrMnSb2 does enable non-symmorphic symmetries to protect
band crossings at the X- and M-points in the band structure, but these states are well
below the Fermi level.

In this section, we discuss the role played by magnetism in SrMnSb2, detailed ex-
perimental data on which are reported in Ref. [72]. A canted AFM state was found
with the effective FM moment aligned along the in-plane b-direction for temperatures
below 304 K. In Fig. 4.8, soft X-ray Mn-L2,3 absorption data of SrMnSb2 are presented,
and compared with data from Mn doped gallium nitride, in which the Mn has a tetra-
hedral crystal field similar to SrMnSb2, and is known to be divalent [110], possessing
the 3d5 configuration.

Although the details of the electronic structure of the dilute magnetic semicon-
ductor and SrMnSb2 differ, the resemblance of the two soft X-ray absorption spec-
tra represent a strong argument for Mn being in a 3d5, high spin configuration in
SrMnSb2. The DFT calculations were carried out with fully spin polarised Mn 3d
states carrying 5 µB/Mn atom, and this choice is therefore backed up by the data of
Fig. 4.8.

Here we would like to discuss the effect of the magnetism on the band crossings
protected by non-symmorphic symmetry at the X- and M-points of SrMnSb2 (see red
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FIG. 4.8: The upper trace shows the spectrum of transitions from Mn2p→3d orbitals
for a cleaved crystal of SrMnSb2 measured at grazing incidence at the I09 beamline
of Diamond Light Source at 55 K with s-polarised X-rays. The lower trace shows data
taken from Ref. [110] for Ga0.958Mn0.042N, which was modelled as being 3d5, with a
(tetrahedral) crystal field of -0.5 eV.

arrows in Fig. 4.5). In the tight binding calculations, starting from a situation of
protected crossings comprising of four bands (which can be thought of as two su-
perimposed Dirac cones), addition of a magnetic moment gaps out the states. These
gaps are small in the TB data, becoming clearly visible only for greatly exaggerated
magnetic moments. Nevertheless, the principle point is that the magnetism gaps out
the protected crossings in the TB calculations. Zooming in around the states at the
X-point in the DFT data, for which the crossing is protected in the absence of mag-
netism, also shows that the internal field leads to gapping and non-degenerate states.

The magnetic order at low temperature in SrMnSb2 is three dimensional in nature,
and although at best only weakly dependent of kz, the electronic states of the Sb1
planes are still periodic in three k-dimensions. If the system were to be a true Dirac
system with a ferromagnetic ground state, then the breaking of TRS should lead to
the formation of a Weyl fermion system, and the appearance of Fermi arcs as 2D
edge states connecting the projections of the sources/sinks of Berry phase in the 3D
Brillouin zone, as has been seen using ARPES for YbMnBi2 [31]. It is very evident
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from the ARPES data shown in Fig. 4.2 that the experimental data on the electronic
structure at the surface of SrMnSb2 offers no room for the existence of Fermi arcs.
This inability to form a Weyl state despite the effective ferromagnetism in SrMnSb2

means either the system is perfectly 2D, or not a Dirac system, or both.

4.7 Conclusions
This chapter presents an investigation of SrMnSb2 combining surface (ARPES)

and bulk (transport) probes of the electronic states and an in-depth theory analysis.
This material belongs to a much-discussed family of materials in which topological
transport, Dirac semi-metallic behaviour and Weyl physics have been proposed re-
cently. In addition, the non-symmorphic symmetry present in this system and the
quasi-2D crystal structure have raised the question whether the Sb1 plane in this ma-
terial is, in fact, the first realisation of a 2D Dirac semimetal in a 3D crystal, with Dirac
band crossings protected against the effects of strong spin orbit coupling.

To the best of our knowledge, these are the first ARPES data from SrMnSb2. Our
data have shown that reconstruction-free and time-stable (001) cleavage surfaces of
SrMnSb2 can be generated, exposing the Sb1 crystal plane and enabling the collection
of high-resolution ARPES data of very high definition and quality. Results from bulk
probes of the electronic structure and theory agree quantitatively with the ARPES
data. The key elements of the electronic structure emerging from a combination of
the experimental data and theory are:

• High-velocity, very sharp, linearly dispersing, two-dimensional states that cross
EF yielding small Fermi surface pockets centred at Y in k-space.

• Broader states centred on the Γ− point that drop below EF on a slight raising
of the chemical potential (see Appendix II).

• Comparison between Shubnikov de Haas and ARPES data from single crystals
from the same source and growth batch show unequivocally that it is the small
FS pockets at Y that carry the current in SrMnSb2.

• Both TB and DFT theory analyses, as well as analysis of the Landau level in-
dex diagram from our own SdH-QO data lead to a clear verdict that the elec-
tronic states around the Y-point at and close to the Fermi level in our samples
of SrMnSb2 are topologically trivial.

• Four-fold band crossings exist in SrMnSb2 protected from gapping (in the ab-
sence of magnetism) by non-symmorphic symmetry at the X- and M-points.
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These states lie well below the Fermi level, and are embedded in many other
bands, and thus evade direct detection in ARPES, and are not relevant for the
transport data.

Thus, the search for material realisations of (quasi)-2D Dirac semi-metals [33] in
bulk, three-dimensional crystals continues. Based on the specific case of SrMnSb2

presented here, this research exemplifies the effectiveness of combining different ex-
perimental and theoretical techniques in order to make a call as to the standing of a
particular material as a candidate magnetic topological semi-metal. On a more gen-
eral level, these data underline the relevance of useful materials design guidelines
(band fillings, crystal symmetries, absence of magnetism) for successfully finding
protected 2D Dirac states in 3D, bulk crystals.
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4.A Tight binding model
Our tight-binding model includes the bands arising from the plane of Sb1 atoms

in SrMnSb2, pictured in Fig 4.1(b) in the main text. Due to the orthorhombic distor-
tion in this plane, there are two Sb atoms per unit cell. This plane can be modelled
by two identical rectangular sublattices (A and B, shown using different shading in
Fig. 4.1(b)), with distortions along two directions: an out-of-plane buckling along
the crystallographic a axis that puts one sublattice slightly above the other; and an
in-plane shift of the two sublattices with respect to one another along the c axis. The
magnitudes of these shifts in the real material were determined by neutron diffrac-
tion on single crystals to be 0.2% of a and 3.2% of c, respectively [72].

We note that the lattice of the Sb1 plane is the same as one of the lattices that
Young and Kane has modelled in Ref. [33]. However, where they considered a lattice
with only s orbitals, each atom in our lattice has valence p orbitals. We choose the
quantisation axes of these orbitals such that px and py lie precisely in between the
crystallographic b and c axes. Two sublattices with each atom hosting three orbitals
gives us a six-band model. Including spin, the 12-band, tight-binding Hamiltonian
for SrMnSb2 can be expressed as follows:

Ĥ = Ĥnn + Ĥnnn + Ĥso + Ĥeso + ĤB. (4.3)

In order of greatest influence on the band structure, these terms represent the ef-
fects of: nearest neighbour hopping (nn); next-nearest neighbour hopping (nnn);
atomic spin-orbit coupling (so); effective next-nearest neighbour spin-orbit interac-
tion (eso); and magnetism (B). The first two terms are the hopping terms, which are
spin-independent. Nearest neighbour hopping describe hopping between the two
sublattices, described by

Ĥnn = ĤAB + ĤBA (4.4)

with matrix elements

HAB
µ,ν =

4

∑
i=1

eik·Ri tµν(ni). (4.5)

where µ, ν are the atomic orbitals, ni = Ri/|Ri| the unit vector connecting neigh-
bouring atoms and tµν the hopping amplitudes determined using the Slater-Koster
method, with the bond orientation taken into account [39]. Next-nearest neighbour
hopping terms describe the hopping within a single sublattice:

Ĥnnn = ĤAA + ĤBB (4.6)
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where the matrix elements are given by

HAA
µ,ν (k) =

(
εµ +

4

∑
j=1

eik·Rj tµν(nj)

)
δµν. (4.7)

where εµ is the chemical potential. Hopping between different orbital flavours is
disallowed by symmetry. The Hamiltonian is diagonal in its spin indices.

However, Young and Kane do include an effective next-nearest neighbour SOC
which is non-zero when there is no inversion symmetric point between the two next-
nearest neighbouring sites, and leads to splitting of bands along X-M and Y-M [33].
In a semiclassical sense, a next-nearest neighbour hopping can be seen as traversing
via the nearest neighbours, which entails taking a curved path. This generates an
effective magnetic field which can then interact with the electron spin. For every
allowed next-nearest neighbour hopping on each sublattice, we add a term to the
Hamiltonian given by

Heso
µ,ν = i

2

∑
i=1

4

∑
j=1

eik·Rj teso
µ,ν
(

Ri × Rj
)
· s, (4.8)

where Ri are the two possible nearest neighbour connections that can be used as a
first step on the way to next-nearest neighbour Rj. The strength of the effective SOC
is parametrised by teso

µ,ν.

Finally, we include canted anti-ferromagnetism observed in SrMnSb2 as shown
in Ref. [72]. In the Sb1 plane, it manifests itself as a sublattice-dependent field with
moments aligned along±a, the magnitude of which are given by a parameter BAFM,
together with a ferro-magnetic field along c parameterised by BFM:

ĤB = ĤBAFM + ĤBFM . (4.9)

The matrix elements from these two fields are given by

HBAFM
µ,ν = (−1)i BAFM σz δµν,

HBFM
µ,ν = −BFM σx δµν,

(4.10)

with i zero or one, depending on the sublattice. As was already mentioned in the
main text, the band splitting due to magnetism is extremely small for realistic values
of BAFM and BFM, only becoming visible for moments on the order of several hundred
µB. Nonetheless, it breaks time-reversal symmetry and therefore leads to the loss of
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non-symmorphic symmetry protection as described in Ref. [33].

The TB parameters were at first adjusted to fit the DFT band structure and were
later fine-tuned to fit to the ARPES data along the high symmetry directions shown
in Fig. 4.5(b). Even though the relative simplicity of the TB model does not allow the
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fit be exact throughout the entire Brillouin zone, it does reproduce its main features
very well, and captures the essence of the problem sufficiently to validate the Berry
phase and gapping conclusions drawn from this approach. Considering the direct
comparison between the constant energy contours in ARPES and the TB data in Fig.
A1, it can be seen that the Y-centred energy contour in the TB appears more extended
along the kx=ky direction than in the ARPES data for binding energies of 100 and 150
meV. Looking at the upper right quadrant of the (unsymmetrized) experimental data
for an energy of 200 meV, the star-like shape is clearly evident also in the ARPES data.

4.B Chemical potential shift via in-situ K-adsorption
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FIG. A2: ARPES data recorded along Γ- X at the I05 beamline before and after K
metal was evaporated onto the cleavage surface of SrMnSb2 at 10 K. Panels (a) and
(b) show I(E,k||)images, recorded along Γ- X, before and after the first K evaporation,
respectively. The red traces are overlays of MDC’s for E=150 meV. Panels (c) and (d)
are from a different cleave, and show constant energy maps for E=50 meV, before and
after another K evaporation experiment. For both K evaporation experiments [(a) vs.
(b), or (c) vs. (d)], red arrows indicate the decrease in the k-space separation between
the left and right branches consistent with an upward shift in EF on K decoration.
Panel (e) shows an I(E,k||) image for a Γ-X cut for the most shifted situation arrived at
via K evaporation. The orange dashed lines extrapolate towards a putative crossing,
now at ca 140 meV above EF. All data are measured with 88 eV photon energy at 10
K.

