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Abstract
Symmetry and topology are fundamental properties of nature. Mathematics provides us with
a general framework to understand these concepts. On one side, symmetry describes the
invariance properties of an object for specific transformations. On the other side, topology
classifies objects under continuous deformations. Two objects with different topologies can-
not be deformed one into each other without creating or annihilating a singularity, sometimes
referred to as ‘node’.

These concepts gradually found applications in physics, namely in the description of the elec-
tronic properties of solids, which is the focus of this thesis. Symmetry and topology protect
special nodes in the band structure of a crystal, where several states are degenerate in energy.
Close to a node, the electron wave function obeys the Dirac or Weyl Hamiltonians, which
were formally introduced to describe fermions in high-energy particle physics. These exotic
fermions exhibit unique optical and transport properties, fully manifesting their quantum
nature. Symmetry guides us in the search for which classes of materials may host topological
nodes. Recently the attention of the scientific community has been attracted by crystals with
non-symmorphic symmetries (screw axes and glide planes), as promising candidates for new
topological phases.

This thesis focuses on two families of non-symmorphic crystals, whose topological properties
have been investigated by combining conventional angle-resolved photoelectron spectroscopy
(ARPES) with state-of-the-art spin-resolved (spARPES) and time-resolved ARPES (trARPES).
The experimental results are supported by calculations carried out in collaboration with theory
groups.

ZrSiTe and ZrSiSe belong to the same class of non-trivial semimetals. They host Dirac electrons
with large mobility. The results of my spARPES experiments clarify that spin-orbit interaction
(SOI) not only removes the topological nodes in ZrSiTe, but also induces a ‘hidden’ spin po-
larization of its bulk electronic states, otherwise forbidden by the inversion symmetry of the
lattice. Moreover, trARPES data provide evidences that the electron-electron interaction is
only partially screened in the metallic states of ZrSiSe. As a consequence, the band velocity
is enhanced, at odds with general expectations. More importantly, I show that this band
renormalization can be controlled at the ultrafast time scale (namely fs scale, with 1 fs=10°15

s) via intense optical excitation, paving the way for engineering the band structure of Dirac

iii



Abstract

semimetals.

Tellurium is a chiral semiconductor, with a small and direct band gap. The low-symmetry of
its lattice and the simple chemical composition make it the ideal case to study the interplay
between symmetry and topology. With ARPES I identify several Weyl nodes in its electronic
structure. By means of spARPES, I demonstrate that in their surrounding the spin exhibits a
hedgehog configuration. This observation is new and it highlights the connection between
spin-dependent and topology-related properties in Te. Finally, I illustrate promising prelimi-
nary results based on trARPES that explore the appealing possibility of optically controlling
the topology of the electronic structure of Te upon excitation of coherent phonons.
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Sommario
Simmetria e topologia sono propertà fondamentali della natura. La matematica ci fornisce
un quadro generale per comprendere questi concetti. Da una parte, la simmetria descrive le
proprietà di invarianza di un oggetto per determinate trasformazioni. Dall’altra, la topologia
classifica gli oggetti sotto deformazioni continue. Due oggetti con diversa topologia non
possono essere deformati l’uno nell’altro senza creare o rimuovere una singolarità, a volte
chiamata ‘nodo’.

Questi concetti hanno trovato applicazione gradualmente in fisica, in particolare nella de-
scrizione delle proprietà elettroniche dei solidi su cui si concentra questa tesi. Simmetria
e topologia proteggono dei nodi speciali nella struttura a bande di un cristallo dove diversi
stati sono degeneri in energia. Vicino ad un nodo la funzione d’onda dell’elettrone obbedisce
l’Hamiltoniana di Dirac o di Weyl, formalmente introdotte per descrivere dei fermioni in fisica
delle alte energie. Questi fermioni esotici mostrano uniche proprietà ottiche e di trasporto,
manifestando interamente la loro natura quantistica. La simmetria ci guida nella ricerca di
classi di materiali che possano includere nodi topologici. Recentemente, l’attenzione della
comunità scientifica é stata attratta da cristalli con simmetrie non simmorfiche (assi elicogiri
e slittopiani), in quanto promettenti candidati per nuove fasi topologiche.

Questa tesi si focalizza su due famiglie di cristalli non simmorfici, le cui proprietà topologiche
sono state investigate combinando convenzionale spettroscopia da fotoemissione risolta in
angolo (ARPES) con ARPES risolta in spin (spARPES) e in tempo (trARPES). I risultati speri-
mentali sono sostenuti da calcoli portati a termine in collaborazione con gruppi teorici.

ZrSiTe e ZrSiSe appartengono alla stessa classe di semimetalli non triviali. Essi ospitano
elettroni di Dirac ad alta mobilità. I risultati dei miei esperimenti spARPES chiariscono che
l’interazione di spin-orbita (SOI) non solo rimuove i nodi topologici in ZrSiTe, ma induce
anche una polarizzazione di spin ‘nascosta’ nei suoi stati di volume, altrimenti proibita dalla
simmetria di inversione del reticolo. Inoltre, i dati trARPES provano che l’interazione elettrone-
elettrone sia solo parzialmente schermata negli stati metallici di ZrSiSe. Come conseguenza, la
velocità delle bande é incrementata, a dispetto dell’intuizione generale. Con maggiore impor-
tanza, mostro che questa rinormalizzazione delle bande può essere controllata nella scala dei
tempi ultraveloce (ovvero nei femtosecondi, con 1 fs=10°15 s) attraverso intensa eccitazione
ottica, aprendo la strada per l’ingegnerizzazione della struttura a bande dei semimetalli di
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Sommario

Dirac.

Tellurio é un semiconduttore chirale a piccola gap diretta. La ridotta simmetria del suo
reticolo e la composizione chimica semplice lo rende il caso ideale per studiare l’interazione fra
simmetria e topologia. Con ARPES identifico diversi nodi di Weyl nella sua struttura elettronica.
Con spARPES dimostro che nei loro dintorni lo spin assume una configurazione a riccio. Una
tale osservazione é nuova ed evidenzia in Te la connessione fra le proprietà legate allo spin
e quelle legate alla topologia. Infine, illustro dei promettenti risultati preliminari basati su
trARPES che esplorano l’accattivante possibilità di controllare otticamente la topologia nella
struttura a bande del Te attraverso eccitazione di fononi coerenti.
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Preface

In the last two decades, condensed matter physics has witnessed a revolution upon the dis-
covery of topological materials, with important consequences on theory and application.
Previous experimental observations have been explained or reinterpreted with the formalism
of topology applied to the electronic structure, following the seminal work by Michael Berry.
Materials have been classified according to these new criteria, and this has fuelled the realiza-
tion of large databases exploiting high-throughput algorithms. Novel phoenomena associated
to unconventional quasiparticles have been predicted to occurr in materials in the presence
of special symmetries. The field of topological materials is in continuous expansion and it
paves the way for realizing new electronic and spintronics devices.

Numerous theoretical predictions have been made in the past years and they leave important
challenges to the experimental community. The rationale of this thesis is to contribute to
this quest, putting the attention on two classes of crystals, ZrSi(Se/Te) and Te. They are
characterized by non-symmorphic symmetries, and have been indicated as candidates for
realizing quasiparticles with non-trivial topology. Their phoenomenology is studied using
photoemission techniques to study both the equilibrium (with ARPES and spARPES) and
the out-of-equilibrium regime (with trARPES). Ultimately, the findings presented in this
manuscript indicate a strategy to control symmetry and topology via intense optical excitation.

The first chapter of this thesis is an ‘experimentalist’ introduction to symmetry and topology,
with application to the band structure of crystals. The aim is to provide the reader with the
necessary background to follow the results discussed in the rest of the manuscript. After
having reviewed the Berry formalism and the concept of topological invariant, I give a brief
survey of the literature associated with the discovered topological phases. Finally, I conclude
the chapter discussing the use of group theory to identify and classify topological materials.

In the second chapter, I describe the experimental techniques that have been employed to
investigate the electronic structure of the materials discussed in this work. I provide first
a description of the conservation laws and of the theoretical models used to extract the
information from the ARPES, spARPES and trARPES data and, afterwards, I describe the
experimental apparatus employed in my experiments.

In the following two chapters, I focus on two topological semimetals, ZrSiTe and ZrSiSe,
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Preface

characterized by non-symmorphic symmetries and nodal-line quasiparticles. Here, I show
that the topological properties of their band structure are altered by the spin-orbit interaction,
that rules the ground state properties in conjunction with large electron-electron interaction.

In the third chapter, I present the experimental results associated to the spin character of
the Dirac fermions of ZrSiTe. SpARPES measurements reveal their hidden spin polarization,
enforced by the inversion asymmetry of the unit cell subunits. With the support of spatially-
resolved band structure calculations, its magnitude is compared qualitatively with the one
observed in the spin-polarized surface states of the crystal, induced by the potential gradient
at the interface with vacuum.

The fourth chapter is devoted to the study of the electronic correlations in the band structure
of ZrSiSe. The intense optical perturbation, which is used in trARPES experiment, induces
a renormalization of the Dirac fermions dispersion. This transient change of band velocity
is carefully compared with the output of ab initio calculations. I show that the mechanism
that drives the renormalization is associated with the reduction of the electron-electron
correlations due to the larger screening of the photoexcited electrons.

In the final chapters, I focus on a topological semiconductor, tellurium, characterized by
chiral symmetry and interesting optical and transport properties under magnetic field. Several
topological nodes are individuated in the band structure, their spin character is mapped along
high-symmetry directions and their energy position tuned via photoexcitation.

The fifth chapter reports on the spin properties of the topological nodes in the electronic
structure of Te and in its Fermi surface. The large spin-orbit coupling, combined with the chi-
rality of the lattice, enforces strong spin polarization of the bulk bands along with a radial spin
texture near the high-symmetry points. This scenario is confirmed by spARPES measurements
in agreement with first principle calculations and symmetry-based arguments.

The sixth chapter shows preliminary results obtained with trARPES on Te. They illustrate a
strategy to manipulate the topology and the electronic structure via intense optical excitation.
The band gap dynamics is probed at the ultrafast time scale, revealing a large valence band
renormalization, which is attributed to large coupling with coherently-excited phononic
modes. The subsequent band gap reduction represents a promising way towards a topological
phase transition.

Lausanne, July 4, 2020 G. G.
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1 Topology and symmetry in crystals:
an introduction

Topology and symmetry are two properties of nature that root in mathematics, with a fun-
damental role in physics. A crucial theorem, the Noether’s theorem published in 1918 [1],
clarified how, in a system, continuous symmetries of the action determine the conservation
laws. Topology, however, remained a purely mathematical discipline without application to
physics for a long time.

In the recent years, topology has become a fundamental concept to describe condensed mat-
ter systems, with a tight link to quantum physics. Systems of different kind can be classified
according to the principles of topology. The concept of topology is related to the continu-
ous deformation of objects in a parameters space, which can be classified into classes of
equivalence. The key feature that allows the distinction between these different classes is the
specific number of singularities, such as the number of holes for the case of the geometrical
classification of surfaces.

In this chapter, I will review first some fundamental results of topology and later I will show how
these are applied to the study of solid crystals, where electronic states evolve in the reciprocal
space obeying both translation symmetries (Brillouin zone) and point group symmetries.
Later, I will discuss the most important discoveries in the field of topological materials, in
which the dispersion of the electrons in vicinity of the band degeneracies is described by
relativistic equations, namely the Dirac and Weyl equations. In the process, I will unveil the
tight connection between crystals’ symmetries and these exotic fermions, and finally I will
provide a review of the methodology, based on group theory, necessary to characterize them.

1



Chapter 1. Topology and symmetry in crystals: an introduction

1.1 Topology

Given a generic physical quantity f , its topology in a parameters space can be examined by
expressing f as an integral of a function≠ over a closed loop in that space. Mathematically:

f =
Z

§
≠(∏)d∏, (1.1)

where§ is a closed line or a surface in the space of parameters ∏.
Here, f may be quantized and topologically protected, in the sense that a deformation of
the parameter space ∏ does not change its value. Such a general conclusion has relevance
for both conceptual and practical purposes. In fact, robust quantized observables realize
macroscopical standards, invariant with respect to where and how they are measured. On
the other side, the robustness of the topological order is fundamental for the classification of
classes of objects, based on their stability over perturbation of the Hamiltonian.
A canonical example is given by the study of surfaces in a three-dimensional (3D) space with
respect to continuous deformations. The Gauss-Bonnet theorem defines the link between the
genus g of a surface S and the geometric curvature≠, defined over S:

1° g = 1
4º

Z

S
≠(r )d 2r. (1.2)

A sphere can be deformed into an ellipsoid without changing its genus g = 0 (Fig. 1.1.a), which
is different from the genus g = 1 of a torus (Fig. 1.1.b). The genus g is therefore a quantized
property of objects and it enables one to distinguish different classes of surfaces. Moreover,
the theorem (1.2) draws a connection between a purely topological quantity and a geometric
observable defined in the 3D space. It is important to notice, finally, that the generalization to
different dimensionalities and different parameters spaces may lead to different topological
invariants.

a b
g = 0 g = 1

Figure 1.1 – Topological class of surfaces. (a) Examples of surfaces classified by genus 1. (b)
Example of a surface classified by genus 2

2



1.1. Topology

1.1.1 Berry phase

When applied to classical mechanics, topology describes the evolution of a state under vari-
ation of external parameters. An intuitive example is given by the adiabatic dynamics of a
vector along a closed path in a parameters space with the topology of a sphere (Fig. 1.2.a).
Here, the vector at its final position differs from its initial state by a rotation of an angle Æ.
This purely geometric effect does not depend on how fast the trajectory is followed and, if the
vector is defined as a complex quantity, its rotation is equivalent to a dephasing.

In quantum mechanics the state of the system is given by the wave function √(t) and its
evolution described by the Hamiltonian:

Ĥ∏√∏(t ) = i~ d√∏(t )
d t

, (1.3)

with ∏ the set of parameters ∏i .
The wave function is complex and in its evolution may acquire a phase, that is composed of a
dynamical phase (/

R
E(t)d t) and a geometrical phase. In order to evaluate the latter, one

can write the Hamiltonian Ĥ∏ and its proper wave function basis √(n)
∏

for each time t . In its
motion from one instant t0 to the following t0 +d t , the system will experience a change of
the wave function basis (Fig. 1.2.b). Assuming the system is evolving adiabatically along the
ground state √(0)

∏
, one may quantify such a change introducing the Berry connection:

A

(0)
∏

= i <√(0)
∏

|r√(0)
∏

> . (1.4)

The Berry connection is a real quantity representative of the instaneous dephasing of the wave
function and its integration over a generic path yields the phase©g eom :

©g eom =
Z∏(t )

∏(0)
A

(0)
∏

· d∏. (1.5)

a b

λ2

λ1

Σ

ψ
λ

t

E

E(1)
E(2)

E(3)

c

Figure 1.2 – Berry phase. (a) Adiabatic transport of a vector on the parameter’s space with the
topology of a sphere. [2] (b) Adiabatic motion of the eigenstates of a generic Hamiltonian as a
function of time. (c) Example of a closed path in the parameters space.
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Chapter 1. Topology and symmetry in crystals: an introduction

If, additionally, the Berry connection is integrated over a closed contour (Fig. 1.2.c), one may
define the Berry curvature≠(0)

∏
as:

≠(0)
∏

=r£ A

(0)
∏

. (1.6)

and, applying the Stokes theorem, one obtains the Berry phase [3]:

©Ber r y =
I

C
A

(0)
∏

· d∏=
œ

ß
n ·≠(0)

∏
d 2∏. (1.7)

where n is the normal to the surface ß.
Eq. 1.7 shows that the Berry phase acquired by the system over a closed loop may be calculated
as the flux of Berry curvature across the manifold enclosed by the loop.

Before proceeding, I point out some important aspects of what discussed until here. The
formalism that relates Berry curvature and Berry connection is analogous to the one generally
adopted to describe the magnetic field and the vector potential. In this frame, the source
of Berry curvature is associated to a region of the parameters space with large vorticity of
the Berry connection. The latter is generally a regular function in the parameters space, but
in some cases it presents singularities where the Berry curvature diverges. These nodes are
identified by considering the first order interaction between the ground state √(0)

∏
and the

other m states in the adiabatic evolution [3]. It follows that the Berry curvature is expressed as:

≠(0)
∏

= i
X

m 6=0

<√(0)
∏
|r∏Ĥ |√(m)

∏
>£<√(m)

∏
|r∏Ĥ |√(0)

∏
>

(E (m) °E (0))
, (1.8)

which diverges when two energy levels are degenerate.
In such cases, by calculating the flux of Berry curvature through a sphere S enclosing the
singularity one finds the integer Chern number C (n):

C (n) = 1
2º

œ

S
≠(n)
∏

d 2∏. (1.9)

In similarity with Eq. 1.2, the Chern number is a quantized property used to determine the
topological character of the nth state. Following the analogy with magnetostatics, the singular-
ity acts as a magnetic monopole, source or sink of Berry curvature, with charge quantified by
the Chern number. A system that is evolving in the parameters space along a path enclosing a
singularity will pick up a C number of 2º Berry phase.

The existence of degeneracy points in the energy spectrum acting as magnetic monopoles
was already proposed by Dirac in 1931 [4]. In their vicinity, the particles behave like massless
Fermions, whose properties are formally described by the relativistic Dirac equation [5]. In
the following part of this Chapter, I will continue the route towards the observation and
classification of these Dirac points in condensed matter.
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1.1. Topology

1.1.2 Extension of the formalism to solids

I move now to the case of a crystalline solid, in which the Hamiltonian includes a periodic
potential. The Hamiltonian in a crystal reads:

Ĥ = p̂

2

2m
+V (r ), (1.10)

with V (r ) the crystalline potential with real space periodicity R .
The equation is satisfied by the Bloch wave functions √

q

:

√(n)
q

(r ) = ei q ·r u(n)
q

(r ), (1.11)

with u
q

(r ) having the periodicity R .
Here, one has a Hamiltonian that is independent of the parameter q , the canonical momen-
tum, and a wave function with a periodicity that does depend on q . To comply with the
formalism presented in the previous section it is necessary to apply a unitary transformation
such that one obtains a q-dependent Hamiltonian and wave functions with q-independent
boundary conditions:

Ĥ
q

(r ) = (p̂ +~q)2

2m
+V (r ), (1.12)

u(n)
q

(r ) = u(n)
q

(r +R) (1.13)

This allows to identify the Brillouin zone (BZ) as the parameters space, with Hamiltonian and
wave functions that are dependent on the canonical momentum q . The BZ is periodic in the
q space with periodicity given by the reciprocal vectors G . Moreover, it has the topology of a
torus (see Fig. 1.3.a) under the choice of a periodic gauge √(q) =√(q +G). In this case, one

a b

BZ

ky
kx

kz

ky

kx

(1)(2)

Figure 1.3 – BZ topology. (a) Sketch showing that the BZ has the topology of a torus. (b)
Example of closed paths (dashed lines) for the computation of the Berry phase (1) and Zak
phase (2).
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Chapter 1. Topology and symmetry in crystals: an introduction

can calculate the Berry phase for a closed loop C (see Fig. 1.3.b):

©Ber r y = i
I

C
< u(n)

q

|ru(n)
q

> ·d q . (1.14)

If the closed loop is a one-dimensonal (1D) line enclosing the BZ, this geometrical phase is
called Zak phase [6]. The latter is an important quantity for describing the electric polarization
in solids [7].

1.1.3 Quantum Hall effect

I will now show the first example of a macroscopic effect with topological origin, the quantum
Hall (QH) effect. The QH effect is one of the most striking manifestation of the quantum nature
of matter. It appears once the motion of a two-dimensional (2D) electron gas is perturbed
by the application of an electric field along one of the in-plane directions (x-axis) and of a
strong magnetic field in the out-of-plane direction (z-axis). The combination of the two fields
generates a transverse conductance along the in-plane direction perpendicular ot the electric
field (y-axis) (Fig. 1.4). With increasing magnetic field, the latter assumes quantized values

ρxy = h/e2 (1/n) = h / C,
C = Chern number

Figure 1.4 – Quantum Hall effect in an insulator. The red curve and the green curve indicate
the longitudinal Ωxx and transverse resistivities Ωx y , respectively, as a function of the applied
magnetic field. [8]
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1.1. Topology

following the formula:

æx y =
e2

h
n, (1.15)

with e the electron charge and n an integer number.
The transverse conductance is quantized and topologically protected against small perturba-
tions of the Hamiltonian, as for examples defects. Its origin is a consequence of the topological
structure of the BZ, as I will show next.

The application of a weak electric field E makes the Bloch Hamiltonian (1.10) not spatially
periodic. To overcome this problem, the electric field is incorporated in the Hamiltonian via
the time-dependent vector potential A:

Ĥ = (p̂ +e A)2

2m
+V (r ). (1.16)

Afterwards, one has to transform this problem in its q-space representation, such that Ĥ(q) =
Ĥ (q +e A/~) to comply with the Berry formalism. Finally, the crystal momentum k = q +e A/~
is introduced satisfying the following:

k̇ =° e
~E . (1.17)

In the k-space representation, the velocity v

(n) of a particle in a state n with crystal momentum
k at a time t is calculated within the adiabatic approximation, and at the first order it results
in:

v

(n)(k) = @≤(n)(k)
~@k

° e
~ E £≠(n)(k). (1.18)

Eq. 1.18 reveals that the velocity of a particle in a crystal under an external electromagnetic field
is composed of two terms: the group velocity of a particle in the state n and the anomalous
velocity, caused by the coupling of the particle in the band n with energetically neighbour-
ing bands through the electric field. The macroscopic transport of charge is obtained by
integration of v

(n) over the entire BZ and the Hall conductivity of the system is given by:

æx y =
e2

~

œ

B Z
≠(n)(k)

dk2

(2º)2 . (1.19)

This crucial result discloses the topological origin of the Quantum Hall effect. One may
recognize in Eq. 1.19 the definition of Chern number given in Eq. 1.9 and by comparison with
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Chapter 1. Topology and symmetry in crystals: an introduction

Eq. 1.15, one concludes that the application of magnetic field induces topological transitions
between states classified by different values of the Chern number.

1.1.4 Quantum spin Hall insulators and topological insulators

Historically, the quantization of the Hall effect was first predicted by Thouless and coworkers
[9] for Bloch bands. It is clear, however, from the derivation above that in some materials the
Chern number can be non-zero even in absence of magnetic field. This led to the discovery
of the quantum spin hall (QSH) effect in 2D [10–12] and later in three-dimensional (3D)
systems [13, 14], called topological insulators (TIs). In these systems, the bulk states are
classified using topological invariants that distinguish them from ordinary insulators. In 2D,
the invariant is a Z2 number, analog of the Chern number characterizing the QH phase [10]. In
3D, the classification is based on four indices (∫0; ∫1, ∫2, ∫3), leading to 16 possible topological
phases grouped in two classes, weak and strong topological insulators [13]. The former is
the equivalent of layered QSH, not robust against disorder, while the latter is [13]. Whenever
inversion symmetry is present, it is possible to determine the invariants simply by considering
the parity of the occupied Bloch bands at the time-reversal invariant momenta (TRIM) of the
BZ [15]. This allows to greatly simplify the search for materials realizing these phases, with
prominent examples of QSHI and TI found respectively in HgTe quantum wells [12], Bi2Se3

[16] and parent compounds [14].

