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Abstract

The physics of two-dimensional (2D) material has become a rapidly expanding field of
research due to their unique electrical, optical, and mechanical properties, as well as their
wide range of potential applications. The electronic band structure of these materials
strongly influences their quantum transport properties, which is critical for next-generation
quantum devices based on phenomena such as the quantum Hall effect, spin Hall effect,
and orbital Hall effect. Consequently, a detailed characterization of the band structure, par-
ticularly focusing on the orbital angular momentum (OAM) and spin angular momentum
(SAM), is essential for realizing the practical applications of 2D materials. Circular dichroic
angle-resolved photoemission spectroscopy (CD-ARPES) is a widely used technique for
investigating the OAM of bands, as it has been thought to be able to probe the OAM of
the band structure.

This thesis provides an in-depth analysis of various contributions to the CD-ARPES
spectra, including the photoionization process, experimental geometry, inter-atomic in-
terference, and multiple scattering. These factors are explored in the context of two
technologically relevant 2D materials, graphene and WSe2, both of which exhibit unique
electronic and optical properties that are of interest for quantum and electronic applications.

In addition, the thesis provides a detailed characterization of the electronic band structure of
2D magnetic materials, specifically Cr2Ge2Te6 and Fe3GeTe2. Recognizing the importance
of magnetic domain structure in determining the overall magnetic properties, this work
also presents a thickness-dependent study of the magnetic domain structure in Fe3GeTe2,
shedding light on how reduced dimensions influence the magnetic behavior at the nanoscale.
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1 Introduction

The isolation of monolayer graphene in 2004 [2, 3] sparked a growing interest in the physics
of 2D materials, driven by their remarkable properties, including tunable electrical and
optical characteristics [4–6], the exhibition of novel quantum phenomena [7], and a wide
range of applications [8]. Subsequently, monolayers of transition metal dichalcogenides
were synthesized [9], marking the emergence of 2D materials as a highly active area of
research. The reduction in size from the 3D to the 2D limit, combined with the ability
to tune electrical properties through external perturbations such as electrical gating,
magnetic fields, doping, and strain, makes 2D materials highly relevant for next-generation
technological applications. Beyond their potential in future devices, 2D materials also
offer an excellent platform for studying fundamental physics in lower dimensions.

A significant milestone in 2D material research occurred in 2017 with the discovery of the
first 2D magnetic material [10, 11]. Quantum transport phenomena, such as the quantum
anomalous Hall effect [12], the spin Hall effect [13, 14], and orbital Hall effect [15], have
been observed in these 2D magnetic materials. Magnetism at the 2D limit is crucial for
applications in spin-filter magnetic tunnel junctions [16], spin valves [17], spin field-effect
transistors [18, 19], and spin-orbit torque devices [20], where the spin degree of freedom of
the electron is exploited.

In addition to the spin degree of freedom, the orbital degree of freedom is also being
harnessed in a relatively new field of physics known as orbitronics [21–24]. Both the spin
and orbital degrees of freedom are closely related to the band structure of solids. The
characterization of the spin and orbital character of the electronic band structure is crucial
for understanding the quantum mechanical properties that govern the performance of
materials in quantum transport devices.

Transverse currents in topologically non-trivial materials with intrinsic out-of-plane magne-
tization are described by the Kubo formula [25], where the anomalous velocity is dependent
on the Berry curvature, which is closely linked to the electronic band structure of the
material. Berry curvature typically reaches high values at crystal momenta near anti-
crossings of bands with different orbital characters. Non-vanishing Berry curvature could
be exploited in devices for spin to charge conversion or vise versa [26]. A detailed analysis
of orbital character along with the spin texture and the wave function phases over the
entire Brillouin zone is required for successful prediction of quantum transport proper-
ties, such as anomalous Hall effect, quantum spin Hall effect, and orbital Hall effect in solids.
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1 Introduction

One of the techniques that has been widely used for measuring the orbital angular mo-
mentum (OAM) of bands is circular dichroic-angle resolved photoemission spectroscopy
(CD-ARPES). However, the relation between OAM and CD-ARPES is not trivial. A
detailed theoretical calculation is required for comparing the initial state OAM to the
measured CD-ARPES magnitude. Even with the recent advancements in the theoretical
band structure calculations, there are still uncertainties in determining the initial state
band characters from the measurements. Atomic-like photoionization patterns, related to
the OAM of bands, are not the only contributions in the CD-ARPES maps. Additional
contributions due to the photoemission final state scattering effects and experimental
geometry, that are not related to the OAM of the bands, make the interpretation of the
results complicated. Determining the initial state band characters require disentangling
all the factors influencing the measurements.

Different contributions to the CD-ARPES data from graphene and WSe2, including the
photoionization pattern and its dependence on the experimental geometry, effect of inter-
atomic interference and multiple scattering in CD-ARPES maps, and the dominance of
these factors at different photon energy regimes are discussed in detail. A proper descrip-
tion of the photoemission process is a fundamental requirement in the analysis of the results.

Spin angular momentum (SAM) is another important factor in predicting the quantum
transport properties of the solid. This is especially important for magnetic materials,
where the spin degree of freedom can be exploited in practical applications. Due to their
potential use in devices such as spintronic systems, magnetic tunnel junctions, and quan-
tum computing technologies, 2D magnetic materials have become a crucial area of research.
The changes in the magnetic properties when moving from the 3D to 2D limit is critical
for their future technological applications. The magnetic properties of a 2D magnetic
material depend on the domain structure, which in turn exhibits a strong dependence on
the thickness of sample. The magnetic interactions in 2D magnetic materials could be
determined from the temperature-dependent changes in the band structure. Therefore, a
characterization of both band structure and real space domain structure is essential for a
complete picture of magnetism in 2D magnetic materials.

The electronic band structure of two 2D magnetic materials, Cr2 Ge2Te6 and Fe3GeTe2 has
been studied. Photon energy-dependent and polarization-dependent measurements were
used to study the composition of the band structure. Theoretical calculations have also
been performed to explain the experimental findings. In addition to the band structure
study, a real space domain structure study was also performed on exfoliated few layer
flakes of Fe3GeTe2.

The chapters in this thesis are organized as follows:

• Chapter 2 provides a fundamental theoretical background on electronic band
structure, the photoemission process, and theoretical calculations.

• Chapter 3 describes the primary experimental technique used in this thesis, the
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angle-resolved photoemission spectroscopy (ARPES).

• Chapter 4 discusses the sample preparation techniques used to produce the few-layer
microflake samples, with detailed coverage of the mechanical exfoliation and dry
transfer methods.

• Chapter 5 presents the CD-ARPES results from graphene and WSe2. The Dirac
band near the Fermi level of graphene and the spin-orbit-split bands at the K and
K ′ points of WSe2 are analyzed. Various contributions to the CD maps are discussed,
and multiple scattering calculations for graphene and WSe2 are also presented.

• Chapter 6 focuses on the electronic band structure study of Cr2Ge2Te6. The atomic
and orbital contributions to the band structure are studied using a combination of
photon energy-dependent and polarization-dependent ARPES measurements. The
magnetic interactions that stabilize magnetism in Cr2Ge2Te6 are also discussed in
detail. Additionally, CD-ARPES measurements from the valence and core levels are
examined to illustrate the influence of multiple scattering in Cr2Ge2Te6.

• Chapter 7 explores the electronic band structure and magnetic domain structure of
Fe3GeTe2. The theory of itinerant magnetism and X-ray magnetic circular dichroism
(XMCD) is also discussed in this chapter.

• Chapter 8 provides the conclusions drawn from the results presented in this thesis.
The chapter also discusses the potential applications of these findings and offers an
outlook for future research.
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2 Theoretical background

2.1 Electrons in a solid
Many properties of a solid, including the electrical, thermal, optical, and mechanical
properties, are determined by behaviour of the valence electrons in the solid. Several
attempts were made in the 19th century to properly describe the electrons in the solid
and to determine the properties. Initially, Drude proposed the free electron theory [27],
where the valence electrons were treated classically and were considered as free electrons
moving in the background of positively charged immobile ionic cores. This theory was
later redefined by Sommerfeld with quantum mechanics by including the Pauli’s exclusion
principle (see for example Chapter 2 of reference [28]). Later, with the inclusion of the
periodic lattice potential, the current electron band structure theory was developed. In this
section a brief description of the development and theory of the electronic band structure
will be given.

2.1.1 Free electron theory
Drude applied the kinetic theory of gases to metallic solids to derive the electrical and
thermal conductivity with the electron velocity determined by 1

2mv
2 = 3

2kBT . The charge
neutrality of the metal is maintained by the positive ions. The basic assumptions in Drude
theory of metals are the free electron approximation, independent electron approximation,
and relaxation time approximation. In the free electron approximation, the interactions
between electrons and ions are neglected except during collisions. The electrons in a solid
are assumed to move in straight paths and only interact with the ions upon collision. In the
independent electron approximation, the electron-electron interaction is neglected. In the
relaxation time approximation, the collisions are assumed to be spontaneous and do not
depend on the local environment or the velocity of the electrons at the time of the collision.
The time between successive collisions of an electron and an ion is called the relaxation time
or mean free time. The thermal equilibrium of the solid is achieved through these collisions.

Even with these assumptions, Drude theory of metal could explain some of the basic
properties like electrical and thermal conductivity of metal, however with an overestimation
of magnitudes. The overestimation of electrical and thermal conductivity was a result
of using a classical electron distribution given by the Maxwell-Boltzmann distribution.
In 1925, Pauli’s exclusion principle for electrons were formulated stating that no two
bound electrons in an atom can occupy the same quantum mechanical state. The classical
description of electrons is insufficient, a quantum mechanical treatment of electrons in the
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2.1 Electrons in a solid

Figure 2.1: Maxwell Boltzmann distribution and Fermi Dirac distribution at room tem-
perature (300 K).

solid is required.

To account for Pauli’s exclusion principle, Sommerfeld replaced the Maxwell-Boltzmann
distribution with the Fermi-Dirac distribution to describe electrons in a solid. The electron
densities predicted by the Maxwell-Boltzmann distribution and the Fermi-Dirac distribution
differ at temperatures below 1000 K. This is particularly relevant for determining the
properties of solids within this temperature range. Figure 2.1 shows the difference between
the Maxwell-Boltzmann distribution and the Fermi-Dirac distribution at room temperature
(300 K). The electron distribution in the Sommerfeld theory is given by

f(v) ∝ 1

e
1
2 mv2−kBT0

kBT + 1
, (2.1)

where v is the velocity of the electron, kB is Boltzmann constant, and T is the temperature.
T0 is determined by the normalization condition, which ensures that the total number of
electrons, n = ∫ f(v)dv. With the independent electron approximation, where the electrons
do not interact with each other, the single electron eigen functions and eigenvalues are
obtained by solving the Schrodinger equation, with Born von Karman boundary conditions
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2 Theoretical background

Figure 2.2: Energy eigenvalues of free electrons represented in the (a) extended zone scheme
and (b) reduced zone scheme. The shaded region in (b) shows the reduced
Brillouin zone. (c) the energy eigenvalues of nearly free electrons in a solid.
The forbidden electron states are indicated by the shaded region.

given by
ψ(x +L, y, z) = ψ(x, y, z)

ψ(x, y +L, z) = ψ(x, y, z)

ψ(x, y, z +L) = ψ(x, y, z).

(2.2)

The eigenfunction is of the form

ψk(k) =
1
√
V
eik⋅r, (2.3)

where ki =
2πni

L , ni = integer for i = x, y, z. The energy states are given by

E(k) = h̵
2k2

2m , (2.4)

with momentum p = h̵k. The obtained one electron eigen states are then filled with with
electrons according to Pauli’s exclusion principle. The free electron parabola is shown in
Figure 2.2 (a).

Although the Sommerfeld theory addressed many issues related to the overestimation
of thermal properties, it still could not accurately determine the Hall coefficient and its
dependence on temperature and magnetic field, the temperature dependence of magneto-
resistance, and other related phenomena. Additionally, the fundamental distinction between
metals, insulators, and semiconductors, as well as the determination of the number of
conduction electrons in metals, remained unanswered by the free electron model.
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2.1 Electrons in a solid

2.1.2 Electrons in a periodic potential
Most of the limitations of the Sommerfeld theory are arising from ignoring the potential
of the ionic cores. Distinction between metal, insulator and semiconductor can only be
explained by going beyond the free electron approximation. The positively charged ions,
which occupy the lattice points, create a periodic potential that affects the behaviour of
the valence electrons.

Bloch’s theorem is an important theorem in solving the problem of electrons in a periodic
potential. In 1929, Felix Bloch showed that the solutions of the Schrodinger equation
for an electron in a periodic potential can be expressed as a plane wave modulated by a
periodic function [29]. The Bloch state is given by

ψnk(r) = eik⋅runk(r), (2.5)

where unk(r+R) = unk(r) for the lattice vector R [30]. The wave vector k, which is given
by p

h̵ for free electron, is no longer the momentum in the case of electron in a periodic
potential. The action of momentum operator on the Bloch wave function gives

−ih̵
d

dr
ψ(r) = −ih̵keik⋅ru(r) + (−ih̵)eik⋅r d

dr
u(r), (2.6)

where the vector k is called the crystal momentum, which contains the information of
the translational symmetry of the crystal potential. Another important feature of Bloch
wave function is that the wave vector k can always be restricted to the first Brillouin zone
(see Figure 2.2 (b)), and is called reduced zone scheme. Any general k’ not in the first
Brillouin zone can be defined as k’ = k +G, substituting this in the 2.5 we get

eik’⋅ru(r) = ei(k+G).ru(r) = eik⋅ru(r), (2.7)

since eiG⋅r = 1 for the reciprocal lattice vector G. The subscript n in Bloch wave function
in Equation 2.5 represents the set of solutions of the Schrodinger equation of the form

−
h̵2

2m(−ih̵∇+ k)2uk(r) +Uuk(r) = Ekuk(r), (2.8)

with periodic boundary condition, unk(r+R) = unk(r). U(r) is the periodic crystal
potential. In a finite volume, the Equation 2.8 can have infinite solutions, which corresponds
to discretely spaced eigenvalues counted by n, for a fixed value of k. Similarly, for a
particular value of n, the eigen state varies with respect to k, giving the band structure.
If the value of k is not restricted to the first Brillouin zone, the result will be identical
bands shifted by the reciprocal lattice vectors because of the periodicity of eigenvalues
and eigen functions with respect to k. For a band with index n and wave vector k, the
mean velocity can be calculated using the formula:

vn(k) =
1
h̵
∇kEn(k). (2.9)

This shows that an electron in a band can move indefinitely with the velocity vn(k) without
experiencing any collision with ions, opposite to the Drude model.

7



2 Theoretical background

To study the characteristics of the electronic band structure of an electron in a periodic
potential, the Schrodinger Equation 2.8 can be solved for a general potential U , if U is
smaller compared to the kinetic energy of the electron. When the value of U is much
smaller compared to the kinetic energy of the electron, the electron can be approximated as
a nearly free electron or as an electron in a weak periodic potential, which works reasonably
well for most metals. The result can be used to explain the origin of metals, insulators and
semiconductors. The conduction electrons are forbidden from approaching the nucleus
closely due to Pauli’s exclusion principle. Additionally, in the outermost shell where the
conduction electrons reside, most of the electric field is screened by the core electrons. The
assumption of a weak periodic potential is valid because the potential decays steeply away
from the nucleus, resulting in a relatively weak potential for the conduction electrons.

When the periodic potential is zero, the wave function is just a plane wave. One solution
for weak periodic potential is to expand the wave function in plane waves with all possible
k that satisfy the boundary conditions of Equation 2.2 and can be written as

ψk(r) = ∑
k

Cke
ik⋅r. (2.10)

The weak periodic potential can be expanded in the reciprocal lattice vectors and can be
written as

U(r) = ∑
G
UGe

iG⋅r. (2.11)

Substituting 2.10 and 2.11 in the Schrodinger equation we get

∑
k

−
h̵2k2

2m Cke
ik⋅r +∑

G
∑
k
UGCke

i(k+G).r = E∑
k
Cke

ik⋅r, (2.12)

which requires same coefficients on each side for each k. This gives

h̵2k2

2m Ck +∑
G
UGCk-G = ECk, (2.13)

and is called the central Equation [28].

In the solid, the nearly free electrons travel like waves towards the left or right directions.
But at special k points, like at the Bragg planes (or zone boundaries), the electrons are
not travelling waves. At these k points the wave function is made of equal parts of left and
right travelling waves, due to reflection of electrons by the atomic planes, resulting in a
standing wave. Therefore the solution is a sum of left and right travelling waves represented
by ±k. The approximate solution of the Schrodinger equation can be determined at the
zone boundaries by solving the central Equation 2.12 for k = ±1

2G. Substituting the two
values of k in 2.12 give two equations:

(
h̵2k2

2m −E)C (
1
2G) +UC (−1

2G) = 0

(
h̵2k2

2m −E)C (−
1
2G) +UC (1

2G) = 0,
(2.14)

8



2.2 Density functional theory

for which the solutions are given by

E = h̵
2k2

2m ±U. (2.15)

This results in one band having the energy lowered by U and another band having the
energy raised by U resulting in a band gap of 2U at the Brillouin zone boundary (shown
by shaded region in Figure 2.2 (c)). The two wave functions at the zone boundary are

ψ±(x) = e
iGx ± e−iGx. (2.16)

The electron density of ψ+ is proportional to cos2(Gx), which results in an accumulation of
electrons at the lattice sites whereas the electron density of ψ− is proportional to sin2(Gx),
which peaks away from the lattice sites. This can be considered as a lower potential energy
for ψ+ and higher potential energy for ψ− near the lattice points, which gives rise to a
band gap near the zone boundary.

Similarly, the central equation can be solved close to the zone boundaries by solving the
central Equation 2.12 at k and at k-G. The solution are given by

E± = E± +
h̵2(k − 1

2G)2

2m (1 ± 2h̵2

2mU (
1
2G)

2
) . (2.17)

The solution indicates that the energy of E+ band decreases near the zone boundary and
the energy of E− increases, when the sign of U is negative. Here E+ is the lower band and
E− is the upper band near the zone boundary.

The one electron eigen states of electrons in weak periodic potential, En(k), where k is
restricted to the first Brillouin zone, are filled by total number of electrons according to
the Pauli’s exclusion principle. When there are even number of electrons per primitive cell,
there are two possibilities. The topmost occupied band can be fully filled or can be partially
filled because of overlapping bands. When the band is fully filled, and if energy difference
to the next available band is in the order of kBT then the solid is a semiconductor. If the
difference between the highest occupied band and the lowest unoccupied band is larger
than kBT , then the solid is an insulator. If the band is filled partially, then the solid is
a metal. This distinction of metals, insulators and semiconductors is only possible with
a non zero band gap. The opening of a band gap near the zone boundary is completely
missing in free electron theory, where the energy is a continuous function of k and there are
no forbidden energies that the electron cannot occupy. The bad gap can only be explained
by considering the periodic lattice potential.

2.2 Density functional theory
In this thesis, the electronic band structure of different quantum materials is studied
using angle resolved photoemission spectroscopy (ARPES). The experimental spectra
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2 Theoretical background

are combined with theoretical initial state band structure calculations to get further
information about the character and wave function localization of the observed bands.
Density functional theory (DFT) calculations [31, 32] were employed to study the band
structure of the solids. A brief description of the fundamental theory of DFT, mainly
focusing on Wien2k code [33], will be provided in this chapter.

The entire electronic band structure theory in Section 2.1.2 is explained using one electron
wave function. This means one considers a single electron moving in an averaged potential
of nuclei and all other electrons. In reality, the electron - electron interactions play an im-
portant role in solids. However, accounting for all electronic correlations make calculations
nearly impossible even for small systems, as the computational time scales with N7 as the
system size (N) increases [33]. Therefore, several assumptions are made for the calculations.

Including the interactions between nuclei along with electronic correlations will complicate
the situation even more. Therefore, the first approximation in DFT is the Born Oppen-
heimer approximation, in which the motion of nuclei is neglected. The electron when
compared to nuclei has low mass and therefore, the electrons move faster than nuclei in
solids. Since the time scale of motion of electrons and nuclei are different by many orders
of magnitude, the nuclei can be considered as immobile in solid. The positions of the nuclei
are determined by relaxing the lattice, which corresponds to finding the configuration with
the minimum total energy of the system. The experimental atomic positions are used as
the initial starting point for this relaxation process.

The DFT is based on the Hohenberg-Kohn theorems [31, 32] which are formulated for
interacting particles in an external perturbation, with one case being the electrons in the
field of fixed ions. The Hamiltonian can be written as

H =
N

∑
i=1
−
h̵2

2m∇
2
i + e

2
∑

i

1
∣r − ri∣

− e2
∑
j

Z

∣r − rj ∣
+ vxc + vext(r). (2.18)

The first theorem states that the external perturbation vext is uniquely represented by
the ground state density ρo(r), provided the ground state is non degenerate. The second
Hohenberg-Kohn theorem is about the total energy of the interacting particle system. The
total energy can be represented as E(ρ(r)) and the exact ground state energy corresponds
to the ground state electron density, E(ρo(r)) [34], that is,

E(ρo(r)) ≤ E(ρ(r)) = Te(ρ(r)) + vee(ρ(r)) − vNe(ρ(r)) + vxc(ρ(r)). (2.19)

The kinetic energy Te, the exchange correlation (vxc), electron - electron (vee) and electron
- nuclei (vNe) interactions also depend on the density ρ(r).

In 1965, Kohn and Sham applied variational principle by introducing orbitals χi,j(r) to
minimize the total energy of the system. The electron density is given by

ρ(r) = ∑
i,j

ρi,j ∣χi,j(r)∣2, (2.20)
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2.2 Density functional theory

Figure 2.3: Schematic diagram showing the muffin tin region and interstitial regions used
for the WIEN2k calculations.

where ρi,j are the occupation numbers. The variation of the total energy gives set of
effective single particle Schrodinger equations,

(−
h̵2

2m∇
2
i + vee + vNe + vxc)χi,j(r) = Eχi,j(r). (2.21)

The orbitals χi,j(r) depend on the effective single particle potential, where χi,j(r) itself
depends on the electron density. Therefore, the Kohn-Sham equations must be solved till
the self consistency is achieved. The exact form of the exchange correlation potential, vxc,
is not known and certain approximations are made to find the potential. Local density
approximation (LDA) is one of the approaches to solve the problem, where electrons are
treated like in the homogeneous electron gas and the correlation functions depend only on
the local electron density. An improved approach is generalized gradient approximation
(GGA), where the exchange and correlation potentials also depend on the gradient of the
electron density along with the local electron density itself. With GGA, the in-homogeneity
of the electrons are included through the gradient of the electron density.

Once the exchange and correlation potentials are determined, an appropriate basis function
must be selected. In the Wien2k code [33], which is the one used for most of the theoretical
calculations in this thesis, linearized augmented plane wave (LAPW) method is used. In
this method, the unit cell is divided into atomic spheres, around the atomic sites, and
interstitial sites, as shown in Figure 2.3. Muffin tin approximation is used to define the
atomic spheres. In the atomic spheres, where the potential is assumed to be spherically
symmetric with non-spherical corrections, the basis set is taken as a linear combination of
radial functions times the angular components, given by

ϕkn = ∑
l,m

(Alm,knul(r,E1,l) +Blm,knu̇l(r,E1,l))Ylm(r̂) (2.22)

where the ul(r,E1,l) is the radial part of the solution of Schrodinger equation for E1,l. The
linear combination of the radial part with its derivative linearize the energy dependence of
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2 Theoretical background

the radial part. The basis set in interstitial sites is taken as a plane wave (PW) expansion,
given by

ϕkn ∝ eikn.r. (2.23)

The coefficients in Equation 2.22 are determined by the boundary conditions at the atomic
sphere boundaries. To improve the energy linearization, an additional energy-dependent
term, Clmul(r,E2,l), which is independent of kn is added to Equation 2.22, called the local
orbitals. This term helps to treat both core and valence states in the same energy window.
The solutions of Equation 2.21 are expanded in the combined PW and atomic basis set of
LAPW as

ψ(r) = ∑
n

Cnϕkn (2.24)

where the coefficients Cn are determined by variational principle.

In Wien2k, the muffin tin approximation is only used to define the atomic spheres. The
potentials are expanded as lattice harmonics and Fourier series in atomic spheres and
interstitial sites, respectively. Therefore, the potential does not depend on the shape
and is called full potential scheme. The full-potential LAPW method is one of the most
efficient techniques for calculating band structures, as it avoids discrepancies and allows
for accurate comparison with experimental results.

One of the drawbacks of DFT calculations is that they generally yield incorrect values
for band gaps in insulators and semiconductors [35]. When compared to experimental
band structures, DFT calculations are considered initial state calculations. As a result,
they do not account for the photoexcitation process, meaning that none of the effects
related to the excited state or the photoemission process are included. This include the
intensity modulation of bands due to the transition matrix elements which depends on the
polarization and direction of the light, and effects due to multiple scattering. To explain
these photoemission effects on the intensity, an advanced one step model calculations are
required, where the photoexcitation, transport and emission processes are included.

2.3 Photoemission spectroscopy
Photoemission spectroscopy is an established technique in solid state physics, which is
used to study electronic properties of a wide range of systems from free atoms to bulk
solids. In photoemission spectroscopy, the sample is probed using a photon, which can be a
discharge lamp, a laser, a synchrotron radiation, or an X-ray source, and electrons emitted
by absorbing the photons are measured using a detector. In case of solids, these emit-
ted photo electrons carry information about the initial state of the electronic band structure.

The first observation of photoelectrons was in 1887, when H.Hertz detected electrons
emitted from a secondary arc by the absorption of ultra violet radiation [36]. The theoretical
explanation of this was given by Einstein in 1905, known as the photoelectric effect [37].
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2.3 Photoemission spectroscopy

The maximum kinetic energy of the emitted electron is given by

Ekin = hν − ϕ0 (2.25)

where hν is the energy of the photon and ϕ0 is a material property related to the surface
potential barrier, called the work function. The experimental technique was further devel-
oped to use as spectroscopic technique to study the electronic properties of solids.