From the surface characterisation section in the main part of the paper, the Sb1
plane seems to be termination plane of our cleave. Given the relatively poor con-
ductivity of SrMnSb2 along the interplanar direction, we considered it worthwhile to
try shifting the Fermi energy for the surface region of the crystal upwards (with re-
spect to the band structure) by decoration with potassium atoms at low temperature.
Panel (e) of Fig. A2 shows that EF can be shifted upward by maximally 60 meV in
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this manner (as the putative band crossing arrived at from the linear extrapolation of
the occupied part of the Y-state bands demonstrates, in comparison to Fig. 4.4 (a) in
the main text). More K evaporation beyond the stage shown in Fig. A2 (e) simply led
to complete attenuation of the Sb1-related emission features. A 2D layer of ionised K
atoms could either induce a surface n-type doping or be a source of downward band
bending. Thus the microscopic physics underlying the upward Fermi level shift we
see on K decoration cannot easily be elucidated based on the data on hand. In either
case, this Fermi level shift, due to charge transfer from the K atoms to the surface
region of the SrMnSb2, naturally leads to shrinkage of the k-space separation of op-
posite branches of the Y-states as can be seen comparing panels (a) with (b), and (c)
with (d) in Fig. A2. Thus, this EF shift helps to reveal the previously unoccupied
states, however, it is insufficient to uncover the gapping expected from the theory
treatment of the Y−states discussed in the main text.
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Chapter 5

Comparative ARPES study of rare earth
hexaborides: YbB6, SmB6 and CeB6

This chapter discusses a comparative study of rare earth hexaborides, namely SmB6,
YbB6 and CeB6.
It is an invited publication in a special edition: S. V. Ramankutty, N. de Jong, Y. K.
Huang, B. Zwartsenberg, F. Massee, T. V. Bay, M. S. Golden and E. Frantzeskakis
Journal of electron spectroscopy and related phenomena 208 43-50 (2016).

The main part of this chapter contains material from the publication mentioned above.
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5.1 Introduction
Interest in hexaborides was revived after the prediction of topological Kondo in-

sulators (TKIs) [67, 68, 111, 112] in these systems. The topological Kondo insulating
state, which has topologically protected surface states existing in the bulk hybridisa-
tion gap of a Kondo insulator, was first predicted to be realised in the mixed valent
Kondo insulator, SmB6. This chapter provides further insights into the electronic
properties of SmB6, YbB6 and CeB6 by reviewing the status of the field and by pro-
viding new spectroscopic data comparing the different compounds.

It starts with a general introduction on rare earth hexaborides in section 5.2. A
background on Kondo insulator theory and on topological Kondo insulators are then
given in 5.3. The status of the search of topological states in SmB6 and YbB6 is pre-
sented in section 5.3.1. In section 5.4, we discuss the RE-dependent evolution of the
Fermi surface as measured using ARPES. After discussing the electronic structure re-
lated to d-derived bands, we discuss the importance of the energy position, energy-
broadening and spectral intensity variation of the localized f states. After this, an
experimental viewpoint on the dimensionality of the CeB6 Fermi surface, compar-
ing with previous data from SmB6 and YbB6 is provided. In section 5.6 a combined
ARPES, STM and LEED investigation on the (001) cleavage surface of SmB6 is given,
that reveals the complex and time-dependent nature of the crystal termination.

5.2 Rare earth hexaborides
Rare earth hexaborides (REB6) form a CaB6-type cubic crystal structure which be-

longs to the space group Pm3̄m (No. 221). It can be pictured as shown in Fig. 5.1 (a),
where the RE atoms (and La) sits at the corners of the cubic lattice and the B6 octahe-
dron sits at the body centre. While going from Lanthanum (La) to Ytterbium (Yb) in
the periodic table, albeit possessing the same crystal structure, the componds have
different electronic properties. Some of the materials where lots of work has been
done includes SmB6 which is a valence-fluctuating Kondo insulator [113, 114], CeB6

- a dense Kondo system [115], EuB6 - a ferromagnetic semimetal [116] and YbB6 - a
divalent semiconductor [117, 118], and LaB6 [119] has also been studied. One of the
key properties varying across these compounds is the valency of the rare earth ele-
ment. SmB6, as noted already, is a valence fluctuating compound where the valency
of Sm is between 2+ and 3+ [120]. The RE in EuB6 and YbB6 are divalent, and in CeB6

and LaB6 are trivalent [119]. The key differences in the electronic structure as a one
goes from divalent to trivalent hexaborides will be discussed in section 5.4.
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RE B

(a) (b) (c)

FIG. 5.1: (a) Schematic illustrations of (left) the crystal structure of rare earth hexa-
borides REB6; (b) the bulk Brillouin zone and its projection on the (001) surface; (c)
3D Fermi surface ellipsoids centred at the bulk X-points (adapted from Ref. [121]).

5.3 Hexaborides and topology
A field of condensed matter physics which has been studied for decades and one

that is still developing is that of strongly correlated electron systems. There are sev-
eral different categories coming under this title, where many body interactions play
an important role in generating diverse physical properties. Heavy fermion com-
pounds and Kondo insulators are among such materials.

Kondo insulators have a lattice of localised magnetic moments - the Kondo lattice
- in a sea of itinerant electrons. At high temperatures, Kondo insulators are simple
metals. However, as the temperature is reduced the resistivity shows a minimum
beyond which it has a -ln(T) dependence. Such a behaviour arises from the strong
dependence on the scattering of the itinerant electrons off the local magnetic impu-
rities and this was explained in a single electron model by Jun Kondo in 1964 [122].
However, the s-d hybridisation model developed by Kondo was applicable only down
to a specific temperature called Kondo temperature (TK), and the model predicted di-
vergence of the resistance for T < TK.

Further lowering of the temperature causes coupling of the impurity spins to the
spins of the itinerant (or conduction) electrons and the -ln(T) behaviour vanishes.
Screening by the sea of conduction electrons causes the disappearance or quench-
ing of local magnetic moments. This spin-spin coupling between the localised and
itinerant electrons causes spin-flip scattering and forms spin singlets at the lowest
temperature, when the resistivity is diverging. The idea of the formation of the spin
singlet for a single local moment can be explained in the Anderson lattice model for-
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FIG. 5.2: (a) to (b) shows the hybridisation of the localised f moments and itinerant d
electrons (conduction band) opening an indirect band gap Eg and a direct band gap
2V, where V is the hybridisation strength (see Eq. 5.1); (c) Temperature dependence
of resistivity measured on SmB6 crystal from the same batch of crystals as used in
the study in the rest of this chapter. Plot adapted from Ref. [127]. The upturn in the
resistivity due to hybridisation can be seen and also the saturation of the resistance
at lowest temperatures.

malism with renormalized parameters [123–125]. Doniach [126] later pointed out
that, in a Kondo lattice below the Kondo temperature, these singlets - which are
made up of the local moments and conduction electrons - lead to the formation of
a non-magnetic state, when TK > TRKKY (the characteristic temperature of magnetic
Ruderman-Kittel-Kasuya-Yosida ordering of the local moments).

As regards to the Kondo insulator SmB6, the itinerant electrons of the Sm 5d state
are hybridised with the localised electrons of the Sm 4 f state. The Kondo hamiltonian
written in the Anderson lattice model is given by [125,128]:

HALM = ∑
(i,j)σ
−tij(c†

iσcjσ + h.c) + ∑
j
[E f n f (j) + Un f ↑(j)n f ↓(j)] + ∑

j
V(c†

jσ f jσ + h.c)

(5.1)
The first term here describes the conduction electrons where tij is the hopping ampli-
tude and σ represents the spin. The second term describes the atomic Hamiltonian of
a localised f state at site j in the energy level E f and summed over all f states. Here,
n f (j) = f †

j f j is the number operator, and U the corresponding on-site Coulomb in-
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teraction. The last term in Eq. 5.1 represents the hybridisation between the localised
f state and the conduction electrons where V is the hybridisation strength. When
U=0, this model predicts hybridisation between the d (conduction) and f (localised)
electrons forming a hybridisation gap with a direct band gap 2V and an indirect band
gap Eg ∼ V2/D, where D is the half bandwidth [125] as shown in Fig. 5.2 (b).

One of the very first Kondo insulators which was experimentally discovered was
SmB6 by Menth et al. [113]. It was also predicted that in SmB6, the Fermi level lies
exactly in this hybridisation gap [128]. However, later studies suggested that SmB6

is not an insulator at lowest temperatures, rather shows unusual metallic properties
[129]. A typical resistivity curve from a single crystalline SmB6 is shown in Fig.5.2(c)
adapted from Ref. [127], an earlier work from our group on the same crystals as those
from which the ARPES presented here has been done. In SmB6, the resistivity starts
to increase at around 40 K. However, at lower temperature instead of continuously
increasing, as is expected for an insulator, it saturates, giving a finite conductivity
at low temperature. If proved to be correct, the topological surface states, proposed
to exist in SmB6 due to its topologically non-trivial character, would solve the long
standing question of this low temperature metallicity [130].

Dzero et al. [67] predicted the presence of topological surface states in the Kondo
hybridisation gap of Kondo insulators, anticipating SmB6 as an ideal candidate. The
presence of conducting surface states would explain the metallicity seen at low tem-
peratures, and at the same time the topological nature of the material would make it
an even more interesting system. One of the major implications of finding a true TKI
would be that unlike the Bi-based topological insulators, which will be discussed in
Chapter 6 where the bulk of the material is not fully insulating, a TKI would be a true
bulk insulator whose low temperature transport takes place solely via the topological
surface states.

The basic formalism for the theory behind TKI starts with considering a periodic
Anderson lattice Hamiltonian as given in Eq. 2.33, including the crystal field symme-
try of the underlying lattice. A topological classification of the emergent Kondo insu-
lator band structures showed the possible presence of strong Z2 topological phases
[67,68]. The position of the renormalized f band and the strong spin-orbit coupling,
together with the fluctuating f level occupation is predicted to contribute to the pres-
ence of topological surface states at X and M of the surface Brillouin zone (see Fig.
5.1(a) for the sketch of the bulk and surface BZ) [67, 68]. First principle calculations
were also performed for SmB6 using an LDA + Gutzwiller method, and also there
non-trivial Z2 topology was predicted [111]. The crossing of the highly dispersive 5d
conduction bands through the flat, 4 f -derived bands and their hybridisation at low



90 Chapter 5. Comparative ARPES study of rare earth hexaborides

temperatures which results in electron transfer between them and valence fluctua-
tions, were indicated as important factors underlying the band inversion happening
in SmB6. Theoretically, as discussed in Section 2.2.3, this band inversion was sig-
nalled at the X point in the Brillouin zone, whereby the parities of states were found
to be positive at all TRIM points except at X which suggests that SmB6 is a correlated
strong topological insulator.

A similar theoretical approach was taken on ytterbium borides for the mixed va-
lent compound YbB12 and the more divalent system YbB6 [112]. It was suggested that
YbB6 is a correlated Z2 topological insulator while YbB12 is a topological crystalline
Kondo insulator.

