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A B ST R A C T

This thesis is devoted to the study of the non-equilibrium dynamics of two charge-density-
wave (CDW) materials in which the onset of the phase transition is determined by the presence
of a peak in the momentum-dependent electron-phonon coupling (EPC). The existence of
a strong EPC heavily affects the properties of the resulting CDW phase, determining in
particular the nature of the thermal disordering. Given the strong interplay between the
structural and the electronic degrees of freedom that characterizes the CDW systems, their
out-of-equilibrium response has been investigated by combining time-resolved reflectivity
and Time- and Angle-Resolved Photoelectron Spectroscopy (TR-ARPES) experiments. The
combination of these techniques allows to access both the electronic band structure and the
collective excitation of the CDW ground state.

The first system investigated is the transition-metal dichalcogenide (TMDC) compound
VTe2. Time-resolved reflectivity experiments have allowed to unveil the presence of two
amplitude modes (AMs) of the low-temperature CDW phase. By implementing a double-
pump excitation scheme, we demonstrated that, despite being linked to the same electronic
order parameter, these two collective excitations are independent.

The study of the light-induced quench of the electronic order has revealed that the closure
of the CDW gap is not driven by the two AMs of the system, but is instead dominated by
an incoherent process. By applying a three-temperature model (3TM), we demonstrated
that the quench of the CDW gap arises as a consequence of the excitation of a subset of
strongly-coupled phonon modes which determines a loss of the long-range CDW order. These
results therefore suggest that the phase transition is driven by non-CDW phonons that interact
with the CDW order, thus highlighting the role played by the phonon-phonon interactions.

The second system investigated is the kagome compound ScV6Sn6. Systematic time-
resolved reflectivity experiments, corroborated by DFT simulations, have allowed to unveil the
AM of the system and to highlight the marked resilience of this compound to a near-infrared
excitation. Furthermore, by applying a lattice strain to ScV6Sn6 crystals, we demonstrated that
an elongation of the c-axis determines a reduction of the temperature-dependent softening
of the CDW amplitude mode. DFT simulations have shown that this reduction of the AM
softening arises from an enhancement of the CDW phase, that in the strained compound is
characterized by a larger energy gap and larger lattice displacements.

Our findings suggest that the light-induced phase transition in the strongly-coupled CDW
materials VTe2 and ScV6Sn6 arises only thanks to increased lattice fluctuations, and thus, its
understanding requires the modeling of the electron-phonon and phonon-phonon interactions.
Due to the particular nature of the phase transition, the light-induced switching between
the CDW and the normal phase turns out to be slower with respect to the one observed in
compounds in which the transition is determined by purely electronic phenomena.
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1 I N T R O D U C T I O N

The critical need for faster, smaller and more energy-efficient nanotechnologies requires the
development of a new generation of functional materials. This quest could be accomplished
thanks to the use of the so-called quantum materials, whose discovery has revolutionized the
fields of both condensed matter and material engineering [1, 2]. The growing interest in this
class of materials resides on the fact that the quantum nature of these compounds manifests
at a macroscopic level [1]. Indeed, quantum materials exhibit rich phase diagrams due to the
coupling of charge, lattice, spin and orbital degrees of freedom, making these compounds
highly attractive also for fundamental studies, besides their technological applications. These
intertwined interactions can give rise to fascinating phenomena like high-temperature super-
conductivity [3], spin- and charge-density waves [4] and magnetism [5]. The emergence of
such states is controlled by a competition of correlation and fluctuation effects, that results in
a phase transition at a specific critical temperature. Thus, the understanding of this delicate
balance between correlation and fluctuation effects constitutes a first crucial step for the
realization of a new generation of electronic devices [2].

Among the plethora of interactions relevant in quantum materials, electron-phonon cou-
pling (EPC) has been a persistent subject of study since it stands at the origin of a broad
variety of phenomena. While a strong EPC is desirable in many quantum systems like conven-
tional superconductors [6], it is deleterious for conductivity in normal metals, hindering the
application of many compounds as electronic devices [7]. One of the manifestations of strong
EPC which is lately attracting a large interest is the appearance of a charge-density wave
(CDW) phase in many materials [8–10]. In CDW systems, electrons and phonons cooperatively
interact to form a new symmetry broken state below a critical transition temperature [11]. The
resulting low-temperature phase is characterized by the coexistence of a spatial modulation
of the electron density and a periodic distortion of the crystalline structure. The phase
transition towards the CDW phase therefore takes place only thanks to a complex balance
between the energy cost required to distort the crystal lattice and the energy gain deriving
from the modifications of the electronic band structure. Furthermore, the CDW ground
state exhibits new low-energy collective excitations, named amplitude (AM) and phase (PM)
modes, corresponding to distortions and translations of the modulated charge density [11].

The complex interplay between electronic and structural degrees of freedom that character-
izes the CDW systems naturally reveals the fundamental role played by the electron-phonon
coupling in the stabilization of the charge-ordered phase [4, 8]. Despite the fact that conven-
tionally the charge-density wave transition is treated in the weak EPC limit [4], the discovery
of compounds characterized by the presence of a strong momentum-dependent EPC has
motivated both theoretical [12–15] and experimental studies [16–18]. Due to the complexity
of these systems, however, a universal microscopic picture is far from being achieved [8].

Giving the fundamental role played by the EPC in determining the CDW phase transition, an
increase of its strength can lead to a dramatic change in the properties of the low-temperature
charge-ordered phase. One of the main differences with respect to the weakly-coupled CDW
compounds resides in the presence of much larger energy gaps with respect to their critical
temperatures. Indeed, while in the weakly-coupled systems the ratio between gap size and
critical temperature agrees with the one predicted by the BCS theory of superconductivity
(2∆cdw/kBTcdw ≈ 3.52 [6]), in the strongly-coupled systems this ratio turns out to be more
than two times larger [12]. This crucial difference dramatically affects the origin of the thermal
disordering which determines the transition towards the normal phase. Indeed, while in the
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2 introduction

weak-coupling limit the phase transition is driven by the electronic entropy, in the strong-
coupling limit the transition is driven by the lattice entropy, resulting in an order-disorder
transition [12, 19]. These systems therefore constitute an ideal platform to study the interplay
between lattice fluctuations and the formation of a coherent macroscopically ordered CDW
phase. The understanding of the mechanisms resulting in the melting of a macroscopically
ordered CDW phase and the control of the CDW phase itself, constitute the first building
bricks to develop a new generation of electronic devices based on these materials. More
generally, the importance of lattice fluctuations goes beyond the study of charge-density wave
systems considered in this thesis, since they are thought to play a crucial role in the phase
transitions observed in many quantum materials [20, 21].

Due to the strong interplay between the electronic and the structural degrees of freedom
that characterize the CDW compounds, a profound investigation of these systems requires the
use of complementary techniques, able to access the different properties of the compounds
under investigation. The most direct experimental access to the electronic properties of
a material is provided by the Angle-Resolved Photoelectron Spectroscopy (ARPES). This
technique is based on the photoelectric effect, for which an electron can be emitted from a
material as a consequence of the absorption of a photon of sufficient energy. The energy and
the momentum conservation laws allow to retrieve, from the measurement of the energy
and the emission angle of the electron, the energy and the crystal momentum of the electron
inside the material. Moreover, since it encodes information on the band structure of the
system, an ARPES measurement can unveil the interactions felt by the electron before
the photoemission [22]. Under equilibrium conditions, however, the different interactions
governing the microscopic behavior of a system occur simultaneously on similar energy scales,
hence making it challenging to tell them apart by inspection of the equilibrium band structure
alone. An approach to disentangle different coexisting interaction is to extend the ARPES
technique to the time domain, exploiting the different timescales over which these interactions
evolve. The extension of ARPES to the time domain, with the realization of the Time- and
Angle-Resolved Photoelectron Spectroscopy (TR-ARPES), is done by exploiting the so-called
pump-probe scheme. This approach is based on the use of two kinds of ultrashort light pulses,
aimed respectively to impulsively excite and to measure the relaxation dynamics of the
system towards the equilibrium conditions. By accessing the non-equilibrium dynamics of the
electronic band structure, important insights on the processes determining the equilibrium
properties of the compound under investigation can be gained [23, 24].

The strength of the pump-probe approach resides in the fact that it can be extended to
different techniques, generalizing them to the time domain [25–27]. Among these techniques,
time-resolved optical spectroscopy (TR-OS) stands as one of the most diffuse realizations
of this experimental scheme. In particular, TR-OS and especially time-resolved reflectivity,
have proven to be a valuable tool for the study of lattice vibrations, thanks to their high
sensitivity and high signal-to-noise ratio. For this reason this technique has been widely
adopted to study the low-energy excitations of many CDW compounds [28–31]. Therefore the
combination of TR-ARPES and time-resolved reflectivity experiments allows to give access to
both electronic band structure and low-energy excitations of the CDW phase, providing a
more complete picture of the system under investigation.

thesis overview

This thesis is devoted to the study of the out-of-equilibrium dynamics of two charge-density
wave systems: the transition metal dichalcogenide compound VTe2 and the kagome compound
ScV6Sn6. The strong momentum depended EPC that stands at the origin of these CDW phases
affects both the equilibrium and the non-equilibrium properties of these compounds, making
them ideal candidates to investigate the mechanism governing the melting of macroscopically



introduction 3

ordered CDW phases and to study the possibility of controlling their properties by means of
external stimuli.

The non-equilibrium dynamics of these CDW systems are investigated by combining TR-
ARPES and time-resolved reflectivity experiments. Hence, particular attention is drawn to
the characterization of the CDW amplitude modes and to the study of the light-induced
quench of their electronic order. Moreover, the possibility of manipulating the CDW phase of
these compounds by means of lattice strain is also investigated. All the experimental results
presented have been obtained by exploiting the high-harmonic generation (HHG) source and
the TR-OS setups developed in the T-ReX laboratory at Elettra Sincrotrone Trieste.

The thesis is structured as follows:

• Chapter 2 presents a brief theoretical introduction of the charge-density-wave transition
in one-dimensional systems. Specifically, after having presented the Peierls theory
for the CDW transition in the weak-coupling limit, particular attention is drawn to
the discussion of the CDW transition in systems characterized by the presence of a
strong EPC. The chapter ends with the Ginzburg-Landau theory for the fundamental
low-energy excitations of the CDW ground state.

• Chapter 3 introduces the basic concepts of the ARPES, TR-ARPES and TR-OS techniques.
In particular, the physical quantities that can be extracted from an ARPES experiment
are discussed together with those aspects that turn out to be critical in the extension
of this technique to the time domain. This introduction is then followed by a brief
comparison between TR-ARPES and TR-OS, aimed to highlight the complementary
aspects of the two techniques. The chapter ends with a description of the experimental
setups employed to perform the measurements reported in this thesis.

• Chapter 4 presents the time-resolved reflectivity experiments performed on the TMDC
compound VTe2. Specifically, after having discussed the lattice reconstruction that
occurs in the low-temperature phase, we present a systematic temperature-dependent
study of the phonon modes that characterize the low-temperature charge-ordered
state. From this study, with the aid of density functional perturbation theory (DFPT)
simulations, we unveil the presence of two amplitude modes of the CDW phase. Finally,
by applying a double-pulse excitation scheme, we demonstrate that, even if coupled to
the same electronic order parameter, the two amplitude modes are independent.

• Chapter 5 presents the time-resolved ARPES experiments performed on VTe2. Given
the presence of multiple domains in the CDW state, these experiments have required
the realization of a strain device aimed to promote the formation of larger domains.
The chapter therefore starts with the discussion of the domain structure of VTe2 and
the presentation of the strain device developed for TR-ARPES experiments. This
introductory part is followed by the presentation of the time-resolved photoemission
experiments performed. These measurements show that the quench of the electronic
order, with the consequent closure of the CDW gap, is not dominated by the excitation of
the CDW amplitude modes, but is instead driven by an incoherent process that evolves
on longer timescales. In the last part of the chapter, by applying a so-called three-
temperature model, we show that the CDW gap dynamics observed can be explained
by considering the incoherent excitation of a subset of strongly-coupled optical phonon
modes triggered by the hot carrier relaxation.

• Chapter 6 discusses the time-resolved reflectivity experiments performed on the kagome
compound ScV6Sn6. After having presented the general properties of the kagome
compounds and having discussed the emergence of the CDW phase in ScV6Sn6, we
present a temperature-dependent study of the non-equilibrium reflectivity across the
CDW transition. This investigation, that has allowed to identify the CDW amplitude
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mode, is then followed by the presentation of a fluence-dependent study which high-
lights the resilience of this compound to near-infrared photoexcitation. Finally, we
demonstrate that the application of a modest uniaxial strain on a ScV6Sn6 crystal, results
in a reduction of the temperature-dependent softening of the CDW amplitude mode.
This result, corroborated by extensive DFT simulations, suggests a possible path to
enhance the CDW order in ScV6Sn6.



2 C H A R G E - D E N S I TY-WAV E SYST E M S

This chapter is devoted to a brief theoretical introduction to the charge-density-wave (CDW)
transition in simple one-dimensional systems. Specifically, after having introduced the Peierls
theory for the CDW transition in the weak electron-phonon coupling limit and having
considered the role played by the lattice fluctuations, particular attention will be drawn to the
discussion of the CDW transition in the strong electron-phonon coupling limit. Finally, in the
last section of this chapter, the excitations of the CDW ground state will be presented in the
framework of the Ginzburg-Landau theory.

2.1 the peierls transition
As firstly pointed out by Peierls in 1955, a one dimensional metal in which the interaction
between electrons and lattice is taken into account, is not stable at low temperatures [32]. As
the name suggests, the resulting charge-density-wave ground state consists of a periodically
modulated electronic charge density and a periodic lattice distortion (PLD) with the same
wave vector (shown in Fig. 2.1(a)). As a consequence of the interaction between the two
subsystems, both the electronic and phononic spectra are strongly affected by the CDW
formation [11]. Said δEele the change in the energy of the electronic subsystem, and δElat the
change in the total lattice energy due to the atomic rearrangement, the transition towards the
CDW phase is possible only if the gain in the electronic part overcomes the cost required to
distort the lattice, namely:

δEele + δElat < 0. (2.1)

The simplest treatment to study the charge-density-wave transition is based on the de-
scription of a coupled one-dimensional system in which the ions form a linear chain and the
electrons a one dimensional electron gas [8, 11]. The phase transition of such a system is
presented in the following section.

2.2 cdw transition in the weak-coupling limit

2.2.1 A mean-field theory approach

In the weak electron-phonon coupling (EPC) limit, the Peierls transition of a one-dimensional
electron-lattice system can be described quantitatively by a mean-field (MF) theory. The
simplest approach, here presented, takes advantage of the independent electron, harmonic
and adiabatic approximations. In this framework, the coupled electron-lattice system is
described by the Fröhlich Hamiltonian [33]:

HPI = ∑
k

ϵka†
kak + ∑

q
h̄ωqb†

qbq +
1
N ∑

k,q
gqa†

k+qak(b†
−q + bq), (2.2)

where ϵk is the energy of the electron in the state k, a†
k and ak are the creation and

annihilation operators for state k, ωq is the frequency of the phonon mode at the wave vector
q, b†

q and bq are the creation and annihilation operators for a phonon at q. Finally, gq is the

5
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Figure 2.1: (a) Schematic representation of the CDW/PLD showing the modulations of the conduction
electron density and of the ionic position. The normal state is characterized by a lattice
parameter a and a constant electron density (dashed line). (b) Schematic representation of
the electronic band dispersion in the normal state (dashed line) and in the CDW state (red
line). The opening of the CDW gap at π/2a is also shown. (c) Acoustic phonon anomaly for
T ≪ Tmf

cdw and for different EPC values. For a weak EPC the phonon anomaly is localized in
reciprocal space around q=2kF, while for the case of strong EPC the renormalization of the
phonon mode frequency takes place on a much larger region of reciprocal space. Adapted
from [34].

electron-phonon coupling constant (assumed to be independent of k) and N is the number of
lattice sites per unit length [8, 11].

As anticipated above, the coupled electron-phonon (e-p) system described by Eq. (2.2) is
unstable at low temperatures and this instability has fundamental consequences for both
lattice and electronic subsystems. In the following we consider a 1D chain with lattice
parameter a (shown in Fig. 2.1(a)), and a single half-filled band with tight-binding band
dispersion:

ϵk = −EF cos(ka), (2.3)

where EF is the Fermi energy and |kF|=2π/a is the Fermi wave vector. This system is
characterized by a diverging electronic susceptibility at q=2kF for T → 0:

χ0(2kF, T) =
1
2

N(0) ln
(︃

2.28EF

kBT

)︃
, (2.4)

where N(0) is the density of states at the Fermi level at high temperature. Due to the
presence of a finite electron-phonon coupling in the system, this sharp temperature-dependent
peaking of the electronic susceptibility causes a strong renormalization of the frequency of an
acoustic phonon mode, in a narrow range around the wave vector q=2kF (shown in Fig. 2.1(c))
[8, 12]. This phenomenon is generally referred as Kohn anomaly, and the frequency of this
peculiar phonon mode (often named "soft phonon mode") is described by the expression:

ω̃2
q = ω2

q

(︄
1 −

4g2
q

h̄ωq
χ0(q)

)︄
, (2.5)

where ω̃q and ωq denote the renormalized and the normal-state phonon frequency respec-
tively [8]. Hence, for a non-zero electron-phonon coupling constant gq we have:

ω̃2
q → 0 (2.6)

for a finite temperature T = Tmf
cdw. This complete softening of an acoustic phonon mode at

the wave vector q0 signals the phase transition towards a state with a froze-in periodic lattice
distortion (PLD) characterized by a wavelength λ0 = 2π/|q0| = π/|kF| (shown in Fig. 2.1(a))
[8, 11, 35]. Close to the transition temperature, the frequency of the mode is described by the
equation:

ω̃2
q = ω2

q

(︃
T − Tmf

cdw
Tmf

cdw

)︃
. (2.7)
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It is worth noting that since kF is determined by the filling of the band structure, in general
the periodicity of the lattice reconstruction will be incommensurate with the underlying
crystal structure.

From equations (2.4)-(2.6) it is possible to obtain the mean-field transition temperature:

kBTmf
cdw = 2.28EFe−1/λ, (2.8)

where λ is the dimensionless electron-phonon coupling constant defined as:

λ =
2g2

q0N(0)

h̄ωq0
. (2.9)

The renormalized phonon frequency which signals the transition to a state characterized by
a frozen-in lattice distortion finds its formalization on a macroscopically occupied phonon
mode with non-vanishing expectation values ⟨b2kF⟩ = ⟨b†

−2kF
⟩ [11]. Therefore, the order

parameter of the CDW phase can be defined as:

∆ = |∆| eiϕ = g
(︂
⟨b2kF⟩+ ⟨b†

−2kF
⟩
)︂

, (2.10)

where g is the e-p coupling constant, here assumed to be independent of q [11]. By rewriting
the lattice displacement using the expression for the order parameter, and by reconsidering
Eq. (2.2), it is possible to show that, instead of the dispersion typical of a metallic system,
in the CDW state the spectrum of excitations develops a gap (shown in Fig. 2.1(b)). In the
special case considered here, with half-filled tight binding bands, the normal-state band ϵk
splits in two branches:

E1,2(k) =
ϵk + ϵk+q0

2
±

√︄(︃
ϵk − ϵk+q0

2

)︃2
+ ∆2, (2.11)

separated by an energy gap of size 2∆ at q0/2 = kF. The opening of a uniform and
complete gap at the Fermi level deeply affects the electronic density of states N(E), which
now shows a divergence at E = ±∆ and is zero in between [8]. The size of the energy gap
that opens in the low temperature phase is related to the displacement of the atoms uq0, the
electron-phonon coupling parameter gq0 and the unrenormalized phonon frequency ωq0 by
the expression:

∆ = uq0gq0

√︃
2Mωq0

h̄
, (2.12)

where M is the ionic mass. In the weak-coupling limit and for T = 0, it can be shown that
the change in the sum of the occupied one-electron energies satisfies the expression:

δEele ∝
∆2

EF
ln
(︃

∆
EF

)︃
, (2.13)

and from the minimization of the total energy change, δEele + δElat, it is possible to extract
the zero temperature energy gap:

∆(0) = 4EFe−1/λ. (2.14)

Finally, by using Eq. (2.8) it is possible to obtain the well known BCS relation between the
zero-temperature gap and the mean field transition temperature:

2∆(0) = 3.52kBTcdw. (2.15)
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At this point it is useful to reconsider the stability condition introduced with Eq. (2.1). In
the model considered, the static displacement uq, that arises from the softening of the phonon
mode at q, sets up the potential:

vq = gquq

√︃
2Mωq

h̄
, (2.16)

and the associated lattice strain energy is given by:

δElat =
1
2

Mω2
qu2

q. (2.17)

The change in the total energy of the electronic system due to the potential vq can be
calculated using the second order perturbation theory:

δEele = −
⃓⃓
vq
⃓⃓2

χ0(q). (2.18)

Therefore imposing δEele + δElat < 0 we obtain the expression:

4g2
q

h̄ωq
>

1
χ0(q)

, (2.19)

which shows that the charge-density-wave transition is favored by the presence of a large
electron-phonon coupling constant gq and by a large electronic susceptibility χ0(q) [8]. It is
worth noting that the divergence of the susceptibility discussed so far arises from the particular
topology of the Fermi surface in the one-dimensional case [11]. Indeed, the non-interacting
susceptibility for a one-dimensional system can be written as:

χ0(q) =
1
L ∑

k

fk+q − fk

ϵk − ϵk+q
, (2.20)

where fk represents the Fermi function f (ϵk) and L is the length of the atomic chain. Hence,
a large χ0 requires a large numerator fk+q − fk, a small denominator ϵk − ϵk+q and many
of such a q-coupled states. The largest contribution is expected to arise from couples of states
close to the Fermi level, where the two electrons have similar energies, thus giving a divergent
contribution. This leads to the concept of Fermi surface nesting, i.e. the possibility to displace
one section of the Fermi surface by a wave vector q and to superimpose it exactly onto another
section. However, the perfect nesting condition is fulfilled only in the one-dimensional case
where large flat parallel sections are present. In higher dimensions the topology of the k-space
is generally not favorable, therefore the contribution coming from the electron-phonon cou-
pling in Eq. (2.19) becomes fundamental to stabilize the low-temperature CDW phase [8, 11].

2.2.2 Role of lattice fluctuations

Even though the model presented in the previous section is able to highlight the fundamental
ingredients that determine the phase transition, it has many weaknesses which arise from the
different approximations made. One among all, the mean-field solution presented, neglects
the role of lattice fluctuations and predicts the development of a long range order at a finite
temperature. However, in many of the quasi-one-dimensional compounds, the zero point
lattice motion is of the same order of magnitude of the Peierls distortion, therefore one
can expect a dramatic effect on the electronic and structural properties when the lattice
fluctuations are taken into account [36, 37].

For a one-dimensional chain described by the Fröhlich Hamiltonian, the order parameter is
complex (see Eq. (2.10)) hence both amplitude and phase fluctuations can occur. In general,
at temperatures T > Tmf the amplitude of the order parameter fluctuates near |∆| = 0. By
decreasing the temperature, the fluctuations are progressively reduced, and well below Tmf

the amplitude of the order parameter approaches its T = 0 value, while the phase of the order
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parameter rotates in the bottom of the double-well potential. It can be shown that, due to these
fluctuations in the order parameter, a strictly one dimensional system cannot develop a long
range order at finite temperatures [11, 38]. The transition to a long range order is recovered
only for a quasi-one-dimensional system with weakly coupled one-dimensional chains ( like
for example the case of K0.3MoO3 and (TaSe4)2I ), in which the coupling between neighboring
chains is fundamental for the stabilization of the low temperature phase [11]. Both the
zero-point and thermal lattice motions are a source of disorder, and they have an effect on
the electronic properties similar to that of a random potential with Gaussian correlations.
These fluctuations can cause a significant modification of the electronic density of states with
respect to the behavior predicted from a rigid lattice distortion [38]. In particular, the lattice
fluctuations remove the inverse-square-root singularity found in the density of states of many
one-dimensional systems and produce a large tail of localized states inside the energy gap
[38]. Furthermore, by increasing the temperature towards the CDW critical temperature,
the correlation length decreases and the density of states at the Fermi level increases, i.e.
the gap fills in [38, 39]. Specifically, theoretical and experimental studies have linked the
temperature-dependence of the lattice fluctuations to the energy scale of the CDW excitations,
showing that when the temperature of the system becomes of the same order of the amplitude
mode frequency (low-energy excitation of the CDW ground state responsible for the change
in its amplitude), the disorder increases [36, 38]. Therefore the lattice fluctuations lead to a
smearing of the electronic gap, that accompanies its simple closure discussed in the mean-field
theory of the CDW transition [38]. As shown in the following section, the role of the lattice
fluctuations becomes increasingly important when the strength of the EPC is increased.

2.3 cdw transition in materials with strong epc

The increase of the electron-phonon coupling strength entails a different driving mechanism
for the charge-density wave transition, therefore even if the properties of the low temperature
phase do not change fundamentally, the expressions developed in the previous section cannot
be applied anymore [8]. Indeed, while in the weak EPC limit the phase transition is triggered
by the divergence of the electronic susceptibility, in the strong EPC limit the CDW phase
results from a peak in the wave vector dependent EPC and manifests through a phonon
softening over an extended region in q-space (as schematically shown in Fig. 2.1(c)) [12, 18,
40]. In both cases the origin of the energy gain is electronic, but compared to a weak-coupling
CDW, a strong-coupling CDW is characterized by a larger lattice distortion, a larger energy
gap and a smaller coherence length [8].

As shown in Fig. 2.2, the thermodynamic behavior near the transition temperature is
markedly different in the two limits. In the weak-coupling scenario, the thermal disordering
is dominated by the electronic entropy, meaning that close to the transition temperature
the thermally excited electrons have enough energy to be promoted above the energy gap
(kBT ∼ ∆) and as a consequence of that, they trigger the phase transition towards the normal
phase. At the mean field critical temperature Tmf, the CDW phase completely vanishes, as
signaled by the evolution of the order parameter and the lattice distortion in the left side
of Fig. 2.2. In the strong EPC scenario, a small coherence length picture has to be applied
[12], and as a consequence of that, the phonon entropy rather than the electronic entropy
turns out to be the key quantity that drives the phase transition towards the normal state
[12, 19, 41]. Indeed, electrons near the gap edge cannot respond to lattice vibrations with
wave vectors farther than 1/ξ from qCDW, with ξ being the coherence length. The number of
phonon modes which participate to the CDW transition is limited by this physical cutoff [12].
Therefore, as mentioned above, in the strong coupling limit, the phonon spectrum is modified
over a large region of the reciprocal space (Fig. 2.1(c)) and consequently the role played by the
lattice entropy becomes increasingly important [12, 19]. Indeed, if the phonon entropy is large
enough, it reduces the transition temperature sufficiently that the electronic entropy becomes
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Figure 2.2: Temperature-driven phase transition in the weak and strong EPC limits. In the weak-
coupling limit the phase transition is driven by the electronic entropy and at Tcdw = Tmf
the CDW order completely vanishes. In the strong-coupling limit the phase transition is
driven by the lattice entropy and at Tcdw only the long-range oder is lost, while a non-zero
short-range order persist up to Tmf. Adapted from [43].

unimportant since in this limit kBTcdw ≪ ∆ (with Tcdw < Tmf), and the thermally excited
electrons cannot be promoted above the energy gap. At the transition temperature, only
the long-range coherence is lost, while fluctuating short-range distortions remain, causing a
smearing and not the complete vanishing of the energy gap, with the formation of a so-called
pseudogap [40, 42]. Consequently, in this temperature region, the system is characterized by
a non vanishing short-range order parameter, proportional to the mean-square local lattice
displacement and to the mean-square local energy gap (shown in the right side of Fig. 2.2)
[12, 43]. The undistorted state is recovered only at a temperature well above Tcdw [8, 12].

At this point it is useful to consider the short coherence length picture originally proposed
by McMillan [12], to explain the CDW transition in the strongly-coupled system 2H-TaSe2. In
this picture, the CDW modes in different superlattice unit cells can be treated as independent
local modes, with intercell interactions. Each superlattice unit cell is thus characterized by a
localized longitudinal phonon and by a local energy gap. Only below the critical temperature
a long-range phase coherence develops, resulting in a uniform lattice distortion and in a
constant energy gap. At the phase transition instead, the long-range phase coherence brakes
up and the long-range order parameter goes to zero. However, above the critical temperature
the system is still characterized by the presence of a large but fluctuating local energy gap, i.e.
a non-zero local order parameter.

For what said above, the transition towards the normal phase is obtained as a consequence
of an order-disorder transformation, in contrast to the displacive transition of the conventional
Peierls picture [40, 44–46]. In a displacive transition the atoms move under the effect of one
or a few well-defined, spatially coherent vibrational modes, that link the low- and high-
temperature phases. In an order-disorder transition instead, the atoms move in a spatially
incoherent manner, with no characteristic correlation length [21]. It is worth noting that,
in both cases of order-disorder and displacive transitions, the average atomic position may
follow the same trajectories. As a consequence of that, a conventional diffraction measurement
cannot distinguish between these two different scenarios (as visible in the diffraction patterns
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Weak-coupling Strong-coupling

PLD/CDW amplitude Small Large
Energy gap Small (∆/EF ≪ 1) Large (∆/EF ≲ 1)
Coherence length Large (ξ/a ≫ 1) Small (ξ/a ≪ 1)
CDW periodicity Incommensurate Tends to be commensurate
Thermal disordering Due to electron entropy Due to lattice entropy
Qualitative picture Fermi surface instability Local chemical bonding

Table 2.1: Comparison between charge-density-wave phases in the weak and strong EPC limits [8].

shown in Fig. 2.2). However, since in a order-disorder transition the atoms move in a spatially
incoherent manner, the study of the diffuse intensity in reciprocal space has proven to be a
valuable tool to unveil the origin of the phase transition [21, 47].

As discussed above, a large phonon entropy leads to a strong reduction of the mean field
CDW transition temperature. Therefore, in the strong EPC scenario, a significant deviation
from the BCS relation between zero-temperature energy gap and transition temperature is
expected. As a guiding principle, the short coherence-length picture has to be applied when
2∆(0) ≳ 7 kBTcdw [12].

As a final remark, to further define these two different scenarios it is useful to consider the
extreme limits of weak and strong EPC, where two qualitatively different pictures emerge.
As already discussed, in the long coherence-length picture, the CDW phase transition is
understood in terms of a Peierls instability. This instability is strongly linked to the concept
of Fermi surface nesting, and therefore deeply rooted in k space. Consequently the PLD is in
general incommensurate with respect to the underlying lattice. In the short coherence-length
picture, due to the much larger atomic displacements, a local chemical bonding picture is
often more appropriate. Atoms tend to form pairs with shortened bonds and due to their large
displacements the non-linear terms in the electron-phonon coupling become important. Hence
the PLD locks on the underlying crystal structure and tends to give rise to a commensurate
CDW phase [8, 12]. These differences are summarized in Tab. 2.1.

2.4 collective excitations of the cdw ground state

Ginzburg-Landau theory

The excitations of the CDW ground state are described by the spatially- and time-dependent
complex order parameter ∆ introduced in Sec. 2.2.1. Given the complexity of a full microscopic
theory, this problem is usually treated by using the time-dependent Ginzburg-Landau theory
in the long wavelength limit [11]. In this framework, the free energy of a one-dimensional
chain can be written as:

F = F(0) + n(ϵF)
∫︂

dx

[︄
a|∆|2 + b|∆|4 + c

⃓⃓⃓⃓
d∆

dx

⃓⃓⃓⃓2
+ d

⃓⃓⃓⃓
d∆

dt

⃓⃓⃓⃓2]︄
, (2.21)

where a, c and d are temperature dependent coefficients, while b is constant. The third term
describes the energy associated with the spatial variation of the order parameter while the last
term represents the kinetic energy due to the temporal fluctuations of the order parameter [11].

For a complex order parameter both phase and amplitude excitation can occur and at
the first order the two can be thought as independent. In this limit, the time- and spatially-
dependent order parameter can be written as:

∆(x, t) = [|∆|+ δ(x, t).] eiϕ(x,t). (2.22)
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of the frequency of the amplitude mode at q= 0. Adapted from [11].

Here |∆| is the magnitude of the spatially and temporally averaged electronic gap, δ(x, t)
describes the amplitude fluctuations of the order parameter and ϕ(x, t) describes the phase
fluctuations. Within this framework, two modes, an amplitude mode (AM) and a phase
mode (PM) ( schematized in Fig. 2.3(a) ), represent the excitations of the ground state of the
CDW condensate [11]. For an incommensurate CDW phase, in the limit of long wavelength
excitations and for T = 0, it is possible to obtain the following dispersion relations ( shown in
Fig. 2.3(b)) for the phase and amplitude excitations:

ωϕ =
(︂ m

m∗

)︂
vFq = cϕq, ωA =

(︂
λω2

2kF
+

m
3m∗ v2

Fq2
)︂1/2

, (2.23)

where m∗ is the effective mass, vF is the Fermi velocity, ω2kF is the unrenormalized soft
phonon mode frequency and cϕ is called phason velocity. As shown by these relations,
for an incommensurate CDW in absence of pinning effects (that can arise from defects
and impurities) the phase mode is massless. Since in the q = 0 limit the phase excitation
corresponds to the translational motion of the undistorted condensate with respect to the
atomic position, the presence of a zero gap dispersion implies that the condensate can freely
slide for an excitation at q = 0. In any real material, however, random impurities and disorder
restrict the sliding motion, leading to a small gap in the phase mode dispersion (pinning
frequency) [11, 48]. On the contrary, the amplitude mode, being directly linked to the change
of the gap size, is characterized by the presence of a gap in its spectrum.

It is also worth noting that, since the phase mode involves the displacement of the electronic
charge distribution with respect to the ionic position, this mode is expected to be infrared
active. Such displacements do not occur for the amplitude fluctuations and therefore the
AM is expected to be Raman active [4]. In the last two decades, a large number of articles
discussing the observation of amplitude and phase modes has been published [48–53]. In
particular, the study of the CDW amplitude mode has attracted a large interest, being this
excitation directly linked to the modulation of the CDW gap and the PLD, and hence being
accessible by different time-resolved techniques sensitive to the electronic or structural degrees
of freedom. These experiments have revealed marked deviations from the simple theory
presented in the previous sections, highlighting the fact that the properties of the CDW
ground state and its low-energy excitations are strongly material dependent, and making
therefore difficult the development of a comprehensive microscopic theory.

At finite temperatures both ωA and cϕ are determined by the temperature dependence of the
electronic gap ∆(T) and of the condensate density f (T). Close to the transition temperature,
the evolution of the amplitude mode frequency is describe by the expression:

ωA ∝ λ1/2ω2kF

(︃
1 − T

Tmf
cdw

)︃1/4
. (2.24)
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Hence the frequency of the amplitude mode approaches zero for T → Tmf
cdw while it

can be shown that the velocity of the phase fluctuations remains finite for T → Tmf
cdw [11].

This renormalization of the AM frequency, has been observed in many CDW materials,
and has been used to identify the AM among the many phonon modes observed in the
low-temperature CDW phase [28, 49–52].

As a final remark, it is worth noting that the amplitude and phase modes discussed in
this section are formally different from the Higgs and Goldstone modes defined in the
case of superconductivity [54]. As discussed here, a spontaneous symmetry-breaking phase
transition leads to the appearance of a massless phase mode representing the low-energy
excitation of the Mexican-hat potential. However, in the case of superconductivity, due to the
presence of a charged condensate, the phase mode is lifted towards higher energies. This
results in a low-energy excitation spectrum governed by the amplitude mode, i.e. the Higgs
mode [55]. Therefore only the superconducting phase represents a one-to-one analogy to the
Anderson-Higgs model used in high-energy physics [56].





3 M E T H O D S A N D E X P E R I M E N TA L S E T U P S

In this chapter the basic concepts of ARPES, TR-ARPES and TR-OS are introduced. In
particular, the physical quantities that can be extracted from an angle-resolved photoemission
experiment are discussed together with the aspects that turn out to be critical in the extension
of the technique to the time domain. This introduction is then followed by a brief comparison
between TR-ARPES and TR-OS. Finally, a detailed description of the experimental setups
employed to perform the experiments discussed in this thesis is reported.

3.1 basic principles of arpes
ARPES is a photon-in electron-out technique that relies on the photoelectric effect, i.e. the
capability of a photon of suitable energy to emit an electron from the bound state of a material
to the vacuum [57]. The importance of ARPES as a spectroscopic tool derives from the fact
that, by exploiting the kinematics of the photoemission process, it is possible to obtain the
binding energy EB and the component of the crystal momentum parallel to the surface h̄k|| of
the electron inside the material:

Ekin = hν − EB − ϕ, h̄k|| =
√︁

2m Ekin sin(θ) . (3.1)

Here Ekin is the kinetic energy of the photoemitted electron, hν is the energy of the incident
photon, ϕ is the work function of the material, i.e. the difference between the Fermi level of
the system and the vacuum level, and θ is the polar angle with respect to the surface normal
(the geometry of an ARPES experiment is shown in Fig. 3.1(a)) [22, 58]. Due to the presence
of the material’s surface that breaks the translation symmetry, only the component of the
crystal momentum parallel to the surface is conserved throughout the photoemission process,
while the component orthogonal to the surface is not (Fig. 3.1(b)). To recover the orthogonal
component it has to be assumed that the final-state dispersion of the electron within the
crystal, can be parametrized by a free electron dispersion offset by a potential V0, named
inner potential [58]. Therefore, under this assumption, the inner potential accounts for the
discontinuity at the crystal surface and the orthogonal component of the crystal momentum
can be obtained from the expression:

h̄k⊥ =
√︂

2m [Ekincos2(θ) + V0] . (3.2)

V0 is a priori unknown, but it can be determined experimentally, exploiting the periodicity
of the dispersion along the kz direction with Ekin [58]. It is worth noting that since Ekin has to
be a positive quantity, equations (3.1) and (3.2) set a limit for the momentum reachable at a
given photon energy hν.

