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Chapter 1

Introduction

1.1 Prelude

The different phases of matter are conventionally described according to their pattern of sym-

metry breaking. In the last decades however we assisted to the prediction and discovery of ma-

terials eluding this classification. In this regard, the studies of J. Michael Kosterlitz and David J.

Thouless have paved the way for the discovery and realization of what has been called a “new

topological phases of matter”.

During the 70s a new phase transition have been discovered; the Kosterlitz-Thouless (K-

T) transition, in which topological defects play a fundamental role. Unexpectedly, in contrast

to conventional phase transitions, the “K-T” transition shows no symmetry breaking [1]. In

1980 Klitzing realized the first material whose ground state is defined by its topology and not

by symmetry breaking. This class has been named as “two-dimensional (2D) Quantum Hall

(QH) materials”. The QH state can be regarded as the first realization of the predicted novel

topological phase [2]. Schematically QH insulators are 2D insulators presenting anomalous

transport properties at the edges, in a low temperature and strong external magnetic field regime.

The Hall conductivity is quantized and, while they are insulating in the bulk, electrons can travel

freely at the surface.

Soon after, David J. Thouless and collaborators explained the quatized Hall conductivity in

QH states by developing new models. In 2016, these studies have culminated with the assign-

ment of the Nobel prize in physics to David J. Thouless, F. Duncan M. Haldane and J. Michael
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1.1 PRELUDE 5

Kosterlitz for the “Topological phase transition and topological phase of matter” [3]. In the

years following the discovery of QH states, a large scientific interest arose for searching new

topological materials. In 2006 Bernevig and Hughes proposed that it could have been possible

to obtain a quantum spin Hall insulator (QSHI) system by growing a HgTe/CdTe quantum well

[4]. QSHIs are insulators in the bulk and metallic at the surface, mimicking the behaviour of

the QH states, but in absence of external magnetic fields. QSHIs show spin-polarized and topo-

logically protected surface states at the edges, under the influence of strong atomic spin orbit

coupling (SOC). These systems have also been defined as 2D Topological insulators (TIs), a

concept which has been successively extended to the three-dimensional case, for the 3D topo-

logical insulators.

Since the synthesis of the Bi1−xSbx alloy in 2007 as the first TI, a huge numbers of ex-

perimental and theoretical works have been published [5]. One of the reasons why TIs have

captured the attention of the relevant scientific community, is because they seemed the natural

ideal candidates for future spintronics applications. Among the numerous results in this field,

we mention the integration of magnetic materials with topological insulators, which has led to

the genesis of topological spintronics [6]. The investigation of the spin dynamics in ferromagnet

- TI- heterostructures, has revealed the great potential of the Bi2Se3 TI for spintronics devices

[6]. As a matter of fact, efficient spin-transfer torque devices has been already realized, by using

a thin film of Bi2Se3 in combination with a ferromagnetic permalloy [7].

Another important study research area for these materials aims at exploiting phenomena

associated to the coupling of light to Tis, these includes: the colossal Kerr rotation [8], photo-

induced spin currents [9] and long-lived surface state population [10]. A number of studies have

also investigated the electrons and the phonons dynamics induced by an ultrafast optical excita-

tion by using time- and angle- resolved photoemission spectroscopy [11, 12, 13, 14, 10]. Angle-

resolved photoelectron spectroscopy (ARPES) is the ideal tool to explore such processes, since

it allows to probe directly the band structure of materials. Time-resolved ARPES (TR-ARPES)

can provide a stroboscopic picture on the femtosecond time-scale of the evolving excited states

via a pump-and- probe approach.

TR-ARPES studies performed on different doped TIs, revealed differences in their transient

electron dynamics [11, 15, 16]. However, no study so far has systematically addressed the role

of doping in these materials, in particular, concerning the contributions of different relaxation
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mechanisms such as the diffusion and the electron-phonon scattering.

During my PhD thesis I performed a systematic study on six different doped TIs by means

of TR-ARPES. The motivation of my work aims at understanding the role of different relaxation

channels that, in cooperation with the electron-phonon scattering, determine the thermalization

of the system. The formation of the topological phase is possible under the influence of a strong

SOC which induces a hybridization between valence and conduction bands. This process, lead-

ing to the formation of the topological surface state, is followed by a band parity inversion.

This important mechanism has been verified by analyzing linear dichroic effects in the pho-

toemission spectra of the prototypical GeBi2Te4 TI. To study in detail the dichroic character of

the bulk valence bands I have used the technique of linear-dichroic ARPES (LD-ARPES). The

SmB6 compound has been also investigated by means of TR-ARPES, with the intent of evalu-

ating its electron-phonon coupling constant. Contrary to “conventional” TIs, this material is a

strongly correlated Kondo Insulator (KI), which in the last years has been proposed to be Topo-

logical Kondo Insulator (TKI) [17]. Its classification however, despite several studies focused

on understanding topological nature, is still under debate.

In the last year of my PhD, I had the opportunity to investigate a novel topological phase of

matter known as Weyl semimetals (WSMs). The band structure of the WSMs presents unique

features, such as point-like Fermi surfaces and open Fermi arcs [18, 19]. In particular, I have

focused my attention on MoTe2, that is a transition metal dichalcogenide showing the WSM

behaviour. This material, differently from other WSMs, presents a temperature-induce structural

phase transition. [20]-[21]. The high temperature phase is centrosymmetric (1T ′′), while the

low temperature phase is non-centrosymmetric (1T ′). Only the latter case should support the

Weyl semimetal phase 1T ′. However such a prediction still waiting for a clear experimental

confirmation.

To shed light on this controversial question, an ARPES and spin-resolved ARPES (SARPES)

study of both the the two MoTe2 phases has been performed. Spin-polarized 2D states forming

Fermi arcs have been observed. However, the type-II WSM nature of MoTe2 has not established,

since a Fermi arc was found to persist in the high temperature centrosymmetric 1T ′′ phase.
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1.2 Outline of the Thesis

In the following is the outline of the thesis.

• Chapter 2: This chapter briefly introduces the conventional and the time-resolved ARPES

technique. The main models used to analyze the time-resolved spectra are reviewed: the

concept of a “hot” - Fermi Dirac distribution is introduced and a modified version of the

two-temperature (2T) model is derived. In the last part of the chapter the experimental

TR-ARPES setup is described. In particular, the development of a novel pump-probe

optical setup for fourth harmonics generation is detailed.

• Chapter 3: The third chapter deals with a short introduction to the quantum Hall (QH)

effect and quantum spin Hall (QSH) insulators, since these systems can be regarded as the

precursors of TIs. I provide the theoretical picture and the basic concepts that define the

nontrivial topological phase, the Z2 topological invariant, the fundamental quantity at the

base of the topological materials classification.

The second part reviews the “state-of-the-art” of TR-ARPES studies on TIs, by focus-

ing on the most important investigations, ranging from the first works on Bi1−xSbx to

more recent time-resolved experiments on the archetypal Bi2Te3 and Bi2Se3 topological

insulators.

• Chapter 4: Chapter 4 presents the results of the investigation of different doped TIs

showing that the relaxation dynamics of the excited state population is strongly influenced

by the doping level of the material under scrutiny. By extracting the evolution of the

electronic temperature for the different compounds I discuss and elucidate the role played

by charge diffusion processes.

• Chapter 5: This chapter introduces SmB6 within the frame of Kondo Insulators (KI) and

Topological Kondo Insulators (TKI). This material has attracted a great interest because

of its anomalous transport properties and since it has been proposed as the first realization

of a strongly-correlated TI. The basic literature about SmB6, including the discussion on

its topological nature and previous ARPES studies, is reviewed.

• Chapter 6: The sixth chapter focuses on the study of the SmB6 compound. I have in-

vestigated its out-of-equilibrium electron dynamics by means of time- and angle-resolved
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photoelectron spectroscopy. The transient electronic population above the Fermi level can

be described by a time-dependent Fermi-Dirac distribution. By solving a two-temperature

model (2T) that well reproduces the relaxation dynamics of the effective electronic tem-

perature, I estimate the electron-phonon coupling constant of the material.

• Chapter 7: Chapter 7 reports on the results I have obtained performing a synchrotron

based ARPES investigation of GeBi2Te4 TI. By performing Linear-Dichroic (LD) ARPES

I report a large dichroism in the bulk valence band which has been interpreted as an experi-

mental evidence of the band parity inversion, which is a key mechanism for the realization

of the topological phase.

• Chapter 8: The last chapter of this work is devoted to the study of MoTe2, a material

which has been proposed as the type II Weyl Semimetal (WSM). In the first part the

literature concerning previous works on MoTe2 is reviewed. In the second part I discuss

the ARPES measurements performed on MoTe2, aimed at revealing whether the surface

state survives only in the low temperature non-centrosymmetric phase.

• 9: The last chapter draws the conclusion and summarize the main results obtained.



Chapter 2

Time and Angle Resolved

Photoelectron Spectroscopy

In the last decades we assisted to a strong development of spectroscopic techniques based on

the photoelectric effect, these techniques belong to the class of Photoelectron Spectroscopies

(PESs), and are nowadays widespread. Among PESs, the Angle Resolved Photoelectron Spec-

troscopy (ARPES) is one of the most advanced spectroscopic method to directly probe the elec-

tronic bands dispersion in solids. ARPES allows to measure the electronic band structure of

crystalline solids usually over the entire Brillouin Zone (BZ) with high angular and energetic

resolution.

Chapter 2 covers the following arguments. In the first part I provide a brief theoretical

overview of ARPES at equilibrium: its kinematics and the conservations laws will be described

and a formula for the photoemission intensity will be derived. In the second part I introduce the

Time-Resolved ARPES (TR-ARPES), a recent implementation of conventional ARPES tech-

nique that allows to study the out-of-equilibrium electronic properties of solids. The last part

of the chapter is devoted to the description of the experimental setup developed, focusing, in

particular, on the the latest technical achievements.

9
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2.1 ARPES at Equilibrium

2.1.1 Introduction

Photoelectron spectroscopic techniques are based on the photoelectric effect, originally discov-

ered by Hertz in 1887 and then explained by Albert Einstein in 1905; its understanding granted

him the Nobel Prize in 1922. This effect can be described as follows: let us consider a monochro-

matic radiation of frequency ν and energy E = !ν impinging on a material having work function

φ. When a photon carrying an energy E greater than the material work function (!ν > φ) hits

the sample, then the electron is excited in a free electron-like state and it can escape from the

material. The maximum kinetic energy of the photoemitted electrons is Ekin = !ν − φ. This

happens for electrons lying exactly at the Fermi level, i.e. having null binding energy.

Photoemission is a complex quantum process which is considered to happen, in the more

rigorous and realistic description, in a single step. Under suitable approximations the entire

process can be modelled by using the so called three-step approach. In the case of the three-step

model, two approximations are made: the so-called independent-particle picture and the sudden

approximation. These assumptions are equivalent to disregarding both many-body interactions

and the relaxation of the system during the photoemission process. In the three-step model, we

can identify these steps [22]:

1. the impinging photon induces an optical excitation from an occupied initial state of energy

Ein to an unoccupied state with energy Efin.

2. the photoemitted electron travels through the bulk to the surface, undergoing several scat-

tering events.

3. the sample surface acts as a potential barrier. For the electron to escape into the vacuum

a matching between the electron wave function inside the solid and the free-electron like

wave function outside the solid is required.

The three steps listed above provide only a qualitative description: from a quanto-mechanical

point of view we should not ascribe the photoemission process to three independent events. For

this reason, the one-step model is considered as the more rigorous description. Formally the

correct modelling should describe an optical transition respecting the boundary conditions at
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the edge of the solid and where the initial and final states are composed of many body wave

functions. The initial state is one of the possible N-electron eigenstates of the semi-infinite

crystal, while the final state must be one of the eigenstates of the ionized (N-1)-electrons.

In ARPES an electron energy analyzer collects photoelectrons emitted from the solid and

measures their kinetic energy Ekin for a given emission angle. The knowledge of Ekin along

with the emission direction allows to completely determine the momentum K = p/! of pho-

toelectrons in vacuum. This direction is defined, with respect to the sample surface, in terms

of the polar (θ) and azimuthal (φ) angles [23], as illustrated in figure 2.1. The modulus |K| is

obtained by the Ekin value and the momentum components, parallel and perpendicular to the

sample surface (K⊥ and K∥).

The energy conservation law, in a photoemission process, is defined within a non-interacting

electron picture by:

Ekin = !ν − |EB|− φ (2.1)

where EB is the binding energy of electrons characterized by a specific electron density of states

(DOS) and related to core electrons or bands states of the solid. The momentum conservation law

relates the momentum k of electrons to the momentum K of photoelectrons. Within the three-

step model, during the propagation across the surface the in-plane component of the wave vector

k∥ is conserved because of the translational crystal symmetry is conserved at the surface. Hence,

the wave vector component (
−→
k ∥,in) of the wave function propagating in the solid corresponds

to the wave vector component of the free-electron like wave function outside the solid (
−→
k ∥,out).

In particular the in-plane component k∥ of the momentum descends directly from the K∥:

k∥ = K∥ =
1

!

√

2mEkin · sin θ (2.2)

Conversely, the normal component is not conserved,
−→
k ⊥,in ̸=

−→
k ⊥,out owing to the breaking

of the translational symmetry at the surface. It is demonstrated that, by introducing the inner

potential V0, the normal component can be expressed as [23]:

k⊥ =
1

!

√

2m(Ekin cos2 θ + V0) (2.3)

The term V0 corresponds to the energy of the bottom of the valence band referenced to the

vacuum level Ev. The value of V0 can be determined experimentally. The procedure consists in

detecting photoelectrons emitted at normal emission, (i.e. k∥ = 0) while varying the incident
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photon energy and thus the kinetic energy and Kz . In the case of low-dimensional systems,

like 2D-systems, the dispersion along the z axis is negligible. However, in the case of materials

which present both 2D and 3D states, as Topological Insulators, the measure of the kz can be

relevant1. We will refer, in this thesis, to the band mapping as the measure of the band dispersion

in the x-y plane, via the in-plane component (k∥).

In general the aim of an ARPES experiment is to measure the electronic dispersion E(k)

of electrons, thus the band structure of the material, by measuring the kinetic energy and mo-

mentum of electrons photoemitted in vacuum. It is worth noticing that only a portion of the

photoelectrons can be exploited to extract information about the DOS of the sample. The con-

servations laws we introduce, applies only to the photoelectrons that do not undergo scattering

events, maintaining unaltered their energy and momentum. Such electrons are called “primary

photoelectrons”2. The mean free path, λ of the primary photoelectrons, presents a minimum in

correspondence the energy range between 20 eV and 100 eV. At these energies, primary pho-

toelectrons come from the topmost layers of the sample, hence come from the surface. The

dependence of λ on the photon energy explains why the ARPES technique is said to be “surface

sensitive” [24].

2.1.2 Photoemission Intensity

We can evaluate the ARPES intensity via both a semi-classical approach or through the quantum

Green’s function formalism. In both cases we treat the solid quantum-mechanically, however in

the first case the electromagnetic field is represented classically by the vector potential A. In this

description the interaction between the electromagnetic radiation and the sample is accounted

for by an hamiltonian perturbative term Hi. Within the dipole approximation, this operator can

be written as:

Hi = −
e

mc
A · p (2.4)

1The dimensionality of surface and bulk derived states is experimentally determined by evaluating their kz dis-

persion.
2The electrons mean free path λ depend on the photon energy, and do not depend in first approximation on the

material.
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Figure 2.1: Geometry of an ARPES experiment. The polar (θ) and azimuthal (φ) angle specify the

emission direction. [23]

with A being the potential vector and p the total momentum. The transition probability Wfi for

an electron dipole optical transition between the N-electrons ground state (ΨN
i ) and one of the

possible final states (ΨN
f ) can be expressed, by the Fermi Golden Rule as:

Wfi =
2π

!

∣

∣

〈

ΨN
i

∣

∣HI

∣

∣ΨN
f

〉
∣

∣

2
δ(EN

f − EN
i − hν) (2.5)

We invoke here again the sudden-approximation and simplify the term Wfi by factorizing the

wavefunctions in equation 2.5 into the photoelectron and the (N − 1)- electron terms. We

write the initial and final states as a product among (Φk
f ) for photoelectrons and (ΨN−1

f ) for the

electrons:

ΨN
f = AΦk

fΨ
N−1
f (2.6)

ΨN
i = AΦk

iΨ
N−1
i (2.7)

where A is the antisymmetric operator that antisymmertrizes the wavefunction satisfying the

Pauli principle. We can now write the matrix element in equation 2.5 in the following form:

〈

ΨN
f

∣

∣Hi

∣

∣ΨN
i

〉

=
〈

Φk
f

∣

∣

∣
Hi

∣

∣

∣
Φk
i

〉

〈

∑

m

ΨN−1
m

∣

∣

∣

∣

∣

ΨN−1
i

〉

= Mk
if

〈

∑

m

ΨN−1
m

∣

∣

∣

∣

∣

ΨN−1
i

〉

(2.8)

Let assume the generic excited state of the solid left behind to have eigenfunction ΨN−1
m and

eigen energy EN−1
m . The total transition probability is given by the sum over all possible excited
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states m. We introduce the annihilation operator ck and write the the initial state as ΨN−i
i =

ckΨN
i . This substitution formally leads to the “second quantization” formalism, fundamental to

introduce the one-particle spectral function:

A−(k,ω) =
∑

m

∣

∣

〈

ΨN−1
m

∣

∣ ck
∣

∣ΨN
i

〉
∣

∣

2
δ(!ω + EN−1

m − EN
i ) (2.9)

The photoemission intensity measured as a function of the kinetic energy and momentum,

given by I(Ekin,k) =
∑

f,iWf,i is proportional to:

∑

f,i

∣

∣

∣
Mk

f,i

∣

∣

∣

2∑
|cm,i|

2δ(Ekin + EN
f − EN

i − hν) (2.10)

Where cm,i =
〈

ΨN−1
m

∣

∣ ck
∣

∣ΨN
i

〉

. We can finally express the intensity of photoemission, as

measured in a typical ARPES experiment, by the product of three independent terms, as:

I(Ek, !ω) = I0(k, ν,A)A(k,ω)f(!ω). (2.11)

The firs term, I0(k, ν,A) is proportional to the squared matrix element
∣

∣

∣
Mk

f,i

∣

∣

∣

2
. The second term,

A(k,ω), is the one-particle spectral function, which is usually represents the most important

information that the ARPES technique allows to retrieve. This function, also known as one-

particle spectral density, defines the probability of adding (if E > EF ) or removing (if E < EF )

an electron with energy E and wave vector k from or to the interacting N-electron system.

The third term, f(!ω) = (exp
!ω

kBT +1)−1, is the Fermi-Dirac function, which accounts for the

statistical occupancy of the electronic states.

In some cases, the matrix element effects, accounted for by I0, can lead to a complete sup-

pression of the photoemission intensity. Hence, they become particularly important when per-

forming polarisation-dependent ARPES investigations, usually indicated as Linear- and Circular-

Dichroic ARPES (LD and CD-ARPES respectively). Here, we illustrate the case of the linearly

polarized photons for the LD-ARPES investigation reported in this thesis work.

We can express the matrix element as a function of the unit vector along the polarization

direction of the vector potential A of the incident photon, ε as:
∣

∣

∣
Mk

f,i

∣

∣

∣

2
∝

∣

∣

∣

〈

φk
f

∣

∣

∣
ε · x̂

∣

∣

∣
φk
i

〉
∣

∣

∣
(2.12)

Selection rules depends mathematically on the parity of the operator and of the wavefunctions as

well as on the experimental geometry. Let us consider as an example the photoemission from a
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dx2−y2 orbital, as sketched in fig. 2.2. The incoming beam direction defines the scattering plane

(SP), while the high symmetry directions of the sample define the mirror plane(MP).

The detector, hence the analyzer entrance slit, lies in the mirror plane. The p and s polar-

izations are indicated by Es and Ep respectively. The matrix element 2.12 must be even under

reflection with respect to the mirror plane in order to have a non-vanishing photoemission signal

[25]. The ideal situation is when the (SP) and (MP) are in the angular dispersion plane3. The

final state wavefunction φk
f is mirror-symmetric and has even-parity under reflection. Hence the

initial state φk
i has to obey precise selection rules, which can be summerized as:

⎧

⎨

⎩

φk
i − even %→ ϵ ·A(even)

φk
i − odd %→ ϵ ·A(odd)

(2.13)

The photoemission intensity, as a result, can be suppressed or enhanced, due to these selec-

tion rules. From the above discussion we deduce that photoemission performed with different

light polarizations allows, under proper geometrical conditions, to probe the parity of ground

state wavefunction. This makes LD-ARPES the ideal tool to study the dichroism of different

materials and systems or to exploit it in order to enhance the signal coming from a particular

band.

3The energy dispersion plane of the analyzer sketched in fig.2.2 is orthogonal to the SP and MP planes, hence the

angular dispersion plane is parallel to SP and MP.
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Figure 2.2: Photo emission from dx2−y2 orbitals. The mirror plane (MP) in red is defined by the crystal

symmetry and and the scattering plane (SP) in blue is defined by the beam geometry. Adapted from [25].

2.2 Out-of-Equilibrium ARPES

ARPES provides us the opportunity to directly probe the band structure of the materials, as those

studied in the present thesis, at equilibrium. However, in order to study the evolution in time of

the electronic properties, triggered by a photo-excitation, a time resolved approach is needed.

In this section we introduce the time-resolved ARPES (TR-ARPES) along with some basic a

formalism to interpret the experiments. After a brief introduction we will focus on the time-

dependent description of the photoemission intensity and on the two-temperature (2T) model

which has been adopted.

The advent of pico- and later femto-second laser sources, has triggered the development of

time resolved optical spectroscopies. Gradually the time resolved approach has been extended

to other spectroscopies, such as ARPES. The time-resolved ARPES (TR-ARPES) is based on a

stroboscopic pump-probe approach, realized as follow. First, an intense laser pulse, called pump,

excites the sample. After the arrival of the pump pulse, a weaker laser pulse, with photon energy

sufficient to produce primary photoelectrons, called probe, is sent on the sample at a variable

delay time, δt, with respect to the arrival of the pump pulse. By varying the delay time, the spec-

tra corresponding to snapshots of the evolution of excitation and relaxation dynamics induced

by the pump are detected using a suitable ARPES apparatus. The out-of-equilibrium properties

can then be investigated by relating the electron dynamics to the specific band structure of the

material.
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Figure 2.3: Representative time and energy scales of electronic and phononic processes in cor-

related materials. [33]

The past few years have seen a rapid diffusion of this technique, since it offers a direct insight

into many-body interactions and in electron correlation properties out of equilibrium. The first

set of systems investigated were mostly the charge density waves (CDW) materials [26, 27]

and high temperature superconductors (HTSCs) like the cuprates [28, 29], and the picnitedes

[30, 31].

Recently the scientific interest moved to the out-of-equilibrium properties of topologically

non trivial systems like the Topological Insulators Bi2Se3 and Bi2Te3 [14, 12, 32]. Several

pump-probe investigations have shown that during the non-equilibrium regime after the pump

excitation, the energy transferred from the excited electrons to the rest of the system can be due to

several independent or intertwined processes. Even though they can coexist on the same energy

scale, they are often characterized by different time scales, hence distinguishable in the time

domain. Figure 2.3 reports an overview of the main relaxation processes in solids on the femto-

and pico-second time scale. In particular, in our work we are interested in the fast dynamics

(below 10 ps), which involves electron-electron and electron-phonon interactions.

In developing phenomenological models for the TR-ARPES we use, as a starting point,

the framework used to describe the equilibrium ARPES. In particular, we assume that after the
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arrival of the pump pulse, the first and fastest process taking place is the carriers excitation.

Due to the fast electronic response, the duration of this process is essentially imposed by the

temporal length of the pulse (usually few tens of fs). Electrons, excited by the absorption of

the IR photons pump, reach higher energy states in the conduction band, leaving holes in the

valence band. Inter or intra-band excitations can occur, depending on the energy gap.

Excited carriers, which are in a non-equilibrium state after pump excitation, scatter among each

others. It should be noted that carriers-carriers scattering process does not dissipate the extra

energy but only causes a dephasing of the coherence between the excited particles (electrons

and holes) leading to the theramalization of the electronic population.

The excited electrons get thermalized via ultrafast relaxation processes typically describable

by a hot-thermal distribution function. In a very first approximation and in the absence of a

more detailed knowledge of the relaxation processes, it is possible to consider the electron gas

and the lattice like two independent but interacting systems evolving toward the equilibrium and

to whom it is possible to assign two temperatures Te and TL. The electron system, after the light

excitation, transfers the energy to the lattice via electron-phonon scattering processes with an

effectiveness related to the electro-phonon coupling constant λ. We will see in section 2.2.2 that

the time-constant of the cooling process of the electrons via interactions with the lattice depends,

within a simple model, only on the electron-phonon coupling constant with no free parameters.

2.2.1 The Hot-Fermi Dirac Distribution

The photoemission intensity, as expressed by equation 2.11, is proportional to the product

A(k,ω) · f(!ω). In order to extend this formalism to the non-equilibrium case and try to disen-

tangle the time and energy domains, we introduce the following approximations.

In the general case, a photo-excited state is described by a many-body density matrix, in

which off-diagonal terms refer to the optical coherence. Due to ultrafast scattering processes

(faster than the temporal resolution of a typical pump-probe set-up) the density matrix can be

actually considered diagonal [34]. Indeed, the electron-electron interaction, responsible for e-e

scattering processes, can be assumed to be faster than the duration of both the pump and probe

pulses (≈ 100fs).

We consider that primary electrons do not suffer any scattering events while escaping from

the surface, as indicated by the sudden approximation. If these conditions are satisfied, we
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can describe the electronic states and their time evolution separately in the energy and time

domains respectively [35]. Hence, the time-dependent photoelectron spectrum is proportional

to A(k,ω, t) · f(!ω, t) where A is the one particle spectral function, t is the delay time and f is

an effective hot-Fermi Dirac distribution.

The temporal evolution of the spectral function contains informations about the modification

of the photo-hole life-time along with the time evolution of the many-body correlations on the

ultrafast timescale.

A detailed study of the spectral weight modification has been recently realized, thanks to

the recent significant improvements in the detecting capabilities [36]. Concerning the statistical

occupation of the electronic levels, the investigation of the time-evolution of the Fermi-Dirac

(FD) distribution has been applied in both trivial and correlated materials. W.S. Fann et al.

reported one of the first time-resolved photoemission spectroscopy studies in which the electron

thermalization has been investigated and the concept of a hot Fermi-Dirac Distribution has been

introduced [37]. Figure 2.4 shows their original results. They described the effect of the optical

excitation on the electrons by a nascent electron distribution which deviates from a thermal FD

function for at least one picosecond after optical excitation. However, by fitting a FD to the

electronic distribution acquired at different delay times, and neglecting the “hot-electron tail”

region, they have been able to extract an effective temperature Te of hot electrons.