Fig. 1.5.a shows the experimental band structure of Bi2Se3 which is characterized by a bulk
valence and conduction bands connected by sharp features, the surface states (SSs). The pres-
ence of surface states (for TIs) - and of edge states (for QSH insulators) - is intimately related to
the topology of the bulk [17, 18]. Indeed, the surface of a TI is a natural interface between two

a b

Figure 1.5 – Topological insulator. (a) Band dispersion of Bi2Se3, showing the characteristic
surface states (SS) dispersing in the gap between the valence and conduction band. (b) Sketch
of the surface states dispersion on the hexagonal BZ. Their spin polarization is indicated by
red arrows. [16]
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Figure 1.6 – Parity inversion mechanism: a sketch. (a) Trivial insulator, with valence and
conduction bands having different parities (+) and (-). (b) Semimetal, with the valence band
touching the conduction band in a critical point. (c) Topological insulator, with hybridized
conduction and valence bands and formation of spin-polarized surface states. (d) Band
dispersion of Bi2Te3 around the BZ center.

insulators with different topological numbers (the crystal and the vacuum). The boundary
between these two phases is described by its proper Hamiltonian which supports zero-energy
modes, that can be indexed according to the Chern numbers of the bulk Hamiltonians [19, 20].
While a detailed description of the origin of this bulk-boundary correspondence is beyond
the scope of this thesis, the existence of topological surface states in Bi2Se3 can be easily
understood as a consequence of the parity inversion of the bulk states under strong spin-orbit
coupling (SOC) (see Fig. 1.6). In a trivial insulator (panel a), the valence and conduction bands
have opposite parities given by their orbital character. In the presence of a perturbation, as
SOC, the band structure passes across a quantum critical point (panel b) where the two bands
touch at a high-symmetry point. In topological insulators (panel c), the strength of the pertur-
bation is so large that the two states cross each other, with subsequent parity inversion and
gap opening. In this case surface states develop within the gap to fulfil parity conservation.

These states are metallic and spin polarized and allows for dissipationless transport of spin
and charge, with potential applications in spintronics [15]. Moreover, the Fermi contours
given by the surface states enclose an odd number of crossing points, called Dirac points,
where they are degenerate. These points compare to the ones observed at the BZ corners of a
well-studied material for its unique properties, graphene. This motivates further investigation
on the topology of the Dirac nodes and on the interplay between topology and symmetry.

1.1.5 Dirac points

The presence of Dirac points in the band structure of graphene is responsible for a number of
unusual transport properties, including ballistic transport [21], large magnetoresistance [22],
the absence of Anderson localization [23], Klein tunneling effect [24], a conductivity minimum
and its linear dependence on the carrier density [25]. The non trivial topology of graphene is
confirmed by the experimental observation of the QH effect [26]. Therefore, graphene is the
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Chapter 1. Topology and symmetry in crystals: an introduction

ideal platform to evaluate the consequence of topology in crystals.

The topology of the graphene lattice was first investigated by Haldane [28]. His description,
based on a tight-binding model with hopping parameters up to the next-nearest neighbours,
shows that time-reversal T and inversion P symmetries stabilize a semimetallic phase in
graphene. The model describes two bands dispersing over an hexagonal BZ with Dirac points
located at the BZ corners, K and K’, connected by inversion symmetry (Fig. 1.7.a). In order to
illustrate the topology of graphene, it is possible to calculate the Berry connection (Eq. 1.4)
over the whole BZ. The latter is plotted in Fig. 1.7.b. The Berry connection appears as a vector
field with large vorticity in correspondence of the Ki points. The Berry phase may be evaluated
by integration along a closed path in the momentum space, as stated by Eq. 1.5. One may
notice that the line integral over the path G1 yield a 0 Berry phase, while the integral along
G2 gives a º Berry phase. In other words, the Dirac points act as singularities in momentum
space. These are sources or sinks of Berry curvature, being zero everywhere in the BZ, except
at the K and K’ Dirac points, where it diverges.

With reference to the Haldane Hamiltonian it is possible to discuss the interplay between
topology and symmetry, which is the leitmotiv of this manuscript. As stated above, the
semimetallic character of graphene is the result of the combination of T and P (Fig. 1.8.a).
However, if the Hamiltonian is modified by tuning its parameters, the system may become
either a trivial or QSH insulator with non-zero Chern number (Fig. 1.8.b reports the phase
diagram). This can be visualized observing the plots of the Berry curvature in momentum
space, calculated for the Haldane model in absence of inversion symmetry (Fig. 1.8.c) or in
the absence of time-reversal symmetry (Fig. 1.8.d). In the first case, the K point has opposite
curvature compared to the K’ point, therefore integration over the full BZ yelds a zero Chern

G1
G2

K K’

a b

Figure 1.7 – Dirac points. (a) Low-energy band structure of graphene. (b) Plot of the Berry
connection over the BZ of graphene [27]. Two closed paths are indicated with different colors.
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c d
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a b
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K K’ K K’

Figure 1.8 – Berry curvature in graphene. (a) Band structure of graphene in the momentum
region containing the K and K’ points. (b) Phase diagram of graphene, indicating the Chern
number as a function of parameters used in the Haldane model [28]. (c) Plot of the Berry
curvature as a function of the momentum space for a zero Chern number. (d) Plot of the Berry
curvature as a function of the momentum space for a Chern number of 1.

number. In the second case, the two points have the same monopole charge and therefore one
may expect unusual behaviour in the electronic response due to the non-zero Chern number.

Ultimately, the Dirac points of graphene represent the realization in the solid state of the
monopole predicted by Dirac [4]. Their stability is controlled by the symmetry of the crystal
and their vicinity to the Fermi level is of crucial importance to explain its anomalous transport
properties. This motivates the study and classification of the Dirac points as a function of
symmetry in the bulk of 3D crystals.

1.1.6 Topological semimetals

The existence of degeneracies in the band structure of 3D crystals requires special symmetries.
It is therefore natural to classify topological phases according to those symmetries.

A first important symmetry that is introduced in the discussion of bulk phases is time-reversal
symmetry T . If T commutes with Hamiltonian, then E(k ,S

") = E(°k ,S

#), with k and S the
momentum and spin associated to any Bloch state of energy E . A second relevant symmetry is
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Chapter 1. Topology and symmetry in crystals: an introduction

inversion symmetry, or parity, P which sets E (k ,S

") = E (°k ,S

"). The combination of the two
ensures the Kramers’ spin degeneracy for all the bands in the BZ.

A notable example of bulk crystal with topologically protected nodes is the 3D Dirac semimetal
(DSM). DSMs respect both T and P symmetries, such that all bands are double-degenerate.
Based on the seminal work of Armitage, Mele and Viswanath [29] there are two general
situations in which a DSM is stabilized. The first one occurs when the development of a
hybridization gap (Fig. 1.9.a) on a high-symmetry line due to parity inversion is forbidden by
some rotational symmetry (Fig. 1.9.b). In this case the Dirac points are four-fold degenerate.
Two notable examples are found in Na3Bi [30] and Cd3As2 [31]. Alternatively, it is possible to
protect the Dirac points and fix their location on the BZ edge by introducing nonsymmorphic
symmetries (glide plane or screw axis). This leads to Dirac points that are pinned at the BZ
edge by the presence of time-reversal symmetry (Fig. 1.9.c).

A second class of topologically protected nodes is given by the Weyl semimetals (WSMs) [32].
A WSM can be described as a DSM in which the spin degeneracy is removed by the absence
either of T or of P , in the presence of spin-orbit coupling [29]. Here, the Dirac cone typical of
a DSM (Fig. 1.10.a) is split in two cones with opposite monopole charges, called chiral charges
(Fig. 1.10.b). The existence of these degeneracy points is allowed by the reduced symmetry,
however the separation between opposite points can be arbitrarily small. As a result, even
relatively small perturbations of the Hamiltonian might bring opposite Weyl points to touch
and annihilate. This exotic phase has been experimentally confirmed in the band structure of
TaAs [33].

kz

0 π 2π

rotation
{C3|0}

screw axis
{C3|tn}

a
b

c

without symmetry

Figure 1.9 – Dirac semimetals. (a) Sketch of the band structure of a trivial insulator along a high-
symmetry line. (b) Sketch of the band structure of a Dirac semimetal along a high-symmetry
line containing a rotational symmetry that protects the Dirac points. (c) Sketch of the band
structure of a Dirac semimetal along a high-symmetry line containing a non-symmorphic
symmetry that protects the Dirac points.
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a cb

Figure 1.10 – Topological semimetals: classification of the Dirac points. (a) Sketch of the band
dispersion near a Dirac point. (b) Sketch of the band dispersion near a couple of Weyl points.
Different colors indicate different spin polarization of the electronic states. (c) Sketch of the
band dispersion near a nodal-line.

Among WSMs, chiral crystals have been proposed to realize a new type of topological semimetal,
called Kramers-Weyl semimetal [34]. In these compounds, the absence of inversion, mirror
or roto-inversion symmetries leads to a defined chirality of the lattice structure. In their
electronic structure, a strong spin-orbit coupling, combined with a screw axis and T , pin
the Weyl points at the TRIM points. Moreover, when rotational symmetries are present all
point-like degeneracies in the electronic structure have non-trivial Chern number and may
bear a monopole, double or triple chiral charge. The unusual properties of tellurium, the
simplest example of chiral crystal, will be presented in more details in Chapters 5 and 6 of this
thesis.

Finally, a third class of topologically protected nodes is given by nodal-line semimetals
(NLSMs). In NLSMs, two bands are crossing each other and the ensemble of Dirac points forms
a one-dimensional trajectory in the energy-momentum space (Fig. 1.10.c). In the presence of
glide planes or screw axes the nodal line is protected at the BZ boundaries. Otherwise, the ex-
istence of the nodal line is accidental and can be removed by an arbitrarily small perturbation
that preserves the symmetry [35]. The topological invariant that classifies these two cases is a
Z2 index which is evaluated as Berry phase on a ring encircling the nodal line. An example of
NLSMs is found in PbTaSe2 [36] and in the compounds belonging to the family of ZrSiX (X = S,
Se, Te) [37–39]. Their hidden spin polarization of the bulk states and their out-of-equilibrium
electron dynamics will be subject of Chapters 3 and 4.
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Chapter 1. Topology and symmetry in crystals: an introduction

1.2 Symmetry analysis of the band structure

The existence and robustness of degeneracy points in the band structure can be evaluated
by analysing the local symmetry of the two states. This method allows one to classify band
crossings observed in calculations and experiments and, on the other side, to predict where
and why a stable band crossing may arise. It is therefore a powerful tool to search for materials
which might potentially host topological fermions.

The classification of electronic states according to their symmetry is based on space group
theory. This section is devoted to review the fundamental theorems on which this classification
is built, along with the necessary nomenclature that will be used in the rest of the thesis.

1.2.1 Notions of symmetry

At the basis of this discussion lies the fact that the symmetry of the electronic states reflects the
symmetry of the Schrödinger equation. If the Hamiltonian commutes with a specific symmetry
operator (or, equivalently, it is invariant under that symmetry operation), the eigenfunctions
of the Hamiltonian can be labeled according to the eigenvalues of that symmetry operator.
This result is usually referred to as the Wigner’s theorem [40]. For example, a Hamiltonian
commuting with the parity operator allows one to distinguish odd from even wave functions.
A key point here is that the symmetry of the Hamiltonian is entirely determined by the sym-
metry of the potential energy V, since the kinetic part, which contains double derivatives in
space, is invariant under parity. This argument can be extended without loss of generality
to other symmetries [40]. The conclusion is that the eigenstates are classified according to
the symmetry of the potential energy. In atoms, the latter may be evaluated as the sum of the
Coulomb, the spin-orbit and exchange interactions. In molecules and in solids, the best hope
is to neglect the interactions between the nuclei (Born-Oppenheimer approximation) and to
build the wave functions as a linear combination of the atomic wave functions, centered at the
nuclei. This assumption implies that, finally, the symmetry of the Hamiltonian corresponds to
the symmetry of the molecule or solid structure.

The ensemble of symmetry operators of a system defines a group, if the following properties
are satisfied:

1. Closure: the product of two elements is an element of the group

2. Identity: a group includes the identity E such that EA = A for every element A

3. Associativity: (AB)C = A(BC)

4. Reciprocity: A°1A = A°1A = E

Each group is completely defined by its multiplication table, which lists the results of all the
product between two operations of the group.
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1.2. Symmetry analysis of the band structure

A point group is a group of symmetry operators which act at a point (which is left invariant by
any operation). In molecules, all the symmetries are defined with respect to an arbitrary origin
and altogether they form a point group. In solids, one should add the translational symmetries
of the unit cell, and the crystal space group is the combination of the point group and the group
of translations. There are two ways to combine translations and point operations in solids.
One can either build a wave function delocalized in space as a solution of the Bloch equation
and then combine it with the point group symmetries of the whole lattice. Alternatively,
one can build a wave function localized in space at specific high-symmetry positions (called
Wyckoff position) of the unit cell and then combine it with the site-symmetry of these centers.
The first description is most commonly used and it was introduced in the 30s by Bouckaert,
Smoluchowsky and Wigner [41]. The second and complementary picture was proposed by
Zak and it has sparked recent interest in the research on topological materials [42].

In the following, I briefly review Wigner’s framework, which classifies Bloch functions in terms
of the symmetry of the crystal space group. I will start by revising the fundamental concepts of
group theory.

1.2.2 Point group: molecules

Here, I will describe how electronic states are classified in the presence of only point group
symmetries. Let me consider the case of an equilateral triangle (Fig. 1.11.a). The symmetry
operations that leave the triangle invariant are:

• E, identity

• A, a º rotation about the axis a

• B, a º rotation about the axis b

• C, a º rotation about the axis c

• D, a 2º/3 rotation clockwise about the out-of-plane axis passing through the center of
the triangle

• F, a 2º/3 rotation counterclockwise about the out-of-plane axis passing through the
center of the triangle

These operations consitute the point group D3 of the equilateral triangle.

One can consider an arbitrary collection of n objects (e.g. an ensemble of vectors centered
at the origin in polar coordinates) and if it obeys the group multiplication table, then it is a
representation of this group. Each representation consists of a set of n £n matrices, each one
associated to a given symmetry operation. The determination of the matrix elements is usually
not necessary for the classification of the eigenstates of Hamiltonian. It is sufficient to know
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a cb
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z

Figure 1.11 – Point group symmetry. (a) Equilater triangle. (b) Ethane molecule. The three-fold
rotational axis D,F and the two-fold rotational axis A are indicated with dashed lines. (c) Chart
displaying the eigenstates of ethane in real space, classified according to their energy.

the trace of each matrix, that represents the character of the symmetry. This name is explained
by the fact that for each representation the symmetry operations of the same class (rotations,
reflections, inversion) have the same character. The set of characters per each representation
forms the character table of the point group D3 of the triangle:

D3 E A B C D F functions
°1 1 1 1 1 1 1 x2 + y2, z2

°2 1 -1 -1 -1 1 1 z
°3 2 0 0 0 -1 -1 (x,y), (xz,y z)

Table 1.1 – Character table of the irreps for the point group D3

Table 1.1 gives the classification of the irreducible representations (or irreps) of the point group
D3. In the following, the concept of irrep will be better explained in the first application of
group theory to the classification of the eigenstates of staggered ethane, a molecule with D3

symmetry.

Ethane, C2H6, is a molecule whose structure is illustrated in Fig. 1.11.b. Its point group sym-
metry contains two three-fold rotations (D and F) about the high-symmetry axis connecting
two carbon atoms, and three two-fold rotations (A, B and C) about three axis perpendicular to
the previous one. The energy spectrum and the associated molecular orbitals [43] are shown
in Fig. 1.11.c. The symmetries of the molecular wave functions can be classified according
to the entries of Table 1.1. The core states 1 and 2 are associated to bonding-antibonding
molecular orbitals (MOs). A quick inspection of their symmetries reveals that the bonding
state is represented by °1, while the antibonding state by °2. The core states allows one also
to explain phonemenologically the meaning of irreducible representations. Instead of MOs,
one could resort to a representation made of two atomic orbitals with s symmetry, each one
centered at a different carbon site. These will constitute the wave function basis of a two-
dimensional representation. Indeed, two-fold rotations A, B and C transform one state into
the other while three-fold rotations D and F leave each state unchanged. This representation,
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however, is reducible, by construction of the MOs. As a result, the reducible two-dimensional
representation is split in the two irreducible representations indicated above.

The valence states have more complex wave functions, but one can take advantage of the first
column of the right of Table 1.1. It lists the coordinates and their quadratic forms according to
each representation transforms. The valence æ?s is described by an odd wave function with
respect to z, therefore it is represented by °2. On the other side, the two orthogonal states
ºx ª x and ºy ª y constitute the wave function basis for the two-dimensional representation
°3. As a consequence, the two states are energetically degenerate. Indeed, as a general
property, the character of the symmetry operator E indicates the degeneracy of the irrep.

To summarize, irreps can be used to label the electronic states according to their symmetry, in
a similar manner as quantum numbers are used to classify atomic levels. The dimensionality
of the irreps reflects the degeneracy of the specific state with respect to the point group of the
system. In the next section, we see how the Bloch theorem and point group symmetries are
combined in solids and how this enables to find nodes in the band structure.

1.2.3 Space group: solids

In solids the group of all translations T and the point group P are combined to define the
space group of the lattice. In symmorphic groups, the space group is the semi-direct product
of the two groups P and T [44]. In other words, the symmetry operators of T and P are
essentially separable in independent groups. A second type of space groups arises when
some mirror plane or rotational axes are replaced by glide planes or screw axes. These are
symmetry elements composed by a reflection m or a rotation C followed by a translation t
(noted {m|t } and {C |t }). In this case, the space group is non-symmorphic: there is no possible
choice of origin about which all its elements can be decomposed into a product of a lattice
translation and a point group element. I remark that among the 230 space groups in 3D, 157
are non-symmorphic, uniformily distributed among the crystal systems.

Before moving to the description of the crystal space group, I review the effects of translational
symmetries. Let me assume the crystal to have a total length L = ah, with a the lattice
parameter and h the number of atomic sites along a given direction. Upon using periodic
boundary conditions, the Hamiltonian is invariant if we apply h times a translation of a, T (a).
Mathematically,

T (a)h = r h = 1 (1.20)

This implies for the single translation that T (a) = r = e2ºi p/h , with p = 1,2,3, ...h. Recalling
h = L/a, one finds that the Bloch wave function √(x) may be labeled by the index k = 2ºp/L:

√k (x +a) = T (a)√k (x) = ei ka√(x). (1.21)

This equation illustrates the transformation property imposed by the T symmetry. Any func-
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Figure 1.12 – Momentum-dependence of the symmetry of the 1D chain. (a) Sketch of the
crystal wave function √(x) with wave vector k = 0, built using uk in the form of a px orbital.
(b) Same as a, for k =º/a. (c) Same as a, with k =°º/a.

tion √k (x) can be written as:
√k (x) = uk (x)ei kx , (1.22)

where uk (x) is periodic with period a. I remark here that this property is characteristic of a
cyclic group. This will be exploited later in the description of nonsymmorphic groups.

Eq. 1.21 shows that the way the wave function √k (x) transform under the symmetry operators
depends on the k point. For example, at the BZ center k = 0 and the BZ boundary k =º/a:

√(x +a) = u(x +a) = u(x) =√(x) atk = 0; (1.23)

√(x +a) =°u(x +a) =°u(x) =°√(x) atk =º/a, (1.24)

as displayed in Fig. 1.12.
More generally, at each k point, one defines the local point group, named little group of k, and
then determines the corresponding irreps. This is equivalent to P at the BZ center °, while it is
reduced to a subgroup of P for other wavectors. High-symmetry points and high-symmetry
lines can be indivuated with geometrical intuition and verified by group theory arguments.
More importantly, it is possible to define compatibility relations between the irreps of different
k points in order to track the connectivity of the bands across the BZ.

Following the bands description in terms of space group, one may try to identify where two
bands are degenerate in the BZ. Band crossing may appear when two states with different
irreps at a specific wave vectors meet at a neighbouring k point characterized by an irrep of
higher dimensionality. These degeneracies are then enforced by the lattice symmetry and
are therefore a useful tool to track the existence and position of Dirac or Weyl points. All the
degeneracies that are not predicted by group theory are labeled as ‘accidental’ degeneracies
[45].

The application of group theory to the band structure is not a trivial task, especially when the
space group contains a large amount of symmetry elements. Therefore, it is easier to see an
application of these concepts on systems with low-symmetry. In the following section, I will
review this method for the case of trigonal tellurium.
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a b

Figure 1.13 – Crystal structure of tellurium. (a) Side view. (b) Top view.

1.3 Non-symmorphic groups: trigonal tellurium

I review here the interesting case of elemental tellurium (Te), which allows us to apply the
concepts previously introduced to a system with reduced symmetry. The goal is to highlight
the effects of the non-symmorphic space group on the material’s band structure, and on
its topological phase once spin-orbit coupling is included. I start by considering the band
structure of Te along the high-symmetry line ¢, connecting ° to A, as calculated by Reitz using
tight binding model [46].

The lattice structure of Te is composed by helical chains, with three atoms per unit cell, such
that each fourth atom of the chain lies above the first one (Fig. 1.13). The axis of each chain is
a screw axis of third order, namely the chain is invariant under a 120 degrees rotation about
its axis, followed by a translation of c/3. Therefore, Te is probably the simplest example of a
non-symmorphic crystal.

The space group of Te is P3121 (nr. 152) for the right-handed enantiomer, or P3221 (nr. 154) for
the left-handed one. The space group of Te is composed by the following symmetry operators:

• E, identity

• C3, a 2º/3 rotation about the chain axis, followed by a translation of c/3

• C3
2, a 2º/3 rotation about the chain axis, followed by a translation of -c/3

• C2
(1), a º rotation about the axis X(1), followed by a translation of c/3
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• C2
(2), a º rotation about the axis X(2), followed by a translation of 0

• C2
(3), a º rotation about the axis X(3), followed by a translation of -c/3

This collection of operations, however, is not a group since it is not closed. Nevertheless, it
is still possible to extend the theory previously developed for symmorphic groups with the
use of the projective representations [44]. In short, it is possible to enlarge the little group at
a certain k point of the BZ by adding one or more translations, necessary to close the group.
These additional translations are originated by applying a number of times a non-symmorphic
operator, but they represent new symmetry operations only at some high-symmetry points
of the BZ. In tellurium, this is the case for the k point A = (0,0,º/c) for T = (C3)3, a translation
along the z axis of a distance c:

T√A(z) = uA(z + c)e(iºz+c)/c =°uA(z)e(iºz)/c =°√A(z), (1.25)

but it is not the case for the k point ° = (0,0,0):

T√°(z) = u°(z + c) =√°(z), (1.26)

where T is equivalent to the identity E.

The resulting character table for the wave vector A is shown in Tab. 1.2. The character table for
the wave vector ° corresponds to the one already reported in Tab. 1.1. This is because at ° the
Bloch function is invariant for any translation operator, and the little group at ° is equivalent
to the point group D3.

I may recall that the character of the identity operator E indicates the degeneracy of the irrep.
This tells us that the °3 and A3 irreps are band crossing points only if they are not connected
by a two-fold degenerate band dispersing along ¢. In order to test this, one needs to find first
the irreps along ¢ and then evaluate the compatibility relations between each high-symmetry
point and this line in momentum space. The character table for the ¢ axis includes all the
translations of the type T , T 2, ... T N°1, with N the number of lattice sites along one direction,
combined with the point group operations that preserve the direction of the c-axis, namely
C3 and C2

3. The characters of the group of translations and of the group of rotations, taken
separately, can be derived with a procedure similar to the one shown in Eq. 1.20, since these
groups are cyclic. For the translations, one finds ±k = ei kL , with k variable along ¢while the
characters of the C3 rotations is given by !p = ei 2pº/3, with p = 0, 1, 2. The character table of

A E C3 C3
2 C2

(1) C2
(2) C2

(3) T TC3 TC3
2 TC2

(1) TC2
(2) TC2

(3)

A1 1 -1 1 1 -1 -1 -1 1 -1 -1 1 1
A2 1 -1 1 -1 1 1 -1 1 -1 1 -1 -1
A3 2 1 -1 0 0 0 -2 -1 1 0 0 0

Table 1.2 – Character table for the point A
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1.3. Non-symmorphic groups: trigonal tellurium

¢ E C3 C3
2

¢1 1 ±k ±2
k

¢2 1 !1±k !2
1±

2
k

¢3 1 !2
1±k !1±

2
k

Table 1.3 – The character table for the Delta axis; ±k = ei kL , !1 = ei 2º/3

the little group for the ¢ axis is reported in Table 1.3. One concludes that the irreps at ¢ are all
one-dimensional.