At this point it is useful to remind that Eq. (3.1) and (3.2) have been obtained under certain
assumptions. First of all, the momentum of the incoming photon has been neglected. This
approximation is routinely used in ARPES experiments when photon energies below ∼ 100 eV
are used, and therefore can be applied to all the photoemission experiments shown in this
thesis [22]. Furthermore, the expressions reported above are valid only if the electron does not
undergo any scattering event while traversing the sample thickness during the photoemission
process. These electrons are called primary electrons, in contrast to the secondary electrons that
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Figure 3.1: (a) Geometry of an ARPES experiment, in which the emission direction of the photoemitted
electron is determined by the polar (θ) and the azimuthal (φ) angles. Adapted from [22]. (b)
Vectorial representation of the momentum conservation relations. Adapted from [61]. (c)
Universal curve of the inelastic mean free path as a function of the photoelectron kinetic
energy (bottom axis) and the incident photon energy (top axis). Adapted from [59].

undergo scattering events [22, 58]. The average distance that an electron can traverse without
undergoing a scattering process is named mean free path and its dependence on the photon
energy typically follows the so called universal curve show in Fig. 3.1(c) [59, 60]. As shown
by this curve, the minimum free path is reached for photon energies of a few tens of eV and
corresponds to less than 10 Å. Since the lattice parameter can vary from few to several tens of
Angstroms, the universal curve shown in Fig. 3.1(c) implies that the largest contribution to
the photoemission intensity comes from the first few layers close to the surface. This makes
photoemission a surface-sensitive technique. However the sensitivity to the bulk is recovered
at the extremes of the curve, i.e. for photon energies smaller than 10 eV or in the soft X-Ray
region [59].

After having discussed the kinematics of the photoemission process, we now move to
the modeling of the photoemission intensity. Formally, the photoemission process can be
described by the transition probability w f i, from an N-electron initial state |ΨN

i ⟩ to an excited
final state |ΨN

f ⟩. Therefore, by using the Fermi golden rule we obtain:

w f i =
2π

h̄

⃓⃓⃓
⟨ΨN

f | Hint |ΨN
i ⟩
⃓⃓⃓2

δ(EN
f − EN

i − hν), (3.3)

where EN
i and EN

f are the initial- and final-state energies of the N-electron system while
Hint, is a perturbative Hamiltonian describing the electron-photon interaction [58]. The total
photoemission intensity is then given by I(k, ω) = ∑ f ,i w f ,i.

The most rigorous approach to deal with Eq. 3.3 is to use the so-called one-step model, in
which photon absorption, electron excitation and electron detection are treated as a single
coherent process [62]. However, given the complexity of such a treatment, it is often more
convenient to use a phenomenological three-step model, which divides the photoemission
process into three subsequent and independent steps [63]. In the first step, the incoming
photon drives a direct transition of the electron inside the bulk of the material. In the second
step, the excited electron traverses the sample till the surface, eventually forming secondary
electrons in the case of scattering events. In the third step, the electron is transmitted through
the surface barrier and emitted to the vacuum, with the electron ultimately occupying a
free-electron plane wave state that extends to the detector. The three-step model has the
advantage of being of easier implementation since the three steps in which the photoemission
process is decomposed are decoupled. However, in many cases a one step formalism may be
required to fully explain the spectral intensities observed in the experiments [22, 58].

In the discussion of the photoemission from solids, and in particular for the case of
correlated electron systems, the most powerful and commonly used approach to treat Eq. 3.3
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is based on the Green’s function formalism [22]. Within this formalism the photoemission
intensity measured in an ARPES experiment can be factorized into three contributions:

I(k, ω) = I0(k, hν, A)A(k, ω) f (ω, T). (3.4)

The relevance of the three terms in Eq. 3.4 in the interpretation of the ARPES spectra is
discussed in the following paragraphs.

Matrix elements effects: I0(k, hν, A)

This term accounts for the probability of the transition of one electron from the initial Bloch
state |φk

i ⟩ to the final free-electron state |φk
f ⟩ as a consequence of the interaction with a photon

[64]. The one-electron dipole matrix element connecting these two states can be written as:

Mk
f ,i = ⟨φk

f | Hint |φk
i ⟩ . (3.5)

Within the semiclassical picture, the interaction between the electric field of the incident
radiation, described by the vector potential A, and an electron with momentum p, is described
by the Hamiltonian Hint ∝ p · A. Within this approximation, Eq. 3.5 becomes:

Mk
f ,i ∝ ⟨φk

f |p · A |φk
i ⟩ . (3.6)

The matrix element thus modulates the photoemission intensity depending on the relative
orientation between the polarization of the incident light and the momentum of the electron,
which is linked to the orbital symmetry of the electronic initial state. Therefore, suitable
configurations of photon energy and polarization can be used to enhance or suppress the
contribution coming from particular states, and to reconstruct the orbital character of specific
bands [22, 65].

One-particle removal spectral function: A(k, ω)

This term encodes both the single-particle band structure of the system EB(k) and the many-
body correlation effects. As anticipated above, this term finds its origin from a description of
the photoemission process in terms of the Green functions formalism, which is the most used
to account for the effect of the electronic correlations [66, 67].

For a non-interacting system, upon the removal of an electron with energy EB(k), the system
left behind would not undergo any relaxation process. In such a system, the spectral function
A0 takes the form of a Dirac-delta function centered at the energy and momentum position
given by the band structure dispersion:

A0(k, ω) ∝ δ(E − EB(k)). (3.7)

Hence in this scenario, the particle at EB(k) would have an infinite lifetime [68]. For an
interacting system instead, the interaction among the electrons, or with collective excitations
of the system, modifies the dispersion relation in a way described by the Green function
formalism by means of the complex self energy Σ [69, 70]. A detailed discussion on the
formalism of the self energy is beyond the scope of this thesis, here we only report the form
of the spectral function A for an interacting system once the self energy has been taken into
account:

A(k, ω) ∝
Σ

′′
(k, ω)

[E − EB(k)− Σ′(k, ω)]2 + [Σ′′(k, ω)]2
, (3.8)

where Σ
′

and Σ
′′

indicate the real and imaginary parts of the self energy. These two
terms encompass all the energy renormalization and lifetime changes with respect to the
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Figure 3.2: Illustration of the pump-probe approach used in TR-ARPES. (a) The pump and the probe
pulses are directed onto the sample, separated by a time interval ∆t> 0. (b) The pump
pulse impinges on the sample and drives the system out of equilibrium. (c) The probe pulse
triggers the photoemission process from the out-of-equilibrium state. Adapted from [58].

non-interacting case [22, 68]. Intuitively, Σ
′

leads to a shift of the bare band dispersion
EB(k), while Σ

′′
is responsible for the broadening of the delta function that we find in the

non-interacting case, and it accounts for the finite lifetime of the state [68].

Band structure population: f (ω, T)

The Fermi-Dirac distribution accounts for the fact that direct photoemission probes only
the occupied electronic states. Moreover, it is worth noting that a finite temperature acts as
a physical source of Fermi edge broadening, that adds up to the experimental sources of
broadening.

3.2 basic principles of tr-arpes

Time-resolved ARPES (TR-ARPES) originates from the extension of ARPES to the time domain.
Like other time-resolved techniques, TR-ARPES takes advantage of the so called pump-probe
approach [27, 68]. As it is shown in Fig. 3.2, this technique requires the use of two kinds of
ultrashort laser pulses separated by a tunable time delay ∆t. A first intense pulse, named
pump, excites the system into an out-of-equilibrium condition, whereas a second ultraviolet
pulse, named probe, triggers the photoemission process from the excited state of the material.
By changing the time delay between the pump and the probe pulses it is then possible to
study the relaxation dynamics towards the equilibrium conditions.

An introduction to the principles of the TR-ARPES technique is given in Fig. 3.3, where
the surface state of the topological insulator Bi2Se3 is studied. The top panels display the
TR-ARPES energy-momentum maps for three different pump-probe delays. The time at
which the two pulses overlap on the sample (∆t= 0) is known as temporal overlap. Therefore,
negative delays (Fig. 3.3(a)) correspond to the scenario in which the pump pulse impinges
on the sample after the arrival of the probe pulse, hence the system is measured under
quasi-equilibrium conditions. Indeed this condition might differ from the true equilibrium
condition in the case in which effects lasting longer than the separation between two pump
pulses, like local heating effects, are present. Panel (b) shows a photoemission spectrum
acquired at a pump-probe delay of ∆t= 900 fs, in which the electrons have thermalized
into a quasi-equilibrium Fermi-Dirac distribution, characterized by an increased electronic
temperature. Finally, panel (c) shows a spectrum acquired at larger pump-probe delays, in
which the system has almost completely relaxed back to the equilibrium condition. The
bottom row in Fig. 3.3 presents differential TR-ARPES maps, computed by calculating the
difference between the spectra shown in the top row with one acquired at a large negative time
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Figure 3.3: TR-ARPES signal on the surface state of the topological insulator Bi2Se3. The top panels
show three TR-ARPES spectra acquired at different pump-probe delays ∆t, while the bottom
row shows the differential maps, highlighting the pump-induced redistribution of spectral
weight. These measurements were performed with a probe photon energy of 10.8 eV and a
pump photon energy of 1.2 eV. The time resolution of the experiment was ∼ 800 fs.

delay. In these maps, red (blue) regions denote an increase (decrease) of the photoemission
intensity with respect to the equilibrium conditions. It is worth noting that a change in the
photoemission intensity is not solely linked to a change in the population of specific bands,
but, as discussed in the following, can arise from a complex interplay of different effects [68].

In the scenario in which, after the initial light-induced excitation of the electronic bath, the
electrons can be assumed to be thermalized into a quasi-equilibrium states, the TR-ARPES
signal can be approximated by extending the equilibrium formalism of Eq (3.4) into the time
domain:

I(k, ω, ∆t) = I0(k, hν, ∆t)A(k, ω, ∆t) f (k, ω, ∆t). (3.9)

The relevance of the three terms in Eq. (3.9) is discussed in the following paragraphs.

Band structure population dynamics: f (k, ω, ∆t)

A large number of TR-ARPES experiments were performed to study the population dynamics
induced by the pump pulse [71–75]. In addition to the sudden temperature increase of
the electronic system, the pump redistributes the electrons in a nonthermal manner by
triggering direct optical transitions from the occupied to the unoccupied electronic states
above EF, in specific regions of the 3D Brillouin Zone. As a consequence of that, the Fermi-
Dirac distribution that in the conventional ARPES scenario doesn’t have any momentum
dependence, is modified to take into account the highly anisotropic electronic distribution in
momentum space (at least for short time delays ∆t∼ 0) [68].
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The light-induced nonthermal electronic distribution at short pump-probe delays, provides
a valuable approach to map the band dispersion of the unoccupied electronic states [73] and
a method to extract the size of the electronic band gaps in different systems [24, 76].

Moreover, by tracking the hot carrier relaxation dynamics towards the equilibrium condi-
tions, it is possible to extract information on the multiple scattering processes [71] and on the
fundamental electron-boson coupling constants [7, 74].

Spectral function modifications: A(k, ω, ∆t)

This term accounts for all the transient modifications of the band structure, density of states
(DOS) and many-body interactions. Indeed, an optical pump pulse can modify the bare
electronic band structure by driving coherent and incoherent phonons [77, 78] or transiently
changing the many-body interactions, i.e Σ(∆t). The transient change of the self energy can
arise from a large variety of effects, like for example a modification of the screening and
the scattering phase space or a light-induced phase transition [23]. It worth noting that, all
the different contributions to A(k, ω, ∆t) are often deeply intertwined and therefore difficult
to disentangle [68]. In the quasi-equilibrium approximation, however, the spectral function
can still be explored via equilibrium analysis methods, and therefore Σ can be extracted by
analyzing the ARPES line shape as a function of the pump-probe delay [23].

Matrix elements effects: I0(k, hν, ∆t)

The transient modification of the matrix elements have been recently demonstrated to be an
alternative possibility to account for the changes in the photoemission intensity observed
in a TR-ARPES experiment [79]. Its validation, however, requires a detailed study of the
photoemission intensity as a function of the probe polarization, and a system where this effect
can be disentangled from the possible momentum-dependent redistribution of charges that
could overshadow the change in the matrix elements [79].

3.3 technical aspects of tr-arpes

No single set of source parameters can provide the optimal conditions for all the TR-ARPES
experiments, and therefore the choice of the source parameters is of paramount importance.
Indeed, a state of the art TR-ARPES setup derives from a complex tradeoff between technical
and physical limitations. In this section we present some of the physical and technical aspects
relevant in the realization of this kind of setups.

Time and energy resolutions

The light sources generally used in equilibrium ARPES experiments are characterized by
very narrow spectral bandwidths (∼meV), hence the energy resolution of the experiments is
mostly determined by the electron spectrometer [80, 81]. However, the pump-probe approach
used in TR-ARPES requires the use of ultrashort light pulses, whose duration is directly
linked to their bandwidth by the energy and time uncertainty principle (a pulse of 100 fs
requires a bandwidth of 20 meV). Therefore, the pulse bandwidth, which sets the energy
resolution, and its duration, which determines the time resolution of the experiment, are
fundamentally connected (even if some theoretical works have suggested a way to circumvent
this limit [82]). Specifically, while the energy resolution is determined only by the probe
bandwidth, the time resolution depends on the duration of both pump and probe pulses. For
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the case of Gaussian pulses (in the time domain), the cross-correlation is also Gaussian and
the total FWHM is given by the expression:

FWHMXC =
√︂

FWHM2
probe + FWHM2

pump. (3.10)

At this point, it is worth noting that, in the case in which the pump and the probe pulses
are not collinear, the time smearing that arises from the presence of a finite angle between the
two has to be taken into account while calculating the time resolution of the apparatus [83].

A simple method to retrieve the experimental time resolution is to look for relaxation
dynamics shorter than the time resolution itself. In this case, if the dynamics is not exceedingly
short, the trace extracted from the measurement follows the pump-probe cross correlation
and therefore can be used to estimate the time resolution of the setup.

From a scientific prospective, the balance between bandwidth and pulse duration is driven
by the physics being studied [80]. Depending on the harmonics generation process, the probe
bandwidth can easily vary from 10 − 500 meV [23, 84].

Space-charge effects

Space-charge is a drawback in photoemission spectroscopy arising from the Coulomb in-
teraction among the photoemitted electrons. This interaction leads to a distortion of the
energy-momentum distribution of the photoelectrons [85]. At a first approximation, the
effect of the Coulomb interaction is to shift and broaden the energy distribution (due to both
acceleration and retardation of the electrons) leading to a loss of the experimental resolution
[80, 85]. Pulsed sources and small spot sizes are thus the conditions where the space-charge
effects are more severe, since the density of photoelectrons in real space is higher, and thus,
the Coulomb interactions are stronger. Moreover, in a time-resolved experiment both pump
and probe pulses can be source of space-charge effects. Since light pulses in the visible or
near-infrared range are usually used in time-resolved experiments to excite the materials
under examination, photoemission from the pump can arise only as a consequence of a
multi-photon process and hence usually occurs only for large excitation densities [80, 86].

Thermal effects

Thermal dissipation in time-resolved experiments depends both on the material under
investigation (in particular on its thermal conductivity and shape) and on the characteristics
of the laser source. In particular, most of the thermal effects can be ascribed to the pump pulse,
which brings the majority of the average power. At low repetition rates, the pump energy is
typically dissipated before the arrival of the next pulse. Conversely, at higher repetition rates,
the thermal dissipation may not be sufficient to bring the system to equilibrium before the
arrival of the next pulse. In this case, the upper limit on the average power (and hence on
the excitation fluence) has to be set accordingly to the sample damage threshold and to the
maximum sample temperature [7, 80]. It is worth noting that the steady state temperature
depends on the sample thickness, which can be reduced to increase the thermal dissipation
[80]. Since the repetition rate simultaneously determines the pump average power and the
probe flux, a tradeoff between maximum excitation fluence and photoemission count rates
has to be found.
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Figure 3.4: Semiclassical three step model description of high-harmonic generation in gases. (i) The
electric field of an intense laser pulse distorts the atomic potential and induces the tunnel
ionization of an electron. (ii) The electron is accelerated from the electric field of the laser
pulse. (iii) The recollision of the electron with the ion generates a burst of high energy
radiation.

3.4 high-order harmonic generation

General aspects

The easiest way to generate a probe beam with sufficient photon energy for a photoemission
experiment is via nonlinear frequency conversion, hence exploiting the second order optical
susceptibility χ2 [87]. The ultimate limit for the crystal-based sources is set around 6− 7 eV by
the transparency of the nonlinear media [80]. To push the generation beyond the transparency
limits of solids, one can employ nonlinear frequency conversion via the third-order optical
susceptibility χ3 in gases [88]. However, to reach photon energies higher than ∼ 11 eV, one
must drive materials beyond the perturbative limit and exploit the so-called high-order
harmonic generation (HHG) process. When an intense short pulse interacts with an atomic
gas, the atoms respond in a nonlinear way and emit coherent radiation at frequencies that are
odd multiples of the laser fundamental frequency. When the frequency of the laser is much
smaller than the ionization potential, the harmonic’s spectra is characterized by a universal
shape: it falls off for the first harmonics, then it exhibits a plateau where all the harmonics
have very similar intensity, and then it ends up with a sharp cut-off [89].

The HHG process is here presented following the semiclassical model developed in Ref. [90],
being able to capture the essential information of a full microscopic treatment [89]. As shown
in Fig. 3.4, a strong driving field induces a distortion in the atomic potential and enables the
tunneling ionization of an electron that reaches the continuum with zero velocity (i). The
subsequent motion of the electron is treated classically: the emitted electron is accelerated
by the electric field of the driving pulse, which reverses sign after half optical cycle, hence
driving the electron back towards the parent ion (ii). Only those electrons that return to the
nucleus can emit harmonics by recombining to the ground state (iii). Classical simulations
show that, the maximum kinetic energy acquired by a free electron from the electric field
when it recombines to the nucleus is 3.2 Up, where Up ∝ E2/4ω2 is the ponderomotive energy
acquired in a laser field of strength E and frequency ω [89, 90]. Therefore the maximum
energy of the emitted photons is give by the expression:

h̄ωcutoff = IP + 3.2 Up, (3.11)
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Figure 3.5: Scheme of the TR-ARPES experimental setup with an HHG probe (17− 31 eV) and a tunable
pump (640 − 900 nm and 1200 − 2400 nm) developed at the T-ReX laboratory. M, mirror; BE,
Beam expander; Bst, beam stopper; CBst, conical beam stopper; DM, dichroic mirror; L, lens;
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where IP is the atomic ionization potential. Hence, by increasing the wavelength of the
driving field and by using light noble gases (increase of IP), it is possible to move the cutoff
towards higher energies.

The temporal structure of the harmonics, consisting of bursts of radiation emitted at every
half-cycle of the driving field, has opened the door to the world of attosecond spectroscopies
based on table top sources [89, 91]. Indeed, in recent years, the use of mid-infrared few-
optical-cycle light pulses to drive the HHG process has proved to be a valuable technique to
generate isolated attosecond pulses [92–94]. The generation of such pulses, however, requires
the use of high-energy and low-repetition rate laser sources, and results in a low photon flux,
that, as discussed in the previous sections, is not suitable to perform TR-APRES experiments.

The use of high repetition rate laser sources (with a reduced energy per pulse), requires to
reduce the beam size on the gas target (to keep constant the energy density) and therefore to
work in the so-called tight-focusing regime [95]. The high photon flux required in a TR-ARPES
experiment can only be achieved if the harmonic radiation produced across the volume of the
gas target adds coherently. This phase-matching condition is more difficult to achieve in a
tight-focusing regime, due to the increasingly importance of the Guy phase of the laser beam
when the focal spot gets smaller [95]. A detailed analysis shows that the conversion efficiency
can be made invariant of the pulse energy, provided that the spot size, the gas target length
and the gas pressure are suitably rescaled. Specifically, a tight-focusing regime requires the
use of higher gas pressures and a smaller interaction volumes [95, 96].

Moreover, it has been shown that even if the cutoff energy (Eq. (3.11)) is pushed to higher
energies by increasing the wavelength of the driving field, the generation efficiency follows
the opposite behavior. In particular, for a driving field in the visible/near-infrared region the
generation efficiency is proportional to ≈ λ−5 [97]. Hence, in TR-ARPES experiments, the use
of the second harmonic of the laser’s fundamental is generally used to drive the HHG process
[96, 98, 99]. This scheme has also the advantage to increase the energy spacing between the
harmonics, making them easier to separate.
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Figure 3.6: (a) Geometry of the OPM scheme. The grating equation for the OPM scheme turns to be:
sin γ(sin µ + sin ν) = mλσop; where σop is the groove density, λ is the wavelength of the
diffracted light and all the other angles are indicated in figure. Adapted from [100]. (b)
HHG spectra as resolved by a grating with 200 gr/mm and measured by using a channeltron
electron multiplier. The identification of the harmonics is also reported, the ones in grey
refer to the second diffraction order. A second grating with 400 gr/mm can be used to fully
separate the first from the second diffraction order. The repetition rate of the laser was set
to be 100 kHz.

3.5 hhg source at t-rex

This section is devoted to the presentation of the TR-ARPES setup used in this thesis and
developed at the T-ReX laboratory. As shown in Fig. 3.5, the HHG system is powered by two
Yb:KGW-based integrated femtosecond laser system (PHAROS, Light Conversion) seeded by
the same oscillator. Each amplifier produces ∼ 300 fs light pulses at a central wavelength of
1030 nm, with a tunable repetition rate and a maximum power of 20 W above 50 kHz. The
maximal energy per pulse, equal to 400µJ, is available in the 0 − 50 kHz interval. At higher
repetition rates, the energy per pulse is set by the maximum power and the actual repetition
rate (e.g. at 100 kHz, which is the repetition rate used for the experiments presented in
this thesis, the energy per pulse is 200µJ) [99]. One of the two amplifiers is used to drive
the HHG process, while the other is used to seed an optical parametric amplifier (OPA)
(Orpheus F, Light Conversion) whose output constitutes the pump beam in the time-resolved
experiments. With this scheme it is therefore possible to tune the pump wavelength in the
ranges 640 − 900 nm and 1200 − 2400 nm, which correspond respectively to the signal and
the idler of the OPA.

As discussed in the previous section, to increase the generation efficiency, the HHG process
is seeded by the second harmonic of the laser, at 515 nm. This beam is then focused into the
generation chamber which has been designed to work in the tight-focusing regime (Fig. 3.5). In-
deed, this regime allows to drive the HHG process starting with a pulse duration (at the output
of the laser) of ∼ 300 fs, without the use of any compressor (the only time reduction takes place
with the generation of the second harmonic [101]). In order to maintain a good vacuum level in
the generation chamber, a second cell is installed around the gas nozzle and directly connected
via an in-vacuum feedthrough to a 620 m3/h primary pump (Edwards GX600). In the present
configuration the aperture of the nozzle is of 50µm and the spot-size of the beam in the focus
(i.e. in front of the nozzle) is of the order of ∼ 8µm. The maximum efficiency for the HHG
generation is achieved by applying an Argon pressure at the input of the gas nozzle of 5.5 bars.

The spectral selection of single harmonics is performed by an off-plane-mount (OPM)
grating monochromator [100, 102]. Differently from the classical diffraction gratings, where
the grating grooves (gr) are perpendicular to the incident plane, in the off-plane geometry the
incident plane is almost parallel to the grooves (shown in Fig. 3.6(a)). The main advantage
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Figure 3.7: (a) Fermi level measured on a polycrystalline gold foil. To take into account the finite energy
resolution, the Fermi-Dirac distribution has been convoluted with a Gaussian function (grey
curve). To work with higher count rates, which allow to obtain a better signal to noise ratio,
a small amount of space charge (∼ 15 meV) has been tolerated. (b) Photoemission intensity
extracted from short lived states of VTe2 in a TR-ARPES experiment. The upper trace has
been obtained by using the signal of the OPA as a pump, while the lower trace has been
obtained by using the idler. In both configurations the cross correlation of the pump and
probe pulses turns to out be ∼ 110 fs.

of this scheme is that the groove density needed to have the same spectral resolution and
temporal response is higher in the OPM than in the conventional scheme. This results in a
reduced pulse-front tilt, which corresponds to a lower temporal broadening. Moreover, the
OPM scheme allows to achieve a higher efficiency with respect to the classical configurations
[100, 102]. As shown in Fig. 3.5, the monochromator consist of two toroidal mirrors and five
OPM plane gratings. The beam is collimated by the first toroidal mirror into a specific grating
and subsequently refocused onto the exit slit by the second toroidal mirror, characterized by
the same focal length to reduce the aberrations [100]. By selecting the proper grating it is
possible to route the beam towards the SPRINT or the T-ReX end-stations [99]. It is worth
noting that, given the small bandwidth of the harmonics (∼ 20 meV), the monochromator here
presented is generally used only to select the different harmonics generated. In particular, the
harmonics from the seventh to the thirteenth can be used in a TR-ARPES experiment, allowing
therefore to use 16.8, 21.6, 26.4 or 31.2 eV as a probe photon energy [99]. The tunability of the
probe photon energy, even if limited, is exploited to find favorable matrix element conditions
and to select the proper kz value inside the Brillouin zone. Figure 3.7(a) shows the typical
energy resolution achieved in a time-resolved experiment. In order to work with higher count
rates a small amount of space charge (∼ 15 meV) is usually tolerated.

After the exit slit of the monochromator the intensity of the different harmonics can be
measured by using a channeltron electron multiplier (CEM) from Dr. Sjuts (model KBL
10RS/90). Fig. 3.6(b) shows the intensity of the different harmonics recorded as a function the
angle of the monochromator. This procedure allows to reconstruct the full spectrum of the
harmonics generated and is used to check the alignment of the beamline. It is worth noting
that, when gratings with a low density of grooves are used (to minimize the pulse-front
tilt), due to the smaller angular dispersion, the second diffraction order of the most intense
harmonics is visible and overlaps with the first diffraction order (Fig. 3.6(b)).

The refocusing chamber is equipped with a toroidal mirror, which images the beam spot
at the slit position onto the sample position, with a 1 : 1 ratio. The dimension of the HHG
beam onto the sample is of the order of ∼ 100µm [99]. Moreover, as shown in Fig. 3.5, an
aluminum mirror is placed in the refocusing chamber to direct the pump beam on the sample.
The mount of the mirror is placed in such a way that the pump beam forms an angle of less
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than two degrees with respect to the HHG beam, keeping therefore as low as possible the
temporal smearing. With this configuration, the cross correlation between the pump and the
probe pulses turns out to be ∼ 110 fs (Fig. 3.7(b)).

Finally, the measurement chamber is equipped with a six-axes cryo-manipulator over which
the samples are mounted. The electrons photoemitted from the sample are analyzed and
detected by a SPECS Phoibos 225 hemispherical spectrometer, equipped with a delay-line
detector. All the experiments reported in this thesis have been performed using the wide-angle
mode (WAM) of the spectrometer, which results in an angular acceptance of 30◦. The base
pressure in the chamber is 2 × 10−10 mbar.

3.6 non-equilibrium optical spectroscopy

This section is devoted to a general introduction to the time-resolved optical spectroscopy
(TR-OS) techniques, with particular emphasis to the reflectivity experiments. Since however
the general framework of the pump-probe experiments has already been introduced in Sec. 3.2,
in the following we report an experimental comparison between TR-OS and TR-ARPES with
the purpose of showing the complementarity of these two techniques.

3.6.1 A comparison between TR-OS and TR-ARPES

In the last 20 years, the possibility of studying ultrafast dynamics with relatively cheap
table-top laser sources has stimulated a dramatic development of the time-resolved version
of the conventional optical spectroscopies, with a prominent role played by reflectivity and
transmissivity experiments [27]. Being these techniques based on the detection of photons
(instead of electrons) the experimental setups turn out to be less complex than the ones used
in TR-ARPES. In particular, the most common acquisition scheme for these experiments
requires the presence of a mechanical modulator (chopper) to modulate the pump beam at
a known frequency. With the pump beam modulated by the chopper, the pump-induced
variation of the sample reflectivity (transmissivity) is measured acquiring the ac-component,
at the chopper frequency, of the photo-current produced by a photodiode measuring the
reflected (transmitted) probe beam. This acquisition scheme allows to achieve a very high
signal to noise ratio, of the order of ∼ 10−5, that can be pushed to ∼ 10−8 in experimental
setups specifically designed for low noise measurements [27, 103, 104]. Thanks to its high
signal-to-noise ratio, TR-OS has proven to be one of the most suitable techniques to study the
phonon modes triggered by the pump excitation even at very low excitation fluences [28, 105].
This aspect constitutes one of the main advantages of the time-resolved optical spectroscopies
with respect to TR-ARPES, where much lower signal-to-noise ratios can be achieved.

Moreover, as discussed in Sec. 3.3, the energy-time uncertainty principle imposes a tradeoff
between the energy and time resolutions in a TR-ARPES experiment. Given the different
observable used in the time-resolved reflectivity and transmissivity experiments, the energy-
time uncertainty principle doesn’t affect these experiments. Therefore in these techniques,
the time resolution can be pushed to much higher values without the drawbacks observed
in photoemission [106–108]. Furthermore, in the case in which broadband time-resolved
reflectivity measurements are performed, an increased bandwidth of the probe pulse allows
to extend the range of accessible energies on which the out-of-equilibrium response is studied
[109, 110].

As a final remark, it is worth emphasizing that the information extracted from a TR-OS
experiment generally arises from an average over the pump-induced dynamics in large
sections of the Bz, being this technique not able to resolve the response of the system at
specific momenta (even if thanks to polarization dependent measurements a momentum
sensitivity can be achieved [111]). Therefore, TR-ARPES and TR-OS can be thought as two
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T-ReX laboratory. M, mirror; DM, dichroic mirror; SM, spherical mirror; BS, beam splitter; L,
lens; P, prism; Bst, beam stopper.

complementary techniques, whose combination can be used to tackle the same physical
problem from different perspectives.

3.7 near-infrared broadband tr-os setup at t-rex
This section is devoted to the presentation of the near-infrared broadband TR-OS setup used
in this thesis. This setup allows to perform reflectivity measurements over a broadband
spectral range (515 − 1650 nm, which correspond to 0.75 − 2.4 eV) [109, 110]. This unique
feature is obtained thanks to a careful optimization of the supercontinuum generation in a
sapphire window and to two linear InGaAs (Hamamatsu G11608-256) array detector, which
allow to simultaneously acquire the data in the full spectral range.

The setup is seeded by a Ti:Sapphire laser system made by two laser cavities that work
in conjunction: an ultrafast oscillator (Mira 900F, working at 80 MHz) and a regenerative
amplifier (RegA 9050), based on a chirped pulse amplification scheme. The resulting beam has
a central wavelength of ∼ 800 nm and a full width at half maximum bandwidth of ∼ 35 nm
which allows to support ∼ 50 fs light pulses. The system operates at a repetition rate of
250 kHz, delivering an average output power of 1.5 W, which corresponds to an energy per
pulse of 6µJ [112].

Figure 3.8 shows the optical scheme of the TR-OS setup. The beam that arrives on the
optical table is splitted in two arms (pump and probe) by a beam splitter. The probe beam
is then tightly focused on a 3-mm-thick sapphire window, to generate the supercontinuum
beam (about 1µJ/pulse is needed to generate a stable single-filament supercontinuum beam).
The broadening of the frequency spectrum of the probe pulse is obtained thanks to different
nonlinear optical processes, among which a prominent role is played by the self-phase
modulation [113, 114]. The supercontinuum beam is then collimated by a parabolic mirror
and after having removed the laser’s fundamental it is focused onto the sample. Finally,
the reflection of the sample is directed towards one of the two InGaAs detectors. Before
impinging on the detector, the supercontinuum beam is dispersed by using a prism, in this
way different wavelengths impinge on different pixels and the full spectrum can be acquired



28 methods and experimental setups

Full beam

Beam at
sample
position

Beam after
splitting

Splitting 
65-35

Splitting 
50-50

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

4002000-200-400
Hight (μm)

311μm

Fixed pump data
gauss. fit

probe
FWHM

In
te

n
si

ty
 (

a
rb

. 
u

n
its

)

2001000-100-200
Width (μm)

142μm

Fixed pump data
gauss. fit

probe
FWHM

In
te

n
sity (a

rb
. u

n
its)

2001000-100-200
Width (μm)

138μm

Mov. pump data
gauss. fit

probe
FWHM

In
te

n
sity (a

rb
. u

n
its)

4002000-200-400
Hight (μm)

381μm

Mov. pump data
gauss. fit

probe
FWHM

(a) (b)

Figure 3.9: (a) The scheme shows the splitting of the pump pulse in two halves. By using the sharp edge
of a movable prism (shown in Fig. 3.8) it is possible to cut the pulse in different positions,
therefore changing the energy per pulse of the two halves. In the second row the drawings
do not show the real dimensions of the beams at the sample position, but only schematize
how the overlap is made. The splittings reported refer to the ratio between the power of
each pump and the total power impinging on the sample. (b) Measured dimensions of the
two pump beams at the sample position. The arrows in figure indicate the FWHM of the
Gaussian curve used to fit the intensity profiles measured by using a beam profiler. The
measurement has been performed using a splitting for the two pump pulses of 65 − 35, i.e.
the one used for the measurements reported in Ch. 4. The shaded areas show the FWHM of
the probe beam.

simultaneously. After the generation of the supercontinuum, a small portion of the beam is
directed to the other InGaAs detector and used as a reference.

The experiments presented in Ch. 4 have required the implementation of a double-pump
excitation scheme that has been designed on purpose for this investigation. After the beam
splitter, the pump pulse is cut in two by using the sharp edge of a movable prism [115]. As
shown in Fig. 3.9(a), by moving the prism it is possible to cut the beam in a different position,
allowing therefore to switch from conventional single pump experiment (prism not inserted)
to a double pump experiment. After the splitting, one of the two halves (named as "mov.
pump" in Fig. 3.9(b)) goes through a delay stage which allows to change the relative delay
between two. The two halves are then recombined by using a second prism, and the two go
together through a second delay stage (which allows to tune their delay with respect to the
probe beam). After that, the pump beam is modulated by a chopper with a 50 % duty cycle
to impose the pumped/unpumped conditions. Finally, the fluence of the pump beam can
be modified by using a device consisting of a double Brewster-window polarizer preceded
by a rotatable half-wave plate. The s-polarized component is chosen and focused onto the
sample. It is worth noting that, if the pump is cut in two (prism inserted), this stage controls
the power of both pumps simultaneously. Hence the only way of controlling the relative
fluence of the two pump pulses is to change their splitting by moving the prism.

Given the fact that after the splitting the beam does not retain its Gaussian spatial profile,
the estimation of the excitation fluence has required to measure the dimensions and shape
of the two pump beams at the sample position. Figure 3.9(b) shows the measured beam
profiles (hight and width for every pump pulse) obtained for a splitting between the two
halves of 65 − 35, i.e. the one used for the measurements presented in Ch. 4. This comparison
shows that, although after the splitting the two pump pulses have rather different dimensions,
at the sample position the two turn out to be very similar, thus suggesting that their final
dimensions are mainly limited by aberration effects. Furthermore, Fig. 3.9(b) demonstrates
that both axes of the two pump beams can be described by Gaussian profiles having different
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Figure 3.10: Two-dimensional maps showing the evolution of the ∆R/R signal of VTe2 as a function of
the pump-probe delay and of the probe photon energy. The spectral region around 1.55 eV
was disturbed by the pump photons scattered from the sample, so it is not considered. (a)
Map as acquired from the photodiode array detector. A pronounced chirp is visible. The
green curve shows the profile used to correct the chirp. (b) Map after the chirp correction.
After the correction the green curve shown in (a) has become a straight line.

FWHM, therefore, despite the splitting of the pump pulse, we assumed both beams to be
Gaussian with an elliptical shape at the sample position.

The experimental data acquired with this setup are plotted as:

∆R(ω, t)
R

=
Rpumped(ω, t)− Runpumped(ω)

Runpumped(ω)
, (3.12)

where R(ω) = S1(ω)/S2(ω), with:

• S1(ω) being a vector of signals collected by the individual pixels of the InGaAs detector
placed after the sample;

• S2(ω) being a vector of signals collected by the individual pixels of the InGaAs detector
placed after the supercontinuum generation.

This definition of R(ω) is therefore used to reduce the noise arising from the fluctuations
in the supercontinuum generation.