The comparison of the photoemission intensity acquired at delay t with the shape of a FD

function that best approximates the measured electronic distribution shows that often, even in

simple metallic systems, the electronic thermalization can happen on very long timescales, es-

pecially for what concerns a logarithmically small density of electrons at high kinetic energy. A

qualitatively similar behaviour was found, for example, in the investigation of a cuprate super-

conductor, as reported in [28]. This kind of analysis have been improved with the availability

of 2D detectors in combination with high resolution hemispherical electron analyzers. These

allowed to extract energy- and momentum-dependent electronic distribution curves, indeed the

occupied electronic bands of the crystal, with high energy and momentum resolution. A con-

ventional and effective way to analyze the ARPES spectra in the momentum-energy domain is

to extract the data at constant energy or at constant momentum.The Energy Distribution Curves

(EDCs) provide the energy dispersion at fixed k values. Conversely the Momentum Distribution

Curves (MDCs) give the momentum dependence at fixed energy values.
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Figure 2.4: Electron Energy Distribution Curves vs energy at five delay times. The Fermi-Dirac

fits (dashed lines) and the corresponding electronic temperature are shown. [37]

The EDCs are fitted by an expression containing a FD distribution, which provides the value

of the chemical potential µ and of the the electronic temperature Te. This represent a common

procedure to analyze the transient dynamics in TR-ARPES experiments. As an example, we

report, in figure 2.5, the measurements performed on Bi2Se3 TI and reported in Ref. [12]. The

electronic temperature and chemical potential have been extracted from time dependent EDCs

and fitted with a FD distribution.

In the panel (a) of fig. 2.5 the effect of the increasing temperature (thermal broadening)

on the FD functions, that depends on the delay of the laser excitation, is shown. Their time

evolution is reported in panels (b) and (c) respectively. Panel (d) reports the modification of

the band structure of the material, that makes the Dirac cone clearly visible. The differential

color scale (red-blue) is used to reveal the electron-holes transient population after the pump

excitation. Negative values (blue) corresponds to a loss of photoemission intensity (excess of

holes) while positive in red indicates an increase of the electrons number.

2.2.2 Two- and Three-Temperature Models

This paragraph is devoted to the description of the so-called Two-Temperature (2T) model,

which as been developed by Anisimov [38] and Allen [39]. In the end of this section we in-

troduce an extension of this model, known as Three-Temperature (3T) model, initially proposed
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Figure 2.5: Time-resolved ARPES on Bi2Se3 TI [12]. EDCs at different delay time in panel (a) ex-

tracted along the direction shown in panel (d). Electronic and chemical potential in panel (b-d), derived

by the fit of the hot FD distributions. Panel (d) is a the differential image of the band structure acquired

300 fs after the pump excitation.

by L. Perfetti [28].

The 2T model describes, within some basic assumptions, the physics of a pump and probe

experiment allowing to extract, in some cases and under specific assumptions, the electron-

phonon coupling constant of the material from the measured relaxation mechanisms. The first

important requirement is that the electron and phonons distribution functions can be approxi-

mated to the local equilibrium distribution given in the first case by the Fermi-Dirac distribution

function (FD) and in the second case by the Bose-Einstein distribution function (BE).

Under these assumptions the energy balance for a metal absorbing a laser pulse can be ap-

proximately described by a minimal and phenomenological system of coupled differential equa-

tions. The relevant excitation and relaxation processes shown in figure 2.3 constitute the physical

picture withstanding the following system of equations:

∂Te

∂t
=

S

Ce
−

G

Ce(Te − Tl)
∂Tl

∂t
= −

G

Cl(Te − Tl)

(2.14)

where Te, Tl are the electronic and lattice (phonon) temperatures previously defined. The

coupling constant between the electron and the phonon systems is G = γe−phCe, sometimes

also expressed directly by γe−ph. The electronic specific heat is Ce = γeTe, being γe its linear

coefficient. Cl is the lattice specific heat and S is the absorbed power, with the Gaussian temporal
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profile of the laser pulse.

The solution of the system is a single exponential function with time-constant τ = 1
γe−ph

.

The term τ and the electron-phonon coupling constant λ are related [39]. λ indeed can be di-

rectly obtained by τ once the mean phonon energy
〈

!2ω2
〉

and the electronic temperature Te are

known.

γe−ph =
3λ

〈

!2ω2
〉

!πk2BTe
(2.15)

thus:

G = γe−phγeTe =
3γe
!πk2B

λ
〈

!
2ω2

〉

(2.16)

kB is the Boltzmann constant and ω is the frequency of the phonon mode. To comprehend

the limits of the Allen formula 2.15 and to further improve the accuracy of the 2T model, it is

convenient to start from a general description of the electron thermal energy decay rate, which

can be expressed as:

∂Ee

∂t
= 2πNcN(EF )

∫ ∞

0
dΩα2F (Ω)(!Ω)2[n(Ω, Tl)− n(Ω, Te)] (2.17)

where Nc represents the number of unit cells of the material, N(EF ) is the density of states

(both spins per unit cell) and n(Ω, Tj) stands for the BE distribution functions (j = e, l). !Ω

is the phonon frequency and α2F (Ω) is the Eliashberg function, where the electron-phonon

coupling λ = 2
∫∞
0 dΩ1/Ωα2F [39]. The energy of the electrons can be generically rewritten

as Ee ≈ E0 +
1

2γeT 2
e

. E0 indicates the system point zero energy at T = 0. The right-end side of

equation 2.17 can be evaluated via different approximations.

The first, also known as “high temperature limit”, consists in a Taylor expansion of the

Bose-Einstein distributions n(Ω, Tj) in terms of !Ω/kBTj . This assumption is valid when Te

and Tl are much higher than the maximal phonon energy !Ω, that matches the Debye energy

!Ωd. Hence, when kBTj ≫ !Ωd, we can simplify expression 2.17 and obtain obtain the system

of equation 2.14 previously described.

Several complex systems cannot be treated as simple metals from the point of view of the

electron-lattice interaction. This is the case of compounds which present a strongly anisotropic
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coupling or which relax via different scattering processes. In the general case, the electronic

temperature may relax through more than one single exponential decay. Perfetti et al. proposed

the so called Three-Temperature model (3TM) to solve this problem and to qualitative interpret

their time-resolved ARPES result on a HTCS [28]. Indeed, they revealed for these compounds a

peculiar double-exponential decay of the electronic temperature. The basic idea that allowed to

interpret this finding is that the lattice can be divided in two subsystems: a subset of hot-phonons

which strongly interact with the electrons and the “cold” lattice, which is weakly coupled.

We associate to the hot phonons the strongly coupled modes (a fraction f of the total modes)

and to the cold lattice the nearly non interacting (1− f) phonon modes. During first femtosec-

onds after the excitation the electronic distribution converges to a thermalized hot Fermi Dirac

distribution, and then the electron relaxation with the hot-phonons takes place. Both phononic

and electronic populations relax on the ps time scale. The relaxation process follows with the

mutual interaction of the two independent phonon subsets, governed by phonon-phonon anhar-

monic scattering processes.

The main hypothesis and simplification in this model concerns the phonon spectrum for the

strongly-coupling phonons, which is described by the Einstein model. The energy decay rate

(2.17) can be then rewritten by considering a non-dispersing distribution for the phononic modes

given by F (Ω−Ω0) ∝ Ω−Ω0, so the rate for the energy transfer becomes
∫∞
0 dΩΩ2α2F (ne−

np) with nj = (eΩ/kbTj−1)−1. Since the dimensionless electron-phonon coupling constant is

defined as λ = 2
∫∞
0 dΩ1/Ωα2F , the system of the rate equations can be written as:

∂Te

∂t
= −

3λΩ3
0

!πk2b

(ne − np)

Te
+

S

Ce

∂Tp

∂t
=

Ce

Cp

3λΩ3
0

!πk2b

(ne − np)

Te
−

(Tp − Tl)

τβ
∂Tl

∂t
= −

Cp

Cl

Tp − Tl

τβ

(2.18)

The nj are the Bose-Einstein distributions at the temperature Tj , while Cj(T ) represents

the electrons (j = e), hot phonons (j = p) and cold phonons (j = l) specific heat. For the

electronic specific heat, it holds Ce = γeTe. In this model the phonon-phonon anharmonic decay

is accounted for phenomenologically by the time constant τβ , describing the second relaxation

timescale observed in the experimental data for Te(t). We stress that in this model the electrons
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are considered coupled only to one single phonon mode at frequency Ω = Ω0. Conversely, in

this formulation no approximations are made on the Bose-Einstein statistics, hence the model is

valid for any temperature Tj(t).

It is worth anticipating here that our experiment on SmB6 motivated us to develop a novel

formulation of the 2TM, since the common assumptions made in the conventional 2TM were not

satisfied. In particular, the experimentally determined electronic temperature Te(t) was found to

be considerably lower than the Debye temperature of the material (TD= 373 K ref.[40]), hence

the high-temperature limit cannot be considered as a correct approximation in our situation.

Conversely, as it will be discussed in chapter 6, in SmB6 it is a reasonable assumption to consider

the electrons coupled only to a peculiar phonon mode, with the lattice specific heat calculated

through the approximated Einstein model. We then derived a modified version of the 2TM, that

writes:

∂Te

∂t
= −

3λΩ3
0

!πk2b

(ne − nl)

Te
+

S

Ce

∂Tl

∂t
=

Ce

Cl

3λΩ3
0

!πk2b

(ne − nl)

Te

(2.19)

2.3 Experimental Setup

Time-resolved ARPES is a technique which requires a specifically designed UHV and optical

setup to be correctly operated. The next section introduces the Time-resolved ARPES end-

station we used for the experiments reported in this thesis. In particular on the new optical setup

that has been recently implemented.

2.3.1 The T-Rex ARPES End-Station

A typical ARPES end-station is composed by four main elements: (a) the vacuum system; (b) a

sample manipulator/ cooling system; (c) a light source; (d) a photoelectron analyzer. Additional

apparatuses can be also integrated with these essential components in order to prepare, treat and

manipulate under UHV conditions the samples.

The vacuum system of the TR-ARPES end station at the T-ReX Laboratory includes three

interconnected vacuum chambers, for introducing the samples under controlled conditions, for
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preparing and manipulating the samples and the main chamber hosting the main samples manip-

ulators, a low energy electron diffraction (LEED) diffractometer and a hemispherical electron

analyzer. The samples are loaded in the the load lock fast entry chamber which can be quickly

pumped down to a base pressure in the 10−8 mbar range.

The preparation chamber, next to the load-lock, allows to cleave the sample in ultra high

vacuum environment, for providing an atomically clean and fresh surface. The average pressure

is of the order of 10−11 mbar. After suitable preparation, the samples can be transferred to the

main experimental vacuum chamber, also having a base pressure in the 10−11 mbar range. The

preparation chamber contains other important apparatuses, like a Low Energy Electron Diffrac-

tion (LEED) spectrometer, an Argon sputtering gun and evaporation sources.

The main experimental chamber is equipped with an automated manipulator with 6 degrees

of freedom. The manipulator hosts a cryostat, which allows the sample temperature to be con-

trolled and stabilized in the range 35− 350 K, when liquid helium cooling is used. An electron

gun and a Helium discharge lamp are also available. The main chamber is completed by a Specs

Phoibos 225 equipped with a 2D-CCD detector hemispherical electron energy analyzer, that

allows high energy and momentum resolution when operated in the ARPES mode.

Time-resolved ARPES experiments require the use of ultrashort laser pulses with specific

features, like a short temporal duration and a proper photon energy. Typical ultrafast laser

sources produce trains of light pulses in the near-infrared spectral range, with a temporal du-

ration of ≈ 100 fs. In particular, the fundamental emission of a Ti:Sa laser is at 800 nm, i.e.1.55

eV. This photon energy is often used for the pump pulse, whereas the probe pulse must then be

obtained via non-linear optical crystals in order to obtain a photon energy suitable for the linear

photoemission. Typically, the fourth harmonics of the Ti:Sa, at a wavelength of 200 nm (6.2

eV), is the lowest harmonics that satisfies this energy condition (2.1).

To perform the experiments which are presented in this thesis work, we have adopted, in

combination with the vacuum apparatus, a pump-probe optical setup which scheme is reported

in figure 2.6. We call setup-1 the standard optical setup, and setup-2 a novel optical setup

presenting improved characteristics and performances. In setup-1 the fundamental beam is split

into two beams by BS1: the reflected beam is used as the pump, while the transmitted beam is

used to generate the fourth harmonics probe. After two mirrors (M1 and M2) the transmitted

beam goes through a second beam splitter BS2 before being focused on the second harmonic
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Figure 2.6: Scheme of the first pump-probe setup (setup-1). [41]

generation (SHG) crystal, a type I-BBO crystal. An optical separator (S1) divides the second

harmonics (SH) from the fundamental (F) into two different optical paths.

The fundamental and the second harmonics beam are then recombined on a second BBO

crystal, with the proper polarization and temporal coincidence, in order to generate the third

harmonics by a sum frequency generation process. The third harmonics beam interacts with the

800 nm beam on a third BBO crystal to generate the fourth harmonics at 200 nm. The fourth

harmonics is finally separated from the other harmonics by means of a prism. In the last part of

the optical path, a mirror focuses pump and probe beams on the sample.

2.3.2 New Pump and Probe Optical Setup for 4th Harmonics Generation with a

Prism Compressor

In order to improve the efficiency and the stability of the harmonics generation process we have

designed and realized a new optical setup (setup-2) represented in figure 2.7. The image shows
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Figure 2.7: Scheme of the new pump-probe setup-2 equipped with the optical compressor. The

optical components are indicated in the legend.

a sketch of the optical path with the optical components.

The main difference with respect to setup-1 consists in a new optical scheme for the third

harmonics generation and in the presence of a prisms compressor. The effective overall size

has also been reduced. The fundamental of the laser, the second and the third harmonics are

collinear and are generated along the same optical path. This arrangement, which is sketched

in figure 2.8, requires no beam splitters and mechanical delay slits. The setup for THG is much

simpler and employs less optical components that those needed in setup-1.

The fact that the temporal and spatial overlap on the THG crystal is obtained by default

makes this optical design almost unaffected by possible small accidental misalignments and the

THG results stable with respect to slow drifts of the beam position. In particular, the beam at 400

nm, after being generated by the first BBO, passes trough a calcite velocity delay compensator

with a negative chirp. A dual wavelength wave-plate rotates the polarization of the fundamental

beam only before the second (THG) BBO crystal. The beams collinearity leads to an improved

spatial overlap thus providing a better efficiency of the sum frequency generation. The improved

conversion efficiency achieved in the collinear generation scheme allows to use thinner BBO

crystals (by a factor 2 to 3).
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Thanks to a considerably higher “mixing acceptance bandwidth”, the bandwidth of the THG

pulse is increased, sustaining shorter pulses. This is also the case of the FHG beam. A larger

bandwidth (by about a factor 2 with respect to setup-1) can lead to a much better time-resolution

in TR-ARPES experiments (at the expense of a reduction in the energy resolution), provided

that the FHG pulse is correctly controlled. Indeed, a large bandwidth pulse is more subject to

temporal broadening when passing through optics such as lenses and windows, especially in the

UV range, where the refractive index of optical material is strongly wavelength dependent.

Despite all the optics are carefully chosen for UV light, a prism compressor is fundamental

to compensate for the chirps that would be acquired by the FHG pulse while propagating through

optical components. The compressor also works as a wavelength separator, allowing to extract

the FHG from the collinear lower harmonics. Finally, a pulse compressor allows to approach the

“transform-limit” for the time-bandwidth product, hence leading to the maximal time resolution

for the given energy bandwidth. The next section is devoted to the description of the pulse

compressor. The temporal duration of the laser pulses is of paramount importance in time-

resolved techniques since it determines the final temporal resolution. In a time-resolved ARPES

experiment, both time and energy must be accounted.

Cross-correlation measurements, which have been previously performed on the setup 2.6,

reveal that the probe pulse is subjected to a considerable temporal broadening. By calculating

the transform limited duration ∆tTL of the pulse from the FWHM of the spectrum, we obtain

∆tTL ≃ 100fs. The “effective” duration is instead equal to ∆tout ≃ 330fs. Hence, we have

decided to recompress the pulse by equipping the setup-2 with a prism compressor displaced

nearby the fourth harmonic generation. The aim is to optically compress the pulse in time while

optically compensating the broadening of the probe pulse.

We notice that the pulse duration can not be arbitrary short, without increasing the pulse

bandwidth. The uncertainty principle for a transform-limited Gaussian pulse, expressed by the

product ∆ν∆t ≃ 0.44, must be considered. However, reducing the gap between ∆tTL and

∆tout, with a prism compressor, has obviously no effect on the bandwidth of the pulses, hence

the energy resolution of the setup is unaffected. This, indeed, accounts for several contributions

in addition to the pulse bandwidth, as the temperature of the system, the electric noise and the

analyzer resolution. Hence, we expect that the temporal resolution can be significantly improved

while keeping unchanged the energy resolution.



2.3 EXPERIMENTAL SETUP 29

Figure 2.8: Collinear optical third harmonics generation scheme.

In order to design an effective prism compressor let us consider a gaussian pulse character-

ized by a frequency bandwidth ∆ν and an effective temporal length ∆tout. When a laser pulse

travels through a dispersive media the spectral components will propagate with different group

velocities giving rise to an effect known as chirping4 effect. This dependence is described by the

group delay dispersion (GDD), which is related to the second derivative of the refractive index

with respect to the wavelength and to the length L of the media by:

GDD =
λ3

2πc2

(

d2n

dλ2

)

L (2.20)

This quantity can be completely expressed in terms of experimental observables (i.e. pulse width

and spectrum) as [42]:

GDDpulse =
1

4 ln 2

√

(

cb∆tout
∆ν

)2

−
( cb
∆ν

)4
(2.21)

where ∆ν = c∆λ/λ2 and cb ≃ 0.44 is the time-bandwidth product for a gaussian profile. The

group delay dispersion affects the temporal duration of the pulse.

By considering this, we start by evaluating expression 2.21, substituting the parameters mea-

sured for the probe pulse. The result is GDDpulse ≃ 10984 fs2, by adopting the following

parameter: λ = 197 nm, ∆λ = 0.59 nm, ∆tout = 330 fs and cb = 0.441. If we compare

three pulses with the same central wavelength and bandwidth but with a positive, a negative and

without any chirp, the minimum temporal duration corresponds to the one which shows zero

4When a light pulse propagates through a dispersive media high and low frequency of the spectrum are selectively

delayed, thus the resulting pulse can assume a positive or negative chirp (becoming positively ore negatively chirped).
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L

prims 1

prims 2

Figure 2.9: Sketch of the folded geometry of the two-prism compressor. Red and blue are the

incoming and out coming beams respectively.

GDD (chirp). To realize this condition it is necessary to introduce a negative chirp, in order to

balance the positive chirp acquired by the pulse when traveling through optical elements.

A negative chirp can be introduced only by the angular dispersion of the beam through the

prisms. In this way, with a prism compressor, it is possible to compensate for the pulse chirp, by

setting:

GDDpulse = −GDDprism (2.22)

The negative GDDprism can be expressed via the equation:

GDDprism =
λ3

πc2

(

−4L

(

dn

dλ

)2

+ 4D1/e2

(

d2n

dλ2

)

)

(2.23)

We have adopted this expression to estimate the distance L between the apexes of the two prisms.

The first and second derivative of the refractive index5 with respect to the wavelength are dn
dλ

2
≃

0.151 · 10−2nm−1 and d2n
dλ2 ≃ 4.47 · 10−5nm−2 for UVFS, the materials of which the prisms

considered are made. The estimated beam diameter is D1/e2 ≈ 2 mm.

Through relation 2.22 we have estimated that L ≃ 83.6 mm. To arrange the compressor,

we have adopted a “folded” geometry, which consists in using two prisms with a folding mirror

placed after the second, as indicated in figure (2.9). The reflection losses can be minimized if the

beam enters and exits each prism close to the Brewster angle. The polarization of the incoming

beam should then be p, hence we introduced a periscope in order to rotate the s polarization

obtained after FHG.

5The prisms designed for 200 nm are in UV fused silica
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Figure 2.10: (a-b) Spectrum of the fourth harmonics probe pulse generated in setup(1). (c-d)

Spectrum generated with a 500 µm thickness BBO crystal in setup-2(a) and (e-f) generated in

setup-2(b) by using a 100 µm BBO crystal. Coloured curves represents spectra in unit of nm

and eV and black curves are the fit functions.

2.3.3 Pulse Characterization: Bandwidth and Temporal Duration

The characterization of the setup-2 performances starts with the measurements of the bandwidth

of the fourth-harmonics pulses, that determines both the ultimate energy and time resolutions

that can be achieved in a time-resolved ARPES experiment. The spectra have been acquired

through a high resolution monochromator.6 The normalized curves, together with the fit func-

tions, are reported in figure 2.10. The data have been fitted with a Gaussian function in order

to extract their FWHM. Results obtained from the fits are summarized in table 2.1, and are

expressed in unit of both nm and eV.

6The model is a M266 monochromator and spectrograph by Solar Laser System. We used a 2400 grooves/mm

grating. Target resolution is 0.08 nm.
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λ0(nm) ∆λ(nm) E0(eV ) ∆E(eV ) ∆(t)TL (fs)

setup-1 199± 0.1 0.4± 0.1 6.23± 0.003 0.013± 0.003 145± 35

setup-2 (a) 199.8± 0.1 0.6± 0.1 6.21± 0.003 0.017± 0.003 97± 15

setup-2 (b) 199.8± 0.1 0.7± 0.1 6.20± 0.003 0.021± 0.003 84± 11

Table 2.1: FWHM values extracted from the gaussian fits shown in figure 2.10. Setup-2(a) refers

to the use of a 0.5 mm thickness BBO crystal while setup-2(b) refers to a 0.1 mm thickness. The

error has been evaluated by considering the instrument accuracy and then propagated on the

calculated quantities.

We have tested two BBO crystals for the fourth harmonics generation of different thickness.

The first is a 0.1 mm of thickness BBO, while the second is a 0.5 mm thickness crystal. The two

cases are indicated in table 2.1 with setup-2(a) and setup-2(b) respectively.

The transform limited duration of the pulses ∆(t)TL, has been calculated by recalling the time-

energy uncertainty principle7:

∆λ =

(

λ2CB

c

)

1

∆t
(2.24)

By comparing values reported in table 2.1, we notice that the bandwidths of pulses generated

with the new setup-2 are wider with respect to the older setup-1. The minimal (transform-

limited) pulses durations ∆(t)TL, according to the increased bandwidth, are shorter.

As expected, the thickness of the BBO crystal plays a crucial role in determining the band-

width of the harmonic pulse. This fact descends from the the mixing acceptance bandwidth of a

non-linear crystal, which is inversely proportional to its thickness. Hence, a thinner non-linear

crystal is expected to produce pulses with a wider bandwidth (provided the mixed beams can

sustain it). As reported in the last raw of table 2.1, the bandwidth of the pulse produced with the

0.1 mm BBO crystal is the widest, and equals to 21 meV. The estimated transform limited pulse

duration equals 84 fs.

To measure the ultimate temporal duration of the probe pulse after compression, we have per-

formed a TR-ARPES experiment (pump at 1.55 eV, probe at 6.2 eV) and we have extracted the

time-dependent photoemission intensity from integrated in an energy-momentum window (E,k)

above the Fermi level where no electronic band structure features are present (the target sample

7c is the the speed of light constant.
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was Bi2Se3). In this condition, the transient electron signal closely resembles a cross-correlation

signal, since no true final states are involved. We then extract the FWHM of the cross-correlation

of the first harmonics (pump pulse) and fourth harmonics (probe pulse), by performing a fitting

of the time-resolved photoemission signal with a function composed of an exponential decay

convoluted with a Gaussian function accounting for the temporal resolution (cross-correlation).

In this way, we can obtain an excess estimate of the temporal cross-correlation. In order to ex-

tract the duration of the probe pulse only, we need to deconvolve the duration of the infrared

pump-pulse from the cross-correlation, with the following expression:

∆tconv =
√

∆tprobe
2 +∆tpump

2 (2.25)

The photoemission intensity, and its fit are shown in fig. 2.11. The duration of the convoluted

pulse obtained from the rise-time is ∆tconv = 125 ± 30 fs. The bandwidth of the pump pulse

is ∆λ = 31 nm at 790 nm, giving a transform-limited duration ∆tpump = 30 fs. However, the

actual value of the duration of the infrared 1.55 eV beam equals 60 fs. Hence, from relation

2.25, we estimate a maximal duration (transform-limited) for the probe pulse of ∆tprobe = 109

fs. Finally, if we compare the actual probe pulse durations measured via the photoemission

experiment with the transform-limited values reported in table 2.1, we can conclude that the

prisms compressor is operating properly and the resulting probe compression can be considered

more than satisfactory.

2.3.4 Pulse Characterization: Beam Profile

In addition to the pulse temporal duration, the optical fluence8 of laser beam which impinges

on the sample, represents a fundamental parameter we must control during the time-resolved

photoemission experiments. To correctly determine it, a careful estimation of the beam diameter

is needed. We have measured the pump and probe beams profile in a position corresponding to

the focal spot on the sample, by means of the knife-edge technique. Table 2.2 reports the results

for both beams and the two setups. In both setups, the pump spot diameter is larger than the

probe one, as required in pump-probe experiments. The ratio between the spot sizes of pump

and probe is of the order 1.5.

8Optical fluence, defined as the optical energy delivered per unit area (joule/cm2).
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Figure 2.11: (red) Time-dependent photoemission intensity extracted from empty states above

the Fermi level. (blue) Fit function.

Setup version Beam FWHM (µm)

1 probe 177.1± 15

1 pump 158.4± 1.3

2 pump 219± 3.5

Table 2.2: The beams spot dimension obtain by the knife-edge technique. The errors are equal

to one standard deviation of the fit coefficients.



Chapter 3

Non-Trivial Topological States in

Complex Layered Materials

This chapter deals with the discovery of materials with novel topological phases through the

definition of the basic principles necessary to distinguish trivial and topological states. In the

second part I briefly review the “state-of-the-art” of the time-resolved ARPES on the prototypical

topological compounds Bi2Te3 and Bi2Se3. The main results of the experimental investigations

which have been performed so far are reported. This review will focus, in particular, on the

works that have inspired and stimulated our research, whose results will be presented in the

following chapter.

3.1 Topological Insulators

The prediction and the discovery of 3D Topological Insulators (TIs) is based on the definition

of quantum Hall (QH) states and quantum spin Hall (QSH) insulators. Those systems can be

considered as the precursors of these new topological phases. In this chapter the historical de-

velopment that has lead to the study of TIs is presented. In addition, we provide the theoretical

background and the basic concepts necessary to define the nontrivial topological phase, includ-

ing the definition of topological invariants, which are fundamental quantities necessary for the

classification of topological materials.

35
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3.1.1 Quantum Hall States

The different states of matter have been classified, up to 1980, according to their ground state

symmetry properties. For instance, crystalline solids and ferromagnetic systems, are charac-

terized by the breaking of spatial translational symmetry and time-reversal (TR) symmetry, re-

spectively. The discovery in 1980 of the Quantum Hall (QH) effect by Klaus von Klitzing has

changed this perspective [2]. The two dimensional QH state is commonly regarded as the first

realization of a novel topological phase of matter. This is due to the fact that its behaviour

depends only on its topology and not on its symmetry and geometrical properties [43].