It is finally possible to look for how the irreps connect to each other using the compatibility
relations. One can make use of the following theorem. Irreducible representations i = 1,2, ...,n
defined along a low-symmetry line ¶ are compatible with an irreducible representation at
the high-symmetry point P if, for each symmetry operation, the corresponding character ¬(P)
is the sum of the characters ¬i (¶k ) of the i irreducible representations evaluated at k = P.
Namely:

¬(P ) =
nX

i=1
¬i (¶k=P) (1.27)

The previous equation is a consequence of the continuity of the bands across the BZ and of
the fact that the size of little group of a k point on a high-symmetry line is equal or smaller
than the one on a high-symmetry point. One can derive the characters of the irreps ¢i at °,
where k = 0 and L = c, and at A, where k = º/c and L = c/3, and then compare them with the
corresponding characters of the points ° and A. The results are reported in Tables 1.4 and 1.5.

Using Eq. 1.27, one gets:

°1 !¢1 ¢2 √ A1

°2 !¢1 ¢2 √ A2

°3 !¢2 +¢3 ¢1 +¢3 √ A3

The compatibility relations tell us if there are band crossings at the high-symmetry points and

¢° E C3 C3
2

¢1 1 1 1
¢2 1 ei 2º/3 ei 4º/3

¢3 1 ei 4º/3 ei 2º/3

° E C3 C3
2

°1 1 1 1
°2 1 1 1
°3 2 -1 -1

Table 1.4 – Character table for the irreps ¢i and °i at the ° point
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¢A E C3 C3
2

¢1 1 eiº/3 ei 2º/3

¢2 1 -1 1
¢3 1 ei 5º/3 ei 4º/3

A E C3 C3
2

A1 1 -1 1
A2 1 -1 1
A3 2 1 -1

Table 1.5 – Character table for the irreps ¢i and Ai at the A point

which bands are sticking together from a purely theoretical point of view. In Te, °3 represents
a band crossing point for the two irreps ¢2 and ¢3 and A3 represents a band crossing point
for the two irreps ¢1 and ¢3. It is interesting to compare these results with calculations and
experiments. Nussbaum [47] has developed a model based on overlapping free-electron wave
functions that, combined with space group theory, predicts a semiconductor with indirect
band gap along the path ¢ (see Fig. 1.14.a). Reitz [46] built a tight-binding model with a basis
composed by p orbitals at 2/3 filling to get a direct gap semiconductor (see Fig. 1.14.b). I add
irreps labels to the band structure according to the compatibility relations obtained previously.

It is interesting to notice that in the picture proposed by Nussbaum, additional degeneracies
appear when ¢1 and ¢2 cross each other. These are accidental degeneracies since they arise
from the fact that the on-site energies of °1 (or °2) together with A1 (or A2) are higher than

a b

Α3

Δ1

Δ3Γ3

Γ3

Γ3

Α3

Α3

Δ1

Δ1

Δ3

Δ3

Δ2

Δ2

Δ2

Figure 1.14 – Band structure calculation of Te in the nearly-free electron approximation [47]
(a) and in the tight-binding approximation [46] (b).
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the ones of °3 and A3. A perturbation may change the connectivity of the irreps at the high-
symmetry points and remove these crossing points, still keeping untouched the robust at °3

and A3. Therefore, the latter realize symmetry-enforced degeneracy points, with non trivial
topology. They correspond to Weyl points, protected by the screw axis of the lattice.

I conclude the analysis on tellurium remarking the fact that in this description I have not
taken into account the spin-orbit interaction, even if it is not negligible for a relatively heavy
element as Te. This will be accounted for in the introduction of chapter 5, where I will recall
that a spinful description is a necessary ingredient to enforce the existence of additional Weyl
points in the band structure of tellurium.
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2 Experimental techniques

In this chapter I will review briefly the experimental techniques that have been employed to
investigate the Dirac and Weyl quasiparticle in crystals.

The first part will focus on the theoretical description of an angle-resolved photoemission
spectroscopy measurement on solids, the main technique used in this thesis. Here, I will
review under which approximations a photoemission spectrum is analyzed. Then, I will
introduce the terminology and the analytical tools developed to extract information about
the physics of the quasiparticle and later exploited in the rest of the manuscript. Finally, I will
give a very short review of the working principles of a state-of-the-art spin-resolved and of
time-resolved photoemission experiments.

In the second part, I will describe the experimental apparatus developed at EPFL, Lausanne,
to perform time-resolved photoemission spectroscopy measurements from single crystals.
The setup is the result of a collaboration between the scientific groups led by M. Chergui and
by M. Grioni. It consists of a laser source for the generation of ultrafast XUV pulses, called
HARMONIUM, connected to the ASTRA end-station, equipped with a photoelectron analyzer.
This section will show the performances of the two subunits, including the characterization of
the electron analyzer.
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Chapter 2. Experimental techniques

2.1 Photoemission spectroscopy

Photoemission spectroscopies (PES) represent an established and reliable tool to investigate
the nature of charge excitations in solids [48, 49], liquids [50] and in gas phases [51]. All the
different techniques, which take the name of photoemission, are based on the photoelectric
effect originally observed by Hertz (1887) [52] and later explained by Einstein (1905) [53]. The
‘dopey one’ [54] explained why experiments were showing a threshold energy and a linear
dependence on the frequency ∫ using the hypothesis of a photon, with energy h∫ (h the
Planck constant). The threshold energy,©, is the material’s work function, which represents
empirically the surface energy barrier of º 4°5 eV that prevents electrons from escaping. In
the following sections, I will focus on the description of photoemission experiments from
crystalline samples.

2.1.1 ARPES: conservation laws

The main information delivered by photoemission spectroscopies is the spectrum of electronic
states of the material under investigation. This can be inferred assuming the conservation of
energy during the photoemission process:

|EB |= h∫°©°Eki n , (2.1)

that puts in relation the binding energy |EB | of the electron in the solid with the kinetic energy
Eki n of the photoelectron. Eq. 2.1 shows that, within the picture of noninteracting electrons
and in absence of uncertainties on ∫ and on Eki n , one can immediately get the spectrum of
electronic states given by |EB | (see Fig. 2.1.a). In such an approximation, one may directly
extract important quantities such as the density of states, the linewidth of the core levels and
the electronic temperature.

In crystalline solids, the electronic binding energy EB varies with the crystal wave vector k of
the Bloch states, defining the band structure relations EB (k). In angle-resolved PES (ARPES)
experiments, the dependence of the binding energy on the photoelectron wave vector k can
be obtained by measuring the angle of emission µ of the photoelectrons with respect to the
normal to the surface, defined parallel to the z axis in Fig. 2.1.b-c. During the photoexcitation
the total momentum is conserved. The photon momentum is usually negligible at the photon
energies used in this thesis (UV light), therefore the transition is assumed to be vertical in k
space and the photoelectron momentum p conserved in the solid. Across the surface, however,
only the parallel component p“ is unchanged. It follows that:

p“ = ~k“ =
p

2me Eki n sinµe“, (2.2)

with me the free-electron mass and e“ = cos'ex + sin'ey .
The fact that one can get information only about the in-plane components of k is a direct
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2.1. Photoemission spectroscopy

consequence of the translational symmetry of the crystal, that, in the usual experimental
configuration, is only present in the (x, y) plane [55]. Such a conservation of the in-plane wave
vector allows one to associate the photoelectron wave vector k“ with the crystal wave vector k“,
such that k“ = (k“+G“), with G“ the in-plane projections of a reciprocal lattice vector G . The
presence of a surface breaks the symmetry along the z axis and introduces a potential step of
depth V0 =©+|E0|, with E0 the energy corresponding to the bottom of the valence band [55].
The potential step reduces the out-of-plane component of the photoelectron momentum.
The conservation equation reads:

p? = ~k? =
q

2me (Eki n cos2µ+V0) e?, (2.3)

which shows that only photoelectrons with p? >
p

2meV0 escape the solid. While there is no
general method to retrieve the out-of-plane component k? of the crystal wave vector from k?,
the assumptions of a step function for modeling the surface potential and the hypothesis of a
purely free-electron final state may guarantee their equivalence (this point will be addressed
more formally later in the manuscript). If this approximation holds true, ARPES provides the
possibility to access to the whole three-dimensional reciprocal space by experimentally tuning
the photon energy h∫ and by detecting photoelectrons as a function of their emission angles
(µ,').

Before reviewing the formalism of the photoemission process, I summarize here some imme-
diate implications of Eq. 2.1-3, which will be exploited in Chap. 3-6 in the description of the

a b c

ki

z

kf

ki,||

kf,||

ki,

kf,θ kf,

θ

Figure 2.1 – Conservation laws in ARPES. (a) Energy conservation. By absorption of a photon
of energy h∫ an electron occupying a state in the sample (left-hand side) is photoemitted
in vacuum with a kinetic energy equal given by Eq. 2.1. (b) Conservation of momentum.
The in-plane component of the momentum ki of the photoelectron produced in the solid is
conserved after the sample surface is crossed. The out-of-plane component is reduced due to
the surface potential. (c) Generic experimental geometry of a photoemission experiment. The
photoelectron is emitted with an angle (µ,') with respect to the normal to the sample surface.
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Figure 2.2 – Band mapping in ARPES. In black, the hexagonal BZ of graphene, with indicated
the high-symmetry points. Circles delimit the regions in which a photoelectron may escape
the crystal surface, for different photon energies, 6 eV (in cyan) - 21 eV (in green) - 37 eV (in
red). The same color code is applied to the momentum regions (rectangles) spanned by a
common ARPES band mapping experiment with emission angle varied between 0± and 45±.

experimental results.

Eq. 2.1 shows immediately that infrared photons (h∫< 1.6 eV) are not energetic enough to
photoemit electrons from the sample, since the workfunction of most of materials is between
4 and 5 eV. Increasing the photon energy above this threshold, one observes photoelectrons
with |k“| scaling with the square root of the photon energy (Eq. 2.2). As an example, let me
consider the case of an ARPES measurement on graphene, with its hexagonal BZ shown in
black in Fig. 2.2. Upon photoexcitation, the photoelectrons that escape the surface have an
in-plane momentum |k“|<

p
2me (h∫°©). The limit values are indicated on the (kx ,ky ) plane

with circles where different colours corresponding to different photon energies (6 eV in cyan,
21 eV in green, 37 eV in red). In a conventional ARPES experiment, the band structure is
mapped by varying the value of the emission angle µ from 0± (normal emission) usually up
to 45±. Assuming a standard analyzer acceptance angle of 30±, with a 6 eV light-source one
can span a momentum region º 0.36£0.512 Å°2 wide (cyan rectangle), that corresponds to
º 2.5% of the size of the BZ. One may increase the momentum range by using UV radiation
and cover º 20% of the BZ, at h∫= 21 eV (green rectangle), or º 40% of °-K at h∫= 37 eV (red
rectangle). As a drawback, the intrinsic momentum resolution |¢k“|=

p
2me Eki n cos(µ)¢µ

computed at µ = 0± is reduced by a factor º 6 and 8, moving from 6 to 21 or 37 eV photons,
respectively. These considerations clarify why, in general, high photon energies are necessary
to probe the BZ boundaries of crystals.
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2.1.2 Theoretical models of photoemission

I review here the general formalism of the photoemission process. As discussed in the previous
section, the photoemission signal is in first approximation representative of the occupied
density of states (DOS) of the sample and it may be written as:

I (Eki n ,k) /M §DOS(EB ,k)§ fFer mi°Di r ac , (2.4)

with fFer mi°Di r ac indicating the Fermi-Dirac distribution. In its simplicity, Eq. 2.4 hides all
the details of the photoemission process in the term M that describes the transition from an
electron in a state of the crystal, with binding energy EB , wave vector k , to a photoelectron’s
final state having kinetic energy Eki n and wave vector k. This equation is based on the
hypothesis that a photoemission experiment is a faithful representation of the DOS, i.e. that
the electrons are described as independent particles. This is, in general, not true and the
appropriate description requires the development of models of various degrees of complexity.

Two models are generally proposed with the purpose of providing an analytical description of
photoemission: the three-step model [56] and the one-step model [57]. The latter interprets
photoemission quantum-mechanically as the transition from a Bloch state to a time-reversed
LEED wave function, i.e. a state that is damped in the solid and free-electron-like in the
vacuum. The three-step model breaks the experiment in three distinct and sequential phases:

1. photoexcitation inside the crystal,

2. the propagation of the excited electrons toward the surface

3. the escape from the potential barrier in the direction of the electron analyzer.

This picture represents a crude approximation, but it serves nonetheless to capture some key
features of the experiment. In the following, I will review first these three steps separately, and
later add a note of comparison with the results of the one-step model.

Photoexcitation

In the three-step model, the optical excitation takes place inside the crystal. The absorption of
a photon projects the wave function of an electron from an initial state™i into a final state
™ f , with probability amplitude per unit time given by the Fermi’s golden rule:

w f i =
2º
~ |<™ f |Ĥi nt |™i > |2 ±(E f °Ei °h∫). (2.5)

The photon-electron interaction Hi nt is written in the general form as:

Ĥi nt =
e

me c
(A · p̂ + p̂ · A)+e¡+ e2

2me c2 (A · A), (2.6)
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with e the electron charge, c the speed of light in vacuum, A and ¡ the vector and scalar
potential and p̂ = i~r the momentum operator.
The vector potential A may be developed as A(r ) = Aei k ·r = A(1+ i k + ...) º A, if the period
is much larger than the lattice parameter (dipole approximation). Photons with energy 100
eV correspond to a wavelength º 100 Å, larger than usual atomic distances, implying that the
condition above is satisfied for all the cases discussed in this thesis1. Therefore, r · A = 0 and
with the gauge choice ¡= 0, Eq. 2.6 becomes:

Ĥi nt =
e

me c
(A · p̂)+ e2

2me c2 (A · A), (2.7)

The first term of Eq. 2.7 represents one-photon absorption and the second term indicates multi-
photons absorption. Multi-photon optical excitation is usually neglected in conventional PES
experiments, but laser-based setup may deliver a number of photons per pulse large enough
to emit photoelectrons via second-order transitions [58]. Here and in the experimental results
discussed in this thesis, I will consider only one-photon direct transitions.

The initial and final states present in the matrix elements of Eq. 2.5 represent in general the
N-body wave function™N

i , f describing the ensemble of N electrons in the crystal. One may
take the single-electron view and factor the N-body wave function in the product of a one-
electron state √i , f and of the (N-1)-electrons wave function™N°1

i , f describing the rest of the
electrons. In this case, one gets effectively a one-particle spectrum that is representative of
the DOS as in Eq. 2.4. More generally, one needs to deal with the N-electron wave function
and make several approximations. If the ionization process is very rapid, one can assume that
the photoelectron state √ f is decoupled from the remaining (N-1)-electrons system ™N°1

f .
Within this ‘sudden approximation’ the single-electron state is promoted to a final state under
photon absorption, without affecting the remaining (N-1)-electron system. For the initial
state, one has to approximate it as the antisymmetric product of the emitting Bloch state √i

and the (N-1)-particles state™N°1
i , despite the latter is not, in general, an eigenstate of the

(N-1)-electrons Hamiltonian.

This allows one to rewrite Eq. 2.5 as:

w f i = 2º
~ |<√ f |Ĥi nt |√i > |2 |<™N°1

f |™N°1
i > |2 ±(Eki n +E N°1

f °E N°1
i °h∫)

= 2º
~ |M f i |2 |<™N°1

f |™N°1
i > |2 ±(Eki n +E N°1

f °E N°1
i °h∫). (2.8)

In the previous equation, the ‘dynamics’ of the single-electron wave function is decoupled
from the one of the (N-1)-electrons (or of the hole) wave function. The propagation of the
two entities is contained in the two terms M f i and <™N°1

f |™N°1
i >. The latter is an integral

that is different from unity in all the cases where the photoelectrons shows non-negligible

1The vector potential A cannot be considered constant at the surface of the crystal, where translational invari-
ance is broken. There, the divergence of A is large and it accounts for the surface photoemission [55].
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coupling with the bath of (N-1) electrons: this is the case, for instance, of strongly-correlated
materials. In this manuscript, however, I will deal with semimetal and semiconductors in
which the electron-electron interaction is way smaller than the bandwidth. Under this further
approximation and by summation over all possible initial and final states occupied by the
single-electron wave function, one gets:

I f i (E f ,k f ,“) /
X

f ,i
|M f i |2 ±(E f °Ei °h∫) ±(k i ,“ °k f ,“+G“). (2.9)

Eq. 2.9 describes the photoemission intensity as proportional to the photoexcitation rate be-
tween all the occupied states in the crystal and free-electron states in vacuum. The sensitivity
to the occupied states is now included in the summation over the initial states √i , and the
photocurrent associated to a specific transition √i !√ f is mediated by the matrix elements
M f i .

Eq. 2.9 ascribes to the intensity modulations observed in the ARPES signal that depends on
the term |M f i |2/ |<√ f |A · p̂|√i > |2. Using the commutation relation ~p̂/m =°i [x , Ĥ ], one
can rewrite the previous equation as |M f i |2/ |<√ f |≤ · x |√i > |2, with ≤ a unit vector in the
direction of polarization of the vector potential (namely of the incident light). In order to show
the sensitivity of the matrix elements |M f i |2 to the experimental geometry, let me consider the
case of a photoemission measurement carried out at the Maestro end-station at ALS, Berkeley
(US). There, the sample surface lies on the (x, y) plane as in Fig. 2.3.a, and the detector entrance
slit is located on the mirror plane º1. Hence, in order to have photoemission intensity on the

Γ

Γ

B1

A2

B2

a b

c

Figure 2.3 – Matrix element in photoemission. (a) Experimental geometry of the MAESTRO
beamline at ALS, Berkeley. The sample lies in the (x, y) plane while the scattering plane is
indicated in cyan as º1. The incident light and photoelectrons propagate on this plane.(b)
ARPES band dispersion measured at normal emission with LV-polarized light. (c) ARPES band
dispersion measured at normal emission with LH-polarized light.
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detector, M f i must be an even function with respect to º1. Odd-parity final states would be
zero everwhere on º1, thus√ f is even and is usually described by a plane-wave state [48]. This
means, finally, that ≤ · x |√i > must be even with respect to a reflection on the mirror plane º1.
At Maestro, the polarization ≤ of the incident light can be set to be linear vertical (LV) or linear
horizontal (LH). In the first case, ≤ is odd with respect to º1, therefore it couples only with
odd states √i . In the second case, ≤ is even with respect to º1, therefore it couples only with
even states √i . Fig. 2.3.b-c show two ARPES data measured at Maestro on a crystal, ZrSiSe,
using either LV light or LH light in the experimental geometry of panel (a). The two plots show
the band dispersion of the states A2, B1 and B2. The photoemission intensity associated to
the different states is strongly modulated by M f i and reveal that the states A2 and B1 have
different symmetry with respect to the state B2.

The previous analysis shows that geometrical considerations have to be taken into account in
the interpretation of the photoemission intensity. These modulations in the photoemission
signal are generally addressed as ‘matrix element effects’ throughout this thesis.

Propagation towards the detector

After optical excitation, the photoelectrons travel towards the surface experiencing inelastic
collisions. The latter are dominated by the electron-electron interaction that reduces the
electron inelastic mean free path ∏ f to typical values between 5-10 Å (for UV excitation) and
up to 50 Å (for hard X-ray light). The large scattering rate of electrons in matter makes PES
techniques extremely sensitive to the surface of the target. While this is usually considered a
limitation in the investigation of the band structure of three-dimensional crystals, it provides
a degree of layer selectivity in the study of layered crystals or of heterostructures, as discussed
in Chapter 3.

In the last stage of the photoemission process the photoelectron escapes into vacuum. Such a
step can be in first approximation described as the refraction of the electronic wave function
across the sample-vacuum interface. This leads to the conservation laws introduced in section
2.1.2, which are of great help for practical purpose.

Comparison with the one-step model

Despite the insight provided by artificially dividing the photoemission process in separate
stages, important questions about the nature of the initial and final states √i , f of photoe-
mission stay unsolved. Within the three-step model the wave functions √i , f are given by
Bloch states of the material (see Fig. 2.5). More formally, the final-state wave functions are
Bloch waves expressed as the sum of plane-wave contributions with different reciprocal lattice
vectors G [55]:

√ f (k) =
X

G
u f (k ,G) ei (k+G)·r (2.10)
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2.1. Photoemission spectroscopy

Figure 2.4 – Electron inelastic mean free path ∏ f as a function of the kinetic energy for various
solids. The data indicate a universal trend with minimum close to 3Å for electrons with 50 eV
of kinetic energy.

Each of these components represents the wave function of a photoelectron escaping the
crystal, whenever it fulfils the wave vector conservation laws (Eq. 2.2). The definition (2.10) of
the √ f as a superposition of free-electron wave functions greatly simplifies the quantification
of the matrix elements M f i involved in the optical excitation [59]. In a one-step model (see
Fig. 2.5), the finite escape depth is integrated in the definition of the final state wave function
√ f as a sum of propagating and evanescent waves expanded in two-dimensional Bloch states
um :

√ f (k) = ei k f “·e“
X

m
tmum(k ,G) ei (k?m z), (2.11)

with k?m = k 0
?m + i k 00

?m .
This expression for the √ f is postulated on the conceptual equivalence of the photoelectron
wave function with the ‘time-reversed’ version of the state that describes a LEED experiment in
which all the electrons impinging on the crystal are transmitted with coefficient tm . Feibelman
and Eastman proved that a formalism based on such a final state wave function provide a gen-
eral framework in which the Fermi’s golden rule obtained within the three-step model (Eq. 2.9)
constitutes a particular case [60]. The latter is a meaningful description of the photoemission
from a Bloch state if small, but finite damping characterize √ f in the solid (k 00

?m a? ø 1, a?
the lattice periodicity perpendicular to the surface). The photoexcitation matrix elements
calculated on the Bloch wave functions are retrieved by decomposition of the one-step model
matrix elements in surface and bulk contributions, M S

f i and M B
f i . Furthermore, the conserva-

tion of the out-of-plane wave vector k? is also retrieved modulo a reciprocal vector G?. By
defining the inelastic mean free path ∏ f = 1/k 00

?m , the final equation for the photoemission
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Figure 2.5 – Comparison between the three-step and the one-step model. The three-step
model considers the photoexcitation as occurring in the crystal, while in the one-step model
the final state of the photoexcitation is a time-reversed LEED state. [55]

intensity reads:

I f i (E f ,k f ) /
X

f ,i
|M B

f i |
2 ∏ f ±(E f °Ei °h∫) ±(k i °k f +G). (2.12)

Eq. 2.12 is a faithful description of the photoemission signal produced by the photoexcitation of
a Bloch state in the bulk of the crystal. This formula for the photocurrent should be compared
with Eq. 2.9. There, the transmission process was not considered in Eq. 2.9, while in Eq. 2.12 it
appears as a consequence of the complex form of the momentum of the final state k?m .