5.3.1 Predicted strongly correlated topological insulators - SmB6 and
YbB6

The theoretical prediction that SmB6 is a potential topological Kondo insulator led
to renewed scientific interest in this compound. It was predicted that surface states
of non-trivial character can exist in the Kondo hybridization gap that arises from the
interaction of localized f electrons and delocalized conduction carriers (d electrons)
[67,68,111]. This prediction gave rise to numerous transport [130–134], scanning tun-
nelling microscopy/spectroscopy (STM/STS) [121,135,136] and ARPES studies [127,
137–142] looking for signatures of topological surface states in SmB6. At low tem-
peratures (under 5K), various transport experiments [130, 132–134, 143] and torque
magnetometry [131] data point to the co-existence of a robust surface-related con-
duction channel in parallel to the bulk channel that dominates at higher tempera-
tures. Additional characteristics such as the sensitivity to magnetic impurities [134]
and the Berry phase from the Landau levels seen in quantum oscillations [131] also
point towards a topologically non-trivial origin for the surface conduction in SmB6.

Of relevance to the issue whether surface sensitive probes are also able to reliably
identify topological edge (surface) states in SmB6 is the fact that, in the Bi-based topo-
logical insulators, there is unanimity in the field that ARPES experiments have shown
the existence of Dirac cone dispersion of the 2D topological surface states (TSS). The
same unanimity goes for STS data from Bi-based topological insulators, in which
Landau level spectroscopy at the surface and quasiparticle interference experiments
signal the topologically non-trivial nature of the surface states. The situation is dif-
ferent for SmB6. The ARPES results on SmB6 are interpreted differently in different
publications and it is evident that the (001) cleavage surface of SmB6 has a compli-
cated structure [121, 135, 136]. A more recent report has also discussed intriguing
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three dimensional quantum oscillation data in the magnetic torque in SmB6 [144].
Thus, although the (magneto)transport data may represent a smoking gun for topo-
logical Kondo insulator behaviour in this system, the debate on the true meaning of
data from surface-sensitive probes is still wide open.

Recently, the debate on REB6 has been extended to other compounds. Divalent
YbB6 has also been theoretically predicted to host topological surface states [112]. In
this case there are no long-standing puzzles in the transport data that require expla-
nation and the valency of the Yb has long been known to be simply divalent as seen
in bulk sensitive susceptibility measurements in Refs. [117,118]. Some recent ARPES
studies support the ‘topological’ claim for YbB6 [145–147], and one paper contests
this conclusion from an ARPES point of view [99]. Another hexaboride compound
which has been studied recently is CeB6. Recent ARPES investigations of trivalent
CeB6 have proposed strong band renormalization and the formation of hotspots on
its Fermi surface [148], while transport studies reported the suppression of the dense
Kondo state under pressure [149]. These facts add up to make the experimental in-
vestigation and comparison of the Sm, Yb and Ce hexaborides something of topical
interest.

5.4 Comparison of electronic structure from ARPES
Before presenting our experimental data on rare earth hexaborides, we start with

Fig. 5.3, which is a cartoon of the low-energy electronic structure inspired by bulk
band structure calculations [150–154]. The purple and green curves denote the dis-
persing RE 5d states and the B 2p bands, respectively. The horizontal dashed line is
the Fermi energy (EF). The solid, horizontal blue line schematically shows the en-
ergy position of the uppermost occupied RE f -derived multiplet, as derived from
experimentally determined values [99, 127, 148, 153]. We do this, as first principle
calculations generally fail to capture the correct energy position of the strongly cor-
related f states. The two panels labelled ‘bulk’and ‘surface’represents the electronic
band structure in the bulk of the crystal and on its surface, respectively. The focus
is on the k-space regions around Γ and X. In these momentum space directions, the
dispersive bulk B 2p and RE 5d bands are predicted to overlap [153] and clear spec-
troscopic signatures of dispersing contours have been detected experimentally at the
Fermi level [99, 127, 148, 154,155].

Comparing the three band structure sketches on the ’bulk’ panel of 5.3, a signifi-
cant difference is related to the energy position of the uppermost f -derived multiplet
with respect to the Fermi level. While for SmB6 and CeB6 an f state lies very close
to EF, the lowest lying occupied f state has a binding energy of ca. 1 eV in YbB6.
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FIG. 5.3: A simplified schematic version of the main features in the electronic band
structure of YbB6, SmB6 and CeB6: blue, purple and green denote respectively the
uppermost occupied rare earth f -derived multiplet, the rare earth 5d-derived band
and the B 2p band. The horizontal dashed line marks the Fermi energy. The two
labelled panels show the electronic band in the bulk and at the surface seperately.

Such energy variations are a direct consequence of the different occupancy of the f
states in these rare earth elements: while in Sm and Ce the 4 f states are only par-
tially occupied (4 f 5 and 4 f 6 for Sm and 4 f 1 for Ce), Yb has a filled 4 f shell, which
pushes the f state down to higher binding energy. As a result, the d- f interaction
in the Sm and Ce compounds is much more enhanced than in YbB6. This gives rise
to a dense Kondo system in CeB6 [115] and to a mixed-valent Kondo insulator for
SmB6 [114]. However, the hybridisation gap values for the latter vary a lot among
published literature with a low gap value of ∼ 3-5 meV from transport and a large
gap >14 meV from ARPES [140, 156] and early pressure-dependent transport data
showed discrepancies from the expectations of a simple hybridisation gap scenario
at low temperature [129].

A second important difference among the three bulk sketches of Fig. 5.3 is the
energy position of the Fermi level with respect to the B 2p and RE 5d bands. We first
consider the case of YbB6 where the RE element is divalent. It has been reported
that although YbB6 single crystals may show metallic behaviour in resistivity mea-
surements at low temperature, defect-free YbB6 would behave as an intrinsic semi-
conductor with a finite energy gap between the 5d and 2p bands [117]. The metallic
behaviour of YbB6 is then ascribed to the formation of impurity bands [117]. A sim-
ilar bulk semiconducting behaviour has been observed in ultra-pure single crystals
of CaB6, where Ca is also divalent [157, 158]. The absence of d− p band overlap in
divalent hexaborides has been successfully captured by GW calculations [153,154].

All in all, bulk-sensitive experimental probes [117, 154, 157, 158] and appropriate
calculations of the bulk electronic structure [153, 154] suggest that there is a finite
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energy gap in the bulk electronic structure of YbB6 with the bottom of the conduction
band just above EF. This is what is shown in the left-most bulk electronic structure
cartoon shown in Fig. 5.3. As an intrinsic semiconductor, YbB6 is expected to be
prone to surface band bending. Consequently, the surface electronic structure will
be different than the bulk as has been observed experimentally for other divalent
hexaborides [154]. The left-hand side of the ‘surface’ panel of Fig. 5.3 shows a sketch
of the surface electronic structure of YbB6 as we have directly determined it using
ARPES. The surface chemical potential is intersecting the bulk conduction band and
an electron pocket is observed [99, 145–147]. We believe that the resulting potential
is so strong that accounts for the observed confinement effects [99, 145–147], exactly
as in the case of Bi-based TIs discussed in Chapter 6 and Refs. [14, 159]. Our earlier
ARPES study on YbB6 [99] has reported a pronounced time dependent energy shift of
these low-lying occupied states towards the unoccupied part of the spectrum, which
may be attributed to changes to the initial surface band bending due to the effect of
the photon beam and/or changes in adsorption at the surface [160–162].

We now turn our attention to CeB6 where the RE element is trivalent. Here, the
bulk chemical potential lies at higher energy, crossing the RE 5d bands and there is
also a finite d− p band overlap [148,163]. Hence, trivalent hexaborides are not semi-
conducting and no surface band bending is expected to occur. In the case of CeB6,
the electronic structure in the bulk and at the surface should therefore be identical,
as indicated schematically in Fig. 5.3. The absence of band bending and degree of
surface confinement of the electronic structure of CeB6 will be discussed in detail in
the context of Fig. 5.6. To conclude, this comparison reveals that the main features of
the bulk electronic structure of mixed-valent SmB6 fall nicely between divalent (e.g.
YbB6) and trivalent (e.g. CeB6) compounds with the chemical potential lying at an
intermediate energy and the B 2p bands barely touching the Sm 5d bands [163].

One should indeed take note that these band structure sketches are just that, as
they only contain the low-energy electronic states, they consider neither band hy-
bridisation effects, nor those of electronic correlations, and - like all bulk band struc-
ture calculations - they cannot account for electronic states that are localised at or
near the surface of the system. Nevertheless, the message from the relevant calcula-
tions [150–153] is clear: the overall shape of the dispersive RE 5d and B 2p bands is
barely modified from one RE to another, but there is a continuous shift of the states
with respect to the Fermi level as the RE valence changes from divalent for RE=Yb,
to the mixed-valence case for RE=Sm and finally to trivalent for CeB6. During this
evolution, the RE 5d band (purple curve), which crosses EF around the X-point in
k-space, forms an electron pocket which continuously increases in size as the RE va-
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FIG. 5.4: (a) & (b) Experimental Fermi surfaces of YbB6(001) acquired with 35 eV and
70 eV photons respectively. (c) & (d) Experimental Fermi surfaces of CeB6(001) and
SmB6(001), respectively, both acquired with 70 eV photons. All experimental data
were measured at 38 K.

lency increases.
Fig. 5.4 present constant energy contours at Fermi level from the (001) cleavage

surfaces of the three RE hexaborides under consideration and the labels indicate high
symmetry points in the surface Brillouin zone (SBZ) shown in Fig. 5.1 (b). The domi-
nant feature in all these compounds are the elliptical contours formed by the electron
pockets centered around the X points. They are the smallest for YbB6, seen in Fig. 5.4
(a) and (b) and are largest for CeB6 shown in Fig. 5.4 (c). It is important to mention
at this point that similar elliptical contours were observed in early ARPES studies on
various metal hexaborides [154,155] and are attributed to the Fermi surface signature
of the 5d states.

In 3D k-space, these Fermi surfaces form ellipsoids centered at all six X high-
symmetry points of the bulk Brillouin zone, as shown schematically in Fig. 5.1 (c)
[121]. The elliptical Fermi surfaces in the ARPES data, which are cross-section of the
bulk ellipsoids cut at a fixed kz (determined by the photon energy), and the observed
change in their contour size can be associated to a shift in the band structure as de-
picted in the cartoon in Fig. 5.3. However, two added factors gives rise to questions
to this simple interpretation. One is the observed surface confinement of the electron
pockets at X (or rather X), and the other is the combination of the theory prediction



5.4. Comparison of electronic structure from ARPES 95

and the supporting results in transport and related experiments, that SmB6 could
harbour topological surface states.

Numerous ARPES studies agree that the electron pockets forming the elliptical
contours on the Fermi surface of SmB6(001) and YbB6(001) do not show the strong
out of plane dispersion as one would expect for a bulk state of a cubic material [99,
140, 145–147, 164]. For the SmB6 case, as a lack of bulk, transport-active electronic
states at EF are expected from the topological Kondo insulator theory and from the
transport data, it is not surprising that many studies have assigned the quasi-2D states
seen in ARPES of the (001) cleavage surface to new surface states which are unrelated
to the bulk states and of topological character [137, 138, 164]. Based only on the the-
ory prediction, the surface-related states seen in some ARPES studies of YbB6 have
also been interpreted as being topological in nature [145–147]. Nevertheless, similar-
ities between these quasi-2D states at the surface and the bulk band structure cannot
be put aside lightly. Consequently, a second set of ARPES studies have argued that
surface-related states may occur in these systems, possibly due to mechanisms other
than topological insulator behaviour, for example as a result of confinement of the
bulk states in a potential generated by strong surface band bending [99, 127, 142] or
the polarity of the cleavage surface [139].