A QH state is a two-dimensional insulator which under the effect of intense magnetic field

and low temperature presents anomalous metallic charge transport at the boundary. The Hall

conductivity is quantized, as it assumes only integer values which are multiple of the quantity

σ = νe2/h 1. The origin of such quantization has been described by Laughlin, who has demon-

strated that this phenomenon can be regarded as a subtle manifestation of the principle of gauge

invariance [44]. In a QH state while the bulk is insulating electrons can travel at the edges. Elec-

tron currents are also spatially separated, as represented in figure 3.1 panel (a). These circulating

edge states, unlike ordinary metallic states, are robust against the presence of impurities. This

mechanism can be explained trough a phenomenological picture as follows. When an electron

encounters an impurity, it simply takes a detour and keeps going in the same direction. This elec-

tron, due to the defined direction of propagation of the metallic edge states, can not be scattered

or reflected back. In fact, any scattering event, would revert the direction of propagation, “trans-

ferring” the electron from one edge to the opposite one. However, electrons have no available

states with opposite chirality to scatter in.

The typical definition of insulator, which is based on the presence of a band energy gap,

can not be adopted to classify QH systems. In fact these materials present, at the same time, a

bulk gap and conductive edge states, hence a new generalized definition is needed. Fu and Kane

proposed that a topological non-trivial state can be consider as a system in which the electronic

properties, and so the response to an external magnetic field for the QH case, are local. For

instance, if we apply the magnetic field to a materials of different shapes we can see the concept

of locality at play.

Let us consider a rectangular shape as a plate and an annular shape as a donut. A magnetic

1ν is the integer factor, also known as “filling factor”.
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field is applied perpendicular to the flat face in the first case, and trough the hole in the second,

i.e. out of the sample surface. For both geometries in the QH state the metallic conductance

is supported by the edge states. The response is not local in the sense that depends not only

on the sample region, where the field is directly applied as for the rectangular shape, but also

on the region surrounding the sample, as in the case of the magnetic field trough the hole of

the donut in the second shape. The background needed to introduce important quantities as the

topological invariants, requires to abandon the concept of “locality” in favour of the concept of

“adiabaticity”.

Insulators are described by an Hamiltonian which can be adiabatically transformed into the

one of an isolated atom (atomic insulator), without undergoing any phase transition or ground

state modifications. The concept of adiabatic transformation of an Hamiltonian Ĥ(t) is of

paramount importance, since it allows to introduce the concept of Berry’s phase [45]. The

Berry’s phase is a geometrical phase that the wavefunction describing the system acquires over

the course of an adiabatic cycle. This parameter discriminates the QH state from a trivial atomic

insulator. The Berry’s phase can assume, for a QH system, π or (2n + 1)π values, while in the

case of an atomic insulator, this parameter can only be equal 0 or 2π.

From the adiabatic evolution of the hamiltonian, and the resulting Berry’s phase, several

quantities can be introduced to describe the TKNN number [46]. This quantity, as we will see

in details, constitutes the first topological invariant. When the system dimension is increased

to 3, more than one integer number is needed to describe the topology. For instance, in the

three-dimensional case, the topology is described by a set of 4 integer numbers instead of one.

[47].

3.1.2 Quantum Spin Hall Insulators

The intriguing dissipationless transport mechanism exhibited by conductive edge states in QH

systems motivated several studies, aimed to realize novel devices in view of novel advanced

technologies. The first practical limit to engineer this class of materials, was represented by the

low temperature and the high external field requirement. In the perspective of overcoming these

limitations, a new class of materials known as Quantum Spin Hall Insulators (QSHI) has been

realized [48].

QSHI are bulk insulators which present a strong atomic spin orbit coupling (SOC) that sim-
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Quantum Hall Quantum spin Hall

(a) (b)

Figure 3.1: (a) A QH bar with both forward and backward carriers divided in the upper and lower edge,

since the states are robust, carriers go around an impurity without scattering. (b) A QSH system shows 4

spatially separated and spin polarized channels.

ulates the effect of an external magnetic field. These materials supports, as QH systems, metallic

states at the perimeter. Conversely from QH states, the TR symmetry in conserved, due to the

absence of an eternal magnetic field. Figure 3.1 panel (b) shows a schematization of the QSH

state.

Along the upper and lower edges spin-polarized electron currents flow, showing a well de-

fined spin helicity. A net transport of spin is realized, since two states with opposite spin coun-

terpropagate at a given edge of the material [4, 49]. Being the edge states spin polarize, they

are robust and the backscattering by non magnetic impurities is forbidden. The number of for-

ward/backward carriers it is not arbitrary, but must be odd (as represented in fig.3.1). The even-

odd parity of carriers number is related the so-called Z2 topological quantum number [50], an

important quantity which belongs to the class of the topological invariants and will be treated in

details in the next part.

The experimental realization of the QSH effect was achieved by Bernevig and Hughes [51].

In their work, in 2006, they have successfully proved that a HgTe/CdTe quantum wells system

is a QSH insulator by observing a quantized resistance due to perfectly conducting edge states.

They have recorded, in particular, that the behaviour of a HgTe/CdTe quantum well system

depends on the thickness d of the HgTe layer. Quantum wells thinner than a critical thickness

(dc) are characterized by the fact the electron and hole bands are inverted. The strong spin-

orbit interaction drives an energy ordering inversion of HgTe orbitals. As a consequence of the

inversion of the parity ordering, at the boundary between the inverted HgTe and trivial CdTe

well, metallic edge states appear dispersing within the band gap. This experiment is of pivotal

importance because it represents the first experimental realization of the band-parity inversion.

This mechanism, is at the base of the topological phase formation.
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3.1.3 Three Dimensional Topological Insulators: The Topological Invariants

Topological Insulators can be thought as the 3D extension of the QSH insulators which, for

this reason, has been recently renamed as 2D TI. The necessity for strong atomic SOC both

QSH insulators and TIs requires the compounds to be formed by heavy elements, with a large

Z number. Soon after the QSH states discovery, Fu and Kane have formulated a set of general

criteria to distinguish topologically ordered material from topologically-trivial ones [52].

The theoretical approach formulated is based on the bulk band parity inversion which can

be expressed in the form of topological invariants. Their model provides a straight and simple

(in the case of centrosymmetric materials) way to predict new TIs. Hence, it has a tremendous

impact on the experimental development of the field.

In this section we examine the effect of SOC on the energy levels of the prototype TI Bi2Se3

of a TI, before the concept of topological protection is analized. Finally, we detail the topological

invariants, necessary to formally classify and distinguish different topological phases of matter.

For the sake of simplicity we analize the case of Bi2Se3, but the conclusions we draw are general

for all the TIs.

We consider at the beginning the case of a common topologically trivial semiconductor with

a small energy gap. The conduction and valence bands show well defined parities,2 specifically

p-character (negative parity) into the valence band (VB) and a s-character (positive parity) into

the conduction band (CB). In the presence of strong SOC, the level degeneracy can be broken

and the original ordering can be inverted, breaking the levels degeneracy. P-levels split into two

states ( j = 1/2 and j = 3/2) and the latter above the s-level. Figure 3.2 shows the energy

ordering inversion for the case of Bi2Se3 TI.

In analogy to the QSHI case, topological surface states appears within the energy gap, when

the material with inverted band ordering (the TI) is interfaced with a normal (topologically triv-

ial) insulator materials, or for example, the vacuum. The surface state, which presents a typical

linear dispersion, is known as Dirac cone. It is worth noticing that the existence of the metallic

surface states is a consequence of the electronic properties of the bulk and the states are topo-

logically protected against small perturbations of the hamiltonians. Only modifications capable

to induce the closure of the gap can affect the surface state dispersion. In order to discuss the

stability of surface states we provide in the following a more rigorous formulation.

2The parity is due to the symmetry properties of Block wavefunctions.
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Figure 3.2: Diagram of levels of px, py, pz atomic orbitals of CB and VB of Bi2Se3 TI at the Γ point.

The three different stages represent the effect of turning on: chemical bonding (I), crystal-field splitting

(II) and SOC (III). The blue dashed line represents the Fermi energy. [53]

The Kramers theorem predicts the spin degeneracy in solids when TR and spatial inversion

symmetries are satisfied. At the surface of the sample the inversion symmetry in broken because

of the asymmetry of the potential in a direction orthogonal to the plane, i.e. interruption of the

translational symmetry. As described by the Rahsba-Bychkov model [54], the breaking of the

symmetry in combination with the SOC lifts the spin degeneracy in almost the entire Brillouin

Zone. Nevertheless, at a finite number of points of the reciprocal space, the TR symmetry alone

is sufficient to guarantee the spin degeneracy. These points are called Time-Reversal Invariant

Momenta Γi (TRIM), defined by:

−Γi = Γi + G (3.1)

where G is a bulk reciprocal lattice vector. In analogy, also surface TRIMs are defined can be

defined according to the relation:

−Λa = Λa + g (3.2)

with g a surface reciprocal lattice vector.

Let us consider, for example, an insulator with a hexagonal Brillouin zone and the projection of

the bulk bands along the high symmetry direction connecting the two surface TRIMs, Γ − M .

This projection is represented by the grey areas in fig. 3.3. In panels (b-c) Rashba- Bychkov split
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free electron-like surface states are represented, while in panels (d-e) topologically protected

surface states are shown. If we modify the chemical potential, by small modification of the

hamiltonian, states can be lifted above the EF , as illustrated in fig. 3.3 panel (c). Thus, starting

from a metallic system we get a semiconductor.

If we try to modify the dispersion of the topological protected states, as shown in panels

(d-e), the scenario is radically different. By varying the position of the chemical potential, we

can in principle push or pull the crossing-point of the two spin branches above or below the EF .

However, no energy gap is open, and the metallicity is conserved. As a matter of fact, the gap

opening would violate TR symmetry that guarantees spin-degeneracy at Γ̄.

We notice that the band dispersion of the electronic states represented in both panels (b) and

(d) of fig. 3.3 shows some similarities. The most striking difference between the two is the

number of EF crossing between the two opposite surface TRIM points, Γ̄ and M̄ . If the EF is

intersected an even number of time the material is topologically trivial, and the hamiltonian can

be modified in order to reduce the number of crossing to zero. Otherwise, the number is odd the

material is a 3D TI and the metallicity is protected.

To formally classify QH, QSH and TIs according to their topology, we introduce a set of

topological invariants. As previously explained, a 2D QH is fully identified by the integer

TKNN number [46], while a 2D QSH by the Z2. The Z2 is a relative base-2 number which

can assume only two values, namely 0,1 or 1,-1. Three dimensional TIs requires instead 4 dis-

tinct Z2 numbers. Three of them, (ν1, ν2, ν3), are related to the translational symmetry of the

lattice and characterize the so-called weak topological insulator phase. The fourth invariant, ν0,

is the most important since it accounts for the robustness in the presence of disorder, and char-

acterizes the strong topological insulator phase. This integer number is evaluated by introducing

the so-called parity invariants δ(Γi), which can be calculated for each of the eight bulk TRIM

trough the expression [55]:

δ(Γi) =
∏

n

ξ2n(Γi) (3.3)

where the ξ2n(Γi) are the parity eigenvalues of the occupied band at Γi, obtained from band

structure calculations. The integer ν0 can be finally calculated by the product of the single parity
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invariants δ(Γi) by:

(−1)ν0 =
∏

n

δ(Γi) (3.4)

A material is a topological insulator when the product gives −1, while is a trivial insulators

when the result is 1. Indeed, is a topological insulator for ν0 = 1, (0) 3 and a trivial insulator

when ν0 = −1. It is worth mentioning the case of weak topological insulators, since they can

be consider as an exception for this classification.

Weak TIs present a strong topological invariant ν0 which is equal to 0, while the three num-

bers (ν1, ν2, ν3) distinguish them from trivial insulators. They have attracted the interest of

the scientific community because, from an experimental point of view, the determination of the

weak topological phase with respect to the strong one requires a significant effort. We cite the

study performed by [57], who have predicted the first weak TIs candidates in the family of

even-layered semiconductors compounds, which can host quantum spin Hall layers.

By projecting the parity invariants onto the surface TRIMs, a second important topological

number derives, the surface fermion parity π(Λa):

π(Λa) = (−1)nδ(Γi)δ(Γj) (3.5)

Where Γi and Γj are the bulk TRIMs projected on the surface high symmetry points Λa. The

product between two surface fermion parity numbers π(Λa) and π(Λb) defines the parity number

of EF crossing when moving along the ΛaΛb direction. The product is equal to +1 in the case of

a trivial insulators, indicating a even number of crossing. Whereas, in TIs this product assumes

−1 value, thus an odd number of gapless surface states is guaranteed.

Figure 3.4 illustrates such a difference between trivial an topological insulators. We consider

two surface TRIMS (Λa,Λb), where spin split states respect the Kramer spin degeneracy. In the

case of a TI (a), when moving between two TRIMs the couple of states is modified. In the latter

case (b), the couple of states is conserved. This effect is called the band parter switching, and

originates from the change in surface fermion parity.

3In the case of Bi2Se3 TI, bulk parity invariants calculated for Z, L and F TRIMs are 1 while for the bulk Γ point

is -1. The product of is thus found to be -1, hence ν0 = 1 [56].
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Figure 3.3: (a) Hexagonal surface Brillouin zone with high-symmetry points. The M̄ is as a time-reversal

invariant momentum. (b,c) Rashba-split free electron-like surface state in a projected bulk band gap. The

dispersion of metallics state in (b) is lifted above the EF in (c). In Panels (d,e) show a topologically

protected spin-split surface state. Time reversal symmetry avoid a band gap opening, so the situation in

(f) cannot be realized. [58]

E F

Figure 3.4: Sketch showing two possible way to connect different TRIMs with Kramer-degenerate spin

split surface states. The EF is indicated by the blu dotted line and the crossing point with red circles. In

the case (a) the couple changes by moving between two TRIMs, odd number of Fermi crossing, TI. In the

case (b) the couple is conserved, even number of crossing points, trivial insulator. Adapted from [50].
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3.1.4 The New Generation of 3D TIs

The capital work of Fu and Kane has triggered the search for new topological compounds.

Three-dimensional TIs constituted the ideal system for angle resolved photoelectron spectroscopy

(ARPES), becouse this technique is capable to reveal the materials electronic and spin structure.

Because of the ARPES surface sensitivity and its capability to access the band dispersion, also

with spin polarization, ARPES has probed to be the ideal tool to investigate TI systems.

In 2007, the first 3D TI candidate was proposed, the bismuth antimony alloy Bi1−xSbx [5].

Pure bismuth is a semimetal, and it has large atomic number Z and it displays strong SOC. Band

structure calculations along the T-L-H high symmetry directions have revealed that, at the Γ̄

point, the top of the VB lies at energy higher than the bottom of the CB.

An hole- and electron-pocket are present at the T and L point respectively [59]. The progres-

sive substitution of the bismuth with the antimony has leaded to drastically changing the band

structure. At a certain concentration of Sb (x ≃ 0.04), the energy gap at the L point closes and

reopens with an inverted ordering. Thus, starting from a trivial semimetallic state a topological

phase is reached. The evaluation of the fourth Z2 invariants νn confirmed the TI character of

this compound. The product of the parity invariants δ(Γi) at Γ, T, L and X TRIMs points is 1.

Finally we note that also the pure Sb presents a ν0 value equal to 1, but this compound has no

bulk band gap, hence it represents one of the first example of topological semimetals. Soon after,

an ARPES experiment have been carried out on the Bi0.9Sb0.1 by [60], in order to verify if this

compound has inherited the topological character from Sb(111) [61]. ARPES measurements

have experimentally confirm the TI nature of this alloy. In addition, a spin-ARPES investigation

has revealed the predicted spin-polarization of surface states. However, this material has showed

to strongly depend on Sb concentration and has revealed a quite complex band structure in

proximity of the EF .

In order to exceed these limitations, the research of new TIs has started, with the require-

ments which follows. Stoichiometric compounds are required, in order to be grown, highly

homogeneous over relatively large size. The number of surface states should be lower, in order

to ease theoretical calculation and the experimental observation, while a large energy bulk gap is

favoured, in order to host highly dispersing surface state. Ab-initio theoretical calculations have

proposed the layered stoichiometric crystal Bi2Se3, Bi2Te3 and Sb2Te3 as TIs compounds.

These materials, which fulfil all these requirements, share the same rhombohedral crystal
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a) b)

Figure 3.5: a) Bi2Se3 LDOS on the [111] surface, adapted from [53]. (b) The measured band structure

along Γ−M [63].

structure with the space group D5
3d (R3̄m) and five atoms per unit cell [53]. Among the three,

the bismuth based compounds, Bi2X3- X = Te,Se are certainly the most studied. Their crystal

structure consist of quintuple-layers (QLs) blocks, arranged orthogonally to the z-axis. Each QL

results from two planes of Bi sandwiched between three layers of X = T e, Se. While different

QLs are bounded together by weak van der Waals interaction, the atomic layers within QL are

strongly coupled by covalent bonding.

The archetypal strong TI is identified in Bi2Se3, since it exhibits the largest band gap (0,3

eV). Figure 3.5 (a) and (b) show the calculated Local Density of States (LDOS) projected on the

(111) surface in panel (a), and the corresponding measured band dispersion (b) [53]. A single

Dirac cone at the Γ point is present, connecting the top VB with the bottom CB. For case of

Bi2Se3 the bottom of the CB is populated, as shown in panel (b) of fig. 3.5.

In general, naturally grown Bi2X3 compounds present a large electron-doping, for instance

n-type resulting from Bi vacancies and Te(Se)/Bi antisites. Chen et al. have investigated hole

doping effects on the band structure of TIs, by measuring (Bi1−δSnδ)2 Te3 with different Sn

concentrations (δ) [62]. Figure 3.6 shows the evolution of the of Fermi surface (FS) and the

Fermi level (EF ) position for increasing values of δ.

In the native sample, panel (a), the EF crosses both CB and SS, which are indicated in the

FS in fig. 3.6 with SSB and CBC respectively. When the EF crosses only the surface state,
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Figure 3.6: (A-D) Top raw: measured FSs for 0, 0.27, 0.9 % nominally doped compounds. Adapted

from [62] Bottom raw: Measured band structure along Γ − K. BCB, SS, BVB are indicated. Greed

dotted lines indicate the EF for the four cases.

as shown in panel c, the TI is said to be intrinsic. The third and the last possible doping is

represented by the hole p-type. This is shown in fig. 3.6 panel (d) with the top of the bulk VB

visible at the EF .
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3.2 State-of-the-Art: Previous Tr-ARPES Investigations on TIs

The peculiar spin polarization exhibited by topological surface states has inspired several studies

aimed at realizing spin-current based devices. Interestingly, the possibility of optically inducing

spin-polarized currents by using ultrafast circular polarized photons has been shown [9]. An

essential parameter for photoconductivity in TIs is the balance between excess electrons and

holes in the Dirac cone. This balance can be optically controlled by varying the interplay of

surface and bulk transient carrier dynamics. As a result, charge carriers can be directly photo-

inject into TSSs. [32].

In the perspective of investigating the response of Dirac particles to ultrafast photoexcita-

tions, a pump-probe approach is needed. Tr-ARPES has revealed to be the most powerful tool to

study the non- equilibrium dynamics of TI materials. As matter of fact, several Tr-ARPES stud-

ies have been performed in this direction, and most relevant are collected in the next sections.

3.2.1 Pioneer Results on Bi2Se3 and Bi2Te3 TIs

First time-resolved experiments performed on Bi2Se3 and Bi2Te3 by Sobota and Hojlaui have

pioneered the investigation of ultrafast optically excited carriers dynamics in TIs [10, 32].

The first work has developed a simple model to describe the excitation and relaxation of the

transient electronic population in surface and bulk states. The second study, in order to describe

the relaxation of the system, has proposed a more quantitative system of rate equations. The

authors have performed tr ARPES measurement of slightly p-doped (Mg doped) Bi2Se3 single

crystal [10]. They have exploited the first harmonics (1.5 eV) of a high-repetition rate amplifier

to excite the system (pump) and the fourth harmonics of the laser (6 eV) as probe.

Figure 3.7 shows snapshots of the measured band structure at the different delay time be-

tween the pump and the probe. The EF , is crossed by the valence band, according to the material

p-doping. The first panel (a) of fig. 3.7, shows a delay time before the arrival of the pump. The

peak of photoemission intensity in located at the top of the VB, whereas the CB lies in the un-

occupied density of states (DOS). After optical excitation (panel c and d) the Dirac cone and

the bottom of CB are populated, reaching the maximum occupation within about 0.7 ps after the

arrival of the pump pulse. In the second panel, (b), a schematic of the band structure is reported.

By comparing the different delay it is evident that TSS are not directly populated. The
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entire process can be decomposed in different steps, which are schematized in fig. 3.8 (a-d). A

direct inter-band optical transition first excites electrons from the VB to the high energy branch

of the CB, panel (a). Successively, electrons scatter towards the EF , on a fast time scale (<

1ps), while a long-live electron population is observed at the bottom of the CB, panel (b). The

bottom of the lower branch and the Dirac cone are simultaneously filled in a finite time, via

intra-band scattering (c). Electrons at the edge of the bulk CB form a metastable population and

also SS carriers persist [10]. Because the energy gap (200 meV) is larger than the higher phonon

energy (23 meV), electrons and holes can not recombine through electron-phonon scattering.

The authors propose that the mechanism of cascade relaxation and bottleneck at the gap result in

a surprising slow relaxation of the carriers along surface states. The persistent non equilibrium

population of the Dirac SS is associated, by the authors, to a cascade mechanism. This effect is

possible due to the presence of the CB, which acts as a carriers reservoir. This cascade process

is visible in the data of figure 3.8 panel (f). This reports the measured photoemission intensity

curves. These data have been extracted by small energy-momentum integration regions along

the Dirac cone.

Finally the electronic temperature (Te) has been extracted, by selectively fitting the EDCs

related to VB and CB. The temporal evolution of the electronic population in the VB and CB,

because of the bottleneck effect, are described by two different Fermi Dirac distributions. By

analyzing the temporal evolution of the FD distributions, authors claim that they can infer about

the electronic temperature Te. Finally, from the fitting to the temporal evolution of Te, the

authors estimate the decay time constants τe−ph for the intra-band cooling, which is ≃ 1.74 ps.

Hojlaui et al, have performed a tr-ARPES study of the transient electronic population in surface

and bulk states of a slightly n-doped Bi2Te3 TI by means of a pump-probe approach [32]. They

have confirmed, for this different doping and different compound, that a long lasting signal is

observed in the TSS after optical excitation. Moreover, they have reported a peculiar dependence

between the relaxation time of the electronic population and the position in the electronic band

structure where the population is evaluated. This is shown in figure 3.9 (c), where the dynamics

of the photoemission intensity is reported for four different regions of the band structure, both

above and below EF as schematized in fig. 3.9 (a) and (b).

Figure 3.9 (a) shows the band structure before the optical excitation. Panel (b) is a sketch

of the surface and bulk bands. Two regions, labelled B∗
1 and B∗

2 correspond to the upper and
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(a) (b) (c) (d)

Figure 3.7: The transient photoemission intensity before the photo-excitation in panel (a), after 0,7

ps and 9 ps in panel (c-d) respectively. A sketch of band structure of measured Bi2Se3 showing spin-

polarized SSs in panel (b). Adapted from [10].

lower branches of the CB. The Dirac cone is divided in two regions, S∗ and S, one above and

one below the EF , respectively. The corresponding temporal evolution of the four populations

(B∗
1 , B∗

2 , S∗ and S) after the pump excitation are reported in figure 3.9 panel (d).

While the transient population of the CB, at larger energies, relaxes in few ps, the SS shows

a longer dynamics with a persistent intensity in proximity of EF . The bottom of the CB, (B2),

was found to exhibit a slow dynamics too. Hence, the CB was proposed to play a role of

reservoir which fills the Dirac cone below. In order to mimic properly the temporal evolution

of intensity, they have developed a complex rate equation system describing the microscopic

scattering between the parts of the band structure. The fit functions which are represented as

continuos line in figure 3.9 panel (c), has been derived from the model. Each scattering process

contributes to the total dynamics. The electrons, which have been directly transferred by the

pump pulse in the unoccupied B1*, decay in B∗
2 and S∗ in 0.34 ps. Successively, these two

states show similar decay times, 1.8 ps for B∗
2 and 2.1 ps for S∗. Finally, according to the

system or rate equation, the S empty states are filled showing two different characteristic times,

0.14 ps and 5.7 ps.

There is a remarkably good agreement between the experimental results and the model.

Nonetheless, we note also the limits of the proposed model. B2 and S∗ present a parallel evo-

lution, but in the rate equation no scattering term has been taken in account. Besides, there
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(e) (f)

Figure 3.8: Different excitation and relaxation processes illustrated by a sketch, panels (a-d). Energy-

momentum integration regions along the Dirac cone (e) and corresponding time-dependent photoemission

intensity curves (f). Adapted from [10].

is no term accounting for the different energy position of the electrons in each band. In both

these Tr-ARPES investigations, the long lasting population observed after optical excitation in

the surface state has been ascribed to the cascade mechanism from the CB, acting as a charge

reservoir. In conclusions, in these two studies, the authors have proposed that the slow relaxation

of surface hot electrons might manifest a general property of TIs.

The rapidly growing research on optically excited TIs was further boosted by the work of

Y. H. Wang et al., reporting a further Tr-ARPES study of the prototypical Bi2Se3 TI [11]. The

authors have compared the electron dynamics at two different lattice temperatures, 15 K and

300 K. Being the first below the Debye temperature of the material, found to be approximately

182 K, the latter temperature is above. These authors have been able to extract the relaxation

dynamics of the electronic temperature and the chemical potential relaxation dynamics related

to the TSS surface states and bulk bands separately.
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(b)(c)(a) (b) (c)

Figure 3.9: (a) Schematic illustration of the Bi2Te3 band structure measured along the Γ − K high

symmetry direction, reported in (b). The time-dependent photoemission intensity extracted from the four

integration regions B∗

1 ,B∗

2 ,S∗ and S are shown in (c) with different marks. The fits (continuos lines)

functions derived from a system of rate equation [32].

The results have revealed that, depending on the lattice temperature, that different scattering

channels are at play. Figure 3.10 shows the surface and bulk electronic temperature, labelled

by TSS
e and TCB

e respectively. In the high temperature case, TSS
e and TCB

e equilibrate within

the investigated temporal window. Electron can scatter between the bulk and surface states via

electron-phonon scattering leading to the thermalization of the two electronic systems.

In the low temperature case instead this phonon mediated scattering is suppressed, being the

phononic mode frozen below the Debye temperature. As a consequence, electrons in CB and

TSS do not thermalize within the temporal window investigated in the experiment. Wang et

al. ascribe this different behaviour to the presence of two different scattering processes. They

suggest that the lack of thermalization at 15 K is due to an inelastic e-e scattering between SS and

CB with a time scale which exceeding the measured time window. Hence, the authors suggest

the suppression of interband inelastic e-e scattering is due to kinematics constraints.