2.1.3 Spectral function formalism

The theoretical description given so far of a photoemission experiment focused mostly on the
path followed by the electron removed from the crystal. Such a model is reliable in the one-
particle limit. This restriction was considered by setting the integral <™N°1

f |™N°1
i > in Eq. 2.8

to be equal to unity. Such an approximation is sometimes too strict, such that one has to take
into account how the system composed by (N-1) electrons (or, equivalently, one hole) reacts to
the photoexcitation. To tackle this issue, a formalism based mathematically on the one-particle
Green’s functions [61, 62] has been developed and integrated with the Fermi’s golden rule
for the optical excitation. This treatment captures properly the dynamics of the photo-hole
state which is coupled with a manifold of possible interactions, including phononic modes,
plasmonic modes, spin excitations and Cooper-pairing among the most studied [48, 63].
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2.1. Photoemission spectroscopy

Despite its relevance with respect to a proper understanding of the photoemission spectra, I
will review here only its main features.

The one-particle Green’s function describes the electron propagation from r1 to r2 in a time t .
It can be interpreted as the probability amplitude that an electron added to the system in a
Bloch state with momentum k at a time zero will still be in the same state after a time t. The
spectral representation of the Green’s function is given by:

G(E ,k) =
Z

A(k 0,E 0)
(E °E 0 ° i±)

dE 0, (2.13)

with A the spectral function. The imaginary part of G can be written as:

ImG(k ,E) =º
Z

dE 0A(k ,E 0) ±(E °E 0) (2.14)

or
A(k ,E) = 1

º
|ImG(E ,k)| (2.15)

It could be shown that poles in the Green’s function correspond exactly to the energies of the
peaks of PE spectrum [48].
For a non-interacting electron system one finds:

G0 =
1

(E °E0(k)° i±)
(2.16)

A0(k ,E) = 1
º
±(E °E0(k)) (2.17)

where poles are situated at values of energy that coincides with the ones obtained by the
one-particle theory.
For an interacting electron system, one adds a complex self-energy ß term, where the real
and imaginary part yield all the information about the ‘renormalized’ energy and lifetime.
This renormalization accounts for all electrons-electrons interactions, electrons-phonons
interactions or scattering with impurities associated to the photoemission process. This leads
to

G = 1
(E °E0(k)°ß(k ,E))

(2.18)

A(k ,E) = 1
º

Imß
(E °E0 °Reß)2 + (Imß)2 (2.19)

Since the non-interacting electrons result must be recovered for small values of ß, again the
poles of G have to be equal to the energy position of PE spectrum. These may be found by
solving:

E °E0(k)°ß(k ,E) = 0 (2.20)

If the self-energy ß is small, the spectral function could be usefully rewritten as the sum of a
coherent and an incoherent part. The first one accounts for the position and width of the poles
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of the non-interacting system. The second incoherent part has an ensemble of satellite lines
at higher binding energy. Together, they represent the quasiparticle.
Taking all the previous into consideration, the complete equation for the photocurrent from a
crystalline solid is :

I (E f ,k f ) /
X

f ,i
|M f i |2

Imß(k i )
(E °E0 °Reß(k i ))2 + (Imß(k i ))2

±(E f °Ei °h∫) ±(k i °k f +G) (2.21)

This formula for the photoemission intensity combines the single-particle formula (Eq. 2.9)
and the total spectral function given in Eq. 2.19. Therefore it contains the coherent and
incoherent terms of the spectral function, and it is suitable for the interpretation of many-
body interactions.

2.1.4 Spin-resolved ARPES

In the properties of topological phases of matter, the spin of the wave function plays a crucial
role. As I showed in Chapter 1, the presence of spin polarized surface states is one of the
fingerprints of the non-trivial topology of the band structure of topological insulators. In topo-
logical semimetal, Weyl cones are characterized by large spin polarization, at variance with the
spin-degenerate Dirac cones. Therefore, the addition of spin sensitivity to the capabilities of a
PES experiment is of great importance in the investigation of topology. I will briefly elucidate
the working principles of this technique along with a simple description of the procedure to
extract the spin polarization of the photoelectrons from the data.

Spin detectors rely on spin-dependent electron scattering processes. The spin-filtering ca-
pability is obtained either in ferromagnetic targets, where it is mediated by the exchange
interaction, or in non-magnetic targets, characterized by a strong spin-orbit coupling [64].
The first approach is at the basis of very low-energy electron diffraction (VLEED) [65–67] ,
whereas the second one is realized via Mott scattering of high-energy electrons [68, 69].

The data presented in this manuscript have been acquired by the means of the VLEED spin
polarimeters installed at the VESPA apparatus at the low-energy endstation of the APE-NFFA
beamline at the synchrothron Elettra, Trieste (IT) [65]. Fig. 2.6.a displays a sketch of the exper-
imental setup. The photoelectrons emitted from the sample are filtered in energy and angle by
the photoelectron analyzer, and then filtered in spin by one of the two spin polarimeters (B
or W). Efficient spin detection is guaranteed by in situ preparation of high-quality Fe(001)-
p(1£1)O surfaces with easy magnetization axes aligned parallel to two sets of insulated coils.
The latter provides control over the orientation and direction of the magnetization of the target
to enable the investigation of the asymmetry in the scattering of the beam of photoelectrons.
As an example, I consider the well-known case of the spin-polarized Shockley states on the
surface of Au(111). Fig. 2.6.b shows their dispersion in the momentum space. The photoemis-
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a b

d

c

Figure 2.6 – Spin-ARPES. (a) Sketch of the VESPA apparatus. (b) Band dispersion of the
Shockley surface states of Au(111). (c) Photoemission intensity for the photoelectrons with
spin up (red) and spin down (in red) as a function of the binding energy. (d) Spin polarization
of the photoelectrons as a function of the binding energy.

sion signal associated to electrons with wave vector of 0.1 Å is probed with spin resolution. To
this end, the ferromagnetic target is magnetized along one of the orientations i and then the
photoemission intensity I is measured for both the magnetization projections (+) and (-). The
corresponding spin polarization component Pi of the photoelectron beam is:

Pi =
1
S

(I+i ° I°i )

(I+i + I°i )
, (2.22)

with S given by the Sherman function S [70], a quantity that is proper of each detector.
The relative populations of photoelectrons with spin up (") or down (#) is:

S"/#
i = (1±Pi )

(I+i ° I°i )

2
. (2.23)

The experimental results for the y component S"/#
y and Py are shown in Fig. 2.6.b-c, as a

function of the binding energy.

2.1.5 Pump-probe ARPES

In Chapter 1, I showed that the search for new topological phases and their classification is
based on the knowledge of the symmetry of Hamiltonian, i.e. of the space group. An alternative
method that can be applied to access non-trivial phases is based on the use of intense photoex-
citation to drive the system out of its equilibrium structure and possibly induce a topological
phase transition. The investigation of systems with perturbative techniques has been recently
achieved thanks to the development of pulsed lasers with high-fluence [71]. This enables us
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to study the temporal dynamics of the charge carriers relaxation at the femtosecond timescale.
In this section, I will review the fundamental technological steps that led to the creation of a
pump-probe ARPES setup.

The possibility to investigate the temporal dynamics of the charge carriers relaxation followed
the fast development of pulsed lasers [71]. The first important steps forward in the generation
of ultrafast light pulses of a duration ¢t < 10 ps have been taken in the early 60s with the
implementation of Q-switching [73, 74] and mode-locking techniques [75] for microwave
radiation. In the following two decades, passively mode-locked dye-lasers were able to produce
sub-picosecond light pulses [76–78], pushing the limit below the 100 fs threshold, with an
average output power of 50 mW [79]. The transition to solid-state lasers was stimulated by
the need for higher intensities in a more compact setup. While the technology of Ti:sapphire
oscillators was developing in the 80s [80, 81] achieving in the 1991 the milestone target of 60-fs
pulses from a self-mode-locked laser [82], Donna Strickland and Gerard Mourou invented in
1985 a method to greatly enhance the intensity of a fs pulse, called chirped pulse amplification
(CPA) [83].

These technical improvements opened the door to the exploration of strong-field physics
and attosecond science. The amplitude of the electromagnetic field delivered by the infrared
pulses of a Ti:sapphire laser after CPA is comparable to the Coulomb field of the atom (see
Fig. 2.7). In this highly non-perturbative condition, ionization occurs near the peaks of the
field and causes the tunneling of electrons with very high kinetic energy [58, 84]. In the next
half-cycle of the electromagnetic wave, the field accelerates back this electron cloud and those
that revisit the ions at the end of the period can recombine [85]. As a consequence, photons

Figure 2.7 – Three-step description of high harmonics generation. In the first step, the atom is
ionized in correspondence of the peaks of the electric field and high-energy electrons tunnel
across the perturbed Coulomb potential. In the second step, the electrons that are emitted
propagate in vacuum and are pushed back close to the ion from which they have been excited.
In the third step, some of the excited electrons recombine and generate harmonics. [72]
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Figure 2.8 – Sketch of a pump-probe experiment. An intense IR pulse excites the electrons in
the crystal and a delayed UV pulse induce photoemission. The time dynamics of the excited
charges is tracked by varying the delay between the two pulses, to produce a movie of the
band structure.

with an energy that is a multiple of the fundamental excitation are produced [86, 87]. This
process is called high-order harmonics generation (HHG) and it can be employed to produce
ultrafast XUV pulses of light, suitable for time-resolved PES experiments.

I explain here how a HHG light source is employed to perform a trARPES measurement. A
high-power (º 10 W) infrared beam produced by CPA of a Ti:sapphire oscillator is split in
two branches with º 95% and º 5% power. The first intense beam is focused on a gas target
for HHG and the output filtered to select the harmonic of interest. This beam is made up
of ultrashort pulses of XUV light and therefore can be used as the optical excitation in an
ARPES experiment. For this reason, it is called ‘probe’ beam. The ‘pump’ beam consists of
the remaining º 5% of IR light transmitted across the beam splitter. The two beams are then
overlapped in space and time on the sample surface and photoemission spectra are taken
as a function of the time delay between the arrival of the pump and probe pulses. Relevant
experimental parameters (with rough values) are given by the time-resolution of the two
pulses (º 100 fs), the energy resolution of the probe pulse (º 150 meV), the light fluence of
the pump beam (º 0.1-2 mJ/cm2) as well as the polarizations of both the beams (s-, p- or
circularly polarized).
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2.1.6 Data format

The data obtained from a PES experiment consist of spectra where the photoemission intensity
I , measured at a fixed kinetic energy of the photoelectrons, is plotted against one of the relevant
quantities of the process, namely energy, wave vector and time delay. In showing results of an
ARPES experiment, a one-dimensional spectrum (I vs. energy) is called ‘energy distribution
curve’ (EDC) while a spectrum (I vs. wave vector k) is named ‘momentum distribution curve’
(MDC). Two-dimensional spectra include image plots of the type (I vs. [kx ,ky ]) or ‘constant
energy maps’ (CEMs) and (I vs. [E ,kx/y ]) or ‘bandmaps’. In the case of spin-ARPES results, I
show single spectra or image plots of the spin polarization P or of the relative population of
photoelectron with spin up/down S"/# as a function of the energy (named ‘spin-EDCs’) or of
the energy/momentum (‘spin-bandmaps’).
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2.2. Experimental setups

2.2 Experimental setups

2.2.1 HARMONIUM: a laser setup for HHG

HARMONIUM provides monochromatic and tunable XUV light in the range between 16-110
eV, through generation of high order harmonics of the near infrared (NIR) laser fundamental
[88]. The light flux varies between 2·108 and 2·1011 photons per second depending on the
selected photon energy, while time-preserving gratings [89] isolate single harmonic pulses.
The experimental time and energy resolutions relative to the probe pulse depend on the
choice of the grating and can be reduced below 50 fs and 200 meV, respectively. Time-resolved
photoemission experiments are realized exciting the sample with the fundamental NIR pulse

a

tr-ARPES beamline

b c

Figure 2.9 – The HARMONIUM setup. (a) Top-view of the apparatus. The output of a Coherent
Vitara Ti:Sapp oscillator is amplified in a Kapteyn& Murnane Labs Wyvern to produce 780 nm
ultrafast pulses, with a repetition rate tunable between 3 and 15 kHz and an average power of
º 8 W. The beam is then splitted in two wavefronts which will be recombined before collinear
propagation till the experimental chamber. The first pulse is focused on a noble gas cell for
high-harmonics generation. The XUV light is monochromatized and imaged on a beamline
slit. The laser beam is then focused on the sample over a 10 meters long beamline. The optical
path of the second branch is controlled by the means of a high-resolution motorized delay
line. (b) HHG flux. The number of photons per second is reported for all the harmonics
ranging between 16 and 110 eV photon energy for two different combinations of repetition
rate, power and grating (red and blue line). (c) Time and energy resolutions. The experimental
resolutions measured after the beamline slit are plotted as a function of the photon energy for
four different gratings (different colours). Solid lines indicate the fitted time resolution while
dashed lines show the energy resolution.
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(‘pump’) and measuring the photoelectrons emitted after a delayed XUV pulse (‘probe’) hits
the target. A scan over different delays will then be representative of the electronic structure
relaxation.

2.2.2 ASTRA end-station

The ASTRA end-station is dedicated to photoelectron spectroscopy of solid systems, and it is
now an active part of the LACUS center at EPFL, Lausanne [90]. The setup, sketched in Fig. 2.10,
consists in the two ultra-high vacuum (UHV) chambers, i.e. the preparation chamber (in blue)
and the experimental chamber (in red). The preparation chamber is equipped with an electron
gun (for low-energy electron diffraction experiments), a sputtering-annealing stage and an
evaporator which are employed for surfaces preparation and analysis. The experimental
chamber is able to reach pressures down to low 10°11 mbar and it is furnished with the
SPECS Phoibos 150 hemispherical electron analyser used to perform X-ray photoemission
spectroscopy, ARPES and trARPES. During the experiments the samples are locked on a
manipulator with four degrees of freedom: the three translations and the rotation about an
axis parallel to the analyzer entrance slit. The latter is motorized and interfaced with the
acquisition software enabling automatized Fermi surface mapping. The rotation of the sample
about the axis perpendicular to its surface can be controlled manually with the help of a
wobblestick. The manipulator is equipped with a cryostat, a copper shielding and a closed-
loop feedback system to provide control of the sample temperature estimated between º 15
and 300 K. Additionally, the manipulator head is electrically isolated with a sapphire spacing,
so that a variable voltage can be applied to the sample. Single crystals can be introduced in
vacuum through a loadlock chamber.

ASTRA has some distinctive characteristics. Static ARPES can be either performed making use
of a high-flux He lamp or with the pulsed XUV light generated by HARMONIUM. The latter
choice allows us to choose between s- or p- polarized light in order to exploit the polarization
dependence of the matrix elements. Also, the photon energy tunability permits to explore the
bands dispersion in the direction of the momentum space perpendicular to the surface, i.e. to
distinguish between 2-dimensional and 3-dimensional bands. Finally, a photon energy up to
100 eV can probe the momentum space far from ° and even reach the second Brillouin zone.
This becomes of pivotal importance in case of materials with occupied states located at the
BZ edge, as for example high temperature superconductors (cuprates, pnictides) and novel
topological semimetals. The same considerations apply for the trARPES experiments making
this end-station rather unique in the world: it is possible to access the out-of-equilibrium
electron dynamics over the entire BZ.

Characterization of the Phoibos 150 at ASTRA

The SPECS Phoibos 150 electron analyser in operation at ASTRA is a hemispherical analyzer
(HSA) with a mean radius R0 = 150 mm. Electrons entering the HSA through the entrance

42



2.2. Experimental setups

Figure 2.10 – The ASTRA endstation. (a-b) Photos of the end-station taken from the posi-
tions indicated by the eye icon in panel (c) (c) Top-view sketch of the instrumentation. The
photoemission chamber, coloured in red, currently hosts a Phoibos SPECS 150 analyzer for
high-resolution ARPES, a X-ray gun for XPS experiments and an electron gun for Auger mea-
surements. ARPES data may be acquired either using a conventional He lamp or by laser light
from HARMONIUM, by simple insertion/removal of the pick-up mirror M1. A diagnostic
breadboard is accessible by insertion of the pick-up mirror M2. Samples may be inserted in
vacuum via a loadlock and surfaces may be prepared in the chamber coloured in blue. The
latter contain a sputtering-annealing stage, an electron gun for LEED experiments and an
evaporator. Additional chemical bottles are connected for surface treatment.
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slit S1 are deflected by the radial electrical field between the inner and the outer hemisphere
within the energy dispersive plane (see Fig. 2.11.a). The particles that enter the HSA with a
trajectory perpendicular to the entrance slit S1 have kinetic energy equal to the pass energy
Epass . In the non-dispersive direction, the HSA accepts the photoelectrons emitted with an
angle smaller than Ø (see Fig. 2.11.b). The HSA energy resolution or FWHM (full width at half
maximum) of the transmitted line ¢Ean is given by:

¢Ean

Epass
= S

2R0
+ Æ

4
(2.24)

where S is the average of the size of the entrance and exit slits. The latter value is an analyzer
constant.
The observed total FWHM is given by the convolution of contribution given by the intrinsic
line width of the atomic level, the natural line width of the radiation used for excitation, the
thermal broadening and the analyzer resolution:

¢E =¢Elevel §¢Eh∫§¢Etemp §¢Ean (2.25)

The performance of the HSA in terms of energy and momentum resolution has been charac-
terized. The observed total FWHM, ¢E =¢Ean §¢Etemp has been estimated by fitting of the
Fermi edge of the PES spectrum from a sputtered gold foil as a function of the pass energy and
of the size of the entrance slit and of the sample temperature. In this meaurements the UV
photoexcitation is given by the 21.2 eV He I Æ line emitted by our discharge lamp. Due to its
intrinsically very narrow line-width (1 meV) I neglect its contribution to ¢E . The results are
reported in Fig. 2.12.a. Different curves correspond to different entrance slits (thus different
values of Æ in Eq. 2.25), while different markers represent different datasets with the sample

a b

Figure 2.11 – Schematics of the hemispherical analyzer and the electron trajectories. (a) View
from the energy dispersive. The dashed line indicates the trajectory followed by electrons with
pass energy Epass . Electrons with higher and lower kinetic energy than the pass energy follows
red and blue trajectories. (b) View from the angular dispersive plane. Photoelectrons enter the
analyzer only if emitted with an angle ¡ smaller Ø. Trajectories corresponding to ¡=±Ø are
indicated by blu and green trajectories. Original courtesy of Marco Bianchi.
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cooled down using either liquid nitrogen or helium. The best energy resolution achieved is 5.3
meV (see Fig. 2.12.b).

The capability of the HSA in termst of angular resolution has been evaluated acquiring spectra
of a clean Au(111) surface. The corresponding Fermi surface consists of spin-orbit split surface
states that are well-studied in literature [91, 92]. The Fermi wave vectors of the two circular
contours measured at ASTRA are compared with the values reported in Ref. [91]. In Fig. 2.12.c,
I overlap the experimental Fermi surface with two red contours, indicated by dashed lines,
representative of the values from the literature. The two compare properly once the ARPES
data are stretched along the angular dispersive direction by multiplication of a factor 1.025
and compressed along the perpendicular direction by multiplication of a factor 0.93. The two
aberrations, despite being very small, are taken into consideration in the detailed evaluation
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Figure 2.12 – SPECS Phoibos 150 at ASTRA - characterization. (a) Total energy resolution table.
The total energy resolution (analyzer + thermal noise) is estimated by fitting of the Fermi edge
spectrum from a polycristalline gold foil. The total energy resolution is plotted as a function
of the pass energy and for different entrance slits (different colours). Lines having different
markers correspond to different dataset measured using different cooling media. (b) Best
energy resolution. Experimental EDC (markers) measured at T º 15 K, pass energy 5 eV and
entrance slit 0.1 mm wide, with respective Fermi-Dirac fit (line). (c) Momentum resolution.
Fermi surface compared with Fermi contours from Ref. [91] (left-hand side) and bandmap
corresponding to ky = 0 (right-hand side).
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of the bands dispersion.
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3 ZrSiTe: a ‘nodal-line’ semimetal with
spin-polarized Dirac fermions

Having introduced the formalism necessary to classify the band structure of solids with respect
to the symmetry properties of the lattice, and having shown the experimental capabilities of
photoemission experiments, I discuss in the following the main experimental results of my
thesis. The first project has focused on the class of nodal-line semimetals ZrSiX (X = S, Se, Te).
These compounds show many similar properties to graphene, among which the presence of
Dirac fermions at the Fermi level. In this chapter, I will present experimental results that are
indicative of a hidden spin polarization of these bulk states. Such a property is rarely observed
in solids and it is a direct consequence of the local reduction of symmetry of the lattice sites.

This chapter is structured as follows. In the first part, I will identify the topological crossing
points in the band structure of ZrSiX, whose robustness is guaranteed by the non-symmorphic
symmetries of the space group. Then, I will discuss the important role of spin-orbit interaction
in modifying the band structure. The spin-orbit coupling is also a necessary ingredient for
the spin polarization of the electronic states, both at the surface and in the bulk of the crystal.
Finally, I will present the results of combined spARPES experiments and ab initio calculations
and discuss the weight of local inversion symmetry breaking and global surface symmetry
breaking in building the spin polarization of the bands.
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Chapter 3. ZrSiTe: a ‘nodal-line’ semimetal with spin-polarized Dirac fermions

3.1 ZrSiX family: structure, band structure and topology

3.1.1 Spinless Dirac fermions: bulk analysis

ZrSiX is a family of layered materials that crystallize in a tetragonal lattice with space group
nr.129. The structure is centro-symmetric and it is obtained by stacking (X°Zr°Si°Zr°X)
quintuple layers along the c -axis (see Fig. 3.1.a). Two distinct quintuple layers are separated by
a van der Waals gap. The unit cell contains one Zr and one X atoms, arranged in ZrTe4 square
pyramids, and two Si atoms per unit cell coordinated in a square net. The latter introduces
multiple non-symmorphic symmetries in the lattice of ZrSiX: twelve of the sixteen symmetry
elements, are either glide planes or screw axes. Some of these symmetry planes are indicated
in Fig.3.1.b-c. ‘Bands sticking together’ [93] are therefore expected in the band structure of
this compound and of all the isostructural and isoelectronic members of the ZrSiX family. This
chapter illustrates the three-dimensional nodal lines and 2D Dirac points, protected by the
non-symmorphic symmetry operations.

ZrSiS is the first compound of this family, where Dirac fermions have been reported [37], and it
well illustrates their properties in the absence of spin-orbit interaction. I focus initially on the
kz = 0 plane indicated in cyan in the 3D Brillouin Zone, shown in Fig. 3.2.a. Here, two metallic
bands with opposite velocities cross each other at the Fermi level, as sketched in Fig. 3.2.b. The
DFT calculations in Fig. 3.2.c shows that the crossing points are located on the high-symmetry
lines ¢ and ß. Along ¢ the intersection of the electron-like and hole-like bands is allowed
since they belong to different eigenvalues of the symmetry operations ({C2y | 0 1

2 0} , {mx |1
2 00})

[94]. A similar situation occurs along ß where the intersection is allowed by ({mz | 1
2

1
2 0} ,

{mx y | 1
2

1
2 0}) [94]. At the Dirac points the order of the little group is reduced, and the only

remaining symmetries are the identity and the glide plane {mz | 1
2

1
2 0}. The latter is a symmetry

of the whole kz = 0 plane, implying that the Dirac points are allowed over the whole plane.
The ensemble of these points forms a line in k-space dubbed nodal line. The nodal line has
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Figure 3.1 – Crystal structure of ZrSiTe.(a) Three-dimensional view of the tetragonal unit cell
(in black) of ZrSiTe. In red and cyan, respectively, the glide planes {my |0 1

2 0} and {mz | 1
2

1
2 0}.