A quantum mechanical description of the photoemission process is given by time dependent
perturbation theory. The Hamiltonian of the electron in the initial state is given by

H0 =
p2

2me

+V0 (2.26)

where p and me are the momentum and mass of the electron and V0 is the potential energy
of the electron due to the interaction with other electrons and nucleus. When the system
is probed using a photon beam with vector potential A(r, t) and scalar potential ϕ(r, t),
the Hamiltonian is given by

H =
(p + e

cA)2

2me

+V0 − eϕ(r, t). (2.27)

With the conditions ∇ ⋅ A = 0 and ϕ(r, t) = 0 for the electromagnetic radiation and
neglecting the A2 term, because of the assumption of weak radiation, in Equation 2.27,
we get

H =
p2

2me

+V0 +
e

mec
A ⋅ p =H0 +V(t), (2.28)

where v(t) = e
mecA ⋅ p represents interaction of the electrons with the radiation and can

be treated using the perturbation theory. The vector potential in the perturbation term
can be expanded as A0ϵ⃗eik⃗⋅r⃗−ωt + A∗0 ϵ⃗e

−ik⃗⋅r⃗−ωt, where ϵ⃗ is the polarization vector of the
radiation. This can be solved using the interaction picture in quantum mechanics where
both the operator and the wave function depends on the time. The transition probability
of emission from the initial state ψi to the final state ψf is given by

Wif ∝
2π
h̵
∣⟨ψf ∣e

ik⃗⋅r⃗ ϵ⃗ ⋅ p⃗∣ψi⟩∣
2δ(Ef −Ei − h̵ω). (2.29)

This is called Fermi’s golden rule. The delta function in Equation 2.29 ensures energy
conservation. The transition probability is usually calculated taking single particle eigen
functions and does not take into account the interaction with the rest of the (N − 1)
electrons in the system, where N is the total number of electrons in the system. But in
reality, the photoemission process is a many body problem, the electrons interact with
each other and the (N − 1) electrons rearrange when the the photo electron is emitted.
When the electrons interact, the initial and final states are taken as ψi = ψiϕi(N − 1) and
ψf = ψfϕf(N − 1) where ϕ(N − 1) is the wave function of (N − 1) electrons. The transition
probability then becomes

Wif ∝
2π
h̵
∣⟨ψf,k∣e

ik⃗⋅r⃗ ϵ⃗.p⃗∣ψi,k⟩∣
2
∑
s

∣⟨ϕf,s(N − 1)∣ϕi,k(N − 1)⟩∣2δ(Ef +Es −E0 − h̵ω). (2.30)
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2 Theoretical background

Here the ϕf,s(N−1) and Es are the final states and the energies of the (N−1) electrons after
the photoemission, and E0 is the ground state energy of the N electrons. In the sudden
approximation or frozen orbital approximation, the overlap integral ⟨ϕf,s(N−1)∣ϕi,k(N−1)⟩
equals 1, because, in this approximation the (N−1) electrons are unaffected by the emission
of the photo electron [38]. The relaxation time for (N − 1) electrons are assumed to be
longer compared to the photoemission process, and therefore, ⟨ϕf,s(N − 1) = ϕi,k(N − 1)⟩
for s = k, and the integral becomes zero for the rest of the terms. The overlap integrals
⟨ϕf,s(N − 1)∣ϕi,k(N − 1)⟩ can be non zero for k ≠ s for strongly correlated materials, where
the many body interaction must be included for proper description. The overlap integral
in correlated materials are related to the self energy, which will give rise to many satellites
peaks in photoemission along with the main peaks.

For solving the transition probability approximately, the eik⋅r term in Equation 2.29 can
be expanded as

eik⋅r = 1 + ik ⋅ r − 1
2(k ⋅ r)

2 + ... (2.31)

Typical photon energies used in photoemission experiments are in the range of 10 to
1000 eV. The wavelength of these photon energies correspond to λ ≈ 100 -1000 Å. The
wavelength of the light compared to the inter-atomic distances, which is ≈ 3 Å, is large
enough to say that the electromagnetic radiation do not vary much spatially. Therefore,
we consider only the first term in the expansion in Equation 2.31, giving the transition
probability,

Wif ∝
2π
h̵
∣⟨ψf ∣ϵ⃗ ⋅ p⃗∣ψi⟩∣

2δ(Ef −Ei − h̵ω). (2.32)

This is called the dipole approximation. This approximation is valid only in the low energy
regime where the wavelength of light is large compared to the inter-atomic distances. The
Equation 2.32, that represents the velocity form of the matrix element, can be equivalently
written in the length form using the relation

⟨ψf ∣ϵ⃗.p⃗∣ψi⟩ =
me

ih̵
(Ef −Ei)⟨ψf ∣ϵ⃗.r⃗∣ψi⟩. (2.33)

There are several ways to interpret the photoemission process. One common approach
is the three-step model, which divides the process into three stages: excitation of the
electron, transport of the electron to the surface, and emission of the electron from the
surface into the vacuum. Another approach is the one-step model, which provides a more
accurate quantum mechanical description of the entire photoemission process.

2.3.1 Three step model
In 1964, Berglund and Spicer first introduced the three step model [39, 40]. As discussed
earlier, the three steps in photoemission process are (i) excitation of the electron from the
initial state, ψi, to the final state, ψf , within the solid (the excitation is to the unoccupied
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2.3 Photoemission spectroscopy

Figure 2.4: Schematic diagram of three step model of photoemission. The excitation form
initial state ψi to final state ψf (which is an unoccupied state within the solid),
propagation to the surface and transmission through surface are labelled as 1,
2 and 3 respectively. Fermi level, vacuum level, core level region, valence band
region, barrier potential V0 and work function W are indicated.

state in the solid) by absorbing the photon, (ii) the propagation of the excited electron to
the sample surface, and (iii) emission of the electron from the surface into the vacuum,
overcoming the surface barrier potential. The three steps are shown in the Figure 2.4.
A brief description of the three steps of the photoemission will be given in the following
sub-sections.

2.3.1.1 Photoexcitation

The electron in the initial state ψi with energy Ei will undergo a photoexcitation by
absorbing a photon of energy hν to the final state ψf , within the solid, with energy Ef

such that
hν = Ef −Ei. (2.34)

The transition probability for the transition is given by 2.29. The initial state is a bound
state of the atom and can be represented as a linear combination of atomic orbitals
(LCAO). The LCAO initial state is a convenient approximation that allows to describe
several properties of photoemission spectra. These orbitals can be expressed as a product
of a radial part, which depend on the quantum numbers n and l, and spherical harmonics,
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2 Theoretical background

Figure 2.5: Figure shows photo ionization cross section of Fe 3p level at photon energies
from 10 eV to 1500 eV. Cooper minimum of Fe 3p is marked by the vertical
dotted line at hν = 85 eV.

which depend on the quantum numbers l and ml. Here n, l and ml correspond to the
principal, azimuthal (or orbital), and magnetic quantum numbers, respectively. The initial
state is given by ψi = ∑n,l,ml

Cn,l,ml
Rn,l(r)Ylm and the transition matrix elements can be

written as
Wif ∝ ∫ R∗nf ,lf

rRni,lir
2dr∫ Y ∗lf ,mf

ϵ⃗.r⃗Yli,mi
dΩ. (2.35)

The radial part of the matrix element satisfies the normalization condition and are given
as a function of associated Laguerre polynomial L and orbital radius a,

Rn,l ∝ e−r/na (
2r
na
)

l

L2l+1
n−l−1 (

2r
na
) . (2.36)

The radial function has n−l−1 nodes [41]. When the wavelength of the photon matches the
nodes of the initial state, it results in extremely low photoemission intensity, and these are
called Cooper minima. Cooper minima occurs at specific photon energies, corresponding
to when the photon wavelength matches the nodes of the initial state orbitals. In solids,
these minima are broadened due to the hybridization of orbitals, which results in a wider
range of energies where destructive interference can occur, smoothing out the sharpness
of the minima observed in isolated atoms. Another effect is the decay of the radial cross
section at higher photon energies, where the wavelength is small. The rapid sign change of
the photon wave results in a reduced intensity [41]. As an example, the energy dependence
of the photo ionization cross section of Fe 3p is shown in Figure 2.5. Fe 3p has a Cooper
minimum at hν = 85 eV.

The ϵ⃗ ⋅ r⃗ term, in Equation 2.35, can also be represented in the spherical harmonic basis,
as the polarization of light can be defined in the spherical harmonic basis with the two
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2.3 Photoemission spectroscopy

Figure 2.6: Angular part of the photoemission matrix element for C± light. All the possible
transitions allowed by the selection rules are shown.

orthogonal states, which are the right circular polarization (RCP) or C+ light and the left
circular polarization (LCP) or the C− light. The C+ and C− light are defined as

ϵC+ =
ϵx + iϵy
√

2

ϵC− =
ϵx − iϵy
√

2
.

(2.37)

Now, the ϵ⃗ ⋅ r⃗ can be written as
√

4π
3 Y1,1 and

√
4π
3 Y1,−1 for C+ and C− light, respectively,

and the linear light is given by Y1,0 in the spherical harmonics. This shows that light itself
carries an angular momentum with l = 1 and with the Lz values of +1,0,-1. By inserting
Equation 2.37 in Equation 2.35 and using the Wigner-Eckart theorem, it can be shown that
not all transitions that obey the condition Equation 2.34 occur. Light polarization plays
an important role in photo excitation process and only certain transitions are quantum
mechanically allowed. The allowed transitions are governed by the dipole selection rules,
which are ∆l = ±1 and ∆m = ±1/0 for circularly polarized light (C+ and C−) and linearly
polarized light, respectively. Therefore, transitions such as 1s → 2s or 2p → 3p are not
allowed, even if they obey Equation 2.34. These dipole selection rules play an important
role in circular dichroic ARPES measurements, which is the main technique used in this
thesis. The angular part of the matrix elements corresponding to the allowed transition
can be calculated analytically and are given in the table for C+ and C− light (see Figure 2.6).

2.3.1.2 Propagation

Once the electrons are emitted according to the dipole selection rules, the next step is
the propagation of the electron to the surface. There are two different processes that
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2 Theoretical background

can occur during the propagation of the electrons. First is the inelastic scattering, in
which the electrons loose their energy and the second is the elastic scattering, in which
the energy and momentum of the electron are preserved. Inelastic scattering appears in
the photoemission spectra as a broad peak at lower kinetic energy. Electrons in a solid are
primarily scattered through electron-electron interactions, electron-phonon interactions,
and interactions with defects. In the photon energy range typically used for photoemission
measurements, electron-electron interactions are the dominant source of scattering. The
electron-electron scattering cross section is given by

d2σ

dΩdE =
h̵2

(πea0)2
1
q2 Im(

−1
ϵ(q, ω)

) , (2.38)

where the q and E are related to the momentum and energy transfer in the scattering
process and a0 is the Bohr radius. From 2.38 we can say that the inelastic scattering is a
material property through its relation to the dielectric function, ϵ(q, ω).

One of the important parameters for the inelastic scattering is the electron escape depth
or mean free path. It is the distance travelled by the electron before it gets scattered. The
mean free path for various materials for different kinetic energies are shown in Figure 2.7.
The data points approximately align along the so-called universal curve of the electron
escape depth, with values being similar across different materials [42]. This is in contrast to
Equation 2.38, where the mean free path depends on the dielectric function of the material
that enters through the scattering cross section. The mean free path value of different
materials are similar because of the kinetic energy that was considered in Figure 2.7. At
the kinetic energies considered, the electrons approximately behave like free electrons and
mostly the electron densities matter, which is almost the same for different materials.

Another important observation from the universal curve is the actual value of the mean
free path. The mean free path is just few Å, which corresponds to one or two atomic layers.
This makes photoemission spectroscopy an extremely surface sensitive technique. The sam-
ple surface needs to be clean without any contaminants. The accumulation of contaminant
layer depends on the material, and can be quantified by the sticking coefficient, which is de-
fined as the ratio between the number of molecules or atoms sticking to the sample surface
and the total number of particles hitting the surface. At ambient conditions it only takes
few ns to form one monolayer of contaminants, assuming the sticking coefficient equal to 1
[38]. Therefore, a pressure of at least 10−10 mbar is required for good quality measurements.

The elastic scattering modulates the intensity of the bands, without any change in the
kinetic energy. The elastic scattering plays an important role in the photoemission intensity,
and is crucial in the analysis of the CD-ARPES spectra. These elastic scattering is also
used in core level photoelectron diffraction for structure determination. Elastic scattering
will be discussed in detail in Chapter 5.
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2.3 Photoemission spectroscopy

Figure 2.7: The universal curve of inelastic mean free path versus kinetic energy. The
kinetic energy range used for the measurements in this thesis is indicated in
the shaded region. The mean free path is less 10 Åfor the kinetic energies
considered in this thesis. Data taken from [42].

19



2 Theoretical background

2.3.1.3 Transmission

The final step is emission through the surface into the vacuum. For the electron to come
out of the sample, it has to overcome the surface potential barrier, ϕ0, and due to this
inner potential, only electrons with energies greater than the inner potential will come
out of the sample. The maximum kinetic energy the electron can have is given by the
Equation 2.25. The kinetic energy of the electron is related to the binding energy, Ebin, of
the electron in the solid and is given by

Ekin = hν −Ebin − ϕ0. (2.39)

The surface potential is usually considered as a step function and is given by

V0(r) =
⎧⎪⎪
⎨
⎪⎪⎩

V0 if r⊥ < 0
0 if r⊥ > 0.

(2.40)

In reality, the potential is a function that varies smoothly near surface as shown in Figure
2.4. The diffraction of the electron results in a larger angle of emission outside the
sample compared to the angle inside the sample. This means there is maximum angle θ′,
which is less than 90○, and electrons emitting with θ > θ′ will be reflected back into the
sample [38]. Therefore we can define a cone called the escape cone (shown in Figure 2.8),
which represents all the angles of the electrons that can escape the sample without being
back reflected. The momentum of the electron is not conserved because of the barrier
potential. The in-plane periodicity ensure the parallel momentum conservation and it
is the perpendicular component of the final momentum which suffers reduction due to
the potential barrier. The parallel, kf ∣∣, and perpendicular, kf⊥, momentum components
(shown in Figure 2.8) are given by

kf ∣∣ = ki∣∣

kf⊥ = ki⊥ − 2meV0.
(2.41)

A typical ARPES experimental geometry is shown in Figure 2.9. The parallel and
perpendicular momentum is related to the emission angles θ and ϕ, as labelled in the
Figure 2.9. From the geometry, the x, y, z components of the momentum are determined
as
√

2meEkinsinθcosϕ,
√

2meEkinsinθsinϕ, and
√

2meEkincosθ, respectively. From the
relation k∣∣ =

√
p2

x + p
2
y and k⊥ =

√
p2

z + 2meV0, the equations for k∣∣ and k⊥ are obtained as

mod k∣∣ =
√

2meEkinsinθ

mod k⊥ =
√

2meEkincos2θ + V0.
(2.42)

The parallel component of the momentum are calculated from the angle of emission and
the kinetic energy obtained from the ARPES measurements. The energy versus parallel
momentum graphs are obtained from the ARPES, resulting in the band structure of the
solid. The precise determination of perpendicular component requires an accurate value of
inner potential, V0.
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2.3 Photoemission spectroscopy

Figure 2.8: (a) shows the schematic diagram of the escape cone inside and outside the
solid [38]. The Figure shows the parallel and perpendicular components of
the momentum k. The diffraction of the electron through sample surface is
shown. The parallel momentum is conserved in the process due to the in-plane
periodicity.
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Figure 2.9: Schematic diagram showing the ARPES geometry. The angle of emission (θ
and ϕ) are shown.
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2.3.2 One step model
Although the three-step model provides a simplified understanding of the photoemission
process, it often lacks details and is generally insufficient for comparing with experimental
results. The main concept of dividing the process into three steps makes it incoherent, and
thereby collapsing the wavefunction in each step, resulting in loss of information from the
interference that happen between the different possible channels. As discussed earlier, the
multiple scattering that could result from the neighbouring atoms and from the potential
barrier is not included in the three step model. Therefore, a more accurate theory is
required to understand the experimental spectra.

One step model provides a more realistic description of the photoemission process [43].
Here, the photo excitation, propagation to the surface and transmission through surface
are considered coherently. The transition matrix element effects and multiple scattering
events will modify the experimental intensity. These are included in the one step model
calculations. The multiple scattering in the final state is same as the time reversed low
energy electron diffraction (LEED) states. In the LEED measurements the sample is
probed with electron beam, and the electron upon entering the sample experiences multiple
scattering. When the time is reversed in the LEED measurements, the process is same as
the photoemission process.

One step model can be used for a quantitative description of the photoemission spectra.
One of the biggest advantages is that the effect of dipole selection rules, which is related
to the photoemission intensity through the transition matrix elements, can be studied
using this model and is very important for the CD-ARPES studies. The final state of the
photoemission process is described using the partial wave expansion to include the effects
of scattering and to study the dichroism originating from the multiple scattering. This
will be discussed in detail in Chapter 5.
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In this chapter, a brief description of the experimental setups, namely a conventional
ARPES setup and a momentum microscope, as well as the different light sources used for
the measurements will be provided. A brief description of synchrotron radiation, which
is produced by accelerating electrons in a storage ring, that was used for all the ARPES
measurements, will be provided. Apart from the electronic band structure measurements,
magnetic domain structure mapping were performed using photoemission electron mi-
croscopy (PEEM) technique. This will be discussed towards the end of the chapter.

3.1 Ultra high vacuum
For photoemission spectroscopy, one of the prerequisite conditions is the ultra high vacuum
(UHV). For photon energies in the UV-visible range, the inelastic mean free path of
electrons is around 10 Å [42]. This implies that electrons emitted from deeper layers
will undergo inelastic scattering, contributing to a background at lower kinetic energies.
Only the electrons from the topmost layers that do not undergo inelastic scattering will
contribute to the band structure. Therefore, ARPES requires atomically clean sample
surfaces, along with periodicity and low defect density, to produce sharp bands. Con-
tamination depends on the material being measured and is determined by its sticking
coefficient, which is given by the probability that a molecule is absorbed on the sample after
a collision. In ambient conditions, sample surface becomes rapidly contaminated and a
monolayer of contaminant is formed on a ns time scale [38]. Another problem is with highly
reactive samples, which get oxidized in the air. Most of the magnetic 2D samples belong in
this category [44, 45] and it is virtually impossible to measure them without a good vacuum.

The time required for contaminants to form on the sample surface can typically extend to
a few hours if the pressure is in the range of 10−10 mbar. However, this duration is highly
sample-dependent. For example, some surfaces like WSe2 can remain stable for several
days, whereas others like Fe can become contaminated within a few hours even at 10−10

mbar. The stability of the sample also depends on the composition of the residual gas
in the chamber, for instance, H2 molecules are always present and cannot be completely
removed.

A typical ARPES system consists of a load lock chamber, a preparation chamber, and a
main chamber. The load lock chamber is where all the samples are loaded, the preparation
chamber is where the samples are cleaved and prepared for the ARPES measurements,
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Figure 3.1: Bulk single crystal samples glued on Mo plates using silver epoxy and prepared
for cleaving (a) and (b) with scotch tape and (c) with ceramic posts.

and the main chamber is where the photoemission measurements are performed. The load
lock, preparation chamber and main chamber are separately pumped using ion pumps and
turbo-molecular pumps. Additionally, the turbo-molecular pumps in the preparation and
main chamber are pre-pumped to achieve the required pressure. Whenever there is a leak
or whenever part of the chamber is vented, the chamber needs to be baked at ≈ 150○ for
several days, to remove water and hydrocarbons, adsorbed on the chamber walls. The
main chamber is also usually equipped with titanium sublimation pump (TSP) to further
pump the adsorbed molecules, such as H2 molecules which are difficult to pump, that have
been attached to the chamber walls. On top of this, everything that is inserted into the
vacuum chamber should be handled with gloves to minimize any chance of oil, grease or
other particles from entering the chamber.

Samples are loaded into chambers through the load lock, where the pressure is maintained
around 10−8 mbar. As the load lock chambers are vented frequently for loading the sample,
these chambers are designed to be small in volume to reduce the pumping time. When
the samples are exposed to air, they require additional cleaning in the ultra high vacuum
(UHV) for successful ARPES measurements. The bulk single crystal samples are typically
cleaved in the UHV using a scotch tape or ceramic posts (shown in Figure 3.1) to remove
the contaminated topmost layer. Cleaving is usually performed in the load lock or in the
the preparation chamber in most of the synchrotrons, and will be immediately transferred
to the main chamber for ARPES measurements. Thin film samples are either directly
transferred from the growth chamber to the ARPES chamber using a vacuum suitcase
or are capped with a protective layer, such as Se or Te, which can then be uncapped by
annealing or sputtering in the preparation chamber. Similarly, reactive exfoliated flake
samples are encapsulated with monolayers of graphene or hBN and are annealed for few
hours above 100○C, depending on the material, to get rid of the adsorbed water molecules
and hydrocarbons. The sample preparation techniques mentioned above are the main ones
used in this thesis; however, many other techniques are also available.
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Figure 3.2: Beamline optics at PHELIX endstation at SOLARIS synchrotron. The ellipti-
cally polarized undulator, entrance and exit slits, plane grating monochromator
and focusing mirrors are shown. Adapted from [46]

3.2 Light sources
Once the sample is prepared, it is transferred from the preparation chamber to the main
chamber, where measurements are taken. In the main chamber, the sample is probed with
a photon source, which induces the emission of electrons. Since the primary focus of the
study in this thesis is to determine the orbital angular momentum character of the bands,
switching the polarization and the energy of the photon source is of primary importance.
This is possible at selected beamlines at various synchrotron facilities around the world.
Depending on the beamline specifications, such as the beam spot size, experimental geom-
etry, and photon energy range available, different beamlines were chosen for measurements
on bulk single crystal and 2D heterostructure samples in this thesis.

At synchrotron laboratory, photons are produced by radially accelerating electrons in the
synchrotron storage ring. The radiation is produced by bending magnets and undulators
[47]. There are various optical components in between the undulator light source and the
experimental end station. A schematic diagram of the optics at the PHELIX beamline,
SOLARIS, is shown in Figure 3.2. The most commonly used undulator is APPLE II
undulator [48]. It is made up of four arrays of magnets, which when moved relative to
each other in parallel or anti parallel combinations, produce linear, circular or elliptical
polarizations. At the PHELIX beamline at SOLARIS, the beam from the undulator then
passes through a slit, which acts as an aperture to remove unwanted radiation. The beam
is subsequently collimated using a cylindrical mirror and moves to the monochromator.
A monochromator is used to isolate photons of a fixed energy. The main component of
monochromator is a diffraction grating. After the monochromator, the beam is focused
using different sets of toroidal mirrors before reaching the end station. This results in a
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high intensity beam of flux around 1012 photons/s. All the optics mentioned above are
placed in vacuum and are mechanically stabilized to avoid any vibrations of the beam. At
the PHELIX beamline, the mirrors are usually coated with metals such as Pt to improve
the reflectivity [46]. Diffraction gratings are also coated with different metals depending
on the photon energy range, to improve the reflectivity of the beam.

Exfoliated flake samples, which are usually few microns in size, require focused beam
spot. Focusing the beam spot to micrometer size requires special focusing optics, which
will produce few µm2 or even sub-µm2 sized beam spots. There are three different optics
types used for focusing the beam, namely Kirkpatrick–Baez (K-B) optics [49], capillary
optics [50] and Fresnel zone plate (FZP) [51] (shown in Figure 3.3). The K-B optics
contain two elliptically shaped mirrors, one for the horizontal focusing and the other for
the vertical focusing. This will result in a beam spot of size down to few µm. The capillary
optics consist of one or many small glass capillaries with reflecting inner surface. The
beam will undergo single or multiple internal reflections in the elliptical or cylindrical
shaped inner surface of the capillaries [52], respectively, and finally focus on the sample
position. Capillary optics can produce sub-micron sized beam spot. FZP consist of a
plate with several concentric rings made of opaque and transparent surfaces or of two
materials with different refractive indices. The photon beam will undergo diffraction and
will constructively interfere at the focal point when the number of rings in the zone plate is
large enough. The beam can be focused to few nanometers in this case [53]. In a FZP, the
focal point depends on the wavelength of the light used, which helps to prevent unwanted
wavelengths from hitting the sample. Although a zone plate can achieve the smallest
beamspot possible, enabling precise probing of flake samples, the flux is relatively low,
requiring longer probing times to accumulate sufficient data. Another disadvantage of
FZP is its limitation when changing photon energy, as it often only supports one or two
specific photon energies.

Apart from the synchrotron light sources there are vacuum ultraviolet discharge lamps,
that use gases such as He, Xe, Kr, etc., primarily for lab based (that is not synchrotron
based) ARPES systems [54, 55]. In the discharge chamber with high electric field, the
atoms will be ionised forming plasma, where excited electrons while recombining with the
atoms emit photons. In modern setups, the photon beam is then focused using a toroidal
mirrors or capillary. Another lab based light source is based on Ti:Sapphire LASER, which
produce light of wavelength ∼ 800 nm. This photon beam passes through non linear
crystals, like beta barium borate (BBO), which will double the frequency. This process
is repeated twice, which will finally result in an energy of hν = 6 eV (λ=200 nm) [56].
One advantage of Ti:sapphire LASER is that the light is not absorbed by air and does
not require vacuum, which makes it easier for alignment. Additionally, LASER produces
highly intense photon beams and can be focused to few micron beam spot [57], making
measurements on exfoliated flake samples in lab based ARPES setups possible. Similarly,
7 eV LASER photon energy and 11 eV LASER photo energy are also used for ARPES
measurements [58, 59]. Apart from the continuous wave LASERs, pulsed LASERs are
used for time-resolved ARPES studies [60–62].
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Figure 3.3: (a) K-B optics, (b) capillary optics and (c) Fresnel zone plate

3.3 Analyzer

The core of the ARPES setup is the electron analyzer. The most popular designs are the
conventional hemispherical analyzer and the momentum microscope. The results in this
thesis include measurements from both of these setups at various synchrotrons.
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3.3.1 Conventional hemispherical analyzer
The conventional hemispherical analyzer contains of an electrostatic lens, a capacitor
hemispherical analyser, a multichannel plate (MCP) electron detector and CCD camera,
to image the electrons (shown in Figure 3.4). The main chamber, where the photoemission

Figure 3.4: Schematic diagram of conventional ARPES setup. The photon incidence,
sample position, electrostatic lens, hemispherical analyser, multichannel plate
and CCD camera are labelled.

process happen, is usually made out of µ metal or stainless chamber with µ metal shield
inside, which is used to shield the emitted electrons from the influence of any magnetic field.
The µ metal is a composition of 75% of nickel and 15% of iron along with composites of
copper and molybdenum. This material has very high magnetic permeability and therefore
reduces the influence of external magnetic field, including the geomagnetic field.

Depending on the lens settings, the emitted electrons are collected by the lens as a spatial
or angular image (shown in Figure 3.5). After passing through the electrostatic lens, the
electrons reach the analyzer slit of the hemispherical analyzer. The angular acceptance
is usually ±15○ along the slit direction. In a deflector scan the electrons emitted in the
direction perpendicular to the entrance slit is captured by rotating the lens perpendicular
to the entrance slit. This will allow to measure the 3D band structure (Energy versus kx

versus ky). The deflector scan will allow an angular acceptance of ± 15○ perpendicular
to slit, which demands no rotation of the sample, which if not the case, might move the
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Figure 3.5: Schematic diagram of electron trajectory is an ARPES measurement showing
(a) angular mode and (b) spatial mode.

sample spot that is being measured. The electrons are typically retarded down to the
pass energy (Epass) between the sample and the entrance slit. The electrons are retarded
by applying a voltage between the sample and the entrance slit, corresponding to the
Epass. The Epass determine the energy of the electrons that reaches the detector, only
electrons within the energy range of 8.7% - 10% of Epass will be transmitted through the
hemispherical analyzer, depending on the analyzer used. A constant potential is applied
between the inner and outer hemispheres of the analyzer which act like a capacitor. Once
the electrons enter the analyzer, the electrons of energy higher than 8.7% - 10% of Epass

hit the outer hemisphere of the analyzer and the electrons with energy less than 8.7% -
10% of Epass hit the inner hemisphere (see Figure 3.6). The electrons within the energy
range of the Epass are the only electrons that reach the analyzer. In the angular mode
settings, an energy versus angular image is formed at the exit slit of the analyzer. These
electrons then reach the MCP, where they are multiplied. The electrons from the MCP are
accelerated towards the phosphor screen, which emit photons when hit by the electrons.
The phosphor screen is photographed by a CCD or CMOS camera. In the angular mode of
measurement, the angle of emission is approximately linearly proportional to the position
along the slit. While analyzing the angular image, the angle of emission is finally converted
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Figure 3.6: Schematic diagram of electron trajectory is an ARPES measurement. Red
indicates trajectory of electron with energy greater than 10% of Epass, yellow
indicates trajectory of electron with energy within 10 % of Epass and green
indicates trajectory of electron with energy less than 10 % of Epass.

to the k∣∣ using the relation
k∣∣ = 0.512

√
Ekinsinθ. (3.1)

By sweeping the voltage between the sample and the analyzer, a wide-range kinetic energy
scan can be performed.