Band bending is practically inescapable at surfaces of three-dimensional insulat-
ing or semiconducting compounds which lack a low-energy, Van der Waals-bonded
cleavage plane. From band bending, 2D (surface confined) states can arise, and they
can posses complex spin-momentum structures in the case of Rashba splitting [165–
168]. Arguments from transport measurements were made against accumulation-
layer-related 2D transport in SmB6 [130], and were based on single band analysis
of Hall data in comparison with data from semiconductor heterostructure devices.
There are three main arguments for considering band bending when interpreting
ARPES data of the hexaborides. Firstly, the total carrier concentration derived from
de Haas van Alphen experiments on SmB6 [131] is only 1×1014/cm2. This is the same
ballpark as band-bent systems can generate, which was not the case for the accumu-
lation layer carrier numbers exceeding 1015/cm2, which would have been required
to match the simpler, single-band Hall analyses of the low-T transport data [130].
Secondly, the cleavage surface of a hexaboride is not a well-controlled heterostruc-
ture. Even for simple, covalently bonded semiconductors like silicon, the fracture
of a covalently-bonded network yields surface states with carrier concentrations in
excess of 1013/cm2 [169], well above values for silicon device structures. Cleaving
a REB6 crystal necessarily involves rupture of all of the B-B covalent bonds point-
ing along the z-direction, which have an area density of order 5×1014/cm2 for the
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(001) surface. Thirdly, and finally, the very high surface sensitivity of ARPES does
mean that if it is present, band bending will dominate the energetics (and impact the
dimensionality) of any and all electronic states observable using this technique.

The band bending potential offers a simple manner to combine the observed lack
of out-of-plane dispersion with the in-plane electronic fingerprint very like that of
a bulk 5d state. Thus it is necessary that conventional band bending and related
surface-confinement and even spin-polarized surface states need to be explored and
adequately excluded in the hexaborides before ARPES data can be used to argue con-
vincingly for the topological nature of the quasi-2D states seen for these systems.

The band structure calculations mentioned earlier [111, 151] do not take band
bending into account, and this could be a natural explanation of the different chemi-
cal potential in the calculations (i.e. EF in a bulk energy gap), compared with experi-
ment (i.e. EF crossing states which are strongly reminiscent of the states in the bulk).
We note that early photoemission studies on metal hexaborides [154,170] did indeed
observe different energy values for the surface and bulk chemical potential. To wind-
up this section we should note the strong similarities in the elliptical states between
the three different compounds and the likelihood for a generic interpretation of the
electronic structure.

Fig. 5.5 allows further comparison of the near-EF electronic structure of RE hexa-
borides. Panel (a) shows the experimental energy dispersion of CeB6 and SmB6 along
the Γ-X high symmetry direction of the SBZ. The temperature (38 K) and all other ex-
perimental conditions were identical for both datasets. In both panels, one can readily
see dispersive and essentially non-dispersive states. The dispersive states have been
discussed above, and are the RE 5d bands which yield the elliptical contours at EF.
The flat bands are of 4 f origin, indicated schematically with light blue lines in Fig.
5.3. In SmB6 emission from three f states are observed at binding energies of 40, 170
and 960 meV. These states are the 6H5/2, 6H7/2and 6F final state multiplets of the
4 f 6 → 4 f 5 transition [137, 155, 171]. In CeB6, the observed f states lie grouped at
280 meV and 50 meV binding energy, and they have been attributed to the 4 f 1 final
state [148,172,173].

Comparing the two sets of f - derived features, one can readily see significant dif-
ferences in their relative amplitude and energy width. In SmB6 the intensity of the f
multiplets dominates the spectrum, with the energy width of the multiplets decreas-
ing with the binding energy [see the blue energy distribution curve in Fig. 5.5(b)].
On the other hand, the f states in CeB6 are rather broad [see the red energy distribu-
tion curve in Fig. 5.5(b)], and of much lower intensity in comparison to the d-derived
features. One possibility is to attribute differences in the relative spectral weight of
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(a) (b) (c)

FIG. 5.5: (a) Experimental electronic structure of CeB6(001) and SmB6(001) along the
Γ-X high-symmetry direction of the surface Brillouin zone. (b) Energy distribution
curves obtained by integrating the data shown in the (a) panels along the momentum
direction. The small black arrows in panel (b) show the energy position of the 4 f -
derived multiplets. These intense peaks are better defined in the case of SmB6 due to
the higher degree of coherence of the f bands. (c) Near-EF dispersion of the electronic
structure for CeB6(001) (top) and SmB6(001) (bottom) in binding energy windows
shown by the double-headed arrows in panel (a). Changes in the dispersion of the
d states due to d− f hybridization are observed only in the case of SmB6 (bottom),
where we show data along the X-M high-symmetry direction. The green dotted lines
illustrate the changes in the dispersion relation of the 5d states when they cross the
flat, 4 f bands. All data were acquired at 38 K using a photon energy of 70 eV.

the f states to their different occupancy. We also note that the f -state spectral weight
in SmB6 has been previously shown to be strongly temperature-dependent [140]. As
a matter of fact, energy broadening and reduced spectral intensity, as observed in
CeB6, are reminiscent of the RE 4 f emission in SmB6 at high temperature [140], in
which combined ARPES and DMFT studies have shown that the incoherent 4 f states
do not hybridize with the RE 5d bands [140]. This is in stark contrast to the low-
temperature regime, in which well-defined f bands induce clear hybridization effects
in the dispersion relation of the RE 5d states [127,140]. In CeB6, the lack of significant
hybridization-related spectroscopic fingerprints at all temperatures, make this sys-
tem a good analogy to the high-temperature regime of SmB6. As an example of this,
the upper panel of Fig. 5.5(c) shows that the weak and energy-broad RE 4 f states
in CeB6 do not affect the energy dispersion of the RE 5d states. The latter penetrate
through the 4 f emission, while remaining unperturbed up to EF. In other words,
seen from the point of view of ARPES data, there are no d- f hybridization effects
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in CeB6 at 38 K. This is in contrast to SmB6 where the bottom panel of Fig. 5.5(c)
shows clear hybridization effects observed at the same temperature. The hybridiza-
tion is strongest for the d-states interacting with the f state that lies closest to the EF.
This observation agrees with the fact that the f -derived feature at lowest binding en-
ergy has the smallest energy width [see again the blue energy distribution curve in
Fig. 5.5(b)]. All spectroscopic fingerprints and indications of d- f hybridization (small
bandwidth and high intensity of the f states, k discontinuities, changes of slope) are
absent in the case of CeB6, which is in line with its valence of three, and 4 f occupation
of unity.

5.5 Dimensionality of low energy electronic structure in
CeB6

The lack of strong d- f interaction in CeB6 suggests that the bulk Ce 5d states are
unchanged all the way up to EF [Fig. 5.5(c)]. Indeed Fig. 5.4(c) shows that the
in-plane Fermi surface contours of CeB6(001) are reminiscent of the bulk 5d ellip-
soids sketched in the rightmost panel of Fig. 5.3. Knowing that ARPES data sug-
gest surface-confinement of the near-EF electronic states in SmB6 [138, 140, 164] and
YbB6 [99, 145, 146], the question arises whether the analogous states in CeB6 are 3D-
or 2D-like. We therefore close the comparison of the electronic dispersion in these
three RE hexaborides with ARPES data on the dimensionality of the Fermi surface
contours in CeB6(001). ARPES measurements with different photon energies probe
the energy vs. the out-of-plane component of the momentum (i.e. kz), and can thus
reveal the dimensionality of the electronic states. Surface-localized states will show
very little or no variation on changing hν, while bulk bands are expected to disperse
along all dimensions of k-space forming closed (kz, kx) and (kz, ky) contours.

Figs. 5.6(a) and (b) show the (kz, kx) contours for CeB6(001) at two different bind-
ing energies, namely at the Fermi energy for panel (a), while panel (b) is obtained 500
meV below EF. kx is oriented along the X, the direction in the SBZ probed in the CeB6

data of Figs. 5.5 (a) and (c). The dashed ellipses in Fig. 5.6(b) highlight the observed
experimental constant energy contours, and they can be seen to be very similar to
the in-plane I(kx,ky) contours shown in Fig. 5.4(c) (marked in that figure with a red
dashed line). Putting together Figs. 5.4(c), 5.6 (a) and (b), one can readily conclude
that the observed electronic states of CeB6 disperse along all directions of k-space and
that their contours at all energies in any 2D k-plane chosen from kx,ky,kz are ellipses.
This means that the Fermi surface in CeB6(001) is formed by states which are not con-
fined to the (near-)surface region of the crystal, quite unlike the situation in SmB6(001)
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FIG. 5.6: (a), (b) Experimental momentum distributions for the occupied electronic
states of CeB6(001) in the kz-kx plane. kx is along Γ-X and kz is out-of-plane. Data is
shown for two different electron energies: (a) at EF and (b) at 500 meV below the Fermi
level. These energies are indicated using black and green lines in panel (c). The white
dashed ellipses in (b) are guides to the eye that follow the experimental contours
and reveal the three-dimensional character of the states. Panels (c), (d) show the
dispersion of the occupied states for CeB6(001) along Γ-X at two different kz values,
the latter indicated in panel (a) using the blue and red lines. Data in this figure were
acquired at 38 K by varying hν between 30 and 100 eV.

and YbB6(001). Panels (c) and (d) of Fig. 3 underline the three-dimensionality of the
electronic states also at the surface of CeB6 in that they show the markedly differ-
ent energy dispersion of the Ce 5d states at two different kz values [indicated by the
coloured horizontal lines in panel (b)]. To guide the eye, the orange dashed lines mark
the approximate kF-values of the Ce 5d states in panel (c) and these are reproduced
in panel (d) for comparison. The lack of surface confinement in the electronic band
structure of CeB6 is wholly in line with the absence of surface band bending, with the
result that the electronic structure at the surface and in the bulk are identical, which
was first discussed in the context of Fig. 5.3.
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The comparison of the electronic structure between the three RE hexaborides
made on the basis of ARPES data presented in Figs. 5.1-5.6 reveals interesting sim-
ilarities (orbital character and contour shape near the Fermi level) but also crucial
differences (energy position of the chemical potential vs. states of d and f character,
coherence of f -derived bands, dimensionality of states at EF). In the remaining part
of this study, we will focus on SmB6. On the top of its widely studied properties due
to its fluctuating 4 f valence, in the following we will reveal an interesting aspect of
its complex surface structure through the combination of data from ARPES, LEED
and STM.

5.6 Perplexing surface of SmB6
SmB6, like the other RE hexaborides does not possess a natural cleavage plane

due to its CsCl crystal structure [Fig. 5.1(a)]. This means that when the sample is
fractured to reveal a (001) plane, simple (but nonetheless persuasive) electrostatics
would lead to cleavage surfaces that are - on average - an equal combination of Sm-
and B6-termination. Complete Sm2+(001) or B6

2−(001) terminations would be polar
and highly energetically unfavorable [121, 139], unless they are stabilized by means
of an electronic or structural reconstruction.

If every second Sm ion were to remain on either side of the cleave, then this could
give a

√
2×
√

2 or a combination of 2×1 and 1×2 reconstructions. A 2×1 surface
reconstruction has been indeed observed on SmB6(001). This reconstruction has been
found on UHV (ultra high vacuum) annealed samples by LEED [174, 175] and on
UHV cleaved samples by STM topographic imaging [121,135] and also in one ARPES
study [164]. However, for UHV cleaved samples, neither LEED [127,139] nor the vast
majority of ARPES studies [127, 137–140] have found signs of a 2×1 reconstruction.
In addition, STM studies have shown that that 2×1 (and its equivalent 1×2) is not the
only periodicity observed on the surface of UHV cleaved SmB6(001) [121,135,136]. It
is therefore clear that there is an open debate on the true surface structure of cleaved
SmB6(001).