(b) [100]-projection of the unit cell. (c) [001]-projection of the unit cell. In red and green,
respectively, the glide planes {my |0 1

2 0} and{mx y | 1
2

1
2 0}.
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Figure 3.2 – Electronic band structure of ZrSiX in the absence of spin-orbit interaction.(a)
Three-dimensional Brillouin Zone where the kz = 0 plane is indicated in cyan. Black circles
indicated the location of the nodal-lines in the kz = 0,º planes. (b) Cartoon of a nodal-line (in
black) created by the intersection of two Dirac bands (in red and cyan) displayed a energy vs.
in-plane momentum k = (kx , ky ) diagram. Below, a sketch of the Berry curvature in the same
plane where the nodal-line is located. (c) DFT calculations for ZrSiS with single-value irreps
defined as in [94] (adapted from [37]). (d) ARPES data taken along the high-symmetry line ¢
showing the topological states close to the Fermi level [37]. (e) DFT calculations of ZrSiTe with
single-value irreps defined as in [94]. (f) ARPES data taken along the high-symmetry line ¢
using s-polarized (brown scale) or p-polarized (blue scale) light with 123 eV photon energy
(kz º 9º/c).

non-trivial properties. For example, the Berry curvature field is oriented parallel to the nodal-
line, producing a Berry phase of º for closed paths threaded by the line (bottom of Fig. 3.2.b)
[95]. These theoretical predictions are essentially in agreement with ARPES measurements of
lightly hole-doped samples of ZrSiS [37] indicating that in that case the Fermi level is located
º 200 meV below the nodal points (Fig. 3.2.d). In ZrSiTe, DFT calculations (Fig. 3.2.e) predict
that the nodal crossing at ¢ is located º 150 meV below the Fermi level. The ARPES images
of Fig. 3.2.f taken with different linear polarizations, reveal the linearly dispersing states that
cross each other almost 200 meV below the Fermi level, thus locating the topological charge of
the nodal-line far from the conduction level.

A second interesting feature in the band structure of ZrSiX is the presence of four-fold 2D
Dirac points (two-fold orbital + two-fold spin degeneracy) located at the X point on the
BZ boundary. Here, the spin degeneracy is enforced by the combination of time-reversal
and inversion-symmetry (Kramers degeneracy), while the orbital degeneracy is enforced
by the combination of time-reversal symmetry and one of the glide planes {my |0 1

2 0} and
{mx |1

2 00}. The corresponding electronic states represent the experimental realization of 2D
Dirac Fermions in the bulk of a three-dimensional crystal, as predicted by Young and Kane [96]
using a lattice model with the same symmetries of the Si square net in ZrSiX. It is interesting
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Chapter 3. ZrSiTe: a ‘nodal-line’ semimetal with spin-polarized Dirac fermions

to notice that in ZrSiS, one finds two Dirac points of this kind at the X point, one above (X1)
and one below (X2) the Fermi level, separated by º 650 meV. In ZrSiS the 2D Dirac point X1 is
located above the Fermi level. In ZrSiTe it shifts few tens of meV below it, so that the Dirac
particles can influence the transport properties.

3.1.2 Spinless Dirac fermions: nodal-line dispersion and surface projection

A more careful analysis of the DFT calculations and ARPES data shown in Fig. 3.2.c-f reveals
that the Dirac points composing the nodal-line are located at different energies for different
wave vectors in the kz = 0 plane. Therefore, the Fermi surface cannot simply consist of a one
dimensional (nodal) line. It is interesting to track the position of the Dirac points over the
whole 3D BZ and plot the connectivities of the different states [97]. This shows that multiple
nodal-lines are linked together in a ‘cage-like’ structure. In ZrSiTe (Fig. 3.3.a) the nodal lines
NL1 and NL2, located at the kz = 0,º planes, form diamond-like shapes of different size that
are connected via the additional line NL3. A fourth line NL4, along the kz direction, puts in
connection NL1 with itself. In ZrSiS (Fig. 3.3.b), NL1 and NL2 are linked via both NL3 and NL4.
In both compounds the projection of this structure on the (001) surface (Fig. 3.3.c-d) produces
a flower-like pattern in which the petals are regions in momentum space characterized by a
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Figure 3.3 – Three-dimensional dispersion of the nodal-line.(a-b) Plots based on DFT calcula-
tions indicating the location of the Dirac points composing the nodal lines NL1-4 on the 3D
BZ and their position in energy with respect to the Fermi level using a red-blue colorscale [97].
(c-d) (001)-surface projection of the nodal lines on the surface BZ. Regions with a Berry phase
of º are indicated with solid blue lines [97]. (e) ARPES Fermi surface of ZrSiSe measured at
ASTRA with 21.2 eV photon energy. NL1 and NL2, as well as the two types of surface states (SS)
are indicated with black arrows.
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3.1. ZrSiX family: structure, band structure and topology

non-trivial º Berry phase [97].

The investigation of the surface-derived band structure is of interest in the study of topological
matter, since the observation of surface Fermi arcs is a consequence of the bulk-surface
correspondence [19, 29]. In ZrSiX and related compounds two sets of surface states (SS) have
been detected experimentally. They are indicated in Fig. 3.3.e, which shows the Fermi Surface
of ZrSiSe. The first one, called floating band and labeled FB, is located close to the X point,
at the BZ boundary [39, 98–100]. A second one, called drumhead state and labeled DH, is
observed in the region located between NL1 and NL2 [97, 99, 101]. The origin of the first SS
in ZrSiX is currently attributed to the reduction of crystalline symmetry at the (001) surface.
There, the symmetry is represented by the symmorphic group P4mm (nr. 99).This prevents
the outermost state of the bulk manifold to be pinned in energy at the 2D Dirac point X1 and
X2, leading to the formation of a 2D state floating on the surface [39].

The nature of the second type of SS is discussed in [101] and [97]. In these studies various
scenarios are excluded by using band structure calculations (stacking faults, surface relax-
ations, topmost unit layers which are isolated from the bulk, surface islands with dispersive
edge-localized states) [101]. The presence of this SS could be related to the non-trivial Zak
phase characterizing the momentum region where they are located. Indeed, a non-zero Zak
phase calculated along a path parallel to the kz axis in the 3D BZ implies a surface charge
[102], which may produce states with topological character [97]. According to Muechler et al.,
in ZrSiTe the Zak phase computed along a path crossing the momentum gap between the NL1
and NL2 nodal-lines is non-trivial [97]. This is consistent with earlier theoretical predictions
of so-called drumhead surface states [103]. Evidence of these states has been lacking in the
ZrSiX family, while they have been observed in other semimetals like TlTaSe2 [104], PbTaSe2

[36], SrAs3 [105] and ZrB2 [106].
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Chapter 3. ZrSiTe: a ‘nodal-line’ semimetal with spin-polarized Dirac fermions

3.2 ZrSiTe: the role of spin-orbit coupling

The inclusion of spin-orbit coupling in the description of the band structure of ZrSiX modifies
some of the properties of the bands dispersion and of the Dirac fermions. The impact of SOC
in the square-net compounds is described in Ref. [38] and explored further in this section.
This study evaluates the robustness of the nodal lines and the 2D Dirac points located at X
under increasing SOC, by testing the predictions of space group theory on two compounds
with different strengths of SOC. In terms of space group theory, a spinful classification of the
electronic states requires the use of double-valued irreps to take into account the fact that
under a rotation R of 2º the wave functions change sign. This may reduce the number of
irreducible representations available at a specific high-symmetry location, therefore removing
degeneracy points.

3.2.1 SOC: robustness of the Dirac fermions in the bulk and surface

The effect of SOC on the band structure of ZrSiTe is here examined by combining group theory
arguments, ARPES experiments and fully relativistic band structure calculations.

Group theory tells us that the nodal-lines NL1 and NL2 are broken. By inspection of the
double-valued character tables, the four possible irreps ¢i and ßi (i = 1,2,3,4) are all replaced
by the same double-valued irrep ¢5 or ß5. Since two bands with the same irrep cannot cross
each other, the Dirac points are removed and the states get separated by a hybridization gap.
Hence, ZrSiTe is classified as a weak topological insulator with indices (0;001) [107]. On the
other hand, the 2D Dirac points X1 and X2 are instead preserved by the Kramers’ theorem. The
four-fold degeneracy of these points is extended to all the points located between M and X
only when SOC is neglected. In this respect, it is interesting to notice that the introduction of
the spin degree of freedom via the SOC breaks the orbital degeneracy that results from the
combination of time-reversal and glide symmetry.

Figure 3.4 summarizes the prominent features of the electronic structure of ZrSiTe, com-
bining band structure calculations and ARPES spectra, collected using 107 eV (kz ª º/c) s-
(blue colour scale) and p- (brown colour scale) linearly polarized light. The experimental
measurements reveal a complex Fermi surface (FS) that follows the periodicity of the square
(001)-projected BZ (see Fig. 3.4.a-b). One can recognize the two concentric diamond-like
contours centered at °, corresponding to NL1 and NL2, along with smaller features close
to the X point. A comparison with the calculated and (001)-projected FS in Fig. 3.4c allows
us to attribute the former to the residual nodal-line bulk states and the latter to additional
surface states (here labeled SS) in agreement with literature on ZrSiX presented earlier. The
semimetallic character of ZrSiTe emerges from the two linearly dispersing valence and con-
duction bands Æ and Ø that are detected using p-polarized light along the M°M and X°X
high-symmetry direction, in agreement with fully relativistic ab initio slab calculations, in-
dicated with red lines (Fig. 3.4.d-e). First principle calculations [107], well reproduced by
empirical tight-binding models [108], attribute the valence band (Æ band) mainly to Si px +
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Figure 3.4 – Comparison between the experimental and calculated electronic structure of
ZrSiTe. (a) The ARPES Fermi Surface of ZrSiTe, measured using 107 eV s-polarized light. The
black square indicates the surface Brillouin zone. The dashed line and the red circles mark
the cut and the points in the reciprocal space where the data in Figure 3.7 are acquired. (b)
The bulk Brillouin zone of ZrSiTe and its projection on the (001) surface. (c) Calculated Fermi
surface obtained by integration over all kz values and projected over the (001) surface. (d, e, f)
Measured band structure of ZrSiTe along the M°M, X°X and MXM high-symmetry directions.
The bands dispersion along the M°M is probed with p-polarized light, the X°X direction is
probed with linearly p-polarized (on the left-hand side) and s-polarized (on the right-hand
side) light and the bands dispersion along the MXM direction with s-polarized light. Slab
calculations including SOC are overlapped to the experimental data.

py orbitals and the conduction band (Ø band) to Zr dx2°y2 orbitals, respectively. Notice that
the intersection between Æ and Ø occurs above EF along M°M and below EF along X°X. This
indicates that the nodal-line disperses in energy. Furthermore, the two bands hybridize and a
small gap opens between the nodal-line states under the action of SOC. Finally, the ARPES
data reveal two surface states dispersing along the M°M direction within the bulk band gap at
the X point as indicated in Fig. 3.4.f.

3.2.2 SOC: hidden spin polarization

Another consequence of spin-orbit interaction is the possible appearance of a spin polarization
of the electronic states. In the absence of a magnetic field, the spin degeneracy of the band
structure is preserved in the volume of materials that exhibit inversion symmetry. It is therefore
generally assumed that a finite spin polarization can only arise in non-centrosymmetric (NC)
materials. A typical example is that of III-V semiconductors with the zinc-blend structure,
where SOC determines the momentum- dependent spin splitting of the light- and heavy-hole
bands (j = 3/2), first discussed by Dresselhaus [109]. If the NC crystal contains polar atomic
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Chapter 3. ZrSiTe: a ‘nodal-line’ semimetal with spin-polarized Dirac fermions

sites [110], the Rashba effect [111] adds an additional source of spin-orbit splitting, with a
characteristic helical spin texture [112]. The Rashba term is also responsible for the spin
polarization observed at surfaces [113, 114] and heterostructures [115] that exhibit a structural
inversion asymmetry (SIA).

While breaking the inversion symmetry is necessary for the appearance of a net polarization,
recent theory [116, 117] predicted a so far overlooked source of spin polarization in centrosym-
metric (CS) materials containing spatially separated structural subunits that break space
inversion. In this case a local spin polarization develops, even if the material remains globally
non polarized. The conditions for the emergence of such ‘hidden’ spin polarization are then
determined by the local point group at the atomic sites, rather than by the space group of the
crystal. One can distinguish two possible situations, illustrated in Fig. 3.5. If the NC site has no
electric dipole moment, as for a tetrahedral site, the system exhibits the Dresselhaus effect
and a local spin polarization. If the dipole moment is nonzero, as for a pyramidal site, the
Dresselhaus and the Rashba effects are simultaneously present. They are dubbed respectively
D-2 and R-2 in [116] to distinguish them from the usual - D-1 and R-1 - cases of NC lattices.

The isostructural compounds that are part of the ZrSiX family, or more in general of the class
of materials arranged in the PbFCl-type lattice structure, satisfy all the symmetry conditions
to host R-2 and D-2 spin-polarized bulk states. Their structure is organized in distinct sectors,
labeled in Fig. 3.6.a with roman numbers from I to III. Inversion symmetry is broken within
the bilayers I and III, and each pyramid carries a local electric dipole perpendicular to the
layer. These two sectors are separated by a planar square-lattice, which coincides with a
glide plane for the structure. ZrSiTe (lattice parameters a = 3.692 Å and c = 9.499 Å[118]) is
expected to be one of the best candidates for hosting R-2 and D-2 spin polarization. The latter
is enhanced in solids with large polar character along with a large degree of wave function
localization in the inversion-partner sectors. General criteria based on the comparison of the
atomic radii of the anions/cations (e.g. in PbFCl) or of the difference in electronegativity of the
metal/metalloid atoms (e.g. in ZrSiS) have been drawn to evaluate the oxidation number or

b

a

E

Td non-polar site C2v polar site

D-2 R-2 and D-2c

Figure 3.5 – Classes of local spin-polarization in nonmagnetic solids. (a) Example of local
crystal structures. The red arrow indicates a non-zero dipole moment near the blue atomic
site (b) Point group of the site occupied by the blue atom (c) Expected local spin-polarizing
effect for electronic states nearby the blue atom (according to [116])
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Figure 3.6 – Unit cell of ZrSiTe and other compounds of the MAB family. (a) [100]-projection
of the lattice structure with unit cell indicated in black. The three sectors composing the
quintuple layer are labeled I, II and III. The free atomic parameters zM and zB are defined. (b)
Structure field diagram plotting the ratio q = zM /zB as a function of the ratio c/a for different
compounds of the MAB family.

the bond order in these compounds [119]. It is found that such criteria based on the chemistry
of the constituents are well represented by simple considerations associated to the evaluation
of two geometrical quantitites, the c/a lattice parameters ratio and the spread of the two
free atomic parameters zM and zB (defined in Fig. 3.6.a with M and B the metallic and the
chalcogen atoms, respectively) [120]. The ratio q = zM /zB is a measure of the buckling within
sectors I and III and can be plotted against the ratio c/a in order to generate a diagram such
as in Fig. 3.6.b. Compounds with q larger than 1.5 are generally ionic or very polar [121]. The
high q value together with a large c/a ratio, along with the strong atomic SOC inherited from
Te are suggestive of a R-2 and D-2 spin polarization in the bulk states of ZrSiTe.

3.2.3 ARPES as a probe of hidden spin polarization

The observation of hidden spin polarization poses experimental challenges since the contri-
butions from all inversion-partners sites add to zero, thus hampering the direct detection of
the local polarization by spatially averaging probes. SpARPES is a laterally averaging probe but
the measured signal decays exponentially with the distance from the sample surface. The very
short (∏º 5-10 Å) probing depth can be exploited to gain local sensitivity. In layered materials
carrying a local spin polarization that alternates in successive planes parallel to the surface,
the contribution from the two (even- and odd-) families of planes to the spARPES signal can be
remarkably different. For a typical interplane distance d = 5 Å and a c = 10 Å lattice parameter,
the ir ati o = (Iodd /Ieven) º 1.7 - 2.7 for ∏ = 5 -10 Å. Final state effects and possible interference
terms in the photoemission process can modify these values [122, 123], but a net spin signal is
still expected. Indeed, spARPES measurements have revealed spin-polarized bands in WSe2

[124] and in the superconductors Bi2212 [125] and LaO0.55F0.45BiS2 [126]. Theory and con-
ventional ARPES reached similar conclusions for BaNiS2 [127] and MoS2 [128]. Those results
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have established the concept of hidden spin polarization in CS materials, but questions still
remains about the relative importance of the local site asymmetry vs. the surface structural
inversion asymmetry in determining the polarization of the bulk states.

3.2.4 Hidden bulk states spin texture

I move on now to discuss the spin polarization of the bulk bands that form the nodal line. My
results suggest that the spin texture of these states is helical in each bulk sector (I and III). This
indicates that the R-2 effect, induced by the local electric dipole, dominates over the D-2 effect,
due to the asymmetry of the crystal field. The case of perfect 2D confinement of the bands
would imply opposite spin polarization in the inversion-partner sectors, where the dipole
direction is reversed. The more realistic scenario of a non-zero inter-sector coupling reduces
the amplitude of the local spin polarization by mixing the wave functions with opposite sector
and spin eigenvalues [129]. In ZrSiTe, the bulk metallic states have a largely 2D character, as
indicated by their small dispersion in the out-of-plane momentum direction [130] and by
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Figure 3.7 – Calculated spin polarization of the bulk bands. The data refer to the bulk states
dispersing along a path indicated by the dashed line in Fig. 3.4 (a-c) Spin component along
the kx - axis for Sectors I, II and III in the fifth slab (b) Spin component along the ky - axis
for Sectors I, II and III in the fifth slab. The value of the spin polarization is shown using
a blue-white-red color scale and it is projected on the three sectors of the surface unit cell,
according to the scheme indicated in the inset on the right side of each panel.
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Figure 3.8 – Experimental spin polarization of the bulk bands. (a) ARPES cut in the reciprocal
space corresponding to the black dashed line in Fig. 3.4.b. (b) Experimental EDCs spin-
polarized along the kx measured at the in-plane wave vector k = (°k̃x ,k̃y ), (k̃x ,k̃y ) and (k̃x ,°k̃y )
(as indicated in panel a) and in Fig. 3.9b, with the extrapolated spin polarization.

independent quantum oscillations experiments [131]. Thus, a local spin polarization survives
within the ZrTe blocks.

The calculations were performed by our collaborator Dr. D. Gosalbez Martinez, in the group
of Prof. O. Yazyev at IPHYS-EPFL. First, the ground state of the bulk bands is computed via
a fully relativistic DFT 9-slabs calculations. To assess the spatially-resolved spin structure,
the density of states is projected in the three sectors of the bulk unit cell. I select a cut in the
reciprocal space, as indicated by the black dashed line in Fig. 3.4.b, and plot in Fig. 3.7.a,d
the spin components along the ky and kx axis, respectively, for the Æ and Ø bands in sector I.
The results reveal a sizeable spin polarization of the two bulk manifolds. The combination of
the two plots confirms the helical spin texture, as typically observed in Rashba surface states.
Then, the density of states is projected on the silicon layer (sector II), where one observes
an almost absent spin polarization (Fig. 3.7.b,e), and in sector III, where the spin texture is
reversed with respect to sector I (Fig. 3.7.c,f). To support this description, I have probed the Ø
band by means of spARPES. The experimental data have been taken using p-polarized light at
48.5 eV photon energy,near the minimum the photoelectron escape depth (see Fig. 2.4).

Figure 3.8.a shows the ARPES bandmap that reveals the hole-like Æ band, and the electron-like
Ø band. The band dispersion is well described by the calculated band structure of Fig. 3.7.b. I
select EDCs at three wave vectors, labeled (°k̃x ,k̃y ), (k̃x ,k̃y ) and (k̃x ,°k̃y ), indicated by red
circles in Fig. 3.4.b and by red lines in Fig. 3.8.a. Fig. 3.8.b shows the spin component along the
kx -axis for the three wave vectors with the corresponding spin polarization underneath. The
data show a polarization signal in the energy range between E º -0.8 eV and 0 eV, occupied
by the Ø band where no other state is present. Below this region the photoemission intensity
increases due to the presence of a second state at E º 1 eV. The sign of the measured spin
polarization matches the theoretical results, although a quantitative comparison is hampered
by the matrix elements, not taken into account in the calculations. The overall spin pattern is
consistently in agreement with a Rashba-like scenario.
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3.2.5 Surface states spin texture

I focus hereafter on the spin texture of the two SSs of ZrSiTe, which linearly disperse across
EF at the X point. In Fig. 3.9.a the calculated bands dispersion near the X point shows that
the SOC-split surface states are well localized in the bulk band gap. They exhibit the same
electron-like character as the CB states from which they separate at the surface, where the
non-symmorphic symmetry is absent. A close-up of the ARPES Fermi surface reveals the two
intense features (Fig. 3.9b). I then compare their spin polarization calculated for the bands
dispersing along MXM (Fig. 3.9.c) and experimentally measured along the cut indicated by
a dashed line in Fig. 3.9.b, where their energy separation is larger (Fig. 3.9.d). In both cases,
the bulk valence and conduction bands extrema are both detected below the Fermi level and
the two corresponding surface floating states are observed in between them. The calculations
predict that each branch is spin polarized with opposite spin polarization. This is then probed
using spARPES at wave vectors, labelled (1) to (7), indicated by dashed vertical lines in Fig. 3.9.d.
The spin EDCs of Fig. 3.9.e report the spin polarization component directed along the ky -
axis, i.e. perpendicular to the Brillouin zone edge. The energy separation between the two
surface states is best resolved in EDCs nr. (3) and (5) which shows that the spin ky -polarization
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Figure 3.9 – Spin polarization of the surface states. (a) Calculated slab band structure with SOC
along high symmetry directions next to the X point. (b) ARPES Fermi Surface close-up next to
X point of the BZ. (c) Calculated spin polarization along the ky direction for the band structure
along the MXM direction. (d) ARPES band dispersion extracted along the cut in the reciprocal
space corresponding to the dashed line in panel b. (e) Experimental spin polarization along
the ky direction corresponding to EDCs selected as in panel d.
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of the surface states is reversed moving from negative to positive kx values. This is not the
case for the spin EDCs showing spin polarization projected along the kx -axis. The arrows in
Fig. 3.9.a display the resulting in-plane spin texture that is consistent with the DFT predictions
in Fig. 3.9.c. In conclusion, my findings support a Rashba-like spin texture of the bulk and
surface states. However, the mechanism responsible for the spin polarization is different. The
interface with vacuum represents a natural source of inversion symmetry breaking which,
combined with the local asymmetric crystalline potential of the bulk sectors, determines the
spin polarization of the electronic states. I address this point below.

3.2.6 Discussion and outlook

The results of the previous sections evidence that different mechanisms contribute to the
total spin polarization of the band structure. An experimental investigation of the hidden
bulk spin polarization requires a detailed evaluation of the surface contribution, as well.
The latter effect is not only relevant for surface states, but it can affect also the bulk bands
in the form of resonances at the surface. For this reason, I use ZrSiTe as a case study to
disentangle the two contributions, by exploiting the presence of both bulk and surface states
with large spin polarization. I consider the same cut in the reciprocal space for which the
bulk spin polarization was discussed in Fig. 3.7 and 3.8. The dispersion of the bands is shown
in Fig. 3.10.a and I focus on the two points in the energy-momentum space indicated by the
squared and rounded markers. For each of them, Fig. 3.10.b-c show the spatially-resolved
density of states |™|2 as a function of the distance from the surface (z). The expectation
value of the spin operator <™|Si |™ > is evaluated in each layer, for a chosen component
i and for the specific (E ,k) position, and shown using a red/blue color scale. The results
for the Sx component, displayed in Fig. 3.10.b, are typical of a bulk state of the crystal. The

SS

a b c

BS SS

BS

Figure 3.10 – Bulk layer dependence of the hidden spin-polarization. (a) Calculated band
structure indicating with different markers the two points in the E-k space where the layer
dependence of the hidden spin polarization is evaluated. (b,c) Expectation values of the spin
operator as a function of the out-of-plane axis for the squared/rounded marker

59



Chapter 3. ZrSiTe: a ‘nodal-line’ semimetal with spin-polarized Dirac fermions

density of states has the long-range shape of a stationary wave, while within the unit cell it
is largest in correspondence of the Zr and Te layers. There, the expectation value of the spin
operator is larger in amplitude and it is opposite in the two sectors. Interestingly, the local
spin polarization at the surface layers is almost zero, despite the asymmetry of the potential at
the surface.