Another important factor to be considered is the energy resolution of the analyzer. The
spectrometer resolution is given by the relation [63]

∆EA = Epass (
w0

2R0
+
α2

2 ) ≈
Epass[eV ] ⋅w0[mm]

R0[mm]
. (3.2)

The resolution depends on the Epass, the slit width (w0) and on the average radius of the
hemisphere (R0 =

R1+R2
2 ). α is the angular acceptance of the entrance slit. With low Epass

the energy width is small (≈ 10% of Epass) and therefore the dispersion in energy is large,
resulting in high resolution. The slit width is adjusted to maximize the resolution and
counts. The energy resolution also depends on other factors such as the band width of
photon, thermal broadening, etc., which will also be limiting the total resolution.

3.3.2 Momentum microscope
Momentum microscope is another experimental design for measuring band structure
[64]. The key difference between the conventional hemispherical analyzer and momentum
microscope is that, in momentum microscope, the the constant energy kx − ky cuts are
measured and cover entire half momentum space at lower photon energies. The image
scale in momentum microscope images are proportional to the k−scale. Additionally, the
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Figure 3.7: (a) Schematic diagram of electron trajectory is momentum microscope in
momentum space mode (a-b) and real space mode (c) (adapted from [65]. (d)
shows the real space PEEM image of Fe3GeTe2 encapsulated flake measured
at NanoESCA beamline at Elettra. (e) shows the Fermi surface of graphene at
EB = 1.25 eV, measured in the momentum space mode at NanoESCA beamline
at Elettra.

momentum microscope offers high spatial resolution and can also be used in PEEM mode.
In this thesis, the momentum microscope at NanoESCA beamline, Elettra, was used in
both k−space mode, for Fermi surface maps and in PEEM mode, for domain structure
mapping.

The electron trajectory in momentum microscope in momentum space mode and real space
mode are shown in Figure 3.7 (a-c). The NanoESCA, which is an example of momentum
microscope, consists of an objective, two projective lenses, two hemispherical analyzers, a
channeltron, and a 2D image detector. A schematic diagram of the scheme of NanoESCA
is shown in Figure 3.8. The objective applies a high voltage (in keV range) between
the sample and extractor to extract all the photoelectrons emitted into the half sphere
above the sample. A spatial image is formed at the focal plane and a reciprocal image
is formed at the back focal plane of the objective (see Figure 3.7 (a)). In the PEEM
mode, for high spatial resolution and to reduce aberrations, the electrons with higher
angles are cut off by the contrast aperture, which is placed at the back focal plane of
the objective, see Figure 3.7 (a). Similarly, in the k-space mode, the dimension of real
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Figure 3.8: Schematic diagram of the layout of different components of NanoESCA, an
example of momentum microscope. The objective lens, projective lens, two
hemispherical analyzers, channeltron and 2D image detector are shown in the
Figure. The Figure is adapted from [65].
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space from where the electrons are collected can be reduced by closing the iris aperture,
which is placed at the focal plane of the objective (shown in Figure 3.7 (c)). This allows
to choose the spot on the sample which shows sharp features in the band structure and
is extremely important for smaller or in-homogeneous samples. For the measurements
on the flake samples in this thesis, the iris was closed to 5 × 5 µm, as the sample size
was of the order of 10 µm2 and as the beam spot at NanoESCA is approximately 15×20µm.

Switching between real-space and momentum-space imaging modes is achieved by adjusting
the lens voltages. The projector lens serves to project either a real-space or reciprocal-space
image onto the first 2D detector, depending on the applied voltages. Specifically, the lens
system directs the selected image (real or reciprocal) to the entrance slit of the energy
filter. In PEEM mode, without energy filtering, the projector lens focuses the real-space
image onto the 2D detector, with major contribution coming from secondary electrons.

After the first projector lens, the electrons enter the energy filter. The main use of the
second hemispherical analyzer is to reduce the aberration for high resolution spatial image.
The energy resolution is the highest after passing through the first hemispherical analyzer.
The resolution of the momentum maps can be increased by using low Epass, like 50 eV,
giving a total resolution of 100 meV. This resolution is sufficient for the band structure
study of many materials. The electrons after the energy filtering enter the imaging column.
The real space image or the reciprocal image is then projected on the 2D detector, which
consists of a MCP and a Cerium-doped Yttrium Aluminum Garnet (YAG:Ce) screen
for imaging the electrons. As discussed earlier, when the electrons hit the MCP, each
electron produces a bunch of electrons. These electrons from the MCP get accelerated to
YAG:Ce screen, where the incident electrons produce photons. In momentum microscopy,
the momentum image coordinates are directly proportional to kx − ky units, eliminating
the need for converting angles to k-scale, unlike conventional lens systems.

In momentum microscopy, an energy dispersion curve is obtained by scanning the binding
energy. At each binding energy, a kx − ky map is captured to form a 3D data set, from
which the Energy versus k maps can be extracted. The momentum space range probed
scales with the voltage applied between the sample and the extractor. As the extractor
voltage increases, the k-scale expands. However, the real-space image scale decreases with
increasing extractor voltage. For k-space mapping, a typical sample voltage of 12 keV is
applied, enabling measurements across a range of ±2 Å−1 over the entire MCP image in
reciprocal space, covering more than one Brillouin zone of most of the materials.

3.4 Experimental geometry
In ARPES measurements the experimental geometry plays an important role. The ϵ⃗ ⋅ r⃗∣ψi⟩

term in the photoemission transition matrix depends on the light polarization type and
direction [41]. In all the synchrotrons the light is incident at an angle when the sample
surface normal is along the lens axis. This introduces additional asymmetries in the
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photoemission maps.

The key is to setup the measurements such that these additional asymmetries are mini-
mized, for example, by aligning the mirror plane of the crystal with the light incidence
direction. This requires the sample to be properly oriented. Most of the synchrotron
ARPES end stations are equipped with manipulators with six degrees of freedom, three
translations along x, y and z, and three rotational degree of freedom, θ, ϕ and tilt (shown
in Figure 3.9). For CD-ARPES, when the light is incident perpendicular to the sample

Figure 3.9: Schematic representation of a manipulator showing the sample with six degrees
of freedom, the translational degree along x, y and z axis and the rotational
degrees along x (tilt), y (θ) and z (ϕ) axis.

surface, less symmetries are broken. It is possible to rotate the sample towards the light
incidence direction, using conventional hemispherical analyzers, which allow the sample to
be aligned with the direction of light incidence. For most of the regular ARPES measure-
ments, the sample normal is oriented along the lens axis. The experimental geometries
at the NanoESCA beamline and at the PHELIX beamline, where most of the ARPES
measurements in this thesis were performed, are shown in Figure 3.10.

Another important factor for most of the samples is the temperature of the measurement.
The transition temperatures (TC) of layered magnetic samples are often below the room
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Figure 3.10: ARPES experimental geometry (a) at the NanoESCA beamline, Elettra and
(b) at the PHELIX beamline, SOLARIS. In the cases, the sample surface
normal is along the lens axis.

temperature. Therefore, measurements with cooling are needed to access the properties of
the magnetic state. Most of the ARPES beamlines at synchrotrons offer manipulators
with cooling. Depending on the beamline, the lowest sample temperature vary between 10
- 80 K, with liquid He cooling. The measurements with cooling also improves the energy
resolution of the measurement, as at low temperature the thermal broadening in reduced.
The thermal broadening of the bands is ≈ 4kBT , which is approximately 100 meV at room
temperature.

All the measurements in this thesis were performed at synchrotron laboratories. The
band structure measurements on bulk single crystal samples were performed at PHELIX
beamline, SOLARIS, Krakow and high resolution branch of I05 beamline, Diamond Light
Source, Oxforshire. The flake samples were measured at NanoESCA beamline, Elettra,
Trieste, with KB optics where aperture plays an important role and MAESTRO beamline,
Advanced Light Source, Berkeley, with micro-focusing capillary. Additionally, some of
the measurements on the bulk samples were also performed at NanoESCA beamline. A
summary of the beamline specifications is given in table 3.11.
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Figure 3.11: Table shows selected specifications of PHELIX beamline, NanoESCA beamline,
MAESTRO beamline (nARPES and µARPES) and i05 beamline.

3.5 PEEM at the DEMETER beamline, SOLARIS
As mentioned earlier, magnetic domain structure mapping measurements were also per-
formed and the results will be discussed in Chapter 7. The PEEM measurements were
performed at the DEMETER beamline, SOLARIS and at the NanoESCA beamline at
Elettra. The light source at DEMETER beamline is an elliptically polarizing undulator,
which can produce linearly and circularly polarized light. Following the undulator, there
are several optical components to collimate, monochromatize and focus the beam. The
beamline optics is similar to PHELIX beamline, shown in Figure 3.2 except that the
focusing mirror before the monochromator is toroidal and mirror after the monochromator
are cylindrical at DEMETER beamline. The PEEM endstation at DEMETER beamline
is equipped with Elmitec LEEM/PEEM III (shown in Figure 3.12). It consists of an
electrostatic lens, one hemispherical analyzer and an imaging column. The light is incident
on the sample at an angle of 74○ with respect to the surface normal. The photoelectrons
emitted from the sample enter the transfer lens. The transfer lens corrects the image and
transfers the real or diffraction image, depending on the lens mode, to the projective lens
where the image is magnified. The electrons then pass through the entrance slit of the
hemispherical analyzer for the energy filtering and reaches the imaging column. After
passing through the imaging column, the electrons are detected and multiplied with MCP
and are finally imaged and recorded using a CCD camera. The Elmitec at the DEMETER
beamline is also equipped with LHe cooling, which makes it possible to map domain
structure of samples with transition temperature below room temperature.

In this thesis, the PEEM microscope was used to study the domain structure of 2D
magnetic material Fe3GeTe2. The measurements were performed using the X ray magnetic
circular dichroism (XMCD) technique. The theory of XMCD and experimental details of
the PEEM measurements will be provided in the Section 7.3.1 of Chapter 7.
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Figure 3.12: (a) shows Elmitec PEEM experimental setup. (b) shows trajectory of electrons
in a PEEM apparatus. The hemispherical analyzer, electrostatic lens and
detector are labelled in the schematic diagram. (a) is taken with permission
from Elmitec website [66] and (b) is taken with permission from SOLARIS
website [67]

.
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Characterizing monolayer and few-layer samples of technologically relevant materials is
essential. Materials show different band structure features depending on the thickness of
the sample. Examples are TMDCs such as MoS2 and WSe2, where the nature and size of
band gap changes with the sample thickness [68]. In the monolayer limit, MoS2 shows a
direct band gap of 1.9 eV [69], while in the bilayer, the band gap value decreases to 1.6 eV
[70]. In the bulk limit MoS2 shows an indirect band gap of 1.3 eV [71]. Thickness-dependent
studies are also important for magnetic 2D samples. In the magnetic 2D samples, for
example in Fe3GeTe2, an increase in domain size is observed with decreasing thickness
[72].

The initial monolayer of graphene was isolated through mechanical exfoliation using
adhesive tape [2, 3]. This technique was later extended to the isolation of TMDC
monolayers [73] and has since been extensively employed for the production of monolayers
across a diverse range of materials. Exfoliation of flakes from bulk single crystal ensures
high sample quality, which is important for ARPES measurements. ARPES measurements
on easily oxidizing few layer samples are challenging. One of the well known examples is
CrI3, which rapidly oxidizes when exposed to air [74]. One way to measure these highly
reactive samples is to use vacuum suitcase to transfer the samples to the ARPES chamber.
However, this is not practical when the measurements are performed at synchrotrons.
Another way is to encapsulate the few layer samples with air stable monolayers like
graphene and hBN. The preparation of monolayer and few layer samples using mechanical
exfoliation, the dry transfer technique, which was used for the stacking of the samples, as
well as post-transfer cleaning of the sample will be discussed in this chapter in detail.

4.1 Mechanical exfoliation of 2D flakes
For the 2D heterostructure preparation, the initial step is to exfoliate the required flakes
separately. There flakes are assembled to form the heterostructure in a later stage. Si
wafers are the most commonly used substrate for exfoliation. The Si wafers used in this
study were pre-treated at the Helmholtz Nano Faciliy (HNF), in FZ Jülich, using wet
oxidation process. Carrying out the oxidation process at 1000○C for 41 minutes results
in SiO2 of thickness of 285 nm and oxidation at 850○C for 80 minutes produce SiO2
of thickness 92 nm. Depending on the material to be exfoliated, the 285nm or 92 nm
substrates were chosen. It is important that the substrates are clean before exfoliation to
increase the probability of getting larger areas of monolayer or few layer flakes.
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The substrates are cleaned according to a standard procedure as mentioned in the reference
[75]. This involves an initial wet cleaning process, which is subsequently followed by a
dry cleaning step. The Si wafers are cut into desired dimensions using a diamond scribe.
These cut wafers are then transferred into acetone and are placed in an ultrasonic bath for
10 minutes. This is to remove oil, grease and other organic contaminants on the surface.
After the ultrasonic bath, the wafers are washed using isopropanol, followed by another
ultrasonic bath in isopropanol for 5 minutes. This is to remove the remaining acetone and
the contaminants. Once this is done, the wafers are blow dried using N2 gas. The next step
is to treat the wafers in the UV/O3 plasma. The substrates are kept in the UV/O3 cleaner
for 2 minutes. Highly intense UV radiation is used to dissociate oxygen molecule, forming
atomic oxygen which combines with oxygen molecule to form ozone (O3). Again, with the
UV radiation, O3 decomposes into oxygen molecule and atomic oxygen. At the same time,
the UV radiation will break the contaminants on the surface to form ions and free radicals.
The atomic oxygen which is highly oxidizing in nature and attaches to the open chain of
the contaminant to form volatile molecules like H2O, CO2, O2 etc, leaving a clean substrate.

Along with SiO2 substrates, Au coated substrates are used for exfoliation. Studies show
that gold assisted exfoliation can be used for obtaining large monolayers, in the order of
millimeters, of almost all the materials [76]. The success rate is high when freshly prepared
gold is used for exfoliation.

Next step in the exfoliation process is to prepare a ’parent’ or ’mother’ tape of the required
material. Different kinds of tapes are used for exfoliation. The most commonly used
tapes are "magic" scotch tape, blue tape (1007R − 6.0 from Ultron Systems INC) and
kapton tape. Single crystals of the 2D material is placed on the tape in such a way that
the single crystal contact regions occupy the maximum space. This tape will serve as
the parent tape. Another tape is then placed on the parent tape and are pressed gently
to remove the air trapped between the tapes and to increase the contact. The force of
pressing the tapes vary from materials. For example, relatively high force can be applied
on graphite resulting in no fragmentation, whereas for materials like WSe2, this can result
in fragmentation and therefore, no force at all should be applied. This process is repeated
5-6 times, depending on the thickness of the initial crystal, to get thinner flakes. After
the final exfoliation, the tape is examined under light to determine optically, if there
are any large regions with relatively small thicknesses. For graphene, light gray regions
indicate regions of small thickness and for WSe2, light red regions indicate regions of small
thickness. Once such regions are determined, the next step is to transfer the thin flake
on to the substrate. The substrates are heated to 150○C to remove any remaining water
molecules. The tape with the region of interest is placed on top of the substrate while it is
still hot. When blue tape is used for exfoliation, the substrate with the tape containing
flakes on top was heated to 80○C for 1 minute. Different types of adhesive tapes exhibit
varying levels of adhesion, which is primarily influenced by the specific adhesive compounds
utilized. The degree of adhesion directly related to the extent of adhesive residue, or
glue contamination, left on surfaces upon removal. The advantage of using blue tape for
the exfoliation is that the residues from the glue is minimized even when it is heated.
Before taking the tape off from the substrate, it is gently pressed on to the substrate
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to maximize the yield. The various stages of the exfoliation process are shown in Figure 4.1.

Figure 4.1: Schematic diagram of different step in the mechanical exfoliation of 2D ma-
terials. The Figure shows exfoliation, identification of few layer flakes with
a microscope and transferring the flakes from the scotch tape to the SiO2
substrate.

Once the exfoliation is performed, the next step is to identify the regions of monolayers,
bilayers, or few layer regions in the substrate. This is done by examining the substrate
under the optical microscope. Axioscope5/7 from Zeiss was used for the identification. For
commonly used materials like graphene, hBN, and WSe2, finding monolayer and bilayer
is achieved through optical contrast. For other materials it might be difficult to identify
monolayer or bilayer regions and often atomic force microscopy (AFM) needs to be used
to calibrate the optical contrast. The contrast also depends on the thickness of the SiO2
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substrate used. Flakes of different thicknesses of graphene and WSe2 are shown in Figure
4.2.

Figure 4.2: Figure shows microscopic images of exfoliated few layer flakes of (a) graphene
and (b) WSe2 on SiO2 substrate. The monolayers of graphene and WSe2 are
identified by the optical color contrast. Figure also shows how the optical
contrast of flake changes with thickness for both graphene and WSe2.

It is not possible to exfoliate highly reactive materials in ambient condition, as they would
degrade in the presence of oxygen, water etc. [44, 45]. Such materials were exfoliated
under Argon atmosphere in the glove box at PGI-3, where the oxygen and and water
concentration are maintained to be less than 1 ppm and 0.1 ppm, respectively. For the
determination of the flakes, the glove box is equipped with another Zeiss microscope and
the scanning can be controlled remotely outside the glovebox. For these reactive materials,
the substrate preparation is slightly different. After the wet cleaning process the material
is directly exfoliated. This is because the UV/O3 cleaning creates a strong adhesion of
the flakes to the substrate, making it difficult to pick-up the flake later. Additionally,
the heating of substrates to remove the water molecules also results in strong adhesion
between the flake and the substrate.
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Gold assisted exfoliation [76] produced big few layer flakes of Fe3GeTe2 and Cr2Ge2Te6.
The adhesion between the magnetic samples and the Au substrate were strong, making it
impossible to pick the flakes from the substrate. Therefore Au coated SiO2 wafer were not
used for exfoliation in this thesis.

4.2 Stacking of 2D flakes
Once all the flakes are identified, the next step is to stack these flakes together to form
the heterostructure. To assemble the flakes, the hot pick-up technique was used with
polycarbonate (PC)/polydimethylsiloxane (PDMS) stamps [77]. The first step is to prepare
the stamp. For this, a PC solution is made by mixing 6% of PC by weight in chloroform.
The PC film can be made from the PC solution in two ways. The first method is to
pour 4-6 drops of PC on a clean glass slide using a pipette. Another glass slide is used
to distribute the PC solution evenly on the first glass slide and is then placed on top of
each other. The glass slides are then moved in the opposite directions to form a thin layer
of PC solution on both slides. This is then kept in the oven for 5 minutes at 100○ or left
outside until the PC film is fully dried. Now, a smooth region is identified on the film and
remaining the portions are removed. The second method for preparing PC film is by using
a spin coater. A glass slide is cut into 10×10 mm pieces and is cleaned in isopropanol.
This is then placed on a spin coater, two drops of PC solution is dropped on the glass
slide and is spin coated for 1 minute at 1400 rpm. The spin coater method is more reliable
and reproducible than first method.

For the PDMS preparation, two components, polymer A (Sylgard 184 silicone elastomer
base) and polymer B (Sylgard 184 silicone elastomer curing agent) are mixed in 10:1 ratio.
The polymers are vigorously mixed for a few minutes until fully combined, forming bubbles.
The mixture is then placed in a desiccator for approximately one hour to eliminate the
bubbles. On a clean glass slide, one drop of the solution is dropped. The glass slide is
immediately turned upside down and baked in an oven at 70○C for one hour such that the
PDMS forms a spherical shape because of gravity (shown in Figure 4.3 (a)).

Figure 4.3: Schematic diagram of (a) PDMS and (b) PDMS/PC stamp on the glass slide
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The prepared PC film is then picked from the glass slide with a scotch tape, which is
punched to form a hole in the middle. The final step in the stamp preparation is to transfer
this PC film (with the scotch tape) on to the PDMS droplet, such that the center of the
hole without the scotch tape is placed exactly on top of the center of the PDMS droplet
(shown in Figure 4.3 (b).

At PGI-3, the transferring of the flakes to produce heterostructure is performed on a
transfer stage, from the manufacturer HQ Graphene, which is inside the glove box. The
transfer stage consists of a sample stage, with 4 degrees of freedom, three translational
degrees and one rotational degree and is also equipped with heating, a glass slide holder
and a microscope, which is connected to a monitor outside the glove box, as shown in
Figure 4.4. The glass slide with the stamp is attached on the glass slide holder of the

Figure 4.4: Picture of glove box setup at PGI-3. Figure (b) shows the transfer stage in
the glovebox equipped with a microscope. The sample stage, stamp holder,
controlling knobs and the controller are labeled in the picture.

transfer stage. The SiO2/Si wafer with the flake of interest is placed on the sample stage.
For transfers with PDMS/PC stamp, the top most flake of the heterostructure is picked
up first. Since these heterostructure are made for ARPES studies, it is important to have
a smooth and flat surface. And in case of insulators and semiconductors, the bottom
flake should be conducting. For this reason, the bottom flake was mostly chosen to be a
thick (more than 20 monolayer) and flat graphite flake. To study the band structure of
monolayer graphene, less than 20 monolayer thick hBN were also used as bottom flake (see
5.1). The first step of the transfer is to identify the top most flake of the heterostructure
using the microscope and align it to the center of the monitor. Then the stamp is placed
directly above the flake, but separated by a vertical distance, without touching the flake.
The sample is then heated to 60○C. The sample stage with the sample is slowly moved in
the upward direction approaching the stamp. Once the flakes is in the close vicinity of
the stamp, it should be made sure that the flake is not exactly at the center of the PC
stamp. It will cause the flake to wrinkle or even get damaged if the flake region is the first
to be hit by the stamp. Now the sample stage is again moved in the upward direction
carefully until the PC film just touches the substrate. This can be accurately distinguished
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using the microscope, as there will be concentric ring like patterns when the PC stamp is
in close distance to the substrate (shown in Figure 4.5). Now the temperature is raised

Figure 4.5: Photographs of PC film. (a) shows when the ring structures due to interference
that happens when the PC film is in close distance to the substrate. (b) shows
the PC in contact with the substrate. The yellow region shows the contact
region.

to 120○C. This will cause the PC to expand its contact area. Initially, the temperature
is ramped up at a rate of 0.1○C/s. Once the flake is covered by the PC, the rate is
increased to 4○C/s. When the temperature reaches 120○C the heater is turned off. This
will result in slow retraction of the PC film from the substrate. If the pick up is successful,
the flake will stick to the PC film during the retraction. For samples like Fe3GeTe2, the
substrate is heated to slightly higher temperatures in the order of 150○ for successful pick up.

The above mentioned procedure is repeated for all the subsequent flakes. The only addi-
tional step is aligning the second flake exactly on top of the bottom flake. This is done
optically with the microscope, but can sometimes be incorrect, as the position of the
flake on the PC film may change slightly when in contact with the substrate compared
to the free standing PC film. The alignment can be adjusted, even after the PC film is
in contact with the substrate by retracting and repeating the steps. The topmost flake
is usually monolayer of graphene or hBN which will serve as a protecting layer for the
reactive materials like Fe3GeTe2 and Cr2Ge2Te6. Once all the flakes are picked up, the
cleaned final substrate is put on the sample stage. The final substrate is usually gold
coated SiO2, with a 2nm Ti layer in between, as ARPES requires a conducting substrate.
The substrates are cleaned in a similar way as the SiO2/Si wafers, as mentioned earlier in
Section 4.1. The final substrate is heated to 60○C and is moved to be in contact with the
stamp. Once in contact, the temperature is raised to 200○C. The PC film will start to
melt and while it is still hot, the sample stage is retracted causing the PC film to break.
The film on the contact area will remain on the final substrate. A schematic illustration of
the different steps in the transfer procedure is shown in Figure 4.6.
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4 Sample preparation

Figure 4.6: Schematic illustration of the dry transfer technique. The process of picking
up of the topmost flake (a), the second flake (b), and the bottom flake (c)
are shown. The dropping down of the heterostructure along with the PC film
on the final substrate is shown in (d). The PC film is finally removed from
the heterostructure using chloroform wash and the heterostructure is finally
cleaned using AFM.

4.3 Cleaning the heterostructure

The final step is to remove the PC film from the substrate and to clean the heterostructure.
For this, the sample is placed in chloroform for few hours. Because PC is soluble in
chloroform, placing the final substrate in chloroform will remove most of the film residue.
The substrate is then taken out of the chloroform solution to examine under the microscope.
If needed, the sample is again washed in the chloroform. The photographs of different
stages of transfer are shown in Figure 4.7
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4.3 Cleaning the heterostructure

Figure 4.7: Photographs showing different stages of transfer. (a) shows the monolayer
WSe2 flake. The monolayer region is indicated by white circle. (b)-(c) show
different stages of picking up monolayer WSe2 with PC film. (d) shows the
picked up monolayer flake on the PC film. (e) shows the bottom graphite flake.
The region of interest is marked by black circle. (f)-(g) show different stages
of picking up bottom graphite flake. (h) shows the picked up monolayer WSe2
and graphite on the PC film. (i) shows the final step of the transfer, after the
heterostructure is placed on the final substrate.

Once the sample is free from visible residues, it is taken to the AFM for further examination.
The flakes will be covered with small residues even after washing in chloroform. They can
be removed by sweeping the sample with AFM in the contact mode [78].
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5 Circular dichroism in graphene and
WSe2

ARPES is a well-established technique for studying the band structure of solids, providing
access to initial-state band dispersions through parallel momentum conservation, k∣∣,i = k∣∣,f ,
where i and f represent the initial and final states, respectively. In addition to band
dispersion, ARPES maps contain valuable information about the material, which can be
extracted from the intensity modulation of the measured spectral function. These inten-
sity modulations arise from final-state scattering events and the experimental geometry.
Specifically, the intensity variations in ARPES maps corresponding to dispersive bands
depend on the polarization of the incident light, which influences photoemission transition
matrix elements. Consequently, photon polarization-dependent ARPES measurements can
provide additional insights into the electronic structure. Results presented in this chapter
has been been published in [1].

Linearly (s− and p−)polarized, circularly polarized, and elliptically polarized light are
commonly used in ARPES experiments. In circular dichroic-ARPES (CD-ARPES) mea-
surements, right circularly polarized light (RCP/C+) and left circularly polarized light
(LCP/C−) are used. The dichroic signal is calculated as the difference between the pho-
toemission intensities measured with C+ and C− lights, normalized by the total intensity
(IC+ + IC−). The CD magnitude can be expressed as:

CD magnitude =
IC+ − IC−

IC+ + IC−

. (5.1)

In the atomic limit, the CD magnitude is also referred to as circular dichroism in angular
distribution (CDAD), where the angular distribution is described by a linear combination
of spherical harmonics.