3.7.1 Supercontinuum chirp correction

Due to the large spectral content of our supercontinuum beam, a progressive elongation of
the probe pulses takes place during their propagation to the sample position [116]. Indeed,
thanks to the wavelength dependence of the refractive index, different colors propagate at
different velocities and this results in a non-negligible temporal chirp of the probe pulses: the
low frequencies travel in the leading edge of the pulse, while the high frequencies travel in the
tail. The temporal structure of the supercontinuum beam clearly emerges in our broadband
pump-probe experiments where, as shown by Fig. 3.10(a), the near-infrared part arrives
∼ 3 ps earlier than the visible part, resulting in a frequency-dependent temporal overlap
between the pump and the probe pulses. Since the chirp of the supercontinuum pulses is
not compensated in the setup, each map has to be post-processed to compensate for the
dispersion of the probe pulses. In particular, the correction is performed by shifting each
row of the two-dimensional map shown in Fig. 3.10(a) along the delay axis by an amount
determined by a correction curve, which depends only on the specific configuration of the
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setup (and not on the sample measured). The correction curve used for the experiments
presented in this thesis (green trace in Fig. 3.10(a)) has been built starting from the map
displayed in panel (a), which shows the non-equilibrium reflectivity measured on VTe2. In
particular, we extracted the delay at which the ∆R/R signal reaches 1/4 of its maximum
amplitude and we fitted this profile with a polynomial fit function. The resulting fit has been
used as a correction curve. The measurement performed on this compound turned out to
be well suited for building the correction curve. Indeed, being in this case the raise time of
the non-equilibrium reflectivity limited only by our time resolution, the study of the ∆R/R
signal provides a precise information on the arrival of the probe pulse. The result of the chirp
correction is shown in Fig. 3.10(b). All the measurements reported in this thesis have been
corrected using this approach.

3.7.2 Single-color probe experiments

The experimental setup presented in the previous section can also be used to perform single-
color probe experiments without changing the probe beam or the sample position. As shown
in Fig. 3.8, a foldable mirror can be used to pick the reflection of the sample. This mirror is
then used to send the beam towards a single photodiode preceded by an interferential filter.
Therefore by changing the filter it is possible to select the wavelength to be measured. The
advantage of this experimental scheme is that, by using a single photodiode, it is possible
to switch to a lock-in detection. This detection allows to obtain much higher signal-to-noise
ratios and to reduce the acquisition time of the experiment. Thus this configuration can be
useful in the case in which temperature or fluence scans need to be performed.



4 C D W C O L L E C T I V E M O D E S I N V Te2

This chapter is devoted to the presentation of the time-resolved reflectivity experiments
performed on the charge-density-wave compound VTe2. These results are corroborated by
the DFT simulations performed by Prof. Maria Peressi and Dr. Davide Bidoggia, which
are discussed alongside to the experimental results. In particular, after having discussed
the lattice reconstruction that occurs in the low temperature phase, we present a systematic
temperature-dependent study of the coherent phonon modes observed in the CDW phase.
From this study, with the aid of density functional perturbation theory simulations, we unveil
the presence of two collective amplitude modes of the CDW phase. Furthermore, by applying
a double-pulse excitation scheme, we show the possibility to manipulate these modes, gaining
insights into the mutual coupling between these two collective excitations.

4.1 the transition-metal dichalcogenide compound vte2

Transition-metal dichalcogenides (TMDCs) are a class of materials with properties that make
them highly attractive for both fundamental studies and for industrial applications, ranging
from nano-electronics to chemical sensing [117]. Despite their rich history [118], in the last
years, there has been a renewed interest in this class of materials, pushed by the possibility
to reduce their thickness down to the monolayer limit and to manipulate their properties by
means of external stimuli, like strain, electric fields and light pulses [119–121]. Furthermore,
TMDCs usually display rich phase diagrams characterized by an interplay between different
phases [122–124]. Among these phases, the presence of low-temperature CDW orders has
been extensively investigated in many materials [124–126].

In this landscape, VTe2 is currently attracting wide interest since recent angle-resolved
photoemission experiments have demonstrated the presence of a CDW phase strongly coupled
to the band inversion involving the vanadium 3d and tellurium 5p orbitals. As a consequence
of that, the emerge of the CDW phase leads to the selective disappearance of the Dirac-like
states that characterize its normal phase [124]. Furthermore, as discussed in the following,
the CDW phase transition in VTe2 cannot be explained solely in terms of Fermi surface
nesting, as it would be expected from the conventional Peierls picture; conversely its origin
must be sought in a peak of the wavevector dependent EPC. The presence of a strong
electron-phonon coupling (EPC) dramatically affects both the low-temperature properties
and the thermodynamic behavior across the CDW phase transition, making VTe2 a promising
candidate to study this unconventional CDW phase.

4.1.1 High-temperature crystal structure and CDW reconstruction

By studying the high-temperature lattice symmetry and the changes that occur due to the
emergence of the CDW phase, valuable insights on the low-temperature phase can be gained.

In its normal phase, VTe2 has a CdI2 structure, consisting of trigonal layers formed by
edge-sharing VTe6 octahedra (shown in Fig. 4.1(a)) [127]. Upon cooling, at around 480 K,
VTe2 undergoes a first order phase transition towards a commensurate CDW phase, whose
appearance is signaled by a jump in the temperature dependent resistivity and by the
appearance of new diffraction peaks [46, 127, 128]. The resulting CDW phase exhibits a
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Figure 4.1: (a) Top and side views of the high-temperature crystal structure of VTe2. In the upper part
of the panel, the VTe6 octahedron forming the trigonal layers is shown. (b) Projection of
a low-temperature single VTe2 layer on the pseudo-hexagonal plane, showing the lattice
reconstruction that occurs in the CDW phase. The black arrows show the displacement
direction of the vanadium atoms, while the dashed lines highlight the contraction of the V-V
bonds resulting in a double zigzag structure. The brown ellipse highlights the trimerization-
like bonding between three adjacent vanadium atoms, in which the position of the central
atom remains almost completely unaltered. (c) Calculated total density of states (DOS) and
projected density of states (PDOS) for the high-temperature (HT) and low-temperature (LT)
phases. The bonding (B), non-bonding (NB) and antibonding (AB) states, arising from the
trimerization-like bonding highlighted in (b), are labelled. (d) Calculated phonon dispersion
along selected high-symmetry directions for the first Brillouin zone of the high-temperature
phase of VTe2. The vertical red lines denote the position of the most negative frequencies.
The calculations have been performed in the zero-temperature limit using norm-conserving
pseudopotentials. Modified figure based on the published version in Tuniz et al. [110].

3 x 1 x 3 superstructure, characterized by double zigzag chains of vanadium atoms, as depicted
in Fig. 4.1(b). This pattern, commonly observed in group-V transition metal ditellurides [129],
arrises due to the trimerization-like bonding of three adjacent vanadium atoms (highlighted
by the brown ellipse in Fig. 4.1(b)), which results in a large contraction of the V-V bond
length, with a relative change in metal-metal bond legth (∆amax/a) of the order of 9 % [127,
128]. Moreover, in response to the displacements of the vanadium atoms, the tellurium
octahedra are distorted, resulting in a corrugation of the VTe2 layers and in a monoclinic
lattice symmetry [127]. To quantify the extent of the lattice distortion, it is useful to compare
the CDW reconstruction that occurs in VTe2 with the one observed in 2H-TaSe2, which
constitutes the prototypical CDW system driven by strong EPC [12]. In TaSe2, where the
critical temperature is Ticdw ∼ 120 K, the relative change in the length of the unit cell triggered
by lattice reconstruction is of the order of 1.5 % [130]. As discussed in section 2.3, one of the
experimental evidences of a EPC-driven CDW is the presence of a large lattice distortion with
respect to the transition temperature. Given the values reported above, this ratio turns out to
be larger in VTe2 than in TaSe2, thus suggesting the presence of a strong EPC in VTe2.
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As a final remark about the lattice reconstruction, it is worth noting that the formation of a
3 x 1 x 3 superstructure leads to the appearance of equivalent domains, rotated by 120 degrees.
As further discussed in the following chapter, the existence of these domains has to be taken
into account carefully when momentum resolved techniques are employed.

The trimerization-like bonding between different vanadium atoms, not only affects the
lattice symmetry, but it also deeply modifies the electronic properties of VTe2. Figure 4.1(c)
shows the calculated density of states (DOS) for the normal and the CDW phases of VTe2.
Three peaks at a binding energy of +0.35, −0.7 and −1.4 eV are clearly visible in the DOS
calculated in the CDW phase. These peaks correspond respectively to the bonding (B), non-
bonding (NB) and antibonding (AB) states that arise from the trimerization-like displacements
of the vanadium atoms. Orbital-resolved calculations have shown that the vanadium dxy
orbitals remain almost completely unaltered during the phase transition and constitute
the non-bonding (NB) peak, while the dyz and the dzx orbitals give rise to the bonding
and antibonding states [124]. Moreover, as further elaborated in the following chapter, the
localized nature of the dyz and the dzx orbitals has a profound effect on the electronic band
structure that characterizes the CDW phase of VTe2 [124].

4.1.2 High-temperature phonon dispersion and lattice instabilities

Important insights on the low-temperature CDW phase can be gained also from the study of
the high-temperature phonon dispersion [131]. Figure 4.1(d) shows the calculated phonon
spectrum along selected high-symmetry directions of the first BZ. These calculations, per-
formed in the zero-temperature limit, show the presence of different phonon modes character-
ized by a negative frequency. In the framework of the density functional perturbation theory
(DFPT) calculations, an imaginary phonon mode denotes an atomic displacement that lowers
the free energy of the system, and thus drives a second order displacive phase transition
[131, 132]. The most negative frequencies, found at about 2/3 of the ΓM and AL directions,
suggest therefore a lattice instability towards an in-plane reconstruction with triple periodicity
along one crystallographic direction. Moreover, the fact that the most negative value of the
imaginary mode is observed along the AL direction suggests the concomitant presence of an
out-of-plane reconstruction, in full agreement with the one experimentally observed in the
CDW transition. Therefore, phonon calculations can give important clues about the stability
of a particular crystal structure and can allow to study the relevance of the anharmonic effects
and of the lattice fluctuations in the stabilization of a particular phase [131]. However, it is
worth pointing out that, although the phonon calculations performed in the zero-temperature
limit can be used as a starting point, in general, the lattice reconstruction occurring in the
CDW phase can be inferred theoretically only by calculating the full phonon spectra as a
function of the temperature, and studying at which wavevector q a phonon becomes unstable
upon cooling [131].

Although the possibility to photoinduce the phase transition towards the normal state in
VTe2 has been investigated by means of different structural probes [133–135], to the best of
our knowledge, a systematic study on the properties of the low-temperature CDW is still
missing. Therefore, in the following sections we study the effect of a non-resonant excitation
(hνpump = 1.55 eV) on the electronic and structural properties of VTe2, analyzing in particular
the behavior of the collective modes that characterize the low temperature CDW phase. If not
otherwise specified, all the experiments presented in this chapter have been performed using
the broadband time-resolved reflectivity setup presented in Sec. 3.7.
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Figure 4.2: (a) Two-dimensional map showing the evolution of the ∆R/R signal of VTe2 as a function of
the pump-probe delay and of the probe photon energy. The spectral region around 1.5 eV
was disturbed by the pump photons scattered from the sample, so it was not considered.
(b) Two-dimensional map showing the magnitude of the Fourier Transform (FT) of the
coherent part of the ∆R/R extracted from (a) as a function of the frequency and of the probe
photon energy. For better visibility, in the range between 1.6 and 2.4 eV the intensity of the
FT has been multiplied by a factor 10. (c) Traces extracted from (a) showing the evolution
of the ∆R/R signal as a function of the pump-probe delay at four selected probe energies.
Modified figure based on the published version in Tuniz et al. [110].

4.2 low-temperature phonon modes

In the last two decades, all-optical pump-probe techniques have demonstrated their effective-
ness in studying Raman-active collective excitations with unprecedented dynamic range and
frequency resolution [28, 29, 136, 137]. In particular, by studying the reflectivity dynamics
on quasi-one-dimensional CDW systems, it was shown that numerous Raman-active modes
appear upon lowering the temperature through the CDW transition, thus demonstrating the
capabilities of this technique [29–31]. Following this established path, we investigate the
low-temperature response of VTe2.

The two-dimensional map reported in Fig. 4.2(a) shows the evolution of the ∆R/R signal as
a function of the pump-probe delay, in the spectral range accessible through our supercon-
tinuum probe. The measurement was performed at a base temperature of 80 K and with an
absorbed fluence of ∼ 250µJ/cm2. At this fluence we estimate a single-pulse-induced lattice
heating of the order of ∼ 30 K (the details of this estimation will be given in the following
chapter). Therefore, given the high critical temperature of this material, we reside in the low
perturbation regime of the CDW ground state.

As shown by Fig. 4.2(a), for a wide range of probe photon energies the nonequilibrium
reflectivity is dominated by the presence of strong coherent oscillations that add up to the
incoherent exponentially decaying signal. As for other CDW systems, in the low temperature
phase, the response of the incoherent part of the ∆R/R signal is characterized by a first
decay that ends within 1 ps, and a by slow recovery which evolves on a timescale of ∼ 10 ps
[28, 29, 31]. The former, which usually slows down critically upon approaching the critical
temperature, is attributed to the recombination time of hot carriers across the temperature-
dependent CDW gap [28], while the latter has been suggested to be linked to the recovery
of the coupled electron-lattice order parameter [138]. Although useful informations on the
closure of the CDW gap could be extracted from the analysis of the incoherent part of the
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non-equilibrium reflectivity [28], being interested in studying the collective excitations of the
CDW phase, in the following we will mainly focus on the study of the coherent part of the
nonequilibrium reflectivity.

Figure 4.2(b) shows the square magnitude of the Fourier transform (FT) of the coherent
part of the signal, isolated by subtracting a double exponentially decaying fit function to
the data shown in Fig. 4.2(a). Two sharp peaks at a frequency of ∼ 1.65 and ∼ 2.50 THz
appear over a wide range of photon energies, in agreement with what has been observed in a
previous work [139]. As confirmed by our DFPT calculations, these frequencies are linked to
A1 zone-center optical phonon modes peculiar of the CDW phase, being the two not present
in the high-temperature phonon dispersions reported in Fig. 4.1(d). For notation purposes,
since the frequency of these phonon modes varies with the temperature, as we will see in the
following, we refer to these modes by labelling "A" the one with a low-temperature frequency
of ∼ 1.65 THz and "B" the one with a frequency of ∼ 2.50 THz.

With the aim of tracking the dependence of both coherent and incoherent parts of the out-
of-equilibrium reflectivity on the probe photon energy, we model the full temporal evolution
of the ∆R/R signal after the perturbation as:

∆R
R

(t, hν) = G(t) ⊗
[︃ 2

∑
i=1

Ai(hν)e−t/τe
i (hν) + B(hν)

+
2

∑
j=1

Cj(hν)e−t/τ
ph
j cos[ωjt + ϕj(hν)]

]︃
,

(4.1)

where G(t) represents the cross correlation between the pump and the probe pulses. The
term Ai(hν) denotes the amplitude of the electronic relaxation phenomena with time constant
τe

i (hν). B(hν) represents the amplitude of a much slower process (likely related to a thermal
heating effect) that in our time window can be approximated by a constant term. Finally,
the term Cj(hν) denotes the amplitude of the oscillating component used to describe the

modulation induced by a phonon mode with angular frequency ωj, decay time τ
ph
j and

phase ϕj(hν). Only the phase is assumed to be dependent on the probe photon energy.
Conventionally, the excitation of coherent phonons in opaque materials is described by the
DECP theory [140]. Within this theory, the phase of the resulting oscillation is directly related
to the lifetime of the driving force on the vibrational coordinate. In the displacive limit,
realized when the lifetime of the force is long compared to the period of the mode, a cosine
oscillation with phase ϕ ≈ 0 or π is predicted, while for the impulsive limit a cosine oscillation
with phase ϕ ≈ π/2 is expected [141, 142]. Here, however, we observe an energy dependent
change in the phase of the two modes in the infrared part of the spectrum (hνprobe < 1.55 eV).
This behavior can be explained by considering that in this spectral range the penetration depth
of the probe is larger than the one of the pump, therefore a change in the probe wavelength
entails a different effective fluence in the probed region. Since the phase of the two modes has
proven to depend on the excitation fluence, the change of the effective fluence in the probed
region could explain the continuous phase variation observed here.

Figure 4.2(c) shows four traces extracted at selected photon energies from the map shown
in Fig. 4.2(a), together with the best fits obtained by using Eq. (4.1). For energies lower than
1.3 eV, a beat between the two modes is clearly visible, while for higher energies there is a
predominant contribution of phonon A, which is well visible in all the investigated spectral
range. The density of states calculations reported in Fig. 4.1(c) show that for energies around
∼ 1 eV, the probe beam is resonant to the transition between the hybridized bonding and
non-bonding vanadium states, which are strongly affected by the emergence of the CDW
phase. As shown by the traces reported in panel (c), at this energy we observe an increase of
the amplitude of the out-of-equilibrium reflectivity and a strong beat between the two phonon
modes, thus confirming that this spectral region is maximally sensitive to a perturbation of
the CDW order.
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Figure 4.3: (a) Two-dimensional map showing the evolution of the ∆R/R signal as a function of the
sample temperature and of the pump-probe delay. The measurements have been performed
using a probe photon energy of ∼ 0.95 eV (1300 nm). (b) Evolution of the frequency and
damping (shaded area whose width correspond to the damping) of the two phonon modes
as a function of temperature. (c) Schematic representation of the displacements associated
with phonon A (red arrows) and phonon B (blue arrows). Vanadium atoms are in red,
while tellurium atoms are in teal. The colored boxes show a comparison between the
experimental results and the calculated frequency of the two modes. The calculations have
been carried out using the quantum espresso (qe) suite [143–145]. In particular, to obtain
the zone-center phonon eigenvalues and eigenvectors, the dynamical matrix was calculated
and diagonalized in a density functional perturbation theory (DFPT) approach [146] under
the scalar relativistic approximation [147] as implemented in qe [110]. Modified figure based
on the published version in Tuniz et al. [110].

4.3 temperature-dependent study of the cdw amplitude
modes

To investigate the origin of the two coherent phonon modes detected, and in particular their
interplay with the CDW phase, we performed a systematic study of the evolution of the
non-equilibrium reflectivity as a function of the temperature. To do so, we employed a probe
photon energy resonant with the transition between the bonding and the non-bonding CDW
states. Specifically, as discussed in section 3.7.2, in order to improve the signal to noise ratio
we performed single-color probe measurements by filtering the supercontinuum probe with a
bandpass filter at ∼ 0.95 eV (1300 nm), and allowing therefore to adopt a lock-in detection of
a single InGaAs photodiode. For these experiments we set the same excitation fluence used
in the supercontinuum-probe measurements.

The two dimensional map reported in Fig. 4.3(a) shows the evolution of the non-equilibrium
reflectivity as a function of the temperature of the system, in the range 80 − 370 K (the upper
boundary of this range has been set due to the experimental difficulties encountered at higher
temperatures). To extract the temperature (T) evolution of the coherent part of the ∆R/R
signal, we model the full temporal evolution of the non-equilibrium reflectivity after the
arrival of the pump pulse as:

∆R
R

(t, T) = G(t)⊗
[︃ 2

∑
i=1

Ai(T)e−t/τe
i (T) + B(T)

+
2

∑
j=1

Cj(T)e
−t/τ

ph
j (T) cos[ωj(T)t + ϕj(T)]

]︃
,

(4.2)

in which all the fit parameters have the same meaning of the ones already introduced in
Eq. (4.1), with the difference that the photon energy dependence has been substituted by the
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temperature dependence, that extends also to the frequency and the damping of the phonon
modes [110].

Figure 4.3(b) shows the evolution of the frequency and of the damping constant (defined as
Γ = 1/(πτph) [28]) of the two phonon modes, extracted by using Eq. (4.2), as a function of
the temperature. A strong renormalization of the frequency of the two phonon modes occurs
upon increasing the temperature towards the CDW critical temperature. This effect goes
along with a marked increase of their damping at high temperatures. The peculiar behavior
described here has been observed in many other CDW system and has been used to identify
the AM mode of the system [28–31, 136, 148]. This identification is also supported by our
DFT simulations [110]. Indeed, Fig. 4.3(c) shows the calculated eigendisplacements of the
two phonon modes, for the vanadium atoms involved in the CDW reconstruction. For both
phonon modes, there is a component of the atomic motion along the main direction of the
CDW reconstruction (x axis in the figure), meaning that both phonon modes can modulate
the amplitude of the PLD, and hence of the CDW, as expected for the amplitude mode of
the system [11, 110, 149]. However, although both modes are intertwined with the CDW
reconstruction, as shown by Fig. 4.3(c), for phonon B the movement of the vanadium atoms is
more localized along the in-plane direction, where the lattice distortion is larger. Therefore
phonon B is expected to modulate the CDW reconstruction more effectively. This observation
is in agreement with the fact that phonon B shows a more pronounced softening when the
temperature is increased, suggesting a stronger link to the charge-ordered phase. Conversely,
phonon A involves smaller displacements along the in-plane direction but more pronounced
movements along the out-of-plane direction [110].

We emphasize that there is a reasonable agreement between the calculated and the exper-
imental values of the frequencies (Fig. 4.3(c)). Indeed, it has to be taken into account that
the lowest temperature reached in the experiments was 80 K, while the calculations were
performed in the zero temperature limit. We expect that experiments performed at lower
temperatures would show a further increase of the phonon mode frequency, thus reaching
values closer to the ones obtained from the calculations [11].

4.4 fluence-dependent study of the cdw amplitude
modes

4.4.1 Comparison with the temperature-dependent study

By varying the excitation fluence, additional information about the nature of the CDW phase
transition can be obtained. In particular, it has been shown that the absorbed energy density
required to drive the phase transition from the CDW phase to the normal state can provide
additional information about the energetics of the phase transition [29]. Indeed, time-resolved
reflectivity studies performed on the prototypical quasi one-dimensional CDW systems, like
K0.3MoO3 and (TaSe4)2I, have demonstrated that the absorbed energy density required to op-
tically melt the electronic modulation (non-thermally) is comparable to the energy gain of the
electronic system upon entering the CDW phase [29, 50]. Moreover, it has been shown in differ-
ent CDW systems that the energy density required to completely suppress the CDW order is
substantially higher than the electronic part of the condensation energy, and comparable to the
energy required to transiently heat up the sample across the phase transition [29, 50, 138, 150].

The two-dimensional map reported in Fig. 4.4(a) shows the evolution of the non-equilibrium
reflectivity as a function of the absorbed fluence. The traces that compose this map have
been normalized to the absorbed fluence to facilitate the comparison between curves whose
intensity would otherwise differ by more than one order of magnitude. To better visualize
the effect of a change in the excitation fluence in the response of the system, in the left panel
of Fig. 4.4(b) we report four traces extracted at selected fluences (denoted by the dashed lines)
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Figure 4.4: (a) Two-dimensional map showing the evolution of the normalized ∆R/R signal as a
function of the absorbed fluence and of the pump-probe delay. The measurements have
been performed at a probe photon energy of ∼ 0.95 eV (1300 nm) and at a base temperature
of 80 K. (b) Comparison between traces extracted from (a) at selected fluences (denoted
by the dashed lines in (a)) and traces extracted from Fig 4.3(a) at selected temperatures.
(c) Evolution of the frequency and damping (shaded area whose widths correspond to
the damping) of the two phonon modes as a function of the absorbed fluence. The solid
lines show the estimated evolution of the frequency of the two AMs based on the transient
increase of the lattice temperature obtained by using the 3TM presented in Sec. 5.5.1.

from the map shown in Fig. 4.4(a), together with their best fits. The first important aspect
to note is that, as shown by these traces, even at the highest excitation fluence reachable by
our experimental setup, the absorbed energy density is not large enough to completely drive
the phase transition. Indeed, even at an absorbed fluence of ∼ 1.7 mJ/cm2, clear oscillations,
linked to the excitation of the CDW amplitude modes, are well visible, demonstrating that
the system is still in the CDW phase. Even if this fluence scan cannot be used to study the
possibility to non-thermally melt the CDW phase, it is anyhow useful to compare these traces
with the ones acquired at different temperatures and reported in the right side of Fig. 4.4(b).
Indeed, although the two sides of this figure can look quite similar at a first glance, some
differences appear in the behavior of the CDW amplitude modes.

As discussed in the previous section, when the temperature of the system is increased,
we observe a pronounced softening of the AM frequencies that comes together with a large
increase of their damping. Conversely, when the excitation fluence is increased by more than
one order of magnitude, the frequency of the modes is only weakly perturbed (Fig. 4.4(c)). Also
the damping evolution is different from the one extracted from the temperature-dependent
measurements. Indeed, after a first increase, the damping of the two modes remains almost
constant up to the highest fluence.

It is worth noting that the changes in the frequency of the two modes are compatible
with the ones expected from the transient increase of the lattice temperature induced by the
pump pulse. By using the three-temperature model presented in Sec. 5.5.1 we estimated the
maximum temperature reached by the lattice after the arrival of the pump pulse and, by using
the temperature scan presented in the previous section, we calculated the expected frequencies
of the two modes based only on the increased lattice temperature. This procedure is based on
the assumption that, since in the temperature scan a low excitation fluence has been used,
these measurements can be used to extract the frequency of the modes as determined solely
by the temperature of the system (and in particular of the lattice). The estimated evolution of
the frequency of the two modes is shown by the two solid lines reported in Fig. 4.4(c). The
excellent agreement with the values of frequency extracted from the fluence scan confirms
that the changes in the AMs frequency arise mainly from the transient increase of the lattice
temperature. The increased damping, instead, might originate from the anharmonic coupling
of the two AMs to the non-thermal bosonic population generated by the relaxation of the
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Figure 4.5: (a)-(c) Two dimensional maps showing the evolution of the ∆R/R signal of VTe2 as a
function of the pump-probe delay and of the probe photon energy. As denoted by the
roman numbers, these three measurements have been performed consecutively. (d) Two
dimensional map showing the evolution of the ∆R/R signal of a single crystal of tellurium
as a function of the pump-probe delay and the of probe photon energy. The measurements
shown in (a)-(d) were performed at a base temperature of 300 K and using a pump photon
energy of ∼ 0.95 eV (1300 nm). (e)-(h) Traces extracted from (a)-(d) at a probe photon energy
of 2.05 eV together with their best fits.

hot carriers [24, 74]. Therefore, the results reported in this paragraph show that the behavior
observed in the fluence scan can be explained by considering the energy deposited in the
lattice by the pump pulse, and are compatible to the ones reported in literature for other CDW
systems [29, 50, 138, 150]. When a non resonant pump is used, the complete phase transition
towards the normal phase is observed only at a fluence for which the deposited energy allows
to transiently increase the lattice temperature above the transition temperature. Hence, using
again the results of the 3TM model, it is possible to estimate the fluence required to drive the
phase transition towards the normal state. Starting from a base temperature of 80 K, we obtain
that to transiently increase the lattice temperature up to ∼ 500 K, an absorbed fluence higher
than 4 mJ/cm2 is required. This high value of fluence has proven to be unreachable with the
setup presented in Sec. 3.7, and therefore, the study of the light-induced phase transition
required the use of a different laser system.

4.4.2 Damage threshold in VTe2

As shown in the previous paragraph, very high excitation fluences are required to drive
the complete phase transition in VTe2. Therefore, to reach the fluences needed while also
simultaneously keeping the average heating (induced by the pump beam) as low as possible,
a different broadband time-resolved reflectivity setup was used. In particular, to meet the ex-
perimental conditions required, a setup seeded by a Ti:Sapphire ultrafast amplifier (Coherent
Legend Elite DUO He + USP) delivering an energy per pulse of ∼ 7 mJ at a repetition rate of
1 kHz was used. Being the conceptual scheme of this setup very similar to the one presented in
section 3.7, here we shortly highlight only the main differences between the two. At the output
of the amplifier the beam is splitted in two parts: ∼ 5 mJ are send to a Twin-OPA system
(Light Conversion) and are used to generate the pump pulse employed in the time-resolved
experiments; the remaining ∼ 2 mJ are send to the optical table and are used to generate the
supercontinuum probe (∼ 100µJ) and to seed other setups (the remaining part). One of the
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main differences with respect to the setup introduced in section 3.7, is that a continuously
rotating CaF2 crystal is used to generate the supercontinuum light instead of a sapphire
window (the rotation of the crystal is needed to avoid the damaging of the crystal itself).
The use of this different generation scheme is motivated by the fact that it allows to obtain
a broadening of the spectral content of the pulses towards higher energies (hν > 3 eV) [151].
Hence, given the different energy range in which the setup operates, the InGaAs array detector
is replaced in favor of a NMOS photodiode array detector (S3901-256Q from Hamamatsu).

The two-dimensional map reported in Fig. 4.5(a) shows the evolution of the non-equilibrium
reflectivity in the spectral range accessible by the described setup. In particular, by using the
generation and detection schemes introduced above, it has been possible to investigate the
response of the system up to 3.4 eV, at the expense of the near-infrared part of the spectra,
that is lost. Thanks to that, the fast negative component that characterizes the ∆R/R signal of
VTe2 for probe energies higher than 2 eV, barely visible in the upper part of the map shown in
Fig. 4.2(a), can be easily investigated. As demonstrated by the profile extracted at 2.05 eV and
reported in Fig. 4.5(e), also in this part of the spectrum the two amplitude modes that charac-
terized the CDW phase of VTe2 are well visible, demonstrating the good crystalline quality of
the sample under investigation. The fact that frequency, amplitude and lifetime of the two are
strongly reduced (with respect to the ones shown in Fig. 4.2(a)) originates from the fact that
this measurement has been performed at 300 K and using an incident fluence of 1.5 mJ/cm2.

The two-dimensional map reported in Fig. 4.5(c) shows the result of a measurement
performed in the same experimental conditions, after having exposed the sample to an
incident fluence of ∼ 9 mJ/cm2 (Fig. 4.5(b)). As demonstrated by these maps, the exposure
to very high excitation fluences leads to a permanent modification of the response of the
system. In particular, this permanent change is signaled by the appearance of a new phonon
mode at a frequency of ∼ 3.7 THz. Interestingly, the trace reported in Fig. 4.5(g) shows that
although the response of the system is now dominated by the appearance of the new phonon
mode, for probe photon energies higher than 2 eV, the two amplitude modes are still visible,
demonstrating that at least part of the probed volume has maintained the pristine properties.

The origin of this permanent change in the response of VTe2 has not to be sought in a
photoinduced transition to an hidden state, like in the case of 1T-TaS2 [152], but rather to
a laser-induced tellurium segregation [153]. Indeed, new marked coherent oscillations at
a frequency of 3.6 THz, after having exposed the samples to high laser fluences, have been
observed also on other telluride compounds [153–155] and have been considered to arise from
the Raman-active totally symmetric A1 mode of tellurium [156]. Therefore, the appearance of
this mode reflects the gradual formation of an at least partially crystalline Te phase induced by
the incident pump pulse [154]. Moreover, the observable change in the color of the sample’s
surface exposed to the laser spot, together with the fact that two AMs are still visible after the
exposure of the VTe2 to high excitation fluences, suggest that the tellurium segregation takes
place only at the uppermost layers (where the excitation fluence is higher) while deeper in
the material the pristine properties are preserved.

To further corroborate the assignment of the new mode observed in VTe2 to the A1 mode
of Te, in Fig. 4.5(d) we report the non-equilibrium reflectivity measured on a tellurium single
crystal in the same experimental conditions. As can be seen from this figure, the ∆R/R
signal is dominated by the presence of a strong coherent oscillation at a frequency of 3.6 THz
(Fig. 4.5(h)) that is compatible with new frequency observed in VTe2, hence confirming the
scenario explained above. It is worth noting that neither in our measurements nor in the
previous other works on Te segregation, the concomitant segregation of other species was
detected [153–155]. As a final remark, we emphasize that, given the low repetition rate
of the laser system employed for these measurements, the damaging of the VTe2 crystals
cannot be simply linked to the pump-induced continuous heating of the samples. Additional
experiments are therefore required to investigate the origin of this permanent damage.

In conclusion, the segregation of tellurium to the surface limits the maximum fluence that
can be used in the time-resolved experiments. This limitation, together with the high critical
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Figure 4.6: (a) Two-dimensional map showing the evolution of the ∆R/R signal as a function of the
delay between the two pump pulses (x axis) and the delay between the first pump and the
probe pulses (y axis). The measurements have been performed at a probe photon energy of
∼ 0.95 eV (1300 nm) and at a base temperature of 80 K. (b) Traces extracted from (a) together
with their best fits, showing the evolution of the ∆R/R signal as a function of the delay
between the first pump and the probe pulses, for two selected delays between the pump
pulses. The black arrows denote the arrival of the second pump pulse. (c)-(e) Evolution
of the amplitude and of the phase shift of the two phonon modes, after the arrival of the
second pump pulse, as a function of the delay between the two pulses. Modified figure
based on the published version in Tuniz et al. [110].

temperature of VTe2 (which instead would require high excitation fluences), has hindered the
study of the photoinduced phase transition. The attempts made have proven to be not fully
reproducible and therefore are not reported in this thesis.

4.5 coherent control of the cdw amplitude modes
As discussed in section 2.4, the amplitude mode represents the fundamental excitation of
the real part of the complex order parameter that describes the CDW phase. Hence, the
observation of two amplitude modes in VTe2 leads one to wonder whether these two are
independent or whether they are mutually coupled because of the simultaneous link to the
same order parameter. Indeed, in CDW systems the phonon-mode potentials are inherently
anharmonic due to their coupling to the electron density modulation. The anharmonicity is
strongest for the Khon anomaly modes, which become the amplitude and the phase modes in
the CDW state. This results in a possible coupling between the different collective excitations
of the low-temperature phase [157].

Additional insights into a possible coupling between the two amplitude modes of the
system can be gained by performing double-pump experiments. In particular, coherent
control of phonon modes have been demonstrated in a wide variety of crystalline material,
including quasi-one-dimensional CDW systems [158–163], and can be used to study the
coupling between different modes [164]. Here we apply this approach to the case of VTe2.

4.5.1 Single color probe measurements

In general, after the photoexcitation, the motion of the vanadium atoms in real space, is
defined by the combination of the eigendisplacements of phonon A and B, as shown in
Fig. 4.4(c). Using a double-pump excitation scheme, and tuning the delay between the two
pump pulses, it is possible to selectively enhance or reduce the amplitude of one of the two
phonon modes, while studying the effect on the other mode. We show the result of this
approach in the two-dimensional map reported in Fig. 4.6(a), where the evolution of the
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non-equilibrium reflectivity is studied as a function of the delay between the two pump pulses.
Here, the first pump pulse, named "pump1" (p1), excites the two amplitude modes, while the
second pump pulse, named "pump2" (p2), is used to control them. For this experiment, we
set the absorbed fluence to be Fp1 =2Fp2 ∼ 230µJ/cm2.

In order to better visualize the effect of the second pump pulse on the two AMs, in Fig. 4.6(b)
we show two traces extracted from Fig. 4.6(a) at selected delays between the two pump pulses.
Trace 1 shows the effect of a second excitation that is in phase with phonon B but almost
completely out of phase with phonon A. The result is an enhancement of the amplitude of the
former and a suppression of the latter. Considering again the movement of the atoms in real
space, this implies that the large out-of-plane component in the movement of the vanadium
atoms, given by the excitation of phonon A, is deeply reduced while the movement along
the in-plane coordinate of the PLD is amplified. Conversely, trace 2 shows the opposite case.
Specifically, the excitation of the second pump pulse here is in phase with phonon A but out
of phase with phonon B. This leads to an enhancement of phonon A and a suppression of
phonon B.

Up to now we just considered the effect of the second pump pulse at two selected delays,
however from the two-dimensional map reported in Fig. 4.6(b) it is possible to extract the
complete evolution of the amplitude of the two AMs, after the arrival of the second pump
pulse, as a function of the delay between the two pump pulses (Fig. 4.6(c) and (d)). This
choice is motivated by the fact that, from the evolution of their amplitude, it is possible
to gain information on the coupling between the two. Indeed, in the case of independent
oscillators, the temporal evolution after the perturbation induced by the second pump pulse
can be modeled as [164, 165]:

I(tPP) = I0
i e−(t−tPP)/τ

ph
i + ∆I0

i cos(ωi(t − tPP) + ϕi), i = A,B. (4.3)

Where I0
i is the amplitude of the phonon at the arrival of the second pump pulse and τ

ph
i is

the decay time of the mode. ∆I0
i denotes the magnitude of the change in the intensity of the

AM mode induced by the arrival of the second pump pulse; ωi and ϕi denote respectively the
frequency and the phase of the mode.

As shown in Fig. 4.6(c) and (d) the fits obtained by using Eq. 4.3 allow to describe with a
very good agreement the evolution of the intensity of the amplitude modes. This implies that
the intensity of one of the two modes can be enhanced or suppressed without affecting the
other. Therefore, even if the two amplitude modes are coupled to the same electronic order,
the two are completely independent.

Furthermore, as shown by Fig. 4.6(e) and (f), the double-pump excitation scheme allows
also to control the phase of the two modes [166, 167]. Indeed, the second pump pulse induces
a phase shift in the motion of the ions, whose extent depends on the delay between the two
pump pulses (Fig. 4.6(e) and (f)). This effect can be explained considering the fact that two
AMs are described by damped cosine oscillations and, as time passes, their intensity decreases
while the intensity of the second pump pulse remains fixed. Hence, the effect of the second
pump pulse grows with the delay between the two pump pulses.