Conversely, the results obtained for the state indicated by the round marker (Fig. 3.10.c) reveal
features proper of a surface state. Both the density of states and the spin expectation value
are sizeable in the first layers, while decreasing quickly in the bulk. Finally, the degree of
spin polarization predicted for the surface state is larger than the one calculated for the bulk
band in Fig. 3.10.b. This suggests that the electric field at the surface at the surface is more
effective than the one induced by the electric dipole at the ZrTe pyramids. Nevertheless, a
more quantitative comparison would require more sophisticated simulations of the ARPES
experiments and is left for the future.

In summary, my results indicate that ZrSiTe is a layered nodal-line semimetal hosting highly
2-dimensional spin-polarized electronic states. My study brings experimental evidences that
highlight the role of the atomic site symmetry in the determination of the spin texture of the
bulk band structure. I demonstrate the capability of photoemission experiments to probe such
a local property of the crystal structure, while comparing qualitatively the strength of the R-2
and D-2 effect with the contribution due to the surface. Finally, my investigation shows that
the ZrTe sectors are an example of high-mobility 2D electron system with sizeable Rashba-like
SOC, which corresponds to the experimental realization of an intrinsic spin Hall semimetal
[132]. Its integration on a suitable insulating substrate, as SrTiO3 [107], would thus potentially
produce an efficient spin-Hall filter of interest for spintronic devices.
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4 Ultrafast photo-induced renormal-
ization of the Dirac quasiparticle in
ZrSiSe

In the previous chapter, I introduced and discussed the crystal and electronic structure of
ZrSiTe, a semimetal hosting Dirac-like quasiparticles at the Fermi level. There, I examined
how the SOI influences the band degeneracies and, more importantly, how it induces both the
surface and hidden bulk spin polarization. In this chapter, I address another aspect of the low-
energy physics of the nodal-line Dirac semimetals, namely the electron-electron interaction.
I show that moderate long-range correlations contribute to renormalize the band structure
of ZrSiSe. Their origin resides in the vanishing density of electronic states, a distinctive
trait of linearly dispersing bands, that prevents efficient screening of the Coulomb repulsion.
Perturbative pump-probe ARPES experiments prove that the creation of a high density of
charges by intense photoexcitation reduces the electronic correlations and renormalizes the
band structure of ZrSiSe at the ultrafast time scale.

The results described in this chapter are drawn largely from a publication that is under review.
The experiment was a collaboration with Serhii Polishchuk and Michele Puppin, from the
group of Prof. Majed Chergui, and Nicolas Tancogne, Umberto De Giovannini and Lede Xian,
from the group of Prof. Angel Rubio.
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Chapter 4. Ultrafast photo-induced renormalization of the Dirac quasiparticle in ZrSiSe

4.1 Electronic correlations in Dirac semimetals

Semimetals with Dirac-like bands are characterized by large Fermi velocities (up to 3 eV Å)
[30, 99], low-temperature ultrahigh mobility (up to 106 cm2/Vs) [133], small effective masses
(ª0.1 me ) [134]. Dirac bands may disperse over large bandwidths (up to few eV) such that
the spin-orbit interaction and electronic correlations are often neglected. However, although
their magnitude is not large enough to cause the breakdown of the Dirac-like dispersion of the
quasiparticles, they affect it in a measurable way.

In Dirac semimetals, isolated nodes exhibit vanishing DOS, in correspondence of which the
Thomas-Fermi screening length diverges, and the long-range Coulomb interaction is not
screened [25]. Such a situation was observed experimentally in graphite, where the electronic
lifetime ø above the Fermi level was found to be inversely proportional to the excitation
energy E , in sharp contrast to the case of metals, where it is inversely proportional to E 2 [135].
This dependence was interpreted as a deviation from the Fermi-liquid picture, in which the
reduced screening leads to a logarithmic correction to the electron self-energy [136]. A similar
unconventional response to the many-electron Coulomb interaction was reported in graphene
[25, 137, 138] and in Weyl semimetals [139–141], with possible implications in their charge
transport [142].

The long-range Coulomb interaction has been theoretically discussed in nodal-line semimetals
[143], where the intersection of linearly dispersing states forms 1D trajectories in reciprocal
space [35, 103, 144]. It has been shown that in the low-doping regime of NLSMs, even if
the Dirac lines are moved away from the Fermi level, weak screening affects the transport
properties [145]. Similarly to the Dirac and Weyl semimetals, correlations can drive NLSMs to
symmetry-broken ground states in the bulk [139] and at the surface [144].

Correlations in two-dimensional Dirac systems renormalize the Fermi velocity [146] and can
even lead to a metal-insulator Mott transition [147]. Short-range and long-range Coulomb
interactions may be modeled as an on-site and inter-site electron repulsion term in the frame
of a Hubbard model [147]. The two terms act in opposite directions: short-range interactions
reduce the Fermi velocity, whereas long-range interactions enhance it [147, 148]. A comparison
between calculations and experimental results have been recently given for the case of NLSMs
[149].

4.1.1 Towards an optical control of Coulomb screening

Experimental investigations of many-body interactions, as the electron-electron repulsion,
that dress the quasiparticle can be performed with both equilibrium and out-of-equilibrium
spectroscopy. Ultrafast spectroscopies provide a non-perturbative approach that is com-
plementary to that of conventional techniques, limited to the energy domain. Pump-probe
spectroscopies offer the possibity to disentangle in the time domain the contributions of
multiple degrees of freedom that are otherwise degenerate in energy. In materials with weakly
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4.2. Electronic correlations in ZrSiSe

screened Coulomb interactions, experiments carried out in a pump-probe scheme have been
able to observe the build-up of the dielectric response to the optical excitation [150], occurring
on a time scale of the order of the inverse plasma frequency [151]. Furthermore, the ultrafast
coupling between the electron-hole plasma and the phononic modes in semiconductors
[152, 153], as well as the formation of transient excitons in metals [154, 155] have been ex-
plored. The role played by the screened electronic cloud in the stabilization of the ground state
of excitonic insulator [156] and charge density wave phases [157] has also been investigated.

Intense optical pulses may also be exploited as a tool to modify the equilibrium properties
of a material in the ultrafast regime. Several examples are found of photo-induced insulator-
to-metal transitions [158, 159], photoinduced superconductivity [160] and control over fer-
romagnetic order [161]. The optically excited carriers may induce band gap renormalization
in semiconductors [162] and electronic mass renormalization in graphite [163]. The goal of
our study is to transiently perturb the Coulomb screening by optically exciting high-energy
electrons-hole pairs far from the Dirac nodes. As a consequence, the Fermi velocity of the Dirac
bands can be manipulated at the femtosecond scale, demonstrating an all-optical method for
engineering the band structure of a quantum material.

4.1.2 Hints of correlations in the ZrSiX family

NLSMs are realized in several families of square-net materials [164]. ZrXY (X= Si, Sn, Ge; Y = S,
Se, Te) is among the most studied, owing to the great flexibility of the chemical composition,
and the high crystal quality which allows the quantum limit to be reached in transport at
relatively low magnetic field. Interestingly, magneto-transport measurements under high mag-
netic field have revealed in ZrSiS an enhancement of the effective mass, which is interpreted
as a signature of electronic correlations [165]. Moreover, a large Landé factor is observed in
the magnetic response [134] and reduced screening of excitons is reported in the low energy
optical conductivity [166]. These experimental findings are supported by theoretical models
predicting a large excitonic instability in both ZrSiS [167] and in ZrSiSe [168], as a consequence
of the reduced screening, combined with a large degree of electron-hole symmetry and with
a small density of itinerant charge carriers [167]. Several ARPES studies have addressed the
band structure of ZrSiSe [37, 39, 98, 101, 169], but no experimental evidence of band renor-
malization has been reported so far. Nevertheless, a recent investigation combining infrared
spectroscopy and ab initio calculations indicated enhanced correlations in ZrSiSe, at variance
with ZrSiS [149]. In my work I focus on the study of electronic correlations in ZrSiSe.

4.2 Electronic correlations in ZrSiSe

4.2.1 Band structure of ZrSiSe

The band structure of ZrSiSe was characterized by ARPES experiments carried out at the
MAESTRO beamline 7.0.2 of the Advanced Light Source in Berkeley, with 143 eV photon
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Figure 4.1 – Band structure of ZrSiSe. (a) Sketch of the linearly dispersing Dirac states. Under
intense optical excitation, electrons and holes are injected in the band structure far from the
Dirac nodes, and can efficiently screen the Coulomb interaction. Calculated (b) and measured
(c) Fermi surface of ZrSiSe. It consists of two diamond-shaped lines centered at °, which
originate from the valence band (VB) and the conduction band (CB). An additional surface
state (SS, green) is identified around X, at the boundary of the surface Brillouin zone [°M = 1.2
Å°1, °X = 0.85 Å°1]. (d-f) Experimental band dispersion, measured at 143 eV photon energy,
along the black lines in panel c. The two linearly dispersing bulk states, shown along the °M
direction in d, form the Dirac loop, with nodes above the Fermi level. Panels e and f, shown as
a reference for the trARPES data in Fig. 4.2, illustrate the dispersion of the bulk e and surface f
states near EF.

energy, and overall energy and momentum resolutions equal to 30 meV and 0.01 Å°1. The
ARPES data are reported in Fig. 4.1, providing a reference for the trARPES experiment.

The band structure of ZrSiSe shows qualitatively the same features already discussed for ZrSiTe
in the previous chapter. DFT calculations show that the nodal-line crossings lie within ª 60
meV from the Fermi level, and the degeneracy is lifted by a ª 40 meV SOC gap [170]. The band
structure exhibits more pronounced 3D character [131]. The CB and VB that give rise to the
nodal crossings are schematized in Fig. 4.1.a. Near EF, the bulk bands are approximately linear,
with a small density of states, which is responsible for the relatively poor screening of the long-
range Coulomb interaction. Figures 4.1.b and c compare the theoretical and experimental
Fermi surface, which consists of two diamond-shaped contours, corresponding to CB (inner)
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4.2. Electronic correlations in ZrSiSe

and VB (outer). A surface state (SS) forms short arcs around the X point of the surface Brillouin
zone (SBZ) [green line in Fig. 4.1.b] [37]. Additional surface states are predicted within the
bulk manifold, but they will not be discussed in the remaining. Dashed black lines in Fig. 4.1.c
indicate the cuts shown in Fig. 4.1.d-f. Figure 4.1.d displays the bands along the ° direction,
where VB and CB disperse linearly over a broad energy range, in good agreement with the
literature [171]. Figures 4.1.e-f show cuts parallel to the MXM direction, intercepting the bulk
and the surface states, respectively.

4.2.2 Out-of-equilibrium band structure: qualitative analysis

We performed pump-probe measurements at the ASTRA trARPES endstation [90] of the
Harmonium facility [88] at the EPFL. We used s-polarized light at 36.9 eV photon energy, corre-
sponding to the 23r d harmonic generated in argon. The optical excitation was s-polarized and
centered at 1.6 eV (780 nm), with an absorbed fluence of 0.38 mJ/cm2 estimated using optical
properties from Refs. [166, 172]. The temporal overlap between pump and probe was deter-
mined by the observation of the laser assisted photoelectric effect (LAPE) [173] for p-polarized
optical excitation. All measurements were performed at 80 K. The data were compared with
ab initio band structure calculations performed on a fully relaxed slab composed of 5 layers
of ZrSiSe. We evaluated the on-site U and inter-site V Coulomb terms and self-consistently
using the recently developed extended ACBN0 functional [174] of the Octopus code [175].
The Hubbard U and the nearest-neighbor term V , were evaluated for the d orbitals of Zr. We
employed fully relativistic pseudopotentials with a 15£15 k-point grid and a grid spacing of
0.158 Å°1 to sample the two-dimensional Brillouin zone.

Figure 4.2 illustrates the main result of our study. The trARPES data measured at various
delay times provide experimental evidence for the light-induced renormalization of the Dirac
quasiparticle (QP). Figure 4.2.a shows the experimental Fermi surface measured at 36.9 eV
photon energy at ASTRA, which compares very well with the syncrothron data in Fig. 4.1.c.
Figure 4.2.b shows the dispersion of the occupied bulk bands along the line indicated by
the brown dashed line in Fig. 4.2.a. With the chosen polarization of the probe pulse, matrix
elements effects strongly suppress the intensity of the inner CB state. We find that standard
DFT calculations cannot reproduce fine details of the band dispersion, in particular the
precise binding energies of the valence and conduction bands. An on-site Hubbard term
U = 5 eV is needed in the DFT+U calculations to correct the bands position. Such value
appears unphysically large for ZrSiSe, and indeed it cannot be justified by our self-consistent
calculations. This highlights the partially delocalized character of electronic correlations in
NLSMs, which are better accounted for by the inter-site V term. Our extended DFT+U +V
Hubbard calculation is performed with U = 1.47 eV and V = 0.33 eV, which are not free
parameters but they are computed fully ab initio. The corresponding calculated band structure
is shown as blue lines in Fig. 4.2.b, revealing excellent agreement with our data.

Figure 4.2.c shows that 50 fs after optical excitation, electrons populate the bulk bands above
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Figure 4.2 – TrARPES spectra. (a) ARPES Fermi surface measured at 36.9 eV photon energy.
(b-d) Band dispersion of the bulk bands, taken along the path e indicated in Fig. 4.1.c, for
different delay times before a, 50 fs after b and 300 fs after c the arrival of the optical excitation.
Blue lines indicate the calculations for U = 1.47 eV and V = 0.33 eV. (e-g) Similar temporal
evolution of the band structure along M°X°M [direction f in Fig. 4.1.c], focusing on the
dispersion of the surface state at various delay times. Red and yellow lines are the DFT+U +V
and DFT calculations, respectively. In both the bulk and the surface states, a change in the
band dispersion during optical excitation (50 fs) illustrates the light-induced renormalization
of the band dispersion. The intensity at each binding energy is normalized to the same value
integrated over the entire momentum window in order to increase the visibility of the signal
above EF.

EF, and their dispersion seems to deviate from the theoretical predictions. The broaden-
ing of the bulk bands, which reflects their intrinsic kz dispersion, hampers a quantitative
analysis of this effect. Therefore, we turn our attention to the sharper surface state, whose
unperturbed dispersion is shown in Fig. 4.2.e along the MXM direction. Red lines show the
DFT+U +V calculation, which nicely reproduces not only the surface state dispersion, but
also the dispersion of the VB bands at lower energies. Upon optical excitation, in Fig. 4.2.f,
electrons are excited well above EF, and the band dispersion appears kinked at EF . The band
velocity is reduced with respect to the equilibrium one, and it is now better described by the
simple DFT calculation shown as yellow lines. This effect will be analyzed quantitatively in
the next section. Here we notice that the timescale of the band renormalization is within the
temporal resolution of our setup. Already 300 fs after the arrival of the pump pulse the band
dispersion has recovered the equilibrium slope (Fig. 4.2.g), only with the electronic system at
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4.2. Electronic correlations in ZrSiSe

a larger effective temperature. The ultrafast timescale suggests a purely electronic origin for
the light-induced band renormalization, and it cannot be reconciled with the lattice motion.
Moreover, the observed kink in the optically excited band structure cannot be ascribed to
the coupling to a phonon, which would affect the dispersion in limited energy windows both
above and below EF corresponding to the energy of the specific mode. By contrast, the ob-
served change in dispersion extends well above the largest phonon energy (50 meV) in ZrSiSe
[176, 177].

4.2.3 Band structure dynamics: quantitative analysis

In this section, I discuss the quantitative comparison between the dynamics of the surface
band SS measured by trARPES and the calculated band dispersion. I will describe first the
method that has been used to extract from the experimental data the quasiparticle energy and
the effective electronic temperature (T*) as a function of time delays. Then, I will compare the
former with the results of DFT calculations performed with or without electronic correlations.
Finally, I will discuss the observed renormalization of the quasiparticle peak in terms of the
creation of high-energy and non-thermal electrons.

The analysis of the peak position and of the effective electronic temperature as a function of
time delays is based on the approach used by Johannsen and coworkers [178] to study the
linearly-dispersing bands of graphene. We focus on one SS branch and the corresponding
MDCs at binding energies from °0.3 to 1 eV are fitted using a Lorentzian function. The
peak position is plotted as a function of energy for different time delays to visualize the
pump-induced band renormalization. The energy dependence of the momentum-integrated
area under the peak is fitted by an envelope function in order to evaluate the effective Fermi
temperature. We remark that this method automatically removes any background contribution
caused by secondary electrons and eliminates the uncertainty over the position of the Fermi
wave vector kF which introduces uncertainties in an analysis based on the EDCs. The envelope
function describes the behavior of the thermalized electronic population at the different
time delays and it is analytically modeled by a linear density of states (DOS) multiplied by a
Fermi-Dirac distribution, convoluted with a Gaussian function. The latter is representative
of the experimental energy resolution (energy bandwidth of the XUV pulse and electron
analyzer resolution) and it is extracted from the fit to the data collected at negative time delays,
where the electronic temperature equals the sample temperature T = 80 K. The population
redistribution in the electronic bands over the whole time span is well-described by the
increased effective electronic temperature.

Renormalization of the quasiparticle peak

Theory and experiment are quantitatively compared in Fig. 4.3. We simulate the ARPES inten-
sity in Fig. 4.3.a starting from the DFT+U +V calculation, broadened to account for the experi-
mental resolution. The band occupancy is determined by the effective electronic temperature
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Figure 4.3 – Surface state renormalization. (a) Simulated ARPES intensity from the calculations
for U = 1.47 eV and V = 0.33 eV, broadened by the experimental momentum and energy
resolution. The electron occupancy is defined by a Fermi-Dirac distribution for an effective
temperature T* = 600 K, as inferred from the experimental data at 200 fs. (b) Experimental
spectral function at t0, during optical excitation. (c) MDCs at selected energies, indicated
in b by dashed lines, and Lorentzian fits. (d) Peak positions as a function of energy; colors
correspond to different delay times. (e) Calculated band dispersion for DFT+U +V (red) and
DFT (yellow), respectively. (f) Change in band position,¢k, obtained as the difference between
the experimental and peak position calculated with DFT+U +V . The black line indicates the
theoretical ¢k obtained as difference between the DFT and the DFT+U +V calculations.

estimated from a Fermi-Dirac fit to the experimental data 200 fs after optical excitation (T* ª
600 K, Fig. 4.4.b). The experimental dispersion is determined with the procedure described
above, as shown in Fig. 4.3.c for selected energies. The QP dispersions are shown in Fig. 4.3.d,
where different colors encode the corresponding delay times during and immediately after
optical excitation. The flattening of the band is well captured by the change in slope between
the DFT+U +V (red) and DFT (yellow) calculated bands, as shown in Fig. 4.3.e. We plot in
Fig. 4.3.f the momentum renormalization ¢k, i.e. the difference between the experimental
(markers) and the dispersion calculated by DFT+U +V . The difference between the DFT
and DFT+U +V dispersion is also plotted as reference (black line). For E °EF ∏ 150 meV ¢k
is negative and as large as °0.01±0.003 Å°1. The renormalization is largest during optical
excitation (purple markers), and rapidly decreases after the pump pulse (red markers).

Time-dependent electron thermalization

In order to better draw the relation between magnitude of the renormalization and photoexci-
tation fluence, we track the evolution of the partial DOS of the SS, represented by the envelope
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that cannot be accounted for by the fitting of the envelope function. On the right-hand side (b,
d), extracted electronic temperature as a function of the time delay.

function in the fitting procedure mentioned above. It is useful to apply this analysis to two
sets of data, one measured at high fluence, 1.95 mJ/cm2, and a second one, corresponding
to the data presented in Fig. 4.3, for 0.38 mJ/cm2. At the higher fluence, the fit procedure
captures the exponential tails of the hot Fermi-Dirac distribution only at relatively large time
delays, when the whole electronic population is actually thermalized (see the green curve
corresponding to t = 200 fs in Fig. 4.4.a). However, this is not the case at earlier delays, where
the photoemission signal is characterized by a change of slope at ET º 0.1 eV, indicated by
the black arrow in the logarithmic plots in Fig. 4.4.a,c. The fit function fails to reproduce the
photoemission intensities above this energy and the fit is arbitrarily forced to include only
the data points below ET . This choice shows that the photoexcited electronic population is
only partially thermalized. Figure 4.4.b shows the time evolution of the effective electronic
temperature. The maximum temperature of º 2400±50 K is reached after the first 100 fs
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after excitation. The largest amount of non-thermal electrons is found at time overlap t0

between the pump and probe pulse, when also the observed band renormalization is the most
intense (Fig. 4.4.a). The same method has been consistently applied to the low-fluence dataset,
revealing several differences. The thermalization process is not entirely completed at t = 200
fs (Fig. 4.4.c), in contrast with the previous case. This can be explained by considering the
reduction of e-e scattering rate, as a consequence of the smaller number of optically excited
high-energy quasiparticles [179]. Finally, the maximum value of electronic temperature is now
only º 600 K, between 200 and 250 fs after the temporal overlap (Fig. 4.4.d).

These findings show that only at very high electronic temperature the MDC analysis recovers
the calculated band position near EF. The positive ¢k around EF in Fig. 4.3 is a trivial con-
sequence of a sharp low-temperature Fermi-Dirac cutoff of the ARPES spectra, discussed in
the appendix. This effect is visible at negative delay time (T = 80 K), and it persists during the
optical excitation, which indicates that electrons have not yet thermalized. According to our
analysis of the temporal dynamics of the Fermi-Dirac distribution, for the fluence used in the
data set of Fig. 4.3, electrons fully thermalize via electron-electron scattering after 200 fs (green
markers). Only when a hot thermalized electron distribution is established, does the broader
Fermi distribution removes the positive ¢k, and the band follows the DFT+U +V dispersion
both around EF and at larger energies. This observation establishes a clear hierarchy between
the timescales of band renormalization and of thermalization in ZrSiSe.

4.2.4 Conclusions

In summary, by combining time-resolved ARPES, DFT+U +V calculations and time-dependent
DFT+U +V simulations we have shown that correlations can be optically modified in ZrSiSe,
resulting in a QP renormalization. The equilibrium band structure is well reproduced by
moderate on-site U = 1.47 eV and an inter-site V = 0.33 eV Coulomb terms, consistent with the
reduced electronic screening of the Dirac QP. Upon optical excitation, the enhanced screening
by high-energy electrons and holes produces a measurable change in the band dispersion.
Contrary to what is often observed, we find that a better screening of the Coulomb interaction
leads to a flattening of the band dispersion. Previous trARPES experiments have revealed
ultrafast changes in the band dispersion of strongly correlated electron systems such as the
high-temperature cuprate superconductors (HTSCs). They show changes of the coherent
spectral weight [180], of the QP scattering rate [181] or of the QP effective mass [182]. These ef-
fects have been interpreted in terms of an optically induced reduction of the phase coherence,
a mechanism which is specific to HTSC. Here we have shown that the QP dispersion can be
controlled by purely electronic means, by changing the electronic screening of the Coulomb
interaction. Our results are the first experimental evidence of a more general mechanism,
originally proposed to control the electronic dispersion of correlated metal oxides [183], which
we extend to the Dirac QP in NLSMs. Our findings demonstrate how ultrafast optical doping
can be used as an alternative way of controlling quasiparticle properties, by tuning many-body
interactions on a fs timescale. In particular, this could be exploited in other topological mate-
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rials with linearly dispersing Dirac and Weyl states, where electronic correlations are believed
to enhance the electron mobility [184] or to induce Lifshitz transitions [185].