CD-ARPES is widely used to study initial-state orbital angular momentum (OAM). Pre-
vious studies have utilized CD-ARPES to determine the chiral orbital texture of Dirac
cones in topological insulators [79, 80] and to investigate spin textures in these materials
[81–83]. CD-ARPES has also been applied to graphene and transition metal dichalco-
genides (TMDCs) to explore OAM and orbital symmetries [84–86]. Beyond probing orbital
and spin angular momentum, circularly polarized light in CD-ARPES has been shown
to manipulate spins within certain photon energy ranges [87]. Additionally, CD-ARPES
intensities have been linked to the Berry curvature through the OAM of the initial state [85,
86, 88, 89]. The connection between Berry curvature and OAM has been well established
in reference [88].
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5.1 CD-ARPES on graphene/hBN

In addition to the study of orbital and spin angular momentum, several investigations have
highlighted the importance of considering final-state effects in interpreting CD-ARPES
intensities and their photon energy dependence [90–95]. Final-state interference and
multiple scattering have been shown to significantly influence dichroic spectra [90, 93].

From these previous studies [90, 91, 93], it is evident that the relationship between OAM
(or spin angular momentum) and CD-ARPES is not straightforward. A detailed analysis
is therefore required to establish a meaningful connection between CD-ARPES intensities
and spin or OAM. In this chapter, various factors influencing CD-ARPES intensity and
the extent of their effects across different photon energy regimes will be examined in detail.
These discussions will be supported by CD-ARPES measurements on monolayer graphene
and WSe2. Furthermore, comparisons with DFT calculations and multiple scattering
simulations will be presented to analyze the contributions in greater depth.

5.1 CD-ARPES on graphene/hBN
Before directly presenting the CD-ARPES measurements, it is important to examine the
photoemission transition matrix element, which governs the CD-ARPES signal. It is given
by

Mi→f(k⃗f) ∝ ⟨ψf(k⃗f)∣ϵ⃗ ⋅ r⃗∣ψi⟩. (5.2)

The initial state in photoemission can be approximately described as a sum of atomic-like
orbitals as ∣ψi⟩ = ∑n,l,m,RCn,l,m,Rϕin,l,m

(r), where R represent the atomic sites, and r is
the position coordinate. When the initial state is a band with a single orbital character,
the summation in ∣ψi⟩ reduces to a single term, simplifying the analysis of CD-ARPES.
Graphene serves as an ideal material for such an analysis, as the Dirac bands at the K
points of its Brillouin zone are composed of C pz orbitals [96]. For this reason, graphene
was chosen for CD-ARPES measurements in this study.

Monolayer graphene was prepared by mechanically exfoliating bulk graphite single crystals
(commercially obtained from HQ Graphene), as described in Section 4.1. Once a monolayer
graphene flake was identified using an optical microscope, it was transferred onto the final
substrate using the dry transfer technique (Section 4.2). The final substrate consisted
of Au-coated SiO2 chips, with a 1 nm Ti adhesion layer in between. A hexagonal boron
nitride (hBN) flake of thickness 10–20 monolayers was used as the bottom layer. The hBN
thickness was carefully chosen, as flakes thicker than approximately 30 monolayers can
lead to charging effects due to the insulating nature of hBN. An optical micrograph of the
heterostructure is shown in Figure 5.1 (a).

The CD-ARPES measurements were performed at the NanoESCA beamline at Elettra
[97], where the beam spot is approximately 20x20 µm. The lateral dimension of the flake
was approximately 30x30 µm, allowing the photon beam spot to be focused entirely on
the graphene, thereby avoiding signals from the surrounding hBN and gold substrate.
Initially, standard ARPES measurements with p−polarized light were performed to orient
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5 Circular dichroism in graphene and WSe2

Figure 5.1: (a) Optical micrograph of graphene/hBN flake. The monolayer graphene region
is indicated with yellow dotted lines. (b) Experimental geometry of the ARPES
measurements on graphene/hBN sample at NanoESCA beamline. (c) Two
superimposed constant energy cuts on hBN/graphene showing the Dirac cones
of graphene at EB = 0.4 eV and valence band maximum of hBN at EB =3.3.eV.
(d) shows the Energy versus k∣∣ maps on hBN/graphene at hν = 40 eV. The
constant energy cuts in (c) are indicated by dotted lines.
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5.1 CD-ARPES on graphene/hBN

the sample. The sample was aligned such that the K − Γ −K ′ direction of graphene was
along the light incidence direction, as shown in Figure 5.1 (b). From the binding energy
scan, both the graphene and hBN bands were identified. The hexagonal features of the
graphene and hBN bands in the kx − ky maps were used to determine the twist angle
between graphene and hBN, which was found to be 20○, as shown in Figure 5.1 (c).

The measurements with p− and s−polarized light are shown in Figure 5.2. The inten-

Figure 5.2: Constant energy kx − ky maps on graphene/hBN at EB= 1.25 eV with (a)
p−polarized and (b) s−polarized light at hν = 40 eV.

sity at the K points with p−-polarized light reveals the presence of dark corridors [98,
99] (see Figure 5.2 (a)). The measurements with s−polarized light illuminate the dark
corridors at the topmost and bottommost K points, as indicated by arrows in Figure 5.2 (b).

The CD-ARPES measurements were performed at photon energies from 35 eV to 80
eV (shown in Figure 5.3). All the CD maps exhibit non-vanishing dichroism, with the
dichroic signal strongly depending on the photon energy used. We focus on the CD-
ARPES maps taken at photon energies of 35, 40, and 50 eV, as shown in Figures 5.3
(a), (b) and (d), respectively. At hν = 35 eV, all the six K points exhibit a complex
mixture of positive and negative values of CD magnitude, indicated by red and blue
colors, respectively. The sign of the two K points reverses while moving from hν = 35
eV to 40 eV as indicated in Figure 5.3 (a)-(b). This shift occurs around hν = 38 eV, as
depicted in Figure 5.4. At a photon energy of hν = 60 eV, the CD signal is observed
to be very weak. (see Figure 5.3 (e)). However, as the photon energy increases further
to hν = 80 eV, there is a small but noticeable increase in the CD signal (see Figure 5.3 (f)).

To confirm that the measured CD magnitude originates from graphene and is not due
to backscattering from the underlying hBN flake, similar measurements were performed
on a thick graphite flake (greater than 10 monolayers). Figures 5.5 (a)-(f) compare the
CD-ARPES measurements on graphite and graphene/hBN. The energy versus k∣∣ map of
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5 Circular dichroism in graphene and WSe2

Figure 5.3: Constant energy kx − ky CD maps on graphene/hBN at EB= 1.25 eV at hν =
(a) 35 eV, (b) 40 eV, (c) 45 eV, (d) 50 eV, (e) 60 eV and (f) 80 eV. (g) shows
the 2D color map used for the plots in (a) - (f).

Figure 5.4: Intensity magnitude of hBN/graphene at kx = -1.33 Å−1 and ky = 0.97 Å−1.
The plot shows the sign reversal of dichroic signal at around hν = 38 eV.
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5.1 CD-ARPES on graphene/hBN

Figure 5.5: Figure shows the comparison of CD-ARPES from graphene and graphite. (a)-
(c) show the constant energy kx − ky maps at EB = 1.25 eV on graphene/hBN
at hν = 35 eV, 40 eV and 50 eV, respectively. (d)-(f) show the CD-ARPES
kx − ky maps from graphite at EB = 0.5 eV at hν = 35 eV, 40 eV and 50 eV,
respectively. (g) shows the E versus k∣∣ maps on graphene/hBN at hν = 40
eV. The green and black dotted lines indicate the binding energies used for
graphite and graphene, respectively.

graphene/hBN is also shown in Figure 5.5 (g), with the binding energies of the constant
energy cuts indicated. Although the binding energies differ between the graphite and
graphene measurements, the CD signals are similar in both cases, and the sign reversal at
the K points is still observed for graphite. This confirms that the CD pattern in Figure 5.5
(a)-(c) originates from graphene and is not due to backscattering from the hBN substrate.

5.1.1 Free electron final state and partial wave expansion
To explain the observed CD pattern, it is essential to examine the matrix elements in
detail. The form of the final state in Equation 5.2 is critical. The most commonly used
approximation in photoemission is the free-electron final state (FEFS) or the plane-wave
approximation (PWA) [100]. In the PWA, the final state is given by ∣ψf ⟩ = eikf ⋅r. Under
the PWA, the photoemission matrix element is proportional to the Fourier transform
of the initial state, directly linking the photoemission intensity to the initial-state wave
function. Although the PWA successfully describes regular ARPES measurements and
band dispersion, it is insufficient to account for intensity modulations in ARPES maps.
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5 Circular dichroism in graphene and WSe2

The limitations of the PWA include its inability to explain perpendicular emission, circular
dichroism, and the photon energy dependence of the ARPES intensity [101–103]. In
perpendicular emission, where A is perpendicular to p, the A ⋅ p term becomes zero,
resulting in zero intensity. Regarding circular dichroism, the photoemission intensity for
C+ and C− light is the same, leading to the cancellation of the CD magnitude. Additionally,
the PWA neglects all final-state scattering events, which can modify the photoemission
intensity. The inability of the PWA to describe perpendicular emission and circular
dichroism necessitates a more accurate representation of the photoemission final state.

The photoemission process can be treated as a scattering problem [101, 104]. Electrons
emitted from a site may undergo scattering due to the screened potential of the nucleus,
which is often approximated using a muffin-tin potential. Determining the scattering
amplitude, which is related to the differential cross-section [105], is crucial to understanding
how electrons are distributed after scattering. The differential cross-section is defined as
the ratio of the scattered flux to the incident flux.

Considering the single-site scattering problem in quantum mechanics, the Schrodinger
equation for the process can be written as

(−
h̵2

2m∇
2 + V (r)ψ(r)) = Eψ(r). (5.3)

Here, V (r) is typically approximated by the spherically symmetric potential and there-
fore, the solutions ψ(r) can be represented in the spherical harmonic basis as ψ(r) =
Rn,l(r)Yl,m(θ, ϕ). The simplest case is when the potential V (r) = 0, corresponding to the
previously discussed PWA. For a plane-wave solution, the radial part of the Schrodinger
equation satisfies

(−
h̵2

2m
d2

dr2 −
h̵2

2m
l(l + 1)
r2 )Rn,l(r) =

h̵2

2mRn,l(r). (5.4)

The solutions for this equation are called the spherical Bessel functions, jl(kr) and
nl(kr). Because of the singularity of nl(r) at the origin (r = 0), the only physically
possible solution is jl(r). For a potential of finite range, described by V (r > a) = 0, the
solution can also include nl(kr) outside the range of the potential and can be written
as Rn,l(r) = ∑lAljl(kr) +Blnl(kr). As r → ∞, the functions jl(kr) and nl(kr) become
sin(kr−lπ/2)

kr and cos(kr−lπ/2)
kr , respectively. By substituting Al and Bl with alcos(σl) and

−alsin(σl), and by using trigonometric relations, the wave function can be represented as

ψ(r) = ∑
l

al

kr
sin(kr −

lπ

2 + σl)Yl,m(θ, ϕ), (5.5)

where σl is the phase shift. This additional phase acquired by the scattered wave outside
the potential range reveals the effect of the potential on the scattered wave [105].

The total wave function after scattering can be written as the sum of incident plane wave
and the scattered spherical wave

ψ(r) = eikr + f(θ, ϕ)
eikr

r
, (5.6)

54



5.1 CD-ARPES on graphene/hBN

where the scattering amplitude is given by ∣f(θ, ϕ∣2. By representing the Equation 5.6 in
spherical basis and comparing with Equation 5.5, the relation between scattering amplitude
and phase shift can be obtained.

The photoemission final state can be expressed as a scattering state:

∣ψf ⟩ = 4π
∞

∑
l=0

l

∑
m=−l

ileiσl(Ekin)Rn,l(r)Y
m∗

l (r̂)Y m
l (kf), (5.7)

where σ is the phase shift, which depends on angular momentum quantum number, l and
kinetic energy, Ekin. Rn,l represents the radial component, while Y m

l are the spherical
harmonics [106]. The partial wave expansion of the scattering state reduces to the free-
electron plane wave when the phase shift σl is zero and when the radial wave functions
are replaced by spherical Bessel functions. By considering the initial state as a sum of
atomic orbitals and the final state as a scattering state, along with the dipole selection
rules, the photoemission matrix elements for C+ light, for l ± 1 channel can be written as

Mi→f ∝ il±1eiσl±1(Ekin)Rl→l±1(Ekin)Y
m→m+1

l→l±1 Y m+
l±1 (kf). (5.8)

Here the Rl→l±1(Ekin) is the radial integral and Y m→m+1
l→l±1 is the angular integral given by

Rl→l±1(Ekin) =

∞

∫
0

r2RnlrREkin,l±1dr,

Y m→m+1
l→l±1 = ⟨Y m+1

l±1 ∣C+∣Y
m

l ⟩,

(5.9)

respectively. The transition matrix element in Equation 5.8 contains the phase shift
term, the radial integral, and the angular integral. The last term, Y m+1

l→l±1(kf), can be
considered a constant for a particular kf direction. The matrix element depends on the
quantum number l through the σl term and radial integral. This dependence is crucial
for circular dichroism and plays a critical role in sign reversals in CD-ARPES maps. The
angular integral determines the angular profile of the photoemission intensity, which will
be discussed in detail in the next section.

The independent atomic center approximation (IACA) assumes that the final state is an
atomic-like scattering state, neglecting the effects of neighboring atomic potentials [107]. In
IACA, all contributions from atomic-like sites are added coherently without any additional
scattering. However, in reality, electrons in a solid experience additional scattering due to
neighboring potentials [101]. The most accurate description of the photoemission final
state treats it as a time-reversed LEED state [108, 109]. In a LEED experiment, a sample
is probed with an electron beam, and the electrons undergo multiple scattering events with
atomic potentials. In the time-reversed LEED state, these multiply scattered spherical
waves accumulate at the emission site, generating a free electron. Time-reversed LEED
states are employed in one-step model calculations such as the KKR method [110] and are
also employed in multiple scattering codes [111].
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5 Circular dichroism in graphene and WSe2

5.1.2 Photoionization pattern
Using tabulated phase shifts, radial integrals, and angular integrals [112], the circular
dichroism in angular distribution can be calculated for atomic orbitals. Depending on the
initial orbitals, the matrix elements are determined by the polarization of the incident
light. When only one of the l ± 1 channels is available, the phase shift and radial integrals
can be regarded as constants and therefore do not affect the angular distribution of the
dichroic pattern. This occurs for the initial state orbital Y 0

1 . Here only the l + 1 channel
exists with both C+ and C− lights with final states Y 1

2 and Y −1
2 . The angular dependence

and phases of these profiles are shown in Figure 5.6 (a) and (b), respectively. Both Y 1
2 and

Figure 5.6: Photoionization patterns from Y 0
1 initial state with (a) C+ and (b) C− light.

The final states has the form Y 1
2 and Y −1

2 . The intensity pattern of both (a)
and (b) is the same and is shown in (c).

Y −1
2 profiles, when squared, yield the same intensity profile, as shown in Figure 5.6 (c),

representing the emission distribution over the upper half-space. In this scenario, where
only the l + 1 channel exists, the angular integral fully determines the angular distribution
of the CD pattern.

For other orbitals where both l+1 and l−1 channels are available, the phase shift difference
can influence the sign of the CD pattern. When the phase shift difference crosses zero or π,
eiσl term changes sign. Similarly, differences in the radial integrals for the l±1 channels also
affect the sign of CD pattern. The phase shift and radial integral for the C 2p l±1 channels
are shown in Figure 5.7. For the C 2p orbital, the phase shift difference reaches zero around
hν = 40 eV (marked in Figure 5.7 (a)), indicating a CD signal reversal at this photon energy.
The radial integral for the C 2p for the l ± 1 channels can be considered constant since the
difference remains nearly the same for the photon energy range considered in Figure 5.7 (b).

5.1.3 Experimental geometry induced circular dichroism
The photoionization pattern can be calculated using the multiple scattering code, "Electron
Diffraction in Atomic Clusters" (EDAC) [111]. The photoionization pattern corresponds
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5.1 CD-ARPES on graphene/hBN

Figure 5.7: Phase shift (a) and radial integral (b) of C 2p orbital for the l ± 1 channels.
The phase difference between l ± 1 channel is shown in (a), and the photon
energy at which the phase shift difference becomes zero is also marked. The
phase shift values for the photon energy range shown in (a) is obtained from
EDAC and the radial integral values are from [112].

to a zero-order scattering pattern. For the CD-ARPES measurements shown in Figure 5.3,
where the primary contribution comes from 2pz (that is Y 0

1 ), the photoionization patterns
were calculated for the photon energies used. The intensity patterns for the C Y 0

1 orbital
with C+ and C− light, with quantization axis taken as surface normal (that is the z axis),
at hν = 100 eV are shown in Figure 5.8 (a) and (b). The pattern remains exactly the
same for C± light. When taking the difference between the two light polarizations, the
result shows only numerical noise, indicating zero dichroism from the C Y 0

1 (as seen in
Figure 5.8 (c) and (d)). This calculation contrasts with the measurements on graphene.

So far, the experimental setup has been considered such that the light is incident perpen-
dicular to the sample surface. Previous studies have shown the importance of experimental
geometry on CDAD from oriented orbitals (or molecules) [113]. It has been demonstrated
that a non-chiral molecule or atomic orbital can still exhibit nonzero dichroism due to
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5 Circular dichroism in graphene and WSe2

Figure 5.8: Calculated photoionization pattern from C pz orbital at hν = 100 eV. (a)-(d) are
calculated with light incidence along the surface normal. (f)-(i) are calculated
with light incidence direction taken as 65○ with respect to the surface normal.
(a) and (b) ((f) and (g)) are the intensity profiles from Cpz at 0○ (65○). (c)
and (h) show difference of C+ and C− calculations from C pz at 0○ and 65○,
respectively. (d) and (i) are the difference of C+ and C− calculations combined
with tight binding calculation, at binding energy EB = 1.25 eV. The colormaps
used for the intensity plots and intensity difference plots are shown in (e). (j)
shows a schematic diagram of transforming the pz orbital to a new coordinate
system. (k) shows the photoionization pattern in the full emission sphere from
initial state Y 0

1 .

the chirality induced by the experimental geometry. When the axis of the oriented or-
bital (or molecule), n, the photon propagation direction (light incidence direction), q
and electron propagation direction, k are non-coplanar, the experimental geometry itself
induces chirality, even if the orbital (or molecule) lacks intrinsic chirality. This effect
is only visible in the angular distribution and cancels out in angle-integrated measurements.

The measurements were performed at the NanoESCA beamline, where the light was
incident at an angle of 65○ with respect to the surface normal. The graphene K − Γ −K ′
direction was aligned along the light incidence direction, as shown in Figure 5.1 (b).
Dipole selection rules are valid when the quantization axis of the orbitals aligns with the
light incidence direction, which is conventionally the z axis. When this is not the case,
the orbitals must be decomposed along the light incidence direction. The experimental
geometry can also be analyzed by decomposing the light into Cartesian coordinates. In
this thesis, the approach of decomposing atomic orbitals along the light incidence direction
was adopted. The graphene pz orbital needs to be defined in the new quantization axis, z′,
which is tilted by 65○ from the surface normal.

The decomposition of orbitals in the new quantization axis can be performed using the
Wigner D-matrix. For pz orbitals, it is convenient to use trigonometric relations, and the

58
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transformation is given by

(Y 0
1 )z = C1,1(Y

1
1 )z′ +C1,0(Y

0
1 )z′ +C1,−1(Y

−1
1 )z′ , (5.10)

where C1,1 =
sinθ√

2 , C1,0 = cosθ and C1,−1 = −
sinθ√

2 . For the light incidence at NanoESCA
beamline the Equation 5.10 becomes

(1,0)z = 0.5846(Y 1
1 )z′ − 0.5624(Y 0

1 )z′ − 0.5846(Y −1
1 )z′ . (5.11)

Since Y 0
1 in the new coordinates contains (Y 1

1 )z′ , (Y 0
1 )z′ and (Y −1

1 )z′ (shown in Figure 5.8
(j)), both l±1 channels exist with C± light. According to dipole selection rules, the possible
final states for (Y −1

1 )z′ with C+ light are (Y 0
0 )z′ and (Y 0

2 )z′ . Similarly, for the (Y 1
1 )z′ with

C− light, the possible final states are (Y 0
0 )z′ and (Y 0

2 )z′ . The calculated intensity patterns
with C± light and with light incidence along 65○ with respect to the surface normal are
shown in Figure 5.8 (f) and (g). One possible reason for the nonzero dichroism observed
in the CD-ARPES measurements could be the influence of experimental geometry. With
the quantization axis set by the light incidence direction, the calculated CD pattern shows
a nonzero difference, as seen in Figure 5.8 (h) and (i).

5.1.4 Multiple scattering in graphene
A detailed inspection of the photon energy dependence of the CD-ARPES measurements,
as shown in Figure 5.5 (a)-(c), reveals that the map at hν = 50 eV exhibits a relatively
simple CD pattern: the left side of the map shows negative CD values (indicated in blue),
while the right side shows positive CD values (indicated in red). The calculated pattern
for the Y 0

1 orbital at 65○ similar behavior (see Figure 5.8 (g) and (h)). However, at other
photon energies, such as hν = 35 eV and 40 eV, the CD pattern at different K points
appears as a complex mixture of positive and negative CD values (indicated in red and
blue), which was not replicated in the calculated CD pattern from Y 0

1 . This suggests an
additional source of dichroism.

Photoelectrons emitted from a site can undergo scattering by neighboring atomic potentials
[101]. Multiple scattering has been shown to modify the intensity of bands in photoemission
spectra. Final-state scattering (backscattering) effects have been observed in ARPES
spectra from adsorbed atoms, which also reveal the substrate geometry [104, 114]. Similar
scattering effects have also been observed in core-level spectra of single crystals using
circularly polarized light [115]. Such final-state scattering effects also contribute to valence
band spectra. Since valence-band wave functions are not as localized as core-level wave
functions, multiple scattering in valence band photoemission exhibits additional complexity
[101].

Different levels of approximation exist for describing the photoemission final state. The
simplest is the Plane Wave Approximation (PWA), where all final-state scattering effects
are ignored, and the emitted electron does not retain any memory of the initial state. A
more refined description is the Independent Atomic Center Approximation (IACA), where
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the final state is described as an atomic-like scattering state with phase shifts depending
on the l quantum number of the final state. This results in intensity modulations due to
l ± 1 interference in the photoionization pattern. However, IACA neglects the influence of
neighboring atoms. The limitation of IACA is addressed by multiple scattering theory,
which provides the most accurate description of the photoemission final state by considering
all possible scattering events. Inelastic scattering effects can also be included in multiple
scattering formalism by considering the inelastic mean free path [111].

To determine the extent of multiple scattering effects in CD patterns of graphene, a
multiple scattering calculation was performed. Graphene consists of a honeycomb lattice
of carbon atoms with two non-equivalent sites per unit cell, labeled as site A and site
B. The distance between adjacent carbon atoms is approximately 1.42 Å. The transition
matrix element for graphene is given by

Mi→f(kf) ∝ (A(k∣∣) ⋅MA(kf) +B(k∣∣) ⋅MB(kf)) × δ(hν −Ek −W −EB), (5.12)

where A(k∣∣) and B(k∣∣) are complex coefficients, the initial state of graphene is written as
∣ψi⟩ = A(k∣∣)∣CA⟩ +B(k∣∣)∣CB⟩, MA(kf) and MB(kf) are the atomic-like transition matrix
elements of site A and site B, respectively and is defined as MA/B(kf) = ⟨ψf(kf)∣ϵ⃗ ⋅ r⃗∣ψA/B⟩.
The photon energy, kinetic energy of the emitted electron, work function and binding
energy with respect to the Fermi energy in Equation 5.12 are represented by hν, Ek,
W and EB, respectively. For the calculations, it is important to coherently add the
contributions from site A and site B. This means that the transition matrix elements
from site A and site B are combined before squaring to obtain the total intensity. Co-
herent addition will result in interference effects due to the phases of the wave functions
from site A and site B. By adding multiple scattering, the atomic transition matrix
elements are replaced by multiple scattering transition matrix elements, MA,MS(kf) and
MB,MS(kf) for site A and site B, respectively. The multiple scattering matrix elements are
obtained from multiple scattering calculations and in this study, EDAC code was used [111].

The complex coefficients A(k∣∣) and B(k∣∣) are obtained from tight binding calculation for
π bands of graphene near the Fermi level. The nearest neighbour hopping Hamiltonian for
carbon pz orbital is given by

H(k) = t∑
i

(σx cos k ⋅ ai − σy sin k ⋅ ai), (5.13)

where t is the hopping parameter and was taken as 2.7 eV, the vectors ai are the real
space vectors and σx,y are the Pauli spin matrices [116]. This tight binding Hamiltonian
can approximately describe the π bands derived from pz orbitals near the K points of
the graphene Brillouin zone. The coherently added graphene CD calculation (without
scattering) is shown in Figure 5.9 (a) and (b). Figure 5.9 (b) shows a constant energy cut
at EB = 1.2 eV. The calculation shows regions of vanishing intensity near the K points.
These regions of vanishing intensity are called the dark corridors [98, 99]. These are the
regions where the wave function from site A and site B enters with a phase difference of
180○. Because of the identical spherical muffin tins and because of the coherent addition,
the total intensity vanishes at the dark corridor. The dark corridor regions are represented
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5.1 CD-ARPES on graphene/hBN

Figure 5.9: (a) CD pattern from C Y 0
1 at hν = 40 eV, from site A and site B coherently

added with the phases from tight binding calculation. Energy conservation
is not taken into account and therefore (a) shows an energy integrated CD
pattern over the entire pz band. (b) shows the coherently added CD pattern
same as (a) with constant energy cut at EB = 1.2 eV. (c) Difference of the
complex phases of the coefficients corresponding to A and B site for pz bands
near the Fermi level. The blue regions show that the phase difference from site
A and site B is π, which will result in cancellation of the signal from site A
and site B.

in Figure 5.9 (c) as blue areas, indicating a phase difference of 180○ between the wave
functions from site A and site B.
The coherently added photoionization plot 5.9 (b), as discussed earlier, does not agree with
the experimental CD-ARPES patterns. The calculations in Figure 5.10 show the intensity
profiles and CD patterns where the MA(kf) and MB(kf) are replaced by MA,MS(kf) and
MB,MS(kf) in 5.12 with light incidence perpendicular to the sample surface and at 65○
with respect to the surface normal, performed using EDAC. A cluster of 481 atoms was
used with the radius of 20 Å. An inner potential (V0) of 15 eV was used for the calculations
shown in Figure 5.10. The multiple scattering CD pattern shows the symmetry of the
crystal structure through the neighbouring atom scattering. There are three nearest neigh-
bours in graphene as shown in Figure 5.11. When scattering from the nearest neighbours
are considered, the intensity pattern also shows trigonal symmetry. The symmetry of the
intensity patterns from site A and site B are inverted as the local geometry of the A and
B sites are inverted with respect to each other (see Figure 5.11). The calculation clearly
shows that the CD is no longer zero at normal incidence, due to the multiple scattering
effects. The CD signal at normal incidence is not related to the initial state OAM, as in
the normal incidence one would expect the intensity patterns to be the same for both C +

and C− light. The CD asymmetry, with multiple scattering, becomes ≈ 80%.