Other Dirac materials, as graphene, have show that different mechanisms, based on carrier

density dependence, can be distinguished [64]. In order to selectively study the intraband cooling

dynamics, Y.H.Wang et al. have measured the Bi2Se3 TI over a wide range of doping, and con-

sequently with different energy position of the Dirac point. Figure 3.11 shows the dependence

of the electronic temperature dynamics of surface (a) and bulk (b) states for different charge

carriers concentration. The surface temperature relaxes in general with two decay components,

τSS1 and τSS2 . They suggest that below 600 K the optical phonon cooling became less effective,
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(a) (b)

Figure 3.10: Inter band surface and bulk electron dynamics measured at two different lattice tempera-

tures. (a) Electronic temperature Te for SS (green) and CB (red) at lattice temperature TL = 15K and (b)

TL = 300K respectively. Taken from [11].

and the decay is dominated by the second component τ2.

This second decay time shows a clear dependence on the position of the Dirac point (ED)

and thus on doping. The bulk dynamics, on the contrary, shows a fast component which matches

with previous investigations and a second slow component which exhibits no discernible depen-

dence on ED. The different dependence in bulk and surface states on the doping is also evident in

the inset of fig. 3.11 panel (b). This inset reports the rate 1/τ2 as a function of ED. In the surface

case, a power low dependence is shown, whereas in the bulk case no evident dependences are

detectable . These interesting results suggest that varying the electron-hole concentration in TI

systems, we can observe remarkable consequences on the surface and bulk relaxation dynamics.

The interpretation of the long relaxation dynamics observed in the TSS in terms of a cas-

cade process from the charge reservoir in CB was partially questioned by a Crepaldi et al.[12].

Similarly to the previous study, these authors have found that after the optical excitation, surface

state electrons are thermalized at all delay times. In agreement with Wang et al, a variation in the

effective chemical potential (∆µ ≃ 10meV ) has been observed and interpreted as the result of

the ultrafast photo doping of the conduction band. The dynamics of effective electronic temper-

ature and of the chemical potential have been analized. In particular ref. [12] show characteristic

relaxation times τT and τµ of 2.5 ps and 2.7 ps, respectively. The τT value is smaller than the

one reported for p-type Bi2Se3 (1.67 ps [10]). The authors ascribe this discrepancy to different

pump fluences in the different experiments.

In agreement with the work of Hajolouji et al., the dynamics of the electron population
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Figure 3.11: Temporal dependent electronic temperature of surface (a),and bulk states (b) at TL = 15K.

Different colors corresponds to different Dirac point position shown in the inset of panel (b). Inverse

cooling time of the slow component1/τ2 of Te as a function of ED at 15 K for SS (green triangles) and

CB (red squares). Taken from [11].

shows a peculiar dependence with the energy position along the dispersion of the TSS. However,

in contrast to the previous investigations have proposed the creation of a long-lived population

in the CB to be responsible for the slow relaxation time, here a different interpretation is sug-

gested. The population dynamics in different positions of the band structure have been analyzed

quantitatively and a minimal model is proposed to describe the dependence of I(E, k, t).

This model is based on the idea that the characteristic relaxation times of Tel (τT ) and if µ(t)

(τT ) are insensitive on the k and energy position and they alone dictate the relaxation times of

the electronic population in different region of the band structure. In fact, the different temporal

evolutions of I(k,E,t) is mediated by the Fermi Dirac distribution and shows a non liner depen-

dence with Tel and mu(t). This phenomenology has been analytically treated in Reference [65]

where it has been shown that the relaxation time of I(k,E,t), in different region of the band struc-

ture can be express as:
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Figure 3.12: Electronic temperature: blue (red) markers refer to 17.5-eV (6.2-eV) probe energy. The

black solid line shows the best fit obtained with a single decay exponential plus a constant. [66].

τ(E) ≃
1 + e

−
E−µ0
kβT (0)

∆T
τT

E−µ0
kβT (0)2 + ∆µ

τµ
1

kβT (0)

(3.6)

3.2.2 Surface and Bulk electron-phonon scattering processes

All of the aforementioned time-resolved ARPES experiments have been carried out exploiting

high repetition rate laser-based sources at 6.2 eV photon energy. Due to the very low kinetic

energy of the photoelectrons, those experiments can be considered relatively more bulk sensitive

than conventional ARPES experiment in the VUV energy range. For Bi2Se3 the estimated

photoelectron escape depth at this photon energy is ∼ 2− 3 nm, i.e. between 3 and 4 quintuple

layers. For instance, at 17.5 eV the escape depth is less than 1 QL (∼ 1) nm. Whereas, at a

higher photon energies, the mean free path is reduces.

Crepaldi ed al., have investigated the possibility of different relaxation mechanisms at the

surface or in the bulk of n-doped Bi2Se3 [66]. The authors have compare tr-ARPES results for

different probe photon energies, namely 6.2 eV and 17.5 eV (extreme UV, EUV). By exploiting

these probe energies, they have proposed to be able to record the out-of-equilibrium dynamics

of the CB for the surface and the bulk. In particular, by following similar analysis to these

discussed in the previous sections, these authors have extracted the evolution of the electronic

temperature and the chemical potential.

Figure 3.12 shows the Tel(t) obtained by measuring with 17.5 eV and 6.2 eV probe energy,
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corresponding to shorter and longer mean free path. Blue and red markers indicate, respectively,

the results obtained by the surface- and bulk- sensitive probes. Interestingly, two different re-

laxation dynamics for the electronic temperature in the CB have been revealed. In the bulk, the

relaxation of Te is fitted with a single exponential decay with τT =2.7 ps, in agreement with

the characteristic values discussed in the literature. For this reason, the characteristic relaxation

time τT , has been considered as a measure of the strength of the electron-phonon scattering in

the material.

The second dynamics observed in Te and reported in fig. 3.12, is quite different. An ultrafast

decrease with τT ∼ 160 fs is followed by the formation of a steady state with T0 ∼ 640 K, as

extracted by the best fit to the curve. This “hot” state lasts several ps. Hence, the temperature

does not relax back to its equilibrium value, but exhibits a clear plateau for we exclude artefacts

due to pump-induced space-charge effects since not depends on the pump fluence. The authors

have interpreted this long-lasting out-of-equilibrium state in the CB as a manifestation of a re-

duced efficiency of the phonon scattering at the surface. In addition, they have noticed that the

temperature characterizing the plateau, (640 K) is comparable to the temperature (600 K) where

the cooling by optical phonons is expected to be less effective for a Dirac particle [11].

They ascribe the possibility of a reduced electron-phonon scattering at the surface to the obser-

vation of a weak electron-phonon coupling (λ = 0.08).

3.2.3 First Evidences of Correlation Between the Electron Dynamics and Doping

The pioneering work of Wang et al. has proved the dependence between the electron dynamics

and the material doping, i.e. the position of the Fermi level with the band structure. The first

systematic investigation of several different doped bismuth chalcogenide with different doping

TIs is due to M.Hajlaoui et at.[15]. In particular, they have measured p-doped and n-doped

compounds, revealing different temporal dynamics. Figure 3.13 reports ARPES images of a

p-type Bi2.2Te3 (a) and of a n-type Bi2TeSe (b) before and after the optical excitation.

The time-dependent photoemission spectra are reported in panel (c), as extracted from the

indicated regions, CB and S. By comparing spectra acquired at the same temperature (40 K)

it emerges that the time-evolution of the population in the n-doped case is almost completely

relaxed after 8 ps. On the contrary the p-type shows a long lasting decay, which relaxes on a
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b

n-type p-type

Figure 3.13: Time-resolved ARPES measurement of p-doped Bi2.2Te3 (a) and n-doped Bi2TeSe se-

lected before and after the arrival of the pump excitation. (c) Time evolution of the photoemission inten-

sity corresponding to the integration regions indicated on surface and bulk states, acquired at 40 K and

130 K. Adapted from [15].

time scale of ∼ 50 ps.

Authors claim that it has already been observed that surface states have a longer relaxation

time when they are within the gap, because they do not have access to the faster bulk recombi-

nation channels. Furthermore, the reservoir effect, previously attributed to the CB, it is not at

play in the relaxation process they have shown. They completely ascribe the different temporal

dynamics to a surface band bending and to a transient charge asymmetry.

The p- and n-type samples shown in figure 3.13 present a downward (∼ 60 meV) and up-

ward (∼ 30 meV) surface band bending respectively. This can strongly affect the bulk-surface

interplay and consequently the Dirac cone relaxation, by spatially separating the excess of elec-

trons and holes [15]. The n-doped compound presents an excess of holes, because the bands are

slightly bent upward, while the p-doped presents a more pronounced charge asymmetry. This

charge disequilibrium at the surface is indicated as the cause of the long relaxation time for

Bi2.2Te3, since excess electrons can not find holes to recombine with.

The absence of holes excess in the subsurface VB, that can not recombine with Dirac parti-

cles, is indeed attributed to a carriers drift into the bulk. Interestingly, they define the thickness

of this region by considering the Debye length LD of the material. Within this spatial region,

called space charge layer (0 ≤ z ≤ LD), a situation is created where there is a strong excess

of electronic population concentrated in the conducting surface states while no excess carrier

are present in the bulk bands [15]. The electron-holes distribution is balanced in the case of a

flat-bands TI, therefore they consider the electron-phonon scattering to be the intrinsic limiting.
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Figure 3.14: Dynamics of n-type Bi2Te3 flat-band sample. (a) Snapshots of the Tr-ARPES measure-

ment, before and after the optical excitation (b). Temporal evolution of the electronic population in the

Dirac cone and in the CB. Adapted from ref. [15].

In figure 3.14 is reported their measure of the ultrafast dynamics of a n-type Bi2Te3, present-

ing flat bands. The photoemission intensity, reported in panel (b) relaxes in ∼ 3 ps, quite faster

than the p-type sample. They explain such difference claiming that the electrons are strongly

coupled with the CB and hence exploiting fast bulk recombination channels.

We notice that this fast relaxation time is comparable with the one they show for the n-doped

Bi2TeSe. By comparing fig. 3.13 and 3.14 we evince that the EF crosses both surface states

and the bottom of the CB for both cases. Hence, the role of the bulk relaxation channels they

refers to, should be commensurate to the band bending effect.



Chapter 4

Bulk Diffusive Relaxation Mechanisms

in Optically Excited Topological

Insulators

4.1 Prelude: Observation of Long Surface Lifetime of a Intrinsic

Topological Insulator

Bulk metallic topological insulators, which are the object of the studies discussed in chapter 4,

present both the topological surface state (TSS) and the conduction band (CB) at the Fermi

Level. The lifetime for the Dirac surface states after the optical excitation which has been

reported for these materials, is in the order of picoseconds [10, 11, 12, 32, 66].

Very recently, a TR-ARPES investigation of a Bi2Te2Se (BTS221) TI performed by by M.

Neupane et al., has reported a remarkably long lifetime in the order of 4 µs [16]. This material,

conversely from the cases previously mentioned, is a true bulk insulator which presents only

the TSS at the Fermi level. The authors have noticed that the observed long lasting temporal

dynamics was accompanied by a shift a of the chemical potential of the Dirac TSS, as large

as ∼100 meV. This shift of the chemical potential has been ascribed to a surface photovoltage,

induced by the pump pulse [16].

Neupane and coworkers have measured a n-doped GeBi2Te4 and a p-doped (Bi0.2Sb0.8)2Te3

TIs, in order to evaluate the temporal dynamics in the case of a metallic compound. The life-
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time for both surface and bulk bands, is found to be faster then 5 ps, in agreements with values

reported by previous studies. This work has revealed remarkable differences between the tran-

sient electron dynamics in intrinsic and metallic TI, suggesting that a detailed understanding of

microscopic relaxation mechanism is still missing.

4.2 Introduction

Motivated by the pioneering work of Neupane et al., we have investigated by means of TR-

ARPES the temporal evolution of the electronic properties of six TIs, characterized by different

positions of the Fermi energy, (EF ) in the bulk band structure. We have investigated such a

wide set of materials in order to provide a comprehensive picture of the electronic relaxation

processes. Depending on the different position of the Fermi level with respect to the Dirac cone

and to the conduction and valence band, compounds have been grouped in n-type, intrinsic and

p-type1. The investigated materials are the following: n-type GeBi2Te4 and GeBi4Te7, p-type

Sb2Te3 and Sb6Te3, and the intrinsic Bi2Te3 and GeBi2Te4.

It is worth noticing that in the present chapter, when we consider the sample doping level,

we always refer to the surface doping. As a matter of fact, a common phenomenon with semi-

conductors is that the doping level at the surface can be different from that in the bulk. This

discrepancy has motivated several static ARPES works on TIs, which have focused on surface

effects as the band bending [67]. The band bending effect could be particular relevant, in par-

ticular when the assignment of the doping type is determined by the position of the chemical

potential with respect to the energy gap. However, the band bending reported for the TIs we

have measured, ranges from 30-60 meV [15] up to 80-100 meV [67]. Hence, since the effect is

small with respect to the energy gap, we do not expect that the assignment of the six samples to

the three different groups could be compromised.

The ARPES technique, due to its surface sensitivity, can not directly provide informations

about the bulk carriers concentrations. In order to quantify the bulk carriers density and to de-

termine quantitatively the bulk doping, transport measurements are needed. However, since no

transport measurements are available for the samples object of our investigations, we do not

1When the Fermi level crosses both the bottom of the CB and the SS the compound is n-type. When the Fermi

level crosses just the SS is considered intrinsic and when the Fermi level intersects the bottom of the VB is p-type.
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provide an estimation of the bulk carriers concentration. Nonetheless, our study is aimed at di-

rectly relating the surface scattering processes to the actual surface doping. A direct comparison

between the electron dynamics and the doping would require to probe the same samples volume.

For that reason, we have adopted the same surface sensitive technique, which represents the best

choice for such kind investigation.

The results of the present study, reported and discussed in the next sections, can be summa-

rized as follows. When three-dimensional bulk states lie at EF, a fast relaxation dynamics with

characteristic time of few picosecond (ps) is observed. On the contrary, a long lasting excited

state is detected only when the two-dimensional surface state crosses EF. These findings sug-

gest the important role played by electron diffusion in the direction orthogonal to the surface.

We show that this electron diffusive mechanism is propelled by the optically induced tempera-

ture gradient and can only be accounted for by electrons residing in bulk states. To understand

the origin of this different relaxation timescale, we have quantitatively evaluated the temporal

evolution of the electronic temperature, Te, which offers a direct way for monitoring the energy

flow, after the optical perturbation, from the electrons towards other degrees of freedom, such as

lattice vibrations.

4.3 Experiment

The experiments was carried out at the T- ReX laboratory [68], exploiting the TR-ARPES end

station described in the second chapter. The output of the Ti:sapphire regenerative amplifier,

a Coherent RegA 9050 centred at 800 nm (1.55 eV) and operating at 250 KHz, was adopted

as pump. The pulse was p-polarized and responsible for the sample optical excitation, with a

fluence of ≃ 230µJ/cm2. The probe pulse, obtained from the fourth harmonics of the laser

(6.2 eV), was s-polarized. The overall temporal resolution was ≃ 250 fs. The final energy and

angular resolution was set to ∼ 20 meV and ∼ 0.2 Å, respectively. The samples have been

cleaved in situ at room temperature in UHV (10−10mbar), and the experiments were carried out

in a temperatures range of 110 - 120 K. The samples were oriented along the ΓK high symmetry

direction by means of an in situ low energy electron diffraction (LEED).

The investigated compounds were grown by a vertical variant of the Bridgman technique,

as discussed in details in [69]. The n-doped GeBi4Te7 and the intrinsic Bi2Te3 were grown
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by Bridgman technique. Finally, in order to further inquire the relation between the electron

dynamics and the EF position, we have synthetized GeBi2Te4 with two different bulk charge

carrier concentrations: n-type and intrinsic as grown by Bridgman and vapour transport method,

respectively. We label the two samples b−GeBi2Te4 and v −GeBi2Te4 in order to distinguish

them according to the growth techniques.

4.4 Results

The most important TR-ARPES results are summarized in Figure 4.1 (a - h), which shows

the ARPES images of the band structure measured along the ΓK high symmetry direction. For

b−GeBi2Te4 (a), GeBi4Te7 (b), Bi2Te3 (c) and v −GeBi2Te4 (d), the images refer to the data

at equilibrium, before the arrival of the optical excitation. In the p-doped Sb2Te3 (g), Sb6Te3

(h), the SS lies in the unoccupied density of states (DOS). We chose to display the transient

electronic population above the EF, immediately after the arrival of the pump excitation.

In fig. 4.1 (a) and (b) we clearly resolve the spin polarized SS, with the Dirac point located

≃ 0.37 eV and ≃ 0.3 eV below EF, and the Fermi wavevector kF equal to ± 0.22 Å−1 and

± 0.122 Å−1, respectively. Along with the SS, we observe additional intensity crossing EF for

smaller wavevector. This intensity corresponds to the 3D bulk CB, dispersing with its minimum

at ≃ 0.1 eV. The Fermi level is crossed by the bulk CB in both b−GeBi2Te4 and GeBi4Te7,

which are considered n-type. In the case of Bi2Te3 and v −GeBi2Te4, only the SS disperses at

EF. The CB is unoccupied, and the two compounds are intrinsic TIs. The Dirac point is located

at ≃ 0.2 eV and ≃ 0.13 eV with kF ≃ ± 0.07 Å−1 and kF ≃ ±0.1 Å−1, respectively.

Figure 1 (e) and (f) show the corresponding differential images obtained for Bi2Te3 and

v −GeBi2Te4, as difference between the ARPES images after (+500 fs) and before (-500 fs)

optical excitation. Red and blue indicate the increase and decrease of intensity, respectively.

The bottom of the conduction band is clearly resolved at the ΓK high symmetry point, 0.2 eV

above EF for v −GeBi2Te4 and 0.3 eV above EF for Bi2Te3. These values are larger than the

kz dispersion of the CB, which is of the order 100 meV, as shown experimentally for Bi2Te3

[70] and theoretically for v −GeBi2Te4 [71]. For these reasons we can conclude that these

two compounds are intrinsic TIs. Finally, for Sb2Te3 (g) and Sb6Te3 (h) the SS lies in the

unoccupied DOS and the Dirac point is located respectively ≃ 0.2 eV and ≃ 0.25 eV above EF.



4.4 RESULTS 62

Figure 4.1: (Color online) (a - h) ARPES images of the bands measured along the ΓK high symmetry

direction. (a) b−GeBi2Te4 and (b) GeBi4Te7 are n-type TIs, with the 3D bulk CB lying at EF. The data

of panel (a) have been measured for negative wavevectors and successively they have been symmetrized.

In the case of (c) Bi2Te3 and (d) v −GeBi2Te4, EF lies within the bulk band gap. EF is only crossed by

the 2D SS and the materials are intrinsic TIs. (e) and (f), differential images obtained from the difference

between the measured band dispersion after (+500 fs) and before (-500 fs) optical excitation for Bi2Te3

(e) and v −GeBi2Te4 (f). For (g) Sb2Te3 and (h) Sb6Te3, EF is crossed by the 3D bulk VB and the

samples are p-type TIs. The SS lies completely in the unoccupied density of states, and the data refer

to the transient electronic population built by the optical excitation. (i - n) Temporal evolution of the

corresponding electronic population after optical excitation, as integrated in the three regions indicated by

colored rectangles in (a-d, g, h). The dynamics for the n- and p- type TIs are comparable and characterized

by relaxation times of few ps, regardless of the specific position of EF either within CB (i, j) or VB (m,

n). On the contrary, for intrinsic TIs (k, l) the dynamics is much slower, and the intensity does not recover

the equilibrium value in the investigated temporal window, exceeding 60 ps for Bi2Te3 (k).

Furthermore, the Fermi level is found to intersects the VB, hence the two compounds fall in the

p-type TIs group, as discussed extensively in ref.[69].

Before proceeding in comparing the out-of-equilibrium dynamics for the six distinct TIs,

we point out that in each pair of compounds several specific details of the band structure are

different. Besides the previously discussed energy position of the Dirac point, the minimum

of CB and kF , displays linearly dispersing SS (GeBi4Te7, Bi2Te3 and Sb2Te3), whereas for
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GeBi2Te4 and Sb6Te3 the SS dispersion looks more parabolic-like. For Sb6Te3 the parabolic

(Rashba-like) dispersion, has been recently discussed as a consequence of the indirect gap clos-

ing, thus suggesting that this compound is probably a semimetal rather than a semiconductor

[69]. Figure 4.1 (i - n) displays the temporal evolution of the electronic population averaged

in energy-momentum windows of (≃ 20) meV time 0.033 Å−1. Three regions are selected for

each compounds, those are indicated by colored rectangles in panels (a-d, g, h). In order to ease

the comparison between the dynamics above and below EF, we take them positive disregarding

the sign.

For a thermalized electron system, where the out-of-equilibrium properties are fully ac-

counted by the temporal evolution of the Fermi- Dirac (FD) distribution, the dynamics of the

TR-ARPES intensity depends on the energy with respect to the EF, as discussed in details for

for Bi2Te3 [12, 65]. Hence, in order to correctly establish a comparison between different mate-

rials, we have decided to select one region at a fixed energy with respect to EF. Region 1 (dark

green) is located ≃ 0.055eV above EF along the dispersion of the SS.

The other two regions are selected according to the materials specific band structure. Region

2 (orange) corresponds to the minimum of the CB and region 3 (light green) refers to the same

energy position of region 2, but along the SS dispersion. The correct assignment of the minimum

of CB is trivial for n-type TIs, whereas for intrinsic and p-doped TIs is possible only immediately

after the optical excitation.

Interestingly, we notice that the dynamics in fig. 4.1 (g,h) are similar, for n- and p-type

respectively. In both cases the temporal evolution is slower in proximity of EF than at the bottom

of CB, as expected for a thermalized electron population [12, 65]. The dynamics are comparable,

weakly dependent on the specific details of the band structures. For the two n-type TIs, after 7 ps

the intensity has recovered the equilibrium. For the two p-type TIs, a slightly shorter time, 4 ps,

is sufficient for the relaxation to be fully completed. The slightly faster dynamics for p-type and

for n-type TIs cannot be easily interpreted in terms of cascade processes from the high energy

CB toward EF [10], as it will be discussed later in details later.

The most important result of our study consists in the observation that, for intrinsic TIs, the

population dynamics requires a much longer time to recover the equilibrium value, as shown in

fig.4.1 (k, l). In particular, for Bi2Te3 the intensity in region 1 reaches 60% of its maximum

value within a temporal window of 60 ps, thus displaying a characteristic time more than one
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order of magnitude larger than for n- and p-type TIs. In the case of v −GeBi2Te4, the intensity

after 8 ps is still 40% of the maximum excitation. Although longer than for n- and p-type TIs,

the dynamics of the two intrinsic TIs show some differences. The sensitivity of the intrinsic TIs

dynamics to the specific material properties might reflect a stronger influence of the surface band

bending on the electron dynamics, a phenomenon that has been subject of a recent TR-ARPES

study [15].

Furthermore, it is interesting to compare the dynamics of the intensity in region 1 and 3 for

the intrinsic TIs. In fact, we observe that, after the fast increase due to the optical excitation,

the electronic population at the bottom of CB (reg.3) rapidly decreases, whereas the dynamics

at EF (reg.1) is much slower. Such a different dynamics cannot be ascribed only to the temporal

evolution of the FD distribution, as discussed for n-doped Bi2Se3 [12, 65]. We propose that this

different dynamics might reflect a cutoff of the electron population at the bottom of CB, thus

suggesting that different relaxation mechanisms are at play in the bulk and surface states.

Having revealed this remarkably longer dynamics in intrinsic TIs, we have spent some efforts

to clarify the observed difference between the n- and p-type TIs. In this perspective, we have

evaluated the temporal evolution of the FD distribution for the six distinct materials. Following

the analysis already proposed for Bi2Se3 [11, 12, 15] we extract for each delay time the intensity

distribution curves curves (EDCs) integrated along the SS dispersion, except for Sb2Te3 and

Sb6Te3 where only VB crosses the EF. Figure 4.2 (a -f) show three selected EDCs extracted

at a delay time immediately before (-0.5 ps, blue) after (0.5 ps. red) and 5 ps after (orange) the

arrival of the pump.

We immediately notice that, in contrast to n- and p- type TIs for intrinsic at 5 ps the EDCs

are still broader than at equilibrium, thus indicating a larger Te. In particular, for the case of

Sb2Te3, the electronic system seems not be fully thermalized within the experimental temporal

resolution, in contrast to the case of n- and p-doped TIs. Thermalization is in general mediated

by electron-electron scattering, as for example impact ionization between high-energy electrons

and the electronic states below EF . We speculate that the absence of 3D bulk states at EF, char-

acterized by a large density of states, might affect the impact ionization process and the electron

thermalization. In order to be more quantitative, each EDCs has been fitted with a function

resulting from the product between a time-dependent FD distribution and a time independent

polynomial function. The polynomial function describes the material DOS and it is optimized
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for the data acquired at negative delay time. The product between the FD distribution and the

DOS function is convolved with a gaussian distribution, accounting for the finite energy reso-

lution. The best fit curves are shown in fig. 4.2 as black dash lines. The analysis provides us

with the temporal evolution of Te, from which we can further address the microscopic scattering

mechanisms responsible for the energy transfer within the band structure and between the elec-

trons and the other degrees of freedom of the materials, as it will be discussed in the following

section.

4.5 Discussion

Figure 4.3 reports the temporal evolution of the electronic temperature for the six distinct TIs,

along with a schematization of our proposed diffusion relaxation mechanism. For n- and p- type

TIs, the temporal evolution of Te well mimics the electron population dynamics of fig. 4.1. In

particular, a single exponential decay describes the full recovery of the equilibrium temperature

within few ps.

For the n-type TIs, the characteristic relaxation times are τ ≃ 2.55±0.1 ps for b−GeBi2Te4

and τ ≃ 2.65 ± 0.1 ps for GeBi4Te7. P-type TIs display slightly faster relaxation, with

τ ≃ 2.5± 0.1 ps for Sb2Te3 and τ ≃ 1.3± 0.1 ps for Sb6Te3. Within the investigated temporal

window, the electronic system is expected to be thermalized with the lattice [11, 12, 15]. The

temperature dynamics is suggesting that after few ps no extra energy is retained neither in the

electronic system nor in the lattice, and the equilibrium conditions are fully restored.

We propose the diffusion in the direction orthogonal to the surface to be responsible for this

efficient energy dissipation. This process is mediated by the bulk states, either CB or VB, which

enable to transfer hot electrons far from the surface, thus removing energy from the first few nm

investigated by the surface sensitive TR-ARPES [15]. Figure 4.3 (g) and 4.3 (i) schematize our

proposed bulk diffusion relaxation mechanism.