We provide new insight into the surface periodicity of UHV cleaved SmB6 (001)
surface in Figs. 5.7 and 5.8 by showing time dependent changes in the surface sym-
metry under UHV conditions. Both our LEED and ARPES data on freshly cleaved
surfaces [Fig. 5.7, left-hand images] show clear signs of long-range 2×1 periodic-
ity at some regions of the sample surface. This is evident in the surface diffraction
data from the additional spots in the LEED pattern that would have fractional in-
dices based on the 2D reciprocal lattice of the 1×1 structure. In the ARPES data the
larger real space unit cell at the surface results in the folding of bands at the new
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FIG. 5.7: Left images: LEED and ARPES data from freshly UHV-cleaved SmB6(001).
The LEED image shows 2× 1 superstructure spots (highlighted with red circles) and
the ARPES data contains back-folded contours at the M point. These two measure-
ments reveal long-range order with 2× 1 and 1× 2 periodicity at early stages after
cleavage. Right images: LEED and ARPES data acquired at the same sample locations
five hours after cleavage, showing no traces of long-range 2× 1 order, but rather only
1× 1 bulk-like periodicity. Data were acquired at a temperature of 38 K.

(smaller) surface Brillouin zone boundary, and this leads to clear ARPES intensity at
the (π/π) location in reciprocal space (M), which is expected to be free of bands for
both the bulk and the 1×1 surface structure. This extra feature in the left-hand Fermi
surface map in Fig. 5.7 at M is a diffraction replica of states at the X points, due to
the 2×1 and 1×2 surface superstructure.

In the same LEED and ARPES experiments, other parts of the fresh cleavage sur-
faces showed only 1×1, bulk-like periodicity. Interestingly, five hours after the cleave,
the regions that originally exhibited long-range 2×1 periodicity, no longer showed
the 2×1 superstructure spots in LEED, and nor did they exhibit 2×1 back-folding of
the bands in ARPES. The right-hand LEED and Fermi surface images shown in Fig.
5.7, show no features that cannot be simply explained by the 1×1 structure. This
means that on the timescale of five hours after cleavage, no sign of a long-range 2× 1
periodicity could be found by either of these experimental techniques and all sam-
ple surface locations probed showed an apparent 1 × 1 bulk-like termination. We
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note that in the case of changes induced by residual gas atoms, the 5-hour timescale
will depend on the base pressure of the system, which in our case was lower than
5.0×10−10 mbar. The LEED and ARPES data presented here average over length
scales of ∼1 mm and 100 µm. Thus, it could be that at longer times after cleavage,
the 2× 1 period superstructure is still present, but is primarily short-range ordered.

7  days after cleave

30 days after cleave

FIG. 5.8: Top row of images: STM topographs acquired 7 days after cleavage show
that by this time the 2× 1 reconstructed regions at the surface are only short-ranged:
the termination layer of the sample surface is mostly disordered. Bottom row: there
are no traces of the 2× 1 reconstruction (either long- or short-range) at any locations
sampled when the STM measurements are repeated 30 days after initial cleavage. At
all times the sample remained in UHV (P lower than 5.0×10−10 mbar) at a tempera-
ture under 20K. All STM data were acquired at 4K.

To examine this possibility, we turn to STM as an effective local probe of the sur-
face structure. The upper row of images in Fig. 5.8 shows typical STM topographic
data for UHV-cleaved SmB6(001) acquired seven days after UHV cleavage. The sur-
face is clearly a mixture of disordered regions and regions with short-range 2× 1 and
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1× 2 periodicity, as highlighted by the progressive zooms (left-hand square image,
dark blue and then cyan rectangles). The cyan colour bordered region (of dimen-
sion 372×154 Å2) shows a transition between a short-range ordered superstructure
region on the right and a more disordered/amorphous structure on the left, both of
which are more visible in the contrast-tuned inset of the cyan coloured zoomed area.
The topographs in the upper row of Fig. 5.8 suggest, therefore, that after several
days in UHV, the 2× 1 (and 1× 2) regions at the surface are only of order 100 nm in
lateral size and thus are too small to yield the visible superstructure spots in LEED
or well-defined Umklapp features in ARPES shown in the left-hand data images in
Fig. 5.7. We note that 1×1 LEED images are still recordable from UHV-cleaved SmB6

after UHV exposure on the timescale of a small number of days. The longer-range
superstructure order seen for portions of the fresh cleave, becomes shorter-ranged -
and thus invisible to LEED but still detectable using STM - on the time scale of sev-
eral days (in UHV and low temperature). Mass transport away from the sample or
long-range movement of atoms across the surface would seem an unlikely scenario
to explain these observations, given the temperature of the sample never exceeded 20
K. A more likely scenario could involve the relaxation of the surface superstructure,
possibly mediated by adsorption of residual gases from the vacuum.

As a test of this hypothesis, STM topographs were re-recorded after a further 30
days in UHV (with sample temperatures held below 20 K, and without changing
location). The lower row of images shown in Fig. 5.8 show these topographic data.
Careful comparison of the images in the upper and lower image rows of Fig. 5.8
yields that there are sufficient (probably defect-related) features in the topographs
(showing up as white or black dots/blobs), to enable re-location of the same region
of the cleaved surface, also after 30 days. The data clearly show continued relaxation
of the 2 × 1 and 1 × 2 features on the cleavage surface, so as to give a long-term
cleavage surface that - from the point of view of the exquisite surface sensitivity of
STM - appears to be without crystalline structure; looking similar to the non-ordered
parts of the surface imaged after 7 days in the upper set of topographic data. 30 days
after cleavage, also on shifting the STM’s field of view to wholly different regions of
the cleave did not uncover topographic contrast any more crystalline than that seen
in the lower images of Fig. 5.8. These STM data could be seen to beg the question
whether the clear and strong 1 × 1 periodicity seen by LEED and ARPES up to a
few days after the cleave (and by extension also possibly the 1× 1 signal often seen
in ARPES directly after cleavage) could, in fact, originate from the first unfractured
layer underneath the crystal termination, rather than from the strongly disordered
very outermost layer of the crystal imaged using the STM as shown in Fig. 5.8.
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Taken together, the data presented in Figs. 5.7 and 5.8 make it clear that the de-
tails of the surface structure of cleaved SmB6 are far from simple and far from static,
even in UHV and low temperature. On the one hand, these data help explain the
differences between data from highly local and more spatially averaging techniques
on the surface structure of SmB6 by underlining the importance of the time interval
between cleavage and measurement, as well as the spatial sensitivity of the probe. On
the other hand, they also provide clear motivation for more quantitative analysis of
the (3D) surface structure of real cleaves of SmB6, as it is ARPES data from these kinds
of surfaces that are being compared to the perfect terminations in slab-based calcu-
lations. On the theory-front, first steps are being taken to address possible deviation
of the surface from the bulk. Specifically, changes in the energetics and dispersion
relation (effective mass) of the predicted Dirac cone for SmB6 have been calculated
due to so-called Kondo breakdown at the surface of the material [176].

5.7 Conclusions
A comparative ARPES study of the electronic structure of three RE hexaborides,

YbB6(001), SmB6(001) and CeB6(001) is presented. We discuss similarities and dif-
ferences observed in the spectroscopic fingerprints of the RE-derived 5d and 4 f elec-
tronic states among the different compounds. We argue that the main features of the
experimental band structure reflect changes in the RE valence in the form of an en-
ergy shift of the RE 5d electronic states with respect to the Fermi level. The occupancy
of the d states is highest for CeB6, in which the RE is trivalent and lowest for YbB6,
in which the RE is divalent. The mixed valent case of SmB6 falls nicely in between.
As a result, the Fermi surface contours observed on the (001) surfaces of these three
compounds vary in size, but not in their overall shape.

In contrast, the dimensionality of the electronic states at EF differs within these
three members of the hexaboride family. The electronic states observed for YbB6(001)
and SmB6(001) are surface confined. In the former, a straightforward band bending
scenario is able to explain the data admirably, in keeping with the simple divalent
character of Yb in this system. For SmB6, band bending at the surface is also an op-
tion to be taken seriously. However, the mixed valence of the Sm, the strongly tem-
perature dependent behaviour of the 4 f -5d hybridisation and the very low energy
scales of the energy gaps expected from hybridisation still makes this system very
challenging, even for modern high-resolution ARPES experiments. From the point
of view of its low-lying electronic states seen by ARPES, CeB6(001) is as straightfor-
ward as its Yb counterpart. We observe a clear three-dimensional character of the
Fermi surface contours for CeB6(001), which fits the expectation that neither band
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bending nor surface confinement are relevant for this 3D, metallic system. CeB6 pro-
vides a nice example of the spectroscopic signatures of a system with low coherence
of the RE 4 f states - which gives 4 f multiplets that are broad in energy with rela-
tively weak spectral weight - and with negligible hybridization between the d and
f states. This results in an unperturbed dispersion of the 5d states, going as it were
right ‘through’ the 4 f levels, also at low temperature. Both these signatures can also
be found in SmB6, but only at high temperatures.

All in all, these experiments show the suitability of high-resolution ARPES to pro-
vide new insight into the electronic structure and properties of strongly correlated
RE hexaborides, providing information on the energy dispersion, momentum distri-
bution, dimensionality and coherence of the electronic states. Finally, we show that
when ARPES is combined with scanning tunnelling microscopy and electron diffrac-
tion techniques, additional structural information can be obtained, and in the case
of cleaved SmB6(001), this reveals a time-dependent relaxation of the surface super-
structure, even under ultra high vacuum and cryogenic conditions.
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Surface and bulk Dirac states in Bi-based
topological materials
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6.1 Introduction
This chapter summarises the projects carried out related to Bi-based topologically

non-trivial materials during the course of this thesis. This chapter is divided into two
different sections, the first one dealing the work done on Bi-based topological insula-
tors and the second one done on the 3D Dirac semimetal Sb-doped Bi. Section 6.2 and
its subsections covers results regarding issues related to band bending at the surface
of Bi-based 3D topological insulators and the discrepancies this leads to between the
Dirac point energies determined using ARPES and QO measurements. Section 6.3
and its subsections presents the ARPES-related details of the project done on the 3D
Dirac semimetal Bi1−xSbx.

6.2 Topological Insulators
6.2.1 Discrepancies in Dirac point energy on the surface of 3D TIs

Single crystalline Bi-based materials, such as Bi2Te3, Bi2Se3, Sb2Te3, were among the
first discovered topological insulators [10, 51, 65] and have since then attracted great
scientific interest due to their simple band structure containing a single Dirac surface
state. Determination of the energy of the Dirac point and its tunability are crucial fac-
tors for harnessing the non-trivial transport properties such systems should possess.
The tunability of the Dirac point energy with respect to the Fermi level has been pre-
viously demonstrated in Bi-based TIs via controlled surface decoration [14,177–179],
changes in the bulk stoichiometry [15, 16, 180–182] and exposure to intense UV illu-
mination [160,162,183].