4.5.2 Spectrally resolved double-pump excitation

Up to now, the double-pump excitation scheme has been considered only in conjunction to
a single-color probe acquisition. However, this excitation scheme can be also applied to the
case in which a supercontinuum probe is used, allowing therefore to simultaneously study
the effect of the second pump pulse at different probing energies.

The two-dimensional map reported in Fig. 4.7(a) shows the evolution of the non-equilibrium
reflectivity as a function of the probe photon energy and of the pump-probe delay for an
excitation scheme in which the second pump pulse is completely out of phase with phonon
A and thus almost completely in phase with phonon B. As shown by the FT reported in
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Figure 4.7: (a) Two-dimensional map showing the evolution of the ∆R/R signal as a function of the
probe photon energy and the pump-probe delay for an excitation scheme in which the
second pump pulse is completely out of phase with phonon A. The measurement has been
performed at 80 K and the absorbed fluence was set to be Fp1 =2Fp2 ∼ 250µJ/cm2. (b)
Two-dimensional map showing the magnitude squared of the Fourier Transform of the
coherent part of the ∆R/R signal extracted from (a), as a function of the probe photon
energy. (c) Difference between the map reported in (b) and the one reported in Fig. 4.2(b),
showing the change in the magnitude squared of the FT induced by the arrival of the second
pump pulse. (d)-(f) are analogue to (a)-(c) with the only difference that the second pump
pulse is completely out of phase with phonon B. Modified figure based on the published
version in Tuniz et al. [110].

Fig. 4.7(b), a clear reduction in the intensity of the peak at 1.6 THz is observed in the full
spectral range. The changes induced by the second pump pulse on the coherent part of the
∆R/R signal can be better visualized by considering Fig. 4.7(c), which shows the difference
between the map shown in panel (b) and the one shown in Fig. 4.2(b), acquired by using a
conventional single-pump excitation scheme. It is worth noting that, these measurements have
been performed consecutively, and that the difference between the two has been calculated
after having carefully normalized the intensity of the ∆R/R signal, to account for possible
variations in the generation of the supercontinuum beam. Unexpectedly, while the intensity
of phonon A is reduced in all the spectral range, the effect on phonon B depends on the
range considered. Indeed, the intensity of phonon B is enhanced in the visible part of the
spectrum while it is reduced in the infrared part. A similar behavior is observed also in the
case in which the second pump pulse arrives in antiphase with phonon B (Fig. 4.7(d)-(f)).
In particular, Fig. 4.7(f) shows that, while phonon B is suppressed in all the spectral range
accessible by our probe pulse, the intensity of phonon A is reduced only in a narrow range
around 1.85 eV, while it is enhanced in the remaining parts.

Since the phase that characterizes the motion of the atoms is uniquely defined for each
phonon modes, the fact that the second pump pulse seems to have an energy dependent
effect on the phonon modes must be a consequence of the probing mechanism [103]. Indeed,
the changes of sign observed in panels (c) and (f) are located at energies close to the ones
required to trigger an optical transition between the bonding-nonbonding and the bonding-
antibonding states, suggesting therefore that this peculiar behavior might originate from
the fact that different optical transition are involved (we remind that phonon B is mostly
localized in the infrared part of the spectrum, i.e. for phonon energies resonant to the bonding-
nonbonding transition, while phonon A is well visible in the full energy range accessible
by our probe beam). The complete understanding of the effect here described requires the
detailed modeling on how the energy-dependent dielectric function of the material is modified
by the excitation of the two phonon modes [109]. These calculations however go beyond the
scope of this thesis.
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Despite the lack of a microscopic explanation, the results reported in this section show that
the use of a supercontinuum probe gives access to an information inaccessible by means of a
single-probe acquisition, highlighting the importance of broadband probes in time-resolved
reflectivity experiments.

4.6 conclusions
In this chapter we reported a detailed study of the low-energy collective excitations of the
CDW compound VTe2. In particular, the broadband time-resolved reflectivity experiments
performed in the CDW phase have shown that the low-temperature response of the material is
dominated by the presence of two phonons modes. By performing a systematic temperature-
dependent study, we unveiled the presence of a mean-field like softening of their frequency
when the temperature of the system is raised towards the CDW critical temperature, as
expected from the amplitude mode of the system. The identification of the phonon modes as
the amplitude modes of the system has then been corroborated by DFPT calculations, which
have shown that both phonon modes modulate the amplitude of the lattice reconstruction.

The observation of two AMs simultaneously linked to the same order parameter has moti-
vated the study of their possible mutual coupling. This study has required the implementation
of a new double-pulse excitation scheme, which has been specifically designed for these
experiments. Indeed, the use of a double-pump excitation allows to study the indirect effect
of the enhancement or suppression of one AM to the other one, thus gaining insights on their
possible coupling. Interestingly, these experiments have shown that the two modes can be
independently modulated, and therefore, even if coupled to the same order parameter, the
two are independent.

Furthermore, the possibility to photoinduce the phase transition has been investigated.
This study, however, has been hindered by the fact that the excitation fluence limited to
photoinduce the transition towards the normal phase is higher than the damage threshold of
the material. Indeed, we demonstrated that high excitation fluences cause the segregation of
Te atoms to the surface, with the gradual formation of an at least partially crystalline tellurium
phase. The presence of this segregated phase has therefore overshadowed the response of
pristine VTe2.

Finally, we emphasize that, despite the presence of a large lattice reconstruction and a
marked resilience upon excitation with near infrared light pulses, which point towards the
presence of a CDW phase originating from a strong momentum dependent electron-phonon
coupling, our findings show that the AMs of the charge-ordered phase are characterized by
a behavior similar to the one observed in the prototypical quasi-one-dimensional systems
[28–30].



5 Q U E N C H O F T H E E L E C T R O N I C O R D E R I N
V Te2 BY ENHANCED LATTICE FLUCTUATIONS

This chapter is devoted to the presentation of the time-resolved ARPES experiments performed
on VTe2. In particular, after having discussed the domain structure that characterizes the
low-temperature phase of VTe2 and having presented a procedure to increase the size of
the domains, we report a systematic temperature-dependent study of the CDW gap. These
results are then used as a starting point to analyze and interpret the TR-ARPES experiments
performed on VTe2. Specifically, the time-resolved experiments have unveiled that the light-
induced quench of the electronic order, with the consequent (partial) collapse of the CDW gap,
is not dominated by the excitation of the CDW amplitude modes, but it is instead driven by an
incoherent process. In the last part of the chapter, by applying a so-called three-temperature
model, we demonstrate that the measured dynamics can be modeled by considering the
incoherent excitation of a subset of strongly-coupled optical phonon modes arising from the
hot carrier relaxation.

5.1 domain structure of vte2

As anticipated in Sec. 4.1.1, the lattice reconstruction that occurs in the low-temperature CDW
phase leads to the formation of different domains. In particular, during the transition from
the high-temperature CdI2 structure to the monoclinic form, a particular vanadium atom
can be displaced in six possible directions. Indeed, as shown in Fig. 5.1(a), these directions
correspond to the three possible orientations of the a-axis defined by the in-plane 3 x 1 super-
structure (one every 120◦, denoted by the roman numbers in figure), and by the two possible
directions available for each orientation (denoted by the two arrows for every orientation).
Since the direction of displacement of the vanadium atom in the octahedral surrounding deter-
mines the orientation of the c-axis (the possible orientations are named c and c’ in Fig. 5.1), this
degeneracy leads to the formation of six domains [127]. Fig. 5.1(b) and (c) show the two orien-
tations of the c-axis available for a given in-plane direction. Following the original work from
Bronsema et al., the resulting structures are named "normal variant" and "anti-variant" [127].

Although, as explained above, an exhaustive analysis of the domain structure of VTe2
requires to distinguish the presence of three normal variant and three anti-variant domains,
from here on, we will consider only the presence of the three in-plane domains, neglecting
the relative orientation of the c-axis. This choice originates from the fact that the presence
of different in-plane domains directly affects the ARPES data, since a change of domain
implies a rotation of the unit cell, and thus of the Brillouin zone, of 120◦. Moreover, the size
of the in-plane domains is of the same order of magnitude of the spot size of the HHG probe
(FWHM ∼ 100µm [99]) that we use in the ARPES experiments. Thus, an ARPES experiment
performed using our HHG source on a pristine sample, gives access only to a superposition
of rotated Brillouin zones which arises from a mixture of different in-plane domains. This
effect is exemplified in panels (b) and (c) of Fig. 5.2.

Figure 5.2(a) shows the first Brillouin zone of VTe2 in the normal phase (left) and in the
CDW phase (right). The disappearance of two of the three mirror planes that characterize the
normal phase of VTe2 triggers a profound modification of the electronic band structure at the
M points. Given the importance of these high symmetry points, in the following we refer to
the M points of the low-temperature phase by naming M1 the ones that reside on a mirror
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Figure 5.1: (a) Possible displacement directions of a vanadium atom in the octahedral surrounding.
The orientations of the three in-plane domains (I-III) and the two possible directions of
displacement, which determine the direction of the c-axis, are indicated. The normal variant
is indicated with the letter "c" while the anti-variant with the letter "c’". Adapted from [127].
(b) and (c) Projection of the CDW structure on the (010) plane of the normal variant (a) and
the anti-variant (b) for a given in-plane domain. The grey arrows denote the direction of
movement of the vanadium atoms. The corrugation of the VTe2 layers is also illustrated. As
for the other figures, vanadium atoms are in red and tellurium atoms are in teal. Adapted
from [127].

plane and M2 the ones that, due to the lattice reconstruction, do not reside anymore on a
mirror plane. As further discussed in the following, this peculiar reconstruction is promoted
by the energy gain that arises from the opening of the CDW gap. As a consequence of that,
the study of the electronic band structure at the M points turns out to be of paramount
importance for the understanding of the physics of the CDW transition in VTe2. This study is
however hindered by the presence of the different domains. Indeed, as shown in Fig. 5.2(b)
and (c), when a probe beam larger than the domain size is used, the resulting superposition
of BZs makes the M1 and M2 points to overlap, hence complicating the study of the CDW
gap that opens at the M2 point. A possible solution to overcome the problem of the different
domains that characterize the CDW phase of VTe2 is presented in the next section.

5.2 strain-induced domain stabilization
The use of external stimuli to manipulate the diverse phenomena observed in quantum
materials is attracting a large interest since it may allow to achieve a tunable control over
technologically relevant materials properties. Within this contest, uniaxial strain has recently
emerged as a powerful approach to control the properties of solids [168–172]. While a lot
of efforts have been made to control, by means of an applied strain, the phase transition
in different materials [173–175], only in the last few years it has been shown that uniaxial
strain can be used also to control the domain structure of a material. For instance, it has been
recently demonstrated that in 1T-IrTe2 a modest uniaxial strain can promote the formation of
domains that are four orders of magnitude larger than in the unstrained samples [176]. Here
we apply the same approach on VTe2.
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Figure 5.2: (a) High-temperature (left) and low-temperature (right) first Brillouin zones of VTe2. The
mirror planes that characterize the two BZs are also shown. (b) View of the reciprocal space
as seen by a probe beam smaller than the size of the domains. (c) View of the reciprocal
space as seen by a probe beam larger than the domain size. Due to the averaging over
different domains, the M1 and M2 points are perfectly overlapped. (d) Three-dimensional
view of the strain device used. The sample is glued on top of a molybdenum bridge that
can be bent by screwing the two screws located at the edges of the plaquette. (e) Schematic
side-view of the bending process. Thanks to the bicomponent epoxy glue, the strain is
transferred from the plaquette to the sample. (f) Measurement of the applied strain obtained
by using the SGT-3N/350-TY43 OMEGA strain gauge depicted as inset. The first part of
the graph (denoted by the gray area) has been recorded while screwing the two screws in
an alternating and symmetrical manner. After having reached the desired deformation of
the bridge, a mechanical relaxation of the strain device is observed, with the concomitant
reduction of the applied strain. The strain was constantly monitored for 11.4 hours. The
value of strain measured 3 days after the application is shown by the dashed line.

5.2.1 Characterization of the strain device

The strain device developed for the experiments presented in this chapter is shown in
Fig. 5.2(d). This apparatus is based on a home-built design consisting of two parts: a
molybdenum (Mo) plaquette over which the samples are mounted, and a GLIDCOP block
(copper alloy system obtained by adding a small amount of aluminum oxide particles)
characterized by the presence of a rounded protrusion placed below the molybdenum
plaquette. When the pieces are screwed together, the molybdenum plaquette is forced to bend
by the GLIDCOP block, thus delivering the strain to the sample (as depicted in Fig. 5.2(e)). The
choice of this alloy for the lower block arises from the fact that it ensures higher strength values
with respect to the pristine copper, therefore limiting its deformation and maximizing the
amount of strain transferable to the sample. Finally, by means of other two screws, the strain
device is mounted on the sample holder usually used in the ARPES experiments. These screws
also allow to set the relative orientation of the sample with respect to the slit of the analyzer.

The samples were mounted on top of the molybdenum bridge using a two-component epoxy
glue (EPO-TEK H20E-PFC), which was cured and allowed to cool before the strain was applied.
The strain was applied by manually tightening the two screws at the sides of the molybdenum
plaquette in an alternating fashion. To maximize the amount of strain transferred to the
samples, their thickness has been reduced by cleaving them in air using a Kapton tape.
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Moreover, to have a more precise control over the application of the strain, this procedure has
always been performed outside from the photoemission chamber, before inserting the samples.

The strain magnitude transferred to the sample was measured by using a commercial strain
gauge from Omega Engineering (a sketch of the strain gauge is reported in Fig. 5.2(f)), that
was attached to the unstrained molybdenum bridge using the same epoxy glue used for the
samples. These gauges are characterized by a nominal resistance of 350 Ω, that varies when a
small amount of strain is applied. Hence, by measuring the change in their resistance, it is
possible to quantify the strain transferred to the sample. Specifically, the value of the applied
strain can be obtained by using the equation [177]:

ϵ =
1
κ

R − R0

R0
, (5.1)

where κ is the gauge factor, that for the specific gauge used was κ = 2.13, and ϵ is the total
strain. In general, the measured value results from the sum of the bending (tensile) strain and
the perpendicular compressive strain. In the geometry defined by our strain device, however,
the perpendicular strain is considerably smaller than the bending strain [174], hence from
here on with "strain" we will refer only to the tensile strain [176]. Indeed, the independent
measure of the compressive and the tensile strains would require the use of an additional
strain gauge, that is impractical given the reduced size of the sample plaquette [177].

The value of the applied strain obtained by measuring the variation of resistance of the
strain gauge, and by using Eq. (5.1), is reported in Fig. 5.2(f). The gray region in this graph
denotes the time interval in which the strain was applied (the small jumps visible in the value
of strain arise due to the alternate tightening of the two screws). At the end of the application,
a maximum strain of the order of 0.3% was initially reached thanks to the plastic deformation
of the molybdenum bridge. Immediately after, however, we observe a slow relaxation of the
applied strain, that continues for the full time interval in which the strain was constantly
monitored (∼ 11.4 hours). The origin of this relaxation has to be sought in a mechanical
relaxation of the strain device used. The value of the measured strain after three days from the
application is also reported. From this measurement, we can estimate the value of the applied
strain on the VTe2 samples to be of the order of ∼ 0.2 % during the ARPES experiments.

As a final remark, it is worth nothing that, to reach these values of strain, the molybdenum
plaquette has to be bent beyond the threshold of the elastic deformation, therefore the
application of the strain to the samples is not reversible.

5.2.2 Effect of strain on the structural and electronic properties of VTe2

To study the possibility of increasing the domain size by applying a tensile strain, we
performed low energy electron diffraction (LEED) and ARPES experiments. Figure 5.3(a)
shows a comparison between two LEED images acquired on the same sample (and at the same
temperature): the left one has been acquired before the application of strain, while the right
one has been acquired after the application of strain. The effect of the applied strain is clearly
visible from these images. Indeed, while the complex pattern that appears in the unstrained
sample arises from the superposition of the three different domains, the one observed on
the strained sample clearly denote the presence of a single domain in the probed region (the
diameter of the LEED beam stays within the range: 1 mm>d> 250µm). This comparison
demonstrates therefore the possibility to increase the size of the domains in a VTe2 by applying
a tensile strain of the order of 0.2 %. Specifically, the original domain whose direction is closer
to the direction of the applied strain appears to be the one which shows a more pronounced
increase in its size (the domain enlarged by strain application was already visible in the
unstrained image, thus the applied strain does not induce a rotation of the domains). Hence,
the relative orientation of the sample with respect to the direction of the applied strain
doesn’t play a crucial role on the possibility to promote the formation of larger domains. This
degree of freedom can be used to select a particular domain whose size will be increased.
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Figure 5.3: (a) LEED images taken before (left panel) and after (right panel) the application of strain on
the same VTe2 sample. A single domain with 3 x 1 superstructure is observed in the strained
case. The images have been taken at a temperature of ∼ 300 K and with a kinetic energy of
75 eV. (b) ARPES spectra acquired along the K-M2-K direction on an unstrained (left panel)
and on a strained (right panel) samples. The superposition of the bands coming from the
M1 and M2 points is clearly visible on the unstrained sample, while on the strained sample
only the nearly-flat band coming from the M2 point is visible. The measurements have been
performed at a temperature of 120 K and with a probe photon energy of hν = 21.6 eV. The
colored circles denote the central position of the bands extracted from the fits of the EDCs.

We emphasize that the reproducibility of this approach has been tested by performing
experiments on different VTe2 samples. These measurements have always given results very
similar to the ones reported here, thus demonstrating the reliability of this approach.

As a second step, we investigated the effect of the applied strain on the electronic band
structure. Figure 5.3(b) shows a comparison between two ARPES spectra acquired on a
unstrained (left) and on a strained (right) samples. To obtain a clean surface suitable for the
ARPES experiments, the samples were cleaved in situ by means of a Kapton tape. The same
procedure has been used for all the photoemission experiments reported in this thesis.

As for the LEED image, the ARPES map acquired on the unstrained sample shows a
superposition of bands coming from different Brillouin zones. Indeed, as discussed above
and as expected from the symmetry of the Brillouin zone, this image clearly shows the
superposition of the bands coming from the M1 and the M2 points [124]. On the strained
sample instead, only the nearly-flat band coming from the M2 point is visible. These spectra
therefore demonstrate the possibility of performing photoemission experiments on a single
domain. Moreover, they also show that the amount of strain used to promote the formation
of larger domains doesn’t entail sizable modifications of the electronic band structure. Hence,
no changes in the physics of the CDW transition are expected to occur due to the application
of the tensile strain (a detailed discussion is reported in appendix A).
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Figure 5.4: (a)-(d) Photoemission spectra acquired along the K-M2-K direction at different temperatures,
using photon energy of 21.6 eV. The grey circles denote the central position of the Lorentzian
peaks used to fit the EDCs, and thus show the dispersion of the vanadium 3d band. (e)
EDCs extracted from (a)-(d) at the momentum position denoted by the dashed lines. The
fits obtained by using the global fitting procedure described in the text are superimposed
to the original data. (f) Evolution of the dispersion of the hybridized vanadium 3d band
as a function of the temperature. The traces reported in this graph correspond to the ones
shown in panel (a)-(d).

Being the increase of the domain size the only detectable effect of the tensile strain, to
facilitate the analysis and the interpretation of the ARPES spectra, in the following sections
we will present only photoemission experiments performed on strained samples.

5.3 equilibrium arpes: temperature effect at m2

As mentioned in the previous sections, the interest in studying the band structure at the M2
point originates from the fact that this is the region of reciprocal space where the CDW gap
opens. Before studying the effect of a temperature change, however, it is useful to reconsider
the modifications of the electronic band structure in view of the change in the lattice symmetry
triggered by the CDW reconstruction, keeping in mind that anyhow the reconstruction is
possible only thanks to the gain in energy of the electronic system, thus the two are strongly
intertwined. As shown by Fig. 5.2(a), in the normal phase, the M points reside on a mirror
plane which prohibits the hybridization between the Te 5p orbitals (odd with respect to the
mirror plane) and the V 3d orbitals (even with respect to the mirror plane). On the other hand,
in the low-temperature phase, while the M1 point keeps a similar situation with respect to the
high-temperature phase, the M2 point does not reside anymore on a mirror plane. Hence the
V 3d and the Te 5p orbitals can now mix, thus leading to a significant change in the band struc-
ture [124]. Indeed, the V-shaped band that characterizes the M points in the normal phase of
VTe2 disappear, and a peculiar nearly-flat band appears at EB ∼ 0.25 eV. Therefore, by chang-
ing the temperature of the system in a range far from the transition temperature, a continuous
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transition from a V-shaped to a nearly-flat band is expected to take place. Conversely, being
the CDW phase transition of the first order, an abrupt change is expected to take place at Tcdw.

With these considerations in mind, it is useful to reconsider the analysis of the DOS pre-
sented in Sec. 4.1.1. Indeed, the nearly-flat band that appears in the low temperature phase is
responsible for the peak that appears in the DOS at EB ∼ 0.25 eV. This peak has been discussed
to originate from the bonding states that arise due to the trimerization-like process between
three adjacent vanadium atoms, and thus constitutes the lower branch of the CDW gap. The
flatness of this band reflects the localized nature of the dyz and dzx orbitals in real space [124].

All the photoemission experiments reported in this chapter have been performed using
the HHG source described in Sec. 3.5. In particular, the ninth harmonic of the fundamental,
characterized by a photon energy hν = 21.6 eV, has been used to perform both ARPES and TR-
ARPES experiments. Starting from this photon energy and using the estimate of ∼ 8.8 eV for
the inner potential of VTe2 [124], we obtain kz ∼ 2.6 Å−1, that places us on the A-L plane of the
undistorted hexagonal Brillouin zone [110]. Since, however, it has been proven that the nearly-
flat vanadium band has a negligible kz-dependence [124], for clarity in the following sections
we will keep the in-plane (Γ−M) nomenclature for the high symmetry points of the BZ.

Figure 5.4(a) shows the band structure measured along the K-M2-K direction, at a tempera-
ture of ∼ 120 K. Being this temperature much lower than the transition temperature (TCDW ∼
480 K, T/TCDW ∼ 0.25), the nearly-flat band that characterizes the CDW of VTe2 is clearly re-
solved. As expected from the change in the lattice symmetry, by increasing the temperature to-
wards the critical temperature, we observe a folding towards the Fermi level of the hybridized
vanadium 3d band, in such a way that the V-shaped band is partially restored (Fig. 5.4(b)-(d)).

To quantitatively analyze the folding of the vanadium 3d band and thus the temperature-
driven closure of the CDW gap, we developed an ad-hoc line shape fitting procedure. Every
ARPES spectrum is sliced into 30 Energy Distribution Curves (EDCs), obtained by dividing
the range of the accessible momentum into 30 identical intervals. All the EDCs are then fitted
simultaneously using a global fitting procedure that allows to link together some of the fitting
parameters used to describe the single traces. In particular, the single EDCs are fitted using
a Lorentzian-shaped density of states (DOS) multiplied by the Fermi-Dirac distribution at
which is then added a third order polynomial function, used to describe the background. The
resulting expression is convoluted with a Gaussian function (G, with a FWHM of 55 meV) to
account for the finite energy resolution of our experimental setup. The resulting fit function
is therefore:

I(E) = G(E)⊗
[︄(︄

2

∑
i=1

Li(E)

)︄
× 1

e(E−EF)/kBT + 1
+ bkg

]︄
, (5.2)

with:

Li(E) =
(︃

Ii(Γi/2)
(E − EBi)2 + (Γi/2)2

)︃
and bkg = A + B · E + C · E2 + D · E3.

All the EDCs have been fitted by using a single Lorentzian peak with the exception of the
ones extracted around k-kM2 ∼ 0, for which a second peak has been added to describe the
tail that develops towards higher binding energies (visible in Fig. 5.4(a)-(c)).

For the photoemission experiments reported in this section, the fits have been obtained
by linking together the chemical potential and the electronic temperature of all the energy
distributions curves, and leaving instead free the parameters of the Lorentzian peaks. Figure
5.4(e) shows the EDCs extracted from the ARPES spectra at the position denoted by the
dashed lines, together with the fits obtained by using the global fitting procedure described
here. This comparison shows that the simple model used to approximate the spectral function
is able to well describe the ARPES spectra at all the temperatures considered. The reason why
this global fitting procedure has been developed is that it allows to stabilize the fits. For this
reason, the procedure described in this section has been used as a starting point to analyze
the time-resolved experiments.
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Figure 5.4(f) shows the evolution of the central position of the vanadium band (i.e. the cen-
tral position of the Lorentzian peak) extracted from Fig. 5.4(a)-(d) as a function of temperature.
By looking at this comparison, it becomes evident that the closure of the of CDW gap arises
only thanks to the folding of the vanadium band, while no shift of the band towards the Fermi
level is observed (the position of the band at k-kM2 ∼ 0 stays almost unaltered during the
phase transition). Moreover, despite the large folding of the band observed, at the highest tem-
perature reached (T∼ 290 K) the minimum distance between the Fermi level and the vanadium
band is of the order of ∼ 150 meV, confirming that the CDW gap is only partially closed.

5.4 tr-arpes: low-temperature electron dynamics at m2

Having characterized the temperature-driven phase transition, we now investigate the pos-
sibility to perturb the electronic order using an ultrashort visible pump pulse. To do so,
we used a pump photon energy of hνpump = 1.77 eV, resonant with the transition between
the bonding and the ani-bonding states that arise as a consequence of the trimerization-like
process described in the previous sections. Moreover, being the aim of these experiments to
perturb as much as possible the ground state of the CDW phase, we set the absorbed fluence
to ∼ 1.2 mJ/cm2. Because of this value, to reduce the average heating of the sample induced
by the pump pulse, we exploited the possibility of our HHG setup to change its repetition
rate, and we set it to 50 kHz. Indeed, this choice allows to limit the average heating from the
pump pulse while also maintaining a reasonably high count rate, essential to achieve a good
signal-to-noise ratio.

To better visualize the light induced quench of the CDW gap, we start by analyzing the
low-temperature measurements (T ∼ 120 K) where the gap is fully open and well formed.
Figure 5.5(a) shows an ARPES map acquired before the arrival of the pump, hence only the
photoinduced effects lasting more than 20µs and the contribution of the average heating play
a role. However, by comparing this spectrum to the one reported in Fig 5.4(a), we can see
that there are no appreciable changes in the dispersion of the vanadium band, which is very
sensitive to a change of temperature. Therefore, we can assume that the amount of average
heating induced by the pump is negligible even at this fluence, and we can proceed with the
analysis of the photoinduced changes in the electronic band structure.

Figure 5.5 shows three ARPES spectra acquired at different delays between the pump and
the probe pulses, along with the differential images that highlight the changes induced by
the pump pulse. Panels (a)-(c) show that the dispersion of the vanadium band after the
arrival of the pump pulse is modified in a way that is very similar to the one observed for the
temperature-driven phase transition. In particular, we observe a partial reappearance of the V-
shaped band that characterizes the normal phase of VTe2. Interestingly, from the comparison
of these three spectra it appears that the changes in the dispersion of the vanadium 3d band
are more pronounced in the spectrum acquired at a pump-probe delay of 500 fs rather than in
the one acquired at a delay of 100 fs. These differences are well resolved in the differential
images shown in Fig. 5.5(e) and (f), where two qualitatively different scenarios appear. Indeed,
while panel (e) shows only the fingerprint of a small shift of the whole vanadium band
towards the Fermi level, the alternated red-blue pattern clearly visible in (f) is likely to arise
from the folding of the vanadium band. These differences are better quantified in Fig. 5.5(g),
where the dispersion of the vanadium band extracted at the three different delays is reported.
This plot also shows that, despite the high fluence used in this experiment, the maximum
folding achieved for the vanadium band is smaller than the one obtained at equilibrium by
raising the temperature to 290 K.

Comparing the photoinduced changes at three selected delays allows to capture the modi-
fications of the band structure, however, the detailed study of light-induced quench of the
electronic gap requires the complete analysis of the time-resolved experiments. This analysis
is addressed in the following sections.
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Figure 5.5: (a)-(c) Selected ARPES spectra acquired along the K-M2-K direction at different pump-probe
delays: (a) before the arrival of the pump, (b) and (c) respectively 100 and 500 fs after the
arrival of the pump pulse. The colored circles denote the central position of the vanadium
band extracted from the fits of the EDCs. (d)-(f) Differential ARPES maps showing the
changes in the photoemission intensity induced by the pump pulse. The measurements
were performed at a base temperature of ∼ 120 K, using a pump photon energy of hνpump =
1.77 eV (700 nm) and an absorbed fluence of ∼ 1.2 mJ/cm2. (g) Dispersion of the vanadium
band extracted from (a)-(c). The dispersion of the vanadium band extracted from the
equilibrium measurement performed at 290 K is also reported in gray for comparison.

5.4.1 Analysis of the photoemission intensity

We start by analyzing the time evolution of the changes in the photoemission intensity trig-
gered by the pump pulse. Indeed, even if a change in the photoemission intensity might have
different origins (e.g. a change in the band population or a change in the spectral function, as
discussed in Sec. 3.2), this analysis, being based on the study of the raw photoemission data,
allows to directly access the pump-induced changes in the electronic band structure. Figures
5.6(a) and (b) show respectively the evolution of the EDCs and the differential EDCs (dEDCs),
integrated in the momentum region delimited by the dashed lines shown in Fig. 5.5(c) and
(f), as a function of the pump-probe delay. Having verified that the dynamics extracted from
the two sides (left and right with respect to k-kM2 = 0) of the vanadium band are equivalent,
here only the ones extracted from the right side of the V-shaped band are analyzed.
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Figure 5.6: (a) and (b) EDCs and dEDCSs extracted by integrating the photoemission intensity from the
momentum region delimited by the dashed lines in Fig. 5.5(c) and (f), plotted as a function
of the pump-probe delay. The inset in (b) shows the region of reciprocal space from which
the EDCs have been extracted. (c) Evolution of the photoemission intensity extracted from
the boxes reported in (b). The same boxes are drawn also in (a) to allow for the comparison
between the two maps. The gray dashed line shows the pump-probe delay at which traces
B and C reach their maximum change. The measurement has been performed at a base
temperature of ∼ 120 K and with an absorbed fluence of ∼ 1.2 mJ/cm2.

Figure 5.6(c) shows the traces obtained by integrating the photoemission intensity inside the
boxes drawn in panel (b). These traces reveal how the spectral weight dynamics proceed in
four different energy regions. As observed in many other systems [24, 178, 179], after having
reached the maximum change, the four traces can be described by a two step relaxation
process: the first one ends within ∼ 1 ps after the arrival of the pump pulse, while the
second one evolves on longer timescales. Interestingly, however, while trace A (obtained by
integrating the photoemission intensity above the Fermi level) has a rise time limited only by
the time resolution of the setup, and reaches its maximum about ∼ 100 fs after the arrival of
the pump pulse, the other traces show larger rise times. In particular, the maximum change
for traces B and C is recorded at a pump-probe delay of ∼ 500 fs, indicating that the folding
of the vanadium band, and the consequent closure of the CDW gap, evolves on a much
slower timescale with respect to the one of the hot carriers, described by trace A. Also trace
D, extracted from a box located at higher binding energies, has a rise time similar to the one
of traces B and C, thus suggesting that the structural changes triggered by the pump pulse
also affect states located far from the Fermi level.

The absence of clear oscillations of the gap size (the presence of small bumps in the data,
here ignored, will be discussed in the following sections), together with the fact that the
maximum closure of the CDW gap is achieved only at a pump-probe delay of ∆t∼ 500 fs,
signal that the photoinduced phase transition in VTe2 is not governed by the excitation of
the CDW amplitude modes, as it has been observed in many other CDW systems [53, 76,
84, 180, 181]. Indeed, in these systems, it has been shown that the maximum closure of
the CDW gap, after the initial quench, is achieved on a time scale that corresponds to one
half-cycle of the CDW amplitude-mode oscillation [84, 178]. As shown in chapter 4, VTe2 has
two amplitude modes with a low-temperature frequency of 1.6 THz and 2.5 THz, for which a
characteristic timescale of 300 and 200 fs would be expected, respectively. The fact that the
timescales observed here are almost two times slower, suggests the presence of a bottleneck
in the melting of the charge-ordered phase in VTe2.

To further investigate this hypothesis, however, a more detailed analysis is required. Indeed,
the analysis of the photoemission intensity as a function of the pump-probe delay presented
in this section does not allow to effectively disentangle the different contribution coming for
example from a broadening, shift or depletion of the vanadium band, and can only provide a
quick overview of the most relevant changes in the electronic band structure. This aspect be-
comes evident when considering the dynamics extracted from box C of panel (b): while the ini-
tial fast drop of the photoemission intensity could be ascribed to the depletion of the vanadium
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Figure 5.7: (a) Two-dimensional map showing the shift of the vanadium band with respect to the
equilibrium position, as a function of pump-probe delay and momentum. (b) Three-
dimensional representations of the band shift reported in (a). (c) Two-dimensional map
showing the change in the FWHM of the vanadium band, as a function of pump-probe delay
and momentum. (d) Evolution of the band position extracted from (a) at the momentum
position denoted by the dashed line. The inset depicts the effect of the band shift on the
CDW gap. (e) Evolution of the band broadening extracted from (c) at the momentum
position denoted by the dashed line. The inset depicts the effect of the band broadening
on the CDW gap. (f) Edge midpoint estimation of the CDW gap, obtained from the gap
broadening and the gap closure reported respectively in (d) and (e). The grey trace shows
the cross correlation between the pump and the probe pulses. The position of time zero in
these graphs has been obtained by fitting the evolution of the photoemission intensity from
states located far above the Fermi level.

band, the second slower component probably arises from the shift of the band. Therefore, to
further quantify and elucidate the gap dynamics, we performed a detailed line shape analysis.

5.4.2 Line shape analysis

To quantitatively analyze the closure of the CDW gap, the global fitting procedure introduced
in Sec. 5.4 has been extended to the time-resolved measurements. The ARPES spectra acquired
at every pump-probe delay have been sliced in 20 EDCs (the number of the EDCs is lower than
the one used in the equilibrium measurements due to the fact that these images have a lower
statistics). As for the temperature dependent measurements, Eq. (5.2) has been used to fit the
data. Therefore, the vanadium band has been approximated by using a Lorentzian-shaped
density of states (DOS) multiplied by the Fermi-Dirac distribution, irrespective of the fact
that immediately after the arrival of the pump pulse the electronic distribution might be
non-thermal and the spectral function non-Lorentzian [39, 178, 182].

Thanks to the global fitting procedure, all the EDCs share the same chemical potential and
electronic temperature, while the parameters of the Lorentzian peaks can vary independently.
Hence, at the available energy resolution (∼ 55 meV), the model can capture the dynamics
of three characteristic parameters: change of the electronic temperature (kBTe), shift and
broadening of the vanadium band. This procedure therefore allows to reconstruct the full
temporal evolution of the vanadium band as a function of the pump-probe delay. As a remark,
it is worth noting that, since no band crosses the Fermi level, the value of the electronic
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temperature extracted from this region of the reciprocal space has to be considered only as a
measure of the broadening of the Fermi edge.

We start by considering separately the evolution of the band position and broadening.
The two-dimensional map reported in Fig. 5.7(a) shows the momentum-resolved changes
in the position of the vanadium band as a function of the pump-probe delay. To better
visualize the evolution of the band shift, a three-dimensional plot of this figure is shown
in panel (b). Immediately after the arrival of the pump pulse, a small shift of the whole
vanadium band towards the Fermi level is observed. After that, while the central part of
the band relaxes back, the shift of the band at large momenta (|k − kM2| > 0.15 Å−1) keeps
increasing, reaching its maximum around a pump-probe delay of 500 fs. The relaxation
dynamics is then characterized by a fast component that ends within 1 ps from the arrival
of the pump pulse and by a second slower dynamics that lasts for several picoseconds. The
momentum-dependent shift here described is therefore compatible with the folding of the
vanadium band observed in the temperature-driven phase transition, in which the partial
reappearance of the V-shaped band is observed.

The time evolution of the photoinduced changes in the FWHM of the Lorentzian peaks
used to describe the vanadium band is shown in Fig. 5.7(b). As a consequence of the arrival of
the pump pulse, a large change in the width of the band is observed. Indeed, by comparing
the maps reported in (a) and (c), one can recognize that the change in the FWHM of the band
is almost two times larger than the one of the band position. It is also worth noting that,
the band width evolves on a timescale similar to the one of the band shift, suggesting the
presence of a possible common origin for the two.

A close inspection of panels (a) and (b) reveal a slight asymmetry between that magnitude
of the changes extracted at positive and negative momenta for both band shift and band
broadening (while the timescales are the same). This difference is likely to originate from an
intrinsic asymmetry of the vanadium band that is probably due to a not perfect orientation of
the sample (we estimate the misalignment from the K-M2-K direction to be of ∼ 5◦).