If EF lies within CB (g) or VB (i), channels are available for electrons to delocalize deep in

the crystal bulk. Bulk diffusion can be considered as the result of the temperature gradient in

the direction orthogonal to the sample surface caused by the optical excitation. This process has

already been proposed to fully account for the temporal evolution of Te in bulk metals, such as

Ru(111) [72] and Gd(0001)[73].
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In intrinsic TIs we observe a different scenario. The diffusion process is still at play, and it

is responsible for the emptying of the CB states above EF. However, a fraction of the excited

electrons relaxes from CB into the SS, for which only in-plane diffusion is possible. Figure 4.3

(c) and (d) show that for Bi2Te3 and v −GeBi2Te4, Te does not relax back to the equilibrium

value in the investigated temporal window. In particular in Bi2Te3, Te after an exponential decay

with τ ≃ 1.5± 0.2 forms a plateau that lasts longer than 60 ps. Similarly v −GeBi2Te4 relaxes

with fast decay (τ ≃ 3 ± 0.2) and ends with a plateau. We ascribe this hot state to the limited

capability of the 2D surface electrons to diffuse, thus removing energy from the investigated

region.

For intrinsic TIs, the electron-phonon scattering, and successively anharmonic phonon scat-

tering is responsible for the lattice cooling. These processes take place at longer time scale. This

is particularly true, if we consider that the reduce area of the SS Fermi surface imposes severe

constrains on the phonons phase space available for scattering, similarly to the case of graphene

[74, 75]. The sketch in Figure 4.3 (h) illustrate the intrinsic case, with EF crossing only the SS,

thus limiting the diffusion process at the surface.

We discuss now our results in view of the relevant models reported in literature. Previous

TR-ARPES studies reported a long relaxation dynamics of the SS when the bulk CB is unoc-

cupied [76, 15, 16]. These results were interpreted or in terms of cascade scattering from the

high energy branches of CB towards EF [10] or as the results of surface bend bending, trapping

photoexcited charges at the surface [15]. In the former, the slow relaxation results from the

impossibility to directly recombine electrons and holes from CB to VB, thus the electrons are

proposed to relax back to the EF through electron-phonon scattering along the SS. However,

according to this model, the electron dynamics in the p-type TIS Sb2Te3 and Sb6Te3 should be

longer, or at least comparable, to the one of the intrinsic TIs.

On the contrary, we have recorded the fastest relaxation dynamics in the p-type TIs, with

timescale of few ps, in agreement with the experimental finding of other independent works [77,

78]. Hence, our results help in providing a more complete view of the scattering mechanisms,

in particular when the effect of spatial diffusion is reduced by precisely selecting the doping

level, as also proposed in Ref [10]. Concerning the surface band bending model, it accounts

for the change in the charge dynamics as a function of the surface Coulomb potential. This

potential tends to form charge accumulation layers at the surface by trapping hole or electrons,
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according to the potential sign [15]. We expect the surface bend bending to affect the strength

of the bulk diffusion mechanisms. As a result, different band bending at the surface of Bi2Te3

and v −GeBi2Te4 might explain their slightly different electron dynamics.

Finally, we compare our results with the recent TR-ARPES experiment reviewed in the pre-

lude section, which has reported an extremely long relaxation dynamics at the surface of the

bulk insulating TI Bi2Te2Se, exceeding 10−6s [16]. This was experimentally compared to the

faster timescale in n- or p-type TIs. Due to the limit temporal window accessible in our experi-

mental results, we cannot resolve completely the full relaxation dynamics of Bi2Te3. However,

the plateau observed for Te in Fig. 3(c) suggests that the dynamics might take place on the scale

of several hundred ps, and it might be comparable to the case of Bi2Te2Se [16]. Our results

generalize these observations, by proving that the longer relaxation dynamics is a characteristic

of intrinsic TIs, here shown for Bi2Te3 and v −GeBi2Te4. Moreover, we succeeded in propos-

ing a model, based on our experimental data and the derived Te dynamics, for describing the

different relaxation dynamics in term of the different role played by the bulk and surface states,

in the diffusion of the excited charges.

4.6 Conclusion

In summary, we have investigated by TR-ARPES the different contributions of the bulk and

surface state to the out-of-equilibrium electronic properties of TIs, by studying six distinct com-

pounds with different EF within the band gap. The position of EF as estimated by ARPES

reflects the surface doping in the few topmost layers. We have observed that, if EF is crossed by

the bulk CB (n-type) or VB (p-type) states, the electron populations dynamics relax with similar

characteristic time of few ps, regardless of the material specific details of the band structure, For

intrinsic TIs, where EF lies within the band gap, the relaxation dynamics is more than one order

of magnitude slower.

The different dynamics has been discussed in term of the temporal evolution of Te, which

in intrinsic TIs does not relax back to the equilibrium value, in contrast to the n- and p-type TIs.

We propose that the efficient removal of energy in the n- and p-type TIs results from diffusion

processes in the direction orthogonal to the surface, mediated by the presence of 3D states at EF

providing charge channel deeply delocalized in the bulk. In contrast, in intrinsic TIs a fraction of
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Figure 4.2: (Color online) (a - f) Intensity distribution curves as a function of energy (EDCs) extracted

along the SS dispersion for (a) b−GeBi2Te4, (b) GeBi4Te7, (c) Bi2Te3 and (d) GeBi2Te4. For the

p-type TIs (e) Sb2Te3 and (f) Sb6Te3, the EDCs are taken along the dispersion of the bulk VB crossing

EF. For each compounds, the three EDCs are taken immediately before (blue) after (red) and 5 ps

after (orange) the arrival of the optical excitation. Black dashed lines show the best fit, resulting from

the product between the time dependent FD distribution and a time independent function describing the

material DOS. This is further convolved with a gaussian accounting for the finite energy resolution.

the energy is retained by the 2D SS, for which in-plane diffusion is not an efficient mechanism

to remove energy from the shallow region investigated by the surface sensitive TR-ARPES. The

fast relaxation, observed once the chemical potential crosses 3D bulk states, can be also related

to the presence of a larger phase space available for the electron-holes annihilation. The bulk
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energy gap can also play an important role in the relaxation processes, indeed it presence no

longer protects from the phonon emission. However, we have no direct experimental evidences

to support this hypothesis.

The long dynamics observed in intrinsic Bi2Te3, and similarly in Bi2Te2Se [16] suggest

these compounds as test samples to investigate the effects of phase space restriction in the elec-

tronic relaxation processes. In particular, due to the linear dispersion and the spin helicity of the

SS, supercollision [74, 69] and the protection from elastic backscattering [79] might affect the

electron scattering. Our results highlight the different contributions of 3D bulk states and 2D

SS to diffusive mechanisms. A realistic diffusion model can be considered, as a future perspec-

tive, to further investigate the differences between in-plane and out-of-plane diffusion processes.

Moreover, such model can be used to quantify the electron motion out of the region probed by

the ARPES.

Diffusive relaxation processes have been reported also in the recent TR-ARPES studies on

TIs [16]. Nonetheless, with the present study we prove that the bulk diffusive relaxation mech-

anism is more general and it might play a major role also in the out-of-equilibrium physics of

other materials.
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Figure 4.3: (Color online) (a - f) Temporal evolutions of Te as extracted from the fit to the EDCs of fig.

4.2. For the (a, b) n- and (e, f) p- type TIs, Te recovers the equilibrium value with characteristic time

of few ps. On the contrary, in intrinsic TIs (c, d) Te does not relax back to the equilibrium value, but it

forma a plateau, indicated by the grey area. (g - i) Schematizations of our proposed diffusion model. If

bulk states, either CB (g) or VB (i), cross EF 3D states are available for the excited charges to diffuse

in the bulk, out of the few nm region investigated by surface sensitive TR-ARPES. Whereas, if EF lies

within the band gap, part of the energy is trapped in the 2D SS, for which in-plane diffusion is not an

efficient way to remove energy from the electronic system.



Chapter 5

SmB6: A Strongly-Correlated Kondo

Topological Insulator

SmB6 is a strongly correlated electron-system which is attracting a large interest year after its

discovery. It is considered, indeed, one of the first Kondo Insulator (KI)[80] and it has been

proposed, recently, as the first Topological Kondo Insulator (TKI) [17]. Several experiments

have been performed in order to clarify the origin of its anomalous low-temperature transport

properties as well as to understand its topological nature [17, 81, 82]. Nevertheless, this question

is controversial and still under debate because of the complex band structure characterized by a

narrow Kondo energy gap. In this chapter, as a prelude to the experimental results, we briefly

report on the main properties of this material within the classes of KI and TKI. The recent

transport and ARPES investigations that constitute nowadays the state of the art on this topic

will be summarized.

5.1 The Discovery of the First Kondo Insulator

SmB6, discovered in 1969 by A. Menth [80], is a heavy electron material considered as the fore-

father of Kondo Insulators (KIs). Menth et al. have observed that when this material is cooled

below a certain temperature, defined as Kondo temperature (TK) the resistivity departs from

the conventional metallic behaviour (reduction of resistivity when lowering the temperature, be-

cause of a reduction of the scattering rate) and showing an upturn with a monotonic increasing

71
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Figure 5.1: Resistance versus Temperature (closed circles) and resistance versus 103/T (closed circles).

Adapted from [80].

for T < TK. This observation is considered as the fingerprint of a modification of the electronic

structure of the material, the opening of a energy gap that turns the metal into a semiconductor

at TK.

Figure 5.1 reports such effect for SmB6 through the characteristic behaviour of the resistance

versus temperature curve. The resistance starts to increase below 50 K and saturates at 3 K.

This phenomenon has been initially interpreted as a change of the electronic configuration of

Sm ions. Interestingly, it was noticed that in the low temperature regime (below the 3 K) this

material does not show evidences of magnetic ordering, in contrast to other magnetic rare earth

exaboride [80]. Hence, an intimate connection between the semiconducting and the magnetic

properties was expected.

Successively several detailed studies have focused on the SmB6 anomalous conductivity.

Allen et al. have shown that the SmB6 resistivity ρ, rapidly increases below 30 K reaching

a saturation value [83]. They have reported a size of the resistivity increase in the order of

∼ 104 and that saturates at ∼ 3 K. Their study has focused on the dependence of both the Hall

coefficient RH on temperature and on the estimated carriers concentration. By considering that

the charge concentration ranges from ≃ 9 · 1021/cm3 at room temperature to ≃ 5 · 1017/cm3

at 4 K, they have classified the SmB6 as a “bad” metal [83]. In the temperature range below

4K, they have noticed that the amount of the resistivity increase is too large to be ascribed to a

conventional scattering mechanisms.

Finally, they attributed this resistivity change to a decrease in the carriers concentration.
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These finding indicates the presence of a small energy gap. These initial experimental findings

have prompted several further studies about the origin of the observed residual low-temperature

conductivity, as we will see in the upcoming section.

5.2 Kondo and Topological Kondo systems

The KIs class has been formally proposed many years after the SmB6 discovery [84]. At present

includes a significant number of compounds, like the YB6 [85], the SmS1 (under high pressure

condition) [86], YbB12, CeFe4P12 and also the d-electron material FeSi [87].

KIs are often classified like “simple” local magnetic-moment metals, since they show at

high temperature, a classic Curie-Weiss magnetic susceptibility [87]. At low temperature, due

to the Kondo effect, the strength of the antiferromagnetic interaction between local magnetic

moments and the conduction electrons grows, leading to Kondo screening of the local moments.

This screening effect leads to the formation of a paramagnetic Kondo ground state, which is

accompanied by the creation of a narrow gap [84, 87].

The Kondo effect, originally observed by J. Kondo in 1964 in magnetic alloys, describes the

energy gap opening and the characteristic change in the electrical resistivity with temperature as

a result of the scattering of conduction electrons due to magnetic impurities [88]. In a Kondo

insulating state, Kondo singlets scatter electrons without conserving the momentum, giving rise

to a huge build-up of resistivity al low temperature [89]. Whereas in a lattice with translational

symmetry, the elastic scattering between electron and purities conserves momentum, hence lead-

ing to a coherent scattering of Kondo singlets [89].

New models have been proposed, afterwards, to describe the physics of Kondo systems,

such as the Kondo lattice model introduced by S. Doniach [90]. This model can be described

by a lattice of localized magnetic moments immersed in a sea of mobile electrons. Its metal or

insulating behaviour is determined, within this picture, by the competition of two effects: the

Kondo effect and the RKKY (Ruderman-Kittel-Kasuya-Yoshida) magnetic interaction. The first

effect screens the local moments hence leading to the formation of the insulating-paramagnetic

ground state. The latter, in contrast to the first, leads to a magnetic ordered metallic state.

1SmS is the first system which exhibits, under high pressure, a paramagnetic behaviour similarly to SmB6.
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Singlets formation takes place below the Kondo Temperature TK , expressed by [87]:

TK = D
√

Jρ exp

{

−
1

sJρ

}

(5.1)

where J is the Kondo coupling, D represents the value of the maximum electron energy state

below the EF and ρ is the density of states. The RKKY interaction shows a characteristic

temperature TRKKY ≃ J2ρ. In the temperature regime where TK exceeds TRKKY , the Kondo

effect dominates and the singlet ground state is formed.

The Kondo lattice is described by an hamiltonian which consists of the sum of two terms,

proportional to the hopping t and to the antiferromagnetic Kongo coupling J [90].

A Kondo insulator can be explained, in a simple picture, the Kondo lattice model in the limit

of strong coupling. This is realized when the coupling constant J is much larger with respect to

the hopping term t. The hopping term is considered, in that case, as a perturbation to the onsite

Kondo interaction. An alternative way to interpret Kondo systems is based on the Anderson

Lattice Model (ALM), which has been proposed by R. Martin and J. Allen [91]. They have

proposed a Kondo lattice hamiltonian consisting of three main terms [87]:

ĤALM = Ĥf + Ĥc + Ĥhyb (5.2)

Ĥf describes localized f-states at each atomic site. It accounts for the corresponding Coulomb

repulsive interaction U and the hopping amplitude between neighbouring lattice sites. The sec-

ond term,Ĥc, accounts for a band of non interacting conduction electrons. Finally the third term

Ĥhyb describes the hybridization between localized f-states and conduction electrons. By con-

sidering as a starting point a simple hybridized band structure with a direct band gap, the Kondo

state can be reached by increasing adiabatically the Coulomb interaction U. As a consequence

the coupling constant J ≃ V 2

U reduces and the energy gap is renormalized2.

M. Dzero et al. have proposed a theoretical work which can be considered as a “turn-

ing point” for the evolution of KIs. They have suggested that Kondo insulators can develop a

strongly interacting-electrons version of topological insulators, thus predicting the birth of the

so-called Topological Kondo Insulator (TKI) phase [87]. The authors have proposed SmB6 as

the first candidate of this class of compounds, on the base of its topological classification [17].

2This model is often regarded as the renormalized Anderson model. The renormalization involves in general other

important parameters in addition to the energy gap which are determined by the Kondo temperature.
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Figure 5.2: (a) Two bands of the same parity repel one-another and do not cross when the interaction is

turned on adiabatically. (b)The two bands have opposite parities, like in the topological insulator case.

In this case the interactions can cause f-band to move up into a d-band, leading to band-crossing and to a

topological phase transition. Adapted from [80].

M. Dzero and coworkers have suggested that there is a subset of KIs which is topologically

non trivial and which displays a strong spin orbit coupling associated to f-electrons. The f-

electrons spin-orbit coupling, which is of the order of 0.5 eV, is much larger then the narrow

Kondo gap (10 meV). The parity of f-states and d-bands, odd and even respectively, would lead

to a change in the Z2 topological invariants at each band-crossing point. Depending on the

number of crossing along an high symmetry direction which connects two TRIMs, (as we seen

in the previous chapter), KIs can be TIs. The electron-interaction Uf , depending on the band

parities, can lead to the formation of a topological phase in a KI. If two bands of same parity are

considered, when the interaction U is turned on they “repeal” each other, as shown in fig. 5.2

(a). In the case of a d- and f-band with different parity (fig. 5.2 (b)), switching on the interaction

opens the possibility of a band crossing. If, as as a result of this process, the f- and d- bands cross

at an odd number of points, then a topological phase transition will take place into a topological

insulator [87].

Several studies, based on tight-binding models, have been proposed to better understand the

physical properties of SmB6. Calculations performed in [92, 93] have predicted that the non

interacting-electron band structure is topologically non trivial and Sm-4f orbitals hybridize only

with Sm-5d orbitals. T. Takamoto [94] has adopted a tight-binding model based on the ALM
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hamiltonian in which the hopping amplitudes are extended to near and next-near neighbours. As

a result, a single d-like orbital is supposed to invert his energy ordering with a f-like orbital at

the X point the in bulk Brillouin zone and three Dirac cones are expected to form at the surface

with vacuum.

5.3 Recent Experimental Progress on the SmB6 Topological Kondo

Insulator

The main experimental findings previously discussed, allow us to draw the conclusions that

SmB6 behaves as a weakly correlated metal at high temperature, becoming insulating3 below

40 K, with the opening of the Kondo gap. However, SmB6 also presents a residual saturating

resistance al low temperature.

Originally the resistance observed below 4K, has been ascribed to bulk impurities. However,

later on, thanks to the improved sample quality, this hypothesis has been confuted [83, 95, 96].

The prediction of the topological nature of SmB6 has shed new light on the possible interpre-

tation of such a phenomenon. Indeed, the low temperature resistivity has been assigned to the

existence of a topological surface state. Various experiments were carried out, with the aim of

revealing the presence of in-gap states, hence confirming the topological nature of the SmB6.

Various transport experiments have been performed in order to distinguish surface and bulk

derived contributions [95, 97, 98]. Zhang et al. have measured the capacitive self-oscillation

effect in SmB6 single crystals, observing an anomalous capacitance which has been ascribed to

surface carriers [53]. To distinguish among surface- or bulk-dominated conduction, they have

studied the bulk density of states (DOS) by means of point contact spectroscopy (PCS). They

have revealed that in the 10 to 2 K temperature range the conductance spectra remain unchanged,

hence the bulk remains insulating during the resistance saturation. The most “natural” explana-

tion, as the authors claim, consists in the surface metallic conduction [53].

Surface and bulk contributions are, as expected, strictly related to the size and shape of the

sample under investigation. By considering this basic principle the SmB6 Hall coefficient has

been measured at different temperatures by varying the sample thickness [95]. In the high tem-

3The formation of the insulating phase is observed when the Fermi level lies within the Kondo energy gap.
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c

Figure 5.3: Synchrotron-based ARPES maps along the M̄ − X̄ − M̄ (a) and X̄ − Γ̄− X̄ (b) momentum

space directions. The dispersive Sm 5d band and the non-dispersive flat Sm 4f bands are observed,

confirming the key ingredient of a heavy fermion Kondo system. The momentum-integrated energy

distribution curves are also shown. The bulk and surface BZs of SmB6 and the high-symmetry points are

marked. Adapted from [81].

perature regime the Hall resistance was found to be inversely proportional to the sample thick-

ness, which is consistent with a bulk transport behaviour. On the contrary, below 4 K, the Hall

resistance has become linearly proportional to the thickness, indicating a surface conduction.

The ARPES technique, thanks to its ability to probe with high energy- and momentum-

resolutions the surface electronic band structure, has been adopted to look for a direct signature

of the topological nature of SmB6. This last part of the chapter is devoted to a review of relevant

works dealing with the SmB6 electronic band structure, measured by means of high-resolution

ARPES and spin-resolved ARPES (SARPES) measurements.

The work of Neupane et al. has filled the lack of high-resolution studies of the SmB6 surface

electronic structure as a function of the temperature [81]. They state that a “better energy res-

olution than 5 meV and 7 K temperature combination” is required to identify the in-gap states

and to perform a Fermi surface mapping. In order to fulfil these conditions the authors both

high-resolution laser based and synchrotron based ARPES study. In figure 5.3 (a-b) the band

structure measured at low temperature (12 K) and along two inequivalent high symmetry direc-

tions is shown. Directions are M̄−X̄−M̄ and X̄−Ḡ−X̄ , in (a) and (b) respectively. In fig. 5.3

In proximity of the Fermi level the flat f-bands are clearly visible. Their energy position can be

inferred from the integrated energy distribution curves. The non-dispersive f-bands correspond

to the 6H5/2, 6H7/2 and 6F multiplets of the Sm2 (f6 - f5) final states, respectively [81]. Sm

5d-derived dispersive bands are also indicated in fig. 5.3 panel (b).
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Figure 5.4: Cartoon sketch depicting the electronic band structure in the insulating phase, with the

hybridization gap opened (a). The black dash rectangle indicates the approximate momentum window of

ARPES spectra reported in panel (b-c). Temperature dependent momentum-integrated ARPES spectral

intensity centred at the X point (b) and at the Γ pocket (c). Adapted from [81].

The Kondo hybridization process is predicted to occur in proximity of the X points in the

bulk BZ and near their projections on the (100) surface: X̄1, X̄2, Γ̄ (indicated in fig. 5.3 panel

(c)). As Neupane et al. have investigated by integrating in a narrow (±0.15) Å−1 momentum

region around the X̄ point, the evolution of the ARPES spectral intensity with temperature.

The corresponding ARPES EDCs, reported in fig. 5.4, revealed the onset of a shoulder at EF

that they attribute to the presence of in-gap metallic states. Such spectral feature is observed in

proximity of both X̄ and Γ̄ points.

The authors have also studied the Fermi surface topology, reporting that their experimen-

tal results are consistent with the theoretically predicted contour of the topologically protected

surface state in the TKI ground-state phase [81]. As the authors have noticed, the details of the

bands dispersion within the Kondo gap are not well resolved and this is attributed to the unavoid-

able quasi particle life-time broadening. Finally, they have performed a photon-energy study to

confirm the two-dimensional dispersion of the topological surface states within a narrow energy

region around the Fermi level (10 meV). By comparing the momentum cuts measured at differ-

ent photon energies they have concluded that the states show no evident kz dispersion, hence

supporting the two-dimensional nature of the in-gap states. However, also bands lying 10 meV

above the EF , which are not predicted to be surface-derived, show no evident kz dispersion.

As noticed in the last part of the work, the lack of kz dispersion shown by out-of-gap states is

unexpected. The authors propose different interpretations, without clarifying the question at all.

TIs posses, with respect to trivial material, a linear dispersive surface state with unique spin
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Figure 5.5: In panel (a) the spin polarization of the surface states observed along the high-symmetry

lines is reported. The red lines - (C1, C2, C3 and C4) indicate the locations of the spin measurements

in the kx, ky plane (a). In panel (b) the states along the high-symmetry M̄ − X̄ − M̄direction near the

EF and measured with 30 eV photon energy are shown. Panel (c) - (e) show the spin signal measured at

30, 30 and 26 eV respectively at points C1, C2 and C3, with the spin polarization along the x, y and x

directions respectively. Adapted from [99].

texture. SARPES has been often adopted to probe this spin polarized Dirac cone and hence

to distinguish TIs from topologically-trivial insulars. Xu et al., by exploiting this technique,

have carried out a spin-resolved ARPES investigation of SmB6 in order to observe the predicted

spin polarized topological surface states [99]. The spin polarization signal, which has been

attributed to the surface state, has been acquired by measuring along high symmetry directions,

in proximity of the X̄ points and at 20 K (Kondo gap fully opened). Figure 5.5 (c-e) show the

SARPES measurements performed at 10 meV above the Fermi level and along the C cuts [99].

Xu et al. claim that their findings, consisting of a clear spin texture and n-odd number

of pockets, are fully consistent with their prediction of SmB6 as a TKI. Their SARPES data
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Figure 5.6: Photoemission intensity along X̄ − Γ̄ − X̄ obtained with hν = 70 eV. Markers indicate

position of maxima in fits of momentum distribution curves, solid line is a parabolic fit to these points.

(b) Second derivative (d2I/dk2) of the area marked in (a) [82].

assign to the surface band located at the X̄ points a anti-clock wise spin polarization, in analogy

to the case of 3D TIs [99]. The ARPES [81] and SARPES [99] studies reviewed previously,

represent the state-of-the-art of experimental works supporting the non-trivial topological nature

of SmB6. However, we conclude this section by briefly describing a relevant study which seems

to invalidate the previous findings, asserting that the SmB6 is a trivial surface conductor [82].

Hlawenka et al. have measured, at low temperature (1K), bands located at the Γ̄ point in

the surface Brillouin zone (SBZ), reporting trivial metallic state instead of a topological sur-

face state. From their ARPES data, they have evinced a topologically-trivial scenario, which is

illustrated schematically in fig. 5.7.

At the X̄ point of the SBZ a massive free-electron like states are observed instead of a topo-

logical surface state, shown in fig. 5.7. The fact that the surface remains metallic in the low

temperature regime is explained by considering that the gap is shifted away from the Fermi level

due to a surface core level shift of the 4f level [82]. Moreover, as has been previously observed

in [100], the metallic state measured at the X̄ point [81], is considered by the authors in this

work as the continuation of the bulk d-band. Concerning the topological spin texture which

has been observed by Xu et al [99], the authors point out the possibility that it could also be a

spin-polarized Rashba-split state of considerable extent in k-space, as they have observed at Γ̄.

They finally conclude by asserting that the ultimate energy resolution of spin-resolved ARPES

measurements is too poor to distinguish between the surface state and the f-orbital multiplet.
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Figure 5.7: Sketch of the situation predicted by works supporting the topological nature of SmB6 (a),

and the different scenario based on the experiment of Hlawenka et al (b). Extracted from [82].

5.4 A Preliminary Pump and Probe Photoemission Spectroscopy

Investigation

Recently, Ishida and coworkers carried out the first TR-ARPES study on SmB6, aimed at re-

vealing pump-induced effects on pico-to-microseconds time scale [101]. The most remarkable

result that they have reported consists of a pump-induced energy shift of the ARPES spectra,

in the valence band at low temperature (10 K). The observed shift of the chemical potential

(∆µ) presents both a a pump-power dependence and a remarkable temperature-dependence. By

evaluating the response to different pump fluences, the authors have excluded that the shift ∆µ

could be originated from charging of the sample surface. Whereas the temperature dependence,

reported in fig. 5.8 (a), shows that the shift is negligible above 90 K and increases, up to ∼ 4

meV, at temperature lower than TK .

Ishida et al. have ascribed this effect to a surface photovoltage (SPV), which is supposed to
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Figure 5.8: ∆µ as extracted at three values of delay time and with three pump fluences, panel (a).

Duration of the shift with respect to different delay times. Panel (b). [101].

be a consequence of an optically-induced surface bend bending [101]. This SPV effect persists,

after the arrival of the pump, up to 200 µs. Such a long lasting duration is displayed in fig. 5.8

(c). As shown by fig. 5.8 (b) and fig. 5.8 (c), the optically induced shift monotonically decreases

as the delay time increases. To probe a temporal windows in the order of hundreds of µs, they

have adopted the following approach. The delay τ between pump and probe pulses has been

fixed, while varying the repetition rate. Hence, the sample has been irradiated at the interval of

4 µs and at multiples values (repetition rate is 250 KHz).