Given their sensitivity to the non-trivial topology of the surface states in a 3D TI,
most of the experimental results on the electronic band structure of TIs have been
provided by ARPES or from an extraction of kF for the surface states by means of
the frequency of Shubnikov-de Haas oscillations or quantum oscillations (QOs) ob-
served in magnetotransport experiments. Although both experimental techniques
are very accurate in determining the details of the electronic band structure of TIs
(for QOs only for E = EF), an analysis of the literature data shows there is an im-
portant, systematic mismatch in the acquired results. Namely, ARPES results tend
to place the Dirac point, ED, farther below the Fermi level than QO data from the
same compounds. In the case of the surface states of 3D TIs, there cannot be a sur-
face versus bulk discrepancy, as, when executed well on sufficiently bulk-insulating
samples, the QO data are also a result of transport due to the surface states of the
sample. The upshot is that the ARPES experiments appear more sensitive to band
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bending effects induced by unwanted yet ubiquitous surface decoration from resid-
ual gas atoms. This is something of a mystery, since ARPES measurements take place
in UHV conditions, i.e., under a pressure that is several orders of magnitude lower
than that typically found in magnetotransport experiments. Most importantly, the
mismatch in the results between spectroscopy and QOs in TIs raises serious ques-
tions as to whether the results and conclusions obtained from ARPES, can be safely
compared to those from transport-based devices.

FIG. 6.1: Time dependent shifts in the Dirac point energy (ED) and binding energy of
the top of the valence band (EVBM) of Bi2Se3 measured at 16 K. The vertical bar splits
the data taken with two different photon flux values: the left part uses low flux beam
with flux F = 1.3× 1019 photons /s·m2 and right part uses a high flux beam with F
= 1.3× 1021 photons /s·m2. Downward band bending is seen on the left hand side
while further beam exposure to the higher flux photons reverses the band bending
and approximate flat-band conditions are achieved at the end of 600 minutes. Figure
adapted from Ref. [162]

In the previously reported work from our group, the effects of residual gas ad-
sorption and illumination with radiation of variable photon flux on Bi2Se3, Bi1.5Sb0.5

Te1.7Se1.3, Bi1.46Sb0.54Te1.7Se1.3, Bi2Te2Se and BiSbTeSe2 crystals were studied [162]. It
was shown that adsorbate-induced downward band bending shifts the Dirac point
energy downwards and reaches a maximum band bent situation in on order of hun-
dreds of minutes as shown on the left hand side of Fig. 6.1. The Dirac point energy
(ED) and the binding energy of valence band maximum (EVBM) are plotted vs. time
in Fig. 6.1. Another important aspect was also discussed in the same article, which is
the dependence of the band bending on the photon flux of the illuminating source. It
was shown that illuminating the sample with a high flux source, after the maximum
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band-bent situation has been reached, will enable the reversal of the process of down-
ward band bending. This is due to a combination of surface photovoltage (SPV) and
photon-induced desorption effects. This can be seen on the right hand side of Fig. 6.1,
where exposure to high flux photon beam is bringing both ED and EVBM back close
to the energies observed before the downward band bending developed. This is one
route to get close to flat band conditions using ARPES. That such high-flux illumina-
tion yields a situation essentially unperturbed by band bending can be seen from the
fact that the Fermi level position achieved in this manner was dependent on bulk car-
rier type of the TI. For the n-type, lower resistivity samples, the Fermi level lies at the
close to the bottom of the bulk conduction band and for the p-type, higher resistivity
samples, EF was located just above the top of the bulk valence band. However, it was
also mentioned that the adsorbate induced downward band bending depended more
strongly on the time interval between the cleavage and the measurement than on the
differences in the stoichiometry of the Bi-based, 3D TI or the carrier type [162].

6.2.2 Band bending in 3D TI’s on the timescale of seconds

In more recent experiments [98], we went on to study the adsorbate-induced band
bending happening at a significantly faster time-scale than was studied in [162]. We
found that photodissociation or photoionisation of the adsorbed molecules or atoms
arising solely from the photons inherent to ARPES experiments happens very quickly.
In contrast to the common belief that surface decoration is solely responsible for the
initial downward band bending, we reveal that the real trigger is the illumination.
This insight neatly explains the discrepancy between ARPES and QO-derives values
of ED, and -as related below- provides a second approach to attain ARPES data rele-
vant for the flat band situation.

In the experiments, we captured the rapid evolution of the surface band structure
shown in the right-hand panel of Fig. 6.2. After a period of surface decoration in
the dark, we used ARPES to both expose a chosen location of the crystal to EUV
radiation while monitoring the electronic structure in the form of I(E,k||) images and
its development on the timescale of seconds. The effect of EUV exposure is striking:
the surface band structure changes within the very first seconds. At the photon flux of
3.2× 1021 photons/s·m2 used, as little as 40 s EUV exposure yields the I(E,k||) images
shown in the center column of Fig. 6.2, and analysis of these data shows that ED is
already approaching values typical for decorated surfaces measured using ARPES
and reported by dozens of groups in many tens of papers. As a matter of fact, in
terms of increasing the energy separation between ED and EF, a few seconds of bright
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FIG. 6.2: Left & center columns shows the surface band structure of four different
TI compounds recorded using an EUV exposure of only 1 and 40 seconds respec-
tively, after the cleavage surface had been exposed to residual UHV gases for 3 h.
Right-hand column shows the very rapid evolution of ED from the first moment of
EUV illumination, whereby the left-hand I(E,k||)images underlie the first (second for
BiSbTeSe2) data point of each curve in the right-hand panel. The pressure before and
during the ARPES measurements was 1.0×10−10 and 5.0×10−11 mbar, respectively.
All data have been acquired at 16 K. The photon energy was 30 eV for Bi2Se3 and 27
eV for all the other compounds. This figure is taken from Ref. [98].
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EUV light impacts the surface band structure of TI single crystals more than does an
exposure to residual UHV gases in the dark for in excess of a couple of hours. This
important result helps us to assess the implications of these phenomena for previous,
published ARPES studies of Bi-based 3D topological insulators.

Even exploiting the high EUV photon flux of a third-generation synchrotron sou-
rce, the typical acquisition time for an I(E,k||) image with a reasonable signal-to-noise
ratio is of the order of 1-2 min. Moreover, the first measurement is usually preceded
by the optimisation of the spatial and angular positions of the sample, a process that
usually takes place with the EUV beam illuminating the same sample location as the
main measurements themselves. This means that for the great majority of published
ARPES data, the sample surface has been exposed to EUV light for at least a few
minutes before the acquisition of the first I(E,k||) band structure image at a specific
location. Given that the speed of the EUV-triggered downward band bending on dec-
orated (or aged) surfaces is on the scale of very few seconds, it is certainly feasible
that this whole process can go unnoticed. There is therefore no surprise that changes
in the electronic band structure seen in ARPES have been solely ascribed to the ad-
sorbed gases and no reference is usually made to the role of the radiation that is an
integral part of an ARPES experiment.

The right hand panel of Fig. 6.2 shows that within the first few seconds of EUV
exposure required to perform an ARPES measurement, the Dirac point shifts down-
ward by more than 0.1 eV. Thus, due to its nature as an ionising technique, ARPES
data recorded without the special care taken to be fast that underpins the left-hand
I(E,k||) images in Fig. 6.2 see a band-bent version of the band structure, different from
that extracted from quantum oscillations in magnetotransport experiments. Log-
ically, the longer the exposure to EUV radiation before the fast acquisition of the
ARPES data, larger the discrepancy between ARPES and QO, although the fact that
a significant shift already takes place within the first half a minute should not be
overlooked. The significance of the amount of surface decoration is discussed next.

The left-hand panel of Fig. 6.3 tracks the evolution of ED in three Bi1.46Sb0.54Te1.7

Se1.3 (BSTS1.46) samples whose cleavage surfaces have been held in residual UHV
gases for differing time periods before the first EUV exposure (i.e. first ARPES acqui-
sition). The photon flux is kept constant for all the samples and is the same as that
used to measure the data shown in Fig. 6.2. The differences between the time depen-
dence of ED in the three cases are marginal at the outset, and for short illumination
times the I(E,k||) images look rather similar (see center column of Fig. 6.3). How-
ever, as the ARPES experiments and the EUV exposure progress, the sample with
the longest a priori exposure to residual gases, and presumably the largest number
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FIG. 6.3: Left panel: Binding energy of the Dirac point in BSTS1.46 as a function of
illumination time after the surface has been exposed to UHV residual gas for differing
times. Middle (right) panel: I(E,k||)images showing the surface band structure which
underlie the data points in the left-hand panel for EUV exposure times of 1 s (20
s). The pressure before and during the ARPES measurements was 1.0×10−10 and
5.0×10−11 mbar, respectively. All data have been acquired at 16 K with a photon
energy of 27 eV. This figure is taken from Ref. [98].

of adatoms on its cleavage surface, exhibits a significantly more rapid evolution of
its downward band bending. Thus, already at time scales as short as 20 s total EUV
exposure (right-most data column of Fig. 6.3), the three band structure images start
to look quite different. Thus, Fig. 6.3 shows the degree of surface decoration to be
a factor, however, the essential role played by the first EUV exposure as the trigger
for the downward band bending should not be forgotten. Consequently, it is evident
that we cannot simply extrapolate the curves of either Fig. 6.2 (3 h of UHV resid-
ual gas) or Fig. 6.3 (∼1, ∼4, and 7 h of UHV residual gas) to t = 0, in an attempt
to extract the energy difference between EF and ED under flat-band conditions, as
such a procedure would ignore the differences in the UHV ‘decoration time’ from
when the cleavage surface was in the dark prior to the first illumination. Neverthe-
less, what this shows is that as long as the ARPES acquisition time is kept very rapid
- meaning well below 5 s - the very first ARPES measurement can provide us with
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a lower limit of the energy separation of EF and ED for flat-band conditions. The
initial images, recorded within 5 s of the onset of illumination, for the five TI com-
pounds shown in Figs. 6.2 and 6.3 are in good agreement with the data recorded
under high flux illumination presented at the end of Section 6.2.1, in which the VBM
of the p-type compounds (Bi2Te3, BiSbTeSe2, Bi2−xSbxTe3−ySey) lay between 50-130
meV below the Fermi level, while its binding energy exceeded 200 meV for all of the
n-type compounds (Bi2Se3, Bi2Te2Se).

6.2.3 Complete evolution of the surface band structure of 3D TIs
measured using ARPES

We are now in a position to give a complete answer to the question of how we can
approach flat-band conditions in an ARPES experiment on Bi-based topological in-
sulators. For a photon flux of 3×1021 photons/s·m2, which is of the order of the stan-
dard photon flux at a third generation synchrotron facility, downward band bending
can be kept to a minimum at illumination times of the same location on the sam-
ple either smaller than 1 s (Figs. 6.2 & 6.3) or exceeding 4-5 hours (Fig. 6.1). We
have previously shown that approaching flat-band conditions at large time scales is
only possible at high photon fluxes and energies [162], and that the data are subject
to spectral broadening [161, 162]. Therefore, very short illumination times represent
the preferred option to approach flat-band conditions. ARPES experiments at very
small or very large time scales are hence a prerequisite for obtaining data which is
relevant for transport applications. It should be recalled that the amount of surface
decoration does still play a significant role, of influence on both the saturation point
and the evolution speed of the downward band bending.