Figures 5.7(d) and (e) show the evolution of the band shift and of the band broadening
extracted from Fig. 5.7(a) and (c) around the momentum region denoted by the dashed lines.
These lines are located at the position at which the vanadium band crosses the Fermi level
at the M1 point, and thus at the position that should be reached by the band also at M2 in
the case in which the complete phase transition is obtained. Therefore, these traces can be
used to quantify the closure and the broadening of the lower gap edge. To better visualize the
changes in the CDW gap, in Fig. 5.7(f) we report its dynamics obtained by using the so-called
edge midpoint estimation of the gap size. In general, the midpoint energies of the gap edges
can be expressed as a shift by the half width at half maximum (HFHM) from the central
position of the Lorentzian peak used to model the gap edges [183]. Following this definition,
the expression of the CDW gap results:

∆CDW(t) =
(︃

E2(t)−
Γ2(t)

2

)︃
−
(︃

E1(t)−
Γ1(t)

2

)︃
, (5.3)

where E1 and Γ1 are the position and the FWHM of the Lorentzian peak describing the
gap edge located below the Fermi level, while E2 and Γ2 are the parameters describing the
gap edge located above the Fermi level. We emphasize that this edge midpoint approach
is a common and reliable method in ARPES to estimate the size of the energy gaps, and it
has been applied to various CDW and superconducting systems [183–186]. Since, however,
from our measurements it is not possible to resolve the gap edge located above the Fermi
level, in Fig. 5.7(f) we report only the evolution of the lower part of the gap. This quantity
therefore corresponds to the distance between the leading edge of the vanadium band and
the Fermi level. Although, as suggested by the DFT calculations presented in the previous
chapter, the CDW gap is not symmetric around the Fermi level (the upper part is expected
to be located ∼ 0.7 eV above the Fermi level, at the position of the non bonding peak), the
temporal evolution of the two edges is expected to be similar, as observed also on other
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CDW systems with asymmetric band gaps [76]. Hence, the dynamics shown in Fig. 5.7(f) is
expected to be a good approximation of the temporal evolution of the full CDW gap.

Being the gap evolution obtained from the ones of the shift and the broadening of the
vanadium band, it shows similar features. In particular, the maximum closure of the gap
is achieved at a pump-probe delay of 500 fs. After that, the relaxation to the equilibrium
conditions shows a two step dynamics: the first component ends within ∼ 1.5 ps after the
arrival of the pump pulse, while a second one lasts for several picoseconds. At this point it
is worth noting that although after the arrival of the pump pulse the size of the CDW gap,
defined using Eq. (5.3), reduces almost by 65 %, the complete phase transition is reached only
when the vanadium band has reached its high-temperature dispersion (and thus the lattice
reconstruction has vanished). Hence, much higher fluences are required to drive the full
phase transition, in agreement with the results of our time-resolved reflectivity measurements.

Although small bumps related to the excitation of the CDW amplitude mode can be
resolved in the evolution of the band position (Fig. 5.7(d)), the timescale on which the gap size
evolves demonstrates that the melting of the electronic order is not driven by the excitation of
the CDW amplitude modes. The line shape analysis reported here, indeed shows the presence
of an incoherent process that controls the light-induced phase transition, likely related to
the energy flow from the excited electrons to the lattice [150]. Therefore, in order to model
the energy transfer from the electronic to the phononic system, we implemented a so called
three-temperature model.

5.5 modeling of the cdw gap dynamics

5.5.1 Electron-phonon coupling and energy flow in metals

Modeling the interaction between electrons and lattice vibrations is of paramount importance
for the understanding of both ground state and out-of-equilibrium properties of solids. The
most used approaches to describe the energy transfer from the excited electrons to the lattice
are the so-called two-temperature model, developed by Anisimov [187] and Allen [188], and
its generalization, the so-called three-temperature model [74]. This section is devoted to the
presentation of the theoretical framework on which these models are based.

Two-temperature model

The physical picture on which the model is based is the following. The energy injected by
the laser pulse in the system is absorbed by the electrons which are excited above the Fermi
level. In general, immediately after the photoexcitation, the electronic system is far from
an equilibrium condition and its description requires the use of a non-thermal distribution.
However, after a few tens of femtoseconds, the electron-electron scattering processes drive the
thermalization of the electronic population. After this thermalization time, the electrons can
be described by a thermal-like distribution having an elevated temperature Te > T0, with T0
being the temperature of the system before the arrival of the laser pulse [189]. On this first and
short timescale, the electrons can be thought as completely decoupled from the lattice, hence
their temperature is determined mainly by their specific heat. On longer timescales instead,
the electrons start to loose their energy through electron-phonon scattering processes, and
reach a common temperature with phonons. It is worth noting that the heat capacity of the
phonons is much larger than the one of the electrons, hence they act as an heat sink, gradually
absorbing the energy of the hot electrons. Finally, on a much slower timescale, heat diffusion
makes the system return to the initial temperature T0. Given the much larger timescale on
which this process evolves, the heat diffusions is typically neglected in the model [188].

As said above, one of the basic assumptions of this model is that electron-electron and
phonon-phonon (anharmonic) processes are active in keeping the electronic and phononic
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distributions equal to their local equilibrium distributions (given respectively by the Fermi-
Dirac, FD, and by Bose-Einstein, BE, distributions) characterized by separate electron (Te) and
lattice (Tl) temperatures [188, 189].

The system of coupled differential equations describing the energy flow between the two
subsystems after the excitation is:

∂Te

∂t
= −γe−ph(Te − Tl) +

p
Ce

(5.4a)

∂Tl
∂t

= γe−ph
Ce

Cl
(Te − Tl), (5.4b)

where γe−ph is the coupling constant between the electron and the phonon subsystems.
Ce = γeTe is the electronic specific heat, being γe the coefficient of the linear electronic specific
heat. Cl is the lattice specific heat. p is the absorbed power, with the same profile of the laser
pulse. Both the specific heat and the laser power are expressed per unit of volume [190].

The solution of this system of equations indicates that the evolution of the electronic
temperature follows an exponential decay with a time constant given by τ = (γe−ph)

−1. This
measurable quantity can be expressed in terms of the electron-phonon coupling constant
λ. Indeed, the electron-phonon coupling constant can be directly inferred from τ once the
electronic temperature and the mean phonon energy ⟨h̄2ω2⟩ are known. The relation that
combines these quantities together is [188]:

γe−ph =
3λ⟨h̄2ω2⟩
h̄πk2

BTe
. (5.5)

Te(tpp = 0) can be evaluated starting from the laser energy delivered to the electrons and
the electronic specific heat. This value, together with Te(∞) = Tl(∞) (which can be estimated
from the lattice specific heat and the pump laser energy), constitute the initial condition to
solve the system of coupled differential equations. The mean phonon energy ⟨h̄2ω2⟩ turns
out to be more difficult to evaluate, and can be calculated from the measured phonon spectra
or approximated with h̄2ω2

D/2 [191]. As a final remark, it is worth emphasizing that Eq. 5.5
has been obtained in the high temperature limit [188] and therefore it is valid only when the
system is considerably heated by the laser pulse.

The 2TM is based on the assumption that the electrons and phonons can be described by
thermal distributions at all times [192]. Although widely adopted, this approximation can be
inadequate in the case of marked nonequilibrium situations also in simple systems. Indeed, as
shown by Waldecker et al. for the case of aluminum [192], in a thermal state, phonons follow
the Bose-Einstein statistics and their occupation is given by the product between the phonon
density of states and the BE statistics. However, the coupling between electrons and phonons,
given by the Eliashberg function, is strongest for the high-energy phonon whose occupation
is lower in a thermal state [192]. Hence, the energy transfer between electrons and phonons
that follows a strong optical excitation leads to the formation of a transient non-thermal
phonon distribution in the system which originates from the preferential population of the
high-energy phonons [192]. The limits of the 2TM have therefore required the development
of a generalized model.

Three-temperature model

To describe the relaxation dynamics observed in systems with a strong anisotropy in the
electron-phonon interaction (that might arise from phonon branches with different coupling
strength), Perfetti et al. proposed a generalization of the 2TM, the so called three-temperature
model (3TM) [74]. The physical picture on which the model is based is the following: after
the first fast thermalization, the electronic population with temperature Te starts to transfer
its energy to a subset of strongly coupled optical phonon modes (also named hot phonons),
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whose temperature is Tp. Here the idea is that only a small subset (0 ≲ f < 1) of the total
phonon modes is involved in this first relaxation process. Because of their small specific heat,
this small subset of phonon modes can acquire a large effective temperature Tp > Tl. After
a first thermalization, electrons and hot phonons reach a common temperature and their
dynamics become similar. Then the relaxation of both populations proceeds on a picosecond
time scale, governed by the phonon-phonon anharmonic scattering which takes place between
the two independent subsets of phonon modes: the more strongly coupled ones ( f modes)
and the nearly non-interacting phonon modes (1 − f ) [74].

The rate of energy transfer from electrons to phonons is related to the Eliashberg coupling
function α2F(Ω) through the integral

∫︁
Ω2α2F(ne − np) dΩ, with the distributions nj given

by (eΩ/kBTe − 1)−1, and being F(ω) and α2(ω) respectively the phonon density of states and
the phonon-frequency-dependent electron-phonon coupling [74, 188]. By using the Einstein
model to approximate the phonon spectrum F(Ω) = δ(Ω − Ω0) and by introducing the
dimensionless electron-phonon coupling parameter λ = 2

∫︁
Ω−1α2F dΩ, the system of rate

equations that describes the evolution of the temperatures Tj(t) can be written as:

∂Te

∂t
= −

3λΩ3
0

h̄πk2
B

ne − np

Te
+

p
Ce

(5.6a)

∂Tp

∂t
=

Ce

Cp

3λΩ3
0

h̄πk2
B

ne − np

Te
−

Tp − Tl

τβ
(5.6b)

∂Tl
∂t

=
Cp

Cl

Tp − Tl

τβ
. (5.6c)

Where nj are the Bose-Einstein distributions at the temperature Tj. Cj(T) are the specific
heats for electrons (j=e), strongly coupled phonons (j=p) and nearly non-interacting phonons
(j=l), with Ce(T) = γeTe. The fraction f of strongly coupled modes enters in the model through
the two phononic specific heats. Finally, τβ is the phenomenological time decay constant for the
anharmonic phonon-phonon interaction, while p is the absorbed power. On the contrary to the
2TM, a particular form for the electron-phonon coupling, i.e. α2F(Ω) ∝ δ(Ω − Ω0), has been
assumed (electrons are coupled just with one phonon branch at frequency Ω = Ω0), but no
approximations are applied to the BE statistics [190]. It is worth noting that this version of the
3TM neglects the electron-phonon coupling with the (1 − f ) weakly coupled phonon modes,
which thus would only barely contribute to the evolution of the electronic temperature [74].

A task of fundamental importance in the implementation of the 3TM is the modeling of the
phonon specific heats. Since the phonon spectrum has been approximated by the Einstein
model, F(Ω) = δ(Ω − Ω0), all the phonon modes have the same frequency Ω0. Therefore the
specific heat within this model follows directly from the definition:

C = 3NAkB

∫︂ ∞

0
dΩF(Ω)

(︃
Ω

kBT

)︃
eΩ/kBT

(e(Ω/kBT) − 1)2
, (5.7)

from which we obtain:

Cp(T) = 3NA f
Ω2

0
kBT2

eΩ0/kBT

(e(Ω0/kBT) − 1)2
= 3NA f Ω0

∂np

∂Tp
, (5.8)

Cl(T) = 3NA(1 − f )
Ω2

0
kBT2

eΩ0/kBT

(e(Ω0/kBT) − 1)2
= 3NA(1 − f )Ω0

∂np

∂Tp
, (5.9)

with Ctot(T) = Cp(T) + Cl(T). In this expression NA is intended to give the correct normal-
ization for Ctot and has to be intended as the number of molecules per cm3. An improvement
to this approach is to use the functional form of Ctot obtained from the experiments. In this
case, the specific heat of the strongly coupled phonon, Cp(T), is calculated as before but with
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Figure 5.8: (a) Fit of the electronic temperature extracted from the data taken at the M1 point, as
performed by using the three-temperature model. The measurement was performed at a
base temperature of 120 K and at an absorbed fluence of ∼ 600µJ/cm2. The evolution of
the temperatures of the strongly-coupled optical phonon modes and the temperature of
the lattice are shown respectively by the red and black traces. (b) Two dimensional map
showing the evolution of χ2/χ2

min, obtained from the fit of the electronic temperature, as a
function of the time decay constant for the anharmonic phonon-phonon interaction (τB) and
of the electron-phonon coupling constant (λ). The fits have been performed assuming an
energy of the strongly-coupled modes of 24 meV and a fraction of such coupled modes of
0.19. The fit shown in (a) has been obtained using the parameters that minimize χ2/χ2

min.
To calculate the errors on the estimation of λ and τB, we considered the region in which χ2

lays within 10% of its minimum value (χ2/χ2
min < 1.1) and we considered the projection of

the ellipse the encloses this region to the x and y-axes.

the constraint that for high temperatures and for f → 1 it must be Cp(T) → Ctot(T). Finally,
the lattice specific heat, Cl(T), is obtained as Cl(T) = Ctot(T)− Cp(T) [104, 190].

As a final remark, it is worth noting that the NTM models presented in these sections
can be applied only when the excited electrons can be described by a thermal distribution
characterized by a well defined temperature Te. Therefore, these models cannot be directly
applied if a gap in the density of states is present.

5.5.2 Application of the three-temperature model

Given the timescale of the processes involved and the absence of clear oscillations, we propose
that the dynamics of the CDW gap can be explained by considering the energy flow from
the excited electrons to the lattice [193–195]. In general, a solid-solid phase transition, where
the symmetry of the crystal is raised, can be dominated by either a displacive process or an
order-disorder process [21, 52, 196]. While in a displacive transition the atoms collaboratively
reshuffle their positions under the effect of a few well-defined spatially coherent vibrational
modes, in an oder-disorder transition the atoms move from the low to the high-symmetry
structure in such a way that the motion remains correlated only along one dimension, while
along the others it proceeds in a spatially incoherent manner, with no characteristic correlation
length [21, 197–201]. Here we suggest that the dynamics observed are consistent with a loss
of the long-range order of the CDW phase, triggered by an increase of disorder in the system.
In the present case, the role played by the increased lattice fluctuations could be resolved as a
consequence of the large energy gaps that characterize the strongly-coupled CDW systems
like VTe2, which make the electronic entropy (that otherwise would have overshadowed these
effects) unimportant in determining the phase transition [12]. Therefore, to model the energy
flow from the excited electrons to the lattice, we implement the three-temperature model
presented in the previous section.
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3TM parameters fit results

Frequency of the strongly-coupled phonons (ω0) 24 meV
el-ph coupling constant (λ) 0.32 ± 0.02
Fraction of strongly coupled phonons ( f ) 0.19
Anharmonic decay time constant (τβ) 0.46 ± 0.08 ps
Linear term electronic specific heat (γe) 5.3 × 10−4 J/(cm3K2)

Table 5.1: Summary of the parameters used in the three-temperature model. The errors estimated by
our fitting procedure for the el-ph constant (λ) and the anharmonic decay time constant (τβ)
are reported. The remaining parameters have been kept fixed.

The implementation of the 3TM requires the knowledge of the transient electronic temper-
ature, that in the present case can be directly extracted from the TR-ARPES spectra measured
on the ungapped regions of the Fermi surface. In particular, we obtained the evolution of the
electronic temperature by fitting the EDCs extracted from the M1 point, where the V-shaped
vanadium band crosses the Fermi level (the detailed procedure is described in the Sec. 5.7).
The transient electronic temperature extracted from the M1 point is reported in Fig. 5.8(a),
together with the result of the fit obtained by solving the system of coupled equations de-
scribed by Eq. (5.6). To numerically solve these equations, the knowledge of the specific heats
of the three subsystem is required. To this aim, the specific heat of the strongly-coupled
optical phonons and the one of the remaining weakly-coupled phonos have been obtained
from the measured values of the total specific heat [46], by following the procedure presented
in the previous section. Moreover we assumed the electronic specific heat to be linear in the
electronic temperature (with the linear term being 5.3 × 10−4 J/(cm3K2)). It is worth noting
that, since the Fermi surface of VTe2 consists of metallic and CDW-gapped regions, in general
the electronic heat capacity is expected to follow a linear metallic-like temperature dependence
with an additional nonlinear increase, resulting from the redistribution of spectral weight due
to the closure of the CDW gap [24, 189]. However, since the opening of CDW gap affects only a
limited region of the reciprocal space, and even at the highest fluence the gap is only partially
perturbed (the modifications induced by the pump pulse are limited in reciprocal space and
relatively small), we expect the non-linear correction to be small compared to the linear term.
Therefore, we neglected the non-linear contribution and we used only the linear term.

As discussed in the previous section, the implementation of the 3TM requires the identifica-
tion of a subset of strongly-coupled modes. The fit shown in Fig. 5.8(a) has been obtained
by assuming an energy for the subset of strongly-coupled optical phonon modes of 24 meV,
and by considering a fraction of such coupled modes ( f ) of 19 %. A detailed discussion on
the motivation of this choice is presented in Sec. 5.5.3; here we only proceed by studying the
dynamics obtained from this assumption. Starting from these values, the fit of the electronic
temperature gives an electron-phonon coupling constant (for subset of strongly coupled
optical phonon modes) λ = 0.32, and a time constant for the anharmonic phonon-phonon
interaction τβ = 0.46 ps. In order to reliably extract these values and the associated uncertain-
ties, we evaluated the trend of the χ2 of the fits while simultaneously changing λ and τβ. To
do so we created a 60 × 60 grid, corresponding to different pairs of values of λ and τβ and
we calculated the χ2 resulting from the fit of the electronic temperature for every point of the
grid. Therefore, the pair of values that minimize the χ2 is the one that better describes the
evolution of the electronic temperature. This approach directly allows to estimate the errors
that affect the fitting parameters. Indeed, by considering the elliptical region where χ2 stays
within 10% of its minimum value (χ2/χ2

min < 1.10) and by projecting the resulting ellipse
on the x and y-axes, it is possible to obtain the range of variation of the fitting parameters
[202, 203]. This procedure is schematically shown in Fig. 5.8(b), while the results obtained are
summarized in Tab. 5.1.

By using the values reported in Tab. 5.1 and by solving the set of coupled differential
equations reported in Eq. (5.6), it is possible to obtain both the evolution of the temperature of
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the strongly-coupled phonon modes and the one of all the remaining phonons. These traces
are shown together with the evolution of the electronic temperature in Fig. 5.8(a). Starting
from the evolution of the temperature of the strongly-coupled modes, and assuming that
the population of this subset of modes can be described by the Bose-Einstein distribution
(assumption being already embedded in the 3TM):

np(t) ∝
[︃

exp
(︃

h̄ωp

kBTp(t)

)︃
− 1
]︃−1

, (5.10)

it is possible to calculate the change in the population of the strongly-coupled modes due
to the increase of their temperature, triggered by the hot carrier relaxation [194].

We emphasize that these modes are excited without the presence of a macroscopic coherent
phase, and therefore their excitation leads to an increase of the lattice fluctuations in the
system. As discussed in Sec. 2.2.2, increased lattice fluctuations give rise to a smearing of the
gap edges, establishing therefore a link between the transient disorder in the system and the
broadening of the CDW gap [41]. Therefore, we tentatively compare the timescales on which
these processes evolve.

Figure 5.9(a) shows a comparison between the transient broadening of the CDW gap and the
change in the population of the strongly coupled modes. Interestingly, these two traces evolve
on similar timescales. The excitation of the strongly coupled optical phonon modes is governed
by the hot carrier relaxation through the electron-phonon coupling constant, therefore the
maximum change in the population of the modes is achieved only 400− 500 fs after the arrival
of the pump pulse. This timescale matches well the one observed for the smearing of the
CDW gap. Moreover, also the second relaxation process of both traces is similar, with the two
showing a plateau for pump-probe delays larger than 2 ps. Indeed, as shown in the following,
this plateau persists for several tens of picoseconds (see also appendix B).

The results obtained by applying the 3TM can be used to model also the dynamics of the
gap closure. Indeed, the broadening of the gap discussed above entails a reduction of the
gap size itself, and therefore a reduction of the energy gain of the electronic subsystem with
the consequent reduction of the amplitude of the PLD. With this in mind we can tentatively
compare the incoherent dynamics of the closure of the CDW gap with the one describing
the change in the population of the strongly coupled optical phonon modes (rescaled by
a constant factor). Moreover, given the presence of small bumps in the trace showing the
evolution of the band shift, on top of this incoherent dynamics we summed a damped cosine
oscillation with the frequency of one of the two CDW amplitude modes observed in the
TR-OS experiments. Therefore, the evolution of the band shift (BS) has been modeled using
the equation:

BS(t) = A · np(t) + I e−t/τ cos(ωamt + ϕ), (5.11)

where A is the constant used to rescale the change in the population of the strongly-coupled
modes. I is the intensity of the oscillating component with angular frequency ωam, decay time
τ and phase ϕ. Only the amplitude mode with a low temperature frequency of 1.6 THz has
been considered in this fitting function. The choice of including only one of the two amplitude
modes originates from the need of keeping as low as possible the number of additional free
parameters. Moreover, the fact that this mode is more clearly visible is in agreement with the
results shown in Sec. 4.4.1, where indeed this AM (named phonon A) has proven to be more
resilient to high excitation fluences.

The result of the fit obtained by using Eq. 5.11 is shown in Fig. 5.9(b), together with the
coherent part of the fit, reported separately. As for the case of the gap broadening, the
timescales extracted from the 3TM match well with the ones extracted from the experiments,
supporting therefore the thermal origin of the dynamics observed.

At this point, being able to describe both the dynamics of the gap closure and the one of
the broadening in terms of the change in the population of the strongly-coupled modes, it
is possible to merge the two models together to describe the dynamics of the CDW gap. The
result is shown in Fig. 5.9(c). It is worth emphasizing that no other free parameters were added
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Figure 5.9: (a) Comparison between the transient broadening of the CDW gap and the change in
the population of the strongly coupled optical phonon modes. (b) Fit of the gap closure
obtained by summing to the trace describing the transient change in the population of the
strongly-coupled modes (rescaled by a constant) an oscillating term with the frequency of
one of the two CDW amplitude modes, as determined from the TR-OS experiments. (c)
Comparison between the dynamics of the CDW gap (distance between the leading edge of
the lower branch and the Fermi level) and the model obtained by summing the curves shown
in (a) and (b). (d) Sketch showing the partial loss of the long-range CDW order, occurring as
a consequence of the incoherent excitation of the strongly-coupled optical phonon modes.
The red spheres represent the vanadium atoms while the black arrows depict the amplitude
of their displacements. Before the arrival of the pump pulse the three subsystems are in
equilibrium (Te = Tp = Tl ≪ Tcdw) and the system is characterized by a well-defined CDW
order. The energy injected by the pump in the system is initially absorbed by the electrons
and then transferred to a subset of strongly coupled optical phonon modes. The excitation
of these phonon modes, without a macroscopic phase coherence, leads to a partial loss of
the long range order of the system. After ≈ 2 ps from the arrival of the pump pulse, the
three subsystems are again in equilibrium and from there on the relaxation dynamics is
governed solely by heat diffusion.

at this point, the model shown in figure has been obtained only summing the traces shown in
panels (a) (divided by a factor 2) and (b), as we did for the edge midpoint estimation of the gap.

We can now summarize the microscopical qualitative physical picture that stands at the base
of the comparison between the dynamics obtained from the 3TM and the ones obtained from
the fits of the EDCs (Fig. 5.9(d)). Before the arrival of the pump pulse, the three subsystems
given by electrons, hot phonons and lattice are in equilibrium, and their temperature is
much lower than the CDW critical temperature: Te = Tp = Tl << Tcdw. Hence, the system
is characterized by a well-defined long-range CDW order. After the arrival of the near
infrared pump pulse, the energy injected in the system is absorbed by the electrons and then
transferred to the subset of strongly-coupled optical phonon modes. The crucial point is that
the excitation of these modes occurs without the presence of a macroscopic phase coherence,
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thus leading to a partial loss of the long-range order of the system [21]. This partial loss
of the long-range order, that therefore evolves on the same timescale of the population of
the strongly-coupled phonon modes, entails a smearing and a partial closure of the CDW
gap. This sets a link between the population of the strongly-coupled phonon modes and
the dynamics of the CDW gap. In other words, the pump pulse triggers an increase of the
lattice fluctuations that profoundly affect the CDW gap. This result could suggest that the
photoinduced phase transition in VTe2 is dominated by the disordering of the vanadium
trimers, similarly to what has been observed in VO2 [21, 196, 204–206].

After a first thermalization, electrons and hot phonons reach a common temperature
and their dynamics become similar. Subsequently, the relaxation proceeds thanks to the
anharmonic phonon-phonon interaction, which continues until a thermal equilibrium with
all the other modes is reached. From here on, the relaxation is governed only by the thermal
diffusion, and hence it evolves on a much slower timescale that is not captured by the 3TM.
Therefore, this cascade process also explains the dynamics observed at large pump probe
delays, i.e. the presence of a plateau in both the gap closured and the gap broadening (see also
appendix B). At these delays the strongly coupled phonon modes have reached a common
temperature with all the other modes, hence the relaxation is brought forward only by the
heat diffusion on a much slower time scale [207].

In summary, this model shows that the dynamics of the CDW gap in VTe2, triggered by a
strong optical excitation, can be fully described by considering the incoherent excitation of a
subset of strongly-coupled optical phonon modes and the excitation of the CDW amplitude
modes, with the second playing only a marginal role in determining the dynamics of the CDW
gap when a large excitation fluence is used. These results therefore point towards a phase
transition dominated by an order-disorder process rather than a displacive process [21, 208].
We emphasize that VTe2 constitutes a promising candidate to study the interplay between
lattice fluctuations and CDW order. Indeed, the presence of a large energy gap allows to use
high excitation fluences without completely melting the charge order, thus allowing to study
the effect of transiently increased lattice fluctuations on the CDW order [12].

5.5.3 Dependence on the initial choice of parameters

The results presented in the previous section are based on the assumption that the subset of
the strongly-coupled phonon modes has an energy of 24 meV and the fraction of such coupled
modes is 0.19. These values have been chosen after having performed extensive simulations,
investigating the range of possible energies and fractions. As a first step, following a procedure
similar to the one presented in the previous section, we evaluated the evolution of the χ2

of the fit of the electronic temperature while simultaneously changing energy and fraction
of the strongly-coupled modes. To do so, we built a 45 × 45 points grid, corresponding to
different pairs of energies and fractions, and we calculated the resulting χ2 for every point of
the grid. These fits have been performed leaving λ and τβ as free fitting parameters while
keeping fixed all the remaining parameters. It is worth noting that the change of the energy
of the subset of strongly coupled modes requires the calculation of their specific heat at
every step. The two-dimensional map showing the evolution of χ2/χ2

min for the fit of the
electronic temperature is reported in Fig. 5.10(a). This map shows that in order to obtain
appreciable changes in the χ2, large changes of the fraction and the energy of the modes
are required, thus making difficult to obtain a reliable estimation of these parameters from
this fit only. Hence, in order to refine the procedure, starting from the values of λ and τβ
obtained from the fit of the electronic temperature, for every combination of phonon energy
and fraction we performed a fit of the evolution of the band broadening and of the band shift.
As explained in the previous section, this procedure has required the calculation of np(t) for
every combination of parameters. In particular, the evolution of the band broadening has
been fitted using the dynamics of np, rescaled by a constant factor, while the evolution of
the band shift has been fitted using Eq. (5.11). Figures 5.10(b) and (c) show the evolution of
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Figure 5.10: (a) Two dimensional map showing the evolution of χ2/χ2
min obtained from the fit of the

electronic temperature, as a function of the energy and of the fraction of the strongly-
coupled optical phonons. (b) Two dimensional map showing the evolution of χ2/χ2

min
obtained from the fit of the band broadening, as a function of the energy and of the
fraction of the strongly-coupled optical phonons. The fit has been obtained calculating the
evolution of np(t) for every couple of parameters. (c) Two dimensional map showing the
evolution of χ2/χ2

min obtained from the fit of the band shift, as a function of the energy
and of the fraction of the strongly-coupled optical phonons. The fit has been obtained
using Eq. (5.11). (d) Two dimensional map showing the evolution of χ2/χ2

min obtained by
summing the maps reported in (b) and (c). The semi-transparent white box covers the pairs
of parameters for which the phonon energy is higher than ∼ 38 meV, which, according
to our DFT simulations, corresponds to the highest phonon energy existing in VTe2. The
region of parameters for which the resulting EPC constant is higher than 0.4 is highlighted
by a checkered white pattern.

χ2/χ2
min respectively for the fit of the band broadening and of the band position. Finally, in

order to obtain the pairs of parameters that better describe both evolutions simultaneously,
the maps reported in panel (b) and (c) have been summed (and normalized again to their
minimum value); the result is shown in panel (d). The values of energy and fraction that
minimize the χ2 reported in this map are respectively: 24 meV and 0.19, i.e. the ones used
in the previous section. Interestingly, this simulation shows that it exists a relatively large
region of parameters for which the resulting χ2 stays with 5% of its minimum value. This
result therefore demonstrates the robustness of the model presented here, and suggests a
scenario in which a continuum of modes, enclosed in a specific energy region, is involved in
the energy transfer from the electrons to the lattice, similarly to what has been observed in
VO2 [21, 196]. Moreover, it is worth emphasizing that this range of energies encloses different
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Figure 5.11: (a) Two dimensional map showing the evolution of the el-ph constant (λ) as a function
of energy and fraction of the subset of strongly-coupled optical phonon modes. (b) Two
dimensional map showing the evolution of the anharmonic phonon-phonon time constant
(τB) as a function of energy and fraction of the subset of strongly-coupled optical phonon
modes. The contour lines superimposed to the two panels show the evolution of the
χ2/χ2

min reported in Fig. 5.10(d), thus allowing to evaluate the intervals of variation of
λ and τB for the couple of parameters that minimize the χ2 of both band broadening
and band shift. The semi-transparent white box covers the pairs of parameters for which
the phonon energy is higher than ∼ 38 meV, which, according to our DFT simulations,
corresponds to the highest phonon energy existing in VTe2.

phonon branches truly existing in VTe2, as confirmed by Raman experiments and theoretical
simulations [209], with one of these branches located at ∼ 25 meV, the value for which our
model gives the best results. For completeness in appendix C we report the fits of band
broadening and position obtained by starting from the pairs of parameters that minimize
separately the four maps shown in Fig. 5.10.

The checkered white pattern reported in all the panels of Fig. 5.10 highlights the region
of parameters for which the resulting electron-phonon coupling constant is larger than 0.4.
This value corresponds to the coupling constant of the strongly-coupled optical phonons
estimated in the high-temperature superconductor Bi2Sr2Ca0.92Y0.08Cu2O8+δ [104]. Although
the two systems are unrelated, being the modes considered not directly linked to the CDW
transition, values of EPC much higher than 0.4 are considered unlikely [210]. The region
covered by the checkered white pattern corresponds to pairs of parameters for which the
energy of the strongly-coupled modes is lower than ∼ 19 meV. Indeed, we remind that
τe ∝ 1/(λ⟨h̄2ω2⟩), therefore a reduction of the energy entails an increase of λ to unphysical
values. The two-dimensional map reported in Fig. 5.11(a) shows the evolution of the electron-
phonon coupling obtained by fitting the dynamics of the electronic temperature. As expected,
a progressive reduction of the EPC constant is observed for an increase of the energy of the
strongly coupled modes, while only a weak dependence on the fraction of such modes is
observed. For completeness, in Fig. 5.11(b) it is reported also the evolution of the anharmonic
phonon-phonon time constant, which shows a more pronounced dependence on the fraction
of the strongly-coupled modes.

5.6 independence of the gap dynamics on the pump
photon energy

All the time-resolved photoemission experiments discussed up to now have been performed
using a pump photon energy of 1.77 eV. This choice was made in order to be resonant with
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Figure 5.12: (a) Differential ARPES map showing the changes in the photoemission intensity induced
by the pump pulse. The measurement was performed at a base temperature of ∼ 120 K,
using a pump photon energy of hνpump = 1.03 eV (1200 nm), and an incident fluence
of ∼ 700µJ/cm2. (b) Dispersion of the vanadium band for three selected pump-probe
delays. (c) Two-dimensional maps showing the shift and the change in the FWHM of the
vanadium band with respect to the equilibrium position, as a function of the momentum
and the pump-probe delay. (d) Gap dynamics extracted from measurements performed
with different pump photon energies: 1.77, 1.03 and 0.73 eV (corresponding respectively to
700, 1200 and 1700 nm). The intensity of the traces has been normalized to a common value
to facilitate the comparison of the dynamics. Superimposed to the traces are shown the fits
obtained by using a double exponential decay with the addition of a damped oscillation. A
graph showing the total density of states and the optical transition triggered by the three
different photon energies is also reported.

the optical transition between the bonding and antibonding states that arise due to the
trimerization process that takes place during the CDW phase transition. One could now
wonder whether the dynamics observed are a result of the peculiar pump photon energy
used, or, as the implementation of the 3TM would instead suggest, they are independent on
the pump photon energy. To answer this question, we took full advantage of the OPA system
coupled to the HHG source, and we performed additional TR-ARPES experiments using
different pump photon energies. In particular, photon energies of 1.03 and 0.73 eV were used.
This choice originates from the fact that the former allows to trigger a resonant transition
between the bonding and the non-bonding states, while the latter doesn’t allow to excite a
direct transition between states directly affected by the CDW transition. Hence, the use of
these three excitation energies should allow to unveil the role played by the pump photon
energy in the determination of the CDW dynamics [211–213]. All the other parameters of the
experiment have remained unchanged, namely the measurements have been performed on
strained samples kept at a base temperature of ∼ 120 K.

We start by considering the results obtained using a pump photon energy of 1.03 eV. Figure
5.12(a) shows a differential ARPES map highlighting the changes in the photoemission inten-
sity induced by the pump pulse. A comparison with Fig. 5.5(f) shows no significative changes
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Figure 5.13: (a) Differential ARPES map acquired at ∆tpp ≈ 0, showing the replica of the vanadium
band above the Fermi level. The red circles show the dispersion of the vanadium band
extracted from the fits of the EDCs, while the blue circles show the same dispersion
displaced by the pump photon energy of 0.73 eV. (b) Evolution of the dEDCs obtained
by integrating the photoemission intensity from the momentum region delimited by the
dashed lines in (a). (c) Evolution of the photoemission intensity extracted from the boxes
depicted in (b). The replica of the vanadium band (box A) persist only for a time equal to
the cross-correlation between the pump and the probe pulses. For this measurement the
idler of the OPA has not been compressed, thus the cross-correlation between the pump
and the probe pulses turns out to be ∼ 230 fs.

in the electronic band structure of the photoinduced VTe2 sample. This observation is also con-
firmed by the dispersion of the vanadium band extracted at three selected pump-probe delays
and shown in Fig. 5.12(b). The effect of the pump pulse is to trigger the folding of the vana-
dium band in a way similar to the one observed in the temperature-driven phase transition.

At this point, it is worth noting that panel (a) shows a pronounced differential signal also
for binding energies larger than 1 eV, corresponding to the energy of our pump pulse. This
observation confirms that the changes in the photoemission intensity observed far from the
Fermi level (also in Fig. 5.5(f)) arise from a change in the lattice symmetry triggered by the
pump pulse, and are not simply due to a change in the bands occupation triggered by the
absorption of pump photons.

We now move to the study of the photoinduced dynamics. The two-dimensional maps
reported in Fig. 5.12(c) show the changes in the position and in the FWHM of the vanadium
band as a function of the pump-probe delay. Once again, the dynamics extracted are very
similar to the ones reported in Fig. 5.7. Both quantities show a larger rise time with respect to
the one of the hot carriers, with their the maximum change occurring only at a pump-probe
delay of 500 fs. Interestingly, also the experiments performed using a pump photon energy of
0.73 eV, i.e. non-resonant with an optical transition that directly involves CDW states, have
shown equivalent outcomes. The results of the experiments performed by using different
pump photon energies are summarized in Fig. 5.12(d). In particular, this graph shows a
comparison between the dynamics of the lower edge of the CDW gap (also here the edge
midpoint estimation of the gap is used) extracted from the three experiments performed.
Given the fact that the reflectivity of the sample is different at different photon energies, and
that the reflectivity in the near infrared has not been reported in the literature to the best of
our knowledge, it was not possible to calculate the absorbed fluence for these experiments.
Therefore, given the different excitation regimes used, the three traces reported in this graph
have been multiplied by a different constant factor in order to normalize their intensity to a
common value, thus facilitating their comparison.

The fact that the dynamics of the CDW gap turns out to be independent on the pump
photon energy is in agreement with the interpretation brought by the three-temperature
model. Indeed, the model presented in the previous section is independent on the particular
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optical transition triggered, since it relies only on the generation and relaxation of the hot
carriers with the subsequent incoherent emission of phonons. Furthermore, the dynamics
obtained by using pump photon energies of 1.03 and 0.73 eV, being acquired on a longer time
window, highlight the presence of a plateau at large pump-probe delays, thus confirming the
scenario presented in the previous section.