4.2.5 Appendix: ‘thermal’ kink

We address here the apparent kink-like structure observed in Fig. 4.3.b and highlighted by the
shaded area in Fig. 4.3.f. While the optical excitation tends to reduce the band velocity, an
opposite contribution comes as a trivial consequence of the Fermi-Dirac function. At low tem-
perature the sharp Fermi-Dirac cutoff strongly influences the intensity distribution around EF,
and the peak position estimated from the MDCs analysis deviates from the actual underlying
band dispersion [186]. In order to illustrate the effect, Fig.4.5 shows simulated ARPES images
obtained by introducing a finite Lorentzian broadening to the DFT+U +V calculations. These
curves are then multiplied by the Fermi-Dirac distribution, evaluated at various electronic
temperatures and broadened according to the finite experimental resolution. In each panel, a
red line indicates the DFT+U +V band position, while markers indicate the positions of the
peak as extracted from the MDC analysis. It is evident that at low electronic temperatures,
where the Fermi-Dirac distribution is sharpest [80 K, panel (a) and 300 K panel (b)], the band
velocity is apparently higher at EF. This change in slope becomes smaller at higher electronic
temperature [600 K, panel (c)] and it is completely removed at 2500 K [panel (d)], for which
the MDC analysis recovers the calculated band dispersion.
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Figure 4.5 – Simulated ARPES intensity. The spectra are built starting from the dispersion
provided by ab initio calculations, broadened into a Lorentzian peak and multiplied by a
Fermi-Dirac distribution for increasing values of the electronic temperature [80 K (a), 300 K
(b), 600 K (c) and 2500 K (d)]. The spectra are convoluted with a Gaussian broadening in order
to account for the finite experimental energy resolution estimated at negative time delays.
Red lines indicate the calculations, while orange markers indicate the position of the band
estimated from the MDC analysis.
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5 Hedgehog spin texture of the Weyl
fermions in trigonal tellurium

In chapter 1 I have given an overview of topological semimetals, where Dirac and Weyl
fermions disperse in the electronic bulk structure of crystal. However, Weyl points can be
found also in semiconductors, as in the case of tellurium. In this respect, Te can be dubbed a
Weyl semiconductor. In the same chapter I have revisited how points or lines of degeneracies
can be predicted from the space group’s symmetries. I used Te as an example to illustrate
how the connectivity between bands across the BZ can be assessed in the absence of spin.
Non-symmorphic screw axes in the crystal structure were recognized as a key ingredient to
yield band degeneracies at the time-reversal invariant momenta of the BZ. Here, I review
how SOC introduces additional band crossings in the band structure and determines the
accordion-like dispersion. Then, I report the results of spARPES experiments in combination
with DFT + SOC calculations that reveal a hedgehog spin polarization of the band structure
around these points.

The results described in this chapter are drawn largely from a publication in preparation in
collaboration with Dr. Daniel G. Martinez, from the group of Prof. Oleg Yazyev.
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Chapter 5. Hedgehog spin texture of the Weyl fermions in trigonal tellurium

5.1 Te: generalities about crystal and electronic structure

Crystals of elemental Te offer a realization of a chiral solid. The lattice belongs to the trigonal
system; within point group 32, two enantiomeric structures are possible, with space groups
P3121 (nr. 152, right-handed) and P3221 (nr. 154, left-handed), respectively. Figure 5.1.a dis-
plays the unit cell of the right-handed enantiomer, with lattice parameters a = 4.44 Å and c =
5.91 Å [44]. In the structure one can identify parallel helical chains. Each unit cell contains 3 Te
atoms covalently bonded along the c crystallographic direction and weakly interacting in the
transverse direction. The electronic configuration of the Te atoms is 5p4. The anisotropy of the
chains is a consequence of the 2/3 filling of the atomic 5p orbitals, with two electrons shared
among two neighbouring atoms in the same chain, and two electrons in occupied lone-pair
states. While this structural distortion will be discussed further in the next chapter, its effects
on the low-energy band structure are presented here. Calculations predict that the hybrid Te
5p orbitals form three different sets of states (see Fig. 5.1.b) [187]. Two sets, labeled py 0 and
pz 0 , include wave functions with lobes directed towards the nearest-neighbour atoms in the
positive and negative c direction and they form the covalent bonding (B) and antibonding
(AB) states. The third set, px 0 , is composed of wave functions with lobes directed towards
the neighbouring chains, which form the lone-pair (LP) states. The corresponding energy
diagram is schematized in Fig. 5.1.c. In this chapter I will focus only on the properties of the
LP manifold, forming the top of the valence band.

5.1.1 Band structure of the LP valence states

I introduce here the general features of the band structure of the LP states, based on the
comparison between experimental ARPES data and fully relativistic calculations. Photoe-

a b c

LP states

AB states

B states

5p 5pEF

a
b

c

Figure 5.1 – Generalities of the crystal structure and of the electronic configuration of Te . (a)
Crystal structure of trigonal tellurium made by helical chains of three Te atoms running along
the c axis. (b) Maximally localized Wannier functions representing the 5p states in Te. (c)
Energy diagram of the 5p orbitals in Te.
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5.1. Te: generalities about crystal and electronic structure

mission experiments are performed after cleavage in ultra-high vacuum of the sample that
exposes a flat surface (see Fig. 5.2.a). The surface termination corresponds to the (10-10)
surface, indicated in Fig. 5.2.b and in Fig. 5.1.a with a light blue plane. This is confirmed by
our X-ray Laue diffraction (Fig. 5.2.c), in good agreement with a previous low-energy electron
diffraction study [188]. ARPES experiments are performed using photon energies in the EUV
regime (60 - 160 eV) for which the maximum estimated value of the inelastic mean free path
of the photoelectrons is º 8 Å [189]. This value is similar to the out-of-plane lattice periodicity
a? = 2a cos(30±) = 7.7 Å, therefore offering partial experimental sensitivity to the out-of-plane
dispersion kz of the bulk states [55]. The correct periodicity along the kz direction is retrieved
assuming an inner potential V0 = 10 eV.

Figure 5.3.a shows the bulk BZ, and colors highlight the position of the high symmetry planes
corresponding to the surface termination (blue for kz = 0 and green for kz = º/a). I focus first
on the Fermi surface shown in Fig. 5.3.b for three selected photon energies. It consists of tiny
pockets derived from spin polarized hole-like states centered at the H points [187, 190–192].
The periodicity of the pockets position evolves from square (60 eV) to rectangular (90 eV) and
back to square (120 eV), in agreement with the periodicity of the bulk BZ. Next, Fig. 5.3.c-d
shows a comparison between the experimental and the theoretical dispersion along the cuts
indicated by red lines in Fig. 5.3.a. Tellurium is heavily p-doped due to vacancies, and the
valence band crosses the Fermi level near H, consistently with the Fermi surface. The gap is
direct, and I estimate it to be equal to 330±10 meV, by directly resolving the bottom of the
conduction band at H upon surface doping via alkali metal deposition (Fig. 5.3.e).

Finally, Fig. 5.4 illustrates the bands dispersion on the kx = 0 high-symmetry plane indicated
in yellow in Fig. 5.4.a. Figure 5.4.b shows three constant energy maps, taken at the local

(0001)
(-1,2,-1,0)

1mm

a b c

c

a

b

Figure 5.2 – Structural analysis. (a) A single crystal of Te of several mm size, showing flat
and mirror-like surfaces. (b) Crystal structure projected on the (001) surface. The light blue
line indicates the plane orthogonal to the (10-10) direction. (c) LAUE diffraction pattern of a
crystal of Te, with overlapped simulation of the diffraction pattern corresponding to a surface
termination orthogonal to the (10-10) direction (red dots).
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Figure 5.3 – Band dispersion of the LP manifold. (a) Bulk Brillouin zone (BZ) of Te. Colors indi-
cate the planes parallel to the surface termination for kz = 0 (blue) and kz =º/a (green), where
kz is the direction orthogonal to the surface. (b) Fermi surface measured at three different
photon energies (60 eV, 90 eV, and 120 eV). The periodicity of the hole pockets centered at the
H point follows the 3D BZ. (c) Band dispersion along the high-symmetry lines indicated by red
lines in panel (a). (d) Calculated band structure along the same lines. Color dots indicate the
position of the Weyl nodes experimentally resolved in panel (f - i). (e) Band dispersion around
the H point upon alkali doping (left panel). The bottom of the conduction band is shifted
below the Fermi level. The right panel shows an EDC at the H point, from which I estimate the
experimental band gap to be 330±10 meV. (f-i) Zoom on the band dispersion where different
Weyl fermions are resolved. They are protected by time-reversal symmetry, by the C3 screw
rotational axis or by their combination.

maximum of the valence band, and 120 meV and 460 meV below the maximum, respectively.
The periodicity of the BZ is indicated by red lines. A plot of the band dispersion along the
high-symmetry path K°MK is shown in Fig.5.4.c. The agreement with calculations from [193]
in Fig.5.4.d is good.

5.1.2 Weyl points

In a non-centrosymmetric crystal, the breaking of inversion symmetry allows the lifting of
the Kramers’ spin degeneracy, which then holds only at the TRIM points of the Brillouin
zone due the action of time-reversal symmetry. If atomic SOC is included, all bands become
spin polarized and split in energy, and several band crossings are readily visible in our data.
These double-degenerate crossing points – as opposed to fourfold Dirac crossing points - are
dubbed Weyl nodes. Theory has classified them according to the mechanism which protects
the degeneracy [34, 187, 194–196].
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Figure 5.4 – Band dispersion of the LP manifold in the kx = 0 plane. (a) Bulk Brillouin zone of
Te. We indicate in yellow the kx = 0 plane. (b) Constant energy maps acquired in this plane
0.95 eV, 1.07 eV and 1.41 eV below EF. A red hexagon indicates the periodicity of the BZ in this
plane. (c) Band dispersion along the path indicated by a blue line in (b) and connecting K°MK
as indicated by the black line in panel (b).(d) Calculated band dispersion along K°MK [193].

In chiral crystals, time-reversal symmetry alone is sufficient to stabilize Kramers-Weyl (KW)
fermions at the TRIM points [34]. In Fig. 5.3.e-h we resolve several of these KW nodes in the
band structure of Te. Their position is indicated with blue dots, shown for clarity also in the
calculations of Fig. 5.3.d. As discussed in Chapter 1, their location is pinned at the boundary of
the BZ, and thereby these quasiparticles cannot annihilate for small distortions of the lattice.
Among the Weyl nodes observed at the A point (Fig. 5.3.g), the middle one is a composite Weyl
fermion whose chiral charge has been computed by theory to be equal to three [195], due to
the combined action of time-reversal symmetry and the C3 screw rotational axis.

In order to respect the connectivity [197], in their dispersion between ° and A (the¢ direction),
the valence bands must form additional Weyl fermions, whose dispersion has been recently
described as accordion-like [196]. Such a band configuration can be understood in light of the
group theory concepts introduced in Chapter 1. In the presence of SOC, the electronic states
are represented by the double-valued irreps illustrated in Table 5.1. There, the characters of the
group elements of the irreps at ¢ are indicated as direct product of the characters of the irreps
of the rotational (!1 = ei 2º/3) and translational groups (±k = ei kL), similarly to what previously
done in Tab. 1.3 of Chapter 1. The introduction of time-reversal symmetry T , imposes that all
the irreps at the TRIM points ° and A must be two-fold degenerate. To this end, one can build
time-reversal symmetric irreps by the direct product of one-dimensional double-valued irreps.
At °, one finds the direct products of °4 with °5; at ¢, one obtains the direct products of ¢4

and ¢5 with themselves, respectively; at A, one gets the direct products of A4 with A5. With the
resulting compatibility relations, one may predict the existence of additional degeneracies.

°4°5 !¢4¢4 ¢5¢5 √ A4A5

°6 !¢5 +¢6 ¢4 +¢6 √ A6
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Figure 5.5 – Bands connectivity along °A. (a) Bands connectivity with the lowest number of
bands crossing. Colors indicate the double-valued irreps at ¢. (b) Bands connectivity with the
second-lowest number of bands crossing. (c) Close-up of the calculated band structure along
the °A line. The color of the dots follows the definition given as in Fig. 5.3.

Figures 5.5.a-b show two possible bands configurations. All the degeneracy points are enforced
by either the screw and/or the time-reversal symmetry and correspond to Weyl nodes [195].
Panel (a) indicates the situation with the lowest number of crossing points, while Panel (b)
shows the case where the order of the two lowest-energy states at ° is swapped. In this second
case, the number of crossing points is doubled and it turns out that it represents the case
of the tellurium band structure (Fig. 5.5.c). The extra degeneracy points have been recently
dubbed accordion nodes, due to the characteristic dispersion along this direction [196]. They
are indicated with a purple dot in Fig. 5.3.d,h.

° E C3 C3
2 T

°4 1 -1 -1 ?

°5 1 -1 -1 ?

°6 2 1 1
¢ E C3 C3

2 T

¢4 ei kz L -ei kz L -ei 2kz L ?(at °)
¢5 ei kz L -ei 2º/3ei kz L -e°i 2º/3ei 2kz L ?(at A)
¢6 ei kz L -e°i 2º/3ei kz L -ei 2º/3ei 2kz L

A E C3 C3
2 T

A4 eiº/3 1 -1 ?

A5 eiº/3 1 -1 ?

A6 2eiº/3 -1 1

Table 5.1 – Character table for the double-value irreps °i , ¢i and Ai . In the right column, stars
indicate states that will couple under time-reversal symmetry. At °, kz = 0 and L = c. At A,
kz =º/c and L = c/3.
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5.2. Hedgehog spin texture of the bulk bands in Te

Finally, although time-reversal symmetry is not preserved at the H point, additional Weyl
points are enforced by the C3 axis. Their presence in the valence band has been already
reported by a previous ARPES investigation [190], and we indicate it with a red dot in Fig. 5.3.d-
f. Similarly, a Weyl point is predicted by theory at the bottom of the conduction band [187,
192, 193]. Although this is not resolved in the data of Fig. 5.3.e, our results demonstrate that
the bottom of the conduction band, and thereby the Weyl point, can be easily tuned across
the Fermi level by a small doping. In the present work, this is achieved by adsorption of alkali
metal on the surface, but a similar doping could also be realized in the bulk. Even more
interestingly the position of the Weyl point could be tuned at EF by external gating of a thin
exfoliated flake [198], thus paving the way tothe study of anomalies in the magneto-transport
properties of Te.

5.2 Hedgehog spin texture of the bulk bands in Te

In Chapter 3, I reviewed the symmetry conditions that are necessary for the appearance of
spin-polarized bulk bands. Here, I discuss the requirements for the occurrence of distinctive
spin textures around high-symmetry points. The spin-momentum locking is caused by the
coupling of the spin and orbital momentum that is ruled by the crystal symmetries. Close to a
generic high-symmetry point, one can consider the coupling between spin S and wave vector
k to linear order in k as:

S = Mab k ,

with Mab the coupling tensor.
For a generic wave function, Mab is invariant with respect to all symmetry operators of the
little group at k , namely Mab = X °1Mab X . The presence of mirror planes in the little group

ba

my

mx

C3

kx

ky

kx

ky

Figure 5.6 – Spin texture near a high-symmetry point. Spin-split states are indicated by the
red and blue circles in momentum space (kx ,ky ), with origin at the TRIM point. (a) Along
the high-symmetry lines with little group containing mirror symmetries mx and my , the spin
polarization is perpendicular to the wave vector. (b) Along the high-symmetry lines with little
group containing the rotational symmetry C3, the spin polarization is parallel to the wave
vector.

79



Chapter 5. Hedgehog spin texture of the Weyl fermions in trigonal tellurium

imposes for the diagonal elements the condition Mxx = My y = Mzz = 0, thus forcing the spin
vector to be locked perpendicularly to the electron wave vector (see Fig. 5.6.a). This is the
case of the (few) experimentally observed spin-polarized bulk bands in BiTeI [112], Æ-GeTe
[199] and 3R-MoS2 [200]. By contrast, the absence of any mirror plane, leaving only rotational
symmetries Cn in the little group, forces Mab to be diagonal whenever the little group contains
two rotational axes perpendicular to each other. This implies that the spin vector is locked
parallel to the electron wave vector (see Fig. 5.6.b).

In this section, I will give experimental evidence that the bulk states of Te exhibits hedgehog, or
monopole-like, spin texture. The TRIM points in tellurium are °, A, K and M. The little group
at °, A and K contains both C2 and C3 symmetries, while at M and L it only contains the C2

symmetry. Also, the non-TRIM point H includes both C2 and C3 in its little group. The high-
symmetry directions °A, HK are all invariant under C3, whereas °K, HA are invariant under
C2. Therefore, by symmetry considerations, at the intersection between these high-symmetry
lines, namely at °, A, H and K, the electronic states must show hedgehog spin polarization.
In the next section, I will focus on three high-symmetry lines ° °A, LM and HK ° and I will
provide experimental data in agreement with these general arguments based on group theory.

5.2.1 Spin-polarized Kramers-Weyl fermions

The hedgehog spin texture has been proposed as one of the hallmarks of KW fermions [34].
In Figure. 5.7 I give experimental confirmation of this prediction. I focus the attention on the
°A and ML high-symmetry lines in the ky = 0 plane highlighted in the bulk BZ of Fig. 5.7.a.
Figure 5.7.b shows a constant energy map taken in this plane 0.5 eV below EF. At this energy
the valence band forms an ellipsoid centered at the L point. The ellipsoid is indeed repeated at
all L points, the corners of the red rectangle formed by the intersection of the BZ and the ky = 0
plane. Notice, however, that the contours do not exhibit M symmetries with respect to the °A
and ML high-symmetry directions. This is an initial state effect, which has been reproduced in
different experimental setup, with different geometries and for different photon energies. This
is, to the best of my knowledge, the first experimental report of such a remarkable lack of M
symmetry in a material’s band structure, a direct consequence of the crystal’s chirality.

I move now to discuss the spin polarization investigated along the two red lines in Fig. 5.7.b.
The reference frame for the spin polarization is indicated by blue arrows in Fig. 5.7.a. Along the
°A line connecting two opposite KW points the Sx - hereafter radial - component is parallel to
the wave vector of the electron. For the two remaining components, Sy and Sz are respectively
parallel and perpendicular to the sample surface. Figure 5.7.c shows the spin-integrated band
dispersion around the A point. Figures 5.7.d-e show the dispersion of the spin up and down
projections of the radial component Sx . The difference between the two is apparent: for each
spin projection the number of bands is halved, and dashed lines guide the eye of a reader on
their dispersion. The radial component of the spin-polarized band structure is well reproduced
by the ab initio calculations of Fig. 5.7.f. Theory and symmetry considerations indeed confirm
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Figure 5.7 – Spin polarization of the bulk states along °A and LM. (a) Bulk BZ highlighting the
°ALM plane. (b) Constant energy map in this plane 0.5 eV below EF; the valence band forms
ellipsoid whose contours show no mirror symmetry along high-symmetry lines. Red lines
indicate the region where the spin polarization has been measured. (c-e) Spin integrated and
spin resolved band dispersion around the A high-symmetry point, for the radial component
of the spin vector, parallel to kx. (f) Calculated spin polarization for the radial component
along the °A direction. (g-j) Same as in panel (c) - (f) but for the band dispersion along the
ML direction.

that Sy = Sz = 0, and that a hedgehog spin texture forms around the ° and A points. I further
investigate the spin polarization around the M point. The results are shown in Fig. 5.7.g-j. Also
in this case, the data for the the spin up (Fig. 5.7.h) and spin down (Fig. 5.7.i) components
show different band dispersion, in good agreement with the calculations (Fig. 5.7.j).

The fully vectorial information of the spin texture is shown in Fig. 5.8 for both the high-
symmetry directions. I select three EDCs, indicated by dashed lines in the bandmaps of
Fig. 5.8.a,d and I plot the spin polarization along the two orthogonal directions (tangential
ky and out-of-plane kz ) in Fig. 5.8.b-c for °A and in Fig. 5.8.e-f for LM. In the first case, no
spin polarization signal appears with our experimental sensitivity, except for a peak in cor-
respondence of the A point on the BZ boundary. I cannot provide a clear explanation for
such a feature. One can argue that due to the finite momentum resolution, one collects pho-
toelectrons with wave vector sligthly different than A and is therefore sensitive to the radial
polarization in other k directions.

For the case of the LM line, the radial component of the spin polarization remains the domi-
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Figure 5.8 – Spin polarization components of the bulk states parallel to the ky and kz directions
measured along °A and LM. (a) Band dispersion along °A; lines indicate the wave vectors
where the spin-EDCs have been acquired. (b-c) Measured and calculated spin polarization
along °A for the in-plane component, Sy. (d-e) Measured and calculated spin polarization
along °A for the out-of-plane component Sz. (f) Band dispersion along LM. (g-j) The same as
in (b) - (e) but for the bands along LM.

nant term. However, I notice that along this direction the out-of-plane term acquires some
weight (Fig. 5.8.i); this observation is allowed by the symmetry of the LM line, whose little
group, except for the M point, does not contain any rotational axis.

5.2.2 Radial texture at the Fermi level

Finally, I recall that the hedgehog spin texture is a general property of chiral crystals, and not
exclusive of the KW points. Indeed, this feature is observed also at the Fermi surface, centered
at the H point. Here I give evidence of this spin texture in correspondence of the valence band
maximum. We focus our study on the KHK direction, in the plane kz =º/a, as shown in the
bulk BZ of Fig. 5.9.a. Data have been acquired along kx and I label the components of the
spin vector according to the reference indicated in panel (a). Sx is the component parallel
to the wave vector along the HK direction. The other two components are in-plane Sy and
out-of-plane Sz.
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Figure 5.9 – Experimental and calculated bands dispersion and spin polarization. (a) Bulk
BZ of Te, we indicate in green the plane where the spin has been investigated. Blue lines
schematize the directions of the spin vector near H. (b) Band dispersion around H along the
°K direction indicated by a red line in (a). (c-d) Constant energy maps at the Fermi level and
300 meV below EF. (e-g) Spin up and down for the vector projection Sx (e), Sy (f) and Sz (g).
(h-j) Calculated spin polarization for the components, respectively.

Figure 5.9.b shows the band dispersion near H. Several states are visible, which we label
according to their irreducible representation [187]. The highest valence band H4 crosses EF,
thus the Fermi surface consists of a single contour (Fig. 5.9.c). Figure 5.9.d shows a constant
energy map taken 300 meV below EF where both the H4 and H5 states are present.

83
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Figure 5.9.e shows the spin-EDCs for the up and down components of Sx. The spin-EDCs
are stacked along the vertical axis moving in the direction of H, set at kx = 0 Å°1. The figure
shows that H4 and H5 are spin polarized, with opposite polarization. H4 disperses across EF

and reverts its spin polarization for opposite wave vectors, in good agreement with the ab
initio calculations of panel (h). In panel (f) and (g) we show that the components Sy and Sz of
the spin polarization are below our experimental sensitivity. These findings are confirmed
by the calculations of panel (i) and (j). Our results show that the Fermi surface of Te is fully
spin polarized, and there is a strong indication that the spin has a hedgehog configuration, as
expected by symmetry. These results are in good agreement with a recent experimental report
[191].