To illustrate the origin of the observed time dependence of the electronic band
structure, the top-most panel of Fig. 6.4 contains a cartoon depiction of the main pro-
cesses at work. The central row depicts the schematic energy band structure of the TI,
similar to that in 2.2, and of the atomic levels in the adsorbate, and the changes hap-
pening at each stage of the time-line. Right after cleavage, the surface is pristine and
there is no band bending (left-most sketch, labelled 1). While it ages in the dark, the
cleavage surface is decorated with residual gas molecules (panel no. 2). Specifically,
molecular hydrogen - as the dominant residual gas in clean UHV vacuum systems - is
a possible adsorbate. It has been proposed to photodissociate, resulting in stronger
bonding with the sample surface and donation of electron density to the TI [183].
Therefore, as soon as an ARPES experiment is started -or other illumination takes
place - photodissociation and photoionisation of the adsorbed molecules is the re-
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FIG. 6.4: Picture of the complete time-dependent evolution of the near-surface elec-
tronic states of the 3D TIs studied here. The top-most panel shows the cartoons of the
all the processes at work. The central row of the diagrammes shows the schematic
band structure of both the TI and the atomic energy levels of the adsorbates, similar
to those shown in Fig. 2.2. The lower panel describes the process in each part. Figure
adapted from Refs. [89, 98].

sult. Both processes result in a positive ion layer developing at the surface-vacuum
interface, resulting in downward band bending of the TI bands in the near surface
region as shown in the central row of Fig. 2.2 (panel 3) [14, 159, 178, 183–185]. When
all adsorbed molecules in the illuminated area either have dissociated (in the case of
H2) or in any case have become ionized, the binding energy of the Dirac point and
the downward band bending reach a maximum (panel 3). Nevertheless, the role of
illumination is not limited to dissociation or ionization of molecular species: intense
irradiation may also promote the desorption of adatoms and molecules. Photostim-
ulated desorption together with SPV which creates electron-hole pairs which sepa-
rate in the space-charge region, decrease the downward band bending, flattening the
bands. The consequence is ED moving back to lower binding energies as illustrated
in panel 4 of Fig. 6.4 and in the ARPES data of Fig. 6.1.

6.3 Bi1−xSbx as a 3D Dirac semimetal
6.3.1 Bulk and surface Dirac states in Bi1−xSbx system

Bi doped with Sb was one of the very first materials proved to be a 3D topological
insulator [7, 29]. Though the surface state electronic structure is not as simple as
that of the other Bi-based 3D TIs, because of the presence of five Dirac surface states
when the Sb doping is in the TI regime, Bi1−xSbx is also interesting for other reasons.
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On doping Sb in bismuth, a transition takes place from a trivial insulator, to a Dirac
semimetal and finally to the topological insulator phase. The transition to the 3D
DSM state happens at very small doping, x ∼ 0.03. This is because pure Bi is close to
a band inversion transition where Ls, the valence band, in the TI phase has crossed
with La, the conduction band, with the gap between them being of the inverted type
typical of a TI [29].

(a) (b) (c) (d)

FIG. 6.5: (a) Schematic representation of Brillouin zone of Sb-doped Bi and the surface
projected Brillouin zone along the (111) direction shown in blue. (b) - (d) shows the
phase transition happening in the band structure of Bi with increasing Sb doping.
Between (b) and (c), the bands at L point of the Brillouin zone cross, creating the
semimetallic phase as they touch, before gapping, after a band inversion, to create
the TI phase in shown in (c). Figures adapted from Refs. [51, 186].

There are two major changes occurring when the Sb-doping, x in Bi1−xSbx, is in-
creased from zero. Firstly, the gap at the L point in the bulk Brillouin zone closes
when the valence band and the conduction bands touch, in a situation midway be-
tween Figs. 6.5 (b) and (c). On further doping, these bands cross, creating a non-
trivial gap. Secondly, the top of the valence band at T drops below the conduction
band (see the band at T in Fig. 6.5 (b) and (c)), creating a semimetal-semiconductor
transition. At x ≈ 0.03 or 3% doping in Bi1−xSbx, when the bulk bands touch at L and
the hole-like band at T drops below EF, the result is a 3D Dirac semimetal with bulk
Dirac points situated at the L points of the Brillouin zone. Recently, a magnetotrans-
port study showed the existence of Weyl states when 3% doped Bi1−xSbx showing
negative magnetoresistance when placed in a magnetic field [30].

As part of the FOM programme on Topological Insulators, there is an ongoing col-
laboration with the group of Alexander Brinkman in the University of Twente. One
of the main milestones in the FOM programme is the successful creation and identi-
fication of Majorana zero modes, a special state that can be created in a topological
superconductor. These Majorana zero modes can be thought of as one of the holy
grails in the global research effort into topological materials, and are of particular
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interest as they are thought to be suitable systems to use as topologically protected
qubits.

Although much progress has been made in the Amsterdam-Twente collaboration
on the interfacing of superconductors to the bulk-insulating Bi-based, 3D TI’s such
as those investigated earlier in this chapter, the counter-doping required to generate
bulk-insulating behaviour results in mobility values for the surface states that place
successful Majorana device out of reach. An alternative approach has therefore been
adopted, and lightly Sb-doped Bi has been developed as a 3D Dirac semimetal, with
high mobility Dirac states, suitable for superconducting device fabrication.

The remainder of this chapter deals with ARPES characterisation of the Sb-doped
Bi crystals with a doping level of 3%. The device fabrication and the nano-transport
experiments carried out by our Twente partners go beyond the remit of this thesis, but
the results are reported in Ref. [187], and are very exciting, as clear signs of Majorana
physics are observed. The Majorana devices rely on the interfacing of the bulk, 3D-
DSM carriers to a superconductor. However, the interpretation of the transport data,
and in particular the Hall data are severely hampered by the presence of pronounced
(topologically trivial) surface states at the cleavage surface of the Bi0.97Sb0.03 crystals.
With ARPES we are able to measure the Fermi surfaces of these surface-related fea-
tures, and thus determine the carrier densities from the surface states. These data
have then been used - as reported in Ref. [187] - to significantly improve the multi-
band Hall data fitting procedures for the complete bulk + surface state system.

The ARPES data from 3% and 4% Sb-doped Bi samples were qualitatively very
similar to the ones reported in the literature for higher doping [7,186] and are shown
in Fig. 6.6 (a). They both showed three features: an electron pocket e1 around Γ; a
hole pocket h1 and a second electron pocket e2, as expected theoretically [29]. h1
and e2 are located along the Γ - M direction. ARPES studies on low Sb doping levels,
have shown e1 and e2 to be from the same band [186,188] and thus only two different
surface states are present for defect-free samples. From the agreement with the data
from carefully prepared thin films reported in Ref. [186], it would seem our cleaves
have a low defect density.

The surface state features were the sharpest and clearest for the x = 0.04 data, and
thus these were used for the quantification of the kF values of each of the three surface
related features. Fig. 6.6 shows a comparison of the Fermi surface map from the x
= 0.03 (left) and x = 0.04 (right) samples. It is evident that the Fermi surfaces of the
surface states do not differ significantly within the experimental uncertainty. Fig. 6.6
(b) shows the principle k-space cuts used to assess the area of the 2D Fermi surfaces
of the surface state features e1, h1, and e2. Table. 6.1 contains the kF values of the
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FIG. 6.6: ARPES data from (111) cleavage surfaces of Bi1−xSbx at x = 0.03 and x =
0.04 (a) Comparison of Fermi surface maps for the two dopings, recorded with 60 eV
photons at 10 K, (b) Examples of the principle k-cuts from datasets on x = 0.04 sam-
ples from which the areas of the surfaces state Fermi surfaces were determined using
analyses of both energy distribution curves and momentum distribution curves. The
kF indications for the Γ-M direction are sketched for cut 1, to illustrate the procedure.
All ARPES data were recorded at 10 K in low 10−10 mbar pressure range. Figure
taken from Ref. [187]

long and short axis for each of the surface states. Although it was possible to get
oriented Fermi surface maps from ARPES, direct observation of the bulk Dirac point
in our ARPES data did not prove feasible. On the one hand, the surface states are
very pronounced and can mask the bulk features. Furthermore, we found that the
surface of freshly cleaved samples degraded within a few hours and thus carrying out
a photon energy dependent map, which is necessary to probe kz, on a sample with a
degraded surface was not going to be a good enough use of the valuable beamtime.

pocket 2kF1 (108 m−1) 2kF2 (108 m−1) n2D (1016 m−2)
e1 8.8 8.8 1.5
h1 3.6 21.0 1.5
e2 3.8 22.0 1.7

Table 6.1: Estimation of the size and the 2D carrier density of the surface states
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As alluded to above, our collaborators from University of Twente were working at
that time on making Josephson junctions on nanoflakes of the same 3% and 4% doped
Bi1−xSbx crystals. From the data we acquired using ARPES and from the values of kF

that could be extracted for the surface states, we could determine the carrier density
for all three surface states as shown in Table. 6.1 making use of the formula n2D =

kF1kF2/4π. These values were then used by our Twente colleagues in a multiband fit
to the resistance and Hall data of the Josephson junction device, so as to obtain an
accurate figure for the contribution of the bulk, Dirac states to the carrier density.
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Chapter 7

Summary

This thesis is concerned with the investigation of the electronic structure of topolog-
ical materials using angle resolved photoemission spectroscopy and scanning tun-
neling microscopy supported by density functional theory and tight binding analy-
sis. The work was done as part of the FOM (which is now NWO) national research
program on ‘Topological Insulators’ and, as such, some of the research presented
here has been part of a fruitful collaboration with the University of Twente (Prof. A.
Brinkman).

The starting point at the onset of this project was that the field of topological in-
sulators was in full swing, with several real materials experimentally proven to be
a 3D TI. The main technique which enabled the scientific community to prove the
existence of the fascinating ‘Dirac cones’ as edge states of these systems is ARPES.
The next big discovery was soon on its way - the discovery of the existence of Weyl
fermions in condensed matter systems. Thus, there was a new track added to the
topological materials scene, that of Dirac and Weyl semimetals. Several key ques-
tions related to the topological insulators were still unanswered. Two of these were
part of the ongoing research activities of the Amsterdam Quantum Matter group.
One theme regarded the band bending related effects happening on the surface of
3D topological insulators. The other one, which still remains a question of debate, is
the topological Kondo insulator prediction in hexaborides, namely SmB6 and YbB6.

Previous work from the group had successfully shown that the surface states of
3D TIs are sensitive to the light falling on the surface which is intrinsic to an ARPES
experiment. The observed upwards shift of the Dirac point energy (towards EF) on
strong illumination was attributed to a combination of surface photovoltage and pho-
tostimulated desorption effects. However, the remarkable discrepancy that remained
between the two leading experimental probes of the topological edge state Fermi sur-
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face - ARPES and quantum oscillations - was still unexplained. We now know what
is going on. Through a careful study of the roles of both adsorbate exposure and
EUV illumination, we were able to show that: (i) the moment light falls on the ad-
sorbate decorated sample is crucial, the downward band bending happens over the
scale of few seconds and (ii) the adsorbate exposure plays a major role in the speed
and extent of the downward shift of the bands. Thus, we now have a complete pic-
ture of the time dependent evolution of the surface states in the Bi-based topological
insulators. We showed that a combination of adsorption, EUV illumination, pho-
toionization, surface photovoltage effect and photodissociation explains the entire
process starting from the flat-band situation to maximum band-bent and then back
to the near-flat-band situation.