The non-zero CD signals at normal incidence from Y 0
1 can be explained by the Daimon

effect [115]. In reference [115], photoelectron diffraction measurements on the 2p core
levels of non-magnetic Si single crystals were shown to exhibit chiral patterns, with the
sense of chirality changing depending on the use of C± polarized light. This is due to
the forward scattering of the emitted electrons. Considering the initial state as Y 0

1 , the
possible final states are Y 1

2 and Y −1
2 with C+ and C− light, respectively. The angular

dependence of Y 1
2 is given by 1

2

√
15
2π ⋅ e

−iϕ ⋅ sinθ ⋅ cosθ. In the x − y plane, the angular
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5 Circular dichroism in graphene and WSe2

Figure 5.10: Multiple scattering calculation of C pz orbital from graphene using EDAC
code at hν = 50 eV. (a) and (b) shows the intensity profile of emission from
site A with C+ and C− light. (c) is CD pattern the site A and site B added
coherently. For the plot from (a)-(c) the quantization axis is taken as the
surface normal (z axis) and are energy integrated over the entire pz band
of graphene. (d) shows the constant energy cut at EB = 1.25 eV similar
to experimental spectra in Figure 5.5 (a)-(c). The lower panel shows the
similar calculation as in the top panel with quantization axis taken as 65○
with respect to the surface normal.

Figure 5.11: Top view of graphene lattice showing (a) site A (represented by orange color)
and (b) site B (represented by blue color).

pattern is proportional to e−iϕ. When this angular pattern is combined with the outgoing
spherical wave, a spiral phase structure is obtained. The direction of propagation can be
obtained by using the current operator, ih̵

2m(ψ∇ψ
∗ − ψ∗∇ψ), on the wave function. The
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5.1 CD-ARPES on graphene/hBN

wavefront direction depends on the quantum number m and the distance of scatterer from
the emitter. If the emitter is at position A (origin) and the scatterer is at position B, at a
distance R∣∣ from the origin on the x axis, the angle, α, between the wave propagation
direction and x axis can be written as

tanα =
m

k∣∣R∣∣
, (5.14)

where k∣∣ is the parallel component of the propagation vector and m is the azimuthal
angular momentum quantum number [115]. When the scatterer is at the infinity, the angle
of deviation from the x axis becomes

∆ϕ∞ =
m

k∣∣R∣∣
, (5.15)

where ∆ϕ∞ is the deviation of the wave propagation direction from the x axis at infinity,
m is the azimuthal angular momentum quantum number and R∣∣ is the position of the
scatterer [115]. When the chirality of the light is reversed, the forward scattering direction
also reverses to −∆ϕ∞. This change in the direction of forward peak direction with respect
to C± light results in dichroism. The reversal of the chirality of the intensity with C± light
is also visible in multiple scattering calculation at normal light incidence direction (shown
in Figure 5.10 (a) and (b)). A general quantum mechanical description of the rotation
of the feature with circular polarized light is given in [117], where it is shown that the
rotation is related to the photoelectron diffraction.

The calculations presented in Figure 5.10 show a modulation of intensity within the
contours at the K points, for both normal and off-normal light incidence. This is close to
the observed experimental CD patterns, suggesting the importance of considering multiple
scattering effects in graphene. With multiple scattering taken into account, the dark corri-
dors show non-zero intensity, and a CD asymmetry of ≈ 5 % is predicted by the calculations.

The comparison between the graphene and graphite circular dichroism (CD) maps reveals
significant differences in symmetry, particularly the presence of mirror symmetry along the
Mx plane in graphene that is absent in graphite. This discrepancy can be attributed to
the distinct crystal structures of the two materials. Graphite belongs to the space group
187, which has three mirror planes. In contrast, graphene belongs to space group 191,
which features six mirror planes. This structural difference is a key factor in the differing
symmetries observed in their CD maps. However, in graphene, the mirror symmetry might
be broken due to the influence of the underlying hBN substrate. The hBN layer introduces
back scattering effects, which can break the mirror symmetry of the CD maps. The region
highlighted in Figure 5.5 (b) is likely a result of this back scattering, indicating that the
hBN substrate plays a role in the observed asymmetries in graphene CD maps.

To validate the calculation made with EDAC, one step model calculation using omni
code [98] were also performed on graphene at hν = 35, 40 and 50 eV. The results are
shown in Figure 5.12. The one step model calculation at hν = 35 eV is in agreement
with the CD pattern calculated with the PED patterns from EDAC, combined with the
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5 Circular dichroism in graphene and WSe2

Figure 5.12: One step model calculation on graphene at hν = (a) 35 eV, (b) 40 eV and (c)
50 eV. The calculations are performed at EB = 0.8 eV with light incidence at
65○ with respect to the surface normal.

tight binding model, at hν = 50 eV. The one step model calculation could replicate the
experimental data at K points at kx = 0 Å−1 (marked as 1 in Figure 5.12 (a)) and at
kx = ± 1.48 eV, ky = 0.78 Å−1 (marked as 2 and 6 in Figure 5.12 (a)) at hν = 40 eV. The
sign reversal between hν = 35 and 40 eV at kx = ± 1.48 eV, ky = -0.78 Å−1 (marked as 3
and 5 in Figure 5.12 (a)) could not be replicated with the one step model calculation.
The one step model calculation shown in Figure 5.12, used a continuously varying surface
barrier, V0, in contrast to the step potential used in the EDAC code. This can influence
the CD pattern. Going beyond the muffin tin potential description may also improve
the calculations and could potentially allow to reproduce the experimental results [118, 119].

5.2 CD-ARPES on WSe2

The Dirac bands in graphene serve as an example of initial state orbital angular momentum
(OAM) with a quantum number m=0, leading to a vanishing CD signal. CD-ARPES
measurements on graphene highlight the significant impact of experimental geometry and
multiple scattering effects on the observed CD signal. However, an important question
remains unresolved regarding bands that possess a finite OAM and how the initial state
OAM influences CD-ARPES measurements. To address this question, it is necessary
to identify a material that exhibits non-zero OAM character, preferably with a band
dominated by a single orbital character, to simplify the analysis.

WSe2 is a two-dimensional semiconducting transition metal dichalcogenide (TMDC) with
spin-orbit-split bands at the K/K’ points of the Brillouin zone [120, 121]. WSe2 is partic-
ularly interesting because of its non-vanishing orbital angular momentum (OAM) band
character, primarily derived from W 5d orbitals. Additionally, WSe2 exhibits the well-
known phenomenon of hidden spin polarization [122].

The hidden spin polarization arises from the crystal structure, where both inversion sym-
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5.2 CD-ARPES on WSe2

metry and time-reversal symmetry are present in the bulk crystal, preventing any bulk
spin polarization due to Kramer’s degeneracy. However, local spin polarization can still
exist in the bulk state. In the monolayer limit, the inversion symmetry is broken, leading
to lifting of the Kramer’s degeneracy and resulting in spin polarization of the bands. In
AB-stacked monolayers, the opposite spin polarization at the K/K ′ points results in zero
net spin polarization in the bulk crystal. Moreover, the spin-orbit-split bands at the K
(or K ′) points exhibit opposite signs of spin polarization, as shown in Figure 5.13 (a). The

Figure 5.13: (a) Calculated out-of-plane spin angular momentum of WSe2 monolayer using
WIEN2k[33]. (b) The constant energy kx − ky map at EB = 0.7 eV below the
valence band maximum. The spin polarized ARPES measurement shows the
out of plane spin polarization in bulk WSe2 using p−polarized at hν = 100
eV. Only part of Brillouin zone is covered at hν = 100 eV. The first Brillouin
zone is marked in dotted lines. (c) shows the 2D colormap used in (b).

whole spin polarization reverses while moving from K to K ′ points.

Figure 5.13 (b) shows the spin polarized ARPES measurement at hν = 100 eV, at ≈ 85K
on bulk single crystal of WSe2 showing out-of-plane spin polarization, where the photon
beamspot is focused on a single terrace. Large single terraces are easily obtainable by
scotch tape cleaving. The spin polarized kx − ky map shows the predicted spin polarization
in WSe2 at K and K ′ points. Even though the measurements were performed on cleaved
bulk crystal, the surface sensitivity of ARPES makes it possible to measure the spin
polarization from the topmost WSe2 layer with smaller contributions from the layer below.

In contrast to spin polarized measurements, the CD-ARPES measurements on WSe2
show a complicated pattern at the K/K ′ points, which also show a strong photon energy
dependence (see Figure 5.11). There is an intermixing of positive and negative values
of CD magnitude at each of the K/K ′ points. From the photoionization cross section
(shown in Figure 5.15) [123] it is clear that at the photon energies that were used for the
CD-ARPES measurements, the main contributions come from W 5d, Se 4s and Se 4p.
Below hν = 130 eV, the dominating contribution comes from W 5d and above hν = 130 eV,
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5 Circular dichroism in graphene and WSe2

Figure 5.14: Photon energy-dependent CD-ARPES measurements on bulk WSe2 showing
constant energy cuts at E −EV BM = 0.7 eV at hν = (a) 80 eV, (b) 120 eV, (c)
150 eV and (d) 200 eV. (e) shows the E versus k∣∣ along the vertical line of (d)
at kx = 0 Å−1. The dotted line in (e) shows the binding energy for the plots
in (a)-(d).

Figure 5.15: Photo ionization cross section of W 5d, W 6s, Se 4p and Se 4s for hν = 10
eV to 500 eV. The W 5d and Se 4p cross sections in the photon energy range
used for the CD-ARPES measurements are highlighted. The cross sections at
hν = 100 eV is marked with the vertical dotted line. Cross section values are
taken from [123].

the Se 4p is not negligible.

Further, Y m
l decomposition of the band structure of bulk WSe2 were performed using

Wien2k [33]. The initial state wave functions were projected onto the basis of atomic
orbitals, to study the orbital character of the bands. In the study of the electronic struc-
ture near the K/K ′ points in WSe2, it was found that the orbital characters are primarily
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5.2 CD-ARPES on WSe2

Figure 5.16: The calculated Y m
l decomposition W 5d orbitals of bulk WSe2 using WIEN2k

[33]. The top panels show the spin up bands, and the columns from (a)-(e)
show the Y −2

2 , Y −1
2 , Y 0

2 , Y 1
2 and Y 2

2 values, respectively. The bottom panels
show the spin down bands, and the columns from (a)-(e) show the Y −2

2 , Y −1
2 ,

Y 0
2 , Y 1

2 and Y 2
2 values, respectively.

Figure 5.17: The calculated Y m
l decomposition Se 4p orbitals of bulk WSe2 using WIEN2k

[33]. The top panels show the spin up bands, and the columns from (a)-(c)
show the Y −1

1 , Y 0
1 and Y 1

1 values, respectively. The bottom panels show the
spin down bands, and the columns from (a)-(c) show the Y −1

1 , Y 0
1 and Y 1

1
values, respectively.
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5 Circular dichroism in graphene and WSe2

mixed between W 5d and Se 4p orbitals, with negligible contributions from W 6s and Se 4s
orbitals. The Figure 5.16 and Figure 5.17 show the W 5d and Se 4p contributions near the
valence band maximum. The charge contribution to each eigenvalue within the respective
muffin-tin spheres for W and Se atoms was analyzed. For the Wien2k calculations, the radii
of the muffin-tin spheres were set to 2.45 Bohr for W and 2.33 Bohr for Se. Within these
spheres, approximately 73% of the W 5d electron charge and 59% of the Se 4p electron
charge were enclosed. At the K/K ′ points, the W 5d Y ±2

2 orbital contributions are 0.51
and 0.47 for the upper and lower spin-split bands, respectively. For the Se 4p Y ±1

1 orbitals,
the contributions are 0.06 and 0.07 for the upper and lower bands, respectively. These
values are for bulk WSe2 at kz = 0, and similar values were observed for the WSe2 monolayer.

While the Se 4p contribution within the muffin-tin spheres is small, it can be adjusted to
account for the overall occupancy within the spheres, potentially increasing the relative
contribution to about 10-20% that of W 5d Y ±2

2 orbitals. Additionally, Se atoms contribute
more significantly to the photoemission signal due to the short inelastic mean free path
(IMFP) at the relevant kinetic energies. Even though there is a non-zero contribution of
Se 4p, especially from the Y ±1

1 orbitals, for simplicity and clarity, only W 5d contributions
will be considered for the analysis below.
From the Y m

l decomposition of the W 5d orbitals (see Figure 5.16), it is evident that at the
K/K ′ points, the Y ±2

2 contribution is predominant. A constant energy cut at E −EV BM

= 0.7 eV, showing the difference in character between the W 5d Y 2
2 and Y −2

2 orbitals in
monolayer WSe2 is illustrated in Figure 5.18. The pattern shows negative CD value at

Figure 5.18: The theoretical constant energy maps at E −EV BM = 0.7 eV shows difference
of the orbital characters Y 2

2 and Y −2
2 of W d orbital of monolayer WSe2

calculated in WIEN2k [33].

K points and positive CD value at K ′ points. The measured CD maps show a strong
deviation from the calculated Y m

l decomposition of the initial state. To further study the
influence of initial state OAM, photoionization CD patterns from W 5d Y ±2

2 with normal
light incidence and 54.7○ light incidence were calculated using EDAC code (see Figure
5.19). For the light incidence along 54.7○, the photoionization pattern displays a variation
in color from red to blue, indicating a sign change in the CD value, except at photon
energies hν = 100 eV and 120 eV (see Figure 5.19). At hν = 100 eV and 120 eV, the entire

68
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emission space shows the same sign of CD. The switching of the sign of the CD value

Figure 5.19: Photon energy-dependent CDAD patterns of W 5d orbital at hν = 60 eV (a),
80 eV (b), 100 eV (c), 120 eV (d), 150 eV (e), 200 eV (f) and 500 eV (g). The
top panels show CD patterns from Y 2

2 with quantization along 0○, the second
panels show CD patterns from Y 2

2 with quantization along 54.7○ and bottom
panels show CD patterns from Y −2

2 orbitals.

in the photoionization patterns are gradual and no rapid changes are observed. But in
contrast, the experimental data shows sudden changes in sign of the CD value, and this
suggest that these patterns might have a different origin other than the initial state OAM.

The measurements on the cleave bulk single crystal of WSe2 were performed at PHELIX
beamline at SOLARIS [124], where the light is incident at an angle 54.7○ with respect
to surface normal. Like in the case of graphene, the experimental geometry itself will
influence the measured spectra. The photoionization patterns at light incidence at 54.7○
(second row of Figure 5.19) are similar to the normal incidence (top panel of Figure 5.19)
other than a rotation of pattern in the direction of the new quantization axis, and do not
show any sudden reversal of sign.

So far the final state scattering effects were not considered. A multiple scattering calcula-
tion was performed on a cluster of 463 atoms with a cluster radius of 15 Å. An atomic
cluster distributed over three monolayers of WSe2 was created. The V0 was taken as 15 eV.
The results are shown in Figure 5.20. Similar to the experimental results, a rapid change
of the sign is observed in the multiple scattering CD patterns, suggesting the complex
patterns might be originating from multiple scattering events. From hν = 120 eV onwards,
the forward scattering peak becomes visible (as marked in Figure 5.20 (d) bottom panel),
revealing the local environment of the W atom. In the WSe2 monolayer, the W atom is
positioned beneath three Se atoms. Additionally, a calculation was performed at higher
photon energy of hν = 1000eV. The atomic photoionization pattern and multiple scattering
pattern of W 5d Y 2

2 is shown in Figure 5.21. Both CD patterns show similar features. This
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Figure 5.20: Photon energy-dependent multiple scattering calculation of W 5d orbital at
hν = 60 eV (a), 80 eV (b), 100 eV (c), 120 eV (d), 150 eV (e), 200 eV (f) and
500 eV (g). The top panels show CD patterns from Y −2

2 and bottom panels
show CD patterns from Y 2

2 orbitals. The quantization axis is taken as the
light incidence direction, which is at 54.7○ with respect to the surface normal,
along the horizontal direction.

is due to the dominance of forward scattering at higher photon energies. The multiple
scattering pattern still exhibits intensity modulation, however, at higher kinetic energies,
it more closely resembles the atomic photoionization pattern compared to lower kinetic
energies. Consequently, using measurements at higher photon energies may offer a better
opportunity to predict the initial state OAM. The problem at higher photon energies is
that the photoionization cross sections become small for the orbitals. Additionally, with
conventional ARPES setups only a portion of the pattern will be covered at higher photon
energies as indicated by black circle in Figure 5.21

In order to reduce the contribution of Y 0
2 near the K/K ′ points and therefore, to minimize

the experimental geometry induced dichroism in WSe2, normal light incidence measure-
ments were performed on WSe2. The normal light incidence measurements are possible
with conventional ARPES setups, if the sample can be rotated towards the light incidence
direction. Our measurements were performed at the PHELIX beamline, the sample was
rotated by 54.7○ away from the normal emission direction towards the light incidence
direction. However, as a consequence of rotating the sample, only higher emission angles
can be detected. This means that the ARPES maps will not be centered at Γ point of
the first Brillouin zone. With 54.7○ rotation the ARPES maps on WSe2 cover part of
the second Brillouin zone at hν = 60 eV, as shown in Figure 5.22 (a). Similar normal
incidence measurements were performed at photo energies hν = 100 eV, 120 eV and 200
eV, as shown in Figure 5.24. The 3D plot, showing kx − ky−energy, at normal incidence
and normal emission are shown in Figure 5.23. All the maps show a complex CD pattern
with sign changes within K/K ′ points. The normal incidence spectra still does not match
the calculated initial state OAM, showing the influence of multiple scattering.

As described earlier, one unit cell of WSe2 is made up of AB stacked monolayers of WSe2
(see Figure 5.22 (b)), which are rotated by 180○ with respect to each other. A monolayer
of WSe2 contains three atomic layers of one W and two Se atoms. The three dimensional
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Figure 5.21: (a) Photo ionization pattern of W 5d Y −2
2 orbital from three layer WSe2

cluster using EDAC at hν = 1000 eV. (b) Multiple scattering CD pattern
from W 5d Y −2

2 orbital from three layer WSe2 cluster at hν = 1000 eV. The
black circles indicate the portion of the momentum space that will covered
by a conventional ARPES setup with ± 15○ acceptance angle.

arrangement of the atoms create a zigzag chain of W and Se, as shown in Figure 5.22
(b). The asymmetric arrangement of Se atoms with respect to the W atoms break the
mirror symmetry along the z axis (see Figure 5.22 (b)). Cleaving of the bulk single crystal
of WSe2 results in two possibilities, which are named as terrace A and terrace B in this
thesis. The terrace A and terrace B show different intensities at K/K ′ points with C±
light. The CD-ARPES measurements on the two terraces are shown in Figure 5.25 (a) and
(b). Comparing the CD maps from terraces A and B, it is evident that the sign of the CD
signal is not identical on both terraces. A closer examination of the outer spin-orbit-split
hole bands at the K/K ′ points in Figure 5.25 (a) and (b) reveals a reversal of the CD
signal sign. However, not all bands exhibit the same reversal, for instance, the inner spin-
orbit-split hole bands do not display the same CD patterns between terrace A and terrace
B. This discrepancy arises from the broken mirror symmetry in WSe2. The asymmetry in
CD patterns originates from inter atomic interference, which occurs due to the coherent
addition of emissions from different atomic sites that carry a position-dependent phase [125].

This broken symmetry effectively divides the Brillouin zone of WSe2 into two distinct
sectors, illustrated in beige and green in Figure 5.22 (a). The energy versus kx maps, shown
in Figure 5.25 (c) and (d) along the dotted line indicated in Figure 5.25 (a), reveal an
interesting change in the CD signal in the spin-orbit-split bands at the K/K ′ points. The
intensity difference of C+ and C− along the dotted lines in (c) is plotted in (e) for clarity.
Given that the spin-polarized ARPES measurements (Figure 5.13 (b)) and spin-polarized
band structure calculations (Figure 5.13 (a)) both confirm that the spin-orbit-split bands
are of spin-up and spin-down character, and considering that the Y m

l decomposition shows
virtually the same or very similar OAM for both bands at the K (or K ′) points, the
observed differences in the CD signal (Figure 5.25 (c) and (d)) should be attributed to
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Figure 5.22: (a) Normal incidence CD-ARPES measurement on bulk WSe2 at hν = 60 eV.
The part of the Brillouin zone measured with different regions protected by
the mirror symmetry is indicated in beige and green colors. (b) side view of
the crystal structure of WSe2 showing AB stacking and resulting terrace A
and terrace B are marked. The dotted lines in (b) shows the unit cell of WSe2.
The polarity of the A layer and the B layer are indicated by the arrows.

spin-dependent scattering effects.
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Figure 5.23: 3D plots of the experimental CD-ARPES spectra showing kx − ky−energy
(a) at hν= 100 eV at normal incidence and (b) at hν = 200 eV at normal
emission. (c) shows part of the plot in (b) from kx 0 to 2 Å−1. The CD-ARPES
magnitude at the spin-orbit-split bands at K/K ′ are shown in (c)

Figure 5.24: Normal incidence CD-ARPES measurements on single terrace of bulk WSe2
at hν = 100 eV (a), 120 eV (b), and 200 eV.

5.3 Conclusion
In conclusion, CD-ARPES studies of two distinct materials, graphene and WSe2 reveal
the complexities involved in interpreting circular dichroism signals, particularly concerning
the initial state orbital angular momentum (OAM).

In graphene, where the initial state OAM is zero, the CD-ARPES maps are significantly
influenced by the experimental geometry and final state scattering effects. A comprehen-
sive theoretical analysis conducted on graphene highlights the importance of considering
photoemission matrix element effects when interpreting these maps. This study demon-
strates that CD-ARPES results cannot always be directly correlated with the initial OAM,
highlighting the need for caution in making such associations.

For WSe2, the initial state exhibits a well-defined OAM. However, the experimental
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Figure 5.25: Normal incidence CD-ARPES measurement on bulk WSe2 at hν = 60 eV
on (a) terrace A and (b) terrace B. (c) and (d) are the E versus kx spectra
along the dotted line shown in (a). The constant energy cut in (a)-(b) is at
E − EV BM = 0.7 eV as shown in dotted lines in (c). (e) the red and black
curves shows the intensity difference between C+ and C− along the red and
black dotted lines in (c). The black dotted line is black solid line multiplied
by 4.

CD-ARPES maps display a complex pattern that is not directly related to the initial
OAM but rather shows a strong influence of multiple scattering. Notably, measurements
taken at normal incidence reveal indications of spin-dependent scattering, suggesting that
CD-ARPES can be utilized for spin detection.

The scattering effects discussed in this chapter provide valuable insights for improving
experimental techniques, particularly in the development of more effective spin detectors.
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5.3 Conclusion

These findings emphasize the complex nature of CD-ARPES and its potential applications
beyond simple OAM analysis.
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6 Magnetism and orbital angular
momentum of Cr2Ge2Te6

Cr2Ge2Te6 (CGT) is a 2D magnetic semiconductor [10] with a reported indirect band gap
ranging from 0.2 to 0.74 eV [126–128] and a Curie temperature (TC) of approximately
61 K [126, 129, 130]. CGT is an interesting material not only because of its magnetic
properties but also due to the possibility of tuning its magnetic and electronic properties
through external perturbations. Electrostatic gating [74, 131, 132], intercalation of organic
molecules [133], adsorption of molecules [134, 135], interfaces in heterostructure with
magnetic oxides [136, 137], pressure [138, 139] and strain [140] all influence the properties
of CGT.

An enhancement of TC up to 200 K has been observed in double-layer transistor devices
using CGT with electrostatic gating [131]. It has also been observed that the application
of pressure and intercalation of organic molecules change the easy axis from the c axis to
the ab plane and makes CGT metallic in nature [133, 139]. Additionally, the application
of external strain increases the TC of CGT [140].

There exist experimental band structure studies focusing on the 2D nature of the bands,
Coulomb interactions in Cr d electrons and atomic (Cr and Te) contributions in CGT
band structure [127, 141–144]. However, a detailed analysis of the orbital character of the
bands is still lacking. This study aims to understand the atomic and orbital composition
of the band structure using photon energy-dependent and light polarization-dependent
ARPES measurements. To investigate the origin and stabilization of magnetism in CGT,
temperature-dependent ARPES measurements have been performed and analyzed, cov-
ering the transition from the paramagnetic to the ferromagnetic state. Additionally, the
experimental findings are supported by theoretical band structure calculations.

6.1 Structural properties of Cr2Ge2Te6

CGT belongs to the space group number 148 (R3) with lattice constants a = b = 0.690
nm and c= 2.18 nm [126, 129]. In the crystal, Cr ions and Ge-Ge dimers are inside the
distorted octahedral voids formed by AB stacked Te layers (see figure 6.1 (a) and (b)).
These Te layers form the van der Waals gap between CGT monolayers. Three ABC stacked
monolayers form one primitive rhombohedral unit cell of CGT, as shown in figure 6.1 (c).
The conventional hexagonal Brillouin zone and primitive rhombohedral Brillouin zone of

76



6.2 ARPES measurements on Cr2Ge2Te6

Figure 6.1: Crystal structure of Cr2Ge2Te6 (a) side view and (b) top view. The conventional
unit cell is indicated in (a) and (b). (c) shows the primitive rhombohedral unit
cell of CGT. (d) and (e) are the conventional and primitive Brillouin zones of
CGT respectively.

CGT are shown in figure 6.1 (d) and (e), respectively. There are no mirror planes in either
the bulk or monolayer forms of CGT. However, the CGT crystal structure is inversion
symmetric.

The Cr ions is the magnetic atom in CGT. The easy axis is along the out-of-plane
direction [128], and magnetism is observed even in the bi-layer limit [10]. CGT exhibit
domain patterns such as stripe domains and magnetic chiral bubbles below TC with applied
magnetic field [145, 146].

6.2 ARPES measurements on Cr2Ge2Te6

A commercially grown single crystal of CGT from HQ graphene, a company specializing
in single crystals, was cleaved inside an ultra-high vacuum chamber using Scotch tape.
The ARPES measurements were performed at the PHELIX beamline at the SOLARIS
synchrotron. The sample was cooled using liquid helium, and the temperature was initially
stabilized at 65 K for ARPES measurements in the non-magnetic state. For all measure-
ments, the sample was oriented such that the M − Γ −M ′ direction was parallel to the
entrance slit of the analyzer (see chapter 3). The photon beam was incident at an angle
of 54.7○ with respect to the surface normal, along the K − Γ −K ′ direction, as shown in
Figure 6.2.
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Figure 6.2: Schematic diagram of the experimental geometry for the CGT measurement
at PHELIX beamline. The light is incident at an angle 54.7○ with respect to
the surface normal, along the M − Γ −M ′ direction of the Brillouin zone.

6.2.1 Atomic and orbital composition of the band structure
To study the origin of magnetism and the orbital angular momentum of the bands, a
deeper understanding of the atomic contributions to the band structure is required. For
this purpose, a photon energy-dependent ARPES measurement was performed by selecting
an energy range that passes through one of the absorption edges. The advantage of using
this energy range is the enhancement in intensity when the photon energy matches the
core-level energy, a phenomenon known as resonance enhancement.