5.2.3 Conclusions

In this Chapter, I have provided experimental evidences for the spin polarization of the
Kramers-Weyl fermions in the band structure of tellurium. I showed that the non-trivial
topology and the hedgehog spin texture of the bulk states are consequences of the chirality of
the crystal. One one side, these results provide a solid basis for the fundamental exploration of
topology in chiral systems. On the other side, they set the frame for understanding the unusual
optical and transport properties of Te under magnetic field, including circular photogalvanic
effect [201], current-induced anomalous Hall effect and kinetic Faraday effect [202] and kinetic
magnetoelectric effect [203]. The future study of chiral systems will focus on the search for
materials where the KW points are located at the Fermi level.
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6 Optical tuning of the band structure
of Te via coherent phonon excitation

In Chapters 1 and 5, I discussed the equilibrium band structure of Te in relation with its
topological properties. The combination of the chiral space group with the large SOC leads to
the unusual connectivity of the six bands composing the lowest-energy valence states. Robust
Kramers Weyl points carrying large chiral charges are pinned at the TRIM points by time-
reversal symmetry, while accordion Weyl nodes are enforced along high-symmetry directions
by the screw axes.

This Chapter elaborates on the origin of the chiral structure of Te, which arises from the deli-
cate interplay between electron-electron and electron-phonon interactions. In recent years,
ultrafast spectroscopies have established as powerful tools to disentangle in the time-domain
the contributions of these interactions in crystals. Here, I present data acquired by means of
trARPES experiments that clarify the essential role played by electron-phonon coupling in
stabilizing the equilibrium phase of Te. The experimental results reveal photoexcitation of
coherent phonon modes that dynamically renormalize the dispersion of the valence band
in the direction of a semiconductor-to-semimetal transition. These results open the way to
future experiments aimed at optically controlling topological phase transition in Te.
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Chapter 6. Optical tuning of the band structure of Te via coherent phonon excitation

6.1 Te: a covalent crystal

The electronic and crystal structure of tellurium are closely entangled. As discussed in Chapter
5, the lattice is organized in helical chains running along the c-axis of the trigonal unit cell.
Relevant parameters to describe this structure are indicated in Fig. 6.1.a. They include the
lattice constants a and c, the radius of the helices q , defined with respect to the chain axis,
the shortest intrachain atomic distance r , and the shortest interchain distance R. r and R
correspond to the nearest-neighbour and to the next-nearest neighbour distances, while a is
also to the separation between two tellurium chains.

6.1.1 Periodic lattice distortion

Analysing the nature of the bonds is key to understand the equilibrium structure of Te and
to predict its out-of-equilibrium phase. In a trigonal configuration (tri-Te), each Te atom is
coordinated with two nearest neighbours via short covalent bonds of length r = 2.83 Å and
with four next-nearest neighbours with long bonds of length R = 3.49 Å (see Fig. 6.1.b). Due
to the large value of R, the interchain bonds are generally ascribed to van der Waals forces
[206], although their degree of covalescence is still disputed [205]. There is, however, general
consensus that the anisotropic structure is the result of a Peierls-like distortion of a simple
cubic (sc) lattice (see Fig. 6.1.c) [207]. This instability is observed in several elements of groups
V, VI and VII of the periodic table, in which the fractional filling ratio Ω = 1/m of the valence
states induces a m°merization of the crystal structure [208]. In Te, with 4 5p electrons, Ω = 2/3
and therefore the six equivalent bonds of the undistorted sc-Te distort into two short bonds
and four long bonds, as observed in the trigonal phase. The 2/3 filling imposes two electrons
to occupy lone-pair (LP) states and the remaining two to fill completely bonding (B) states. The
antibonding (AB) bands are empty and, as a result, Te is a semiconductor with a direct gap of º

LP states

AB states

B states

5p 5pEF

5p 5pEF

atomic atomiccrystal

a b

c

d

e

Figure 6.1 – Covalency of Te. (a) Crystal structure of Te, with relevant parameters [204]. (b-c)
The equilibrium structure of Te at ambient conditions as a distortion of a simple cubic lattice
[205]. (d-e) Corresponding sketches of the energy diagram of Te.
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Peierlssc to tri

a b c

d e f

Figure 6.2 – Comparison between the band structure of the trigonal and cubic phases. [209]
(a) BZ of the sc lattice. (b) Construction of a trigonal BZ, built over the BZ of the cubic lattice.
(c) BZ associated to a trigonal lattice. (d-f) Bandstructures corresponding to the cubic BZ, to
the hexagonal BZ and to the trigonal BZ, once the system is relaxed via Peierls distortion.

330 meV (see Fig. 6.1.d). The undistorted cubic structure of Fig. 6.1.c is retrieved by increasing
the radius q of the helices [206]. This simultaneously reduces R and increases r and at q̃ = a/3
the two get equivalent and the six-fold cohordination is restored. In this configuration, the
four valence electrons are highly delocalized among the six equivalent bonds and tellurium
becomes metallic (Fig. 6.1.e).

This scenario is supported by band structure calculations performed by imposing the Te atoms
to occupy either the atomic sites of the trigonal structure or the sites of a ‘hypothetical’ sc
structure, with relaxed interatomic distance d = 3.16 Å [209]. The outcome of these calcula-
tions is reported in Fig. 6.2. In the upper row, panels (a)-(c) show respectively the BZ of the
sc structure (a), the BZ of an overlapping trigonal lattice (b) and the BZ of tri-Te (c). In the
bottom row, panels (d)-(f) display the corresponding calculated bandstructures, where shaded
area highlight the energy regions of the band gaps. According to these, one can identify the
locations in the BZ where the relevant band structure modifications are, due to the periodic
lattice distortion.
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Chapter 6. Optical tuning of the band structure of Te via coherent phonon excitation

6.1.2 Intrachain and interchain interactions: band gap

The previous section delineated the intimate link between the lattice and the electronic
structure of Te. For instance, strong electron-phonon coupling is fundamental to understand
the phase diagram of Te as a function of pressure. In light of the Peierls-like mechanism
responsible for the structure of Te, one expects that application of pressure would lead to the
metallic sc phase. This is indeed observed experimentally by means of XRD, which reveals that
a face-centered cubic phase is reached at very high pressure (Fig. 6.3), namely above ª 27 GPa
[210, 211]. Actually, metallicity is already observed at 4 GPa in transport [212] and optics [213],
at the occurrence of a structural transition to the Te-II phase (Fig. 6.3). This phase change has
long been known [214, 215], and until recently the Te-II phase was assigned to a monoclinic
structure made of puckered layers containing zig-zag chains [216]. However, more recent XRD
experiments [210] and Raman studies [217] correct that interpretation and rather describe the
Te-II phase as a triclinic structure. In this description, interestingly, the metallization across
the transition is achieved by the formation of ‘charge-bridges’ between neighbouring chains
[217].

Several studies investigated the link between structural modifications and band gap renormal-
ization in Te. Theory shows that the band gap strongly depends on the interchain distance
[218], which can be reduced by pressure [204], that in turn makes the band gap narrower
[219]. It has been recently predicted that both hydrostatic pressure and uniaxial tensile strain,
applied along the chain axis, determine the reduction of the band gap [192]. Experiments
confirms this result revealing an exponential dependence on the external pressure [220, 221].
Finally, theoretical predictions shows that at 1.6 GPa the band gap located at the H point
is closed and above this value Te is a Weyl semimetal [187, 192], while at 4 GPa the system
becomes a trivial metal. Recent experimental results support this picture [222].

Figure 6.3 – Atomic volume at room temperature for pressures up to 40 GPa. Solid cir-
cles/crosses represent data collected in increasing/decreasing cycles [211].
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6.1. Te: a covalent crystal

6.1.3 Optical control of the band gap

Besides the various mechanisms introduced previously, I explore here an alternative route
to modify the band gap of Te at the ultrafast time scale via optical excitation. One can expect
a renormalization of the quasiparticle energy as a consequence of the change in electron-
electron [162] and electron-phonon interactions [223, 224]. The former affects the Coulomb
screening during photoexcitation, and band structure modifications take place at the fs time
scale. The latter is related to the lattice temperature change, so the increased population of
incoherent phonons excited via electron-phonon coupling and phonon-phonon scattering.

Another possible mechanism leading to a change of the band gap is provided by the photoex-
citation of coherent phonons. A necessary requisite to trigger these oscillations is a strong
electron-phonon coupling, which in Te is revealed by the Peierls distortion. The intense optical
excitation alters the electronic occupancy, which in a Born-Oppenheimer picture shapes the
potential landscape perceived by the nuclei. As a consequence, they are left in an excited
state of the new charge configuration, and therefore they start to oscillate coherently. The
subsequent displacement of the ions in turn changes the electronic band structure and the
dielectric function. This mechanism goes under the name of displacive excitation of coherent
phonons (DECP) [227] and it is responsible for the excitation of fully-symmetric modes (with
irrep A1 or Ag ). In some cases, the atomic displacement enhances the charge transfer between
neighbouring species and therefore the displacive excitation is proposed as a mechanism to
induce phase transitions [228].

A microscopic picture alternative to the DECP is called impulsive stimulated Raman scattering
(ISRS). The latter does not necessarily involve A1 modes and it is based on an instantaneous
displacement of the ions [229]. A unified description of the two phoenomena was proposed
under a formalism based on Raman scattering, which accounts also for intermediate regimes

a b

Figure 6.4 – Eigenvalue and eigenvectors of the phonon spectrum in Te. (a) Relevant lattice
vibrations for the discussion. [225] (b) Phonon dispersion in Te. [226].
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[230]. Experimental evidences of photoexcitation of coherent phonons have been reported by
transient reflectivity measurements under high pump fluence on a large number of materials
[231]. Direct observations of changes in the band structure are reported by trARPES in Bi2Se3

[232], Bi2Te3 [233], FeSe [234], Bi2212 [235] and bismuth [236, 237].

In tellurium, the excitation of a coherent A1 mode is confirmed by time-resolved optics [238]
and originally attributed to a DECP excitation mechanism [239]. Such an optical phonon
corresponds to a radial breathing of the helices, which modulates in time the interchain
distance r (Fig. 6.4.a). As described in the previous sections, this r is the parameter controlling
the band gap in Te and therefore the excitation of this A1 mode is a promising strategy to
induce a semiconductor-to-Weyl semimetal transition. A similar topological transition has
been very recently reported in MoTe2 with pump-probe optical spectroscopy [240] and in
WTe2 with time-resolved diffraction [241].

In the next section, I will show that trARPES measurements reveal strong coupling of the
valence band structure with phonons, where the A1 mode is the primary modulation. I will
provide an estimation of the photoinduced energy shift of the band. Finally, I will discuss the
perspectives to achieve a full control of the band gap by means of complementary techniques.

6.2 TrARPES results

I carried out pump-probe experiments on Te at the ASTRA end-station of Harmonium. The
data have been taken using p-polarized light at 17.9 eV photon energy, corresponding to
the 11th harmonic of the fundamental produced in Argon. For this experiment, I used the
grating with 200 grooves/mm that provides time resolution better than 65 fs and energy
resolution better than 300 meV [88]. The sample was excited with the 1.6 eV fundamental
output of the Ti:Sapphire laser, with s-polarization to prevent spurious effects from laser
assisted photoemission (LAPE) at pump-probe time overlap, defined as t0. The pump fluence
at the sample surface was set to ª2.6 ± 0.02 mJ/cm2, corresponding to an absorbed fluence of
ª1.24 mJ/cm2.

The main results are summarized in Fig. 6.5. Let us first consider the momentum region
corresponding to the H point (see Fig. 6.5.a) in correspondence of the direct band gap. Based
on the synchrotron ARPES shown in the Chapter 5, I chose a photon energy of 17.9 eV, in order
to probe the M-L-H-K plane indicated in red in Fig. 6.5.a. The sample was cleaved in ultrahigh
vacuum at room temperature, rotated about its surface normal of 45± with respect to the c-
axis and the band structure mapped in proximity of the H point. Fig. 6.5.b displays a constant
energy map taken at the Fermi level. It shows the distinctive hole-like pocket due to the VB. A
second constant energy map, taken 200 meV below EF (in Fig. 6.5.c), shows the evolution of
the VB contour. Accordingly, I could precisely locate the position of the H point and probe the
dynamical change in the band dispersion along the path indicated by a red line in Fig. 6.5.b.

Fig. 6.5.d shows the band structure measured at negative time delays, i.e. when the probe
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6.2. TrARPES results

pulse precedes the pump pulse. I resolve two clear features which are attributed to the two
highest VB states. Upon IR photoexcitation, electrons populate the conduction band (CB)
as it is shown in the differential plot in Fig. 6.5.e, obtained as the difference between the
photoemission signal measured at t = 4.5 ps and at t < t0. Blue and red colors encode negative
and positive variations of intensity, respectively. The differential signal at the bottom of the CB
is integrated over the energy and momentum region highlighted by the blue box in Fig. 6.5.e
and its time dynamics plotted in Fig. 6.5.g. It shows that the electronic relaxation of the CB
occurs on a much longer time scale than the temporal window probed in this experiment. The
study of the physical mechanisms responsible for such a slow dynamics is beyond the scope
of my thesis, and it is left for future investigations.

The behaviour of the highest VB state is somewhat different. Close inspection of the differential
plot of Fig. 6.5.e reveals a positive signal above the maximum of the unperturbed quasiparticle
peak and a negative signal below it. This feature suggests a photoinduced blue shift of the VB.
By integrating the differential signal within the green box, that is located above the unperturbed
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Figure 6.5 – Pump-probe data. (a) Bulk BZ of Te, with M-K-L-H plane highlighted in red.
(b) Constant energy map at the Fermi level. (c) Constant energy map 200 meV below the
Fermi level. (d) Band dispersion along the red line in b, acquired at negative delay time. (e)
Differential plot of the band dispersion measured 4.5 ps after time overlap. (f) FFT of the
ARPES intensity corresponding to a frequency of 2.9 THz. (g) Temporal dynamics obtained
by integrating the region indicated by the blue and green boxes in e. (h) Frequency spectra
(red/blue curves) corresponding to the (yellow/magenta squares) in f.
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band position, I can track its temporal evolution, displayed in Fig. 6.5.g in green. It shows a
steep increase at t0, followed by a structured oscillatory pattern that is indicative of the beating
between two modes with close frequencies. This behaviour is observed in several positions
in the investigated energy vs. k space. In order to better study this oscillatory response in
the whole valence bands, I performed a fast Fourier transform (FFT) of the ARPES intensity
over the whole energy-momentum-time delay cube. Fig. 6.5.f displays the distribution of
intensity in the energy vs. k space for the component at 2.9 THz, integrated within ±0.1 THz.
FFT components at 2.9 and 3.5 THz are observed for both the two VB states, as it is shown in
Fig. 6.5.h by integrating the Fourier spectra in the yellow and magenta boxes. Comparison
with equilibrium Raman studies (Fig. 6.4.b) [226] and transient reflectivity data [238] allows
me to attribute these oscillations to two bulk phonon modes: the 2.9 THz (95 cm°1) is a ETO

mode, while the 3.5 THz (116 cm°1) is a A1 mode.

6.2.1 Coherent bands renormalization: coupling with phonons

The previous analysis of the dynamics of the differential signal suggests that band structure
modifications are produced by the excitation of multiple coherent phonons. In order to gain
a more quantitative insight on the phonon-driven VB renormalization, I have performed a
quasiparticle peak analysis following the same approach used for ZrSiSe in Chapter 4.

The aim of this section is to elucidate the possibility to modulate the band gap, and eventually
close it, so I will focus on the top of the VB. Its band dispersion is tracked analyzing the MDCs.
In Figure 6.6.a, I show a close-up of the VB dispersion as measured before the arrival of the
pump excitation. I overlap the result of the MDC fitting (blue curve) to highlight the good
agreement between analysis and data. I repeat the procedure for all the time delays. Fig. 6.6.b
shows the band dispersion measured at t ° t0 = 140 fs, corresponding to the maximum of the
differential signal, with overlapped the results of the MDC fitting (red curve) and compared
with the ones at negative time delay (in blue). Not only do they confirm that the VB is shifted
towards higher energies, but also that its band velocity is increased. I then assume the band
dispersion to be linear in kx between 0.05 Å and 0.2 Å and estimate the photoinduced energy
shift as a function of kx . The results, shown in Fig. 6.6.c, reveal a step-like displacement of
the peak position, followed by oscillations. I remark that the amplitude of the step and of the
oscillations depend on kx , while the frequency of the oscillation is not. The VB is shifted up to
80±2 meV above its equilibrium position, and it oscillates with an amplitude of 20±2 meV. The
range of these values is comparable with previous reports on bismuth, a case study for Peierls
distortion and coherent phonons excitation [236]. A fit to the energy shift curve for kx = 0.15 Å
yields oscillation frequencies equal to 3.49±0.05 THz and 2.98±0.05 THz, in agreement with
the analysis of the differential intensity signal. Finally, in Fig. 6.6.d, I report the full dynamics
of the VB dispersion for time delays up to 4.5 ps. This shows that after the fast change of the
dispersion, the VB does not recover its equilibrium position within 4.5 ps.

92



6.2. TrARPES results

-0.5

0.0

E-
E F

(e
V)

0.250 kx (Å-1)

-0.5

0.0

E-
E F(

eV
)

0.250 kx (Å-1)

d

c

a b

100

80

60

40

20

0

En
er

gy
 sh

ift
 (m

eV
)

2000150010005000
Time delays (fs)

 0.05 1/Å
 0.10 1/Å

 0.15 1/Å
 0.20 1/Å

kx (Å-1)

4500
3840
2880
1920
660
-300

t - t0 (fs)t < t0 t - t0 = 140 fs

0.200.160.120.08

-0.5

-0.4

-0.3

-0.2

-0.1

E-
E F

 (e
V)

Figure 6.6 – Band structure renormalization. (a) Zoom of the VB dispersion shown in Fig. 6.5.d
with overlapped peak position (in blue) obtained from the analysis of the MDCs. (b) Same as
in a, but 140 fs after time overlap. The fitted peak position is indicated in red and compared
with the results for negative delay time. (c) Energy shift of the VB as a function of time delays.
Different colours indicate different wave vectors at which the shift is evaluated. The curve
corresponding to the wave vector k = 0.15 Å°1 is fitted using a step function multiplied by a
exponential decay and two exponentially damped sinusoids. (d) Quasiparticle peak position
as extracted from the MDC analysis.. Different colours indicate different time delays.

6.2.2 Conclusions and outlook

The results presented in this chapter indicates a strong coupling between the electronic band
structure and the phonons in Te. I observed a rapid energy shift of the VB towards smaller
binding energies, upon intense photoexcitation. I also observed a dynamical modulation of the
VB dispersion that I attribute, via spectral analysis, to the excitation of two coherent phonons
with different symmetries. By comparing with transient reflectivity studies [238], I associate
the main contribution to the A1 mode, a breathing mode of the helical chains. The subsequent
displacement of the Te atoms may alter the interchain distances in the direction of a structural
transition to a Weyl semimetallic phase with different symmetry. My current analysis of the
photoinduced VB renormalization supports this scenario, although the measured energy shift
is alone insufficient to close the bandap.

A complementary analysis of the evolution of the CB band dispersion is left for the future. Its
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time-dependent shift will complete the analysis of the band gap dynamics. In parallel, this
will be benchmarked by theoretical calculations, to clarify from the structural point of view if
the oscillation induced by the coherent phonons tends to stretch the Te chains and enhance
the distortion from the sc phase, or to restore the sc phase. In the second case, the use of
all-optical techniques in the mid-IR might provide important information about the band
gap modulation in a fluence regime larger than the one accessible to trARPES (which suffers
from space charge effects). Those experiments will be complementary to the studies of my
thesis, and I am confident they will open future directions for my scientific activity. In parallel,
ultrafast time-resolved electron diffraction and time-resolved X-ray diffraction experiments
will represent a way to directly probe the dynamics of the lattice.
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M Radović, E Pomjakushina, K Conder, J H Dil, J Mesot, R Yu, H Ding, and M Shi.
Evidence of a Coulomb-Interaction-Induced Lifshitz Transition and Robust Hybrid Weyl
Semimetal in Td -MoTe2. Phys. Rev. Lett., 121:136401, 2018. 71

[186] J E Gayone, C Kirkegaard, J W Wells, S V Hoffmann, Z Li, and P Hofmann. Determining
the electron-phonon mass enhancement parameter ∏ on metal surfaces. Appl. Phys. A,
80:943–949, 2005. 71

[187] Motoaki Hirayama, Ryo Okugawa, Shoji Ishibashi, Shuichi Murakami, and Takashi
Miyake. Weyl Node and Spin Texture in Trigonal Tellurium and Selenium. Phys. Rev.
Lett., 114(20):206401–5, May 2015. 74, 75, 76, 79, 83, 88

[188] A Andersoon, D Andersson, and I Marklund. Clean Te surfaces studied by LEED. Surf.
Science, 12:284, 1968. 75

[189] S Tanuma, C J Powell, and D R Penn. Calculation of electron inelastic mean free paths
(IMFPs) VII. Reliability of the TPP-2M IMFP predictive equation. Surface and Interface
Analysis, 35(3):268–275, 2003. 75

[190] K Nakayama, M Kuno, K Yamauchi, S Souma, K Sugawara, T Oguchi, T Sato, and
T Takahashi. Band splitting and Weyl nodes in trigonal tellurium studied by angle-
resolved photoemission spectroscopy and density functional theory. Physical Review B,
95(12):125204, March 2017. 75, 79

[191] M Sakano, M Hirayama, T Takahashi, S Akebi, M Nakayama, K Kuroda, K Taguchi,
T Yoshikawa, K Miyamoto, T Okuda, K Ono, H Kumigashira, T Ideue, Y Iwasa, N Mitsuishi,
K Ishizaka, S Shin, T Miyake, S Murakami, T Sasagawa, and Takeshi Kondo. Radial
Spin Texture in Elemental Tellurium with Chiral Crystal Structure. Phys. Rev. Lett.,
124(13):136404, March 2020. 84

110



Bibliography

[192] Luis A Agapito, Nicholas Kioussis, William A Goddard, and N P Ong. Novel Family of
Chiral-Based Topological Insulators: Elemental Tellurium under Strain. Phys. Rev. Lett.,
110(17):176401, April 2013. 75, 79, 88

[193] Stepan S Tsirkin, Pablo Aguado Puente, and Ivo Souza. Gyrotropic effects in trigonal
tellurium studied from first principles. Physical Review B, 97(3):035158, January 2018.
76, 77, 79

[194] J L Ma nes. Existence of bulk chiral fermions and crystal symmetry. Physical Review B,
85:155118, April 2012. 76

[195] Stepan S Tsirkin, Ivo Souza, and David Vanderbilt. Composite Weyl nodes stabilized
by screw symmetry with and without time-reversal invariance. Physical Review B,
96:045102, July 2017. 77, 78

[196] Y H Chan, B Kilic, M M Hirschmann, C K Chiu, L M Schoop, D G Joshi, and A P Schnyder.
Symmetry-enforced band crossings in trigonal materials:Accordion states and Weyl
nodal lines. Phys. Rev. Materials, 3:124204, 2019. 76, 77, 78

[197] L Michel and J Zak. Connectivity of energy bands in crystals. Physical Review B,
59(9):5998–6001, March 1999. 77

[198] Y Wang, G Qiu, R Wang, S Huang, Q Wang, Y Liu, Y Du, W A Goddard III, M J Kim, X Xu,
P D Ye, and W Wu. Field-effect transistors made from solution-grown two-dimensional
tellurene. Nat. Electron., 1:228, 2018. 79

[199] J Krempaský, H Volfová, S Muff, N Pilet, G Landolt, M Radović, M Shi, D Kriegner, V Holý,
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