The second part of their study is focused on the initial electron dynamics induced by the

pump in the femto-to-picoseconds probed by changing mechanically the optical path as for typi-

cal pump-probe experiments. The signal has been measured, in that case, by fixing the repetition

rate and by varying the delay τ by changing mechanically the length of the pump optical path.

The photoemission intensity, integrated above the Fermi level, is presented in fig. 5.9 with

respect the delay time and at different temperatures, in different colors. The x-axis is plotted in

both a linear and a logarithmic time scale. The linear time scale allows to appreciate the temporal

evolution during the first pico-seconds, and the second (logarithmic) shows long dynamics which

persist up to 100 ps. The authors have noticed that dynamics shown in fig. 5.9 present a cross-

over point at 0.5 ps, which has been interpreted as the presence of a bottleneck effect during the

electron end phonon thermalization process. The bottleneck is clearly visible in the temperature

regime under 90 K, however as authors have showed, is it present also above this value. The

slow relaxation after 0.5 ps is attributed to the heat transfer from the electronic to the lattice

system.
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Figure 5.9: ∆µ as extracted at three values of delay time and with three pump fluences, panel (a).

Duration of the shift with respect to different delay times. Panel (b). [101].

The study proposed Y.Ishida et al., provides important informations about the overall re-

sponse of the electronic system following the optical excitation. The authors claim that the

observed relaxation dynamics may be interpreted by means of a two-temperature (2T) model.

However, to clarify this point and to establish the metallic or semi-conducting response of the

this material, a more qualitative study is needed. Inspired by Ishida’s work we have performed

a TR-ARPES study aimed at evaluating the temporal evolution of the electronic temperature

of the system. Successively, as we will show in the next chapter, a 2T- based model has been

adopted to extract further important informations as the characteristic electron-phonon coupling

constant λe−ph.



Chapter 6

Samarium Hexaboride

Electron-Phonon Coupling Constant

from Tr-ARPES

We have investigated the SmB6 out-of-equilibrium electron dynamics by means of time and an-

gle resolved photoelectron spectroscopy (tr-ARPES). The transient electronic population above

the Fermi level can be described by a time dependent Fermi-Dirac distribution. By solving a

two temperature model, that well reproduces the relaxation dynamics of the effective electronic

temperature, we estimate the electron-phonon coupling constant λ to range from 0.13± 0.03 to

0.04 ± 0.01. These extrema are obtained by assuming a coupling of the electrons with either

a phonon mode at 10 meV or at 19 meV. A realistic value of the average phonon energy will

give an actual value of λ within this range. Our results provide a new experimental report on the

electron-phonon coupling of this material, contributing to both the electronic transport and the

macroscopic thermodynamic properties of SmB6.

6.1 Introduction and Motivations

The electronic transport properties of SmB6, introduced in the previous chapter, have been the

subject of intense studies since the first report of its mixed valence nature [102] and the ob-

servation of a Kondo gap opening when cooling it below TK ∼ 50 K [83]. This Kondo gap

84
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opens as a result of the interaction between the delocalized d-electrons and the f-electrons act-

ing as localized magnetic impurities [103]. Despite the observation of a gap opening at the

Fermi level by spectroscopic measurements, transport experiments show signs of residual con-

ductivity [96]. The origin of this residual conductivity has puzzled the scientific community

until the recent discovery of low temperature metallic surface states [104], of potential, albeit

debated, topological character [17, 78, 81, 82, 99, 100, 105, 106, 107]. The advent of topo-

logical insulators (TIs) has fuelled the fast development of time-resolved ARPES (tr-ARPES)

[10, 11, 12, 13, 14, 32, 65]. This technique has been successfully exploited to access the unoc-

cupied electronic states [12, 14] as well as the temporal evolution of both the chemical potential

(µ) and the electronic temperature (Te) after optical excitation [12, 13].

In this chapter we report on the out-of-equilibrium electronic properties of SmB6 as revealed

by tr-ARPES. This study is motivated by the possibility to address the scattering mechanisms in

SmB6, as similarly reported for Bi based binary TIs. Ishida and coworkers have pioneered this

out-of-equilibrium approach to the study of SmB6, reporting a shift of the chemical potential

(∆µ) lasting up to hundreds of µs after optical excitation, for T < Tk [101]. By assessing the

out-of-equilibrium dynamics of Te, here we provide new insights on the temporal evolution of

the time-dependent Fermi-Dirac (FD) distribution.

A two temperatures model (2TM) is applied to mimic the relaxation dynamics of Te. By

considering a coupling to phonon energies corresponding to the lowest energy Sm modes at 10

meV [108, 109] or 19 meV [110] − 20 meV [109], we estimate an interval for the possible val-

ues of the electron-phonon coupling constant λ: 0.13±0.03 to 0.04±0.01. This range is mostly

determined by the fact that among the phonon modes detected for this material those derived

from the B6 cage, i.e. those at energies > 20 meV, are expected to weakly contribute. This

finding can be of relevance to account for the details of the electronic transport and thermody-

namical properties of SmB6 [111]. In addition to the temporal evolution of the FD function,

we reveal a difference in the effect of the optical excitation on the d- and f-states. In particular,

the depletion of intensity which follows the optical excitation mainly affects the f-bands. The

electrons, which are excited in the f-state above the Fermi level (EF), successively relax towards

EF where intensity is observed over a broad momentum range. This observation suggests the

transient population of empty f-states above EF[112].

Tr-ARPES experiments have been performed at the T-ReX Laboratory, Elettra (Trieste,
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Figure 6.1: (a) SmB6 unit cell of the CsCl-type. Sm atoms (teal) and a B6 cage (black) occupy the

corners and the body-centered position of the cubic cell. (b) Brillouin zone projected on the (001) cleav-

age plane. The measured momentum range along the ΓX high symmetry direction is indicated by a grey

rectangle.

Italy). More details about the setup can be found in the second chapter. The photoelectrons

are collected and analyzed by a SPECS Phoibos 225 hemispherical spectrometer, with energy

and angular resolution set in the present experiment to 30 meV and 0.2◦, respectively. The over-

all temporal resolution is about 250 fs. In the following, two data sets are analyzed with an

absorbed fluence equal to 120 ± 25µJ/cm2 and 75 ± 15µJ/cm2, corresponding to an absorbed

energy density equal to 30± 6 J/cm3 and 19± 4 J/cm3, calculated by considering a penetration

depth of 40 nm, as estimated from optical studies [113]. For the calculation of the absorbed

fluence and energy density, a reflectivity R=0.5 at 1.55 eV has been considered [113].

Single crystals of SmB6 were grown via optical floating zone technique, as described in Ref.

[114]. They are cleaved in UHV at room temperature and transferred to a variable temperature

cryostat. Measurements are performed at an equilibrium temperature of ∼120 K. At this temper-

ature the Kondo gap is fully closed and the material transport properties are metallic, a condition

necessary for the use of a 2TM.

6.2 Equilibrium and Out-of-Equilibrium Electronic Band Struc-

ture

SmB6 crystallizes in the CsCl-type structure with Pm3m point group symmetry and lattice con-

stant a = 4.13 Å. Sm atoms and a B6 cage occupy the corners and the body-centered position

of the cubic cell, as depicted in fig 6.1 (a). Sample cleavage exposes the (001) surface, and the
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corresponding projected surface Brillouin zone is shown in fig. 6.1 (b).

Tr-ARPES measurements have been carried out along the ΓX high symmetry direction, in

the region indicated by the grey rectangle. The d-bands are expected to cross EF within this

momentum window, as illustrated by the green dashed lines schematizing the d-band contour

[78, 82, 99, 100, 106, 115].

Figure 6.2 (a) shows the band structure ∼ −500 fs before optical excitation.Two non dis-

persive bands, traced by white dashed lines, are identified and attributed to the Sm 4f-states

multiplets 6H5/2 and 6H7/2 at binding energy ∼ 0.035 eV and ∼ 0.180 eV, respectively. These

flat states intersect a highly dispersive band derived from the Sm d-orbitals indicated by a dashed

green line, crossing EF at kF ∼ 0.35 Å−1. The intensity of this state is found to be highly sup-

pressed in s-polarization, in agreement with the literature [100, 82]. The momentum distribution

curve (MDC) integrated in the energy window E− EF = 10 ± 10 meV (inset of Fig. 6.2 (a))

shows the d-state peak, whose width is comparable with synchrotron based measurements per-

formed at higher photon energy (30-70 eV). The dispersion of the d-band resembles the results

obtained for kz far from the bulk high symmetry directions [100]. This is in agreement with our

estimated kz ∼ 2.7π/a.

Figure 6.2 (b) shows the modification of the electronic properties after optical excitation,

for the highest absorbed energy density, resulting from the difference between the ARPES data

300 fs after and 500 fs before the arrival of the optical excitation. The color scale indicates with

red (blue) the positive (negative) signal variation. The first noticeable feature, that characterizes

the out-of-equilibrium electronic properties of SmB6, is the different response of the two sets of

bands to the optical excitation. A depletion of intensity (blue) is visible in the two non dispersive

f-states, whereas it is not observed along the dispersive d-band. We ascribe this effect to the

higher density of states (DOS) of the f-state, which seems to dominate the optical absorption

process.

Since the experiments are performed at T > TK and EF is crossed by the dispersive d-band,

we expect the material response to the optical excitation to be metallic. Hence, at short timescale

immediately after optical excitation, electrons thermalize due to electron-electron scattering

and relax towards EF where their distribution is described by a time dependent FD function

[14, 12, 28]. This process is assumed to occur within the pump pulse duration [37]. Figure 6.2

(b) shows that, after thermalization, electrons occupy a broad momentum region above EF, thus
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Figure 6.2: (a) Electronic properties measured at 120 K, 500 fs before optical excitation. Three spectral

features are present, two non dispersive Sm f-bands and a dispersive d-derived state, whose momentum

distribution curve at EF is shown in the inset. (b) Difference between the out-of-equilibrium electronic

properties 300 fs after and 500 fs before optical excitation. Depletion of intensity (blue) is revealed only

in the f-state, and not in the d-band. (c) Temporal evolution of the change in intensity along the d band

dispersion, green dashed line in (d).

suggesting the possible existence of unoccupied non-dispersing f-like states above EF [112].

6.3 Electronic Temperature and Electron-Phonon Coupling Con-

stant

Aim of our work is to evaluate the electron-phonon coupling constant from the temporal evo-

lution of Te, thus in the following we will focus only on the out-of-equilibrium dynamics of

the time-dependent effective FD distribution, without entering in the details of the dispersion of

the unoccupied states. In order to estimate the timescale over which the electronic temperature

relaxes, we now turn our attention to the temporal evolution of the ARPES signal.

Figure 6.2 (c) shows the temporal evolution of the change in photoemission intensity inte-

grated along the dashed green line in fig. 6.2 (a). In order to quantitatively describe the char-

acteristic relaxation times, traces are extracted from fig. 6.2 (b) in representative regions of the

band structure, within the energies indicated by the colored rectangles. Figure 6.3 (a) displays
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Figure 6.3: (a) Non-equilibrium dynamics as obtained by integrating the recorded intensity

within selected energy regions along the d-band dispersion. The color code is the same of the

rectangles shown in Fig. 6.2 (b). Regions 2 and 3, located symmetrically around EF, display

a similar characteristic timescale. Region 4, between the f states, is characterized by a small

positive and delayed dynamics, different with respect to the negative dynamics of the f-states

in regions 3 and 5. (b) Energy distribution curves along the d band dispersion at selected delay

times before (-400 fs) and after (+300, +2000, +5300 fs) optical excitation. Black dashed lines

indicate the best fit. The inset shows a zoom at EF of the EDCs at -400 and +300 fs.

the resulting traces.

Region 1 (orange), at E− EF ∼ 0.125 eV, is characterized by a peak whose relaxation dy-

namics is comparable to our experimental temporal resolution. This prevents us from accessing

the fast electronic dynamics responsible for the thermalization process. At energies closer to EF

the dynamics slows down, as expected in a thermalized electron system [12, 65]. The intensity

relaxes to a plateau value larger than the equilibrium one. The full relaxation of the excited

population is obtained through a second relaxation channel, having a timescale exceeding that

achievable by the present experiment.

From a single exponential fit to the traces, we observe that the relaxation dynamics in prox-

imity of EF has the same characteristic time τ = 800 fs± 50 fs both above (region 2, brown)

and below (region 3, light blue) EF. This points to the fact that the dynamics is dominated by the

thermal broadening of the FD distribution. The positive dynamics of region 4 (green), between

the f-multiplets, is delayed and we ascribe this finding to a thermal broadening of the f-states,

rather than a purely electronic effect. This point will be clarified later within the frame of the

2TM.
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Figure 6.4: Temporal evolution of the chemical potential shift ∆µ (a) and of the electronic temperature

Te (b), as obtained from the fit of the EDCs extracted from Figure 1(e). The results for two excita-

tion energy densities are shown, equal to ∼ 30 ± 6 J/cm3 (black) and ∼ 19 ± 4 J/cm3 (green). Both

∆µ and Te relax after optical excitation with a single exponential behaviour, with characteristic time

τ = 800 fs± 50 fs. The evolution of Te is modelled within a 2TM, and the best fit is shown in panel (b).

Red and blue lines indicate the dynamics of the electron and lattice temperature, respectively.

In order to evaluate the evolution of the electronic temperature Te, as well as of the chemical

potential shift ∆µ, we fit a time-dependent FD function to the energy distribution curves (EDCs)

extracted from fig. 6.2 (e) for all the delay times. Figure 6.3 (b) shows selected EDCs at -400,

+300, +2000, +5300 fs, vertically offset for clarity, along with the corresponding fits (black

dashed lines). The broadening of the FD distribution is more clearly visible in the inset, which

shows a zoom at EF of the two EDCs at -400 and +300 fs. The fitting function results from the

convolution of a Gaussian function, accounting for the experimental energy resolution, with the

result of the product of a time dependent FD distribution and a function describing the density

of states [11]. In the present study, the latter is the sum of two Lorentzian components for the f-

multiplets in the occupied density of states, at -0.18 eV and -0.035 eV, and a constant accounting

for the DOS of the d-band.

In performing the fit of the experimental EDCs, we only let Te and ∆µ vary with time. The

reason for letting free only two fitting parameters is phenomenological: the parameters in the

density-of-state function, when allowed to vary, do not produce an improvement of the χ2 of the

fit.

Figure 6.4 (a) and (b) show the dynamics of ∆µ and Te, respectively. Results are reported

for both the two data sets, with excitation energy densities equal to 30 ± 6 J/cm3 (black) and

19± 4 J/cm3 (green).



6.3 ELECTRONIC TEMPERATURE AND ELECTRON-PHONON COUPLING CONSTANT 91

After optical excitation, both ∆µ and Te relax with a single exponential behaviour, with charac-

teristic time τ = 800 fs± 50 fs. The values of ∆µ are small but comparable with the previous

work of Ishida et al. [101]. However, we point out that in the present study we are not sensi-

tive to surface photo-voltage effect which is expected to slow the ∆µ relaxation dynamics for

T < TK [101]. The fact that the relaxation of Te is well mimicked by a single decaying expo-

nential justifies the choice of a 2TM for extracting λ. The evolution of the electron and lattice

temperatures (Tl) is described by the following rate equations, [39, 28] as previously reported

in chapter 3:

∂Te

∂t
=

S(t)

Ce
−

3λΩ3(ne − nl)

!πk2bTe
(6.1)

∂Tl

∂t
=

Ce

Cl

3λΩ3(ne − nl)

!πk2bTe
(6.2)

S(t) describes the optical excitation with gaussian profile and absorbed energy density equal

to ∼ 30 ± 6 J/cm3 and ∼ 19 ± 4 J/cm3, respectively. kb is the Boltzmann constant and ne and

nl are the Bose-Einstein (BE) distribution functions for phonons calculated at temperature Te

and Tl, respectively. The error bar associated to the energy density propagates into an error bar

on the free fitting parameters in the 2TM, including λ. Ω corresponds to the phonon frequency.

From optics, neutron scattering and symmetry analysis we expect only phonon modes at 10 meV

(acoustic) [108, 109], 19− 20 meV [110, 109] (T1u), and three higher energies vibrational and

rotational modes of the B6 cage at 89.6 meV (T2g) and 141.7 meV (Eg) and 158.3 meV (A1g)

[108].

In fig. 6.5 (a-b) the SmB6 phonon dispersion curve obtained from inelastic neutron scattering

[108] and Raman spectra [109] are reported. In the Eliashberg formalism, λ results from the

coupling of all the phonon modes, where the contribution from each mode is divided by its

phonon energy. For this reason we expect the contribution of the high energy B6 modes to λ

to be weak. This hypothesis is well supported by analogy with the calculations performed on a

similar compound, YB6, which show that the electron-phonon coupling constant λ is dominated

by the low energy Y phonon modes, while the high energy phonons associated to the B6 modes

only weakly contribute to λ [99].

For these reasons, we have performed our analysis by considering the coupling to the low

energy Sm modes at 10 meV [108, 109] and 19 meV [110] - 20 meV [109], respectively. In the
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(a) (b)

Figure 6.5: (a) SmB6 phonon dispersion curves from inelastic neutron scattering in the range between

2 and 3 THz (8.3-12.4 meV). Dashed lines indicate the phonon branches for LaB6 [108]. (b) Raman

spectra show 3 active high energy Raman phonons and 2 low energy peaks (shown in the inset). [109]

model we assumed a particular form for the electron-phonon coupling, i.e. α2F(ω) ∝ δ(ω − Ω),

but no approximations are applied to the BE statistics. This is because the measured electronic

temperature is not high enough to justify the commonly used “high-temperature” approximation

of the BE statistics [83].

The lattice specific heat, Cl, for lattice base temperature of 120 K (110 K for 19± 4 J/cm3)

is taken from reference [111], while the electronic specific heat is Ce = γTe, with γ left free

to vary as well as λ. The best fit to Te is shown by continuous and dashed red lines in Figure

6.4 (b), for the two excitation energy densities, respectively, whereas blue lines indicate the

dynamics of Tl. The electronic and lattice temperatures equilibrate after approximately 2 ps,

and Tl is expected to recover its equilibrium value through lattice heat diffusion on a timescale

longer than the temporal window of our measurements [28].

The 2TM reproduces well the evolution of Te thus indicating that additional mechanisms,

such as electronic heat diffusion, do not need to be taken into account for the case of the bad

metal SmB6, in contrast to case of conventional metals like Ru(001) [72] and Gd(0001) [73].

The increase in Tl accounts for the long lasting plateau observed in the dynamics across EF in

regions 2 and 3 in fig. 6.2 (b). The increase in Tl is delayed with respect to the optical excitation,

as it turns out from the 2TM. This suggests a possible interpretation for the positive dynamics of

(see 6.4 (a)) recorded in region 4 of 6.3 (b), whose maximum is reached at a later time than that

of the other regions, as a consequence of thermal broadening of the f-multiplets due to the larger

Tl. From the model we estimate a value of γ equal to 5.8± 1.5mJ/molK2, in good agreement
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with the literature, where values of 7mJ/molK2 [116] and 2mJ/molK2 [117] are found.

The most important result of our analysis is quantitative evaluation of the electron-phonon

coupling constant. From the 2TM, by considering the coupling dominated by the low energy Sm

phonons, either with Ω = 10meV [108, 109] or Ω = 19meV [110] -20meV [109], we obtain

a value of λΩ3 equal to 130± 30 meV3 or 270± 70 meV3, respectively. From λΩ3 we extract

two extreme values for λ equal to 0.13± 0.03 and 0.04± 0.01.

We can conclude that, for a realistic value of the average phonon energy between 10 meV

and 19-20 meV, depending on the phonon density of states, λ will lie between 0.13 ± 0.03 and

0.04 ± 0.01. Unfortunately, no theoretical or experimental estimations of λ are available for

SmB6 in the literature. From a comparison with different hexaborides, we note that the range in

which λ falls for SmB6 is slightly lower than those reported for LaB6 (λ = 0.17− 0.26 [118]),

MgB6 (λ = 0.39 [119]) YB6 (λ = 0.86 [120]).

6.4 Conclusion

Our estimation of λ provides an insight in a fundamental physical property of SmB6. The

slightly smaller value, compared to other hexaborides, might reflect an intrinsic difference in the

electron-phonon coupling. Nonetheless, it might also be ascribed to the fact that tr-ARPES is

momentum selective. We point out that the λ value is evaluated along the ΓX high symmetry

direction, and far from the zone boundary, owing to the small momentum window accessible

with the available photon energy. We believe that our results represent a reference for future

momentum integrated measurements of λ, that might extend further the comparison between

the electron-phonon coupling in different hexaboride compounds.

In conclusion, we have exploited tr-ARPES to investigate the out-of-equilibrium electronic

properties of SmB6. After optical excitation, electrons are transferred predominantly from the

localized f-multiplets to the unoccupied density of states. After thermalization, electrons can

be described by a time-dependent Fermi Dirac distribution. The temporal evolution of the elec-

tronic temperature is described within a two temperature model. The phonon density of states

is unknown for SmB6, hence we can only establish a range of values for λ. Indeed, a precise

determination of lambda would require to exactly weight the contribution of both phonon modes
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with their density of states. By assuming that the electron-phonon coupling, along the ΓX di-

rection of the surface BZ, is preferentially mediated by the two lowest energy Sm modes at 10

meV [108, 109] or 19 meV [110] - 20 meV [109], we estimate λ to fall in the range 0.13± 0.03

- 0.04± 0.01.



Chapter 7

Linear dichroic signal in the ARPES

study of GeBi2Te4 TI

In this chapter we report on the photon-energy dependent synchrotron-based investigation we

have performed on the septuple layers (SL) topological insulator GeBi2Te4 by means of Linear-

Dichroic Angle resolved Photoelectron Spectroscopies (LD-ARPES). From the observation of a

linear dichroic signal both in the valence band states and in the topologically protected surface

state we propose to interpret our LD ARPES as a probe of the symmetry related to the orbital

character of the bulk valence band (VB). The observation of a change in the LD ARPES signal

at the top of VB is attributed to the band parity inversion which is predicted by theory for all

materials entering the topologically protected phase. By varying the photon energy we observed

a different dichroic response of bulk valence bands with respect to previous results obtained on

quintuple-layers TIs. Finally, the opening of a peculiar gap in the surface state dispersion has

been observed, along non-high symmetry directions. This results from the interaction between

the surface state and the VB, leading to the formation of surface resonances.

7.1 Introduction

The analysis of the dichroic signal in ARPES has recently proved the capability to add, in an in-

direct way, several important informations to the simple band mapping. While Circular dichroic

ARPES (CD-ARPES) is deeply related to the material spin texture [11, 121], the orbital charac-

95
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ter of the band structure can be evaluated from the linear dichroic ARPES (LD-ARPES) signal,

as recently shown for the case of Bi2Se3 [78]. Even though, it is well known that final state ef-

fects must be adequately taken into account [12, 121, 122], as well as interference from the layer

structure [78]. The LD-ARPES capability to indirectly probe the orbitals parity is of paramount

importance when this technique is applied to materials as the TIs. The key mechanism which

leads to the formation of the TSS relies, indeed, on the band parity inversion between CB and

VB, which is a consequence of the large spin orbit coupling (SOC) of the atoms in the com-

pounds. This fundamental concept at the base of the topological phase formation has not been

subject of study, so far.

Motivated by previous studies, our work is aimed at investigating the inverted orbital order-

ing between the VB and CB states at the edge of the TI bulk band gap. In order to do so, we

have carried out a photon energy dependent LD-ARPES study of the septuple layer TI GeBi2Te4

[115]. We start by showing the main features of the GeBi2Te4 band structure, where the TSS

dispersion is well separated and clearly recognizable from the bulk VB states. Successively the

results of our photon energy dependent linear dichroism investigation on the bulk valence bands

are presented. Finally we report on the TSS and VB, which will be discusses in terms of a

hybridization resulting in the formation of surface resonances.

7.2 Experiment

We have investigated high quality GeBi2Te4 single crystals grown by transport method. Ac-

cording to the position of the Fermi level, EF , which lies within the bulk band gap, we can

classify this compound as an intrinsic TI. The crystal structure is composed by seven-layer (7L)

blocks formed by the sequence Te-Bi-Te-Ge-Te-Bi-Te, as shown in Fig.7.1 panel (a). The 7L

blocks are bounded by van der Waals forces, thus offering a natural cleavage plane for this sys-

tem. The hexagonal surface Brillouin zone is reported in Fig.7.1 (b), along with the investigated

directions. Besides the ΓK and ΓM high symmetry direction, we indicate the investigated non

high-symmetry directions along with we measured as ΓQ (green) and ΓQ′ (violet), respectively.

ARPES experiments have been carried out, in this case, at the BaDELPh beamline[123] at

the Elettra Synchrotron, in Trieste. Samples are measured, after being cleaved, in ultra high

vacuum (10−11 mbar) at 80 K. We have used linear polarized synchrotron light (σ and π polar-
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Figure 7.1: (a) Schematic of the seven-layer building blocks structure of the GeBi2Te4 crystal.

(b) Portion of the hexagonal Surface Brillouin zone (SBZ) showing all the directions investigated

in our study. Non-high symmetry directions ΓQ (green) and ΓQ′ (violet) are located in between

ΓK and ΓM respectively. (c) Experimental geometry for ARPES measurements. The analyzer

slit is parallel to the scattering plane, as indicated.

ization), in the energy range 14-28 eV. A sketch of the setup geometry is shown in Fig.7.1 (c).

The angle between the UV light direction and sample surface is 55◦. These directions form the

scattering plane, which contains also the analyzer slit direction. In this particular acquisition

geometry the π polarization is even and the σ-polarization is odd. As a result, the former has

access purely to even states and the latter purely to odd states.

7.3 Electronic band structure

Figures 7.2(a) and 7.2(b) show the band structure of GeBi2Te4 measured along ΓK and ΓM

high-symmetry directions, respectively. We have selected 14 eV photon energy and linear π-

polarization. Panel (c) schematizes the prominent spectral features experimentally resolved in

our study. We report the presence of a linearly dispersing state, crossing the Fermi level with kF

= 0.15 Å−1, thus supporting the TI nature of GeBi2Te4, in good agreement with similar recent

observation [124, 115]. No bulk conduction bands are present at the EF , making surface state
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more visible. In addition, figure 7.2 panel (c) allows to clearly distinguish it. In the sample

investigated in our study the Dirac point is located ∼ 120 meV below the Fermi level, similarly

to ref. [125]. However, the position in energy of the Dirac point may differ because of different

doping resulting from different growth technique [124, 126].

Approximately 0.5 eV below the Fermi level, we resolve several states dispersing with hole-

like character and constituting the bulk VB. The VB dispersion is clearly sketched in fig.7.2(c)

with blue and teal colour, along with the dispersion of the TSS in orange.

Below surface derived state we observe a complex scenario; many “M-type” shape bands

intersect each other. We resolve two couples of states, that appear split in momentum, probably

as a consequence of the large atomic spin orbit coupling. These findings are in agreement with

the results of similar studies [124] and [125]. We do not notice relevant differences between

bands shown in panel (a) and (b), apart a small region located at Γ and ∼ −0.25 eV below the

Dirac point. The TSS measured along the ΓK (7.2(a)) presents a non vanishing spectral weight

below the Dirac point. We suggest, that valence bands may overlap surface states, in analogy to

the similar scenario observed in ref. [125].