At resonance, two possible photoemission channels exist. The first is the direct channel,
which corresponds to normal photoemission, where an electron is emitted from the valence
band. The second is the indirect channel, an Auger-like emission process caused by the
excitation and de-excitation of a core electron. These two channels interfere coherently,
resulting in an increase in the intensity of the bands contributed by the specific core-level
atom. This enhancement makes it easier to study atomic contributions to the band
structure [141]. The physics and process of resonant photoemission are discussed in detail
in Chapter 7. Cr 3p core level at ≈ ore level at approximately 50 eV was chosen, as Cr is
the magnetic atom and is therefore directly related to the magnetic properties of CGT.
The experimental results of photon energy-dependent measurements, conducted within
the range at hν = 46 eV and 60 eV are shown in figure 6.3. There is a clear intensity
enhancement while moving through the core level absorption edge energy. For a detailed
analysis, the intensity versus photon energy curves for the selected regions of the E(k)
have been plotted in figure 6.4. An intensity enhancement up to 6-8 times is observed in
bands at binding energies around 1.3 eV and 2.08 eV (shown in green in figure 6.4) below
valence band maximum (VBM). In contrast, the intensity enhancement of the bands at
the VBM is only approximately threefold, as shown in Figure 6.4. From the observed
intensity enhancement, it is evident that the bands at E − EV BM≈ 1.3 eV and 2.08 eV
below the VBM are primarily derived from Cr orbitals, whereas the top of the VBM is
likely contributed by Te or Ge orbitals. These conclusions are based on the assumption
that the monochromator or the undulator flux remains constant over the entire photon
energy range used for the measurements shown in Figure 6.4.
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Figure 6.3: Photon energy-dependent ARPES spectra on CGT from hν = 46 eV to hν = 60
eV. The E vs. k maps show the intensity enhancement of the selected bands
while approaching the 3p core level binding energy at hν = 55eV.

Figure 6.4: Intensity vs. photon energy plots of CGT experimental spectral functions at
Eb −EV BM = 0 eV and k∣∣ = 0 Å−1 (blue), E −EV BM = 1.16 eV and k∣∣ = 0 Å−1

(red), Eb −EV BM = 1.3 eV and k∣∣ = 0.66 Å−1 (yellow) and Eb −EV BM = 2.08
eV and k∣∣ = 0 Å−1 (green). The regions considered for the plots are marked in
figure 6.3 (hν =46 eV).

To confirm these experimental findings a DFT slab calculations for 9 monolayer CGT slab
was performed and are shown in figure 6.5. The atomic positions of CGT can be found in
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Figure 6.5: 9 monolayers (shown in (e)) DFT slab calculation of CGT. (a) and (b) shown
Cr 3d spin and spin down contributions respectively in the band structure. (c)
and (d) show the Te 5p spin up and spin down contributions respectively. The
plots shows the contribution from the surface atoms, that are marked in (e).

references [126, 129, 147]. For the calculations presented in figure 6.5, the atomic positions
from reference [126] were used. Due to the surface sensitivity of ARPES, only the band
characters of Cr and Te from the surface of the slab are plotted in Figure 6.5 (a)-(d). The
surface Cr and Te atoms are marked in Figure 6.5 (e). In agreement with the experimental
results, the DFT calculations indicate the dominance of Cr 3d contributions at energies 3
eV to 0.5 eV below the VBM. The top of the valence band is mainly formed by the Te 5p
orbitals as shown in figure 6.5 (c) and (d).
To understand the long-range magnetic ordering in CGT crystals, it is necessary to examine
the electronic configuration and the local environment of the magnetic ion. The presence
of neighboring atoms can alter the energy levels of the magnetic ions. The intra-atomic
exchange-correlation energy and Coulomb repulsion, along with inter-atomic interactions,
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influence the spin moment on these magnetic ions. This phenomenon is explained by
crystal field theory or ligand field theory. Crystal field theory or ligand field theory is
widely used to describe magnetism in transition metal oxides, where the transition metal
ion is surrounded by oxygen atoms. The effect of neighboring atoms can be considered
as a perturbation field acting on the central atom (see chapter 7 of [148]). Tetrahedral
and octahedral geometries are the most common configurations in transition metal oxides.
In these structures, the d orbitals of the transition metal interact with the p orbitals of
oxygen, leading to the splitting of the d orbitals. This splitting strongly depends on the
spatial configuration of the d orbitals. In tetrahedral geometries, where the bonds are
formed along the diagonals of a cube, the dxy, dyz and dxz orbitals experience greater
Coulomb repulsion from neighboring atoms. As a result, the energy of these orbitals
increases relative to the dx2−y2 and dz2 orbitals. A schematic diagram of tetrahedral and
octahedral geometries, along with the corresponding crystal field splittings, is shown in
Figure 6.6. The dxy, dyz and dxz orbitals with higher energy are called the t2g orbitals and
the dx2−y2 and dz2 with lower energy are called the eg orbitals. On the other hand, for an
octahedral complex, the neighboring atoms approach along the principle axis, increasing
the energy of the eg orbitals with respect to the t2g orbitals [148].
In case of CGT, as mentioned earlier, the magnetic Cr3+ ions are located inside the dis-
torted octahedral voids formed by the Te atoms [141]. This geometry lifts the degeneracy
of the Cr d orbitals by increasing the energy of eg orbitals and lowering the energy of t2g

orbitals. Consequently, the three electrons in the Cr3+ ions, which have a 3d3 electronic
configuration, will occupy the lower-energy t2g orbitals. Since the t2g orbitals do not
participate in bond formation with the neighboring Te 5p orbitals, the bands derived from
these orbitals are expected to show the highest intensity enhancement in the resonant
ARPES spectra due to their dominant Cr contribution [141]. Examining the intensity
versus photon energy plots shown in Figure 6.4, the non-dispersive bands at approximately
1.3 eV below the VBM exhibit the highest intensity enhancement. Therefore, the feature
at 1.3 eV below the VBM can be attributed to the t2g bands of Cr, whereas the feature at
approximately 2.08 eV below the VBM, which shows some dispersion, originates from the
eg derived bands. The dispersion of the neighboring eg orbitals is related to their overlap
with the neighboring Te 5p orbitals.
In general, the Cr3+ derived bands are expected to be near the Fermi level due to their
3d3 configuration. However, based on both experimental data and DFT calculations, the
highest-energy band derived from Cr is centered at approximately 1.3 eV below the VBM.
The bands from -3 eV to -1 eV exhibit relatively small dispersion, with a bandwidth of
approximately 0.6 eV, which may be related to the partial localization of Cr d orbitals
in CGT. As a result, both itinerant and localized electron theories must be considered
to explain magnetism in CGT. Previous theoretical studies have also highlighted the
importance of incorporating the Hubbard U parameter in calculations to achieve better
agreement with experimental results [142, 149]. This strong intra-atomic interaction sig-
nificantly influences the magnetism in CGT, which will be discussed in the following section.

To investigate the k⊥ dispersion of the bands and confirm the 2D nature of CGT bands,
a broad photon energy range scan was performed. The band dispersion at k∣∣ = 0 as a
function of photon energy is shown in Figure 6.7. The results essentially show nearly flat
bands with very small kz dispersion. Figure 6.7 (b) presents the calculated kz dispersion
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Figure 6.6: Schematic diagram of crystal field splitting in (a) tetrahedral and (b) octahedral
complexes. The energy of d orbitals along the bond direction (dx2−y2 , dz2

decreases (increases) and energy of orbitals along off diagonal directions (dxy,dyz

and dxz) increases (decreases) in a tetrahedral (octahedral) complex.

of the CGT bands. The calculations indicate a small kz dispersion, consistent with the
experimental data, confirming the two-dimensional nature of CGT.
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Figure 6.7: (a) kz dispersion of CGT bands at k∣∣ = 0 measured with photon energies hν =
80 to 100 eV in steps of 5 eV. (b) shows the calculated kz dispersion of CGT
bands between K1 and K2 points in the Brillouin zone as indicated in (c).

The orbital character of the bands was further analyzed using polarization-dependent
ARPES measurements with linearly polarized light. The transition matrix element,
Mi→f ∝ ⟨ψf ∣ε⃗⋅r⃗∣ψi⟩, depends on the direction of the light polarization vector ε⃗ [41]. For
p−polarized light (horizontal polarization in our experimental geometry), the polarization
direction is parallel to the plane of incidence, which is defined by the incident light and the
surface normal. When the light is incident at an angle, as is typically the case in ARPES
setups, p−polarized light acquires an out-of-plane component in addition to its in-plane
component, as illustrated in Figure 6.8 (a). For s−polarized light (vertical polarization
in our experimental geometry), the polarization vector is perpendicular to the plane
of incidence—that is, parallel to the sample surface, as shown in Figure 6.8 (b). The
intensity of emission with s−polarized light is typically lower than that with p−polarized
light, particularly near normal emission angles [41]. Since most ARPES measurements
are performed at angles close to normal emission, the intensity of s−polarized light is
correspondingly reduced. The sensitivity of orbitals to the s− and p−polarized light depends
on the experimental geometry. s−polarized light is primarily sensitive to in-plane orbitals,
such as px and py orbitals. p−polarized light is more sensitive to out-of-plane orbitals, with
a small contribution from in-plane orbitals due to its out-of-plane polarization component.
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Figure 6.8: The in plane and out of plane components of the light polarization of (a)
p−polarized light and (b) s−polarized light and its sensitivity to in plane and
out of plane p orbitals.

This sensitivity can be utilized to determine the real orbital characters (orbitals represented
in Cartesian coordinates) of the band structure. However, the above discussion applies
mainly to atomic-like photoemission. In solids, the photoemission spectra also contain
contributions from multiple scattering, which can modify the measured spectral function.
Figure 6.9 (a) and (b) show the Energy versus k∣∣ maps obtained with p− and s−polarized

Figure 6.9: Polarization dependent measurements on CGT using (a) p−polarized light
and (b) s− polarized light at hν = 56 eV at 60 K. The calculated real orbital
decomposition of Te p orbitals are shown in (c) and (d). The out of plane
orbital, pz is shown in (c) and in-plane orbitals, px and py are shown in (d).
This shows the sensitivity of p−polarized light to the out of plane orbitals and
s−polarized light to in-plane orbitals. The green and blue bands in (c) and (d)
are spin up and spin down bands.

light, respectively. With the p−polarized light, the slightly dispersive band in the kz
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dispersion map (Figure 6.7)is clearly visible, confirming the contribution of the pz orbital
in the lower part of the valence band maximum (VBM), as shown in Figure 6.9 (c). The
tip of the VBM appears more intense with s−-polarized light, indicating an in-plane
orbital character. The incoherent sum of the px and py orbitals is shown in Figure 6.9
(d). Given our experimental geometry, s−polarized light is primarily sensitive to the py

orbital due to the sample orientation. The nonzero intensity observed with s−polarized
light further suggests that atomic-like polarization selection rules do not strictly apply in
solids. Otherwise, one would expect zero intensity at normal emission [41].

6.2.2 Signatures of magnetism in the band structure
To study the magnetic interactions in CGT, temperature-dependent ARPES measure-
ments were performed. The bulk transition temperature of CGT, as mentioned earlier, is
approximately 61 K [126, 129, 130]. With LHe cooling, the temperature was lowered from
65 K to approximately 15 K in steps of 5 K. Figure 6.10 shows the temperature-dependent
experimental band structure as it transitions from the paramagnetic state to the ferromag-
netic state.

In these temperature-dependent spectra, distinct changes in the band structure are ob-
served, including intensity renormalization, energy shifts, and band splittings, mainly from
the Cr-derived bands. For detailed analysis, the energy distribution curves (EDCs) at k∣∣=
0 Å−1 (Γ point, cut 1 in figure 6.10 (a)) and k∣∣= 0.4 Å−1 (cut 2 shown in figure 6.10) are
shown in Figures 6.10 (d) and (e), respectively.

The band at 2.25 eV below the VBM at 65 K exhibits a temperature-dependent shift
to lower binding energy. The EDC at the Γ point shows a pronounced energy shift of
the band at 2.25 eV below the VBM with the onset of the ferromagnetic transition. An
energy shift of approximately 0.25 eV is observed. The EDC at ≈0.4 Å−1 (see Figure
6.10 (e)) reveals a splitting of the band at approximately 1 eV below the VBM as the
system approaches the ferromagnetic transition temperature. Since the changes in the
band structure correlate with the ferromagnetic transition temperature, the energy shifts
and band splittings can be considered signatures of magnetism in the band structure.
These findings provide insights into the origin of magnetism in CGT, as discussed in the
following paragraph.

The energy shift of the eg bands indicates that the overlap of eg orbitals with Te 5p orbitals
influences magnetism in CGT [141]. In a fully ionic picture, the Cr electrons occupy t2g

orbitals with all electron spins aligned in the same direction, as dictated by Hund’s rule.
Previous XAS studies on CGT [141, 143] have shown a shift in the peak positions of core
levels to lower photon energies, indicating a higher occupation (3.5 electrons per atom,
compared to 3 electrons) of Cr d orbitals. This suggests a partially covalent nature of the
Cr-Te bonds.

In the case of partial covalency, the fully filled Te (Te+ ion) p orbitals share one electron
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Figure 6.10: Temperature-dependent ARPES measurements on CGT at (a) 15 K, (b) 40
K and (c) 65 K. (d) and (e) shows the energy distribution curves (EDCs)
at k∣∣ = 0 Å−1 (cut 1 shown in (a)) and at k∣∣ = 0.4 Å−1 (cut 2 shown in
(a)), respectively, for temperatures 15 to 65 K. All the measurements were
performed at hν= 48 eV.

with the Cr d orbital. Due to the Pauli exclusion principle, this additional electron can only
occupy either the t2g orbital with an opposite spin or the empty eg orbital with the same
spin. The distribution of this electron is determined by intra-atomic exchange interaction
and Coulomb repulsion. In CGT, since Coulomb interaction is significantly large [142,
149], the electron moves to the eg orbital, resulting in a high-spin state (see Figure 6.11).
This transition lowers the overall energy of the eg bands due to Hund’s energy gain. The
Hund’s energy gain is evident in the temperature-dependent experimental spectra, where
the eg band shifts to a lower binding energy by approximately 0.25 eV. This confirms that
magnetic ordering in CGT arises from interactions between the Cr and Te orbitals (see
Figure 6.11 (c)). Such magnetic ordering, mediated through indirect interactions between
magnetic atoms via neighboring non-magnetic atoms, is called indirect exchange interaction.
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Figure 6.11: (a) The bond between Cr and Te atoms in CGT. The 90.4○ bond angle between
Cr-Te-Cr makes the interaction between neighboring Cr atoms ferromagnetic
in nature. The electron sharing between Cr and Te atoms are shown in (b)
[141]. The overlap of Te p orbital and Cr eg and t2g are shown in (c) and (d),
respectively.

There are different types of magnetic interactions in solids. When electrons from a mag-
netic atom interact directly with neighboring magnetic atoms, it is called direct exchange
interaction. Direct exchange is possible when the wavefunctions of the magnetic atoms
overlap. However, when magnetic atoms are not in close proximity and their magnetic
moments are localized, their wavefunctions overlap only through the intermediate orbitals
of non-magnetic atoms. This type of interaction is called indirect exchange interaction.

In insulators, where conduction electrons are absent, the most favorable interaction is su-
perexchange interaction. In superexchange interactions in transition metal oxides, electrons
from the d orbitals of transition metal ions interact with non-magnetic oxygen p orbitals.
The strength of the magnetic interaction in superexchange interactions depends on the
magnetic moments of the atoms, the angle between the magnetic-non-magnetic-magnetic
atoms, and the overlap of the wavefunctions.

When the angle between the magnetic-non-magnetic-magnetic atoms is 180○, as shown in
figure 6.12 (a), the ground state is an antiferromagnetic state [150, 151]. When the angle
is close to 90○, as shown in Figure 6.12 (b), the ground state is ferromagnetic. Compared
to antiferromagnetic superexchange interaction, ferromagnetic superexchange interaction
is weaker and results in a lower Curie temperature [152, 153].

87



6 Magnetism and orbital angular momentum of Cr2Ge2Te6

Figure 6.12: (a) shows the schematic diagram of antiferromagnetic superexchange interac-
tion. The angle between the magnetic - non-magnetic - magnetic atom is 180○.
(b) shows the schematic diagram of ferromagnetic superexchange interaction.
The angle between the magnetic - non-magnetic - magnetic atom is 90○.

In transition metal insulators like CGT, the d electrons are localized to the transition
metal atoms, making hopping feasible only to orbitals that are spatially close. In this
case, direct exchange is not possible due to the large distance between transition metal
atoms. Similarly, interactions through conduction electrons, as seen in conductors, are not
feasible in insulators. Given CGT’s insulating nature, the most favorable interaction is
the superexchange interaction [150, 154].

There are two possible long-range magnetic orderings that can occur between Cr atoms:
ferromagnetic and antiferromagnetic. The nature of this ordering strongly depends on
the Cr-Te-Cr bond angle, as discussed earlier. In CGT, the experimentally determined
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bond angle is close to 90○. The symmetry-allowed overlap between the eg orbitals and
the px and py orbitals, as shown in Figure 6.11 (c), stabilizes a ferromagnetic ordering in
CGT [141]. The low Curie temperature of CGT may also result from the ferromagnetic
superexchange interaction, which is relatively weaker compared to the antiferromagnetic
superexchange interaction [152, 153].

6.2.3 CD-ARPES measurements on CGT
Circular dichroic ARPES measurements were performed on CGT to gain insight into
the initial-state orbital angular momentum characteristics of CGT bands from the CD
patterns. The sample was oriented so that the incident light was along the M − Γ −M ′

direction, as shown in Figure 6.2. Initially, photon energy-dependent E versus k∣∣ maps
were obtained at 65K, above the Curie temperature of CGT. The results are shown in
Figure 6.13 (top panel). The results indicate nonzero dichroism in the VBM bands and Cr
d bands at the photon energies used. Additionally, a strong photon energy dependence
of the dichroic pattern is observed when moving from hν = 44 eV to 56 eV. A notable
difference is the disappearance of strong dichroism at 1.5 to 2.5 eV below the valence band
maximum at hν = 56 eV. This could be due to the kz dispersion of the bands or due to
the photoemission transition matrix element effect.

To study the effect of magnetism, the sample was cooled to 30 K, below the Curie temper-
ature, and the measurements were repeated (shown in Figure 6.13, bottom panel). The
CD patterns show discernible changes above and below the Curie temperature. The most
prominent change occurs at hν = , at 2.1 eV below the valence band maximum, where the
distribution of the CD pattern shifts. This could be a consequence of magnetic ordering in
CGT. Additionally, band splitting (as indicated in Figures 6.13 (b) and (e) and intensity
renormalization were observed below the Curie temperature, in agreement with previous
work [141]. Three dimensional (kx − ky −E spectra) measurements were also performed on
CGT. Figure 6.14 (a) shows the kx −ky maps with E −EV BM ranging from -1 to -0.1 eV at
0.1 eV intervals. The constant energy cut at 0.8 eV below the valence band maximum from
the CD-ARPES measurement is shown in Figure 6.14 (b). The features visible in these
maps can be interpreted as three hole-like pockets, as shown in Figure 6.14 (b). While the
inner hole band (marked as 1 in Figure 6.14 (b)) of CGT shows only one sign reversal, the
outer hole bands (marked as 2 and 3 in Figure 6.14 (b)) exhibit multiple sign changes.

Understanding the initial-state orbital angular momentum values is essential for analyz-
ing the CD-ARPES results. However, this is not straightforward, as CGT bands have
contributions from multiple orbitals of multiple nonequivalent atoms. Precisely deter-
mining the various contributions to the CD pattern requires considering all participating
atoms, their orbitals, and their respective phase shifts. Given the complexity of CGT,
which contains ten nonequivalent atoms per unit cell, such an exact approach is impracti-
cal. Therefore, certain approximations must be made to interpret the CD patterns in CGT.
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Figure 6.13: Photon energy-dependent CD-ARPES E vs k∣∣ maps on CGT at hν = (a)
and (d) 44 eV, (b) and (e) 50 eV and (c)and (f) 56 eV. The top panel are
measurements performed at 65 K and the bottom panel are the measurements
performed at 30 K. The splitting of the bands are indicated in (b) and (e).

Resonant ARPES and polarization-dependent measurements indicate that the bands at the
valence band maximum are primarily of Te 5p character. Due to their dominant contribu-
tion at the valence band maximum, only the Te 5p orbitals were considered for the plots of
Y m

l decomposition, as discussed below. Initially, a Y m
l decomposition of the Te p orbitals

was performed along the three equivalent M −Γ−M directions in a 9-monolayer CGT slab
(shown in Figure 6.15 (a)). When the quantization axis is taken as the surface normal (001
direction), one might naively assume that all three M − Γ −M ′directions are equivalent.
However, calculations reveal an asymmetry, showing that the Y m

l compositions along the
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Figure 6.14: kx − ky cuts of CD-ARPES dataset from CGT at hν = 56 eV and 65K at
binding energies 0 to 1 ev in steps of 01 eV and (b) kx − ky map at binding
energy 0.8 eV at hν = 56 eV. The 2D colormap used for the plots is also
shown.

three directions differ. To further investigate this asymmetry, a similar calculation was
performed for a monolayer CGT (shown in Figure 6.15 (b)). The results are in close
agreement with those of the slab calculation. In all the above calculations, contributions
were considered from only one of the six Te atoms (schematic diagram shown in Figure
6.15 (c)) The contributions from the remaining Te atoms can be obtained using symmetry
operations, which were not explicitly applied in the calculations presented in Figure 6.15.
This asymmetry highlights the importance of computing the Y m

l contributions from all
six Te atoms separately (or utilizing symmetry operations to determine their individual
contributions) to enable meaningful comparison with experimental results.
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Figure 6.15: The Y m
l decomposition of the CGT bands showing Te Y 1

1 orbital in (a) for a
9 monolayer slab calculation and (b) for a monolayer calculation, along the
three equivalent M − Γ −M ′ directions. (c) shows a schematic diagram of
the Cr and the surrounding Te atoms. The contribution from only one of
the six Te atoms are plotted in (a) and (b). (d) shows the three M − Γ −M ′

directions in the Brillouin zone, that were considered for the plots in (a) and
(b).

One approach to obtain contributions from all six Te atoms is to treat each atom separately,
but this would make the computation significantly more expensive. Additionally, the
calculations require a dense k-points. Comparing the results from the 9 monolayer slab
calculation, shown in figure 6.15 (a), and monolayer calculations, shown in figure 6.15
(b), one can see that the results are similar, in accordance with the quasi-2D nature of
CGT. Additionally, from the polarization-dependent studies(see Figure 6.9), the in-plane
and out-of-plane contributions of the orbitals near the valence band maximum have been
verified. At the tip of the valence band maximum, the in-plane px and py contributions
dominate. Therefore, a calculation on monolayer CGT is sufficient to approximately
determine the CD features in the CGT valence band region. In this case, the monolayer
can be considered the outermost layer of the bulk CGT. Compared to the slab calculations,
the monolayer calculations require significantly less computational time. Considering
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these factors, calculations on a monolayer provide a practical solution for comparison with
experimental data.

To understand how the Y m
l distribution varies in momentum space, a calculation was

performed using a 51 × 51 k point mesh, covering the entire 2D Brillouin zones. Figure
6.16 (a) shows the constant energy cut Y m

l decomposition of the three Te atoms on the
surface of the CGT monolayer, with spin-orbit coupling taken into account. The plots
show the sum of spin-up and spin-down bands.

Figure 6.16: Figure shows the constant energy cut Y m
l decomposition of Te p orbitals

in CGT monolayers, with quantization axis taken as surface normal (001).
The contributions from three Te atoms at the surface of the monolayer are
shown separately in the rows. The columns represent the Y1,−1, Y1,0, Y1,1 and
Y1,1 − Y1,−1. The energy cut is at 0.8 eV below the valence band maximum.
The plots in (a) show the sum of spin up and spin down bands. (b) shows a
schematic diagram of arrangement of Te around the Cr atoms. The three Te
atoms atoms used for the calculation in (a) are indicated.

From the Y m
l decomposition shown in Figure 6.16,it is clear that the contributions of the

three Te atoms on the surface are different, as expected. The weight of the Y m
l contribution

depends on the position of the Te atom in the unit cell, even when the light is incident
normal to the surface. The calculated initial-state CD pattern, shown in the fourth column
of Figure 6.16 (a), also varies depending on the position of the Te atom. This leads to an
important point that for meaningful comparison with experimental results, it is crucial to
consider all contributing atoms separately (or calculate the contributions using symmetry
operations separately).

Comparing the experimental kx−ky CD maps (see in Figure 6.14)with the calculated OAM
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patterns, shown in Figure 6.17 (a), the calculated OAM patterns do not show the sign
reversal of the hole bands observed in the experimental spectra. So far, the quantization
axis has been taken as the surface normal (001 direction). However, in the experimental
geometry, the light is incident at an angle of 54.7○ with respect to the surface normal.
Therefore, it may be insightful to perform the orbital decomposition along this quantization
axis (the experimental geometry-induced CD is discussed using the example of graphene pz

orbitals in Section 5.1.3). The Y m
l decomposition with the quantization axis set along the

light incidence direction is shown in Figure 6.17 (b). With the quantization axis taken as

Figure 6.17: Constant energy cut at 0.8 eV below the valence band maximum of the mono-
layer CGT band showing the Y1,1 contribution of Te atom with quantization
axis taken as (a) surface normal (001 direction) and (b) 54.7○ from the surface
normal (the direction is shown by black arrow). The magnetization axis for
the calculation is taken as (a)-(b) 001 direction. (c) shows the calculated OAM
of Te 5p with quantization axis taken as surface normal and magnetization
axis taken as 00-1 direction. (d) shows the difference of the CD patterns with
magnetization axis [001] (a) and [00-1] (c). For all maps the contribution
from the three Te atoms were calculated separately and added incoherently.

the light incidence direction, the OAM pattern for the Te 5p orbital shows a sign change in
all the hole-like bands, agreeing with the experimental results. Even if the CD patterns do
not completely match, the qualitative agreement with the experimental results highlights
the importance of considering the correct quantization axis when determining the CD
pattern in complex material systems like CGT.

To explain the changes in the CD pattern above and below the Curie temperature, a
magnetization-axis-dependent calculation was performed on CGT. CGT has perpendicular
magnetic anisotropy [128], meaning that the domains orient in the out-of-plane direction.
Below the Curie temperature, the magnetization direction of CGT is either along the [001]
or [00-1] direction. To calculate the Y m

l contributions from the spin-up and spin-down
domains, calculations were carried out with the magnetization axis set to [001] and [00-1],
respectively, as shown in Figure 6.17 (a) and (c). Interestingly, the calculations show that
the contributions from the spin-up and spin-down domains are neither exactly the same
nor exactly opposite.

Although experimental CD patterns are related to the initial-state Y m
l of the bands, many
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6.2 ARPES measurements on Cr2Ge2Te6

other factors may also play a role, including interference between l ± 1 channels (which
depends on the radial integral and phase shifts) and multiple scattering effects. These
factors could significantly impact the experimental results. A detailed discussion of these
effects is provided in Section 5.1 for the case of graphene Dirac bands; however, they
are not considered in this chapter due to the complex mixture of orbital characters in
CGT. In reality, emitted electrons from different sites undergo mutual interference due
to position-dependent phase shifts [125], as illustrated in Figure 6.18 for Te atoms in
CGT. This interference modulates the intensity and, consequently, affects the CD pattern.