As a final remark, it is worth noting that despite the use of a resonant pumping with the
bonding-nonbonding and the bonding-antibonding transitions, the population of the upper
part of the CDW gap has not been observed. As shown by Fig. 5.13(a), the only additional
effect observed is the appearance of a replica of the lower gap edge above the FERMI level,
for ∆tpp ≈ 0. This process, known as LAPE (laser assisted photoemission), originates from
the interaction of the photoemitted electrons with the electric field of the pump pulse, and
leads to the formation of replicas of the occupied bands spaced by a pump photon energy.
The LAPE process is therefore linked to a dressing of the free electron final states by means
of the pump photons, and not to a change in the electronic band structure [214–216]. Indeed,
as demonstrated by Fig. 5.13(b) and (c), the replica of the vanadium band persist only for a
time equal to the cross-correlation between the pump and the probe pulses, i.e. for the time
of interaction between the photoemitted electrons and the electric field of the pump pulse.
Furthermore, the intensity of the replica has proven to be sensitive to the polarization of the
pump beam with respect to the slit of the hemispherical analyzer, as expected from the LAPE
process [216].

5.7 extraction of the electronic temperature from m1

The implementation of the three-temperature model presented in Sec. 5.5.2 requires the
knowledge of the electronic temperature. Its evolution can be extracted directly from TR-
ARPES spectra measured on the ungapped regions of the Fermi surface. Figure 5.14(a) shows
an ARPES spectrum acquired along the K-M1-K direction, at a base temperature of ∼ 120 K.
As expected from the change in the lattice symmetry, in contrast to what happens at the M2
point, no modifications in the electronic band structure take place during the CDW phase
transition at M1, thus here the V-shaped vanadium band crosses the Fermi level without the
presence of the CDW gap. Thanks to that, the value of the electronic temperature can be
extracted directly from the fits of the EDCs [24, 74, 212]. The differential image reported in
Fig. 5.14(a) shows that the only effect of the pump pulse is to trigger a redistribution of the
spectral weight, without affecting the dispersion of the band. This observation is confirmed
by the fits of the MDCs reported in Fig. 5.14(c). The three traces depicted in this graph, show
the dispersion of the V-shaped band for different pump probe delays. The fact that the three
curves are perfectly overlapped, demonstrates that the dispersion of the vanadium band is
not affected by the arrival of the pump pulse.

Figure 5.14(d) shows the evolution of the EDCs extracted from the momentum region
delimited by the dashed lines reported in (a). As for the fits performed at the M2 point, the
vanadium band has been modeled by using a Lorentzian-shaped density of states multiplied
by the Fermi-Dirac distribution. The full fit function has then been obtained by adding a third
order polynomial to describe the background and by convolving the resulting expression with
a Gaussian function (G), to take in to account the finite energy resolution of our apparatus.
The resulting fit function is therefore:

I(E) = G(E)⊗
[︃(︃

I · (Γ/2)
(E − EB)2 + (Γ/2)2

)︃
× 1

e(E−EF)/kBTe + 1
+ bkg

]︃
(5.12)

with:

bkg = A + B · E + C · E2 + D · E3.
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Figure 5.14: (a) ARPES spectrum acquired along the K-M1-K direction at T ∼ 120 K. (b) Differential
ARPES spectrum highlighting the changes in the photoemission intensity induced by the
pump pulse. The image has been acquired 100 fs after the arrival of the pump pulse.
The absorbed fluence was set to 420µJ/cm2. (c) Dispersion of the V-shaped vanadium
band extracted from the fits of the MDCs, for three different pump-probe delays. The
fact that three traces are overlapped demonstrates that the dispersion of the band is not
affected by the arrival of the pump pulse. (d) Temporal evolution of the EDCs extracted
from the momentum region delimited by the dashed lines in (a). (e) EDCs extracted from
(c) at selected pump-probe delays together with their fits. (f) Evolution of the electronic
temperature obtained from the fits of the EDCs extracted from experiments performed
with different absorbed fluences. The fits obtained using the 3TM are also reported. All
the experiments have been performed at a base temperature of ∼ 120 K and by using a
pump photon energy of 1.77 eV.

Figure 5.14(e) shows the EDCs extracted at selected pump-probe delays, together with the
fits obtained. Despite for the temporal region located immediately after the arrival of the
pump pulse (∆t < 100 fs), where the hot carrier population is characterized by a non-thermal
distribution, the simple model used is able to describe well the experimental data and thus
it can be used to extract the electronic temperature of the system [178]. The evolution of
the electronic temperature extracted from this fitting procedure is shown in Fig. 5.14(f).
In particular, this graph shows the comparison between the dynamics obtained by using
three different absorbed fluences (well below the critical fluence required to drive the phase
transition), demonstrating that no saturation effects are observed, since the maximum change
in the electronic temperature scales linearly with the pump fluence.

5.8 room-temperature light-induced changes in the
band dispersion at m2

Having characterized the low-temperature electron dynamics triggered by the pump pulse,
we now investigate the room-temperature electron dynamics, where the size of the CDW gap
is already strongly reduced due to the increased temperature. Given the difficulty in obtaining
good cleaves, to allow for a direct comparison between the low- and high-temperature band
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Figure 5.15: (a)-(c) Selected ARPES spectra acquired along the K-M2-K direction at different pump-probe
delays: (a) before the arrival of the pump, (b) and (c) respectively 160 and 500 fs after the
arrival of the pump pulse. The colored circles denote the central position on the vanadium
band extracted from the fits. (d)-(f) Differential ARPES maps highlighting the changes in
the photoemission intensity induced by the pump pulse. The measurement was performed
at a base temperature of ∼ 290 K, using a pump photon energy of hνpump = 1.77 eV
(700 nm) and an absorbed fluence of ∼ 1.2 mJ/cm2. (g) Dispersion of the vanadium band
extracted from (a)-(c). The dispersion of the vanadium band extracted from the equilibrium
measurement performed at 120 K is also reported in gray for comparison. (h) Maximum
folding of the vanadium band extracted at different absorbed fluences. The grey circles in
(c) denote the dispersion of the vanadium band extracted from the M1 point (shown in
Fig. 5.14.(a)).

dispersion, the measurements here presented have been performed consecutively to the
low-temperature ones presented in Sec. 5.4. The drawback of this approach however, resides
in the fact that the outgassing of the manipulator, that takes place when it is warmed up
from the liquid nitrogen temperature, has resulted in a pronounced broadening of the band
structure [217]. This large broadening has therefore overshadowed the one resulting from the
thermal population of the strongly-coupled-modes (we remind that kBT ≈ h̄ω0 = 24 meV),
and has hindered the study of the photoinduced changes in the width of the vanadium band.
However, due to beamtime limitations it was not possible to repeat the measurement on a
fresh cleave. Therefore in this section only the changes induced by the pump pulse in the
dispersion of the vanadium band will be investigated.
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As for the experiments performed at a base temperature of ∼ 120 K, the pump photon en-
ergy has been set to 1.77 eV. Unlike those experiments however, even if the energy of the pump
pulse has been kept fixed, the pump pulse is not anymore resonant to the transition between
the bonding and the antibonding vanadium states. Indeed, due to the increased temperature,
the distance between these pair of states is expected to be strongly reduced [11]. Although
this different excitation path has to be taken in mind, from the results shown in Sec. 5.6, it
is not expected that the use of a non-resonant pump affects the melting of the CDW phase.

Figure 5.15 shows three ARPES spectra acquired at different pump-probe delays, together
with the corresponding differential ARPES maps. These images give a qualitative picture
similar to the one obtained from the low temperature experiments (Fig. 5.5). Immediately
after the arrival of the pump pulse the main change in the occupied band structure arises from
the depletion of the vanadium band. Subsequently a pronounced change in the dispersion of
the vanadium band is observed, as confirmed also by the appearance of a V-shaped red region
in panel (f). Moreover, this panel also shows that the folding of the band is accompanied by
an increase of the photoemission intensity that takes place around k-kM2 ∼ 0 for high binding
energies. As discussed in Sec. 5.6, these changes are likely to be related to the changes in the
lattice symmetry triggered by the pump pulse.

The changes in the dispersion of the vanadium band are quantified in panel (g), where
the central position of the band extracted from the fits of the EDCs is reported. Once again
this comparison shows that the change in the dispersion observed at a pump-probe delay of
500 fs is more pronounced than the one extracted at the delay in which the maximum value
of the electronic temperature is reached. The dispersion of the vanadium band extracted at
120 K is also reported here for comparison, showing that the changes induced by increasing
the temperature are larger than the ones obtained by exciting the sample with a light pulse,
despite the moderate excitation fluence used. This observation suggests again that the light-
induced melting of the electronic order in VTe2 is governed by a relatively slow and inefficient
process, like the one proposed in the previous sections.

It is now useful to quantify the maximum closure of the CDW gap obtainable in our
experiments. Indeed, even if, as a consequence of the arrival of the pump pulse, the dispersion
of the vanadium band becomes more similar to the one found at the M1 point, it never reaches
the Dirac-like dispersion expected in the normal phase of VTe2. A comparison between
the dispersion of the V-shaped band extracted from the M1 point, and the one extracted
at the maximum folding (obtained for different excitation fluences) from the M2 point is
shown in Fig. 5.15(h). These measurements clearly show that even starting from an already
partially closed gap, the excitation fluence required to drive the complete phase transition
towards the normal phase of VTe2 is higher that the one reachable by our experimental setup
(Fabs ∼ 1.2 mJ/cm2). These results are therefore in full agreement with the time-resolved
reflectivity measurements presented in the previous chapter.

5.9 conclusions
Strongly-coupled charge-density-wave materials, being characterized by the presence of large
energy gaps, constitute an ideal systems to study the interplay between lattice fluctuations and
the properties of the charge-ordered phase. Due to the large ratio between the gap size and the
critical temperature (2∆/kBTcdw ≳ 7), the electronic entropy becomes negligible during the
temperature-driven phase transition [12, 19]. This unique characteristic, dramatically affects
also the out-of-equilibrium properties of this class of material. Indeed, as a consequence of that,
high excitation fluences are required to photoinduce the transition from the low-temperature
phase to the high-temperature normal phase.

The TR-ARPES measurements performed on VTe2 and reported in this chapter, have shown
that the dynamics of the CDW gap, triggered by a strong optical excitation, is not dominated
by the excitation of the two amplitude modes of the system, but it is instead governed by an
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incoherent process that evolves on slower timescales. By using a three-temperature model to
describe the energy flow from the excited electrons to the lattice, we were able to show that the
dynamics of the CDW gap can be completely described considering the population of a subset
of strongly-coupled optical phonon modes, with only a marginal role played by the excitation
of the CDW amplitude modes. In particular, the excitation of the strongly-coupled phonons,
that takes place without a macroscopic phase coherence, has the effect of increasing the lattice
fluctuations and thus the so-called transient disorder of the system [178, 194]. These increased
lattice fluctuations are responsible for the loss of the long-range CDW order, which results in
a quench of the electronic order parameter. Therefore, our findings suggest the presence of a
light induced order-disorder transition in VTe2, similarly to what has been observed in VO2
[21, 196, 199]. This scenario has been corroborated by studying the dynamics of the gap size
as a function of the pump photon energy. Indeed, these measurements have revealed that
the timescale on which the (partial) closure of the CDW gap takes place, is independent on
the particular optical transition triggered. This finding is in agreement with our microscopic
picture, which is based on the relaxation of the hot carriers with the consequent excitation of
strongly-coupled optical phonon modes.

To further confirm the scenario here proposed, additional calculations will be performed
in the following months. Specifically, particular attention will be devoted to study the effect
of the incoherent excitation of strongly-coupled non-CDW modes on the low temperature
charge-ordered phase. Indeed, the scenario presented in this chapter is founded on the
assumption that the excitation of non-CDW modes entails a reduction of the order parameter
of the system, suggesting therefore the presence of a coupling between these modes and
the charge-ordered phase. Hence, a simplified microscopic model will be developed to
test this hypothesis. Moreover, the possibility to perform femtosecond X-Ray total scatting
measurements will be investigated. These experiments, allowing to directly study the diffuse
intensity across the momentum space, are perfectly suited to study order-disorder transitions
in which the movement of the atoms proceed in a spatially incoherent manner [21, 199].

More generally, this investigation calls for a deeper understanding of the interplay between
lattice fluctuations and the CDW phase, and paves the way for further exploration of the
nonequilibrium properties of the strongly-coupled CDW systems by means of TR-ARPES
experiments.





6 C O N T R O L O F T H E C D W P H A S E I N T H E
KA G O M E C O M P O U N D ScV6Sn6

Strongly correlated systems and topological materials are two rich research fields in condensed
matter physics. Kagome lattice materials, due to their crystal structure made by corner-sharing
triangles, lie at the intersection of these two fields, being able to combine Dirac Fermions [218],
van Hove singularities (vHS) [9] and flat bands across the Brillouin zone [219]. Furthermore,
these compounds have shown to host a variety of exotic phases, like high-temperature
superconductivity [9, 220, 221], charge-density waves [9, 222], Bose-Einstein condensation
[223] and anomalous Hall effect [224]. However, the link between the distinctive electronic
structure of the kagome compounds and the observed many-body phenomena remains to be
understood [9].

This chapter is devoted to the presentation of the time-resolved reflectivity experiments
performed on the kagome compound ScV6Sn6, which hosts a low-temperature CDW phase.
These results are corroborated by extensive DFT simulations performed by Prof. Domenico
Di Sante and by Dr. Armando Consiglio which are discussed alongside to the experimental
results. In particular, after having presented the general properties of the kagome compounds
and having discussed the emergence of the CDW in ScV6Sn6, we present a systematic
temperature-dependent study of the non-equilibrium reflectivity across the CDW phase
transition. This study has allowed to reveal the presence of a new phonon mode below TCDW
that, with the aid of DFT calculations, has been identified as the amplitude mode of the
system. Furthermore, by performing a fluence-dependent study, we demonstrate the marked
resilience of this compound upon a near-infrared photoexcitation. Finally, we show that the
application of a modest uniaxial strain on a ScV6Sn6 crystal results in a reduction of the
temperature-dependent softening of the CDW amplitude mode. This result, corroborated by
DFT simulations, suggests a possible path to enhance the CDW order in ScV6Sn6.

6.1 basic properties of kagome compounds

The arrangement of atoms in a kagome lattice is shown in Fig. 6.1(a). As depicted by the
simplest nearest-neighbor electronic hopping model of the s-orbital kagome lattice, an exact
solution of the electronic problem on such lattice is one where the wavefunctions at the
neighboring corners of the hexagons have opposite signs (plus and minus signs in Fig. 6.1(a))
[219, 225]. This causes the hopping pathways to the nearest-neighbors to vanish [226]. As
a consequence of this destructive quantum interference, electrons turn out to be localized
inside the blue hexagonal region depicted in Fig. 6.1(a). Hence, this localization in real space
translates in momentum space with the appearance of dispersionless bands (namely flat
bands) [227]. In addition to the flat bands, the tight-binding model of the kagome lattice
predicts the presence of a pair of Dirac bands (located at the K points) that are protected by
the lattice symmetry, similarly to the case of the honeycomb lattice (blue band structure shown
in panel (b)) [219]. Both the linear band crossing at K and the quadratic band touching point
at Γ become gapped once the spin-orbit coupling (SOC) is included (black band structure
in panel (b)), and the Dirac and flat bands become topologically nontrivial [219, 228, 229].
Furthermore, the diverging density of states at the vHS (located at the M points) and the flat
bands can support the emergence of correlated many-body ground states [225].
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Figure 6.1: (a) Confinement of electrons in a kagome lattice with nearest-neighbor hopping. The atoms
lay at the intersection of the lines. Plus and minus indicate the phase of the wavefunction
at neighboring sublattices. Any hopping outside the hexagon is canceled due to destructive
interference, hence resulting in the localization of the electrons inside the blue hexagon.
Adapted from [219]. (b) Prototypical tight-binding band structure (blue) of the kagome
lattice. The black bands show the case in which the spin-orbit coupling is included. The two
vHS are marked by the grey shades. (c) and (d) Fermi surface of a kagome lattice at n = 5/12
filling with p-type vHS and at n = 3/12 filling with m-type vHS. The red, green and blue
colors used on the Fermi surface represent the weights of the three sublattices. The nesting
vector Q = (π, 0) and its equivalents are shown by the black arrows. Adapted from [9].

Despite all the fascinating properties of the kagome compounds, in the following we will
only consider and discuss the role played by the vHS. Indeed, the characteristics of the
vHS are crucial in determining the Fermi surface instabilities that reside at the origin of
many exotic phases observed in kagome materials [230]. It has been predicted that both
chiral density wave and unconventional superconductivity may naturally arise from the
kagome-derived vHS at the filling fractions n = 5/12 and n = 3/12 (the two filling levels
are highlighted by the grey shades in panel (b)) [231]. At these filling fractions, the Fermi
surface and the vHS at the M points are perfectly nested by a reciprocal vector Q = (π, 0),
consistent with a 2 × 2 charge-ordered phase. In support of this prediction, recent ARPES
studies have shown that the vHS located near the Fermi level set the stage for the transition
towards a 2 × 2 inverse star-of-David CDW phase in the kagome compounds belonging to
the family of AV3Sb5 (A= K, Rb, Cs) [9, 232–234]. Moreover, due to the intrinsic asymmetry
of the kagome band structure across the Dirac point, the two vHS found at filling fractions
n = 5/12 and n = 3/12 are fundamentally distinct and this aspect affects the properties of
the new emerging phases. Indeed, due to the presence of three inequivalent sites per unit cell,
the Fermi surfaces at the two fillings are characterized by two different flavors, corresponding
to the pure (p-type) and mixed (m-type) sublattice characters of the vHS (the two possible
FS are depicted in Fig. 6.1(c) and (d)). Such sublattice character is critical to understand the
unconventional many-body phases emerging from the kagome lattice, since it determines
the momentum dependence of the electronic susceptibility and the pairing symmetry of the
low-temperature phases (electron-electron for the superconducting phase or electron-hole for
the charge-density wave phase) [9, 235, 236].

As a final remark, it is worth noting that the properties discussed in this paragraph are
strictly true for a purely two-dimensional system. When, instead of a single layer, a layered
3D system is considered, the finite interlayer coupling must be taken into account. As a result,
the system can lack the quasi-2D behavior [237], or display bands which remain flat only for
subregions of the Brillouin zone [238].
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In this way the van Hove singularities and the dz2 flat band of the CDW and pristine systems
are aligned. The red arrows indicate the regions in which the largest changes in the band
structure are observed. Modified figure based on the published version in Tuniz et al. [239].

6.2 the kagome compound scv6sn6

Bilayer kagome metals are an emerging class of correlated topological compounds with
chemical formula RV6Sn6 (R: rare earth), featuring unconventional topological phases and
collective magnetic excitations at low temperature [239–241]. Among these compounds,
ScV6Sn6 is the only one that exhibits a low-temperature CDW phase, thus raising the question
about the microscopic origin of this new ordered phase. Despite the joint efforts and the large
number of experimental and theoretical works, the origin and the nature of the CDW phase
remain to be understood [18, 222, 239, 242]. This section is devoted to the characterization
of the structural and electronic properties of ScV6Sn6. Particular attention will be drawn to
those properties linked to the emergent charge-ordered phase.

6.2.1 High-temperature crystal structure and CDW reconstruction

ScV6Sn6 has a hexagonal HfFe6Ge6-type crystal structure [240, 243, 244]. As anticipated above,
unlike the one of the binary (TmXn, with T: 3d transition metals and X= Sn, Ge) and ternary
(AV3Sb5, with A= K, Rb, Cs) kagome metals, this crystal structure is characterized by the
presence of two kagome sheets per unit cell, separated by alternating ScSn2 and Sn2 layers, as
shown in Fig. 6.2(a) [243]. Despite this structural difference however, it is worth emphasizing
that ScV6Sn6 shares a partially filled vanadium kagome lattice with the ternary compounds
AV3Sb5, with V-V distances that in both cases are between 2.73 and 2.75 Å [243, 245]. The
presence of a common vanadium kagome lattice results in a similar electronic band structure
around the Fermi level, thus establishing a possible link between these compounds [9, 222].

As signaled by diffraction and transport experiments [222, 243], at around 92 K ScV6Sn6
undergoes a first order phase transition towards a novel

√
3 ×

√
3 × 3 charge-density-wave

phase. The resulting charge-ordered phase is characterized by the presence of large out-of-
plane displacements involving the scandium and the tin atoms (highlighted in Fig. 6.2(c)),
whereas the position of the vanadium atoms is only weakly perturbed [239, 243]. Specifically,
diffraction measurements have shown that while the CDW-induced movement of the Sc and
Sn atoms along the c-axis is of 0.16 Å, the displacement of the vanadium atoms in the kagome
mesh is only of the order of 0.004 − 0.006 Å [243]. At this point, it is worth noting that despite
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Figure 6.3: (a) ARPES spectra measured perpendicularly to the K − M − K direction, showing the
dispersion of the three vHS in ScV6Sn6. vHSp1 and vHSp2 have an electron-like dispersion
along the K−M−K direction (dashed line) and an hole-like dispersion along the Γ −M− Γ
direction, while the concavity is opposite for vHSp3. The data were collected using a
photon energy of 129 eV, which translates to kz ≈ 0. Adapted from [222]. (b) ARPES
spectra measured perpendicularly to the K − M − K direction showing the dispersion of the
three vHS in CsV3Sb5. vHSp1 and vHSp2 have a hole like dispersion along the K − M − K
direction (dashed line) and an electron-like dispersion along the Γ − M − Γ direction, while
the concavity is opposite for vHSm1. The data were collected using a photon energy of 88 eV,
which translates to kz ≈ 0.4π/c. Within the color scale used, darker colors indicate higher
electron counts. Adapted from [9].

the similar kagome mesh, the lattice reconstruction of ScV6Sn6 is remarkably different from
the one observed in the sister compound CsV3Sb5. Indeed, in CsV3Sb5 the vanadium atoms
have an in-plane displacement of the order of 0.0085 − 0.009 Å, forming either a Star of David
or a trigonal arrangement, while no out-of-plane distortions are observed [243].

As discussed in the introductory chapter on the CDW systems, a large lattice reconstruction
is possible only thanks to the energy gain arising from the opening of an electronic gap.
Therefore we now consider the modifications induced in the electronic structure by the onset
of the CDW phase. Figure 6.2(d) shows a comparison between the calculated electronic band
structure in the normal and in the CDW phases of ScV6Sn6 [239]. This comparison shows
that the largest changes in the band structure are expected in the A-L-H plane, where also the
opening of a large energy gap is observed. In agreement with the diffraction measurements,
the kagome-derived structures appear to be weakly perturbed by the onset of the charge-
ordered phase. However, since these DFT calculations highlight the presence of multiple vHS
in proximity of the Fermi level, in analogy to the AV3Sb5 family [9], it is necessary to carefully
analyze the possible role played by the vHS in the stabilization of the charge-ordered phase
in ScV6Sn6.
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Figure 6.4: (a) Fermi surface of ScV6Sn6 measured in the normal (left) and in the CDW (right) states. (b)
Band dispersion measured along the Γ − M direction in the normal (left) and CDW (right)
phases. The solid lines are guides to the eye highlighting the band dispersion around the Γ
point. The data were obtained using a photon energy of 115 eV, corresponding to the kz ≈ π

high-symmetry plane. Within the color scale used, darker colors indicate higher electron
counts. Adapted from [222].

6.2.2 van Hove singularities and CDW gap

As anticipated in Sec. 6.1, in AV3Sb5 compounds it has been shown that the vHS derived from
the vanadium kagome lattice set the stage for the CDW phase [9, 232]. Since ScV6Sn6 shares
the same kagome network, it is tempting to consider a similar scenario also in this compound.
Figure 6.3(a) shows the dispersion of the three p-type vHS found at the M point in ScV6Sn6.
While vHSp2 is located at high binding energies, the other two are located very close to the
Fermi level, and can in principle promote various electronic instabilities. For comparison,
the dispersion of the three vHS (two of them are p-type while the other is m-type) found
in CsV3Sb5 is reported in Fig. 6.3(b), showing the presence of two vHS located very close
to the Fermi level, similarly to what is observed for ScV6Sn6 [9]. Despite these similarities,
and the fact that the vHS lie at the folded Brillouin zone boundary of the

√
3 ×

√
3 × 3 of

charge-ordered phase, temperature dependent measurements performed on ScV6Sn6 have
shown that the vHS stay unaltered across TCDW [222]. This observation therefore confirms the
hypothesis according to which the vanadium kagome lattice plays a marginal role in driving
the

√
3 ×

√
3 × 3 CDW phase in ScV6Sn6 [222, 232, 239].

After having discussed the role played by the vHS, we analyze the opening of the charge
order gap. The Fermi surfaces reported in Fig. 6.4(a) show that upon entering in the CDW
phase, the circular intensity pattern well visible in the normal phase (left) is modified in a
star-shaped pattern (right) [222]. The changes induced in the band structure can be better
understood by considering the ARPES spectra measured along the Γ − M direction and
reported in panel (b). The normal phase band structure is characterized by the presence of a
large electron pocket centered at Γ, which constitutes the circular intensity pattern observed
in the normal-phase Fermi surface. Below TCDW this electron band is folded towards higher
binding energies, developing a large CDW gap [222]. The reduction of intensity at the Fermi
level, that arises as a consequence of the opening of the charge order gap, results in the
star-shaped pattern observed in the low-temperature Fermi surface. We note that the opening
of the gap is observed at about 2/3 of the Γ − M direction, which perfectly matches the
boundaries of the folded

√
3 ×

√
3 Brillouin zone [222].

It is now also useful to compare the gap size extracted in ScV6Sn6 with the one observed in
the AV3Sb5 compounds. Indeed, despite the similar critical temperatures (TCDW ≈ 80− 100 K),
the gap size of the two compounds is rather different. While in ScV6Sn6 the gap is of
≈ 260 meV [222, 239], in the sister compounds AV3Sb5 is of the order of ≈ 50 − 80 meV [222,
246, 247]. It is worth emphasizing that the gap size of ScV6Sn6 is remarkably large, given
the critical temperature of the compound. Indeed, the ratio between the CDW transition
temperature and the gap size is 2∆/kBTCDW ≈ 30, highlighting the unconventional nature
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Figure 6.5: (a) Calculated phonon dispersion for the high-temperature phase of ScV6Sn6. The dashed
line is used to highlight the phonon branch with negative frequencies. (b) Calculated phonon
total and projected density of states of ScV6Sn6. The imaginary modes, indicating a lattice
instability, arise only from the Sc and from the Sn atoms with the same (x, y) coordinates of
the Sc atoms (two of them are indicated by the grey arrows). Modified figure based on the
published version in Tuniz et al. [239].

of this phase and placing ScV6Sn6 among the compounds in which the CDW transition is
driven by a strong electron-phonon coupling [12].

6.2.3 Competing lattice instabilities and high-temperature calculated phonon dispersion

Conventionally, as discussed in Sec. 2.1, the phase transition towards the CDW state is sig-
naled by the complete softening of an acoustic phonon mode at qCDW, when the temperature
approaches TCDW from above. However, Inelastic X-Ray Scattering (IXS) measurements per-
formed on ScV6Sn6 have revealed that the CDW phase arises from a competition between dif-
ferent lattice instabilities. Indeed, whereas the long-range CDW order occurs at qs = ( 1

3 , 1
3 , 1

3 ),
corresponding to a

√
3 ×

√
3 × 3 CDW phase, above the critical temperature the phonon soft-

ening is more prominent at q* = ( 1
3 , 1

3 , 1
2 ), which would lead to a

√
3×

√
3× 2 CDW order [18,

40]. These experiments therefore suggest that the wavevector of the CDW phase is different
from the one of the leading lattice instability above TCDW. This scenario has been confirmed by
first principle calculations which have shown that, although a q*-CDW is energetically more fa-
vorable at the density functional theory level, a peak in the q-dependent EPC promotes the qs-
CDW as a ground state [18, 40]. This strong EPC also leads to a strong electron scattering above
TCDW and accounts for the large resistivity drop observed upon cooling below TCDW [18].

As shown for the case of VTe2, important insights on the low-temperature lattice instabilities
can be gained by studying the high-temperature phonon dispersion. Figure 6.5(a) shows
the calculated phonon dispersion in the zero temperature limit for the normal phase of
ScV6Sn6. These calculations show the presence of a weakly dispersive phonon branch in the
A-L-H plane, characterized by large negative frequency values. We remind that, in the DFPT
framework, imaginary phonon modes denote an atomic displacement that lowers the total
free energy of the system, therefore signaling the presence of a lattice instability. Interestingly,
the lattice instability is not peaked around a single wavevector, like it has been shown for
CsV3Sb5 [222], but instead it spans a large portion of the BZ.

By projecting the total density of states on the different atoms that constitute the unit cell,
it is possible to understand which atoms are responsible of the large instabilities observed.
Figure 6.5(b) shows the contributions of the Sc and Sn atoms to the imaginary branch. This
comparison demonstrates that the lattice instability arises only from the Sc atoms and the two
Sn atoms having the same scandium’s (x, y) coordinates, i.e the ones involved in the lattice
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Figure 6.6: (a) Two-dimensional map showing the evolution of the ∆R/R signal of ScV6Sn6 as a function
of the pump-probe delay and of the probe photon energy. The spectral range around 1.5 eV
was disturbed by the pump photons scattered from the sample, so it was not considered.
The measurement was performed at a base temperature of 30 K (well below TCDW) and
with an incident fluence of ∼ 200µJ/cm2. (b) Two-dimensional map showing the evolution
of the ∆R/R signal of ScV6Sn6 as a function of temperature and of the pump-probe delay.
The measurements have been performed at a probe photon energy of ∼ 0.95 eV (1300 nm)
and with the same excitation fluence used in the supercontinuum experiment. This photon
energy is marked in (a) by the horizontal dashed line. (c) Traces extracted from (b), showing
the evolution of the ∆R/R signal across the phase transition, together with the best fits
obtained using Eq. (6.1). Modified figure based on the published version in Tuniz et al. [239].

reconstruction. Hence these calculations, in agreement with the results of the diffraction
experiments [243], further confirm that the kagome lattice composed by the vanadium atoms
does not contribute to the the onset of the CDW order. It is worth noting that, similar
calculations performed for CsV3Sb5 have instead revealed the presence of lattice instabilities
localized in specific regions of the BZ and dominated by the vanadium atoms [222].

Finally, the fact that, consistently with other phonon calculations [18, 222], the imaginary
phonon branch in Fig. 6.5(a) spans a large portion of the BZ, and that, the most negative
frequency is not located at qCDW, is in agreement with the scenario described above. The√

3 ×
√

3 × 3 CDW phase emerges only thanks to a peak in the q-dependent EPC [18].
However, as discussed in Sec. 4.1.2, the study of the phonon calculations performed in the zero-
temperature limit alone might lead to wrong interpretations [131]. Therefore the calculations
reported in this thesis cannot be used to confirm the presence of competing lattice instabilities.

To further investigate the interplay between the electronic and structural degrees of freedom
in the stabilization of the charge-ordered phase of ScV6Sn6, we performed time-resolved reflec-
tivity experiments in both normal and CDW phases of this compound. As for the case of VTe2,
particular attention has been put in the study of the collective excitations of the CDW phase.

6.3 temperature-dependent study of the cdw phase in
scv6sn6

This section is devoted to the presentation of the temperature-dependent non-equilibrium
reflectivity measurements performed on ScV6Sn6. Here we will follow the same path already
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established for VTe2, with the key difference that the measurements will be extended also
above the critical temperature, giving therefore access to the normal-phase dynamics.

The two-dimensional map reported in Fig. 6.6(a) shows the evolution of the non-equilibrium
reflectivity measured at 30 K in the spectral range accessible through our supercontinuum
probe. This map shows that the low-temperature response of the system is characterized by the
presence of a coherent oscillation, with a low-temperature frequency of 1.45 THz, which adds
up to the incoherent exponentially decaying background. As for VTe2 and many other CDW
compounds, the incoherent part of the ∆R/R signal is characterized by a first fast decay that
ends within 1 ps from the arrival of the pump pulse and by a second slow recovery that evolves
on a timescale of 10 − 15 ps [28]. We recall here that the former, which usually slows down
critically upon approaching the transition temperature, is attributed to the recombination time
of the hot carriers through the temperature-dependent CDW gap [28], while the latter has been
suggested to originate from the recovery of the coupled electron-lattice order parameter [138].

The supercontinuum measurement reported in Fig. 6.6(a) highlights that even if the phonon
mode that characterizes the low-temperature response of the system can be resolved in all the
spectral range accessible through our probe beam, the intensity of the ∆R/R signal, and thus
of the phonon mode oscillations, is strongly enhanced in the near infrared region around
1 eV. Therefore, being interested in studying the interplay between this phonon mode and the
CDW phase in ScV6Sn6, we performed a systematic study of the non-equilibrium reflectivity
as a function of the temperature, focusing our attention in the energy range around 1 eV.
Specifically, as discussed in Sec. 4.3, we performed single-color probe measurements by
filtering the supercontinuum beam with a bandpass filter at ∼ 0.95 eV, allowing therefore to
adopt a lock-in detection of a single InGaAs photodiode.

The reflectivity measurements performed in the temperature range 18 − 115 K are stacked
on top of each other in Fig. 6.6(b) (no appreciable changes in the response of the system have
been observed between 115 K and room temperature). This map highlights the presence of
an abrupt change in the response of the system in proximity to TCDW. Therefore, to extract
the temperature evolution (T) of both coherent and incoherent parts of the ∆R/R signal
across the phase transition, we modeled the full temporal evolution of the non-equilibrium
reflectivity after the arrival of the pump pulse as:

∆R
R

(t, T) = G(t)⊗
[︃ 2

∑
i=1

Ai(T)e−t/τe
i (T) + B(T)e−t/τph(T) cos[ω(T)t + ϕ(T)] + C(T)

]︃
, (6.1)

where G(t) represents the cross correlation between the pump and the probe pulses. Ai(T)
denotes the amplitude of the electronic relaxation phenomena with time constant τe

i (T). B(T)
denotes the amplitude of the oscillating component used to describe the modulation induced
by a phonon mode with angular frequency ω(T), decay time τph(T) and phase ϕ(T). Finally,
C(T) represents the amplitude of a much slower process that in our time window can be
approximated by a constant term.

Figure 6.6(c) shows five traces extracted from panel (b) at selected temperatures, together
with the fits obtained using Eq. (6.1). These traces allow to better visualize the abrupt
change in the out-of-equilibrium response of the system that takes place around 90 K, in
correspondence to the CDW phase transition. Indeed, above the critical temperature (trace
5) no oscillations in the ∆R/R signal are detected and the response of the system can be
described by a fast exponential decay that ends within 1 ps from the arrival of the pump
pulse and by a slowly growing negative component barely visible at large pump-probe
delays. When the temperature of the system is reduced below the critical temperature, a new
phonon mode appears, whose frequency, lifetime and amplitude grow when the temperature
of the system is further reduced. Moreover, also the incoherent part of the ∆R/R signal
shows a marked temperature dependence in both relaxation channels. Indeed, while the
slow relaxation dynamics is characterized by a pronounced change in its amplitude, the first
fast component shows a change in its lifetime (τ1). The evolution of τ1 as a function of the
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Figure 6.7: (a) Evolution of the lifetime of the first fast decay (τ1) as a function of the temperature.
(b) Evolution of the frequency and of the damping constant of the amplitude mode as a
function of the temperature. The error bars estimated through our fitting procedure are
comparable with the size of the dots and thus are not reported. (c) Total energy of ScV6Sn6
constant-volume superlattice while interpolating between the pristine (λ = 0 Å) and an
exaggerated (λ > 0.64 Å) CDW phase. The parabola represented by a continuous line is
the quadratic fit of the energy profile around the minimum. (d) Schematic sketch of the
procedure followed to compute the frequency of the phonon mode. The effective mass (m∗)
has been obtained from the mass tensor and the normalized displacement vector, while the
spring constant has been obtained from the quadratic fit of the energy profile. Modified
figure based on the published version in Tuniz et al. [239].

temperature of the system is reported in Fig. 6.7(a). A linear increase of the relaxation time
is observed when the temperature is risen towards the CDW critical temperature, with a
sudden drop at the transition temperature. For higher temperatures, the relaxation time
remains constant. In contrast to other CDW [28, 248] and superconducting [10] systems for
which it has been shown that τ ∝ 1/∆ [249], no divergence in the lifetime is observed when
the temperature approaches the critical temperature. This behavior could be explained by
considering that ScV6Sn6 unlike other conventional CDW compounds, displays a first order
phase transition. Indeed our results are in agreement with the ones obtained on the CDW
system 1T-TaS2, which similarly to ScV6Sn6, displays a first order phase transition [250]. The
evolution of the lifetime reflects the one of the CDW gap, and thus of the order parameter of
the system. In systems in which the phase transition is of the second order, the CDW order
parameter reduces continuously thus resulting in a divergence of the lifetime. At the contrary,
in systems characterized by a first order phase transition, the CDW order parameter has an
abrupt change at TCDW, thus a different evolution of the lifetime is expected [250].

From the fits obtained using Eq. (6.1) it is possible to extract the temperature evolution of
the frequency and of the damping of the phonon mode, as shown in Fig. 6.7(b). By increasing
the temperature towards the CDW critical temperature we observe a mean-field like softening
of the phonon frequency, together with a marked increase of its damping (the damping
constant has been calculated using the expression Γ = 1/(πτph) [28]). As discussed for VTe2,
this peculiar renormalization of the phonon frequency has been used in many other CDW
materials to identify the amplitude mode of the system [28–31, 136, 148]. Before proceeding,
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we emphasize that even if TCDW ≈ 92 K, the frequency of the phonon mode can be reliably
extracted only up to ≈ 70 K, due to the reduction of its amplitude and lifetime observed close
to the transition temperature.