It is well known that in TIs the formation of topologically protected surface states relies

on the inversion of the band ordering at the time reversal invariant points [59]. Most of the TI

compounds show a negative band gap at the Γ point. As a consequence of the large atomic SOC,

the direct gap is closed and re-opened with a hybridization between the conduction and valence

band states. This results in a change of the parities of the states forming the gap.

In the prototypical case of Bi2Se3 the state with odd parity is pushed down at energy lower

the one with even parity. The scenario of the evolution of the band structure from a trivial

insulators into a TIs is sketched in figure 7.3 panel (a). In this cartoon we sketch the most

general case in which the conduction and valence band have different character. We indicate

that with the letter α (red) and β (blue). We adopt the same red-blue colour scale for our data to

show π and σ contribution. The panel (c) summarizes the data of Fig. 7.3 panes (e-h) in a sketch

view.

Armed with the will to experimentally evidence this scenario, we have performed LD-

ARPES measurements along ΓK and ΓM directions. In order to resolve and parity of the

several spectral features in the band structure we probed them with π and σ polarized light

(see fig. 7.1 (c)). For each direction we evaluate the differential image, obtained as difference
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Figure 7.2: (a-b) ARPES images of the TI GeBi2Te4 measured with 14 eV π and polarized

photon along ΓK and ΓM high-symmetry directions. The Fermi level is indicated by a green

dashed line, the Dirac Point is marked by a black arrow. Sketch of surface-and bulk-derived

bands shown in panel (a) and (b),TSS is indicated an by orange line and BVBs are indicated by

blue filled lines.

between the data set with π and σ polarization. The differential images enable the reader to

appreciate the different band character and symmetry of the states,as will be later discussed.

Figure 7.3 shows measurements performed with π and σ polarization and the dichroism

(π − σ) image along ΓK (c-e ) and ΓM (f-h). The maximum of the VB in fig. 7.3 shows a M-

like shape, typical of a wide set of TIs [115, 127, 53] and resulting from the negative band gap

opening. The dichroic signal of fig. 7.3 (e) and (h) show a change in colour, i.e. parity, at the Γ

point. Figure 7.3 (b) synthetizes the dichroic signal results. We notice that the measured dichroic

signal is in good agreement with the expected scenario of fig. 7.3 (b) and with the simplified

cartoon (a). Therefore, we propose to interpret the dichroic signal as a direct experimental

evidence of band inversion which characterizes the TI phase [128].Finally the SS is also visible

in the differential image, with mainly odd parity (red signal).

The ARPES data shown in Fig 7.3 have been acquired with a photon energy of 22 eV,

however it is well known that the dichroic signal in ARPES can be severely affected by final

state effect [121]. For this reason we have carried out a systematic investigation of the dichroic
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signal for different photon energy, as it will be discussed here below.

In Figure 7.4 panels (a-d) we report the polarization dependent band structure as measured for

four different photon energy in the range of 16 eV to 22 eV. We show the data acquired 0.4 eV

below the Fermi level at the Γ point, in the region of the M-shape where the inverted gap is

expected along with the change in the parity of the states.

We adopt the same colour code of figure 7.3. Even though we might expect the linear

dichroism to show a large change in intensity and in sign as a function of the photon energy,

as a consequence of final state effect (ref [121, 129]), we notice that the top part of the VB, at

the M-shape, shows mainly odd parity, which is conserved in the investigated photon energies

range. Whereas, band locate at larger k-values show consistently a greater even-contribution,

independent on the photon energy.

7.4 Bulk and Surface State Hybridization and Surface Resonance

Formation

We compare now the ARPES maps acquired along the four different directions in the SBZ

represented in Fig. 7.1. We can immediately notice an interesting effect along the dispersion of

the topological surface state. Figure 7.5 reports the maps acquired at 14 eV photon energy and

π polarization. Panels (b) and (d) report measurements along ΓQ and ΓQ′, while panels (a) and

(c) show the ΓK and ΓM high symmetry directions, respectively.

The bulk states forming the M-shaped VB around the Γ point do not show appreciable dif-

ferences for the four measured directions. Similarly, the upper part of the Dirac cone disperses

across EF with very little dependence on the particular in-plane direction. By focusing on the

touching point between BVB and the the bottom part of the TSS, at −0.2 Å, we resolve a change

in the TSS dispersion when probed along a non-high symmetry direction.

Fig.7.5 (b) reports clearly that the left side of the TSS bends, deviating from the Dirac cone.

This change in dispersion is accompanied by a reduction in spectral weight, which we attempt to

interpret as a hybridization effect between VB and CB. An additional state with weak intensity

disperses in this novel band gap, with a band velocity which closely resembles the the TSS one.

We propose that this additional state might be a surface resonance of the bulk states at the

surface, as a consequence of the partial hybridization between VB and TSS. Calculation are
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needed to better describe the nature of this gap and to infer about the possible mechanisms re-

sponsible for the hybridization between surface and bulk states, and the subsequent formation of

the surface resonance [65, 78, 130, 131].

7.5 Conclusion

In summary we have performed linear-dichroic ARPES photon-energy dependent investigation

of GeBi2Te4 TI, with the aim to directly evidence the inversion of parity in the states forming

the bulk gap. We have focus in particular on the energy region of the bulk band gap where the

topologically protected surface state disperse across the Fermi level. We have investigated the

maximum of the BVB state, in the region characterized by the M-shape dispersion typical of the

inverted band gap.

The VB states are characterized by a peculiar change in the dichroic signal, in the M-shape

region. We propose to interpret this effect as change in the orbital ordering, as a consequence of

the inverted band gap, characteristic of the topological phase. The overall dichroic signal does

not exhibit a clear photon-energy dependence, this suggests that, if final state effects are at play,

their contribution to the linear dichroic signal is small.

Topological surface state shows deviation from linear dispersion, accompanied by a large

reduction in spectral weight, when probed along non high symmetry direction. We propose

to interpret this as signature of an hybridization gap with the BVB states. Residual spectral

weight within the hybridization gap indicates the formation of surface resonances, as similarly

reported in other TIs. This might indicate that the coupling between TSS and surface resonances

is general to all TIs.

Our experimental work would certainly benefit by a benchmark with ab-initio photoemission

calculation. Calculated matrix elements would provide important informations about the orbitals

parities supporting the dichroic ARPES measurements. Moreover, final states effects should be

considered and included in simulations, in order to better comprehend the formation of the

surface resonance.
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Figure 7.3: (a) Sketch of the band parity inversion, red and blue colours represent α and β-

like states respectively. Panel (b) Panels (c-d) and (f-g): LD-ARPES measurements along high

symmetry directions ΓM and ΓK performed with 22 eV photon energy, (e-h) corresponding

dichroic signal. The Fermi level is indicated by a green dashed line.
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Figure 7.4: Linear dichroic ARPES measurements along ΓM , performed with π and σ polariza-

tion. Panels (a-b-c-d) report 16, 18, 20, 22 eV photon energy respectively.

Figure 7.5: ARPES images along ΓK (a) and ΓM (c) high-symmetry direction and within ΓQ (b) and

ΓQ′ (d). The Fermi level is indicated by a green dashed line, the red rectangle indicates the possible TSS

hybridization.



Chapter 8

Weyl Semimetals

This chapter deals with the new intriguing class of Weyls semimetals (WSMs). In the first part,

after a brief introduction to the physics of WSMs, we review the ARPES studies which have

reported the observation of the first type-I WSM, TaAs. In the following section, the type-II

WSMs are introduced. The second half of the chapter is devoted to our recent experimental

investigation of the type-II WSM candidate MoTe2.

8.1 Introduction to Weyl Semimetals

Recently, topologically non-trivial materials have gained a spotlight in condensed matter, thanks

to the discovery of a new class of material known as Weyl semimetals (WSMs). First examples

of WSMs, have been theoretically predicted in the class of pyrochlore iridates by Wan et al. in

2011 [18]. Four years later, in 2015, an ARPES study of the electronic properties of TaAs has

proposed this material as the first experimental observation of a WSM phase [19].

WSMs are materials characterized by either inversion or Time Reversal (TR)-symmetry. Ev-

idences of the Weyl phase have been initially researched in magnetic materials, as pyrochlore

iridates, where the TR-symmetry is broken. Successively, the investigation has moved to class

of non-centrosymmetric systems. As topological insulators, WSMs are identified by topologi-

cal invariants and they are characterized by a strong spin-orbit coupling. However, it is worth

noticing that WSMs and TIs differs in many important aspects.

The band structure of Weyl materials presents a quite complex nature, both in the bulk and at

104
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Figure 8.1: Representation of the energy-momentum dispersion of two Weyl cones in the k’-k” plane (a)

and along k” direction (b). The most simple Weyl state showing a Fermi arc on the surface connecting

the projections of two Weyl nodes with opposite chirality (c). Adapted from [133].

the surface. While TIs are bulk insulators, WSMs are gapless semimetals in which the valence

and the conduction bands touch each other at special points, called Weyl points (WPs) or Weyl

nodes 1 (WPs). Figure 8.1 (a,b) shows sketches of the Weyl nodes, the point of degeneracy

of linear dispersing bulk states called Weyl cones. The Weyl cones and the Dirac cones at the

surface of TIs are different. While Weyl cones present a linear dispersion in the 3D momentum

space, surface Dirac particles exhibit a 2D linear dispersion. WPs can be founded at the Fermi

level (as represented in fig. 8.1 (a,b)), for specific value of (kx, ky, kz), due to the 3D dispersive

nature of the bulk states. Furthermore, they are not located at high symmetry points, but only in

their vicinity. They always appear in pairs with opposite chiralities and can be formally viewed

as monopoles and anti-monopoles of the chiral charges in the momentum space [132].

WSMs present, as TIs, unique surface states whose properties are intimately connected to

the dispersion of bulk states. In WSMs, the topological surface states form disjoint segments of

2D Fermi contours (Fermi arcs) which emerge and terminate onto the projections of the Weyl

points at the surface BZ. In fig. 8.1 (c) the simplest WS state consisting of a Fermi arc and two

Weyl points, is schematized.

The possible applications of Weyl fermions in novel transport devices have motivated several

experimental and theoretical works. These have culminated in the observation of the so-called

chiral anomaly resulting in a negative magnetoresistance when both the electric and magnetic

1These points are often called fermion nodes, since Weyl fermions are considered to rise as low energy excitation

at Wely points in the momentum space.
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field are applied parallel to the sample surface [19, 134]. Additionally to their unique transport

properties, in the case of TaAs a superconductivity under pressure has been also reported [135,

136]. Fermi arcs have been object of intense studies because of their intriguing spin polarization

textures. Moreover, they have been predicted to show unconventional quantum oscillations in

magneto-transport and unusual quantum interference effects in tunnelling spectroscopy [137,

138].

8.1.1 The First Evidence of a Weyl Fermion Semimetal

Xu et al. have reported, in 2015, the discovery of the first WSM candidate by studying a TaAs

single crystal, a semimetal that crystallizes in the non-centrosymmetric I41md space group

[19]. Electrical transport measurements have confirmed its semimetallic nature, along with a

negative magnetoresistance, which have been interpreted in terms of Weyl fermions anomalies

[19]. Calculations have predicted for TaAs a total number of 24 bulk Weyl nodes located at

different kz planes. These points, depending on their projections on the (001) surface BZ, have

been divided in two sub-group due to their location, namely W1 and W2.

Xu et al. have performed a photoemission spectroscopy investigation of TaAs aimed at

revealing the fingerprints of the WSM phase. By combining surface-sensitive ARPES and bulk-

sensitive soft x-ray ARPES (SX-ARPES), they have observed some of the main features of the

WSM phase, such as the Fermi arcs at the surface, the Weyl fermion cones and bulk Weyl nodes.

Figure 8.2 (a) shows an overview of the Femi surface at the (001) TaAs cleaving plane, as

acquired by low-photon energy ARPES. In the vicinity of the mid-points of each Γ̄ − X̄ or

Γ̄ − Ȳ lines, “lollipop” shapes with arcs state inside are observed. One of the criteria proposed

to determine the topological nature of the arcs shown in fig. 8.2 (b), consists of observing how

their constant-energy contour evolves as a function of the binging energy [139]. If the “lollipop”

consisted of topological Fermi arcs, one orc should evolve with respect to the binding energy in

a hole-like way, while the other should evolve in a electron like way [139]. Such as behaviour

is visible in fig. 8.2 (c), by observing the dispersion of open-shape states extracted from cut 1

and cut 2 parallel to the Γ̄ − X̄ and Γ̄ − Ȳ lines. In fig. 8.2 (d) the observed energy-dependent

behaviour of the Fermi arcs in the kx−ky plane is sketched. Finally, as the authors have noticed,

the different dispersion exhibited by the lollipop pockets arises from the non zero chiral charge
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of the projected bulk nodes2 [19]. Thus, the open contours of the arcs are supporting the Weyl

nature of this material.

Surface states calculations have been carried out, revealing that Fermi arcs connect projected

W2 Weyl nodes near the midpoint of each Γ̄ − X̄ and Γ̄ − Ȳ lines. Another set of Fermi arcs

is predicted by the theory to disperse at the X̄ point. However, due to the limited experimental

resolution, it is not well resolved. The second part of the study carried out by Xu et al. presents

the bulk band investigation performed by means of SX-ARPES. W2 Weyls points, in the 3D k-

space have been fully mapped by varying the photon energy. The W2 points have been identified

for specific photon energies corresponding to the kz = 0 planes, and they are visible in the kx−ky

Fermi surface of fig. 8.3 (a).

Figure 8.3 (c,d) shows the energy-momentum maps as a function of ky and kz along the di-

rection indicated by cut 1 and cut 2 in panel (b), respectively. In panel (c) two linearly dispersing

cones are clearly visible. These correspond to the two W2 Weyl nodes, as indicated by arrows

indicated in panel (b). The kz out-of-plane dispersion, extracted at the kx, ky points indicated

by black cross (cut 2) of panel (b), is shown in panel (d). The second pair of WPs (W1), which

are not visible in fig. 8.3, are observed at a different kz values and are associated to the second

set of Fermi arcs previously mentioned.

As these authors have noticed, in general point-like linear band crossing in a bulk crystal

with strong SOC, can either be Weyl cones or Dirac cones. However, cones in fig. 8.3 (c), are

located neither at Kramers points nor on a rotational axis, hence they cannot be identified as bulk

Dirac cones, so they have to be Weyl cones according to topological theories [19].

8.1.2 Type I and Type II Weyl Semimetals

After the discovery of the TaAs WSM, Soluyanov et al. have proposed the existence a new

type of Weyl point, called type-II, which has been predicted through the generalization of the

Dirac equation [4]. In the original work of Weyl, this particle has not been considered, since it

is characterized by the breaking of the stringent Lorentz invariance [4]. However, as it has been

pointed out in the work of Soluyanov et al., this symmetry breaking in condensed matter physics

is not forbidden, and it thus results in a new type of Weyl fermions emerging at the boundary

between electron and hole pockets on the FS. Type II WSMs, which show physical properties

2The chiral charge carried by the Weyl nodes, and represented in fig. 8.2 (d), is ± 2.
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(a) (b) (c)

(d)

Figure 8.2: . (a) Fermi surface of the (001) surface of TaAs with high symmetry points of the SBZ

indicated. The green rectangle marks the open-shape bands. (b) High resolution ARPES Fermi map of

the “lollipop” shape containing Fermi arcs, marked by the green rectangle. (c) Energy dispersion maps

along cuts I (violet) and II (blue), indicated on panel (b). A scheme showing the evolution of the Fermi

arcs as a function of energy, distinguishing between two Fermi arcs and a closed contour (d). Adapted

from [133].

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

Figure 8.3: (a-b) Measured and first principles calculated kx − ky Fermi surface maps at the kz value

that corresponds to the W2 Weyl nodes. The dotted line defines the k-space cut direction for cut 1, which

goes through two nearby W2 Weyl nodes along the ky direction. The black cross defines cut 2, which

means that the kx-ky values are fixed at the location of a W2 Weyl node, whereas the kz value varies. (c)

ARPES E − ky dispersion map along the cut 1 direction, showing the two linearly dispersive W2 Weyl

cones. (d) E − kz dispersion map along the cut 2 direction. Adapted from [133].

distinct from the type-I, have been suggested to lead to new intriguing possible applications.

Soluyanov and coworkers, have proposed a formal distinction between type I and type-II

WPs based on the general hamiltonian which describes a WP. The energy spectrum derived
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Figure 8.4: (a) Type-I WP with a point-like FS. (b) Type-II WP which appearing at the touching point

between the electron and hole pockets. The grey plane represents the Fermi level, the blue (red) lines

mark boundaries of hole (electron) pockets. Adapted from [4].

from the WP hamiltonian can be written as [4]:

ϵ±(k) =
∑

i=x,y,z

kiAi0 ±

√

√

√

√

∑

j=x,y,z

(

∑

j=x,y,z

kiAij

)2

= T (k)± U(k) (8.1)

where T (k) and U(k) represent the kinetic energy and the potential energy components, re-

spectively. Ai,j is a matrix of coefficients and k is the crystal momentum vector. Since the

kinetic term T (k) is linear in momentum, the resulting cone-like spectrum is tilted [4]. This tilt,

which is responsible for the breaking of the Lorentz invariance of the Weyl fermions, leads to

a finer double-classification of Fermi surfaces. As a consequence, two distinct types of WPs,

namely type-I and type-II, are expected to appear at the touching points between electron and

holes pockets, due to the “tilt effect”.

Type-I and type-II WPs and two different Weyl cones are represented in fig. 8.4. Tilted Weyl

cones can be observed for particular directions in the reciprocal space, where the kinetic T (k)

contribution dominates over the potential U(k). A WP is considered type-II if along al least one

k’- direction T (k′) > U(k′).

Soluyanov and coworkers have identified in WTe2 the first type-II WSM candidate. The

authors have described, through band structure calculations, of the main features of WTe2 bands

considering and neglecting spin orbit coupling (SOC). Interestingly, they have noticed that SOC

does not determine the presence of the WPs, but it affects their position in the reciprocal space.

Then, they have determined the nature of the WPS, by analyzing their energy-spectrum. The

kinetic component in proximity of these Weyl nodes is found to dominate, thus confirming the

nature of type-II WPs. Moreover, calculations have suggested that the FS at the (001) surface
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Figure 8.5: Crystal structure of MoTe2 in the 1T” (a) trivial phase and 1T’(b) Weyl semimetal phase.

Green and red atoms correspond to Mo e Te atoms respectively. Adapted from [141].

hosts a topological Fermi arc which connect projections of the electron and hole pockets. In the

final part of their work another strong type-II WSM candidate is proposed, the transition metal

dichalcogenide MoTe2, that is treated more in details in the next section.

8.1.3 The MoTe2 Type-II Weyl Semimetal candidate

A direct experimental confirmation of WTe2 as type-II WSM, has been elusive, so far due to its

bands structure features. Opposite WPs present a small momentum separation and detecting the

Fermi arcs is challenging. Recently, MoTe2 has been proposed to realize the type II WSM phase.

This material seems to be promising, since the Fermi arcs are expected to be more extended and

thus falling within the resolution of the present state-of-the-art ARPES experiments [21, 140,

141, 142, 143, 144, 145].

MoTe2 presents the breaking of inversion symmetry, but only in the low temperature crys-

talline phases (1T’) while in the room temperature (1T”) phase type-II Weyl fermions are not

predicted. In fact, that material at room temperature can crystallize in two phases: a semi-

conducting phase (2H) and a semimetallic 1T” phase. The semimetallic 1T” phase exhibits, at

∼ 240 K, a structural transition to the so-called 1T’ phase. While the 1T” shows a monoclinic

crystal cell the 1T’ phase, due to relative shift of Mo and Te layers, is orthorhombic. The two

MoTe2 crystal structures are shown in fig. 8.5.

A number of experimental investigations have been carried out to reveal the presence of

type-II Weyl fermions in MoTe2 [21, 140, 141, 142, 143, 144, 145]. These studies reported in

the literature, have proposed different and partially conflicting interpretations of the topological
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surface states of this material. However, a high-resolution ARPES investigation performed by

Tamai et al., has recently clarified this open question [21]. The experimental results are sup-

ported by a remarkable agreement with ab-initio calculations, which shows the simultaneous

existence of both topological trivial surface state and Fermi arc. Being the dispersion of the

former insensitive to variation of the crystal structure resulting in the change of the number of

Weyl points from 4 to 8.

Tamai et al. have noticed that in MoTe2 the broken of inversion symmetry which accompa-

nies the 1T’ structural phase, implies in fact the existence of two different possible (001) crystal

surfaces terminations, denoted with A and B as indicated in fig. 8.6. The corresponding band

structure, measured by synchrotron-based ARPES, is shown in fig. 8.7.

The FS, shown in fig. 8.7 (b), presents hole-like sheets centred at the Γ point and two

electron-like pockets on the two sides. The prominent spectral feature is a arc-shaped state

located in the gap between the electron- and hole-pockets, labelled in fig. 8.7 (b) with SS.

Figure 8.7 (c) shows the kz dispersion, revealing that SS is a two-dimensional state.

Figure 8.7 (d) reports the band structure measured along the ky= 0 high-symmetry direction

with an ARPES “zoom” in proximity of the SS state (blue inset) carried out by exploiting an

ultra high-resolution laser-based ARPES setup. Thanks to the better resolution of the low photon

energy setup, in the inset of fig. 8.7 (d) two sharp dispersing states are visible within the gap

[21]. To better resolve the surface states located in the region marked by the red rectangle in fig.

8.7 (b), two high resolution FSs corresponding to the A and B terminations are presented in fig.

8.8. In the case of termination A, fig. 8.8 (a,c), in addition to the evident SS, a set of shorter arcs

is visible. For surface B, shown in fig. 8.8 (b,d), the FS presents only one state, with a curvature

closely resembling the one of SS. No additional shorter arc is present. Interestingly, according

to the calculation, the SS surface state is topologically trivial, whereas the shorter arcs, labelled

by CTSS in fig. 8.8 (a,b), are predicted to be topologically protected3.

As these authors have noticed, only one of the two (001) surface terminations of MoTe2

shows clearly the CTSS state. This fact is explained by asserting that a trivial value for the

topological invariant Z2 in compatible with two possible arc connectivities [21]. The CTSS

state, which according to calculations can not be explained in a topologically trivial scenario, is

regarded as a fingerprint of the type-II Weyl state.

3According to the calculated Cern number.
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Figure 8.6: Crystal structure of MoTe2 in the 1T’ phase. The two inequivalent terminations are labeled

with A and B Green and red atoms correspond to Mo e Te atoms respectively. Adapted from [141].

Figure 8.7: Band structure of MoTe2. (a) Constant energy maps stacked. (b) Measured FS (left) and

sketched FS (right). Blue and green indicate the maximum extension of electron and hole pockets cor-

responding to the projected bulk states, respectively. The thin black arc in between the two pockets,

indicates the SS surface state. (c) kz dispersion map at the Fermi level and in the ky= 0 plane. (d)

Overview of the band structure as measured along the ky= 0 high-symmetry direction, at 62 eV and at

low photon-energy (blue inset). Taken from [21].

In addition, the authors have compared the evolution of the Fermi arcs emerging from dif-

ferent simulated WPs arrangements. In particular, the surface DOS calculated in their work is

compared with the crystal structure reported in [146]. While this structural configuration cor-
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responds to 8 WPs, Wang et al. have predicted 4 WPs [146], starting from a slightly different

crystal structure. Calculations have indicated that a spin-polarized Fermi arc is present for both

WPs arrangements. However, the topological nature of the predicted Fermi arc is different.

Whereas in the first case (8 WPs) the state is topological, in the latter (4 WPs) is predicted to be

topologically trivial.

These findings indicate that the topological character of the Fermi arcs can not be uniquely

determined from a qualitative comparison between of experimental and theoretical band disper-

sion. The determination of the spin structure can not fully prove the Weyl nature of surface

states. As a matter of fact, bulk states of a non-centrosymmetrical material can be spin-polarized

as the predicted SS state can be simultaneously spin-polarized and topologically trivial. As

shown by Tamai et et al., in order to clearly identify WSM states, high resolution experiments

and systematic calculations to determinate the Cern number are needed.

The next part of this chapter is entirely devoted in to our ARPES investigation on MoTe2,

performed in collaboration between the Laboratory of Photoelectron Spectroscopy (LSE) at

EPFL (Lausanne) and the Time-Resolved X-Ray spectroscopy Laboratory (T-Rex) at Elettra

in Trieste. Our work, is supported by ab-initio calculations carried out at the Swiss National

Supercomputing Centre (CSCS). In order to better appreciate differences between the trivial and

Weyl phase of this material, the ARPES study has been performed at different temperatures

across the structural phase transition.
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Figure 8.8: Detail study of the Fermi arcs on the A and B MoTe2 surfaces. (a-b) High-resolution

measured FSs for the surface terminations A and B respectively. (c-d) Surface DOS, for the two surface

terminations, calculated 10 meV below the Fermi level. Adapted from [21].

8.2 Experimental Results: Persistence of a Surface State Arc in the

Topologically Trivial Phase of MoTe2

The prediction of Weyl fermions in the low temperature non-centrosymmetric 1T′ phase of

MoTe2 still awaits a clear experimental confirmation. Here we report angle resolved photoemis-

sion (ARPES) data and ab initio calculations that reveal a surface state arc dispersing between

the valence and the conduction band, as expected for a Weyl semimetal. However, we find

that the arc survives in the high temperature centrosymmetric 1T′′ phase. Therefore, the pres-

ence of a surface Fermi arc cannot be an unambiguous fingerprint of a topologically non-trivial

phase. We have also investigated the surface state spin texture of the 1T′ phase by spin resolved
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Figure 8.9: (a) Sketch of the bulk Brillouin zone (BZ) of orthorhombic 1T′ MoTe2. (b) ARPES

image along the kx direction measured with 20 eV photon energy at 77 K, with both LV and

LH polarizations, for negative and positive wavevectors, respectively. Dashed lines trace the

preeminent spectral features, labelled with greek letters α − η. (c) Calculated bulk band struc-

ture for the 1T′ phase along ΓX. (d) Bulk and surface momentum-resolved local density of

states calculated within a semi-infinte crystal method and integrated over kz. Two surface states,

labelled β and ϵ, disperse within two different projected gaps. (e) Experimental Fermi surface

in the (kx, kz) plane, obtained from a photon energy scan between 16 and 40 eV, for an inner

potential V0 = 14 eV. (f - g) Experimental Fermi surface in the (kx, ky) plane measured with

20 eV photon energy at 77 K (f) and with 23 eV photon energy at 30 K (g). β forms an arc

(green line) dispersing between the electron pocket centered at kx = ±0.4 Å−1 (red line) and

the hole pockets centered at Γ (blue line). (h) A comparison of the projected local density of

states at the Fermi level, calculated within the semi-infinte crystal method for the bulk (negative

wavevectors) and the surface (positive wavevectors), highlights the β surface state arc.