Figure 6.18: Schematic diagram of emission from Te atoms with initial phases ϕ1, ϕ2 and
ϕ3, related to the position of the Te atoms as ϕi = k ⋅ ri.

Determining the phases of all atoms and contributing orbitals is extremely challenging
for a material like CGT, whose crystal structure lacks symmetry. This problem can be
partially addressed through core-level experiments, where the primary contribution comes
from a specific atom [101]. Circular dichroism from core levels will be discussed in the
following section.

6.2.4 Circular dichroism from core levels
In contrast to valence band photoemission, where contributions come from different atomic
sites, core-level photoemission is element-specific [101]. In the case of valence bands, the
initial state wave function is delocalized, meaning that for a complete description of the
initial state, a summation of all contributions from different atomic sites needs to be
considered:

ψi = ∑
A

CAϕA, (6.1)

where A represents the atomic site, CA is the complex coefficient corresponding to the site
A and ϕA is the wave function centered at site A. For core levels, the wave function is
localized to the specific atom corresponding to the core level that is considered. For core
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6 Magnetism and orbital angular momentum of Cr2Ge2Te6

levels, the wave function is localized to the specific atom corresponding to the core level
under consideration. Core-level CD-ARPES measurements, along with element selectivity,
can provide important information about the local geometry of atoms through X-ray
photoelectron diffraction (XPD) effects. Core-level CD-ARPES can be used to study
final-state effects in CGT.

In this subsection, core-level angle-resolved photoemission measurements performed to
understand the scattering processes in CGT will be discussed. The measurements were
conducted at the i05 beamline at Diamond Light Source. Single bulk crystals of CGT
were cleaved in the main chamber using a ceramic post. ARPES measurements were
performed with light incidence along both the M − Γ −M ′ and K − Γ −K ′ directions. The
light was incident at an angle of 50○ with respect to the surface normal. Initially, a long
energy-range survey scan was taken to determine the positions of the core levels, as shown
in Figure 6.19. The Ge 3d and Te 4d core levels were the only accessible core levels due to

Figure 6.19: Long energy range ARPES spectra of CGT obtained with hν =140 eV (a)
and the energy distribution curve (b). The Te 4d and Ge 3d core levels are
indicated in (b).

the maximum photon energy limit of hν = 180 eV at the i05 beamline. The Cr 3p core
level is located at approximately 43 eV, overlapping with the Te 4d core level. Figure 6.20
(a) shows the core-level CD-ARPES spectra at Ge 3d at EB = 34.5 and 34.2 eV, with light
incidence along M −Γ−M ′ direction, measured at 45K with LHe cooling. The CD maps at
3d3/2 and 3d5/2 show rich dichroic pattern and do not show any notable differences between
them. CD-ARPES measurements were also performed in another orientation, where the
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6.2 ARPES measurements on Cr2Ge2Te6

Figure 6.20: CD ARPES spectra on CGT at Ge 3d core levels. (a) shows the measure-
ments with light incidence along M − Γ −M ′ direction at 45K. (b) show the
measurements with light incidence along K −Γ−K ′ direction at 45K. (c) same
as the measurements in (c) but performed at 70K. The first column shows the
Ge 3d3/2, the second column shows the Ge 3d5/2 and the third column show
the schematic diagram of the experimental geometry of the measurements.
The measurements were performed with hν = 140 eV. The core levels 3d3/2
and 3d5/2 are at binding energies 34.5 and 34.2 eV respectively.

sample was rotated by 30○, resulting in light incidence along the K −Γ−K ′ direction at 45
K (below the Curie temperature) and at 70 K (above the Curie temperature), as shown
in Figures6.20 (b) and (c). By inspecting the maps in figure 6.20, a mirror symmetry is
observed in (a) about y = 0 even though there are no mirror planes in CGT. Since ARPES
is a surface-sensitive technique and, at the photon energy used (hν = 140 eV), the inelastic
mean free path is only a few angstroms, the main contribution to the CD map comes
from the topmost layer of bulk CGT. In the crystal structure of monolayer CGT, the
mirror symmetries about the M − Γ −M ′ directions (see Figure 6.21 (a)) are broken due
to the small displacement (≈ 0.03646 Å) of one of the two nonequivalent Cr atoms in the
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6 Magnetism and orbital angular momentum of Cr2Ge2Te6

Figure 6.21: (a) and (b) show the top and side views of crystal structure of monolayer
CGT respectively. The dotted lines in (a) are the three M −Γ−M ′ directions.
The vertical displacement of Cr atoms can be seen in the side view using the
horizontal red and black lines.

unit cell along the vertical (z) direction (see Figure 6.21 (b)). This small displacement of
Cr atoms might explain why the ARPES maps appear symmetric about the M − Γ −M ′

direction. No significant changes were observed in the CD feature in the measurements
above and below the Curie temperature (see Figures 6.20 (b) and (c)).Although Ge is
not a magnetic atom, the exchange splitting of Cr may have an effect on Ge core levels;
however, these magnetic splittings are too small to be resolved. Additionally, exchange
scattering can influence diffraction patterns above and below the Curie temperature, but
no such changes were observed in the temperature-dependent data. To observe the effect
of exchange scattering, a spin-split core level that produces spin-polarized electrons is
required (in this case, the Cr core level). However, this is difficult to verify due to the
very small core-level splitting; for instance, in Fe, the 3p 3p core-level splitting is on the
order of 0.26 - 0.7 eV [155, 156].

The CD-ARPES measurements were repeated on the Te 4d core levels at EB = 46 and
44.5 eV with hν = 140 eV (see Figure 6.22 (a) and (b)). The light was incident along
M −Γ −M ′ direction at 50○ with respect to surface normal. The CD maps reveal multiple
features, including a hexagonal-like pattern near the Γ point and high-intensity spots at
the K points of CGT (as indicated in Figure 6.22 (a)). The hexagonal symmetry observed
in the Te 4d spectra might be related to the local geometry of the Te atoms in the crystal
structure. Similarly, in the case of Te, the CD patterns are consistent across both core-level
components.

TTo study the effect of scattering in the core-level CD-ARPES spectra, calculations were
performed on a monolayer CGT using EDAC [111]. A CGT monolayer cluster was created
using atomic positions obtained from the crystal structure available in the Materials
Project database [157]. For the calculation, a cluster with a radius (Rmax) 20 Å(307 atoms
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Figure 6.22: (a) and (b) show the CD-ARPES measurements on Te 4d core levels at EB =

46 and 44.5 eV respectively. The measurements were performed at hν = 140
eV at 45 K, below Curie temperature. The experimental geometry of the
measurement is shown in (c).

in total) was considered, as shown in Figure 6.23. In EDAC, atoms are represented by

Figure 6.23: Top view (a) and side view (b) of the CGT cluster used for the EDAC
calculations.

muffin-tin potentials, which are used to determine the scattering phase shifts. The inner
potential V0, defined as the muffin-tin zero relative to the vacuum level, was set to 10
eV for this case. The light incidence direction can be specified and was chosen to be
50○ with respect to the surface normal to match the experimental conditions at the i05
beamline. A scattering order of 20 was used for multiple scattering calculations, and inelas-
tic scattering effects were accounted for by incorporating an inelastic mean free path of 5 Å.
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6 Magnetism and orbital angular momentum of Cr2Ge2Te6

Since the spin-orbit-split core levels do not exhibit significant differences in the CD-ARPES
pattern, both core levels were integrated using a Gaussian envelope function to reduce
background noise, as shown in Figures 6.24 (a)-(c). These integrated data were then used
for comparison with theoretical modeling.

Figure 6.24: (a) shows the Ge 3d core level E versus k∣∣ CD map at hν = 140 eV along kx

= 0.5 Å−1. (b) shows the Gaussian function used to integrate the two core
levels. (c) shows the core level integrated CD map of Ge 3d at hν = 140 eV.
(d)-(f) show the multiple scattering calculations at Ekin = 105.6 eV. (d) shows
the coherently added Ge 3d orbital contribution from two nonequivalent Ge
sites in CGT monolayer. (e) and (f) are the individual contribution from top
Ge atom and bottom Ge atom respectively.

The Ge 3d core level was chosen as the initial state, with light incidence along the M−Γ−M ′

direction. The kinetic energy of the emitted photoelectrons was taken as 105.6 eV, corre-
sponding to the photon energy used in the measurements (hν = 140 eV). The calculated
CD-ARPES core-level patterns with multiple scattering are shown in Figures 6.24 (d)-(f).
The total contribution from the two nonequivalent Ge atoms is shown in Figure 6.24 (d),
while the individual contributions from each Ge atom are plotted separately in (e) and (f).
With the inclusion of multiple scattering in the calculations, most of the experimental CD
features were successfully reproduced, demonstrating the influence of multiple scattering
in core-level CD-ARPES measurements.

A preliminary analysis was also performed for the Te 4d core levels. The experimental
CD-ARPES map, integrated over both doublet features, is shown in Figure 6.25 (a).
The multiple scattering calculations from Te 4d in a monolayer CGT are presented in
Figures 6.25 (b)-(d). The coherently added total contribution from all six nonequivalent
Te atoms is shown in (b), while (c) and (d) display the contributions from the top three
and bottom three Te atoms, respectively. However, the calculated maps differ from the
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Figure 6.25: (a) shows the core level integrated CD map of Te 4d at hν = 140 eV. (b)-(d)
show the multiple scattering calculations at Ekin = 94.8 eV. (b) shows the
coherently added Te 4d orbital contribution from six non equivalent Te sites
in CGT monolayer. (c) and (d) are the contributions from the three top Te
atoms (marked with yellow color in figure 6.23) and three bottom Te atom
(marked with red color in figure 6.23), respectively. A schematic diagram of
top and bottom Te atoms are shown in (e).

experimental results, and the experimental CD-ARPES features could not be replicated in
the calculations. Since the Ge 3d simulations align well with the experimental data, it is
unlikely that the cleaved surface exhibits twinning. A potential improvement for the cal-
culations in Figure 6.25 could be achieved by including additional CGT layers in the cluster.

Core-level CD-ARPES highlights the importance of multiple scattering in the photoemission
process. The differences in the CD patterns of the Ge 3d and Te 4d core levels may also
be linked to the local atomic geometry through scattering. The angular limit of ± 15○
in the measurements makes direct comparisons challenging. Performing core-level CD-
ARPES measurements at higher photon energies, where forward scattering dominates,
would further enhance the study of structural properties due to XPD effects. Additionally,
conducting photoelectron diffraction over a larger angular range would enable a more
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6 Magnetism and orbital angular momentum of Cr2Ge2Te6

Figure 6.26: Optical image of exfoliated CGT flake (a) and graphene/CGT/graphite
heterostructure (b). The different regions in the heterostructure are labelled.

comprehensive evaluation of forward scattering features, which are often more pronounced
at higher emission angles.

6.2.5 ARPES measurements on exfoliated CGT flakes
In addition to the bulk measurements on CGT, preliminary measurements were also
performed on exfoliated CGT flakes. Most 2D magnetic systems, including CGT, exhibit
a decrease in Curie temperature with decreasing sample thickness [158]. Our primary
objective was to study the connection between magnetic interactions and sample thickness.

For the flake measurements, the samples were prepared in a glove box due to the sensitivity
of CGT to ambient conditions. The CGT crystals were not of sufficient quality to prepare
millimeter-scale flat surfaces, which are essential for flake preparation. As a result, only
small flakes, on the order of a few micrometers, were obtained by exfoliation. No monolayer
CGT flakes were obtained due to the quality of the bulk crystal. However, by repeated
exfoliation, CGT flakes with a thickness of less than 20 monolayers and lateral dimensions
of 5–6 micrometers were successfully obtained (see Figure 6.26 (a)). As explained in Sec-
tion 4.2, the CGT flakes were transferred onto exfoliated thick graphite and subsequently
encapsulated with monolayer graphene. An optical micrograph of the final heterostructure
sample is shown in Figure 6.26 (b), where the thick and thin portions of the flakes are
indicated.

Measurements on the flake samples were conducted at the nano-ARPES branch of the
MAESTRO beamline at ALS, using a beam spot size of approximately 2µm. This beam
spot allowed for selective probing of different portions of the flake. ARPES measurements
with p−polarized light on both the thin and thick portions of the flake are shown in Figure
6.27 (a) and (b).
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Figure 6.27: ARPES measurements on (a) bulk encapsulated CGT flake, (b) less than 20
monolayer encapsulated flake and (c) uncovered flake exposed to air. All the
measurements were performed at 20 K at hν = 56 eV.

To assess the extent of oxidation in the CGT flakes, measurements were also performed
on an uncovered flake located near the encapsulated one (shown in Figure 6.26 (b)). The
ARPES measurement revealed no observable bands from the uncovered flake, as shown
in Figure 6.27 (c). This confirms that encapsulation with monolayer graphene enables
measurements on few-layer CGT and could potentially be applied to other air-sensitive
magnetic 2D materials.

Unfortunately, due to limited beamtime and technical difficulties at the beamline, the
measurements could not be fully completed. Further thickness-dependent measurements
are required to better understand the relationship between the strength of magnetic
interactions and sample thickness. Additionally, such measurements would provide insight
into the stabilization of magnetism in the true 2D limit.
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7 Electronic and magnetic domain
structure of Fe3GeTe2

Fe3GeTe2 (FGT) is a 2-dimensional ferromagnetic metal with a bulk Curie temperature of
220K [159, 160]. It is one of the rare 2D materials that exhibit near-room-temperature
ferromagnetism. Recently, there has been growing interest in FGT due to its metallic
nature, with magnetism observed even in the monolayer limit [161, 162], the observation
of large anomalous Hall effect [163], significant perpendicular magnetic anisotropic energy
[159, 164], and the tunability of the magnetic and electronic properties through doping
[165], gating [166], patterning [72], and the application of strain [167].

Bulk FGT is a hard magnet with a coercive field of 21.6 mT [164]. It exhibits a large per-
pendicular magnetic anisotropy of ≈ 3 meV/f.u., which is comparable to that of transition
metal permanent magnetic systems [168]. Studies have shown that hole doping in FGT
reduces both the perpendicular magnetic anisotropy and the coercive field [165]. Similarly,
the application of an in-plane current alters the coercive field due to large spin-orbit torque,
which can be used for future magnetic memory storage devices [169].

FGT, in addition to its potential for practical device applications, also exhibits rich physics
in terms of its electronic band structure. Electronic correlations play a crucial role in this
system, and it is considered a rare-earth-free heavy fermion system [170, 171]. Previous
specific heat data from FGT show a Sommerfeld coefficient of 110 mJ/mol, indicating
enhanced mass renormalization, which is directly related to electronic correlations in
FGT [172]. However, there remains a discrepancy between the experimental Sommerfeld
coefficient and theoretical predictions, which has yet to be resolved. The origin of the
higher experimental Sommerfeld coefficient values is still unclear.

Additionally, there are claims that FGT exhibits Kondo lattice behavior, supported by
Fano resonances observed in STM data [171]. The large anomalous Hall effect observed
in transport measurements is attributed to the presence of a topological nodal line and
significant Berry curvature [163]. Furthermore, FGT develops a domain structure below
its Curie temperature, with this structure being dependent on thickness [164], temperature
[173, 174] and applied external magnetic field [72, 175]. The domain pattern and its size
play a crucial role in determining the magnetic and electronic properties of FGT.

A deeper understanding of FGT’s electronic band structure, along with its underlying
domain structure, is essential to fully unveil its rich physics. These factors make FGT an
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intriguing system for further study. In this Chapter, we present the results of study on the
magnetic domain structure and electronic properties of bulk single-crystal and encapsu-
lated few-layer samples of FGT. Resonant ARPES was used to determine the contribution
of Fe-derived bands to the electronic structure of bulk FGT. These measurements were
further complemented by CD-ARPES studies. The magnetic domain structure of FGT was
investigated using PEEM with X-ray magnetic circular dichroism (XMCD) on exfoliated
and encapsulated few-layer FGT samples, and the results will be presented toward the
end of the Chapter. Additionally, a brief overview of the Stoner model of ferromagnetism,
along with the theoretical background of resonant photoemission and XMCD, will be
provided in the relevant sections of this Chapter.

7.1 Properties of FGT
7.1.1 Crystal structure
FGT crystallizes in a hexagonal structure within the space group P63/mmc [159, 176]. Its
structure consists of Fe3Ge hexagonal nets sandwiched between Te layers. The crystal
structure of FGT is shown in Figure 7.1. There are two nonequivalent Fe atoms in
FGT, denoted as Fe1 and Fe2. Each monolayer consists of five sublayers: Fe1 forms a
hexagonal net on its own, while Fe2 is covalently bonded with Ge atoms, maintaining
hexagonal symmetry. The adjacent Te layers interact via van der Waals forces, giving FGT
its characteristic 2D nature. The most probable cleavage occurs between the Te layers,
breaking the van der Waals bonds. A unit cell of FGT consists of two monolayers stacked
in an AB stacking order, as illustrated in Figure 7.1.The structure exhibits three mir-
ror planes along the three equivalent M−Γ−M , and the bulk crystal is inversion symmetric.

The AB stacking of FGT monolayers in the bulk crystal, where the B layer is rotated
by 180○ relative to the A layer, preserves inversion symmetry. This stacking behavior is
similar to that of other transition metal dichalcogenides (TMDCs) such as WSe2 [177–179].
In monolayer FGT, inversion symmetry is broken, but it is restored in bilayer FGT due to
the AB stacking. As a result, FGT exhibits a spin polarization behavior similar to WSe2,
where spin polarization is observed in monolayer samples, while bilayer samples exhibit
spin-layer locking [122]. In WSe2, spin polarization in the A layer is opposite to that in
the B layer at each k point, leading to exact cancellation when summed over both layers.
This effect can be observed when spin-polarized measurements are performed separately
on the A and B layers. In FGT, however, the presence of intrinsic ferromagnetism alters
this balance. The spin polarization in the A and B layers differs due to ferromagnetic
ordering, resulting in a net spin polarization even in the bulk crystal.

7.1.2 Magnetism in FGT
While most of the 2D magnets such as CrI3 [180], Cr2Ge2Te6 [10], Cr2Si2Te6 [181] are
insulating in nature, FGT is metallic and has bands crossing the Fermi level [163]. This
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Figure 7.1: Side view (a) and top view (b) of FGT crystal structure.

distinction makes the magnetic interactions in FGT fundamentally different from those in
insulating materials, where localized magnetism dominates. The presence of delocalized or
itinerant electrons near the Fermi level classifies FGT as a Stoner magnet, a concept that
will be explained in detail in this section (and is also discussed in Chapter 7 of [148]).

The itinerant or localized nature of electrons is determined by the effective potential of
the atom. The Hamiltonian of an electron in a central potential in spherical coordinates is
given by:

H(r) =
−h̵2

2me

d2Pnl(r)

dr2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
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II

+
l(l + 1)h̵2

2mer2 Pnl(r)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
III

, (7.1)

where Pnl(r) is r times the radial part of the wave function. The second term in 7.1 is a
Coulomb potential term, which pulls the electron towards the center of the nucleus and
the third term is a centrifugal term that points away from the nucleus. The Coulomb
potential varies depending on the electron’s position relative to the nucleus. Core electrons,
which are located close to the nucleus, experience the full nuclear charge, given by − Ze2

4πϵ0r .
However, in the valence shell, the core electrons screen the nuclear charge, so the effective
potential experienced by valence electrons is reduced to − e2

4πϵ0r . At intermediate distances
from the nucleus, the V(r) assumes a complex form. Slater proposed an approximate
form of the effective potential:

Veff(r) = −
Z∗e2

4πϵ0r
+
l(l + 1)h̵2

2mer2 , (7.2)

where Z∗ = (Z − σ), with σ being the screening coefficient. This expression accounts for
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Figure 7.2: The plot show radial wave functions of 3d, 4s and 4p orbitals of 3d transition
metals.

the screening effect caused by core electrons. In transition metal compounds like FGT, a
Z∗ value of approximately 10 is obtained from calculations [182]. Figure 7.2 illustrates the
radial wave functions of the 3d, 4s and 4p orbitals, clearly showing that d-electrons are
more localized than s- and p-electrons. However, while d-electrons exhibit some degree of
localization, they are not as strictly localized as the 4f -electrons in rare-earth compounds.
In those systems, the high l quantum number creates a centrifugal barrier, effectively
trapping the f -electrons (see Chapter 7 of [148]).

The partially delocalized nature of the d-electrons can be further confirmed by the devia-
tion of the experimental magnetic moment values from those calculated using the spin
and orbital angular momentum quantum numbers, given by m = (2s + l)µB/h̵. In the 3d
transition metals, the magnetic moments are non integer multiples of µB/h̵, which arises
from the overlap of d-electron wave functions with surrounding atoms. In these materials,
the d-orbitals are split by the surrounding charges, a phenomenon known as crystal field
splitting. The extent of this splitting depends on the geometry of the neighboring atoms.
When d-orbitals split into real orbitals (such as dxy,dyz, dxz, etc.), the orbital angular
momentum is partially quenched. Due to the nonzero overlap between d-electrons and
bonding atoms, transition metals cannot be adequately described using a purely atomic
model. Instead, a band model is necessary to accurately describe their magnetic properties.

The band model for ferromagnetism was developed by Mott [183], Slater [184, 185] and
Stoner [186, 187], and is known as the Stoner model. In transition metals, the Fermi
level is primarily populated by the d-electrons (a schematic representation of the density
of states of d-electrons is shown in Figure 7.3 (a)). When the exchange interaction is
included, the spin up and spin down states are split by an energy ∆E, also known as the
Stoner splitting as illustrated in Figure 7.3 (b). This exchange interaction arises purely
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Figure 7.3: Schematic diagram showing the Stoner model of ferromagnetism. (a) show the
schematic diagram of spin up and spin down density of states of the d- and
s-bands in a non magnetic material near the Fermi level (EF ). The shaded
regions show the filled density of states below the Fermi level and the unshaded
regions show the hole states above the Fermi level. (b) show the schematic
diagram of spin up and spin down density of states of the d-bands in a magnetic
material. Compared to the non magnetic case, the magnetic density of states
are shifted due to the exchange interaction, and this energy is indicted as ∆E
in the Figure.
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from the Pauli exclusion principle, which states that no two electrons can occupy the same
quantum state. As a result, the splitting creates an imbalance of electron spins, leading to
a net magnetic moment given by

∣m∣ = µB(N
maj −Nmin), (7.3)

where the Nmaj and Nmin are the number the majority and minority spin electrons. The
majority and minority spins are determined by the magnetization direction. Equation 7.3
gives the magnetic moment of the Stoner magnet which is a non integer multiple of µB,
agreeing with 3d electron magnets. However, not all transition metals are ferromagnetic.
For a material to exhibit ferromagnetism, it must satisfy the Stoner criterion, defined as

ID(Ef) ≥ 1, (7.4)

where I is defined as the ratio of number of spin up or spin down electrons to the total
number of electrons, and is called the Stoner parameter. The D(Ef) term in Equation
7.4 is the density of states at the Fermi level. This equation implies that only systems in
which the total energy is reduced by the Stoner splitting—creating an imbalance of spins
near Ef—will be ferromagnetic. This condition is satisfied by elements such as Fe, Co,
and Ni.

In the case of FGT, where magnetism is due to the magnetic Fe atom, the magnetic
interaction is quite complex. Previous band structure studies show that magnetism in
FGT can not be fully explained by Stoner model alone [172]. Instead, a combination
of localized and itinerant magnetism is required to explain the temperature-dependent
evolution of band structure of FGT [170].

7.2 Electronic band structure of Fe3GeTe2

7.2.1 Resonant photoemission
When photoemission is performed at photon energies close to the absorption edge of an
atom in the solid, the intensity of the emission from this atom will be enhanced and the
enhancement is called resonant enhancement. The technique used to exploit this effect
is called resonant photoemission, which is closely related to the core levels of the atoms
present in the material. Core levels, located at deeper binding energies, are highly localized
to specific atoms. Because of this localization, resonant photoemission is element-specific,
allowing selective enhancement of the photoemission signal from different atomic species
by tuning the photon energy to the corresponding atomic core levels. This makes resonant
photoemission a powerful tool for determining the atomic contributions to a material’s
band structure.

As mentioned earlier, resonant photoemission is closely related to the X-ray absorption
spectroscopy (XAS). In XAS, the sample is illuminated with photons of varying energies.
When the photon energy becomes high enough to excite an electron from a core level to an

109
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Figure 7.4: Schematic diagram showing (a) excitation of core electron in X-ray absorption,
(b) decay of core hole through fluorescence, (c) decay of core hole through
Auger emission and (d) direct photoemission final state.

unoccupied state above the Fermi level (see Figure 7.4 (a)), a peak appears in the X-ray
absorption cross-section. XAS spectra can be recorded by measuring the current between
the sample and ground, known as the drain current. These transitions can be described
using time-dependent perturbation theory and are governed by the dipole selection rules:
∆l = ±1 and ∆m = 0 or ±1. In the final state, a hole is created in the core level, while an
electron occupies a previously unoccupied state above the Fermi level.

The lifetime of the hole in the core level is of the order of few femto-seconds. The core
hole is rapidly filled by an electron from either a higher-lying core level or the valence
band. The filling of the core level by another electron will result in emission of a photon
or in emission of an electron. In case of the photon channel, a photon of wavelength
corresponding to the energy difference of the core level (from which the electron is emitted
to the unoccupied state) and the core level or valence band (from which the electron is
refilled), is emitted (see Figure 7.4 (b)), and can be measured using a X-ray fluorescence
spectrometer. The other channel, where an electron is emitted, is called the Auger channel.
Here the electron decay results in the emission of an electron from another core level or
from valence band, above the vacuum level as a free electron. When the refilling electron
and emitted electron are from the valence band, it is called CVV (core-valence-valence)
Auger emission (see Figure 7.4 (c)). Since the core level is a localized state of the atom, the
electron that is emitted will be also from the same atom. This electron can be detected as
photoelectron in an ARPES setup. In resonant photoemission, the sample is probed with
the photon energy that matches the absorption edge of an atom in the solid. There are two
possible emissions. The first one is the regular emission, which is the direct emission from
the valence band (see Figure 7.4 (d)). The second one is the Auger emission, as discussed
earlier. In both the cases the final state of the emission is the same and the energy of
the emitted electrons are also the same. These two processes can happen at the same
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time and will interfere coherently [141, 188], resulting in an intensity enhancement of the
bands from the corresponding atom. In this way, resonant photoemission can be used for
determining the atomic character of the band structure of solids. Resonant photoemission
was used in subsection 6.2.1 to determine the Cr derived bands in CGT and was also used
in other studies for the atomic composition of the band structure [141, 188].

A theoretical calculation of resonant photoemission is difficult because of the complexity
of the physics involving the interaction between core and valence holes with the remaining
electrons. Especially in the case of materials like FGT and CGT, where the electronic
correlations and onsite Coulomb repulsion plays an important role, the resonant photoe-
mission would be extremely complex to calculate.

7.2.2 Resonant ARPES on Fe3GeTe2

In the ARPES maps, FGT shows broad bands near the valence band due to electronic
correlations, and therefore, it is difficult to determine the band characters. This issue can
be tackled by performing resonant ARPES. As mentioned in the previous section, resonant
ARPES is element-specific because of the localized nature of the core levels. This property
of resonant ARPES can be used to study the atomic composition of the band structure of
FGT. The electronic correlation effects in FGT can also be studied to some extend using
this technique.