To corroborate the identification of the CDW amplitude mode, we performed ab-initio DFT
calculations to extract the low-temperature frequency of the AM of the system. However, the
calculation of the full phonon dispersion in the low-temperature phase has been hindered
from the very large number of atoms that constitute the CDW unit cell (due to the lattice
reconstruction the unit cell contains 117 atoms). Therefore, a different procedure has been
used to calculate the AM frequency [239]. The total energy of the system has been calculated
while interpolating between the pristine and an exaggerated CDW structure. To obtain the
structural interpolation between these two structures, the 351-dimensional (117 atoms × 3
directions) displacement vector e = rnon-pristine − rpristine has been calculated. Figure 6.7(c)
shows the total energy of the system as a function of the norm of the displacement vector
λ = ∥e∥ =

⃦⃦
rnon-pristine − rpristine

⃦⃦
(in the following also called polarization length), therefore

λ = 0 corresponds to the pristine sample. As expected from a system described by a
complex order parameter, the total energy profile reported in Fig. 6.7(c) follows the shape
of a double-well potential, with a clear minimum centered at λ ∼ 0.64 Å, indicating the
presence of a stable CDW reconstruction. The frequency of the amplitude mode has then been
obtained by considering an harmonic approximation of the system around its equilibrium
position. The process is schematized in Fig. 6.7(d). Specifically, we fitted the shape of the
potential around the minimum using a quadratic expression. The fit gives the equation y =
0.379202 · x2. From this harmonic approximation it is then possible to calculate the equivalent
"spring" constant of the system, obtaining k = 2 × 0.379202 eV/Å2. The effective mass m∗

is computed using the normalized displacement vector n = e/∥e∥ and the mass tensor
M = diag(m1, m1, m1, . . . , m117, m117, m117) via the expression m∗ = n · (M · n), obtaining the
value m∗ = 91.02 u. It is worth noting that the mass obtained is intermediate among the
one of Sn and Sc atoms, i.e. the ones that mostly participate to the CDW transition. Finally,
the frequency ν can be calculated using the expression: ν = 1/(2π)

√
k/m∗, from which we

obtain ν = 1.42 THz. Further details on the calculations can be found in [239].
The value of the phonon frequency estimated from our calculations is in excellent agreement

with the one extracted from the time-resolved reflectivity experiments, confirming that the
coherent phonon mode observed in the low temperature phase of ScV6Sn6 is the CDW
amplitude mode. As expected, this mode involves the out-of-plane movements of the
scandium and tin atoms, and thus results in a modulation of the lattice reconstruction.

6.4 fluence-dependent study of the cdw phase in
scv6sn6

As discussed for the case of VTe2, additional insights about the nature of the CDW phase can
be gained by varying the excitation fluence. In particular, the absorbed energy required to
non-thermally drive the phase transition from the CDW phase to the normal state, provides
information about the energetics of the phase transition [29]. Here we apply this approach to
ScV6Sn6.

The two-dimensional map reported in Fig. 6.8(a) shows the evolution of the non-equilibrium
reflectivity as a function of the incident fluence. The traces that compose this map have
been normalized to the incident fluence to facilitate the comparison between traces whose
intensity would otherwise differ by more than one order of magnitude. In particular, every
trace is multiplied by the ratio Fmax/F, where Fmax is the maximum fluence used and F is
the fluence used in the specific measurement considered. To better visualize the effect of
a change in the excitation fluence, in panel (b) we report five traces extracted at selected
fluences, together with the fits obtained using Eq. (6.1), in which the temperature dependence
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Figure 6.8: (a) Two-dimensional map showing the evolution of the ∆R/R signal of ScV6Sn6 as a function
of the incident fluence and of the pump-probe delay. The different profiles have been rescaled
to facilitate the comparison between traces whose intensity would otherwise differ by more
than one order of magnitude. The measurements have been performed at a base temperature
of 30 K and using a probe photon energy of ∼ 0.95 eV. (b) Traces extracted from (a) at selected
excitation fluences. (c) Evolution of the amplitude (A1) of the first exponential decay as
a function of the absorbed fluence. (d) Norm of the 351-dimensional displacement vector
e = rnon-pristine − rpristine, as a function of the gaussian smearing (the values reported on
the x-axis represent the FWHM of the Gaussian) applied to the electronic density of states
during the constant-volume ionic relaxation. The top axis shows the electronic temperature
of the Fermi-Dirac distribution that best approximates the effect of the application of the
gaussian smearing. Modified figure based on the published version in Tuniz et al. [239].

has been substituted by the fluence dependence. This comparison shows that, while in the
low-fluence regime the oscillations of the ∆R/R signal that arise from the excitation of the
AM are well visible, by increasing the fluence they get progressively suppressed, similarly to
what happens in the temperature-driven phase transition. Moreover, by increasing the fluence,
clear changes are observed also in the incoherent part of the non-equilibrium reflectivity.

As mentioned in the previous section, the first fast component that ends within 1 ps from
the arrival of the pump pulse is generally linked to the recombination of the hot carriers
through the temperature-dependent CDW gap. Therefore, by studying the fluence depen-
dence of this first fast component, information on the response of the electronic order of the
CDW phase can be gained. In particular, in the prototypical quasi-1D systems K0.3MoO3
and (TaSe4)2I, it has been shown that the absorbed energy density required to optically melt
the electronic order is comparable to the energy gain of the system upon entering the CDW
state [29, 50]. Specifically, it has been demonstrated that, while in the low perturbation
regime the amplitude of the fast component linearly scales with the excitation density, upon
approaching the phase transition the signal related to the CDW order shows a saturation,
since the maximum induced change is expected to occur at a fluence for which the electronic
order is transiently melted. Hence, by studying at which fluence the evolution of the intensity
of the fast component deviates from the linear behavior, it is possible to extract the energy
density required to melt the electronic order [29, 50]. It is worth noting that if the penetration
depth of the probe is larger than the one of the pump, the deviation from the linear trend is
expected to occur for the fluence at which the electronic order is melted only in the top layers.

We apply here a similar analysis, comparing the maximum change of the electronic tempera-
ture achieved at the saturation fluence with the size of the CDW gap, thus providing additional
insights on the role played by the electronic subsystem in the stabilization of the CDW phase.
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Figure 6.9: (a) Plot of Cv/T against T2, being Cv the specific heat of ScV6Sn6. The linear fit performed
in the temperature range 20 − 35 K has been used to estimate γe. The points at lower
temperature were ignored since no clear trend has been detected. Data digitized from [243].
(b) Reflectivity of ScV6Sn6 measured at 300 K. The fit superimposed to the data has been
obtained using the Drude-Lorentz model. In particular, 1 Drude component and 4 Lorentz
oscillators have been used to model the dielectric function of the system. The inset shows the
penetration depth of ScV6Sn6 obtained starting from the fit of the reflectivity. The vertical
dashed line highlights the pump photon energy. Data digitized from [251].

Figure 6.8(c) shows the evolution of the amplitude (A1) of the first exponential decay,
as a function of the incident fluence. This evolution can be qualitatively described by the
phenomenological model [29]:

A(F) = Asat

[︃
1 − exp

(︃
− F

Fsat

)︃]︃
, (6.2)

where F is the incident fluence, Fsat is the saturation fluence and Asat is the maximum
amplitude at the saturation [29]. By fitting the evolution of the amplitude of the first
exponential decay with this simple model we obtain a saturation fluence of the order of
240µJ/cm2 (highlighted by the dashed line in Fig. 6.8(c)). The linear fit to the data shown
in Fig. 6.8(c) highlights that for fluences higher than the saturation fluence the behavior of
the system becomes sub-linear. Starting from this value of fluence it is possible provide a
rough estimation of the change in the electronic temperature triggered by the absorption of
the pump pulse. This estimation requires the knowledge of the optical properties (reflectivity
and penetration depth) and of the electronic specific heat of ScV6Sn6. Furthermore also the
geometrical properties of the beams, like their different dimension at the sample position,
and their different penetration depth has to be taken carefully into account. We proceed by
analyzing all these contributions separately.

As for VTe2, the electronic contribution to the specific heat has been assumed to be linear
with the temperature, being the system metallic in both CDW and normal phases. To estimate
the electronic contribution to the total specific heat we started from the measured specific heat
reported in Ref. [243]. Using the Sommerfeld model for the specific heat: Cv = γeT + AT3

[252], plotting Cv/T against T2 and extrapolating Cv/T linearly down to T2 = 0, it is possible
to estimate the linear coefficient of the electronic specific heat (γe). Hence, as shown in
Fig. 6.9(a), following this procedure we plotted Cv/T against T2 and by performing a linear
fit in the temperature range 20 − 35 K (the points at lower temperature have been ignored
since no clear trend has been detected), we obtained γe = 7.3 mJ/(mol·K2).

The calculation of the electronic temperature requires the knowledge of both reflectivity and
penetration depth at the pump photon energy. Being the latter not reported in the literature
to the best of our knowledge, we estimate the penetration depth starting from the published



6.4 fluence-dependent study of the cdw phase in scv6 sn6 87

reflectivity data measured at 300 K [251]. Specifically, by considering the relation that links
the reflectivity of a material to its dielectric function ϵ(ω):

R(ω) =

⃓⃓⃓⃓
⃓1 −

√︁
ϵ(ω)

1 +
√︁

ϵ(ω)

⃓⃓⃓⃓
⃓
2

, (6.3)

we fitted the reflectivity of ScV6Sn6 using the classical Drude-Lorentz model (Fig. 6.9(b))
[116, 253, 254]. We recall that this model allows to reproduce the dielectric function of a
material. In particular, the Drude term is used to describe the low-energy region of the
dielectric function, associated to the metallic behavior, while the Lorentz terms are used to
reproduce the high-energy part of the dielectric function, associated to interband optical
transitions [116]. The fit shown in Fig. 6.9(b) has been obtained using 1 Drude component
and 4 Lorentz oscillators.

Therefore, from the fit of the reflectivity it is possible to infer the dielectric function of
the material, from which all the optical properties can be calculated. The inset of Fig. 6.9(b)
shows the penetration depth (λ) of ScV6Sn6 obtained using this approach and considering
that λ(ω) = α−1(ω) = 1/(4πn2(ω)ω). For a pump photon energy of 1.55 eV we obtain
λ ≈ 53 nm. It is worth noting that even if this value has been obtained starting from the
reflectivity measured at 300 K, it can safely be used also in the CDW phase. Indeed it has been
shown that only the optical properties below ∼ 0.5 eV are affected by the CDW transition (i.e.
the range affected by the opening of the CDW gap) [48, 251].

The saturation fluence obtained with Eq. (6.2) has been calculated by assuming that the
pump power is homogeneously distributed inside a disk having the dimensions given by the
FWHM of the pump pulse. However, being both the pump and probe pulses characterized
by a Gaussian intensity profile, the spatial dependence of their intensity has to be taken
into account to properly estimate the absorbed energy density [255]. Therefore we proceed
by calculating the scaling factor that allows to obtain, starting from the homogenous case,
the effective fluence in the case in which Gaussian beams are considered [190]. We start by
defining the total absorbed mean power P in the homogenous case as:

P = p · (π F2
pu/4),

where Fpu is the FWHM of the pump pulse and p is the power density. As a second step
we consider a gaussian power distribution, characterized by a power density p′, normalized
in such a way that the total absorbed mean power P is the same of the homogenous case:

p′ = p ln 2e−4 ln 2r2/F2
pu , with:

∫︂ 2π

0
dθ
∫︂ ∞

0
dr p′ = P.

Following the same approach we define a Gaussian power distribution for the probe beam
(s) normalized in such a way that the total power corresponds to the unitary value:

s =
4 ln 2
πF2

pr
e−4 ln 2r2/F2

pr , with:
∫︂ 2π

0
dθ
∫︂ ∞

0
dr s = 1.

Starting from these definitions, the effective power density in the case in which the Gaussian
intensity profiles are taken into account can be written as [190]:

peff =
4p(ln 2)2

πF2
pr

∫︂ 2π

0
dθ
∫︂ ∞

0
dr re−4 ln 2r2(1/F2

pr+1/F2
pu) = p ln 2

F2
pu

F2
pu + F2

pr
.

Therefore the power density ratio with respect to the homogeneous case results:

peff/p = ln 2
F2

pu

F2
pu + F2

pr
, (6.4)
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which depends on the relative spot sizes of the pump and the probe beams. With our experi-
mental parameters we obtain peff/p = 0.57, thus leading to a saturation fluence of 140µJ/cm2.

Finally, in general, in order to properly calculate the absorbed energy density, the different
penetration depths of the pump and probe pulses have to be taken into account. However,
since the mismatch in the present case is smaller than 10 %, this contribution has been ignored.

From the values of electronic specific heat, reflectivity and penetration depth calculated
above, we obtain that at the saturation fluence the increase of the electronic temperature is of
the order of ∼ 600 K.

To study the effect of an increased electronic temperature on the CDW phase of ScV6Sn6,
additional calculations have been performed. In particular, the increased electronic tempera-
ture of the system has been approximated by applying a Gaussian smearing to the electronic
population [256]. The norm of the displacement vector, i.e. the equilibrium position of the
atoms, has then been calculated by progressively increasing the value of smearing applied
to the electronic occupation. The result of this procedure is shown in Fig. 6.8(d). While for
small values of smearing the lattice reconstruction is only weakly affected, when the smearing
becomes much larger than the size of the electronic gap (∆cdw ∼ 260 meV [222]), the lattice
reconstruction is gradually suppressed. To establish a connection with the experimental
results, the top axis in Fig. 6.8(d) shows the electronic temperature that best approximates the
Gaussian smearing applied. This estimation was made by convoluting a pristine Fermi-Dirac
distribution (at T = 0 K) with a Gaussian function, and then by fitting the resulting curve
using again a pristine Fermi-Dirac distribution with a free electronic temperature.

It is worth emphasizing that the configuration of the system obtained with this procedure is
formally different from the one achieved in the time-resolved experiments. Indeed, although
the enhanced electronic temperature is obtained by applying a smearing to the electronic
population, since the electrons are not decoupled from the lattice (as it happens immediately
after the arrival of the pump pulse), the electronic temperature constitutes the temperature of
the entire system. Therefore only a qualitative comparison with the experimental results can
be made. Despite this, the DFT simulations reported here can provide useful insights on the
effect of an increased temperature on the CDW phase. Indeed, by looking at the values of the
electronic temperature reported in the top axis of panel (d), it becomes clear that temperatures
much higher than the critical one are required to vanish the lattice distortions and hence to
drive the phase transition towards the normal phase. We address this behavior to the fact
that in the mean-field treatment here presented, the role played by the lattice fluctuations is
completely neglected (discussed in Sec. 2.3). As a consequence of that, the complete phase
transition is achieved only at a (electronic) temperature of ∼ 2500 K, i.e. almost 30 times
higher than the real one.

As discussed above, at the saturation fluence we estimate a maximum increase of the
transient electronic temperature of ∼ 600 K. At this temperature, as shown by Fig. 6.8(d),
the corresponding smearing of the electronic population is of the same order of the CDW
gap, and thus the electronic order is strongly suppressed. The key difference with respect
to the simulations is that, on this short timescales, the electrons can be thought as decoupled
from the lattice. Hence only the electronic order is quenched, while the lattice reconstruction
is weakly perturbed [29, 50, 74]. The elevated electronic temperature persist for less than
∼ 1 ps, after which a common temperature with the lattice, determined by the lattice specific
heat, is reached. The equilibrium temperature of the system is lower than the critical one.
Indeed, we remind that the saturation fluence extracted from these measurements does not
correspond to the energy required to completely drive the transition towards the normal
phase, as demonstrated by the clear presence of oscillations arising from the excitation of
the amplitude mode, well visible even at higher fluences. The phase transition is reached
only when the lattice temperature becomes higher than Tcdw. As demonstrated by Fig. 6.8(b),
for the case of ScV6Sn6 this condition is realized only for excitation fluences that are larger
than 1 mJ/cm2, being the AM still visible for lower fluences. Hence, in agreement with
what has been observed in other CDW compounds, the saturation of the amplitude of the
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Figure 6.10: (a) Schematics of the strain device. The device consist of two blocks with thin slots to
secure the sample plate. One block remains fixed and has a hole with a screw thread, while
the other block, which contains the screw, is mechanically activated and is able to deliver
strain to the sample plate. Hence the Ti-Al plate mounted in between the two blocks
gets squeezed when the two blocks are screwed together. A sketch of the experimental
geometry used in the time-resolved reflectivity experiments is also shown. The reflected
supercontinuum probe is filtered and detected by an InGaAs photodiode detector. (b)
Schematic view of the bending process. Here the hexagon drawn shows the real sample
orientation used in the experiments. Hence the measurements have been performed on the
plane perpendicular to the c-axes, with the probe polarization aligned along one of the
in-plane axis. Modified figure based on the preprint version in Tuniz et al. [258].

first fast component can be linked to the transient suppression of the electronic order of the
system.

At this point it is useful to compare this behavior with the one observed in the sister
compound CsV3Sb5. Indeed, despite having a similar critical temperature, in CsV3Sb5 the
charge-ordered phase is melted at a fluence of ∼ 55µJ/cm2 [257], demonstrating once again
the different origin of the CDW phase in these two kagome compounds. The marked resilience
showed by ScV6Sn6 upon photoexcitation is in agreement with the scenario of a CDW phase
promoted by a strong EPC, in which the transient smearing of the electronic population does
not have the dramatic effect observed in the electronically driven CDW phase of CsV3Sb5 [9,
257]. The phase transition towards the normal phase proceeds only thanks to the increased
lattice fluctuations, therefore a large amount of power has to be delivered to the system to
induce the transition.

6.5 strain-induced reduction of the amplitude mode
softening

The presence of competing lattice instabilities above the critical temperature in ScV6Sn6 raises
the question of whether a perturbation of the crystal structure could change the balance
between the two instabilities or whether it could result in a change of the properties of the
dominant charge-ordered state. To investigate this possibility we applied a modest uniaxial
strain to the ScV6Sn6 crystals while monitoring the effect on the charge-ordered state by
means of time-resolved reflectivity experiments.

6.5.1 Characterization of the strain device

Due the sample environment in the cryostat used to perform the reflectivity measurements,
a different strain device with respect to the one presented in Ch. 5 has been used. A simple
sketch of the device used for the reflectivity experiments is shown in Fig. 6.10(a). This device
consists of two parts: a flexible Ti-Al plate (more than 90% Ti and less than 10% Al) and two
molybdenum blocks with thin slots to secure the plate. The samples are mounted on top of
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the Ti-Al plate by using the same two-component epoxy glue used for the photoemission
experiments, which is cured and allowed to cool before the strain is applied. The plate is then
mounted in between the two clamps, which can be placed on a standard sample holder or
directly on the cold finger of the cryostat. One clamp has a fixed position while the other can
be moved mechanically through a screw. Therefore, when the pieces are screwed together
a compression is applied to the plate, which bends and delivers the strain to the sample
[258]. It is worth noting that, as for the case of VTe2 the application of the strain was always
performed in ambient conditions, with the strain device dismounted from the cryostat.

The main difference with respect to the experiments performed on VTe2 is that the ScV6Sn6
crystals have a strong 3D character, with large forces helding together the different layers.
This has resulted in the difficulty to reduce their thickness, being the conventional cleaving
techniques (e.g. Kapton tape and glued post) mostly ineffective. As a consequence of that, the
experiments have been performed on crystals whose thickness was larger than the one of the
Ti-Al plate. Therefore in the present case the strain gauges presented in the previous chapter
have resulted to be ineffective to quantify the amount of strain transferred to the crystal,
since it cannot be assumed that the sample simply bends following the curvature of the plate.
Moreover, given the not negligible thickness of the samples, we also expect that the amount of
transferred strain can vary at different heights, thus leading to a non-uniform modification of
the properties of the crystal. Therefore, to quantify the actual strain transferred to the sample,
we rely to x-ray diffraction (XRD) measurements performed by Dr. Federico Mazzola directly
on the strained samples. It is worth noting that the XRD measurement have been performed
on the same samples and with the same strain device used in the time-resolved reflectivity
experiments.

As a final remark, we emphasize that given the large amount of strain transferred to
the sample, the Ti-Al plate has been bent beyond the threshold of its elastic deformation.
Therefore the strain cannot be discharged by unscrewing the screw that keeps together the
two blocks.

6.5.2 Temperature-dependent study of the CDW phase on strained samples

To investigate the effect of the applied strain on the CDW phase we performed time-resolved
reflectivity experiments across the phase transition, keeping fixed the excitation fluence
and focusing our attention on the evolution of the amplitude mode frequency. The upper
panels in Fig. 6.11 show the evolution of the non-equilibrium reflectivity as a function of the
temperature (in the temperature range 20 − 120 K), for three different strain configurations.
These measurements have been performed using an incident fluence of ∼ 170µJ/cm2, below
the saturation fluence of ∼ 240µJ/cm2, thus we reside in the low perturbation regime. To
highlight the changes induced by the application of strain on the CDW amplitude mode, in
the lower panels of Fig. 6.11 we report the magnitude squared of the Fourier transform (FT) of
the coherent part of the ∆R/R signal, which has been isolated by subtracting a biexponential
fit function to the original traces shown in the upper panel. For completeness, to better
identify the changes in the non-equilibrium reflectivity induced by the application of strain,
in Appendix D we report the traces showing the evolution of the ∆R/R signal as a function
of strain separately.

To quantify the effect of the applied strain on the amplitude mode softening, we fitted the
single FT using a Lorentzian function. In particular, to reliably extract the evolution of the
peak parameters, and to estimate the corresponding error bars, we evaluated the trend of the
χ2 of the fits while simultaneously changing the width and the position of the Lorentzian peak.
To do so, we built a 400 × 400 grid, corresponding to different pairs of values of width and
positions of the Lorentzian peak, and we calculated the resulting χ2 for every point of the grid
(the intensity of the peak has been left free during the fits). The pair of values that minimizes
the χ2 is the one that better describes the FT. The strength of this approach resides however
in the possibility to reliably calculate the errors that affect the fitting parameter. Indeed, the
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Figure 6.11: The upper panels show the evolution of the ∆R/R signal as a function of the temperature
(x-axis) and of the pump-probe delay, for three different strain configurations. The lower
panels show the magnitude squared of the Fourier transform of the coherent part of the
∆R/R signal extracted from the upper panels. The colored foils depict the bending of the
Ti-Al plate, while the colored circles show the central position of the Lorentzian peak used
to fit the FT. Modified figure based on the preprint version in Tuniz et al. [258].

elliptical region where the χ2 lays within 10% from its minimum value (χ2/χ2
min < 1.10)

allows to calculate the corresponding range of variation in the fitting parameters by simply
projecting the ellipse on the x and y-axes (this procedure is shown in Fig. 6.12(c)). Moreover,
this procedure allows to take into account the correlation between the different parameters
in the calculation of the error bars [202, 203]. Indeed, in general it is possible to infer the
correlation between different parameter from the fact that the minimum of the χ2/χ2

min has a
tilted elliptical shape [202, 203]. In the present case, the correlation is weak since the ellipse is
only slightly tilted. However, the use of this procedure has been motivated by the fact that the
errors provided by the conventional fitting procedure implemented in IGOR Pro were smaller
than the size of the circles used in figures and hence unreliable. Finally, we emphasize that
this procedure allows to correctly estimate the errors also in the case in which the χ2 has an
asymmetric shape, like the one shown in Fig. 6.12(c). The procedure described here has then
been repeated for every temperature and for the three strain configurations. The resulting
trends are reported in 6.12(a) and (b).

Figure 6.12(a) shows that the frequency of the amplitude mode is affected by the application
of the strain and, unexpectedly, that the magnitude of this effect depends on the temperature
of the system. Indeed, while at 20 K no sizable differences are observed for the three
strain configurations, upon increasing the temperature towards TCDW, the strain-induced
modification of the frequency becomes larger. This results in a reduction of the temperature-
dependent softening of the amplitude mode frequency, signaled by the fact that the curvature
of the orange and purple traces is reduced with respect to the one of the gray trace (showing
the case in which no strain is applied) [258]. Moreover Fig. 6.12(b) shows that the reduction of
the amplitude mode softening is accompanied by a temperature-dependent reduction of the
width of the Lorentzian peak. This observation is consistent with an increase of the lifetime
of the AM. We emphasize that the evolution of the AM frequency and damping have been
studied only up to 70 K, because for higher temperatures, due to increased damping of the
mode, the frequencies could not be reliably extracted.
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Figure 6.12: (a) Evolution of the AM frequency (i.e. position of the Lorentzian peak used in the fit) as a
function of the temperature, for three different amounts of strain. The traces correspond to
the ones shown in the lower panels of Fig. 6.11. (b) Evolution of the width of the Lorentzian
peak used to fit the FT of the coherent part of the ∆R/R signal. (c) Two-dimensional map
showing the evolution of the χ2/χ2

min as a function of the position and width of the
Lorentzian peak. The map shows the results obtained for the measurement performed
at 70 K in absence of strain. The frequency and the width values reported in (a) and (b)
are the ones that minimize the χ2, while the error bars have been calculated considering
the region where χ2 lays within 10% from its minimum value (χ2/χ2

min = 1.10). The
projection of the black ellipse on the x and y-axis gives the error bars. The contour plots
enclosing the regions that lay within 5% and 20% of χ2

min are also shown with dashed
white lines. (d) HR-XRD of ScV6Sn6 showing that the (004) peak for the unstrained samples
is located at 2θ = 39.2398◦, corresponding to c ≈ 9.1760 Å. By increasing the amount of
strain, an additional peak at smaller 2θ angles appears (indicated by the arrow), indicating
a maximum expansion of 0.61 − 0.65% of the c-axis. The ∗ indicates an aluminum spurious
peak from the Ti-Al plate. Modified figure based on the preprint version in Tuniz et al. [258].

The strain-induced reduction of the AM softening, more pronounced close to TCDW where
the CDW order parameter is strongly reduced, could provide the evidence of a strain-induced
enhancement of the CDW phase in ScV6Sn6. It is worth noting that CDW strain enhancements
have also been discussed recently for other systems, such as TbTe3 [259], although these
enhancements have a different origin from the one observed in ScV6Sn6. This highlights a
timely effort in the external control of emerging electronic orders by strain application.

To clarify the effect of our straining procedure on the crystal structure of ScV6Sn6, we
performed high-resolution x-ray diffraction (HR-XRD) measurements (shown in Fig. 6.12(d)).
These experiments were performed using a Malvern Empyrean PANalytical instrument with
monochromatized Cu Kα1 radiation (λ = 1.54056 Å) and a double-bounce Ge (220) crystal at
the diffracted beam. In the experimental configuration used only the (004) Brag peak was
visible and hence investigated. On the unstrained sample this peak is found at 2θ = 39.2398◦,
corresponding to c ≈ 9.1760 Å, in agreement with previous measurements [251]. By applying
a tensile strain to the sample, an additional peak appears at lower 2θ angles alongside the
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Figure 6.13: (a) Electronic band structure computed along the A-L-H direction in the CDW phase of
ScV6Sn6, for different amounts of applied strain (expressed in percentage of the c-axis).
The changes in the gap size are highlighted by the double-sided arrows. (b) Evolution
of the size of the gap opened by the CDW, computed at the midway between the A and
L high-symmetry points, as a function of the relative change in the length of the c-axis.
DFT calculations were performed using the VASP package [262, 263] and employing the
projector augmented wave (PAW) method [264]. We refer to [258] for further details on the
DFT calculations. Modified figure based on the preprint version in Tuniz et al. [258].

preexisting (004) peak (Fig. 6.11(c)). The appearance of this second peak at lower angles
signals an increase of the c lattice parameter to 9.2326 − 9.2359 Å, indicating a maximum
expansion ranging between 0.61 − 0.65%. The fact that we do not observe a shift of the
whole Bragg peak, but instead we detect the appearance of multiple diffractions peaks,
originates from the presence of regions of the crystal with a different length of the c lattice
parameter [260, 261], hence signaling the presence of a non-uniform strain on the sample. As
further corroborated by the DFT calculations shown in the following, since the reflectivity
measurements are able to resolve a change in the AM frequency, and the penetration depth of
the near infrared probe is much smaller that the one of the X-Ray beam, we speculate that
the increase of the c-axis is largest at the top surface while it is negligible at the base of the
crystal. Therefore the estimation given for the increase of the c axis can be thought as an
average modification in the near-surface region.

6.5.3 DFT calculations performed on strained ScV6Sn6 crystals

To better understand the origin of the strain-induced reduction of the AM softening, extensive
DFT calculations have been performed [258]. Ionic relaxations were performed under constant
volume conditions, while uniaxial strain was imposed by adjusting the lattice parameters.
Specifically, the a-axis of the CDW supercell was modified and consequently, given the
imposed conservation of the volume, the length of the c-axis has been adjusted. However,
since the CDW reconstruction mainly involves the movement of the atoms along the out-
of-plane direction (λz/λ ∼ 0.75, with λ being the polarization length), we expect that the
change of the length of the c-axis is the quantity responsible for the main changes of the CDW
properties. Therefore in the following we will consider only the changes in the c-axis, allowing
in this way to establish a link with the experimental results. We stress the point that, given
the three-dimensional structure of the samples, we rely entirely on the XRD measurements to
identify the changes in the unit cell induced by the application of strain.

Figure 6.13(a) shows the calculated band structure in the CDW phase of ScV6Sn6 for four
strain configurations. This comparison highlights that the energy gap, and thus the CDW
phase, are strongly affected by the application of strain. To better quantify these changes, in
panel (b) we report the evolution of the CDW gap, computed at the midway between the A
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Figure 6.14: (a) Total energy of ScV6Sn6 as a function of the polarization length λ. The reported c-axis
strain values, for the other panels as well, correspond to the percentage variation of the
c-axis of the CDW supercell. All the calculations in this panel have been performed with a
smearing σ = 0.005 meV. (b) Frequency values computed from a quadratic interpolation
around the minimum of the total energy contours shown in (a). The same trend found in
Fig. 6.13(b) is obtained. (c) Polarization length λ as a function of the electronic smearing σ,
for two strain configurations of the c-axis. (d) Amplitude mode frequency as a function
of the uniaxial strain, for different smearing values. The destabilized CDW structures
(large smearing) show more pronounced frequency variations when strain is applied. The
vertical dashed line highlights the maximum strain applied in the experiments. Modified
figure based on the preprint version in Tuniz et al. [258].

and L high-symmetry points, as a function of the relative change in the length of the c-axis.
This graph shows that in the zero-temperature limit, a compression of the c-axis entails a
strong reduction of the gap size, while an elongation leads to an increase of the gap size with
respect to the pristine material. We can naively interpret this result considering that the CDW
phase is characterized by the large out-of-plane movement of the Sc and Sn atoms, thus an
increase of the c-axis length would favor their displacements, leading to an enhancement of
the CDW order and thus of the CDW gap.

The results reported here suggest the possibility to enhance the CDW phase by applying a
positive strain to the c-axis. Therefore to check if this change in the gap size affects the AM
frequency, we performed additional calculations. Specifically, we followed the procedures
already introduced in Sec. 6.3, and by fitting a quadratic function around the minimum of the
Born-Oppenheimer potential corresponding to the CDW phase, we calculated the frequency
of the AM for different strain configurations. Fig. 6.14(a) shows the total energy of the system
as a function of the polarization length λ (we remind that λ =

⃦⃦
rnon-pristine − rpristine

⃦⃦
), for

different strain configurations. As observed for the CDW gap, for an elongation of the c-axis
the point of minimum energy (for which rnon-pristine = rcdw) shift towards larger polarization
lengths, indicating a larger lattice reconstruction. We also note that the energy difference
between the pristine and the CDW phase depends on the value of the applied strain. In
particular, the energy difference is increased for the case in which an elongation of the c-axis
is applied (the minimum for the black curve in Fig. 6.14(a) is deeper than the one of the other
traces). As a result, the frequency values computed from a quadratic interpolation around the
energy minimum reveal a dependence on the applied strain. Figure 6.14(b) shows that the
frequency of the AM is enhanced for the case in which the length of the c-axis is increased,
revealing a trend similar to the one observed for the CDW gap.

We emphasize that although the DFT simulations discussed up to now go in the correct
direction, i.e. an increase of the length of the c-axis leads to an enhancement of the CDW
phase, these results have been obtained at a single temperature and predict an increase of the
AM frequency in the zero temperature limit, that cannot be resolved in our measurements.
This difference may arise from the fact that the values of applied strain achieved in the
experiments are much smaller than the ones used in the DFT calculations, and thus the
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increase of the AM frequency is expected to be strongly reduced. However, our experiments
reveal that the effect of the applied strain is larger close to the transition temperature, where
the CDW is strongly perturbed. Therefore, to investigate the origin of the reduction of the
temperature-dependent softening of the AM frequency, we performed additional calculations.
Specifically, following the procedure introduced in Sec. 6.4, we applied a Gaussian smearing
to the electronic population with the aim of destabilizing the CDW phase and thus to simulate
the effect of an increased temperature.

As discussed in Sec. 6.4, increased values of smearing tend progressively to destabilize the
CDW phase, up to the point where the order is melted. Figure 6.14(c) shows the evolution
of the polarization length as a function of the electronic smearing for the pristine sample
and for the case in which an elongation of the c-axis is imposed. This comparison shows
that the polarization length for the strained configuration is always larger than the one of
the pristine material. As a consequence of that, larger values of smearing are required to
completely melt the charge-oder phase in ScV6Sn6. This result confirms that also at high
temperature the applied strain has the effect of stabilizing the charge-ordered phase. It is
worth noting that, here the increased electronic temperature is used only to destabilize the
CDW order. As discussed in Sec. 6.4, in the case in which the lattice fluctuations are not
considered, much higher temperatures need to be employed to perturb the CDW phase.
Hence no direct comparison can be made between the measured temperature and the one
used in the calculations.

Additionally, to elucidate the relation between the applied strain and the renormalization
of the amplitude mode frequency, in Fig. 6.14(d) we report the evolution of the amplitude
mode frequency as a function of the applied strain, for different smearing conditions. Notably,
strained CDW phases, when destabilized by large smearing values, exhibit a weaker phonon
softening with respect to the unstrained case, in qualitative agreement with the results of our
time-resolved reflectivity experiments.

In conclusion, these calculations show that the reduction of the phonon softening results
in a marked variation of the AM frequency close to the critical temperature, confirming
the possibility to reveal a strain-induced change not detectable at the lowest temperatures.
Despite the qualitative agreement between our calculations and experimental data, it is worth
noting that the reduction of the AM softening could also arise from alternative scenarios.
Indeed in a recent work by Warawa et al. [105], it was shown that the reduction of the coupling
strength between the phonon modes located at 2kF and the electronic order, could give rise
to a change in the frequency of the modes similar to the one observed in our experiments.
Alternatively, a change in the temperature dependence of the CDW gap, and not simply on
its low-temperature size, could also reproduce our experimental findings. These alternative
scenarios require additional calculations to test their applicability to the specific case of
ScV6Sn6. Hence, further calculations will be performed in the next months.

6.6 conclusions
In this chapter we reported a detailed study of the non-equilibrium reflectivity in the kagome
compound ScV6Sn6. In particular, the low-temperature measurements have revealed the
presence of a phonon mode well visible in all the spectral range accessible through our
supercontinuum probe. By performing a systematic temperature dependent study across the
phase transition, we unveiled the presence of a mean-field like softening of the phonon mode
frequency, accompanied by a marked increase of its damping which results in the complete
disappearance of the mode at the phase transition. With the aid of DFT calculations, we
demonstrated that this mode corresponds to the CDW amplitude mode of the system.

By performing a fluence-dependent study we demonstrated that this system is resilient upon
photoexcitation with a near-infrared light pulse. The origin of this behavior is attributable
to the fact that the phase transition towards the normal phase proceeds only thanks to the
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increased lattice fluctuations, therefore a large amount of power has to be delivered to the
system. This observation is corroborated by additional DFT simulations, showing that in the
case in which the lattice fluctuations are not taken into account, much higher temperatures are
required to drive the phase transition. This result highlights the prominent role played by the
lattice fluctuations in the determination of the transition temperature in ScV6Sn6. Moreover,
studying the evolution of the amplitude of the first fast exponential decay as a function of
the excitation fluence, we showed that the fluence for which this behavior deviates from a
linear trend corresponds to the one for which the electronic order is quenched. In particular,
we demonstrated that, at the saturation fluence the smearing of the electronic population,
induced by the transient increase of the electronic temperature, is of the same order of the
CDW gap, suggesting that at this fluence the electronic order is transiently quenched. To
completely melt the CDW phase, fluences larger than 1 mJ/cm2 need to be used. These results
are in strong contrast with the ones obtained in the sister compound CsV3Sb5, and support
the scenario of a CDW phase driven by a peak in the wavevector-dependent EPC.