ARPES, and identified additional topologically trivial spin-split states within the projected band

gap at higher binding energy.

Transition metal dichalcogenides (TMDs) MX2, where M is a transition metal and X = S,

Se or Te, have been a paradigm for many exotic ground states [147, 148]. Te-based semimetallic

TMDs, in particular, have been recently in the limelight. Interest was initially motivated by their
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unique transport properties, such as non-saturating linear magnetoresistance [134] and super-

conductivity under pressure [135, 136]. More recently, the prediction of a novel Weyl semimetal

phase in the non-centrosymmetric compound WTe2 has shifted the focus to the topological na-

ture of their electronic phases [149].

Weyl semimetals (WSMs) are a novel quantum phase of matter, emerging in systems where

either inversion or time reversal symmetries are broken [150, 151]. Conduction and valence

band states cross the Fermi energy (EF) at special nodes, called Weyl points. The Fermi surface,

formed by isolated Weyl points, is responsible for unusual magnetotransport properties [152,

153] and it guarantees topological protection to open surface states, Fermi arcs [154]. Point-

like bulk Fermi surface and surface Fermi arcs are Hallmarks of the so-called type-I WSM,

experimentally reported in TaAs [154, 155, 156, 157] and similar compounds [158].

The WSMs classification has been enlarged by the recent prediction of a type-II topological

phase. This is characterized by the topologically-protected degeneracy of the conduction and

valence band states forming highly distorted Weyl cones [149]. WTe2 was proposed as a first

candidate for realizing this type-II WSM, but the small momentum separation between opposite

Weyl points has so far hampered a direct experimental evidence.

More recently, the isostructural orthorhombic MoTe2 [159, 146, 160] and Mo/WP2 [161]

were predicted to host more extended surface Fermi arcs, which should be observable with the

resolution of present angle resolved photoemission spectroscopy (ARPES) experiments. This

prediction has prompted a number of experimental investigations [140, 141, 142, 143, 144, 21,

145], with partially conflicting results. In particular, the number of surface states and their

topological nature are still under debate [21, 140, 141, 144, 142, 143, 145].

Here we combine ab initio calculations with polarization-dependent ARPES studies to dis-

criminate the bulk and surface electronic structure of MoTe2. We report the dispersion within

the projected band gap of a surface state (SS) that might be interpreted as the surface Fermi arc

of a WSM, as proposed elsewhere [140, 142, 143]. However we find that the SS survives also

at high temperature, topologically trivial, centrosymmetric 1T′′ phase, as confirmed by ab initio

calculations. This shows that it is not possible to draw a definite conclusion about the occur-

rence of the type-II WSM phase just on the basis of the observation of this surface state. We

have also investigated the in-plane spin texture of the 1T′ phase, looking for evidences support-

ing the type-II WSM phase, and found more topologically trivial spin-split states dispersing in
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the projected band gaps.

High quality MoTe2 single crystals were grown by vapour transport, see the next section

8.3 for further details. At room temperature MoTe2 can crystallize in the semiconducting 2H

phase and in the semimetallic 1T′′ phase (also called β [21, 146] phase or 1T′ phase [159]).

The 1T′′ phase exhibits at T∼ 240K a transition to the 1T′ structure (also called γ phase or Td

phase [162]). The 1T′′ monoclinic crystal cell is centrosymmetric with space group P121/m1,

whereas the 1T′ phase is orthorhombic as a consequence of the relative sliding of Mo and Te

layers and it belongs to the Pmn21 space group. Inversion symmetry is broken in the 1T′ phase,

which is the only structure capable of supporting the WSM phase [146, 21].

We performed ARPES experiments at the APE beamline of the Elettra synchrotron. The end-

station is equipped with a DA30 Scienta hemispherical analyzer with a novel high efficiency V-

LEED spin detector [163]. The energy and angular resolution were 15 meV and 0.2 ◦ for ARPES,

and 45 meV and 0.75 ◦ for the spin-resolved ARPES (SR-ARPES) measurements. Data were

collected in the 300 K - 30 K temperature range, at photon energies between 16 eV and 40 eV.

The electronic band structure of MoTe2 has been calculated within the density functional theory

(DFT) framework employing the generalized gradient approximation (GGA) as implemented in

the QUANTUM ESPRESSO package [164, 165, 166]. Spin-orbit effects were accounted for

using fully relativistic norm-conserving pseudopotentials [167]. The calculations for the 1T′′

phase have been carried out for crystal lattice parameters β = 93.917◦, a = 6.33 Å, b = 3.47

Å, c = 13.86 Å[168]. Whereas the low temperature 1T′ structure is characterized by a = 3.46

Å, b = 6.30 Å, c = 13.86 Å[146].

Figure 8.9 (a) shows the 1T′ bulk BZ with the high symmetry points along the kx, ky and

kz directions, of relevance for the discussed measurements. The broken inversion symmetry of

the 1T′ phase results in two possible surface terminations. However, our ab initio calculations

show that ultra high momentum and energy resolution is required to distinguish the two band

structures. This has been experimentally achieved by means of laser-based ARPES [140, 21].

Figure 8.9 (b) displays the band structure measured with 20 eV photon energy at 77 K in

the 1T′ phase along kx (for the band dispersion on a larger energy window see section 8.3).

Several sharps states are identified, testifying our samples quality. In figure 8.9 (b) and in the

following we show for negative and positive wavevectors the dataset acquired with LV and

LH polarizations, respectively. This provides a powerful method for distinguishing the various
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bands, which we label with greek letters α− η . LV corresponds to purely s polarization, while

LH is a mixture of p and s polarization, due to the setup geometry (for more details see Refs.

[169, 170]).

The experimental results are well reproduced by the calculated bulk band structure shown

in fig. 8.9 (c). The conduction band (CB) intersects EF and forms a sHallow electron pocket

α, indicated by a red dashed line in fig. 8.9 (b). The valence band (VB) dispersion is more

complex, with several hole-like bands γ − η, traced by blue dashed lines in fig. 8.9 (b). The

β and ϵ dispersions, indicated by green dashed lines, are not captured by the bulk calculations,

thus suggesting their surface origin.

Figure 8.9 (d) shows the momentum-resolved local density of states calculated along kx, by

projecting all the possible kz values, within a semi-infinite crystal method, including also the

surface contribution. Concentrating on the energy-momentum region traced by the red rectangle

in panel (b), we see the CB and VB appearing as a broad continuum due to the projection from

various kz. Additional sharp states disperse within two projected gaps. We interpret them as

the β and ϵ SSs. β touches CB and it crosses EF at kF ∼ 0.2 Å−1, in good agreement with the

experimental findings of fig.8.9 (b).

Figure 8.9 (e) shows the Fermi surface in the kx-kz plane, extracted from a photon energy

scan in the range 16-40 eV. The absence of kz dispersion confirms the two dimensional character

of the β SS. This state, which is indicated by an arrow, is sharp and well resolved over the entire

3D BZ. Also the ϵ SS has no appreciable kz dispersion, as shown in section 8.3.

Figure 8.9 (f) shows the Fermi surface in the kx-ky plane for the experimental conditions of

panel (b). CB forms a closed banana-shaped contour centered at kx ∼ ±0.4 Å−1 indicated by a

red dashed line, while VB displays multiple Fermi surface sheets, traced by blue dashed lines.

In LV polarization we resolve an inner diamond-shaped contour derived from δ, while in LH

polarization we resolve an external flower-shaped state derived from γ. The β SS forms an arc,

indicated by a green dashed line. This is more clearly seen in fig. 8.9 (g) for the Fermi surface

acquired with 23 eV photon energy at 30 K. At this photon energy we resolve an additional

Fermi surface sheet arising from CB, indicated by a red arrow in panel (g).

All these features are well reproduced by our calculated Fermi surface. Figure 8.9 (h) shows

the Fermi surface calculated within the semi-infinite crystal method, projected from all the pos-

sible kz values. Negative and positive wavevectors show the calculations for the bulk and at the
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Figure 8.10: (a) ARPES image of 1T′′ MoTe2 along the kx direction measured at 20 eV pho-

ton energy at room temperature. (b) Calculated band structure within the semi-infinte crystal

model. The β SS disperse between CB and VB also in the centrosymmetric phase. (c, d) second

derivative of the ARPES intensity measured along kx in the 1T′ and 1T′′ phases, respectively.

(e) Fermi surface measured at 20 eV photon energy. Dashed color lines outline the contours of

the different Fermi sheets. (f) Calculated Fermi surface in the bulk and at the surface, showing

that the SS arc persists in the centrosymmetric 1T′′ phase.

surface, respectively. By comparing the two, we immediately recognize the β SS Fermi arc.

Its open contour dispersing between the bulk bands suggests the possibility to interpret it as the

fingerprint of the WSM phase, as recently proposed [140, 142, 143].

However, hereafter we show that this observation alone is not sufficient to confirm the type

II WSM nature of MoTe2. Additional surface states, which might also be interpreted as Fermi

arcs [141, 144, 21], are predicted by our calculations. Unfortunately, they are too close to be

resolved in the experiment.

We have investigated the evolution of the band structure with temperature across the struc-

tural transition from the 1T′ to the 1T′′ phase. Figure 8.10 (a) shows the ARPES band structure
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of the 1T′′ phase measured along the kx direction with 20 eV photon energy at room tempera-

ture. All states previously described are still visible, albeit thermally broadened. The persistence

of the SS in the 1T′′ phase is confirmed by the band structure calculations, shown in figure 8.10

(b). In order to increase the contrast of the β SS, fig. 8.10 (c) and (d) show the second derivative

of the ARPES intensity measured along kx in the 1T′ and 1T′′ phases. The β SS, indicated by

black arrows, is clearly resolved in both phases.

This observation is further supported by a close look at the 1T′′ phase Fermi surface, in

fig. 8.10 (e). For LV polarization, we detect the banana-shaped electron pocket and the inner

diamond-shaped hole pocket, in agreement with fig. 8.9 (f). For LH polarization, we resolve

intensity along the arc connecting the outer flower-shaped hole state to the electron pocket, thus

confirming the presence of the SS also in the 1T′′ phase. Finally, figure 8.10 (f) shows the calcu-

lated Fermi surface in the bulk (negative wavevectors) and at the surface (positive wavevectors)

for 1T′′ MoTe2. Similarly to the low temperature 1T′ case, the β SS forms an arc dispersing

between CB and VB. Hence, SS survives in the centrosymmetric structure and it alone cannot

be a fingerprint of the Weyl semimetal phase. Our experimental findings extend theoretical cal-

culations showing that the topological nature of β can be changed by artificially varying the low

temperature 1T′ crystal lattice [21].

We discuss now the results of our investigation of the spin properties of the 1T′ phase of

MoTe2. Figure 8.11 summarizes our SR-ARPES results, measured at 30 K with 23 eV photons

and LH polarization. Figure 8.11 (a) shows a zoom on the β SS Fermi contour. White circles

mark the 9 regions of the BZ where we have evaluated the spin up (Sup) and down (Sdown)

projections along the kx direction. Green solid and dashed lines indicate the directions along

which the calculations shown in panel (d) and (e) were performed.

From the spin polarized ARPES intensity (I+, I−), measured from the VLEED targets, we

extracted the spin polarization Px and the spin up and down components Sup/down, as detailed

in the next additional section. Figure 8.11 (b) and (c) show in red and blue the Sup/down signals

in regions 1 and 9, respectively. We resolve several spectral features: the β SS crossing EF

and two peaks with large spin polarization (up to 50%), centered at E− EF ∼ −0.5 eV and

E− EF ∼ −0.7 eV, respectively. We interpret these as the two spin components of the spin-

split ϵ state and we label them ϵ+ and ϵ−.

Figure 8.11 (d) displays the calculated band structure along ky, at kx = 0.3 Å−1, for a 20
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layer thick slab. The colors encode the Px component of the spin polarization of the β and ϵ

SSs. It supports our experimental findings, in particular the spin-splitting in ϵ+ and ϵ− and the

reversal of the spin polarization in the two branches for opposite ky values. Additional weak

spin signals are observed in proximity of the bulk states due to the partial hybridization of the ϵ

states with the bulk states.

A small spin polarization is observed in β (for a zoom at EF see section 8.4). However, the

total spin polarization integrated at EF is smaller than 10%, and the actual experimental energy

and momentum resolution is not sufficient to fully describe the spin polarization in the β SS.

Calculations show that a second branch with opposite spin disperses in proximity of the bulk

states. This can be more clearly seen in fig. 8.11 (e), showing the calculated bands along kx, at

at ky = 0 Å−1. Here, the colors encode the Py component, which was not directly investigated

in our study. Black arrows indicate the β and ϵ+ states, while the green arrow points to the

second spin-polarized state in proximity of β.

We propose that, owing to the limited experimental energy resolution, the contribution of the

two spin states cannot be resolved, thus explaining the small experimental spin polarization in

proximity of EF. Figure 8.11 (f) shows the evolution of the spin polarization, Px. When going

from region 1 to 5, we observe that the absolute value of Px in ϵ+ and ϵ− decreases, it becomes

null in region 5, and it changes sign for opposite values of ky, from regions 6 to 9.

In summary, we have investigated the electronic structure of the type-II Weyl semimetal

candidate MoTe2, by means of combined ab initio calculations and ARPES. We have reported

the existence of two-dimensional β and ϵ surface states, dispersing in different projected band

gaps. The β SS forms an arc connecting the bulk conduction and valence bands. Similar ob-

servations has been recently interpreted as the smoking gun of the WSM phase[140, 142, 143].

However, our data show that the β SS persists in the centrosymmetric 1T′′ phase. Therefore, the

observation of a surface Fermi arc alone does not establish the type II Weyl phase.

We also investigated the spin polarization of the band structure, and found a large spin signal

in the ϵ SS, which is formed by a pair of spin-split branches. This observation is supported by

ab initio calculations. The calculations also predict the β SS to be spin polarized. However, the

β SS shows very small spin polarization, probably as a consequence of the close proximity with

another state with opposite spin polarization, which we could not resolve in the experiment.

Finally, our results can neither prove nor refute the type-II Weyl semimetal nature of MoTe2.
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Figure 8.11: (a) Fermi surface of 1T′ MoTe2 at 30 K as measured with 23 eV photon energy

and LH polarization. White circles indicate the regions where we have extracted the spin up

and down projections along the kx direction. Green continuous and dashed lines indicate the

directions of the calculations shown in panel (d) and (e), respectively. (b, c) Sup (red) and Sdown

(blue) in regions 1 and 9. The spin projections are evaluated from the raw data accounting for

the experimental asymmetry and the detector Sherman function [171]. (d) Calculated surface

spin polarization along kx of the β and ϵ SS superimposed to the calculated band structure along

kx = 0.3 Å−1 for a 20 layers thick slab. (e) Calculated surface spin polarization along ky

in proximity of EF for the band structure along kx for a 20 layers thick slab. A second spin

polarized state (green arrow) disperses close to β (black arrows) with opposite spin projection.

(f) Evolution of Px along kx in the β SS and in the two branches of the spin-split ϵ SS.
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Figure 8.12: (a) ARPES data along the kx direction at 20 eV photon energy with LH polarization.

The wider energy range, compared to the data of fig.1 allows to identify the dispersion of the

two spin split components of the ϵ SS, indicated by two green arrows at energies lower than

0.5 eV. The dispersion of the various bulk and surface states is well supported by the ab initio

calculations of panel (b). The calculations show the spin projections (up in red, down in blue)

along ky of the states at the surface as obtained for a 20 layer thick slab. (c) Constant energy

map (CEM) in the (kx, kz) plane as extracted from the photon energy scan 0.7 eV below the

Fermi level.

Besides β and ϵ, additional surface states might disperse in proximity of the bulk states, but elude

our detection capabilities owing to the limited energy and angular resolution. These additional

states are predicted by our calculations and similarly suggested in Ref. [21, 144, 141]. Only

SR-ARPES measurements with energy and momentum resolution comparable to the laser based

ARPES setup of Refs. [21, 140] will be able to settle this issue, by resolving the spin texture of

all the bulk and surface state contributions.

8.3 Supplementary Material

8.3.1 Experimental and Calculated Band Structure Over a Wider Energy Range

High quality single crystals were produced by the chemical vapour transport method. Stoichiom-

etry mixture of high purity Mo and Te was encapsulated in a quartz ampule together with Iodine

used as transport agent. The source and sink temperature were 1000◦C and 940◦C, respectively.

At the end of the process, elongated crystals are obtained exposing flat (001) surfaces large sev-
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eral mm2. The samples were cleaved in UHV at room temperature by scotch tape technique and

the orientation was controlled by means of low energy electron diffraction (LEED).

In order to identify more clearly the dispersion of the two spin split components of the ϵ

SS, we draw in fig. 8.12 a comparison between the experimental (a) and calculated (b) band

structure, on a wider energy range than the one shown in fig. 8.9. The data of panel (a) are

measured along the kx direction at 20 eV photon energy with LH polarization. The calculations

of panel (b) result from a 20 layer thick slab. The spin projections along the ky direction at the

surface are shown in red (spin up) and blue (spin down). All the spectral features, labelled by α

- η are clearly visible. Moreover, at energies lower than 0.5 eV we clearly resolved the two spin

components ϵ+ and ϵ−, indicated by green arrows. The spin split SSs disperse between the bulk

valence band states δ and ζ. Tracking the dispersion of these states at energies closer to EF is

hampered by the partial hybridization of the surface states with the bulk valence band, as it is

more clearly shown by the calculations of figure 8.12 (b).

Figure 8.12 (c) shows a constant energy map (CEM) 0.7 eV below the Fermi level in the (kx,

kz) plane, as extracted from a photon energy dependent study in the range 16 eV - 40 eV. The

CEM intersects the spin split ϵ+ and ϵ− states, as indicated by the red dashed line in fig. 8.12

(a). The two states, indicated by green arrows, show no appreciable kz dispersion, in agreement

with the interpretation in terms of surface states.

8.3.2 Analysis of the Spin Resolved ARPES Data

We extend the discussion about the analysis of the spin resolved ARPES data. Figure 8.13 (a)

and (b) shows I+ and I−, the measured signal from the VLEED target for the majority and

minority spin direction, as measured in region 1 and 9, respectively. Red and blue lines show the

two opposite spin projections. From the measured I+ and I−, we calculated the spin polarization,

which is defined as Px = (I+−I
−
)

S× (I++I
−
) , where S is the detector Sherman function, whose value of

0.3 has been calibrated from reference measurements of the spin polarized Au(111) surface.

Figure 8.13 (e) show the energy distribution of Px in region 1 (orange) and region 9 (black).

Two spin polarized features are clearly resolved, centred at -0.7 eV and -0.5 eV. We extract the

average spin polarization below the peak, and the evolution in the nine investigated regions is

shown in fig. 8.11 (f). The spin polarization of ϵ− and ϵ+ are averaged in the energy region

between (-0.9 eV, -0.6 eV) and (-0.6 eV, -0.3 eV) respectively, while the spin polarization of β
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Figure 8.13: (a) and (b) I+ and I− signal from the VLEED target, for the majority and minority

spin direction, measured in region 1 and 9 for the spin projection along kx, respectively. (c) and

(d) Zoom at the Fermi level, in the region indicated by green rectangles, of the spin up and down

signal, evaluated from I+ and I− according to the relationsSup/down = (1± Px)× (I+ + I−).

(e) Energy distribution of the spin polarization along the kx directions in region 1 (orange) and

region 9 (black).

is averaged in the range (-0.15 eV , 0 eV).

Figure 8.11 (b) and (c) show the spin up and down projections corresponding to the I+/−

of figure 8.13 (a) and (b), respectively. The spin up/down are calculated following the relations

Sup/down = (1± Px)× (I+ + I−). Figure 8.13 (c) and (d) show a zoom of the spin up and down

projections, in proximity of EF, in the energy region indicated by green rectangles in figure 8.13

(a) and (b). A small spin polarization is observed at EF which is attributed to the β surface

state. However the value of the spin polarization in β is always < 10%, and for this reason a

quantitative analysis is beyond the scope of the present study. However, we stress the fact that

the calculations of figure 8.12(b) predict the β surface state to be spin polarized.
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Figure 8.14: (a) and (b) kx and ky-resolved bulk density of states projected on the (001) surface

at the energy of Weyl point w1 (a) and w2 (b). (c)-(f) kx and ky-resolved surface density of states

on the (001) top (c,d) and bottom (e,f) surface at the Fermi level (c,e) and between the two Weyl

points (d,f).

8.3.3 First principles calculations: Weyl points and surface states

First-principles calculations of the electronic structure of MoTe2 in the orthorhombic 1T’ phase

were performed within the density functional theory framework using the generalized gradient
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approximation as implemented in the Quantum-Espresso package [164]. We used the crystal

structure of Ref. [146] and norm-conserving relativistic pseudopotentials. In accordance with

previous calculations [146], we find that the band structure host two nonequivalent Weyl points

w1 and w2 whose time-reversal and mirror images give a total of 8 Weyl points in the Brillouin

zone. Both Weyl points are of type-II appearing at touching point of hole and electron pockets

at 5 meV (w1) and 50 meV (w2) above the Fermi level (fig. 8.14 a and b).

The (001) surface density of states was computed from the semi-infinite Green function

[165] derived from a tight-binding Hamiltonian in the Mo-d and Te-p projected Wannier ba-

sis [166]. At the Fermi level, two surface states SS1 and SS2 are present on the top surface

(fig.8.14c). The long surface state SS1 corresponds to the β surface state seen in ARPES ex-

periments previously shown. Both surface states reconnect to the bulk pocket from which they

emerge so that no conclusion can be made about their topological character. By examining the

same two states at an energy between the two Weyl points (E − EF = 20 meV, fig.8.14 d),

we can see that the states SS2 connect the hole and electron pockets, and correspond thus to

the topological Fermi arc, while the SS1 state is trivial. On the bottom surface, the situation

is reversed. Again, at the Fermi level (fig.8.14 e), two surface states can be seen, including the

long SS1 state which corresponds to the β surface state seen in ARPES. At the Fermi level, no

conclusion can be drawn about the topological character of the two states. At E−EF = 20 meV,

the SS2 state disappears while the SS1 state clearly connects the electron and hole pocket and

is thus the topological Fermi arc.

To confirm the topological character of the states connecting electron and hole pockets,

we computed the Z2 invariant of the time-reversal symmetric plane P of the Brillouin zone

passing between the w1 and w2 point (fig.8.15a). Using the Wannier center technique [172]

as implemented in the Z2Pack package [173], we found that the plane P has a non-trivial Z2

invariant ν = 1 (fig.8.15 b) and thus that topologically protected states are expected to cross the

projection of P on the (001) surface. these states correspond to the SS1 and SS2 on the bottom

and top surface respectively.

Our calculations thus show that depending on the observed surface, the SS1 ( β) state is

trivial (top surface) or topologically protected (bottom surface). Moreover, as shown before,

the β states remains in the topologically trivial 1T” phase. As a consequence, the observation

of the β state alone does not provide any experimental confirmation of the presence of a Weyl
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Figure 8.15: (a) Cut of the time reversal invariant plane P with the kz = 0 plane, (b) evolution

of the Wannier charge center position along the half-plane P , showing P is non-trivial with Z2

invariant ν = 1.

semimetal phase in 1T’ MoTe2. Only the observation of both SS1 and SS2 is a proof of the

presence of the type-II Weyl points, as proposed in Ref.[21, 141].



Chapter 9

Conclusions

This chapter contains conclusive remarks and summarizes the main results of the thesis.

The work consists of an experimental investigation of the equilibrium and out-of-equilibrium

electronic properties of different materials belonging to the class of Topological Insulators (TIs),

Topological Kondo Insulators (TKIs) and Weyl Semimetals (WSMs).

By exploiting TR-ARPES, I have studied six distinct TIs having different EF positions with

respect to the electronic band structure. This part of my work was aimed at the comprehension

of the bulk and surface states contributions to the electronics relaxation processes that follow an

optical excitation. Regardless of the material specific band structure, when EF intersects bulk

states (as for n-type and p-type TIs) the electron populations dynamics relax with a characteristic

time scale of few ps. Differently, when EF lies within the bulk band gap (intrinsic TIs), the

relaxation dynamics is more than one order of magnitude slower. The temporal evolution of the

electronic temperature Te has shown that bulk states provide an efficient channel to dissipate the

extra-energy provided by the optical excitation.

We have ascribed this effective removal of hot charges in n- and p-doped TIs to a diffusion

process, mediated by the presence of 3D states at EF. In intrinsic TIs, 2D surface states restrain

part of the energy. Indeed, in-plane diffusion and electron-phonon scattering are not as efficient

as for the 3D diffusion to remove the energy from the sHallow surface region investigated by the

surface-sensitive ARPES. Bulk diffusion mechanisms have been often overlooked in the recent

TR-ARPES studies on TIs. However, these processes might play, in a more general form, an

important role also in the out-of-equilibrium physics of other materials.
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Concerning the study of SmB6 compound, that have been proposed as the first strongly-

correlated TIs, electronic correlations are of particular relevance. Hence, we have performed a

detailed investigation of SmB6 transient electronic structure aimed at estimating the electron-

phonon coupling constant λ. A 2TM model has been adopted to mimic the evolution of the

extracted electronic temperature. By assuming that the electron-phonon coupling is mostly

mediated by low energy Sm phonon modes, we have estimated a range for λ spanning from

0.13 ± 0.03 to 0.04 ± 0.01. Interestingly, the average value of λ is slightly smaller with re-

spect to other hexaborides. Our results can be considered not only as a reference for future for

momentum-integrated measurement of λ, but may also for promoting further investigations of

the SmB6 electron-phonon coupling.

A fundamental aspect for the formation of TIs, as we have pointed out in chapter 3, is the

inversion of parity in the states forming the bulk gap. To directly prove this mechanism I have

performed a linear-dichroic ARPES photon-energy dependent investigation of the GeBi2Te4 TI.

My study has focused on bulk valence band states, in proximity of the region where the band

gap is expected to invert. The measurements have successfully revealed a change in the dichroic

signal which has been interpreted as a change in the nature of the orbitals responsible for the

emergence of the topological phase. Moreover, I have revealed evidences of a possible surface

resonance effect between topological surface states and the bulk valence band.

The recently discovered Weyl semimetals have been treated in the last part of the thesis

work. We have investigated the type-II Weyl semimetal candidate MoTe2 by means of combined

ab initio calculations and ARPES. Recent studies have proposed controversial interpretations

regarding the number and the nature of the Fermi arcs. Our data have shown the presence of

two-dimensional surface states forming Fermi arcs connecting the bulk conduction and valence

bands. Unexpectedly, these arcs persist in the centrosymmetric 1T′′ phase, in which MoTe2 is

not expected to be a WSM. As a result, we claim that the observation of a surface Fermi arc

alone does not constitute a fingerprint of the type II Weyl phase.

The present research work provides a comprehensive picture of the optically-induces elec-

tron dynamics and relaxation processes in TIs.
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Luiz Orlando Ladeira, Nayara Gomes Teixeira, Edmar Avellar Soares, Christoph
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