Another study from our group on the proposed TKIs, SmB6 and YbB6, had showed
that the measurement of a massless dispersion Dirac cone in these materials using
ARPES is far from being trivial. Extending this study, we investigated the electronic
structure of the related bulk metal, CeB6, using ARPES. There are still discussions
going on related to the origin of the surface-related features in other ARPES reports
on SmB6. We showed that the hybridisation gap was less than 10 meV and that al-
though the 5d band show hybridisation phenomena where it crosses the 4 f multiplet
it is these 5d-like states that look to form the Fermi surface. Furthermore, we showed
the Fermi surface of YbB6 in ARPES to depend on the time since the cleavage of the
sample. These observations revealed a striking similarity between the bulk electronic
structure of the three hexaboride compounds SmB6, YbB6 and CeB6 in which the
overall shape of the RE d band remains particularly unchanged in all the compounds.
Besides this important common thread, we also pointed out the differences, espe-
cially in the dimensionality of the Fermi surface states, the degree of coherence of the
f states and the strength of d- f hybridisation. Moreover, our STM study revealed that
the cleavage surface of SmB6 disorders over the course of several days under UHV
conditions even at cryogenic temperatures. This supports the hypothesis that the ter-
mination surface of SmB6 is not stable and, over time becomes essentially amorphous.
This, in turn, disqualifies SmB6 as a suitable material in which to use highly surface
sensitive techniques such as ARPES and STS to hunt for elusive Dirac cones formed
as the edge states of a bulk topological Kondo insulator.

Moving on from topological insulators, the focus of this Ph.D. research then shifted
to other topological materials, particularly the recently predicted non-symmorphic
symmetry protected 2D Dirac semimetal phase. At a time when data on non-symm-
orphic symmetry protected electronic states were almost absent in the literature, the
compound SrMnSb2 seemed to be an ideal candidate, for which there were already
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experimental results from transport measurements that could be seen as ‘smoking
guns’. In an interesting and related material YbMnBi2, a combination of ARPES and
theory data led to the proposal that this material is the first candidate material for a
time reversal symmetry broken Weyl state. YbMnBi2 and SrMnSb2 possess very sim-
ilar crystal structures and symmetries, both show canted antiferromagnetism. This
further motivated our comprehensive ARPES investigation of the electronic structure
of SrMnSb2. The ARPES data show quasi-2D states with remarkably linear dispersion
and very small k-width, crossing the Fermi level. Taken at face value, these point to a
putative Dirac point above the Fermi level. Our ARPES data provided complete clar-
ity that the quantum oscillations seen by us and others in magnetotransport exper-
iments on SrMnSb2 are due to the Dirac-like states seen in the ARPES experiments.
To further understand the possibly topologically non-trivial nature of these states
and to explore whether they exhibit band crossings protected by non-symmorphic
symmetries, a detailed theoretical study was carried out, combining both DFT and
tight binding approaches. This revealed more about the electronic structure to be
expected above the Fermi level and that the linear states were - in fact - gapped and
topologically trivial. An important message that this investigation reveals is the ne-
cessity of the combined theoretical and experimental explanation of the data using
both surface and bulk measurement techniques. This research clearly shows that the
experimental search for 2D semimetals protected by non-symmorphic symmetry is
not yet complete.
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Samenvatting

Dit proefschrift heeft betrekking op het onderzoek van de elektronische structuur
van topologische materialen met behulp van ARPES en scanning tunneling micro-
scopie, ondersteund door DFT en een tight binding model. Het werk is gedaan in het
kader van het FOM onderzoeksprogramma van Topological Insulators en een deel
van het hier gepresenteerde onderzoek was, als zodanig, onderdeel van een vrucht-
bare samenwerking met de Universiteit van Twente (Prof. A. Brinkman).

Het uitgangspunt bij het begin van dit project was dat het onderzoeksveld van
topologische isolatoren in volle gang is, en dat van verschillende materialen reeds
experimenteel bewezen is dat het 3D TI’s zijn. De belangrijkste techniek die de weten-
schappelijke gemeenschap in staat stelde om het bestaan van de fascinerende Dirac
kegels te bewijzen, is ARPES. De volgende grote ontdekking was snel op komst -
de ontdekking van Weyl-fermionen in vaste stoffen. Hiermee ontstond een nieuwe
richting in het veld van topologische materialen, die van Dirac en Weyl halfmetalen.

Er zijn nog steeds een aantal belangrijke onbeantwoorde vragen met betrekking
tot de topologische isolatoren. Twee hiervan maakten deel uit van het onderzoek
dat al in de Amsterdamse Quantum Matter-groep plaatsvond. De eerste had be-
trekking op de bandbuigende effecten die op het oppervlak van 3D topologische iso-
latoren plaatsvinden. De andere, waar nog steeds over gedebatteerd wordt, is de
voorspelling van topologische Kondo-isolatie in hexaborides SmB6 en YbB6.

Eerder werk uit de groep heeft met succes aangetoond dat de oppervlakte toes-
tanden van 3D TI’s gevoelig zijn voor het licht dat op het oppervlak valt, dat intrin-
siek is aan een ARPES-experiment. De waargenomen opwaartse verschuiving van
de Dirac-puntsenergie (in de richting van EF) werd toegeschreven aan een combi-
natie van oppervlakte-fotovoltage en foto-gestimuleerde desorptie-effecten. Echter,
de opmerkelijke discrepantie tussen de twee toonaangevende experimentele tech-
nieken die het Fermi oppervlak met topologische randtoestanden meten - ARPES
en quantumoscillaties - was nog steeds niet verklaard. We weten nu wat er aan de
hand is. Door een zorgvuldige studie van de rol van zowel EUV-verlichting als ad-
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sorbaatblootstelling, konden we aantonen dat: (i) het moment waarop het licht op
het adsorbaatversierde kristal valt cruciaal is, omdat het neerwaartse bandbuigen
gebeurt op een schaal van enkele seconden en (ii) de blootstelling aan het adsorbaat
een grote rol in de snelheid en mate van de neerwaartse verschuiving van de ban-
den speelt. We hebben nu dus een volledig beeld van de tijdsafhankelijke evolutie
van de oppervlakte toestanden in de op Bismut gebaseerde topologische isolatoren.
We toonden aan dat een combinatie van adsorptie, EUV-verlichting, foto-ionisatie,
oppervlakte-fotovoltage-effect en fotodissociatie het hele proces verklaart, vanaf de
flat-band situatie tot de maximale bandgebogen situatie en weer terug.

Een eerdere studie van onze groep over de voorgestelde TKI’s, SmB6 en YbB6,
heeft aangetoond dat de meting van een massaloze Dirac dispersie in deze materi-
alen met ARPES allesbehalve triviaal is. We hebben deze studie uitgebreid en hebben
de elektronische structuur van het gerelateerde bulkmetaal, CeB6, onderzocht met
behulp van ARPES. Er zijn nog steeds discussies gaande met betrekking tot de oor-
sprong van de oppervlakte gerelateerde functies in andere ARPES-rapporten over
SmB6. We lieten zien dat de hybridisatiekloof minder is dan 10 meV en dat hoewel
de 5d band kenmerken van hybridisatie vertoont waar het de 4 f multiplet kruist, het
Fermi-oppervlak lijkt te bestaan uit deze 5d-achtige banden. Verder toonden we aan
dat het Fermi-oppervlak van YbB6 in ARPES afhankelijk is van de tijd sinds de open-
breking van het kristal. Deze waarnemingen onthulden een opvallende gelijkenis
tussen de bulk elektronische structuur van de drie hexaboride verbindingen SmB6,
YbB6 en CeB6, waarin de algehele vorm van de RE d band in het bijzonder in alle
verbindingen onveranderd blijft. Naast deze belangrijke rode draad hebben we ook
gewezen op de verschillen, vooral in de dimensionaliteit van de Fermi-oppervlakte
toestanden, de mate van samenhang van de f -toestanden en de kracht van de d- f hy-
bridisatie. Bovendien onthulde ons STM-onderzoek dat het splitsingsoppervlak van
SmB6-zijn structuur verliest gedurende meerdere dagen onder UHV-omstandigheden,
zelfs bij cryogene temperaturen. Dit ondersteunt de hypothese dat het splitsingsop-
pervlak van SmB6 niet stabiel is en na verloop van tijd amorf wordt. Dit diskwali-
ficeert op zijn beurt SmB6 als een geschikt materiaal om zeer oppervlakte-gevoelige
technieken zoals ARPES en STS te gebruiken om op ongrijpbare Dirac-kegels te jagen
die gevormd zijn als de randtoestanden van een bulk topologische Kondo-isolator.

Voortbouwend op topologische isolatoren, verschoof de focus van dit Ph.D. on-
derzoek vervolgens naar andere topologische materialen, met name de recent voor-
spelde 2D Dirac semimetale fase met niet-symmorfische symmetrie bescherming.
Toendertijd waren data over beschermde elektronische toestanden door niet-symm-
orfische symmetrie bijna afwezig in de literatuur, en SrMnSb2 leek een ideale kan-
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didaat te zijn waarvoor al experimentele resultaten waren, zoals transportmetingen,
die als bewijs kunnen worden gezien voor zulke toestanden. In een interessant en
gerelateerd materiaal YbMnBi2, leidde een combinatie van ARPES en theoretisch
werk tot het voorstel dat dit de eerste kandidaat is voor een Weyl toestand met ge-
broken TR symmetrie. YbMnBi2 en SrMnSb2 hebben zeer vergelijkbare kristalstruc-
turen en symmetrieën, beide vertonen een gekanteld antiferromagnetisme. Dit gaf
extra reden voor ons uitgebreide ARPES-onderzoek naar de elektronische structuur
van SrMnSb2. De ARPES-data tonen quasi-2D-toestanden met een opmerkelijk lin-
eaire dispersie met zeer kleine k-breedte, die het Fermi-niveau kruisen. Op het eerste
gezicht genomen wijzen ze op een Dirac-punt boven het Fermi-niveau. Onze ARPES-
data leverden overtuigend bewijs dat de quantumoscillaties die wij en anderen in
magnetotransport-experimenten op SrMnSb2 zien, te wijten zijn aan de Dirac-achtige
toestanden die we in de ARPES-experimenten zagen. Om de mogelijke niet-triviale
topologische aard van deze toestanden verder te begrijpen en om te onderzoeken
of ze bandkruisingen vertonen die worden beschermd door niet-symmorfische sym-
metrieën, werd een gedetailleerde theoretische studie uitgevoerd, die zowel DFT als
tight binding benaderingen combineerde. Dit onthulde meer over de elektronische
structuur die verwacht kon worden boven het Fermi-niveau en dat de lineaire toes-
tanden − in feite − een energie kloof hebben en topologisch triviaal zijn. Een belan-
grijke boodschap die uit dit onderzoek naar voren komt, is de noodzaak van gecombi-
neerd theoretisch en experimenteel onderzoek met behulp van zowel oppervlakte- als
bulkmeettechnieken. Dit onderzoek toont duidelijk aan dat de experimentele zoek-
tocht naar beschermde 2D-semimetalen door niet-symmorfische symmetrie nog niet
voltooid is.
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Timur Kim, MN Ali, Bernd Büchner, Moritz Hoesch, and Robert J Cava. Time-
reversal symmetry breaking Weyl state in YbMnBi2. arXiv:1507.04847v2, 2015.

[32] Aifeng Wang, I. Zaliznyak, Weijun Ren, Lijun Wu, D. Graf, V. O. Garlea, J. B.
Warren, E. Bozin, Yimei Zhu, and C. Petrovic. Magnetotransport study of Dirac
fermions in YbMnBi2 antiferromagnet. Physical Review B, 94 165161, 2016.

[33] S. M. Young and C. L. Kane. Dirac Semimetals in Two Dimensions. Physical
Review Letters, 115 126803, 2015.

[34] C. Kittel. Introduction to Solid State Physics. Wiley, 7 edition, 1996.

[35] Neil. W. Ashcroft and N. David Mermin. Solid State Physics. 1976.

[36] Michael P. Marder. Condensed Matter Physics. Wiley, second edition, 2010.
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