Finally, by applying a tensile strain to the ScV6Sn6 crystals, we demonstrated that an
elongation of the c-axis leads to a reduction of the temperature-dependent softening of the
CDW amplitude mode. DFT simulations show that this reduction of the amplitude mode
softening arises from an enhancement of the CDW phase, that in the strained configuration
is characterized by a larger electronic gap and a larger lattice reconstruction. Moreover,
additional DFT calculations demonstrate that a compression of the c-axis leads to the opposite
scenario, suppressing the low-temperature CDW. With these experiments we therefore propose
an effective way to tune and control the CDW phase in ScV6Sn6 by means of the applied
strain. To conclude, we remember that the charge order in this compound arises from the
competition between different instabilities, hence the use of external stimuli to destabilize the
low-temperature phase could provide additional information on the stabilization mechanism
and might even allow to switch to another ground state, as it has been demonstrated on other
CDW compounds [259]. This possibility will be investigated in the near future.
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Charge-density-wave systems, in which electrons and phonons cooperatively interact to form
a new symmetry-broken state, stand as ideal candidates to study the mechanisms governing
the melting of a macroscopically ordered phase. Furthermore, given their sensitivity to
external stimuli, CDW materials constitute a promising platform to investigate the possibility
of controlling their properties. Particularly interesting, although little explored, is the case in
which the CDW phase transition is driven by the presence of a strong momentum dependent
EPC, since it can lead to significant modifications of the properties of these compounds.

This thesis has been devoted to the study of the out-of-equilibrium dynamics of two strongly-
coupled charge-density-wave systems: the transition-metal dichalcogenide compound VTe2
and the kagome compound ScV6Sn6. The non-equilibrium dynamics of these compounds
have been investigated by combining time-resolved reflectivity and TR-ARPES experiments,
thus allowing to study both the collective excitations of the CDW ground state and the
perturbation of the electronic order triggered by a strong optical perturbation.

The first system investigated has been the TMDC compound VTe2, in which the strong EPC
results in a large lattice reconstruction that takes place below 480 K. Given the presence of a
charge-ordered phase stable up to high temperatures, as a starting point we studied the low-
energy excitations of the CDW phase. Time-resolved reflectivity measurements performed on
this compound have revealed that the low-temperature response is dominated by the presence
of two coherent phonon modes. Thanks to systematic temperature-dependent measurements,
we unveiled the presence of a mean-field like softening of the frequency of both phonon
modes, taking place when the temperature of the system is risen towards the CDW critical
temperature. This observation, complemented by additional DFT calculations, has allowed
to identify the two phonon modes as the amplitude modes of the system. The observation
of two AMs, simultaneously linked to the same electronic order parameter, has motivated the
study of their possible mutual coupling. This study has required the implementation of a new
double-pulse excitation scheme, which has been specifically designed for these measurements.
Indeed, by using a double-pump excitation it has been possible to study the indirect effect of
the enhancement or suppression of one AM with respect to the other one. Interestingly, these
experiments have shown that the two AMs can be independently modulated, thus demonstrat-
ing that despite being coupled to the same order parameter, the two modes are independent.

Given the high critical temperature of the CDW phase in VTe2, the investigation of the
non-equilibrium properties of this compound has been carried out only in its low-temperature
phase. We showed that the excitation fluences required to drive the phase transition towards
the normal phase, starting from a base temperature of 300 K, exceed the damage threshold of
the material. Indeed, we demonstrated that high excitation fluences cause the segregation of
Te atoms at the surface, with the gradual formation of an at least partially crystalline phase.
The presence of this segregated phase has therefore overshadowed the response of the pristine
VTe2 crystals, hindering the investigation of the photoinduced phase transition.

To study the effect of a strong optical perturbation on the electronic order of the CDW
ground state of VTe2, we performed TR-ARPES experiments. Such experiments have required
the use of the state-of-the-art HHG source available at the T-ReX laboratory, since it allows
to study the electron dynamics up to the edges of the first BZ while keeping an excellent
balance between energy and time resolutions. Given the presence of multiple CDW domains
in the low temperature phase of VTe2, these experiments have required the development
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of a strain device aimed to promote the formation of larger domains. The measurements
performed on a single CDW domain have allowed to unambiguously study the evolution of
the CDW gap dynamics triggered by a strong optical perturbation. This study has revealed
that the dynamics of the CDW gap is not dominated by the excitation of the CDW amplitude
modes, but is rather determined by an incoherent process that evolves on a longer timescale.
Starting from this observation, we linked the quench of the electronic order to the partial loss
of the CDW long-range order triggered by the pump pulse. To do so, using the evolution of
the electronic temperature as a starting point, we implemented a three-temperature model
which has allowed to demonstrate that the dynamics over which the CDW evolves follows
the population of a subset of strongly-coupled optical phonon modes. The excitation of
these strongly coupled modes, with no macroscopic phase coherence, results in a loss of the
long-range CDW order of the system, with the consequent quench of the electronic order
parameter. These experiments therefore suggest the presence of a light-induced order-disorder
transition in VTe2, similarly to what has been observed in VO2 [21, 199].

The second system investigated was the kagome compound ScV6Sn6, in which the peculiar
lattice structure gives naturally rise to electron localization and to electronic instabilities, which
coexist together with competing lattice instabilities in the normal phase of this compound. To
shed light on these competing instabilities, we investigated the out-of-equilibrium response
of ScV6Sn6 by performing time-resolved reflectivity experiments across the CDW phase
transition. The lower critical temperature with respect to VTe2 has allowed to study both the
low- and high-temperature non-equilibrium dynamics of this compound. These experiments,
with the aid of extensive DFT calculations, have allowed to identify the CDW amplitude
mode of the system. Moreover, by performing a fluence-dependent study, we showed that
at the fluence for which the amplitude of the first fast component of the non-equilibrium
reflectivity saturates, the smearing of the electronic occupation induced by the increased
electronic temperature is of the same order of the CDW gap, suggesting that at this fluence
the electronic order is transiently quenched. The comparison with DFT simulations has also
allowed to highlight the prominent role played by the lattice fluctuations in determining the
critical temperature of this compound. Indeed, in a mean-field treatment, where fluctuation
effects are neglected, much higher temperatures are required to drive the phase transition.
Furthermore we showed that, in contrast to what happens in the sister compound CsV3Sb5,
high excitation fluences (> 1 mJ/cm2) are required to completely melt the CDW phase. This
result demonstrates that ScV6Sn6 is resilient upon excitation with a near infrared light pulse,
thus supporting the scenario of a CDW phase driven by a strong EPC, where a smearing
of the electronic population has a limited effect on the charge-ordered phase. The phase
transition towards the normal phase proceeds only thanks to the increased lattice fluctuations,
therefore a high amount of power has to be delivered to the system to induce the transition.

Finally, by applying a strain to the ScV6Sn6 crystals, we demonstrated that an elongation of
the c-axis leads to a reduction of the temperature-dependent softening of the CDW amplitude
mode. DFT simulations show that this reduction of the mode softening arises from an
enhancement of the CDW phase, that in the strained crystals is characterized by larger lattice
displacements and by a larger energy gap. Additional DFT calculations also show that a
compression of the c-axis produces instead the opposite result, hence leading to a suppression
of the CDW phase. With these experiments we therefore propose an effective way to tune and
control the CDW phase in ScV6Sn6 by means of strain application.

The results reported in this thesis show that for both VTe2 and ScV6Sn6, the behavior of
the low-energy excitations of the CDW ground state is aligned with the one observed in
conventional quasi one-dimensional systems. Indeed, in both cases a mean-field like softening
of the CDW amplitude modes has been observed together with an exponential decrease of
their lifetime, which results in their disappearance in proximity of the phase transition.
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Instead, the presence of a strong EPC affects more strongly the properties of these com-
pounds in proximity of the phase transition. The ARPES experiments performed on VTe2 show
that the quench of the electronic order can be explained by considering the incoherent excita-
tion of a subset of strongly coupled optical phonons, which determine a loss of the long order
of the system. It is worth emphasizing that the presence of a CDW phase deriving from strong
EPC is key in determining the dynamics observed. Indeed, the presence of a large energy gap
(also with respect to the critical temperature) makes the electronic entropy unimportant, thus
making visible the role played by the enhanced lattice fluctuations. The fact that the phase
transition could be driven by non-CDW phonons that interact with the CDW ground state,
requires additional theoretical calculations that will be carried out in the next months. The
physical picture here proposed goes beyond the specific case of VTe2, and stands as a possible
scenario to explain the light-induced phase transition in the strongly-coupled CDW systems.

Although for the case of ScV6Sn6 the evolution of the electronic order has not been
directly studied, the fluence-dependent time-resolved reflectivity experiments performed have
revealed a marked resilience of the system upon photoexcitation, attributable to the fact that
the phase transition towards the normal phase proceeds only thanks to the increased lattice
fluctuations, in agreement with what has been observed in VTe2. The possibility to perform
TR-ARPES experiments on ScV6Sn6 crystals will be investigated in the next months. These
experiments will be aimed to study the quench of the CDW gap triggered by the absorption
of the pump pulse, carefully examining the timescale over which this process evolves.

In conclusion, by studying the non-equilibrium dynamics of two strongly-coupled CDW
materials, we showed that the presence of a strong EPC determines the nature of the thermal
disordering in these compounds. The photoinduced phase transition arises thanks to the
increased lattice fluctuations, hence its understanding requires to carefully take into account
the electron-phonon and phonon-phonon interactions. Moreover, the energy flow from the
excited electrons to the phonons sets the time required to achieve the photoinduced phase
transition. As a consequence of this bottleneck, the transition proceeds on longer timescales
with respect to purely electronic phenomena [149].

Generalizing these results to a broader view, CDW systems have been proposed as candi-
dates for the realization of resistive phase change memories [265, 266]. The results reported
in this thesis show that devices based on strongly-coupled CDW materials are expected to be
less efficient both in terms of switching energy and speed with respect to CDW systems with
reduced electron-phonon and phonon-phonon interactions. Specifically, the minimization
of the phonon-phonon coupling appears to be an essential ingredient for the realization of
switchable CDW devices.





A C D W G A P DY N A M I C S O N U N ST R A I N E D
V Te2 SAMPLES

This appendix is devoted to the presentation of the ARPES and TR-ARPES experiments
performed on unstrained VTe2 samples. In particular, after having discussed the electron
dynamics extracted from unstrained VTe2 crystals, we report a comparison with the dynamics
extracted from strained compounds. The appendix ends with a comparison between the
dispersion of the vanadium band extracted from strained and from pristine VTe2 samples.

The measurements reported in the following have been performed with the HHG setup
presented in Sec. 3.5. Contrarily to the measurements presented in Ch. 5 however, a grating
with an higher density of grooves (gr) has been employed to separate the different harmonics.
Specifically, a grating with 400 gr/mm was used, thus resulting in a larger angular separation
between the different harmonics but also in a larger pulse-front tilt, with the consequent
elongation of the probe pulses. The time resolution of the setup with this configuration turns
out to be ∼ 170 fs. Except for this difference, the other parameters of the experiment have
remained unchanged, thus the measurements have been performed using a probe photon
energy of 21.6 eV and a pump photon energy of 1.77 eV.

Analysis of the photoemission intensity in the TR-ARPES experiments

Figure A.1(a) shows a photoemission spectrum acquired along the K-M2-K direction on a
unstrained VTe2 sample, where the size of the domains is comparable with the size of our
HHG probe beam. This image allows to resolve the superposition between V-shaped band
coming from the M1 and the nearly-flat band coming from the M2 points. To facilitate the
distinction between the two, their dispersion is highlighted by the red (M1) and blue (M2)
dashed lines, obtained by fitting respectively the evolution of the MDCs and the EDCs. This
superposition between bands coming from different high-symmetry points of the BZ is clearly
resolved also in the TR-ARPES experiments. Figure A.1(b) shows a differential ARPES map,
highlighting the changes in the photoemission intensity induced by the arrival of the pump
pulse. From this image, both the depletion of the nearly-flat band coming from the M2
point and of the V-shaped band coming from the M1 point are resolved. However, being the
relaxation dynamics of the V-shaped band faster than the one of the CDW gap, for larger
pump-probe delays the differential ARPES maps tend to become more similar to the ones
acquired on strained samples, where only the M2 point is visible. This effect is shown in
Fig. A.1(c), which shows a differential map acquired at a pump-probe delay in which the
population of the V-shaped band has been partially recovered, while the closure of the CDW
has just reached its maximum. Therefore the dynamics extracted by simply studying the
evolution of the photoemission intensity in specific regions of the reciprocal space, arise from
a superposition of the ones coming from the M1 and M2 points. The relative weights of the
two depend on the portion of domains illuminated by the probe beam, and thus vary by
changing the position of the beam on the sample.

Figure A.1(d) shows the evolution of the dEDCs integrated in the momentum region
delimited by the dashed lines shown in (b), as a function of the pump-probe delay. The
depletion of the V-shaped band coming from the M1 point here results in the reduction of
the photoemission intensity (blue region) visible just below the Fermi level, immediately
after the arrival of the pump pulse. To quantify this effect on the population dynamics, in
Fig. A.1(e) we report the traces obtained by integrating the photoemission intensity from
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Figure A.1: (a) ARPES map acquired along the K-M2-K direction on an unstrained sample. The dashed
lines show the dispersion of the bands coming from the M1 (red) and M2 (blue) points
extracted from the fits of the EDCs and the MDCs. The measurement was performed at a
base temperature of ∼ 120 K. (b) and (c) Differential ARPES maps highlighting the changes
in the photoemission intensity induced by the pump pulse. The measurements have been
performed at a base temperature of ∼ 120 K and using an absorbed fluence of 430µJ/cm2.
(d) Evolution of the dEDCS extracted by integrating the photoemission intensity from
the momentum region delimited by the vertical dashed lines in (b). The measurements
have been performed at a base temperature of ∼ 120 K and using an absorbed fluence of
600µJ/cm2. (e) Evolution of the photoemission intensity extracted from the boxes reported
in (d). (f) Comparison between trace B of panel (e) and the equivalent one extracted from
a strained sample. (g) Comparison between trace D of panel (e) and the equivalent one
extracted from a strained sample. The traces have been normalized to a common intensity
in order to facilitate their comparison.

the boxes drawn in (b). In particular, trace B shows the evolution of the photoemission
intensity inside the CDW gap. The depletion of the V-shaped band, that overlaps to the
CDW gap, causes the negative peak observed immediately after the arrival of the pump pulse.
This negative contribution is then overcome by the increase of the intensity arising from the
partial closure of the CDW gap. As a consequence of the concomitant presence of these two
phenomena, trace B reaches its maximum positive value at a pump-probe delay of ∼ 750 fs.
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Figure A.2: (a) Comparison between the dispersion of the vanadium band extracted from a strained
and a pristine samples at a temperature of 120 K. (b) Comparison between the dispersion
of the vanadium band extracted from strained and a pristine samples at a temperature of
290 K. The circles in the two images denote the central position of the Lorentzian peak used
to model the photoemission intensity. The error bars estimated by our fitting procedure are
smaller than the size of the circles used to mark the dispersion of the band, thus suggesting
an underestimation of the errors.

We remind that in the case of strained samples, where only the nearly-flat band coming
from the M2 is resolved, the maximum increase of the photoemission intensity inside the
CDW gap is achieved at a pump-probe delay of ∼ 500 fs. For clarity we report a comparison
between these two traces in panel (f). Despite the differences observed immediately after
the arrival of the pump pulse, and attributable to the depletion of V-shaped band, after
∼ 1 ps (i.e. when the hot carrier recombination process is almost ended) the two become very
similar evolve on equivalent timescales. This first comparison therefore suggests that the
non-equilibrium dynamics are not affected by the application of strain. To further corroborate
this observation, it is useful to consider the photoinduced changes at the states located at
higher binding energies. Indeed, as discussed in Ch. 5, the changes observed between 0.5 and
1 eV below the Fermi level, are attributable to the change in the lattice symmetry triggered by
the pump pulse. Moreover, the dynamics of these states are less affected by the superposition
of multiple domains since the contributions coming from the M1 are less pronounced. Figure
A.1(g) shows a comparison between the evolution of the photoemission intensity extracted
from box D and the one extracted from the equivalent energy range in a strained sample.
This comparison shows that the dynamics in the two case are completely equivalent thus
confirming that the non-equilibrium response of the VTe2 crystals is not affected by the
application of strain. As a final remark, it is worth noting that the fact that the two traces have
been fitted with a different function is motivated only by their different statistics. Indeed, the
higher statistics of the gray trace has allowed to resolve small damped oscillations linked to
the excitation of the AM, therefore a damped cosine has been included to the fit function. In
the blue trace these oscillations are completely overshadowed by the noise of the measurement
(the amplitude of the oscillation in the gray trace is smaller than the fluctuations of the blue
one), and therefore the cosine term has not been included.

Effect of the applied strain on the band dispersion at the M2 point

Figure A.2(a) shows a comparison between the low-temperature dispersion of the vanadium
band, at the M2 point, extracted from a pristine and a strained VTe2 samples. To reconstruct
the dispersion of the band, the procedure described in Sec. 5.3 has been followed. Therefore
the circles reported in figure show the position of the Lorentzian peak used to model the
vanadium band. This comparison confirms the band dispersion is not alternated by the
application of strain. The differences between the two curves are likely to arise from the fact
that the measurements have been performed on different sample that have therefore also a
slightly different orientation with respect to the slit of the analyzer. Figure A.2(b) shows the
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same comparison but for a temperature of ∼ 290 K, at which the strength of the CDW order
is reduced. Also in this case only minor differences are resolved, confirming that robustness
of the CDW phase is not affected by the application of strain.

Conclusions

In this appendix we reported the results of the TR-ARPES experiments performed on un-
strained VTe2 crystals. These measurements have demonstrated that the superposition of
multiple domains can be clearly resolved in both the equilibrium band structure and in the
non-equilibrium dynamics. Furthermore, by comparing the non-equilibrium relaxation dy-
namics extracted from unstrained compounds with the ones extracted from strained samples,
it has been demonstrated that these dynamics are not affected by the application of strain.
This result, together with the fact that also the band dispersion appears to be unaffected by
the application of this amount of strain, confirms that the only effect of the applied strain on
the VTe2 crystals is of promoting the formation of larger domains.



B C D W G A P DY N A M I C S I N V Te2 PROBED
WITH A 10.8 eV PHOTON SOURCE

This appendix is devoted to the presentation of the TR-ARPES experiments performed on
VTe2 with the 10.8 eV photon source developed at the T-ReX laboratory [61, 88]. After having
introduced the main aspects of this experimental setup, the dynamics of the CDW gap is
analyzed and compared to the one obtained using the HHG source and presented in Ch. 5.

The 10.8 eV photon source at the T-ReX laboratory

The 10.8 eV photons are obtained thanks to the generation of the ninth harmonic of the
fundamental beam produced by a Yb-fiber based laser source. Specifically, the system is
seeded by the Coherent MONACO 1035 which delivers at a repetition rate of 1 MHz a power
of 40 W. The pulse duration at the output of the laser is 290 fs. The beam that arrives at the
optical table is split in two paths (pump and probe), exploiting a combination of λ/2 and
polarizing beam splitter, which allows therefore also to change the ratio between the two.

The reflected part of the beam is focused into two consequent BBO crystals, generating
the second and the third harmonic (fundamental + second harmonic) of the fundamental
beam. The third harmonic is then focused by a lens of +100 mm into a gas cell filled with
xenon, where, exploiting a third order process, the ninth harmonic of the fundamental at
10.8 eV is generated. The lower order harmonics are filtered out before arriving at the Xe
cell by reflection on dichroic mirrors. After the generation, since the 10.8 eV is absorbed by
air, the beam is handled in vacuum environment (with the vacuum level at least as good as
10−3 mbar). The generation cell is separated from the refocusing chamber by a LiF2 wedge
window (with 5◦ apex angle) which acts as a dispersive prism, and allows to separate the third
from the ninth harmonic. The separation is sufficient to deflect from the beam path almost all
the third harmonic which impinges on a beam block. The ninth harmonic is collected by a
spherical mirror (250 mm curvature radius), which allows focusing the beam at the sample
position. Before entering in the chamber the beam is reflect on a motorized plane mirror
which allows to adjust the pointing of the ninth harmonic at the sample position. Finally, a
MgF2 window separates the refocusing chamber from the ultrahigh-vacuum chamber, where
the photoemission experiments are performed [61, 88].

The pump beam, after the first beam splitter, is directed to a motorized delay stage to
control the relative delay with respect to the probe beam in the time-resolved experiments,
and is focused on the sample by a lens of 1 m focal length. The pump power is regulated by a
λ/2 plate placed before a polarizing beam splitter. The angular separation between the pump
and the probe beams is minimized thanks to a D-shaped mirror placed into the refocusing
chamber, thus reducing the temporal smearing in the time-resolved experiments.

The main drawback of the generation scheme presented here, resides in the use of a wedge
prims to separate the third and the ninth harmonics, since it dramatically affects the time
resolution of the apparatus. Indeed when traversing the prism, different parts of the Gaussian
light beam follow different paths inside the prism, with a consequent retardation of one of
the tails with respect to the other, due to the finite refractive index of the prism. Even if in the
present configuration this effect has been minimized by reducing the angle of the prism (5◦),
the tilting of the wavefront results in a degradation of the time resolution of the setup, which in
our case turns out to be of ∼ 800 fs. It is worth noting that, due to the different refractive index,
the time resolution becomes of ∼ 1.3 ps in the case in which a MgF2 wedge is used [61, 88].
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Figure B.1: (a) Differential ARPES map highlighting the changes in the photoemission intensity induced
by the pump pulse. The measurement was performed at a base temperature of ∼ 115 K,
using a pump photon energy of 1.20 eV and an incident fluence of ∼ 700µJ/cm2. (b) dEDCs
extracted by integrating the photoemission intensity from the momentum region delimited
by the dashed lines in (a). For better visibility semi-transparent white rectangles have been
inserted in between the four boxes delimited by the dashed lines. (c) Evolution of the
photoemission intensity extracted from the boxes shown in (b). The traces are plotted on a
logarithmic scale (x-axis) for better visibility. The vertical dashed line denotes the arrival
time of the pump pulse.

By tuning the splitting between the pump and the probe pulse it is possible to work in a
space-charge-free regime, which results in ∼ 30 meV of energy resolution [88]. Furthermore,
the pulse-picker integrated on the laser source offers the possibility of lowering the effective
repetition rate while preserving the same energy per pulse of 40µJ/cm2, thus resulting in
a reduction of the average power only. This approach has been used to reduce the average
heating induced by the pump in the experiments in which high excitations fluences were
required, like the ones presented in the next section.

TR-ARPES experiments on VTe2

This section is devoted to the presentation of the TR-ARPES experiments performed with
the 10.8 eV photon source presented in the previous section. The main difference in the
experimental scheme with respect to the measurements performed with the HHG setup and
presented in Ch. 5, is that, due to the lower photon energy used, the range of tilting angles
of our manipulator has not allowed to study the electronic bad structure at the M2, where
the CDW gap opens. Indeed, since the M2 point is located at ∼ 0.9 Å−1 from the Γ point,
assuming a kinetic energy of 6.5 eV for the photoemitted electrons, the tilting angle required
to reach the CDW gap would be of ∼ 45◦, almost two times higher than the maximum tilting
angle allowed. Hence, this limitation has required the use of a copper wedge with a base
angle of 30◦, on top of which the samples have been glued. As a consequence of that, the
measurements presented in this section have not been performed on strained samples, being
not possible to mount the strain device on the tilted wedge. Moreover, starting from a photon
energy of 10.8 eV and using the estimation for the inner potential of 8.8 eV [124], we obtain
kz = 2.0 Å−1, which places us on the Γ-M plane of the undistorted VTe2 Brillouin zone, and
not on the A-L plane, as it was for the HHG experiments.

Figure B.1(a) shows a differential ARPES map acquired 1.2 ps after the arrival of the pump
pulse. This measurement has been performed at a base temperature of ∼ 115 K and using
an incident fluence of ∼ 700µJ/cm2. Giving the moderate fluence used, as for the HHG
experiments the repetition rate of the laser source has been set to 50 kHz, thus reducing
the average heating by the pump pulse. Similarly to what has been observed in the other
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TR-ARPES experiments discussed in this thesis, the map reported in panel (a) shows that the
pump pulse is able to partially close the CDW gap by triggering the folding of the vanadium
band. Figure B.1(b) shows the full temporal evolution of the dEDCs integrated from the
momentum region delimited by the dashed lines in panel (a). This map demonstrates that
the changes induced by the pump pulse survive for several tens of picoseconds. Figure B.1(c)
shows the traces obtained by integrating the photoemission intensity in the boxes drawn in
(b). These traces therefore show how the spectral weight dynamics proceed in four different
energy regions. Despite the low time resolution of this setup, the comparison reported in
panel (b) clearly shows that the maximum change of the photoemission intensity inside the
CDW gap (trace B) is achieved with a delay with respect the population of the unoccupied
states located immediately above the Fermi level (trace A). Moreover, thanks to the larger
time window over which these measurements have been performed (37 ps), by fitting the
evolution of trace B using a double exponential fit function, we extracted the relaxation time
of the second slow component which turns out to be of 160 ± 60 ps. This result confirms
that the recovery of the CDW evolves on a much slower timescale with respect to the typical
electron-electron and electron-phonon processes. The timescale here observed is likely related
to a heat diffusion process, in agreement with the application of the 3TM model presented
in Ch. 5 [24, 207]. Finally, the comparison reported in panel (c) also show that the reduction
of the photoemission intensity in boxes C and D evolves on a timescale similar to the one
observed in trace B (i.e longer than 100 ps), confirming the presence of common origin for
these three relaxation dynamics.

Conclusions

In this appendix we reported the results of the TR-ARPES experiments performed with the
10.8 eV photon source developed at the T-ReX laboratory. The results obtained with this setup
are in full agreement with the ones presented in Ch. 5, demonstrating that this 10.8 eV photon
source, which exploits only the non-linear terms in the susceptibility of crystal and gases,
allows to successfully study the electron dynamics that take place at the edges of the first
BZ. Although the detailed study of the melting time of the CDW gap has been hindered by
the low time resolution of this setup, the traces presented in Fig. B.1(c) clearly show that
the increase of the photoemission intensity inside the gap is delayed with respect to the
population of states located above the Fermi level. Furthermore these experiments confirm
that the recovery of the CDW gap takes place on timescale longer than 100 ps, likely related
to a heat diffusion process.





C M O D E L I N G O F T H E G A P DY N A M I C S I N
V Te2 FOR DIFFERENT SET OF PARAMETERS

This appendix is devoted to the presentation of the fits for the band broadening and band
position, obtained by starting from different combinations of phonon energy and fraction
compared to those presented in Sec. 5.5.2.
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Figure C.1: (a) Two dimensional map showing the evolution of the χ2/χ2
min obtained by summing the

ones deriving from the fit of the band broadening and shift. The semi-transparent white
box covers the pairs of parameters for which the phonon energy is higher than ∼ 38 meV,
which according to our DFT simulations, corresponds to the highest phonon energy present
in VTe2. The same map is shown in Fig. 5.10(d). The colored circles in figure show the
position of the minimum of the maps reported in Fig. 5.10. (b) Fit of the band broadening
and of the band shift obtained by using the values of phonon energy and frequency that
best describe the evolution of the band broadening. (c) Fit of the band broadening and
of the band shift obtained by using the values of phonon energy and frequency that best
describe the evolution of the electronic temperature. (d) Fit of the band broadening and
of the band shift obtained by using the values of phonon energy and frequency that best
describe the evolution of the band position. (e) Fit of the band broadening and of the band
shift obtained by using the values of phonon energy and frequency that best describe the
simultaneous evolution of band broadening and band position. The different colors used
for the titles of panels (b-e) correspond to the ones used for the colored circles in panel (a).
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The values of energy (24 meV) and fraction (19 %) used in Sec. 5.5.2 have been chosen
since they minimize the χ2 resulting from the simultaneous fit of band broadening and
shift. For completeness in Fig. C.1 we report the results obtained starting from the pairs of
parameter (energy and fraction) than minimize separately the χ2 resulting from the fit of:
band broadening (panel (b)), electronic temperature (panel (c)) and band position (panel (d)).
By comparing the results shown in the different panels, it is possible to notice that despite the
different values of phonon energy and fraction used as a starting conditions, a reasonable
agreement is maintained between our model and the experimental data. In particular, a good
agreement is observed for the couple of parameters that minimize the χ2 resulting from the
fit of the electronic temperature. Despite this good agreement, the choice of using the pair of
parameters that better describe simultaneously the evolution of band broadening and shift
(which lead to the fits reported in the main text of the thesis and in panel (e)) originate from
the fact that they correspond to a phonon branch really observed in VTe2 [209]. Furthermore,
from the fit of the electronic temperature alone it is difficult to reliably extract the values of
phonon energy and fraction. This observation is confirmed by Fig. 5.10(a), where a very large
minimum in the evolution of the χ2 is observed (thus a sizable change in the phonon energy
and fraction will give a similar agreement of the final fit).

As a final remark it is worth noting that the best fit for the evolution of the band broadening
is obtained starting from a phonon energy higher than the ones really existing in VTe2 (panel
(b)). This however does not affect the applicability of our model since the study of the χ2

allows to obtain only the pair of parameters for which the fits give the best results. The
constraints regarding the allowed phonon energies and the strength of the EPC are imposed
as a second step, and allow to reduce the rage over which the parameters can vary.



D
N O N - E Q U I L I B R I U M R E F L E C T I V I TY
M E A S U R E M E N T S O N ScV6Sn6 FOR
DIFFERENT STRAIN CONFIGURATIONS

This appendix is devoted to the presentation of the raw non-equilibrium reflectivity data
acquired on strained ScV6Sn6 crystals. In particular, the traces shown Fig. D.1(a)-(c) have been
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Figure D.1: (a)-(c) Traces extracted form the upper panels of Fig. 6.11 showing the evolution of the non-
equilibrium reflectivity as a function of the temperature for different strain configurations.
The fits obtained by using Eq. (6.1) are superimposed to the data. (d)-(f) Traces extracted
form the lower panels of Fig. 6.11 showing the evolution of the FT of the coherent part
of the ∆R/R signal as a function of temperature for different strain configurations. The
Lorentzian fits are superimposed to the data.
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extracted from the upper panels of Fig. 6.11 and thus allow to directly observe the differences
induced by the application of strain on the response of the system. For completeness, also
the traces showing the evolution of the FT of the coherent part of the ∆R/R signal (extracted
from the lower panels of Fig. 6.11) as a function of temperature and for different strain
configurations are reported in panels (d)-(f).



E E F F E C T O F Ti DOPING ON THE CDW PHASE
OF VTe2

As discussed in Ch. 4, VTe2 is characterized by a CDW critical temperature of ∼ 480 K [46].
This high critical temperature hinders the study of the normal phase of this compound since
high temperatures and high excitations fluences result in a fast sample degradation. One
possible solution to overcome this limitation is to exploit the sensitivity of the CDW phase
with respect to chemical doping. Indeed it has been demonstrated that in V1−xTixTe2 crystals,
by increasing the percentage of titanium atoms, it is possible to progressively suppress
the CDW phase, thus lowering the transition temperature [124]. In Fig. E.1(a) we report a
schematic electronic phase diagram of V1−xTixTe2, based on temperature-dependent ARPES
measurements, which shows the evolution of the critical temperature as a function of the
Ti content [124]. The phase transition is progressively moved towards lower temperatures,
completely disappearing for Ti contents higher than x = 0.3 [124]. It is worth noting that
the CDW suppression, induced by Ti doping, has been confirmed also by complementary
resistivity measurements performed on polycrystalline samples [124].

In this appendix we report the temperature- and fluence-dependent time-resolved reflec-
tivity measurements performed on a V1−0.05Ti0.05Te2 crystal. As shown by Fig. E.1(a), a Ti
content of x = 5% is expected to lower the transition temperature of ∼ 100 K, making it to
stay anyhow well above room temperature. Hence also here only the response of the low-
temperature CDW phase has been investigated. The aim of these experiments is therefore to
study the effect of the Ti doping on the CDW amplitude modes of the system, and to compare
these results with the ones obtained for the pristine VTe2 crystals. The measurements reported
in this appendix have been performed using the time-resoled reflectivity setup presented in
Sec. 3.7.

Temperature dependent study of the CDW amplitude mode in V1−0.05Ti0.05Te2

The two-dimensional map reported in Fig. E.1(b) shows the evolution of the non-equilibrium
reflectivity of V1−0.05Ti0.05Te2 as a function of the temperature of the system. These mea-
surements have been performed using a probe wavelength of 1.03 eV (1200 nm) and using
an absorbed fluence of ∼ 300µJ/cm2. To better visualize the temperature evolution of the
∆R/R signal, in Fig. E.1(c) are reported 5 traces extracted from (b) at selected temperatures.
A close inspection to these traces reveals that the low-energy excitations of the CDW ground
state are profoundly affected by the titanium doping. Specifically, only the AM with a low
temperature frequency of ∼ 2.5 THz can be unambiguously resolved, while the other (with
a low temperature frequency of ∼ 1.6 THz) appears to be strongly suppressed. This first
observation is supported by the good agreement between the low-temperature data and the
fits obtained using Eq. (4.2), in which only one oscillating component has been considered.
The strong suppression of one of the two amplitude modes is further supported by the
magnitude of the Fourier Transform (FT) of the coherent part of the ∆R/R signal reported
in panel (d), in which only a single peak located at ∼ 2.5 THz can be identified. This map
also shows that the worst agreement between data and fit function observed in panel (c) for
the highest temperatures, is not due to the appearance of additional peaks in the FT, but is
likely to arise from the appearance of anharmonic contributions, which entail an asymmetric
broadening of the main peak.
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Figure E.1: (a) Schematic phase diagram of V1−xTixTe2 based on temperature-dependent ARPES mea-
surements. Adapted from [124]. (b) Two-dimensional map showing the evolution of the
∆R/R signal of V1−0.05Ti0.05Te2 as a function of the temperature and of the pump-probe de-
lay. The measurements have been performed at a probe photon energy of 1.03 eV (1200 nm)
and using an absorbed fluence of ∼ 300µJ/cm2. The marked changes in the intensity
observed at specific temperatures (e.g. 160 K) can be addressed to a change in the sample
position due to the elongation/compression of the cryostat arising from the change in the
temperature. (c) Traces extracted from (b) showing the evolution of the ∆R/R signal as
a function of the pump-probe delay for five selected temperatures. (d) Two-dimensional
map showing the evolution of the magnitude of the Fourier transform of the coherent
part of the ∆R/R signal as a function of the temperature. (e) Comparison between the
temperature evolution of the AM frequency extracted from panel (d) and the one extracted
from a pristine VTe2 crystal and shown in Ch. 4.

At this point it is therefore useful to compare the temperature evolution of the CDW
amplitude mode extracted from the Ti doped compound with the one observed in the pristine
VTe2 crystals. This comparison is reported in Fig. E.1(e). Despite the presence of a vertical
offset (the frequency of the Ti doped compound is always lower), the two compounds show a
very similar AM softening, with a strong renormalization of the phonon frequency that takes
place when the temperature is risen towards the CDW critical temperature. Hence, despite
of the moderate reduction of the critical temperature, the softening of the AM appears to be
only weakly affected in the temperature range investigated.

Fluence dependent study of the CDW amplitude mode in V1−0.05Ti0.05Te2

The two-dimensional map reported in Fig. E.2(a) shows the evolution of the ∆R/R signal as a
function of the absorbed fluence. The traces that compose this map have been renormalized
to the absorbed fluence to facilitate the comparison between curves whose intensity would
otherwise differ by more than one order of magnitude. The observation of clear oscillations
linked to the excitation of the CDW amplitude mode up to the highest fluence used in these
measurements, shows that the photoinduced phase transition has not been achieved in the Ti
doped crystals. These results therefore confirm the marked resilience of these compounds
upon a photoexcitation with a near infrared light pulse.
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Figure E.2: (a) Two-dimensional map showing the evolution of the ∆R/R signal, normalized to the
absorbed fluence, as a function of the absorbed fluence and of the pump-probe delay. The
measurements have been performed at a base temperature of 80 K. (b) Two-dimensional
map showing the evolution of the magnitude of the Fourier transform of the coherent part
of the ∆R/R signal as a function of the absorbed fluence. (c) Comparison between the
evolution of the AM frequency extracted from (b) and the one obtained from a pristine VTe2
crystal and shown in Ch. 4.

To study the effect of an increased excitation fluence on the CDW amplitude mode, in panel
(b) we show the evolution of the magnitude of the FT of the coherent part of the ∆R/R signal,
isolated by subtracting a double exponential fit function to the data reported in (a). As for the
pristine VTe2 crystals, this map shows that the frequency of the AM is only weakly affected
by increase excitation fluence. The fluence-induced AM softening is better quantified in panel
(c), which shows the evolution of the AM frequency extracted by fitting FT traces reported
in (b) using a Lorentzian function. As for the temperature dependent measurements, this
graph shows that except for a vertical offset (the frequency is always lower for the Ti doped
compound) the fluence-induced AM softening is similar to the one observed in the pristine
sample and attributable to the increase lattice temperature.

Conclusions

In this appendix we reported the time-resolved reflectivity measurements performed on a
V1−0.05Ti0.05Te2 crystal. These experiments revealed that the low-temperature response of
Ti doped VTe2 samples is characterized by the presence of a single CDW amplitude mode,
with a temperature and fluence evolution very similar to the ones observed in the pristine
VTe2 crystals. The strong suppression of one of the two AM amplitude modes is however
unexpected, being the lattice symmetry of the doped compounds equal to the pristine case
[124]. The results presented in this appendix require therefore further corroboration, carefully
checking the good crystallinity of the compounds investigated, and testing also other values
of Ti doping. In particular, higher values of Ti doping, further lowering the CDW critical
temperature, would allow to investigate the high-temperature response of these compounds.
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