A commercially available bulk single crystal of FGT (from HQ Graphene company) was
glued on Mo plate using silver epoxy glue. Since FGT is a very reactive material, the
entire procedure of gluing was performed in a glovebox, to avoid any interaction with
air and to avoid chances of oxidation. The sample was then prepared for cleaving using
the scotch tape. the ARPES measurements were performed at PHELIX beamline at
SOLARIS. To align the sample along the high-symmetry direction, constant-energy kx −ky

cuts were acquired at a photon energy of hν =114 eV. The sample was aligned such that
the M − Γ −Mdirection coincided with the plane defined by the light incidence direction
and the sample surface normal. The Fermi surface map of FGT at hν = 114 eV with
horizontally (p−) and vertically (s−) polarized light averaged over ∆E = 0.16 eV is shown
in Figure 7.5 (a) and (b), respectively. The maps exhibit mirror symmetry along the
M −Γ−M direction, consistent with the sample’s crystal symmetry. At hν = 114 eV, FGT
show Fermi surface features with elements of trigonal symmetry (see Figure 7.5 (a)). The
trigonal symmetry indicates that the photoemission is from a single terrace of FGT.

Before the resonant ARPES measurements, an XPS measurement at hν = 1000 eV was
performed to identify the core level energies of FGT. The Fe 2p, Fe 3p, Te 4d and Ge 3p
peaks were observed in the XPS spectra, as shown in Figure 7.6 (a). The peak positions
agree with elemental core level energies of Fe, Ge and Te [189], confirming the chemical
composition of the measured crystal. The Te core level peaks show the highest intensity
as the cross section of the Te 3d orbitals are higher than Fe 3p and Ge 3d orbitals at hν =
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7 Electronic and magnetic domain structure of Fe3GeTe2

Figure 7.5: (a) p−polarized and (b) s−polarized light spectra from FGT at hν = 114 eV.
The map shows the Fermi surface with ∆E = 0.16 eV. The horizontal direction
corresponds to M − Γ −M direction. The dotted lines in (a) show the trigonal
symmetry of the Fermi surface.

1000 eV, as plotted in Figure 7.7.

The Fe 2p and Fe 3p core levels were chosen for the resonant ARPES measurements. Figure
7.6 (b) shows the XPS measurement at hν = 1000 eV with binding energy ranging from 700
eV to 736 eV, performed to cover the Fe 2p core level. To precisely determine the absorption
edges of Fe 3p and Fe 2p, an XAS measurement was performed as shown in Figure 7.8.
The Fe 3p shows a broad absorption edge starting from hν = 52 eV. The spin-orbit-split Fe
2p3/2 and 2p1/2 components were found to be at hν = 706 eV and at hν = 718 eV, respectively.

The resonant ARPES spectra around the Fe 2p edge using p−polarized light are shown in
Figure 7.9 (a). The Auger peak can be seen moving in the binding energy with respect to
the photon energy used, which is also visible in the EDC plot in Figure 7.9(b). Within
this photon energy range, there were no clear dispersive band structure features visible
other than the flat band near the Fermi level. Moving through the resonance, the flat
bands show a clear increase in intensity as the Auger peak moves through the band. The
intensity of the band at the Fermi level with respect to the photon energy is plotted in
Figure 7.9 (c). The intensity versus photon energy plot resembles the XAS spectra of Fe
2p core level (Figure 7.8 (b)) and show the spin-orbit-split 2p1/2 and 2p3/2 features. This
resemblance might be because of the Fe contribution in the band or might be also an
increase in intensity simply because of the Auger peak passing by. A theoretical calculation
is required to determine the actual reason and to decouple the influence of Auger emission
from the Fe related enhancement of the bands.

Further resonant ARPES measurements were performed on the Fe 3p core level, around

112



7.2 Electronic band structure of Fe3GeTe2

Figure 7.6: (a) XPS spectra on bulk Fe3GeTe2 crystal showing Fe 2p, Te 3d and Te 4d
core levels, at hν = 1000 eV. (b), (c) and (d) shows XPS spectra from bulk
FGT showing Fe 3p, Te 3d and Ge 3p core levels respectively.

Figure 7.7: Cross section of Fe 3p, Ge 3p and Te 3d at photon energy ranging from hν =
10 eV to 1500 eV [123].
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Figure 7.8: XAS measurement from FGT showing (a) Fe 3p edge and (b) Fe 2p edge. The
photon energy range of hν = 50 to 60 eV was chosen for (a) and hν = 700 to
725 eV was chosen for (b).

Figure 7.9: (a) Resonant ARPES measurements from FGT at hν = 700, 705, 710, 714,
718, 722, 726 and 730 eV. (b) EDC plots of resonant ARPES measurements at
hν = 700-736 eV, at k∣∣ = 0 Å−1. The measurements were performed at ≈ 60 K.
(c) shows the intensity versus photon energy of the band at k∣∣ = 0 Å−1 at the
Fermi level.
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hν = 56 eV. The polarization-dependent resonant ARPES maps measured using p− and
s−polarized light are shown in Figure 7.10 (a) and (b), respectively. Additionally, CD-
ARPES measurements were also performed at these photon energies (shown in Figure
7.10 (c)). Both the horizontal and vertical polarization measurements show the Auger
peaks moving with respect to the photon energies. The EDC plot for the horizontal and
vertical polarization are shown in Figure 7.11 (a) and (b), respectively. For the horizontal
polarization, the E versus k∣∣ spectra show several bands near the Fermi level. The bands at
the Fermi level show no dispersion or minimal dispersion, when measured with p−polarized
light. In contrast to the p−polarized measurements, the s−polarized measurements show
dispersing bands near the Fermi level, as shown in Figure 7.10 (b). The intensity of these
bands increases as the photon energy moves through the resonance. The intensity versus
photon energy plot for the topmost band at the Fermi level at k∣∣ = 0 Å−1 is shown in
the Figure 7.11 (c) and (d). A particularly notable feature appears at a binding energy
of Eb = 10 eV. This band is visible only under horizontal polarization, which may be
due to a combination of atomic final-state effects and multiple scattering processes. The
intensity of this band exhibits a sharp peak near resonance (at hν = 56 eV) and drops by
approximately a factor of 12.5 after the resonance, as shown in the EDC plot in Figure 7.11
(e). Similar to the p− and s− polarization measurements, CD-ARPES also reveals several
bands near the Fermi level. The emergence of the band at Eb= 10 eV near resonance is
particularly evident in the CD-ARPES maps.

Figure 7.10: Resonant ARPES measurement from FGT with (a) p− polarized light and
(b) with s−polarized light, at photon energies from hν = 50 to 66 eV in steps
of 2 eV. (c) show the CD-ARPES spectra from FGT at same energies as in
(a) and (b). The measurements were performed at ≈ 60 K.

To study the atomic composition of the band structure of FGT, DFT calculations were
performed in WIEN2k [33], with atomic positions obtained from materials project database
[157]. The density of states (DOS) of FGT at binding energies ranging from -20 eV to
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Figure 7.11: Energy distribution curves (EDCs) of resonant ARPES maps at the normal
emission for (a) horizontally and (b) vertically polarized light at photon
energies hν= 45 eV to 66 eV. The intensity versus photon energy plots in (c)
and (d) show the intensity enhancement of the bands at the Fermi level at
k∣∣ = 0 Å−1, with horizontally and vertically polarized light, respectively. (e)
shows the intensity versus photon energy of the band at Eb = 10 eV.

10 eV are shown in Figure 7.12. From the DOS, it is clear that the main contribution at
the Fermi level is from Fe, with a smaller contribution from Te. The band at Eb = -10 eV
is derived from Ge and the enhancement of the intensity of the band is unrelated to the
resonance effects.

However, based on intensity variations alone, it is not possible to definitively determine
the atomic contributions to the band structure of FGT. As discussed earlier, the observed
intensity enhancements could result from the Auger peak passing through the bands during
resonance. A more detailed theoretical analysis would be required to disentangle these
effects. Resonant ARPES calculations, which involve complex many-body interactions with
two-hole final states, present a significant computational challenge. A practical approach
would be to develop a method to assess whether the resonance enhancement is due to
coherent effects or merely an incoherent sum of bands and Auger emission.
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Figure 7.12: Density of states (DOS) of Fe, Te and Ge atoms in FGT band structure. The
spin up and spin down states are plotted separately. Ge and Te DOS at ≈ -10
eV and ≈ -12 eV are indicated.

7.3 Magnetic domain structure of Fe3GeTe2

In a collinear magnetic material, magnetic moments align along a preferred axis below the
Curie temperature, known as the easy axis. The easy axis is determined by the material’s
magnetic anisotropy (see Chapter 11 of [148]). The energy associated with magnetic
anisotropy is expressed as:

Eani =K1sin
2α +K2sin

4α +K3sin
6α + ..., (7.5)

where the constants Ki with i = 1,2,3,.. are anisotropy constants, which depend on the
material, and α is defined as the angle between the easy axis and the magnetic crystallog-
raphy axis. Since magnetic anisotropy remains unchanged upon magnetization reversal,
Eani is an even function of α. For materials exhibiting uniaxial anisotropy (where there is
only one magnetic easy axis), all other terms except the first term in Equation 7.5 vanish.
The anisotropy constant in this case is given by K1 =Kcry +Ksh, where Kcry and Ksh are
the magneto crystalline anisotropy and shape anisotropy, respectively.

The magneto crystalline anisotropy originates from the spin orbit coupling, which couples
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otherwise isotropic spins to the crystal lattice, introducing directional dependence in
magnetic behavior. Since this anisotropy is linked to bonding interactions, it is inherently
tied to the material’s crystal structure. The shape anisotropy originates from the interaction
between the spin moments, given by the dipole-dipole interaction. The dipole-dipole
interaction energy is given by

Edip−dip ∝∑
i≠j

1
r3

ij

(mi.mj − 3(rij.mi)(rij.mj)

r2
ij

) , (7.6)

where rij is the distance between the two magnetic moments mi and mj. Additionally,
the shape anisotropy includes contribution from the stray field, or the demagnetizing
field, and effects from the surface, which arise from the pseudo charges at the surface
due to the breaking of the bonds at the surface. Since the dipole-dipole interaction
energy is lowest when the magnetic moments (mi/mj) are aligned along the inter nuclear
axis, rij (ie., when rij.mi,j term in Equation 7.6 becomes rijmi,j), the shape anisotropy
prefers the spin to be in plane. On the other hand, the magneto-crystalline anisotropy
which is related to the spin-orbit coupling, generally align the spins in thin films and
2D materials in the out-of-plane direction, due to the broken bonds at the surface. The
final orientation of the spins is determined by the competition between shape anisotropy
and magneto crystalline anisotropy. Dominance of shape anisotropy results in in-plane
easy axis and dominance of magneto crystalline anisotropy results in out-of-plane easy axis.

In equilibrium, a magnetic sample does not exist in a completely uniform magnetic state
due to the presence of a stray field. In a uniformly magnetized state, the stray field
emerging from the sample is nonzero, making it energetically unfavorable. To minimize
this energy, the system naturally reorganizes into magnetic domains—regions of uniform
magnetization—thereby reducing the stray field [190]. Domain size and pattern depends
on the material thickness and shape. By moving from domain to domain, the spins rotate.
The region where the spins are not along the magnetic easy axis is called the domain wall.
The domain wall thickness strongly depends on the magneto crystalline anisotropy and
the exchange interaction. The magneto crystalline anisotropy tends to decrease the size of
the domain wall, whereas the exchange interaction, which forces the spin to align parallel
to each, forces the domain wall size to increase.

FGT exhibits rich domain structure patterns. Previous domain structure studies indicate
that below the Curie temperature FGT shows stripe domains [72, 160, 162, 191, 192],
spin bubbles, and skyrmion spin textures [174, 175, 193]. The out-of-plane stripe domains
indicate the high magneto-crystalline anisotropy in FGT. In FGT, the domain structure
depends on many factors, which includes the thickness of the sample, the applied external
magnetic field and temperature at which the measurement is performed [194]. Bulk-like
samples of FGT, with thickness greater than 30 nm, exhibit the out-of-plane stripe domains
[194]. When the thickness is reduced to below 30 nm or below, the bubble domains were
observed [194]. Similarly, with field cooling and field warming, transitions from spiral to
spin bubble and vise versa were observed in FGT [174]. Transmission electron microscopy
(TEM) studies also show that FGT exhibits both Néel type and Bloch type skyrmions
[191]. An interesting PEEM study has shown a transition of out-of-plane spin to the
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in-plane direction in FGT by changing the shape of the FGT nanoflakes [72]. In this paper
[72], the in-plane spin ordering is observed even up to 300K. In the same study, an increase
in the domain size has been observed with decreasing sample thickness. Apart from the do-
mains itself, the domain walls of FGT has also been an interesting field of research [195, 196].

This thesis aims to identify single domains or large-area domains with lateral dimensions
of the order of micrometers, making them suitable for micro-ARPES measurements. To
achieve this, FGT flakes with thicknesses below 4 nm (corresponding to 4–5 monolayers)
were prepared. Since FGT is highly reactive, mechanical exfoliation was performed inside
a glove box under an argon atmosphere. The flakes were encapsulated with graphene, with
a thick, flat graphite flake serving as the bottom layer of the heterostructure. The sample
preparation process is detailed in Chapter 4. Figure 7.13 (a) presents an optical image of
the heterostructure sample, where regions with 3–4 monolayers and bulk-like regions are
marked. The lateral dimensions of the exfoliated flakes are approximately 8 × 8.

Figure 7.13: (a) Optical microscope image of graphene/FGT/graphite hetero structure.
(b) AFM image of the hetero structure. The bubbles trapped during the
stacking of flakes are visible. (c) PEEM image of FGT flake.

Photoemission electron microscopy at DEMETER beamline at SOLARIS and NanoESCA
beamline at Elettra synchrotron were used to map the domain patterns in FGT. PEEM was
performed using the x-ray magnetic circular dichroism (XMCD) mode to obtain the mag-
netic contrast. In the following section, a brief description of XMCD technique will be given.

7.3.1 X-ray magnetic circular dichorism
In both x-ray absorption spectroscopy (XAS) and in XPS, the intensity of the peaks is
given by the square of the transition matrix element, which depends on the polarization
and direction of the photon source used. The photoemission transition matrix is given by
⟨ψf ∣Pα

q ∣ψi⟩, where ψi and ψf are initial and final state wave functions, and Pα
q is the dipole

operator. The photoemission intensity depends on three factors, the orientation of the sam-
ple with respect to the incident photon, the polarization of the photon (q) and the direction
of the polarization (α). The fully angle integrated intensity in XAS or XPS is related to
the total number of the unoccupied states above the Fermi level. The angle average is often
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approximately obtained by summing the three direction-dependent measurements along
the orthogonal axes (x, y and z axis in case of crystals with symmetries higher than that of
monoclinic structure) or by summing the polarization dependent measurements (q = 0,±1)
[148]. However, this approximation does not account for photoelectron diffraction effects.

In the case of L edge spectroscopy, where the initial states are p levels, the allowed
l ± 1 transitions are given by the dipole selection rules, which are the p to s and p to d
transitions. In transition metals, the main contribution in the L edge spectra comes from
p to d transitions. The intensity of the transition corresponds to the total number of
unoccupied d levels above the Fermi level. This is particularly interesting for transition
metals, where the d-orbitals are partially filled. The intensity of the peaks decreases while
going from Fe to Cu because of the fully filled d-orbital configuration towards Cu.

In the transition metal magnets, there is an imbalance of spin up and spin down states, as
explained in the Stoner model (see section 7.1.2). The magnetic moment of the Stoner
magnets can be determined by the difference of spin up and spin down density of states of
the d levels near the Fermi level given by the Equation 7.3. If the excitation can be made
spin selective, then from the measured intensity, the spin up and spin down unoccupied
states can be determined. This is possible by using circularly polarized light to excite
the core levels. The angular momentum of the photons (±1 for C± light), couples with
the spin angular momentum through the spin-orbit coupling, which excites selected spins.
This can be used to obtain the magnetic contrast measurements.

For the PEEM measurements in this thesis, the 2p core levels of Fe were used. The
spin-orbit splitting of the 2p core levels can be obtained by calculating the H = L ⊗ S
Hamiltonian. Here L = (Lx,Ly,Lz) is a vector of 3 × 3 matrices given by

Lx =
h̵
√

2

⎛
⎜
⎝

0 1 0
1 0 1
0 1 0

⎞
⎟
⎠

Ly =
h̵
√

2i

⎛
⎜
⎝

0 1 0
−1 0 1
0 −1 0

⎞
⎟
⎠

Lz = h̵
⎛
⎜
⎝

1 0 0
0 0 0
0 0 −1

⎞
⎟
⎠

(7.7)

and S = (σx, σy, σz) is the vector of Pauli spin matrices given by

σx = (
0 1
1 0) , σy = (

0 −i
i 0 ) , σz = (

1 0
0 −1) . (7.8)

The Kronecker product of L and S gives the 6 × 6 matrix. By diagonalizing this 6 × 6
Hamiltonian matrix, two energy eigenvalues are obtained, and are found to be corre-
sponding to the p1/2 and p3/2 states. These are 2-fold and 4-fold degenerate, respectively
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(shown in Figure 7.14). As shown in the Figure 7.14, it is clear that only p3/2(3/2) and
p3/2(−3/2) are pure spin states, the rest of the states are a mixture of spin up and spin
down states. With the initial p3/2(3/2) and p3/2(−3/2) states, the angular component of
the transition matrix elements simplifies to a single term. Unlike in the case of valence
band photoemission, where both p to d and p to s transitions are relevant, in the core
levels p to d transitions dominate because of the availability of d levels immediately above
the Fermi level. The p to s transitions are weaker than the p to d by a factor of 20 in this
case. Therefore, one can consider only p to d channel, with its radial part and angular
part. This allows to avoid complexities related to the interference of l ± 1 channels. The
calculated transition probabilities from 2p states with C± light and the difference between
the two intensities are shown in Figure 7.15. The selection rules are applicable to the l
and ml quantum numbers and therefore the j,mj states need to be rewritten in the l,ml

basis. The coefficients can be obtained by solving the Hamiltonian or are readily available
in the textbooks and are called the Clebsch-Gordan coefficients. The intensity of spin up
and spin down electrons from p3/2 is 36.5 % and 65.5 %, respectively and p1/2 states it is
75 % and 25 %. In the case of p1/2, the net spin polarization is 50 %, whereas for the p3/2,
the net spin polarization is 25 %. The sign of the polarization is opposite for p3/2 and p1/2,
this is obvious because the spin-orbit-split states correspond to the l+s and l−s energy levels.

In XMCD measurements, the detected photoelectrons primarily result from Auger cas-
cades, undergoing multiple inelastic scattering, which leads to a fully integrated angular
distribution. While the magnetization direction is typically assumed to align with the
light incidence, in practice, the light is incident at an angle. As a result, only the spin
component along the light incident direction is measured, meaning that a projection of
the spin along the light incidence direction is recorded. Because spin-flip transitions are
forbidden and electronic states near the Fermi level are highly spin-polarized, the net CD
signal is directly linked to the magnetization of the sample.

For the PEEM measurements on FGT, the 2p core level energies were first determined
by XPS. The 2p3/2 and 2p1/2 were found at 718.6 eV and 705.8 eV binding energies. An
XMCD measurement was performed at room temperature and as expected, no dichroism
was observed, confirming that FGT is in the paramagnetic sate in the room temperature.
The XMCD result at room temperature is shown in Figure 7.16 (a). Additionally, an
XMCD image was obtained at room temperature at hν = 706 eV and is shown in Figure
7.16 (b). The room temperature XMCD image confirms that there is no signature of
domains. The field of view is adjusted by the voltage applied on the electrostatic lens and
was adjusted to be 37.5 µm for Figure 7.16 (b). These measurements were performed at
the DEMETER beamline at SOLARIS.

The sample was then cooled to 70 K using liquid nitrogen and the XMCD image was
measured at hν = 706 eV (shown in Figure 7.17 (a)). There are clear indications of
domains at 70 K, which confirms that the sample is in the ferromagnetic state. The
thicker regions of the flake exhibit the stripe domains, as expected. The 3-4 monolayer
regions show small bubble-like structures and a single domain region was observed as
indicated in Figure 7.17 (a) (marked in yellow circle). The field of view of the PEEM
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Figure 7.14: Figure shows the 2p core levels without spin orbit coupling (blue region), with
spin orbit coupling (green regions) and with spin orbit coupling and exchange
interaction (beige region).

image shown in Figure 7.17 is 20 micrometers. The dimensions of the single domain
region was determined from the field of view and was found to be approximately 3 × 4
micrometers. This is comparable to the available size of the micro-ARPES beamspot when
the focusing capillary is used. To confirm the magnetic nature of the domains observed, the
measurements were repeated at hν = 718 eV where the signs of the dichroic signal should
reverse (shown in Figure 7.17 (b)). The demonstrated reversal of the sign while mov-
ing from hν = 706 eV to hν = 718 eV confirms the magnetic nature of the measured domains.

In conclusion, the XMCD measurements on few layer FGT flake show relatively large
single domain region which could be used in micro-ARPES measurements. Spin polarized
ARPES measurement on bulk 2D materials are always averaging the spin up and spin
down domains making it impossible to study the single domain spin polarized bands.
Observation of single domain regions, of the order of micro ARPES beam spot in the
flake samples, paves a new path to study the spin polarized bands with micro ARPES
setups, where the spin polarized bands could be potentially studied using C± light. As a
possible extension, making 2D magnetic heterostructure samples on magnetic multilayer
substrate with out-of-plane magnetization will further increase the size of the domains
due to the proximity effect. This would allow spin polarized measurements, with slightly
larger beam spots, possible. An important requirement for the studies is the protection of
the FGT flakes by encapsulation with monolayer graphene, which allows to measure these,
otherwise readily oxidizing, samples. The sample with encapsulation is convenient as it
does not require a vacuum suitcase, use of which is difficult when the measurements are
performed at different synchrotrons.
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Figure 7.15: Calculated transition probabilities from 2p core level with (a) C+ light and
(b) C− light. (c) is the dichroic intensity, C+ −C−.
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Figure 7.16: (a) XMCD spectra on FGT flake at room temperature. (b) XMCD PEEM
image of FGT flake taken at hν = 706 eV, with field of view 37.5 µm. No
magnetic domains were observed at room temperature. The red circle indicates
approximately the portion of the flake used for the measurement in (a).

Figure 7.17: XMCD PEEM image of FGT flake at 70 K at (a) hν = 706 eV and (b)
hν = 718 eV. The Figure show the out-of-plane domains in FGT. In thicker
regions, with more 10 monolayers, the image show stripe domains. The yellow
circle indicates the region of single domain regions, where the thickness is 3-4
monolayers. The field of the view is 20 micrometers.
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Next-generation quantum devices exploit spin and orbital degrees of freedom in addition
to charge degrees of freedom [16]. For instance, spin transport in graphene [197], which
has small spin-orbit coupling, and the ability to manipulate spin and valley degrees of
freedom using polarized light in 2D transition metal dichalcogenides (TMDCs) [177],
which exhibit large spin-orbit coupling, represent two technologically relevant classes of
materials. The large spin-orbit coupling in 2D materials makes them ideal candidates for
these advanced devices [198]. In TMDCs, two circularly polarized lights can be used to
selectively populate the K and K ′ points of the conduction band, creating an electron
imbalance between these K/K ′ points. The Hall voltage generated in this scenario depends
on the polarity of the light, and the sign of the Hall voltage can be reversed by reversing
the light polarization. This valley-dependent Hall current can be harnessed in future
devices, known as valleytronic devices [199, 200]. devices. The effective magnetic field
experienced by the excited electrons differs at the K/K ′ points and is influenced by the
Berry curvature of the band structure. Similarly, for spintronic and orbitronic devices, the
spin and orbital properties of the initial state band structure are crucial.

The development of spintronic, orbitronic, and valleytronic devices is based on quantum
transport phenomena such as the quantum anomalous Hall effect, spin Hall effect, orbital
Hall effect, and valley Hall effect, all of which are closely related to the Berry curvature
of the material. One of the major challenges in developing next-generation devices is
accurately predicting the quantum mechanical properties of materials, including Berry
curvature. Circular dichroic angle-resolved photoemission spectroscopy (CD-ARPES) [88],
along with spin-polarized ARPES [201], has been the most commonly used technique
to study the Berry curvature of band structures due to its connection with the orbital
and spin angular momentum of the bands, respectively. However, the effects of external
factors, including photoemission final state effects, have not been adequately considered
in CD-ARPES data, posing a challenge in accurately predicting the Berry curvature of
materials.

In this thesis, various contributions to the CD-ARPES measurements have been discussed.
The origin of the non-zero CD signal from the pz orbitals in graphene is attributed to
the experimental geometry of the measurements and multiple scattering in the photoe-
mission final state. The CD-ARPES data from bulk WSe2 demonstrate how the initial
state orbital angular momentum of the bands influences the measurements. Additionally,
the CD-ARPES data from the K/K ′ points of WSe2 at normal incidence suggest that
spin-orbit scattering can introduce spin sensitivity into CD-ARPES measurements, which
are much faster than traditional spin-polarized measurements.
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In conclusion, the data from both graphene and WSe2 indicate that determining orbital
angular momentum is challenging and requires detailed theoretical calculations to separate
the initial state contributions from other factors affecting the measurements. A careful ex-
amination of the data across different photon energy regimes and experimental geometries,
supported by theoretical calculations can enable, at least to some extent, determination of
the initial state characteristics of the bands.

In the future, spin-orbit scattering and exchange scattering could be harnessed to generate
beams with both orbital angular momentum polarization and spin polarization, potentially
revolutionizing next-generation quantum devices. These scattering mechanisms may prove
useful for creating electron beams with single spin and orbital polarization by transmitting
electrons through atomic layers of materials with strong spin-orbit coupling. However,
further research is required to fully understand and exploit these phenomena. Addition-
ally, spin-orbit and exchange scattering could enhance the development and efficiency of
experimental setups for detecting electron spin.

Another technologically relevant class of materials is the 2D magnetic materials. The
manipulation of spin density in these materials can be used in spin-dependent transport
devices such as spin filters, spin valves [17], and tunnel junctions [16]. However, a fun-
damental understanding of many aspects of the magnetic interactions are still lacking,
and understanding the temperature evolution of the band structure is crucial for further
advancements in this field. The temperature- and polarization-dependent band structure
of the magnetic 2D material Cr2Ge2Te6 has been demonstrated, providing insights into the
magnetic interactions present in the material. Additionally, CD-ARPES measurements
from the valence band and core levels were performed for the first time. These CD maps
from the valence band region reveal the influence of experimental geometry. In the case of
Fe3GeTe2, both the band structure and domain structure were explored. Notably, the en-
capsulated few-layer FGT exhibits a single domain region of approximately 3×4 µm in size.

The CD-ARPES maps from core levels can be employed to study exchange scattering in
magnetic materials like Cr2Ge2Te6 and Fe3GeTe2. Thickness-dependent and substrate-
dependent band structure studies will also help clarify their influence on the magnetic
properties of these materials. A strong thickness dependence of the domain pattern has
already been observed in the PEEM measurements on Fe3GeTe2. Furthermore, using a
magnetic substrate could enhance the domain structure size, as observed in recent studies
[175]. This would also facilitate the study of spin polarization with standard ARPES setups.
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